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PREFACE

The 17th European Conference on Controlled Fusion and Plasma Heating was held in
Amsterdam, the Netherlands, from the 25th to the 29th of June 1990 by the Plasma Physics
Division of the European Physical Society (EPS).

The Conference has been organized by the FOM-Instituut voor Plasmafysica Rijnhuizen,
which is part of the Foundation for Fundamental Research on Matter (Stichting Fundamenteel
Onderzoek der Materie). FOM is supported by the Dutch Research Organization NWO and
Euratom.

The Conference has been sponsored by the Koninklijke Nederlandse Academie van
Wetenschappen (KNAW) and by the Foundation Physica.

The programme, format and schedule of the Conference are determined by the
International Programme Committee appointed by the Plasma Physics Division of the EPS.

The programme included 18 invited lectures; from the contributed papers 24 were
selected for oral presentation and 470 for poster presentation.

This 4-volume publication is published in the Europhysics Conference Abstract Series
and contains all accepted contributed papers received in due time by the organizers. The 4-page
extended abstracts were reproduced photographically using the manuscripts submitted by the
authors. The invited papers will be published in a special issue of the journal "Plasma Physics
and Controlled Fusion" and sent free of charge to each registered participant.

The editors would like to acknowledge the skillful and dedicated support given by Laura
van Veenendaal - van Uden, Rosa Tenge - Tjon A Tham and Cora de Bruijne in preparing the
manuscripts for reproduction in these four volumes.

May 1990 The Editors
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PAPER IDENTIFICATION

All contributed papers are listed with their title and responsible author. In those
cases where no author was underlined the first author mentioned was taken. The
day of the poster presentation of each paper, followed by the number of the poster
board, is given under the title in the list of contributed papers. The four poster
sessions will be held on:

Monday afternoon indicated as Mo,

Tuesday afternoon indicated as Tu,

Thursday afternoon indicated as Th,

Friday afternoon indicated as Fr.
The poster boards are numbered from 1 to 130. From the 494 contributed papers,
24 were selected for oral presentation. The authors of those orally presented papers
were requested to give also a poster presentation. Most of them confirmed that they
were prepared to do so.
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TOKAMAK T-10 SOFT X-RAY IMAGING DIAGNOSTIC.

B‘I;Saxrukhin, G.A_Bobrovskij, D.A_Kislov, E.S.Lyadina.
Kurchatov Institute of Atomic Energy,P.0.Box3402,Moscow,USSR.

o DIAGNOSTICS.
The T-10 soft X-ray

imaging system consists of
three pin-hole cameras
arranged at one toroidal
location (Fig.1). The
vyertical” array (a) (©=90°),
the "middle” camera (b)

(6=+30°) and the "bottom"
camera (c) (©6=-30°) consist of
20, 19 and 19 channels,
accordingly- The field of
view r/a<0.7. The spatial
resolution and the spatial
step are 2-2.5 cm for each
array. The detectors are §5i

surface-barrier diodes
arranged in each camera in
two or  three rows (1)
(Fig-1.)-
The system allows to Fig.l. Shsraatic Veiir' 68 the T=10

register th mission with . )
in%enaity 10g~10§ cm—icfl in soft X~ray imagine system.
the photon energy range

between 2.5 and 15 keV. For

this energy range the soft X-ray spectrum is Maxwellian and the
K. line radiation from Cr, Fe, Ni ions is negligible (less
tgan 10%) in the ohmic stationary stage of the T-10
discharge. The relative calibration of the channels was made
by the comparison with the soft X-ray intensity profiles
measured with two Si(Li) detectors scanning the plasma in
vertical and horizontal directions at the stationary stage
of the discharge.

Temporal resolution of the system is up to 10 psec.

The local structure of the soft X-ray intensity
perturbations is reconstructed by the use of the 2D-tomographic
technique based on modified Cormack method [1]1.

II. RESULTS.

The T-10 soft X-ray imaging system was used to study the
plasma perturbation at minor and major disruptions [2] and during
the sawtooth crashes. This paper was restricted only for the
sawtooth mechanisms investigation. [The m=1 harmonic of the
perturbations at the sawtooth crash is dominated, therefore data
of only two array (14 channels in "a" and 5 in "c") were used for
sawtooth mechanism investigation in the case.]

SAWTOOTH CRASH MECHANISMS. Experimental study of sawteeth at
many tokamaks seems to point out that the mechanisms of the
sawtooth crash are different in various conditions. Analysis of
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the soft X-ray emission from the JET plasmas by tomographic
reconstruction technique indicated a guasi-interchange motion
during the sawtooth crash [3]1. This behavior agrees quite wel}l
with the Wesson model of the ideal m=1 mode [4]. But recent
experiments on TFTR [5] shown that in some cases the time
evolution of the magnetic surfaces agrees with +the Kadomtsev
reconnection model [B6]. The sawteeth on Alcator-C [7] and JIPP
TII [8]1 may have rather complex character. Is this difference
caused by a real distinctions in mechanism of the sawtooth crash
in different experiments or it is the result of using different
reconstruction methods?

To answer the question, the sawtooth crash was investigated
in two different T-10 regimes but with the same tomographic
technique. The main parameters of the regimes are presented in
Table.I. The regimes under study are characterized by the
different Te profiles in the central region of the plasma. At the
stationary stage of the ohmically heated discharge it can
indicate a quite different value of the shear S=rdq/dr in the
central region. According to the theoretical and experimental
results [9,10] one can expect different mechanisms of the crash
in such conditions.

Regime.I. with low-Ip (high—-qL) value is a typical for the
experiments on the small tokamak or for the high-gl. on the big
machines. The soft X-ray signals and the series of the
tomographic Iimages for the case are displayed on Fig.2. A
flattered crescent—-like region appears at the X-ray image at the
beginning of the crash. During the crash this plateau grows in
size and rotates in ‘"poloidal” direction which looks like
sinusoidal oscillations on the chord signal. The perturbation has
the m=1 poloidal structure. The flat region may be interpretated
as magnetic island proposed by the Kadomtsev theory but it does
not occupy all the central region during the crash. The maximum
size of the island is up to 0.5 r(g=1). This partial
reconnection may be connected with large stochastisity generated
during the crash [97.

The typical growth rate ome:1 TOde during the crash in the
the low-Ip regime is t=(1-2)10%sec —. It is consistent with the
growth rate of the internal resistive mode but it is too small
for the ideal mode.

A quite different mechanism of the sawtooth crash was
obtained for the Regime.ll. with high-Ip (low-ql.) value (flat Te
profile in the central region). There is no precusor oscillations
on the soft X-ray signals and the symmetrical structure of the
counter line at the X-ray image just before the crash is the
typical feature of this regime (Fig.3.A.). At the first stage of
the crash "cavity-like" perturbations start from the g=1 surface
and simultaneously heat flows outside from the "hot"” core and
spreads in poloidal direction (Fig.3.B.).

Later (the second stage), the cold cavities lengthen in
poloidal direction and the "cold" valleys appear at the X-ray
image (Fig.3.C.). In some cases this valleys expend and tends to
surround the core from either two or one side. The core itself
becomes "cool"” for the moment.

At the final stage of the crash, the "cold"” valleys
surround the core and new hot island sometimes appears
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(Fig.3d) . All th? structure slowly rotates in poloidal
direction. (Sometimes the wvalleys contract instead of
surrounding the central zone and symmetric uniform structure
reappears after the crash.)
it should be pointed out that in all cases under study the
hot core (the region with maximum X-ray intensity) does not
displace during the crash in opposite to the results of JETL3:.
puration of the crash in this regime is typically 100-200
psec which is much smaller then the growth time of the
resistive m=1 mode but agrees with the growth time of the
quasi-interchange mode . Indeed, the time evolution of the
tomographic images in q_~2 regime is something like to the
plasma motion induced by the ideal MHD m=1 mode in plasma with
small shear. (The central zone remains unperturbed if q(0)>1.)
In conclusion , the results of the 2D tomographic
reconstruction of the soft X-ray profiles in the T-10 plasmas
with the modified Cormack method show that the different
sawtooth mechanisms can be realized in tokamak. The
realization depends on the Te-profile in the central region.
This work was usefully supported by S.Hokin,MIT,Mass.,USA.

' FIG.2. X-ray image for Regime I.
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MEASUREMENT OF NEUTRAL DEUTERIUM FLUXES ON T—10 PERIPHERY.

E.L.Bereznvsky, V.P.Vlasov, A.A.Medvedev, V.Yu.Mirensky,
A.B.Pimenav
I.V.Kurchatov Institute, Moscow, USSR
U.Wenzel, C.Grunov,
central Institute of Electron Physics, Academy of Science,
GDR

Recently, great attention is devoted to neutral balance study
on large tokamaks. This steady interest is explained by the
facts: in the first place working gas atoms affect the energy
palances of electron ({radiation losses) and ion (charge-
exchange)components; secondly, neutral density data allow us to
create the plasma particle balance models and to calculate
particle fluxes and corresponding diffusive energy losses.
commonly, the information about energy and density of working
gas atoms in every point of plasma is necessary for solving
these problems. However, in many cases data, obtained wuwsing
axial symmetry penetration models with so called equivalent
poundary conditions, are sufficient. Boundary conditions are
determined by poloidal and toreoidal averaging atoms fluxes,
going from different sources (commonly three dimensional). Main
object of given study was to get an information of energy and
atoms fluxes from different sources.

At first, the distribution of Da-line intensity along the
torus was measured (fig.1). For that purpose, the photodiode
array with simple optics and filters (FWHM=% nm) were used. As
shown on figure, line intensity at section, where the rail and
aperture limiters were placed, several tens times greater than
that at other sections. Similar situation was observed on other
tokamaks [1]. Line intensity ratio between "limiter" and "wall"
sections depends upon discharge parameters. The limiter signal
dependencies on limiter radius (fig.2a),on plasma current
(fig.2b) and on density (fig.2c) give some information about
this ratio. Scaling for the Da-intensity on the wall isn’t so
pronounced. To answer the question about limiter source value,
the measurements of toroidal line intensity distribution in
limiter section were made. For that,periscope optical system
and CCD-array with interference filter were used. Examples of
distributions observed are shown on fig.3. As shown, the
decrease constants at the boundaries of observed zone
(therefore, deposit of limiter atoms in neutral balance)
strongly depend upon plasma parameters. More details in spatial
distributions of line intensities at limiter zone will be
presented in a next paper.

Gas puffing deposit into total atom flux was measured in
experiments when at first the valve worked at section of these
measurements (fig.%4a), then in identical discharge the wvalve
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was replaced in another section at 45° along the torus
(fig.4b). As shown on figure, the intensity increase at puffing
section wasn’t greater than 2.5 and fully disappeared after the
displacement. Simulations showed that at this case valve atonm
fluxes were small enough.

Energy of atoms appearing on the wall and limiters was
measured by Doppler broadening of Dx—line. Monochromator with
CCD-array camera was used for this purpose. At the wall
sections experimental curves were well fitted by three Energy
components (fig.Sa), one of which was connected with the rest
amount of hydrogen, and two others were determined by deuterium
energy distribution. Cold component energy was 4-7 eV (taking
into account Zeeman splitting and instrumental width). Energy
and amplitude of high energy component depend upon discharge
parameters and give (30-250) eV and (10-40) % consequently. For
limiter zone Doppler profiles had more complex structure
(fig.Sb). "Blue" wing increase seems to be in connection with
existence of reflected atoms [2]. We intend to provide detailed
analysis of Doppler profile for this case, using a model,
accounting experimental geometry and limiter zone parameters.

Problems, connected with poloidal neutral Flux
distributions will be presented in a future paper. However, as
experiments showed, in many cases the wvalue of poloidal
asymmetry of fluxes from the wall and limiter isn’t great.
Obtained data are quite sufficiently to find radial
distributions of energy and atom fluxes, using models of
penetrations. The distributions founded will be used to
determine the role of ion energy losses in diffusion and charge
exchange processes.

l.W.L.Rowan,C.C.Klapper et al. Nuclear Fusion,vol.27,No.7,
(1987),1105.

2.P.Bogen, D.Rusbuldt et al. 8-th Plasma-Surface
Interactions, 1988, Julich, A20.

Fig.1l. Toroidal distribution of Da-line intensity. Opened
points — OH, closed — ECRH.

1,=220 kA, B 13,53

e=28 kDe, Ne=3.10""cm =, r1=28 cm.

Fig.2. Da-line intensity on the top of the movable limiter
versus:
a) the movable limiter radius;
b) plasma current;
c) averaged electron density.

Fig.3. The example of toroidal distribution of Dx-line
intensity near by the movable limiter. Lower curve -
OH3; upper - ECRH.
Ip=250kA, Be=28 kOe, Ne=2.2.101“cm-3
Fig.4. The examples of Do-line profiles:
a) on the wall,
b) on the movable limiter.

i r1=28 Cim.

1p=250 kA, By=28 kOe, Ne=3.10 “cm >, r,=28 cm.
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DENSITY FLUCTUATION MEASUREMENTS ON ATF
USING A TWO-FREQUENCY REFLECTOMETER*

E. Anabitarte
ouciacién EURATOM/CIEMAT, Madrid, Spain

G. R. Hanson,”) J. H. Harris, J. B. Wilgen, J. D. Bell,”) J. L. Dunlap, C. Hidalgo,")
d. E. Thomas,") and T. Uckan
Fusion Energy Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee, U.S.A.

Introduction

A microwave reflectometer system has been installed and operated on the Advanced
Toroidal Facility? (ATF) to measure density fluctuations. This system consists of two indi-
vidual reflectometers that use the same antenna system and operate in the 30- to 40-GHz
band. This arrangement allows operation at two frequencies along the same radial chord
so that radial coherence measurements are possible. During the initial operating period of
the reflectometer, a correlation was observed between a change in the edge density fluctu-
ation spectrum and a transition to improved confinement. Recently, local measurements
of the density fluctuation spectra in electron-cyclotron-heated (ECH) plasmas has been
shown to agree with Langmuir probe measurements at the edge. Furthermore, structure
in the spectra has been observed in some ECH plasmas.

System Description

The ATF reflectometer system operates at two frequencies simultaneously in the
same dual antenna system.? Two tunable microwave sources allow continuous operation
between 30 and 40 GHz with separation frequencies from 10 MHz to 10 GHz. Homodyne
quadrature phase detection is used to measure the phase fluctuations in the reflected
signal. Quadrature phase detection allows decoupling of the amplitude and phase fluctu-
ations in the reflected signal. Because of the low operational RF frequency band of the
present reflectometer and the nearly flat density profiles in ATF, the radial extent of the
plasma that has been covered to date is limited to the outer third of the minor radius for
both O-mode and X-mode operation. A higher-frequency system operating between 65
and 85 GHz is planned to allow internal probing of higher-density plasmas.

*Research sponsored by the Office of Fusion Energy, U.S. Department of Energy, under contract DE-
AC05-840R21400 with Martin Marietta Energy Systems, Inc.

*)Qeorgia Institule of Technology, Atlanta, Georgia.

b)CompuLing and Telecommunications Division, Martin Marietta Energy Systems, Inc.

“) Asociacién EU RATOM/CIEMAT, Madrid, Spain.
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Radial Coherence Measurements

The capability of the ATT reflectomcter to nperate at twa frequencies simultaneously
along the same radial chord with a frequency separation as low as 10 MHz provides 5
simple means of making radial coherence measurements. The coherence between the
signals reflected at the two critical layers is calculated using standard cross-correlation
techniques and is determined as a function of the frequency separation of the two signals,
Conversion to a radial distance is dependent on knowing the density gradient. It has been
found that, for coherence measurements, the amplitude fluctuations in the reflected signal
have only a minor effect on the coherence.

Figure 1 is a plot of the radial coherence of the density fluctuations measured by the
reflectometer versus the separation frequency of the two probing beams in the edge of a
plasma heated with neutral beam injection (NBI). The coherence length is estimated to
be 0.1-0.2 cm using the density profile obtained by the 15-channel Thomsen scattering
system.® The radial position of the cutoff layer is at 7/a ~ 1.1, i.e., outside the last closed
flux surface. The radial coherence length in plasmas heated only by ECH is about 0.5-1.0
cm with some fluctuation peaks (similar to the one in Fig. 2) having coherence lengths up
to 3 cm. The density profile obtained by Thomson scattering indicates that the position
of the cutoff layers for this measurement varies from r/a ~ 0.85 to r/a ~ 0.9.

The fast reciprocating Langmuir probe (FRLP) on ATF can measure the poloidal
coherence length of floating potential fluctuations. FRLP measurements have been made
forr/a > 0.9in ECH plasmas and r/a > 1.0 in NBI plasmas. In both cases, the frequency-
averaged poloidal coherence length increases from approximately 0.2 cm in the velocity
shear layer to about 0.5-1.0 cm inside the plasma. The shear layer is consistently measured
to be at r/a ~ 1.1. Thus, the radial coherence measurements of the reflectometer in the
edge of NBI plasmas and inside ECH plasmas are of the same order of magnitude as the
FRLP measurements and seem to follow the same radial trend.

Density Fluctuation Spectra

The ability to probe the plasma internally in order to measure density fluctuations
is one of the important advantages of microwave reflectometry as a fluctuation diagnostic.
The ATF reflectometer has been used to measure the density fluctuation spectra in the
outer third of ECH plasmas at 0.95 T and in the edge of NBI plasmas at 0.95 T and 1.9
T

During the initial operating period of the reflectometer, a clear transition in the
fluctuation spectra was observed in some NBI plasmas. In these discharges, the plasma
stored energy W,, rises quickly when the NBI was started and then decreases slightly
for about 50 ms (see Fig. 3). During this time, the density fluctuations at the edge of
the plasma measured by the reflectometer have a broadband spectrum with a maximum
at low frequencies (below 10 kHz). The line-averaged density measured by the 2-mm
interferometer also shows large fluctuations'in the same frequency range.
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After decreasing for 50 ms, the stored energy then increases by a factor of 2 or more
(the NBI power remains approximately constant), corresponding to an increase in 7g.
During this interval, the density fluctuation spectrum changes dramatically. The low-
frequency fluctuations observed by both the reflectometer and the 2-mm interferometer
rapidly diminish and practically disappear, while the higher-frequency fluctuations seen
by the reflectometer increase. In many shots, a narrow frequency peak grows and domi-
nates the spectrum during this period. In Fig. 3, a three-dimensional plot of the density
Auctuation spectrum, showing the time evolution of the spectrum, is given. A large 25-
kHz peak dominates the spectrum in the valley created by the decrease in low-frequency
fluctuations. This fluctuation peak is coherent with a Mirnov loop signal located at a
bottom port 15° toroidally away. It is not clear whether the sudden change in the density
fluctuation spectrum is a cause or a result of the improved confinement, but it is clear (as
can be seen in Fig. 3) that the change in the behavior of the edge fluctuations is related to
a change in the stability of the plasma and/or the turbulence characteristics. The main
characteristic of this change in the fluctuation spectrum (for both the reflectometer and
the Mirnov loops) is the drastic decrease in the low-frequency fluctuations and an increase
in the high-frequency fluctuations.

Figure 2 shows detailed structure in the density fluctuation spectra obtained by the
reflectometer in a sequence of ECH discharges. In this experiment, the reflectometer
{requency was varied to scan the reflecting layer in radius from r/a =~ 0.83 to r/a = 0.95.
At the edge, the density fluctuation spectra agree well with the FRLP measurements for
frequencies below 200 kHz. As the reflecting layer of the reflectometer probing beam
is moved further into the plasma, structure around 20 kHz and 40-60 kHz appears in
the spectra. As the radial position of the cutoff layer is moved still farther into the
plasma, the peak in the spectra decreases and then disappears. The reflectometer’s ability
to scan across such a large structure in the density fluctuation spectra and observe its
disappearance, even though the probing beam is passing through the fluctuation to get to
-the reflecting surface, is an important indication that reflectometry can be used for local

measurements of density fluctuations.*

References
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stored energy peaks. Also visible is
the frequency peak that dominates the
spectrum at the stored energy peak.
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MEASUREMENTS OF DEUTERON DENSITY PROFILES IN JET

W.Mandl, M.von He]lgrmann, P.D.Morgan, H P.Summers, H.Weisen
————" "'M.Olsson",P.van Belle, T.Elevant’,G.Sadler
JET Joint Undertaking, Abingdon, UK
DRoyal Institute of Technology, Stockholm, Sweden

The plasma purity, deuteron density np and deuteron temperature Tp are

the governing parameters in determining the rate of thermonuclear fusion.
The Lawson ctiterion no7eETp>5x 107 m™keV sec (te=emergy confinement
time) is usually applied to assess the fusion product needed for a
nuclear reactor. In practice, the electron density and temperature are
frequently used in the above criterion because they are the more easily
measured. However, in high power neutral beam heated discharges, the ion
temperature can exceed the electron temperature by more than a factor of
two, Additionally, the high power density on material surfaces can lead

to a considerable impurity influx.

At JET a number of diagnostics are applied to measure these quantities
[1]. Three different spectroscopic ~methods are employed to derive
profiles of the deuterium density and ion temperature of the bulk plasma.
A further independent technique of obtaining the deuteron density relies
on measurements of neutron emission.

CXRS with light impurities
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Densities of the main light impurities, namely helium, beryllium, carbon
and oxygen, are obtained from absolutely-calibrated char%c-exchange
recombination  spectroscopy (CXRS), wusing the mneutral-particle heating
beams as probes. A fan of fifteen nearly-horizontal viewing lines
intersects the beams at different radial positions,
Simultaneously-recorded optical spectra give radial profiles of ion
temperature, impurity concentration and plasma rotation at a temporal
resolution of the order of 50 msec [2]. Additionally, the concentrations
of up to two further impurities can be monitored with a temporal
resolution of 8 to 10 msec at the plasma centre [3]. The deuterium
density can then be calculated from the electron density profile,
assuming charge neutrality.

Zoos profiles from Abel inverted visible bremsstrahlung

Measurement of visible bremsstrahlung is routinely used at JET to obtain
the line-averaged effective plasma charge, Zeff. Abel inversion of
measurements along 14 lines-of-sight are used to derive the Zeir profile.
For this method one has to make assumptions about the plasma geometry and
the symmetry of the Zoir profile. It turns out, that the result depends
sensitively on the electron density profile used for the inversion. The
example shown below illustrates the transition from a peaked to a hollow
Zeit profile during increased impurity influx due to intense additional
heating.

line averaged Z o¢

Z off radial profile

Z g —

_ hollowpraiite | 3.0F # 20089

Z
off
# 20089
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25L "  T~t=48sec
/ TS

1.5 . L
pesked profile 20 t=4580c” \/

10~45~244 46 48 50 52 30 32 34 36 38 40
time (sec) radius (m)

Charge exchange recombination spectroscopy (CXRS) with deuterium

CXR light emitted by deuterons rather than by impurity ions can be used
directly. In the past, it proved difficult to distinguish the signal from
CX reactions in the bulk plasma from that emerging from the plasma edge
due to resonant charge exchange with thermal deuterium atoms. These
problems, which have prevented the use of deuterium spectral emissions
for density measurements so far, are now being tackled. The wuse of
passive viewing lines and of beam modulation techniques allows us to
monitor the background radiation during neutral beam injection. The
energy dependence of the CX cross sections has to be taken into account
carefully. The atomic data base at JET has recently been updated and
extended to meet this requirements. The figure below shows the
CXR-emission cross sections for 80keV deuterium neutral beams and a

20
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arget with Zot = 2.5 and no = 3*10% m> as a function of the
lasma temperature. It includes 1- and n-shell redistribution due to
ollisional  and radiative processes and averaging over the energy
gistributi‘m of the plasma ions.

CX emission coefficient for D-alpha radiation
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Active Balmer-alpha spectroscopy (ABAS)

A third, very powerful technique, active Balmer-alpha spectroscopy
(ABAS), uses light from the CX reaction with plasma deuterons together
with the relaxation radiation from excited fast deuterium atoms in the
neutral heating beams [4,5]. The local neutral-particle density can be
measured directly and can be used to calculate the plasma deuteron
density from the CX line intensity. In this way one does not have to rely
on the electron density from the beam emission as an external imput
parameter. The line ratio of CX to beam radiation and the species mix of
light impurities as measured by CXRS enables the determination of a local
Zete value, without recourse to Abel inversion or absolute calibration.
Combining the species mix of light impurities and radial Zerr profile
information gives the deuterium dilution profile.

Two examples of Active-Balmer-Alpha Spectra in the case of low and highZ ..
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Energy resolved neutron diagnostics

Neutron spectra measured with a time-of-flight spectrometer during
neutral beam injection are analyzed to determine the fractional neutron
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yields from the thermonuclear, beam-thermal and beam-beam reactions. R,
cases in which the thermonuclear fraction is substantial it is possible
to determine its value with sufficient accuracy for further analysis. Thg
neutron emission strength and enmergy spectrum have been used to deduce
the deuterium to electron density ratio np/me at the plasma centre. The
temporal resolution depends on the absolute neutron flux and is for mog
JET pulses of the order of ome second.

nD.l',ne

Dilution factor at plasma centre

derived from CXAS on carbon

0.6

04 LA S 5

02

derived from neutron diagnostic

# 19356

U.O 1 | 1 1
48 50 52 54

Summary and error assessment

A number of diagnostic techniques which allow the measurement of deuteron
density profiles are available at JET. Plasma dilution measurements with
CXRS are performed routinely. The error arising from uncertainties in the
instrument calibration and from photon statistics depends on the actual
plasma purity. It is estimated to be less than 30% at a plasma dilution
np/mne > 50%. The uncertainty decreases for cleaner plasmas. Methods which
are independent of calibration (ABAS) have been developed and tested.
Independently-measured  dilution  factors from Abel inverted visible
bremsstrahlung and neutron diagnostics provide the means for extensive
consistency checks and are generally in fair agreement, Error estimates
depend on the plasma conditions in such a way as to make a ’standard’
error meaningless.
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FIRST MEASUREMENTS OF ELECTRON DENSITY PROFILES ON JET WITH

A MULTICHANNNEL REFLECTOMETER

R Prentice, A CC Sips+, J A Fessey and A E Costley

JET Joint Undertaking, Abingdon, Oxon, 0X14 3EA, UK
* FoM Institute for Plasmaphysics "Rijnhuizen", The Netherlands

INTRODUCTION
_INTRODUCTION

Microwave reflectometry offers the' possibility of continuous
localized measurements of the electron demsity with both good spatial and
temporal resolutions. Recent applications of the technique to moderate
gize tokamaks have been successsful [e.g.1,2] but the technique
employed,i.e. broad band sweep, is difficult to apply to larger machines
because of the need to locate the sources and detectors remote from the
torus: complicated waveguide systems in oversized guide are required and
mode conversion can lead to spurious signals when the frequency is swept
over a broad range. To overcome this problem we have developed a novel
technique, multichannel narrow band sweep, and applied it to JET and in
this paper we present the first profile measurements. An advantage of
this approach is that, by keeping the the probing frequencies constant,
the same instrument can be used to measure fast density transients, and
data obtained in this way are also presented.

The JET multichannel reflectometer ([3,4] probes the plasma with
radiation in the ordinary mode along the mid-plane with frequencies in the
range 18 - 80 GHz, which corresponds to a critical density range of 0.4 -
8x10"° m . When used in the swept mode a new data correction procedure
enables profiles to be determined with a time resolution of ® 5 ms. In
the fixed frequency mode, the system is sufficiently sensitive to monitor
changes of = 1lmm in the position of the critical density layers with =&
temporal resolution of ™ 1 ms.

TECHNIQUE FOR PROFILE DETERMINATION

Fig.l shows schematically the parameters of interest in a measurement
of the profile by the reflectometer. The two parameters determined
experimentally are T and T the group delay differences between the arms

of the reflectometer for reflections from the inner wall and the plasma
respectively. For a given channel, the group delay into the plasma, ‘I.'P,

from an arbitrarily placed reference plane is given by:
T =T + 7T -T
P x Te: W

£
where T _ = 2(R _-R)/c
ref re. W

£
The value of T for each channel is derived from the simple

expression:
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where fB is the beat frequency at the detector and f. is the rate o
change of source frequency. Values for T, are found using the sap,

relationship.
Simulation studies [5) have shown that the values of Tp are requireq

to an accuracy of « 0.1 ns to produce profiles accurate to « 1 cm after
inversion. To achieve accuracies of this order it is necessary to carry
out a rigorous analysis of the phase detector signals which are used to
monitor the phase excursions when the source frequencies are swept up ang
down. An example of phase detector signals for four chennels of the
system are shown in Fig.2 Note that the fixed frequency signals evolve
and even change direction over the period of the meassurements. An
accurate value for fB is found from the phase detector data in the

following way. The fixed frequency data, on either side of a swept
frequency period, are used in a non-linear fitting procedure (cubic
spline) to produce, by interpolation, an accurate ‘'baseline' over the
duration of the sweeps. This 'baseline’ is then used to correct the swept
frequency data. A further correction is applied to account for the
non-linear voltage/frequency characteristics of the Gunn oscillator
sources. Linear regression is then applied to the corrected signals to
obtain fn' It is worth noting that this procedure makes use of all the

data recorded when the source frequencies are swept. The T wvalues are
P

finally inverted to generate a density profile referenced to the inner
wall.

The reflectometer profile shown in Fig.3(a) was obtained in this way
for an ohmically heasted plasma and is seen to be in good agreement with
the profile obtained with the FIR interferometer on JET (dashed line). It
should be noted that the radial location of the reflectometer profile is
fixed by internal calibration and is completely independent of the
interferometer profile. The lower section of a profile obtained under
H-mode conditions is shown in Fig.3b. It is clear that the gradient at
the edge of the plasma can be very steep: & vertical profile is within the
measurement uncert%inties. The minimum gradient through the reflectometer
data is = 4x10° m .

PROFILE EVOLUTION AND DENSITY TRANSIENTS

By keeping the source frequencies fixed, it is possible to use the
phase detectors to monitor the evolution of the density profile, starting
from a reference profile obtained, say, from the FIR interferometer.
Fig.4 shows some density contours, for each probing frequency, produced in
this way. - In this case the reference profile was taken at the time of
12.4 s and the variations in the profile were computed, both backwards and
forwards in time. The profile derived in this way can then be compared at
any time with that available from the FIR interferometer. Checks of this
type show that over the time interval of Fig.4 the radial discrepancies
between the two profiles are always < 5 cm. During the period when the RF
power was applied to the plasma (Fig.4), large sawteeth are clearly
visible. Deteailed analysis of these density pulses has enabled values for
the particle diffusion coefficient to be determined and these are used in
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combined studies of locelized particle and thermal transport[6].
CONCLUSIONS

A multichannel reflectometer has been implemented on JET and efﬂPlDyg
a novel narrow band sweep technique to obtain the density profilg,
Measured profiles are pgenerally in good agreement with those obtaingg
with the FIR interferometer. The profile information obtained under H-mogq

conditions confirms the existence of a very steep edge gradient (>4x19%
m°). With the probing frequencies held constant, measurements of rapid
density perturbations can be made and, utilizing a transport code which
simulates these measurements, the particle diffusion coefficient can be
determined.
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A METHOD FOR THE DETERMINATION OF THE
TOTAL INTERNAL MAGNETIC FIELD IN JET

L Porte*, D V Bartlett, A E Costley, C W Gowers

JET Joint Undertaking, Abingdon, Oxon. 0X14 3EA, UK
*University of Strathclyde, Glasgow G4, UK

Introduction

The internal magnetic fields in tokamak plasmas are of paramount importance
in determining the plasma _conf'mexpent and stability. There are, however, few
techniques available for making spatially resolqu_measuremcnts of th.esc fields. In
this paper we describe a new method for det’c;mmmg the total magnetic field in the

lasma. Combined with data from other diagnostics it is possible, under some
circumstances, to derive the spatial distribution of the paramagnetic component of
the internal field.

The method combines measurements from two independent electron
temperature diagnostics:  Electron Cyclotron Emission (ECE) which gives
temperature as a function of cyclotron frequency, and time-of-flight LIght
Detection And Ranging (LIDAR) Thomson scattering which measures temperature
a5 a function of major radius directly. ECE frequencies are identified with the
spatial locations which the LIDAR shows to have the same electron temperature.
Conversion of the cyclotron frequency scale to magnetic field then gives the total

field profile.
Description of the Method

In detail, the procedure is as follows. The ECE and LIDAR temperatures are
normalised to eliminate spurious effects due to any small difference in absolute
level. The low frequency side of the ECE spectrum (Figure la) and the low field
side (ie outer half) of the LIDAR electron temperature profile (Figure 1b) are
selected. For peaked profiles, these curves are monotonic, ensuring a one-to-one
correspondence between equi-temperature points on the two curves. Linking these
equi-temperature points (Figure 1c) gives cyclotron frequency (or equivalently, the
total magnetic field) as a function of major radius (Figure 1d).

) ) ©

mp

()

Z. /) X =

Frequency Major Radius Frequency Major Radius Major Radius

Figure 1 (a)Select low frequency side of ECE spectrum (b)Select outer half of LIDAR Te profile
(c)Link equi-temperature points (d) Deduce total field as a function of major radius.
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In this work the ECE spectrum is measured by an absolutely calibrateg
rapid-scan Michelson interferometer {1}. It has a spectral resolution of IOGH'L:
(~15cm spatial resolution), time resolution of 15 ms and relative systematj,
uncertainty of the measured spectral shape of + 5%. The LIDAR diagnostic )
uses 180° Thomson backscattering to measure the electron temperature profile a
a function of radial position. It has a spatial resolution of <10cm and the errorg
are dominantly statistical, at typically + 7%.

Numerical Simulation

To determine how the main sources of error and the measurement limits affegy
the accuracy of the field determination, an error analysis has been performed b
applying the method to simulated ECE and LIDAR data. Idealized ECE spectry |
and idealized LIDAR profiles were perturbed in various ways, representative of the |
known measurement limitations and uncertainties. The method was then applied |
to various combinations of the idealized and perturbed data. By examining the
effects of the ECE and LIDAR errors separately, and in combination, the relative
importance of the different measurement uncertainties and limitations wag
determined.

I
|
|
|
Uncertainties in the relative calibration of the ECE system were modelled by |
applying to the ideal spectrum a sinusoidal perturbation of amplitude + 5%,
random phase and periodicity similar to that of the estimated calibration errors,
The statistical errors in the LIDAR measurements were modelled by multiplying
the ideal profile points by random numbers with a suitable Poisson distribution,
When field profiles were calculated from these perturbed data and compared with
those calculated from'the ideal spectra and profiles, it was found that the
magnitude of the errors were strongly dependent on the temperature profile shape
and that peaked profiles give the most accurate field determination.

The dashed lines in Figure 2 show the relative error in the deduced total field
for four different sets of combined simulated ECE and LIDAR errors. The input
temperature profile was similar in shape to measured peaked profiles. The envelope
curves (solid lines) are calculated by applying a Taylor expansion to an analytic
model of the method. This shows that the field error (6B) resulting from a
temperature error (§T) in one of the measurements can be approximated as:

3B [aT 1, a8 [ ar ) 2
0B —— | ——xT+—x—— [(==) x(§

dR | 8R 2 aRI/(BR) (62]
The envelope curves give a good indication of the maximum of the error curves and
enable the errors to be estimated simply. Figure 2 shows that the magnitude of the
total field can be determined to ~3% across most of the minor radius.

It was found that for typical temperature profile shapes, improving the
spectral resolution of the Michelson interferometers by up to 30% changed the field
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than 1% while an improvement of the spatial resolution of the

ss less
rofile by Ie ~40% changed the temperature profiles negligibly.

LIDAR system of
Experimental Results and Analysis
The internal ficlds of JET plasmas during strong additional heating have been
termined and compared with those calculated by the JET magnetic equilibrium
dedf; (3). Figure 3 is an example of the results. It shows consistency within the
zgpcrimental uncertainties shown on the figure.

The poloidal field is knpvyn frqm indep;ndent measurements with a
far-infrared polarimeter and so it is possible to estimate the paramagnetic field in
this case. The known vacuum field and the measured poloidal field are removed
from the measured total field. Figure 4 compares the _paramagnetic field so
obtained with that calculated by the magnetic equilibrium code. Since the

aramagnetic and polmdallﬁelds are about an order of magnitude less than the
total field, the uncertainty in the deduced paramagnetiq field is dominatqd by the
uncertainties in the ECE/LIDAR method: t.hc uncertainties in the poloidal field
measurement are not significant. The uncertainty in the deduced paramagnetic field
is large, (=30%), and the two curves agree to within this limit.

Figure 5 displays the total field at a later time during the same plasma pulse,
while Figure 6 shows the corresponding paramagnetic field, which is larger than in
Figure 4 because the plasma current is higher.

Conclusions

A method has been developed to determine the tetal magnetic field in JET,
using two independent electron temperature diagnostics which is accurate to
typically 3% to 8% across most of the plasma profile. By introducing the poloidal
field measured by the JET polarimeter it is possible to estimate the paramagnetic
field to an accuracy of typically 30% to 80%. The results generally agree with the
fields calculated by the JET magnetic equilibrium code.

The authors would like to thank Dr. J O’Rourke for making available the
polarimetry data used in this work.
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CURRENT PROFILE MEASUREMENT USING NEUTRAL
He BEAM IN JT-60 TOKAMAK

H.Kubo, T.Sugie, N.Nishino®, A.Sakasai, N.Akaoka, T.Itoh,
Y.Tsukahara, H.Takeuchi and JT-60 Team

Naka Fusion Research Establishment, Japan Atomic Energy Research Institute
Naka-machi, Naka-gun, Ibaraki, 311-01, JAPAN

1 INTRODUCTION ) . .
" For establishment of a steady state tokamak reactor, techniques of noninductive current

drive should be obtained. The current profile measurement is of great importance in order to
control the current profile in the steady state tokamak reactor. As the current profile can not be
directly measured, a variety of methods measuring the poloidal magnetic field have been used to
estimate the current profile. The Faraday rotation measurement using a FIR laser gives the
average of the density times the component of the field along the sight-line[1]. In medium
tokamaks, the Zeeman polarimeter using a Li beam has been used for the directly measurement
of the local poloidal field[2]. However, because the Li beam attenuates severely in large
tokamaks, the diagnostics is in need of a high energy Li beam such as MeV range which is
difficult to obtain. Therefore, a current profile measurement system using a He beam has been
constructed for the diagnosis in the discharges with lower hybrid current drive (LHCD) on JT-
60[3]. Purposes of this paper are descriptions of the system and its application to the current
profile measurement in LHCD discharges on JT-60.
2. EXPERIMENTRAL SETUP

Figure 1 shows the outline of the current distribution measurement system consisted of a
neutral He beam injector and 4 spatial channel detection system. The beam intensity is
equivalent to 0.6A and the maximum energy is 200keV[4]. The neutral beam is also used to
measure ion temperatures by Ratherford scattering[5]. The neutral beam is generated from
positive ion beam by charge-exchange reaction in a gas cell. The neutral beam contains about
30% metastable (2s3S) atoms which are ionized in the peripheral region of plasma. The
component was estimated by a beam attenuation measurement using a Faraday cup and a
spectroscopic measurement. Four beam pulses with the durations of 100ms can be injected
during 1sec in a discharge. The neutral He beam attenuates to about 1/2 at the electron density
of 3x1019m-3 and Zeff of 2.5 in the JT-60 plasma.

The spectral line of He beam atoms following collisional excitation with electrons is split

into three components by normal Zeeman effect. The line with AM=0 transition (m-component)
is polarized to the magnetic field. The local pitch angle G=tan'1(Bp[BT) of the magnetic field

lines can be determined by measuring the polarization angle of the T-component[2].

Figure 2 shows the schematic diagram of viewing optics layout. The collected light is
converted into a parallel beam by a condensing lens. In order to increase the sensitivity of the
angle measurement, the polarization direction is rotated 45 degrees by a A/2 plate. A Wollaston
prism with its axis parallel to the toroidal field separates the incident light into two beams whose
polarization directions are perpendicular each other. After converting both beams into circularly
polarized lights with a A/4 plate, the image is rotated by a prism so that the two beams enter the
slit of a Littrow type spectrometer. The wavelength band of the spectrometer is 0.1A, because
the wavelength separation of the Zeeman components is about 0.3A. The accuracy of the
wavelength of the spectrometer is checked remotely using an Ar laser.

The intensity of light emitted from the He beam is estimated to be 1016 photons m3
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sec-1. Accordingly, considering the solid angle, the intensity of light coming to the systey
becomes 106 sec-1. The transmittance of each optical component is higher than 0.96 except
Wollaston prism and the spectrometer whose transmittances are 0.6 and 0.4, respective]
Therefore, the total light throughput is estimated to be 0.2. As a result, the intensity of the “Ehi
coming into the detector becomes about 5x104sec-1. In order to recover the difficulty of the
low intensity, we have developed a high efficiency avalanche photo diode detector whoge
detection efficiency is 30-32% at the wavelength of 5015A. As a result, the count rate j
estimated to be several times 103sec™1.

The spatial distribution of the poloidal magnetic field is measured at four points as showy

in Fig.1. The sight lines intersect the He beam at angles of 50-70 degrees. The pitch angle g

relates to the measured polarization angle (BM) as tanfM=cosy tanf, where ¥ is the angle
between the normal line to the magnetic surface and the sight line as shown in Fig.3. For
estimation of the current profile, MHD equilibrium should be calculated from the polarization
angle and the external magnetic data.

3. EXPERIMENTAL RESULTS

The measurement system was applied to estimate the current profile in LHCD discharges
with 2MW LHCD applied from a new multi-juction launcher. In the experiment, the current
drive product became up to 12x1019 MA m-2. And H-mode was also realized in the limiter
discharges with low threshold power (1.2MW)[4].

Before the application to LFCD experiment, the dependences of the polarization angle on
the surface safety factor qg were investigated in order to confirm the performance of the
measurement system. The Zeeman pattern was distorted by Stark effect in the electric field
originating from the product of He beam velocity and magnetic field. The observed Zeeman
spectrum and the calculated spectrum considering the Stark effect are shown in Fig4,

Therefore, we observed the blue wing of the ©-component which was not influenced by the o-
components. The line intensity was obtained subtracting noise signal due to the bremsstrahlung
from the raw signal. The observed count rate is the order of 10%cps, and the ratio of the signal
to noise was 2-3. The polarization angle was determined from the ratio of the intensities of the
separate light beams. The accuracy for determination of the poloidal angle depends on the
statistical error coming from the count rate. And the accuracy also depends on the installation
accuracy of each Wollaston prism. In gs scanning experiments, the measurement of the
polarization angle suggested that the lower gs operation formed the broader current distribution.
However, the absolute current profile could not be deduced because of the difference between
the directions of the polarization axes of the channels. Therefore, a relative change of the
current distribution was estimated in the LHCD experiment. Figure 5 shows the comparison of
polarization angle between L-mode and H-mode phase in the LHCD discharges; Ip=1MA,

BT=4.5T, Te=3x1019m-3, P g21.2MW, and the LH frequencies were 1.74 and 2.23 GHz.
The H-mode continued during several seconds, and the polarization angles were measured at 2
sec after the H transition. Channel numbers of 1-4 correspond to the spatial points of 16.5,
35.0, 57.5 and 76.0 cm from the plasma center, respectively. The angle did not indicate
absolute one, because the axes of the Wollaston prisms were not calibrated to the toroidal field
direction. However, the change of the signal of each channel indicates a change of the poloidal
magnetic field. It is inferred from the figure that the poloidal field becomes larger in the outer
region and a broader current distribution is realized in the H-mode. The detailed investigation of
the current distribution needs an elaborate calibration of the polarization axis of the Wollaston
prism,
4, SUMMARY

The measurement system of the poloidal magnetic field using He beam was newly
developed. It was realized by adopting a high-transmittance spectrometer. And the avalanche
photo diode with the detection efficiency of 0.3 was also developed. As a result, the
measurement of the poloidal magnetic distribution in the large tokamak such as JT-60 become




plying to the measurement of LHCD experiment, it suggested that the current
tion became broader in the H-mode. However, because the offset angels were
not known at present time, elaborate calibration must be performed to obtain a more detailed

information of current profile.
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REAL TIME PROFILING OF TOTAL RADIATION IN THE TJ-I
TOKAMAK BY A FLUORESCENT DETECTOR
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Excellent detectors have been developed or borrowed from other fields for radiation
diagnostic in tokamaks. Most of these systems involve tens of channels to provide an almost
continuous in time and discrete in space, mapping of the plasma radiation in defined spectral
ranges. All of them involve sophisticated electronics and data acquisition hardware which are
not justified for small plasma experiments, but where similar information must be gathered for

imachine operation and plasma experiment documentation.

In this paper we describe a detector capable of obtaining global radiation profiles in a hot
plasma every 0.5 ms, by spatially scanning the fluorescence of a phosphor. The phosphor
chosen, sodium salicylate (ss) when unfiltered responds to a very broad spectral range (x-rays
-3500 A), which is the relevant region for radiation losses in many hot plasmas. Thus itis a
good alternative for bolometry and moderate size experiments and for studying impurity

problems so long as high spectral and time resolution are not required.

A simplified schematic diagram of the detector is shown in Fig. 1. The global plasma
radiation passing through a diaphragm shines into a quartz window where a uniform layer
of ss has been deposited. Its fluorescent band emission, which peaks around 420 nm, is
scanned by means of a galvanometric mirror (M1) which focuses the light onto a quartz fiber
bundle (3x5 mm?2) by means of a quartz lens working with a magnification of 1. The light is
guided to a filtered photomultiplier. The spatial resolution in the plasma equatorial plane is
around 2.5 cm, which could been improved by deconvolving the profile with a function taken

into account the finite size of the fibre bundle.
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Fig. 1. Schematic diagram of the ss detector. Fig. 2. Spectrum of ss fluorescent light, curve a),
The system is installed at a top flange. excited by cleaning discharges of spectrum b).

The behaviour of ss as a phosphor converter of x-ray and UV radiation into light has been
extensively studied and a good review is given in (1). The quantum yield is approximately
constant up to §0 eV (155 A), whereas in the x-ray region (above 12 keV) the energy yield is
constant. In the intermediate region is not constant but is well known. The absolute quantum
yield depends on, in addition to wavelength, the layer thickness and age. For our application
the layer thickness was chosen of around 6 mg/cmz, in order to not have stray light problems
due to the strong plasma light, and to reduce the influence of a non uniform deposition on the

detector spatial response.

The stray light rejection capability of the detector has been assessed by measuring the
fluorescent spectrum of ss excited by periodic tokamak cleaning discharges. This spectrum,
curve a), is shown along with the discharge spectrum, curve b), in Fig. 2. Since the most
prominent plasma line lying within the ss fluorescent band is the H[3 (4861 A), as is evident
in b), and this is not visible in the ss fluorescent spectrum we can conclude that the system has

good stray light rejection capabilites.




1514

The absolute calibration of the detector has been performed by an in situ procedure and the

deduced de

Paﬂ_'me[ﬁf S.
of this detector to 2 tokamak discharge with that of an absolutely calibrated pyroelectric

tector sensitivity is in excellent agreement with that deduced from basic detector

The procedure, explained in more detail in (2), is based in comparing the response

detector, by assuming poloidal and toroidal symmetry in the total radiated power. The
sensitivity of the detector so obtained is of 2.7 V/mW, which must be corrected by the
observation geometry to get the total radiated power. Since the most important uncertainty in
absolute bolometry in tokamaks stems from the existence of radiation asymmetries, the

calibration method is good enough for practical applications.

Results obtained with this detector using ohmically heated discharges of the TI-I tokamak
are presented. This toroidal device (R = 30 cm; a= 10 cm) was operated with a plasma
current around 40 kA and a toroidal field ranging from 0.8 to 1.5 T. The detector can be
operated in two modes: when the scanning mirror is at rest, the detector is sensitive to the
central line integrated plasma radiation along a vertical chord; turning on the oscillating mirror
we can get line integrated radiation profiles. In Fig. 3, the ss detector signal, when the
scanning mirror is at rest, is shown along with the trace of a central pyroelectric detector
which is sensitive to the whole plasma radiation spectral range (from x-rays to infrared) and
the Hy, monitor; whereas in Fig. 3a we do not use any type of filter in front of the ss layer, in
Fig. 3b a hard UV filter was used. One observes the good agreement between the two
radiation detectors, ss and pyroelectric, when the former is unfiltered. The ss detector exhibits
some fine structure which is not due to noise but reflects rapid plasma fluctuations. The ss
detector tends to underestimate the total radiated power when the visible light is important, like
at the beginning of some discharges, but it responds better than the pyroelectric to hard x-rays
which are significantly produced in very low density discharges. In fig. 4a, the trace of the
modulated detector signal, showing the space-time evolution of plasma radiation, is depicted
along with the plasma current, pyroelectric detector and Hy, traces in a typical TJ-I tokamak
discharge. In Fig. 4b, an expanded view of a particular radiation profile obtained with the
detector, in the scanning mode, is shown. This profile exhibit small wings at the plasma edge

and a slight hollowness at the plasma centre. Peaked, skewed and hollowed radiation profiles
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have been observed, with this detector, in the TJ-1 tokamak which correlate with the globy
behaviour of the discharge. Typical radiation profiles on varying the plasma density ang
toroidal field will be shown, as well as the observation of deeps in the profiles, Suppgsedly

due to the presence of magnetic island in the plasma.
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Fig. 3 Typical continuous signature of ss detector Fig. 4. a) Typical time evolution of radiation
along with Hy, and central pyroelectric traces. profiles in TJ-I ohmically heated discharge; b)

Expanded view of a particular profile.

In conclusion, a simple detector capable of presenting in real time the line integrated plasma
radiation profiles has been developed. A reasonable method for absolute calibration has been
work out. It seems a reasonable alternative to standard bolometers as long as the plasma visible

emission is not a significant part of the total radiated power.
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ABSTRACT
Neutron rate measurements are often used to determine the ion temperature or
the deuteron density in tokamak fusion plasmas. This can be done easily during
ohmic heating or HO-injection, since the velocity distribution function of the
plasma deuterons is Maxwellian. However, during DP-injection the distribution
function is highly non-Maxwellian and thus needs to be calculated explicitly to
perform a temperature or density determination. A parameter study for neutron
rate calculations during deuterium injection, using a classical relaxation-time
ansatz or a simplified Fokker-Planck model to evaluate the distribution function
of the injected particles, shows good agreement of the results obtained from
both models for temperatures below 4 keV. As an example for application,
calculated ion temperatures are presented for an ASDEX discharge.

RELAXATION-TIME MODEL

Assuming classical energy relaxation for the injected particle:

dw _ \
o - T by

where W is the particle energy and t,, the classical relaxation time as given by
Trubnikov, the stationary energy distribution function of the fast particles is:
_ Tw
F (W) =5 W 72/

Here, $ is the number of local injected particles per second. Now, the local
neutron rate in a plasma containing ion species of type (i) and (j), e.g. deuterons
or deuterons and tritons, is given by:

n;ny
1+55j

. ; y 3.
Q ” sllv - v 1) Iv - v| fiw) £ divdy /3/
where n; and n; are the densities of the interacting particles, ¢ is the fusion
cross section and f,(v) and f;(v) are the normalised distribution functions. From
this, the local beam-target neutron rate Qpr follows as:

[ee]

Qas =np. S _[Fb(W} {ovpgp dW. /47
0
Here, np, represents the deuterium density of the bulk plasma and {ovypT the
fusion reactivity of a target-plasma with the temperature kT and a particle with
the energy W.




1517

FOKKER-PLANCK MODEL

The pitch angle averaged distribution function F(v) is calculated using a stg
state solution of the Fokker-Planck equation:

F _cpa+5-L=0
at

where C(F) is the collision operator (see for instance Stix [11), S is the soy;
of injected particles represented by a delta function at the injection velocity an

L is a particle loss term which is needed

distribution function. From the above given equation, Anderson [2] obtaineq
analytical expression for a first order differential equation for F(v} which cap 5
solved quickly with numerical methods. The particular solution of this equatiop i
just the distribution function Fy(v) for the injected particles, while the homg.
geneous solution Fi{v) represents the one of the bulk plasma particles.

10_25 ¥ T ¥ 1 X T ¥ T T E
E T =Te= 2.0keV ]
- r lin,
% 1072 e 3
X E E
~ o 3
B ; ]
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E [keV]

FIG. I: Distribution functions calculated
using Rosenbluth potentials (solid) and
by iteration (dashed).

neutron rates was 6%, which justifies the

PARAMETER STUDY

For this study, the plasma data used
was as follows: n 4- 107 cm™3,
UD/ﬂe = 0.65, S

5.96- 10'* em™3s71,
Einj = 40 keV. The plasma ion compo-
sition was: 18.1% H*, 78.45% D' and

3.45% 4N7* (average of 12C6* and 1608%),

Fig.2 shows the distribution functions
calculated with the two different mod-
els /2/ and /5/ for T =T; = 25 keV.
The relaxation time model does not take
energy diffusion into account so that
Fy = 0if E » E,;, while the Fokker-
Pi)anck solution shows a Maxwellian tail
in this energy range. Because there is
no loss model at low energies in the

ady.

/51

to calculate the low energy part of the

Usually, a linearised collision operatq,
is used in which the diffusion coeff.
cients are calculated with the classicy|
Rosenbluth potentials. To estimate the
error on neutron rate calculations dye
to linearisation, a self-consistent soly-
tion which takes into account the
distribution function itself in the
collision potentials was calculated, The
non-linear integro-differential equation
was solved using an iteration technique,
taking the initial distribution as Max-
wellian. Fig. 1 shows the calculated
distribution function F(E) from the
linearised (solid line) model and the
iterated solution (dashed line) for
Te = T; = 2 keV and plasma data as
used for the parameter study below,
The final difference in the calculated
use of the linearised model.

10—2? ' I ! T ¥ T ¥ T T
f R Ty =Tg= 2.5keV
el \
S g 4 3
< E . \‘
@
= FFPS \ 1
W10
i i
1075 L1 o
0 10 20 30 20
E [keV]

FIG. 2: Distribution functions calculated

with the relaxation-time ansatz (R} and
the Fokker-Planck model (FPS).
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time ansatz, this distribution function is wrongly calculated at low

relax?tl:nl-f the ion temperature is just a few keV, the error on the beam-target
energe;:.rate is small, because the cross-section, which Is several orders of
neutr]omde smaller for energies below 10 keV than for energies near the injection
mag_‘;y compensates this sufficlently.
energys

5 f— T . : —_ 7.5 T T T T

! i FPs| ]

2 T =Te= 1.0keV R ,?“" c
: i ]
2020F Es0 ]
£ = P
3 = ]
~1.5F 7] " R ]
= C—’,D 2.5 - a7
21_0 L 1 " °
~— “"- O ]
o A 0.0

05530 35 40 45 8

W, [keV] Te [keV]

FIG. 3: Neuton rate plotted as a FIG. 4: Neutron rates for Tj/Tg-ratios
Function of the upper integration limit 1.0 (a), 1.5 (b), 2.0 (c) versus Te. Solid:
e e, relax.-time model, dashed: F.-P. model.

The energy diffusion affects the neutron rate as shown in fig. 3. Here Qpr+QrT
is plotted as a function of the upper integration limit in /4/ for Tg = T; = 1 keV.
The relaxation time model overestimates the neutron rate for energies lower
than the injection energy, but the final neutron rate is about 6% smaller than the
Fokker-Planck result where energy diffusion is included. This effect becomes
more important with increasing temperatures but since in ASDEX the temperatures
are below 3 keV, the error in neutron rate calculation using the relaxation-time
ansatz can be neglected.

6 : Fig. 4 shows this in more detail. Here,

T the neutron rates for different T;/Te-

5 o | ratios (a: 1.0; b: 1.5; c: 2.0) obtained
from the two models are plotted

versus Tg. Both electron and ion

o | temperature have an influence on the
% number of particles in the tail. If the
.3 = temperature ratio Ti/Te is greater than
i 1.0, the number of particles in the tail
ks 2 4 decreases with increasing electron
temperature because the plasma

becomes less collisional. Thus, in the
plotted temperature range, the calcu-
g ; lated neutron rates based on the
: > Fokker-Planck model are greater than

. the ones using the relaxation-time
Qi+ Quy [10%m™s™" y

model if the T;/Tg-ratio is 1.0 or 1.5,
FIG. 5: Jon temperature versus neutron tt)ll_:t they _a[riTsm?l;e(t)* above 2.5 keV for
rate for different Ti/Tg-ratios. Dashed: SHEARG! il Bei™ et
F—P. model, solid: relax.-time model.

—~ e~ —
noop
A
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Fig. 5 shows the dependence of T, on the neutron rate. The temperature detg,.
mination with the two models gives the same results at very low temPErature
but for temperatures occurring in ASDEX discharges, ion temperatures determihs‘
using the Fokker-Planck model are mostly lower than the ones calculated with
the relaxation-time model.

JON TEMPERATURE DETERMINATION

Neutron interpretation calculations have been carried out for various ASDEy
discharges with deuterium injection. As a representative example, the ion
temperature for some time points of the discharge #30953 was calculated usiy
both models. This shot had 1.25 MW DP-injection into deuterium plasma from
0.9-1.9 sec. The central electron density was 5-7- 10cm™3, Zeagr varied from 14
to 2.0. The measured neutron rate for the time window 0.8-1.8 sec is plotted j,
fig.6. The measured central electron temperature varied between 0.6 and 12 kgy
and is plotted in fig. 7. The calculated deuteron temperatures for the time pointg
1.0, 1.3 and 1.65 sec are plotted as well in fig. 7. As expected, the Fokker-Planck
solution (FPS) gives due to energy diffusion smaller temperatures than the

relaxation-time model (R), but the calculated temperatures agree well towardg
the middle and the end of the discharge.

[sr]
“8 2.5 F
20F E
. E F
o LAE E
3 10 3
o05 — 1 FIG. 6: Measured neutron rate
S pabLs | PR | i e oy 1+ 3 for the ASDEX shot #30953,
L '8.8 1.0 1.2 14 1.6 1.8
t [secl
25— T —T T 2  F—
C ASDEX
20F Re.. n 30953 .
evif G PR B e greoew k3
= r ] EIG. 7: Measured central
2 1 electron temperature for the
= discharge =30953 and the
E calculated ion temperatures
05F 1 (R: using the relaxation-time
1.25 MW NBI 1 model, FPS: using the Fokker-
0 | ) L . ! ; ] . ] Planck model).
'%8 1.0 1.2 1.4 16 1.8
t [secl
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1, Principle

Qur concept for absolute calibration at high neutron yields is based on absoclute
measurement of the neutron fluence ® at a suitable position and on a Monte
Carlo calculation of the specific fluence g, ie. the ratio between the fluence @
and the total neutron production Y in the plasma. These two results immediately
give the absolute yield Y.

Absolute measurement of a neutron fluence requires an absolutely calibrated
detector and unfolding of the response of the detector or an additional Monte
Carlo simulation of its response to the specific fluence ¢. At present, we are
using nuclear emulsions and indium activation; though the treatment of emul-
sions is very time-consuming, they enable us to restrict the procedure to an
appropriate interval of the neutron energy spectrum.

2, Numerical treatment

General procedure Monte Carlo calculation of the specific fluence ¢ = @/Y is
started from the spectral local neutron birth rate, which is determined by means
of our NR code [1] from the measured plasma data for the discharges used for
calibration. Starting from this plasma neutron source, the VINIA-3DAMC
software [2] is used to generate stochastically neutrons, to follow their
migration and scattering through the full tokamak device, and to determine the
specific neutron fluence arriving in the active detector volume.

Tokamak model The Monte Carlo calculations use a full 3-dimensional model
of the tokamak. The intention in preparing our models is always to distribute all
essential masses as realistically as possible without taking into account all minor
geometrical details except in the vicinity of the detectors. As many details from
there as possible are included in the model in order to make sure that absorption
and scattering near the detector are properly taken into account. The constituents
of the detector device are always absorbing but are usually considered to be
collisionless. In fact, their masses are very small and they contribute little to the
scattered neutron flux, but their absorption is essential in determining the
absolute neutron fluence arriving in the detecting volume.

Qutput The output files from the VINIA-3DAMC software (PTO files) are
very detailed. They contain the coordinates of each point of neutron emission or
collision, the coordinates of the corresponding point of detection in the active
volume of the detector, and the energy and weight of each contribution to the
specific fluence.



1521

Nuclear emulsion response The response of the nuclear emulsion plates (NEp
to the contributions stored in the PTO files is simulated by the special Monte ¢,
software NEPMC [3]. Owing to off-axis incidence of the neutrons - which algg
exists to a small degree in collimated measurements - and to the limited ene,

resolution of the emulsion the apparent neutron spectrum is broadened in relatiqy
to the incoming specific neutron fluence ¢. Thus the integrated neutron fluence ;
a certain energy interval is somewhat changed by the emulsion response fUHCtion_

rlg

Indium activation response The treatment of the response of the indium samply
is very simple. From the data in the PTO files just the absorption in the sampj,
and the total number of activated nuclei 5In™ is calculated.

3. Measurements

We are using nuclear emulsions for spectrally resolved measurements and indiypy,

activation for spectrally integrated measurements. We have done measurements ¢

a sequence of different positions with stepwise improvement of the ASDEy

model, the software and the evaluation of the results. These positions are locateq

at ASDEX as follows:

position I:  horizontal radial measurement in front of the quartz window for the
Thomson scattering system,

position 2: horizontal radial measurement in front of vacuum vessel,
position 3: tangential measurement near the quartz window (co-emission),
position 4: tangential measurement near the quartz window (counter-emission),
position 5;: measurement near the quartz window,

position 6: measurement inside the vessel.

Positions 1 to 4 were used for collimated emulsion measurements in the energy
range 2.1 to 3.0 MeV, positions 5 and 6 for uncollimated emulsion measurements
in the energy range 2.3 to 3.0 MeV and for indium activation measurements.

For collimated measurements some basic aspects concerning a suitable choice of
position of the collimator and the orientation of its line of sight have to be
considered. First of all, tangential orientation of the collimator does not seem to
be recommendable, because the observed section of the plasma is rather compli-
cated and the results would be very sensitive to the plasma neutron emission
profile. However, our results for position 3 and 4 demonstrate that even such
positions could be used, provided that the neutron plasma source is well known.

In radially orientated measurements, the full cross-section of the plasma neutron
source should be observed in order to make the measurements insensitive to the
details of emission profiles. The ideal position for the collimator would be above
(or below) the tokamak, because in such measurements radial motions of the
plasma would not affect the results. Unfortunately, it is practically impossible on
large tokamaks to obtain such access to the device. Usually, vertical observations
must be restricted to a small part of the plasma cross-section and can thus
become sensitive to the emission profile and plasma position,

The best solution in practice is horizontal radial observation, which, in principle,
is what we are doing at ASDEX. As the plasma position is well measured,
problems due to the radial Shafranov shift of the plasma need not be expected.

Uncollimated emulsion measurements and indium activation measurements should
be made as near the plasma as possible. Positions near the vessel or a port are
usually easily accessible, but our experience shows that such positions cause
trouble in the form of large contributions from collided neutrons scattered in the
vicinity of the detector. For this reason we have now installed at ASDEX the new
measuring position 6, using a tube inside the vessel and a transport system for both
the emulsions and the indium samples.
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Calibration of the detectors

The absolute response of the nuclear emulsion is simply deter-
mined by the cross-section of the n-p collision and the total number of protons
. the emulsion, which itself is calculated from the quotations of the suplier Ilford
;_n the hydrogen density and the emulsion thickness. Nevertheless, we calibrated
0‘:; emulsion at the accelerator of the PTB and got an agreement within 3% with

the data from I1ford.

4.

r_qgc_lg}_f_gm_'-ﬂi@l

[ndium activation The calibration of the activation measurements was also done
’?ﬁl—;PTB. Infact it is a calibration of the Ge detector used for the y counting.
;‘herel-"}' two essential problems arise. Firstly, the counter efficiency depends on
the position of the point of y emission inside the indium sample. Secondly, the
sample is not homogenously activated and the situation inside the tokamak vessel
could not be simulated with an accelerator. Therefore we used different orienta-
tions of the sample at the accelerator and a reproducible positioning of the
sample above the counter, but it seems not to be possible to get the efficiency
by this way with an error smaller than 10%. Finally, we will take advantage of our
emulsion measurements done at the same position in ASDEX like the activation
and calibrate the indium measurements by the emulsion.

5. Results for absolute neutron yleld

The tables 1 and 2 summerize the results obtained so far for ASDEX. For all of
them the ratio of the neutron yield Y determined by our procedure and the
neutron yield Y_ obtained by the counters is between 0.9 and 12 with an error
between 20% and 30%. Thus, within the error bars the two results are in good
agreement. We want to mention here, that this ratio Y/Y_ is always the result of
three completely independent procedures: the measurements with the in-situ
calibrated counter array, the measurement of the absolute value of the local
neutron fluence or the corresponding activity, and the Monte Carlo simulation
including the measured plasma data. Thus the good result demonstrates the
quality of all three procedures.

Table 1: Results from nuclear emulsion measurements

Pos. @ from NEP p from VINIA Y = ®/¢ Y_ from count. Y/Y_
nethr./t:m2 cmm2 neutrons neutrons
1 3.0x105+12% 2.2x1078+ 2% 1.4x108:12% 1.3x1019+25% 1.1+28%
2 2.7x10%+12% 7.5x1078x 7% 3.6x1018:14% 3.2x101+25% 1.1+29%
3 4.0x10%:11% 6.4x1078:12% 6.3x108+14% 5.7x1013+25% 1.1+30%
4 5.2x105:11% 7.5x1078: 8% 6.9x10183+16% 5.7x1013+25% 1.2+28%
5 6.7x10%11%  6.2x1077+12% 1.1x108+16% 1.0x101%+20% 1.1£26%
6 5.8x107%: 7% 6.2x1013:15%
Table 2: Results from indium activation measurements
Pos. A/Y from Vinia A/YC from counters Y/Yc
Bq/g neutron Bq/g neutron
5 3.5x107#=+15% 3.9x10714+20% 1.1 +25%
6 1.6x10718+15% 1.4x107183+15% 0.9+21%
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In position 6 the neutron fluence is high enough to measure the activity fq,
single discharges with D-injection and to compare this with the result of ty,
counter array. By this way we get a direct check of the calibration of the legg
sensitive counter which is the most problematic one in the calibration procedure,
For example we got for the ASDEX discharge 31135:

yield from the counters Y ount. = 6-2 % 1013  +£15%  neutrons
count rate per gramm indium Co/m =0.476 = 4% counts/s g
efficiency of v counter £ =0.055 +10% counts/s Bq
activity of indium sample per g A, =8.65 =11% Bq/g
specific activity from VINIA a =1.58x1071% = 10% Bg/g neutron
yield from activity and VINIA Yo S8 1013 =15% neutrons

6. Numerical Results

Table 3 gives for illustration the two distances between detector and plasma axig
resp. observation port and the scattered fraction of the specific fluence in the
respective energy interval of the emulsion and the activation measurements as
well as the fraction of specific activity caused by this scattered fluence.

The indium activation integrates over the full neutron energy spectrum, and
therefore over a much larger scattered fraction of the neutron fluence than the
emulsion measturement. But owing to the strong decrease of the activation
cross-section below 2 MeV the relative contribution of the scattered fluence to
the activation is reduced. On the other hand for the uncollimated emulsion
measurements in position 5 and 6 the contribution of the scattered fluence is
essentially reduced by the response function of the emulsion.

Table 3:
Pos. dplasma dporl’. Pscatt. Pscatt. Ascatt.
NEP In
[cm] [cml

1 282 174 32% == s
2 163 99 41 = s
3 129 48 30% = s
4 129 48 30% -- --
5 110 8 39% 73% 55%
6 45 e 16% 54% 35%
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ABSTRACT: Diagnostics in infrared and far-infrared range for Heliotron E are
described: (a) FIR interferometer for measuring electron density profile and (b) ECE
for electron temperature profile as routine work, and (c) Fraunhofer diffraction method
with a €O, laser for density fluctuation and (d) Thomson scattering with a D;O laser
A= 385um) for ion temperature, as new methods.

1. INTRODUCTION

As for diagnostics in infrared and far-infrared range for Heliotron E, (a) Far-Infrared
(FIR) interferometer for measuring electron density profile and (b) 2nd harmonic Electron
Cyclotron Emission (ECE) for electron temperature profile have been routinely used, and
these have been powerful methods for studying plasma properties. These characteristics
are described in chapter 2. In addition to these, new diagnostics in infrared and far-infrared
range for Heliotron E are being developed: (c)Fraunhofer diffraction method with a CO,
laser for measuring density fluctuation and (d)Thomson scattering with a DyO laser for
ion temperature measurement. These are described in chapters 3 and 4, respectively.

Heliotron E confines a toroidal plasma by nested magnetic fields, but it does not need
plasma current for plasma confinement in contrast with tokamak. It has high rotational
transform ( 0.5 at the center and 2.5 at the edge ) and thus high shear which is favorable
for stability. The major and minor radii are 2.2m and 0.2m (averaged), respectively. A
plasma is initially produced by electron cyclotron resonance heating (ECRH: 53.2 GHZ,
B = 1.9T), and additionally heated by neutral beam injection (NBI: 30kV max., 4MW
max.).
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II. FIR and ECE

For electron density profile measurement, a 7-chord interferometer using a FIR lasy
(a 30mW cw methyl alcohol laser with A = 1191 m)? is equipped. The laser beam is splig
into 3 parts, and 3 chords are simultaneously measured. Thus, 7-chord data are thailled
in similar 3 plasma shots at least by shifting the laser beam, and the density profile j;
reconstructed from the chord density. An example of chord density of FIR is showy i
Fig.1, where 5 hydrogen pellets are injected into a NBI heated plasma. A rapid densiy

Ve CIGTREN rise due to pellet injection is correctly
# 42989 B=18T

Y counted, as shown in the figure, whils ,

)

- 2mm microwave interferometer failed dy,
A

W

o
o

to losing fringes. Moreover, from FIR sig:

o
iy

Te (arb. unit)

nals, density fluctuation with low frequency
(~ 2kHz) in the time interval from D1 4
D2 indicated in Fig.1 can be observed, ang

=]

T

15
an internal disruption which occurs just af.

ter the timing D2 is revealed. The plasm,
is not collapsed completely by the disrup.
tion. It should be noted that the central
chord density decreases at the internal dis-
ruption, while the outer-chord density in-

o
TT T T [T T T T[T T T T[T

creases. This indicates particle flow in the

radial direction or rapid profile change.

Thus, FIR is useful for measuring density

profile, density fluctuation in low frequency
range, and dynamic particle flow.
For electron temperature profile, 2nd
Fig.1 FIR and ECE signals in harmonic electron cyclotron emission (ECE)
from a plasma in range of 75-110 GHy is
case of 5 pellets injection. measured by a heterodyne radiometer with
a sweepable local oscillator. An example
of ECE signal is shown in Fig.1. In this case, frequency is fixed at 95 GHz, which corre-
sponds to the location of r ~ a/2. The rapid temperature decrease due to pellet injection
is clearly observed. In the phase of higher density than about n. = 7 x 10¥¥m™?, the ECE
value is not correct because of ECE cutt-off condition, but it can be used as a monitor as
shown in the figure. For instance, the temporal change of the ECE signal in the interval
from D1 to D2 in Fig.1 is interested, comparing with FIR signals.




FRAUNHOFER DIFFRACTION METHOD FOR DENSITY
FLUCTUATION
measuring density fluctuation in high frequency range of up to 400kHz, the Fraun-

111.

ho{io;jffracti{)n method® with a 50 W cw CO; laser (A = 10.6um) beam is used. A beam
ist (Wo = 1.9mm), which is adjusted with lens, is located in the plasma center. The
wmsntia‘l point is that the mixing signal of the scattered light due to density fluctuation
:f; the non perturbed incident beam is detected. Thus the only one pair of ports opposite
to each other for one chord obser-

11250 vation is necessary, which is ad-

—" equate for Heliotron E configura-

tion. The schematic view of exper-
Hellotron E

2820

imental set-up is shown in Fig.2.
L2u The detectors are 16 channels of
Laser

b o = H= H,C,T. photovolatatic type with
M p

1630
T

nz 3370

a frequency response of 100 MHz.

o By detecting the mixed beam pro-
QT T i r o rr i r i rryr i nyrrrririey ﬁle in PE[pendiclﬂa’r tﬂ the laser

beam, the Fraunhofer diffraction

profile in the k; direction ( & is
the wave number, and L denotes
Fig.2 Experimental set-up for the direction perpendicular to the
magnetic field line) can be obtained.
Fraunhofer diffraction method. One example of a Fraunhofer diffrac-
tion profile is shown in Fig.3.
The points are measured ones, and the
solid lines are fitted theoretical curves
with adjusting £ values for each frequency.
With this system, preliminary results of
density fluctuation are obtained; frequency
spectra (0 ~ 400k H z) and wave number
(k1 S 1.5mm™?) of fluctuation. The pre-
liminary results show that the fluctua-
tions roughly agree with drift wave type.
Their effect on particle confinement is
also being studied.

Fig.3 Example of Fraunhofer diffraction profile.
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IV. FIR THOMSON SCATTERING FOR ION TEMPERATURE
MEASUREMENT
For new ion temperature measurement, the far-infrared collective Thomson scatterjy

method using a D;0 laser() = 385um) system is being developed. A pulsed single-mgg,
€0, laser for pumping the ;0 laser is constructed and tested for achieving high Power
with the wavelength (A = 9.26pm) efficient for pumping the D;0 laser. From the viey.
point of obtaining enough signal to noise ratio, a 200kW output power of the D;0 lagg
with a pulse duration longer than 1us is required. For that, CO; laser energy of more thy,
60 J with pulse width longer than 1 ps is required. The schematic drawing of the whols
system is shown in Fig.4. The wave form of the pumping CO; laser operated with th,
injection locking techniquel is shown in Fig.5a). The energy is achieved more than 80,
The D,0 laser waveform is shown in Fig.5b). The mode of the D;0 laser is at present
multi-mode. This point should be improved by better resonator configuration.

365 11 Fig.4 Schematic diagram of FIR

—% D30 LASER I-;\ Thomson scattering system,
oA O |2 I EHEHIHMI o
LASER , .. ==.'.

7, EEsEEEENm
7, "5 |

T
Rt ]

COCl  gg3 pm F
W) ’
v
SBD ;
SBD 1
X
w Yo
CIMCIT™ WiT0,g b) .D2 ler (500]15/(117\?)
Fig.5 W :
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NEUTRAL BEAM PROBE DIAGNOSTIC AT TEXTOR
A.A.E. van Blokland, E.P. Barbian, T.W.M. Grimbergen and T. Oyevaar

FOM-Instituut voor Plasmafysica Rijnhuizen, Association Euratom-FOM,
3430 BE Nieuwegein, The Netherlands

INTRODUCTION

A neutral beam probe diagnostic for measurements of the ion temperature in a defined
volume element of a hot plasma has been developed for application at the TEXTOR tokamak. In
a first experimental set-up the main components of the diagnostic have been investigated in a
test-bed at Rijnhuizen. The performance of the ion source and the gas neutralizer, which are the
active part of the beam line, has been tested by a beam parameter diagnostic with computer
tomography analysis. The time-of-flight spectrometer has been tested and calibrated by an
independent beam source.

ELASTIC SCATTERING OF BEAM NEUTRALS

The diagnostic method uses the elastic (Rutherford) scattering of mono-energetic (20-
35 keV) He of H atoms on the plasma ions of a hot plasma. By momentumn and energy transfer
at single encounters with the nuclei of the ions, the velocity distribution of the scattered particles
becomes broadened and is then a direct measure of the local ion temperature. Scattering of light
neutrals with beam energies Ey, >> T; on plasma ions occurs preferentially in forward direction.
Asin™0 dependence of the differential cross-section for Rutherford scattering [1] determines
also the intensity of scattered particles observed with an observational solid angle of the
analyser.

A scattering angle 8 of about 7° combines the advantage of still an appropriate spatial
resolution (~ 0.2 m) and a time resolution at the 10 ms range [2] and has entered the design for
the application of the diagnostic at TEXTOR (3, 4].

The shape of the velocity distribution of scattered particles observed at angle 0 is caused
in first instance by the randomly moving ions in the chosen scattering volume. In this case the
distribution is nearly gaussian and broadened in respect to the narrow distribution of the
incoming beam probe particle. From the observed half width AE;, of the distribution which
depends on the beam energy and the mass ratio y = my/my, of the beam and plasma particles, the
T;-value can be determined from

AEjp =45in WWE,T;n2 [eV]

with E}, and T; in units [eV].
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The Tj-value is not dependent on the intensity of the probing beam. Due to the straight-g,
observation, the scattering process is strictly one-dimensional and related to the ion velocity
component situated in the scattering plane rectangular to the beam axis only. This opens tp,
opportunity observing the ion velocity distribution separately in poloidal or toroidal direction, g
non-thermal distribution of the plasma ions appears as a shift of the measured distribution ¢

causes a deviation from a gaussian shape.
THE TEST-BED EXPERIMENT

The beam line to carry the neutral beam
probe through the core of the plasma is positioned
vertically in respect to the torus equatorial plane of
TEXTOR and has been mounted in a preliminary
configuration simulating the TEXTOR
environment. A multipole reflex discharge source
CORDIS produces with a single extraction
aperture of 10 mm diameter an ion beam of 40 mA
at 35 keV. This beam passes a focusing magnet
and the triangular shaped pressure profile of a gas
neutralizer (He, ppax = 3 X 107> mbar) which
produces with a 50% efficiency the neutral beam.
Scraping diaphragms limit the beam to a diameter
of 16 mm and a permanent deflection magnet takes
away the residual ion component.

A scanning beam diagnostic is inserted

above the ion source and again beyond the
neutralizer to measure the intensity and divergence
of the probing beam. A wedge-formed target
rotates at constant angular velocity and cuts
successively in x- and y-direction through the
beam. Secondary electrons are collected by a ring-
shaped auxiliary electrode and the time derivative
of the current is processed by a tomographic
analysis [5] to attain a two-dimensional beam
profile.
By proper setting of the ion source parameters a
narrow beam profile can be attained as shown in
Fig. 2. From the scans with the upper beam
diagnostic a total neutral beam current equivalent
of 10 mA and a 1/e-width of 4 mm in either
dimension can be derived.

limiting

.~ diaphragn
2nd beam
diagnostic _\ -\—‘
\q_o
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diagnostic
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Fig. 1.

Schematic view on the beam line
guiding the neutral probing beam to
the torus.
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CALIBRATION AND EFFICIENCY OF THE ANALYSER

The spectrum of scattered particles can be measured by a time-of-flight analyser (Fig. 3)
for single particle detection and coincidence technique. To cover the expected spectral width Ey,
+25%, a triple magnet preselector has been integrated into the analyser. The impact of low
energy charge-exchange neutrals or plasma radiation can therefore be excluded. An ionizing
carbon foil (1 to 4 ugjcmz) has been used behind the entrance aperture to produce ions which
are guided through the achromat to hit the likewise thin start foil. There, at the front and at the
rear side, secondary electrons are released, which are guided to well-separated micro channel
plate start detectors. Particles clearly identified by coincidence circuitry follow the flight path to
hit the MCP stopping detector. Flight times of individual particles can be determined within the
processing time of 1 s, which allows to take spectra at a rate of 1 kHz [4].

)

MCP

Performance tests and energy calibration were carried out with an independent ion source
in the extended energy range between 10 and 65 keV. The instrumental width dE/E decreases

C foil

preselector

== "—C foil

D |
* s
McP L—il[ght path

Fig. 3.
Elements of the time-of-flight analyser.
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with rising energy values of the

probing beam and is smaller than 9.05
0.03 in the working region (Fig. 4).
: g3 " 0.04
The main contributions come from
straggling effects inside the foils (A), _.l_u\ 0.03 |
the spread of pathlengths of secon- %
dary electrons (C), and the varia- 0.03
tional width of flight paths of atoms
due to the finite transversal size of 0.02 |-
start foil and stop detector (B). B =y -
o.o1f . BEESE e |
: i
Flg. 4. 0.00 | 1 | | | 1
Instrumental width for He-atoms. 0 10 20 30 40 50 60
Thickness for the ionization and start
foils: 1.9 pg/em?. — E (keV)

The triple achromat proved to be very sensitive to the angular variation of trajectories ag
expected from numerical calculations. Foil ionization, transmission of the achromat, and time-
of-flight measuring section contribute each with a 10% efficiency to a total of 1 out of 100
recording probability for 35 keV He atoms, which might be compared with a 1% value for H-
atomns as probing particles.

After the test-bed investigation the diagnostic has been integrated into the TEXTOR
environment and put successfully into operation. E
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1. INTRODUCTION

A diagnostic has been developed on TEXTOR to measure the intensity of
the bremsstrahlung radiation in the visible range, allowing the study of
the temporal behavior of Zerr(r) - the radial profile of the average lion
charge in the plasma. Flirst results of Zerr profiles for different TEXTOR
plasmas ( ohmic and ICRH, as well as co- and counter NBI-heated plasmas )
are reported.

2.EXPERIMENTAL SETUP

A block diagram of the experimental
setup is shown in Fig.1l. The plasma is
scanned, using an oscillatery mirror light guide cable
with a field of view of approximately r
35°, enabling 90% of the plasma cross
section to be observed. The light emit-
ted by the plasma is collected through a
quartz window. As absolute measurements
are carried out, the transmission of
this window must be kept as constant as
possible. To this end a shutter has been

lens

installed in front of the window to ——osdliatury ".’":";
protect it from sputtering during condi- At Wl

tioning discharges in the tokamak. More- s — shutter
over, the space between window and shut- Dimper- ks viewing port
ter can be pumped and vented separately o vBcuum:¥assal
from the tokamak operation. In this way \ liner
the transmission of the window can be l f - plasia
checked at regular time intervals, and \ ALT I
if necessary the window can be exchan- N

ged. To eliminate reflections from the viewing dump

liner, a viewing dump was installed

consisting of small graphite tiles cove- FIGURE 1 : EXPERIMENTAL SETUP

ring that part of the lilner, which is
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directly seen by the mirror. With an array of optical fibers ( QUartZE
Silice, PCS600W, core diameter 0.6 mm, length * 30 m ) the light is cap-
ried outside the tokamak hall to a photomultiplier ( Thorn EMI 9658R o
this way the influence of neutrons and electric or magnetic flelds op the
PM is easily avoided. An interference filter with peak transmission at
5230.1 A and a FWHM of 21.9 A ( Barr Associates, Inc ) isolates a Spectry
region which is relatively free of line emissions [1]. :

The absolute calibration of the whole system 1s performed using a
calibrated tungsten ribbon lamp and precision metallic neutral densiq
filters ( Melles Griot ) to attenuate the light reaching the detector ¢,
levels which are normally measured during tokamak operation.

The time resolution of the diagnostic is determined by the time neq.
ded to scan the plasma once and is presently 150 ms.

Advantages of this diagnostic are: 1) no relative calibration of
different detectors 1is needed, 2) a complete profile of the 1ipe.
integrated emissivity is recorded, 3) insensitive to perturbations gof
magnetic fields, RF or neutrons.

3.ANALYSIS OF THE DATA

The local emissivity of the bremsstrahlung continuum is given by [2] ,

12400

29 2 - - —_—
1.50 % 10 na[r) Zaff(r) g, © A Te[r) W

3
32 /T,(r) cm” A sr

whg;e grr is the averaged free-free Gaunt factor, Te(r) in eV, ne(r) in
em o, and A in A. Provided Te(r) and ne(r) are known from other measure-
ments, a measurement of e(r) results in a profile of Zerr(r).

For the Gaunt factor grr, several approximations can be found in the
literature [2-5]. Among these different formulae, the formula of Elwert
for grr is the best approximation to the calculations of Karzas et al.[6]
for values of Zerr between 1 and 3, which are wusually found in TEXTOR
Therefore, this approximation of grf has been used in all subsequent cal-
culations. Electron density profiles are obtained from interferometric
measurements and the electron temperature profiles from the ECE diagnos-
tic.

e(r) =

The measured line-integrated emissivities have to be abel inverted in
order to obtain a profile of the local emissivity e(r). There exist seve-
ral procedures to perform an abel inversion. However, in the present case,
the application of these methods is not straightforward. As one of the
principal objectives of TEXTOR is the study of plasma-wall interactlons,
various limiters ( ALT II, poloidal-, RF antenna-, bumper- and test limi-
ters ) are present inside the vacuum vessel. Their presence perturbs in
most cases the measured line-integrated emissivity, due to line radiation,
recombination radiatien, etc [1] in their immediate vicinity. These per-
turbations of the measured data have to be dealt with in the analysis. An
abel inversion procedure has been used [7], which assumes that the sur-
faces of constant emissivity are circular but not necessarily concentric.
The emissivity profile 1s developed as a linear combinatien of orthonormal
polynomials and the line-integration of this expression along different
chords is fitted to the unperturbed part of the measured signal by the
method of adjustment of elements [8]. Implicit in this method is the de-
termination of the error on the inverted profile e(r) and thus on the
obtained Zerr(r) profile, provided the errors on ne(r) and Te(r) are
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In Fig.2, curve A shows an example of a measured line-integrated
profile; curve B shows the line-integrated emissivity profile,
peen fitted to that part of the signal where no perturbations
The examples shown in the next section pertain to discharges
11 conditions.

OWIL -
emisgi\’ity
which has

seen.
:;zer poronized wa

4, RESULTS AND DISCUSSION

4.1.0HMIC DISCHARGES.

puring the ohmic phase of a discharge, following the establishment of
stationary density profile, Zerr(r) 1is usually peaked in 1ts central
art and the shape of this profile remains practically unchanged during
the whole staticmary phase of the discharge; the central peaking is more
Pronounced for low density discharges. Figure 3 shows typical Zerr pro-
files for four different values of the line-averaged central electron
density heo in ohmically heated deuterium plasmas. For one of the curves
we indicate representative error bars. These curves also show the increase
of Zeff with decreasing densities. Good agreement with Zerr values from
soft-X ray measurements has been found for these shots.

a

4.2.AUXILIARY HEATED DISCHARGES ( ICRH, NBI-CO, NBI-COUNTER )

The analysis of several ICRH heated discharges shows that in general
Zert is slightly increased with respect to the ohmic phase. At the same
time the perturbing radiations from ALT II and the bumper limiter increa-
ge, indicating enhanced interaction with the ©plasma at these
locations [9]. Figure 4 shows the evolution of Zerf(r) during the diffe-
rent phases of a discharge heated with 660 kW ICRH during 0.7 s. The pea-
king of Zefr in the central part of the profile, which is clearly seen
during the ICRH phase, almost disappears after this phase and the Zerr
approaches its pre-ICRH ohmic level.

Preliminary results show also a peaking of the Zerr profile during
most co- and counter neutral beam heated plasmas, and 1t seems to be more
pronounced as compared to ICRH heated plasmas. After the NBI phase the
peaking decreases and Zerr returns close to its ohmic value. Figure 5
gives an example of this evolution for a TEXTOR deuterium plasma heated by
hydrogen co-injection at a power level of 0.9 MW. Figure 6 finally gilves
an example of a deuterium plasma heated with 1.60 MW of hydrogen counter-
injection. The behaviour 1s more or less the same as for co-injection.
However, one should be careful in drawing general conclusions from these
curves, because the heating power is different for each case. A systematic
study will be undertaken in the near future.
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FIGURE 2 : line=integrated emissivity profile
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TRON DENSITY PROPAGATION ON MAGNETIC SURFACE IN T-10 DURING

ELEC
PELLET INJECTION

N_L.Vasin*, S_M.Egorov, B.V.EKuteev, I.V.Miroshikov,
p.V.Reznichenko, V.Yu.Sergeev, S.N.Ushakov, V.V.Chistijkov

Ealinin Polytechnical Institute, Leningrad, USSR
% Kurchatov Institute of Atomic Energy, Moscow, USSR

The main purpose of this paper is to describe poloidal and
toroidal symmetrization of the electron density perturbation
created by the pellet injection.

In the experiment carbon pellets with diameter db = 350 um
and velocity V; = 120 m/s were injected in direction of T-10
chamber core. Electron density perturbations were measured
using 6-channel rf-interferometer. It was placed (+1/2)
toroidally away from the injection plane in the direction of
the plasma current. The ablation rate of the pellet and
interferometer data were registered with 10 s time resolution.
Interferometer data for shot # 47015 with IP = 209 KA, Bt =
2.9 T, a = 32 cm, ﬁe = 2.1-10" em® are presented in Fig.1l
(open circles).

We analyzed the evolution of the electron density outflow
on magnetic surface using the following model.

The source of perturbation was calculated using the
ablation rate N(r). We supposed that the quantity of carbon
atoms evaporated between magnetic surfaces with radii r and
r+dr is equal to Na(r) = N(r)'dr/V;. The poloidal length of the
electron source was taken egual to ionization length of ablated
atoms 1, = Va-Tion" 1 mm [1].

The propagation of electron perturbation along magnetic
field line was described as outflow with fixed ion—-sonic
velocity V" = ( 2T

- cold
of secondary cold plasma T;dd- The radial density transport

v m)i/zcorrasponding to the temperature

was neglected. We used the following expression for the

longitudinal distribution :
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N (£) % (%) [ |1] ]
n(l,t)= exp| -

g By % v, t

This form of density perturbation conserves particle number in
the magnetic tube. Here, 1 — the length along magnetic fielq
line from the injection plane; SJ_ -~ the area of cross—sectigy
of magnetic tube; ZL— ion charge of secondary plasma. In tpy
model Z (t) values were sequent increased from ZL =1to 6 i,
accordance with the condition t > Tton, where Tton is Lotz'g
ionization time [2] of carbon ions evaluated using electrgy
density n_r and temperature ‘I'e(r) profiles.

In the poloidal direction the motion of electrop
perturbation is determined by a projection of toroidal motiop
Vs(r) = (th (r) ' r)/(al(r)-R) and a poloidal plasma rotatiop
velocity Vo(r). We assumed that density perturbation takes the
undisturbed value of the poloidal velocity Vo(r) immediately.
It°s clear that due to velocities Vs(r), Vo(r) originally
rectangular cross-sections of the magnetic tube ( in
calculations) deforms into parallelogram without area changing
SJ_: dr- 2 lL‘ This deformation of magnetic tube cross—section
was taken into account in calculations of simulated
interferometer signals.

The profile of safety factor q(r) was obtained using the
plasma current value IP and Te(r) in the assumption that
Spitzer conductivity being low and radially independent of the
effective plasma charge. The shape of plasma poloidal velocity
Vo(r) was approximated by a triangle form with maximum value
VOm.u at r = a, /2 . This radial profile is similar to a
neoclassical [3] and measured [4,5]1 profiles of Vo(r)_ The
change of value and sign of VOmax were provided in simulations.

Interferometer signal simulation results are presented in
g =10 eV, V=0 (dotted line) and 3-10%cm/s
(solid line). The sign of mex is opposite to the neoclassical

Fig.1 for Tco

one. It is necessary to emphasize that for the range of Vommc:

0 - 3-105 cm/s the interferometer experimental data disagree
with calculated ones for both signs of plasma poloidal
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tation. On the other hand, the rotation sign isn"t wvaluable
ro

for the agreement of experimental and calculated results at

nigh values Vo .,
ignificant difference between model interferometer signals for
=

different Vorm:ut
i This can be easily understood taking into account tracks of

> 106 cm/s. As can be seen from Fig.1l a
values is observed for the chord with r = +15

pellet trajectories for the injection plane and for planes

situated (+1/2) and (-3r7/2) away from injector. These tracks
are shown in Fig.2. For fast poloidal plasma rotation the
agreement of experimental and simulated interferometer signals

= o 0o st snough.. A veniation of T ., 4 the #angs of 6
_ 90 eV weakly changes the results of simulation for fast
rotation velocity.

Thus the behavior of interferometer signals during carbon

pellet injection in T-10 can be reasonably described as the

outflow of the cold secondary plasma with T;MA ~ 5 - 20 eV and
) . ] N ]
the fast plasma poloidal rotation with Vﬁmax 10 cm/s.
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Fig.1l Time evolution of interferometer data at chords with
radii r = -21, -12, -3, 6, 15, 24 cm.
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Fig.2 The geometry of a poloidal cross section at the
injector plane (a) and the interferometer one
(b). Tracks of the pellet trajectory for the
injection plane ( solid line in Fig.2a) and for
planes situated n/2 ( solid 1line in Fig.2b)

and -3n/2 ( dashed line in Fig.2b) away in the
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MEASUREMENTS OF ION CYCLOTRON EMISSION
AND ICRF-DRIVEN WAVES IN TFTR

G.J. Greene and the TFTR Group

Plasma Physics Laboratory, Princeton University
Princeton, New Jersey 08543, U.S.A.

Introduction The TFTR RF probe array is a general purpose diagnostic consisting
fseven probes that can be used for detecting or launching waves in the frequency range
Ufl — 500 MHz. The system is being used to study ion cyclotron harmonic_emission
?rom ohmic and neutral [aeam—heated c};scharges with an aim of eva.luatirg‘:lthe util.it_v
of the spectrum as a quIi?n progluct diagnostic. Waves excited by the I F heating
antennas are being investigated in order to determine the nature of the excited ﬁe}ds
in the edge region and their possible correlation with impurity roduction and heating
efficiency. The RF probes are also being used as broadband launching antennas for
1CRF wave propagation experiments in 't.he edge region. This paper presents some
initial measurements relating to these topics.

M_iﬂental Arrangement Previous studies of ion cyclotron emission on TFTR
]} utilized a small moveable double-loop probe that was located near the outer midplane
of the vessel. That probe has been replaced with seven larger fixed probes (loop area =
12 cm?) positioned 10 cm inside the vessel wall. Four probes at toroidal angles (¢) of
0°, 18°, 90°, and 126° (where the Bay M ICRF antenna is located at ¢ = 0) comprise
a toroidal array and are located slightly on the high-field side of the vessel center at
poloidal angles (8) of 6°-9° (where 6 = 0 represents the top of the vessel). At the Bay
M location, two additional probes are located at # = 158° and 176°, while the seventh
robe is located at ¢ = 90°, 8 = 171°. Each probe consists of two orthogonal, balanced
E)OPE that measure By and Bg; the data presented here utilized only the By, loops.
Processed RF signals are transmitted outl of the machine area using wideband analo
optical links and are directed to spectrum analyzers or fixed-frequency amplitude an
pﬁase detectors. Broadband wave propagation experiments are performed using an RF
network analyzer that is coupled to a pair of probes via two RF optical links [2].

RFE Emission during Beam-Heated Discharges During deuterium neutral beam
(NB) injection into deuterium plasma, a sequence of harmonically-related narrow peaks
in the frequency spectrum was observed. A spectrum taken 100 msec after the start of a
30 MW NB pulse, using the probe al ¢ = 0°, 8 = 6°, is shown in Fig. 1; as in the previous
study on TI"PTR, the frequencies of the peaks corresponded closely to NWE D—edge; Where
WED-edge 15 the deuteron cyclotron frequency evaluated at the outermost plasma edge
(R + ap). It should be noted that the probe in the earlier study was located near the
outer midplane, while the probes used for data presented here were located on the top
and bottom of the vessel at a major radius near that of the plasma center. It thus
appears that the source of the emission is spatially localized near the outer midplane
and that the waves propagate poloidally in the region between the plasma and the vessel
wall (a result also found on PDX [3]).

During intense neutral beam heating, a new feature of the emission was observed:
a broadband increase in the spectrum appeared, beginning near the fifth cyclotron
harmonic and extending for ~200 MHz. E spectrum taken at a time near the peak of
the neutron flux is shown in Fig. 2 (for the same discharge as in Fig. 1). A waveform
representative of the time evolution of this component of the spectrum was obtained
by averaging the power over a band of frequencies (200 - 240 MHz) for each sweep of
the analyzer. The result, plotted together with the time evolution of the neutron flux,




1541

is shown in Fig. 3. The waveforms are similar, with the rise of the RF probe pg,,
trace delayed by some 100 msec with respect to the neutron signal. The turnover i, th
neutron flux (arising from a carbon bloom) is mirrored in the RF probe trace, as ig the
pedestal during the latter part of the trace. The lag between the signals is suggestiye ';
the rise time of a confined fast ion population and 1t is speculated that this compmeo
of the specirum may be driven by charged fusion products. L
In contrast, the amplitude of the ion cyclotron harmonic peaks during beam injg
tion did not show a clear relation to the neutron flux. Examination of the time eVOlutig‘
of a single harmonic peak revealed that the emission consisted of short bursts (Fig, 411
Similar bursts of RF emission were found previously by Buchenauer, et al., on PDYX [3!
and were correlated with expulsion of fast ions and with fishbone instabilities. ;

Harmonic Emission during Ohmic Plasmas Previous work on TFTR using ty,
outer midplane probe revealed two weak, broad peaks in the emission spectrum of ohmj,
plasmas, occurring in the 200-300 MHz range and separated by a frequency correspong.
ing L0 woH_eage (the proton cyclatron frequency evaluated at the outer plasma edge),
The new probes and signal processing electronics were sufficiently sensitive that al] of
the ohmic emission spectrum was above the noise floor. A sequence of five or mop
evenly spaced peaks was observed throughout the discharge, am? the frequencies of the
peaks corresponded to (n + 1/2)wcH —edge; an example of this spectrum in shown iy
Fig. 5. The peaks shifted in frequency ap]l?lropriate]y during the toroidal field ramp-yp
at the beginning of the discharge. Note that these results differ from observations op
JET [4] where an ICRF antenna was used as a receiver and the frequencies of the peaks
in the spectrum occurred at nwep - edge-

Waves Driven by ICRF Heating Antenna  During ICRF heating experiments
(D-majority, H-minority, / = 47 MHz, Prr = 2-3 MW, Bay M antenna energized
alone, 0-7m anlenna element torvidal phasing), waves were detected on all of the RF
probes. The specira of the received signals showed no sign of parametric decay or of
sub-harmonic components to a level of 40 db below the pump amplitude. In general,
the wave amplitude was not significantly greater on probes located closer to the heal-
ing antennas, suggesting that the observed waves were in fact propagating globally. In
high-power experiments where the density varied significantly during the RF pulse, large
amplitude modes were seen on the probe signals with minima and maxima occurring at
different densities for the different probes (Fig. 6). Small modes were alsc seen on the
loading resistance (AR/R <20 %), but in gencral these did not appear to be related
to the probe signal modulation. The large-scale structure of the modulation was also
uncorrelated with sawteeth (which were frequently suppressed), edge density, H, light,
and MHD activity. The mode structure is likely a result of RF wave propagation and
interference and may represent high-m fast Alfvén modes that can be excited by radial
antenna currents and propagate in the plasma as surface waves |5].

Waves Driven by RF Probes The above observations suggest that propagating
waves exist in the low-density region between the plasma boundary and the vacuum
vessel wall. The nature of the propagation in this region is of importance as il may
govern both the distribution of potentially undesired wave fields from the RF antennas
(e.g., during in-phase antenna sirap excitation) as well as the global propagation of
RF emission from poloidally localized sources. An effort has begun to directly examine
the characteristics of these waves by using one RF probe as aﬁaunching anlenna and
detecting propagating waves with the other probes. In addition, these experiments
allow study o t.Ee vacuum loroidal eigenmodes thal have been proposed as a possible
means for tile bakeout in a tokamak [6]. An example of the vacuum transmission over
the range of 1-150 MHz, using two By probe loops separated toroidally by 120°, is
shown in Fig. 7. The toroidal cavity is cut off below about 70 MHz, while above that
frequency the modes quickly take on the form of a continuum (possibly due to mode
broadening from damping by the significant amount of resistive graphite in the vessel).
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Figure Captions
" RF emission spectrum early during 30 MW NB heating pulse, showing harmonically related peaks.

. RF emission spectrum al time of peak neutron flux, showing rise of broadband component.

. Time evolution of averaged broadband RF power (200-240 MHz) and the neutron flux.

, Time-resolved amplitude of the sixth harmonic peak during shot with 11 MW NB injection.

. RF emission spectrum during ohmic discharge. Peaks occur at w = (n + 1/2)wo H —edge-

. Time evolution of amplitude of four RF probe signals during 2 MW ICRF heating pulse.

. Transmission between two probes separated toroidally by 126°, from 1-150 MHz, in vacuum torus.
. Transmission as in Fig. 7, but during typical ohmic deuterium plasma discharge.
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Density Fluctuation Measurements from Microwave Scattering on TF'TR
N.L. Bretz, R. Nazikian, and K.L. Wong

Princeton Plasma Physics Laboratory, Princeton, NJ 08543 USA

Mg_d_u&t_io_ﬂ; A spatially scanning microwave scattering system operating in the
extraordinary mode at 60 GHz is used to study small scale density fluctuations in TFTR.
plasmas [1] Heterodyne measurements of density fluctuation in the wave number range
90cm™t Sk S 925¢m™~! are made at various radial and poloidal locations. Power spec-
tra at 7/a = 0.3 for linear and saturated ohmic, L-mode, and supershot plasmas have
stong similarities. In all cases the highest fluctuation amplitude occurs at the longest
resolvable scale lengths corresponding to ki p, < 0.5. Estimates of the local density flue-
tuation level shows general agreement with the mixing length estimates, én, = 1/(k. L,).
However, direct comparisons of ohmic and L-mode plasmas with the same, I, By, n.(r),
and To(r)/Te(0) indicate that én./n, for strongly heated L-mode plasmas is several times
higher than the ohmic level. In ohmic plasmas no features have been observed propa-
gating in the ion diamagnetic direction; however, plasma rotation is probably shifting all
spectral features substantially toward the electron side.

Density fluctuation spectra in ohmic and L-mode plasmas in TFTR. share most fea-
tures observed on other tokamak plasmas [2,3]. Observations in the central plasma region
for similar supershot plasmas indicate that for k) = 2¢m~! these fluctuation spectra are
also very similar to L-mode and ohmic spectra. Comparisons have been made with shot-
by-shot scans of k = ky = ke at z/a =2 0.3 with a scattering volume of dimensions (at the
10 dB power level) of (rAR?)(2Az) = (w5%)(150/k)ern®. No quantitative comparisons
are made between k, and kg because the beam geometry is not flexible enough to do
this at the same location and because the rotationally and diamagnetically shifted parts
of the spectra are used to distinguish scattering from the central region from anomalous
scattering at low frequency. For values of k; less than 2ecm ™! the spatial resolution begins
to include the edge region where scattered intensities are approximately ten times higher
than in the plasma interior.

Ohmic: In ohmic plasmas we observe frequency shifts in the electron diamagnetic
direction whose sign is determined by v pe- k where vp, = kT./eBL, and k = kycar - Rine.
The measured shift is usually larger than that predicted by the linear dispersion relation
for electron drift waves. For example, Fig. 1 shows a typical spectrum for ky = 4.2em™"
in a helium plasma with I, = 1.4MA, By = 3.8T, and n.(0) = 4.2 x 10"%m 3 where
kyp, 7 0.5. This plasma is in the confinement saturation regime where 75 is independent
of density. The spectrum is dominated by an electron diamagnetic feature at -130 kHz.
The electron drift wave estimate, w = Wyeat — Wine = k1vpe/(1+ k3 p2), predicts a shift of
only -20 kHz. We interpret the difference as bulk plasma rotation in either the (electron
diamagnetic) poloidal direction or the {counter) toroidal direction. The feature near zero
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frequency is probably caused by low level wings in the transmitting and receiving ante
patterns which sample low values of k from a larger plasma volume [4]. This featygy
is unaltered when the plasma is rotated with neutral beams whereas the diamagnetic
feature is further shifted (negative for counter or positive for co-injection). In comparigq,
spectra in helium and deuterium plasmas in the linear confinement regime at n.(0) = 2_3:
x 10*em ™ show no significant features in the ion (positive frequency) direction and
substantial differences in the spectra themselves. Similarly, higher density helium plasmgg
with n(0) = 6.4 x 10"®cm ™ show no feature in the ion direction. Except in the higheg
density helium plasma where T} profile measurements cannot be made, charge exc:hangE
recombination T profiles give n; = L./L7; = 1 to 2 in the scattering volume (Lpe = o
has been assumed). The anomalous feature at low frequency and the apparent width of
the electron feature make it difficult to identify an ion feature on the negative frequency
side of the line. The expected separation of the electron and ion features is considerably
less than the observed shift or width of the spectra. TFTR scattering data can thyg
neither exclude nor confirm the observtions of Brower [4].

If the width of the fluctuation spectrum perpendicular to B is assumed to fall withig
the instrumental resolution, Ak & 0.4cm™, is isotropic in this plane, and is cut off at
ki = 2em~! then én./n. = 5.0 x 10~ when n.(0) = 2.3 x 10%em ™3, and én./n, ~
1.6 x 10% when n.(0) = 4.2 x 10%%cm™>. In both cases the mixing length estimate
gives dngfn, ~ 1/(kiL,) = 5.0 x 107®. These estimates rely on a calculation of the
extraordinary mode single particle cross section [5] and on ray tracing estimates of the
scattering volume and its distortion by refractive effects. The instrumental uncertainty in
the absolute measurement of 8n./n, is estimated to be +100%, -50%. The power spectrum
shown in Fig. 3a reaches its maximum at the lowest resolvable value for &y ~ 2em™,

For ki > 8cm ™! the signal level is below the instrumental sensitivity.

L-mode: A typical wave number spectrum in a deuterium L-mode plasma with the
same n,, I,, and Br as the ohmic case of Fig. 2a but with heating power Pg = MW
is shown in Fig. 2b. The shifted electron feature is due to counter beam rotation and
the spectral broadening is primarily due to radial variations in rotational velocity across
the scattering volume. The ky spectrum is shown in Fig. 3b and has the same general
structure and magnitude as the ohmic spectra at the same density. With the same
symmetry assumptions we estimate én,/n, 7~ 4.0 x 107°. The mixing length estimate
(5.0 x 1073) is the same as in the ohmic helium case. Within the measurement accuracy
the fluctuation amplitudes of the ohmic and I-mode of Figs. 2a and 2b are the same.
More accurate relative measurements are presented below.

. Supershot: A k spectrum for a supershot is shown in Fig. 3c. For this case I, =
"1.OMA, Br = 4.6T,n.(0) = 3.4x10%em ™3, and Py = 16 MW. A supershot with a weakly
peaked density profile (i.e., one formed using the full aperture with R/a = 2.58/0.93m)

is used to avoid complications arising {rom beam refraction. For this case, the nominally
L]
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palanced injection was altered for 100 ms to separate scattering which originates from
{he crossover region of the main lobes of the transmitter and receiver antennas from the

anomalous feature at low frequency. The fluctuation amplitude is éne/n. = 3.0 x 103

and 1/(k1Ls) =45 % 1072,

L-mode/ohmic comparison: The change in spectra from ohmic to L-mode (P =
0.IMW) is examined in a set of discharges in which the density was kept constant at
n,(0) = 41 % 10%¢m=3 in both the ohmic and L-mode phase of the discharge. The
density profiles are also indistinguishable. The wave number spectrum is shown in Fig.
5. The L-mode spectrum has a higher amplitude and is more peaked at low k, leading
{o an increase in the §ne/n. ratio between ohmic and L-mode of 3.3. Fig. 6 shows the
scattered power increasing steadily with total heating power [Pprar = Fon + Pg) at a
fixed ki = 4.2¢m~t. However, the shot-to-shot variations are substantial. The scattered
power in ohmic plasmas at ky = 4.2em~! can be as large as in L-mode plasmas for

Pypar/Por = 6.

Conclusion: The k; spectra of all types of TFTR discharges look very similar as
long as the profile shapes and other external parameters (Br,I,,n.(0)) are kept the
<ame. This strongly suggests that the fluctuation are caused by drift waves which are
dominated by long wavelength modes. However, based on current data TFTR scattering
cannot distinguish #; modes from electron magnetic drift waves. To do this parametric
studies of distinctly different density profile shapes are needed. Differences between ohmic
and L-mode fluctuation levels for similar plasmas with nearly identical density profiles
indicate that other factors are influencing the measurement — the k; spectrum below
9¢m~! may be important or differences in T, /T; or n; may be affecting our results.

Acknowledgements: The authors wish to acknowledge the assistance of B.C. Strat-
ton, E.J. Synakowski, E. Mazzucato, H. Park, P.C. Efthimion, E.D. Fredrickson, K.
McGuire, F. Perkins, S.J. Zweben, D. Mueller, T.S. Hahm, W. Tang, and G. Rewoldt.
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INFLUENCE OF NEUTRON SCATTERING ON MEASURED
TFTR NEUTRON PROFILES

1.D. Strachan, A.L. Roquemore, M. Diesso, S.L. Liew,
and J. Roberts

Princeton Plasma Physics Laboratory
Princeton, New Jersey 08543

The TFTR multichannel neutron collimator [1] consists of ten vertical channels which view the

na from below. The detectors are hydrogen/ZnS (NE 451) scintillators located 6.3 meters from
P lasma midplane. The detectors are shielded by 80 tons of lead and concrete. The collimation
u;eezch channel has been tested with a Cf neutron source at the vessel midplane. The detectors
a3 cimarily sensitive to neutrons which originate within the 7 cm diameter field-of-view. It has
;.:[E’established by a series of experiments where sets of channels were blocked [1] that the signal
in each detector arises from neutrons which travel down its associated flight tube.

The scattered neutron flux can originate both from neutrons which scatter from components
that are in the collimator sightline above the plasma, and from neutrons which scatter from the
peutron collimator aperture. The local neutron emissivity is usually small near the plasma edge
5o that signals from channels that observe the outer plasma region are dominated by the scattered

component. However, the virgin flux is = 95% of the signal in the channel which views the plasma

center.
Geveral design features of the TFTR multichannel neutron collimator were intended to reduce

the flux of detected scattered neutrons. These include: () the NE 451 scintillator responds to higher
energy recoil protons. Thus, the neutron energy degradation caused by neutron scattering tends to
make the detectors less sensitive to scattered neutrons. Also, the detector is relatively insensitive to
gammas; (b) the vacuum window at the bottom of the vessel was recessed approximately 0.5 meters
into the shielding; (c) the vacuum window at the top of the vessel was thinned to be 3 mm of steel
located 1.25 or 1.45 m above the vessel midplane. The next observable neutron scattering centers
are located above the machine or approximately 5 m above the horizontal midplane. Thus, the
vertical viewing TFTR multichannel neutron collimator was arranged to directly view a minimum
of scattering centers; and (d) the collimating tubes were extended 3.3 m beyond the scintillators.

Plasmas with small minor radius [2] were used to evaluate the effect of neutron scattering. For
these plasmas, many of the channels do not have any plasma above them and their entire count
rate arises from scattered radiation. The detected neutron fluxes (Fig. 1) exterior to the plasma are
1 — 5% of the fluxes detected from the plasma center (Table 1). The magnitude of the scattered
signal is comparable to that obtained from MCNP calculations (3] of the neutron scattering from
some typical scatters (Table 2), such as thin steel plates (windows) and the entrance aperture to
the collimator.

The data in Table 1 was used to subtract the scattered component from each channel’s signal
by assuming that the neutrons originate from a line source located at the plasma magnetic axis,
and that the scattering occurred from material components located & 1.4 m above the horizontal
midplane. This means that the scattered signal in each channel for a plasma with a Shafranov
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shifted magnetic axis of Rsyav and a total volume-integrated neutron intensity Lo,

is for ch
i (located at major radius, R;): ating

JSCATT _ ¢ 1.4 Lnewt _
\/1-42 + (Rsuar — Ri)? )

where C; (Table 1) is the experimentally determined scattered fraction projected to occur whep th
plasma is located directly above the channel (i.e., is maximum). 5

The above model reasonably describes the signal in exterior channels which are Proportioneq ty
the volume-integrated neutron emission and insensitive to the small changes in Rspar that actua]]
occur in TFTR (Fig. 3). Such validation is only available for channel 10, since most channels ari
usually interior to the plasma.

In summary, neutron scattering is a small (= 5%) component of the neutren flux detecteq in
the TFTR multichannel neutron collimator and comprises the entire flux in the outer channgls
(Fig. 3). The magnitude of the scattered component is in agreement with simple neutron sbreaming
calculations for typical scattering centers.

Efforts to further reduce the scattered component do not yet scem necessary but could be magde
by: (a) shaping of the collimator aperture to reduce the influence of scattering from the collimatq;
entrance throat, and (b) reduction of material that can be observed above the plasma.

The techniques of using small minor radius plasmas to experimentally evaluate the neutron scaf.
tering has been valuable and should be considered for CIT and ITER, where horizontally mounteq
collimators may have a larger scattered component. So far, Eq. (1) has been used to subtract the
scattered signal from about 2,000 TFTR plasmas and always predicts an edge neutron emissivity
near zero (e.q., Fig. 3).
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work was supported by the U.S. Department of Energy Contract No. DE-AC02-76-CHO-3073.
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Channel [ Major Radius | Sensitivity (Fig- 1) (Used in Eq. 1)}

Ri(m) 1010 22 | Scattered (o)

Signal (1043)_:]15_

CentralChannel n/sec
1 1.80 6.3 0.049 2.1
2 1.94 7.1 0.037 1.3
3 2.08 3.5 0.033 2.1
4 2.23 53 0.051 1.8
Table 1 5 247 3.1 0.006 1.08
6 2.68 3.8 0.021 1.25
7 3.00 1.6 0.040 5.3
8 3.16 1.4 0.035 6.3
9 3.32 3.6 0.002 1.5
10 3.48 4.2 0.018 0.95
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FIG. 1. The ca%ibra.ted line-integrated neutron emission for (a) inshifted and (b) outshifted TFTR
plasmas. The signal in the channels which view outside the plasma are interpreted to be scattered
neutrons originating near the TFTR vacuum vessel.

Typical Scatterer Edge Scattered
Signal/Central Signal
Mouth of aperture 0.008
1 em Fe plate 1.3 m below plasma 0.03
5 em Fe plate 2.5 m above plasma 0.019 Table 2
0.5 cm Fe plate 2.5 m above plate 0.01
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FIG. 2. The dependeng, o
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GE DENSITY X-MODE REFLECTOMETRY OF RF-HEATED PLASMAS
ED ON ASDEX

R. Schubert, F. Braun, J. Gernhardt, F. Hofmeister, F. Leuterer,
M. Minich, J.-M. Noterdaeme, F. Wesner, ASDEX Team

Max-Planck-Institut flr Plasmaphysik
Euratom Association - D 8046 Garching - Fed.Rep.Germany

il
RF heating methods need special diagnostics to help better understand the
interaction of the wave with the plasma. Of particular interest is the influence of the
wave on the edge plasma in the direct vicinity of thelFlF hgating antenna. One
important parameter in this context is the electron density, which can be measured
py means of microwave reflectometry.
In this paper we describe a fast X-mode reflectometer installed on ASDEX. We

present measurements of the edge density profile in the range 101em™3 < Ng <
15*1013cm™S,

Principle of the measurement and experimental set-

Reflectometry has been used previously to measure electron density profiles
(s. e.g. [1], [2]). We extended the range to the very edge (to 2.5 cm behind the
limiter) and installed two system at different toroidal positions to give the density
profile, which might be different at toroidally different positions in the SOL. Fig. 1
shows the principle, which is the same at the two positions. The microwaves from
the generator (BWO) are split by a directional coupler (DC) into a signal branch
(emitted to the plasma and reflected at the cut-off, the point in the plasma beyond
which a propagation is not possible) and a reference branch. Changes in the
relative phase of these two branches lead to maxima and minima (fringes) in the
output signal of the phase detector. Due to the use of the  X-mode (E perp. B) it is
possible to follow the location of the cut-off from r=fant the position of the antenna

mouth, to about 20 cm into the plasma and consequently to calculate the density
profile by sweeping the microwave frequency up from {4 < fgo(r=rgpt) to fp. In the

final configuration a sweep from 60 - 80 GHz was performed in 150 us, which gives
a fringe frequency of about 1 MHz. A repetition time of about 2.5 ms together with a
data acquisition of 2x 100 msat 10 MHz allowed to sample about 2 x 40 sweeps
per shot. The two sets of microwave antennas we installed are located in the
equatorial plane on the lowfield side of ASDEX. The first one consists of a
hornantenna (opening: 8 mm x 10 mm, emitter) and an open-ended waveguide (1.9
mm x 3.8 mm, receiver) and is inserted in a diagnostic opening of the faraday
screen of an ICRF-antenna. The second one consists of two hornantennas (16 mm
X 10 mm, emitter, and 8 mm x 10 mm, receiver) and is placed about 6 cm toroidally
away from the LH-grill antenna.
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Influen f the electron ity fl i

In first tests with a slow sweep and an expected fringe frequency of 6 kHz no
clear fringe pattern could be seen. Experiments at fixed frequency showed that the
fringes were blurred out by strong intensity modulations of the reflected signa| (j
2, fig. 3). Similar problems have also been reported in an O-mode system WLIH
much bigger antennas [3]. These strong modulations (factor of 10 and largey
cannot be explained by radial movements of the cut-off layer due to electron dengjj
fluctuations and are probably caused by interference effects due to poloida|
inhomogeneous electron density fluctuations [4]. Our way to make possible the
fringe counting despite these perturbations, was to reduce the sweep time and thys
to increase the fringe frequency to values higher than that of most fluctuationg,
Fig. 3 shows that the bulk of the fluctuations are below 500 kHz, so that fringes o
1 MHz can clearly be distinguished from the fluctuations by frequency.

Results

Fig. 4 shows the raw data of the first 40 ps of a sweep. The reflection begins only
at fy, which is, within the error bars, identical to the electron cyclotron frequency g

the antenna mouth. This is a particularity of the X-mode, and allows to give the
location of the first reflection, which is not possible in an O-mode system (s. e.qg.[5]),
In an O-mode system the very low densities at the edge demand the use of very low
microwave frequencies, which give a very poor spatial resolution. The fringes in the
mixed signal (upper trace, fig. 4) are clearly seen. As a sweep is performed on the
time scale of the fluctuations, one single sweep gives a momentary profile, which is
not constant during the time of the sweep. Fig. 5 shows the momentary profiles of
35 sweeps during a stationary plasma phase. Averaging over these sweeps gives
reproducible electron density profiles. Fig. 6 shows the profiles measured in two
stationary phases, where the plasma has been moved 5.3 cm horizontally. The
measured shift of only about 4 ¢cm in the edge may be explained by toroidal
asymmetries and by edge profile changes due to the bulk movement. From the
momentary profiles we can also calculate absolute and relative fluctuation levels
(fig. 7; comparison to other fluctuation measurements on ASDEX: [6], [7]). A
comparison to Thamson scattering data shows good agreement (fig. 8). Reflection
coefficients for the LH-waves calculated from density values we measure in the

plane of the LH-grill (typically: ng = .5 1012 cm3 and dng/dr = .5 1012 cm™) are in

good agreement with experimental ones.The influence of the LH can be seen in
fig. 9. This steepening of the electron density profile at the very edge during LH is
also reported on Castor [8].

Conclusions

We demonstrated that reflectometry is applicable to measure electron density
profiles at the very edge of the plasma. This was only possible by the use of the
X-mode, which has in contrary to the O-mode, even at very low densities a finite cut-
off frequency (fot-off-x > fac)- The perturbations by the density fluctuations could

be overcome by increasing the fringe frequency to over 1 MHz. The very [imited
access to the plasma it requires (a few cm2) and its good spatial resclution makes
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flectometry an ideal diagnostic for the measurement of local effects during
IEF-heating. As it can measure the absolute edge electron density profile
::,dependemly of other diagnostics and becauslel of the possibility of a further
improvement of the sweep and the data acquisition it can be considered as
candidate for standard diagnostic.

1 fSirmcmek F., thése de doctorat d"état, Nancy, France 1985
2] Bottollier-Curtet H., thése de doclorat.‘ Paris, France, 1986
(3] Busankin V.V., Vershkov V.A., Dreval” V.V., Zhuravlev V.A. Voprosy atomnoj nauki i tekhniki, ser.
{ermojadernyj sintes, vyp. 2 s. 63-65 ( Questions of nuclear science and technology, series of
nuclear fusion; Russian) [ Post deadline paper Madrid 87
[4]z|1uravlev V.A., Kurchalov Institute of Atomic Energy, Moscow, private communication
5] M.E. Manso et al., coni. rep. Controlled Fusion and Plasma Physics, 138, IV,p.1517 Venice 1989
[6] H.Niedermeyer et al..conf. rep. Controlled Fusion and Plasma Physics,13B, I, p.27,Venice 1989
7] A. Rudy] et al., this conference
(8] Journal of Nuclear Materials 162-164 (1889) 562-567, North-Holland, Amsterdam
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MEASUREMENT OF POLOIDAL ROTATION ON ASDEX
], V. HOFMANN, A. R. FIELD, G. FUSSMANN and the ASDEX team
Max-Planck-Instinu fiir Plasmaphysik
EURATOM-IPP Association D-8046 Garching, FRG

ntroduction: Measurements of the poloidal drift velocities of the ion species in a Tokamak
ma are of fundamental importance for investigating a number of physical processes involving

entum 50Urces and sinks, viscosity and radial electric fields. In particular, various authors
momh othesized marked changes in the radial electric field near the separatrix during the L — H
hav:iﬁ}c,:r:l in NI heated plasmas. Experimental investigations on the DIII-D Tokamak have revealed
:;2 shifts of a 'warm’ component of the He II (4686 A) line corresponding to poloidal rotation
selocities of vpol = 1.8:104ms"I[1]. From this the existence of a negative radial electric field of
2.7-10% Vm-! during the H-phase is inferred. Analogous measurements have been performed on
the ASDEX Tokamak in the visible spectral range where the required resolution is easily achieved.
Code calculations and measurements show that the lines of C II (4647.4 A), B IV (2821.7 A) and
He 11 (4686 A) are emitted from radially localized shells near the separatrix.

L1
plas

2, Principle of electric field measurements: The basic relation between the perpendicular
motion of particles and the radial electric field is obtained from the radial component of the
momentum equation:

9Pz

or
This equation pertains for all charged particles provided the radial velocities are sufficiently small
so that the corresponding friction forces can be neglected. The perpendicular velocity component
v,1 being relevant in equ. (1) is tangent to the magnetic surface and nearly in the poloidal direction.
We may rewrite equ.(1) as

=e;m [ E +(axB)] (1)

p.
Er + Yzl B= €z :I‘z (2)

Only in the case that the right hand side of this equation, with p,'= d(n,T)/ dr, is small compared
to the two terms on the left hand side, the electric field can be directly determined by measuring the
perpendicular velocity.
A few notes appear appropriate in this context. First, choosing low-z impurity ions existing in
narrow shells in the boundary region, we notice that in the case of E; = 0, the velocity will have
different sign on the inner and outer sides of the shell. In fact, different ions but of the same
charge (e. g. C IV and O VI') may have opposite velocities at the same radial position. This
paradoxon is solved by realizing that the velocities ocuring in the above equations are macroscopic
velocities of diamagnetic kind; for E; = 0 these are solely produced by the gyration of the particles
rather than by a motion of the gyro-centres.
If we are going to determine v, by the shift of spectral lines some attention must be paid to the
question whether the photons emitted from a particular point in the plasma do virtually reflect the
gradients of nz and T over a distance of the order of the gyro-radius as it is assumed in a micro-
scopic derivation of the above equations. This is the case if the life time T =1/A of the excited ions
is small compared to the reciprocal gyro-frequency w;! (i.e. ;T << 1). In the opposite case ;T
=1 or w, 1> 1, the spectral shift is in addition influenced by the gradient of the excitation rate and
the measured velocity v * is obtained from an equation of type (2) with the density n, being
replaced according to
T A | mzng Xey, elec. excitation
& z | nz4+1 np Xex, ©X -recombination

3
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This effect may be of importance in particular in case of charge exchange recombination of g,

ions (He II) in the boundary region. In this case the recombination and cascading frop hi

quantum numbers can result in relatively large life times on one hand, and on the other handligh

neutral hydrogen density ng is characterized by large gradients.

The decay length A = (n, T;)/ {n, T;) or A*=( ng* AT,)/ (n;* AT,)’, respectively, allows i

estimate the electric field being equivalent to the right hand side of equ. (2) 8
Ex=Tz/(egh) (4).

For a typical case T, = 50 eV, A=35cm, and z=2 for instance we obtain Ey = 0.5 ka'l.In

magnetic field of B =2 T this corresponds to a diamagnetic velocity of 250 msL. i

3. Experiment and accuracy: Light emitted from the edge region of the plasma is collimaggg
into a m Czerny-Turner spectrometer using a lens, a rotatable mirror at the port entrance and ty,
edge mirrors above and below the plasma mid-plane. This provides two nearly anti-paralle] lineg of
sight; the lower mirror looking upward in a vertical poloidal plane; and the upper mirror lookjng
downward at 5° to the vertical plane opposite to the direction of the plasma current. By scanniy
the rotatable mirror the lines of sight may be scanned from 3 cm inside to 7 cm outside the
separatrix at the horizontal mid-plane. By using a prism to rotate the slit image by 90°a radjy)
resolution of 0.1 cm was achieved. The spectrometer was equipped with a 2400 lmm-! grating ang
a 1024 channel photo-diode array detector providing spectra at 20 ms intervals. The dispersion of
the instrument at this wavelength is 3.11 Amm-! or 0.078 Apix-!. Contributions to the spectra frop
lower wavelength lines in second order were suppressed using a filter and additional broadening
due to Zeeman splitting by cutting out the circularly polarized 6-components with a polarizer.

The accuracy with which the line centroids could be determined was estimated using twg
techniques. Firstly, the C 1II triplet was deconvolved using a FFT technique and then fitted witha
3-Gaussian line profile, The weighted mean of the shift of the centroids of these Gaussians froma
reference wavelength could be determined to an accuracy of + 0.005 A corresponding to a velocity
of + 300 ms~. Secondly, spectra of a line from a Cd lamp were recorded as the grating was turned
in steps of 0.01 A. A plot of the line shift determined from the spectrometer setting versus the shift
of the centroid of the fitted Gaussian is shown in fig.1. Assuming that the spectrometer settings
were perfect yields an accuracy of 0.012 A in determining the line centroid. Any inaccuracies in
these settings would result in this estimate being too large. An estimate of the accuracy of
determining the line centroids is thus between + 0.005 A and + 0.012 A corresponding to velocities
of + 300 ms-! and 800 ms-! respectively.

The radial emission profile of the C III multiplet (2s3s 33 - 253p 3Pp,1 2: 4647.40 A, 4650.16 A
and 4651.35 A) could be measured either by shifting the plasma radially or by scanning the rota-
table mirror.

4. Results: From measurements of the C TIT multiplet performed whilst shifting the plasma and
measurements performed whilst scanning the rotatable mirror we determined the maximum of the
emissivity of the C III shell being located at the separatrix to an accuracy of *1cm. The radial extent
of the shell is about 6 cm FWHM. This shell moves radially outward during NI and broadens to 8
cm FWHM. Numerical code calculations predict a radial position 2 cm outside the seperatrix during
the OH phase. The B IV shell is predicted to be located further inside the separatrix and was not
fully accessible to our measurements. For this reason these measurements concentrated on the C III
multiplet.

Figs.2(a) and (b) show the spectra of the C III triplet measured during the OH and Co-NI heated
phases (ASDEX # 31199 Do—D*, 2.7 MW), respectively. The instrument profile is deconvolved
from these profiles using a FFT technique. The corresponding intensity profile fitted to the sum of




s and a constant background is shown in figs. 2(c) and (d). The estimated errors in the
n of the fit parameters are propagated through subsequent calculations of the derived
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ities, intensity ratios, separations and shifts of the three lines as a function of time are
gs. 3(a)-(d); note the increase in intensity at the onset of NI at 1s (NI: 1 - 2.6 5, H-
). As a consistency check of our measurements we find that the line ratios in fig.
al, within the estimated uncertainties, to the line ratios determined from the
weights of the upper level of the transition of 1:0.6:0.2, indicated by the dashed lines.
ion temperatures derived from the widths of the line profiles agree to within the estimated
The ion ties and are about 45 £ 5 eV. This may be understood in terms of an equilibration time
mcertai;:m the ionisation time for C III. The separations of the lines, fig. 3(c), also remain
|ong:’-al:m at values close to those tabulated (dashed lines) of 1-2: 2.76 + 0.007 A and 1-3: 3.95
co;g-, A, Fig. 3(d) shows the shifts in the centroid positions of the 3 fitted Gaussians relative to
?l;eir mean positions determined over the first four time points. The weighted mean shift of the
wiplet is indicated by the solid line. The estimated uncertainty of this mean shift during the
qustained phase of the plasma is + 0.005 A . .
The corresponding velocities derived from these shifts are shown in fig. 4. The data presented here
were measured using the upper edge mirror viewing downward atr = a - 0.02 m = 0.38 m. There
is a statistically consistent increase in the poloidal drift velocity on the onset of NI at 1 s and a
decrease in this velocity at the termination of the H-phase at 1.8 s. In contrast to our expectations,
nowever, we do not observe a decrease with the end of NI heating at 2.6 s during the plasma ramp-
down phase. The sign of the velocity corresponds to a downward flow of the C Il ions at the outer
edge of the plasma. When viewing with the lower edge mirror a blue shift is observed of the same
magnitude. These results are thus consistent with a poloidal compo- nent of the C III drift velocity
of 1600 + 300 ms-!L. Data from OH and LH heated plasmas do not show statistically significant
drift velocities. ;
The typical toroidal rotation velocities for this parameters on ASDEX are about 4.10* ms-l ata
minor radius of 0.38 m during NI [2]. With q = 3 and taking into account the 5° angle of the line of
sight to the vertical poloidal plane the found poloidal rotation velocities are explicable as the
poloidal component of the jon flow parallel to the magnetic field.

s{ﬂﬁs tical

4, Conclusions: Measurements of the drift of the C III ions located near the plasma seperatrix
show poloidal velocities of 1600 % 300 ms™! during Co-NI heating in the direction of Bpol- The
estimated accuracy of this measurement is of the order of magnitude of the diamagnetic drift
velocity. The C III ions in the ASDEX tokamak certainly do not exhibit as high poloidal drift
velocities as measured on DIII-D. The consistency of the line intensity ratios, separations and ion
temperatures of the C III triplet lend credence to our measurements.

References:

[1] Groebner, R.J., Gohil, P., Burrell, K.H., et al., Proceedings of 16th European Conference
on Controlled Fusion and Plasma Physics, Venice, Italy, Vol. 1 (1989) 245-248.

[2] Kallenbach, A., Mayer, H.M., Fussmann, G., et al., "Momentum Transport Studies on
ASDEX", this conference.
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LOCALIZED DENSITY MEASUREMENTS ON ASDEX
USING MICROWAVE REFLECTOMETRY

M. Manso, F. Serra, A. Silva, J. Matias, F. Nunes,
J. Leitao, J. Mata, P. Varela, S. Vergamota
Instituto Superior Tecnico, Lisboa, Portugal

J. Neves, J. Pereira, L. Cupido
Universidade de Aveiro, Aveiro, Portugal

F. X.- S6ldner, G. Siller
Max-Planck-Institut fur Plasmaphysik, Garching, FRG

1. Introduction

Reflectometry is based on the propagation and reflection of probing
waves in the inhomogeneous fusion plasma. For O-mode propagation the
density of a reflecting plasma layer ne(Xc) is determined by the microwave
frequency (F) which equals the local plasma frequency; the position Xc is
evaluated from the phase delay ®(F) between the incident and reflected
waves. If the frequency is swept, a density profile can be obtained from
the phase shift d @ /df the wave undergoes in the plasma, integrated from
f=0 to £ = F:

F
c do
s [ e R e Ry
X.(m 220[dr (F £°) ar

In fixed-frequency, global plasma movements and local plasma density
fluctuations can be studied from the phase shift d® /dt resulting from the
movements of the reflecting layer. '

Broadband swept systems have been recently developed for TORE SUPRA
/1/, ASDEX /2/ and DIII-D /3/, and a multichannel narrowband system for JET
/4/. The ASDEX reflectometric system consists of three reflectometers
(0-mode) in the frequency bands 18-26.5 (K-band), 26.5-40 (Ka-band) and
40-60 GHz (U-band), as described in /2,5/; electron densities measurements
can be performed in the region starting from the plasma radius close to the
magnetic separatrix on to the gradient region, (from 0.4 to 4.45*1013
cm”7). Broad band experiments were made with simultaneous swept operation
of three reflectometers (2ms). Plasma density profiles and density
perturbations have been measured for several plasma scenarios. Results are
presented and the scope and the limitations of the evaluating techniques
are discussed.

2 - Experimental results

As an example of typical broadband reflectometric measurements, we
show in Fig.l a K-band signal obtained (a) during shot 27328 (ohmic, ne =
3.9*10 13 em™®) and (b) before the plasma discharge. Clear fringes due to
the plasma can be observed; the frequency minima are automatically detected
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(as indicated below the horizontal axis of the figure). The phase
A®/Af is evaluated from the minima for each frequency band and fitteq
. : ; , - unique curve as shown
5 (a) Fig.2(a); the curve Exhihits
oscillations  that Tesylt
from the plasma deﬂsity
fluctuations. The
p corresponding density
profile is shown in Fig,
2(b); the data from both HOY
(= - -) and YAG (o) laserg

is also presented.

Several numerical analysig
techniques were developed jp
L L L | E order to smoothing and/or
®) filtering the perturbatiopng
/6/. These techniques ajp
at obtaining the
nondisturbed density
profile. Figure 3 shows the
profile of shot 27328 after
L 4 smoothing (a); it can bpe
seen that the shape (Fig.2h)
| . ‘ - : | has not been changed. 1Ip
17.50 3938 21,70 7318 .00 zzo Fig.3 it is also plotted (p)
F (GHz) the profile concerning shot
Fig, 1: Output signal of the K band 2729¢ = (LHCD,
reflectometer obtained ta) during Aspex Dne=1.3*107cm )}, in order
shot 27328 (1100 ms - 1102 ms), and (b) tO illustrate the wide range
before the plasma discharge, of densities measured with

the reflectometric system.

The influence of the non-measured part of the phase shift curve (below

Fy=18 GHz) on the evaluation of the profiles was studied, by assuming
different profile shapes between X0(ne=0) and the first reflecting layer
X1(Fy ). The study showed that the shape of the nonmeasured part of the
pedestal affects mainly: (i) the outer part ( AX £ 1 cm) of the evaluated
density profiles, (10-20%); (ii) profiles concerning high density plasmas
(fle> 3x10" cm™3 ).
Two similar shots, 27327 and 27328, (with the plasma radially displaced by
1.7 cm), were analyzed; a linear shape for the pedestal was considered.
The measured density profiles for ne < 2*10%3 em? , are presented in Fig.
4, The radial shift of ~ 1.7 cm between the two profiles is recovered,
showing both the validity of the assumed linear shape for this case, (from
the point of wview of profile evaluation), and the accuracy of the
reflectometric system in measuring radial movements of the plasma.

In some situations significant modifications of the plasma reflected
waves are observed. An example is presented in Fig. 5, for shot 29285
when a m=2 tearing mode is present. The output signal of the Ka band
reflectometer shows both amplitude and phase modulations due tec the
rotating (f ;) mode (Fig.5). The period of the modulations can be
determined, namely from the time interval At = 700 us between two beat
frequency maxima, as indicated in Fig.5; the mode frequency can be

shift
to o

T
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i A ~At"T~1.4 kHz, this beeing in agreement with the magnetic
gstima Broadband reflectometry can therefore give the time scale of

dataliz-ed modifications of the profile occuring during the 2 ms measuring
localize? T\ e information can also be obtained. A detailed study of this
gime; = in an accompanying paper /7/
je is done 1in
e"amjt_‘!‘_____—__ 5 7 ; -
607 AQIAF (a) f ---9.,0 ©
(rad/GH?) “ﬁ*‘o&%‘;
4 4 4#27328 9
40 Eal s .
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= 2+ |
20
TiF 7
0 L " b
o1 0 16 32 50

r(cm)

Fig. 2: (a) Phase shift curve including the phase information from the
three reflectometers, with the minima obtained from raw data, for shot
27328; (b) density profile evaluated from phase shift curve (a).
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Fig.3: Density profiles for shots Fig. 4 Density profiles (K and
(a) 27328  (t=1100 ms), after 'k, pands), for shots 27327 (Re =
smoothing of the phase  154.9 em) and 27328 (Ro = 166.6
characteristic, and (b) 27294 cm), at t = 1300 ms.
(t=1100 ms), direct from raw-data
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Fig.5:
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1
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(fo1~1-4 KHz)
present.
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3 - Concluding remarks

The ASDEX reflectometric system had started swept-frequency operatiop
by mid-December 1988. The analysis of the broad band data reveal that the
difficulty of profile evaluation comes from the errors in the phase shift
resulting from the plasma density fluctuations. Nonlinear stochastic
numerical filters have been develloped (now being tested) that may provide
a useful tool for routine evaluation of the data, for situaticns where the
reflectometric signals are strongly disturbed by the plasma fluctuations,

Fixed frequency measurements (homodynic detection) were carried out
and the study of plasma density fluctuations, based both on fixed and
broadband experimental results, was initiated. A new heterodynic detection
is beeing developed that will allow more sensitive measurement of plasma
density fluctuations. X

The reflectometric system was upgraded during the summer 1989 shutdown
of ASDEX by installing three new reflectometers, aiming at fixed-frequency
correlation reflectometric measurements; experiments have started recently,
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Tangential Soft X-Ray/VUYV Tomography on COMPASS-C
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The COMPASS Tangential Soft X-Ray Camera (TAN SOX)

This diagnostic exploits toroidal symmetry to tomographically reconstruct soft x-ray or
yuv emissivity contours from a tangential view of the plasma [1,2,3]. A 0.4 mm pinhole
{mages the plasma onto a P-11 (ZnS:Ag) scintillator screen [3]. Between the pinhole and this
gereen is & filter wheel with two soft x-ray edge filters (1 keV and 2 keV) and two VUV filters
(10eV and a 140 nm, 10 nm FWHM interference filter). The efficiency of the system peaks at
4.4 keV and decreases monotonically thereafter so that the effective energy range lies between
a selected filter edge to about 15 keV.

The phosphor screen is fiber optically coupled to a Microchannel Plate (MCP) intensified

hotodiode camera. The camera has a resolution of 128x128 pixels and a maximum framing
rate of 330 Hz. The MCP gain is externally controllable from 10% — 108 and can be gated down
to b nsec.

The camera control and data acquisition are managed by an IBM AT compatible PC
which is linked to the camera via fiber optics. An add-in board containing an Intel 8253
programmable timer provides the camera with the frame timing (synchronized to the plasma
{) and the MCP gate commands. This board also controls the MCP gain.

The video data is sent to the PC via a 50 MHz analog optical link and is digitized by
a frame grabber board (Data Translation 2861). The frame grabber has sufficient on-board
memory to acquire up to 256 frames per shot and is coupled to a fast (8 MFLOPS) array
processor (DT7020) which is used to tomographically invert some of the raw data.

Because of the very large amounts of data that this diagnostic can generate (up to 4 MB per
shot, though the typical data load is presently < 1 MB) on-line data compression is used before
the data is stored in the main COMPASS data archive. Differential run length compression [4]
is used which results in a compression factor of about 4 with no loss of information content. The
raw data is compressed by the PC processor at 30 sec/MB and then sent to the data archive
on the main COMPASS VAX via Ethernet. The PC-VAX link is controlled by Digital’s PCSA
software which allows the PC to directly access VMS files.

The techniques used for the tomographic reconstructions are Maximum Entropy [5] and
Bayesian Regularized Least Squares Optimization [6]. The two techniques produce similar
results though the latter is preferred for on-line processing because of its greater speed. Using
this algorithm a 32x32 pixel inversion typically takes 10-15 seconds to converge. Thus, several
images may be reconstructed between shots.

Further details on the system and the inversion techniques used will be presented in [7].

Results from Ohmic Discharges

Figure 1 shows reconstructions of iwo typical COMPASS discharges. Parameters
for these shots were, respectively, 100 kA, 1.0 T, 1.7x10**m ™~ and 100 kA, 1.2 T,
1.7x10®m~3. The frame times were, respectively, 13 and 14 msec while the filters were
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Figure 1: Reconstructions of typical ohmic discharges (shots 1640 and 1796).

1 keV and 2 keV. Both distributions are basically circular (within the uncertainties of
the reconstruction).

Results from Runaway Discharges

The TAN SOX diagnostic was designed to image the bulk, thermalized plasma but it j5
also useful for studying the behavior of suprathermal electrons. Suprathermals generate harg
x-rays which are not imaged (since the pinhole plate is transparent to hard x-rays they cause
a spatially uniform inereage in the background level of the image) but they also generate soft
x-rays which are imaged. Assuming that the suprathermal bremsstrahlung spectrum is given
by the Kramer approximation [8] and that the thermal bremsstrahlung is consistent with the
enhanced free-free form [9], then the ratio of the soft x-ray power at the photon energy
produced by the suprathermal electrons (W,.) to that produced by the thermal electrons (W,)
is

Wie _ 0.677, (E,e)””emn ?
W.™ € n \T. )
where n,. and E,. are the density and energy of the suprathermal electrons, n. and T, are
the density and temperature of the thermal electrons and £ is the enhancement factor due to
recombination. E is in the range 1-15 keV for TAN SOX while a typical central 7% for ohmic
discharges on COMPASS is about 700 eV. The suprathermal electrons can emit significant
amounts of soft x-ray radiation, e.g., for T, = 700 eV, E = 3.5 keV, E,. = 100 keV, n,./n. =
.005 and £ = 10, the ratio of suprathermal to thermal radiation is of order unity. Accordingly,
during runaway discharges TAN SOX will image both thermal and suprathermal electrons.
Figure 2 shows a COMPASS poloidal diverter discharge with interesting suprathermal
activity. At about 40 msec the shaping circuit is activated to produce an inboard x-point.
This initiates an immediate decrease in the density which continues until the x-point moves
into the vacuum vessel (as indicated by the inboard By coil) at 65 msec when the density
begins to recover. This density drop is possibly due to a decrease in recycling at the edge
but is currently not well understood. The density drop is expected to cause an increase in
the runaway production rate [10] as E/Ep rises from 0.045 at 40 msec to 0.076 at 55 msec
consistent with the hard x-ray monitor signals in 2b. The upper curve represents emission at
0.05-1 MeV and the lower 0.5-2 MeV.
The two hard x-ray traces begin to rise together. However, at 55 msec the high energy
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Figure 2: Discharge 1861, an ohmic shot with an inboard x-point.

x-ray signal from detector two enters a plateau while the medium energy signal continues to
olimb for about 7 msec. This is significant because it indicates that after 55 msec electrons
continue to run away but that some process is interfering with their free fall acceleration to
higher energy.

The electron cyclotron emission (ECE) trace (2nd harmonie x-mode, Br=1.1 T) in 2b
shows a dramatic increase which begins at 55 msec. This increase is seen on all the low field
side (54-60.5 GHz) ECE channels. This rise would seem to be too large to represent a change
in the over all bulk temperature and is probably due to suprathermal ECE emission. This type
of broad band enhancement is characteristic of suprathermal activity and especially runaway
instabilities (e.g., Parail-Pogutse) [10,11]. The ECE and loop voltage data were digitized at
too slow a rate (2 kHz) distinguish the fast spikes normally associated with this instability.
However, the presence of a velocity space instability could explain the behavior of the hard
x-ray signals since it effectively damps the free fall acceleration of the runaways as parallel
momentum is periodically converted into perpendicular momentum.

After 656 msec (when the density begins to rise again) the enhanced ECE emission dies
away and the hard x-ray signals begin to rise together. It would thus seem that at this point
the instability may be suppressed by the rise in density [11].

Figure 3 shows TAN SOX reconstructions before and during the suspected runaway insta-
bility. The images were taken with the 1 keV SXR filter with a frame time of 14 msec. Figure
3a shows an exposure from 28-42 msec. It is typical of ohmic, circular discharges. Figure 2b
shows the exposure taken from 56-70 msec. Here the distribution is dramatically different.
The distribution is broader (though the peak emissivity has decreased by 40% from figure
1a). A clear cresent shaped feature is apparent which is shifted outwards from the geometric
plasma center by 4 cm. No known systematic error could account for this non-circular feature
which is only seen in shots with runaway activity and then only while there is enhanced ECE
emission. It is therefore thought to represent the actual plasma emissivity distribution despite
the fact that it is very different from the expected central flux surface geometry (though the
outer surfaces remain consistent with the reconstructions from magnetic data).

Discussion

It is thought that in figure 3b suprathermal soft x-ray emission is important. During a
runaway microinstability (Parail-Pogutse) the density of trapped suprathermal electrons is
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Figure 3: Reconstructions of SXR emissivity before and during the runaway activity at 5.7
msec. Each plot is normalized to unity at the peak and the contour interval is 0.1,

enhanced due to pitch angle scattering [9]. The distribution shown in 3b may represent tp,
emission from banana trapped suprathermal electrons superimposed on the thermal soft X-ray
emission. Such an effect was reported on TOSCA [12] and CLEQ [13] where trapping was
enhanced by ECRH.

This image is somewhat difficult to interpret since it contains information from both the
thermal plasma and the runaways. However, it shows that with suitable filtering (e.g., using
a filter edge at 4 — 5 T.) a tangential scintillation camera can be used to study the spatial
distribution of suprathermal electrons in a tokamak discharge as a function of time, an area
in which little experimental data is available.
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Electrical probes are widely used to determine the electron temperature, density
and electrical fields in magnetized plasmas such as in the scape-off layer of tokamaks.
[n addition to that a rotatable electrical double probe can be used to determine the ion
temperature in such a plasma as we have shown recently /1/. Besides these parameters
the measurement of the plasma flow is important to understand the transport and the
plasma wall interaction in the scape-off layer of machines like tokamaks. In this
contribution we demonstrate that the rotating electrical double probe is also well suited

to measure the plasma flow speed parallel to the magnetic field.

EXPERIMENTAL SET-UP

The measurements have been performed in the scape-off layer of the tokamak
TEXTOR. Parameters of the machine and details of the probe have been describes in
reference /1/. The probe head consists of two cylindrical probe pins with a diameter of
5 mm, and a length of 5 mm. Their distance is 10 mm, Fig. 1. The axis of the probe is
perpendicular to the magnetic field and rotates around this axis, cf. Fig. 2, during the

tokamak discharge with a frequency of ca. 2 Hz.

RESULTS
During the rotation of the probe the pins remain on the same flux surface.

Simultaneously the probe measures a characteristic every 2.5 ms from which the electron

temperature and density can be deduced in the usual way. The envelope of the probe
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Fig. 1 Probe pin configuration in the magnetic field
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Fig. 2 Position of the rotating probe on the tokamak TEXTOR
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current gives the jon saturation currents to the two probe pins as a function of the angle
of rotation o, Fig. 3. At the angle ¢ = 0 one probe pin screens the other one from the
flow from ome side. For a non-streaming plasma the envelope of the ion saturatio,
current is symmetric to I = 0 for all angles . For a streaming

plasma at the angle « = 0 one probe pin collects only the up-stream, the other only th,
down-stream flux, which are different. This asymmetry of the ion saturation current 1o
the two probe pins at a = 0 is a measure for the Mach number of the plasma flgy
parallel to the magnetic field.

Among the different models which have been proposed to relate the asymmetry
of the upstream/downstream probe currents to the Mach number the theory of Chugg
and Hutchinson /2/ seems to describe the present plasma conditions best. We have o
keep in mind, however, that the ion temperature in the present plasma /1/ is not small
in the sense of ref. /2/. This entails that the values of the Mach numbers which arg
quoted here are lower limits. Larger probe pins would give more accurate results for the

present plasma conditions, cf. /1/.

In Fig. 4 the Mach number of the plasma flow parallel to the magnetic field as
determined from this procedure for the scrape-off layer of TEXTOR is shown for an
Ohmic discharge. In the layer adjacent to the core plasma between 44 and 46 cm the
direction of the plasma flow is the same as that of the plasma current, not determined
by the distance to the nearest limiter. Further outward the direction of the plasma flow
reverses. Here in the shadow of the toroidally symmetric ALT II limiter, r> 46 cm, the
results are in qualitative agreement with numerical calculations of Gerhauser and
ClaaBen /3/.

/1/ K. Héthker, H.-J. Belitz, W. Bieger and H. Amemiya Rev. Sci. Instr. 61 (1990)
114

/2/ K.S.Chung and H. I. Hutchinson, Phys. Rev. A38 (1988) 4721

/3/ H. Gerhauser and H. A. ClaaBien, Workshop on Plasma Edge Theory,
Augustusburg (DDR), Sept. 1989
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Introduction
In the almost shearless stellarator WENDELSTEIN VII-AS strong correlation between

the confinement properties and the rotational transform iota has been found [1,2]. Re-
duced confinement was observed for the low order rational values 1/2 and 1/3. In their
vicinity best confinement is observed. In general optimum confinement is obtained
in the low shear configuration if the "resonant” iota values can be excluded from the
plasma column. The iota profile inside the plasma is affected by toroidal currents and
beta effects. Although the global net current can be kept at zero level using a small OH
induced current opposed to the gradient driven bootstrap current, the different currents
flow at different radial positions affecting the iota profile. Tools for configuration con-
trol inside the plasma are besides OH current vertical fields and the currents driven by
the NBI and most promising the ECH heating systems. In this context experimental
information on the iota profile is highly needed. The localization of rational surfaces by
reflectometry seems possible.

Experiments

Radially resolved density fluctuation measurements have been carried out by means
of a simple microwave reflectometry system. The method is based on the reflection of
microwave radiation in the millimeter range at the plasma cutoff layer. The phase delay
between the launched and the reflected waves gives information on the location and the
movement of the reflecting layer. The use of electronically tunable oscillators allows to
probe radially different reflecting points. As the simplest approach a homodyne receiver
has been used. In this case the microwave beam is launched and received by using the
same antenna. The wave reflected at the plasma and that reflected at some reference
(the vacuum window) are mixed in a square law detector diode.The output voltage at
the detector is:

v(t) = po + p1 + 24/Pop1 cos[(t)]

po is the power coming from the reference, p; that one coming from reflection at the.
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plasma cutoff layer and §(t) is the phase delay of interest. The variation in the outpy
of the diode responds to changes both in the phase é and in the amplitude p; of the
signal coupled from the plasma. If no coherent MHD activity is present, u(z) show
a broadband spectrum. When a density fluctuation with a well defined fl‘equency 0
exists, the reflecting layer will have an oscillating movement too. So the phase shif o
be written as:

6(t) = 8o + A®sin(lt

Thus the amplitude spectrum of the signal shows harmonics of the density ﬂuctum'mn
frequency 1. The number of harmonics with significant amplitude is the higher t},
bigger A® is. An analysis of the ratio of amplitudes for the harmonics of the same parj
leads to a determination of A®. For 1.25 T operation the relevant cutoff frequencies fo;
the X-mode wave lie in the range 40 - 85 GHz. A system in the microwave V-band hgg
been used covering the range 47 - 80 GHz. The accessible density range is: Tx10'8 .
4x10'° m~23. This gives access to the whole gradient region up to the separatrix. The
measurements were performed in a special NBI heated discharge with pellet injection
at 1.25 T. Currentless plasma was produced by applying a 10 ms ECH pulse of 200 ky
power that gives place to a 1.5 MW NBI (45 keV) heating period with tangentis]
injection. The two neutral beams used are balanced to minimize the driven Ohkawa
currents. The rotational transform at the edge, ¢(a), is kept constant slightly above 0,5,
A series of reproducible shots has been produced under these conditions. During this
series the beam frequency of the reflectometer was changed shot by shot to reflect at
different radial positions. Six different frequencies were chosen to cover the density
range of interest. Electron density and temperature profiles have been measured by
Thomson scattering. Fig. 1 gives the density profile and the location of the 6 reflection
points. The accessible range is between about 0.17 m and 0.09 m. For each of the 6
different frequencies, reflectometry data where taken during 3 - 4 shots. The output
voltage from the detector was digitized with a sampling rate of 1 MHz during the time
interval 0.11 - 0.16 s (5x10* points are taken).

Results And Discussion
The amplitude spectrum of the reflectometer signal which is obtained by fast Fourier
transform technique is given in fig.2 for channel 5 as an example. In the spectrum
a monochromatic density perturbation with a frequency of 22 kHz is observed. The
harmonic structure agrees with what is expected. The determination of the phase oscil-
lation amplitude can be achieved by the analysis of amplitudes at different harmonics,
Fig.3 shows the radial distribution of the phase oscillation amplitude A along the ra-
dius for 0.122 s, the time of maximum activity. A well defined mode is observed located
at 0,105 m. In addition strong oscillation at the plasma edge outside the separatrix is
present. An estimation of the amplitude of the density fluctuation can be done using §
the expression:

énfn = (A®/2r)AVn/n

resulting in about 3 per cent relative fluctuation level at 0.105 m. In the following we
only concentrate on the instability at r = 0.105 m and its configurational implications:
The vacuum iota profile of WENDELSTEIN VIL-AS for this series of discharges shows
a low positive shear which brings iota close to 0.5 at the plasma center. As mentioned




1574

small OH current is induced to compensate the bootstrap current keeping the
nt at zero level. Nevertheless the bootstrap current and the induced current

¢ different radial positions resulting in local net currents. Small deviations from
ﬂowba Janced heating and beta effects (Pfirsch-Schliiter-currents) modify the iota profile
ﬁ?ﬁlit?oﬂalw- Under these conditions the rational value + = 0.5 (q = 2) can be reached
. cide the plasma giving place to island formation and pressure driven instabilities. The
= t likely interpretation for the origin of the MHD activity observed is therefore the
e f the resonant surface q = 2 at the radial position r = 0.105 m.

above @
et curre

location O
Additional information about the position of the rational q = 2 surface can be

derived for the same series of discharges from the time evolution of the reflectometer
signals. The OH transformer used to keep the total plasma current at zero level shows a
small 300 Hz ripple. This ripple modulates the plasma current around its average zero
level, resulting in a 300 Hz modulation of the rotational transform & The oscillating
current must flow in the external cold region where the resistivity is high enough to allow
for short skin times. The amplitude of the iota oscillation around the controlled value is
Eall (4x10'3] but the high sensitivity of the plasma properties to iota changes in the
vicinity of rational values generates 300 Hz modulation in different plasma parameters.
In fig.4 the time evolution of the rms value of the reflectometer signal is shown for two
extreme radial points. The rms signal of the detector output gives information about
its ac components. The 300 Hz component is a modulation of the amplitude of the
broadband turbulence. A clear synchronization between iota and reflectometer signals
exists exhibiting a phase jump as function of radial position. For the channels probing at
radial positions r > 0.11 m, iota minima correspond to increasing turbulence. The phase
is opposed for r < 0.11 m : high turbulence appears at the iota peaks. The signals are
in phase forr < 0.10 m (channel 6) and in opposed phase for r > 0.11 m (channels 1-4).
The phase jump appears just at the position where stronger MHD activity is observed.

The observed effects can be used to obtain information on the iota profile even when no
well defined MHD activity or coherent fluctuation is present. This can be an effective
tool to be used in current control experiments. If a receiver measuring directely the
phase delay is used (heterodyne system with sin/cos detector), no iota modulation is
needed: the local turbulence at different radial positions can be compared directely.
Such a system is now under construction. In any case the iota modulation helps to
show clearly the configurational origin of the local enhanced turbulence.
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ITY AND TEMPERATURE FLUCTUATIONS OBSERVED BY

ECE DIAGNOSTICS IN WENDELSTEIN VII-AS STELLARATOR

H.J. Hartfu$, M. Tutter, WVII-AS Team, NBI Team
Max-Planck-Institut fiir Plasmaphysik
EURATOM Ass., 8046 Garching, FRG

ECRH Group
Institut fiir Plasmaforschung der Universitdt Stuttgart
7000 Stuttgart, FRG

Introduction

A multichannel heterodyne radiometer system with two times 12 channels is used on
WVII-AS to measure the electron cyclotron emission (ECE) both time and space re-
solved [1]. In this paper we report about sporadic observations of density and tempera-
ture fluctuations using this system. The observations are made under different operation
conditions concerning field, rotational transform, and heating scenario. In the case of
density fluctuations no direct measurement is possible using ECE diagnostics. The con-
clusions are drawn from observations near the cut off conditions and are of qualitative
character. The fluctuation level necessary to explain the observed phenomena seems to

be model dependent.

Density Fluctuations

During neutral beam injection (NBI) heating the electron density usually reaches the cut
off density resulting in a breakdown of the EC emission. Because cut off conditions are
reached at first in the plasma center, the EC emission spectrum becomes hollow in that
part which corresponds to the emission from the central region. Simulations of the EC
spectrum based on temperature and density profiles as measured by Thomson scattering
show sharp edges of the central hole in contrast to the experimental observations where
flat slopes are found. The observations can be understood if density fluctuations are
taken into account, which are treated as follows:

Plasma density and temperature are specified in 3-dimensional space. For given mag-
netic coil currents and plasma profile parameters density and temperature values are
calculated at meridional torus planes in a quadratic pattern. The distance between the
matrix points is 1.5 cm, the meridional planes are separated by 2.25 degrees in toroidal
direction. Between the points linear interpolation is used. Density fluctuations are
included by multiplying the density value n at each matrix point by 1+Fén/n, where
F is a random function varying between -1 and +1. Fig.l gives a density distribution
generated in this way which is a momentary picture of the fluctuating plasma. After
running the ray tracing code about 30 times the results are averaged.

Fig.2 gives an example of the result obtained during 1.25 T operation. As can be seen
the simulated ”profile” clearly shows the flat slope of the central hole as indicated by
the 7 channel ECE data. At 1.25 T only 7 channels are available. They all correspond
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to the high field side of the profile and monitor the 2nd harmonic X mode ECE,
absolutely calibrated spectral data have been converted to radiation temperatureg
function of plasma radius in the usual way. Thomson scattering data are includeq for
comparison.

The concept of fluctuating density can also serve to explain the power deposition Profileg
during electron cyclotron heating (ECH). They are found to be broader at densities near
cut off than obtained by ray tracing calculations for given non fluctuating sta.tiom,.l.Y
profile. Fig.3 gives an example.

A further case which confirms the concept is its application to the spatial power distri.
bution of ECH power after passing the plasma. With an antenna array which is mounteq
opposite to the launching antenna rather high power levels have been observed at large
angles which cannot be understood assuming an unperturbed static plasma. Simyl,
tions on the basis of scattering in the presence of density fluctuations lead to gogq
agreement with the observations.

It should be mentioned that the fluctuation level én/n necessary to explain the data muyst
be of the order of 10 per cent. This high level is not confirmed by other diagnostics,
Investigations on the influence of the pattern used in the simulation code are being
carried out.

Temperature Fluctuations

Two examples may demonstrate in which way temperature fluctuations reflect the con-
finement properties of WENDELSTEIN VII-AS. In general good confinement is ob-
tained if the edge value s(a) of the rotational transform is slightly above or below the
low order rationals 1/2 and 1/3. Confinement is strongly reduced in the shearless con-
figuration when +(a) reaches these values [2].

Strong temperature fluctuations were observed during EC heated transient plasma dis-
charges conducted at 2.5 T which cross «{a)=1/3 due to the monotonic development of
a bootstrap current.

The low field side of the electron temperature profile was monitored with the ECE
radiometer system at 12 different radii. When the resonant iota value is reached, the
confinement time collapses to about 15 per cent, accompanied by a shrinking of the hot
core of the plasma column. Tt takes about 100 ms until the regime of poor confinement is
crossed. This interval was analyzed by applying autocorrelation techniques to determine
the relative level 6T, /T, of the temperature fluctuations. Fig.4 gives the result as a
function of the plasma radius. About 3 per cent are found in the central confinement
region of the plasma with a strong increase towards the plasma edge.

After the ¢ range of poor confinement is crossed, the high fluctuation level almost
completely disappears: Fig.4 for comparison gives 6T /T, as determined from the same
discharge about 150 ms later. The central value is reduced by about a factor of 3, while
the edge value drops to at least 1/15.

The whole phenomenon can be suppressed by controlling the plasma current to zero
level with the aid of a small counterdirected OH current. The results obtained in a dif-
ferent shot conducted under these conditions are included in the figure too. Within the
estimated experimental errors they are identical to results obtained in the unperturbed
phase of the discharge discussed before.

Two fundamental difficulties in the measurement of temperature fluctuations with ECE
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hould be mentioned. A fundamental fluctuation level always exists observ-
erent, thermal light source. The level observed depends on the detection
d i.e. coherent or incoherent detection, and the input and video band-
diometer involved [3]. Below this fundamental lower limit of temperature
ce fluctuation can be detected. The fluctuation level of 1 per cent

diag—nostics 8
ing a0 incoh:
method applie
widﬁh of the ra

fuctuations 00 sour S
ched in the plasma center corresponds to this limit for the parameters of

ich is rea! !
:;1:1%1 OF radiometer in use. Therefore the true temperature fluctuation in the plasma

enter cannot be measured in this case. Crossed sightline correlation techniques may
o

oyercome the fundamental difficulties.

The secon
poth on the

d difficulty deals with the optical depth of the plasma at its edge. It depends
electron temperature and density. Because the radiation temperature de-

ends on the optical depth, the measured ECE signal is not only determined by the

dlectron temperature but becomes dependent on the electron density at the plasma edge
too. In this way density fluctuations can be converted to apparent temperature fluctu-
ations. The total fluctuations observed are a combination of density and temperature

fuctuations and are always higher than the temperature fluctuations alone.

Cross correlation between channels monitoring at different radial positions shows that
the strong fluctuations as found during the t=1/3 crossing are coherent over a large part
of the profile whereas in the current controlled case spatial coherence is clearly below 1
cm.

The dominating part of the fluctuation spectrum is restricted to below about 3 kHz,
reflecting the timescale of rearrangement of the bootstrap current in the plasma column.

In a second example the relative fluctuation level has been measured near the plasma
center (1 ECE channel evaluated only) during a series of shots in which t(a) has been
scanned around 1/2. As mentioned above confinement maxima are found in close vicin-
ity to the sharp confinement minimum at 1 /2. In this series of shots the line density
has been kept constant. No stationary discharge could be established at the resonant
iota value 1/2.

Fig.5 shows 6T./T. as function of £(a). A broad minimum in the fluctuation level
is observed which corresponds to the maxima of confinement near t=1/2 and its flat
decrease with increasing distance to this value. Because no stationary discharge was
possible at t=1/2 the expected sharp peak in the fluctuation level cannot be observed.
Again the central fluctuation level at optimum confinement is about 1 per cent identical
to the radiometric fundamental level. At poor confinement in the wings of the curve
about 3 per cent are found as before in the transient discharge.
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DRFC CEN/Cadarache, 13108 St PAUL LEZ DURANCE, FRANCE
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[NTRODUCTION

In this paper we describe a versatile tool which is used to scan ]
a number of optical fibers in front of the entrance slit of a
multichannel spectrometer. It is now a common technique, especially ‘
on Tokamaks with high radiation TJevel, to wuse fibers with good
transmission (T=70% for 60m length) in the visible spectral range
(250-800nm) which transport the radiation flux to the detection system
behind the biological shield. In long duration discharges as in Tore
supra (10 sec) radial scans with a single diode array (OMA) are an
alternative to a 2-dimensional CCD where all the fibers can be viewed
simultaneously.

Instead of using a moving mirror, sweeping the cross- section of
the plasma, we preferred a fixed multifiber configuration: each of the
9 fibers corresponds to a precisely mapped viawing line. Five aroups
of 9 fibers are installed on Tore Supra for Bremsstrahlung,Ha and
other measurements, but we will concentrate here on the 9-fiber system
located in the equatorial plane since it intersects at 9 points the
Jower half of the plasma diameter; the first fiber being about central
(r~0) and the last one in the scrape off layer [r=80 cm) fig.:1.
Light 1is collected from a cone expanding from 25 mm at the entrance
pupil (EP) of the specially designed triplet lens (f/2,f=50 mm,wide
angle 30°) to a spot of 60 mm at the inner carbon bumper limiter. A
rotating dichroic sheath polarizer mounted at the EP allows analysis
of the & and m polarized Zeeman pattern emitted by light impurities
[1]. In Tore Supra the toroidal field increases from the outer edge to
the dinner wall from 3 to 6 Tesla, which results in a complete
separation of the Zeeman pattern of some selected lines (e.g. Ha, Hel,
CII). This simplifies the 1line spectrum, especially in the =
(parallel to Bt) position. As is shown in detail in fig.:2, reliable
jon-temperatures can thus be calculated once the instrumental function
1.F. of the Czerny-Turner (f/5, f=640mm, 2400gr/mm) spectrometer is
deconvoluted from the measured profil {I.F.=0.5 sentrance s1it=50
pum) . A1l components of the optics are made of UV-grade fused Silica.
The PCS-1000 (Quartz and Silice] fiber (core diameter=1mm) shows good
transmission at 280nm for a fiber length of 60m. An interesting
feature of our fiber-multiplexer is that fiber bundles can be
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interchanged very quickly with fiber connectors, allowing a selection
of the viewing region. As an example we show the Hydrogen and Carbop
recycling at the front face of the pump limiter (fig.:3)

DESCRIPTION OF THE FIBER MULTIPLEXER

It is essentially composed of a quick scanning stepping motor at
the front face of the spectrometer (fig.:4). A typical step-time of
4dmsec can be achieved with an adjustable brake. The shaft bears g
1ight-weigthed wheel with a convenient diameter, so that one step
corresponds at the circumference of the wheel to an arc of 1.5mm which
is the external diameter of the fibers. 10 of them are closely spaced
at the rim of the wheel and 2 quartz lenses (f/2;f=50,100mm) form the
image of one fiber at the center of the entrance slit with 2.5
magnification (®{image)=2.5 mm). This is the heigth of the 1024 pixel
CCD-array. An important feature is that the intersection between the
fiber-image and the slit (width=50um) 1is insensitive to the
oscillations of the braked wheel at the end of each step. In fact we
are limited by the intensity of the spectral lines, using CCD-scan
times of at least 32 msec. At the end of this scan, the stepping motor
is triggered and the diode-array is zeroed during one dummy scan
(t=32 msec). The whole cycle takes in this case 9x32x2=576 msec, which
produces about 10 complete radial scans during a typical current
plateau of Tore Supra. Wavelength calibration and instrumental
function measurement are done with an auxiliary fiber, which
superposes the radiation of a spectral lamp to the plasma emission.

EXPERIMENTAL RESULTS

When the plasma is 1limited by the inner Carbon wall, strong
recycling is observed, which depends poloidally on the distance
between the Carbon wall and the last closed flux surface [LCFS). This
emission is so strong that the contribution from the remaining viewing
chord can be neglected. This is true for fibers 1 to 6 , since the
Zeemann splitting (strong-field approximation) shows = the 1/R
dependence of the Tokamak field. Due to the Zeeman splitting, the
emission can be localized with respect to the major radius R with an
incertainty of 5 cm (fig.:1). As in the case of the outside limited
plasmas, the remaining fibers show a splitting which is the sum cf the
emission of the two intersections of the wviewing chord with the
radiating layer. In fig.:2 we show three OII lines close to Hy in the
n and J polarization. A Mercury 1line yields the 1.F. for the
deconvolution of the central m components. Within the error bars no
poloidal dependence of the edge in temperature appears. We find:
Ti(H)=4.6 0.8 eV, Til0}=40 #3 eV, Til(C}=192+ 2 eV. These ion
temperatures are characteristic for the cold influxes at the very
edge.

Figure 3, shows the recycling of H,D and C at the front face of
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the pump-Timiter. Deuterium is continuously injected. Hydrogen comes
mostly from the dissociation of the H2 contained in the graphite
of all plasma facing surfaces. The increase of the Ha signal may be
due to outgasing of the pump-limiter heating up during the plasma
shot.

Figure 5, shows the strong increase of Hydrogen and Carbon
recycling during D2 pellet fuelling. The Carbon emission can be
localized due to the Zeeman splitting (weak field approximation). We
can see that it corresponds to a major radius R=1.73m (Btot=5.3T) at
the inner Carbon wall. Small dJ-components are visible due to a
misalignment of the polarizer with respect to the total magnetic
field.

[1] P.G. CAROLAN and al. Plas. Phys. Contr. Fus. 27, 1101 (1985)
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A new diagnostic has been recently set on TORE-SUPRA , to observe
charged fusion par}ic]es . Both 3 MeV (D +D~P+ T ) and 14.7 MeV protons
(D +He' =P + He* ) can be measured

DETECTOR ASSEMBLY

The detector is Tocated in a vertical port . It has been installed in a
tube separated from the plasma vaccuum by a 6 pm stainless steel foil . It
allows us to modify the detector configuration more easily , but 1imit the
measurement to the pretons only . Active cooling is necessary ; the 190°C of
the vessel are too hot for the detector

The detector is a multiple silicon strip chips : it is equivalent to 16
small detectors , placed close to one other . The entrance window , which
support the 6 pm foil , is used as a collimator . Each strip is looking at
particles with different pitch-angle ( angle between the particle velocity
and the magnetic field )

PITCH=- ANGLE 2cm

SILICON CHIP

R PROToN TRAJECTORY
(3 MeV)

FIc 1 DETECTOR RSSEM

: Tor/VIEW
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PROTONS TRAJECTORIES

For given toroidal and poloidal fields . the knowledge of the pitch-
angle permits to calculate the particles trajectories : each detector stri
is then 1loocking at the plasma on a different chord Figure 2 shows three
examples ( projection in a poloidal plane | . They correspond to the three

values of pitch-angle from figure 1 . The proton flux on the detector g
highest for the most central trajectory

These complex 1lines of sight , can be used exactly in the same way a5
more classical straight chords { e.g. optical diagnostics ) it is possible
to calculate the proton emission profile from the integral fluxes receiveq
on the detectors The spatial resolution is then related to the angulap

resolution of the detector/collimator assembly , and to the knowledge of the
magnetic fields .
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DETECTOR EFFICIENCY AND RESOLUTION

pue to the width of both the detecteor and the window , and Rutherford
scattering in the foil , the pitch-angle resolution of the system is about 3

degrees ., corresponding to a spatial resolution of 5 cm ; this value does
not take account of the uncertainties on the magnetic fields , mainly on the
current profile . Pitch-angle efficiencies of eight detector strips are

given on figure 3a .

Figure 3b shows a calculated proton flux versus pitch-angle for
parabo1ic temperature and deuterium density profile . The right-hand side of
the curve ( high angles ) corresponds to banana trajectories , and the
Jeft-hand side ( small angles ) to passing trajectories . The modulation is
due to the ripple : each peak can be correlated to a toroidal field coil
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FIRST EXPERIMENTAL RESULTS

A measured proton signal is plotted on figure 4a , with plasma Current
( 4b ) and neutron flux { 4c ). During that shot » four deuterium pellets
have been injected in the plasma . The last peak on the neutron signa] is
due to runaway electrons ( photo- neutrons ) produced during the disruption,
S0 , it does not appear on the proton signal

Direct measurement of the Doppler broadening of the proton line { Width
AE = 91.6 [T ) has been performed , but with a bad temporal resolution , dyg
to the weakness of the fluxes ( countig time of ~ 200 ms ) . However it
shows the cooling of the plasma due to the pellets ( see figure 4d )
measurements made just after the injection are lower than later ones
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IRST DENSITY FLUCTUATIONS OBSERVATIONS BY COp SCATTERING
IN TORE SUPRA

C.LAVIRON, X.GARBET, J OLIVAIN
Association EURATOM-CEA, CEN Cadarache (France)

and
A.TRUC, A.QUEMENEUR, P .HENNEQUIN, D.GRESILLON, F. GERVAIS
PMI- Ecole Polytechnique- Palaiseau (France) :

ntroduction

A new CO7 scattering experiment has been conceived and recently
stalled on the Tore Supra tokamak.

Using a 10.6 pm electromagnetic wave to observe electronic density
uctuations has several advantages compared to microwave radiations: easy
ropagation in open air, negligible refraction effects (letting the possibility to
robe high density plasmas), large sensitivity and, from the technical point of
iew, easy plasma interface. Unfortunately the CO2 usual apparatus suffers a
reat limitation: the scattering angles are so weak that no spatial resolution in
e direction of the probing beam remains. All the fluctuations issued from a

lasma chord are observed.
On Tore Supra, we take advantage of the existence of a variable

nagnetic shear along the plasma radius to get a finite spatial resolution.The k
vave vector of the natural turbulence is mainly perpendicular to the local
nagnetic field. For a probing beam following a vertical diameter, the local

firection of the magnetic field (B = Bior + Bpol) varies along the beam. For
.ach 8y element of a diameter, the natural turbulence is located
perpendicularly to the local magnetic direction. An heterodyne technique is
1sed. The local beam is fixed. The main beam can rotate 27 around the local
heam, so that the optical kp vector, which is always perpendicular to the local
beam, can explore all directions (Qobs) perpendicular to the vertical direction
(e.g. successively exploring a poloidal direction, then the toroidal direction and
so on...). Presently, during one experiment, Oobs is fixed and so each element

of the vertical diameter contributes with a weighting factor related to the
mismatch between the azimuthal location of the turbulence and the azimuthal

value of Bobs. For one particular position of the main rotator (8obs ~ 90° in
our case), the kp is located in the meridian plane and the turbulence arising
from the centre of the discharge, where the shear vanishes, is detected. When
Bobs is increased, (~ 95 to 100°), the analyzing vector ka has left the meridian
plane. Fluctuations stemming from a positive ordinate (y>0) are detected.
Conversely, Bobs ~ 80 to 85° coincides with negative y ordinates. By this Bobs
analysis, it is possible to have a finite spatial y resolution.




1589

A further advantage of the existence of a spatial resolution results in the
use of an heterodyne receiving technique. Two acousto-optic crystals are useg
in serial to modulate the main beams in such a way that the complex spectrum
of the fluctuations is accessible. So it would be possible to determine the
direction of rotation of the turbulence in the various domains of the plasmg
(centre, gradient zone, periphery plasma and scrape off layer).

II.Experiment

The apparatus is able to silmultaneously measure the fluctuationg
associated to two wave vectors k; and k, .The beam issued of a CO» laser is
splitted into three beams using two acousto-optic deflectors. Two of these
beams have the same power and constitute the main beams, the third one, of
weak power, is used as a common local oscillator for an heterodyne detection
(one of the main beams and the local oscillator are respectively modulated at
frequencies ;=42 MHz and f;=80 MHz).The two scattering signals
superimposed on the local oscillator are collected on a photovoltaic detector.
The radius of the beams in the plasma is about 3cm; it corresponds to a k
resolution Ak=0.7 cm-1, The modulus of the accessible wave numbers are
between 3 and 40 cm-1.

T Spatial resolution

For a fixed ka observation vector, wich makes an angle 8gps with the

toroidal direction, each element 3y of the vertical plasma diameter contributes
to the scattered signal, with a weighting factor related to the mismatch
between Ogps and the azimuthal direction of the fluctuation k vector,

The &y element of the scattering diameter, located at the y ordinate , is
assumed to have a gaussian azimuthal turbulence distribution around the angle
E(y) = Arctg (Bpol(y) / Bior). The probing beams have a gaussian angular
resolution around the value 845 of the form exp-((8-8ohs)/Ak/ka))2 where 0 is
the azimuthal angle.The density fluctuations are inhomogeneous along the
probing beams . A radial turbulence profile can be assumed, as given in
ref(1), for instance: én/n = ( 3 10-3 +0.1 (y/a)3), where a is the radius of the
plasma.

The power scattered by an unit element of the scattering volume is
proportional to the quantity

S(Bobsy-ka) = 8n2(y) [ exp-((8-£(y))/A6))2 exp-((B-Bobs)/Ak/ka))2 6,
where A6 is the turbulence spectrum width. Fig(1) and Fig(2) give some
examples of this calculation and of the expected radial resolution for different
values of ka and Oyps. Fig(1) shows that for the chosen values of ka and 6gps
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he scattered signal mainly originates from the central region whereas in Fig.2
 corresponds to the upper part of the plasma. Typically, for ka 29 cm-! in
arying Oobs We can separate the contribution coming from the upper,the
entre and the lower part of the vertical diameter. For ko = 15 cm-! the
ertical spatial resolution is better than 15 cm (FWHM) e.g.~ a/5. The

cattered detected signal S(Bobs,ka) has to be proportional to the integral of
uch a curve (y varying between tymax = *1.2 r/a to include the turbulence of
he scrape off layer).

V Experimental results

Preliminary experimental observations herewith reported confirm the
otentiality of the diagnostic as a tool to detect the fluctuations issued from a
ocalized radial domain and to estimate the sense of rotation of the turbulence
n the Laboratory frame.

For instance, Fig.3 corresponds to a ka=12 cm-1 wave number analysis

or Bobs = 95°. A significant negative shift in the turbulence spectrum is
oticed (AF ~ 120 kHz corresponding to a rotation velocity of 0.6 105 cm/s).

“onversely in Fig.4, for ka= 6 cm-l and B,hs=85° a positive shift is observed
AF ~ 50 kHz corresponding to a velocity of 0.5 105 cm/s). These emissions
pproximately originate from the gradient zone of the plasma.

Fig.5 is an illustration of a numerical simulation of the expected
zimuthal variation of the peak amplitude of the turbulence and its associated
requency integrated value as a function of the azimuthal coordinate for ka =6
m-! in standard working conditions of Tore Supra. Fig.6 is the result of a set
f experiments with Bobs variations. Crosses refer to the positive frequencies
f the maximum amplitude (F ~ 100 kHz) of the fluctuations and dots to the
legative values. In this case, we successively detect the upper, the central and
he lower part of a vertical diameter. The turbulence spectrum is broad but we
ievertheless notice a shift in the frequency spectrum corresponding to a
otation of the plasma.

vV Conclusion

It has been experimentally shown that the scattering apparatus on TS
llows a spatial resolution of the turbulence and a determination of the
lirection of propagation of this turbulence. A more accurate determination of
he localization domain sizes is in progress and the possibility of simultaneous
neasurements for two different wave numbers will be explored.

Reference:(1) I. OLIVAIN in Proceedings of the Cadarache Worshop on Electrostatic
Turbulence, EUR-CEA-FC 1381 Report (1989).
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TURBULENCE STUDIES IN TJ-1 TOKAMAK
BY MICROWAVE REFLECTOMETRY

T. Estrada, A.P. Navarro, ] Sanchez, B Brafias

Asociacion EURATOM/CIEMAT 28040-Madrid, SPAIN

Introduction

The analysis of density turbulence in the plasma bulk with microwave reflectometry
sontributes to the program on turbulence studies and anomalous transport which is being
-onducted in the TJ-I tokamak (R=0.30 m, a=0.10 m, Ip<50 kA, Bt<L.5 T).

The microwave reflectometer installed in TJ-I operates in the x-mode and covers the
frequency range 33 to 50 GHz with homodyne detection. The system uses a single antenna
for launching and receiving the microwave beam (1).

In this paper we present experimental results on density fluctuations taken in the radial
range from the plasma center to 1/a=0.7 (3 cm from the plasma edge), operating in standard

discharges at 1T and central density about 1-2x10'% m3, Operation in frequency sweeping
mode enabled to obtain this radial scan of the turbulence level in a single shot.

Operation at higher field (1.4 T) allowed us to reach the plasma edge and compare re-
flectometer and Langmuir probes results.

In addition a new method to study coherence lengths is presented.

Radial sweeping

Most of the reflectometers use direct homodyne detection techniques. This method has
the major advantage of simple broadband operation but in the other hand suffers from ambi-
guity in the determination of the phase delay between the reference and the reflecting layer.
Heterodyne methods or quadrature phase detection can be used but they are essentially nar-
rowband and a complete radial scan is very difficult.

In the homodyne system the phase delay ¢ of interest is measured indirectly trough an
interferometric method: the interference term which carries the phase information is:

V=E, E, cosf [1]

Where E, is the field amplitude of the reference beam and E, the field amplitude of the
beam reflected from the plasma.

Two problems arise: first, cos¢ and not ¢ is determined, the sensitivity of V to an oscil-
lation in ¢ will depend on the point around which the phase is oscillating. Second, due to
the characteristic of the microwave equipment, E; and E, are functions of the incident fre-
quency with a sharp structure which cannot be easily precalibrated and, in addition, E, can

be time dependent due to the changes in the plasma geometry during the discharge.

A method must be used to bring into a comparable scale the turbulence levels which
have been measured at different radial positions with different frequencies of the microwave
beam.

We have used frequency sweeping with this aim: If we make a frequency sweeping
during the discharge the phase ¢ will increase monotonously and, according to the expres-
sion [1], V will have a senoidal shape as a function of the frequency . For a given frequency
point, the difference between neighboring maximum and minimum is a good on-line estima-
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tion of 2 x E; E,. This is true if the “beat” frequency of the senoidal structure in V(t) is
higher than that of the changes in E; and E,.

The resulting waveform V(t) has a senoidal shape which carries as a ripple the oscilla-
tions due to the turbulence. To obtain the radial distribution of phase turbulence we proceed
on steps: First the raw signal is filtered around the beat frequency to get the normalizing
function, then the raw signal is normalized and the RMS of the signals with frequencies
above the beat frequency is taken.

In addition the method shows the periodic sensitivity of the reflectometer as ¢ is in.
creasing and some averaging can be performed, which is not possible in fixed frequency ex-
periments.

The procedure can only work if the oscillations in ¢ due to turbulence are below 2n,
which is the usual situation for microturbulence.The observation of the microscopic oscilla-
tion of V around the senoidal function can give thus a direct estimation on the phase oscilla-
tion magnitude. On the other hand a higher dynamic range in the detection system is needed
in the sweeping experiment to observe with good accuracy the turbulence ripple around the
senoidal variation in V(t). A good linearity in the detector diode is also necessary,

The speed of the displacement of the reflecting layer (7 m/s in the experiment in TI-I)
will produce a Doppler-like effect on the observed plasma waves. To minimize this effect
the sweeping must be slow. Radial coherence lengths play also some role. Simulation
experiments show that the effect of the traveling reflecting point is not severe and that the
radial distribution and spectrum of the density turbulence can be reproduced in a similar way
as fixed frequency experiments can do.

The rate of frequency change and the subsequent beat frequency must be then carefully
chosen to fulfill all the requirements.We can play with the delay paths in the reflectometer to
have a suitable 8¢/5f.

For one-antenna reflectometers the path lengths must be also chosen in such a way that
the parasitic reflections can be spectrally separated from the relevant signals. In this sense is
always easier to apply the present method to reflectometers with separated antennas to
launch and receive the beam.

The experiment was performed in TJ-I by sweeping from 33 to 46 GHz in 10 ms, fig 1
shows the frequency spectrum of the recorded signal. Around 3-4 kHz we have the plasma
to reference beat frequency and turbulence is taken for f > 10kHz. The peak around 0.5 kHz

t.!ﬂ—i l’:‘!
el [

£.20- W

, \‘»\)I
| kfl.ﬂ c.o54

W' FrOTMErI _
i‘z L L S \r\l;:“y:' T B r=0.09m r=0:d
10 10 10 2 s
FREQ (Hz) LoD BT 3EC 40 4RO 4kD 4EC 4ED
FREQ (GHz)
Fig.1 Spectrum of the reflectometer signal in Fig.2 RMS of the normalized reflectometer signal

a frequency sweeping experiment in a slow frequency sweeping (10 ms)
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i« que to_the beating between the reference beam and the reflected one at the vacuum

Is-ﬂdow. Fig 2 shows the normalized turbulence level for the different incident frequencies (

1 GHz corresponds to r=7 cm and 46 GHz are close to the plas_ma cen_ter_for this dis-

harge)-The fine structure in the turbulence which appears on fig 2 is non-significant since

icl {5 in the order of the present accuracy of the method. Further improvements in the dynamic

range of the detection and in the normalization procedure could give meaningful pictures of
the turbulence fine structure ( rational surfaces).

A normalization of the radial density fluctuation level for this experiment can be ob-

tained by taking into account the vacuum

0.10-) wavelength and density gradient for the differ-

S ent reflecting points. This will still enlarge the

\'\ magnitude of the edge fluctuations (lower mi-

crowave frequencies). The result is consistent

with previous reflectometric measurements

and with the probe results at the edge: strong

density fluctuations are present at the plasma

edge and they decay very fast when moving to

W, deeper radial positions (2), (3).
.10 | A similar experiment was taken with a
faster sweeping (33 to 48 GHz in 1 ms) which
0.05 is more convenient for the short plateau times
r=0.09m r=0.0 (10 ms) in TIJ-I but has the disadvantage of a

|- S higher beat frequency ( 40 kHz) and a higher
12.094.0 T80 3.0 10,0 42.0 400 6.0 A%.0 5D Dopplcr shift. Only turbulence frcquencies
FREQ (GHz) above f  can be taken into account. Fig. 3

shows the distribution of turbulence in this ex-
periment for frequencies higher than 60 kHz.
The radial behavior is similar to that obtained
in the slow sweeping experiment.

Turbulence with frequencies below the beat frequency will appear as a phase modula-
ton effect. If we make a very fast sweeping the density profile with the local perturbations
due to the turbulence could be obtained. Then the analysis of density fluctuation on time
could be changed to the analysis of a density variation on space. Some simulation studies
will be accomplished to evaluate whether a local density profile reconstruction process could
bring the high accuracy needed to observe density

Fig.3 RMS of the normalized reflectometer sig-
nal for a fast frequency sweeping (1 ms).

variations in the 1% range. AU
The spectra of the density fluctuations for dif-
ferent radial positions have been obtained, no major N
changes in the spectra structure were found for stan- "
dard discharges without strong MHD activity. Probe ,!hu
Comparison with probe measurements were per- I

formed in discharges at 1.4 T were the reflecting
ayer for 33 GHz goes closer to the plasma edge. Fig -

4 shows the amplitude spectra taken by a Langmuir

robe and by the Reflectometer in fixed frequency ’
peration. The spectra are very similar, mainly at [~ /\
ow frequencies, the maximum amplitude appears at

70 kHz for the reflectometer and at 100 kHz for the ‘MW
- Rellectometer M
robe. The decay of the power spectrum fits % FARE =T ) RERe—

' 5
with o= 2.8 for the reflectometer and @=2.9 for the _ 10 Frea(Hz) 4o .
yrobe. Coherence between both signals is very low (|8 Amplitude spectra of the density
< (.2), this is consistent with the distance between trbulence from reflectometric and prabe
he probing points: 1cm in radial direction and 3 cm ~ ™eAstrements:
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in poloidal direction for the same toroidal position.

Coherence studies

One of the most interesting features of reflectometry is the ability to obtain radial cor.
relation lengths of the density turbulence by the use of systems with two simultaneoyg fre-
quencies. The spatial resolution needed and the line integrated effects as well as the possibil-
ity of poloidal and toroidal correlation measurements have been discussed elsewhere (2), (4

Again the use of homodyne receivers is very convenient for broadband Operation (Whic}i
allows the complete radial mapping of correlation lengths) but some new problems are ip.

volved: The coherence of cos &(t) and cos (8(t)+50), where 8(t) is the oscillating phase, is
only equivalent to 1 for 80=nn: and goes to very low values for 50=(2n+1)(1t/2), this effect

depends on the amplitude of the oscillation of 8(t). Thus fixed frequency homodyne experi-
ments could produce errors in the determination of the coherence,

We propose a slow frequency sweeping method to overcome this problem : one of the
oscillators remains at fixed frequency ( a fixed gunn will be used) and the other (BWO tube)

makes the slow sweeping, then 80 increases mo-

notonously and the coherence measured shows
maxima and minima, the maxima will be taken
as significant coherence values, This allows in
addition the determination of the coherence
length in a single shot.

A simulation has been done to observe the
swinging effect in the coherence and check
whether the correlation length determined in the
dynamical process corresponds to the physical
one for the density fluctuations.

The density turbulence was generated by a
random distribution of magnetic islands (2). The
results are shown in fig.5: following the model,

10

0 ® DENSITY COHERENCE
© REFLECTOMETER COHERENCE

0,00 08 0,08

0,02 0,04 0,
DISTANCE (r/a)

Fig.5 Simulation of coherence measurements.
Solid line: fitting of the coherence of the den-
sity fluctuation for the different distances be-
tween points, dashed line: fitting of the coher-
ence as determined by a homodyne reflecto-
meter in frequency sweeping.
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0.3 in 4 mm . This is very similar to the behavior
of the reflectometer coherence which shows the
expected maxima and minima. We can also see
that strong errors could arise if only a few dis-
crete points are chosen with the reflectometer.
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X-MODE BROADBAND REFLECTOMETRIC
DENSITY PROFILE MEASUREMENTS ON DIII-D*

E.J. DovLE, T. LEHECKA, N.C. LUHMANN, Jr., W.A. PEEBLES,
AND THE DIII-D Groupf

Institute of Plasma and Fusion Research, UCLA, CA 90024, U.S.A.

In recent years, there has been a resurgence of interest in reflectometric tech-
niques for density profile measurements. This interest has been driven by difficulty
in obtaining sufficient access for interferometer systems, especially on D-shaped ma-
chines such as DIII-D and JET, while most Thomson scattering systems are limited
to at most a few pulses per discharge. Reflectometry, by contrast, can generate mul-
tiple profiles per discharge and requires only minimal vessel access, preferably on the
horizontal plasma centerline.

Two alternative approaches to reflectometric profile measurements are available;
narrowband and broadband techniques. Narrowband systems, employing modulated
Gunn sources, are attractive because of the simple source technology and low capital
cost.1? However, in practice on DIII-D and JET, actual machine performance has not
matched that of laboratory tests, though more sophisticated schemes are currently
under investigation.® By contrast, both O- and X-mode broadband systems, which
employ frequency tunable BWO sources to sweep through a range of critical densi-
ties, have obtained satisfactory results on a variety of tokamaks.*%® However, none
of these results were obtained with H-mode or high beam power L-mode discharges,
such as are frequently encountered on DIII-D. O-mode systems have the advantage
that the refractive index depends solely on the plasma density, while X-mode sys-
tems cover a larger portion of the density profile for a given frequency range, thus
requiring fewer sources. In addition, due to the magnetic field dependence, X-mode
systems can penetrate beyond the plasma centre. Taking these factors into account,
a 50 to 75 GHz, X-mode, broadband reflectometer system was installed and is now
operational on DIII-D. Profiles have been obtained under a wide range of conditions,
including Ohmic, L- and H-mode operation.

SYSTEM DESCRIPTION

The system utilizes a 50 to 75 GHz BWO as source and X-mode propagation.
Thus, the density coverage is dependent on the toroidal field strength; at full field
(2.1 T) the density coverage is ~2.0 X 108 to 3.5 x 10¥ m—3. A schematic of
the microwave circuit is shown in Fig. 1. Overmoded waveguide is used to reduce
attenuation, while mode generation at bends is minimized by the use of reduced
height, DeRonde, bends. As shown, a bistatic arrangement is utilized, with separate
transmit and receive horns viewing the plasma through a vacuum window and an
adjustable mirror. The tube can be swept full band in as little as 200 ps and, allowing
for the reset time of the tube, density profiles can be measured every 2.5 ms. Currently,
the minimum sweep time employed is 500 ps, due to the data rates at higher sweep
speeds being beyond the bandwidth of the electronics. Fringes are measured using
an automated fringe detection, timing and counting system employing a zero crossing
detector and a DSP model 2904 timer /counter module. Profiles are currently obtained

* This work was sponsored by General Atomics Subcontract §C120536 under U.S.
Department of Energy Contract No. DE-AC03-89ER51114.
t General Atomics, San Diego, California.
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at seven selectable times per discharge, expandable to 132 profiles per diSCharge_
Fluctuation data can also be obtained, simply by using the tube in CW mode, and
directly digitizing the mixer output,

PROFILE INVERSION

The measured data, ¢, (f), the phase of the reflected signal as a function of
BWO frequency, have three components; ¢,, = #y + ¢ + @y, where @, $w and
¢p are, respectively, the contributions from the air/vacuum path length, waveguide,
including dispersion, and plasma density profile. The air/vacuum and waveguide
contributions can be determined by an in-vessel calibration, so the desired plasma
contribution can be obtained by subtraction. @»(f) are line integrated quantitieg
related to the density profile through the same expression as for interferometry, vig:

re(f)
$5(5) =2k [ e, f)ir /2
Ta

where k, is the wavenumber of the probing beam, p the plasma refractive index, and
T4 and . are the limiter and cutoff radii, respectively. For O-mode propagation, this
integral can be analytically solved for the density profile using an Abel inversion, For
X-mode propagation, however, no analytic solution exists and numerical methods
must be used. A numerical algorithm has been developed to invert the data which
is similar in outline to that given in Ref. 5. However, it does not suffer from the
numerical instability problems encountered with that work.57

Consider an arbitrary step in the profile inversion process. Assume the profile
is known up to the n’th frequency, f,,. Then,

re(f

'n)
8(fa) =4rrfn/cf ) dr

For the next frequency, fn+1, the measured phase can be represented as:

"c(fn-H.) 1
H(frr1) = 41rf,,+1/cf 27y frg1)dr + 3 Ar[p (ny fn) — i (rnty fat)]

where Ar is the extra distance propagated by increasing the frequency from f, to
fat1. Now, by definition, B (Tnt1, fat1) = 0, and all the other quantities, except
Ar, are known because the profile for fn is known. Thus, it is possible to solve for
Ar, whence rnyq = 7, + Ar, and the density at this radius is known from the cutoff
condition. The density profile can thus be extended in a step by step manner using
the above algorithm. However, the edge profile up to the density corresponding to
50 GHz must be modelled.

EFFECT OF DENSITY FLUCTUATIONS

In measuring ¢,(f), the largest experimental problem is the effect of the intrinsic
plasma density fluctuations. These impart a random Doppler shift to the frequency
of the measured fringes and can distort or entirely mask the desired profile informa-
tion. While this Doppler shift is determined by the plasma conditions and cannot be
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modified, its effect on the measured fringes can be minimized by utilizing the fastest

ossible sweep time. This can be understood as follows: If the IF frequency is low,
the signal voltage will be close to zero for an appreciable time turing each half pt.ariod.
Thus, only relatively small fluctuations are necessary in order to generate additional,
spurious, zero crossings, increasing the measured phase. These spurious counts can
only increase the measured phase, and their number is directly proportional to t, the
gweep length. If the sweep is sufficiently fast to minimize these spurious counts, the
fuctuations can still modulate the counting rate by both advancing and retarding the
time of the zero crossings. In this case, using a random walk type argument, the rms
deviation from what the count would be in the absence of fAuctuations is proportional
to +/%. Therefore, the influence of both forms of phase distortion can be minimized
by reducing the sweep length, while the desired profile induced phase shift, ¢, is in-
dependent of t. As density fluctuations are largest during L-mode discharge phases,
it is immediately apparent that L-mode profiles are the most difficult to measure.
On DIII-D, sweep lengths of 500-750 ps have been employed and this will be further
decreased to 200 ps in order to cater for the most turbulent discharges encountered.

RESULTS

Using the techniques described above, good agreement has been found with
Thomson profiles in Ohmic, L— and H-mode discharges under a variety of conditions.
Examples of reflectometer density profiles, and comparison Thomson profiles, are
shown in Fig. 2. An example of the fringe quality during an Ohmic discharge phase
is shown in Fig. 3. Fringes obtained during H-mode are similar, while those for
L-mode are considerably more distorted during high beam power discharge phases.
One unexpected observation is that the plasma VSWR can change such as to affect the
measurements. During H-mode, the plasma can become a very good reflector, with
signal levels comparable to those of actual mirrors. Under these conditions, a spurious
second harmonic signal component can be generated due to multiple reflections, which
can cause distortion unless filtered out.

SUMMARY

Reflectometric density profiles are obtained on DIII-D which are in good agree-
ment with Thomson profiles, but only with the use of fast sweeps. The large changes
in plasma profile which occur between ohmic and H-mode operation are observed
to change the plasma VSWR. The system is still under development: By adding
an additional 50-75 GHz BWO and mixers, the present system will be reconfigured
to act as a correlation reflectometer, while still retaining the capability to measure
density profiles. These alterations are currently underway, and it is hoped to obtain
preliminary data by the time of the EPS conference.
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STRONGLY NON-MAXWELLIAN ELECTRON VELOCITY DISTRIBUTIONS
OBSERVED WITH THOMSON SCATTERING
AT THE TORTUR TOKAMAK

C.J. Barth, A.C.A.P. van Lammeren, Q.C. van Est,
G.C.H.M. Verhaag and A.J.H. Donné

FOM-Instituut voor Plasmaf%/sica Rijnhuizen,
Association Euratom-FOM, P.O. Box 1207, 3430 BE Nieuwegein, The Netherlands

TORTUR is a small tokamak (R = 0.46 m, a=0.085m, Br=29T) in which a plasnl%
current Ip £ 55 kA is confined during ~ 30 ms. At the plasma centre Te < 1 keV and ne < 10
. Fast current ramping at plasma formation induces a state of weak turbulence, which is
maintained during the plateau stage [1]. Additional heating is performed lgly superimposing a
fast (t = 10 ps) current pulse (Al = 30 kA) on the prlateau current [2]. The Thomson scattering
diagnostic of TORTUR [3] enables us to measure le and ne at r = 5 and 60 mm. Atr=5mm
scattered light can be collected perpendicular (1) and parallel (//) to the toroidal axis: radial and
tangential scatteting, rgsfectivcly. According to the scattering geometry (Fig. 1) tangential
scattering makes it possible to observe components of v//.

The scattered light is spectrally resolved with 2 high transmission 20-ch nnel
polychromator [3] and is detected with GaAs photomultipliers. At ng = 5%10" m™ the
observational error is less than 1%; the signals of individual spectral channels have an error of ~
39%. In Fig. 2 typical spectra are depicted along with the deviations with respect to the fitted
gaussian after correction for relativistic effects: 8yj = {yi-f(Ai))/A, where yi is the measured
signal, f(A{) is the value of the fit and A is the amplitude of the gaussian. Under some plasma
conditions - which will be presented later - yj is very small (Fig. 2a) but durin%the current
flat-top distortions with respect 10 the expected gaussian are found on radial (Fig. 2b) and
tantﬁcntia.l (Fig. 2c) spectra. The value of dyj amounts up to 5 fimes the observational error and
is therefore substantial. The typical sha]'Je of the distortions is found by averaging 8yi over 30
observations (Fig. 3a and b). At | ARl > 30 nm all data points match the fitted gaussian
accurately. Observational errors of tan ential spectra are larger than those of radial spectra, due
to a smaller collection efficiency. The deviation spectra dy(A) for radial and tangential
observations are characterized by two symmetrical dips at AN = +/- 15 nm with an amplitude
<By> of ~ 7%.Correlation studies concerning the largest negative deviations in the 4 innermost
channels of the red and the blue wing of the spectrum show four combinations with a total
probability of 80%. The four channels involved have a wavelength shift AL =A-Ag of -17.2,
211.4, +16.1 and +22.6 nm. When the position of these minina was purely a matter of statistics
a total probability of 25% is expected.

Due to the gyration of the electrons around the toroidal magnetic field lines the electron
velocity distribution for a tokamak plasma is given by f(v) = flvl, v/ ). So, in principle it is
possible to determine £(v) from the spectra observed in the radial, f(?L_Lé, and tangential, f(?\./{)
direction. However, straightforward determination of f(v) from f(A|) and f(A/) is not possible
since both measured s%ectra represent a projection of £(v) on the radial and tangential scattering
vector, respectively. Further complications arise from relativistic effects [4]. Therefore, a
computer code [5] has been written to calculate for an%anisotmpic electron velocity distribution
the corresponding Thomson scattering spectra for each scattering geometry. Application of this
code demonstrates that the congruence between the observed spectra can be well explained by
an isotropically distorted velocity distribution. In that case the velocity distribution is
proportional to the derivative of the spectrum: f(v) == df(L)/dA [6]. A typical spectrum is
obtained by superimposing the mean deviation spectrum on a thermal distribution of 600 eV, as
is shown in Fig. 4a. The corresponding f(v) is shown in Fig. 4b. From this it is clear that the
small spectral deviations (~ 7%) correspond to large deviations (~ 50%) in the electron velocity
distribution. Calculations showed that the collisional relaxation time of such a distorted
distribution is of the order of 0.5 ps [7], which is much larger than the duration of one
measurement (20 ns). To get an idea of the number of electrons involved in the distortions, a
partial density, Ane, is de ed as:

Ang = NxRp-2LOyil 94/ 01
X loj
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where RF is the calibration factor for Raylelbgh scattering, N is the number of channels with;
the wavelength interval from -30 o +30 nm, 6A; is the channel width and oj is thg
observational error of channel i. It was found that Ang scales proportional with Ne [3] resultip
in Ane/ne = 5% and 9% for the radial and tangential direction. A typical evolution in time ig
found for An just after the injection of the fast eating pulse. The time dependence of the maip
plasma parameters is depicted in Fig. 5, using a logarithmic timescale for é)cmonstrau'ng the ps-
and ms-phenomena in one picture. The smooth spectrum of Fig. 2a was observed at At=10
ms, after the fast current pulse. Correlation in time between Ang(t) and 7i(t) was found. The
latter was obtained from Ag = 4 mm collective scattering measurements [3, 8] in the frequency
interval of 0.7-3 MHz (Fig. 5g).

Similar phenomena were found shortly after minor disruptions which a peared as 5
result of strong gaspuffing. The time dependence of Ane/ne as a function of the reII;tive time At
after the start of a minor disgufption is shown in Fig. 6. There is a similarity in this time
development compared to that after the fast current pulse (Fig. 5). Here the collective scatterip

and 50 MHz [9]. In both cases - fast current pulse and minor disruption - Ane reduces when 3
redistribution in Te(r), j¢(r) and ng(r) takes place.
In conclusion, Thomson scattéring measurements at the TORTUR tokamak demonstrate

transport?

This work was performed under the Euratom-FOM association agreement with financia]
support from N\K?O and Euratom.

1 H. de Kluiver et al., Phys. Lett, 94 A
(1983) 156

2. H. de Kluiver and N.J. Lopes
Cardozo,Comments Plasma Phys. Contr.
Fusion, 11 (1988) 211

3 C.J.Barth,"Thomson-scattering measure-
ments of the electron velocity distribution
function in the TORTUR tokamak",
Thesis State University of Utrecht, 1989

4. M. Mattioli and R. Papoular, Plasma
Phys. 17 (1975) 165

5. Q.C. van Est, "Computation of Thomson
spectra for anisotropic relativistic electron
velocity distributions”, Rijnhuizen
Internal Report 89/003, 1989

6 JH. Williamson and M.E. Clarke, J.
Plasma Phys. 6 (1971) 211

7 E. Westerhof, private communication,
1989

8 H. de Kluiver, C.J. Barth and A.J.H.
Donné, Plasma Phys. and Contr. Fusion
30 (1988) 699 Fig. 1 Scattering geometry for radial

9 G.J.J. Remkes and F.C. Schiiller, This and tangential scattering at
conference. r=>5mm.




1602
p G e o P P e R ST NS L
5 121 ' oem (2
3 A, 41 el
i 10} 1 - AN
~ i i1 I d .‘
sl iooe 4 3+ { ) .
B s~ f s g 2 7 L e
%\ 4+ 4 h - J LY
; ° 1+ 4 » <
ZE 2 % Ei
o ol 11 11| p ol L 11 1 | L™
B00 650 700 750 BOO 600 650 700 750 800 600 650 700 750 BOO
— A (nm) — A (nm) — A (nm)
, 0.15 T T 1 0.3 T 711 T T 0.3 T 717 T T
“ p.10f T -4 0.2F 1 4 0.2 «ﬂ =
0.05 1 . = 0.1 m T4 4 0.1 'L- -
o uty NCIPY V'S I AL (e gy 1. K T I
0.00 1+Tf 3 0.0 41 'T+ e 0.0 -n'f §"+ XN T
-0.05 - 4 -0.1f T+ 4 -0.1} | i
-0.10F 1 4 -0.2fF T4 4 -0.2f T =
_0.15 L1 A o3l 11 e _o.gb—1 1 1 A |
-100 -50 0 50 100 -100 -50 o] 50 100 -100 -50 0 50 100
— AA  (nm) — Ax  (nm) — AA  (nm)
0.3 T o LI 0.5 R P e T
L omitte: |
0.2 . (3a) - e (3617
N . I .
> 0.1 - o ST | TR
D_OL_{\_ILi-[L L ey 0.0 DA N;In.ui
CIER NG r NEREEEE R (R
-0.1 P — | K |:: ' |
1 H = i -
-0.2 ' 1 =
PP N SO S TR T T R P ) B O T 2 S I
-100 -50 0 50 100 -100 =50 o 50 100
— Ax (nm)
1.2 : . 2.5
] 1.0 & (4a) S 2.0
g 0 7 T % ] S
0.6 T —
ok i | 1.0
0.2 T . 0.5
0.0 L L 0.0
-100 -50 0 50 100 -0.10 -0.05 0.00 0.05 0.10
— AN (nm) — v/c
Fig. 2. Scattered spectra at T = 5 mm, with relative deviations, 8yi : (a) a smooth and (b) a

distorted radial s gotrym and (c) a tangential spectrum. Conditions: Te = 600

eV and ne = 5% IOR m~ Dots: scattered [ight, open circles: plasma light.

Relative deviations for an ensemble of ~ 30 observations in the radial (a) and

tangential (b) direction. The solid line indicates the mean value.

(a) The distorted spectrum compared to the unperturbed 600 eV-spectrum

(b) Electron velocity distributions corresponding to the perturbed and unperturbed
spectra, when an isotropic distortion is assumed.




80

(kA)

80

40

20

— s I

800

(eVv)

600

400

200

— s T
l_,1|

0
".’E 8
& 7
© 6 [
-
- 5
:U 2
3 s,
2
1 o '
1 10!l 102 103 104 - 5
5
—> At (us) o 5
Fig. 5 Evolution in time of plasma 4
parameters after the injection of 2 3
the fast current pulse: =
(a) plasma current; (b) and (€): Te 2
and ne, respectively; (d) and (e) 1
Ang atr = 5 (radial) and 60 mm,
respectively; (f) and (g) scattered 0
power of density fluctuations in 1
different frequency intervals at r =
65 mm.
0.06
:I) 7 I. . T T T ]
o 0.05 : 5
5 ° o " L] _
L3
T 0.04f3 : .
L]
. g L] 9 ® e ®
Fig 6.  Time development of Ang/ng at 0.03 1 1 1* |
I =5 mm (radial) after -1 0 1 2
minor disruptions.
T Aty (ms)




h 45 1604

MICROTURBULENCE STUDIES ON DIII-D VIA
FAR INFRARED HETERODYNE SCATTERING

R. PHILIPONA, E.J. DoYLE, N.C. LUHMANN, JR., W.A. PeeBLES, C. RETTIG
e
K.H. BureeLL,’ R.J. GROEBNER,! H. Marsumoro,} AND THE DIII-D GROUP

Institute of Plasma and Fusion Research, UCLA, CA 90024, U.S.A.

A far infrared collective scattering system, to measure density fluctuations, has
been installed and is operational on the DIII-D tokamak at General Atomics in San
Diego. The primary goal of the present measurements is to determine the effect
of H-mode operation on fuctuation spectra. In addition, particular emphasis has
been placed on identifying 7; mode turbulence in Ohmic, L— and H-mode operation.
Search for the existence of m; modes has initially been conducted in the saturated
Ohmic regime which occurs at relatively low densities in DIII-D. Fluctuation spec-
tra were found dependent on plasma conditions with both electron and ion features
observed. However, large toroidal rotation velocities (20 km/s) possessing strong
radial dependence were measured which, together with possible poloidal rotation,
complicate a clear identification of 7; mode turbulence. During H-mode operation a
dramatic drop of low frequency fluctuations is observed coincident with the drop in
D, light and the k spectrum appears to narrow. This is followed by a gradual rise ofa
high frequency component possibly connected with profile modification and rot ation

effects.

FIR COLLECTIVE SCATTERING

The scattering system consists of a 245 GHz (A = 1.22 mm) twin frequency
far infrared laser. In the equatorial plane of the tokamak, the laser probe beam is
directed radially into the vessel and reflects from a special carbon tile on the centerpost
of DIII-D. The laser beam enters slightly above the midplane of the tokamak and is
angled downward by 1.5° in order to isolate the probe laser cavity from modulation
cansed by feedback laser radiation. Scattered light from the returning probe beam is
reflected out of the machine by a large metallic murror and through two 25 cm diameter
fused quartz windows. A vertically mounted optical table close by the machine holds
the optical components for the receiver channels, while the probe laser beam and the
local oscillator are transmitted by two overmoded circular dielectric waveguides from
the laser, which is located outside the machine pit.

At present three receiver channels are available to study poloidally propagating
fluctuations along the entire midplane of DII-D in the range of 0.2 < k1p, < 2.
The system is currently limited to wavenumbers of 2.5-16 cm™* at the outside edge,
210 em~! at the center and 2-7 cm™! at the inside edge because of the required
misalignment described above. Simultaneous measurements of different wavenumbers
and or different spatial locations can be made. The beam geometry of the system
dictates a wave-number resolution of Ak = 0.7 cm~! and a radial spatial resolution of
490 cm at k = 10 cm™'. The propagation direction of the fluctuations is determined
via the use of heterodyne detection techniques. Quasi optical biconical GaAs Schottky
Barrier Diode Mixers are used for the optical mixing of the local oscillator and the
scattered light. The mixed signal is amplified and digitized at a sampling rate of
5 MHz using Le Croy Model 6810 digitizers which provide a measuring time window
of 100 ms per channel.

t General Atomics, San Diego, California 92138-5608, U.S.A.
t Japan Atomic Energy Research Institute.
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DENSITY FLUCTUATIONS IN THE OHMIC REGIME

Fluctuation studies were initially made in the Ohmic regime of DIII-D plasmag,
Measurements at the outside edge of the plasma (R = 220 cm) show strong, narrow,
frequency spectra with fluctuations in the range of 50-250 kHz, predominantly af
small wavenumbers in the range of 2-5 cm ™!, The measured spectra extend to higher
frequencies but decrease strongly in scattered power at larger wavenumbers ('imp
of two orders of magnitude in power from k = 2.5 to 7.5 cm™1). Depending op
plasma parameters and plasma shape, heterodyne measurements show a detached
peak from the intermediate frequency (IF) or a rolloff in frequency space which can
be observed in either the jon or electron iamagnetic drift direction. In general, the
characteristics of density fluctuations in Ohmic DIII-D plasmas are in accord with
observations made on other tokamaks, 1~ 3 Frequency range and wavenumber spectra
are comparable as well as the level of density fluctuations which scale with the mean
density (i/n ~ constant). However, the propagation direction is found to depend
on plasma parameters and plasma shape and seems to be correlated with toroida]
rotation.

Simultaneous measurements with three receiver channels are shown in Fig, 1.
Two channels measuring wavenumbers of 3 and § cm~—1 respectively are set up in the
outside edge of the plasma (R = 220 cm) while a third channel is set to measure
fluctuations at 6 cm=! at the inside edge (R = 120 cm). Spectra from the outside

low density double null divertor deuterium plasma at 2.1 Tesla and 1 MA.

As mentioned earlier, the Propagation direction of density fluctuations has been
found to be dependent on plasma parameters and plasma shapes. In limiter plasmas
density fluctuation spectra show throughout a dominant electron diamagnetic drift
for all plasma conditions except the locked mode which shows an jon feature. Divertor
plasmas, however, show ion or electron features depending on magnetic field, plasma
current and density. At low current, low density and low magnetic field (0.5 MA;
1.5 x 10'® m~—3; 1.1 T) the spectra Show predominantly an ion drift while at high
field (2.1 T) an electron feature is observed. Maintaining the high field and low density
but increasing the current (1 MA) switches the propagation direction back to the ion
side. At high field and high current but increasing now the density (4 x 10® m~#),
brings the Propagation direction again back to the electron side. Together with thege
observations, a large toroidal rotation velocity (up to 20 km/s) possessing strong radial
dependence was measured using CER® spectroscopy. In all of the above mentioned
cases, changes in propagation direction of density fluctuations were measured to be
consistent in sign and magnitude with changes of toroidal rotation. Figure 2(a) and
2(b) show toroidal rotation and scattering measurements respectively from the outside

are predominantly in the ion direction. At low currents, rotation is decreased and
the fluctuation spectra show an electron feature. For positive toroidal rotation (ie.
direction of neutral beams) a Doppler shift of scattered signals towards the ion side
is expected. As regards 7; mode turbulence, scattering data in saturated Ohmic
operation appear to be entirely consistent with spectral shifts resulting from the
observed large toroidal rotation effects, Therefore, no clear supporting evidence has,
so far, been found for the existence of 7; modes on DIII-D,
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FLUCTUATION SPECTRA IN L-MODE, H-MODE AND ELMs

The narrow low frequency fluctuation spectra measured in the Ohmic regime
are typically enhanced in amplitude and broadened in frequency with injected beams.
During the L-mode phase preceding the H-mode, frequency spectra are slightly
shifted in the ion diamagnetic drift direction. Strong low frequency turbulence is
observed at low wavenumbers (k = 2-4 em™!) which seems to evolve depending on
beam power and duration of the L-mode phase. At the transition into H-mode, a
dramatic drop of the low frequency fluctuations is observed coincident with the drop
in Do light.* This is followed by a gradual rise of a high frequency component shifting
further to the ion direction. The high frequency component evolves typically in the
First 10 to 50 ms of the quiescent H-mode phase before settling to a frequency several
hundred kHz on the ion side. At larger wavenumbers (k = 6 cm™?) the reduction of
the integrated scattered power is greater, which seems to indicate a narrowing of the
poloidal wavenumber spectra in H-mode. Figure 3(a) shows the photodiode trace and
the FIR time slices of a single null deuterium discharge at 2 Tesla, 1 MA and a density
of 3.8 x 10*® m~3, Co-injected deuterium beams at a power of 8 MW are injected at
9000 ms and the H-mode transition occours at 2085 ms. Density fluctuation spectra
measured in the outside midplane at k = 3 cm~! are shown in Fig. 3(b) during the
Ohmic, I-mode, H-mode phase and during an ELM. The evolution of the frequency
shift again is in accord with rotation effects as shown from CER measurements.”
Co-injected beams enhance positive toroidal rotation which in the H-mode phase is
strongly increased and which may be responsible for the frequency shift to the ion
direction measured with the scattering diagnostic. ELMs basically show very similar
fuctuation characteristics to those measured in L-mode, supporting the hypothesis
that ELMs represent a transient return to L-mode.®

SUMMARY

Although fluctuations have been observed to propagate in the ion diamagnetic
drift direction in the laboratory reference frame, no clear evidence for 7; mode turbu-
lence in Ohmic DIII-D plasmas has been established thus far. Links found between
scattering measurements and toroidal rotation measurements strongly suggest shifts
in frequency space due to rotation effects. Much larger frequency shifts have been
measured in the H-mode phase where plasma rotation is known to be well above
Ohmic levels.

This work is sponsored by the U.S. Department of Energy under contracts DE-
FG03-86ER53225 and DE-AC03-89ER51114.
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ION TEMPERATURE MEASUREMENTS AT JET

H.W.Morsi, M.von Hellermann, R.Barnsley, J.J.Ellis,
R.Giannella, W.Mandl, G.Sadler, H.Weisen, K-D.Zastrow*

JET Joint Undertaking, Abingdon, Oxfordshire, UK
*Royal Institute of Technology, Stockholm, Sweden

Introduction ]

Record performances of the JET tokamak in 1989 are  reflected in a
significant increase of the product of jon temperature and deuteron
density and the length of time for which those values were sustained.
The measurement of a radial ion temperature profile and its peak values
on axis play a key role in the assessment of fusion performances. We
address in this paper the reliability of ion temperature measurements
and compare the diagnostic techniques at the JET tokamak.

Instrumentation

The measurement of ion temperatures at JET is based on four independent
diagnostics (Fig.1), a high resolution X-ray spectrometer [1] and two
active ~ beam  charge  exchange  diagnostics [2,3] using  visible
recombination radiation, and a neutron yield monitor measuring the total
neutron rate[4].

The X-ray spectrometer (KX1) views the plasma at a single horizontal
line of sight along the mid plane of the JET torus intersecting the
plasma centre twice. The instrument is of Johann type with a bent
crystal of long focal length  (25m) providing  high  resolution
(J\/M=2000’(p and a geometry with crystal and detector placed outside the
torus hall. The maximum time resolution is 20ms.

The multi chord charge exchange diagnostic (KS4) wuses a fan of
horizontal viewing lines intersecting the neutral beams in the torus mid
plane at radii between plasma centre and plasma boundary taking spectra
at up to 12 discrete radial positions. An additional charge exchange
diagnostic (KT3) uses a single vertical viewing line intersecting these
neutral beams at a major radius of 3.lm (plasma centre). The collected
light of both CX diagnostics is transferred by quartz fibres to remote
spectrometers and multi-channel detection systems. A UV optical link
without fibres is presently comissioned. Splitting  the light into
different  spectrometers enables the simultaneous  ion temperature
analysis of the main light impurities and that of the bulk plasma
deuterons.

The neutron yield monitor diagnostic KN1) consists of 3 pairs of
fission chambers (detectors) attached to the magnetic limbs at the torus
mid plane. Since the neutron production is comcentrated to the plasma
core, the observed mneutron yield is representative for the central
thermal jon temperature and ‘deuteron density. The yield is recorded
continously with a sampling rate of 10ms.

Data analysis and results

The spectroscopic ion temperature measurements are based on the Doppler
broadening of spectral linefﬁ emitted by either highly jonized medium 7%
impurity ~atoms, e.g. Ni®" in the case of high resolution X-ray
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spectroscopy [513 or in the case of charge-exchag} ¢-spectroscopy by
fully stripped light impurity ioms, & Be or C FZ,SF The passive
emission of the resomance line of Ni represents the hot plasma eqre
whereas the locations of the active CX emission are defined by the
intersection of neutral beam and respective  viewing lines giving 5
spatial resolution of the order of 1% of the major radius (+3cm).

During ohmic heating the neutron production can be assumed to be
entirely thermal and central ion temperatures can thus be derived from
observed absolutely calibrated neutron ield, and a deuteron density
derived from an averaged value of Zerr, measured by  visible
bremsstrahlung.

Fig.2 gives an example of a JET pulse (#20934) showing results of the 3
ion temperatures in the various heating phases.” In the ohmic phase the
values of Ti(neutron) and Ti(Xtay) agree typically within 20%. The
latter depending on the concentration of nickel in the centre of the
plasma required for a minimum signal-to-noise ratio. In the additional
heating phase, characterised usually b an  enhancement of nicke]
concentrations and light impurity levels of the order of 1 to 5% of the
electron  density, the X-ray and CXS diagnostics measure the ion
temperature with typical 20ms time resolution.

The sensitivity of the X-ray diagnostic and the analysis procedure hag
recently been improved enabling the retreval of (a¢entral ion
temperature even at photon fluxes as low as 3 10!3Fhotons s s
corresponding to nickel concentrations of the grder of n(Ni%{n(e =10"%,
The resonance line of heliumlike nickel (Ni™"w) is fitted with a
Voigt-function which is truncated on the long wavelength side of the
line to avoid unresolved dielectronic satellites.

At high electron temperatures gTe(O) > 8keV) inferred central jon
temperatures have to be corrected for profile effects induced by the
broadening and central burn-out of the emission profile of helium-ike
nickel in the plasma centre. As a result of a broad emission profile the
uncorrected ion temperature presents an averaged value weighted toward
the plasma centre. In contrast to this, an apparent Doppler broadening
can result from a velocity shear across the line of sight or a rapidly
changing  toroidal velocity during a sampling time interval. Thege
effects are taken into account by a new model which creates a synthetic
spectrum [6] and fits it to the observed specirum with the central ion
temperature being one of the fit parameters, thus providing Ti**"(0).

The synthetic spectrum is based on atomic physics data, actual
profiles of electron temperature and density, and on the assumption of
proportionality of the radial profiles of ion and electron temperature
Ti(r)aTe(r) and the flatness of the toroidal rotation frequency profile
of the plasma (i.erw < 0.5). If this assumption is not valid , for
instance during a hot-ion-mode plasma, with high toroidal velocities and
highly peaked radial  profiles, it is replaced by the mqdel functions
Ti r)=Ti(0gexp£1-m>\P(r) ) and mwt(r%:mmt((])exp(-3'(&))'1'(1) ), where
Yr) is the flux surface index and z0) the respective peaking factors
taken form the charge—exchangespectmscopy data [7]. The results in
Fig. 3 and 4 show that even in extreme cases with len temperatures of
30keV  and central angular frequencies of the order 5 10 rad/sec, the
observed spectra can be matched by the calculated emission profile, and
lead to consistent values of central ion temperatures.

For ion temperatures derived from Doppler broadened charge-exchange
-Spectra,  several errors sources are  considered. Statistical  errors
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acrease from the edge (typ.3%) to the plasma centre (typ.10%), as a
esult of beam attenuation. This also results in an increased ratio of
omnission of edge lines at the CX wavelength to the CX lines, and can
use additional uncertainties when the CX signal is low. Effects from
plume emission’ from hydrogen-like ions produced  outside the
pbservation volume and drfting into the line of sight, are estimated to
jown-bias central temperatures by less than 5%. Distortions of the
observed emission spectra due to the emergy dependence of the CX cross
sections have been systematically investigated using the recent up-date
of atomic cross-sections of He(4-3) and C(8-7) EB]. For the JET viewing
cometry, ion temperatures an toroidal velocities the decrease of
observed central ion temperatures is calculated to be less than 5% for
the n=8 to 7 tramsition of C°  in the centre of a 20keV plasma. Overall
incertainties are therefore typically between 5% (mear the edge) and 15%

(centre).

Conclusions
Qenerally the diagnostics agree within 10 to 20% and provide values for
the central ion temperatures which appear to be consistent with

predictions of neutron rates based on radial profiles of CX ion
temperature and deuteron density [QL In h%—jon—mode plasmas with
highly peaked rotation profiles and broad Ni emission profiles the
observed X-ray spectra need to be modelled. On the ‘other hand in high
density plasmas, typical for pellet fuelling or long pulse H-modes,
beam penetration can be rather poor and CX spectra difficult to analyse.
For future JET operations it is planned to investigate the options of
using hydrogen-ike nickel emission spectra, or in the case of of CX
analysis to explore the enhanced beam penetration of neutral He beams.
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Figure captions

Fig.1 Layout of the ion temperature diagnostics at the JET forus.
KX1=high resolution X-ray spectrometer, KS4=multichord (horiz.)
CX-spectrometer, KT3=singlechord (vertical) CX-spectrometer,
KNl=neutron yield monitor, KH2=pulse height analyser, NBI=neutral beam
injector.

Fig.2 Comparison of ion temperature measurements in ohmic and combined
NBI and RF heating phases. During additional heating a non-Maxwellian
deuteron velocity distribution does not allow the derivation of an ion
temperature from the measured neutron yield. -
Fig.SZﬁgot—ion-mode pulse #20983. Compagison of central Ti(C™),

T,c_if(Ni ) and corrected value of Ti(Ni™", taking into account profile
eifects.

Fig.4 Radial profile of ion temperatures.
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A SIMPLE AND SENSITIVE INSTRUMENT
FOR PLASMA ELECTRON TEMPERATURE DETERMINATION,

Yu.VeGott, V.A.Shurygin
I,V,Xurchatov Institute of Atomic Energy, Moscow, U.S.8.R

The results of designing and application of a gimple and
gengitive integral photoelectron spectrometer, (PES=I), allo=-
wing one to study the evolution of temperature Te and plasma
electron energy distribution in time are given in the paper.

The photoelectron method of Temeasuring [1,2] is based
on the fact that the thermal X-reay continuum of Maxwellian
plasma 2

My ., Le
TR (AT @

wheref ig the X-ray quantum energy, ig transformed, as & re-
gult of photoeffect, into a photoelectron gpectrum

M . néE |
SE Pl = P (£, EJEX,D/—E;/@))Q)

where £ and f;are related by £y = fé + EL' where f;is
the energy of photoelectron ¥nocked out from the {-th atomic
ghell, f;;is the electron binding energy in this shell, /s
the plesma electron density,@(t;ﬂis the function representing
gome detaills of X-ray spectrum transformation into the photo-
electron one. The Iunctionq)(fé,-f;)has e weak dependence on Ee
and it allows one to find 7o directly from the experimental
apectrum.

Such an exponential form of photoelectron spectrum for &
Maxwellian plesme is retained in the integrel photoelectron
spectrum, A4 , too. Indeed, from (2) it follows that

W .=Ef j—g JE ~exp-E/T), ©
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Thus, the slope of integral photoelectron gpectrum repre-
sented in semi-logarithmic scale can also be used for 7gdeter.
mination.

The PES-I sketch is given in Fig.1. The X-rays enter thro-
ugh & filter 1 ( carbonic foil, 5008 thick) a thin ( 1008)
carbonic target 2, located at 45° towards the incident radig-
tion, The photoelectrons emitted from the terget are energy
analysed in the reterding electric fileld concentrated between
the target unit 3 and the unit, where the microchannel plate
detector 4 is located. The grounded grid 5 increases the sig-
nal contrast range . Venetian blinds 6 reduce the probability
of the fluorescent farget radiation registering with a detec-
tor. The fast photoelectrons passing through retarding field
incident upon the venetian blinds and knock out the low-ener-
gy secondary electrons which are accelerated by the potential
~50 V and are registered with the detector.

The filter 1 was used to suppress the background produ-~
ced by an ultra-violet plasme rediastion., The PES-I has & mag-
netic screen 7 and a lead shield agesinst a hard X-ray radia-
tion effect.

The PES-I calibration was done with a monochromatic X-ray
radiation in the energy range 1.5 - 8 keV,

The developed instrument wes used for determining of the
plasma electron temperature in the experiments on & small toke-
mak with plasma density 1012-1013 cm'3,discharge current 20=50kA,
minor radius 6 cm, major radius 37 em, discharge duration 10-

20 ms.

The integral photoelectron spectra measurements were per-
formed in the current mode of operation in the energy range
0e1 = 2 keV by two methods:

a) by changing of analyzing voltage during the time interval
determined by the X-ray radiation intensity. In these expe-
riments it was equeal to 1-2 msy

b) by changing of analyzing voltage from one discharge to ano-
ther.This method allows one to follow & change in the photo-
electron flux with the energies higher £ ( see(3)) during the
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hole discharge. At the good reproducibility of plasma parame-
ers, it is possible to determine its temperature, /o, at any
.ime with the resolution higher than that in a).

The results obtained by both methods for e stationary
shase of discharge coincide with each other. The spectra ob-
-ined for different discharge currents are given in Fig.2.The
-emperature of a main, 725, and superthermal part, I&hs of
hlasma electron energy distribution function aend a relative
mount of superthermal electrons,CK , are given in the Table:

curve in Fig.2 I,kA Teh eV —l;f;,, eV X %

1 25 94 280 9
2 40 100 433 4
3 48 132 1170 2,6

In conclusion one should emphasize the main advantages
of the technique under discussion:
1, The PES-I is & simple instrument with the sengitivity suf-
ficient for spectral measurements in the current mode of regis-
tration. The absence of loading limits is en esgential adven-
tage of the PES D,E:[a.nd PES~I over traditional X-ray PHA sys-
tems,
2, The spectrum scenning in a wide energy raenge, with high
time resolution, essentially simplifies ( in comparison with
the filter method) the delivery of information on the evolu-
tion of plasme electron energy distribution.
3, The detector of the PES-I, as well as in that of PES, does
not face the plasme directly. It is especially valuable for
diagnostics of the D-D and D-T plesmeas.

References
1. Yu,V.Gott, A.N.Silaev, R.R.Chistyakov, V.A,Shurygin, Nucl.
Instrum, Meth. Phys. Res., 1983, v.214, D.463
2. Yu.V.Gott, V.A.Shurygin, Nucl. Fusion, 1988, v.28. p.543
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DETERMINATION OF POLOIDAL FIELDS BY THE PECULARITIES
OF ELLIPTICALLY POLARISED PROBE WAVE IN TOKAMAK

Yu.N.Dnestrovski]j, E.S.Lyadina, V.V.Chistjakov
I.V.Kurchatov Institute of Atomic Energy, Moscow, USSR

A technique of poloidal field distribution reconstruction
by the characteristics of a probe wave with an arbitrary
elliptic polarization has been developed. This technique is a
generalization of poloidal field diagnostics by the Faraday
effect. This technique allows one to carry out the measurements
under operatins conditions, when the relationship

P B% ny Al << 1
necessary for the dilagnostice based on the Faraday effect, is
not satisfied. In this case the following opportunity emerges:

1) to increase the wave length of a probe radiation;

2) to include the regimes with high density and with a
strong toroidal field into the range of the regimes accessible
to measurements;

3) to rise the magnitude of a registered signal, thus
improving the signal-to-noise ratio.

The model of S.E.Segre [1] has been used for representing
the evolution of eleciromagnetic wave polarization in pla.sma.

The point on the Poincare sphere with lo itude and
latitude 2y represents uniquely the state of olarization
ellipse: orientation ¢ and the ellipticity s_b/a. 2 y = +b/a.

The evolution of the pola.riza.tion state for a plane
electromagnetic wave propaga the plasma is
accompanied by the moving of the ola.riza ion vector S on the
Poincare sphere and is described by the following differential
vector equation:

=0 (1) ® §(1) 1)

Bl&,

- w
where Q= B ( Heq—Ho )*ve

w is the wave frecuency, (., and |, are the refractive indices

of the slow and fast characteristic waves in local space point.
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S

C, 1s the polarization vector of the fast characteristic
wave.

Vector O depends on the wave length, total toroida]
plasma current and toroidal magnetic field, on the magnitude
and profiles of plasma density and poloidal magnetic
field. Electromagnetic wave propagating through the Plasma
provides the information about local .distributions of the
poloidal field and plasma density which can be used for the
reconsiruction of these parameters.

An algorithm for solving a direct problem (1) allows to
calculate several parameters of outcome elliptically polarised
wave as a function of the position of the view chord at
different initial probe wave polarizations. Such parameters
are: Stokes parameters Bys Bos Bgs ellipticity g ,
orientation ¢ ,the fraction of the output radiation power in
the polarization orthogonal to the input polarization and the
projection E of the polarization ellipse into one of the
coordinate axis which is experimentally registered.

The dependences of these characteristics on:
1) probe wave length;
2) magnitude and profile of plasma density;
3) direction and magnitude of toroidal magnetic field;
4) direction and magnitude of toroidal plasma current

have been studied.

The sensitivity of the registered signal to the variations
of the current density profile is studed also (Fig.1).

The optimal relationship between the current direction in
the plasma, toroidal <field and the probe beam direction,
providing the best sensitivity of the method, have been found.
Fig.1 shows that the measurements are informative only at that
slde of plasma cross section where the probe wave and the
vertical component of poloidal magnetic field have the same
direction. Therefore the real diagnostic experiment should
guide probe wave in itwo opposite directiong inside/outside the
plasma center.

It has been found that an elliptically polarized wave
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provides & greater information about the poloidal field
gistribution near the plasma center , than a linear polarized
wave. Fig.1 shows that for different plasma current profiles
the magnitudes of the registered signals at (X¥=0) are different
too. This fact allows to correct g-value determination in
plasma center. For the linear polarized wave used by the
Faraday effect diagnostic and for the axial symmetric model of
plasma the different current density profiles have the same
value of registered signal at (X=0). Therefore q(0)-value may
pe determined only from the gradients of the experimental
curves. At the measurements of the elliptically polarized wave
the different values of registered signal at (X=0) give absolut
(but nonlinear) scale for q(0) determination. In this case the
comnections between registered signal and internal plasma
parameter distributions are more complex (in particular,
ponlinear), than for linear polarized wave, but these
connections are not degenerated in plasma center.

The multichannel eleciromegnetic wave probing with known
initial polarization allows to reconstruct the local space
distribution of poloidal magnetic field with the using of
pecularities of the outcome elliptically polarized wave.

An algorithm for solving a non-linear inverse problem on
the recovery of a poloidal field, current density and q
profiles has been developed. The distribution of the poloidal
field belongs to the functional class:

B(r):BD(r)+B1(r)

2
where By(r)=2 b r (1-T /2) corresponds to the parabolic
distribution of the current density,

m
B, (r)=r (1-r%)? 3 c,r?t
i=0
similates the deviation of the solution from Bo(r).
Natural physical conditions
B(0)=0, B(a)=b=0.2Iy/a, 3'(0)=0, j(a)=0 are satisfied.
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The coefficients cy are determined by approximation of
experimental data. The special regular algorithm for
minimization of nonlinear discrepancy functional is designed.

The numerical simulatiion allows to study the processing
accuracy and stability. Processing consisis in the sequentia]l
solution of two inverse problems:

the first step: electiron density profile reconstruction from
phase measurement with the certain level of noise;

the second step: B(r) -profile nonlinear reconstruction with
noisy profile n(r) and noisy value of registered signal E(x).

The varlations of B(r),j(r),q(r)-profiles with the many
realizations of experimental perturbations are studied. It has
been found that J(r) reconstruction accuracy by elliptically
polarized probe wave has some advantages in relation 1o the
Faraday effect diagnostic.

Developed procedure for solving of nonlinear inverse
problem allows to avoid some experimental problems and moves
the difficulties from experimental into processing area.

Reference.
1.5.E.5egre, Plasma Physics, Vol.20,1978,p 295-307.
T 1 1 { T T L] 1
E
7
2 et
- 3 =
X
1 1 i ] 0 i | | | 1

Fig.1. Registered signal funcilons for different current
density profiles (1-peaked,2-parabolic,3-hollow grorile).
normalised to the same toroidal current value Iy. Initial probe

wave has linear polarization orthogonal to the toroidal
magnetic field, A ={mm ; T-10 plasma.
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SPACE-TIME TOMOGRAPHY PROBLEM
FOR PLASMA DIAGNOSTIC

Yu.N.Dnestrovskii, E.S.Lyadina, P.V.Savrukhin

1.V.Kurchatov Institute of Atomic Energy, Moscow, USSR

1. INTRODUCTION.

Tomographic reconstruction of plasma parameters local
space distributions 1is effectlve instrument for study of
tokamak plasma internal structure.

The adaptation of the tomo%raphic methods to Ifusion
diagnostic has Bsome gifficulties. The main of them is limited
mmber of chords and view directions. However ghysical
tomography has an additional opportunity for use of different
‘g priori' information, 1Iin particular the condition of
continuous time evolution of reconstructed image.

If some fusion diagnostic mainiaines rather hi time
resolution, it 1s possible to use the whole statistic
information contained in total 3-D experimental data array for
proceadure regularization and reliable space-time image
reconstruction. The multichannel 3-direction measurements of
the soft X-ray emission from the T-10 plasma with high time
resolution are the example of such a diagnostic.

2. METHOD.

The combined algorithm for tomographic reconstruction of
o_D emissivity space structure and for invest tion of its
time evolution is designed. It 1is based on classic Cormac
inversion [1] using the expansion of the solution into
trigonometric Furier series in angular component and expansion
into orthogonal Zernicke polinomials R ) in ~radial

component:

¥ cos stn
g(r,0,t) = ¥ [gm (r,t) Cos m8 + g, (r,t) Stn me]
m=0
I
g (Pst) = T Gy (2B (1)
1=0

The number of angular harmonics (M+1) is equal to the
number of view directions.
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The central point of the grocessing is the determination
of the optimal number I in radial expansions, consistent with
pumber of chords and with level of measurements errors.
Unfortunately the adequate statistic estimations given by
standard regression analysis at separate time cross-section are
very sensitive to noises if number of chords is small (N=5-15)
and plasma structure 1s rather complex.

The combined algorithm uses the universal method of
stabilizing factors [2) for known 1ll-posed problem of
sumation of Furier series with noigy coefficients.

In this case the stabilized solution has radial component:

Ba(T's )= B Gy (1)ay (EIR iy (r)
[4

where qp;(t) factors (0 < Qp(t) <€ 1) ensure ihe stable

summation of the spatial expansion.
The optimal values of stabilizing factors can be obtained
by the statistic analysis of time dependences aq,,(?) of the

spatial expansion coefficients (Fig.1). We use the smoothing
spline approximation of noilsy functions a,,(t) by cross

validation method [3] without 'a priori' mnoise variances
giving. It allows us to obiain some statistical estimation for

variance Oil of each noisy coefficient o and to construct

optimal stabilizing factors
N - =
qmz(t):[f—(ogz/aél(t))] ) [1+(o§ﬂ/a§1(t))z]

These factors are consistent with the level of measurement
errors. With increase of spatial harmonic number 1 variance

cﬁz increases also and stabilizing factor gp,(t) tends to

zero. The stabilizing factors procedure realizes the adapiive
filter select the valid signal and surpressing the noisy
component. In fact this method takes into account the Treal
sgectral characteristics of signal and noise. In comparison
with abrupt limiting of spatial harmonics number this method
allows to surpress artifact osciillations of reconsirucied
image at plasma edge.

The use of the spline approximation for the time
dependences of the coefficients a,;(t) ensures the smooth iime

evolution of the reconstructed 1m%§e.
Numerical simulation have defined the processing accuracy
and insensitivity to noise at real detector configuration.
Space-time numerical procedure is realized on IBM PC-XT/AT.
Grafic service allows oné to show the continious film on time
evolution of contour glots and profiles for total reconstructed
emissivity (Fig.2) and for several perturbation modes.
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3. CONCLUSION.

The study of time dependences of the Fourie-Zernicke
expansion coefficients gives the criterion for optimal
regularization of the grocessing procedure and allows to "get
the smooth time evolutlon of the reconstructed image.

REFERENCES .

1. Cormac A.M., J.Appl.Phys.,1963,V.34,N.9

2, Tichonov A.N., senin V.J., Metodi reshenija nekorrekinich
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80ft X-ray emissivity during the
sawtooth crash in the T-10 plasma




B 30 1624

ELECTRON AND ION TAGGING DIAGNOSTIC FOR
HIGH TEMPERATURE PLASMAS

F. Skiff, D. A. Boyd and S. C. Luckhardt*

Laboratory for Plasma Research
University of Maryland, College Park, MD, USA

*Plasma Fusion Center

Massachusetts Institute of Technology, Cambridge, MA, USA

1. Introduction

Progress in experimental science is closely linked to the development of measurement
techniques which not only address the appropriate variables but also provide sufficient
precision. Especially in the study of complex systems, such as tokamak plasmas, the
issue of thorough diagnostics is essential in order to test the validity of theories as well
as to define the parameters for improved theories. Unfortunately, the study of plasma
transport processes has, for many years, been impeded by the fact that theoretical
and experimental studies typically involve discussions of different variables. Theory
and experiment are only indirectly related. Measurements of the variables necessary
to discriminate between different theories are frequently not available.

A second difficulty in the study of transport has to do with the nature of the pro-
cesses themselves. Transport is inherently a nonlocal process. If some physical quantity
is transported, then it is moved from one location at one time to some other location
at a later time. Therefore, neither point measurements nor global average measure-
ments directly measure transport. Global measurements may provide the bounds or
the scaling properties of transport, and point measurements may give an indication
of the state of the plasma, but neither approach indicates how transport has actually
occurred. This is particularly true in collisionless plasma where the macroscopic ob-
servables may be influenced by a variety of microscopic processes. For this reason, the
development of new and appropriate diagnostics is of vital concern to the understand-
ing of transport. In particular, diagnostics are needed which address the processes of
transport as directly as possible.

Relatively recently, the study of ion transport processes has made significant process
through the introduction of test-particle techniques.’® Test particles usually are chosen
to be identical to a given component (ions or electrons) as regards their dynamics, but
somehow distinguishable from the bulk plasma for the purposes of diagnostics. In the
case of the ion transport experiments, test particles are selectively produced in space,
time, and velocity by means of laser-optical pumping of ions into stable or metastable
quantum states. Since the dynamics of ions, in collisionless plasma, depends only on
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the ratio of charge to mass, these test ions have the same dynamics as the bulk jogg
and are distinguishable through laser fluorescence on transitions from the test particle
quantum state. This technique is also known as “tagging” because the test particleg
are effectively labeled. Since the plasma is “seeded” with test-particles at one location
and the position and velocity of test particles is subsequently detected, test particle
methods provide a direct measure of particle transport. Depending on the method of
detecting test particles, information on the transport of energy and momentum may
also be available.

Due to the appropriateness of test particle methods to the study of transport, it
would be advantageous to extend their application to electrons and to high temperature
plasmas. Unfortunately, electrons have no known internal structure. Furthermore,
both spin states are reasonably stable in magnetized plasma, and the spin orientation
is very difficult to measure. Collisionless (high temperature) plasmas do, however,
support ballistic (free streaming) perturbations which may be generated so as not to
significantly produce macroscopic fields.* Furthermore, these perturbations may be
selectively excited and detected through wave-particle interaction.

II. Theoretical Basis

Ten years after Vlasov began the kinetic theory of plasma waves, Van Kampen
showed that collisionless plasmas support hoth wave-like and free-streaming
perturbations.? Because fields and waves depend on the moments of the particle velocity
distribution function, perturbations §f of the distribution functions which have very
small moments (e.g., [ 6 fdv ~ 0) will propagate with the unperturbed particle motions.
The particle motions themselves will be unperturbed because there is no self-consistent
field generated.

In many presentations of plasma wave theory, ballistic perturbations tend to “fall
through the cracks” because only the Fourier space dielectric €(w, k) is considered. Re-
cently, there has been theoretical work which naturally includes ballistic perturbations
(or “modes”) and which demonstrates their role in wave absorption.5~¢ Wave absorp-
tion may be viewed, in this context, as a mode conversion to ballistic modes. Such
a formulation avoids the usual problems of the linear theory which does not conserve
energy (thus the need for quasilinear theory). With the advent of these more appro-
priate theoretical formulations, the analysis of ballistic mode excitation through wave
absorption is made clear. In general, the particles which are involved in the ballistic
mode created by a (“pump”) wave satisfy the wave-particle resonance condition

w — k‘[‘U" - nwc/’)’.
The detection of ballistic modes may be performed by approximately the inverse
process of their excitation. Wave absorption, as measured via the transmission coeff-

cient of a “search” wave, is a sensitive measure of the phase space density of resonant
particles. These are the particles which satisfy the resonance condition

w' = kjy—n'wl/y ~0
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with o' and k|| corresponding to the search wave. The harmonic number of the search
interaction n’ need not be the same as for the pump interaction and the local electron
cyclotron frequency w] (given by the magnetic field) may also be different. A Vlasov
tagging signal is obtained if ballistic modes generated by the absorption of the pump
wave travel to the location of the search wave and also satisfy the corresponding reso-
nance condition. Three conditions are important, therefore, for the diagnostic signal.
Firstly, the spatial separation of the beams will imply spatial transport. Secondly, if
the resonance conditions are tuned so as not to overlap, then velocity space diffusion
is indicated. Finally, the time of flight or time delay between the pump and search
signal indicates the speed of transport. In practice, the transfer function between the
pump and search beams is the measured quantity as a function of the wave frequencies
(w,w"), wavenumbers (kyj, k) and the spatial separation.

An analogy can be drawn here between the laser-induced transitions used in ion test-
particle techniques and the free-free transitions produced by wave particle interaction
which produce and detect ballistic modes. The concept of a transfer function is also
central to the interpretation of ion tagging.®” Figure 1 illustrates a possible combination
of wave-particle resonance conditions for electron Vlasov tagging. For perpendicular
propagation (k = 0) of, say, the pump beam the resonance condition is a circular arc
in velocity space. For an oblique search beam various curves are obtained depending
on the angle of propagation. Different sets of curves are obtained for different wave
frequencies. If pump and search curves intersect (as in Fig. 1) then velocity space

diffusion may not be necessary to obtain a signal.
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III. Experiments

A schematic view of Vlasov tagging is shown in Fig. 2. The first objective is to
create and detect ballistic perturbations. Experiments are planned for the Versator
tokamak involving the lower-hybrid system, an ECRH system, and the electron cy-
clotron transmission diagnostic. The first experiments will use short pulses of lower

hybrid waves or electron cyclotron waves to generate ballistic perturbations and the
transmission diagnostic to detect them.®

pump beam search beam

NS

?; Qballistic mode

X-_.._....._-.—_._._..._-.—_-..._..

/
1\\\, resonant __ff//

interactions

detectorx

Figure 2. Experimental set-up for electron Vlasov tagging.
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Tu 31
TRANSIENT INTERNAL PROBE DIAGNOSTIC
Dr. R.J. SMITH, E.J. LEENSTRA
AERP, University of Washington, Seattle, Wa.
INTRODUCTION

Internal probing of laboratory plasmas on a transient time scale is
becoming popular without its generality being fully realized. What is
meant by "transient internal probing" is the introduction of foreign
material into a plasma for a time interval much less than the plasma's
lifetime and in such a manner that unperturbed properties of the plasma
state can be measured. In general, the plasma survives this intrusion.
Examples are: retractable Langmuir probes to study the edge region of
tokamaks involving the mechanical insertion and withdrawal of a probe,
the injection of low Z pellets such as carbon, lithium or deuterium to
study transport, internal magnetic fields from Zeeman splitting of ablated
material and heat loading, and, if the plasma is translatable, the insertion
of a probe array in the plasma’s path to map the equilibrium.(1,2:3) This
paper investigates a transient internal probe (TIP) that encompasses all
of the above in principle and is of greater generality. The proposed
device is a diamond projectile that is fired through the plasma at high
speeds and capable of measuring some properties of the plasma state
along its path.

THE TRANSIENT INTERNAL PROBE

Table 1 details the properties of materials that are commonly
considered for plasma probe jackets. Diamond isn't usually included in
the list but for projectile size probes, diamond is a possibility. The figure
of merit for diamond, as shown in the last column of Table 1, is 6000
times better than that of quartz. Diamond has the highest thermal
conductivity of any material, a very high boiling point, high dielectric
strength, introduces only low Z impurities into the plasma, and is
transparent over a wide optical range. Diamonds, of the size needed for
projectiles, are not expensive, are synthetically produced as single
crystals and can be appropriately machined to carry a payload.

A translating probe in a laboratory plasma is akin to a satellite that
would be used to study astrophysical plasmas such as the earth’s
ionosphere or magnetosphere. The TIP could contain microcircuits and a
laser diode that would relay analog signals from its sensors to the lab.
Even an energy source is present via magnetic induction from the
spatially inhomogeneous fields and the probe’s velocity.
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Table 1. In order to

Properties of some common probe materials. measure magnetic
Material Tg(°K) | e tpP? ﬂeldstalong the TIp's
ajectory, a ma -

Quarz 1900 2.65 .0156 .74 ox10® HEBLORY gneto

optic material of high
Inconel 1700 8.25 .3 .2  1x106b Verdét constant can be
Alumina 2300 2.6 .26 .26 1x106b placed on the TIP ag

Diamond 40008 3.5 2628 .52 5.8x108 shown in Fig. 1. By

& CRC Handbook of Chemistry and Physics, ?ﬁiﬂi?agblaizr liilét f’f“cl);»n
1984-5, 65th Ed. :
b Reference 5. retro-reflecting  the

light back to the lab
and detecting the rotation of the plane of polarization of the laser light, a
magnetic field measurement can be made. To give one an idea of what is
possible, the properties of the semi-magnetic semiconductor
CdxMn) xTe are briefly detailed.(5.6,7) By changing x, this crystal can be
tailored to the laser’s frequency, for HeNe at 633nm, x would be .42. A
high Verdét constant of 15° per cm-gauss is obtained. The temperature
dependence of the Verdét constant can also be zeroed to first order for a
given frequency. Such sensitivities would allow the measurement of sub-
milliTesla fields using miniature crystals of the order of 1 mm in size
with the use of known detection schemes. The bandwidth of the crystal
Is greater than 3 GHz allowing the characterization of RF heating and
many low frequency instabilities appearing in the magnetic field.
Using laser light of three different frequencies, three components
of the field can be simultaneously measured as shown in Fig. 2. The

diamond’s surface is angled to the

laser beam due to light reflected
w
b’\’\’\’f’m

from the the diamond-vacuum
interface. The TIP is of 1 carat size
and would be mounted in a sabot as
shown. This is necessary since the
diamond will ruin the muzzle of the
gun, being much harder than the
steel. A sabot is also advantageous
for a number of reasons, first the
jerk from the acceleration of the TIP
Faraday Rotator Material can be very high and some of this
Mn1-xCdxTe = . can be absorbed in the sabot,
.15°/cm-gauss Z Wl second, the diamond does not have
Sabot E:,I' to be made cylindrical in shape or

274 used to seal the muzzle, third, the

TIP mounted sabot being made from soft material

in a Sabot can easily be spun up from the

Fig. 2 rifling of the barrel allowing the TIP

Schematic of a TIP with a to fired with high rotational speeds,
magneto-optic sensor to measure 3 and fourth, the sabot can be used to
orthogonal field components. block some of the blast from
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Cross following the TIP. The velocity of

the probe is expected to be in
sigtion TEmE ey exces% of 5 kn?/sec. This is
accomplished using a two stage
light-gas gun and presents no
significant demands on the
| technology. The light-gas gun would
use helium or deuterium gas so that
the vacuum system would not be
compromised. It may be hard to
control the flight characteristics of
the TIP. Tumbling can be
circumvented by spinning the TIP
Z and wobble can perhaps be

} minimized or tolerated.

a: Bandpass filters. A measurement of local plasma

b: Dielectric mirrors (3x) density along the probe's trajectory
¢ 45° reflectors (4x) can also be measured optically.
d: Verdét material Many electrical signals can be
converted to optical signals using

2 this crystal as an electo-optical

Detailed viev:v of senisor. conversion device. If microcircuits

are incorporated then various

sensors can be added to the TIP, for
instance, Langmuir probe, capacitive probes, etc. Not only can
measurements taken, but tasks can be performed. Impurities can be
deposited on the TIP using diamond deposition, allowing either low Z
impurities that would be better tolerated by the plasma or high Z
impurities that would radiate longer to be deposited in specific regions of
the plasma. Deuterium ice payloads can be loaded into a diamond shell.
The shell would offer some protection and greater injection speeds
allowing the deposition of the deuterium at much deeper regions than is
presently possible, possibly allowing fueling of the plasma at the magnetic
axis, for instance.

ELECTROSTATIC SHEATH DEVELOPMENT AND HEAT LOADING
A characteristic time for probe effects to become important is the
time required for the surface of the probe to reach its boiling point, tg.
The heat loading is strongly dependent on the plasma’s temperature, T
and density, n and is given byl
For a deuterium plasma this
P(,T) = —'\E‘T un—\j 2 4y, expression ﬁwes P = 3.6x10-13
n(cm-3) T3/2(eV) W/cm2. The
energy loading of the probe is
essentially the particle collision rate times the average energy per
particle incident on the probe’s surface. However the electrostatic
potential of the probe is the floating potential, Vi, which is negative with
respect to the plasma's potential due to the higher mobility of the




1631

electrons. The probe is essentially shielded from most of the electron's
heat flux. The probe is further thermally insulated by strong magnetic
fields and a sheath of colder particles in the vicinity of the probe. In
general the calculations may be considered to be conservative. tg has
be(t;’!)] calculated from the one dimensional heat equation and found to
be
5 TBZ(n‘KpC) where x is in W/°K-cm, p in g/cm?3, C in J/°K-g,
tgP"= 4 ’ Tgp in °K is the boiling temperature and P is the
heat flux incident on the probe's surface in W/cm2. Table 1 details these
values for the four probe materials.
Fig. 3 shows the probing time in some contemporary devices. Of
significance, are the

: s tz 400 psec time in
F ggg ﬁsgea?: Ignc, Al DIII—Dt and the 40
3 psec time in LSX,
10 kEQTR. / 403ise¢ Bla ; Both are considered
E DIOED .06 psec Qtz to be exemplary
S I : .63 usec Inc, Al plasmas iIn their
Y 1k :‘_\ .\?‘I‘ % 400 psec Dia class. More detailed
© \ 10 T8 I I results on internal
E F \I.SX 1 psec Qtz probing of
] " FRX-C @ 10 psec Inc, Al magnetically confined
€100 S HB% 6.4 millisec Dia || plasmas will be
g E \ presented and
& [ \ possible studies
105 10 psec gtz 7 \ 4 - concerning the LSX-
| 100 psec Inc, a1 s \ FRC and the DIII-D
F| 64. millisec Dia tokamak will be
i 1111 Illll 1_1 II!Il,ll 1118 LIy L1111 disic?ssfe(i. froxfn Prli.g

point of view of a

1013 1014 1015 1016 10 L 101 diagnostic.

Density (cm-3)
Fig. 3
Boiling times for probe materials in
various magnetic fusion devices.
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ON THE POSSIBILITY OF LASER DIAGNOSTICS OF ANISOTROPICALLY
SUPERHEATED ELECTRONS IN MAGNETIC FUSION SYSTEMS

A_B.Kukushkin
I.V.Kurchatov Institute of Atomic Energy,Moscow, USSR

The anisotropically superheated electrons (ASE) are known
to be generated by a resonance interaction of high-frequency
electromagnetic waves with electron plasma. Under definite
conditions the ASE eénergy may essentially exceed ( by the
order of magnitude or even more) thermal energies of
background electron plasma, the ASE distribution in
pitch-angle being concentrated around definite directions.
This situation is typical for, e.g., the electron cyclotron
heating of magnetic mirror plasmas (generation of "sloshing"
electrons) [1] and for current drive in tokamaks by means of
lower-hybrid or,sometimes, electron cyclotron waves [2].

In this work, an analysis of the possibility of the ASE
laser diagnostics is based on the calculations of Thomson
electron velocity distribution functions, which provide
qualitative description of the ASE reculiar features, were
used in calculations. The analysis of the resulted spectral
and angle distributions for scattered radiation lecads to
following conclusions:

1) if ASE effective Lomperature exceeds the temperature
Te of background plasma by a factor of only few units , the
ASF give negligible contribution to "red" wing of scattered
radiation spectrum even for relative concentration of the ASE
in background plasma A=10% . This fact, in turn, allows

la) to determine 'I'e by applying of conventional
"maxwellian" procedure to ‘“red" wing of Thomson aspectrum
(see,e.g.,[3] and cited there references);

1b) to separate ASE contribution to total spectrum by
means of the subtraction of background plasma spectrum from
"blue” wing of total spectrum;

2) the availability of adeguate interpretation of ASE
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Thomson spectrum depends on 4, laser wavelength Ro and
scattering geometry:

2a) the choice of scattering geometry (the directions of
incident ﬁo and scattered n radiation) should be based on the
fact that an increase on electron energy leads to the shift of
scattered spectrum towards larger radiation frequencies w and
to concentration of scattered radiation angular distribution
around the directions (in velocity space) of ASE formation
Since scattered intensity with fixed w is determined by the
electrons located within the definite plane in velocity space
(o - mo):a/c*(w n mmoﬁa), favourable scattering geometry
corresponds to the intersection of ASE velocity distribution
by a mentioned planes at as large angle between ;he plane and
ASE direction as possible. Most favourable conditions for the
determination of ASE velocity distribution occurs when the ASE
are formed along one definite direction (e.g.,for lower-hybrid
heating). In this case one has most strict correlation between
@ and the mean energy of the corresponding cross-section of
ASE distribution function.

2b) The ASE Thomson spectrum may be allocated within a
desirable interval of +the values of scattered radiation
wavelength » by means of an adeguate choice of RO. Thus, an
operation on the first harmonic of neodimium glass laser leads
to the values of A which are typical for "blue" wing of the
spectrum corresponding to scattering by background plasma of
usually used second harmonic radiation of the same laser.

In what follows, described approach is applied to the
diagnostics of "sloshing" electrons which are generated by
electron-cycleotron heating of plasma in mirror magnetic trap
OCRA-4 (see [4]). The distribution function of sloshing
electrons may be considered as localized ( in velocity space)
in the vicinity of two (symmetrical with respect to magnetic

axis) cones with opening angle 85 = arcsin((Ea/Bs)hq), where

L

Es is magnetic field wvalue on the resonance surface, B0 is

minimal value of B on a given force line [1]. The vector ﬁo is

orthogonal to magnetic axis and to vector 7, the angle between
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n and magnetic axis %nZSOQ, polarization vectors of incident
and scattered radiation are coincident, both being orthogonal
to the "scattering plane” which contains n and ﬁu.

Fig.1 gives exact relativistic Thomson scattering
cross-section ¢ which is differential with respect to
x:(K/Xle) and solid angle, and is expressed in terms of
squared electron classical radius. The curve (1) corresponds
to Maxwellian distribution function with Te=5 keV (no
particles in the loss cone 9<450). Some deviation from
conventional Maxwellian spectrum (curve (2)) prevents from
using of universal "Maxwellian" procedure for the
determination of Te,which relies on existing approximate
analytic formulas (see,e.g.,[3]). Therefcre, the temperature
dependence of the signal ratio for arbitrary pair of spectral
channels should be calculated and then compared with
corresponding experimental value to give finally Te'
Repetition of this procedure for different rairs of spectral
channels allows to evaluate +the accuracy of the result
obtained, and ,moreover, permits to verify the very fact of
one-parametrical (namely, temperature) dependence of ASE
distribution function. Other curves on Fig.l corresponds to
ASE Thomson scattering cross-section weighted by the relative
ASEA/(l—L\). Here A=0.1,
9SL:800 (probing of magnetic trap central point), ASE

concentration of the ASE plasma:o=e

effective temperature TSL:15,30,50 keV (curves 3,4.58) .
Applying then & procedure, which is in general analogous to
that described above for the determination of background
plasma temperature Te, one may find TSL. For the ASE Thomson
spectrum to be detected, the reguirements of 2b item should be
satisfied; as to item Z2a ,existing scattering geometry
described above is found to be quite satisfactory.
Investigation of the dependencies of Thomson spectrum on
ASE parameters reveals that it is the peculiar features of ASE
distribution function that permit to estimate the main
rarameters of the ASE without solving the "ill-posed" problem

of a reconstructing the eclectron velocity distribution
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function( in general case, non-maxwellian, non-one-
parametrical ) from it’s functional ( scattered radiation
spectrum, which is an integral over electron velocities ).

The author is indebted to A.A.Skovoroda and V.A.Zhiltsov

for valuable stimulating discussions.
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COLLECTIVE SCATTERING SPECTRA WITH ANISOTROPIC
DISTRIBUTIONS OF FAST IONS AND ALPHA PARTICLES

Galbiati S., Lontano M., Tartari U.

Istituto di Fisica del Plasma, EURATOM-ENEA-CNR Ass., Milano, Italy

Collective Thomson Scattering (CTS) is known to be strongly influenced by fast ion
and/or alpha particle populations. This taking into account, it has seemed interesting to in-
vestigate the eflects of the anisotropies often involved in the production, heating, confine-
ment and slowing down of these populations as concerns both the amount of additional
information made available by CTS measurements and the possibly conflicting role of the
different non-thermal features. We present preliminary results on two kinds of anisotropies:
a) that associated with the perpendicular acceleration of the (minority) ions in ICRH /1/ and
LIIRH /2/, leading to high temperature ratios Ry = T',/T; for the heated species, and b) that
associated with transverse particle losses due to orbits intersecting the walls /3/ and/or due
to the magnetic field ripple /4/. Anisotropies of the former type are expected to be dominant
in the heated region ol the plasma, usually the central one; that of the latter will be mainly
significant off-axis. A kind of complementarity therefore exists, while the above mentioned
anisotropies in principle can involve both fast ions and alpha particles.

Anisotropy induced by external heating - The non-isothermal and anisotropically-distributed
(minority) population has been modeled by assuming a bimaxwellian distribution in a oth-
erwise thermal plasma. For not too low magnetic angles ¢ ( sin ¢ = (k - B)/kB, k being the
fluctuation wave vector), the spectral density function S(k, w) can be obtained simply by
deflining an effective temperature for the specics (i), given by

]'ﬁ:?,r: TT cos’dh -+ 76-’) sin’ (1)

where 79 and 1 are the perpendicular and parallel temperatures, with an associated
unidimensional velocity distribution. The encrgy spread due to 7% and to 7§ will determine
the shape of the CTS spectra at large and small ¢ -values, respectively.

Numerical simulations ol S(k, «1) have been performed with reference to JET, where
NB+JCR heating has been applied to 1D plasmas with 11 or /{¢* minority species, leading to
an estimated mean cnergy of the fast ions of = IMeV with Ry up to 50 /5/. Tig. 1 shows
simulated CTS spectra for JET with a ICR-heated I1¢* population and Ry = 50. It is seen that
the effect of the suprathermal population largerly dominates in the w,, region and above
(f = 2GHz), while it extends for a range Af'~ 10 GIlz. The spectral level is | + 3 orders of
magnitude lower than that of the thermal ion [leature. In many respects the spectra are
similar to that produced by a population of alpha particles ol comparable concentration /6/;
the gencral conditions for diagnosability are therelore also quite similar. Iiven taking into
account that the suprathermically heated species can be sclectively chosen (for instance, D
ions in a D-T plasma) and thus that the anisotropy induced by external heating does not
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directly afTect the alpha particles, it is apparent that the two conlflicting populations can be
discriminated only if the anisotropy associated with the lower-mass heated ions is evidenced
by CTS measurements at two sufTiciently different ¢ -angles.

Anisotropies due to transverse losses - In a D-T toroidal plasma the energetic
(€, <3.52MeV) alpha particles (and eventually, although at a lower extent, the
anisotropically heated minority ions) can escape from the confinement region since large
perpendicular cnergies [avour trapping in the magnetic field ripples, with consequent drift
towards the wall, and/or make the drift surfaces "touch” cither the chamber wall or the
limiter /7/.

The effect of ripple-induced transverse losses mainly consists in a symmetric depletion
of the fast ion distribution function at small v values. We represent this situation by an in-
verse loss-cone distribution of the form

Fol0:0) =) 1] = 0) @
where ;. is the isotropic alpha distribution, solution of the unidimensional Fokker PPlanck
equation for the collisional slowing down; 5 = cos 0, no=cos fla, fis defining the inverse
loss-cone region : — 7y < i < + 4. Being interested in the high frequency part (w>k¥,,) of
the spectra, we shall neglect the isotropic low energy part of the alpha distribution (for
. < I, where E, is defined in /4/f).

The asymmetric (in ) losses due to the intersection of the alpha drift surfaces with the
walls can be approximated by generalizing eq.(2) in the form:

1
rorz" 6)_ = -6,&[”('?"'7])4’H(’TZ-’”]' (3)
=g
[iq.(2) is recovered [or 7, = — 1. Since we are interested in the effects of the anisotropies and

asymmetries, we can describe the alpha particle distribution merely by a high temperature
Maxwellian, fo .(v) = fa, (1)

The unidimensional distribution (1) = [dvé(u— k « k) fi(v, 0) directly involved in
the unmagnetized S(k, o), is given by (1) = (n/w'? 17)F(uef V), where

Ix) = e m _,;,2 J dée” [H(tl) m/(\,' (&, x) ) 4+ 1( 71/‘]9}/(,/ )]

X(E, x) = B — 1) = 28xt(1 + 1) + 77 = 1), (@

and {=tan iy, = 72— ¢, L=tan fi;, i=1,2. Being very energetic (Tp € &, < 3.5MeV), the
alpha particles can be taken as unmagnetized, [urther, for sufTiciently high values of the
Salpeter parameter o , provided that:

1o I,

4\/; ﬂ_,‘ [/T(' X

(5

o sing >
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in the range o = w,, the ratio between the alpha and the clectron [eature, S,/S., can become
large /6, 8/. Thus S(k, w) can be approximated by Z.(u) alone, obtaining

Sk, @) ~ -f—:} F(w]k). (6)

Figs. 2 and 3 show the approximated CTS spectra obtained under the assumptions
mentioned above and refer to the distributions (2) and (3), respectively, for difTerent values
of the magnetic angle ¢ . A thermal ion component has been included to represent the fre-
quency range covered by the ion feature. Tor ¢ > 10°, in the range 1.5 < [ < 4.2 GHz, S,
directly determines the shape of the spectral density function. The density fluctuations
propagating at small ¢ angles turns out to be particularly sensitive to the transverse losses.
Ifig. 2 shows the eflect of the symmetric anisotropy of eq. (2) for = 75°. The CTS signal
is depressed in the low [requency part with decreasing ¢ . Two measurements at dilTerent ¢
values therefore in principle can give information on the symmetric inverse loss-cone in the
alpha particle (or even the energetic minority ion) distribution. Tig. 3 refers to the case of
the asymmetric loss region described by eq. (3). For f,=90° and f,=120° a strong
asymmetry in the two "wings” of the spectrum appears, which again is better observed for
¢ = 80°. Information on this kind ol asymmetry therefore can be obtained il both wings of
the CTS spectrum are spectrally resolved and compared.
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FEASIBILITY STUDY OF BULK ION TEMPERATURE MEASUREMENT ON JET BY
MEANS OF A COLLECTIVE SCATTERING OF A GYROTRON RADIATION

F. Orsitto

Associazione EURATOM-ENEA sulla Fusione, Centro Ricerche Energia Frascati,
C.P. 65 - 00044 Frascati, Rome, Ttaly

In the proposal for a Thomson scattering diagnostic of fast ions and alpha
particles in JET [1], using a gyrotron (A, = 0.214 cm), the possibility of measuring the
plasma ion temperature was considered briefly and a preliminary conclusion was that
the signal to noise in this type of experiment should be large enough, provided plasma
turbulence effects do not affect the spectrum.

In this report we discuss the possibility of the measurement of the bulk ion
feature in detail, because the proposed diagnostic could give detailed information on
the ion dynamics through the measurement of the spatial ion temperature profile,
possibly resolved in time.

The predicted error on the ion temperature as measured by this diagnostic is of
the order of 15%, the spatial resolution should be a few cm, and the temporal
resolution is of the order of 10 ms.

The recent results of the Lausanne collective scattering experiment [2] give
concrete support to these ideas, because the general understanding is that the theory
at our disposal and the signal to noise ratio evaluation are in broad agreement with
the experimental findings, at least in conditions in which strong refractive effects
are not present.

In the present work we give a brief report of the study of the bulk ion feature in
the scattered spectrum, made considering various geometries 6, = 20°, 40°, 90°,
148°, for the plasma parameters given in Table I and we calculate the scattering
structure function S (k, ) at a given k = 4n(sinBs/2)/Xg, and frequency ©/2n, for a
deuterium plasma, and related signal to noise ratio for a measurement in these
plasma conditions. It is found that the scattered power received by a heterodyne
detector at a given angle is:

Ps(k,0=0)=3.6 1018 ng13(Po(kW)/400)T;(keV)-1/2 g4
sin"1(0g) sin"1(0s/2) (1+a2(1 + ZTe/T{)2 (W/ll2)

where n,3 is the electron density in units of 1013 cm™3, Py the incident power which
is supposed focused into the plasma at a waist radius of 5 cm and a = 1/kAp is the

TABLE 1

PLASMA PARAMETERS USED IN | IMPURITIES PRESENT IN CHARGE | MASS NUMBER A

THE CALCULATIONS THE DEUTERIUM PLASMA
ng=3x1013-1x1014 cm-3 1H1=10% = n(H)Zn; Zo =8 |Deuterium A=2
Te = 5-10 keV 160g = 6% Zc=6 | Oxygen A=16

Ti = 5-25 keV l2cq = 5% Carbon A=12
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S(K,) (Rad/s)?

%1971

Fig. 1 - ¢ = 0°, Te/Ti =1.0; Mass = 2; z = 1.0; 6 = 40.0°
Te(keV) = 10.05 ne = 3.0 1013 cm=3; BT = 3.4T

collective parameter (Ap = Debye length). For example at 40° the scattered power is
5 10-18 W/Hz.
The signal to noise ratio S/N is given by:

$/N(k,w=0)=11 ne13(PolkW)/400)Ti(keV)-14sin~1(8s) sin~1(0s/2)

where a> 4, Te = Tj and Z = 1 are supposed , the noise temperature assumed is
Tp=500 eV, the integration time 10 ms, and the spectrum full bandwidth at half
maximum is divided in 5 channels. For example at a 0s= 40°, ne13= 4, Pg = 400 kW,
Te = Tj = 10 keV, we obtain and S/N=66 on a central channel (@=0), with a bandwidth
of 100 MHz: at 100 ms, which is significant for the JET plasma the S/N is of the
order of 200.

The calculation of S(k, ) for a plasma with impurities, mainly, C, O, is carried
out and a strong modification of spectra comes out from the presence of these
impurities.

Typical fractions of impurities used are: n(H}/nign,totaFlO%,
n{OxygEn)/nign’total=6%,n(carb0n)/nion’ total= 5%. The presence of the impurities
changes the deuterium feature because the dielectric function of the plasma changes
the deuterium feature and the cross section is enhanced by a factor 2-3 for
frequencies w/op < 0.8 (wp/2n is the halfwidth at 1/e of the maximum of the
deuterium thermal feature) at Dg= 20° and ne=1014cm™3. Figure 1 is typical example
of the deuterium spectrum with impurities, the individual ion features are also shown.

The form factor S(k, w) is calculated (Fig. 2) also taking into account the
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S(K,w) (Rad/s)!

x19~!

Fig. 2 - ¢ = 85.0% Te/Tj =1.0; Mass = 2; z = 1.0; 0 = 40.0°
Te(keV) = 10.0; ng = 3.0 1013 cm-3; BT = 3.4T

magnetic field effect, and a general condition on the angle ¢ (between the k vector
and the magnetic field direction) is given in order to avoid the spectrum modulation
at the ion cyclotron frequency induced by the magnetic field and the depression in
the electron responce at low ¢ [3]. We find that at 0s= 40° the angle between the
magnetic field and the k wavevector must be less than 80° in order to avoid the
magnetic field effects on the form factor.

The role of turbulence in the modification of the scattered spectrum is
analyzed [4], in order to establish the signal level due to the scattering on non-
thermal density fluctuations and the expected range of the mean wavenumber typical
of the JET turbulence is k = 0.2-3 cm-l, while the frequency characteristic of
turbulence is of the order of 200-600 kHz, ie. the diamagnetic electron frequency.
This means that the turbulence affects heavily only the central channel where
presumably a notch filter should be used. A well accepted fit of the behaviour of the
non-thermal form factor based on gaussian behaviour in k and gives the conclusion
that the turbulence has no effect on the ion spectrum, but a power law fit, also
compatible with the available data base, should attenuate that conclusion: so an
experimental measurement of turbulence in the range of k and w typical for the ion
feature could be useful.

It is important to determine the influence of turbulence on scattering volume
definition. The signal to noise ratio (S/N) degradation due to this effect must be
included in the calculations. It is found that the plasma density fluctuation at the
edge, which is of the order of 0.1-0.5 could decrease the S/N by the same fraction
because it determines a fluctuation of the principal beam waist into the plasma.
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Spectrum asymmetries are caused by the mass motion of the plasma [5]. It turns
out that the drift of the electrons causes an asymmetry of the collective spectrum,
Such asymmetry is given by

R-1 = Sion{-xi)/Sion(xi) = (4 Ti/ZTe)(xdk/xi)

where xdk=Vdrift cosx/Vthe (x is the angle between k and VD), and xj = w/wj. If we
choose the geometry in order to have x = O, the xgk = 0.1 for JET plasma. It turns out
that in order to measure an xdk = 0.01 in a plasma with Tj=2.5 Te and Z=2.5 at xj=1,
an $/N=50 must be achieved.

The frequency instability of the central gyrotron frequency must be taken into
account in the design of the detection system and frequency tracking could be useful,
Furthermore the presence of gyrotron spurious modes in the frequency region of the
ion feature spectrum must be considered. As consequence the upper-limit on the
tolerable gyrotron power present in these modes must be determined. For 400 kW
of incident power, we can tolerate on the detector a stray power radiation of 6 10-19
W/Hz, when we measure at 40° scattering angle. This figure must be respected in
each channel of the spectrum.

Because the extraction of the ion feature from the measured spectrum depends
upon the knowledge of the electron temperature, density and Zeff, a fitting
procedure is necessary in order to determine the contributions of the various ions
present into the plasma. The experimental errors on the measurements of Te, ng,
Zeff affect the error of ion temperature measurement. A preliminary analysis
[following Ref. 6] leads to the conclusion that, for an error on the electron
temperature and density in the range of 10%-20%. The possibility of an ion
temperature spatial profile, resolved in time, could be realized tilting the collecting
mirror. It turns out that if we arrange the collecting optics in order to collect the
light at a scattering angle of 40° at the plasma center, we have at half radius an
almost doubled bandwidth and half signal to noise ratio. The S/N decrease to 1/10
from the centre to the plasma edge. Correspondingly the spatial resolution improves
in the spatial scan.
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ON THE POSSIBILITIES OF SPECTROSCOPIC MEASUREMENTS OF VARIOUS ELECTRIC FIELDS
AND RELATED PLASMA PARAMETERS FOR TOKAMAK CONDITIONS
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1. Analyze the possibilities of corpuscular-spectroscopic diagnostics
of quasimonochromatic electric fields (QEF) Er(t) = E; coswt in tokamaks.
These fields may represent microwaves from the external source used for addi-
tional heating or some regular waves exited in a plasma (as it was experi-
mentally revealed in the T - 10 tokamak /1/).But for the conditions in which
a beam of neutral atoms with velocity Y is injected across a magnetic field E?
the beam atoms experience a strong Lorentz field-f :'Vx'§7c of order 10-100
k V/em. It was already experimentally demonstrated that this strong static
field F leads to a significant shift /2/ and/or splitting /3/ of spectral li-
nes (SL).The question arises whether it is possible to detect relatively weak
QEF f_E’(t)] <« F in spite of a strong field -F"by analysis of spectra of beam
atoms.Our main idea is to use some spectroscopic manifestations which may be
caused only by joint action of a static field F’and a dynamic field ?Tt).

The first proposal is to utilize a lithium beam and then to observe the

profile of SL Li I 4603 A (2P - 4P,D,F).As a starting point recall the re-
sults of oup previous papers /4,5/, devoted to the revision of the problem of
Baranger-Mozer satellites of dipole-forbidden SL /6/ (appearing in spectra

of helium- or alkali-atoms under the action of QEF) caused by the allowance

for additional static field F. It was shown in /4,5/,that even relatively
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weak field F;;10'1 E0 drastically changes the spectra; in particular, the
field fpleads to the appearance of intense satellites separated by +wfrom
dipole-allowed SL (this type of satellites was formerly known only in spectra
of hydrogen SL under the action of QEF).

In our present case the strong field ?’completely mixes the states
4F,4D,4P of Li atom and they respond to a weak field Eft) as a hydrogen-like
structure displaying pronounced satellites separated by +eofrom the line com-
ponents 2P-4D and 2P-4F.The numerical example:the Li-beam with the energy
100 keV is injected across the magnetic field B=2.8T(so that F=46 kV/cm).If
E?t) represent the oscillations at electron-cyclotron frequency,then the sate-
llites appear separated by + ;{w =:ralﬁf/(2ﬂ:c)from the position 2001’ main
components.Their relative (with respect to a main component)intensity is
/1, [0.2 EO(chrn)_'[z.Thus upon E 1.5 kV/cm we have S/I_20.1, i.e. the
quite observable effect.In order the Doppler width of all features(controlled
by a beam divergence)to be smaller than )&o,the angular divergence of the beam
should be v, /v <102.

L
The second proposal is to use a hydrogen beam and then to observe the

profile of the SL H{3 4861 A. A strong field Fhessentially splits hydrogen de-
generate states and they may respond to a weak field ETt) by appearance of

a pronounced forbidden components(unresolved satellites)in the line centre.
Recall that under the action of static field only (E0=O)the SL Hﬁ has no
central Stark components.The numerical example:the H-beam with the energy

40 keV is injected across the magnetic field B=1.4 T (so that F=40 kV/cm).
The separation between Stark components of HFg isARF_zﬂ.DBO F(kV/cm)=1.2 A.
The relative increase of intensity in the centre of Hﬁ (with respect to main
maxima)after switching on a microwave field‘Eﬁt) is If/Iafv(G ED/F)E.Thus

upon E 22 2 kV/cm we have I./I_20.1,i.e.the rather observable effect.In
order the Doppler broadening to be smaller than the Stark one,the angular
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divergence of the bean should be V, /¥ <2.2 1072 B(T)~0.03.

In the both proposals it was assumed that the splitting of a multiplet
in the Lorentz field dominates over the pure Zeeman splitting.This is the
case under the condition,that a beam velocity v>c/(205.5 n).For the princi-
pal quantum number n=4 the corresponding condition for a beam energy is
Eheam> Ecr’ where Ecr=4'9 keV for Li and Ecr=0‘7 keV for H.

2. A new spectroscopic method for local determination of the effective
charge Zeff in tokamaks was theoretically proposed /7/ and recently experi-
mentally realized/8/.The method was baseden the two ideas.The first one is

that for tokamak conditions the broadening of hydrogen SL by protons and by
impurity ions is not quasistatic but impact, the impact withl"being proporti-
onal to Zeff'BUt [Mis approximately one order of magnitude smaller than a Dopp-
ler width Mf{i.The second idea was to use laser saturation of excited transi-
tion(with laser line width aw”

1/2
of I" in spite of a large value ofAc.sz.As the strength of laser light EG in-

«Awﬂz Jin order to extract a small value

creases,occurs an increase of fluorescene SL width (so-called energy broade-
ning):f'g=F(‘.’+G)1/2,GE(d1EEO/‘ﬁ)2/(XF),where X is the radiative level width.
This means that Doppler and energy broadenings may be distinguished from the
profiles of hydrogen fluorescence line,so that the values of ["and Zeff can be
measured .

Our third proposal is to improve this method by carrying out the analo-
gous laser saturation spectroscopy measurements but on hydrogen atoms of beam
injected into a plasma.The advantages are the following : 1) the uncertainties
intrinsic to the method /8/vanish,since the proportionality coefficient be-
tween [ and Zeff is now controlled by the well-known beam velocity ¥
(instead of hydrogen atom mean velocity<va>,which is not usually well-known);
2) the Doppler width is drastically reduced (since it is now controlled by the

beam diveregence v

_L/v"<<1);it becomes possible to carry out the laser satu-
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ration experiment on isolated Stark components of SL and the response of com-
ponents widths to the laser field action will essentially increase.

The formula for['in this case significantly differs from /7,8/ and may
be expressed as follows:

[ =§12(h/m) % (n,n' )Nevgéamln[Zemgcvbeam/(3n3h25)]}29ff, @
f(n,n'ksnz[h2+(n1-n2)2—m2—1]+n'2[h'2+(n;—né)2—m’2—1]-4nn'(n1~n2)(ni-né), .
where n1,n2,m and n1',n2',m' are parabolic quantum numbers of upper and lower
levels correspondingly; Ne—electron density.

Our fourth proposal is to combine the saturation technique not with H-
but with He- or L i-beams.The suitable SL are He I 4471 A,He 1 4922 A or Li |
4603 A(all transitions are 2P-4D).The general expressions foris
= {omny/ (3ev, o T [br o/ (n a ) TP nfmax( 4 M3 =Yy 2/ (00, ) B 2ere-(2)
where 42 and 50012 are a dipole matrix element and a distance between the
states 4D,4F.For thermal He-or Li-atoms the relative perturber-radiator ve-
locity<vrel>sza,so that the logarithm in (2)equal to zero (no impact broade-
ning).But for He-or Li-atoms in a beam ‘Vrefﬁvbeam’so that the ratio m.a,
-evrel>2/(hr12Aco12)increases in Ebeam/Ta~102-103 times,what leads to an
essential value of [".In other words, a beam may change to mechanism of He-or
Li-lines broadening by impurity ions from quasistatic to impact.Due to the
strong Lorentz field the allowed and forbidden components have comparable in-
tensities.Hence laser saturation measurements of Zeff may be carried out on
both 2P-4D and 2P-4F components.

The author express his sincere gratitude to the Alexander von Humboldt
Foundation for.the sponsoring his work,
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MODELLING OF NON-THERMAL ELECTRON CYCLOTRON
EMISSION DURING ECRH
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The existence of suprathermal electrons during Electron Cyclotron Resonance Heating
experiments in tokamaks is today a well established fact. At low densities the creation of large
non-thermal electron tails affects the temperature profile measurements obtained by 2nd
harmonic, X-mode, low-field side, electron cyclotron emission.! At higher densities
suprathermal electrons can be detected by high-field side emission.2 In electron cyclotron
current drive experiments a high energy suprathermal tail, asymmetric in vy , is observed.3

Non-Maxwellian electron distribution functions are also typically observed during
lower-hybrid current drive experiments.# Fast electrons-have been observed during ionic
heating by neutral beams as well.5

Two distinct approaches are currently used in the interpretation of the experimental
results: simple analytical models which reproduce some of the expected non-Maxwellian
characteristics of the electron distribution function are employed to get a qualitative picture of
the phenomena ( see for example Ref. 6 ); sophisticated numerical Fokker-Planck calculations
give the electron distribution function from which the emission spectra are computed.” No
algorithm is known to solve the inverse problem, i.., to compute the electron distribution
function from the emitted spectra. The proposed methods all relay on the basic assumption that
the electron distribution function has a given functional dependence on a limited number of free
parameters,* which are then "measured" by best fitting the experimental results.

Here we discuss the legitimacy of this procedure as follows. We consider as
"experimental” result the emission spectra obtained from the distribution function computed
numerically by a Fokker-Planck code and try to fit this result by a model distribution function
which depends only on a few parameters: non-thermal population, current, parallel and
perpendicular energy.

The following tokamak parameters are considered:

Te =Te(0) exp(-((1/a)/0.371)12) , T(0)=13keV ,
n=n(0)(1-(r/a)?) , n(0)=25%1013 cm3 ,
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B=By/(1+xR), B=216T, £=60 GHz , Pgc = 500 kW ,
a=26cm , R=100cm , Vi= 1.5 5 Zegr=19.
Oblique, low-field side injection of ordinary mode electron cyclotron waves is considered in an
ohmic discharge. In Fig. la the level lines of the Fokker-Planck distribution function are
presented at =0 (u=p/ph ). Note that during ECRH the distribution function has a complex
bidimensional form. We then fit the numerical result with the following analytical model:

u—u ? ol
Y

We consider the direct problem: the knowledge of the local current, non-thermal population,

parallel and perpendicular energy, as given by the Fokker-Planck solution, allows us to
determine the free parameters of the model. For comparison the level curves of the model
distribution function at =0 are shown in Fig. 1b and n(E) (= fraction of non-thermal
particles with energy larger than E ) in Fig. 2 . The high field side cyclotron emission is
presented in Fig. 3 for the Fokker-Planck solution, the previous model and for the
corresponding model with T = T1. We observe that the model is in fair agreement with the
Foldker-Planck result when the radiation is emitted by relatively low energy electrons. In the
case of vertical emission, where high energy electrons give an important contribution, the
agreement is poor.

We next consider the inverse problem, i.., the uniqueness of the parameters giving the
same temperature profile. The radiative temperature for a given frequency is the result of the
contribution of electrons with different energy, as determined by the spatial dependence of the
resonance condition ( Eres(x) = mec? ( ( 2fc(x)/ £ 32-1) ); as an example the local radiative
temperature and the power deposition are shown in Fig. 4 for f= 2f(x=14cm).The
lines of constant radiative temperature vs the model parameters are shown for the same
frequency in Figs. 5: (a) for a relatively low resonant energy (x = -0.6cm, Eres = 14 keV)
and (b) for a high resonant energy (x=-1cm,Eres=25keV ). It appears that the same local
radiative temperature ( which labels the curves in keV units ) can be obtained by different sets
of parameters.

In conclusion, we have discussed on the basis of a simple example the possibility of
modelling the non-thermal electron cyclotron emission during ECRH. Specifically, we have
shown that a simple analytical model based on the knowledge of the suprathermal population,
current and energy distribution, can fairly well reproduce the low energy non-thermal emission
as given by the numerical solution of the kinetic equation. On the other hand higher energy
emission, which depends on higher momenta of the distribution function, cannot be reproduced
by the model: reproduction of this part of the spectrum could be obtained only by using
parameters which does not correspond to the actual distribution function. As far as the inverse
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problem is concerned, we have shown that even a simple model does not allow a unique
inversion of the free parameters that "measure” the distribution function.
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INTRODUCTION- This contribution deals with the plasma physics studies
that can be performed based on neutron measurements with new techniques. In
particular, we discuss the use of the magnetic proton recoil (MPR) spectrometer as
a basic instrument for neutron measurements in compact ignition D-T plasmas.
Parallel exists with present diagnostic systems in use, for instance, at JET for the
detection of D-D neutrons. Therefore, we use the JET results both as guidance for
system design and to predict what kind of physics studies could be performed with
a diagnostic system exploiting the high neutron production of D-T burning plasmas.

NEUTRON MEASUREMENTS IN COMPACT EXPERIMENTS- The
first proposal of a compact ignition experiment was made in 1975 [1]. Since that
time, the basic premises of these experiments have been essentially confirmed,
and the design of these devices has been optimized. In this work we take the
Ignitor device as an example (see Table for a list of the Ignitor design parameters
assumed in this work).

Neutron diagnostics stand to gain in importance in fusion burning expeti-
ments for two reasons. First, measurements of 1 4-MeV neutrons can provide cru-
cial information on a-particle issues and partially replace direct o-particle observa-
tions (which are rather difficult). Second, the higher neutron fluxes and neutron en-
ergies of D-T plasmas are intrinsic advantages for neutron measurements and can
be exploited even if the associated high background radiation levels (in the form of
backscattered neutrons and Y-rays) require effective background insensitivity of the
measurements.

The main parameter determining the choice of possible neutron detectors for
measurements in compact experiments is the expected fusion neutron flux at the
detector location, F, and the width, W (FWHM), of the neutron spectrum. The former
will largely depend on the fusion performance of the experiments. For instance, the
lgnitor device is expected to produce D-T plasmas with ion densities (np=nT)of the

order of 1015 ¢m-3, confinement times te=0.4 s and ion temperatures (Tp=Ty) of 4
keV at the beginning of the current flat top. Having achieved these plasma condi-
tions, the a-particle heating would increase rapidly and the plasma would reach
the ignition condition at an ion temperature Tp=13 keV in about 2 s [2]. The neutron

spectrum is expected to be of a Gaussian shape with W(keV) =177Tp(keV)1/2. The
fusion power level at ignition would be 150 MW or more. The neutron yield in the

self-heating phase would be in the range 51018-5.1019 n/s.
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COLLIMATION GEOMETRY- Assuming the Ignitor biological protection
wall to be at a distance of about 7.5 m from the plasma, a neutron detector located
just outside the wall would record rather high neutron fluxes in collimators with rea-
sonable apertures. In particular, we consider a collimation geometry consisting of a
9-channel camera (see Fig.1) with Agp=10 cm2, Agy= 100 cm2, D= 750 cm, A< 12.5
cm (here Agp is the collimation aperture, Agi is the effective plasma cross section

area viewed, D is the detector distance from the plasma centre and A is the dis-
tance between two adjacent channels at the plasma centre). This choice of pa-
rameters gives a spatial resolution (relative to the vertical minor radius) similar to
the resolution of one of the two collimators in use at JET; the latter is found to be
adequate for detailed profile studies [3]. For a central line of sight and for peaked
emissivity profiles, the neutron flux at the detector per unit total neutron production
rate (@) is found to be about 4.10-10 cm2, corresponding to a neutron flux of

2.1010 necm2s-1 for a total neutron production rate of 51019 n/s. Since @ in a
central line of sight can vary at most by a factor of 2 in JET [3], we also expect the

central value of @ to be fairly insensitive to the shape of the Ignitor emissivity pro-
file. This is not the case for the peripheral lines of sight. Using again the results of
Ref.[3], we see that the central to peripheral (i.e, at 2/3 of the plasma vertical minor
radius) brightness ratio is =10 for broad profiles and =100 for peaked profiles.
These reference values are used in the following discussion of neutron measure-
ments in Ignitor plasmas.

THE MPR DETECTORS- MPR detectors [4] can be designed having high
(AE/E=2.5% FWHM) to modest (AE/E=20%) energy resolution and corresponding

efficiencies in the range 2-10-5 to 10-3 cm?2, respectively; this makes them suitable
for use as high resolution spectrometers (MPRs) as well as neutron counters
(MPRc). Here we consider a neutron diagnostic system for Ignitor based on these
detectors, consisting of one horizontal neutron camera for neutron brightness pro-
file measurements, and one or more spectrometers for measurements of the ion
temperature at different locations in the plasma.

The reference MPRs considered here is schematically shown in Fig.2. It con-
sists of a Quadrupole-Dipole-Quadrupole (QDQ) magnetic spectrometer which
momentum-analyzes the recoil protons from n+p reactions in a 10 mg/cm? thick, 10
cm? large CH2 target located at the collimator aperture. The acceptance of the
QDQ system is 10 msr corresponding to a neutron detection efficiency of 2-10-5
cm2. The protons are detected by a hodoscope consisting of an array of plastic
scintillation counters. The energy resolution is 2.6% as determined essentially by
target (1.9%) and optics (1.8%) contributions.

Since the detection takes place in proton counters placed out of view from the
direct neutron and v flux, this spectrometer has excellent count rate capabilities and

background rejection. The time resolving power (1/At) of the MPRs, defined as the
inverse of the collection time resulting in a £10% statistical accuracy in Tp mea-
surements, is plotted in Fig.3 as a function of the total neutron yield in Ignitor plas-
mas. The upper limit corresponds to a maximum expected count rate of 400 kHz,

i.e., Atg1 ms.
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MPRc's can be used in the neutron camera. High efficiency and small dimen-
sion are the main requirements for this application, whilst a modest energy resolu-
tion is sufficient for discrimination against backscattered neutrons. The optimization
of the MPRc design has not been attempted yet, but it should be possible to
achieve an efficiency of ~10-3 cm2 and an energy resolution of +20% with detectors
of vertical dimension =50 cm. The time resolving power of an MPRc camera for
profile measurements, defined as the inverse of the collection time resulting in a
+10% statistical accuracy in the peripheral channels for a ratio of central to periph-
eral brightness of 100, is similar to that of the MPRs spectrometer and is shown in
Fig.3.

’ PHYSICS STUDIES USING NEUTRON MEASUREMENTS- The ex-
cellent time resolution of the MPR instruments opens new possibilities in terms of
physics studies of fusion burning D-T plasmas. By use of the same methods ap-
plied in Ref.[3] to representative JET data, the T profile could be derived from 14-
MeV neutron brightness measurements with the assumption of a known fuel con-
centration npny/ng2. This would be determined experimentally at the plasma centre
with the spectrometer measurement, and can be assumed to be constant along the
plasma radius if the plasma impurity content is not large; this could be checked by
a second MPRs measurement along a peripheral line of sight. The main uncer-
tainty comes from using the ng profile in lisu of the ion density profile, but this
should have a small effect as long as the temperature profile is steeper than the
density profile. Therefore the total (absolute and statistical) uncertainty on the ion
temperature profile derived from neutron brightness measurements and central
temperature measurement should not exceed +10% for plasmas with a low impu-
rity content. This uncertainty would allow to determine the m; profile [3] with suffi-
cient accuracy, and is marginally sufficient to separate the ion and electron tem-
perature profile in the plasma. This is essential for studying the ion heat transport.
More precisely, it would allow to determine the ion heat flux g; from power balance
analysis, and hence the ion heat transport coefficient y; (defined as %i=-0i/VT;). In
fact, the excellent time resolution of the measurements allows to study other phe-
nomena related to the topic of ion heat transport. An example is the heat pulse fol-
lowing a sawtooth crash. The interpretation of the observed brightness pulse, how-
ever, needs to be discussed in more detail than it can be done in this general dis-
cussion.

Apart from ion temperature profile information, the neutron camera measure-
ments provide a direct determination of the a-particle birth profile. Again this has
an important application in the power balance analysis, since it allows to determine
the a-heating profile. We also mention that the good space and time resolution of
these measurements makes them also suitable for studying the consequences of
possible o-particle driven instabilities on the plasma temperature and/or density.

Finally, a different application of the MPR detectors can be considered, where
the 14-MeV neutron emissivity profile from Ignitor D-plasmas is measured to de-
termine the triton burn-up fraction [5]. This measurement would have a modest time
resolution (=1s), sufficient to provide information on the burn-up fraction profile un-
der quasi-stationary plasma conditions.




1655

CONCLUSION- We conclude that the use of new techniques allows neutron
measurements to take on the role they are expected to play in future ignition
experiments, especially with regards to studies of the physics of plasma ions and of
o-particle heating.
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Plasma major radius 126.5 cm Quadrupole
Total magnetic field at plasma centre 32T
Toroidal plasma current 12 MA
Volt seconds available to drive plasma current ~ 31.5 Proton detector hodosc
Additional ion cyclotron frequency heating ~10 MW ° oscope
Duration of plasma discharge 10s
Quadrupole
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Y
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/ \ ol
| —1 Fig.2 Wall
L 4
n
____—-

Toroidal field coll
Vacuum vessel

= T=13 keV, peaked profile

——— T=13 keV, broad profila
T=5 keV, peaked profile

T=5 keV, broad profile =
MPRe

Fig.1 wall

a—
im Concreta shiglding \
A

Fig.1-Schematics of the neutron camera viewing the
Ignitor plasma through a horizontal port.
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-

Fig.2-Schematics of the MPR neutron spectrometer.
The protons are momentum analyzed in the dipole
and their momentum determined from the counter
struck in the hodoscope.

Fig.3-Time resolving power (1/At) of the reference
MPRSs for extreme emissivity profile shapes and Tp
values (the resolving power depends weakly on Tp ol G L L asssnt :

for R=W). Also shown is the time resolving power of 10 g0 4ot 4o qp
the reference MPAc,.
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THE MULTI-CHANNEL INTERFEROMETER/POLARIMETER
FOR THE RTP TOKAMAK

A.CAP, van Lammeren, S.K. Kim and A JH1. Donné

FOM-Instituut voor Plasmafysica Rijnhuizen, Associatie EURATOM-F OM,
P.O. Box 1207, 3430 BE Nieuwegein, The Netherlands.

Introduction

A sophisticated interferometer and polarimeter system was designed for the
medium-sized RTP tokamak (Rijnhuizen Tokamak Project); a = 16 cm, R = 72 cm,
Bp =2.5 T and plasma pulse duration 200 ms. RTP is specifically dedicated to transport
and fluctuation studies. For electron heat transport studies two 60 GHz, 200 kW gyrotrons
will be used.

The multi-channel interferometer system is dedicated to the study of plasma transport
such as electron density pulse propagation induced by sawteeth, oscillating gaspuff, pellet
injection and density effects of (modulated) ECRH, as well as routine density profile
measurements.

Interferometer

A sketch of the multi-channel interferometer is given in Fig. 1. The system uses a
dual-beam optically-pumped FIR (Far Infra-Red) laser [1]. Ata wavelength of A =432 um
the laser system produces a total power of 65 mW. By detuning the cavities, an IF
(Intermediate Frequency) of 1 MHz can be obtained between the two beams. The two
beams are both expanded to a slab-like beam by a set of two parabolic mirrors. This, in
combination with the large diagnostic ports of RTP, makes it possible to observe nearly the
complete minor plasma cross-section. After one beam has passed through the plasma, the
two beams are recombined on an array of 9 corner-cube mixers with Schottky diodes. The
positioning of the detectors can be changed on a shot-to-shot base. The number of
interferometer channels can be increased to a maximum of 19. This set-up gives the
opportunity to optimize the detector positions according to the plasma parameters,

The outputs of the mixers at the IF frequency are fed into phase detectors which
determine the phase differences between the signals from the probing beam and the
reference channel. The accuracg of this phase detector is 19, The overall accuracy is
expected to be better then 2x1016 m~2 for a line density of 2x1019 m-2,

Polarimeter

The interferometer system will be extended in the near future with a polarimeter. This
can be done by replacing the beam splitter by a polarizer and placing a second array of
comner-cube detectors perpendicular to the interferometer array [2]. One has to keep in
mind, however, the polarization dependence of the mixers, which complicate this simple
set-up.

Calculations show that the expected Faraday-rotation angle for a standard RTP
discharge is in the order of a few degrees (see Fig. 2). Earlier experiments showed that it is
hard to obtain an accuracy better than 0.15° if one uses the above scheme of Soltwisch
[2]. Another detection scheme is that of Kunz and Dodel [3]. In their scheme the
polarization of the probing beam is modulated over a few degrees. By using lock-in
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Fig.3 Calculations done for a standard RTP plasma (see legend of Fig. 2) for different
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a) The polarization angle of the probing beam after propagation through the
plasma, b) the ellipticity of the probing beam.

techniques one can determine the Faraday-rotation angle. The major drawback for this
detection scheme was the difficulty to modulate the polarization of the beam over a few
degrees. We will now discuss some aspects of this scheme.

Suppose that we are able to modulate the polarization angle of the probing beam
sinusoidally. If plasma is present, the Faraday-rotation angle will add a dc-level to the sine
wave. Figure 3a shows the output polarization of the probing beam for several chords
through the plasma as a function of time for a standard RTP discharge. The amplitude of
the modulation is chosen to be 109, In Fig. 3b the corresponding ellipticity is shown. From
the calculations it is clear that the ellipticity remains acceptably small. No problems are
expected if the modulation amplitude is kept small,

T 1/4 A-plate

3 ” iy < <
o
1/4 h-plate '(—I_}‘ polarizer
e [ \‘\‘ i \
St [ TR
variable .
attenuator mixer A
mixer B

Fig. 4  Test set-up for polarization modulation of the probing beam. The mixers A and B
are used to analyse the beam polarization.
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Our scheme for modulating the polarization is rather straightforward and is shown in
Fig. 4. The probing beam is split by a beam splitter into two parts. Each part is sent
through a quarter wave plate. Both beams are now circularly polarized but with different
orientations. In one of the paths a time-varying path length difference is introduced. After
this the two beams are recombined. If the two beams have the same amplitude, which can
be tuned with the variable attenuator, the recombined beam will be linearly polarized. The
polarization angle is proportional to the phase difference between the two beam paths. To
analyse the beam, two mixers are used which observe the different polarization components
of the beam. To modulate the path length we used a loudspeaker with a small mirror in the
centre. This limited the maximum modulation frequency to 1 kHz.

An example of polarization modulation is shown in Fig. 5. In this case the
modulation amplitude was chosen to be larger than 45° at a modulation frequency of
500 Hz. One can clearly see the inversion of the signals at the largest (and smallest)
polarization angles. The first results of the test set-up are promising.

Next, we will compare the results of different detection schemes considering accuracy
and time resolution in a test set-up. If possible the RTP polarimeter will be constructed in
such a way that one can easily switch between one detection scheme and another. In this
way we hope to measure accurately the current density distribution in RTP.
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Abstract
Function Parametrization (FP) provides a way to do complex data analysis in a fast and reliable
manner that allows inter-shot analysis. The method has been used to analyze polarimetry and
interferometry data at TEXTOR. A standard TEXTOR discharge is investigated, allowing
comparison of the results obtained by FP analysis with results obtained previously. Agreement
between results of the two methods is good. FP allows easy incorporation of additional data
into the analysis.

We have determined the value of g, = 0.8 + 0.09. This is in close agreement with the
value obtained by other methods from the same data.

1.  Introduction

In a tokamak, the total toroidal plasma current can be programmed, but it is not possible to
control the distribution of the current over the plasma column. In fact, it is not even possible to
make direct, accurate measurements of the current density profile. The only measurements
available are indirect, such as the magnetic fields outside the plasma (which give very little
information on the current density in the plasma centre) and the Faraday rotation a polarised
laser beam experiences when passing through the plasma. To construct the current distribution
from those measurements, it is in general necessary to parametrize the plasma state (i.e. the
profiles of density and current, or the MHD equilibrium) and to simulate the measurements
corresponding to that plasma state. The problem is to find a set of parameters for which the
simulated measurements match the experimental values within the measurin g accuracy.

This type of problem is very well suited to be tackled with a method known as Function
Parametrization (FP) [1]. In general terms, this method provides a direct mapping of the
observables onto the state parameters of a physical system. For the problem at hand, this means
that the current density profile is parametrized, and the profile parameters are expressed in terms
of the magnetic fields or faraday rotation measurements. To achieve this, a database is
generated containing a large number MHD equilibria. The equilibria are chosen in such a way
that all normal plasma conditions are covered by the variation in the database. Along with each
equilibrium, a set of simulated measurements is computed and stored. The database is subjected
to a statistical analysis procedure that results in a direct mapping of the measurements onto the
physical parameters. This mapping is a set of simple functions which express the plasma
parameters in terms of the observables. These functions can be evaluated for experimental data
using a minimum of CPU time. Thus, the advantages of FP are twofold:
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- once set up, the analysis is very fast,
- the analysis is internally consistent, i.e. one always finds results within the class of
parametrized MHD equilibria.

2. Interpretation of interferometry and polarimetry data at TEXTOR
At TEXTOR, the plasma is intersected by nine linearly polarized Far Infrared laser beams,
vertically aligned in a poloidal cross-section. A more detailed description is given in Ref. [2].

The plasma equilibrium is computed by means of a fixed boundary ideal MHD
equilibrium code: HBT [3]. The code has been extended to perform polarimetry simulations. In
this computer model, a state of the plasma p is identified by the following set of quantities:

1) Main plasma parameters:
# (plasma current) and B, (toroidal magnetic field on torus axis)
lux surface geometry parameters specifying the location of the magnetic axis and
parameters specifying the shape of the plasma boun
3) Profile parameters specifying the equilibrium profiles P'(y), FF'(y)
4) Electron density parameters specifying the electron density n,
The profiles are represented in parametric form.

To get an indication whether the parametrization chosen is sufficient to describe real
data, interferometry and polarimetry data of a prototypical TEXTOR shot (# 14214) were
compared to data simulated by the equilibrium program HBT. The data were taken at ime t =
1.33 5., when the plasma was in steady-state. The plasma state parameters were adjusted until
satisfactory agreement with the measurements was obtained. We found that satisfactory
reproduction of the measurements was possible using the parametrizations selected. A database
of equilibria was created by varying the plasma state parameters around this typical state.

The database thus obtained was analysed by means of the function parametrization
analysis program FP. The result of this was a mapping of the interferometry, polarimetry,
plasma current and toroidal field measurements onto several interesting plasma parameters.

We performed an extensive error analysis on the mappin, g obtained. Quantities related to
the outer plasma regions such as a;, are indeterminate, as can be expected from this type of
measurement. Use of magnetic diagnostics should improve the latter. Likewise, & cannot be
estimated accurately, due to the fact that the polarimetry/interferometry probing beams are 0.1 m
apart in the central region. However, the plasm? boundary position, R, can be determined
with an accuracy of 1 em.; ngg with 9 - 10 m™; and qp with 0%09. This accuracy is
comparable to the accuracy obtained with the iterative analysis method now in use at TEXTOR
(Method I): 2.5% for n, for FP against 3% for Method T; 11% for qo for FP against 15% for
Method I [4].

2)

3. Application to TEXTOR data and comparison to Method I

We have performed the analysis as described above. Here we present results for TEXTOR shot
#14214. We have selected a small number of plasma parameters from the large array available
as being indicative of the possibilities of the reconstruction method: ng, N and qg.

Figure 3.1 shows the time trace of the plasma current. There is a minor disruption at t =
0.79 s.

Figure 3.2 shows the time trace of R, as computed using FP. The plasma performs a
fast inward movement followed by a fast outward movement during the disruption. This
behaviour is confirmed by the plasma position signal A that is computed using the method
described in [5]. However, the fast outward movement could be an artefact due to the non-
fulfillment of the assumption n, = n,(y).
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Figure 3.3 shows the time trace of n,; from FP. A steep drop in central electron density at the
disruption is followed by a recovery shortly after. The recovery is not complete. The negative
density spike is reflected on the Shafranov shift, showing a sharp drop followed by a rapid
increase to its original value.

Figure 3.4 shows the time trace of q;. After the start of the discharge, the signal steeply
decreases to a value of around 0.8, crossing the g, = 1 line. Prior to the disruption the value
increases slightly but stays below 1. During the disruption it drops slightly. It is interesting to
see that both prior to the disruption, when sawteeth are absent, and after the disruption, when
sawteeth are observed, gy =0.8 < 1.

4. Results for discharge # 14214
The value of g obtained with FP (g, = 0.8 + 0.09) compares well with the value obtained with
Method I (qg = 0.7 £ 0.1). We stress that this result is obtained by means of a self-consistent
method employing ideal MHD equilibria as the basis for the analysis. Given the plasma model
we have chosen, we are able to devise a *-test, and reject the hypothesis qy = 1 with 95%
certainty. In other words, gy = 1 would require a more complex model than the one adopted
here. The data presently available are well represented by the model used here, however, and
therefore the need for a more complex model is not apparent.

Time traces for several important plasma parameters for the typical discharge # 14214
have been obtained using FP analysis. These traces satisfactorily reproduce the traces obtained
by method L
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Introduction

Observations of spectral emission from impurity ions in fusion plasmas following charge
transfer from neutral deuterium or hydrogen beams has made great impact on deduction of
impurity ion temperature, ion density and plasma rotation in recent years. The reactions
are:

X=t 4 ngm(ls) — X(z*l)'*'(n l)+ Dt

(1)
XEDnl)  — XDt () 4 by,

where X** is a fully ionised impurity ion of nuclear charge z.

In JET, transitions n — n' in the visible spectral region A > 3500 A are observed and
the D° source is the neutral heating beams with primary particle energy in the range 40 -
80 keV/amu. The experimental arrangements, diagnostic methodology and deductions of
the JET plasma behaviour have been reported previously [1,2,3]. In this paper, attention
is focussed specifically on HeII(n = 4 - 3) emission at \ — 4686 A.

Experiment

The emitted photons from the plasma are observed through several windows in the toka-
mak (figure 1). A multi-cord system containing 15 quartz fibres is mounted at point A.

Figure 1: Arrangement of viewing

lines. Location A: collection optics
mutichord system with horizontal
viewing lines; Location B: single
vertical viewing line. 6

Each fibre provides the possibility to look’ with a small solid angle into the plasma. To-
gether these fibres form a fan of horizontal viewing lines intersecting with the injected
neutral beams at major radii between 2.7 and 4.0 m. The relevant Charge Exchange
(CX) processes (eq. 1) only occur at two locations: a) near the plasma wall where neutral
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deuterium desorbes from the surface, and b) in the plasma bulk along the injected neutral
deuterium beams. Generally the measured HeII(4 — 3) Doppler broadened spectrum is
fitted with two Gaussians: a narrow feature corresponding with CX-processes at relatively
low temperature near the plasma edge, and a broad feature coming from the hot plasma
bulk due to charge transfer between impurities and the injected neutral beam. Analysis
of these observations allow space and time resolved deduction of many plasma parameters
e.g. absolute impurity ion density, ion temperature and plasma rotation [1,2,3], which is
performed at JET routinely.

Simulation HeII(4 — 3) emission at JET, and diagnostic implications

The Charge Exchange spectrum I{}) [photons- 3‘1(37‘)’1111’342&“1] of Hell (n = 4- 3), due
to charge transfer between alpha particles in the plasma and injected neutral deuterium
has been calculated as a function of the plasma temperature and for various observation
angles 4 between the horizontal viewing lines and the injected neutral beam. The prin-
ciple of the simulation is illustrated starting by defining a spherical coordinatesystem at

observationpoint O in the plasma (fig. 2). DETECTOR
ALPHA o
vl 7

Figure 2: Coordinatesystem and PARTICLE :ﬁg_‘_:';"“ oy NEUTRAL
velocities at observationpoint O PN = . BEAM
in the plasma. : : i o1 Gbeami

P y

L ae” O

7 X

The alpha particles have a certain velocity distribution function fa(vs). The crucial
factor in the calculation is v, (the speed of the alpha particle relative to the injected
neutral beam), sinee it can take all values and it is directly linked with the ratecoeflicient
F(per) = 0(Vyer) - Vrer for emission of photons. Both theoretical and experimental CX-cross
sections have been collected [4,5,6,7], examined and stored in the JET atomic database.
I(}) is expressed in the following analytic equation:

1
1) = Euj!ﬂfa(vrvacoso)-k(v,e,).nm-fa(ua).v;smadvadaw, (2)

which can be solved numerically.

The importance of this simulation is to investigate the influence on the shape and posi-
tion of the observed spectrum due to the variation in the ratecoefficient k as a function of
Vrer. A measured spectrum is usually fitted with Gaussians, which implicitely assumes a
constant ratecoefficient (chosen at the collision speed equal to the velocity of the injected
beam), whereas in reality the ratecoefficient changes with all possible values of v, relative
to the velocity of the injected neutral beam. Therefore the shape of the real spectrum
is not identical to a Gaussian. The consequences for deduction of ion temperature, ion
density and plasma rotation velocity are briefly discussed in the next paragraph.

Conclusions on emission of thermalised and slowing down alpha particles
Thermal populations:

When a simulated emissionspectrum obtained with equation 2 is compared with a Gaus-
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sian spectrum corresponding with the same temperature and plasmaconditions, differences
are observed. This isillustrated in figure 3 for the case of a 20 keV ion temperature plasma,
half energy component (20 keV /amu) of the injected neutral beam and observation angle

q =45 degrees.
I(arb. u.) Simulation
| I — Gauss
Figure 3: Predicted Gaussian and
gimulated emission spectrum
corresponding with identical plasma .
conditions (scaled on magzima). ’
— A4
0.0 s 1

4660 4680 4700 4720 4740

The simulated spectrum represents a realistic prediction of the spectrum to be observed.
Fitting this spectrum with a Gaussian yields a ‘measured’ temperature smaller than 20
keV; the appeared shift A\ from the atomic wavelength at 4686 A gives rise to an artificial
plasma rotation velocity and from the difference in the areas underneath the curves, an
incorrect He?* ion density is deduced. Corrections for the 'measured’ quantities have been
calculated as a function of the plasma temperature and for all beam energy components
and for various observation angles 7 with respect to the injected neutral beam. A few
typical results are presented in figure 4 (corresponding with full beam energy component
of deuterium, and observation angles 7 in steps of 10° plus additional 45° as indicated).

¥ Y
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ToausslleV]  (42) fo0" |y b)) A" T e 0t m
lare 3
20l 45
s 1.41
-0 2
10 ]
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Figure 4: Results for a) corrected temperature, b) induced red shift A), and c) effective
cross section.

Generally speaking the slope in the cross section curve determines the displacement A\
of the peak and the curvature causes the change in the width of the spectrum affect-
ing the 'measured’ temperature. Since a simulated spectrum is still very well described
by a Gaussian, the real spectral observations can still be analysed by the conventional
procedure with Gauss fittings, taking into account the corrections for ion temperature
and rotation velocity afterwards. The correct ion density is obtained by introducing an
effective ratecoefficient k,;; = Teff * Upeam, taking 7.y from figure 4c.

Analogue corrections have been obtained for other jon species e.g. carbon and oxygen,
but for these cases the introduced corrections are significantly smaller.
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Slowing Down alpha particles:

Concerning future measurements at JET, simulations have been done for alpha particles
produced by fusion of deuterium and tritium. Initially created at 3.5 MeV with a source
rate S, [s7'm™%], the alpha particles slow down by electron collisions to a critical speed
v (= 100 keV/amu) at which point ion collisions become important. The slowing down
velocity distribution [8], f,a(va), of this population is written as:

fatoa) = (22 (33) ®)

with 7, the slowing down time, usually in the order of a few seconds. With the extensive
knowledge of the cross section behaviour required for the simulation, substitution of (3)
in equation (2) produces the emission that is expected from this population.

In figure 5 an illustration is presented for an expected typical future case of JET (an
ion temperature T; = 20 keV, a power production to input ratio @ = 1 and an energy
confinement time 7g = 1 s).

0.6 Total spectrum

Thermal spectrum

Slowing Down spectrum
0.4

I(arb. u.)
0.2 |
— Al4]

0.0

4600 4650 4700 4750

Figure 5: Ezpected thermal and slowing down spectra of He*" in the tritium phase of JET.

Extraction of the slowing down feature provides a unique future tool for local measure-
ments of alpha particle source rate S, slowing down time 7, , critical velocity v, and the
slowing down velocity distribution function.
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In the ion Thomson scattering diagnostic? proposed for JET a 140 GHz
beam of radiation will be Injected from the top of the machine and travel
downwards at various selected angles to the vertical on its way to the
observed scattering volume. The beam will be launched as an ordinary mode
at the plasma edge and il is assumed that most of the power will remain in
the ordinary mode as the beam propagates across the plasma to the scattering
volume. Likewise, the scatlered ordinary mode is presumed to propagale
toward the receiver preserving its state of polarization and emerge at the
plasma edge as an ordinary mode.

It has been shown® that if an ordinary mode is launched so thal i1
propagates exactly perpendicular to the magnetic field all the way across

the plasma it preserves its state of polarization. This restricted
condition matches a situation In which the beam propagates vertically and
perpendicular the the magnetic surfaces in the discharge. Nalurally the

proposed diagnostic seeks to probe at a variety of launched heam angles to
obtain, a greater spatial range for the location of the scattering volume.
Conseguently this study seeks to Investigate the evolution of the polariza-
tion state of a beam launched as an ordinary mode as it propagates across
the plasma at an arbitrary angle to the vertical.

For simplicity the calculation uses a "circularized" description® of
the JET plasma. A ray is launched at R=Ro, the major radius, and z=+a, the
minor radius, at an arbitrary angle to the vertical. The ray propagates
rectilinearly. No refraction is allowed although the ray propagates at an
angle Lo the density gradient. Both the extraordinary and ordinary modes
are constrained to propagate along the same ray path. A formulation of the
problem due to Segre® is used as a basis for a compuler code which
integrates the bropagation equation for the evolution of the -three Stokes!'
parameters which describe the polarization state along the ray.

The parameters of the “circularized" JET are: Ro=2.96m, a=1,25m,
Bo=3.5T, nnz(nﬂfoj—n(a)}(1~(r/a)=)+n(a). n(a)=2x10*7 p-=, The poloidal
magnetic fleld is defined by q=q(0)+(q(a)7q(0})(r/a)“. For tihis study
q(0)=1 and gq(a)=3 with S=2 or 4, The results of the calculation are
expressed in terms of the properties of the polarization ellipse. This
ellipse is shown in Figure 1a. Since it is the divergences of the elllipse
parameters from those of the local ordinary mode that are of concern, it is
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these differences which are plotted 1n the figures.

yA £

X
=4
> X,R
figure 1a figure 1b
The geomelry of the system is described in figure 1b. The origin is
at the major radial coordinate Ro. x i1s in the major radius direction and
y 1s in the toroldal direction. z is vertical. S measures the length
along the wave propagation path, whose direction 1is specified by the
angles alpha and gamma, from the injection point (0.0.a). The Stokes'
parameters are evaluated in another coordinate frame. In this frame z 1is

in the 8 direction and y is parallel to the magnetic fileld at the injection
point.

The orientation of the polarization ellipse 1s given by the angle Psi
and the ellipticity 1is given through an angle Chi by b/a=tan(Chi)
Computation of the evolution of the Stokes' parameters allows the evolution
of the angles Psl and Chi Lo be followed as the wave propagales. The
difference between the evolved values of Psi and tan(Chi) and the values of
these parameters for the local ordinary mode are evaluated at chosen points.

The electron density profile is shown in figure 2a. The q' profiles
for the two values of the shape parameter, s, are shown in figure 2b.

Results

If alpha is fixed at zero and gamma is scanned § lies in the z,R plane.
A typlical set of results is shown in figure 3a and 3b. Psi nutates aboul
the local ordinary mode orientation. The nutation angle is about + 3°.
The elliptlicity, tan(Chi), also fluctuates about the local ordinary mode
value. As gamma 1s increased from 0° to 20° the {luctuation amplitudes
increase nearly linearly. At 0° the nutation angle and ellipticity
Fluctuatlions are very small and rise to about 6° and *0.1 at gamma=20°- If
the central electron densily is raised from 2x10*® to 8x10*® m™® the
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fluctuation amplitudes do not change. What does change is the spatial
period of the fluctuatjions. At 2x10*® the spatial period is about 8 cm, at
4x10*® about 3 cm, and at 8x10*® about 1 cm. Changing the shape of the g
profile also has only minor effects.
Density Profile q Profiles  [—s2 —— 5]
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figure 3a figure 3b

If gamma is fixed at 10° and alpha is varied the launching direction
scans out the surface of a cone with half angle equal to 10-. At alpha=0°
Psl nutates by about 3%, at 45°and 225° by about *18°, at 90° and 270° hy
about #22°, and at 135° and 315° by ‘about 13°, As one crosses the angle
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alpha=172° and 352°, the phase of the nutation changes by nx.

At a fixed alpha=90° an interesting transition occurs as gamma is

increased. Up to an angle of gamma=18® Psi nutates about the local
ordinary mode Psi orlentatfon with a steadily growing amplitude as gamma
increases. Beyond gamma=18° psi rolates conlinously so that there are very

large dlvergences of the propagating wave's polarization properties from
that of the local ordinary mode. This transition is clearly visible in the
Stokes' parameter space S12:S522. %Arctan(S22/512) defines Psi. As the
launched wave propagates $12 and S22 are coupled so that they 1lle on an
ellipse in the S12:522 space. When this ellipse is confined to the left
two quadranis of the space, Psi nutates. This 1s the situation in figure
4a where gamma=10-. When gamma is increased to 20° then the ellipse covers
all four quadrants and Psl continuously rotates.

. S12:822 . S12:522
0.8 1 oe
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0.4 0.4
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-0.2 0.2
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S12 §12
$=2; ND=2£19; F=140 GHz; Rlpha=90; Bamma=10 $=2; NO=2£19; f=140 GHz; Alpha=90; Gama=20
figure 4a figure 4b
Conclusions

a) As tLhe angle gamma of the launched wave propagation vector is

Increased, Psl nutates about the local ordinary mode Psi, This nutaion
angle increases linearly with gamma. The nutation angle is not a function
of the electron density or q profile shape. It is a strong function of
alpha.

b) When alpha and gamma are such there is an appreciable toroidal field
component parallel to the propagation vector of the launched wave Psl begins
to rotate continuously. This 1is a complication for the scattering
experiment,
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Abstract

A diagnostic method of measuring the static electric field in a plasma is proposed and
analyzed. By injecting a neutral molecular beam into a plasma, some of the molecules
are ionized and dissociated after some orbital motion. The energy of the neutrals
originating from dissociation is determined by the original beam acceleration, energy
changes due to atomic processes, and the potential difference between the points of
jonization and dissociation. If the first two parts of the energy can be compensated or
subtracted by calibration, the potential difference and hence the electric field can be
obtained by measuring the energy of the neutral. The analysis shows that fields as low
as 40 V/cm might be measurable by this method.

Introduction

Static or quasistatic electric fields in a plasma result from different confinement times
of jons and electrons (if no electric fields are present), which cause deviations from
neutrality. Electric fields, although themselves caused by particle transport, influence
particle transport and confinement. They also affect plasma equilibrium and stability,
cause global poloidal rotation of the plasma, influence the power deposition of neutral
beams and may be especially important for the confinement of impurities [1].

This paper proposes a new method of measuring the electric field by means of a
molecular hydrogen beam. The availability and effectiveness of molecular hydrogen
beams for penetration and detection have been discussed in an earlier paper devoted
to measurement of the “local” g-profile with molecular hydrogen beams [2]. This paper
therefore concentrates on describing the proposed method and discussing the expected
measuring accuracy.

Description of the Method

A beam of neutral hydrogen molecules is assumed to be injected into a plasma in
the poloidal plane. Some of them are ionized and start to rotate in the magnetic field
(the motion in the toroidal direction is unimportant for this consideration, since it
only determines the observation angle of the later-described analyzer). The lifetime of
the ionized molecule till dissociation is only of the order of the gyration time[2].In the
presence of a radial electric field the energy of the rotating molecule changes with its
radial position. The dissociation of the molecule may lead to a proton and a neutral
hydrogen atom. Both particles carry just half of the energy of the molecule (the Frank-
Condon effect is discussed later). The energy of the neutral therefore depends on the
radial position of dissociation. If ionization and dissociation of the molecule occur
at different radial positions, measurement of the neutral particle energy reveals the
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potential difference between these two points. Figure 1 gives an illustration of this
method. A molecular beam is injected from below in the vertical or nearly vertical
direction. The energy analyzer views the horizontal plane and the magnetic field is
purely perpendicular to the plasma cross-section. The locations of ionization ry and
dissociation rp are then separated by about one Larmor radius R. In any case, this
distance can be calculated from the known particle energy, magnetic field, injection
geometry, and line of sight of the analyzer.

For 20 keV hydrogen molecules in a 2 T field R is about 1 cm. The largest distance
possible is two times the Larmor radius if the injector and analyzer are both below or
above the plasma for the measuring location in the horizontal midplane of the plasma.
(Because of the toroidal velocity gained by the ionized molecule in interacting with a
poloidal field, e.g. in a tokamak, the line of sight of the analyzer generally has to be
inclined in the toroidal direction; see ref. [2].) In such an arrangement, however, the
space resolution is small. For optimal measurement of the local field value the angle
between the injection and line of sight of the analyzer should be about 90°. If the
fields vary on a scale shorter than the above-assumed lcm and a better resolution of the
electric field profile is required, the energy of the beam can be reduced or the geometrical
arrangement of injection and detection can be changed to get a smaller distance between
the ionization and dissociation sites.

An analyzer suitable for measuring the particle energy is a retarding field analyzer
coupled with a stripping cell. The toroidal inclination of the analyzer has to be chosen
according to the toroidal velocity gained by the molecule from interaction with the
poloidal field [2]. This poses the least problem for measurement in the plasma edge,
where the poloidal field is best known and the electric fields are probably largest.

Discussion of the Atomic Processes Involved

Not only is the energy of the neutrals escaping from the dissociation determined by
the acceleration voltage of the beam and the potential difference between the points of
ionization and dissociation of the molecule, but it may also be affected by the atomic
processes involved. Each particle detected has gone through four atomic processes:

- neutralization of the accelerated molecule

- ionization of the molecule in the plasma

- dissociation of the molecule in the plasma

- ionization of the neutral atom in the stripping cell of the analyzer.

If we assume that charge exchange collisions and collisions with electrons do not
appreciably alter the energy of the molecule or atom we have to consider the effect of
the following collisions on the final particle energy:

- ionization of the molecule by proton impact
- ionization of the atom in the stripping cell of the analyzer.
- dissociation of the molecule (Frank-Condon effect)

According to ref. [3], the energy lost by a proton on impact with electron production
in a hydrogen gas is of the order of 40 to 50 eV (this process includes ionization as well
as dissociative ionization) and is not negligible. This impact can, however, be avoided if
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the energy of the molecule is chosen significantly below the maximum of the ionization
cross-section. Charge exchange is then the dominant process. This is the case for a
beam with less than or about 20 keV in a plasma with a temperature of a few keV.

The ionizing process in the stripping cell is always an atomic impact on a neutral
molecule, and the energy transfer involved is probably as large as the average energy
loss for production of an electron and will therefore show up in the measurement.

Dissociation is a process which produces large energy changes, irrespective of whether
the collision is ionic or electronic. This is due to the Frank-Condon effect. According to
ref. [4], the average energy each particle gains in a dissociative collision is Epg = 4.3
eV in the rest frame. (The energy loss of the molecule in the dissociation collision
is neglected in this context.) Converted to the laboratory frame, the average energy
change AEp¢ in the direction of motion of the molecule is

AEpc =2-v/Epc-E.

E is half the energy of the molecule. The relative energy change AEpc/E is the smaller
the larger the original energy of the molecule.

Discussion of the Measuring Accuracy

As the Frank-Condon effect is usually the dominant one in atomic processes, only this
effect is considered in estimating the measuring accuracy. If for the energy measurement,
for example, a retarding field analyzer is used, one finds a smeared-out curve as a
function of the retarding voltage U (curve 2 in Fig. 2) instead of the sharp limit (curve
1). The measuring curve one would obtain when an electric field is present in the
plasma will be shifted according to half the potential difference (the atom gets only
half the energy of the molecule) between the points of jonization and dissociation of the
molecule, as shown in curve 3 of Fig. 2.

If one assumes that a shift AE of the curves can be measured, which is at least 10 %
of the average spread AEp¢ due to the Frank-Condon effect, then the following relation
is found for the minimum field strength F measurable for a separation of the points of
ionization and dissociation equal to the Larmor radius R:

AE:%E=¥.@}* w:o.l-AEFt-,':U.Z--\fEFC-E

2-/E
F=[V/m]= &\/ﬁ—m *B[T]|~28-10°- B for Hybeam

~20-10°-B for Dybeam

With a magnetic field of 2 T, electric fields of ~40 V/em could be measured by means
of a deuterium beam. Here it should be mentioned that AEpc is the largest possible
spread in the particle direction. The spread is negligible if the Frank-Condon motion is
perpendicular to the particle motion, and on the average the spread will be considerably
smaller and the lower limit of the measurable electric field may be reduced.
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The best way to take the atomic processes into account could be by operating the
system in a regime with negligible electric field. A relative measurement then suffices
to determine the electric field.

The minimum measurable electric field does not depend on the beam energy. This can
be used to obtain good resolution of the electric field profile by appropriately choosing
the beam energy.

Conclusion

An electric field of the order of 40 V/cm and larger may be measured by analyzing the
energy of neutral atoms resulting from injected, ionized and then dissociated hydrogen
molecules.
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L Introduction

A Langmuir probe consists of a small conductor in a plasma whose
current-voltage characteristic is measured. The characteristic can he
evaluated to provide density, temperature, and potential. Because the spatial
and temporal resolution can be very good, Langmuir probes are often used to
study fluctuations of these quantities. Such measurements are
straightforward as long as one is only interested in temporal fluctuations of the
ion saturation current or the floating potential. If information about the
spatial variations of these quantities or the fluctuations of fundamental plasma
properties is desired, then at least two probes are required and the
measurements and their interpretation become difficult. We are concerned
here with two aspects of this problem, estimation of the spatial spectral density
function S(k), and measurement of temperature fluctuations,

II. Two Tip Estimate of S(k) ;

Measurements with two probes are sufficient to provide an estimate of S(k)
/1/. Since a sufficient number of sample times are available, a temporal
Fourier transformation can be made without loss of information, and the
various Fourier components can be independently analyzed. Each component
of the signal from each tip (located at x; or x) can be characterized by an

amplitude (A1 or Ag) and a phase (g1 or ¢2). There are three independent
measurable quantities, the average power P, the usual local wavenumber kj,
and a second local wavenumber we call kj*.

P = (A12+A92)/ 2
k) = (p2-¢1) / (x2-x1)
E* = (1/P) (Ag2-A12) / (x-x1)

In order to investigate the information content of measured values of P,k
and k1*, we need to develope a more detailed model. We take a single frequency
and assume a particular S(k) to be given. We divide the k-axis into a large
number of equally-spaced discrete values, to each of which we assign a Fourier

component with an amplitude equal to VS(k). The phases are assigned random
numbers between 0 and 2r, a different set for each realization. We then
"measure” this function by calculating the amplitude and phase as a function
of position.

fixt) = Zagsin (kx-o t+pr) = A(x) sin (-0 t+®(x))
We then take the limit (xg-x1)—>°° and set x=0 without loss of generality.

P = AZ(0) = [ ZVS(k) * sin(gi) 12 + [ TVS(k) * cos(gy) 12
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Pki = Pd®0)/dx =  [ZVS(k) * cos(gr) ] [ TVS(k) * sin(gy) ]
+[ ZVS(k) * sin(gi) 1 * [ ZVS(k) * cos(¢i) 1
Plki» = P dA(0)/dx = [ Z4S(k) * cos(gi) 1* [ ZVS(k) * sin(yy) ]

L 2VS(k) * sin(gy) 1* [ ZVS(k) * cos(yr) 1

With this formulation of the problem, we are in a position to examine
ensemble averages of the above quantities, averages over all possible sets of
phases. One can show that

<Plg>/<P> = [ZkSI)I/[E80)] = <.

We see that <k> may be equivalently defined as the average k in the fluctuations
(weighted with S(k)) or as the average of k] in the measurements (weighted
with the measured power). Convenient cancellations of cross-terms also allow
an exact calculation of the rms deviations:

<P ((kj-<k>)2 Hk*)2) >/ <P> = [Z(k-<k>)28(k)]/[ZSk)] = (k)2
As with <k>, we may define &k in terms of S(k) or in terms of the distribution of
measured values.

We see now that the information immediately available from two-tip
measurments consists of P, <k>, and 8k, each as a function of frequency. If
there is any additional information in a set of measurements, then it must be

found in the shape of the distributions of the measured quantities normalized
as follows:

P = P/ <P> .
Iy’ = (ky<k>) / 8k
k* = ky* / 8k

We have carried out simulations as described above for several different
shapes of S(k), three of which are shown in Fig. 1(a). The first has a Gaussian
bell shape and might represent a turbulent spectrum with Ak = k. The second
has two well-defined wavenumbers of equal strength, as might be the case for
non-turbulent waves which propagate in both directions. The third represents
the possibility of an asymmetric spectrum. The three functions have been
normalized so that <k>=38k=1.

If we are looking for an approximation to S(k), the most natural thing to
look at is the power-weighted distribution of kj. This distribution for each of the
S(k) is plotted in Fig. 1(b). It is clear from the figure that the distributions are
indistinguishable and do not retain any of the shape of the input spectral
density functions. The fourth curve in the figure is the function (3/4)(1+k)2)-5/2,
which was found to be the limiting distribution. If this distribution is
interpreted too literally as an approximation to S(k), then one would always
come to the erroneous conclusion that the spectrum drops off as k-5. It is also
worth noting that the distribution of kj is narrower than the corresponding S(k)
by a factor V2.

The power-weighted distribution of kj is only one way to look at the data. It
was found that the probability that the normalized measured values lie between
P’ and P"+dP’, \klh\ and \klh+d\klh, and \klsh\ and \klsh+d\klsh\ is equal to
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(U/n) P’ exp (-P'(1+k12+k*2)) dP’ dky” dkp*’, If this expression is multiplied by
P’ and integrated over P” and kj*’, the power-weighted distribution of k)" given
above is recovered.

We have analyzed ion saturation current measurements from the ASDEX
divertor in a similar fashion. The tip separation was 6 mm, and the
correlation was about 80%. We analyze 0.84 sec of data as 21 packets, each 40
msec long (40,000 points at 1 MHz sampling rate). For each packet we use the
81 Fourier components from 9 kHz to 11 kHz. Thus the distributions of Ik and
Jg* plotted in Fig. 2 are based on a total of 1701 realizations. Comparison with
the (1+k2)5/2 curves also plotted shows that the ASDEX data fit the theoretical
prediction very closely.

IIL. Temperature Fluctuations with T'wo Tips
One method used to investigate temperature fluctuations is to observe the

fluctuations in the current through a pair of probes <(8I)2> as a function of the
bias voltage Vhias between the probes /2,3/ The measured curve is fitted with

the theoretical curve as a function of six parameters, <(5n2)>, <(8E2Z)>,

<(8T2)>, <(8n)(SE)>, <(8n)(§T)>, and <(ST)(SE)>. There is a serious problem
with this method, namely that although fluctuating gradients in plasma
potential (8E) are central to the measurement, gradients in density and
temperature are neglected. Since the floating potential is strongly influenced
by the temperature (Vp=Vy)-3kT/e), and it is reasonable to suppose that the
temperature fluctuations may be of the same order as the potential
fluctuations, the effect of temperature gradients cannot be neglected.

If temperature and density gradients are included on the theory, we are
faced with the difficult task of determining not 6 but 15 parameters from a
single curve. The important point is that a gradient in temperature has a
qualitatively and quantitatively similar effect on the current as an electric field.
In particular, both can produce a <(81)2>-Vp;,4 curve whose minimum is non-
zero and shifted away from Vi;a4=0.

How can we obtain more information? One possibility is to measure the
potential of one of the tips as well as the current. The fluctuations in probe
potential <(8V1)2> provide a second curve which can be fitted, and the

correlation between the two signals <(SI)(§V1)> provides a thisrd curve. The
information is tripled; the number of parameters to be fitted is increased from
15 to 21 since we can now detect absolute potential fluctuations, not just
gradients.

The information content of the measurement can be further increased by
allowing a different current to flow in the two probes. The simplest
configuration of this sort would be to measure the current fluctuations to two
single probes and their correlations, as functions of the two bias voltages.
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Fig. 1. Results of simulations of measurements of k; for three qualitatively
distinct spectral density functions. (a) The three S(k), normalized so that <k>=0
and 8k=1. (b) The corresponding three power-weighted distributions of k.

They are normalized to have equal areas, but the position and width have not
been adjusted. The solid curve is the analytical prediction.

T

Fig. 2. Results of analysis of ASDEX data. The curve on the left is the power-
weighted distribution of ki, on the right, that of ki*. The dotted curve has the
analytically predicted form. The vertical bar is the k=o line.
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ABSTRACT

Collective Thomson scattering, using a high-power pulsed D20 laser
at 385um and a heterodyne receiver system, has provided local ion
temperature (Tj) measurements of the plasma in the TCA tokamak. Recent
improvements in the noise-equivalent power (NEP) of the Schottky
barrier diode mixers permitted us to achieve a typical precision of
+12% for a single shot measurement at densities above 1029m~3. Even at
densities of standard TCA discharges (5x1019m=3) the uncertainty is
better than +25%.

For the interpretation of the measured spectra and the evaluation
of Ti{ the local value of the electron temperature (Te) is an important
parameter. Therefore, Tg was measured simultaneously by incoherent
Thomson scattering at 0.694pm during a series of shots. The density
was obtained from a far-infrared interferometer. An independent
measurement of Tj on TCA can be obtained from a neutral particle
analyzer (NPA). Comparison of the results from the two methods showed
good agreement.

The precision of a Tj-measurement depends strongly on the plasma
density. Since an uncertainty of #25% at standard densities may still
not be regarded as satisfactory, further investigations using a
numerical simulation code have been carried out to find ways of
improvement .

INTRODUCTION

Last year we reported the first single shot ion temperature
measurements in a tokamak by collective Thomson scattering (CT) [1].
The precision was estimated to be of the order of 25%. This could not
vyet be considered as sufficient accuracy compared to other Ti
diagnostics and hence improvements were required. On the other hand,
two important questions still had to be answered: (1) are the observed
spectra indeed produced by scattering from thermal velocity
distributions and (2) is the ion temperature obtained from collective
Thomson scattering in agreement with results from other diagnostics.

In this paper we report measurements which were undertaken to
investigate these points.
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APPARATUS

The experimental set-up has been described in detail in ref [1].
We will only briefly recall the main components: A CO02 laser which
delivers 600J on the 9R(22) line in a 1.4ps long single mode pulse is
used for optical pumping of a 4m long unstable resonator containing
6.5mbar of DpO vapor. The far infrared laser produces 0.5J during
1.4us at the wavelength of 385um.

The Dz0O laser emission is focused to a 3mm waist close to the
plasma center via a set of off-axis parabolic mirrors. The scatteredq
light is collected at 90° to the incident beam in a solid angle of
4.3x1073 sr.

For detection and spectral analysis of the scattered radiation we
use a heterodyne receiver with an optically pumped CD3Cl1 laser ag
local oscillator. Its emission is combined with the scattered
radiation in an optical diplexer and mixed in a Schottky barrier
dicde. The resulting IF signal around 3.6 GHz, is amplified and split
into twelve channels with a bandwidth of 80 MHz each. Thereafter the
signals are integrated and digitized.

A considerable improvement of the sensitivity of our detection
system has been achieved through a collaboration with groups at the
University of Diisseldorf and the MPI Ffiir Radioastronomie, Bonn, which
provided the mixer. The double sideband system noise temperature
TSYSDSB has been measured as a function of the IF frequency. For the
diode used for the measurements reported here 5000°K, corresponding to
a NEP (noise-equivalent-power) of 1.4x10‘19W/Hz, has been obtained in
the most sensitive channel.

For the interpretation of spectra obtained from collective Thomson
scattering, the electron density and temperature are required. These
were measured simultanecusly by a far-infrared interferometer and by
ruby laser scattering, respectively. An independent measurement of T4
on TCA can be obtained from a neutral particle analyzer with five
energy channels with an accuracy of the order of 5%.

MEASUREMENTS

So far we have analyzed collective scattering data from several
hundred plasma discharges. The observed spectra could all be
interpreted assuming thermal density fluctuations taking into account
the influence of impurity ions and the magnetic field. There is no
indication that non-thermal fluctuations contribute to the spectrum in
the parameter range of interest (Ak = 230 cm™l, Aw> 3 x 109 s-1),

Table I shows the results of 8 plasma shots with fairly
reproducible plasma parameters. The diagnostic systems for ng, Te and
the NPA were all operational. It is immediately obvious that while Ng,
Te and TiNPA are very similar, thus proving that the plasmas were
indeed reproducible, Ti®T shows large fluctuations. This indicates
that the signal-to-noise ratio was not as good as was usually the case
for this particular series.

For the centermost channel (400MHz from line center) we show in
table I the ratio of the scattered signal S to the standard deviaticn
of acquisitions in the absence of a signal G(N), as obtained from 18
acquisitions immediately before and after the laser pulse. Simulations
for the corresponding experimental conditions indicate that this ratioc
has to be greater than 13 in order to achieve an accuracy of better
than 30% in Tij. There is a reasonable correlation between the
difference ATy = TiCT- Ti¥PR ang the ratio S/o(N).

The last column in table I shows the FIR laser energy in arbitrary
units. While the least accurate T measurement was obtained at the
lowest laser energy, a high laser energy does not necessarily
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guarantee good precision. We suspect that the mechanical stability of
optical components is partly responsible for shot-to-shot fluctuations
of the signal.

Based on the assumption that the plasma conditions for the 8 shots
were reproducible, we averaged the measured signals in all channels.
Fig 1 shows the resulting spectrum with the standard deviation from
the averaging process. The spectrum is now quite smooth and can be
fitted with a calculated spectrum based on the measured average plasma
parameters (ne = 1.2 x 1020 m™3, Tg = 415 eV, zgrr = 2.5 (estimate)).
The resulting ion temperature is 305 eV which is in excellent
agreement with the average ion temperature measured by the NPA for
these 8 shots: 310 eV,

In Fig 2 we present the results from an individual shot. The
shaded area is G(N), the points are the measured signals and the curve
is the fit with Tj = 280 eV. For the ratio of S/G(N) = 14 at 400 MHz
we expect an accuracy of = 28% from simulation results. The deviation
from Ti is less than this value.

Fig 3 finally shows the expected accuracy of an ion temperature
measurement for standard TCA plasmas and the parameters of our
collective Thomson scattering system, as obtained from simulation
results. In this case, the frequency range covers the region from 640
to 1520 MHz which allows a more accurate determination of Ty by
fitting and represents only a minor modification of the filter bank
used in the current set-up.

CONCLUSIONS

Collective Thomson scattering of far-infrared radiation is a
powerful tool for the determination of T; in a tokamak. The
measurements with excellent temporal and spatial resolution are based
on a direct method and are in good agreement with T; measurements
obtained with other methods. The accuracy is density dependent and
approaches 10% for densities around 10 m™3. Further improvements are
still possible, e.g. by using coocled Schottky diodes.

TABLE I

The measured plasma parameters of 8 reproducible TCA plasma discharges

shot # ne Te 7y NPA iCT ATy /TN s/om) Eq,
(*1013cm=3)  (ew) (eV) (ev) (%) (8400MHz) (AU)
37720 12.2 450 310 260 16 6 60
37721 117 450 320 290 9 9 80
37722 12,2 400 315 370 17 16 70
37725 12.2 450 310 220 29 13 85
37726 11.9 420 300 160 47 5 55
37727 11.9 450 310 280 10 9 90
37728 19..8 380 300 180 40 3 105
37730 11.3 330 330 300 9 14 105
averaged 12.0 415 310 305
spectrum
average of 12 415 310 260 22 9 80

indiv. shots
REFERENCES

1. Behn R. et al., Physical Review Letters 62, (1989) 2833-36.
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Fig. 1: The average and
standard deviation of g
measured spectra obtaineg
from reproducible plasma
discharges. The plasma
parameters correspond tgo
table I. The solid line is 4
least square fit, yilelding
T, = 305 eV.

Fig. 2: Fit tec an individual

spectrum with time
resolution of 1.4Uus. The
shaded region is O(N) (see
text) . Measured plasma
parameters: ne = 7.2 x 1019
m3, T. = 500 ev, T;NFA = 339
eV, zgfrf = 2.5. The fit

(solid line) yields T;¢T =
280 ev.

Fig. 3: The accuracy of an
ion temperature measurement
in D as function of plasma
density for Tp = 700 eV, Ty =
400 eV and zgfr = 2.5, for 12
optimally placed frequency
channels of 80 MHz width,
The scattering angle is 90°
and the laser frequency 780
GHz. (Simulation results).
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THOMSON SCATTERING DIAGNOSTICS DEVELOPMENT IN FT—1 TOKAMAK
FOR THE ELECTRON TEMPERATURE TEMPORAT VARIATION MEASUREMENTS

1.8.Levin,Yu.V.Petrov, G.T.Razdobarin, A.I.Tokunov,N.V.Shustova

A.F.JToffe Physico-Technical Institute, Leningrad, USSR.

To study the dynamics of ECRH in PFT-1 tokamak a proper

Thomson scattering diagnostic approach has been developed |

using the multipulsed ruby laser and the multibeam Ilaser

optical system for plasma probing.

S5 The multipulsed laser operation mode wasg obtained by means

of the Q-switeing dye solution cell The oscillator was adjusted

to yield the train of 70 ns duration pulses with the spasing

between being from 100 up to 200 Us. The overall energy of the

5 to 6 pulse train was near 2.5 J. This energy was inoreased up

to 15-20 J after the amplification. :
For additional rise of the energy by approximately one order ;

of magnitude the multibeam plasma probing of tokamak plasms was

applied. To build the multibeam laser probing system which is

fitted to the tokamak experimental oonditions a new optical

layout has been designed [1].Its schematic diagram is shown in

Fig.1, where 1 and 2 are the spherical mirrors with the tokamak

discharge chamber being put between them, C; and 0, are their

curvature centre points, a is the input beam axis, S is the

line of observation, S‘I and .S.2 are the points of the input and

the first reflected beam intersection with the 1line of

observation, 3 is the focusing lens. The spasing between the

two mirror surfases is the sum of both curvature radii. The

input beam is pointed to Plasma olosely to the first mirror

edge. After being focused on the line S it is blaced on the

second mirror reflecting surface. All the reflected beams are

lying in the same plane coming through the observation and |

input beam axes. The coordinate of the (j) mirror beam '

intgerseqtion point for the n reflection is as follows(n=0,1..):

xog (D ) nPA-n(C -8,)1;
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A=C,|—G2 is the distance between the curvature centre points.

In the case of the concentric multibeam system (A=0) thei
number of beam transits through the plasma is defined by‘
N=2 (D-d)/d,where D and d are the diameters of the mirrors a.nd.l

|
the laser beam section in the vicinty of the first mlrror.|

While taking the optimum distance A—d2/16 (D-d) the number ofi
beam transits became 4 times as large due to more effective
light gathering by the mirror reflecting surfases. In thigi
condition the last of the transit probe beams which is leaving|
out the mirror system is pointed towards the laser body what
may be resulting in the laser spontanious generation. Its
suppression ocan be achieved using the dye oell between the
oscillator and amplifier.

In FT-1 tokamak the multibeam laser probing system compJ:-:i_sesj
of two spherical mirrors each of 800 mm curvature radius and of
80 mm diameter. As it follows from the experiments on Reileigh
gscattering the 16 transits of laser beam through the discharge|
chamber yield the 13 fold scattered power increase. Two
scattered signal traces at the same laser output with the
multibeam laser probing being on and off are shown in Fig.2 by
the curves 1 and 2 correspondingly. A number of peaks which are
seen on the curve 1 during the time interval of 500 ns isj
accounted for the amplification of the consecutive returning to
the laser body beams, with the spacing defined by the lightE
travelling time from laser to plasma and back. This helps to;
use utmost the stored inversion and to give the increment ori
laser output at a given pumping rate if necessary. 5

The diagnostic arrangement was used in studies of FI- ‘i'
tokamak OH and ECRH discharges. The ECR wave of 100 kW power at,
frequency of 30 GHz was launched by means of gyrotron from the!
stronger magnetic field side with the resonance layer being?
near the discharge axis. The example of the temperature
measurements at 4 separate laser pulses with the overall energy;
of 10 J is shown in Fig.3. The electron temperature measurement’
statistical error was found to be of near 6% in a single of 3 J
laser pulse whenever the electron density was 1 O‘I 30m 3. Wlthln

a good acecuracy 1t was happened to be necessary to take mtol
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account the small relativistio corrections in scattered
radiation spectrum.

A train of 5 or 6 laser pulses was not large enough to carry
out a perfect  temporal variation measurements during ECRH.
Such measurements are capable only after the storing of number
of scattered radiation pulses in different tokamak discharges
(see Fig.4). The signal averaging was sometimes performed to
decrease the statistical fluctuations. For this purpose the

inside the faken gate and the resulting integrated signals were
used for data Processing. The determined averaged temperature
value was related to the temporal point which was calculated as
the weighted mean wvalue over the all pulse temporal points
inside the gate. The weighting coefficients were taken to be
propotional to each pulse energy. The gate was shifted step by
step. This averaging procedure was performed separately for the
time intervals before, at and after the auxiliary heating. The
temporal dependence of the averaged temperature values ig shown
in Tig.5. The gate duration was taken to be 200 Ms while the
each step was 50 us.

The temporal variation of the electron temperature spatial
profile using the averaged temperature values is shown in
Fig.6. The electron energy  content time derivative at the
moment of gyrotron switehing on has been taken to determine the
HF absorption rate in bulk #leotrons. In order to get the more
acourate data the loeal valiues of electron energy content were
determined at the different radial positions in Lhe time bhefore
the ECRH arul during the first 150-200 Ms of gyrotron action.
This makes 1t possible 4o get the HF absorption rate radial
distribution and +o obtain the power absorbed throughout +he
Pinsma colum. This one was Tound to be of 60i15 kW which is
tlose fo bhe overall gyrobron power launched into plasma with
account of 15% losses in wavegllde and discharge chamber walls.
Reference:

T.V.K.Gusev, M.Yu.Rantor, G.T.Razdobarin. Bulletin "Otkrytia i
izobretenia”,S,ISBO, ags 1421072, (Tnvention bulletin, 8, 1990,
Aauthor surtification 1421072)
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IN-BEAM STUDY OF “Be(e n\r)‘zc REACTION, PROMISING
AS FAST ALPHA-PARTICLE DIAGNOSTICS IN TOKAMAK PLASMAS.

V.G.Kiptilyj, A.V.Matjukov, A.S.Mishin, V.0.Najdenov,
I.A.Polunovskij, L.A.Rassadin, I.N.Chugunov.

A.F.Ioffe Physical Technical Institute, Leningrad, USSR

The investigation of the behavior of thermonuclear alpha
particles in plasma is considered to be one of +the main
questions on thg way of solution of +the controlled fusion
problem in a tokéﬁakfggactor. A lot of diagnostic methods is
being worked out for this purpose [1]. These methods enable +o
investigate the alpha particle distribution in plasma and the
effects connected with a high density of fast alphas.

Atomic collision techniques are considered to be one of the
most perspective and worked out diagnostics. Nowadays it is
discussed intensively in this connection. It will be informative
in the alpha particle energetic range Ea < 1.5 = 2.0 MeV in
accordance with the conclusions from the report [2]. The method
based on the properties of nuclear reaction gBe(a n,?}’zc [3] can
be used for the diagnostics of alpha particles with Ea > 1.7 Mev,

The obtaining of information about the distribution function
in this method is based on the measurement and analysis of the
spectrum of y rays with energies 4.44 MeV which are as the result
of the deexcitation of 2% level of the finite nucleus '2C. The
level lifetime is equal to 0.06 ps and is much less than +the
slowing down time of the recoiled nuclei in +the medium. That's
why the measured spectrum of 4.44-MeV y rays is distorted by the
Doppler effect. The shape of gamma spectrum is defined by the
velocity distribution of the recoiled nuclei, angular
distribution of y rays and angular correlation of neutron - Yy ray
cascade. The velocity distribution of the recoiled nuclei depends
on the impulse distribution of the incident alpha particles and
escaping neutrons (the +target can be considered to have
negligible velocity). The impulse distribution of neutrons is
defined by the energy of alpha particles and angular distribution
of neutrons in respect to the direction of the alpha particle
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velocity. Angular distribution of neutrons and angular
correlation of +the neutron - 7y ray cascade depend on the
structure of the excited states of nucleus '°C which change
together with the excitation energy. So all the factors which
determine the shape of 4.44-MeV y ray spectrum depend on the
function of +the alpha particle velocity distribution. The
question is how much their sensitivity to this distribution.

The in-beam spectroscopy investigation of +the reacticen
s'Be(cx niy)lzc was provided for the estimation of sensitivity of
the gamma spectrum on the alpha particle energy and the detection
angle in respect to the beam direction. The comparison of spectra
with the simultaneously measured angular distribution of neutrons
which feed the 2" level of the nucleus '°C have shown their
adequacy.

Fig.l shows the example of y ray spectra measured by HpGe
© and 90° (in the direction of the

beam and in perpendicular direction). The figure shows that

detector in two positions 8 = 0

besides the energetic shift of +the peak in respect +to the
non-perturbed position +the shape of +the spectrum is also
distorted. This change can be explained by the anisotropic
character of neutron radiation because it is +the only factor
having an influence on +the velocity distribution of recoiled
nuclei at so shot 1lifetimes. In the case of isotropic
distribution of neutrons the gamma spectrum would have symmetric
shape. The dependence of the line shape on Eu would contain the
changes of peak width and center of gravity only. This effect
would be practically unnoticeable in the diagnostic experiment.

In the case of single source of the 4.44-MeV plasma
radiation the spectrum is connected with the alpha particle
distribution function f(Eﬂ,ﬂu) by the formula

S(ET} « [] n_ f£(E_6,) o(E) v, K(EY,Eu,Sa) @ dE,
where n - the concentration of “Be in plasma, 6 - the angle

between the direction of the velocity v, and the direction of the

collimated spectrometer, a(Eu) ~ cross section of +the reaction,
K(ET.EG.BH} - complex function connecting the energy of detected
y-ray with energy of the alpha particle and the direction of its
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movement. The real diagnostic spectrum of 4.44-MeV y-rays is the
integral jvS dv through the whole plasma volume observed by the
spectrometer.

Obviously, the precise knowledge of function K(Ey,Ea,Su) is
necessary for the calculation of the spectrum S(Ew) for given
alpha particle distribution. Experimental method of determination
of this function is one of simple methods. For this purpose the
spectra of 4.44-MeV y rays were measured carefully and then were
organized in the matrix M(Ey’Ea'eu) The energy of the alpha
particle beam is varied in the range 1.9 - 4.0 MeV with the step
0.1 - 0.3 MeV. The spectra were registered by the 30% HpGe
detector which was located at the angles 8 = 0° - 150° in respect
to the beam (the step was equal 150). The matrix M was further
transformed into the function K(ET,Ea,eﬂ) by the normalization,
interpolation  and extrapolation. The accuracy of the
transformation was controlled by the comparison of the calculated
spectra with the spectra measured in the runs with semi +thick
targets ‘0.64 and 1.50 mg/cmz). Good agreement of +the compared
spectra gives the basis for the modeling of diagnostic spectra
using the obtained function K.

For calculations the alpha particle distribution based on
the classical character of particle slowing down in plasma
[4] .Fig.2 shows the function f(Ea) and the energetic dependence
of cross section O(Eu of the reaction gBe(a,n1¥)lzc. Fig.3
shows the calculated spectra of 4.44-MeV y-rays for +the steady
state of plasma (A) and for the cases when 0.03 s (B) and 0.05 s
(C) have passed after ignition.

The figure shows that the sensitivity of spectra to the
different types of the distribution is enough for diagnostic
purposes.

It is necessary to mention in the conclusion that the
presented calculations were provided on the basis of the simplest
model ( the distribution was supposed to be isotropic ). At the
NBI and ICRF heating of plasma the anisotropy of the distribution
must show itself. As calculation shown, the sensitivity of the
spectrum to the anisotropic distribution is enough for
diagnostic analysis, too.
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1) D.Post,S.J.Zweben,L.Grisham, in Proc. of the Cours 'Basic and
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A High Resgolution LIDAR-Thomson Scattering Systen Iox gep

H. Fajemirokun, cC, Gowers, K.,Hirsch, p. Nielgen, H, Salzmann

The spatial resolution achievable with the
Thomson scattering diagnostic at JET ig about

A LIDAR-Thomson scattering system capable of be
spatial resolution {s needed to resolve edge elect
and density gradients in H-mode operation,

plasma is of interest because it ig believed t
determine transport and confinement in the'b

ron temperature
This region of the
hat these gradients
ulk plasma,

the integration tima of. the detection system. o achieve the
desired 5 cm level of spatial resolution, it is proposed to use:

® the existing LIDAR ruby laser, operating at 180 ps pulse
width (as opposed to tha 300 Ps pulse currently used);

® the existing input optics, modified to input the beam at ,17°
above the major radius Plane of the torus to optimiga the

vignetting function for collection of light scattered at the
edge;

® one mirror of the existing collection mirror array in
conjunction with the rest of the collection optics;

@® a new three channel edge filter spectrometer;

a streak camera to detect incoming light;

® a CCD camera coupled to a personal computer for data
digitization and storage.

At present, feasibility tests for the streak camera and the cCp
camera are in progress. Measurements made at the expected signal
to noise ratio level, using a commercially available streak
camera and intensifier unit indicate that the above described
schema is feasibla, :

A suitable three channel edge filter spectrometer has been
designed. The optimum wavelengths of the edges of each channel
were determined using simulation software developad specifically
for the LIDAR-Thomson scattering system.
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LOCALIZATION OF FLUCTUATION MEASUREMENT BY WAVE
SCATTERING CLOSE TO A CUT OFF LAYER

X L.Zou (D, LLaurent (1), T.Lehner (2), T M.Rax(1)

(1) Association EURATOM-CEA sur la fusion contrélée
CEN Cadarache BP 1 13108 St Paul lez Durance France
(2) Laboratoire PMI Ecole Polytechnique 91128 Palaiseau France

I. Introduction

In tokamaks several fluctuation diagnostics are based on the scattering of an electromagnetic
wave close toa cut off layer. For example measurement of density fluctuations (E) by
reflectometry [1] and magnetic fluctuations (B) by cross polarization scattering [2]. For such a
configuration the eikonal approximation does not remain valid to describe the pump wave
although it is valid to describe E(r) and ﬁ(r}[S]. In this paper we shall consider a linear density
profile. An unidimensional exact analysis has been performed. Spatial and spectral localization
of scattering process close to the cut off layer is investigated and a modified Bragg rule is
derived.

II. Unidimensional Scattering in Critical Layer
I1.1) Structure of pump wave

We consider the case of a monochromatic wave of ordinary polarization (O) launched into
the plasma perpendicularly to the magnetic surfaces. To have an analytically tractable problem,
the density profile is taken linear n(x)= ny(1-x/Lp) where ng, is the cut off density. The electric
field can be expressed using Airy functions Ai, Bi [4] :

[ A+ BiCx) | AiCx)- Bi(-x)]
2 2

Ei(x) = 2(n’koLn) 0 Eq )

where y=x (ko2/Lpn)13, kg, Eg are respectively the wave number and amplitude of pump wave
in vacuum. The first term represents an incident wave, and the second term a reflected wave.
Far from the cut off layer these fields match with the WKB solutions O A X Inanon
dissipative medium, energy conservation for each progressive wave yields the group velocity

Vg

E=F (ol (Aic0)? + BiGn)?) @
B

In (2) it can be seen that obviously the amplitude of the field is large close to the cut off layer.
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11.2) Structure of scattered wave

Four processes have to be taken into account: the forward and backward scattering of the
* incident and reflected wave. The wave can interact with either density fluctuations (an ordinary
wave is scattered) or magnetic fluctuation (an extraordinary wave is scattered) [3]. Both
mechanisms are considered:

a) Process Oj+n—0g
Using the fact that the scattered wave in vacuum is simply a reflected plane wave, the solution
of scattering equation within the Born approximation is given by:

pé o0
Eg(O=-in[Ai(-0)-Bi(-0)] [AIEIGEE - inAi() [AICE)-iBi(-£)] GEE 3
-co x

) ~
where G is the scattering source term  G(y) = (kL) % % Ei(x)
‘ 2 n(y

If =a, X=b are the boundaries/of the scattering domain, from Eq.(3), we calculate the spatial
autocorrelation function of scattered field as follows:
413 (Tohg2 ik (x-x'
<Eg(x,09)Eg*(x,0's)> = 121 Egl? (koLp) " (&Jz 21 S(ogw'g) ¢ o)
T
b b
Jaty JagAicE 2L <6 €rogn* Eep> @
a d

where 1o (=(e2/4neomec?))is the classical electron radius, < > stands for statistical
average.Through a change of variable R=(§+E5)/2, r=E;-E5, and with the Wiener Kinchine
theorem [5], the scattered power can be expressed as :

b oo
Pag=Pa; (2roho?” (koln) " faRn®) %Fab(k»R) Sn(k,o.R) ®)

Ry ikr oy g
: R R T . n(k,®,R) n"(k,®,R)
with Fap(k,R) = [ dr (A:(- -—)Al(—R-i——))z e andSp= lim = < >
a 1{ : 2 2 M e ToL 1(®)
R1=2(R-a), if Re [a,(a+)/2)]; R1=2(b-R), if Re [(a+b)/2,b]. Sy, is the 1-D form factor of A[S].
In the WKB range, Fyp is simply given by Dirac functions :

Fab(kR) = = (kol) ** 27 (8-2K5(R) + 8+ 2(R)) ©)

This corresponds to the standard Bragg relation (kj(R) is the local wave number of pump
wave). In Eq.(5) the integration in R (respectively k) corresponds to the spatial (spectral)
distribution of the scattered power. The R variation of Fyp describes the "swelling effect " close
to the cut off layer. The discussion on the spatial and spectral localization depends essentially on
the form factor Sy, and the Bragg function Fay. Fig.1 displays the contour plot of Fyp(k,R)




1695

with WKB treatment for pump wave. The function Fyp is maximum on a parabolg
corresponding to the usual selection rule k=2kordinary = 20/c Vx/LN. The broadening comes
from the finite extension of the scattering zone. Without WKB approximation the main
differences are a more complicated structure and spectral broadening around the cut off layer
as shown in Fig.2 and forward scattering (corresponding to the straight horizontal line for
k=0). We find again the parabolic branch outside of the critical layer corresponding to the WKB
computation.

b) Process Oi+§—>XS

It was shown in [3] that using the cut off layer as a polarizing mirror, then combining the
reflectometer and forwardscattering technics, we can measure B. In this case, the scattered
wave (X;) crosses freely the plasma, and the calculation is more simple, The expression of the
forwardscattered power per frequency bandwmth is given by :

(rolo
Py =Pay; —(koLn)

iy )zJ (R)de —Fap(k,R)[ Spx(k,@,R)+uSpy(k,0,R)]  (7)

/

s ~ %
B (k,0,R) B (k,0,R
u( ,0,R) Ll( ,0,R)

with v= [22 " and Spu(k,@.R) = lim 5 < =

w; T,L—co n(R)B, y
A simple expression of Fgy can be obtained by using the fact that the scattered wave (X mode)
can be treated with the WKB approximation:

FanR) = R KR 218 (La/kod PkoNsRIER2 - | ®

In Eq.(8), K, 89 are respectively the modulus and argument of Aj+iBj, Ng is the refractive
index of scattered extraordinary waves. Fpp represents a modified Bragg rule for forward and

backward scattering processes '+, - ', the Dirac distribution describes a matching with the local |

wave number. The swelling effect is now expressed by the function K2(R) in Eq.(8). Finally
the spatial localization problem for B depends only of the balance between K2 and Sy,

1I-3) Numerical application
Let us model the microfluctuations as follows : Sy, Sp= exp(-(k(R)-k«(®))2/(Ak)2) with a

maximum at k. and a width Ak equal to the inverse of thermal ion Larmor radius. We define © |

as the ratio between power scattered from the critical layer and WKB domain. We use Tore

Supra Tokamak parameters Ly=0.7m, k«=Ak=770 m-! (Ti=1keV, Bo=4T), 0/2r=60GHz. We |
find respectively ©(B)=3.5, 1(n)=0.5. This result is not surprising as we expect, a relative |
spatial localization for process Oi+§—>)(S since k« is met close to the critical layer. On the |
opposite for process Oj+n—0Og the selected wave numbers of fluctuations in the cut off layer :‘

are nearly zero and correspond a spectral range far from the maximum of Sy, .

III Conclusion
The scattering process is described by a function Fyp(R,k) which contains the spectral

selection rule through its k variation and the localization effect due to the swelling of the electric |
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expected for higher k turbulence corresponding to standard drift wave spectra. For the magnetic
fluctuation measurement by cross polarization scattering, a moderate localization is expected. It
has been recently pointed oyt that the Born approximation may not be valid close to the ¢yt off
layer if large fluctuation levels exists (n/n =0(1)) like at the plama edge. In this case that
multiple scattering is expected to play a role [6]. It is posssible to describe this mechanism using

further work.
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POLARIZATION OF HARD X-RAYS, A CONTRIBUTION TO THE MEASUREMENT OF
THE NON-THERMAL ELECTRON DISTRIBUTION FUNCTION (L.H.C.D.)

M. _HESSE, P. PLATZ, M. LAMOUREUX*

DRFC - CEN/CADARACHE - 13108 St PAUL LEZ DURANCE (France)
*LSAI - Bit 350 - Université Paris Sud 91405 ORSAY (France)

I - INTRODUCTION

The hard X-ray spectrum emitted by a plasma containing non-thermal
electrons generated during Lower Hybrid Current Drive experiments has
already been measured on several Tokamaks /1-2/ but the polarization
properties of the bremsstrahlung have not yet been studied. The present
study starts with the comparison of tractable analytical expressions of
cross-sections with more precise computer-calculated values ; then an
evaluation of the polarization is carried out under real tokamak current
drive situations and finally a proposal of a new diagnostic for the Tore
Supra LHCD experiment is presented.

2 - ATOMIC PHYSICS OF ELECTRON-ION BREMSSTRAHLUNG

In the medium relativistic range of energy (50 keV - 1 MeV), the
only available analytical double-differential cross-section formulae are
those obtained in the relativistic Elwert-corrected Born approach (EB) /3/.
The EB calculations have already been compared with a numerical Exact-
Coulomb (EC) multipole relativistic partial waves approach /4/ for a low-
energy electron beam (50 keV) and for a high fraction of emitted energy
hv/E; = 0.95. These calculations have now been extented /5/ to electron
energies up to 800 keV concerned in LHCD experiments. Figs. 1 and 2 present
the Shape-function § [d20/d9d(hv) normalized to the solid-angle-integrated
cross-section do/d(hv)] and polarization versus viewing angle @ for 2 high
electron energies (400 and 600 keV) and for one photon energy, 320 keVv
(hv/E;=.8 and .53) ; a few curves from /4/ are also plotted. At high photon
energies (hv>200 XeV) the Shape-functions (cross-sections) decrease very
fast with increasing viewing angle 8. EC values are higher than EB values
for 0¢0<10°.However, this region contributes little to the total emissivity
due to the sin®-weighting factor. EC and EB polarization values may be
quite different in particular ranges of ® (case E,=600keV,hv=320keV,0>50").
They occur in the wings of the Shape-functions and therefore have little
contribution in the emissivity. In conclusion, we consider the analytical
Gluckstern-Hull /3/ theory appropriate for the present study.

3 - PO T ASMA CONTINUU

A detailed study of polarization properties of the continuum
emitted by a plasma containing impurity ions and suprathermal electrons
has been carried out /6/. The model of electron distribution is a two-
temperature Maxwellian with forward and perpendicular temperatures T and
Tp ; the other plasma relevant parameters of the calculations are : ion
and electron profiles, observation angle, cut-off energy of suprathermal
electrons and ion charges Z. The most important outputs of this evaluation
are :
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a) The optimum observation angle for polarization measurements is
different from the optimum angle for emissivity measurements ;i a good
compromise, between polarization sensitivity and emissivity, is a slight
forward observation (60') with respect to the electron toroidal direction.
Line-of-sight integrated volume emissivity is presented fig. 4 in pratical
units for the case of Tore Supra experiment.

b) In the range of parameters covered here, the useful X-ray
spectrum  lies in the 200-600 keV range (fig. 3) where the upper limit is
determined by the cut-off energy of the electron distribution.

c) The X-ray spectra and the polarization values are very sensitive
to the cut-off energy. Inasmuch as it is physical, this cut-off energy will
have to be measured.

d) The polarization value is quite high, up to 0.4. Polarization
increases with photon energy but reaches maximum value already at 300 keV,

e) Polarization is almost independent of the forward temperature.

f) Polarization is most sensitive to the perpendicular temperture.

These last two outcomes are the basis of this proposal of polariza-
tion measurements aiming to evaluate the transfer of the parallel energy
gained from the wave into perpendicular energy.

4 - COMPTON POLARIMETER

Relativistic Compton scattering of polarized photons is described
by the Klein-Nishina formulae. For the photon energies considered here
(200-600 keV) and for 1low-% elements the photoelectric effect is
negligeable and Compton scattering is greater than pair-production by
radiation up to 10 MeV. A simplified lay-out of a polarimeter is shown in
fig. 5. The diffuser-scintillator is equipped with several PM's for the
detection of the recoil electron (in a neutron environment the most
appropriate Compton scatterer is the hydrogen-free NE 226 scintillator, ¢ =
5 em;, L = 10 cm). Pairs of scintillator-analyzers (BGO 10x10x1 cm’) on
orthogonal side-arms S;,..S,, detect the scattered photons. Polarization
sensitivity of the polarimeter is given by the contrast C (or asymmetry
ratio) for a perfectly linear polarized incident beam, as the ratio of the
cross-sections integrated over the scattering solid angles on perpendicular
side-arms. C decreases with photon energy and aperture angles as shown in
fig. 6. In the 200-600 keV region, a contrast of 10 which is quite
sufficient for measurements of P » 0.1, is obtained for 10°  (half-
aperture) angles. For Iy = 1 MA, n, = 10'3 ecn"d, 6 = 60°, Z,;, = 3 and a
Plasma resolution of 10 x 10 c¢m? a count-rate of 10% /keV.s 1is expected.
Reduction of neutron-induced and other non-Compton events will be obtained
by use of standard electronics such as coincidence techniques, pulse
height analysis and pulse shape discrimination on the diffuser signal.
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5 - CONCLUSION

The present study shows that extension of the conventionna]
spectrum analysis to polarization measurements permits the determination of
the mean perpendicular energy, i.e. a better knowledge of the distribution
function of electrons.
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THE THOMSON SCATTERING SYSTEMS
OF TORE SUPRA . FIRST RESULTS.

E. Agostini , T.-Chies , J._Lasalle , B. Moulin , P. Platz.

Association EURATOM-CEA sur la Fusion Contrélée
CEN Cadarache BP1 ,13108 Saint Paul-lez-Durance (FRANCE)

INTRODUCTION = Major objectives of Tore Supra are long-duration discharges
(>30s) and ergodic divertor experiments .We have set up a 12-point,multipulse
Thomson scattering system for the main plasma and a 3-point,high resolution :
single-shot system for the peripheral plasma (Figl).

LASERS  Both lasers are from B.M.Industries (Evry France) .The multi-pulse
system uses a laser source made-up of 3 Nd:YAG modules (oscillator + amplifier)
with a total pulse energy of 2.1] and a combined beam cross-section of 8x33 mm2 ;
the pulse FWHM is 15 ns.The mean pulse frequence is 27 Hz. For each pulse ,
there is a 2 ms time-window for an optional external trigger . The length of the
pulse train is unlimited.The single-pulse system uses a 20] Nd:YAG oscillator /
Nd : glass amplifier.

Remote controlled mirrors offer complete freedom of beam alignment,in
particular parallel beam displacement in the toroidal direction during the
discharge (see the alignment and calibration procedures below).

SPECTROMETERS AND DETECTORS. The twelve 3-filter spectrometers
(FIG2) for the main plasma, labelled # 1to 12, have the spectral
characteristics, temperature range and standard radial settings as shown in table 1.
They are precision-mounted into four modules , each module having its own
collection lens (doublet f=75cm, @=22cm) as shown in FIG1. Each module may be
tilted around an axis going through its collection lens , allowing for a shift of the
three associated space-points by + 11 cm from the standard position. For the
ergodic-limiter experiments the spectrometer # 2 is interchanged with # 2*,
which is a low-temperature version with 3 spatial channels of increased
resolution (table 1). The detectors are R.C.A. avalanche photodiodes,first
produced for,and used on Asdex /1/.

Electron temperatures and densities are obtained with the two-channel
method developped for T.F.R. /2/. The three-filter lay-out increases the
dynamic range and provides , within a reduced range of Te , two redundant
measurements , a powerfull indicator of calibration errors.
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CALIBRATION PROCEDURES i) in the laboratory , the responsivity functions
(volts/nm.watt) of the three channels are measured with a tunable DC light
source . ii) on TS , the responsivities are periodically checked with a high-
troughput , calibrated DC source (tungsten halogen + diffusing sphere + fresnel
Jens) mounted in front of the collection lens, iii) the amplifier/data acquisition
system is calibrated with a pulse generator, iv) The geometrical coupling of the
laser beam to the detectors is measured by scanning the beam in toroidal
direction during a stationnary discharge.This also serves to eliminate initial
alignment errors, v) Rayleigh” scattering in nitrogen for absolute density
calibration (not yet done). -

RESULTS : FIG3 shows Te(r) profiles 6 ms before (+) and 4 ms after @ a
sawtooth.The high signal-to-noise ratio is demonstrated by FIG4 ,which shows
the net output of the acquisition system for the spectrometer #7 during a 4-pellet
injection experiment ( 400 laser shots). FIG5 and FIG6 show Ne(t) and Te(t) for
two values of r : -5.5 cm and -38.5 cm.The solid lines are eye-guides .Notice that
pellet #1 precedes a laser shot by 0.4 ms and that pellet #2 follows a laser shot
by 0.1 ms . FIG7 and FIG8 show Ne(r) and Te(r) profiles for 3 lasers shots ,
before (@) and after (m; x ) pellet #1.

ACKNOWLEDGMENTS We are grateful to Drs Hirsch [ IPF Stuttgart] , Meisel ,
Murmann , R6hr , Salzmann and Steuer [IPP Garching] for fruitfull discussions.
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SPECTRO| CHANNEL3 | CHANNEL2 | CHANNEL1| POSITION|RESOLU- |Te RANGE
(nm) (nm) (nm) (cm)  |-TION(cm)| (KeV)
1,12 930-992 |992-1024 |1024-1042| +60.5 6 0.1-15
2,11 +49,5 -
3'10 |B874-960 |960-1006 |1006-1032| ;35’3 6 0.25-3.
4,9 +27.5
5'8 850-930 | 930-992 | 992-1024| *16.5 6 0.5-5,
6.7 +5.5
72 2
2% 1010-1031(1031-1045(1045-1054| 75 Y +11] 2 0.01-0.20
78 2

TABLE1
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DIFFERENTIAL ELECTRON-CYCLOTRON WAVE TRANSMISSION FOR
INVESTIGATION OF A LOWER-HYBRID FAST TAIL IN THE REACTOR
REGIME

R.L. MEYER, X. CARON
LABORATOIRE DE PHYSIQUE DES MILIEUX IONISES
(URA CNRS 835) UNIVERSITE NANCY I
B.P. 239 - 54506 VANDOEUVRE LES NANCY Cedex FRANCE
and
I. FIDONE, G. GIRUZZI
Association EURATOM-C.E.A, C.EN. CADARACHE
13108 SAINT PAUL LEZ DURANCE Cedex FRANCE

One method to obtain information on the current carrying fast tail generated by
travelling lower-hybrid waves in a tokamak plasma is emission of electron-cyclotron waves,
The success of the method [1-3] relies on the fact that in low temperature plasmas the thermal
and non-thermal features of the wave frequency spectrum are well separated. In a tokamak
device in the reactor regime a new physical situation arises which leads to overlap of the two
spectra. We first note that, in a high temperature plasma the combined effects of plasma
accessibility and strong Landan damping will restrict lower-hybrid wave penetration to the
peripheral plasma region. The electron distribution function in the region where the lower-
hybrid wave is localized is characterized by a flat superthermal tail superimposed to a

" Maxwellian at relatively low electron temperature. This tail can interact with an electron
cyclotron wave at frequency o if the resonance velocity lies within the range of the
superthermal tail. However, it can also interact with the Maxwellian tail in the central plasma
region, where the electron temperature is much higher than at the plasma periphery and
therefore the received signal is not unambiguously related to the lower-hybrid tail. It is
possible to eliminate the contribution due to the thermal electrons in the plasma core using the
differential transmission between two equivalent rays with equal and opposite values of the
parallel refractive index N that is two rays characterized by the same sequence of values of

the plasma density, magnetic field, bulk electron temperature, and INyI. This is, for instance,
the case of wave propagation in the equatorial plane for two modes with equal and opposite
launch angles. However, for the same launch from a top position the two rays are not
equivalent because the 1/R dependence and the non-zero poloidal component of the tokamak
magnetic field produce different effects on the two rays. Two equivalent rays experience
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equal plasma refraction and cyclotron damping by a Maxwellian distribution and therefore the
differential transmission is totaly unaffected by the hot central plasma and spurious losses due
to plasma refraction. On the other hand, the damping of a wave by a fast tail in a given
direction is only determined by the resonant value of Ny and the differential transmission is
unambiguously related to the energetic electrons.

Differential transmission was applied in Versator II to eliminate the effect of plasma
refraction [4] on the extraordinary modes launched from a top position. As shown below, the
method used is in our case inapplicable since the chosen rays are not equivalent and the values
of [N, along the ray paths differ significantdly.

It is easy to show that two rays launched from the same origin with equal and opposite
values of Nz (along the toroidal magnetic field direction) will in general describe differents
orbits with different values of IN; | . This is illustrated by the following example. We consider
a torus with circular cross-section with major radius Rp=5 m and minor radius a=2 m. The
density and temperature profiles are given by ne(r)=ne(0)(1-r2/a2), Te(r)=Te(0)(1-r2/a2), and
Br=B1(0)/(1+x/Rg) where ne(0)=1014 cm-3, Te(0)=20 keV and B(0)=60 kG. The poloidal
field results from a central current distribution with a Te3/2 profile ( Ic=6 MA ) and a
peripheral lower-hybrid current ( I.g=6 MA ) located between r1=125 cm and 12=145 cm
with a peak near r9=135 cm.This kind of lower-hybrid distribution is predicted by the
appropriate lower-hybrid code [5].

We now consider two extraordinary modes at w=0.55w¢(0) launched from a top
position (x=0, y=a) with Nx=0, Ny=-c0s(25°), and Nz=sin(+)=sin(+25°). The initial values
of Ny=10.41. Shown in Fig.1 are the poloidal projections of the two rays with ¢=25° (a) and
@=-25° (c). It appears that the two trajectories are different that is the two rays experience
different plasma refraction.

Two completely equivalent rays with opposite N, are found by exploiting the symmetry
of the tokamak configuration with respect to the equatorial plane. We consider two rays
launched from two image points with respect to the equatorial plane (i.e., two points having
the same x and opposite y), with opposite Nz, Ny but the same Nx ,thus, two equal and
opposite Ny, values are obtained. Since the cold dispersion relation depends on N,,Z and the
sequence of the plasma parameters is the same for the two rays, the two trajectories and local
values of IN| are the same. Consequently, equal absorption is obtained in a plasma with a
Maxwellian distribution. For the parameters of Fig.1, the two equivalent rays are labeled by
(@) and (b).

We now consider the damping of the these equivalent rays. The lower hybrid-current is
carried by a superthermal asymmetric tail. As shown by Fokker-Planck numerical simulations
[6], the current carrying tail is represented by a flat distribution in the parallel direction with a




perpendicular temperature T =5Te, where T is the local value of the bulk temperature, The
model distribution used here is a Maxwellian at T)=T1~70keV in the interys)
0.45<py/me<1.4. For p)/mc<0.45, the electron distribution tends to the local Maxwellian g
Te=10keV. Shown in Fig.2 is the absorption coefficient o versus s the arc length alon £ the
ray for the two equivalent rays (a) and (b). For the ray (a) the total damping results from the
contributions of the Maxwellian plasma centered near s=225 cm and the two satellites due to
the lower hybrid tail. For the equivalent ray (b), the contribution to the damping comes from
the central Maxwellian only. The bell shaped curve near s=225 cm is then the same for both
rays . The total optical depths for the two cases are 17x=0.69 and 0.47 respectively, and
therefore the transmitted fractions Tx=exp(-tx) of the initial energies are 50% for the ray (a)
and 62% for the ray (b).

Since the effect of the central Maxwellian is the same for the two rays, information on
the lower-hybrid cument drive is obtained from the differential transmission
ATx=exp[-Tx(N)] - exp[-Tx(-Ny)]. This is presented in Figs.3 and 4 versus w/w¢(0) ( for
IN|I=0.41 ) and @ ( for @/wc(0)=0.55 ) respectively. It appears that ATk has a sharp
maximum with respect to w/wc(0) and ¢. This makes differential transmission a very
sensitive diagnostic which is a basic prerequisite for an unambiguous determination of the tail
parameters.

In conclusion, we have shown that differential transmission of two equivalent rays with
equal and opposite values of Nj; is a suitable method for obtaining direct information on the
superthermal tail generated by lower-hybrid current drive in the reactor regime. The next and
by far more difficult problem is how to extract quantitative information on the spatial and
energy distribution of the tail from the radiation signal. This can be achieved using adequate
interpretation tools based on 2D Fokker-Planck kinetic codes by improving previous
algorithms [5] of the lower hybrid current drive.
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DIAGNOSTIC POTENTIALITIES OF ELECTRON CYCLOTRON WAVES IN Ly
CURRENT DRIVE EXPERIMENTS 1
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IFP,Euratom-Enea-Cnr Association, Via Bassini 15, 20133 Milano (Italy)

) JET Joint Undertaking, Abingdon, Oxon OX14 3EA, UK.

The feasibility of diagnosing the high energy electron tails driven by LH waves i
Tokamak plasmas during LHCD experiments is investigated by computing the emission and
absorption of electron cyclotron waves both along lines of constant magnetic field and along
the usual line of sight parallel to the horizontal midplane.

The modelling and the calculation of the emission spectra are made by using a version of
a toroidal ray tracing code /1,2/ which solves the radiation transport equation by evaluating
the absorption coefficient given by the computation of the relativistic dielectric tensor and the
emission coeflicient obtained by a quasi-linear approach /3/. Besides the refractive effects, the
effects of plasma diamagnetism, poloidal magnetic field, harmonic overlapping and finite ac-
ceptance angle of the antennae are also taken into account.

In order to consider electron distribution [unctions reproducing those predicted by a
quasi-linear Fokker-Plank code for L.I1. waves /4/, we superimpose to a Maxwellian bulk
plasma a suitable number of Maxwellians drifting in the p, direction, p, being the momentum
component parallel to the magnetic field /5/.

The simulations shown here refer to a D-shaped JET-like plasma, having the lollowing
parameters and profiles;

R,=31m; a=1.03m; B0)=33T;
a(WF) = (1, — 1 )(1 — 2 + 1,

=3, X 10%em;, n,=.3 x 0% f,=0.7
TOh) = (T, =T)(1 — y2yer

T,=6keV; T,=0.6kel”, fi,=23.

The radial profile of the electron distribution function integrated over the perpendicular
momentum is shown in Fig.1: in the region ¥ > 0.5 it exhibits long tails in the positive direc-
tion of g, while it is an unperturbed Maxwellian in the central region % < 0.5 . Each flat tail
is constituted by a number of suprathermal electron populations, all Maxwellian in p, , but
with difTerent values of T, . The maximum value of T, , whose profile lollows that of the bulk
temperature, is around 20KeV,
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Aiming to evidence the sensitivity of T..C. emission and

absorption with respect to the main
parameters of the suprathermal population,

we show in Fig.2 the emission spectra cxpected
(neglecting reflections) for an X-mode travelling along a vertical line at R=13.14 m, in the range
of the first three harmonics. (These graphs have been obtained without including, for simplic-

ity, the finitencss of the antenna heam, i.c. considering only the central ray propagaling

perpendicularly to the magnetic field). 1t is evident that there are sulTiciently large ranges of
frequency, below the harmonics of the local electron cyclotron frequency,

where “only”
suprathermal particles emit (or absorb) the radiation.
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Fig. 2 - Radiation spectra along a vertical chord at R= 3. 14m for the X-mode. The continuous

line is obtained when suprathermal particles are present; the dashed line is obtained
without suprathermals.

Ifig.3 shows the {raction of transmitted power P ( M=e¢"
the X-mode, in the third harmonic downshilted range where r

vertical rays with different values of the component n, of the
magnetic ficld.

» T being the optical depth), in
clraction is negligible, (or three
refractive index parallel to the
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lig. 3 - Spectra of the transmitted power for the X-mode in the downshified third harmonje
range and vertical Irajectories al R=3.14m with a)m=0 , byy= —03
Am= +.3 .

In the case of vertically propagating waves, duc to the fact that the magnetic field is con-
stant along the tay trajectory (in absence of refraction and i the heam is sulliciently well
collimated), the resonance condition

y= Y —mypyfme=10 (n

(where ¥ = vl}/w, w is the radiation frequency, £ is the local clectron cyclotron [requency, v
the harmonic number, y = (I + (p/mc)?)'?) , allows a onc to one correspondence between the
energy of the emitting (or absorbing) particles and the radiation frequency.

Il n~0 , as in the case of curve “a” in I"ig.3, the correspondence is between m and y , so that
no information about the asymmetry of the distribution function can be inferred.

Il # 0 , the resonance contours given by eq.(1) are cllipses in the plane (p., py) whose
centers arc in (p, p. = 0) , with pefnic = V(1 — ), and whose semiaxes parallel to p, are
h= \/P -1+ ,’\/l —n¢ . Itiscasy to sce that, il

b> > J@T me) (2)

T. heing the perpendicular temperature of the tail, the resonant absorption of TLC. waves shall
mainly be due to particles with py=py2 , pua being the two intersections of the resonant ellipse
with the py axis. In the present case condition 2) is well satisfied for Y>> .2 and m = £0.3.
Morcover, for large ¥, only one of the two intersections will be in the range of py values where
particles are present, so that a “nearly” onc-to one correspondence between [requency and p,
will exist.

Referring to 1%g.3, in the case of curve “b” the attenuation of the wave in the [requency
range 195--220 Gh7, (corresponding to Y from 1.41 to 1.25) is mainly due to particles with p
ranging from +0.7 to +0.5, while it comes [rom particles with opposite values of py in the case

of curve “c”. The ratio between the transmitted power in the two cases would give an indication
of the asymmetry of the distribution lunction.
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[ig.4 shows the emission spectra which could be measured, from the low ficld side, along a
norizontal linc of sight paraliel to the equatorial planc. In this easc, although the onc to onc
correspondence between [requency and energy is lost because of the dependence on R of the
magnetic ficld, the radiation reccived at law lrequencices is entirely due to the suprathermal
clectrons in the low ficld side region. In fact the X-mode cutofl prevents the radiation from bulk
particles to escape, and the spectrum of emission, in this frequency range, gives an indication
of the spatial localization ol suprathermal particles.

121

Trad(KeV)
hid

4

2]

0 T o e | | | R TS (i Rk s S ey |
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Fig. 4- Radiation spectra, with (continuous line) and without (dashed line) suprathermals,
“viewing"” from the low field side parallel to the equatorial plane.
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INTRODUCTION

The interaction of LH waves with the plasma is expected to develop a high
energy tail in the electron distribution function. X ray line emission from highly
ionized impurities in the plasma can provide a means to measure the fractional
density of the suprathermal electrons. The principle of this measurement, which
has already been successfully carried out on FT [1], relies on the relative increase
in brightness of a collisionally exited electric dipole transition, like for example
the resonance line of He-like ions, and on the observation that, for medium »
ions, the impact cross section is fairly constant over the energy range of the fast
electrons. The applicability of this method for diagnosing suprathermal tails ip
JET plasmas is discussed. The general conditions under which a measurement of
the suprathermal component fractional density and its localization is expected to
be feasible are defined. The set—up of the crystal spectrometers available at JET
is outlined.

I PHYSICS PRINCIPLES
The intensity of a collisionally excited line in a low density plasma is

Ip =nn. /dea-v(E)f(E)
E,

where n, and n, are the electron and ion density, a-v(E) is the excitation rate
and f(E) is the electron distribution function. The excitation rate is given by
the Bethe asymptotic relativistic formula [2], to which an empirical term has been
added to correct the departure at low energy from the true values of the cross
section, given for example by the Mewe parametric formula. From Fig. 1 it can
be seen that for E =40 — 1000 keV o-v can be taken as constant; therefore the
increase in the line emission rate due to fast electrons is directly proportional to
their number.

Excitation rates, and in particular the high energy average value (ov) was
calculated for the resonant transition 1s2p — 1s? of He-like ions of z =18-36. With
these values the fraction N,, of fast electrons producing an increase in the line
intensity of 30% over the thermal value was derived and plotted as a function of
the atomic number z, for temperatures of the bulk between | and 10 keV. The
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Fig. 1 — Excitation rate of the Ni XXVIII Fig. 2 - Fractional density N, of supra—

resonance line w as a function of the thermal electrons inducing a 30% increase

impact electron energy. in the emission of the resonance line as
a function of atomic number z.

curves of Fig. 2 show that ions of higher z are more sensitive to fast electrons,
but for all ions an increasingly high fraction N,; of suprathermals is needed at
increasing temperatures.

The product of the fractional abundance fre of the He-like ionization stage
times the line excitation rate ((7.) defines the temperature range of maximum
emission. This range, also plotted in Fig. 2, roughly determines the fractions N ..
detectable for each ion. Some of the satellites lines also present in the spectra of
He-like ions are the result of the interaction with electrons comprised in a narrow
band of energy in the bulk of the distribution function, through the mechanism of
dielectronic recombination. Their intensity is therefore not effected by a distortion
in the high energy part of the distribution. In thermal conditions their intensity
ratio with the resonance line is a function of T, only. Since Te(t,r) can be
independently measured, from the difference between the experimentally measured
ratio Rexp, and the expected value Ry(T.), the fraction N,, of suprathermals
can be inferred:

Nz.f. = (I/Rczp - I/th(Te))CS(TEJ/’(a = ’U)
where Cy(T,) is the satellite excitation rate.

IT SIMULATION OF THE JET LHCD EXPERIMENT

The interaction of LH waves with the JET plasma have been simulated by
means of a Bonoli-Englade ray-tracing code [3]. The absorption of the 3.7 GHz
wave is calculated by solving on a radial grid a steady state, 1D Fokker—Planck
equation with an enhanced T in the resonant region. The output of the code are
the parallel electron distribution function fiu(wy.7), the driven current Jgp(r), and
the absorbed power Pupy(r). These data have been used to calculate the emission
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Fig. 3 — Thermal and suprathermal emission profile of Ar XVII in the simulation of a
pellet injection JET discharge.

profiles for four impurities, either naturally present or to be injected in the plasma,
Ar XVII, Cr XXIII, Ni XXVII , Kr XXXV.

The fraction of fast electrons resulting from the code are generally too small to
produce a measurable effect on the line emission of any impurity, but in Fig. 3 is
shown for example the relative increase in the emission of the Ar XVII resonance
line if the fraction N,; were ~15%, in a pellet injection discharge, with very
peaked electron and density profiles, Prg = 10MW.

In general, when the LH deposition is localized in the outer plasma region, the
line radiation of an impurity whose emission is centered in the same region should
be selected. The emission of higher z ions is normally dominated by the thermal
bulk emission, but for more central deposition a marginally excited line like that of
Kr XXXV could be chosen, although even for this element the peak temperature
should not be too high. In all the cases considered, the simulations indicate that
the local fraction of suprathermals needed to carry out the measurement should be
of the order of 10%.

III EXPERIMENTAL LAY-OUT

On JET three crystal spectrometers are available for X-ray line spectroscopy
[4, 5, 6. One of these, KS2, can perform a radial scan at a fixed wavelength
several times during the discharge; the others have a fixed line-of-sight but a
broader spectral range. Since at least two lines in the spectrum of the chosen
jon need to be monitored, the use of KS2 in conjunction with one of the other
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two spectrometers, should provide a good localization of the fast electrong, The
line integrated spectra could still be used by themselves, but in this case the
only localization would be provided by the definition of the emission region of
the observed ion, which can be calculated by means of the existing ionization
equilibrium code.

CONCLUSIONS

In the JET plasmas, characterized by high electron temperatures, the possibility
of measuring the fraction of fast electrons produced during LHCD experiments by
means of X-ray line intensity ratio techniques is probably limited. In particular,
the calculations show that very high fractions, 10% or more, of suprathermals are
necessary to produce a measurable effect on the observed line intensities.

Different impurities can be used to monitor different plasma regions, depending
on the localization of the resonance layer, with the combined use of the crystal
spectrometers available at JET,

This work was performed in the framework of a contract between JET and
ENEA on the “Physics support of the LHCD experiment on JET”,
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Neutral particle analysers provide a detailed measurement
of the ion energy distribution function which can not ba
obtained by other diagnostics, together with information on
neutral density. The standard neutral particle analysers, ag
the one in [1], have shown to be sensitive to the high neutrop
fluxes produced in the high temperature deuterium plasma of
the large tokamaks as JET [2]. The application of the
coincidence tecnique can provide an effective way to
discriminate the proper neutral signal from a random
background. At the same time it can be used to measure the
particle time of flight. A neutral particle analyser with
mass rejection capability and low random backgroung
sensitivity has been developed and fully calibrated in the
energy range between 0.5 and 200 KeV for hydrogen, deuteriun
and helium neutrals.

In fig.l the analyser layout is shown. The neutrals are
ionized in a gas stripping cell and energy analysed by a
cylindrical electrostatic plate system. The inner cylindrical
plate has an diameter of 6 cm and the outer diameter is 10 cm.
The inner cylinder is terminated at both ends by two flat
electrods and is set to a positive potential. This
configuration provides focalization of the ion beam from the
stripping cell both in the plane parallel and perpendicular to
the cylinder axis. The ion trajectories in the electrostatic
field of this system have been numerically computed [2].

A set of 15 detectors collect the ion with an energy
dynamic range 1:25. Each detector is a time of flight
detection system composed by a thin (lug cm-2) carbon foil and
two channeltrons fig.2. The ion produces secondary electrons
in the carbon foil which are detected by the first channeltron
providing the start trigger for the coincidence while the
signal in the second channeltron is the stop signal. The
channel length has been choosen in the range from 12 cm to
30 cm in order to have a time of flight of at least 50 ns for
each selected energy.

The start pulse triggers a set of three programmed time
delays (in the range 10 to 400 ns) and at the end of each
delay a time gate of programmed length is generated (in the
range 5 to 33 ns). A coincidence event is counted if the stop
signal occurs during the programmed gate time. 1In this way up
to three presetted masses can be counted by each detector.
The full signal processing for each detector is performed by
the CAEN N209 module. Channeltrons have been choosen agaist
channelplates as their high gain avoids the need of
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preamplifiers near to the analyser which can be affecteqd by
radiation problems. The channelplates would provide a better
time resolution due to their much faster output pulse but in
the parameter range selected for the analyser the channeltrgp
time performance is sufficient to obtain a global ‘tipg
resolution (fwhm) of 8 ns at energy greater than 30 kev.

The analyser vacuum box is made in ARMCO steel to provide
the shielding agaist external magnetic field. A light trap op
the plasma line of sight is set to reduce the stray light
background. Each detector is enclosed in a mu-metal box tg
complete the magnetic and stray 1light shield of the
channeltrons. Two 500 ls-1 turbomolecular pumps provide the
vacuum in the analyser box and in the analyser duct to the
tokamak.

The neutron background rejection can be estimated
assuming a coincidence gate of 10 ns and supposing that the
neutron induced background is near to the maximum count rate
at which channeltrons can operate (1.10 s-1). In this case a
spurious coincidence count rate of 10000 s-1 is found which
still provides a dynamic of two decades in the neutral signal.
This level of background is expected in JET[2] if the neutron
yield exceeds 1.10 neutrons s-1. This means that the neutral
particle analyser must be shielded agaist neutrons during the
D-T operation and even with present JET results[3] (neutrons
yields exceeding 1.10 s-1) a neutron shield is recommended.

The analyser has been calibrated in a neutral bean
calibration 1line [2], with hydrogen and deuterium neutrals
bewteen 0.5 and 200 KeV and with helium neutrals up to
100 KeV. In fig.3 the coincidence count rates for
hydrogen, deuterium,helium at 100 kev are shown for channel 15
as a function of the programmed time delays in the coincidence
module with a coincidence gate of 21 ns. As it can be seen
the three masses are resolved with a rejection level of 1%
between every mass. In fig.4 the peak delays value for each
mass are shown for the higher energy detector of the analyser
as a function of the particle energy. The experimental values
have been fitted by the following expression:

.w{_l-_(g— D EL(EME))

where E,M,Z are the particle energy,mass and charge, D is the
carbon foil width, L is the detector length, TO is a time
offset due to electronics and cable lengths and EL(E,M,Z) is
the specific energy loss in carbon foils for the given
particles[4]. The free parameters in the fit are D,T0 and L
and it can be seen that the fitting functions reproduce nicely
the experimental values so that they can be used in the
analyser tuning.

The detection efficiency of each channel has been found
to reach about the 50% of the maximum efficiency which is
fixed by the ionization in the stripping cell for energies
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eater than 30KeV while it decreeses down to 1% at the very
energies .
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I Introduction

Up to now the direct measurement of the magnetic fluctuations in the core of tokamak
plasmas has been impossible. According to various turbulence models, the estimated level of
B/B lies between 106 (residual magnetic fluctations due to drift wave i.e. O(Bf/n) where B is
the toroidal beta) and 104 (obtained assuming that the heat transport is only due to magnetic
turbulence). We describe in this paper a tentative diagnostic to measure these fluctuations, It is
based on the cross polarization scattering as suggested in [1]: Magnetic fluctuations scatter an
incident electromagnetic wave (with k; L B) with a change in polarization. In section Il the
basic principle of the diagnostic is explained. In section ITI the experimental set up is
described. It will be tested on the Tore Supra Tokamak at the end of 1990,

IT Principle of the diagnostic

It can be shown that an incident electromagnetic wave in the ordinary polarization is scattered
by magnetic fluctuations in the extraordinary mode. Far from the cut-off, the scattered power
per unity of frequency and solid angle is:

dPy/dfdQ =Pir2n L (wefw)? <|B(k,w) | %> /B2

where Pj is the incident power, 1, the classical electron radius, L the length of the interaction
zone and n the density. Depending on the level of magnetic urbulence, for typical plasma and
antenna parameter the scattered power lies between 10-9 and 10-13 of the incident power (i.e.
typically 102 to 10 less than the power scattered by density fluctuations).
The main difficulty is that one has to excite or detect a pure eigenmode in the plasma from the
outside. At the plasma boundary, an incident wave is projected on the plasma propagation
modes (ordinary and extraordinary). For not too short wavelengthes (millimetric waves), the
two normal modes are distinct enough and the wave Ppropagates across the plasma without mode
conversion. Using what is available to the experimentalist i.e. a linearly polarized antenna, it is



possible to excite a pure mode provided the antenna axis is perpendicular to the total magnetic
field. In this configuration, when its E plane is aligned ( respectively perpendicular) with the
total magnetic field at the edge the antenna is coupled to the ordinary (respectively
extraordinary) mode. For other incidence angles normal modes correspond to elliptical
polarization and cannot be excited sclectively from the outside.

It can be estimated that it is possible to launch or detect a mode with an attenuation of 1000 of
the other mode provided: i)the wavelengh is long enough; ii) a high gain antenna is used at
normal incidence with a correct orientation of its E plane. This limit comes from spurious
elliptical polarization of the antenna, imperfect orientation of the E plane, beam divergence (the
incidence angle is not exactly perpendicular).

The geometry of the experiment is so that the emitting and receiving antenna E plane are
respectively parallel and perpendicular to the total magnetic field at the plasma edge. The
configuration corresponds to pure forwardscattering. The wave vector of the observed
fluctuation is in the radial direction and its modulus is the difference l-;i:::‘::ddmw = kf;::g;{ It
actually depends on the plasma parameter through the difference of refractive indices. In our
case this formula is only an approximation. As discussed later the scattering process will occur
close to a cut off layer where the WKB approximation is not valid. A full wave analysis is
necessary [2].

A careful optimization leads to a proportion of 10-3 emitted/received in the extraordinary
mode (assuming that no extraordinary mode generated by wall reflection crosses the scatterin g
volume). There are several spurious effects as shown in figure 1,. The mean one is due to the
ordinary mode, forwardscattered on density fluctuations (much larger than the cross scattered
power) and received by the imperfectly selective receiving antenna. This situation can be made
better choosing the probing frequency in such a way that the cut off layer (which is a perfect
mode filter) lies between the two antennae as shown in Fig.1y and Fig.2. This improves the
polarization selectivity of the receiver and avoids any direct light on the receiving antenna (when
the plasma exists). Now, the only remaining spurious signal is due to the power launched in the
extraordinary mode and forward scattered by density fluctuations. It cannot be discriminated
from cross polarisation scatterin g of the ordinary mode. This unavoidable effect is due to low k
turbulence, since the selection rule in pure forward scattering without mode conversion is
Koetooreg » Kmoreinary KSRiaord™Y - 0, provided the k resolution of the experiment is
good enough (i.e. large width and low divergence beams). According to the results of
scattering experiments it should correspond to low level and low frequencies turbulence.

IIT Experimental set up

A scheme of this system is given in Fig.2. As the scattered fraction is very small (10-11 of
incident power for 8B/B~ 10-3) it is necessary to launch a large power in the plasma and use
heterodyne technique as receiver.

The power source is a Varian Extended Interaction Oscillator at f=60 GHz with P<70 Watts
CW stabilized in frequency by a feedback looP based on a high Q cavity.
The main part of the power is transmitted to the machine by using a 10 m oversized waveguide
WG16. The wave is then launched by a gaussian optic lens antenna consisting in a corrugated
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feedhorn antenna coupled to a quartz lens located at the top of the vacuum vessel. The radiation
pattern (HE11) is characterized by circular symmetry, high gain, and low sidelobes which can
be assimilated to a linearly polarized gaussian beam of which the waist is located at the lens
(¢=9.4 cm ). A particularity of this system is that a motorized rotary joint allows to match the
direction of the electric field to the total magnetic field at the plasma edge. The vacuum interface
is then made of a resonant quartz window ($p=16 cm). The receiver is a similar system located
at the bottom of the vacuum vessel. The collected power is sent to a low noise heterodyne
receiver. The local oscillator is a Gunn diode (Millitech GDV15) with output power 70 mWatts,
Its frequency is stabilized by phase lock loop in order to have an intermediate frequency of 20
MHz. The signal is detected with an AEG balanced mixer with integrated IF amplifier. After
amplification the frequency is shifted down by a second mixer and the signal which ig
proportionnal to 8B is sent to a fast data acquisition. The spectrum of magnetic fluctuations ip
the range [0,500 KHz] is then obtained.

The forward scattering geometry allow to use a simple calibration technique: A known power
fraction of extraordinary mode is sent to the plasma by a slight oscillating rotation of the top
antenna (10-3 rad). This simulates a known proportion of forward scattered power. A numerical
analysis is then necessary to compute the level of magnetic fluctuations [2] .

IV Conclusion

A diagnostic which should allow direct measurement of magnetic fluctuations in the plasma
core is planned for Tore Supra. The main difficulty is that it is based on the cross scattering
process of a pure ordinary mode which competes with the more efficient usual scattering on

density fluctuations of spurious incident extraordinary mode. A careful optimization has been
made to avoid this second process.

This diagnostic is also equipped with the following systems:

- The top microwave circuit (emitter) is also a reflectometer. The antenna is equipped with a
coupler to measure the backscattered signal . This will be useful to discriminate spurious
signals.

- The bottom circuit can also be transformed into a reflectometer. The system can then be used
as a double reflectometer to detect up down correlation of density fluctuations.

- Quartz prisms located between the lens and the antenna can be inserted and the diagnostic

becomes small angle scattering experiment (typically 0.1 radians) useful to study large scale
density fluctuations (k<300 m-1).

Acknoledgements: The authors wish to thank C. Cordier , J.C. Patterlini for technical
assistance and P. Goy for useful discussions on the microwave set up.
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I0 THE THEQKY OF JUPITER?S DECAWETRIC S-EMISSION

A.G.Boyev, M.Yu.Iukyanov

Institute of Radio Astronomy, Khar’kov

I.S0-called Io phase dependent S-emigsion is observed over
all range of Jupiter’s decametric radio spectrum up to upper
limit frequency fmax= 39,5MHz. The radiation pattern of this
emission was discovered to be a hole cone surrounding the Io
flux tube (IFT) and is characterized by gpecific feature -
frequency of emission decreases steadily with increasing of
angle between the axis and the formative line of the cone [I].

Previous theories of dJupiters decametric radioemission
proceeded from the assumption that frequency of emission cor-
responds or is close to gyrofrequency in the Jovian ionosphe-
re at the foot of the IFT. However, recent experiments [2]
have pointed out on a great discrepancy between the maximum
frequency of S-emission and the gyrofrequency on the Jupiter
surface as well as on a weak correlationin behaviour of these
frequencies with changing of the sattelite Io Jovigraphycal
longitude.

The proposed mechanism of S-emission generation is based
on the next assumptions: a) the electron concentration in the
IFT differs from one in the Jovian ionosphere mo that the
plasma frequency ). can be equal to the gyrofrequency ngor
even exceed it slightly ( usually the case u%,<<£ﬂb was con-
sidered); b) the emission gource is supposed to be an elec-
tron beam moving along the IFT and exiting plasma waves which
have anomalous dispersion ( frequency W decreases with in-
creasing wave number k) near the upper-hybrid frequency
_Q=(OU2P + wg ) Ag!?-; ¢) the plasma waves convert into fast ext-
raordinary waves on the regular unhomogeneity of density
arising on the diffusal boundary of the IFT.

2. Agsume that the electron beam arises in the polar region




1726

of Jupiter's ionosphere and moves along the IFT in the Io di-
rection. Beam density is much smaller than plasma one. Thig
beam excites a packet of anomalous diapersion plasma waveg
near the upper-hybrid frequency £l owing to beam- type ins-
tability. The packet has the width

AW eV wioy, % _—
w u.o _Ql([?wg_gz)%} '

where UO is the beam velocity, ﬁ;(RT/m)il is the thermal ve-
locity of plasma particles. Thé emission is beamed into a
wide but hollow cone characterized by the half-angle

8, = a'zccos{j/ﬁ/%m} (843

2 (P

is the minimal value of refractive index for anomalous dig-

where rB =Uofc

persion plasma waves. The width of radiation pattern is de-
termined by the apex angles of external 6 — and internal
9 int cone boundaries
~ 8
0y = 220005 { 4,35 005 6}

Bous = azecos 4§ 0,94 cos 8o}

It should be mentioned that the frequency-angle dependence

(2.3)

corresponds qualitatively to the experiment hecause 9“%59<:Q
The maximum frequency of S-emission fmax=39’5 MHz can be

explained by existing the anomalous dispersion plasma waves

in the range fronlde to 2£ﬁB - As it follows from the upper-

hybrid frequency definition the frequency fm is generated

ax
in the auroral regions of Jupiter's ionosphere where magnetic

field strength B=7 G. Electron concentration in the IFT must

reach the value n

tube™ 107 gm3 exceeding the ionosphere
maximum n, = 5-I0% gm”

- 3
ion
cause the IFT is the material formation in ionosphere, with

. Such divergence may take place be-

properties differed from ionosphere ones. Increased concen—
tration in the IFT can be explained, for example, by additi-
onal ionization of neutrals lifted from the lower lays of
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jonosphere .

3. One of the most important features of the decametric emis-
gion is the dynamic frequency drift of S-bursts. Whatever
observation condition, the frequency drift rate is negative
and proportional to frequency d€g£ﬁ-—§ . In the framework of
supposed theory, when the source moves along the IFT with ve-
locity U generating waves with frequency f= 'Q/f?gf' , the expe-
riment is explained by assuming that the plasma frequency
changes along the IFT this way

wi = 0%s,) oxp{- %/-5' -89} - w2($) (3.1)

Here SO,S - are coordinates of the source, ciirespondingly,in
the initial and final moments of time,&':I S is the scale
coefficient,

Dependence (3.I) being un¥erified directly, it was explo-
ited for another experiments explanation. It was the depen-
dence (3.I) which allowed to explain the longitudinal variati-
ons of the cone angle and the width of radiation pattern. Fi-

o : gure shows ' the regults of cal-
g'. b culation executed accordingly
(2.2),(2.3) for frequency f=IIWMHz

80 and South hemisphere soursce lo-

- cation. Here A is the Jovigrap-
hycal longitude of Io in the co-

60 : ordinate systeH1ELI965, the ex-
: J:ao ' 2;0 2 s:x_, A Dberimental data are taken from[I]

One could see the experiment
is explained well in the frame of assumption about distribu-
tion of plasma density in the IFT., Small divergencies between
theory and experiments can be excepted by variating the model
Darameters, e.g. the source velocity.

Dependence (3.1} was used also for explanation the maximum
frequency behaviour with the change of source longitude. In
left figure the circles are marked experimental data [2 .
Curves I and 2 show the change of local gyrofrequency at the
foot of the IFT on the Jupiter's surface in the North and
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South hemispheres correspondingly.

Supposed mechanism allows to explain this experiment, but
the additional assumption about source altitude is needed, To
explain the curve 3 extrapolating the experimental data, the
source altitude h has to change as it shown in right figure,
Here Bj=66700 km isg the polar radius of Jupiter.

Character of this dependence deal with properties of IFT
global instability being responsible for beam occurence and
will be investigated in future. But an experimental definition
of meximum frequency source localization could provide a di-

rect examination of this dependence predicted by theory.

I. Ryabov B.P., Preprint N°2, Institute of Radio Astronomy,
Khar'kov, I1987.

2. Genova F., Calvert W., J. Geophys. Res., 93, 979-986,1988
3. Boyev A.G., Lukyanov M.Yu., Fizika Plasmu, I5, I3I5-I320,
I989.
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ON A GAS-DYNAMIC DESCRIPTION OF SCATTERING
OF A RAPID ELECTRON CLOUD IN A PLASMA

VeN.Mel'nik

Institute of Radio Astronomy
Ukrainian SSR Academy of Sciences, Kharkov, USSR

A problem of one-dimensional expanding of a cloud of
fast electrons with a low number density in a plasma was
congidered in [1] teking into account generation and absorp-
tion of plasma waves. There were got and enalyzed quasigas-
dynamic equations,

It is shown in the present paper that a closed set of
geg-dynamic equations can be obtained for electrons and plas-
mons, using ideas of I1] and a self-gimilar solution can be
found for the case of abrupt injection.,

The system of one-dimensional quasilinear equatios to

. describe the electron scattering on the one hand and the elec—
‘ tron-plasmon interaction on the other has the form

of | L2 _ 2% 2 K 2f
o P T m e v (1)

W _ e 2y 24

24 " i
Let us consider a problem where an instanteneous source of
electrons is introduced gt the time t=0 and at x=0 ( i.e.
Sl =Na®)3x) Jdvg®)=4 =, with N being the num-
ber of rapid electrons). We shall seek the solution for the
time & >>Tpp=(@a /')’ . Then it can be assumed that in the
zeroth approximation the distribution function takes the form
of a 'plateau' at each spatial point over times about 'T?z
ﬁ], viz.
P(x,é) . v<uxt)

JS(UQX!{)= g 0 ?}>M()(,£) (2)

3
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where p and u are slowly varying parameters. As for the
spectral emergy density of plasmons, it can only be written

kit x ), weuind (3)
yf@}X£ / 0 B2 ulk,)

Calculating the zeroth, first and second of the kinetic
equations (1), we can obtain the following system of gas-
dynamic equations:

-Q;% 4’3&& _—

oL 'EX
(4)

? x?_

Wa

where, instead of the plasmon momentum @ #y] Id't}—"g and
energy w—-w Sd{} we hay introduced,ethe following
dlmensionless functlons ﬁ QZ (/Oef fdﬂm”ﬂft =

m %;-.) , o= Aéd (152 -&ﬁﬂ m L) -(

In order to close the set (4),we shall make use of the equa- |
tion resulting from (1), i.e.

94; __E _ @Wp 2 4 2Kk (5)
Yk T m s 2t
Substitution of (2) and (3) into (5) yields [2] |
Bvp- %%»ﬁi%% x BRd
PRE <o) RCARE 242 M) v

6)|

A self-gimilar solution of the gas-dynamic equation set [
|
(4) with conditions (6) has the form [2] ‘



p= TR s G~y » wmeonst, a=comt | = W4

pR)=-4+ &~ M—%(Si-u) od®)=—4+2 f+ %@s—a), >
P@)=s—§—“=-;f;§@z ), =5 F - ), <ty (7

Wy b)= 22 9@)ni- %)+ ¥4 Zf]
sre B 3u+——f0(2}$0(v) b= 6yt fd'””f’f) The so far un-
known function CP(?)) is determined by the spectral density W
at the moment when first particles of the flow arrive to a
chosen point. The distribution function of these particles ig
:‘(v 5(@4{) gince the electrons of lower velocities have not
achieved this point yet. It is well known, that after the

amp
quasilinear relaxation W becomes W _~ 1} moreover W— a)/a-ézf
(with an account of (7)) and hence L’aﬁj) _?1# , d=bu 4_.9,4 .

The solution found describes g beam-plasma structure of a
humplike form (Fig.1), moving at a constant velocity 2} 4
(Fige2). The electrons slow down in the region of f» % transg-
ferring part of their energy to plasma oscillations (Fig.3),

9¢)

o Ya " £
Figel, Profile of beam-plasma structure (there is e non-~
gself-gimilar trensition at §=L§’2 of the width o= %'f-_l,:{_ ).

nt

/’1} =
/ i 'PE 12

t

Fig.2. The beam-plasma structure moving at a constant
velocity: v,,z-“{e.
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end they accelerate at §< Y% 8bsorbing this energy. These two
regimes correspond to 2 asymptotic self-gimilgr golutios,There
is a non-self-gimilar transition between them (see Fig,1) of

W

u
L7

AR
Xu ;74__«T'

-~
&%L -

Fig.3. The speciral energy density of the Langmuir waveg
(7) at the different moments,

width S§==§}&¢4 determined by the quasilinear relaxation time,

The situation is similar to that ariging in gas dynamics, when
the front width of g shock wave is determined by the particle

free path length.,

REFERENCES
1. D.D.Rutov, R.Z,Sagdeev. ZhETPh, 1970, 56, p.739.
2, V.N.Mel'nik, Tnst, Radio Astronomy Preprint,No.20,Kharkav,
1988,25p.



NONEQUILIBRIUM SPECTRA FORMING FOR RELATIVISTIC
ELECTRONS INTERACTING WITH MHD - TURBULENCE

A.E, Kochanov

Institute of Radio Astronomy
Academy of Sciences of the Ukraeinian S8R, Kharkov,USSR

In %this paper the formation of distributions of relati-
vigtic electrons propagating through the turbulent cosmic
plasma is considered. Interections with different plasma tur-
pulences lead to a spatial diffusion of the electrons and
their diffusion in energy gpace and, consequently, to an
acceleration of low energy electrons. We congider that eleect-
rons ere injected by a point source Placed in the centre of
the plasma cloud and lose their energy on a synchrotron radi-
ation.

Distribution function of the relativistic electronsN(P)
aat:.sf:l.es to the kinet:f.c equation with a source Q(F)

2 p'wp) PZDPPD(P) +D (DB Mp)=
= ~Qlp,2) =-Qlp)3(z)

and the boundary conditions

/\/ <oo , N/ =0, T
= "Z a
The first term in equation ( 1 ) describes the synchrotron

losses

2.2 2

g :‘—4/—{_-@—-) ___.Ho (3)
T 9(me¥ m%?

Pza
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The second end the third terms describe energetical and spa-
tial diffusions Ih”ﬂ and JZJFﬂ regpectively., f{a is the
magnetic field strength, ( 1s the cloud @dimension., Boundary
condition /V'z a-—[) corregponds to a free going of the
electrons out of the cloud. The diffusion coefficients and
the injection spectrum are considered to be power-law func-
tion of momentum

_7) .pa Wi
Dalp)=Da P™ D,(p) =D, p? .
Qlp) =Q, P22 0p-p)BlP.-P). (5

The equation ( 1 ) have not an analytical solution and
should be golved numerically in general case at erbitrary b&
and.v” . However, the equation ( 1 ) becomes the confluent
hypergeometric equation in three special cazes, namely, when

L/-))a'))n:“(ﬁ'))a), n=0.1.2, (6)

1

end the solutions can be expressed in terms of Wittekker fume-
tions. Por example, when J]=() the solution has the form
( in one-dimension case)

V=5 o B4
(}% QoexPH/)JPZ“S 2+u5+5/2(r{f«7 It K_zjg%’)a

D) s w2 furkef) |
'JJP'P'—%—MS% f 2 & e R
F o

(7)

+(f;’H A" L )jjd,;““*“ Jdﬂ Gy "l (P") f

Pf 0
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where p (3_)),;1)1)4 ,
F =g S=3, k=55,

U = _:/_ + 8(1)&_{)+ [/foj[‘?(/"'ff)z_’ (8)
’ (3_1)“)2 Da(3-% &

Figure 1 represents the electron distribution function

(1)t =) =2,

| Mp)p*o<p™
0> %o +1
§<-2
=2 g
acceleration losses
3 3 G

Fig, 1

In the high energy region P > Po:Da/ é ,  the elect-
ron spectrum is determined by the synchrotron losses only and
has the exponent b/:%‘f"f « In the low energy regionPf(P«Po
the spectrum is determined by the turbulent scceleration and
has %{-—2 . In the region P C:B the synchrotron losses
and the turbulent acceleration became of the same order of
magnitude end the spectrum is determined by all three terms
in the left-hand side of the equation ( 1 ). The electrons
almost do not move along the energy axis in thia'region. They
accumulate near P:Pa and £ill in the whole volume of the
Plasma c¢loud. The spectrum is much steeper at P?_, Pa than at
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>> D, .

P I{)is well-known that the spatial ( and energetical )
diffusion of the relativistic electrons in a cosmic plasms
may occurs on the Alfven waves [1,2], on the plasma turbulen.
ce caused by the hose instability [3 } on the ensemble of
small scale shock waves [4] etc. The specific values of the
indices )ﬁ and )4, are determined by the dependences of the
turbulence spectra on their wavenumbers. Comparison of the
theory with the observational data enables us to estimate the
cogmic plasma turbulence parameters,

REFERENCES
1. DeG.Wentzel. Astrophys.J., 1969, v.156, p.303; v.157,p.545,
2, V.N.Fedorenko. Preprints No. 725, 765 of the A,F.Ioffe
Physico-Technicel Institute, Leningrad, 1981, 1982,
3. A.N.Hall. M.N.R.A.S., 1980, v.190, pp.353, 371, 3855 v.191,
pp.739, 751; 1981, Ve 195, P.685; Vo197, Pe977.
4. A.M.Bykov, I.N.Toptyghin. J, Geophys., 1982, v.5C, p.221,



Mo 118 1737

RESONANT ABSORPTION OF MHD BULK WAVES
VIA SURFACE MODES

V.K. Okretic, V.M. Cadez

University of Belgrade, Mechanical Engineering Faculty,
P.0.Box 174, 11000 Beograd, Yugoslavia

* Institute of Physics, P.0.Box 57, YU-11001 Beograd,
Yugoslavia

The subject of this paper is to investigate the reflection
of magnetohydrodynamic body wave from the inhomogeneocus plasma
medium in an external magnetic field B.

The considered plasma profile consists of three different
regions mutually separated by one sharp discontinuity (x=0) and
a transitional layer (Dsx=D+a) with a given parameter
distribution. The MHD wave propagates through the medium
occupying half-space (-w <x< 0) and is being reflected from the
non-transparent region x=0.

All the relevant quantities (mass density, temperature,
magnetic field) are constants inside each of the regions,
sufferring discontinuity at x=0 while continuously changing
through the transitional layer.

Starting from standard set of linearized MHD equations for a
compressible, perfectly conducting nonuniform plasma at rest in
a magnetic field B=(0,0,Eb(xJ) the following differential

equation for small velocity perturbation (u) perpendicular to
the boundary plane, is obtained [1]:

g; {e{x)g§ }- B(xX)u =0 (1)

(EATx) -0®) (K2 e? (x) 0% (cTx) +afx))
e(x)=p_(x)—= -
0

(k:A?x)—uz)(kjc%x)—w2)+kf(kch(x)-u?)(cfx)+A?x))
B(x)=p, (x) (KATx)-0%)
Where

A(x)=(B)(x)/ (up)) "%, o(x)=(sRTfx))"2,
¢, (x)=c(x)A(x)/ (ctx) +afx))'"?
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T

Im J = a;r(x) . e(x)=e_(x)+ie, (x)
ax X=X le, [« e

where x 1is the resonant point (e, (x)=0).

Numerical calculations of the reflection coefficient show
that R is significantly reduced for appropriate parameter valueg
(Fig. 1). On figure 1 the dependence of the reflection
coefficient on dimensionless parameter kD/V is drawn. D is the
intermediate region width, k is the wave number while V is
normalized phase velocity.

1 ~N : U
0o} 10000 (X]8
0.8} 0.8
0t 0.7 thita=5h
’ bra-f 1heta=50
| 1 0g alfa2l
o afiz2
05 " 05
04 0.4
03; 0.3
02t ' . 0.2
01 10 | 01f
R S S SN 0
T 0 S0 1000 1500 200 %00 000 B0 000 W S0
[ 1]
Fig.1 The MHD wave reflection Fig.2 The reflection
coefficient versus normalized coefficient
intermediate region width (D) minima versus D/a

This phenomenon is equivalent to the increased absorption
which we explain as follows.

The incident body wave tunnels through the region located
between x=0 and x=D and excites surface modes along the
transitional layer. This process is reversed to the MHD surface
wave leaking considered by Cadez & Okretic [2]. The presence of
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are the Alfven, sound and cusp speeds, respectively.
The solution was assumed to be of the form

f(x]exp[i(wt+kyy+kiz)}

Applying the Fourier analysis, we can easily solve the
equation (1) inside separate homogeneous regions: x<0, 0=x=D and
xzD+a.Thus, the related solutions are as follows:

e'®1* + R e x=0
'k ok "k ok 1/2
u={Cez + Ce 2 0=x=D Kk =(B /t.)
2 2 J J J
c e kylx-p-2) x=D+a j=1,2,4 (2)

4

Assuming a relatively thin boundary layer (ka« 1) so that
the total pressure perturbation is nearly constant across it,
the equation (1) can be solved in the transition region (index
3) to yield

! n dg
MR ()

The boundary conditions for the continuity of both the
normal velocity component and the total pressure perturbation
give the set of algebraic equations yielding the reflection
coefficient of the incident MHD wave

a’+ a° a =A+(A-2)e - p 6(1+éﬂgf)
R2 = T i r 12
’ ol -
b+ b a =D _(A-(A-2)e ") + 5(1-722")
b =A+(A-2)e” 22" nma(1+e‘2"z“)
b =D _(A-(a-2)e2") - §(1-e72)
D+a dE
Du=elni/(ejfcj) i 5=D42e2x2Im J J=IW ; AE1+D42
(i,j=1,2,4)

To illustrate this phenomenon we shall proceed with a
specific parameter distribution inside the boundary layer.

Without loss of generality, we have chosen the quantity e (x)
to vary linearly and to change sign across the transitional
layer.

To calculate the reflection coefficient R for various
frequencies with the ratio D/a as a parameter we need to
determine the imaginary part of the integral J in a similar way
as done in Landau damping derivation:
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the boundary layer allows for the resonant transformation of
surface waves into local Alfven waves in the region where
€=0.5uch a resonant absorption of MHD surface waves alone hag
been recognized as an efficient damping mechanism and
considerable recent investigations have been devoted to this
process ([11,[31,[41,[5],[6]1,071).

Now, our investigation shows that the incoming MHD wave ig
affected too: it loses the energy through the surface wave
resonant transformation.

Fig. 2 shows the typical dependence of the reflection
coefficient minima on the ratio D/a. Apparently, the total
absorption can be reached for appropriate value of D/a.

We point out that the analysis was done for particularly
chosen values of the incident angle « and the propagation angle
6. In fact, these are not to be taken arbitrarily because the
conditions for surface modes to exist in such a geometry depeng
strongly on both of them.

In practice, the method could be employed to "detect" the
resonant absorption and numerically calculate corresponding slap
width, angles and frequencies for any particular physical
system.
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NONLINEAR TRANSPARENCY OF UNDERDENSE PLASMA LAYER UNDER THE EFFECT
OF INTENSE CIRCULARLY-POLARTZED ELECTROMAGNETIC WAVE

V.V. DEMCHENKO

International Atomic Energy Agency
P.0. Box 100, A-1400
Vienna, Austria

Abstract. Simulation studies have been made of the space-time
evolut-ion of the large amplitude circularly-polarized electromagnetic
wave normally incident on the plane waveguide filled by nonuniform
plasma. It is shown that relativistic electron-mass oscillations plays a
crucial role in the evolution process and could lead to a nonlinear
transparency of a plasma layer.

1. Introduction., From the linear theory it follows that
electromagnetic waves with frequencies w less than electron plasma
frequency wpe cannot propagate in an unmagnetized plasma. However for
sufficiently high electric field intensity there exists a redistribution
of plasma density under the effect of strictional [1] or relativistic
[2] nonlinearities with leads to the downshift of the wpe value and
violation of the linear theory "opacity" condition (w<wpe). This
results in the possibility of electromagnetic wave penetration into the
"uynderdense” plasma (e.g. [3]). However, the effect of "induced"
transparency reported before have been restricted by the assumptions of
1) steady-state wave propagation, or 2) homogeneous plasma density
profile.

The purpose of this paper is to present the results of numerical
simulation of the nonuniform plasma layer transparency in the field of an
intense electromagnetic wave.

2. Initial equations. Let us assume that plasma occupy the space
bounded by planes x = (0,L). WNormally to the plasma boundary (x=0) it is
incident circularly-polarized wave electrical field of which could be
presented as E=E +V B, = Flx) wup (- W) ro.g,. In
modulational approximation” (d%/w% «w¥F) the equation for slow varying
amplitude F takes the form

28 (N + 2R L A=0

5 az w
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No(x) - profile of equilibrium plasma density schematically presented in
Fig. 1.

3. Results of numerical analysis. To demonstrate threshold
character of the nonlinear transparency phenomenon let us suppose that
the amplitude of incident wave is linearly growing function of time. oOn
Figs. 2-4 the different stages of the electric field amplitude evolution
are presented at the following set of parameters: y2=5, Q2=0,5,

B=0.9. From Fig. 2 it follows that at small incident wave field
intensity the skin-type field amplitude distribution takes place. As the
incident field amplitude increases observed depth of field penetration
sufficiently exceeds the cBaracteristic scale of the linear skin-layer.
After the critical value Acr"lo have been achieved, the formation of
nonlinear soliton-type structure oceurs, which propagetes into the
"underdense"” region with constant velocity (Fig. 3). On the large time
interval the complete plasma layer transparency appears and equilibrium
state have been established in the form of a large amplitude standing
wave. From Fig. 4 where the temporal evolution of the electric
permeability e are shown, it follows that function ¢ (A2) have

changed it sign under the action of relativistic nonlinearity of t>220
which is the cause of "induced" plasma layer transparency.

References
s B.B. Kadomtsev, V.I. Karpman, Sov. Phys. Usp., 14, 40 (1971)

25 P.K. Shukla, N.N. Rao, M.Y. Yu, N.L. Tsintsadze, Phys. Rep., 138, 1
(1986)

3. A.G. Litvak, Review Plasma Physics, Ed. by M. Leontovich, Consultant
Bureau, NY, 10, 294 (1965)

L]

?



N

AN

/

le
i

o)

ity pr
density

im

ibri

i1i

Equi

i

Fig.




1744

\A

/ ‘“'Aw A
A{éq\F AN%&QﬁF‘\F.
i \\%“\‘\\‘}\‘A\‘ 4}

W

3y

A

AN
DN

285

Fig. 3. Establishment of a steady-state standing-wave
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FORMATION AND EQUILIBRIUM OF AN ELECTRON PLASMA IN A SMALL, ASPECT RATIO TORUS

Puravi Zaveri, P.I.John and P.K.Kaw

Institute for Plasma Research
Bhat, Gandhinagar 382424, India

1. Introduction:

Experiments on electron injection and confinem??}: in a toroidal magnetic
field ygye first carried out by J.D.Daugherty et al. and later on by W.Clark
ot al. in large aspect ratio torii (R/a ~ 5 or 6) for applications related

to heavy ion accelerators. Properties of electron plasmas in small aspect
ratio toroidal systems have not been studied from the point of view of under-
standing the formation, equilibrium, instabilities and transport. The present
paper deals with the equilibrium. We have designed and built a device having
a small aspect -atic (R/a = 1.2) to study those effects which are highly teroi-
dal and their impact on equilibrium.

In ICPP proceedinqs”] we published just those results which were ob-

tained using a single electron injector. In this paper we have been able to
present equipotential contours obtained using multiple injectors (more uniform
injection), electron density profile and a detailed discussion on eguilibrium.

II. Apparatus:

A vertical cross-section of the apparatus is shown schematically in Fig. 1.
A toroidal magnetic field is produced by passing current through the central
conductor 'A'. 'C' is the vacuum vessel which is placed very close the
central conductor. Experiments are performed at a base pressure of 9x10 ' Torr
and with magnetic field of 150 gauss at the minor axis of the torus. The rise-
time of the magnetic field is 75 microseconds and it has a flat top of 800
microseconds.

III. Observations:

The electron injector located at the outer wall is shown in Fig. 2. 'A'
1s a semicircular grounded anode having a length of 4 cms. in perpendicular
direction to the plane of paper. 'C' is a helical cathode which is applied
-200 volts. The cathode-anode gap is ~ 15 mm. The radial electric field E

in the gap crossed with B ' brings electrons out of the cavity. A mecha-
toroida

nism called "inductive charging" is partially responsible for taking elec-
trons into the vessel.

We have used wall probes to measure net charge in the system. These are
actually small isolated sections of vessel walls (disks) which measure the
charging current (like a capacitor) when charge is introduced into the system.
Wall probe signals showed a charging current for the first 12 microseconds
Which was followed by a gquiescent period (of 40-60 ps) and then followed by
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a high frequency noise (0.5-1MHz). During 12 microseconds, the magnetic fielg
has risen only to 13.4 gauss. Electrons which are able to go into the vesse)
have an upper limit of 28 eV to their perpendicular kinetic energies, higher
energy electrons being lost to the anode. There is a spread of 12.5 ev jp
parallel kinetic energy due to an ohmic drop across filaments.

Using a movable high impedance wire probe the potential distributign
of the electron cloud was measured at a large number of points in the poloidal
plane. The equipotential contours are shown in Fig. 3. The error in shot-to-
shot measurements are less than 2%. The fact that we observe these contours
all the way up to 800 psecs supports strongly the case for equilibrium,
The total of grad-B and curvature drift turns out to be 3x10 cms/sec. The
electron cloud has its own self electric field E_ in the radial direction,
The E x B drift is stronger (3-5x10° cm/sec) than the toroidal drifts. The
existance of equilibrium in spite of a downward motion of the cloud is not
clearly understood.

There is a z-asymmetry in the sense that we observe larger floating poten-
tials in the lower half of the plane than in the upper half. We measured poten-
tials of the order of 320 volts in the lower plane whereas the potentials
observed in the upper plane were less than 30 volts. This is also evident
from the contours. It could be due to two reasons very localised nature
of the electron injector and secondly, the first order inertial effects, i.e.
toroidal drifts. In order to verify the first possibility we put five identical
injectors along z-direction as shown in Fig. 4 and the resultant equipotentials
are shown in Fig. 5.

We did local density measurements using the wire probe as a charge collec-
tor by grounding it through a very small resistance of 100 ohms. These measure-
ments were carried out in a pulsed mode (~20 microseconds) so that the pertur-
pbation is tolerable. The current that was measured was interpreted as to be
comprised of two velocities - one being the acceleration of particles because
of the local potential difference between the probe and the cloud, And the
other contribution comes from the parallel 'thermal' velocities. The density
profile obtained using this model is shown in Fig. 6.

IV. Conclusions:

We have formed an electron plasma with an aspect ratio 1.8 lasting for
800 micro seconds which coincides with the duration of the magnetic field.
Ex B rotation in the poloidal direction dominates over toroidal drifts and
gives an equilibrium, however the first order effects (proportional to m_) are
important which are responsible for the downward drift of the cloud’” This
was further supported when by reversing the magnetic field almost a mirror
image of the contours was obtained in thg upper half of the poloidal plane.
Electron densities are in a range of 8x10 —2x108 per c.c. and their profiles
are hollow. High frequency noise (0.5 - 1 MHz) a possible diocotron mode is
observed only on the boundaries of the cloud. The particles which are able
to go into the vessel have perpendicular kinetic energy less than 28 ev, where-
as we have observed floating potentials as large as 320 volts. It indicates
that there is an accumulation of the electrons. The extra energy comes
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from the work done by the poloidal electric field induced by a rising magnetic
field.
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ABSTRACT

Coherent vortex structures are observed in a toroidal

in an in-
homogeneous magnetic field. The fluctuating vortex potentials are

measured by high impedance Langmuire probes in a poloidal
section of the plasma column.

device 1in which a non uniform plasma is embedded

Cross

The contours of equipotentials are
found to be closed curves exhibiting a

vortices are stationary and have negative
assoclated with the fluctuations in the fre
Khz. It is suggested that the experimentally observed vortices

could result from the self organization of fluctuations that are
driven by the equilibrium density and magnetic

vortex pattern. The
polarity. They are
quency range of 5-9

field gradients.
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1. Introduction

Previous work on nonlinear electron-acoustic waves in two-electron temperatur
plasmas has often included at least one hot ion species in the plasma model (Yu &
Shukla 1983). This usually requires that the ion-electron temperature ratio be ver
large (~ m;/m,), which is not easily fulfilled—especially in the laboratory.

In our investigations, we use a reductive perturbation technique (Washimi & Taniut
1966) to derive a Korteweg-de Vries equation describing weakly nonlinear electron
acoustic waves in a three component plasma modelled by hot Boltzmann electrons
cold fluid electrons and cold fluid ions. Also, using the arbitrary-amplitude techniqu
of Baboolal, Bharuthram & Hellberg (1988, 1989), we extend the theory of electrond
acoustic solitons into the intermediate to large amplitude regime e¢/T), > 1.

2. Arbitrary-amplitude formulation

The normalized fluid and Poisson equations are:

on; 49
6—; + a(n,-u,-) = 0, (1)
(?uj é)u,- TJ nj 31’!._,‘ Z_.,- 5(}5 . .
ot T Az " m,-‘ngj oz m; 8z’ Jr=ket @)
7
éf; =npexpd+n, — ng (3)

where the subscripts k, ¢ and ¢ represent the hot electrons, cold electrons and ions,
respectively. We have normalized spatial lengths by A = (Th/4mng.e?)V/?, time by
wit = (m./4mng.e?) /2, densities by ne. the total electron density, potential by Th/e,
velocities by v, = (T}/m,)/?, temperatures by T, masses by m, and Z; = g;/e. The
assumption of adiabatic ions and cold electrons (v;, = 3) is valid because the phase
speed of the electron-acoustic wave is larger than both the ion and cold electron thermal
velocities. The plasma is assumed to be undisturbed at z —s co and the following
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poundary conditions hold
a¢
¢,-_,?.¢|','h’a¢—>0, Ni,Me — Npjy Mo  as T —F 00. (4)
dzr

We seek travelling wave solutions that are stationary in a frame moving with velocity p.
Transforming the above equations to the frame defined by £ = = — pt and integrating
equations (1) and (2) with the above boundary conditions we arrive at the following
equations for n;,n, (after elimination of u)

2 2
2 [ 704 T (g 2, a5 2¢ —
=) 432 |1 =t 32— Jj=t,c 5
g (ﬂ:‘) m; (“05) % my ®)
where for an electron-proton plasma Z; = 1 and Z, = —1. Formally, we can write the

first integral of Poisson’s equation (Baboolal et al. 1988, 1989)

2
% (%) +¥(¢,u) =0, U(igp)=- j:(“m: exp ¢ + n. —ng)de'. (6)

For solitons we require (Sagdeev 1966) W(0,p) = 8%(0,p)/8¢ = 0forall , T (o, ) =0
for some o, 1, and ¥(g,u) < 0in 0 < [¢| < |¢o|- The arbitrary-amplitude problem
is solved by numerically solving ¥ = 0 for ¢, and integrating (6) as an initial-value

problem with #(& = 0) = do.

3. Small amplitude theory

Employing the coordinate stretchings

¢ =€z -Vit), 1= 2, (7)
and the expansions
n; = n£~°) + en_.(,-l) + ezngz) + e‘“‘nj(,.s) + ey (8)
u; = eug-ll + 62u§2] % esugﬁ) T, i=1ic (9)
¢ = e+ o 4 408 4.0, (10)

in the reductive perturbation technique, we arrive at the Korteweg de-Vries equation

) W g
L Yk

ar ER a3 =My (11)
where
(V24 T/mi) [m}  ne (V24 T)
: Vi-aT/m)  (vP-sL) (12)
— 1jm" Noe
B = 2V {(V‘* 3T )’ + = STC)’} (13)
- (14)

B’ B
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The wave velocity V', satisfies

T; 1 3
nUhV4 — {3n0h (Tc + _i) + nge + '—} Vz + — {TLUCT,' + T‘c + 3T5T‘} = 0., (15
™m my m; )

which has the approximate solution V ~ (roc/mon + 3T:)Y/%. For T, = 0 this reduces o
the linear electron-acoustic sound speed found by Gary & Tokar (1985).

The solution of the Korteweg-de Vries equation in the stationary frame defined by
n = & — por, is given in laboratory coordinates by

& = g sech® { i—i (z— pt}} , (16)

where we have defined the velocity p =V +eup =V +6p and amplitude ¢ = Sepgfa =
36/ a respectively.

The soliton width is given by (4b/esup)?, or, in terms of Sy, (4b/6p) %, Note also,
that in the coefficients ¢ and b of the Korteweg-de Vries equation, the ion terms are at
most O(m] 1]. Consequently we expect very weak dependence of electron-acoustic wave
profiles on ion temperature, which is in accordance with linear theory (Gary & Tokar,
1985). Also, upon ignoring such terms, it is easy to show that ¢ < 0 and b > 0, which,
by inspection of our soliton solution (16), yield the following conditions on p and g

g>V and, ¢y<O0.

The first of the above conditions implies that only supersonic electron-acoustic solitons
exist, and the second says that the soliton potential is negative, i.e. only rarefactive
solitons exist. This is in contrast to the ion-acoustic wave, where both rarefactive
and compressive solitons exist (Baboolal et al. 1989) but agrees with the findings of
Yu & Shukla (1983) for the modified electron-acoustic wave. The negative potential is
associated with a local decrease in the hot electron density and an increase in the cold
electron density corresponding to an overall increase in local electron density. The ion
density remains virtually constant everywhere.

4. Numerical results

In the numerical work we have defined the Mach number by M = v/ (mae/mon) 20y, =
,LL/(r.',g,:,h'zm,)1"2 where v is the soliton velocity and (moe/mon) U2y, = u,, is the electron-
acoustic sound speed. It is for this reason that we have termed the normalized waveform
velocity p in what went previously. The figures show the results of numerical solution
of (5) and (6) without any approximation (typical soliton profiles shown in fig. 1(d)).

Figure 1(a) illustrates the effect of increasing the Mach number M on the maximum
soliton amplitude. The effect is an approximately linear increase in |¢o| with M. Clearly,
the range of Mach numbers over which soliton solutions occur, decreases with increasing
temperature. This occurs because above a critical cold electron temperature the cold
electron density becomes complex, leading to wave breaking. Also, the threshold Mach




number for solitons increases with increasing cold electron temperature. This is well
gescribed by our approximate expression M > (1 + 37,/ (no./nos)) /2.

Figure 1(b) illustrates the monotonic decrease in 0| with cold electron temper-
ature for various Mach numbers. The effect of a finite cold electron temperature
is to increase the phase velocity of the linear electron-acoustic wave which decreases
sy = o — (moe/mon +T3)"/? and hence 6M, resulting in weaker nonlinearity and therefore

dispersion.

Figure 1(c) illustrates the soliton maximum amplitude as a function of the cold
electron number density for a Mach number of M = 1.2. The maximum value of
f¢u| increases with increasing ng,. However, it must be borne in mind that because
of our definition of M (see above), the absolute velocity of the soliton also increases
with progressively larger ng, in order to keep M constant. We have performed some
computations (not shown) in which the soliton velocity was kept constant, and find that
there is a decrease in the maximum amplitude with ng,.
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Pigure 1 (a)—(c) Maximum soliton amplitude as a function of (a) M, (b) T, (c) no, for M = 1.2.
The parameters labelling the curves are (a), (c) T- = 13, (b) M. (d) Arbitrary-amplitude soliton
profiles. The parameter labelling the curves is M. In (a), (b), (d) nge = 0.5.
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THE OBLIQUELY PROPAGATING
ELECTRON-ACOUSTIC INSTABILITY

R.L. Mace M.A. Hellberg
Plasma Physics Research Institute, Department of Physics,
University of Natal, Durban, South Africa

1. Introduction

drift between two ion components (Schriver & Ashour-Abdalla 1987).

The effect of a magnetic field on the dispersion and growth of the electron-acousti
instability was investigated by Tokar & Gary (1984) (drifting electrons) and Schriver|
and Ashour-Abdalla (1987) (drifting ions). However, in both cases only a restricted’
range of the ratio Q./w. , where ), is the electron gyrofrequency and w, is the cold
electron plasma frequency, was investigated.

In this paper we investigate the magnetized electron-acoustic instability over a wide
range of {1./w, and propagation angles.

2. Basic equations

We consider a magnetized plasma consisting of Maxwellian ions, cold electrons and
hot electrons. The hot electrons drift with velocity vg; parallel to an external uniform
magnetic field B, relative to stationary ions and cold electrons. The wavevector k has
components kj and k. parallel and perpendicular to B, respectively, and tan § = ku/h-
The most general dispersion relation for linear electrostatic waves in such a plasma can
be written

1+Y K,=0, (1)

where

1 w— kjvoa = kvl k22
R = o= |lbr—mer— = = =
sz\g: ¥ ‘/ik"'ua nzoo o ﬂczx " ngz

o)

The definitions of symbols are as follows: A\, = (Ta/47mnqe?)'/? is the Debye length
wy = (47146? /my)'/? is the plasma frequency, v, = (Tn/m,)"/? is the thermal speed,
0N, = |g|B/mqc is the cyclotron frequency, vg. is the parallel drift speed, of species
a, a = {i,h,c}, I, is the modified Bessel function of order n, and Z is the plasma)
dispersion function. Temperatures are measured in energy units throughout.
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3. Results .

Figure 1 illustrates the effect of magnetization on the dispersion and growth of the
electron-acoustic instability. The resonances at {1, and its harmonics which lie below
w,, enrich the spectrum of waves for oblique propagation. For oblique propagation these
resonances give rise to two modes that lie below w, : one that has an upper frequency
of . cos @ and exhibits an electron-acoustic regime w, ~ k(ne/ny) vy, = ku,,, at small
wavenumbers (fig. 1(a)), and a higher frequency mode that behaves like

2
2 we

e Iryen
for large to intermediate wavenumbers, and which connects to a cyclotron harmeonic at
small wavenumbers (fig. 1(b)).

If the plasma is strongly magnetized and the ratio 0, /w, > 1 then the dispersion
of the magnetized electron-acoustic mode (figure 1(c)) differs from its unmagnetized
counterpart only by a factor of cosé.

Figure 2 shows the threshold vy, as a function of 0, for the electron-acoustic in-
stability, at various values of 0,/w,. At § = 0° the threshold is the same as that
found by Gary (1987) and satisfies vy, < 5v.. At larger angles, for 02, < w,, we find
that maximum growth occurs at two values of k, and hence we have two thresholds,
corresponding to an electrostatic electron-cyclotron-like instability (lower threshold as
§ — 0°) and an electron-acoustic instability. As the ratio Q./w, is increased, so the
threshold drift velocity of the lower frequency electron-acoustic mode decreases, for
0° < 8 < 60°. At 0. /w, ~ 1 the threshold reduces to a single curve corresponding to
the strongly magnetized electron-acoustic instability. This curve has local minima at
) =0° and 6 ~ 40°. At larger ratios . /w, > 1, the threshold versus & curve reduces to
on == 4.Tv, for 0 < 90° and illustrates the relative insensitivity of the threshold of the
trongly magnetized instability to 4.

In the frequency regime 2, /w, < 1 we have two competing instabilities: the electron-
yclotron and electron-acoustic instabilities. The former has lower threshold for small 8
ut this behaviour is reversed at larger values of 8. In figure 3 we illustrate the maximum
rowth rates of the two instabilities at an angle of 20° (a), where the cyclotron-like
1stability has lower threshold, and at an angle of 40° (b), where the electron-acoustic
1stability has lower threshold (c.f. figure 2), Q. /w, = 0.424. In (a) the electron-
yclotron instability has larger maximum growth rate for all vos. In (b) the electron-
coustic instability has larger maximum growth rate only for vy, < 13u,.

Lin et al. (1985) used particle simulations to investigate the nonlinear develop-
ent of the hot electron-driven electron-acoustic instability. They demonstrated that
e electron-acoustic instability saturates by trapping the beam, by trapping the cold
ectrons, or by forming a plateau on the beam distribution. If the amplitude of the
ectron-acoustic waves grows large enough for the beam to become trapped, so that
e beam velocity is confined to values near the threshold value for the electron-acoustic
stability, and assuming that this eventually leads to saturation of the instability, then,
m our previous discussion, it will not be possible to observe the electron-cyclotron
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instability for small values of 6. In any real physical situation it will be the electron.
acoustic instability that dominates in this regime. At larger # values the electrostatic
electron-cyclotron instability dominates due to its lower threshold and larger growth
rate in this regime. Thus in this sense, the electron-acoustic instability is truly oblique
for 1./w. < 1. A further implication of this result is that, in some cone of angles about
B, the upper frequency “cut off” of electrostatic noise would be w,., which is greater
than the gyrofrequency (1,. For larger angles the cut off is ~ Q..

In the regime 2, /w, > 1 the electron-acoustic instability has lower threshold for al]
angles § < 90° (figure 2). The upper frequency in this case is ~ w, which is less thap
the gyrofrequency (1, (Tokar & Gary, 1984).

4. The hot ion driven instability

In this section we briefly compare the hot electron with the hot ion driven magnetized
instability. The ions now consist of two Maxwellian components: a stationary cold ion
species and a hot ion species that drifts along B with speed wvp;. The electron species
are the same as in §2 but the hot electrons are now stationary. In this model the form
of the electron-acoustic wave has become known as the modified electron-acoustic wave
(Yu & Shukla 1983).

Figure 4 illustrates the threshold of the instability as a function of 8 for two values o
the ratio {1, /w.. For the strongly magnetized (1,/w. > 1) curve, the threshold is almost
constant with v ~ 4.1v,. However, in the case of weak magnetization (2. /w, < 1), w
observe two instabilities that are related to the modified electron-acoustic instability.
The curve for {1,/w, < 1 with lower threshold drift velocity at # = 0° corresponds to
an ion beam-resonant instability (Schriver & Ashour-Abdalla, 1987) for 8 > 0°, and the
other curve corresponds to the weakly-magnetized modified electron-acoustic instability.

The latter instability, has an upper frequency of ~ {1, as does the hot electron-driven
electron-acoustic instability. We note also that in the regime {1, /w, < 1, the modified
electron-acoustic instability has smallest threshold only at intermediate angles 8, as does
the hot electron-driven electron-acoustic instability.
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GENERATION OF EXTRA-ORDINARY MODE RADIATION ;
BY AN ELECTROSTATIC PUMPIN A
TWO ELECTRON TEMPERATURE PLASMA

S.GUHA and ZEHRA HASAN
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|
Department of Physics , Ravishankar University, l
Raipur (M.P) INDIA. |

There has been a great deal of Interest in the study of the generatlorl
of the electromagnetic radiation in the earth’s magnetosphere. Twg
types of radio emissions In the range of 10- 80 kHz have been inves.
tigated by the IMP 6 satellite [1] The first is the nonthermal continuum
radiation which at times also displays a banded frequency structure)
The second type of radiation correlates very well with the auroral
kilometric radiation. It is also known that an anisotropic flux can drive
instablilities more rapidly than an isotropic one. The topside ionospherg|
is presently known to be a major source of hot plasma within the earth’s|
magnetosphere because here the warm lons and electrons exhibit
anisotroplc distribution.

In the present paper we have investigated the role of finite ion
temperature (thermal lons) on electrostatic plasma instabilities driven|
by electron temperature anisotroples In a homogeneous, collisionless,
charge neutral, nonrelativistic plasma which bears zero current. The|
problem of radiation emitted by the interaction of upper hybrid waves|
(UHW) and low frequency wave propogating perpendicularly to th
magnetic field has been investigated. We have used standard model|
[2] with cold lonospheric electrons which is filled with hot magnetos-
pheric electrons and streaming warm lons of ionospheric origin. Thus,)
in an earth fixed reference frame our analysis could be helpful in unders|
standing the Interaction of up flowing lon distribution of ionospheric|
origin along auroral field lines and also in the generation of the X mode|
radiation. "

A finite amplitude es UH pump is takerl to be propagating in the x-
z plane In an external magnetic field Boz.We are Interest_e_g in the
generation of em radlatlon(wr,_liﬁand low frequency wave (wT,kT)by the
pump.The nonlinear Interaction of waves In a magnetoplasma Is
governed by the two fluld and Maxwell’'s equations.We have considered
the dependence of all variables as exp.i(kxX + kz2-wt)and used perturba /
tion technique.Also knz < knx and Enz < Enx where n=0,r,T.
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—> ¥ = = — - —p

; The X mode (wr, kr) with kelvr, ErLBo and Br//BoLkr Is ellipti-
cally polarized and so such a wave while propogating into a plasma
develops an es component Erx and an em component Ery, thus becom-
Ing partly transverse and partly longitudinal (Ery > Erx).But at resonance
the em component Ery of the X mode approaches zero since both its
phase and group veloclties approaches zero. On the other hand the es
component Er attains a very high value.This mode has finite density
perturbations which also contributes to the coupling strength of the
pump, X mode and the decay wave.The nonlinear Interaction of a finite
amplitude UHW (wo,ko) with the low frequency wave (wr,kT) would give
rise to a nonlinear current which becomes the source of the enhanced X
mode (wrkr) radiation propagating perpendicular to Boz.'l!m wave
equation governing the X mode In the magnetoplasma Is Q‘-.c 2 TE? -4
eno ¥ Ver = -4rr't)(t;lﬁ{.(l) Here JNL glves the nonlinear electron ¢urrent
density and Is given by

x = T —_ -

UL =, -0(1/2 n'"ec VPec+nPec v'ec) - o(1/2n"sh vPen+nPen V') (2)
where Nec,h and vec,h stands for the perturbed electron density and
velocity of the low frequency decay wave for cold and hot electrons
respectively and Is obtained from the first order equation of motion.The
electron quiver velocity (vFech) and the electron number density
(nPec,n) In the field of the pump wave are obtalned from the zero order
equation of motion aﬂcont[nulty.For the three low frequency es waves
under consideration BT=0; the expresslon for electron and ion density
perturbation can be obtained using basie fluid equations governing the
wave dynamilcs.

: lons having a small gyrofrequency respond to
the es flelds as an unmagnetized species.The generated X mode radia-
tion beats with the pump thereby generating a low frequency
ponderomotive force acting on electrons which amplifies the low fre-
quency wave.The nonlinear dispersion relation Is obtained by substitut-
Ing lon and electron density erturbations In Poisson’s equation which
Is of the form €7@t =J.1T¢o{; r (3) where €1,@T and Ui are specific for
each low frequency wave.

A ESICW : The parallel phase velocity of this wave lies between the
lon and electron thermal velocity, so the Inertialess electrons obey the
Boltzmann relation.The ions move In a plang perpendicular to thz mag-
netic fleld.We will get €ic=k1-Xec-Xeh- 'Xih(:!, ,h=4$oo [Tec,h
(5), Xi=Ai/1-3 V2 1 A; (6), where Ai,ec,eh=k@1 1-W-ci,e + k“12/w1 (7)
and Uic = (Xec + Xeh)Ppe (8)
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B.LHW : The frequency of LHW lies between the electron and lon
gyrofrequencles.The magnetized electrons are coupled to the ions
the space ‘:garge potential. We get from equation (3) after some algeby,
ELH=k"1- pixi2-W2pecx520- pehXezh (9)  MiH=Bpe( pI?EBcV:!}
pehBn), (10) where Bc h= k.12/1-3V"thec,nAec,h(11) Xi2=
3k“1V<thi (12), Xe2,ch =Aec,h/1-3Vthec hA ec,h (13)

C.EAW : In a plasma, with electrons of two distinct tamperaturasl
EAW can propagate. The ions follow a Boltzmar:vri distribution. So wg
get from 3quatlon (3) eEA=k21-XI3-W2pecxa2c- pehXe2h (14) wherg
Xi3 =4moe/T; (15).

1wy

: On finding out the value of
JNL from (2) for each low frequency wave and substituting It In (1) we
will get the coupled nonlinear dispersion r lation as Dx€r=NT (16
where Dx=w"r-k“rc“- Wpe/P[1 + W ce Wgrl:'{Wzrc:.a‘‘ér:_}-\'evI aWé (17))
gives the disperslon relation of the X mode.Here P =w r-wzooe/wé.- and
Mt Is the coupling constant for the X mode and low frequency
wave.Similarly €1=0 will give the dispersion relation of ESICW, LHwW
and EAW as in (4 ), ( 9) and (14). U T represents the coupling constant
for X mode and low frequency wave and varies with each low frequency
wave,

: The growth rate, in the absence of linear damping can
be determined by the expression [3]

2 ’)e n 2 D
Vo= A /() () @
using some approximations viz, (1)k21x V2thi >W2pi.W20i,W21
(2)che >w2o, w2y W2 w2 (3)W2p8 >w’ce 8V > Viiheh> Vihec.

The final expression after some simplification, for the growth rate
comes out to be

2 3
ey mni m; n,, Mok woki, | wikipkos P
Yo = e onlthi o __TR{ | (__ gl L) (_02 g % (w2, Fwl,y)

20, 2 2
Wee Bwowyming \vh,. vl

e, | (Moc+ non)wikoz fuwZ, — wpkiz (“ncl(“f = 3k 0fhec) + mon/(wF — 3k12zut2heh)) (kf = W:ik?/(""% = Sk%”?f:i))
wee (16t bm) (s (U5 )+ 1 (s 387 ) + o, + SFElg)

eEey J( 4 P Jorkon o, =tk (toc/ (0 ~ 3K )+ ok (07— 3K )) (2 — dmnce/s)
TEA T

Wee (16wowyki-m?)3 ("nc/(“.?e + 3k vfi) + non /(w3 + 3*%:"'245:2.))
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piscusslon : If we consider the lons to be cold then we see that

ﬁﬂ={EA-

preclably modified by finite ion temperature also.For EAW, we find that
injecting hot electrons will lead to enhancement of growth rate.But for
the lon modes the growth rate can be controlled considerably by inject-
Ing warm lons.

Our results can be quite useful to the understanding of wave
phenomena In the lonosphere, in the earth’s magnetosphere at the plas-
mapause and beyond, as well as in the solar wind.There exist numerous
evidence of Intense noise band [4] near the upper and lower hybrid
resonance frequencles at the plasmapause and beyond.Energetic long
and electron and UH es waves have been observed In source reglon of
transversely accelerated lonospheric fons at altitudes of several
hundred kilometres. Analysis of the ion and electron distribution’s

low altitudes [1].

The results of the ion modes should be relevant to the low frequen-
¢y fluctuations in the solar wingd and cometary plasmas.The EAW plays

Perpendicular heating of lons by ESICW and LHW.
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PROPAGATION OF ELECTROMAGNETIC WAVES
IN A MODULATED DENSITY PLASMA

M. Lontano (*) and N. Lunin (+ )

(*) Istituto di Fisica del Plasma, C. N. R., EURATOM-ENFEA-CNR Association, Milano, Italy
(+ ) Institute of Applied Physics, Soviet Academy of Sciences, Gerki, USSR

As it is known, the interaction of high power electromagnetic (EM) waves of
relativistic electron beams with a plasma can lead to the onset of a modulation ipd
stability which develops spatial periodical (or quasi periodical) structures of thg
plasma density and of the electric field intensity.

If the spatial pattern consists of a large number of periods and if the modulatiog
is regular enough then an efficient resonant interaction between an incident EM wave
and the plasma density modulation can occur depending on its relative amplitude and
on the wavelength of the incoming radiation /1/.

An analogous situation can happen when a strong density fluctuation is induced
in a plasma under RF heating conditions. Around the plasma resonances the heatin
waves become essentially longitudinal and coherent density fluctuations are excited.

In these conditions the resulting density modulation can strongly increase thg
reflectivity of the medium, even at relatively low densities (m, < n,), for EM waves
of particular wavelengths and directions of propagation, leading to a transmitte
power spectrum qualitatively different from the incident one. In the unidimensional
case (i.c. k || ¥n) the condition for an efficient backscattering is

AL":% . P By (1
where 1 is the radiation wavelength, A, is the spatial period of the modulated struc
ture, / is an integer.

In general the spatial scale of the inhomogeneity can be of the order or smalle
than the wavelength of the incident radiation, therefore the WKB approximatior
cannol be used to study the characteristics of the EM wave propagation. Further
more, in a periodical medium, even if the reflectivity of a single layer is low, when th
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qumber of periods becomes large, the global reflectivity increases substantially and
the analysis cannot be performed within a perturbative theory.

The present work/2/ is intended to investigate two main problems:
a) the possibility of computing the transmission coefficient of a single plasma layer
when

is 1 on -

n a4z

b) the extension of the analysis to a multilayer structure made up of a succession of
N identical or slightly different plasma slabs.

Referring to those physical situations based on a unidimensional scalar wave
equation:

d*E(2)

P K*(2)E(z) = 0, )

‘

with boundary conditions E(zg) = Eq, E'(20) = E,
by introducing the functions @, = ./k(z) [

; We can go to j vector description
® = (¢, ¢ );eq.(2) becomes

E(z)i—%E’(z) and the vector

D'(2) = PE) o D) (3)

where @(z0) = Do, P2) = ik(2)a, + r%;—r’)—,, and ¢, (i=1,2,3) are the Pauli
matrices/3/.

The solution of eq.(3) can be written in terms of the exponential, time-ordered
operator /4/:

D(z) = D(z,29) » Blz) , 4)

where
Q(z,zy) = Texp[ra'z’ ﬁ(z’) } . (5)

Clearly @(z,z) acts as a space propagator from z, to z. It is shown that, if k2(z)
is a real function, then the matrix @ is quasiunitary, i.c. Qi = O, O = Ou. Fur-
thermore, if z > 2 > 2z, > - z, | > 2, > 2, the total propagator from z to z can be re-
presented as the ordered product of partial propagators:

W(z,z) = Qlz,2;) » Dz}, 25) « W2y, z3) 0 = 0 Qz,_y, 2,) » Dz, ). (6)
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This allows to use at each step of integration different approximations for Q(z, 2)
depending on the steepness of spatial gradients in the z-direction. The computatjop
of the propagator relevant to a single plasma layer is accomplished by means of the
so called Magnus approximation /5], which preserves the quasiunitarity of the opers.
tor at each order of the expansion. It consists of an expansion in successiye

commutators where the first terms can be written as follows:

Q(z,7) = cxp[rdzl P(z) + % jzdzleIdzz[ﬁ(zl), P(zy)] + )

n % IzdzlrldzZJ‘ZZdza([ﬁ(zl),[ P(zy), P11+ [LP(), Plzy)], Pleg) Ty + - 1,
2y EN 7

Finally it is easy to show that the transmission and reflection coefficients for the
EM wave crossing the plasma layer can be written as follows:

2
[ 12
h=—— , B =|==| (®)
|On|? n

where Ry + T, = 1.

Once the matrix Q(zo + &, zo) is known, the extension to a multilayer structure s
casily performed by introducing the following representation of the propagator:

Qfzg +8,2)) = exp(pd) = exp(p,6, + p,0, + P34 (9)

where the p; components can be determined from the matrix elements D s
Therefore the propagator relevant to a succession of N identical layers
(20 < 2z <z + N&) can be put in the following form

@N(ZU + Nﬁ, Zn) = (10)
=0, [z + N, 4+ (N—1)5]+ Lz + (N =15, z+ (N=2)8] .. Q,(zy + 8, zp) =

= [O(z + 8, z)7" = exp(Np 8),

where the p; components are the same as in the case of a single layer.
The transmission and reflection coefficient relevant to a uniformly modulated
plasma can be written as follows:




1

Ty -
cosh?(N p) — 22 sinh’(V p)
P
2 2
+
pl—zp—z—sinhz(Np) (11)
R E

2
coshz(Np) = p_32 sinhZ(N P)
p

Eq.(10) shows that, for physical parameters describing the wave-plasma system
quch that p is a real quantity, the dependence of Ty and Ry on the number of periods
N has a monotonic character and can give high values of Ry (= 1). This happens
when the condition (1) is satisfied and is related to the presence of forbidden zones in
the parameter space/6/. The transmission coefficient has been computed for different
kinds of density profiles and the possibility to apply the same techique to a slight non
uniform periodical density structure has been exploited.

This work has been performed in the framework of the scientific cooperation
agreement between the Soviet Academy of Sciences and the Italian National Re-
search Council (CNR).
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LASER WAKEFIELD ACCELERATION IN AN EXTERNAL MAGNETIC FIELD

P. K. Shukla

Institut fir Theoretische Physik IV
Ruhr-Universitdt Bochum
D-4630 Bochum 1
F. R. Germany

It has been proposed that the plasma-based particle acceleration schemes
the plasma beat wave accelerator (PBWA). the plasma wakefield accelerator
(PWFA) and the laser wakefield accelerator (LWFA), would employ strong
electric field gradients of electron plasma waves that have a phase velocity
of nearly the speed of light. Large amplitude plasma waves could be excited
by the beats of two relatively low power, long pulse laser beams in the
PBWA, by a low energy, high current relativistic electron beam 1in the PWFA,
and by a short, intense, single frequency laser pulse in the LWFA. In all
these three schemes, a trailing bunch of electrons can then be injected intg
accelerating phase of the excited plasma waves, so that the energy can be
transferred from the plasmons to the electrons.

Recent considerations of the laser propagation issues, along with
recent advances in laser technology, indicate that the single freguency,
short pulse LWFA might have advantages over the PBWA and PWFA schemes.
Accordingly, a number of authors[1,2] has focused attention on the calcula-
tion of the electrostatic fields in the LWFA scheme. In the latter concept,
the short pulse, intense laser beam provides both a radial and axial
(with respect to the laser propagation direction) radiation pressure on the
plasma electrons. The radial radiation pressure pushes electrons radially
outward while the front (back) of the laser pulse exerts a forward (back-
ward) force on the electrons. In this sense, the short laser pulse behaves
roughly like a negatively charged macro-particle propagating through the
plasma. The plasma electrons flowing around the laser pulse would then
generate large amplitude plasma waves.

In this paper, we present a three-dimensional calculation for the
electron plasma wave generation by the circularly polarized short laser pulse
propagating along the external magnetic field. Using hydrodynamic and Poisson's
equations we derive a driven plasma wave equation including the perpendicular
ponderomotive potential as well as the time derivative radiation flux in the
longitudinal ponderomotive force. Analytical results for the one-dimensional
(parallel to the guide magnetic field) axial wakefield within and behind
the laser pulse are obtained by choosing a laser pulse profile of the Gaussian
form. It is found that the guide magnetic field has substantial influence
on the maximum electric field gradient of the wakefield.

Consider the nonlinear interaction of a pure electron plasma with a
short, intense right-hand circularly polarized.el ctromagnetic CPEM) wave
packet whose electric field is represented as E =§(g+i9)exp(ik- - jwt)+
compl. conj., where X and y are the unit vectors in directions perpendicular
to the external magnetic field B E._{or the CPEM wave propagation along B_z,

the frequency w and the wave vector 7=§k are related by the dispersion
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2
Jation Ay =k2c2+ WpW /(& -we), where Wp and w, are, respectively, the
g‘fectmn plasma and gyrofrequencies.

The field-aligned short CPEM wave packet interacts with background
Jasma. As a result, there arises an envelope of high-frequency CPEM wave .
acket that may propagate at an angle to the external magnetic field. The
radial ponderomotive potential reinforces electron motion in a perpe- ' '_
ndicular plane, whereas the field-aligned ponderomotive force expels the
electrons along the magnetic field. The multi-dimensional cold plasma wave
dynamics is governed by

at'n_“ =+ nQV'a + NgoU,= o0, (1)
b / 7 |
(O + 9T = & %V (6 +,) o e TET Geh, A
3-{;'0: = “%, w0 - R, ) I
and

2

Vi = 4TEN,, () |
f
where n,(n,) is the unperturbed (perturbed) electron number density, vV s
the elegtr5n fluid velocity, e and m are, respectively, the magnitude of the
electron charge and the mass, and ¢ is the electrostatic potential. The per- '
pendicular(to 8) component of the ponderomotive potential associated with the
ck

the CPEM wave pdcket is I
Go=- e 1Emcwm g
The axial ponderomotive force reads
Foe[ o - £ ), g’izlz . i
W{w-wc) miw (- wg) (6)

The second term on the right-hand side of (6) is the time-derivative of the
radiation pressure associated with the CPEM radiation in a magnetized plasma.

Combining (1) to (4), we readily obtain
2 2 2 _2 2 2 2 2 _g

[ Qg+ o) (39 +“’F32)+mpatvxgq’:{(a:-*wi)*
2 Rwe o w oy €IE]

Lo~ (W= ) Btz] T gtv"'j miw (- ) (7)

Equation (7) governs the excitation of three-dimensional electron plasma
Waves in the presence of the axial and radial ponderomotive forces of the
CPEM waves in an external magnetic field. When all the waves are aligned
along the guide magnetic field, then (7) takes the form
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i ke el
Corop)ae = [ & - gifer o] L 1

On the other hand, in the limit 9, « W, multi-dimensional electron plasma
waves are governed by

2 2 2
[ (V25 0h) 8 + op0]e = [~ h o ]

wW(w-wg) T2
2
a o 2 2 2
= e |E|
+ & 5 U e (9)

For illustrative purposes, we present some specific results for the
axial wake electric field assuming that all the waves are aligned parallel
to the external magnetic field. We suppose the excitatign process to be
stationary in the frame moving with a group velocity (=zv_) of the CPEM
pulse. Thus, in a new frame i3 :z—vgt, (8) becomes g

2 . Rvgw elgf’
= - Sty S0 - (10
(aE + ke ) ¢’ [12 -+ Cd{w-w;.) m“mtw;u}c)U; / ( )
where k.= ®p/v_ and v =kc™/ [ w +we wp /2 (0-we)]. Equatiem (1) is solved,
givina 9 - 9 co
. 'R\Jg.wc. en = ga . )
EP = - he [ i + G- ) m“cu(w-wcmg (E| 5 ‘Elﬂ[kefg"s:ﬁ-

5 (1)

Let us assume that the electromagnetic pulse envelope is of the form
igo sin(M5/1) exp(-r?/2rd), 0<% ¢ 1
E = @
0o, otherwise, (12)

where 1 is the pulse length and r_ is the spot size. Then, the profile of the
axial electrostatic wakefield gen@rated in a pure magnetized electron plasma
is given by

R Vg W gilEliexphv7‘ ;
_ 3 ™ e \Ee Y.) ; -
Bp= ke T+ ooy ] L C (mz_km[ﬁsn(kewu) sonkg]
(13)

where H=(k 1/2W) within the laser pulse, 0 ¢ § /1 < 1, and H=1 behind the
pulse, ®< 0. Equation (13) shows that the strength of the wakefield is
enhanced in the presence of the external magnetic field.

In order for the LWFA scheme to work, the short laser pulse should be
able to propagate without distortion within the plasma. Thus, the laser-
driven various parametric instabilities must be suppressed . Therefore, it
is instructive to consider the stimulated Raman scattering, the modulational,
and the filamentational instabilities in a magnetized plasma. A three-
dimensional analysis of these parametric instabilities has yet to be carried
out; although the results for one-dimensional problem are available in the
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literature. In the following,we summarize some results. The maximum growth
rate of the stimulated Raman process (L2 /K » v h: where £ and K are,
respectively, the frequency and the wavenumber ofMthe low-frequency wave

in an electron plasma, and Vih is the electron thermal velocity) is given by

Y- K¥lwun®/2 4% wa (14)

i
where v, =eE /mw , and A=1+ wcwpfﬂwcw-wsf. When 2 » @, and vi/c* »
(wp/ws )5 we"have a reactive quasi-mode as the scatterer. For this ease, one
finds the growth rate 2/

2 2 .2 Y3
R ST TR R i
YGl":? 2A(w—wc)] (c) (15)

For the stimulated Compton regime, we have {1~ Kvth, and the maximum growth
rate is given by

0.4
x5 (o) moer el

2 2 (
L' ) me ] ‘
The growth rate of the relativistic modulational instability of the CPEM ‘
wave is found to be [

‘dM=(v;Cr)1/2K £, (17)
2

where CrlEa2 > szé/fl, Cr=e mqw; vg/2m2c4k(w-wc)4, and vé: g/ak.

To summarize, we have developed a three-dimensional model for the
laser wakefield acceleration in an external magnetic field. Specifically,
we have derived a three-dimensional electron plasma wave equation in the
presence of the radial and axial ponderomotive forces of the CPEM waves.
Choosing the electromagnetic pulse profile to be of the Gaussian form, we
have obtained an expression for the field-aligned wakefield. It is found
that the strength of the latter is enhanced in the presence of the guide
magnetic field. We have also discussed various parametric instabilities
associated with a finite amplitude CPEM wave in a pure electron plasma
with fixed ion background.

Acknowledgments: This research was supported by the Deutsche Forschungs- [
gemeinschaft through the Sonderforschungshereich "Physikalische Grundlagen
der Niedertemperaturplasmen".
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RADIATIVE ENERGY TRANSPORT
IN THERMONUCLEAR PLASMAS

Satish Puri
Max-Planck Institut fir Plasmaphysik, EURATOM Association,
Garching bei Miinchen, Federal Republic of Germany

Electron thermal diffusivity x contributed by the radiative transport of electrostaiss.
electron-Bernstein wave emission in toroidal geometry is computed via accurate ray trq.
cing using the full hot-plasma dieleciric tensor. Enhanced values of x 2 O(.5) are foung
to occur for T, ~ 3 x 105°K, n, ~1x 102 m~2 and By ~ 10T in a typical Tokamqk
geometry. The possibility of similarly enhanced values of x for other parameter regimeg
through the introduction of rotational transform is discussed.

INTRODUCTION

Energetic electrons in a magnetic field are profuse sources of synchrotron radia-
tion. The collective effects in the plasma channel this radiation into cyclotron-harmonic
modes. Using the Rayleigh-Jeans approximation of Planck’s formula, Kirchhoff’s law
generalized to anisotropic media gives the total radiated power density [L, 2]

1 2
nr = W!ﬂ(k) dk = WTE k/k,-(k) vy (k) dk , (1)

where k is the propagation vector, k; = ¥ [k] and v, is the group velocity. The integra-
tion extends over all propagating waves that satisfy the hot-plasma dispersion relation

D(k,w(k,r),r) =0. (2)

Steady-state Maxwellian distribution and local-dielectric-tensor description are assu-
med. Since nr scales as the k-space volume, radiation in a plasma is dominated by
the large-k electrostatic Bernstein (3] waves. The asymptotic (ki — oco) form of the

classical (k) = 0) Bernstein wave dispersion relation near the nth-harmonic may be
written as .
2w nw 1
a2 T - (3)
VT wwe w — nw, 73,
Differentiating Eq.(3) gives the perpendicular group velocity
Bw 3rl/e (w — nw,)/3 7
. S —2/3,,2/3p1/2 4
VgL = = v~ W w .
g 8k 921/3p1/8 wg/swz/a r c e ( )

Parallel group velocity along the magnetic field is substantially the electron thermal
speed. For finite k|, k1 possesses an additional imaginary component in the vicinity of
the harmonics, giving rise to the cyclotron-harmonic absorption/radiation.

Figure 1 shows the fundamental-cyclotron emissivity 7. = /e normalized with
respect to the thermal energy density € = (3/2)n.T. as a function of electron tempe-
rature for n, = 102! m~2 and By = 107. The corresponding nr 2 O(1) MW m~2.
Large n, values imply that a transport of the emitted radiation over a mean square
distance of only < r? >~ 0(107%)m? would lead to an electron thermal diffusivity of
X =7 <1’ >~ 0(5).
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RAY-TRACING RES ULTS

Determination of y is accomplished through ray tracing in accordance with the
Weinberg [4] approach using the dispersion relation (2). The amplitude of & ray, starting
at ro with the normalized value ¥(k,ro) = n.(k, ro) dk, at a point r along the ray path
is given by

¥(r) = n4(k, o) dk exp —2fk,-(r) -dr| . (5)

The normalized power deposited by the ray in the plasma in distance Ar equals
2¢(r)ki(r) - Ar,

The diffusivity contribution of the ray is

(=]

X00) dk = [ 39k, (o) - e o (6)

To
Integrating over all possible rays, gives the tota] diffusivity at ry as

1
x(ro) = o kf x(k) dk . (1)

The computational parameters consist of: major torus radius By = 3m, plasma radius
6=1m, n, = no(l— ), T, = To(1-p%)2, ng = 1021 m~2, and By = 10T, Rotational
transform and relativistic corrections are not included,

Figure 2 shows the computed results for the case of fundamental cyclotron emis-
sion as a function of temperature. The starting position of all the rays is assumed to be
the plasma axis. Since the emission as well as the absorption of the Tays occurs near the
cyclotron-harmonic layer, the diffusion takes place primarily in the vertical direction
Perpendicular to the median plane with y ~ 0(.5).



1772

ROLE OF THE ROTATIONAL TRANSFORM

Despite their considerable import, the foregoing results do not cons
verdict on either the magnitude of X or its scaling with respect to T.
approximations and the limitations of the present model. Even the correct scany
of the k-space in the integration of Eq.(7) presents delicate problems because th |
tributions to the integral are dominated by regions of k-space where the Tays ypg
large excursions with correspondingly large < r? > values.

An important source of inaccuracy is the neglect of the rotatio
Since the magnetic field lines lie parallel to the singular surface, vy plays no part |
transport of the emitted radiation away from the singularity. Relying solely on the o
smaller v, |, the rays emanating from the resonant layer tend to stick to the Tesong
Introduction of rotational transform would enable the emitted radiation to move 5
from the resonant layer along the direction of the magnetic field lines with the |
parallel group velocity component Vg|- Equation (4) shows that VgL BIOows rapid]
one moves away from the resonance. This would cause a corresponding incregg
<% > and lead to an enhancement of X This effect will be most pronounced in h
plasmas since Vg ~ T,l/z.

As long as the validity of the local dielectric tenso
resonance structure remains intact, although the resonant
modification requiring the introduction of the poloidal m
be readily incorporated into the model,

The concept of local dielectric tensor has to be abandoned when dealing with a
plasma in toroidal geometry. As a matter of fact, the cyclotron harmonic singula;if
cease to exist with possibly radical consequences on the electrostatic-wave disperg
relation. Absence of singularities would cause a reduction in kj, thereby giving
to larger perpendicular group velocities in the neighborhood of the resonances 4

enhancing the intensity of radiative emission. This may be seen by rewriting Eq.(4)§
the form

titute the
becauge o

nal tranggy

T is maintained, the b3
surfaces are displaced, 1
agnetic field componept

6 wg nw 1
Vgl =—-———2____
VT wwe k4 13,
An elegant prescription for dealing with the non-local dielectric tensor in a
ratio torus has recently been formulated in Ref.[5].

The foregoing conjectures regarding the role of the rotational transform in radip
tive transport need to be supported through detailed computations.

large aspgg

DISCUSSION

These results are of fundamental significance both for thermonuclear fusion |
search and for the transport of energy across vast reaches of space inhabited by he|
interstellar plasmas. To my knowledge this is the first manifestation of such a hif

electron thermal diffusivity which does not invoke either instabilities or non-linear tdf

|

‘

bulence. !
|

Apparently previous attempts at determining radiative contribution to x hait!
tended to underestimate its importance. Several reasons may be cited for this oversigh
Bernstein waves are internally trapped within the plasma (with the exception off
narrow window near the upper-hybrid resonance) and lack the ability to communical
with launching/receiving antennas situated outside in the vacuum region. As such thl ‘
are of no importance for either electron-cyclotron heating or for plasma diagnostiy
which are the two principal motivations for ray-tracing studies. Thus their potential &
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instigators of electron thermal diffusivity has evaded detection. Much work, however,
has been dedicated to the radiation and transport caused by the electromagnetic branch
of the ordinary and extraordinary waves. The net transport due to these waves is found
to be insignificant in the context of thermonuclear fusion [2], since the radiation from
these waves originates from a comparatively sparse k-space volume.
Experimentally, the electrostatic-electron-Bernstein wave radiation with normal-
ized energy density of
g e
e = o /dk 0(107%) (©)
k

would escape observation with the current diagnostic techniques.

The difficulties encountered in carrying out ray tracing using the full hot-plasma
dielectric tensor are severe indeed. The choice of the rather restrictive set of parameters
in this paper is due to the somewhat fragile constitution of the computational code.
The origin of the rays has been confined to the torus axis because the absence of sharp
gradients in density and temperature allows computations with larger step sizes. The
program is being improved to enable ray tracing in the outer plasma region to facilitate
study of the variation of x with plasma radius. A more ambitious undertaking that
includes rotational transform effects is also being pursued.

The physical picture of electrostatic rays leaving the resonance, getting reflected
in the region of zero group velocity (upper-hybrid resonance in the present case) and
finally being reabsorbed at the resonant layer, albeit at a different vertical location, is
instructive. The largest contribution to ¥ comes from the weakly damped components
having 2 S ¢ = (w — nw)/k,v1 S 4 since these rays traverse great distances. The
stronger radiation arising near the resonance with ¢ < 2 makes only a small contribution,
since the waves are absorbed almost immediately after they are emitted. Thus the
effective value of < r? > for the spectrum pertinent in the present context far exceeds
its average value. The important implication is that radiation contributing strongly to
x is carried over large distances. In fact, from every point in the plasma there is a
well-directed stream of radiation aimed at precise locations well away from the point
of emission. For the case of radiation originating from points other than the median
plane, the contributions to < r? > are not likely to be symmetrical in the vertical
displacement. Thus it may be improper to treat radiative transport as a diffusive
process. It has aspects that resemble convection; as such, the energy containment time
could be significantly less than that indicated by the diffusivity x.

Only the fundamental cyclotron emission with the upper-hybrid resonance situ-
ated between the fundamental and the first harmonic cyclotron frequency is considered
in this paper. Higher harmonics, no doubt, also have their part to play.

To summarize, the radiative transport of electrostatic Bernstein wave emission
may hold important clues to the understanding of anomalous thermal transport in
magnetoplasmas both in the laboratory and in space.

Iam grateful to Prof. R. Wilhelm for his helpful comments.
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NONLINEAR EXCITATICN OF P-POLARIZED SURFACE WAVE
IN ANISOTROPIC PLASMA LAYER

Sh, M, Khalil and B, F. Mohamed

Atomic Energy Authority, N.R.C., Plasma Physics Dept,
Cairo - Egypt

Recently, investigation of surface waves and its proper-
ties has been & subject of great interest either from the
theoretical point of view /1-3/ or in connection with some
experiments end applications of plasme devices /4,5/; In
addition, to understand the physics of plasma-well interact-
ion, laser plasma in vicinity of the critical density surface
particle acceleration, determination of the optical charact- |
eristics of the medium, some phenomena in space and solar
plasmas, we have to deal with surface waves /6,7/.

In case of excitation of surface waves by electromagnet-
ic wave packet /1/, it is shown that, in the linear stage,
independent of its polarization, a wave packet propagating
along a plasma-vacuum boundary can excite surface waves
associated with the boundary in the presence of static magn-
etic field. If the magnetic field is absence /8/, only P-
polarized electromagnetic wave can excite a surface waves,

-In the present work, we show that S-polarized electro-
magnetic waves can. also excite surface waves in the presence
or absence of magnetic field. In fact, the excitation of
surface wave in our case is due to nonlinear interaction of
two incident S-polarized electromagnetic waves onto a thin
plagma layer and we study the effect of an externmal time-
dependent megnetic field on these surface waves.

Let us assume that waves propagates in the x-y plan and
the fields does not depend on coordinate z. The external
magnetic field is directed along z-direction and oscillates
with frequency equal to the sum of interacting waves frequen-
cles w, and W, —/ﬂdmf

.’
=Myl " - Yp=yrd @

We shall consider a thin plasma layer satisfy that the
unperturbed plasma density nuC;)equal to zero in the region
<o » 8 linear function of X (//x)=A -?;_rc ) in the region

0<x<d , and independent of T (/fx)-A/-Gnst.) in the
region o> a{ » Ion motion is neglected.




We can write the equation of motion for waveg oscillates

with combined frequencies l«gq-—-a{{f %y and wavfeanumber K, = ";'M;

i Loy < —“a L <
W) (VG =52 247,

95; :’-;*8/9; ;‘?;'33 /5
where, (/¢ eand L%are the velocity and electric field compon-

S
ents of the generated waves, UJ/J and /7, are the velocity and

KL A C B N2 ) 0 0

« 2 e, |
A T SR M Ty

Also, reflection coa:l?ficient from the plasma layer is:%
2 2 ¥
[~ Frimll s A<IGFLESY., ; B AT,
"848 3 T @kt A
b= Gl eng) ; Gkl da1)

Now, we can derive the following expressions for the
generated current density components:

LimE R 6, £
4

vhere, 2 yie Zfz,[ﬂc)

L oL Wh =
g/,;é,) e 2 xz/?@/%;) 7 e s

It is clear trom (5) that the generated wavegs are of P-
olarization. From Maxwell's equations We can obtain the

Gy € Pe rl). ,G 7/ U B
krg@g@f:cﬁéﬁ & =-4 (% G L5
G= /- L Ay = S

¥ 2 ¢
The generateq magnetic field ﬁl& can be calculated by
1lving the inhomogeneous dirferential equation

PG H) BN - Gk

~¥a
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AJ
52 )0 Re=-iR(ERD) , LR (95
4o 7?2
/éfx) represents a gource term due to: (i) nonlinear effecta
(11) presence of the external magnetic field. Even for

Hog=0 3 RB)#o . At <o and %> d equation (7) has the
following solutions. P
&,y X o
/7’ Moo ¥ z2 ;) XLo  (B)
L8 ﬁ%@mﬂ —x;&wv
z

/e C/x/ L /Q/x)a/x, xpd  (9)

/"/ and H the a.mplltudes of the generated magnetic fielg
components at the bou.ndaries, a.nd 2

(,_ fof) R =K, (/_ ) €y = /- o3 = Gnst-
?’ £ o
(w"ng ;A= %(;ﬁxwgf)

It is clear from (B) and (9) that we obtalned solutions
describing a surface waves that decay on both sides of the
boundaries (i.e., at L=o and <= )e The first terms on
the R.H.S. of (8) and (9) are in agreement with that obtained
for umnmegnetized plasma /9/, while second terms are due to the
effect of the time dependent magnetic field, which leads in
this case to the amplification of the generated surface waves.

Let us substitute in (7):

He = 2yl) 7+ %-’t (10)

where, é;q_ = A= ::c/ }- 9:‘0/ - )o{

If we look for solution near the cutt-off layer, i.e., at
T—o (’I~—.>-ﬂ:;), we can put equation (7) in the form:
o), f ayry ) (1) = /e RIy)
J?L 07
Accordingly, the exact solution for the magnetic field
components of the generated surface wave in the inhomogeneous
plasma region of de is:

=K [7 st 5t Je) dy' e

(11)
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If and /fi are the modified Bessel functions oi; the fi:rsst and
gecond type, and solution (12) is valid for :ro-a’s?s:zg.

In conclusion, nonlineer interaction of S-polarized
waves in the presence or absence of external time-dependent
pegnetic field leads to the generation of P-polarized surface
waves. The magnetic field has an amplification effect, It ig
glso clear from (8), at <o , the generated surface wave ig
agsociated with P-polarized electromagnetic wave oscillates

y ¥ s 2
% a:fz(fgﬂf{-ﬂﬁf) with amplitude &,/2¢%, . In addition, we
obtained an exact solution for the fields of the generated
gurface (12) which different from previous works (e.g., /3,9/)

where the small parameters/ﬁ?d/{(a/and /ﬁ;a//«j are used to
golve equations similar to (7) by the method of succegsive
approximetion. In our case, the obtained solutions are gener-
8l, 1.e., it is independent of the relation between the wave-
lengths of waves and the plasma layer width,
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NON-LINEAR COUPLING OF DRIFT MODES IN A QUADRUPOLE

J A Elliott, J C Sandeman and G Y Tessema

Department of Pure and Applied Physics, UMIST, Manchester M60 19D, uk

ABSTRACT: We report continuing experimental studies of non-linear
interactions of drift waves, with direct evidence of a growth saturatiop
mechanism by transfer of energy to lower frequency modes. Wave launching
experiments show that the decay rate of drift waves can be strongly
amplitude dependent,

1. INTRODUCTION

The UMIST linear quadrupole is a steady-state device in which Hydrogen
plasma is continuously injected axially, at one end, from an externa]
duoplasmatron source. The system has been described by Phillips et al
(1978) and Daly and Elliott (1982), and consists essentially of two paralle)
conductors carrying 19,500 A-turns, with current centroids separated by
0.31m., The quadrupole is 2m in length. A cross-section of the magnetic
field configuration is shown in Figure.l. The system manifests a range of
plasma micro—instabilities, and of these the drift waves particularly havye
been studied in some detail (Carter et al.,h1981). They occur in the shared-
flux region, between the separatrix and the critical surface. Ip this
region Te= 0.5 eV and n=10*=m-3,

The spontaneously excited drift waves are driven by the ‘dissipative
trapped particle' mechanism, and appear in the frequency band 40 - 6¢ kHz.
They are weakly unstable, with ¥/« measured to be ~0.1. They propagate
parallel to the machine axis, away from the plasma source, with a phase
velocity of ~3 km/s: along the closed magnetic field lines they form
standing waves with nodes at the field maxima. The growth rate is a
sensitive function of the plasma parameters (Hastie and Taylor 1971), and
the drift modes only appear spontaneously when plasma density, collision
rates, density and temperature gradients are in appropriate ranges.

Also in this reqion ig found a low frequency band (1 - 5 kHz) of flute-
like modes. They are fluid-unstable, with ¥/w ~1, and wavelength 0.2 -
1 m. These modes have been shown (Crossley et al 1989a) to play an
important role in the non-linear interaction of the drift modes.

Previous studies (Greb and Rusbridge 1988a, b, Crossley et al 1989a,b)
of non-linear interactions between drift modes in this system were performed
by measuring the bi-spectra of the intrinsic modes. We have shown (Tessema

intrinsic modes. The coherence of the launched waves makes their study much
easier than for the intrinsic modes. Non-linear effects are readily
observable, and measurable with accuracy, which should greatly facilitate
the testing of theoretical models. The studies give a valuable ingight
into the manner in which such drift modes contribute to the dissipation of
the free energy of confinement, and clearly show that energy loss is
initially by a cascade downwards in frequency among drift modes, mediated by




coupling with the low frequency flutes. We postulate that the energy is
then dissipated by ion Landau damping, which increases with decreasing
frequency until the drift mode cut-off ig reached at about 15 kHz, the ion
pounce frequency.

2. THE WAVE-LAUNCHING SYSTEM

The observed frequency of the intrinsic drift waves is between 40 and
60 kHz, and the wavelength along the direction of Propagation is about 60

the short dimension parallel to the field. The flags are placed at the
ninimum field points, on opposite sides of the system, and lying on the same
flux tube. The system draws no net current from the plasma; current is
passed from one flag to the other through the plasma by means of an
isolating transformer. In the experiments described, the voltage applied
petween the flags was sinusoidal, and typically 0 - 5 v peak-to-peak. The
corresponding current was 0 - 3 mA. The launching mechanism has been
discussed in a previous report (Tessema et al 1989).

The launched waves were detected using a small cylindrical Langmuir
probe, lmm in diameter and Imm in length, and biassed to -60 V. The signal
from the probe, essentially proportional to the plasma density, was fed to a
lock-in amplifier, the launching signal being used as the reference. The
lock-in amplifier yielded the wave amplitude and phase relative to the
launcher, as a function of distance. In this way a plot of the spatial wave
in the z-direction was obtained.

If non-linear interactions are occurring in the system, we expect that
the decay/growth rate will be a function of the launching amplitude as well
as the frequency, and measurements have confirmed this.

3. DRIFT WAVE BLOCKING

We have observed that the presence of the two 3 x 2 em floating flag
probes in the drift wave region completely prevents the Propagation of the
intrinsic waves past the flags. Immediately downstream of the flags, the
plasma is quiescent for about 3 cm, and then the drift modesg begin to
Teappear. The reason for this stabilising effect is not understood, but it
offers a very powerful means of studying drift wave growth in an unstable
but quiescent plasma. Waves may also be launched into such plasma, from the
blocking flags. Figure [2] shows one observation of the spatial re-

development of the intrinsic power spectrum. This may be interpreted as the
time development.

The drift peak appears after about 17 ps (i.e.3 cm), and grows to a
Very sharp peak initially. It subsequently broadens, but only in the
direction of decreasing frequency. This is consistent with the model being
developed, in which the drift wave at frequency W, couples non-linearly with
a low frequency flute mode at frequency &), giving rise to a drift mode at
the lower frequency W, =ty .

The drift instability thus appears, as suggested, to saturate by
transfering energy to lower frequencies by coupling with flute modes. The
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rate of re-growth of the drift modeg varies markedly with plasma condition8
and is the subject of further study.

4. MEASUREMENT OF THE DECAY RATE

Typical wave traces are showq in figure [3]: the "near fielqg" withip
one wavelength of the antennae behaveg in a complex manner, and we have
taken our data only from the "far field" region, Growth is never Observeq,
even when a wave ig launched ip the presence of a high amplitude of
intrinsic drift modes. The reason is not vet understood. The decay Constant
is shown in figure [4] as a function of launching current, for three
different frequencies, For small currents, when non-linear effectg shoulg
be negligible, the data is not precise enough to reveal any marked
dependence on frequency or amplitude. Above ~0.8 mA, the decay constant
begins to increase with frequency, showing a marked increase at g0 kHz, the
upper limit of the intrinsic drift modes. These results suggest therefore
that the upper cut-off is due to strong damping through some non-linear

The decay rate curves for higher frequencies show evidence of
saturation: ag the launching current increases, ¥ increases tg 3 Saturatigp
value which depends on frequency, at 30 kHz, the data indicateg that the
damping decreases with inereasing amplitude, a result consistent with a non-
linear iop Landau damping mechanism.,

5. MEASUREMENT OF LAUNCHING EFFICIENCY

Knowing the decay rate, it is possible to Project the launched wave
back to the origin assuming exponential decay, and calculate the effective

launching currents below 1.7 MmA the amplitude is a linear function of
launching current for all frequencies; the availability of a linear
launching mechanism is lmportant for the study of non-linear effectsg in the
wave phenomena. Above 1.7 mA, the efficiency falls off, The reason for
this is not yet clear, but may reflect the bulk disturbance of plasma
properties by the injection of the drift wave.
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A TWO-DIMENSIONAL COLLISIONLESS MODEL
OF THE SINGLE-ENDED Q-MACHINE

H. Pedit and S. Kuhn

Institute for Theoretical Physics, University of Innsbruck
Technikerstrasse 25, A—6020 Innsbruck, Ausiria

1. Introduction and summary. Q—Machines have been around for almost thirty years
/1,2/, but it appears that there exist no comprehensive theoretical models takin intg
account their considerable geometrical and physical complexity with a reasonable egree
of self—consistency. The (one—dimensional) "collisionless plane—diode model", e.g., hag
proved useful but its validity is restricted to certain longitudinal phenomena, in gy
ciently" low~density machines /3/.

Accordingly, to make progress in the understanding of Q—machines {and, in the
longer run, of bounded plasma systems in general), we find it indispensable to develop
and study models that are more realistic with respect to (i) the geometry, (ii) the phys-
ics, and (ii) the dynamics of these devices. In view of the obvious complexity of such ap
undertaking, we believe that the most promising strategy is that of limited hut stil] sub-
stantial steps of improvement.

In the present work, we develop a two—dimensional slab model for the dc states of
the low—density single—ended Q—machine /4/ by adding to the (axial) x—coordinate /3/
a y—coordinate that is still cartesian
but simulates the radial coordinate of ¥T
the cylindrical Q—machine geometry,
cf. Fig. 1. A uniform magnetic field B
is applied in the x—direction, and the
plasma is assumed to be sufficiently
rarefied (np < 108 cm3 for typical
Q-machines) to be tractable as colli-
sionless. Both the ions and the elec-
trons leave the emitter with half Max-
wellian distribution functions corre-
sponding to the hot—plate tempera-
ture T, but their emission densities
may be different. All particles reach-
ing either the emitter ("hot plate") or
the collector ("cold plate") are ‘ab-
sorbed. The system is specified by
prescribing the following parameters:
axial length L, emitter "radiug" Re,
collector "radius" R, wall "radius"
Ry; emitter potential @ = 0, collector
potential @, wall potential By emit-
ter temperature T, electron emission
density neg*, ion emission density njg*

(or, equivalently, the "neutralization J
parameter" & = njo*/nept).

‘cylindrical® wall (@=8,)
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n what follows, our method of calculating self—consistent collisionless dc states of
¢ above configuration is described, and first numerical results on axial and radial po-
tential distributions are presented.

9. Method of solution. By integrating the Vlasov equation
i _d
[m vV Sen(ct) -vv} falwt) = Biaxwt) = 0 (1)
along the gspecies—a particle trajectory passing through the point (x,v,t), we obtain

fa(xavut) = faO(XaO,VaOJaO); ('2)

where (xao,vao,taﬂ) is some previous point on the trajectory, at which f; is assumed to be

iven in the form fag. Tracing the trajectory back in time and defining (%a0,va0,ta0) 28
that point where it first intersects the emitter or some other material boundary (where {
is known to be half Maxwellian or zero, respectively), Eq. (2) enables us to determine
£,(x,v,t). From this and Poisson's equation we obtain the system of equations

ﬂa(X:Y) = H;,(] Jdav fa(XaYyV) = D;.ﬂ [dﬂv fa.O(x(};YU;VO) (EL = E,i) (33,13)

V2o(x) = ‘ﬂt%)‘ = li—o[ﬂe(x) — n;(x)] (4)
with the boundary conditions

‘I’(U,GS ‘Y{SRe) =0, ‘I)(U,RE< |Y|.<_RW) = Qe+ (q)wfq)e) (lYl_Re)/(Rw—Re)
B(L,0<|y|<Re) = @c, B(L,Re<|y|<Ry) = @o + (Bw—2c) (|y|—Re)/(Rw—Re) ()

—g%(x,()) =0, B(x,Ry) = Du.

This system is solved numerically by the following iterative scheme: Given an initial
guess for the potential distribution, the particle densities are calculated according to (3),
then from solving (4) a new potential consistent with these densities is obtained, with 1t
new particle densities are found via (3), etc., until self—consistent potential and density
distributions are reached. Due to the y—symmetry of the problem, the solution need to
be found only in the upper half (y > 0).

3. Calculating the electron and ion densities. Due to their large mass, ions typically ex-
hibit small velocities and large Larmor radii, so that each ion trajectory is traced back to
its point of emission by direct numerical backward integration of the equation of motion

mdY = gi[E(x) + vB)] . (6)
To this end, velocity space (parametrized by the parallel velocity component vp, the
normal velocity component vp, and the polar angle ¥) is discretized. If for some phase
point (x,vp,vn,¥) the emission point is located outside the emitter, the ion distribution is
set equal to zero; otherwise, it is set equal to the half Maxwellian emission distribution
function. Summing up over velocity space yields nj(x).

For the electron trajectories, which are typically characterized by fast gyrations
and small Larmor radii, direct trajectory integration would be inappropriate so we sim-
plify matters by using a gniding—center approach. Electron motion is decomposed into &
Larmor gyration and a guiding—center component:

x=p+R, Vo= v+ Vg (7a,b)

Inserting this into the electon equation of motion, expanding the guiding—center velocity
in the form

E,xB 1d (ExxB)xB 1 d2 E,xB 1 d3 (Ey,xB)xB 1
v = vy + EgpB o G B —WW_BT’WWKTEJ_H -0 (@

(where @ = —eB/m,), and averaging over the gyrophase we obtain
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d _dv 0 8d
(T) = §' = ~Bom, (0
o) = Vo = =t RV, by [ Woff, + o feny 8
dR y\dR o\ dR 3B
+ @ @ WG (ob)
- 106 1 [d2R o8 . dR . dR < .66
(Vges) = Vy = Bmz—m[(m'vr)mg + (aT'Vr)(aT‘Vr);gRJ ) (9c)
where
. 1rem p12[ 2 g2
2(R) = (B(x)) = ﬁjdﬂ ®(R+p) = B(R)+ 4 [aggﬁggng@(R) (10)
0

denotes the gyrophase average of ®(x). On neglecting terms containing Vs oder deriya-
tives thereof we obtain the ollowing three equations governing the guiding—center mo-
tion:

dvy _ 0 ad
it = “BR, (1)

Vo = v,[_02 8 + L1 928 92 & 43 0 3% 8
T VT R AR, 1B 7R ;2 9R; IR, 1B 9R; 9R;? 6R,

V2 9t § 92® 1 (92§ 2+
_Wml ZJX{QB-Fmrzz—HB'[ml- 2] J (111’))
_19d 1 [ 028 2,03 &
These simplifications are realistic because the main portion of the velocity perpendicular
to the magnetic field is already contained in the Larmor motion. Therefore, the normal
component of the guiding—center velocity is small as compared to the parallel compo-
nent.
Now the electron density at some position x can be obtained from (2) by numeri-
cally integrating Egs. (11), superimposing the Larmor motion, and finally summing up
over velocity space.

4. Relaxation scheme for solving Poisson's equation. Discretizing Poisson's equation (4)
on a two-dimensional grid with variable meshwidths and introducing a relaxation para-
meter w (with 0 < w < 2), whose proper choice will accelerate convergence, we obtain
w bjs 1 by
Bap = (a4 aisai+bjub; a-illia;(a‘]i;pi'*ll).ia'l'a"l*l@i‘ljn)
A+ 8j ai4183bj4bj

-+ Hﬁ:-}- jl(bj@ij+1a+bj+:‘1>ij-1“) + ———1——1”12;0 =1 Pij] 3 (12)
where a; and b;j are the meshwidths in the x— and y—directions, respectively, and B2
and @51 are the potential values before and after some iteration step. After several
sweeps, Eq. (12) yields a potential distribution consistent with the given charge distribu-
tion.

5. Results and discussion. In Fi%s. 2(a) and 2(b), axial and radial potential distributions
are shown for a configuration characterized by the following parameters: L = 5 mm, R,
= Rc = 1.5 cm, Ry = 6.5 cm; @ = 0, 2 =3V, &, =0: T = 2000 K, net* =

5.12x108 cm3, and @ = 0.1. For the numerical calculations, the relevant (x,y)~region (0

space was discretized by a 8x9x11 grid for vp, vy and 4, respectively.
Since the particular system presented here is among the first ones we have con—
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] . detail, we have chosen it extreme-
S‘dere[rjtl?[,d: 5 mm js unrealistic for existin
y Sh?ichines but still realizable in principle%
Q-8 minimize computational expense and
% centrate 01 getting our — rather complex —
ﬂthod working properly. Starting out from
mebﬂinea.r initial approximation to the
2 tential distribution, the results shown here
poe typically obtained after 6 iterations.
ach iteration required about 80 minutes of
pU time o1 the Innsbruck University Cy-
¢ 840 mainframe computer (ele‘ctror}—dens—
it distribution 35 ymn,lwn.-depsmy distribu-
fion 45 min, potential distribution 2 min).
The axial potential distribution in the
center of the plasma (y = 0) exhibits a point
of inflection at x ~ 1.5 mm. The related po-
tential value ("plasma potential") is ®p =
076 V, in good agreement with one—di-
mensional theory /3/. Radially, the potential
is practically constant near y = 0 but jumps 2.5

at the plasma—vacuum transition (y ~ Re),
Fig. 2(a) \

v

Potential,

®ee0e0o

Woaouwomom

where a radial space—charge double layer ex-
ists due to the combined effects of electron
drift and the vastly different electron and ion i ; " > 7 :
parmor radii (pe = 7 pm, pi ¥ 1.87 mm, hence

pifpe = 270). Near the emitter, where most

ions have performed only a fraction of a Lar- é
mor gyration, the plasma—vacuum transition
is sharpest. Far from the emitter, where
most. electrons cannot get due to the nega-
tive potential, the potential distribution is
solely determined by the ion—density distri-
bution and the boundary conditions.

Similar computations for longer sys-
tems and various wall potentials are now un-
der way. We believe that the method out-
lined here is open to various generalizations
(e.g., to collisional plasmas or truly cylindri-
cal geometry) and, with appropriate modifi-

Potential, V

cations, applicable to many bounded—plasma
configurations of interest, such as fusion W s N
plasmas near limiters or first walls. g x o
xe . mm
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ION-ACQUSTIC EIGENMODES IN A COLLISIONLESS BOUNDED PLASMA
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A—6020 Innsbruck, Austria
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1. Introduction and summary. This work is based on the integral-equation method prg-
posed in Ref. /1/ for solving the general linearized perturbation problem for a one—gj.
mensional, uniform collisionless plasma with thin sheaths, bounded by two planar elee-
trodes. In a first, predominantly analytical application /2/, this method was used to ana-
lyze the Pierce diode with a non—trivial external circuit. Here, on the other hand, we ap-
ply the method to ion—acoustic eigenmodes in a one—dimensional, collisionless boundeq
plasma consisting of non—drifting thermal electrons and a cold ion beam propagating
through them. This case is of relevance in the context of both Q— and DP—machineg,
First numerical results include eigenfrequencies and related eigenmode profiles. For the
specific situation considered, these modes turn out to be unstable, but it is concluded
that more investigations are needed to substantiate this finding. A more detailed ac-
count will be given elsewhere /3/.

2. The collisionless plane—diode model; linearized basic equations. We consider a one—
dimensional diode as shown in Fig. 1, where left-hand  right-hand

the surfaces of the (ideally conducting) @ (x} uff‘“e”h sheath —l
electrodes are located at x = 0 ("left—hand | I
electrode") and x = L ("right— hand elec-

trode"), and the far ends of the electrodes [{§— glhoana. regten
are connected through an external circuit

N\

| [~

=

|
| P E
I

ATV ALY

with specified properties. The intervenin 0 } it —>
space e?'interelectrode region", "diode gap" g 7 R
is filled with a collisionless plasma consist- P | |
ing of ns; particle species. The particle 7
charge and mass of species o (¢ = 1, ... , 2| | IE
ng) are denoted by e® and mo, respectively. [ R
Figure 1. shows the model geometry, with a iekirhand T iaheohana
monotonically decreasing equilibrium po- (emitter) (collector)
tential distribution as an example.

Each physical quantity Q involved is external- 1
decomposed in the form | ctecute

Q) = Q(v) + Qlxvit), (2.1) 7 Bece baeery |Slenents Fig. 1

where Q is the (given) time—independent, or "equilibrium" part, and Q is the small-am-
plitude perturbation, which is to be calculated. For the equilibrium state we assume a
uniform plasma with two "thin" sheaths adjacent to the electrodes. This "uniform—plas-
ma, thin—sheath approximation" is of relevance, e.g., for longitudinal modes in a single-
ended Q-machine at "moderate" values of the interelectrode bias, whereas for "very
high" values the sheath widths may no longer be negligible /4,5/.

The small-amplitude longitudinal perturbations in the collisionless plane diode
are governed by the following set of equations /1/:
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-~ .
P8 _ _evo= linearized Vlasov equa—
%t— +Vvg = “ms vE tions (¢ =1, ..., ng) (2.2)
ng
B _ 47 e J:dv i [Poisson's equation]  (2.3)
- 0s ¢
1 BEEX,t ¥ T equation of total-
i t * ZQUJ:dV vi = et {current conservation (24)
c=1
L- . 5
_J dx E(xt) = Z{je(t)}, [external—circuit equation]  (2.5)

0+

ng
0 .
) T oo gal oy FO0 left—hand particle
f(v>0,t) = f1g(vit) + E J:md"' by (v,v) f1(v',t) [boundary cgndition] (28]

o’=l

Ig
2 9 PRy FI right-hand parti
Fr(v<0.6) = Tre(t) + 2 J:dv be (v¥') £ely%.1) [botgmdary cogdit;gée] (2.7)
a’/=1
where E(x,t) = E(x,t) is the electrostatic field, fsx,v,t.) = f‘fv) + fo,v,t) is the veloci-
ty distribution function of species o, f{v) = dI{v)/dv; Je(t) is the perturbation of the
external—circuit current density (i.e., of the external—circuit current per unit electrode
area), Z is the (linear) "impedance operator" of the "extended external circuit) (by
which we mean the "real" external circuit plus the two electrode sheaths); ﬁ% and I3 are
externally generated gand, hence,_explicitly given) perturbations, and the "generalized
reflection—coefficient functions" ﬁ"v>0,v’<0) and b‘f(v<0,v’>0} essentially represent
the probabilities for a sheath—bound particle of species ¢’ with velocity v/ fo "produce”
a plasma—bound particle of species ¢ with velocity v. Clearly, fv>0,t) and T{v<0,t) are
the perturbations of the distribution functions of the plasma—bound particles at the
sheath—plasma boundaries, and hence may be sloppily referred to as "injection distribu-
tion functions".

Equations (2.2) to (2.7) constitute a complete system of evolution equations (in-
cluding boundary conditions) for the perturbations. In /1/ they have been transformed
into (2+2ns) coupled linear integral equations for the (2+2ns) time Laplace transforms
Tw), B(x,w), T{v>0,w), and If(v<0,w). These "Laplace—transformed integral equations"
J[Eqs. 37)—(40) of Ref. /1/] are the basis of our analysis, and their specific form
appropriate to the physical sifuation considered here (Sec. 3) will be given in Sec. 4.

3. Special case: ion—acoustic oscillations in the negatively biased single—ended Q—ma-
chine. For Q—machines under a wide range of operating conditions, the sheath regions
are usually far less extended than the plasma region, so that the uniform—plasma, thin—-
sheath approximation is applicable. Assuming half—Maxwellian emission from the hot
plate (whose temperature is T), the injection distribution functions at the left—hand
plasma boundary are cut—off Maxwellians for both the electrons and the ions /5/. At the
right—hand boundary plane (x = L.), on the other hand, all ions are absorbed, while all
electrons are specularly reflected due to the cold—plate sheath, cf. Fig. 1. A quantitative
analysis of this model has been given in Ref. /5/.

In this first approach to the problem, we try to simplify our model as much as
possible, while still keeping the essential physics. In particular, we approximate the elec-
tron velocity distribution function by the "waterbag"

I8(v) = fp[U(v+¥&)—U(v—ty)] / (27&) (3.1)
with np the equilibrium plasma density and Vew = {3kT/m ) the waterbag cutoff
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velocity, and the ion distribution by the cold beam

fi(v) = @p §(v—vi), (3.2)
with 71 the jon average velocity. For the initial perturbations of the distribution fype.
tions we assume .

~e %1 .

fi(x,v) = 0 and fi(x,v) = 8(x—€) 8(v—71), (3.3,1,[3)
which, although the simplest possible perturbation, is sufficient to excite all eigenmodeg
of the system. Since we do not allow for any esternally imposed modulation of particle

injection through the boundary planes, we have that Ti§ = ffy = I = Trg = 0. Most of e
generalized reflection—coefficient functions introduced in Eqgs. (2.6% and (2.7) vanish (bpei

= bjie = bei = b,ie = byee = byil = bii = 0), and the only nontrivial one is
befe(v<0,v >0) = §(v+v’). (3.4)
Finally, the external circuit is taken to be a short—circuit, which corresponds to 7= 0.

4. Solving the ei%emnode problem by means of the integral-equation method. With the
specifications of Sec. 3, the Laplace—transformed integral equations yield the explicit e

lations ) )
fv>0w) = H(v>0,w) = fi(v<0,w) = 0. (4.1a—)
and the "reduced" system of coupled integral equations
L.
J dx'E(x"w) = 0, [external—circuit equation]  (4.2)
0+
—ks(x,0)fe(w) + B(x,w) + A(x, [x],w) B([x"],w)
+ %of(x,[v< o],w) Fé(v,w) = ke(x,w), [Poisson's equation]  (4.3)

Av<0,[x'10) B(x1) + Ta(vw) = 0,  [fight-hand elestron)
from which the remaining unknowns Jo(w), E(x,wﬂ and ff{v,w) must be determined. Here,
ks and ¥g are known functions, % and € are known x—space operators, and #p. is &
known v—space operator. While for the full details of these functions and operators the
reader has to be referred to Refs. /1/ and /3/, we present here, as an example, only the
operator 7e:

o~ L B : ’ ~
SAo(v<0,[x’],w) B([x'],0) = #ﬂr;a(vwgw)] dx’ exp[iwli} Blx\w) . (45)
2me(VEy)? 0. &
Via appropriate basis—set expansions of all functions and operators involved, Egs.

(4.2—4) are then transformed into a system of linear a.lgebraic equations for the
w—dependent expansion coefficients, which can be written as the matrix equation

0 Ly’ of 0
Hw)-ii(w) = k(w), with Hw) = |k 1+ Vor|, kw) = |ks|, (w)=
0 &1 0 It

Here, @ (w) is the "system matrix", k(w) is the vector of known expansion coefficients,
and U(w) is the vector of unknown expansion coefficients. The formal solution to our per-
turbation problem is obtained by inverting Eq. (4.6a) and performing the inverse La-
place transformation:

i) = Jg—“;e-im i(w) = Jg—‘;e‘im D) -k(w) = Ig—‘;‘r’ it 5%}:1}(@, @)

where & -1 is the inverse matrix, .4 (w) is the adjoint matrix, and D(w) is the

irlI:W

e

. (4.6a—d)

v =t




MJ =0
Resn denotes ¢
iﬂﬁ 8
P;D ll’ms Jasma; interelectrod
pcgron !
neu'ifﬂli”a‘mo = 1.

ten
pfasmﬂ freque

uency 9.4x
<{ v € Vmaxs

.SL’O? 21 gridpoints, and the b

Jocalization i

The eigenfrequencies corres
.+ 2 have been found to be wy = (3.2204x10% + 1.5235x1031)sL and wy =

ncy wpe = 2.5%108 571,
105 g°1, external short—circuit. Each of the relevant variable spaces (0 ¢ x
and vpin € v < 0) was discretized by a one—dimensional mesh consist-
asis functions were chosen to be square functions whose
terval essentially coincides with one meshwidth.

onding to the first and second eigenmodes shown in

_K* P ission density nep* = 1010 cm3, ion emission density njo*
n parameter o = nig*/nep* = 10°2), plasma density np = 2x107 cm3, plasma
3 V, electron waterbag cutoff velocity vew® = 2.7x105 cm/s, electron

(4.9)

he residue at the pole w = wy, and D’(w) = dD(w)/dw.

and discussion. Figure 2 shows the first and second eigenmodes for a negative-
single—ended Q-machine characterized by the following parameters: elec-
e distance L = 30cm; hot—plate temperature T = 2200 K,

= 108 cm™3 (hence

ion—beam velocity vi = 2.7x105 cm/s, ion plasma

(6.2512x104 +

665399"10%)8'1’ respectively. The positive imaginary parts mean that these modes are

ynstable, 50
single—ende
aut that these results are
il of a preliminary charac-
ter and hence will have to
be checked carefully before
definite conclusions can be
drawn. Forthcoming numeri-
cal results will include stu-
dies on how the eigenfre-
quencies depend on plasma,
poundary, and external—cir-
cuit parameters /3/.
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PLASMA HEATING BY A STRONG MULTIMODE LASER FIELD
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The energy absorption rate by a classical Plasma irradiateq by g
strong fluctuating laser field via stimulated bremsstrahlung ig
considered. In the first step of the laser plasma interaction, when
collective instabilities have not yet developed, the main mechanism of
heating is the inverse bremsstrahlung, where electrons absorb energy
from the electromagnetic field when they collide with ions. The theor
of this phenomenon ig fully developed in the case of low radiation
intensity, where the main process is one-photon absorption and the
result is given by a simple analitycal formulall]l, Rather complete
calculations are also availablell] for high radiation intensity for the
case when the laser field ig described by the ideal model of a single-
mode (SM), purely coherent field. It amounts to say that the fielq
fills all the space and that its parameters have well-fixed values., It

shall calculate the energy absorption rate in collisions of electrons
and ions in a fully ionized plasma. Numerical calculations are
concerned with the dependence of the energy absorption rate on lager
intensity, frequency, and statistics. The multiphoton structure of the
energy absorption is analyzed as well. The approach used here has two
steps: first, we calculate the transition probability for the
elementary process of inverse bremsstrahlung in electron-ion collision
in the presence of a radiation field and then one takes both a

scattering theory[zl. The unperturbed initial and final states are
states embedded in the field, that is, the nonrelativistic Volkov waves



Xg(r,t)=exp{i krr} exp((-i/2mh ) _ft dr [ hk+§. A{r)]z} (@5)

1abelled by hk, the particle momentum averaged over the field period or
statistics, as required, and normalized in a box of unit volume. The

first order 5-Matrix for the transition from the initial momentum
nk; to the final momentum kg is

. . T *
sﬁk(-l/ n) Lim —fr de [dr Xp(x,t) V(r) X 2

with ka and Xy, Volkov waves. At any order in the scattering
potentidl, the radiation field is included exactly. The first order
transition probability per unit time is

. 1) ) T T = 2
. =lim ListD 2 =1im 1 Tae Taer 150y |
P(py2Pe) = Lim 2154 ? lim 1 _IT _fT t (@ 1 x

x exp(—iafi_j:' ér A(T)) exp((i/hXegme)(t-t")) (3
being
22 . A -
g.r:th/Zm, y=i,f; eL—A(t)/A(t); Q=k;-kg; pT-hk.y;
WQ=(1/ 1) [dr V(e) exp(~iQ-2);  ag =(e/me)d Q.

[n the process of plasma heating the physical quantity of interest is
the energy absorption rate de/dt, i.e., the energy absorbed per unit
volume and unit time. The ions are assumed to be at rest and randomly
listributed. If the field is fluctuating, what is physically meaningful
s the average over all the possible realizations of the absorption
ate. In the present approach the radiation field is treated exactly,
shatever its time dependence (deterministic or stochastics). In the
ase of a purely coherent field (i.e. a field with well-stabilized
arameters) no average operations are needed. The energy absorption

ate with the appropriate average over all the possible realizations of
he fluctuating assisting field is:

de = 1
<de>y <_Ni}_

2 p;p’

ith the maxwellian distribution function f(p) given as

[(E(P)-£(p")] (e'-€) P(p=p')>pr  (4)

£(p)= N (2nmkT) /2 exp(-p?/2mkr); [£(py a%p =n,.

e compare our results with those of a monoenergetic and spatially
ollimated beam via the §-functiom distribution. The used plasma
arameters are: the electron and ion density Ne= Nj= 1019 cm'3; the
lasma temperature T=105 OK. A Ne*** glass laser is used with photon
nergy hw=1.17 eV. The laser is linearly polarized. The laser
ntensity I, in the coherent field case, or the mean intensity in the
haotic field one, is chosen in the range: 2-107s I = 4-1016 W/em2.
The Figure shows the total energy absorption rates for both the
lectrons distribution functions (curves 1 and 3, or 2 and 4) and for
oth the radiation field models (curves 1 and 2, or 3 and 4)as a
unction of the ratio R of the oscillatory velocity of the electrons in




the field and the mean thermal electron velocity in the plasma
R=voee/vr,  10-3sr<15.

In particular the sums over the first 100 contributiong are performeq
and these are found to give a good representation of the whole
absorption rate. For Rsl in the case of a monoenergetic beam, the
Marcuse effect (negative absorption) is still present (although less
pronounced) also in the chaotic field case. This effects OCCUrs whep
the electron oscillatory velocity imparted by the field is lower than
the electron beam velocity, so that the electrons tend to emit Photong
to reach the oscillatory velocity of electrons in the laser wave, In
the monoenergetic and spatially collimated beam model, the SM fielg
results (curve 1) show the typical oscillatory behaviour after the
perturbative intensity region with the position of the maximum Situateq
at oscillatory velocity values Vose™ Vi, being vj the incident
velocity, while for velocity Vosc??vi the energy absorption rate ig
lower than the corresponding CH field result (curve 2). Comparing
curves 1 and 3 or curves 2 and 4, it can be noted that the b-distripy-
tion results are, in general, higher than those corresponding to the
Maxwellian distribution function. This is due to the well known fact
that a monoenergetic electron beam in the parallel direction of the
laser electric field, realizes the most effective interactjion with the
field.

250

2000 H

150

1.00 -

0.50 +

de/dt (arb. unit)

0.00

00 +——————




1793

concerning the joint influence of the radiation field and particle
gtics on the absorption rate, the basic result may be stated as
follows: For situations when the particle thermal ve}ucity vy is longer
pan the oscillatory velocity vgyge imparted by the field (vy2voge,
felatiVEIY weak fields), the absorption rate is only weakly dependent

o the cadiation statistics. For situations, instead, when VoscPVT
$hich occurs for very high inte?sities, the reverse becomes true: now
the initial particle velocity dlstribut%on p?ays the modest role of a
selocity gpread of an electron beam oscillating at vgge- In general,
however s for very high intensities (VG§C<<VT)7 the energy absorption
via premsstrahlung becomes less effective because the high oscillatory
velocity Vosc reduces the time ava%lable to the electrons for the
interaCtiﬂn with the ions, the "third body" which makes possible the
exchange of energy between the plasma electrons and the radiation

field. Finally, the relevant physical quantities as functions of field
intensity exhibit in realistic cases, as a rule, a rather smooth
pehaviour, which could be easily fitted to be incorporated in more
realistic modelling of many-particle process.

stati
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Introduction

The use of the fixed double probe method! to obtain the spectral power density
S(w, k) is well known and has been used widely to study edge plasma turbulence i
tokamaks for example. We have used this technique to analyse the ion beam turby-
lence in a Double Plasma (DP) device. The implicit assumption when using a double
probe with fixed separation to determine the complete k-spectrum is that a single [ i
present for each frequency. We have demonstrated that this limitation can be relaxed
by translating one probe relative to the other. As an application of this technique, we
have constructed the S (w, k) diagram for an ion-beam geometry where more than one
mode is present.

Experimental Results

We have used an experimental configuration in which an ion beam of energy 1-60
eV is injected into a background argon plasma parallel to the axis of the DP device.
It is well known?® that for a beam velocity v, > 2¢,, (e, = ion acoustic velocity), such
a configuration is unstable and the slow beam mode has a positive growth rate as it
propagates down the axis of the device. In addition to the slow beam mode, if a test
wave is launched, two other damped modes (the fast mode and the normal acoustic
mode) can also be seen. We thus have a situation in which more than one mode (k
vector) is present at a particular frequency. This is of particular relevance to tokamak
edge plasma turbulence measurements where it is very likely that more than one k may
be present at each frequency. A further problem inherent in the two-probe technique
is that it is sensitive to differences (phase, amplitude) in the transfer functions of the
two probe circuits and hence distorts the perceived propagation characteristics of the
waves.

With a view to overcoming these limitations of the fixed two-probe technique,
a new method has been developed which utilises 2 number of two-probe measurements
taken at regularly increasing spatial separations. The separation is varied by placing
a reference probe at a fixed axial position, and incrementally moving a second probe
in the axial direction. The frequency spectra obtained from each two-probe measure-
ment are cross-correlated, effectively producing a resultant spectrum 5(w, z) which is
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independent of the characteristics of the two probes. Following this, the k-comp(.)nents
are obtained by taking the FFT with respect to z for each w to obtain the full discrete
wavenumber-frequency power spectrum, S(w, k). Assuming time stationary data, this
process is analogous to using a n-probe array, without the latter technique’s intrusive-
ness or the associated duplication of probes, digitisers etc.

A result obtained in the manner described is shown in the axiometric plot in
Figure 1 with a 220 kHz injected wave. Frequencies below 120 kHz have been zerc‘:ed
for clarity. The fast and slow modes are clearly seen at k ~2.7, 5.1 cm™. The ion
acoustic mode is not visible since it is strongly damped. Repeating such measurements
for different injected wave frequencies, and combining the results in a single contour
diagram gives the plot shown in Figure 2. The solid lines which havesbeen computed
from the theoretical dispersion relation with &, ~ 4.2 eV, n, = 5.7 x 10® cm™3, na/r.z, =
0.5 and T, = 1.5 ¢V agree fairly closely with the fast and slow modes. This technique
may be easily modified to include complex k to describe the growth or damping of.the
waves as they propagate down the axis by analysing the spatial growth of the various
k-components.

500
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Figure 1: Axiometric plot of S(w, k) Figure 2: Composite contour plot of S (w, k)
With a 220kHz test wave. with injected frequencies of 150, 185, 220,
255, 289 325, 360, 394, 420 and 465 kHz.
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We have also used the standard fixed double probe method to calculate the
fluctuation induced cross field transport driven by electrostatic cross field ion acoustj,
turbulence®, If the beam energy is increased to ~ 40 eV and a perpendicular B-fig]q (1-
20G) applied, there is a rather sharp onset of a fairly broad band fluctuation spectrum
Figure 3 shows the #(w) power spectrum and the coherency Y(w). Measurement, of the
two dimensional S(w, k) indicate that the turbulence is propagating predominant,]y o
the axial direction resulting in fluctuation induced transport in the k x B directiop,

The (spectrally resolved) fluctuation induced particle flux T' may be measureq
directly by calculating the ensemble average < #7 > =< Ak > [B =< fik¢ > /B,
This requires the simultaneous measurement of # a_‘nd ¢ at the same physical location
in addition to «, the phase angle between 7 and ¢. This can be achieved to a good
approximation by performing two measurements to separate the inherent phase differ.
ence a(w) and k(w)d due to the propagation from probe 1 to probe 2. d is the Probe
separation. Firstly, probe 1 measuring ¢ is placed downstream from probe 2 measuring
fi. The phase difference between these two signals is Ad, = a(w) + k(w)d. Next, the
probes are exchanged and now the phase difference is Ay = —a(w) + k(w)d. The
dispersion is then given by k(w) = (A¢, + Ads)/2d and a(w) = (Ad, — Adg)/2d. The
flux T is then calculated* from

[(w) = 2%)2\/71&1)\/é(w)'f(w]sin(a.(w)) (1)

Figure 4 shows a plot of I'(w) indicating transport in a band between 30 and 100 kHz,

The relative importance of classical and anomalous Auctuation driven diffusion
in a magnetic field can be accessed using the test particle method®, in which a slow beam
of electrons is injected parallel to the weak magnetic field. By modulating the beam
and employing lockin amplifier techniques, we have distinguished the test particles from
the background electrons. The diffusion of charged particles produced by the turbulent
electrostatic fluctuations may then be calculated from the spreading of the electron
beam.

— Coherency —== Power
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Figure 4: Fluctuation driven flux
calculated from Equation 1.

Figure 3: Power spectrum and coherency
as a function of frequency.
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We have used 2 moveable Langmuir probe to obtain the spectral power density
s k) of plasma fluctuations for a configuration in which more than one mode is
1

resent at 2 particular frequency. This overcomes the limitations of the fixed 2-probe
hod as well as the interferometer method where beating between modes can mask

et .
:;e wave number and growth rate. We have also directly measured the fluctuation
induced F x B transport due to cross-field ion acoustic turbulence.
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RESONANT FOUR-WAVE MIXING AND PHASE CONJUGATION
IN AN UNMAGNETIZED PLASMA

C.W. DOMIER, N,C. LUHMANN. JR , W.A. PEEBLES

Institute of Plasma and Fusion Research, UCLA
Los Angeles, California 90024 U.S.A.

INTRODUGTION:

In recent years, there has been renewed interest in generating Phase
conjugate reflections via resonant four-wave mixing (FWM) in plasmas. There
have been several theoretical treatises published on the subject!™, but
lictle in the way of experimental results®. We wish to present here a bries
review of the relevant optical mixing and resonant (FWM) formulae, followeq
by the first detailed measurements of resonant FWM in an unmagnetized plaspg,

OPTICAL MIXING THEORY:

A simple two-fluid description suffices to calculate the steady-state
density response of the plasma to the beating of two electromagnetic Waves,
The continuity and momentum equations for the two fluid species o = (i,e) are

3
st T (v = 0, &
and mu(g—t t Ve Vv, = T;:Vﬂ., * MgV + qu(E + %Vxﬂ), (2)

where q_, m,, T,, n, and Vv, are the charge, mass, temperature, density and
velocity respectively. Here, v, 1s a phenomenological damping constant. These
equations are to be solved in the Presence of two external transverse EM
waves 2
E*(r,t) = ¥ Ejcos(ky T — wt), (3)
=1

where k; and wy are the wave vector and frequency,

We are looking for a low frequency plasma response to the beating of
waves 1 and 2, in which k = ky - k; and w = @y = w;. We linearize Eqs. (1) and
(2) and retain only terms to second order, giving

%ﬂ + VU + 07, = 0, (4)
and g—:“ + U-Vo, - v, + E:‘_’I‘OVF;& - ;ql:E; = ._(V(‘-,q(l),i.“m»h. (5)

where { ), denotes a time average over high frequency oscillations, U is the
plasma drift velocity and %, {5 the linear Plasma response to the external
field EY’ given by 5

¥ ()

T, - m‘z;‘EJsin(kJ-r ~ wyt). (6)

Equations (4) and (5) may then be Fourier transformed in both space and
time. Solving for a quasi-neutral response fiy = fi, = fi we find, in the small
m/M limit, the fractional density response to be given by
fi_ (1/2) (m/M) kv, v,

M (- kU=~ kU - iv) - K, )

where v, = eE;/mv; and c, = [(T, + T)/M]Y? is the ion acoustic speed. Note




1799

chat at resonance, (w - k-U)? = k?c,%, the fluctuation amplitude reaches a

£
paximum © fig, _ imw 2 zE B -
ng My, (mwee,) " 2

and lies 90° out of phase with the beating of waves 1 and 2.

The predictions of Eqs. (7) and (8) have been gquantitively verified by
experiments done at UCLA involving the optical mixing of two anti-parallel
picrowave beams®, Detailed studies were made of the growth and saturation of
the ion acoustic waves driven by this three-wave mixing process. As expected,
the interaction was found to be greatly enhanced when the difference
frequency is tuned to match ion acoustic resonances in the plasma.

FOUR-WAVE MIXING THEORY:

In four-wave mixing, a strong pump
yave mixes with a weak signal (or probe) .f,'.,'“
wave in a nonlinear medium to generate a Kk ,”J' /| k
density modulation or "grating". A second — 2 p L
strong pump wave scatters from this grating [ 1] | r
to generate a fourth wave. If the two pump !" /] / [ k3
vaves are antiparallel, then the fourth ".f””f ‘\\A
wave is phase conjugate to the signal wave.
Following the approach laid out in [6,7], k4
the equations governing resonant FWM can be
found from the wave equation Figure 1. Four wave mixing geometry.

2
[%1+ c?v? + wp?'[l + Ensin(k-r - wt)]]E -0, (9)
where E = E1) 4 E@) 4 EG). 4 EM) | ye assume that all EM waves are approximated
by plane waves polarized perpendicular to the intersection plane. We let the
signal frequency w; = w; + Aw, and assume an anti-Stokes shifted signal (i.e.
Mw positive). The conjugate beam will then have a frequency w, = w, — Aw and
vave vector k, = (k; + k; — k3) (1 + 2Aw/wy). We note that the phase mismatch
Ak = k; + k; — k; — k, between the four waves is often sufficiently large that
it may not be neglected.

We consider the case where the grating formed by pump 2 and signal wave
3 (and hence also pump 1 and conjugate wave 4) is resonant. We assume the
pump beam iIntensities to be much stronger than that of the signal and
conjugate beams, so that we may neglect pump depletion. Making the usual
slowly-varying approximations, the steady-state solutions of Eq. (9) are

g-fﬁ - % EZ[EZ'E;, + E,_E,,'exp(iﬁkr)], (10a)
gli“' - g El[l-:za;exp(mkr) + EI'E*], (10b)
_knmaw (e 32

Note that if the signal wave is Stokes shifted (Aw negative), then the gain
parameter g is replaced with -g.

We consider a uniform plasma extending from 0 to L (or alternatively a
larger plasma within which the pump and signal beams overlap from 0 to L).
Using the boundary condition E,(0) = 0, the reflectivity is given by

w LaL) _ MM,
R = 1,1y ~ TA = 2BoothB]?" (12)
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vwhere My = g|E)|’L = gI,L, A = (M, + M,)/2 + 1AKL, and B = 1/2(A% + MM,)l/2 In
the short interaction length limit, AKL < (M; - M;)/2, and this simplifieg to

- exp(M; + M) - 1 )2
B Lilg [11 + Texp(M, + ;) (13
EXPERIMENTAL RESULTS:
The experimental studies are performed in a cylindrical plasma chambey
(75 cm in diameter by 200 cm long). Inside the chamber are three Dicrovay,

horns. Horns 1 and 2 are large aperture horns centered along the chamber axig
providing the two anti-parallel pump beams (< 30 kW/beam) for .the experiment
A third horn (signal horn) launches the signal beam (< 1.7 kW) at a 40° tilt
with respect to the pump beams, and collects the conjugate beam. The Ppump
wave frequency is 3.24 GHz, and the signal wave frequency can be offset frop
that of the pump wave over a + 20 MHz range to within % 500 Hz. The Pulse
duration of each input wave (pump and signal) can be adjusted up t
with controlled rise- and fall-times from 0.1-10 psec.

Much of the power collected by the signal horn is pickup of the signal
and pump beams, arising from beam-spreading effects and reflections fronp the
chamber walls, In order to select the desired phase conjugate reflected (PCR)
signal, a microwave source whose frequency lies half-way between that of the
pump and signal waves 1s used for mixing down the signals picked up by the
signal horn. The pump and signal power now at a frequency 0.5Af can theq be
filtered out, allowing the PCR power at a frequency 1.5Af to be measured,
Shown below are sample data taken at resonance (Af = 200 kHz) in a Hydrogen
plasma. The ringing in the PCR signal seen at t = 0 psec arises from the
filtering out of fast risetime pump wave signals,

© 60 psec,

» T T T T T ) T T T T
s}
a E !
E 3 ia
g ¥
©n
é N o
< &
£ #
-
n
& f - !
B
! 5
* i = o ) &% "Jr W ) ] W ﬂ_—j
(a) Time (psec) (b) Time (psec)

Figure 2. Sample data at resonance (Af = 200 kBz) in a Hydrogen plasma of (a) input signal waveform,
and (b) PCR mixer output signal after high-pass filtering.

At resonance, the momentum of the lon wave must be matched to the
momentum difference between the two optically mixed waves. For any non-zero
tilt between the signal and the two anti-parallel pump beams, there are &
possible resonances. Figure 3 displays the resomances which exist for a 40°
tilt angle, showing the wavefronts and Propagation directions of the
corresponding ion waves. Figure 4 shows the results of difference frequency
scans performed to determine the ion acoustic resonances in (a) Helium and
(b) Hydrogen plasmas. Notice that in both cases all 4 resonances can be
clearly seen. Note also the shift in resonant frequency between +'ve and —'ve
frequency space due to a Plasma drift along the chamber axis,
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Figure 3. Ion acoustic rescnances which exist Figure 4, Difference frequency scan of ion acoustic
for a 40° tilt engle. resonances in a (a) Helium, and (b) Hydrogen plasma.
DISCUSSION:

Direct measurements of phase conjugate reflected power have been made in
a resonant FWM microwave-plasma experiment. Work is still ongoing to study
the effects that beam-spreading and beam curvature have on the physics of
resonant FWM, as well as studying ion-wave saturation and plasma heating
effects which occur under high power conditioms.
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KINETIC VORTICES IN MAGNETIZED PLASMAS
A.G.Sitenko, P.P.Sosenko

Earlier 1,2) the quadratic polarization approximation
(QPA) has been suggested for the description of strongly non-
linear low-frequency motions in a magnetized plasma. The eg-
gence of this approach is in introduction of the renormalizeq
equations for the nonlineer plasme polarization (ox nonlinggyp
charge density) implying the renormalization of the second-
order nonlinear electric sugceptibility. The renormalizeqd
equations make it possible to describe the low-frequency non-
linear oscillations in the broad range of wavelengths eng
phase velocities, which includes the kinetic scales of the
order of particle gyroradii and parallel thermal velocities,

We demonstrate within the context of the QPA the exig-
tance of nonlinear structures possessing kinetic characte-
ristic scales. The vortex-like solutions of the renormalized
equations are found, and the crucial role of the finite-gy-
roradius effects is established.

1. Sitenko A.G., Sosenko P.P., Aspects of the renorma-
lized statistical theory of plasma turbulence//Sov.-Ital.
Symp. on Math. Problems of Stat. Physics: Abstr. of Contr.
(Lviv, Sept.30-Oct.11, 1985). Kiev: ITP, 1985,P.105-106,

2. Sitenko A.G., Sosenko P.P. Kinetic theory of low-
frequency nonlineer structures in megnetized plasmas//
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ELEKTRON - CYCLOTRON - WAVES IN NON - MAXWELLIAN,
RELATIVISTIC PLASMAS

E. Borie, Kernforschungszentrum Karlsruhe, I.T.P., Fed. Rep. Germany
F. Moser, E. Riuchle, Institut fiir Plasmaforschung der Universitit Stuttgart
7000 Stuttgart 80, Pfaffenwaldring 31, Fed. Rep. Germany

Abstract: -

The dispersion relation for electromagnetic and electrostatic waves propagating
obliquely to the magnetic field is derived for weakly relativistic plasma using
the dielectric tensor due to Orefice (1 ). Numerical examples for the complex
index of refraction are shown for a propagation oblique to the magnetic field
in the frequency range of the first harmonic. For perpendicular propagation
there exist differences in comparison with the results of Robinson (2) especi-
ally in the damping rates of the waves.

The dependence of the dispersion and absorption of temperature, density, fre-
quency and angle of propagation is shown.

The dielectric tensor, dispersion relation:

Electromagnetic and electrostatic waves are investigated in the frequency range
of the electron- cyclotron resonance and harmonics. The plasma is described
by the relativistic dielectric tensor due to Orefice (1) for plasmas with relati-
vistic Maxwellian, drifting relativistic Maxwellian or Loss- Cone electron di-
stribution functions. The Loss - Cone distribution functions

f(p,p)=nop®™Ip, > expl-Lu, (pF+pf)] (1)

are characterized by the Loss-Cone-index m, and Anti-Loss- Cone-index
m".

There is:
3 2
= 1 ‘_1_2_ ¥l _ll_z ml*—m"__L =meoc
ng m;'( 7[) (2) T‘Nu*%)' 5] KT, (2)
2
' is the Gamma - function, m¢, the electron rest mass, T., the electron tem-

perature and the indices . and || refer to the directions perpendicular and pa-
rallel to the external magnetic field.
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In the dielectric tensor

(f)
Ey=by+ ( ){ u[Ll J-Tytwz-wyuspd)} (3)

wy and w, are the weights of the drifting Maxwellian and the Loss- Cone-
distribution functions with wy+wgz=1, (y,05m,c? /kTg,,, with T
electron temperatures, p is the electron momentum in m.g ¢ units, o Wpe the
electron plasma frequency, I';j=38383, Po_ls the electron drift momentum pa-
rallel to the magnetic field. The operator Hy and further details are describeq
in (1) and (3). In e, the Shkarofsky - functions are expressed by the plasma
dispersion function Z using the recursion relations due to Shkarofsky (4).

The finite Larmor radius expansion is considered to arbitrary order.

Different solutions of the dispersjon relation correspond to different wave mo-
des.

ey,5 the

Numerical results:

Ordinary and extraordinary electromagnetic waves and electrostatic Bernstein
waves are investigated for a propagation perpendicular and oblique to the ex-
ternal magnetic field. By relativistic effects the dispersion is greatly influenced
in the frequency range of the electron - cyclotron - resonance and their harmo-
nics, additionally new modes appear. Such a new mode of ordinary wave pola-
risation is shown in figs. 1 and 2 with the real part of the index of refraction
Re (n) versus the normalized electron - cyclotron frequency © g =% (W e = elec-
tron - cyclotron - frequency and w=frequency of the wave).

Two characteristic examples of the dispersion for ordinary waves are shown in
fig. 1 (low density, © DE— (mp,/m] -0 8) and in fig. 2 (high density, wg.=100)
for perpendicular propagation (@= 90°). Values for Im(n) are indicated. The
slow relativistic ordinary wave is weakly damped especially in the frequency
range w» W q.

For different angles of propagation © the wave characteristics Re(n) and
Im(n) are given in figs. 3 and 4. Values for Re(n) obtained by Robinson (2)
are indicated in fig. 3. Robinson obtained his results using an approximation to
the dispersion relation.

Electrostatic Bernstein waves are influenced by relativistic effects in the dis-
persion as well as in the polarisation.

In the results described above relativistic Maxwellian distribution functions
were used. Similar investigations with Loss - Cone or Anti- Loss- Cone relati-
vistic distribution functions show a large influence of the Loss- Cone or
Anti-Loss - Cone index on the absorption of the waves.

Therefore the knowledge of the electron distribution function is necessary to
obtain a good agreement between theory and experimental results.
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Figure captions:

Fig. 1: Real part of the index [.?f refraction n.=Re (n) versus the electron cyc-
lotron frequency @ ce:% of the slow and fast ordinary wave (O.W.).
Maxwellian distribution function, low density case,

(parameters: ©2.=w 2. /©2=0.8, T,=5keV, ©=90°)

Fig. 2: Real part of the index of refraction n,=Re(n) versus the electron cyc-
lotron frequency Ecer-*% of the slow and fast ordinary wave (O.W.).
Maxwellian distribution function, high density case.

(parameters: © 2. =w2, /02=100, T_=5keV, @=90°)

Fig. 3: Real part of the index of refraction n.=Re(n) versus the normalized
frequency ©/w., for three angles of propagation ©= 860, 880, 909,
compared with Robinsons results for ®=90° for the fast ordinary wa-
ve. Maxwellian distribution function, high density case.

(parameters as in fig. 2)

Fig. 4: Damping rate n;=Im (n) versus o/ wg, for three angles of propagation
@=860,88 0, 90° of the fast ordinary wave.
Maxwellian distribution function, high density case.
(parameters as in fig, 2)
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10N CYCLOTRON WAVE EXCITATION BY DOUBLE RESONANCE PARAMETRIC
COUPLING

A. Fasoli, T.N. Good, P.J. Paris, F. Skiff¥, M. Q. Tran

Centre de Recherches en Physique des Plasmas
Association Euratom - Confédération Suisse
Ecole Polytechnique Fédérale de Lausanne
21, Av. des Bains - CH-1007 Lausanne - Switzerland

Int;oduction.

The term Double Resonance indicates generally a non-linear coupling
petween an electron plasma resonance (in ocur case, the Upper Hybrid,UH) and
-;'lou frequency eigenmode (typically, in a magnetized plasma, the ion
cyclotron mode) [1]. The modulated parametric decay has been investigated
{n the past, both in theory (2] and in experiments [3], mostly in the
context of plasma heating, in order to decrease the power threshold
required in the case of a monochromatic pump wave. More recently, renewed
jnterest has been shown in connection with experiments on large scale
modification of the ionosphere (4].

In the experiment reported herein, we studied the modulated UH
resonance as an internal antenna for Electrostatic Ion Cyclotron (EIC)
waves. A method for a selective excitation of the Bernstein mode, based on
the choice of the modulation excursion, is proposed.

1.Experimental set-up and diagnostic apparatus.

The experiment has been performed on the Linear Magnetized Plasma (LMP)
g-machine [(5). The plasma column has a length of about 470 cm and a
diameter of 5 cm. The axial B-field is of the order of 0.3 T (fge~8 GHz,
fci=30 kHz). Densities are of the order of 109-10 13 en~3;
Te=Tj|=2Tj | |=0.2eV. Sheath acceleration at the hot plate causes a
supersonic ion drift vD51.2x105 cm/s.

The RF launching system is composed of a high frequency (7-12 GHz)
generator, a Traveling Wave Tube amplifier (20W), and an open waveguide
disposed in the extraordinary mode inside the vacuum chamber and facing the
plasma at a distance of about one cm. The maximum power flux to the plasma
is of the order of 1 W/cmZ. A lay-out of the LMP device, with the geometry
of the launching and detection systems, is shown in fig.l.

The diagnostic apparatus, mainly devoted to the study of the ion
features, is based on the technique of Laser Induced Fluorescence (LIF)
[6]. Direct information on the ion distribution function and the related
moments (density, ion temperature, drift velocity, etc.) can be obtained.
In the case of collisional pumping of the quantum states, a measurement of
the line intensity ratio for two different transitions enables one to infer
the electron temperature.

2.The monochromatic wave,

We considered an electromagnetic (e.m.) wave in the UH frequency
regime: fyy(r)= (fcez+fpe2(r))1f’2 (:fée) . When the e.m. wave propagating in
the X-mode across the density profile encounters the UH resonance, its E-
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field enhances in amplitude and tends to become parallel toc the wave
vector. An efficient conversion to the electrostatic Electron Bernatein
Wave (EBW) can then take place. Radial probe measurements confirmed the
presence of these e.s. oscillations (k|pe®¥P =2x10"%). Strong loca)

electron heating is produced by the enhanced field at resonance
30 4
Laser beam
Plasma density
LIF signal fil 20 L
{to PMT) D protile .
/ Decay amp
/ [A.U] T T T,
Hot plate J L
E.S. probe A 10 F;‘ ® 2
decay amp
X-band waveguide ot
R
noise level
0 T T T T 1
0 10 20 30 40
Phi [dBm]
Fig.2:Decay amplitude and ion
Fig.1l:IMP experimental set-up heating effects wvs. RF pump
power at resonance (r/a=0),

Along with the linear conversion, non linear parametric effects occur.
When the driving wave is kept at resonance, a signal around £fcji and its
harmonics is seen on the low frequency fluctuation spectrum. By scaling the
frequency of this signal with the B-field (fdeca¥=(148)xfci, with 8=0.2),
and by measuring perpendicular and parallel wavenumbers, we identified the
decay product to beleng te the forward branch of the EICW dispersion

relation. Ion heating has been observed in correspondence to the parametric
decay; the decay amplitude and the increase in Tj are represented as a
function of the RF power in fig.2. A relatively low level for the

instability threshold, buried into the background noise, has to be noticed.

3.Ton wave excitation by modulation of the h.f. resonance.

The central part of our experiment was the
modulation of the h.f., field, primarily in
excitation of ion oscillations over an extended

When the e.m. wave is frequency modulated
enhancement in the level of the low frequency

respect to the monochromatic case is observed for different pump powers.

study of the effects of the
relation to the possible
frequency domain.

(£FM) in the fgi range, an
oscillation (=+15 dB) with
A

reduction in the instability threshold can be inferred indirectly.
A first indication of ion wave propagation can be obtained from the

probe signal locked to the FM driver. This signal,
along with low frequency

function of £FM, shows,

reported in fig.3a as a
(drift or "edge") modes

around 10 kHZ, a clear response over an entire portion of the first ion
cyclotron harmenic band. To prove that this signal derives effectively from
the h.f. resonance, we fixed fFM=12f.; and swept the pump frequency. The
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result is displayed in fig.3b; the signal at £FM s present only ¢
resonant pump frequencies (Af=fyy-fge=50 MHz) . or
The ion wave characteristics are investigated via LIF. The Macroscop;.
interferograms at different modulation frequencies reveal the Presence o:
both the forward and the backward (or Ion Bernstein, IB) branches ip the
EIC range. The two modes have comparable amplitudes, for the maximgy
modulation excursion, in contrast to the usual case of capacitive—ante“na
excited ion waves, where the coupling efficiency for the IBW ig much
smaller than for the fast mode (7). On a kinetic level, the clearest
signature of an ion wave propagating in a plasma is the presence of ,
perturbed ion distribution flfvl,V[i) . In fig.4 we show a typica)
measurement of fl(vy), for an IBW driven at £FM=1.3f.;j. Ballistic and free.
streaming effects, which characterize the plasma perturbation induceq by
antennas in contact with the plasma [(8), are not observable in this case,
The excitation seems to occur only through collective field interaction,
Another important feature of this launching scheme, concerning tpe
character of the excited e.s. waves, 1s suggested by simple thecretical
considerations. In the Vlasov equation for ions, a source term can pe
introduced in the form of a pressure-gradient driven electric field. Tpe
pressure perturbation can be represented as pl(r,t)=p15(r—r0+Acosm2th
where rgp is the resonance location, 2 the modulation frequency (FM), and A
the radial excursion of the resonant layer; As[deH(r)/dr]‘lxml (01 is the
modulation excursion). The Fourier analysis of such a field term will give
a series like ZpJp(k]A)exp(inwpt). The term of interest is J1(kiA); maximum
efficiency will manifest for a fixed value of the product kJA. So, when
varying A, the corresponding wavenumber should be determined (or
"influenced") consequently., A linear dependence of Al=2nk]~l on the
resonance excursion Ais indeed observed in the experiment (fig.5).

Conclusions.

A localized virtual antenna for the excitation of electrostatic waves
is created inside the plasma by modulating a resonant e.m. wave in the
Upper Hybrid frequency regime. Wavelength and distribution function
measurements identified the launched modes as EIC waves. A control on
perpendicular wavelengths and a selective excitation of the IB wave can be
achieved experimentally by acting on the FM modulation parameters.
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Introduction

A general program to study wave-particle interactions and wave-
induced transport in a low temperature, low density, collisionless plasma
has led to the application of an assortment of ion wave launching
schemes. These wave launching techniques include the use of:
capacitively coupled rings at the plasma periphery, inductive coils,
grids immersed in the plasma, and ion wave excitation by modulation of
nicrowaves (double resonance- see paper presented at this meeting by A.
Fasoli et al). The generated ion waves are either ion acoustic, the
forward and backward (neutralized ion Bernstein) branches of
electrostatic ion cyclotron, and/or ballistic modes.

Our earlier studies have addressed the ion interaction with a single
monochromatic wave, such as ion acceleration by intrinsic stochasticity
induced by interaction with an ion Bernstein mode [1], and ion coordinate
space diffusion constrained by conservation of integrals of the motion in
this deterministic system [2]. In the case of linear ion acoustic wave-
particle interaction, an experimental test ion approach has yielded
direct evidence of phase space orbit perturbations for ions rescnant with
the wave phase velocity, demonstrating on the kinetic level the essence
of ion Landau damping [3,4].

We are now turning our attention to the problem of stochastic
interaction with two ion cyclotron modes. A detailed knowledge of the
vaves excited by the antenna will allow a selection of mode phase
velocities such that the seperation of wave-particle resonances can be
controlled. 1In this way, the wave field amplitudes necessary for
reaching the stochasticity threshold can be reduced, in comparison to the
situation with one wave [5].

This paper reviews the wave dispersion characteristics compiled
during the aforementioned wave-particle interaction studies. It will be
seen that the plasma dispersion relation universally determines the wave
response, quite independent of the antenna configuration.

Experimental Apparatus and Methods

The experiments have been conducted in the Linear Magnetized Plasma
[6] device arranged as a 470 cm long Q-machine with variable
nagnetostatic field of 0.1-0.3 Tesla. The 5 cm diameter barium plasma
can be described by the following parameters: density:10%-1019 cm™3
Lemperatures: Tg = T3] = 2Tj|| = 0.2 eV, ion drift velocity: vp/vip
and with ion-ion collision length greater than the plasma length.

4,
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Wave features were measured optically via laser induced fluoreacean
(LIF), by analysis of the ion dielectric response [7,8]. Through the
of phase-lock techniques, or spatially localized measurements of the 3
velocity distribution function synchronous with the wave field, a
component of the perturbed distribution is observed that oscillates
coherently with the wave. Single point detection of the perturbed
distribution, or spatial scanning of the velocity moments of this
distribution yield measurements of wave vector and amplitude, The Superh
velocity, spatial, and temporal resolution (Av/vy, < 1%, Ax? = 1mm . At =
1 psec) complement the nonperturbative nature of this diagnostic.

The electrostatic antenna consists of 1 to 4 insulated metal rings
of length = 5 mm, maintained in contact with the plasma edge, and with
variable spacing and phasing tec allow an antenna wavelength from 3-1g om,
The electromagnetic antenna is an inductive coil of 3 cm length and
situated outside the plasma radial boundary with diameter 7 cm. The
planar grid (grid spacing = 2 mm) was kept normal to the plasma column
axis and covered the plasma cross section to ensure plane wave
propagation parallel to the magnetic field.

Use
on

Experimental Results

The measured wave dispersion relations for propagation perpendicular
and parallel to the magnetic field are summarized in Figs. 1 and 2. »a
composite of data points from all wave launching structures is presented
to underline the primacy of the role of the plasma in determining the
wave response. In Fig. 1, one can recognize the resonant feature of the
wave near the cyclotron harmonic frequencies. By comparison with the
theoretical dispersion relation derived for these plasma parameters
(displayed with constant k"for aiding identification), one identifies the
fast,backward branch and slow, forward branch of the electrostatic ion
cyclotron mode.

The parallel dispersion of Fig. 2 shows two readily identifiable
curves. The ion acoustic mode (with theoretical prediction) propagates
with phase velocity equal to the sum of the ion drift and sound speeds.
The fast wave is most likely the electrostatic ion cyclotron mode, since
it exhibits a cutoff at the fundamental cyclotron frequency. Note also
the convergence of the two dispersion curves for large frp/f.; =4-5,
where the ion cyclotron frequency is indicated in the figure. A few
points showing propagation at low frequency and slower phase velocity
than the ion acoustic wave remain as yet unidentified.

By observing the ion density response locally as the excitation
frequency is slowly swept, a coupling efficiency curve is determined for
each antenna configuration as in Fig. 3. 1In this case, we show the
peaked response at the ion cyclotron frequency and its first harmonic, as
well as a non-zero response for nonresonant frequencies below and between
these values. Our results indicate that there is an evident optimum
spacing for most efficient coupling at each frequency. S8till, for a
given frequency, we have observed no wavelength dependence on the type of
antenna or on the electrostatic antenna ring spacing.

The ions responded to grid excitation in two modes: the ion acoustic
waves shown in Fig. 2, and ballistic pseudowaves. The presence of the
pseudowave depended on large excitation amplitude (eVgrid/Te > 1), and
could be avoided by limitation of the fluctuating grid voltage. The
spatial evolution of the total time-resolved ion velocity distribution is
presented in Fig. 4, under conditions where the pseudowave response
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dominates. In this 3-D plot, one clearly sees the velocity space
propagation characteristic of ballistic ion bursts accelerated locally at
the grid.

The investigation of two wave launching has been initiated as we
nave evaluated the importance of wave-wave interactions on the particle
dynamlcs Employing two electrostatic antennas, beat waves have been
observed that obey the conservation laws for matching parallel wave
numbers and frequencies. The waves beating at the difference frequency
also follow the ion acoustic dispersion relation, as seen in Fig. 2.

In the context of utilizing two antennas to reach stochasticity
conditions, it is important to mention some adverse effects of large
amplitude excitation. For continuous wave operation in this regime, the
electrostatic antenna cuts off the plasma flow beyond it, by some
mechanism not yet well understood. Ions are even reflected axially and
carry a ballistic perturbation upstream, like in the case with the grid.
with only partial plasma cutoff, the downstream plasma profile is
modified, pinching the plasma radially, and enhancing the static radial
electric field and resultant plasma rotation. In a gated RF operation, a
severe transient response reduces the plasma density to zero upstream
too, before a new quasi-equilibrium is restored in an ion transit time.

Conclusions
A proper theoretical investigation in support of our data would

involve a two dimensional analysis of the plasma dispersion function. As
shown above, both wavenumbers are changing with frequency. In contrast
to standard assumptions, the parallel wavelength is not fixed by the
antenna structure, and the perpendicular wavelength is not fixed (but
probably influenced by) radial boundary conditions. Thus the dispersion
relation must be solved simultaneously for k)] and kH, with frequency as

the independent variable.

The problem of plasma cutoff presents an obvious impediment to
coupling from two antennas seperated axially. Achieving sufficient wave
amplitude for stochasticity studies will isclate the downstream antenna
from the plasma. These adverse effects have motivated a search for other
wave-launching schemes that minimize plasma contact with strong local
antenna electrostatic fields, such as double resonance techniques [9].
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THE SHEATH FORMATION NEAR AN ELECTRON
ABSORBING BOUNDARY

Nikola Jeli¢, Milan Cerzek and Toma# Gyergyek
J.Stefan Institute, E. Kardelj University of Ljubljana,
Jamova 89, 61000 Ljubljana, Yugoslavia

INTRODUCTION

The conditions for an ion-rich sheath formation near a negatively biased or floating object
representing a boundary for a plasma were widely investigated from the early days of plasma
physics [1]. However there are less works reported about the conditions for the electron-reach
gheaths forming near an electron drawing boundary. The both cases are important for the edge
plasma investigations in front of a limiter or divertor plate in fusion mashines, as well as in the
probe diagnostics. In our experiments on double layers (2] this problem arises in the context of
a (monotonic) double layer existence conditions as well as for the plasma existence conditions
in the presence of such a double layer or a positively biased anode. In the probe theory it is
convenient to make an analogy between the cases of positive and negative sheath. Such an
analogy implies the critical electron velocity at the plasma electron-reach sheath boundary to
be less then the ion acoustic speed for the finite electron temperature plasma (e.g. [3]). In
the literature concerning the double layers it was recognized that the average electron velocity
for such a case must be larger than the sum of ion acoustic and electron thermal velocity [4].
However, no matter if the distinction between the two cases was made, a common questionable
analogy about the mechanism for the electron drift, being represented by an electron accelerating
electric field in a ”preasheath” region, still remains (¢.g.(5]).

The measurements of the drift electron velocity ug in the presénce of a double layer show
that the minimum electron velocity required at the low potential side of the double layer could
vary depending on the experimental conditions frem ug ~ 0.3ven [6] to ug ~ 1.0 (7] (where
wp = v/kT./m.). In the presence of an anode ab different potentials the measurements were
performed far from the plasma sheath boundary where the electron drift velocity saturates at
ug ~ 0.4v,, when the anode becomes positively biased [8]. Due to importance of the value for
the electron drift velocity for the investigations of the of the plasma turbulence observed under
conditions similar to those in our experiments, we try to measure this velocity with and without
the presence of a double layer. Furthermore, we were interested in the origin of such a drift and
so0 the detailed shape of the electron velocity distribution was investigated.
EXPERIMENTAL CONDITIONS

All measurements were performed in a collisionless cylindrical plasma in a homogeneous
magnetic field B, = 70 x 1074 T. (A detailed description of the experimental conditions could
be found elsewhere (2].) Plasma created by a hot filament source flowed from the source region
along weakly converging magnetic field lines into stainless steel tube ‘region (length 1.20m,
diameter 0.18 m ) making a plasma column (diameter 2 ¢m) terminated by an end plate (anode
of the radius R = 1¢m). The plasma density, electron and ion temperature and plasma potential
were ny ~ 2 x 1085 m™3, T, ~ 2eV, T;; ~ 0.1eV and ¢, ~ 2V, respectively. The neutral gas
(argon) pressure ranged from p = 4 x 107% Pa to 1 Pa.

Increasing the anode bias potential led to an anode current-voltage characteristic which is
plane probe-like up to some critical anode potential where a sharp increase in the anode current
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Figure 1: Probe characteristics taken at different distances from the anode for the f
potential with (inserted) the current ratio §(V,) = I/l (a),
regime (b). The indexes " A" and " + "
negative electron velocity orientations.
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is observed, corresponding a new plasma formation. The new (ancde) plasma at high plasmag
potential was separated from the basic (cathode) plasma by a strong double layer. The position
of the double layer could be controlled by the external bias voltage, i.e. changing the total anode
current [2]. The electron velocity distributions were investigated by the help of an onesided plane
probe. An emissive probe was used for the plasma potential profile measurements.

EXPERIMENTAL RESULTS

The first set of measurements was performed for the case when the anode was ab

the floating
potential (®; = —12V'). The measurements were performed for different axial distances (0.3 -
12cm) from the anode. The typical probe traces taken at the positions 0.3 and 12 c¢m from

the anode, are given in the Figure 1-a. Under these conditions the electron distributi
therefore also the probe traces for the probe orientations corresponding the positive and
electron velocities ( I, and I.) should be identical. The difference in the probe traces I, and
I; could be interpreted in terms of the shadow effect. This behaviour is more pronounced and
complicated at smaller distances z from the anode due to plasma inhomogeneity near boundaries.
We characterized this effect by the electron currents ratio 0(Vp,2) = Ia/Ic (inserted in Figure
1-a). The investigations of the shape of the velocity distribution in the floating anode regime
were performed by fitting straight lines to the experimental probe traces in the semilog plot.
This method showed that the electron distributions were maxwellian with a small contribution
due to the primary electrons.

Under the current carrying conditions (¢ ~ 10V) the functions @ obtained in the anode
floating regime were taken into account as the corrections to probe traces I_ obtained for
the negative velocity orientations. To investigate the shape of the velocity distribution under
these conditions a more general method of fitting straight lines to the experimental curves
In(I+I_) = —2¢/kT.V, is shown to be applicable in the range of the probe currents I, collected
far from the plasma potential. This method is valuable in the cases when there are reasons to
expect shilted (or nonshifted) maxwellian distributions [9]. Under current-carrying conditions
good agreement of the experimental curves with straight lines confirmed the assumption of the
nearly shifted maxwellian distributions.

A comparison of the distributions obtained experimentally by differentiating the previously
corrected probe traces, and by fitbing to it the shilted maxwellian, is shown in Figure 2 in velocity
space, for the cases when anode was floating and in the current carrying conditions . The results
of the axial dependence of the velocity distributions corresponding to these conditions are given
in the Figure 3. When a double layer was formed the observed behaviour with respect to the

on, and
negative
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Figure 2: Comparison of the experimental (dotted lines) and fitted (full lines) velocity distribu-
tions for the floating anode potential (a) and in the current saturation regime (b)
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Figure 3: Axial dependence of the electron velocity distributions for the floating anode potential
(a) and in the current saturation regime (b)

double layer position was the same as presented for current saturation regime. The calculations
of the electron drift were performed using direct integration method of the experimental velocity
distributions. However for such calculations very close to the anode or the double layer the
electron density was normalized to the ion density as it was confirmed not to suffer of the
shadow effect up to the plasma sheath boundary. We chequed out the results obtained from the
electron velocity distributions at the plasma sheath boundary by the electron drift calculation
based on the electron current continuity with a good agreement. At the distance 3 mm from the
anode we measured ug ~ 0.85v;, while on the low potential side of the double layer (identified
at the point where the ion density has a minimum) it was ug ~ 1.0vg.
DISCUSSION

From Figure 3 it is clear that there are no electrons accelerated towards the anode. The
emitting probe measurements have not given any indication about an electron accelerating
stationary electric field. Therefore we conclude that an electron accelerating preasheath can not
ensure fulfillment of the theoretical requirement for the minimum electron velocity necessary
for a monotonic negative sheath or a double layer formation, at least in the cases when the ion
temperature is much less from that of the electrons. Instead of that an electron drift could be
provided by the mechanism of the electron absorption at the anode (or high potential plasma
when a double layer is present). To shed more light on the nature of such a drift we performed
the standard analysis for the formation of a monotonic negative sheath. The generalized Bohm
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criterion for this case must hold at the plasma-sheath boundary:

d
-&—q—)(n,- -n) <0

0

If the electron velocity distribution is supposed as a nonshifted maxwellian w
T, and the electron mass my, bruncated at some Anite velocity ug, and the io
as a fluid with finite temperature T; < T,, the criterion 1 becomes:

ith a temperat.ure
ns are represented

g e meu?, L Uy & 1 T,
VIRT [, ¢\ AT, VIET/m. )| = V7 T, )
(providing the anode potential is sufficiently high to reflect all ions). Here x;

X ! I fepresents ),
adiabatic constant for ions. Due to small temperature ratio this expr

ession could be reduced g,

" >\/§K|‘Ti kT,
VI V. (3)

For such a nearly half-maxwellian distribution it is straightforward to show that the
electron velocity must satisfy the condition uy > 1.32v¢4 where these velocities are the
of a half-maxwellian.

However, our experimental distributions are not truncated but rather relaxed
due to streaming instabilities which could be excited by such distributions [10]. Th
truncated velocity distribution could be treated only as an initial condition for the monotonjg
sheath formation. To obtain a criterion applicable to more realistic conditions the assumption
about the truncated distribution as well as about the laminar nature of the negative sheath
and double layer must be relaxed. This could be done, supposing that in this situation a non-
stationary velocity distribution in a fluctuating electric field establishes and which preserves
the current continuity and the total particle energy of the initial distribution. Then the gener.
alized Bohm criterion must be modified to include the time-averaged Auctuating electric Reld
pressure at plasma sheath boundary, calculated as a free energy released in the transition from
half-maxwellian to the shifted maxwellian, Such a model is expected to give the somewhat less
severe requirements for the electron drift at the plasma sheath boundary, in better agreement
with experimental results. This work is in progress.
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KINETIC DESCRIPTION OF NONEQUILIBRIUM PLASMA
TLUCTUATIONS

0.D.Kocherga
Institute for Theoretical Physics, Kiev, USSR

‘The general stetistical approach is applide to derive
a nonlinear equation for the stationary spectra of electro-
megnetic field fluctuations in a nonequilibrium plasma
including third-order terms with respect to the field
intensity. The collision term and incoherent fluctuation
gources associated with the stochastic motion of individual
charged particles are involved into consideration consis-
tently. A nonlinear dispersion equation for nonequilibrium
plasmes is obteined and the nonlinear eigenfrequency shift
is expressed in terms of the renormalized dielectric per-
mittivity. This allows one to take into account both quasi-
linear diffusion and particle collisions. The nonlinear
ghift of one-dimensional Langmuir oscillations in a strongly
nonequilibrium cold plasme is shovmn to be not equal to zero.

The formalism of multiple time scale approximetions
enables one to congider time evolution of fluctuation
gpectra. Kinetic equations for waves are derived for the
cases of three- and four-wave resonances. These are
suitable for the study of the mutual effect of resonant and
nohreéonant phenomena.

Resonance wave interactions ere shown to be influenced
by nonresonant wave processes as well as by wave—particle
interactions and particle collisions. The nonlinear wave
damping and crogs-sections of wave sgcattering and transfor-
mation by plesma fluctuations ere shown to be different
under the conditions of three- and four-wave resonances.
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ON THE ROLE OF ANOMALOUS RESISTIVITY IN A DYNAMICS
OF PLASMA SWITCHING
J.L.Kalda, A.85.Kingsep, A.A.Sevastyanov
I.V.Kurchatov Institute of Atomic Energy,
123182, Moscow, USER

High-current plasma diodes are considered now in a praoblem of

plasma switching [1-31. The switching scenario admits the mMyp

. The most popular erosinon
model [4] corresponds to the vacuum diode approximation a « e/n

framework if the space scale a » c/w

Some intermediate region in a broad range of paramétars
c/wpi » oa » c/mpe
Vasfo € ifne « Vierne (1)

is adequate to the limits of applicability of EMH i.e. electrop

magnetohydrodynamics [51. In a plasma diode EMH describes

so-called conductivity phase [1].The real physical switching may
be achieved already at this stage, at any rate, it corresponds tg

the magnetic field penetration into a gap.

The model of the diode geometry is presented in Fig 1. The

mechanism of the field penetration was proposed in [5,61. It turns

out to be non—diffusional, based on the BUrgers equation

2 2 2
OB/t + (n/2)8B /9z = D3 B/9z
B(z,t), _ =B , Blz,t),

(2)
=B, [1 = 0(2)1, D =" /ano, » =(c/4ne)n”!
Its solution looks like the shock wave:

=(Bo/2)fl —th(n30/40)(2 -¥tri, v =RBUI2 (3)

The result (3) has been obtained in the assumptions ¢ =const

and P =P(n). Let us note however that condition (1)
ponds to the excitation of

just corres-

the ion—acoustic instability providing

the anomalous resistivity. It may be taken into account within the

framework of hydrodynamics in Sagdeev's form:

o =(w__/f4n)(v__/u), u =j/ne (4)
an pe Te
Assume the diode plasma to be cold (e.g., due to the thermal
losses) .

Instead of Eq. (Z) one can obtain using (4):

8B/0t + uBAB/@z = \|dB/3z|8B/dz
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The result looks simple enough:
B =(Baf2)[1 —sinm(z —Vt)é_IJ, & =ﬂ(k/x)1/2{ v =nBOI2 (3)
arg{sing) € [n/2,+7/2]1
The width of the "shock" front (5) exceeds those for the case

of Coulomb resistance &_:

6q/6 g270”3/2A97/2 /90 l1!2 5/28 =7 F2 (&)

E.g., taking »n ., 1013 dJ, |n/Vr| ., lcm, Bzm 20KGs, one has
6 . 0.5cm » 6q and only by Bo" 20 Gs & 6q~ 10-2cm. Then assume
plasma to be hot taking into account the turbulent heating. So the
field dynamics is conditioned by the effect Vn x V(P + BZIEH).

Respectively, the fundamental system of equations 15 the following

aBlat * (c/e)[V(P+B ISn) Vn IJ = »crat)/a
aic P + lean = div(c P v + S) (7)
i v — P e - -1 2=

s = (c/4nojjx8yez + (c/4ﬂe}(aF/82}Byex * (4n) "B v,

Two first integrals result from the system (7): V = yaBG/2
and P(z) = Bz(zJ/Bﬂcv. As for the width of the front, it may be
described by the formula (&) again. The shape of the front turns
out to coinside with the KDV soliton {(or, more exactly, one half
of it):

If z = Vi, B = Bo 5 12 14

If z = Vi, B = Boch E(mpelc)(V/cJ (2c ) (z - Vt)1

If however the diode gap d = &, the penetration of the
magnetic field is purely diffusional.

Anomalous resistivity is allowed to be the main reason of
switching by itself. The condition (1) shows that, while
decreasing of plasma density, the "vacuum” limit is being achieved
simultaneously with the threshold of the Buneman instability
F w nevoy - The latter at the non-linear stage leads to the
formation of double sheets. This critical point may bhave been
coming in owing to both EMH dynamics and/or overheating (when the
magnetic field does not play any essential role). Assume formula
(4) to remain still valid, but the external magnetic field to be
applied to the diode strong enough for the crossing the electrodes
by the net field line. The basic system of equations
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-
nHdv/dt + VnTE =0

——
an/at + div (nv) = 0 8
— . el ‘2
neuVIT — (p — 1)T(uVin = J 4nu/wauTE

may be reduced in this case to the 1=ds
R(H/B) (Bv/At + vav/dx) + dcnu g)/ax =0

A
an/at + dnvl)/dx = 0
nwl = a2, 301yir2 w3 e (372) Cr=1) Canrmd /2201030 /2 x
Te 2 —3ps2 . “2/3
x r: neE) T L g g

R, = n(x)x=o, o = uTE(x}x=0.

The stationary solution of ()

n = nDexpE(jfnovo)z(x/rDE(OJ}(I—r)/yj
cannot be realised within a reasonable range of parameters becausa
condition (1) breaks and Buneman instability joins the game. The
time-dependent solution of the linearized system (9)

En(t) = - 0.&7 (a/Mp-1)m 1/2;2,042/3 ~4/3 2
x D rDE(O)(Vo/u)z

reveals the swift decrease of pPlasma density close to the cathode
(Fig.2). During the time interval = (H/n)112w;§ the system pene-
trates the Buneman threshold and then formation of the double
sheet occurs in a time t i w;:. This sheet turns out to be located
in a cathode region, its Space scale is of the order of c/mpe.

Thus we can see the anomalous resistivity in a broad range of
plasma density and/or current velocity values does condition both
current penetration into the PEOS 9ap and probably the mechanism
of the switching.
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KINETIC THEORY ON ALFVEN SOLITIONS IN COLLISIONAL PLASMAS

PAN Chuan-Hong QIU Xiao-Ming JAN Guang-De
(Southwestern Institute of Physics,P,0.Box 15,Leshan,Sichuan,P,R_China)

ABSTRACT ~ In kinetic theory frame we have studied numerically the Alfven
wave nonlinear propagation in collisional plasmas, and observed that an
initial solitary wave packet undergoes viscosity and damps because of

both the collision effect and nonlinear Landau damping.

1. BASIC EQUATIONS We are now dealing with the following system, the plasma
is homogeneous and includes only two components, electron and ion; the d, .
magnetic field, _B', , 1s constant and directs along z axis; a parallel Alfven
wave propagetes in the direction of _ﬁ, . Under the conditions considereq
here, we have @ s5x= 8,5 y=0 and 3 22z70 when spatial differential operator
acts on_the wave field-quantities,

Each component of the plasma is described by its own Boltzmann’s equation,
We take the form of

f=f,+1,, )

to express the distribution function. Where f, is the part independent on &, and

fv the oscillations on &, Substituting expression (1) into Boltzmann’s

equation, we obtain

— £, 48, = (—), 0

dt ot

af, | af, ik,

— = Qv (b, cosE-bsing) — + [(— -Q v b)cosE

ot Q v, m
aE, af, 51

ot BVt E]—2 b TS5, &)

n v, dt o

where we have dropped the subscript indicating particle species and written
the velocity variable as ?.r’:v,i+vL (Kcos & +§sinE ), & is the angle in the

transversal velocity space, @ =gqB.mc the gyro-frequency, q and m are the

electric charge and mass respectively, _E':ﬁ'x%ﬁﬁ the wave electric field.

=

B = ﬁ,?ﬂ-i,; = By (b,§+hy§) the wave magnetic field, S; and Sy have the same
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geaning as fg and f¢ for the quantity

~ r~

af, gk, ik, ) af,
9=Qv, (b,cosE -b,sinf )— +[(— -Q v, b)cos & +(—— +Qv,b)sinf | —
3y, n n av,
1 [[E,‘ . qu afy
- —¢ -Qv,b)sing -(— +Qv,bcosE | — . 1)
v, n o of

gimilarly, (2frat) = (2frat) o+ (2frat) ¢ the collision term, In this paper

we take a Fokker-Planck aperator, which conserves momentum and energy.
In fact, Both f; and f¢ include twa parts, one is the pure response to
the incident wave (without a collision term) and the other is related to

collision. Taking the equilibrum distribution to be a Maxwellian, we have
f,:f:+i'.1+:l'~, , fe=f%+f¢, Here f indicates Maxwellian, f"=f3+f% the response
to the incident wave, and
F=1,+ 1 Q)

the perturbation distribution function due to collision.

Making wuse of the Fourier series expansion for %, Fg and (3frot) ¢ ,
=2 (A% cos n§+B‘: sin ng ), ?g =3 (&, cos né + rl;,. sin n§ ), (2frot) ¢ =
51 (Cy cos n& +Dy sin nE ), we found that only the first order of oscilla-

tions on & are essential to our problem. Integrating over & by parts, the

current components, jx and j, , can be reduced to

1 ~
-?}:qsdv vy (AY + A . (6)

1 -
juz - ?Eqi dv v, (By+ B)), 1=

In which the collisional contribution has been taken into account, and the

conservation relations have beenused here.

Using the Fourier series expansion, S; can be found from Eq. (4) . We can
also calculate (8fsat) ¢ and C,. D, , by Sustituting fo = fn and i f; +
z (Kncosn§+ﬁnsinn§) into the Fokker-Planck operator. After that the func-

tions {7 and T, are determined. Both A;=A} +&; and B1£BT+§1 can be finally
obtained from Eq.(3). Finishing the integrating over velocity space and

neglicting the displaeement current, we obtain from Ampere’s law that
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ab, ot
—— +T b, + 2(b,+h,(b2+b2)(1-B +B ) M p—2b,=0
o1 an an?
ab, (
+9 b+ E[hx+hk(b§+b$)(l—ﬁ+ﬂd)}-ua—zb,:[] 3
a1 an an ?

Here we have token the approximations E.=v,cB, and E,=-v.cB.;Vis the charac.

teristic speed of ALfven wave vz Bﬁ s4mng (mi+me) . is the diuensiom“s
distance along the d.e.magnetic field, and T the dimensionless ting
variable. They are introduced by means of &9z—1-L @21, & el— 0w dar,
where L and ®w are, respetively, the Characteristic tlength and frequency

of Alfven wave, p the ratio of plasma pressure to magnetic Pressure,
p=1s2 (1 Ri-1/Re) B, 1-Rj=w~Q; the ratio of Alfven wave characteristj
frequency to particle gyro-frequency and
V=(mv,a,/Q+n,v . ./Q,)(n+n,)
Bs=dn nﬂ/Bs[Ti“(gl)'l'Tzw(gz)]J
a ;j=Rpngfdv [1+ (v 2-vi) %1 i WCE ) = (2n) VEp2dx x exp(-x2,9)
/ (x-t ;) the dispersion function, & ;=v../T.m; the ratioc of Alfven wave
charactenistic velocity to particle thermal speed. Other quantities are
conventional.

From Eqs. (7), we get

(2 400 2. [+ 0. [(g-ilap ]}t pLg = )
o1 ey an
Where ¢ :=by+ib, , g=1+8-ReBy .

In Eq. (8) the terms including V and ImBg¢ indicate the collision
viscosity and the nonlinear Landau damping respectively. This shows us that
the system here is dissipative. So that it is no longer to find a
stationary soliton-like solution.

2. DISCUSSION AND CONCLUSION

Dropping the collisional term and the nonlinear Landau demping, we can
reduce equation (§) to that Spangler et al.studied in Ref. [1] as long as
replacing g by 1-4¢(1-8 ). In Ref.[1] Spangler et al. adopt  the

pseudo-potential method®’ and  found the solution in the form of

ig(n. 1)

¢=zu(n. t)e They pointed out that both ¢+ and ¢ _ have two
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colitons: 8 super-Alfvenic soliton, and the one with v<1 (-v, is envelope
speed of Alfven wave-packet). From Ref. 1), the super—Alfvenic soliton can

be reduced to a simple form
Jve-1 X T ﬁ‘l X
¢;uper: ,(\/?fh”l)'”?exp{i i [? ¥ o= _Htg‘l(_z_th_z_)]}
g 2

Here Ve is the envelope speed X= (ve—1) wpp [n-veT) 1.T= [ (ve-1) /] T/,
1! is the time measured in the frame moving with the wave-packet.
We now consider that a wave-packet shown above exists initially in the

plasma at t=0, and investigate numerically its time evolution for non-zero
values of v and Iapa¢ . To do this, we adopt the variables X and T instead

of n and T, and make a tranform ¢+ (n, t) — [ (ve-1) ~g] 2y s (X,T).

Equation (8) can be rewritlen as

2 400 L +i2{d . Htl ¢ o 12C1-iD)] b 2¢,, -0
3T X ox?

where (=V |J./(VE—1)2 " D=InB 4 .
The equation was discretized according to Grank-Nicholson schem. The
puperical results show us that the initial wave-packet uncergoes viscosity

and damps because of both the collision effect and nonlinear Landau damping,

Qur numerical results include both the T

¢+ and & _ . We illustrate here the °'5j[ 1-8.0

time evolution of |¢_I in the figure o

for C=0.08 and D=0 we see that the I
“-51‘ T=6.0
envelope damps obviously as T increases. ‘{ /\\__
. ‘
We have also obtained the results for "‘_\ il
{=0 and D=0.08, and found that the SU-% =4.0
s
envelope can exist for a longer time—n_,ﬂi
than the preceding case. 5o we can |
0.57  1=2.0

conclude that nonlinear Landau damping

is a weak demping-effect comparing with o
the collision one. o.sj( 0.0 A
ok A
20 =10 0.0 10 20

1] 5.R.Spangler et sl., J Plasmo Phye.27.193¢1082)
[2] P.J. Hensen end D.R.Nicholson, Anm. J.Phye. 47,769C€1878).
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ION-ACOUSTIC RAREFACTIVE SOLITON IN TWO-ELECTRON TEMPERAT

PLASMA URE

V.K. Sayal and S.R. Sharma

Department of Phyelce, University of Rajasthan,
Jaipur - 302004 (INDIA)

1. Introduction

The lon-acouatic rarefactive goliton (IARS) in A
two-electron temperature plasma with c¢old iona has beean
investigated theoretically using fluid model [1,2]. It has beep
found that only for certaln temperature and density ratios of
the cold and hot electron components IARS exists. However,
experlmental atudy of IARS showes that there iz a disecrepancy
between theoretical predictions and experimental obgervations,
Specifically experimental results show that the relationship
between Mach number and amplitude of the IARS ig not a 1linear
one. Experimentally observed width of the IARS is much amaller
than that predicted by theory. It seems that the fluid mldel js
not suitable to explain quantitatively the propagation
characteristics of the IARS.

In thig paper we have tried to explain the propagation
characteristics of the IARS assuming that reflected electrons
algo play the crucial role. Section 2 deals with the
formulation of the problem. Conclusions are drawn in sectlon 3.

2. Formulatlon of the Preblem
WUe conglder a plasma congigting of cold ions, twe electron
components having dlfferent temperatures Tc and Th' Since liona

are cold therefore the dynamics of the ions Is determined by
fluid equationg i.e.

at " ax (MW =0 k34
du du _ e dp
7t " Y9 T omax (2)

The digtribution function for free and refleced cold (hot)
electrons can be desgcrlbed In the following form whlch are the
steady sgtate golution of Vlasov equation [4].

. 2
for free electrons i1.e. v~ > 2 % (w +g)
e

il m
e 1/2 : z : 1/2.2
Sf=1\anos(§;[—.;+~)/exp(-z—.}f—(voi(V“Z%w*rw)J/)J
s s -]
2 ) (3.a)

for reflected electrons i.e. v = 2 % (@ +e)
&
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m
e 1/2
Fae ~ Ay ngy (gmr)

mn
exp(~ oo (V2 4 (v 2 S (v v e))
8 8

@
(3.b)

where & = ¢ (h) corresponds To cold (hot) component. noa‘Ts at e

unperturbed density, temperature of the electrons, ﬁs is an
arbltrary number (Z0) associated with reflected electrons. AS

is normalization fator. Vo is the velocity of perturbation. w

jg amplitude of the potential ¢ , ~w = ¢ = 0.
Slince Vo lg of the order of lon-acoustic aspeed and is much

ljegs than electron thermal speedtherefore it can be neglected
in (3). Hence the density of the electrons, obtained by
integrating the digtribution function (3) over velocity
gpace, is

n, = oy A, (exp(8 ¢) (l-erf(¥o ) + 7%9EXP(GSQS¢J ecf (Y3 8 ¢))

(4)
where a_= noslno, Sst Teff/Ts’ ¢ = w + @ 1is normalized with
Teff/e' Teff: Tth/(acTh+ ath)l -1
A= {exp(esw} (1—erf(#95w)) + ?ﬁsexptﬁsesw) erf(VﬁsGsw)) (5)

For the gteady state solution of (1) and (2), we wuse the
transformation ¥ = x - V_t and get,
2 1z 2 .
N = M/ (M- 2¢). (6)

where M = Volf(Teff/mi). N, ¢ are normalized by no and Teff/e

respectively.

Iong and electrong dengities are coupled with the
normallzed Polsson'a equatlon

&zp

—5 = n,+t n- N 7]

o¥ (= I

Using the conditiong that as £ » @, ¢ and »'s 0 we get
from (4), (4) and (7)

1 adgid ..
7@ = - VW@ (B

where 2 2 1/2
V(g) = M- M- 2¢) - aAL/E £ (e) — ap /8 f (e) (%)
£ (e) = exp (@ _(w+g)) (1-erf(V€S(w+p)}) - exp(8_y) (1-erE(¥63w)J

2 .
v A ey ve, (e - vy w1 m)E

exp(fA 6 (w+e)) erf (YA 8 _(wte)) - exp(f & v) erf (V3 & _v) )
In order to get rarefactive solitary solution of (8),

Sagdeev potential (9) mu%t satisfied following conditions
at =0, V"(0) = 1/M"- né(D) - ng(o) =0 (10.a)

. L - 2. 112 _ .
at = -y, V'(-y) = MN/(M1"+ 2yw) ucAc ahAh,& 0 (10.b)

and V(-y) =0 (10.¢)
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where né(D) =

a A B (exp(8 _w) (1—erf(1’65w)) + A exp(fi 6 _v) erf('/r?sesw)

The nonlinear dispersion relation for IARS obtained from
(9) using conditlon (10.¢) is
2 2
M= A" / 2(w+A) ) (11)
where A = acACIGC fc(—w) + ahAhIQh fh(-wJ
Perturbatlion in ion density at § =0 i.e. at = -y is
2 1/2
SN = MMl 2/t - (12)
From (6) and (8) we can define the width of the soliton ag
follows
N 2
D=4 @ n dN i3
3 Y(-zVie)) (13)
N /2 N
In order to get numerical value of D we rewwrite (13) ag
. - : (2N + 3N )Y(N,-N ) NERPUEY v o
AY(-2V'(-y)) Ni VNO No N0
St an -
N2 n3 YCIVED) | )
o
where N = 1+ &N = M/(1%+ 29)'/2 ana N, = 1+ 0.99 N

3. Discusgagion and Results
One can see that for ﬂc= ﬁh= 1 the nonlinear dispersion

relation for the IARS (11) reduced to that derived wlth

fulld model for electrons. Numerical analysls 1a performed
with (11), (12) and (14) along with the conditions (10.a&b) for
different values of ﬁc.and ﬁhkeeping Th/Tc= 14, ah/ac= 12.6 as

in experiment [37].
1.20 ——————7—————===——-=_— Fig.(1) shows the variation

L of Mach number with the
1.16 1 amplitude (SN) of the IARSH

h with three sets of @A and
1.12 1 ¢

4 ] (i, . We have choosen suitable
1.8 - "

Mt values of ﬁc and ﬂh and
1.04 compare with the
1.00 ) experimental values as

SO DO SN SR SO DU ST S S obtained by Nishida  and
9.90 ©.904 0.08 .12 .16 '26Nagasawa [3].In flg.(2) the
&N — variation of square of width

Flg.1: Variation of Mach number with the Inverse of the

with the amplitude (&N) of the amplitude is shown. For the

IARS, given by relatlon (11 & 12), same values of ﬁc and ﬁh ve
for ahfac=12.6 and Th/c:14. line find that the curves are

(---) referg to Kdv golution. Dotg closer to the experimental
(®#) are experimental values [3]. values as compared to the
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Kdv golution. Thusze we see
200 - that instead of fluid model
for electrons the kinetie
model isg a better
160 - representative of the
experimenal finding.
' 100
2
D
50 +
@ T T T T
] 4 8 12 16 20
(1/gN) —
'lg.2: Varlatlon of gquare of wldth
_DZ) with the inverse of amplitude
1/6N), given by relation (14), for
:h/ac= 12.6 and Th/TC= 14. Line
---) refers to Kdv golution. Dots
®) are experimental values [3].
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RELATIVISTIC DISPERSION FUNCTIONS FOR ANISOTROPIC PLASMAS

M. Bornatici

Physics Department, University of Ferrara, Ferrara, Italy
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A general class of weakly relativistic plasma dispersion functiong
(PDF's) relevant to describing the dielectric properties of a plasma with
temperature (and loss-cone) anisotropy is discussed. Series representationg
of the new PDF's in terms of standard trascendental functions are obtaineq
and a number of relevant limiting cases are discussed.

Introduction. The presence of a low-density population of superthermal par-
ticles is a common feature of plasmas with significant additional heating
and/or current drive. Whereas a detailed knowledge of non-thermal velocity
distribution requires the use of a Fokker-Planck code, to get a first ip-
sight into the main physics of a non-thermal plasma it is often useful to
adopt a model distribution function suited to describing the salient charac
teristics envisaged for the plasma under consideration. %
For the specific case in which the particle distribution is a bi-
Maxwellian (T, # Ty, with T and T, , respectively, the temperature paral-
lel and perpendicular to the external magnetic field), the case of a loss-
cone anisotropy in the form of a Dory-Guest-Harris distribution being
formally the same, the plasma dielectric properties are described by the
following class of weakly relativistic plasma dispersion functions (PDF's)

1y

2
(n) ™ eizn(T" 1T-a, T /(1-iT) A \
R |z (70,82 /7 E—ijdf , 3 (2 ]
qef | Tn T L b (L-im%(1-ivn /7)) 1-itT, /7

oo {1)

E ?\k+|nl ”
= a
k=0 k, m "4 q,k+f'+ Ini

with g ande , respectively, semi-integer and integer positive numbers,
( (1-n@ /() N2 = 3 > 1)
zn Tn ):Ml i3 C/Q ¥ a:F/uu ||/2 ’ /L("(-L) = mc /Tu(_]_) (>

.- 22
[ixr=er o, Az(W/) ¥y
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peing a modified Bessel function, with N and N, , respectively, the

AS |
{lel and perpendicular wave refractive index . Furthermore,
k 5
(-1) [20n+k)] ! -(k+1n]),
= and

f (ym +k1 1 (2]n] +K) k!

2
0a eizn(T.. T-a, v /(1-it)

iz (T"),a";TJ_/T“)_: = ij ar
n o

2
(1-imy9-i e /o,0P bed

ctionfhe effect of the temperat

ure anisotropy can be delt with by applying

asma pinomial ex
esent; the result that the W

pansion to the (1~i’CTJ_/T")'p~factor of the integrand of (2),

—functions can be expressed in terms of the
r

e obt;index) Shkarofsky fungtgons ,’2[ for which several analytical proper-
i

are known /| 3/‘ .

akly relativistic anisotropic PDF's. Depending upon whether the

hermayeat_J
] heagrature-anisotropy is such that }1—T“/Tl| <1, or T, < T , or T < T, the
1 vel@wing series representations of the wq -functions (2) are obtained,
r
first
(-]
1seful (T) ® Y (p), ( T..)k .
. L [ — — (1-— tz (T,),2,), |l-—| <1 (3a)
Lent g gy k=0 k! 71 q+ptk n z L
a bi-
re pa 22 Tk & oo
f a 1_ § (p) (—) Z! - - o k% (T"),a"), T,< T, (3b)
eing k=0 kT, N Jlk=j)! a-1] 2
l by t
s (PD;
By I i Ty k& ()3 2
-— e " ()M(+k,a}(_) : == (x (T, ,N })
T = SRR TR = SN FRCCS THI -5 R R
T (3e)
T, X
e (b) = b(b+l)...(b+k-1), (b) = 1; the W -functions are the Shkarofsky

tions'/2/ which are defined by (2) with Tj= T, in the denominator of
integrand; the F -functions are the Dnestrovskii functions of integer
x (3] and _are defined by (2) with a,= 0 and T, = T , the argument of

s x (T) ,NE)E/M*[(NE/ZHMM /w)—l] iM(a,b,x)is the confluent hypergeome-
(Kﬁmmer‘s] function [ 4] ? also referred to as a degenerate hypergeo-
ic function f 5/ . & few relevant limiting cases can be obtained from

bers,
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(3). In particular, i) from (3a), W =W (z (T),a,) to lowest order
; sy 2P TP . R
|t - o, /1|, with a, =MN /2; ii) £rom (3b], to lowest order in T /r ,
Wq,p =.Wq (zn(T"),..a"), which is independent of tl:ie index p; 1iii) to lowest
significant order in (T"/T_L], from (3c) one obtains W =(T"/TJ_ )P (ZD('&)]
r

which is independent of the index g; on the other han :prI perpendiculay
(N,=a, =0) propagation, (3c) yields, (M(a,b,0)=1),

[==]
a,p 1 k=0 T, j1(k=3)!

T T k k i ne

w (N =0) - = z (q) ( “) % —H F E‘L(ﬁ— l)] (3

" : k =0 3 -3 4)
For the case in which the density of the non-thermal population is small
with respect to the density of the bulk, r_hé non-thermal plasma Cﬂmponént
contributes mainly to the anti-Hermitian part of the dielectric tensor, 1t
is thus of particular relevance to evaluate the imaginary (Im) part of the
PDF's (3). From (3a) we get

T.yp 27atp-1  —au-xp(Tu,N2) 2
TmW ks Ul (_) ‘_X (TII'N":j e "R (x (T ,N'),a )
arp Ty L n gqp n " R
(4)
with
2
o I:a x (T ,N ’:lk T
5_— Jn—"*—"——mt +ptk, (1 L) (T Nz))
= r ' = X r
Iq.p K0 xltgrprk-1)t RESTY TR R )
or, alternatively,
+p-1
arpzs & (p) T x (T ,N ) k
- - : Z —k |- S 13;I=
gq,p ax (T ,¥) k=0 k! T a, |
n
z
I (ZVax (T N )) (5b)
— ad M N
2 2
the profile variable xn(T“,N")(E/(d"[(N"/Z) + W) - i >0
2 co b-1 -st
(ImW =0 for x (T, N,) < 0). By noting that 5 £ Mla,b,tle = at=(b-1)t
q.p n 13 o

-b -1 -a
.s (l-s ) , Reb > 0, Res » 1, cf. Ref. 5, from (5a) one finds

o0
J (=ImW )dx =IT. For perpendicular (N, =a =0) propagation,
o n

’
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T

u
=0 - M +p, (1 = )|z (T )] ) 6
;rP(N“ ) (gip-1)! PrdtPr T_L | | | (6)
e limits of strong temperature anisotropy can be obtained from (5a) by
sing the asymptotic expansion of the hypergeometric function M(a,b,z)/4].

» lowest order in (?L/ T”j<< 1, one has

2 2 -1
Ao 2 2x (T, V) &=
- ome 2 alTeme) f 2 i (\/ZANZx (7,80 (7)
qurp /U“NE g-1 S e By
e., Imw =ImW , a result which follows immediately from (3b). On the
ther hang:pto 13vest significant order in (T /T ) << 1, it is
T ng
Jr " p-1 -|z_(T)| c (8)
=- = — |z (1) ntT| (1 2
"a.p (p-1)1 T | no* e | ro2, (MM ) <0

result which can also be obtained directly from (3c).
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Boundary Larmor Radius Effects
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Plasma Physics and Fusion Research
Royal Institute of Technology, 5-100 44, Stockholm, SWEDEN

Introduction

The Vlasov-Poisson system for a plasma slab of width L with a homogeneous
Maxwellian equilibrium is considered. The purpose is to try to understand how stability is
affected by Large Larmor Radius effects when the Larmor radius is comparable to the charac-
teristic dimensions of the plasma. Basically there are only two kinds of inhomogeneity: in-
homogeneous equilibrium (e.g. non-constant magnetic field or density) or the inhomogcneiry
due to finite dimensions of the plasma (a boundary prevents a complete gyromotion and
therefore destroys homogeneity). Most of the published works concerning Vlasov stability
deal only with the first kind of inhomogeneity, and kinetic boundary conditions are usually
not considered. In the present paper we show a method of treating the kinetic boundary
conditions when deriving the dispersion relation. Under a specific boundary condition the
dispersion relation takes the form of an integro-differential equation, and it is solved
numerically.

Formulation

We consider Vlasov-Poisson equations in a homogeneous, Maxwellian plasma

d_};raj @ral +o %_‘_Qa vxBy- C}frxl - ga'];aov Vs 0
-gVigy = ZQ{IaJ‘fmdU. )

Here, f; is the perturbed distribution function of particles of species @, fuo is the
Maxwellian distribution function of species o, v the particle velocity, x the spatial coordinate
vector, g and mg, the charge and the mass of species o respectively, By the equilibrium
magnetic field in the z-direction, ¢y the perturbed electric potential, kg the Boltzmann con-
stant, and &y the vacuum dielectric constant. Integrating Eq.(1) along the unperturbed orbits,
and noticing that fgp is the orbital invariant we obtain a formal solution for fgy

Foal ) = - 102 Iv VO LN + Far (X0 00,10) o)

where x(t') and v'(r’) are the coordlnate of the particle orbits with initial conditions x'(¢'=t)
=xand v'(t'=t) = v . The subscript 'y stands for boundary values. Using the relation d¢/ds
= d¢/dt + v-V¢, we obtain from Eq.(3)

QJaﬂ Ga1(xp.t)f o0

t
[7)
[fPJ(xJ)-‘bjj;% d' )+t (x,05,10)+ = . “

Sar(xv,t) = -
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yte here that the lower time limit of the orbital integral is not necessarily minus infinity if
 orbit comes from a wall, which must happen for some particles in a finite plasma. This
mula suggests also that the boundary conditions of the perturbed distribution function
ould be properly given only for the in-coming velocities which direct into the plasma re-

on in the velocity space. The boundary values of the perturbed distribution function for the
t-going velocities are in general determined through the orbital integral by the values for in-
ming velocities at some other places and should not be given again. In this paper, we con-
ler only one specific boundary condition which simplifies the formulation

Joa(xp,Ub,ts) + %ﬁw ={. (5)

this case we obtain a simple formula for the iniliai value problem:
Jair(x,v,8) = Qafao [(ﬁj(l‘,!) fa! dt ®)

e apply normal mode analysis in order to derive a dispersion relation, i.e., we perform a
urier transform in the y- and the z-directions and a Laplace transform in time:

fal(x: l’,[) = fak(xx")e f(k.xi ﬂ)l), ¢1(l‘,f) = ¢k\(x)e i(k-x~a)t), (7)
ere k = kyey + kze;. Making use of these in Eq.(6) we have
0
farlzy) = - 4020 [m(xmw I¢k(x')efrk-x-m)df} ®
T

lere Tp = fp - t <0; its absolute value is the time taken for a particle to travel from the
undary to the phase point (x,). So 75 is a function of (x,v). Here X = Xe, +Ye, + Ze,,
= x+X and the relative orbital position X in a homogeneous field are given by

X = LL [sin(apat- @) + singl, ©)
Wy

y= 2o [cos(weaT - @) - cose), (10)
Do

Z=uy, an

ere (U, @,uy) are the cylindrical coordinates of the velocity space. The indices £ and / are
erred to the direction of the equilibrium magnetic field. Using Eq.(8) in Eq.(2) we obtain
> eigen equation

0
%-kzc:ak za ( o+ 10 [Fop dv j¢k(x')ei(k-x-wf)dr} (12)

T
=g,

ere Fop = (20 2)-32exp(- v2i2v,42) is the Maxwellian distribution, vo= \kpTo/me is the
rmal velocity, and Ape= ‘\f £okpT o/ (qoPn) is the Debye length of o species particles.
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Numerical Method

The eigen equation (12) is an integro-diffrential equation. For this type of equation
very little is known about the well-posedness of the problem. In the following, however, we
assume that the problem is well-posed. Galerkin method is applied to solve Eq.(12), follow-
ing Davidson (1976, Phys. of Fluids 19, 1189). In a preliminary study, we adopt periodical
boundary conditions, i.e., expanding ¢(x) in terms of periodical, exponential functions

%)= 2. ne" P, ko= 20w, n=02132,.. . 13)
n=-co
Using this in Eq.(12) and integrating with a weight function e m* we obtain, after some
manipulation, we obtain a matrix eigenequation for the vector {¢y)}:

> 0Dmn =0, m=024124,., (14)
A=-c0
1
Dpn = mn(km2+k2) + z _(6mn+ SD:,mn)- (15)
o=e,i Daz
I 1 2 P 32
= i2mn-m, s iAp1SinQn
S a,mn= 27&).12013 Ll Jndﬂ vexp( ZUaZ)dU‘L.;J; L dp
0

'gﬂaZJI(A'"_L)E-HQ’"[Zp(gla)'zp(gia' mf_%)eiﬂmca'w‘tb-bﬁ'rb2ua1’,f2]’ (16)

l=-e0

where A, = U.mea'l(knz+ky2)“2- Pn = (D'COS'I(kn(knz‘i'kyz)'Hz)- Cio = (@-lo)/ (N2 hy 0 o),
1 = x/L, e s the gyrofrequency and Z,(¢) is the plasma dispersion function. The disper-
sion relation then takes a form

det 1D (w.k)| = 0. (17)

From Eq.(17) the eigenvalues o are determined, and from Eq.(14) the eigenvectors {¢,} are
determined for given k and mode number in the x-direction n,. In the calculation a 5x5
matrix is used.

Results and Discussions

Some preliminary results have been obtained for the pure ion Bernstein waves.
Figures 1 and 2 show the scalings of the eigen frequency to kyrr, and Liry, which reflects the
boundary effects, respectively. Some phenomena in these scalings have not been well
understood. Four eigen-modes in the x-direction are recognized according to the shape of
the eigenfunction, as shown in Figs. 3. The assumption of the periodical boundary
condition ¢x) = Px(x+L) can be seen clearly in these figures. It seems that the Bernstein
waves are seriously influenced for L/r;.< 10 and the damping usually reaches maximum for
Liry, between 3 and 7 depending on kyry, and the x-mode number n,. A possible physical
reason for the damping is that the boundary inhomogeneity prevents regular cyclotron motion
for a fraction of ions and causes phase mixing.

Relw)

Refa)
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NUMERICAL SOLUTION OF THE VLASOV-MAXWELL
SYSTEM IN THE HEAVY-ION FUSION PROBLEMS.

Batishchev 0.V., Karas’ V.I.%, Sigov Yu.S., Silaev I.I.

M. V.Keldysh Institute of Applied Mathematics, USSR Acad
Sciences, 125087, Miusskaya 5. 4. Mosoow. USER. ey of

“Kharkov Physical Technical Institute, Ukrainian Academy of
Sciences, 310108, Akademicheskaya st.1, Kharkov, USSR.

The development of linear induction accelerators wity
spatial charge compensation and magnetic isolation of boostin
intervals is one of the perspective trends to obtain a hig
current beam of heavy ions for inertial controlled fusiop
Eroblem. Two main ideas, underlymg
his system, are to the firs
glanoe contrary to each other.
irst, for the lon beam propagation
throughout  the system  without
retaining it must be accompanied by
the electron one. From the other
hand, the isolating magnetic fleld F F
cusp structure 1 2

H=Hy/k rot (8 I (kr)sin(kz)),
(I,being modified Bessel function

of the zeroth order, L being the H
cusp length, k=rs/L. ) should
evacuate electrons from the working
region. Fortunately Karas®™ et al.
[1] showed mechanism, which allows
to avoid difficulties, mentioned

above: electron beam will cross the \/
region with the strong transverse Bbeam
magnetic field due to the [ExB A o
drift, provided by the radia P

polarization electrostatic field
and the self-consistent azimuthal
magnetic field components, if
following conditions are met:

no>—E— Azc—2 (1
4Tl C o’
where n, is the ion beam density, H — — =

is an external magnetic field
amplitude, ¢ is the speed of light, Fig.1
n_ and w are cyclotron and plasma

electron frequencies. o ) .
The self-consistent plasma dynamics in a linear induction
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accelerator is described by the relativistic Vlasov equations
for the electron and ion distribution functions coupled with
the Maxwell equations. Numerical simulation of physical
rocesses in such a system may be performed with the use of
vo-dimensional discrete kinetic model based on particle
method for open plasma configuratlons (2], in which charged
articles injection In and exit
?rom a bounded computational domain
Ihe essential. In cylindrical frame |R ,
the problem is a spatially two- . T=100.8
dimensional one due to the assump- :

tion, that all the functions do not ’
depend on azimuthal angle @ Cwhile
the velocity space still has all
three dimensions), and is formu-
lated as follows. The tubular ion
and electron beams are Iinjected
into the rectangular vacuum_domain
0<r<R, 0<z<L (see Fig.1l).
All geometrical parameters are the
same for both beams: the beam ra-
dius is a=R/3, its thickness A«a.
Initial ion and electron tempera-
tures are T,=T_=0, the injecting

velocities are of the order o

Vpgaw’ C%0-2%0.8,  with ~ current e a
compensatin condition being
q.n.V_ =q,n.V,. In the Tregion ‘

involved the cusp magnetic field
oonf‘lguration and ion accelerating
potential  difference  AF=F,-F,

are imposed. The similar problem

was considered in the Cartesian ELeotr‘onS z
geometry as well, with the beams
eing ?ianar and infinite along
ignorable z- coordinate. Cylindri- Fig.2
cal and Cartesian spatially two-
dimensional computations, from our

point of view, mutually complement i
each other and enable comprehensive

study of 3-D physical processes in

the system. _
.5-D particle simulations

vere erformed on the grid

(256x128), the typical nupber of l

.
TR T R

Ll s~

model particles was =107, mass
ratio was m;/m.= 1840. The bounda-

ry conditions for the EM field were
S{mmet,ry at the axis and metallic
at the outer surface. Those for the lons Z
particles were symmetry at the axis
as well and free exit from the
working region through the external Fig.3
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contour Cin %ractice. most of the beam electrons are reflecteq
by the magnetic field and only few of them actually reach {he
boundary T =R). Explicit integrating schemes were used for
solving both the Maxwellian system and relativistic particle
dynamics equations (similar to those used by Boris [31). The
cell dimensions were Ar=Az=1csw ., time step At wag

~0.1w_ %, the typical run of some thousand steps. correspon-
ding to several ion tramnsition times Ti, (=LAV,=100v7

takes a few hours of CPU time at IBM- AT/388 personal computer
in ?Landagd T
configuration. The de-
veloped system enables |
to compute dynamics of | HTETH
up to 1lmillion par-
ticles of dozens .of
sorts at computational A
rids as large as
1024x1024) and Te-
§u1res 2Mb of RAM and
OMb hard disk. In-
teractive regime and
rich graphical support
mﬁke_ ltt’poﬁﬁlble tfoi-¢0.03 T
sicis o star
g;%ulation with de- 40 _ 80 IME
sired parameters and
to get any diagnostics
in a simple manner. A Fig.4
specially  designed
technique implemented
in our code was suc-
cessfully applied to
numerical experiments 1
on linteractions of
lasma potential soli-
ary vortices [4],
lasma electron injec- |
ors [B] and large-
scale astrophysical
roblems (to be pub-
ished).

Numerical  simu- 1-0.03
lations were mainly 40 l Bp-rquE

intended to prove the
validity of the charge Fig.B

compensation mechanism )

mentioned above. Electron spatial distribution, obtained
during the simulation with magnetic field H, satisfying (1)
and F,=F,=0, is presented at Fig.2. It is seen, that the

main portion of the electron beam is passing through the
middle of the cusg, marked by two vertical lines, due to the
drift mechanism. The main contribution to the drift velocit
is given by the product of azimuthal magnetic H,g, and radia
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olarization E; fields. Fig.4,5 present time dependence of

hese field components, measured at the point P (see Fig.1). A
erticgl dash on the time axis indicates lon half- transition
ime TTKAB. As can be seeh from the pictures positive z-drift

n the middle of the cusp is provided by increasing negative
alues of the fields involved up to the electron half-
ransition time. Note, that the electrons exit cusp center
ith the velocity of about ion beam
peed. The last circumstance is
mportant  for  ilon  beam  further Y, i
ompensat ion. _Approximately at ¢ 133:0
,>E/3TTR a quasi- stationary regime s

s settled. The ion beam propagation is 2
hown at Fig.3. Being unmagnetized and 3
ore  inertlal ions have straight |,,.=<"
rajectories, except the small front
art of them eanndlng in the absence of
harge compensatlion. ) )

When an external magnetic field is
;hrongﬁr %han oo%dition 1 rescgibes.
he electrons trace magnetic lines,
eause they can't be pulled through the | Electrons
usp. An example of Cartesian simulation pe-
‘or this case is shown at Fig. 8.

So the simulations  performed
onfirm the principal possibility of B
eavy lons acceleration with the use of
he technique described above. Studying
f  the beam-plasma instabilities ><
lausible here must be an object of
'urther investigations. Regular full-
scale qauntitive simulation on heavy ion Fig.B6
yeam Eropagation. stability and
ptimization are to be fulfilled. The authors have developed
mplicit relativistic particle method, which enablesg stable
omputation for hundreds of the ion transition times T

11 Karas® V.I.,Mukhin V.V.,Novikov V.E.,Naboka A.M.
The Soviet Journal of Plasma Physics, 1887, 13, 494-496.

2] Bakai A.S.,Batishchev 0.V.,Sigov Yu.S. Proc. Int.
Workshop on Nonlinear Phenomena in Vlasov Plasmas.
Cargese, France, 1988, pp.163-192.

3] Boris J.P. Proc. Forth Conf. Num. Sim. Plasmas, Naval
Res.Lab., Wash.D.C., pp.3-67, 2-3 November, 1970.

4] Batishchev 0.V.,Sigovy Yu.S.,Silaev I.I..Petviashvili V.I.

Proc. XII Europ. Conf. Controlled Fusion and Plasma
Phys. Budapest, 1985, v.9F, part 2, p.350.

51 Batishchev 0.V.,Sigov Yu.S. Preprint, Keldysh Inst. Appl.
Math. Acad. Sci. USSR, 1988, N87.
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NONSTATIONARY SELF-ACTION OF ELECTROMAGNETIC WAVE BEAMS
IN THE BEAT ACCELERATOR

L.A.Abramyan, A.G.Litvak, V.A.Mironov

The resonance excitation of a plasma wave in a modified gg.
celerator using the beats of two electromagnetic wavesl?t]
permits to increase considerably the intensity of the accelers-
ting field and, consequently, the rate of the accumulation of
the energy by charged particles. The efficiency of the electro-
magnetic radiation conversion to the longitudinal wave is de-
fined by nonlinear processes. The saturation of the accelera-
ting field is considered which is due to the appearance of
multiflux motion of electrons oscillating in the wave field
with overturn of waves [2], due to the development of paramet-
ric instabilities [5, {] and due to the change of natural fre-
quency of plasma oscillations caused by the relativistic in-
creage of electronm mass [éj. The effects of self-action which
change the form of the electromagnetic radiation pulse and the
wave beam structure play a significant role in the most'promi—
ging laser plasme beat accelerator rﬁ]. We consider dynamics
of space digtribution of the plasma wave in a self-consistent
field of the wave beam.

To describe the evolution of the transverse distribution

of the field of two collinear wave beams

T - — - : ( : )
E,=E2(Z24)y expldd,2 (£-2/¢
during the generation of a longitudinal wave at the frequency

of beats in a homogeneous plasma é%g_= %“ 4)/ /ﬁ//a “d//,z)
— — - :
E, =2, E,(T,2t) expity (£-2/c)
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we use the following set of equations

Wi
2 E -
~2Ky 33212 -+ 4131,2.+;23—[‘07°/ /4,'9_ CUIZZ.EIJZ- ? W

2
+2L'MF4 ol _ 3/e,ofzep=—2££f Eff_g (2)
2t _ Wy tz

Here it is assumed that wave beams are wide on a scale of
the electromagﬁetic wave wavelength, plasma nonlinearity is
agsociated with the depéndences of electron mass on the rate
of oscillations in the plasma wave field, the group velocity
of & plasma wave is equal to zero. It is supposed that relati-
vity is weak. Fields are normalized to the fields which are
characteristic to relativistic nonlinear effects
E‘2= zma)PC/e (E:E/Ez)‘The saturation of the amplitude of
plasma oscillations is defined by a nonlinear frequency shift.

Further we shall consider & more simple situation when the
intengities and forms of wave beams are equal. Now the initial
gset of equations assumes the form which is standard for stu-

dying nonstationary self-action.

ple

2
"'?'2% +4,0 +[nle=0 (3)

fm m lel® 5

wore 2, (”P ez /e 6% 406 Y2 544,
Cer)a/) J6 % 1= (521)

NI
Ix
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The study of the stability of a plane wave in a nonstationg.
ry rogime shows that the increment of instability does not de~
pend on the wave number of disturbance. Owing to the absence
of the optimal scale of ingtability at the initial stage of
the plasma wave excitation (%—f—- >>/h Izh » & homogeneous wave

beam collapse cen take place and gelf-similar distribution

forms

:-Ef:z_f g(fz/[fﬂ_g)éﬁa z'//-z//{p—f)
n= iy H(t/(k4)

The sgtructure of the field of homogeneous waveguide chan-
nels which collapse during the finite time fb, is described
by a localized solution of the equations

8.6+ W4l =0

(5)

1'—+4/ 8 T=”¢/ﬁ‘o-f) ©

As the stationary distribution establishes ( q?%{ = Q)
a wide wave beam is expected to be divided into a number of
narrow ones with a éharacteristic gize [_-:6-3"/2/2}55;/2 @2/3
(2 is the wavelength, Q is the dlmen51onless field ampli=-
tude). Since the nonlinearity ( [4?/ ) is "weaker"
than a cubic one, peculiarities do not appear ( the fields
remain finite) and there forms the succession of quaaiwave-.
guide structures.

The results of the numerical calculation of the set of equa-

tions (3), (4) for the two-dimensional case are given in




1847 J‘

ig. 1, 2. It is seen that at'Eﬁ 1 according to quantitative
nalyeis, the excitation of a plasma wave leads to the focu-
ing of the electromagnetic radiation. Then (f¢> 1) the plag-

a wave field distribution becomes strongly inhomogeneous and

egults in the defocusing of the wave beam.

%
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SELF-INTERACTION OF THE MAGNETOHYDRODYNAMIC
SURFACE WAVES AT THE PLASMA-METAL, BOUNDARY

N.A.Azsrenkov , K.N.Ostrikov
Kharkov State University , 3I0077 , Kharkov , USSR

At the cold magnetoactive plasma-metal boundary the exig.
tence of the surface waves (Sw),propagating across the exter-
nal magnetic field is possible.The dispersion characteristicg
and the field topography of these waves in the linear approxi-
mation in respect to their field amplitudes are well studied
[1,2].The results of these works are valid for the small amp-
litude waves,when nonlinear effects can be neglected.In the
present report we consider the influence of nonlinearity for
the SW propagation,which exist in the frequency range (L (D)
(€; is the ion cyclotron frequency).We consider a cold and
homogeneous plasma occupying the half-space X >() bounded at
the plane)'= O by the ideally conductive metallic surface.The
external stationary magnetic field}{cis applied parallel to
the boundary at Z direction.We consider the wave perturbations
propagating at Y direction at the plasma-metal boundary.In the
frequency rangeCOZ£<COEL,in the linear approximation,the dig-
persion of these waves is described by the following expres-

W = v, Va (1- FVE /2,007 ) | (1)
whereW%; ,}CL are the Alfven velocity and the Wavenumber.

We study the nonlinear properties of the SW in the wesk
nonlinearity approximation,when the electron and ien oscilla-
tion velocities are much less than the wave phase velocity.In
our case the nonlinear effects clear up in the second harmo-
nic generation of the SW and in the appearence of the drift of
charged perticles across the external field with the second
order nonlinearity taken into account,and in the self-interac—

sion :

tion of waves - with the third order nonlinearity considera-
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tion.The estimates show that the dynamics of the SW is defined
py both ion and electron nonlinearities in the frequency range
of our interest.Using the method,presented in[}] ,in the third
gpproximation in respect to the SW field it is possible to ob-
tain the following dispersion egquation :

W= o+ QIEV? (2)

where (5 _ ! e ¢’ B(Wo)
129 MmPFer QA wi 2 ’ 5 s
2
R(Wo)=18-45 L2 _95g D5 o2 Wo | one Wo 4255
w; > (AYE) [AYL ;5
2 2 2 L L

Ro';z{wg—a);’ )&)ois defined by expression (I).Our conside-
ration is valid in the frequency range 0,25W;{(0<{ 045 W; ;
where together with the fulfillment of the inequality(y) a):-_zgi
the second harmonic is not the eigenwave of the system,but is
the forced perturbation,disappearing with fundsmental wave (
ginus first harmonic signal)switch off.This fact gave us s pos
gibility not to consider the resonant first harmonic interac-
tion with the second one(when the conditions (U+()=2() and
2]{7‘&{50): \cz(zw) are satisfied)and effects associated with higher
harmonics generation.

en calculating the nonlinear frequency shift Swa,IElZ

Wh L

both self-interaction channels2W-()= () (through the second
harmonic generation)andQ+(W=() (through the ponderomotive
force action)are taken into account,and the corresponding fre-
quency shiftsA[Z“:))szwlelzandA(o;-).Q(°)|E[2 are calculated.It can
be shown that in the frequency range Q2FW;<W< 0,33 (); the
inequalitylﬂtzw)(»lﬂro)lis valid.When O2500;<(0<033(); and
04 03 44045 W; |N2|>| AC%)] Wmen 0,2500,<10<033 W
the signs of A??hnd A(®) are the opposite,and when O38W);< W
£ OQ45); -are the same.In the whole frequency range of our
interest A(P4 O .This means that the self-interaction chan-
nel O+(0=() taking into account leads to a decrease of the
wave phase velocity.If the channel 2W-W=(D is considered
only,the SW phase velocity increases in the frequency range
0250W; <)< 038 L) and decreases when Q38();{WLQU5();

In the first frequency range both processes lead to the oppo-

site results,and in the second one lead to the wave phase ve-
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locity decrease.The resulting nonlinear frequency shift ig Po-
sitive whenW<Q37(Y); and is negative when W>03FL); .

With nonlinear dispersion equation (2) in mind,one can
derive the nonlinear Shrédinger equatlon for the envelope amp-

litude [4] : g SE 2
¢ Bt;\@r ) ?Eﬁﬁ'g__z szz QIEFE, 3)
where'vz}- is the SW group velouty, 5
= ‘ia-V% - 3“ C{JaP y‘_--V-A
=2 9K; kw2007 oy 2vzzo 2Wo ’

is the linear decrement of the collisional damping.Becauge
Q changes its sign in the range 0,25—(-‘-1(0040,45&)‘_ in the vicji-
nity of the frequencywoﬁqg?f(),_‘ we can make the following con-
clusions about the stability of the SW.

I.In the frequency range 0 25(0;{Wx<031W); (Q>O) the
stationary waves of the SW envelope considered are unstable ip
respect to longitudinal perturbatlons The greatest lnsta'b:l.llty
increment is reached when‘a'e Q W > B-?_L- and is equ-
al to(ImSZ) ‘-9/2+(EI‘Q ')72/4 1/2 'I‘he greatest increment in a los
sless med:L‘um i ImQ)max Eo Q .In this frequency range,assu-
mlngﬁ ai"z and }) to be equal to zero in (3),one can ob-
tain the soliton type solution for the SW field envelope :

A=Ay exp (L) exp(-2.x) (a)
mere Ay =VZ R eH ' [V B (¥-%0)] , W= - @B2E |
™ = - Q/2R , §= g-Vf S.= ¥(t=0) ,
W‘henP Ea 2=P=0 ,the aut:.sollton solution for the steady
state spatial distribution of the SW field envelope can be
realized as a result of the evolution of stable transverse
perturbations :

A= Ayexp (ig) exp ®x)  (5)
were Az = B, [£h V77 (2-2 = 1B Yo) /2130
T2=X200/ Vg , Zo=2(L=0), Yozt (£=0). ’
2.In the rrequency renge Q3FW;4(0,£0450); en insta-

bility in respect to transverse perturbations occurs.The gre-

atest :.ncrement(Im _Q)mai*\’)/?_"' (E"Qz +)>2'/4) Y2 is reached

when 3 f= -EZQR ™ and 30, 0 When9=0 (Tm2)aES1 Q.
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, a result of the instability in respect to tramnsverse per-
rbations ( Pﬁ SZ'E/Q; z:o ) the stationary solution in the
ym of the wave with the soliton profile of its intensity
ich does not depend on the Y coordinate,can be realized in
e collisionless case.It is given as
A=Asexp(it?3)€><P('%€¢x) ) (6)
\ere A3: Bgc,h 1 [‘.J?B' Bsfi-'Zo)] »1@3=’D"58§ (#-ljo)/zwzo
Pz =- K20/ Vg . ’
Jlution (6) describes’the steady-state spatial distribution
¢ the SW field envelope.
In the same range of frequencies in collisionless plasma
e solution in the form of the antiscliton of the SW field
welope can be realized.Neglecting F?L BZE‘/BEZ and (VE in
5) , and following['B],we get :
A=Ay exp (i) exp(-%,X) 3 (7)
vere Ay = By | £h (V% By( 32|, \04=-QB, £, 4, =Q /4R, .
The account of a damping effect in (3) leads as in the
ork [5] to a decrease of the amplitude in solutions (4) and

n A~ exp[- CIQIESYEANaw; ].
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DETECTION OF SRS PRODUCED ELECTRON PLASMA WAVES BY
THE USE OF ENHANCED THOMSON SCATTERING.

E.J. LEENSTRA

AERP, University of Washington, Seattle WA 98195,

Fast electrons have been observed to eject from a preformed
plasma during laser-plasma interactions and have been measured! to
be Maxwellian with a temperature ranging from 29keV to 105keV.
The laser-plasma interaction is conducted in a preformed plasma,
generated by two opposing shock tubes (figure 1), at densities well

1: shock tube
2: E-beam laser

S L

3: focussing optics
3\ 4:'NaCl window
[e :
: AWAY L7
t--- NN
\\V
1 Sa
Eb» \ ‘ﬂj
v 8 5

5: to L.R. detector or
spectrometer

6: to photondrag detector

7: electron detector

8: interaction region .

9: Thomson scattering window

figure 1 Experimental setup

N
\V/
U

below the quarter critical
density of the laser driver. In
this situation the only two
parametric decay processes
allowed are the stimulated
Brillouin scattering (SBS)
process and the stimulated
Raman scattering (SRS)
process. This leaves the
electron plasma wave (EPW) as
the most likely candidate for
generating the fast electrons,
since it is the only electrostatic
wave in both decay processes.
Simple trapping of the
electrons into the EPW at wave
matching conditions in the SRS
process, predicts that the
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electrons are ejected out of the
plasma with energies of 5keV ok
corresponding to the phase
velocity of the wave. Therefore O — — _ —~
the observed fast electrons $g?

cannot be explained by simple :
trapping of the electrons into the l |
electrostatic daughter wave of the vph1 |
SRS process. "PIA | |

Brooks & Pietrzyk?2 have = = —
proposed that the electrons can  figure 2 EPW dispersion relation
gain significantly more energy if  plotted for two densities.
the EPW in which they are
trapped itself accelerates while the trapped electrons remained
trapped. This process can be readily seen in the dispersion relation
for an EPW in a uniform isotropic unmagnetized plasma (figure 2), i.e,

2
002=m?J + kzvth. Since the wave will propagate at constant ®, an

increase in density (i.e. Wp) will require the wavevector to decrease
and thus the phase velocity to increase if the temperature is assumed
to remain constant. Thus the wave "accelerates" as it propagates into
regions of increasing density. For densities well below quarter critical
density, as in our experiment, the second term is much smaller than
the first term, i.e. (D%e » k2v%h. Consequently, a small increase in the

plasma density will require a large decrease in the wavevector and as a
result a large increase in phase velocity of the wave. For typical
experimental conditions, a density increase of a mere 2% will force
the wavevector to become very small (~0). Density gradient EPW's are
in a sense unavoidable in our experiment, because the density cannot
be controlled to such an accurate degree for any reasonable
propagation length.

This process of accelerating electrons in an EPW that propagates
into a region of increasing density (density gradient acceleration

el

o o
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mechanism) has been modeled by the authors in ref. [2]. Thermal
electrons are trapped into the density gradient EPW at the low density
side of the wave and can gain ten to a thousand time its initial kinetic
energy by the time it detraps from the wave. The energy gain depends
on the electric field strength of the wave, the amount of damping of
the wave, the density gradient and the plasma temperature. The
density gradient acceleration mechanism therefore can account for
the unexpected higher energies observed in the experiment.

There are of course other processes that may generate higher
than expected electrons energies and the likely candidates are
Langmuir wave collapse, wave breaking and two plasmon decay. An
Enhanced Thomson scattering
diagnostic (figure 3) has been
added to the experiment and
will be able to discriminate
against the above mentioned
alternative processes. This

; (glcl)bzy dlﬁgsf ----- ‘ =={> Enhanced Thomson scattering

3: plasma vertical plane diagnostic will reveal the
4: beam dump wavevector spectrum of the

ﬂ5:uiﬂeritilgﬁtoiuzcattermg eciud probed waves in the interaction
i region in a time resolved
fashion. The density gradient EPW is expected to exhibit a broadened
wavevector spectrum compared to the uniform EPW wavevector
spectrum, as can be seen in the calculated case depicted in figure 4.
The frequency spectrum on the other hand is expected to remain
narrow as is the case with the uniform EPW frequency spectrum.
These features of the density gradient EPW will allow for the
discrimination against the above mentioned alternative processes.




Time
correlation of the
density gradient
wavevector spectra
with the detection of
fast electrons will
support the
conjecture that the
fast electrons are
accelerated in the
density gradient
acceleration
mechanism. Data is
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figure 4 The expected wavevector spectrum of
the density gradient EPW.

expected to be presented using this diagnostic.
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MEASUREMENTS OF MASS ABLATION RATE AND ABLATION

PRESSURE IN PLANAR LAYERED TARGETS

F. DAHMANI and T. KERDJA

HCR/CDTA, Laboratoire de Fusion, 2, Bd Frantz Fanon

PB 1017 Alger-Gare Algiers, Algeria

. INTRODUCTION

Here we report the layered targets experiments at 1.06-pm
aser light in order to measure mass-ablation rate m and
blation pressure Pa as a function of absorbed laser flux Ia
ind laser wavelength >\L .

[I. EXPERIMENT CONDITIONS

Planar targets were irradiated with 3-ns pulse of 1.06-pm at
laser intensities of 1011 - 4.5x1012 W/cm2. The experiments
vere carried out with a Nd-glass laser. Typical laser energies
vere upto 5 J focused onto spot of Qﬁyvn diameter using an
f/10 quartz lens.

The targets were massive polyethylere (CH2) foils with
over—-coatings of 0.2—0.9rnn Al, in order to observe the burn-
through of the overlayer as a function of laser intensity. The
=xperimental set up included a Faraday cup, anx-ray yield

jetectors, and a time of flight spectrometer (LTOFS).

ITI. EXPERIMENTAL RESULTS

In table I we give an example of the characteristic over-
layer thicknesses dy ablated experimentally by using the ion
analysis diagnostic for 1.06-pm laser light as a function of
the absorbed laser flux Ia. The last column of table I repre-
sents the value of B defined as B = 90dt i

145/9 }\:4/9 Ta

If we define the experimentally ablation rate ieyp as
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i, = fodt »  fo being the solid density of the overlayep
Ta

material, T, = ¢ Ty, the time duration for the ablation, where

¢ is a factor close to unity (c~1.1) (Goldsack et al.1982), we
can write B as

e xp (kg/cm® sec) ;
B = (1)
1, (W/cm?) 5/9)\-4/9

1014

TABLE I. Experimental values of characteristic overlayer dy

A T, Ia d¢ B
(pm) (ns) (W/em?) — (pmm)

3 x 1011 g.» 423

1.2 x 1012 9.4 395

1.06 3 4 x 1012 g.vs 386

4.5 x 1012 g.9 413

0.272 2 1012 0.63 454

1.4 x 10%°  o.8 462

& Reported by Ng et al.(1986)
One can see that, for our various experimental conditions, B is
constant with value of 425 *+ 55, Taking into account the defi-

nition of B, weobtain the experimental mass ablation rate

I4(W/cm2) 5/9 lym 4/9
. 2
mexp (Kg/cm®sec) o 425 . (2)
1014 }\L

and taking the ablation pressure from the self-regulatored model
(Fabbro et al.(1985) as Pa = (Ia.m) 1/2, we obtain the experi-
mental ablation pressure

Ta(W/cm?) 7/9 lpm | 2/9
(3)

Pa(Mbar) ~ 20

1014 R L
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V. COMPARISON WITH NUMERICAL SIMULATIONS

We have used the Lagrangian hydrodynamicscode MEDUSA to
sheck the validity of the principal results in our experimental
jork, and to evaluate the range of applicability of our experi-
sental relations (Egs.2 and 3).

The numerical simulations show that approximately

ng o ncl/3 I;ﬂy (4)
fhere nj ¢ TNg (ng is the critical density) (Mora. 1982).
rhis result is valided by the code calculated mass-ablation rate

h and ablation pressure P, which are found to scale as

5/9 -4/9
"EE el (5)
Faula® N2/® (6)

To illustrate the laser-wavelength dependences, fluid code
salculations and values from Eqs.(2) and (3) of m . and P, are
ylotted against }\L at absorbed laser fluxes of 3x1011,
1.2x10%2, and 4x10'2 w/cm? (Figs. 1 mnd 2).

V. DISCUSSION

These results are in good agreement with the published ex-
berimental measurements reported by Gupta et al. 1984 at 1.06—ym,
by Ng et al. 1986 at 0.53-, 0.35-, and 0.27-pm, and by Meyer et
2l. 1984 at O.SS—Fm.

Several authors reported the wavelength scalings close to

\If/s for m and,)i for P,. This is true because of their
lase’r intensities range which are close to 1013 w/cm2 and well
beyond this value. At these intensities a steepening of the
density gradient for decreasing wavelength occurs. This is due
to the fact that laser energy is deposited at the critical
density which means that the reflection rate becomes important
and leads to important ponderomotrice forces or to thermal
inhibition as is the case in the paper by Fabbro et al.1982,
and by Dahmani.1989. That's why these authors asked themselves
about the discrepancy for the wavelength dependence of P,
between low - and high-intensities. In fact, the steepening of
the density gradient for decreasing wavelength occurs even at

lower intensities.
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VI. CONCLUSIONS

We have measured the rate in planar targets irradiated by
1.05—rnm laser light. The results which were presented were
found to agree with previous data. These results are also in good

agreement with simulation results.
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Heavy-lon Driver Design for Indirect-Drive Implosion Experiments

R.C. Arnold
Theoretische Quantenclektronik, Institut fiir Angewandte Physik
Technische Hochschule Darmstadt, 6100 Darmstadt, FRG
and
R.W. Miller
Gesellschaft {ir Schwerionenforschung, 6100 Darmstadt, FRG

design issues are presented for a heavy-ion driver suilable for pellet implosion
esearch with indirect-drive targels. A low repetition rate and low efficiency driver
sing synchrotron acceleration with non-Liouville final bunch stacking is described.
"he goal is to design an intermediate facility an order of magnitude less costly
han the HIBALL fusion’ reactor driver. We find this is reasonable if molecular.
on photodissociation can be used in final stacking, Pellet gains of order unity or
nore would be expected from a driver which produces af least 100 kJ of thermal
adiation in a few ns, inside a high-Z hohlraum which contains & fusion pellet.
Chis radiation would be generaled by a solid converter heated by an intense pulse
{ high-energy heavy ions. Such a pulse, of several MJ energy, could be produced
Y & heavy-ion accelerator with {wo rings of 1000 Tm magnetic rigidity, one for
ceeleration and one for pulse stacking. Only one beam is required, Utilization of

ings designed for relativistic heavy-ion colliders may be possible.
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NOVA PROGRAM AT LLNL*

C. Bibeau, M. Cable, M. Campbell, L. Coleman, D. Correll, C. Darrow,
]. I Davis, R. Ehrlich, G. Glendinning, B. Hammel, W. Hatcher, B. Haendler,
M. Henesian, D. Kania, R. Kauffman, C. Keane, J. Kilkenny, H. Kornblum,
D. Kyrazis, N. Landen, S. Lane, C. Laumann, J. Lawson, R. Lerche, D. Montgomery,
D. Phillion, D. Ress, R. Speck, E. Storm, R. Thoe, J. Trebes, R. Turner, P. Young,
R. Wallace, P. Wegner, F. Ze

University of California
Lawrence Livermore National Laboratory
P.O. Box 808, Livermore, California 94550

At LLNL, successful experimental work is being performed with the Nova
laser facility (Fig. 1), a solid state laser system using neodymium-doped glass
(ND:glass) laser technology. Nova is the primary U.S. facility devoted to the study of
the indirect drive approach to inertial fusion. In this concept, energy from a
laboratory driver is converted to radiation that is used to implode and heat the
fusion fuel in an inertial fusion capsule. Nova’s principal objective is to
demonstrate that laser-driven hohlraums (chambers that trap electromagnetic
radiation) can meet the conditions of driver/target coupling efficiency, driver
irradiation symmetry, driver pulse-shaping, target preheat, and hydrodynamic
stability required by hot spot ignition and by fuel compression in order to realize net
fusion gain (fusion energy released/driver energy delivered). Major results within
the Nova Program fall within the areas of laser performance, target diagnostics, and
implosion experiments.

Completion of the Nova laser amplifier glass replacement with platinum free
material has resulted in reliable laser performance at a level exceeding the originally
specified performance. The ten beamlines of Nova have produced 125 kJ (2.5 ns)

83 TW (1.0 ns), and 125 TW (0.1 ns) pulses at 1.05 pm with no system damage. With
this demonstrated performance at 1.05 um it is now possible to irradiate targets with
over 45 kJ of 0.35 pm light in a 2 ns pulse. Over 5 TW (1 ns) and 8 k] (2.5 ns) of

0.35 pm light has been demonstrated on a single beamline.

*Work performed under the auspices of the U.S. Department of Energy by the
Lawrence Livermore National Laboratory under contract number W-7405-ENG-48.
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Progress in target diagnostics has led to multiple frame (>10) x-ray and optical
sating cameras with effective shutter times <100 ps. Prototype x-ray cameras have
Jemonstrated 50 ps shutter times, and we expect to achieve 5 30 ps in the near
uture. LLNL is actively developing neutron spectroscopy, imaging and time-
resolving diagnostics that rival those based on x-ray detection. The diagnostics on
Nova allow for an unprecedented study of implosion experiments.

Implosion experiments continue to address the target physics issues of
-adiatively driven targets: laser-plasma interaction physics, the efficiency of laser
ight conversion to x-rays, hohlraum characterization and design, hydrodynamic
stability, and implosion physics. For example, hydrodynamic experiments,
including Rayleigh-Taylor instability studies, have led to a better understanding of
single-mode perturbations in ablatively driven planar samples. As predicted by
computational simulation, using shaped laser pulses having increasing energy
versus time led to higher capsule volume compression when the same target
capsule was compared to experiments with unshaped (square) pulse laser energy.
With unshaped pulses, we demonstrated the successful implosion of capsules with
a uniform volume compression that exceeds the value of 30,000 required for the
success of ICF. This performance is critical for ICF, and achieving it meets a major
program objective. In these experiments, the fuel pellet performance essentially
matched one-dimensional computer predictions of implosion values when
degradation due to present laser beam asymmetry was included. This is the first
time that ICF theory and experiments have agreed so closely, indicating that our
ability to predict and understand results has greatly improved. These experimental
results were achieved both through improved theoretical understanding and
computational modeling and through the use of ultraviolet (0.35 pm) light from the
Nova laser. The experiments also demonstrated control of the hohlraum
environment—in particular, achieving the radiation flux uniformity required for
gam.

As shown by the solid Nova point in Fig. 2, a combination of confinement
time and fuel temperature has been achieved that is less than a factor of 10 away
from the value needed to meet the criterion for fusion ignition. With experiments
at high driver energies, using the sophisticated temporal pulse-shaping capability of
Nova and advances in diagnostic capability, our future work will refine target
designs and is expected to improve results to the regimes indicated by the open
circles in Fig. 2. Successfully executing these physics and implosion experiments
will confirm that fuel pellets indirectly driven with a 1-2 MJ driver will achieve the
conditions required for ignition.




1863

Figure 1

A rendering of the 100-k], 100-TW Nova laser facility now in operation at LLNL
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Figure 2

Successive ICF facilities at LLNL have made progress toward achieving the
conditions required for laboratory ignition. The filled circle for Nova indicates
the combination of confinement time and fuel temperature that has already
been achieved; future Nova work is expected to lead to the regimes indicated by
the open circles.
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STUDY OF INSTABILITIES IN LONG SCALELENGTH PLASMAS WITH AND
WITHOUT LASER BEAM SMOOTHING TECHNIQUES

T. Afshar—rad, M. Desselberger, S. Coe, F. Khattak, L. Gizzi and O. Willi

The Blackett Laboratory, Imperial College of Science, Technology and Medicine,
London SW7 2BZ, U.K.

A. Giulietti

Istituto di Fisica Atomica e Molecolare del C.N.R., 56100 Pisa, Italy

The interaction of intense laser light with large underdense plasmas is of great
interest for inertial confinement fusion since fusion pellets will be surrounded by large
plasma coronas. Under these conditions various parametric instabilities such as
Stimulated Brillouin Scattering (SBS), Stimulated Raman Scattering (SRS) and laser beam
filamentation may be very effective in reducing the laser—plasma coupling efficiency, in
the production of high energy electrons and in the nonuniform heating of the plasma
corona. To simulate fusion conditions, plasmas with scalelengths of up to a mm were
produced by focussing four green laser beams of the Rutherford Appleton Laboratory
high power laser system onto thin foil targets in a line focus configuration. A delayed
green laser beam was focussed axially into the preformed underdense plasma with an
electron temperature and density of about 0.5 keV and 0.1 n. respectively. The levels
of SRS and SBS generated were recorded [1]. Laser beam filamentation and whole
beam self—focusing was clearly observed [2,3]. Further, direct experimental observations
showed that a significant level of the SRS and SBS were being generated in the
filamentory structures [4,5]. When the incident laser beam was smoothed either by
Random Phase Plate Arrays (RPPA) or Induced Spatial Incoherence (ISI) a significant
reduction in the absolute levels and the virtual suppression of filamentation was
observed [5—7].

In this paper experimental results of a recent investigation are reported. The
preformed plasma was again formed by a line focus configuration using four heating
beams irradiating a thin aluminium foil target (700nm thick, 0.7mm long, 0.3mm wide).
However, in this experiment the heating beams were also smoothed by ISI in contrast
to previous measurements in order to produce a more uniform preformed plasma. The
two pairs of oppossing green laser beams were smoothed using an ISI and RPPA
combination and superimposed in a line focus configuration. Typical irradiances of
1014W/cm? were used. Either an ISI smoothed infrared (1.05 pm) laser beam or a
broadband beam (the ISI beam with the echelons removed ) delayed by 2.2 ns was
focussed axially into the plasma. An extensive set of diagnostics was used to investigate
the plasma conditions of the preformed plasma and the nonlinear interaction of the
laser beam with the plasma.

Measurements were made of the absolute levels of SBS backscattering with the
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broadband beam (aw'w = 0.1%) or with an ISI laser beam to study the effect that
spatial incoherence played in the reduction of the backscattered instabilities. At the time
of interaction the nominal electron density was about 0.3 n; (ng is critical density for
the infrared laser light) and the electron temperature was about 500 eV of the
preformed plasma. The uniformity of the preformed plasma was investigated transversely
to the exploding foil target by using optical Moire deflectometry techniques with a
probe wavelength of 350 nm. The density profile was also measured interferometrically
with 350 nm probe beam propagating along the axis of the preformed plasma. The
electron temperature of the plasma was obtained from time resolved x—ray streak
spectroscopy. The backscattered Brillouin signal generated by the interaction beam was
imaged out via the incident focussing lens onto a calibrated photodiode. In addition,
time resolved SBS spectra were recorded with a S1 optical streak camera. A four frame
x—ray pinhole camera with a gating time of about 150 ps was used to observe the
x—ray emission of the preformed plasma and of the interaction beam.

Figure 1 shows the absolute levels of SBS backscattering for the ISI and broadband
interaction beams as a function of the incident irradiance.
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Fig. 1. Variation of SBS backscatter fraction with average irradiance for an ISI
(illustrated by the solid circles) and broadband (squares) interaction beam.
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The focal spot of the interaction beam was 140 pum in diameter and was kept constant
for all the data shots. For the broadband laser beam a threshold at an irradiance of
about 3x1013 Wem™2 is observed with a saturation level between 2 to 6% of the
incident laser energy. For the ISI interaction beam an exponential behaviour is seen
with an average SBS value of 0.5% at an irradiance of 7x1014 Wem ™2, The SBS
backscattering levels are significantly higher than observed in a previous experiment
[4,5] in which a green interaction beam was used, the plasma was less uniform and the
electron density was lower (by about a factor of 3) during interaction. However, SBS
levels were also recorded in the present experiment for thinner targets (500nm thick).
For these targets a similar electron density ( 0.1n.) as used previously is expected.
However, the level of SBS did not vary significantly when compared with thicker
targets, The estimated electron density is consistent with backscattered Simulated Raman
Scattering (SRS) which was detected by diodes filtered with narrowband interference
filters. For the 700nm targets virtually no SRS backscatter is observed. On the other
hand, clear SRS signals (at a wavelength of about 1.5 pm) are seen with the 500 nm.
These results indicate that the electron density was below 0.25 n; during interaction.

For some of the data shots anomolously high levels of SBS (larger by about a
factor of 8 compared to the data shown in fig.1) were observed when an ISI
interaction beam was used. On these shots the x— ray framing camera images as well
as the optical probing diagnostic indicated that whole beam self—focusing may have
occurred. A channel like structure was observed in the x—ray emission with a diameter
of about 40 pm. In addition, a substantially higher transmitted laser energy was
measured at the output plane of the the preformed plasma.

In conclusion the absolute levels of SBS in long scalelength underdense
homogenous preformed plasmas were measured for a broadband laser beam and a beam
smoothed by ISI which interacted axially with the preformed plasma. Whole beam

self —focusing of the ISI interaction beam may have been observed for some of the
shots.
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HYDRODYNAMIC BEHAVIOR OF THE PLASMA ABLATION IN
LASER-IRRADIATED PLANAR TARCETS

D.P. Singh, V. Palleschi and M.Vaselli
Istitute di Fisica Atomica e Molecolare del CN.R,
Via del Giardino 7- 56127 Pisa (ITALY)

Using local flux-limited model for thermal flux transport, the
dynamics of steady state planar ablative front is studied in details. A set of
nonlinear fluid egquations corresponding to the conservation of mass,
momentum and energy is solved self-consistently to investigate the spatial
profiles of plasma density, temperature and the flow velocity, The [lux-
transport inhibition on these profiles are studied and some results are also
compared with the differential representation of the heat [lux formula
obtained from Fokker-Planck equation.

1. INTRODUCTION

Thermal conduction plays an important role in the energy transport
process, as it drives the ablative compression of the interior of the plasma
target necessary for the eventual success of laser-fusion[1-2 }. The use of
planar targets has the practical advantages such as ease of diagnostic access
and the experimental design. In the present paper, we siudy the
hydrodynamic behavior of plasma [low in laser-irradiated planar targets.
The plasma flow beyvond the plasma resonance layer may be assumed in
steady state, but on the other hand, the underdense plasma is non-
stationary due to its free expansion in vacuum.

Here we study the hydrodynamics of plasma ablation through
local flux-limited formula. Though the formula is valid for the whole
plasma region, we will conline our attention to the supercritical zone, In
Sec. 2 the hydrodynamic equations governing the plasma [low are solved in
a self-consistent manner by using local flux-limited formula and the
differential representation of heat flux obtained from FP equation. A briel
discussion of the relevant results is given in Sec. 3.

2. HYDRODYNAMICS OF PLASMA FLOW

We assume that the laser-energy is deposited at the plasma critical
surface through collective processes such as resonance absorption. The
electron and ion temperatures are considered to be equal. The justification
of the above-mentioned assumptions is given elsewhere!2’,
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The steady state equations governing the plasma flow in slab
geometry are:

ag"_"}:o . ()

X

dprpvd) B

kP (2)
2(1 ' \ { )

pve? +5c2) q 3

where p, v. X, Eo and p (-pc2) are the fluid density, fluid velocity, flow

kg
position, laser field and the pressure respectively. ¢ (= 7y~) is the

isothermal sound speed and o (-— e ) and g f- 1 are constants. T is
4mm; 0

the plasma temperature. e, me, m; Kp and w are the electronic charge,
electronic mass, fon mass, Bolizman constant and laser-frequency,
respectively. g represents the heat flux . Using harmonic average between
Spitzer's classical heat flux (ge1) and the reduced free-streaming flux (gfs)
for effective heat {lux, q may be written as

_ }—1 .
= qc1+qfs (4]
where
VT
e = - KgVT Qs =-fnkpTve —=-3Pp 53— - (51
VTl [Y"D
K¢ is Spitzer's classical conductivity[3]. Flux-limits f and @ are inter related
(2]

The second formula incorporating the non-local properties of the
distribution function in FP equation may he writien as
T ; I-T}_H-.}I} [dT 1d3‘T) ] i6)

K ST g e 0T 5,
L '_1+b1 a3 /!

T o'
where Ae¢is the electron-mean free path. §. & and 83 are constants. The
derivation of expression (6] and the numerical values of &1, & and &3 can be
found elsewherel#,

Inserting expression (4) into eq. (3), the energy equation reveals as

30 b 17)
L dx* Dr '




1869

where ’
: *2 ={.0_m M22

I\lr:l:,iic %mc2(1+M5—) ; Dr—l-isq’pcth——j—)
where T* and x* are the variables dimensionalised with respect to their
values at plasma critical layer. M-v/c and M¢ is the mach number of
plasma flow at the critical layer. T¢ and K¢ are plasma temperature and
Spitzer's conductivity at the plasma critical layer (x¢) and m (=pv) the mass
flow rate.RH.S in eq. (2) representing the ponderomotive force is quite
small and evanescent in the conduction zone, hence we will neglect it in the
calculations. Egs. (1), (2) and (7)( or eq .6 instead of (7)) have been solveq
simultaneously to determine the dimensionalised variables p* (p/pc). M*
and T~.

The numerical calculations have been made for DT slab target for
the following set of parameters:
Te=2 KeV, x¢=200 pm, A= | pm, Mc=1.

3. DISCUSSION

Figures | and 2 show the spatial profiles of the mach number of the
plasma flow (M") and the plasma density (p*) using local [lux-limited
formula for different values of flux-limit. [t can be seen that the increase of
flux limit enhances the plasma flow velocity and consequently reduces the
plasma density.

- 1.00 q

0.75

0.50 A

085 od0 s 095 0o

Fig. 1 - Spatial profiles of mach number (M') of plasma [low using local-Iiux
limited formula. Continuous (--------) and dashed (- - - - - ) curves correspond Lo
f=0.3 and 0.5 respectively.
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2.00 1

1.00 A
0.75 r .
0.85 " 0.0 B 0.95 1.00

# X
Fig. 2 - Spatial profiles of plasma density (p*) using local-flux limited formula.
Continuous (-------- ) and dashed (- - - - - ) curves correspond to f=0.3 and 0.5

respeclively. i

0.00

0.85 0.90 . 0.95 1.00
x

Fig. 3 - Spatial profiles of plasma temperature using local-[lux limited formula
(-------- forf<03and - ---- far [=05) and the differential representation of

heat flux from FP equation (- - - - - ).

n fig. 3. a comparison of the spatial plasma temperature gradients is made
yy using local flux-limited farmula with different flux-limits and from the
{ifferential representation of heat {lux derived by Kishimoto and Mimal4l,
[ is found thal the latter thermal gradient profile resembles with the
‘or mer one with flux -limit [ (0.3 - 0.5).
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EXPERIMENTAL STUDIES ON THE MECHANISM OF MACH WAVE
GENERATION

M. De Rosa, F Fama, Y. Palleschi A Salvetti, D.P. Singh and M. Vaselli

Istituto di Fisica Atomica e Molecolare del CNR,,
Via del Giardino, 7 - 56127 Pisa(ITALY)

1. Introduction

In the process of interaction of shock waves the mechanism of Mach wave
generation allows the smoothening and stability of the resulting shock fronts. Such a
mechanism has practical application in inertial confinement fusion. The present
paper reports some experimental studies on Mach wave generation in air in almost
plane geometry. The experimental results are theoretically interpreted using the
hydrodynamic equations of a perfect gas and the self-similar model of strong
explosion [1].

2. Analysis

Analytical description of the fluid perturbed by a shock wave (SW) makes use
of the oblique SW relations, namely conservation equations across the SW front and
appropriate boundary conditions (2, 3].

The (p.8)-polar (4] is a graphical representation of the relation between the
pressure across the SW front and the deflection angle for a fixed value of the SW
Mach number Mi=uj/c, where u| is the velocity of the shock wave and c is the speed
of sound in the unperturbed gas.

-+

U/
P P @ gt I

m

[1} :8
(a) (b)

Fig. 1 - Shock polars in the p-8 plane for
regular (a) and Mach (b) reflection.

Fig. 2 - Fluid velocities for Mach
reflection, in a frame of reference at rest
with the triple point Z.
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The boundary condition for SW reflection is that the velocity must be
angential near the reflecting surface , because the fluid can not penetrate the
surface. Therefore a graphical representation of the SW reflection may be given in
terms of two (p8)-polars, related to the incident (1) and reflected (R) SWs
respectively. Two general cases can be considered:

1.) For regular reflection (fig. 1a) the boundary condition 882 is met by the
intersection of the R-polar with 8=0 axis and two solutions are allowed, although only
the 'weak' (low pressure) solution has been observed in most of the laboratory
gxperiments.

2.) For Mach reflection (fig. 1b) the boundary condition 8 - 82 =83 is satisfied by
the intersection of the R-polar with the I-polar, and three different net reflections of
the flow in region 3 of fig. 2 are possible.

In the non-stationary case the Mach wave front travels parallel to the
reflection plane, while the triple point Z (see fig. 2) detaches from the plane along
an almost straight line making an angle § with the reflection plane. The velocity of
the Z point along the trajectory is predicted to be (2):

U S )
sin (¢ - 8)

where ¢ is the angle of incidence.

Camera

Shadowgraphic

Nd laser béam —»

Reflector

Ruby Laser

Fig. 3 - Experimental set-up for plane shock wave reflection.
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3. Experimental set up

[n order to produce shock waves an unfocussed Nd-laser beam ( A=1.06 um, 5 |
in 20 ns (FWHM)) was shot onto a plastic film coated with a thin layer of aluminjym,
The fast absorption of the laser energy by the aluminium coating produces a strong
explosion of the layer which, in turns, generates an almost plane shock wave. The
resulting shock wave was then forced to interact with a rigid reflector, whose surface
makes an angle a with the direction of the incident shock wave ( fig. 3).

We used a shadowgraphic method for the detection of the shock wave front. A
30 m], 20 ns [FHWM] beam, produced by a Ruby laser was properly synchronized with

the Nd laser pulse.
50
45} > E
40} g
s
35 ° H
30} e !
T -
_E' 25| z e
=
20} ° E
15}
10} L
5

Thine (mec)

Fig. 4 - Pogition of the plane shock wave as a
function of time. Full line corresponds to the
best fit of the experimental data with eq. (2).

3. Results and discussion

The conversion efficiency of the optical energy of the laser into the
mechanical energy of the shock wave, in the plane geometry, can be estimated
following the propagation of the unperturbed shock wave before its reflection by the
obstacle. According to the self-similar model of strong explosion, the propagation of
the shock wave front resultsas [1]:

R= (BE;)‘“ @ @)
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in which R, E, p and t represent the shock wave position, energy of the SW, the
unperturbed gas density and time respectively. The parameter p is a numerically
determined constant. which in the case of air is about 0.8, From the best fit of the
experimental data (fig. 4) with eq. (2) a conversion efficiency about the order of 1%
can be estimated, which is quite plausible due to the large difference between the
acoustic impedances of the target (plastic film) and the material in which the shock
wave propagates (air). Because of the relatively low efficiency of the process, the
velocity of the shock wave on the target is slightly supersonic (ug = 350 m/sec.). In
these conditions, the critical angle above which the Mach reflection occurs is
theoretically estimated as (¢¢r)th = 74, Thisvalue well agrees with the experimental
data: the transition between normal and Mach reflection regimes was, indeed,
experimentally found around a critical angle (§¢r)®* =751 1% In figures (5a-5d) some
shadowgrams are shown, referring to the onset of Mach reflection (§=77* > ¢¢r). The
trajectory of the triple point makes an angle §=8.2* with the surface of the reflector;
its velocity along the trajectory, as determined experimentally, is (vz)®X= 377 ¢ 1
m/sec, This value has to be compared with the theoretical prediction of eq. (2), (vz)th=
375 m/sec. In this case, too, the experimental results agree extremely well with the
predictions of the theory.

a)

Fig.5 - Mach reflection of the incident shock
wave at different times (9=779).
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EVALUATING KrF LASERS FOR ICF APPLICATIONS

David C. Cantwright
Joseph F. Figueira
Thomas E. McDonald
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Characteristics of the KIF laser that make it a very promising driver for inertial confinement fusion (ICF) are that it
operates nalurally at a near-optimum wavelength (248 nm) for efficient conversion of laser energy inlo target
compression, can achieve bandwidihs approaching 1%, and will produce Precise temporal pulse shapes with high
contrast ratio. KrF also holds the promise for a systam efficiency (wall plug to laser light) of greater than 5%, and can
be operated at a pulse repalition rale appropriale for an ICF electric power plant (estimated to fall within the range of 1
to 10 pulses per second).

The KiF Laser-Fusion Program has three elements:

+ Operalion and performance of experiments on the Aurora laser system,
* Demonslralion of advanced lechnology developmant, and
+ Advanced KrF laser system dasign,

A major effort in the KiF laser technology area of the Los Alamos program is the development of AURORA, a
nominal 10 kJ KrF laser. AURORA is a prototype of a KiF driver and is being used 1o develop technology and designs
appropriate 1o an LMF. Technical issues being addressed include beam control, ability 1o focus, and contrast for
targel experiments. Target physics experiments on AURORA will address studies of stimulated Raman and Brillouin
scallering; x-ray conversion and other indirect-drive larget performance Issues; hydrodynamic instability growth:
mix; and drive symmetry and uniformity for both indirect and direct drive.

Aurora has achieved more than 100 TW/em?2 on largel with > 1 kJ of energy. The facility is designed to deliver 5
kJ 1o the larget with a 5-ns pulse langth and spot size ~200 um. The system employs angular multiplexing, in which
96 beam pulsgs are overlapped into a single, 500-ns beam train. The 96 paths are ofiset and staggered through the
amplilier chain to provide spatial and temporal separalion ol the individual beams and the energy from each amplilier
is extracted continuously over the 500-ns electron beam pumping duration. The appropriale time delay is then
removed from each beam segment so thal they are simultaneously recombined at the larget plane,

In the Advanced Technology Development Program, we are actively working to advance the stale of the arl in
the areas of optics, pulse power, and laser kinatics. In particular, we are examining new manulacturing techniques
for optics, working to increase the optical damage thresholds, examining new pulsed power techniques that will result

in lower costs and higher alliciency, and performing laser kinetics experiments o better understand the laser.
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SECOND HARMONIC: A VERSATILE DIAGNOSTIC FOR LASER
INTERACTION WITH UNDERDENSE PLASMAS

D. Giulietti*, D. Batani, V. Biancalana, F. Bianconi, I. Deha,
and A, Giulietti

Istituto di Fisica Atomica e Molecoclare, CNR,
via del Giardino, 7, 56100, Pisa, Italy
*Dipartimento di Fisica, Universita' di Pisa, Italy

1. Introduction. In the ICF scheme, laser radiation has to
propagate in a few millimeter underdense plasma (corona) :
instabilities arising in this region can greatly affect the laser
energy deposition and the uniformity of compression. Second
harmonic of the laser ligth can be generated in the corona from
zones affected by density gradients. Time resolved imaging of
these structures in second harmonic light can give useful
information on the "quality” of the interaction.

An experimental campaign is in progress at IFAM in order to
optimize the diagnostic use of second harmonic. Experiments are
performed at 1.064 um laser wavelength and nominal intensity of
the order of 1013 W/cm?. The evolution of filamentary regions has
been studied with this method[1]. Time resolved spectroscopy of
2memitted at 90° allowed to evidence for the first time the
contribution of Brillouin backscatter to second harmonic
generation[2]. It seems possible to use second harmonic emitted
at different angles not only to observe the localization and
evolution of density gradients, but also to provide an additional
tool to evaluate the local plasma temperature and to get a deeper
knowledge of filamentation and stimulated Brillouin instabilities.

In the following we introduce the theoretical background of
the problem and the main experimental results obtained so far.
The underdense plasma was obtained in two different ways:optical
gas breakdown and exploding thin foils.

2.Second harmonic generation in underdense plasma. A simple

way to introduce second harmonic generation in a plasma is the
equation of motion for electrons,taking into account the spatial
variations of electron density (n) and velocity (v), but
neglecting collisions responsible for damping

dv/dt + (vV)v = - e/m (E + v/c x B) (1)
dn/dt + V (nv) =10 (2)

where T is the plasma temperature, and E and B the electric and
magnetic fields of the impinging radiation.
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The optical nonlinearity in the plasma can be treated as a
perturbation in the successive approximation method, finding for

the equations (1) and (2), coupled with Maxwell's equations, the
solutions

n=mn,+ n = n;- e/mw’ Vin,E) (3)
v =v, tv,=- ie/m0 E + ie?/4n*w’ V(E-E) (4)

from which we easily obtain the current densities:
j, = ngev, = - ine?/mo E (5)

3o = mgev, + njevy = ie?/m?0’ [ €71 (Vo E) E + ny/4 V(E-E)]  (6)

where Wis the laser pulsation, and Em the dielectric constant of

the plasma. Equation (6) shows that from an uniform plasma(Vno=O)
second harmonic radiation can't be emitted. In fact the first
term vanishes, while the second being irrotational can't radiate,

Considering now j, as a source for second harmonic generation in
the plasma and using again Maxwell's equations, we obtain:

VB, + (20/c)? €,,B0= — 4m/c Vx 3, (7

and developing the source term:

Vxiy = ie°/n*@’ [€ ! (Vg E) VxE + €1 V(Vn, E)x E

~ (€2 n) M (Vn, E) Vnyx E + Vo, x V(E-E)/4 ] (8)

For density gradients with cylindrical symmetry, as expected
for a beam-plasma interaction, Vhe = F(r)x, we find that almost

all the second harmonic emission is forwards; in particular the
contribution normal to the laser beam is several orders of
magnitude lower.

3. Second. harmonic emission from laser produced plasmas in
gases. We have studied second harmonic emission from laser
interaction with a fully ionized helium plasma whose density was
much lower than the critical ( n = n /100 ). The density scale
length was much larger than in usual solid target experiments.
Plasma temperature was measured to be T.= 50 eV [3]. Second
harmonic was studied forward. It is relevant that no second
harmonic was detectable sideward in agreement with the equation
(8) of the previous section. The same equation shows that side
20 emission is possible in presence of a relevant reflection or

backscattering, as experimentally verified with denser plasmas
(see next section).
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ioth reflection and backscattering were negligible in our
sxperiment in gas. The conditions of maximum ® to 2® conversion
.fficiency were 150 Torr and 400 MW for the gas pressure and laser
sower respectively and it resulted, in agreement with theoretical
svaluation, M= P, /P,= 5x10712 [1]. The laser operated with 20 ns

FWHM pulses. We had previously found that in these conditions
hoth whole beam self focusing and filamentation occurred. The
former was evidenced through beam recollimation and using
interferometric methods to show the formation of a low density
plasma channel. The second looking at diffraction at large
angles of part of the laser ® light. The observed spreading (up
to 14%) is consistent with saturated plasma filaments of diameter
d=5.4Um ([4]. For what concerns the second harmonic angular
distribution, the observed patterns showed two ring shaped maxima
and a minimum near the axis. Rings correspond to about 20 from the
peam axis. This angular distribution also agrees with a diameter
of the emitting region d = 5.5 um. Despite to the very low
conversion efficiency, we were able to obtain time resolved images
of the cross section of the interaction region. Using a streak

camera we collected front images in which the 2 source is clearly

distinct from the background plasma, and filaments appear as 20

hot spots". Second harmonic sources were localized in the laser
beam which focuses and defocuses in time in agreement with other
experiments on non steady state self focusing. Micron sized

sub-structures (d€10 pm), with a mean lifetime of a few ns, were
identified as filaments generated by non linear interactions.

To check the validity of our model we also calculated the
expected 20 polarization and compared it with data. Firstly we
used laser light linearly polarized as in all other measurements
of the experiment. For the second harmonic we found a quasi
linear polarization, with the same polarization axis and a ratio
P /By, ¥ = 10 = 2 in agreement with theoretical expectations.

Subseqguently the laser light was circularly polarized and we
found, both theoretically and experimentally, that the 20 light
has no net polarization, that is P,,*/B, W= 1.

Obsevations and measurements performed in gas clearly showed
the diagnostic potentiality of the 2® detection, but the interest
of this study is limited by the peculiarity of gas breakdown and

hydrodynamics as well as the lower temperature obtainable in this
way, if compared with that of fusion target corona.

4. Second harmonic emission from thin foil laser produced
plasmas. In a subsequent experimental campaign the second
harmonic from a plasma produced by laser irradiation of thin
plastic foils was studied. The plastic used for thin-target
preparation was polyvinyl formal and the target thickness used in
the experiment was in the range 0.3-1.8 pm. The thin foil was
irradiated at 1.064 pm laser wavelength with a pulse of 3 ns FWHM

at irradiance up to 5x10%3 W/cm?,
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The laser beam was focused perpendicularly to the target plane
with an £/8 optics. The laser bandwidth was 0.7 A, Second
harmonic emission at 90° (parallel to the target plane) was
observed in a wide range of target thickness, down to 0.5Um. The
radiation emitted at 90° was collected with an £/7 optics, time
resolved with an intensified optical streak camera, and analyzed
by time-resolved spectra and images.

According to theory [5] the 2m emission at 90° in an
underdense plasma originates from the source term (8) in the
presence of the incident and reflected electromagnetic waves,

The spectroscopic data were consistent with second harmonic
emission resulting from the sum ®©;, + ®, of the laser frequency
with the frequency of the backscattered light. The signature of

this process came from the red shift of the backscattered light
as expected from the Stimulated Brillouin Scattering which in

turn gave a red shift of the second harmonic light. Other
spectroscopic features were explainable in terms of the plasma
motion, In addition, the measured threshold = 10'? W/cm? of the

20 emission agreed with the expected Brillouin threshold in our
experimental conditions.

The frequency sum process, postulated by Stamper et al. [5]
was experimentally confirmed as a non linear process occurring in
laser produced plasmas as well as already observed in crystals
[el]. The emission detected in this experiment can be used, in
principle, as a diagnostic in place of direct measurements on
stimulated Brillouin backscattered light. A disadvantage is
given by eqguality ( Aw/w ),,= 1/2 ( An/m), making the
spectroscopic analysis less sensitive. However, this method
could be convenient because 2@ light is spectroscopically well
separated from the fundamental @, much better than @, .

Moreover, the experimental detection is generally more suitable
at 90° than backward. At the present time measurements are in
progress to analyze the forward emitted second harmonic, which
results, as expected from the equation (8), orders of magnitude
more intense than side emitted one.

In conclusion we belive that 2® detection technigques have
to be developed as diagnostic tools for laser fusicn in order to
control the formation of unstable regions in the ccorona, signed
by strong density gradients. At the same time more experiments
are necessary to well understand the limits and possible
contradictions of this method [7].
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EXCITATION OF SOUND BY ELECTROMAGNETIC
PULSE IN A DENSE SEMI-INFINITE NON-
ISOTERMAL COLLISIONAL PLASMA

V.I.Muratov , A.P.Shuklin
Kharkov State University , Kharkov ,3I0077,USSR

Resently,the problem of the sound excitation when an
electromagnetic pulse is incident on a non isotermal collisi-
onless plasma,the latter being nontransparent at the carrier
frequency,has been solved [I].Neglect of electron-ion colli-
sions sets limits on the field of application of the results,
obtained in [I].The most important is the requirement on smal
1ness of the parameter ))ei?)’.«.i ( 3, ~-the rate of electron
-ion collisions , % =~ the characteristic pulse time ).In
this paper we propose the solution of one-dimensional problem
of the sound excitation by electromagnetic pulse in a noniso-
thermal collisional plasma with the requirement that M, 27<<
&L (mt-/me)l/a ,where Mg and /7, - electron and ion masses,
respectively.We assume that a plasma bounded by a nonconduc-
ting medium fills the half-space Z x> O .Starting from
=0 ,an electromagnetic radiation of frequency &/, and slo-
wly verisble amplitude £,(%) actson plasma.The electric field
of the radiation is directed normally to thefaxis.The plasma
is nontransparent for an external radiation at Wo .

To present the low-frequency plasma oscillations we use
the system of transfer equations for the electron-ion plasma
corresponding to Grad five-moment approximation [2] §

25 2
- — 7" z 2
2% %2 (5 T)=- B E VIR (1)

D2 M Pz =
WT_ 228 L 2y e (2)
gl= 2 _t+3)4',V/,§)
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where S = S /g , §T=8T/T, are the temperature and den-
sity dimensionless variations,respectively,and

V?z‘, z)= ‘_,J‘fr-",,/?em( 2,2) = V[ 74)exp(- % &)

(%,/2) = M,/c) V- &, —the electromagnetic wave skinning
reverse depth, &=1— / /cd) .The system (I)=-(2) must be
supplemented with boundary ( initial and terminal ) conditi-

ons

. —_— { Z
5-92/Sn(¢z)+£Tﬂ,z)+g—V/z‘,f))/g=; 0 ()
Snloz)=ST(02) =0 Ca)

We assume that the boundary of the plasma is fixed ( terminal
condition ),the initial condition is evident.Integrating ( 2 )
and taking ( 4 ) into account we r:Lnd :

ST z) = 2Snlt2)+ 2V jv/f 2)dt" (5)
LAfter substitutlon (5) into (I) snd (3) we obtain :

2 2 2 "
%—0%;:%%5-:0(1‘,2) (6)
S - (7)
g?'!/ -'+o= "'iago@(f;a)) S"(Qf): o
where
Qu2) = [V;t2) + 3 e,fV/f)Jf]exp/a’z) o)
Hereinafter ,it is assumed that V[/0)= V,62) = and the

integral in (8) converges at £ —» o< .We seek the solution
of (6) as approximated by the form :

Sr(tz)= 5‘?J—%)+SZ(£+§_—) FWit)explaz)

Then using the boundary conditions (7),we find the following
set of equations :

$n (42) = Woleypl-w,(e+ )+exp/a//f——/)+

/9“//1‘) i_?k//ﬂ e xDLEE
2&/?-&’ ﬁ% T 2d, 94’ éfs/{_%/*“’//) XP/ a)( I0 )
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SWE) _ W)= F 4 AR0), e = O

HiZ g /0 ST STl { IT)
We remind that the temperature variation is related to the
density variation by (5).The complete system of partial diffe
rential equations (I)-(2) and boundary conditions (3)-(4) is
thus reduced to an ordinary differential equation.We did not
mean to dwell on the analyses of the system (I0)-(II) in gre-
at detail,we only report on some quality results. At €-—> oo
( of course,the presented results hold for a situation when

+ is well below the temperature relaxation time ),in the

region nesr the plasma boundary, 84 and ST are :

Sntt2) =~ 2V fwz(f)q/-! .exp(-%z)
o

STl 2) = 2 VQ-J‘K%)A exp(- Hz)

2 [ 2z
For V%) = (¢/a) exp[— (¢-a)/a*] ot ¥y =8 equa-
tions (I0)-(II) were computer analysed.The results of the
computer analysis are shown below .

5T Sn
\/\ t::u t—.:ah
p . 0 /\ —
= / F4
st} 8n
t=4a j\—/t\ﬂra
NS 174 =




1883

It is clear from the pictures that the density and tempera-
ture waves travel from the boundary deep into the plasma,
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II1-1435,1V-1556 I
IMI-1052,IV-1552

11-825

I-158

11-1476

1-207

1I1-1452

11-601

-711

I1-585,111-1039

I1-983

I11-978,983

11-439,447 455



Hosea J.
Hoshino K.
Hosokawa M.
Hothker K.
Hotston E.S.
Hou J.
Houlberg W.A.
Houtte D. Van
Howald A.M.
Howard J.
Howe H.C.
Howell B.
Howl W.
Hsuan H. -
HT-6B Group
Huang K.
Huang R.
Hubbard A.
Hiibner K.

Hugenholtz C.A.J.

Hughes T.P.
Hugill J.
Hugon M.
Hulse R.A.
Hutter T.

Huysmans G.T.A.

Hwang A.
Hyatt A.
Ichiguchi K.
ICRH-Team

Ida K.

Idei H.
Igarashi H.

Iguchi H.
Tkeda Y.
Tkegami H.
Imai T.
Ingraham J.C.
Ingrosso L.
Innocente P.
Irie M.
Ishibori I.
Isichenko M.B.
Isler R.C.
Itoh K.

Itoh S.L
Itoh T.

Its E.R.
Ivanov A.A.

III-1048
I11-1340,1452
11-451
IV-1568
IM-1397
I-154

I-134

1I-1231
I1I-1452
1I-521
11-443,451
1-46

1-371

I-114

1-363

I-311

1-363
III-1195
IV-1516,1520
II-1121
11-553
1-379,111-1267,1283
11-703,962
1-46,50
I11-1231
1-323,399
I1I-1381
111-1439
11-459
1-239,11-479,
I11-1052
1-34,267, 11-451,
I11-1452
11-451

11-585
I11-1039
11-451
1I1-1183

1-34

I11-1183
I1-581
IV-1520
I1-533

11-626
111-1452
11-667
11-439,447,455
1-267,11-740,809,
111307
1-267,11-740,809,
Im-1307
IV-1508
1-82,299,411
I11-1064

LIV

Ivanov N.V.
Izvozchikov A.B.
Jacchia A.
Jackson G.L.
Jacquinot J.

Jadoul M.
Jaeckel H.J.
Jaeger E.F.
James R.A.
Jan G.-D.
Janeschitz G.
Janos A.

Janz S.

Jardin S.C.
Jarmén A.
Jarvis O.N.
Jassby D.
Jelenkovi¢ B.
Jeli¢ N.
Jernigan T.C.
JET Team
JFT-2M Group
Ji H.

JIPP T-IIU Group
Jobes F.
Joffrin E.
John P.I.
Johnson D.W.

Johnson M.F.
Johnson P.C.
Johnston T.W.
Jones T.T.C.
Joye B.

Joyer P.
JT-60 Team

Kaita R.
Kajiwara T.
Kakoulidis E.
Kakurin A.M.
Kalda JL.
Kalinin Yu.G.
Kallenbach A.

Kiillne E.
Kalyushnij V.N.
Kamada Y.
Kamelander G.
Kamenets F.F.
Kaneko H.
Kaneko O.

I11-1080
1-82,411,111-1480
I-166,170

1-275
1-255,259,323,327,
111-1015,1019,1150
1-319

II-1365

1m-1311

I1I-1259

IV-1824

I1I-1365
1-146,387,111-1048
II-1259
1-134,387,111-1191
11-723
1-1,98,331,111-1015
I1I1-1048

I1I-1405

IV-1815
11-443,447,455
1-110

I11-1340
11-541,549

1-227
1-146,111-1048
1-323

IV-1745
1-42,46,50,114,146,
I1I-1048

1-259
I11-1267,1283
TII-1299
I-1,5,9,111-1381
1-74,187,I11-1179,
1476,IV-1680
1-303,IV-1584
1-223,111-1183,
IV-1508

I11-1048

11-459

I11-1427

1II-1080
11-667,IV-1820
11-609
1-58,62,182,183,
I1I-1423
11-573,655,IV-1652
1I-525

1-223

11-685

11-639

11-459

I-34, 1I-451




Kania D,
Kantor M.Yu.
Karas' V.I.
Kardaun O.
Karita A,
Karlsson P.
Karney C.F.F.
Karttunen S.J.
Karyukin A.V.
Kasai S.
Kashiwa Y.
Kasparek W.
Kauffman R.
Kauffmann M.
Kaufman A.N.
Kaw P.K.
Kawahata K.
Kawakami T.
Kawano Y.
Kawashima H.
Kawasumi Y.
Kayama M.E.
Kaye S.M.
Kazawa M.
Keane C.
Keilhacker M.
Kellman A.G.
Kerdja T.
Kernbichler W.
Kesner J.
Kessel C.
Kever H.

Khairutdinov R.R.

Khalil Sh.M.
Khattak F.
Khudoleev A.V.
Kiessling M.
Kikuchi K.
Kilkenny J.
Kilpatrick S.J.
Kim J.Y.

Kim S.K.
Kimura H.
Kingsep A.S.
Kiptilyj V.G.
Kirov A.G.
Kislov A.Ya.
Kislov D.A.

Kislyakov A.L
Kisslinger J.
Kitson D.A.
Klein H.
Klepper C.C.

IV-1861
I11-1125,1V-1684
IV-1840
1-110, I-797
I-34

I1-610
I-1417
1111303
1I-614
11I-1452
I11-1452
II-1271
IV-1861

1-215

I11-999
11-966,1V-1745
1-34,227
T11-1452

1-223
I11-1340,1452
I-34

11-605
1-283,367,375
T1-1452
IV-1861
I1-1369
1-275,371,427
IV-1856
I1-638

1-387
1-367,375
1-383

I-14

IV-1774
1V-1864
1-82,111-1480
1-868

11I-1452
IV-1861
11-1048,1419
11-752,111-1460
I-150,IV-1656
I1-1007,1011
IV-1820

1-82,IT1-1480,IV-1688

1111319
111-1080,1084
1-315,I11-1080,
IV-1484

1-82

1I-517
11-577,622
IV-1520
I11-1447,1V-1580

Lv

Kleyn A.W.
Kliiber O.
Knight A,
Koch R.
Kochanov A.E.
Kocherga O.D.
Kock L. de

Koh W.-H.
Koidan V.S.
Koide Y.

Kolesnichenko Ya.

Kolik L.V.
Komori A.
Kondo K.
Koning J.I.
Konyukhov V.V,
Kooijman W,
Korelev V.D.
Kornblum H
Kornherr M.
Korotkov A.A.
Kostomarov D.P.
Kovan LA.
Kovanen M.A.
Kovrov P.E.
Krimer M.

Krasheninnikov S.I.

Krieger K.

Krikunov S.V.
Kritz A H.
Krivenski V.
Krivitaky V.S.
Kruyt O.G.
Kubo H.
Kubo S.
Kucinski J.
Kugel H.
Kuhn S.

Kiihner G.

Kuksov P.V.
Kukushkin A.B.
Kumazawa R.
Kunkel W B,
Kupschus P.
Kurki-Suonio T.
Kuroda T.
Kurzan B.
Kusama H.
Kusama Y.
Kuteev B.V.

111-978
11-291,837,111-1223
1-78

111-1044
IV-1733
1V-1819
1-9,111-1357,1373,
1381,1385
II-1027

11-614
1-223,1V-1508
I1I-1199

11-467

11-459
11-459,IV-1524
m-1121

II-614

II-1121

I1-609

IV-1861
1-291,391
1-82,299,111-1480
11-894,I11-1239
111-991
1-251,111-1019
111-991
1I-1167
11-671,777, 789,893
1-66,111-1423,1431,
1435

1-299,411
111-1100,1191
1V-1648
I11-1187
III-1117,1121
1-223,IV-1508
11-451

IV-1520
1-283,375
11-715,
1V-1782,1786
11-471,475,
484

11-609

IV-1632

1-34

111-979

I-1,5,9

I-271

I-34

1-62

1I-626

III-1183
1-231,IV-1536

Kuz!
Kuzp

ool S el e ) .l Y )




Kuz'min S.V.
Kuznetsova L.K.
Kwon M.

Kwon O.J.
Kyrazis D.
Kyriakakis G.
LH-Team

Lackner K.

Lallia P.

Lam N.T.

LamaF. .

LaMarche P.H.
Lammeren A.C.A.P. van
Lamoureux M.

Landen N.

Lane S.

Lang R.

Langley R.A.
Lao L.L.
Larionov M.M.
Lasalle J.

Lashkul S.L.
Lau Y.T.
Laumann C.
Laundy B.
Laurent L.

Laviron C.
Lawson J.
Lawson K.D.

Lazaros A.
Lazarus E.A.
Lazzaro E.

Lean H.
Lebeau D.
Lebedev S.V.

LeBlanc B.

Lecousty P.
Lee D.K.
Lee J.K.
Leenstra E.J.
Lehecka T.

Lehner T.
Lehnert B.

II-618
II-1247
11-439
1-323,399,927
IV-1861
111-1427,1439
1-70,
111-1092,
1171,1215,
1291,1323
11-841
nOI-1015
1-1023
1I-1357
11-1419
IV-1600,1656
1V-1697
IV-1861
IV-1861
1-215,235,
239,III-1215
1-455
1-371,427
mMI-1125
II1-1231,
1V-1701
IM-1125
1-375
IV-1861

I-1

11-728,
1V-1693,1721
IV-1588
IV-1861
1-247,339,
111-1381,1413
11-479
1-371,427
1-251,259,
323,343,399
111-1019
I11-1044
1-299,411,
11-614
1-283,367,
375,111-1048
1I-1231
1-443

I-371
1V-1628,1852
1-203,279,
1V-1596
1V-1693,1721
11-647

LVI

Leitao J.
Lengyel L.L.
Leonard A W.
Leonard M.
Lerbinger K.
Lerche R.
Leuer J.A.
Leung K.N.
Leuterer F.

Levin L.S.

Levinton F.
Li F

Li G.

LIJ.

LiL.

LI W.L.
Liberman M.A.
Lie Y.T.
Lietzke A.F.
Liew S.L.
Likin K.M.
Liljestrdm M.
Lin H.

Lipin B.M.
Lippmann S.
Lisak M.
Lister J.B.

Litaudon X.
Litvak A.G.
Liu W.

Lloyd B.
LochR.
LohrJ.

Lok J.

Lomas P.J.
Longinov A.V.
Lontano M.

Lopes Cardozo N.

Lépez Fraguas A.
Lépez-Callejas R.
Lorenzen J.
Loughlin M.J.
Lowry C.G.

Lucca F. De
Luce T.C.

Luciani J.F.
Luckhardt S.C.

Luhmann N.C. Jr.

IV-1560

1-243

I11-1452

I111-1419

11-935

IV-1861

1-427

111-979
111-1092,1215,1223,
1287,1291,1323,
IV-1552

1-327,I1-1125,
1V-1684

1-375

I-311

1-363

IV-1836

1-363
1-150,174,111-1133
11-639,659

1-287

111-979

1V-1548

1I-467

11-756
111-1456,1460

1-299,411

1-275

1I-817
1-74,187,I11-1175,

IV-1680

I-1231

IV-1844

II-1154
I1-1267,1283

1-215,235,239,I11-1215

1-271,111-1259

I-1121

1-1,5,9,111-1015,1381
111-1331

1V-1636,1762

1-170,IV-1660

11-489,497,501,509

1-30

I1-817

1-1,331

1-9,339,

111-1015,1381

1-166,170,
1mI-1112

I11-1259

11-889,935

Iv-1624
1-150,174,203,279,




Luhmann N.C. Jr.

Lukash V.E.
Lukin A.A.
Lukinov V.A.
Lukyanov M.Yu.
Lunin N.
Liitjens H.
Lyadina E.S.

Lynch V.E.
Lyon I.F.
Lysenko S.E.
Lysyansky P.B.
Maassberg H.
Mace R.L.
Machida M.
Maddison G.P.
Maeda H.
Maejima Y.
Magne R.
Mahdavi M.A.
Mancuso S.
Mandl W.

Manhood S.J.
Manickam J.
Manos D.M.
Mansfield D.K.

Manso M.E.
Mantica P.
Marco F. De
Marcus F.B.
Marklin G.J.
Marmar E.
Marmillod Ph.
Martin G.
Martin-Solis J.R.
Martinelli A.P.
Martini S.
Masai K.
Masai M.
Masoud M.M.
Mast K.F.
Mata J.

Matias J.
Matjukov A.V.
Matsuda K.
Matsuda T.
Matsumoto H.

Matsuo K.
Matsuoka K.

LVII

11-1133,I1V-1596,1604,
1798

I-14

I1-609

II1-1331

IV-1725

1V-1762

I1-906
1-315,IV-1484,1616,
1620
11-443,497,509
11-439,455

II-785

11-618
11-484,111-1271,1275
1V-1750,1754
11-601
1-130,I11-1397
I1I-1452

11-545

I11-1231

1-279

11-765
I11-1361,IV-1496,1608,
1664
111-1267,1283
1-367,375
I11-1417,1419
1-42,50,114,146,
I11-1048
11-837,IV-1560
1-166,170,111-1112
I1I-1159
1-1,323,331

11-643

1-46,387

IM-1175
1-303,111-1231,1V-1584
1-219

III-1357

11-533

11-451

I-34

11-630

1-263

1V-1560
11-837,IV-1560
1V-1688

1I1-1259

I11-1452
1-203,271,
279,IV-1604
11-459,IvV-1524
11-451

Matsuura H.
Matthews G.F.
Mattioli M.
Mattor N.
Mauel M.E.
Maximov Yu.S.
Mayanagi K.
Mayberry M.J.
Mayer H.M.
Mayo R.M.
Mazur S.
McCool S.C.
McCormick K.

McCracken G.M.

McCuire K.
McCune D.
McDonald T.E.
McKenzie J.S.
Medley S.S.
Medvedev A.A.

Meigs A.G.
Meisel D,

Mekler K.I.
Mel'nik V.N.
Meélendez-Lugo L.
Mendonga J.T.

Mennella A.
Merazzi S.
Merkel R.
Mertens V.

Messiaen A.M.
Messina G.

Meyer R.L.
Micozzi P.
Migliuolo S.
Miley G.H.

Miller G.

Milligen B.Ph. van
Minagawa H.
Minardi E.
Minenko V.P.
Mioduszewski P.K.

Miramar Bldsquez I.F.

Mirensky V.Yu.

Mirnov S.V.
Mironov V.A.
Miroshnikov I.V.
Mishin A.S.

I-459

II-1283
II-1231,IV-1580
11-695

1-387

1II-1080
I1-541,549
I1-1150,1311
1-183

11-643

I1-573,610
1-150,174,111-1456
1-58,395,I11-1323,
1439

1-9,I11-
1381,1385,1472
1-387,I11-1048
1-42,387
IV-1875
MI-1219
1-134,I11-1048
I1-13,I11-1080,1V-
1488

1-26

II-1468

II-614

IV-1729

1-30

11-918

1I-719, 837
NI-1104

11-931

I-215
1-151,215,235,239,
I-1215,1263
1-383,287,I11-1040
IV-1790

IV-1705

1-122

1I1-898

I1-970

1I-581
IM-1121,IV-1660
11-459

1I-857

1I1-1145

[-455

11-488
111-1080,1084,
IV-1488

1-14

IV-1844
1-231,IV-1536
1V-1688




Mitchell L.
Miura Y.
Miyamoto K.
Mizuuchi T.
Mohamed B.F.
Moleti A.
Mompean F.
Monaco F.
Monakhov LA.
Mondt J.P.
Monier P.
Montalvo E.
Montgomery D.
Montvai A.
Morales G.J.
Moreau D.
Morera J.P.
Moret J.-M.
Morgan P.D.

Mori M.
Morita S.
Morotov D.K.
Morotov N.N.
Morris A.W.
Morris R.N.
Morsi HW.
Moser F.
Moulin B.
Mourgues F.
Moyer R.A.

Moyseenko V.E.

Mu J.-L.
Mueller D.

Miiller E.R.
Miiller G.A.
Miiller R.W.
Miinich M.
Munson C.P.
Murakami M.
Muraoka K.
Muratov V.L
Murmann H.D.
Murphy J.A.
Muzzolon A.
Myors D.J.
Nagasaki K.
Nagashima K.
Nagatsu M.
Nagayama Y.
Naito O.
Najdenov V.O.
Nakamura Y.

LVIII

11-663
11I-1452
11-541,549
11-459

IvV-1774

IvV-1717
1-247,111-1413
111-1287

III-9

11-769

1-1231

11-970
1V-1861

I1-691
1-138,111-995
I11-1150,1231
11-845

1-187
1-162,259,323,
111-1361,1381,IV-1496
I11-1452
11-443,447,451,455
11-764

11-764
1-347,379,111-1283
11-439
1-247,IV-1608
IVv-1803
I11-1231,IV-1701
11-736
1-287,403,111-1447
1111060
11-727,728
1-146,387,
111-1048,1419
1-395,I11-1439
1I-1271

IV-1860
111-1287,1V-1552
I1-581

11-443,455
11-459,IV-1524
IV-1880
1-54,62,111-1092,1323
1-146

II-537

111-974

11-809

1-223
1-150,IV-1524
1-146,111-1048
II-1183

IV-1688

11-459

Nakasuga M.
Nardone C.
Narihara K.
Navarro A.P.
Nave M.F.F.
Nave F.
Navratil G.A.
Nazikian R.
NBI-Team
Nefedov V.V.
Neilson G.H.
Nelson B.A.
Nemoto M.
Nemov V.V.
NET-Team
Neudatchin S.V.
Neuhauser J.
Neves J.
NI-Team

Nicolai A.
Niedermeyer H.

Nielsen P.

Nieswand C.
Nieuwenhove R. Van
Nishimura K.
Nishino N.
Nishitani T.
Nocentini A.
Noda N.

Noll P.

Nordlund P.
Nordman H.
Noterdaeme J.-M.

Nothnagel G.
Notkin G.E.
Novokhatskij A.N.
Nowak S.

Nunes F.

O'Brien D.P.
O'Brien M.R.
O'Rourke J.

Obiki T.
Ochirov B.D.
OdaT.
Odajima K.
Ogawa T.
Ogawa Y.

111-459

1166

134

IV-1572,1592
1335

1-323

1-387

IV-1544
IV-1572,1576
11-894

1-134
11-605,111-1137
II-1011,1183
11-525

11-1397

1195
1-395,111-1427,1460
IV-1560
1-54,62,94,295,395,
11-479,483.111-1291,
1323,1439,1447
11-825,111-1409
1-207,395,"11-1439,
1460,1464
1-5,9.162,323,
MI-1015,1V-1692
1-78,IV-1680
1-287,111-1068
1-451
1-223,1V-1508
1223

11-801, 849
11-451,459

1-419

11-573,610

11-723
1-239,111-1052, 1056,
IV-1552

1-355,359
111-1080,1084
I0I-1480
111-1108,IV-1709
IV-1560
1-251,323,399
11-1019,1219,1267
1-5,158,162,323,
343 111-1015,1019,
1150,1381
11-459,1V-1524
11-467

11-459

IM1-1452

1111452

1-34,227




Oh Y.-H.
Ohdachi S.
Ohkubo K.
Ohyabu N.
OkaY.
Okabayashi M.
QOkada T.
Okajima S.
Okamura S.
Okano H.
Okano K.
QOkretic V.K.
Oks E.
Olivian J.
Olsson M.
Ongena J.
QOomens A.A M.
Oost G. Van
Orefice A.
Orsitto F.
Ortolani S.

Os C.F.A. van
Osborne T.H.
Osipenko M.V.
Ostrikov K.N.
Otsuka M.

Ot W.
Ottaviani M.
Owens D.K.
Owens K.
Oyevaar T.
Ozaki T.
Pacher G.W.
Pacher H.D.
Palleschi V.
Pan C.-H.
Paoletti F.
Parail V.V.
Parham B.J.
Paris P.J.
Park C.-H.
Park H.K,

Parker R.
Parlange F.
Partridge J.
Pasini D.

Patel A.

Patel T.K.
Patterson D.M.
Pittikangas T.J.H.
Paul S.

Paume M.
Pavlov Yu.D.

11752
11-541,549

1-34

I1I-1452

1-34

1-283,367
I1-459,IV-1524
1-227,IV-1524
11-451

III-1452

II-1211

1vV-1737

IV-1644

1V-1588
1-1,331,IV-1496
1-383,111-1040,IV-1532
II-1121
1-287,111-1068,1V-1532
IV-1709
I-118,IV-1640
11-533

111-979
1-203,279,371
111-987

IV-1848

1-351

11-483

II-711
1-42,387,111-1419
111-1048

1V-1528

1-34, 11-451
1-423

1-423 IM1-1397
1V-1867,1871
IV-1824

111-1203
111-1243,1247
III-1267,IV-1564
1V-1807,1811
111-1027
1-42,46,50,114,146,
I1I-1048

11-962

111-1231

II-1357
1-5,9,247,111-1361,1381
11-557,565,569
I1I-1413

1-174
1II-1003,1303
1-283,375
1V-1721

I11-1080

LIX

Peacock N.J.
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