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1. Introduction.

In this paper we report on the results of two experimental campaigns of imipjegtion

in the hydrogen plasmas of the reversed field piREXX. The Reversed Field eXperiment

is a large device (major radius R=2 m, minor radius a=0.46 m) [1] in which plasma current
up to about 1.1 MA is presently driven and input power (ohmic only) up to about 100 MW
can be provided. Thiat top central temperatureanges betweeh00 eV andhearly 400

eV depending on the electron density (2 to 8%10°) and on the confinemenscenario.

The averagg@ower flux density tahe graphite tilesvhich coverthe liner is1-2 MW/n,

with peak values that reach ~100 MW/imthe region where the resistivdHD modes are
locked in phase and ispace.Even thoughthe space lockinghas successfullybeen
prevented by the application of rotating error fields [2], the protection of the walldeai
power flux densities is a crucial issue in the reversed field pinch research. The results of the
experimental campaigns hereafter reported represefitdhsystematic anduccessfutest

of viability of the concept of radiating mantel for RFPs.

The flat top plasma current of the discharges under study was around 0.8 MA.

2. Plasma response to the injection of neon.

In contrast to tokamak auxiliahyeateddischarges, wherthe change of the ohmpmower

due to the impurity seeding is most cases aegligible fraction of the totapower,
experiments iNrRFX showthat the inputpower can even doubleduring light impurity
seeding. Indeed, the enhancement of the resistivity yien@y be reinforced by possible
decrease of the temperature at the plasma wetigee most ofthe power isradiated and
where poloidal currents otte order of p are driven by the dynammechanism. As a

general trend at low-medium electron densities the immwer (Rhm) during neon
seeding increases frotypically 30 MW up to 60 MW while at the highest densitiegs (n

above 8 x 18 m?, I/N <2 x 10 A m) only minor changes of Pohaneobservedeven
at high level of P, For non-seeded dischargeg, ficreases from 1-2 MW at low density

up to 6-8 MW at high density and correspondinghe powerradiated ratioy (= P,/P,.)
increases from a few percent to about 15 per €aming neon seeding we haweached

P4 0f 10-15 MW (y ~ 15-20%) at the highest neon puffing rates at low density gndfP

30-40 MW (y ~ 50-60%) at moderate puffing rate at hagmsity. Z, ranges from 2 up to

4-5 depending on the electron density level and omém® puffing rate. From bolometry,

as alreadypreviously reported3], the radiation volume iseen to increase onlylitile in

radial direction with respect to non seeded discharges while a more pronounced extension
in poloidal direction is observed,especially at high densitywherethe radiation volume
becomes nearly symmetrical.

In Fig.1 time traces of some relevant parameters of a medium-high density ragjatiwve
discharge are displayed. At t=20 ms neon erterplasma and radiati@tarts toincrease

as the density , Zand P, do. Onthe otherhand Ip ismaintained nearly constant letist

up to 50 ms at thexpenses othe ohmicpower which increases witthe resistivity. In

general, the increase of the edgg &d even ofy does not necessarilgnply that the heat
flux to the plasma edgeecreases. In mostses, indeedhe increase of the inppower,
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and consequently the increase of ploever which flows tahe edge might be sufficient to
compensate for the loss of power radiated aettge. In fact, fronsimple power balance
considerations one can infer that onIy at very high denS|ty ( when thepiopet increase
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Fig. 1

is modest) a reduction of the edgamperature
may occur as a consequence of the enhanced
edge radiation. From the diagnostic point of
view, the last channel of the Thomson scattering,
which is at about 7.5 cm insidiee LCFS, gives
only indications of a slight reduction of the
temperature with increasing R while the
thermal He-beam diagnostishow that at
medium density anéPrad areduction of the
edge temperature generally occurs
simultaneously with an increase tife edge
density. The poloidal beta isot significantly
affected by neorseeding, although a slight
tendency to increase can lseen at every
density . In the more relaxed configuration
which results fronthe induction of additional
poloidal currents by externalcircuits,
confinement is seen to increase by a factor of
two in RFX. In suchenhanced confinement
Pulsed Poloidal Curremdrive discharges [1]
neon was successfullynjected without
provoking any reduction in confinement. In
spite of the moderate level of the neon puffing
rate used in these experiments, the
compatibility of the radiative mantelith
PPCD scenarios appears to be proved.
3. Radiation properties.
Spectral lineemitted byhighly ionized neon
ions inthe 10 nm range are measuradinly
for transport studies whichare reported
elsewherd4], while the Ne VIl line at 198
nm and the Ne I line at 585 name monitored
and compared with bolometric signals.
Here welimit ourselves tahe study of two

global quantities whiclare related to the radiation abt@nsport properties of neon.The
radiation potential, E, is defined as the totanergy radiated by a released neom
during its life time. It depends on atomic physics, on the ¢&elgperature and on transport
[5] and is measured by dividintpe total power radiated (from bolometry, assuming

P..~power radiated by neon)) lige totalneonflux, which is estimated by the absolutely

calibrated Ne | linewith a convenient
assumption on flux density symmetry.s s

410°

The other quantity which we refer to is5 50
the radiation efficiency , defined as thed 25 10°
ratio of the radlateqoower to (Zeff-1)
normalized to p It depends, as k5, on
atomic physics and on transpor{t‘a] o S

Since, by definition, P= I E_ t TN

3 .
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impurity flux necessary to reach a glven IR e .
level of P,, can be predicted once,Fis Tori Fewn aswor aswi sso
determined. Onthe otherhand, the radiation Fig.2 /N [Am]

efficiency allows to predict thievel of plasma contamination correlatedh a givenlevel
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Of IDrad

In Fig.2 the measured E is plottedvs. I/N. Since Ip is nearly constant and the
temperature decreases with increasiagsity,the data of-ig.2 can beseen as a plot of
E.., Vs the edge temperature in the range 30 te\8CapproximatelyThe largespread of
E.q at low I/N islikely to depend on differences in the edgenperatures, because the
highest values of £ refer to the highest levels of P It is interesting to observbat the
range of variability of £, a few to 30-40 KeV, igjuite comparable witithat found |n
tokamakplasmas. For neoradiation efficiency values in the range2 x 10* MW m®
have been measured RFX, i.e. afactor 3-5 higherthan thecorrespondingtokamak
radiation efficiencies, according to the tokanmmaklti-machine scalind7]. It can be
shown that such a difference is consistent, also quantitatively, with the differgrarticle
flux between the two confinement systems.

4. Confinement

Since, besideaffecting P,,, we can change P, by changing theneon puffing rate, the

range of variability ofPohm at anygivenI/N increasesubstantially with respect tihat

without impurity seeding. In Fig 3g is plottedvs. I/N for discharges with and without
neon seedingDifferently thanfor Xenon seeded discharges ( daslow), we have
assumedhat for neon seeded ondle power lost byradiation ( whichmight affect the
local temperaturegnters only marginally in a globalower balance since radiation is
emittedpredominantly at the plasnedge. Therefore we have considerditht thepower
radiateddoes notcause a reduction of the heatipgwer and wehave set B ., = P,,,
Since the data scatter sgrongly reduced by ordering with differeletvels of Pohm, the

rad
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Te dependence on I/N suggests a scaling=afith input power. In Fig 4g is plotted vs.
Pohm fordifferent levels ofl/N. The inputpower dependence ofg appears to be very

strong, onthe order of R, ;1 at mediuml/N, which wouldimply poloidal beta to be
approximately constant , or to decrease sllghtly with incregsovwger. Consideringhat

the change in input power is due to a change in resistivigftamativeand complementary

way to look at thedata ofFig.4 isthe increase of confinememith increasing Lundquist
number,defined as the ratio of the resistive to the Alfwanes. However,since the
radiatedpower ismainly localized at the plasma edgiere alocal cooling might occur

and where poloidal current t¢ifie order of Ipflow, we cannot estimate the fraction of the
input power which isadditionally lost athe edge as a consequence of ieenseeding.
Therefore we cannot yet estimate the change of the edge resistivity during neon puffing and

firmly assess theg scaling independence of the specific experimental method used.
On the other hand we can make a very rough estimate of the change in the edge temperature
needed teexplain, byitself only, the request 020-30 MW tomaintain the equilibrium
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current distribution.The resulting decrease of 280 eV appears to be too big for the

diagnostic systems to be insensitivettdt appearstherefore , that theg - B, scaling
canonly partly be dependent dhe methodused, especially attow density where an
important change on the edge temperature appears to be very unlikely to occur.

Preliminary results ( see Fig.5) from a number of Xenon seeded discharges suggest a

P...: Scaling similar to thafound for neon seeded dischargéhe radiategpower density
for Xe seeded dlschargesmuch more homogeneously distributedraclial and poloidal
0.0012 —— direction as compared to that of
. i -y =5.6578e+05 * x"( L1975)R-079873 ] neon, espec|a”y at |Owlasma
0.001 1 ; ] density, sothat for simplicity
i IN < 3e-14 1 we have assumed full
— 00008 ot T 3SINSSSel4 11 homogeneity. Consequently,
" 00006 | N 5 1 we have set B= P, — P..
- f A 1 since a relevant fraction of the
0.0004 | " | radiated power iemitted in the
i . x" ax . ] plasma center anthas to be
00002 Foooomobob b I ] accounted for in the power
i ] balance. Not onlythe trends,
ob i b but alsothe absolutenumbers
1100 2100 3107 4100 510° 6107 710 8107 are similarfor Ne and Xe so
Fig. 5 Pea™  that we are rather confident of a

certain level of independence of the- P
5. Conclusions.

The high values of the radiation efficiency found in RFX assure that a radiative layer can be
created in a RFP at the expenses of a modest increage Th& energy confinemetitme

can decreasehen neon is puffed in low density discharges, duéhé¢oincrease of the

ohmic power. We have fourg to scale in neon seeded discharges about ag, §P* i.e.
beta costant for a given I/N, as generally foun®RKFPs. Moreover, ifthe experimentaig

of Figs. 3and 4 are plottedersus Lundquist number, S, we findta — S scaling
comparable tdhose obtained by changing S without nesseding. Wecan therefore
conclude that neon seeding does caise by itself goss of confinement, which depends
rather on the level of the heatipgwer. The compatibility of radiative mantel &igh

density appears therefore to be proven. It has to be stisgdtlete - P, scaling given
here refers to Bmited range of current§0.7 MA < Ip < 0.8 MA). Experiments at very
different plasma currentare thereforenecessary to draw someeneralconclusions on
confinement and beta scaling.

scaling on the method.

heat
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