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This paper presents the detailsyafay measurements of fusion-boon particles,
which were carried out in JET ‘trace tritium’ discharges,inanajority deuterium plasma
after seeding with a small population of tritium Neutral Bdajaction (NBI) fast ions [1].
They-ray emission from the nuclear reactitBe(a,ny)*’C is used to measure changes in the
density of the fasti particles with energy £1.7 MeV in the post-NBI period. This
important diagnostic nuclear reaction has already been appliedetd thet presence of the
fast a-particles in JET experiments, where ion-cyclotron-resonanaénigeof “He-beam
ions was used to accelerdtée to the MeV range [2]. In this paper we demonstrate how a
nuclear diagnostic based on tirxeay spectrometry of the interaction betweea and Be
impurity in plasmas is used in JET [3] and how it could be used umefuhagnetic fusion
machines to obtain essential information on the slowing down and coefmeithe fasti
particles.

In the presented JET experimeway energy spectra are measured with a calibrated
bismuth germanatdBGO) scintillation detector with diameter of 75 mm and a height of 75
mm. The detector is located in a well-shielded bunker and viewspl#sna quasi-
tangentially. In order to reduce neutron gndhy background, the front collimator is filled
with polythene to a depth of 0.5 m. Behind the detector there is anoadtit.5-m long
dump of polythene and steel. The detector line of sight lies in a20mbal plane about 30 cm
below the plasma magnetic axis. During these experimentg thgs were continuously
recorded with integration time 250 ms over the energy range 168 Mith an energy
resolution of about 4% at 10 MeV.

Diagnostic capabilities of the nuclear reaction
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fusiona particles has already been reported in
[4], are determined by the specific reaction
cross-section. The excitation functions of the
first two levels of the final nucleus:’C,
populated in this reaction, are shown in Fig.1.
Energy thresholds in the cross sections
provide the energy selectivity for tha-
particle measurements. The first energy level,
4.44 MeV, is excited bya particles with
! ZAlpha_?;,ar;de;‘ner%y, oy ° energies exceeding 1.7 MeV, and de-excited
Fig.1. Excitation functions of “C levels populated in the em|tt|ng 444-MeVy rays. The second one,

reaction “Be(a,ny)*?C. The a-source distribution, S(Eg), was . , . .
calculated for the 105-keV T-beam injected in D-plasma; /-65 MeV, is populated bg’s with energies

F(Eqt) - steady-state a-particle energy distribution (a.u.).
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in excess of 4 MeV, and de-excited emitting 3.21-Ma¥ys.
Clear variations in the intensity of the 4.44-

MeV y-ray emission were observed in the post-~ JTTv——
beam-blip period of many discharges. Figure 2. — Puse oo
shows decays of the 4.44-Me¥ray intensity, | /| | T netron rte
recorded by the spectrometer in discharges with

different NBI heating power. The measured rate Dfs
14-MeV neutrons, which are born during tfie 2

€ 04

beam injection, is shown as well. It is important o | ™"
note that the main plasma heating (deuterium NBI)? ‘\_\_\\
is kept constant for several seconds afteTthdip, .
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ensuring steady plasma conditions. This applies. to o Tme
. Fig.2. Comparison of evolutions of 4.44-MeV y-ray
all the shots in our database. Tyamy decays ar€emission. Pulse No. 61044: 2.0MA/2.25T, Poxgi 7
thus measured against unchanging plaskhaMW. Te0) [5 keV. Pulse No. 61048:
. . . 2.0MAJ2.25T, Ppnel 2.9 MW, T¢(0) £73.5 keV.
conditions. In these experiments the duratio-of
beam blips wagj, < 300 ms.

Neutrons with energy that exceeds 5 MeV could give rise to bawkdrd.44-MeW
rays due to the nuclear inelastic scatteffi@(n,n'y)**C. The main source of this background
y-ray emission is the polythene plug, which is placed in front efdétector and contains
carbon as main chemical element in the compound. Extraction of theméattkground is
an important part of the data processing. This factor is the maicesoluuncertainties in the
interpretation of the present measurements.

The variation of they-ray intensity after the T-blip, as shown in Fig.2, can be
approximated ab(t)/exp(t/7). They rate isSR(t) L7 NeeJF(Ea,t) O(Eo)Va dE, , Wwherenge is
theBedensity in the plasm&(E,,t) is the slowing-down energy distribution @%; o(E,) is
the energy dependence of the reaction cross-sectioiBi(o,ny)'’C; v, is a-particle
velocity. The distribution functiof(E,t), which depends also on teowing down of the
T-beam is altered by any non-classiadlbbsses and other processes, principally, orbit drift.
The time variation of the 4.44-Me\tray emission after the end of the T-beam blip was
modelled. The modelling revealed that the expectedR;étfewas approximately exponential

in the caseyp, >17,, 0 AZT_(0)¥?/n,(0), whereT.andn, are the temperature and density

3 "se

of electrons in the plasma centre; A, Z are the atomic and emangbers of the fast ion.
This follows from the fact that the expected distribution funck@s,,t) is a result of the-
particle slowing down within the T-beam blip and it is therefae be described by the
curve fortyjip >> 7:d3 shown in Fig.1. In the casgp < Zse the initiala-distribution after the
blip and prior to the measurement phase is similar toatparticle source distribution,
which is presented in Fig.1. A simple exponential decayRgt) would not then be
observed, but these conditions did not apply in any of the experimental shots studied.
More than 20 discharges were analysed, comparing two parantgtedgcay time
of the 4.44-MeVy-ray intensity from the reactiofBe(a,ny)*?C, and 1.+ Tr - classical
slowing-down time of the fasti particles and the beam tritons on electrons, where

1, = (1. /13 In(E¥* +E*?)I(E,**+E>?)), E OAT,(0) is the so-called ‘critical

energy’. Results of the comparison of measuyedjainst calculated classicah 1t for the
plasmas are presented in Fig.3. For the calculatiag ,afr the slowing down ofi-particles
from 3.5 MeV to 1.7 MeV and T-beam ions from 105 keV to 40 keV are autegs
possible contributions to the effective decay-time, One can see from the figure that in
most of the discharges with toroidal magnetic field and plasmarmt in the ranges 2.25-
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3.2T and 2.0-3.0MA the scaling = 1o+ Tr is observed. The fact thaj's lies above the
estimated values is explained by the broadarticle source distributio®&E,) and more
complicated link betweery andt,+ Tr. The discharges displaying classical behaviour are all
ELMy H-modes with monotoniq profiles. Modelling of the fasti-particle slowing-down
was performed using the TRANSP code for some discharges. HBudisreof these
calculations are in agreement with the experimental data, within the ersor ba

10 There are two groups of discharges, which
225-3.4T,2.0 - 3.0 MA, monotonic g profile do not follow the classical behaviour, i.e.
o e v have7,< To+ Tr. The explanation for the fast
327T,20-2.5MA currenthole () decay of they-ray emission in low current
TRANSP calculation % plasmas is the effect of a poorparticle
0.6l R confinement due to the significant orbit

losses. Our modelling assessments show that
a critical plasma current;, > 1.5-2MA is
required to avoid significant first orbit (FO)
losses of 3.5-MeV alphas in the discharges
ool %ﬁg % with monotonic plasma currents. Therefore,
Ty in discharges with,"® = 1MA the y-ray
7 decay-times are expected to be lower than
% 02 04 06 To+T1. Another similar anomalous behaviour

o
+

T, S (measured)

00 3G04.186-3¢

o

_ Ta * T, s (calculated) of they-ray emission decay was observed in
Fig3. Measured 4.44 MeV y.ray decay-tines for plasma discharges with current hole profiles. These
scenarios with: Br=2.25-3.2 T, 1p=1.0-3.0 MA ; T,+T1 — ) g Y ' -
classical slowing-down time of the fast a’s and the beam discharges have strongly reversed magnetic
tritons on electrons. shear in the plasma centre. Measurements

based on the motional Stark effect (MSE) [5], show very smalfadenirrent density in the
plasma core area, the so called ‘current hole’. The typical ¢(fizhe current holes in the
analysed discharges is around @,3wherea is a minor radius of the plasma. According to
the confinement criteria [6], developed foiparticles born in a plasma with a current hole,
the effect is equivalent to an increase of the critical pla=im@nt needed for confinirgs,

ler = 1.5/(1-%"?)(MA), wherex,=r,/ a. For the discharges with the current hole as largg as
= 0.35 the critical current value is equaldo=3.7 MA. In the case of discharges wigh* =

2 — 2.5 MA the FO losses of 3.5-MeV alphas are therefore raipeificant, 20-30%.

Another factor, which decreases tlygay decay- 06
times, is drift of orbits during slowing down. This
effect is important because tlygay measurements osr D-ions
are made with strongly collimated spectrometer. ol
These factors explain the faster observed decays l H J
times of the y-ray emission measured in the § .4 h
discharges with non-monotonic g-profiles. ‘fz & L J

In the recent JET experiments the relaxation™ oz- 5
of the distribution functions of fast'He4dons ; ;
accelerated with "8 harmonic ICRH of*He-beam LR
have been simultaneously studied during slowing | i‘

down in*He-plasma (2.2T/ 2MA, 51 MHz). For the 0 o2 04 05 o5 10

Tser S (calculated)

measurements the 4.44-MeV gammas from the: Measured 4.44-MeV and 3.09-MeV y-ray
reaction gBe(a,ny)lzc have been used. ThB- ie:czallg-lt\l/lrfsforplasmascenanownh. Br=2.2T,
minority ions, which are also accelerated due to

parasitic ICRF absorption, give rise to 3.09-Mg¥ays from the reactiotfC(d,py)*°C.
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A peak at 3.09 MeV in recorded spectra reflects the presente ipldsma of fadD-ions
with energies exceeding 0.8 MeV. Tireay decay-time for both ions was measured during
notches in the ICRH power when the accelerated ion source waglgtreduced. Thg-ray
spectra with 100-ms integration time were recorded by meansNdl-@etector, which
observes the plasma core through the vertical collimator. Figpresents the measured
ray decay-times vsrge (as evaluated at t Tolcr). The data derived from discharges with
monotonic g-profiles. It is seen that the correlatip/0.5z is observed, which could be
explained by tail-like distribution function anid(0) decreasing during the notch. An effect
of the A/Z-factor for the classical slowing-down time is confirmed inséhexperiments.
Furthermore, taking into account the tail-likéEe ,t) function, it is found thafHe-ions
accelerated up to 5 MeV are confined.

x10Hm-3s-1
10.0

The firsty-ray images of fastHe
and D-ions are measured with a 2-D
.o Multicollimator  spectrometer  array,
called Gamma Camera, distinguishing
= the D and “Heion species in the
discharge. The reconstruction @gfray
« emission profiles gives tomographic
images of the fast-ion population in
poloidal cross-section of JET. For the
first time this technique provided images
. of the slowed down’He particles in
Fig.5. Gamma-ray images of a particles W?t;’IlTI)Eu> 1.7 MeVin monotonic and non-monotonic q-proflle
2.2T/2.0MA JET plasmas: left— with monotonic g-profile: right — plasmas. In latter case tlggay image is
with strongly reversed magnetic shear. a direct confirmation of the orbit
topology that is predicted for the discharges with strongly reversed shear [6]
To summarise, the time-dependgriay spectra from the nuclear reaction between
the fusiona’s and Beimpurities, °Be(a,ny)*°C, were measured for the first time in D-T
plasmas. The time evolution of the M@vparticle density was obtained, and a correlation
between the decay-time of theray emission and the classical slowing-down time in
different plasma scenarios was established. The majority afethdts are consistent with
classical behaviour of particles, however in discharges with l@snp current and in
discharges with current hole tlggay emission was found to decay on a much shorter time-
scale. This is attributed to orbit losses and orbit drifts, whidkricne thea-particle
behaviour. This interpretation is consistent with theoretical pred&tiFurther confirmation
of classical behaviour of fadtle andD-ions in monotonic g-profile plasmas obtained in the
recent’He-accelaration experiments. Theay images ofHe-ion orbits obtained for the first
time are consistent with theoretical predictions. It is impotimmiote that application of this
y-ray technique with dedicated multi-channel devices could providertiee and spatial-
resolved fusiom-particle measurements in next-step fusion machines, such as ITER.
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