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ABSTRACT

The plasma bremsstrahlung emission is utilized to determine the shape of
the electron velocity distrihution in situations where it Adeviataes stronaly
from a Maxwellian distribution. The instrumentation used to measure the hard
¥-ray emission is  briefly discussed. Model calculations show that
polarization medsurements give best results for unrelativistic tails with tail
temperatures T, < 50 keV, whereas measurements of the ancular distribution of
the x-ray enission hased on the forward scaftterinag of hremsstrahlung Ffor
relativistic electrons yields the best information feor T, » 50 keV. The
techniques were originally developed in order to analyze runawav discharqus,
Recently, they found new interest bhecause of the formation of energetic
elestron tails during current drive., The first x-ray results from the cu-rent

Aurina LH heating . PLT are discussed.

tpresented at the Course and Workshop *Diagnosties for Fusion Reactor
Conditions.," Varenna [Como) Ttaly, September 6-17, 1982.
*0n leave from Oak Ridge National Lahoratory, Oak Ridge, Tennessee.
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I. INTRODU_CTION

Almost all tokamak discharges produce hard X ravs, and many of the
amitted X-ray photons have enerqgies irn the range of several MeV. This fact
indicates that there must exist a tail of energetic electrons in a tokamak
plasma and that the electron-velocity distribution must be nonMaxwellian ta
some degree. Most of the hard X ravs are produced when the energetic
electrons hit the limiter or the walls of the vacuum chamber. However, some
small fraction of the X-ray emission is produced in electron callisions with
the ions of the plasma. By careful experimentation the resulting plasma
rremsstrahlung can actvallvy be measured, and the X-ray data can be utilized to
analyze the velocity distribution of the energetic electron tatl.

NOn the pioneering tokawaks like the Soviet TM3 and T3 or Princeton’'s
ST, the hard X-ray tail was a prominent feature. Some tvpical X-ray spectra
fron the ST tokamak are shown in Fig. 1, The parameter for the various curves
is the neutral-gas filling pre;sure, which Aetermines the plasma density, 0On
ST all low density discharaes (ng < 2.5 x 1013 em™3) exhibited a strona tail
with a slope corresponding to approrimately 100 keV, Ffometimes an additionatl
component witih intermediate Slope of 10-20 keV appeared at low.r energies.
Some of the intermediate tails could be attributed to transients i1 the X-ray
emission. On 8T, there was only a relativelvy small operating range at hiqgh

3 < Mgy €1 % 1014 cm'3) where the discharge had a purely

density (S x 10%3 cm™
thermal Maxwellian velocity distribution.

On the larger tokamaks that have followed the pioneering machines, for
instance on T'0 or PLT, hard X-ray tails are prominent only at low plasma
densities (n, < 1 x 1013 cm‘3), and the investigation of the high enerav

bremsstrahlung lost its urqency. A sudden change of interest occurred,

however, abou+ a year ago, when large scale current drive was demonstrated on



PLT by the lower hybrid (LH)}) heating group under U. Hooke.2 A few months
later it was shown that the current drive is connected to the formation of a
hot electron tail, and at present, a vigorous program for sgtudying the
enernetic electrons is being carried out on PLT.

1t is the purpose of this paper to describe the experimental technigues
which are used for the X-ray analysis of enerqetic electrons. We shall give a
hrief description of the instrumertation in Sec, I, In Sec. 11, we will
disruss how  the X-ray emission is  related to the electron-veloaity-
distrihttion functien, i.e., we shall talk about bremsstrahlung productian.
In partienlar, we want to discuss techniques for Adetermining electron-velocrity
conpunents parallel and perpendicular to a maqnetic field. As an illustrdaLinn
of the application of these trechnigues we will review in Sec. TIT some older
measurements from ST of electron runaway feormation. 1In Sec IV we present the
vty recent X-ray resalts on the LH-current drive in PLT. It should he
poinred ecut  that the harc X¥-ray techniques were originally dewveloped for
mauner1e mirgors in order to diagnose the het eiectron tvinags aenerated in

-5
electron-cvelotron-hedced plasmas.q

| TNSTRIIMEN PATTON

A Yayout of the hard X-rav Jdetector fnr the current dArive experiment on
PIT 5 shown in Fia, 2. T™e ¥-rav photons are Aderacted by a NaIl(TQ)
srintillator-photomultinlier combination. 3 detailed Adiscussion of the
proorrties of sodium odide detectors was given in the 1978 vVarenna lecture of
H. Rnnnurnlﬁ and, therefaore, is not repeated here. n order to increase the
phatopeak efficiency and reduce the Compton tail,7 the scintillators should he
larae enough te reahcorh the Compton-scattered photons. wWe prefer 3" x 3" Nal

crvstals which have practically 100% photopeak efficiency up to ! MeV., Lasaopr
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crystals have been used; they reaquire, however, a very large amount of
shielding to keep out cosmic ravs, hard X rays from the limiter, and Y ravs
resulting from (n,Y) reactions produced hy fusion neutrons. The 3" x» 3"
detectar in Fia. 2 is shielded by 4 in. of 1lead and 20 cm of horated
polyethylene. Relatively few neutrons (¢ 108 per sec.) are formed in the
current-drive regime (ng, < 103 em™3).  Wowever thev are aenerated sliantly
above the hiah density limit of the current drive on PLT at a rate nf
approximately 1ol? par sec. The photomultiplier is shielded against strav
magnetic fields from the OH transformer hy a soft iron pipe and u-metal
foils., Another problem area is created by radiation from the wall of the
vacuum vessel, Tn order to eliminate wall radiation, the N.N1O" -Reryilium
w: ows of the PILT system are mounted and recessed on 45-¢m long steel
nipes, The optical path of the system is carafullv alianed by a sat nf lead
apertures so that the detector can view only the bervllium window, hat nat the
flange on which the beryllium is mounted or the steal pine, For some
applications it is impossible to provide thesa precauntionarv measures, I+
then may be possihle to reduce wall homhardment and therefore radAiation bv

incre~sina the distance between the limiter and the vacuume-vesse. wall,

Il. BREMSSTRAHLUNG EMISSION

¥-ray continua are produced by bhremsstrahlung and recombination
radiatisn. For thermal emission, the recombination radiation tends to be more
important by a factrnr of approximately 2 to 10. However, since the
bremsstrahluna emission is proportional to the square root of the temperature,
while recombination radiation scales like Te'lfz, the hiqn eneray tails of the
Xx-ray radiation tend to he produced predominantly hy bremsstrahluna. We shall

conseguently concentrate on the hremsstrahlung.



We start our discussion by presenting three very simple physical models

which are helpful for the understanding of bremsstrahlung:

th)

Kramer's rule: This model provides a crude answer to the question of

how many photons an electron with Xinetic energy T emits in the
hremsstrahlung procecs. According to Kramer's rule the power spectrum
of the emitted radiat.on is flat up te the photon eneragy k¥ = T and has

the valuPR

ﬂE__ . ag B . R zZ r0 moc .
Ak~ MiVe T T "iYe T3 13T T

w is the emitted power, k the photon eneray, n; the ion density, v, the

2 the classical electron radius, ™, the

elecrrun velocity, £, = ez/moc
electron rest mass, and Z the charae number nf the ions. We have
nlntted Kramer's rule in Figq. 3 and have alse added a few more
realistic representations of the powe: spectrum.q Xramer's rule loses
its wvalidity in the relativistic reqion when the electron eneray
approaches and  exceeds 2.5 Mev.q Formulas for relativistic
hremsstrahlunao have heen listed in a review article by ¥ach and
Motz, Very exact cross sections for plasma phvsics application have

heen more recently calcnlated hy Prat‘.t.]l

Polarization: For close eanceunters hetween an electron and an inn, the
attractive Couloumb force is predominantly in the directinn of the
iritial electron motion. The bremsstrahlung near the short wavelength

limit of the spectrum is therefore polarized in the direction parallel
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to the initizl electron velocitv (Fiq. 4). For distant encounters,
i.e., in the limit of long wavelength, the electric fimsld vector is
predominantly perpendicular to the orbit and *he radiation is polarizend
perpendicular to the electron direction. The polarization of the
radiation disappears when the Kinetic eneray of the electron arproaches

the rest energy m002 and 1is actually inverted for still Hhigher

. 12
enerqies.

(e) Anqular distribution of breusstrahluna: For nonrelativistic eneraies

the X-ray emission is from a dipnle in the parallel direction plus an
isotropic component. For higher energies, relativistic effects and the
effercts associated with retarded potentials lead to emission in the
forward direction., Fiqure 5 illustrates that the forward emission is

already appreciahle for energies as lnow as 20 keV,

n order to analyze the hot elertron rinas in magnetiec mirror machines
A. Fnaland has written a computer prouram that catculates the
plasma-bremsstrahlung emission for a niven elerctron-velocity-dAistrinatinn
function, Relativistic bremsstrahluna cross sections 1like the ones by
Gluckstarn and Hu1113 or Fronsdal and IMeralllq have to be used f»r this
purpose, More recent investigations of the emission from FCH heated olasmas
are described in refer%nces.15'1ﬁ At Princeton we used a similar proqram for
analyzing the electron-velocity-distribution function in tokamaks, The output
from these prodrams depends, ©f course, on the assumption made about the
velocity-distribution function and is quite Qifferent for mirrors and
tokamaks. In order to illustrate typical re_ults from computer codes, we have

plotted in Figs. 6, 7, and 8 bremsstranlung for a relativistic Maxwallian



enerqgy distribution fM17
SRR (2
M a1 P AT
Here B = 1 + 'I‘/(mocz) is the relativistic energy of an electron in

units of mc 2,, T = k"[‘t/moc2 is the normalized tail temperature, and G is a

o
factor <hat normalizes the velocity-distribution functior to 1. The tail
electrons are assumed to occupy a cone with angle 09 in momeitum space., ‘The

hremsstrahlung intensity T is computed by using the differential «aross

section A¢ and intearating over the cone and the enerqy,

) = dg [ﬂk,}f)
6 T) = E Qq(Q ,F _ F )
1(6,,8,k,T) = const [afa(a,m [ vk e £, (F) ar
Ge 1
(3}
] 172
e = 2 2 .,1/2
. r Q Q E e(E” - 1) dg E {(F7-1) -F
const é a2 q(Q ,E) 1f L = k dﬂkdk TRCTY exp [—T]] Aar .

Ok is the anqgle between the electron velocity ¢ and the direction of photon
emission !;, dﬂk is a solid angle element in direction of l-?, and dQe is a solid
anqle element of the electron cone. The function g normalizes the intearation
nf the electron distribution function over a cone to 1. The bhremsstrahlung
intensitv depends then on the tail temperature T, the photon energy k, and the
anqle Od hetween the axis of the electron cone apnd the viewing line of the

detector and the electron cone angle Be.

)
|
|
|




Figure 6 shcws the X-rvay photon counts (2 I(k)/k) predicted for a heam
of electrous (Be = 0.6") for emission perpendicular to the beam (detector
angle ed = 90°). The parameter for the curves is the tail temperature T, (not
to bhe confused with the kinetic enerqgy ™). Fiqure 7 shows the polarization of
the radiation for the same conditions. The polarizatinn of the radiatinn
disappears as one woul.d expect when there are too many relativistic electrons,
i.e., when the tail temperature Tt exceeds 50 keV, On the other hand, forward
scattering is stronger 1or more relativistic tails, and forward scatterina is
the techniaque to use for 'I‘t > 50 keV. We shall present actual measurements af
the forward scatterina in the next sectisn, The amount of X-ray emission for
Od = 90° docpends c¢ritically on how isotropic the velocity Adistribution is.
This is illustrated in Fig. 8, where the emission from a heam at §; = 90° is
anly a tenth of that of an isotropic tail with an identical numbher of
electrons and an identical temperature.

The X-ray analysis has found application in two areas of tokamak

physics, namely, for the investiqation of electron runawav tailas and for the

study of the lower-hyhrid current drive.

I11. PLASMA BREMSSTRAHLUNG FROM RUNAWAY ELRECTRONS
In tokamaks, passing particles are on confined orhits, and electrons
can he consequently accelerated to enerqgies of many MeV before they are lost

8 For particles

due to the increasing shift of their particle drift surfaces,
with nigh enough anerqgy, the friction force hecomes very =mall and the
inertial force balances acceleration by the electric field, As a first quess,
one would consegquently approximate the high energy part of the distrihution hy

a free-fall distribution. In order to derive a formula for the free-fall

distribution, we agsume that runaways are denerated by a mechanism, which is

i

T



nnt specified for the moment, and that they are supplied with momentum p, at

time t, at the runaway rate ﬁR (t). The force K on the electron is

———— 4
2T dt 4

where F is the toroidal electric field, Yoy the loop voltage around the torus,

and R the major radius of the tokamak. Fguation {4) can he irteqrate~

PD-p = — I v {t'}) dr* (5)
t

1f we assume that Vau is known from measurements and if we keep the

time point t fixed, then the momentum p of an electron is a function ~f to

anly. The inverse function is named h,

t, I hip) . (A}

At the time t_ and near p, the dissrihution function has the value

f(po, to) Ap, = "R(to) At

wheare dpo and dta ohey Fg. (4). Assuming that the pacticles are accelerated

to higher enerqies hy rree-fall (and that nothing happens to them on *th- (i way

up) we obtain




fip L) = SFmrer r;u [htp} ] .

i
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| 27R
; eVOH

N This is the desired formila For the free-fall Aistribhution Fiunection.

The formula shows that the distribution funcrion refleacts the time history nf

th. runaway rate.

Let us now consider a particularly simple sitnation where a teokamak

dis-harge, and in pavticular ﬁR and Vg, hecome stationary aftar a short

initial adjvrstment period. The free-fall distrihution then becomes

= const for p & p*

fip, t {RY
tp.t) =0 for p > pr
where p* is the momentum reached by the runawav elertrons created firstr ip rhe
Aischarge, The correspnnding enerqy, F*, is
* k2 2 252
Re - p el o+ (mor [ (R3]

The simplified free-fall-velocity-distribution functimn, Ra. (A), turns

I out to he a very useful tool for the experimental analysis and we therefore

have calculated and disgplay in Figs, 9 and 9b the bremss‘rahlung spectra that

originate from a heam of electrons with a free=fall distribution. I~ Fig, 9a

the beam is ohserved by a detector at an ang'e ot &0° fror the hean

direction., Spectra for 90 have a very similar share but somewhat smaller

M —
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intensity. In Fig. 9b the beam is observed at 3° from the heam diraction,

There are & number of features of these graphs which merit attention:

{a)

(c)

The spectra shown in Fig. 93 fall off in an approximately exponential
fashion. Tals fact can easily lead to misinterpreiation of
axperiments: An exponential photon spectrum dces not necessarily imply

an exponential velocitv-distribution function,

A comparison of Fig., 9b with Fiy. 9a shows that the X~ray emissian
peaks in the fourward direction, as is expec ed from our discussion in
conpnertion with F.a. S. The more the parameter of the rurves, F#,
increases, the laraer is the fraction of the radiation that goes intnm

tne forwa'd direction.

The electrorn distribution function with E* = & differs Ffrom the
distribution function with F* = 5 onlv in that some electrons have heen
added 1in the energy interval 5 < FE < A, As A consedquence, the
difference hetween the two photon spectra labeled F* = § and E* = R i=
due only to electrons in that enerqv interval. This special feature is
very helpful in order to visualize and estimate what the cointributinng
of a croup of electrons is to the photan spectrum. t i3 ob ous from
Fig, 9, ({or instance, that the =*angential emission is nroduced
rredominantly hy the most energetic particles. *or the &0° or 4a0°
view, the relative consribution of the very energetic pirticles is
r« duced and, thersfore, the pecrpendicular view seems hetter suited for

measurina the low eneray portion of the distrihution functicn.
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We now want to show some experimental data, which go bact to the ST
tc:kal11ak.19‘20 and which represent still the most detailed anpliratinn of thage
concepts to che tikamak. Figure 10 shows radial profiles of the har? X-rav
emission from ST at a varieky of times duvrina a Adischarae wi*h moderate
runaway formation. Alsn shown is the electrnn temperature and the critical
electric fiemld, Ferit? according to T‘Jt‘eio::#:)r.‘—"1 The fianre shows that the
runaway electrons are located in the central region nf the nilaspa, whers
theorv wnuld predict thar they are c¢reated.

The forward emission cf the bremsstrahluna was quite propounced for
these discharaes. Figqure 11 shows X-ray spectra ohserved AT 3§ 10° with
respect tn rhe direction of the major radius, Pree—-fall spectra hav  bheen
fitted tn the spectra and aive gqood adqreement for the cut-nff jdarameter
E* = 2.

Fiqure 12 shows a corparison bhetween a tanaential X-rav  spectrom
(electrons movina towards the deteccor) and a spectrum measured ar 6£0° ro the
maqnetic axis. For ecomparison we have alsn plotted several rhearetical
curves. A free-~fall spectrum has bean fitted to rhe tangential stwotrum,  The
corresponding free-fall spectrum for AD° does not include correccions for
qeometric effects, i.ed, the redunction 1in line of siaght for fthe &0D¢
Jetectici. The reduction depend~ on the radial profile of *he hard N-rav
emissgion. The radial profile was unfartunatelv nnt measured for this
particular discharge. However, if we congider the Aata shown in Fio. 11 apd
assume chat the hard X-rays originate from the central reaion (r < 3 to 4 cm)
then this correction amounts to a factor 7 to A, The dashed curve resulting
from the free-fall distribution fits the measured 6Q0° spectrum for large
photon enerqies, but predicts too small an ®-ray intepsitv at low energies,

Tue data indicate that the free-fall distribution function f(p) = const does
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not provide a gecod representation of the experimental data, bhut that a
monotonical ly decreasing function of the momentum p would he a hetter choice.
There 15 other evidence that confirms this finding. 1In Fia. 13 we show

for instance a time secauence of three consecutive hard X-ray spectra for two
discharqes labelled (a) and (h). A free-fall curve has been fiited to the
First spectrum measured at 14 ms. Sinca the loop vnltage is known, ohe rcan
‘alculate how the spectrum should develop in time using Fgs. (5) and (7). The
sarresponding free-fall spectra for times t = 27 ms and 40 ms are also plntted
Yt 13, The experimental spectrs at 27 and 40 ms do not seem to expand to
hiaher  cnergles, hut o ratner seem to saturate. It has been nrmmﬂed"m that
rhys behaviar 18 caused by radial rtransport of runaway eleectrons acrass the

sareti e tietd, A ecopfinement time T can he #s5timated by ~alculating the time

.
thar - tak- s far an elertran rn free-Fi)) to an eneras iy the wvalue +that

Ldes o el Far far the saturAared spectrum, A wvar ‘v »f dara For thre
s oaday confinements ime 0 from ST has heen plorted in Foin, Y 3e,

According to the free-fall model (8a. 7) the infensitv nf rthe X-rav
. . n . .
emrssion shonld provide some indication of the runaway rdare M. Atremnta have
,
Frevert e e reo measnre np and  to rompAare the resnult with theoretical
predrcations for the ranaway rate, The -~omparisen is shown in Pia. Y4, The
. . o .
werry e gt 'y prendictions by Drelcer: are muech too hiagk. This is als-. the rasge
. e3¢}
tor the presentlv generally  accepted theory of Kruskal and Rernstein,’
have <ried to improve rh= theorv hv incorpnraring the
addirianal frictinn qenerated hy impurities, and alse hy incorporatina a
tinite tarticle lifetime T into the theory, They were successful in
explataing thve order of maanitude of experimental data. The confinement
tirme  f e the particles seems, however, somewhat shorter than one would have

mxreckerd fron the discnssion in cannection with Fig. 13,
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iv. PLASMA BREMSSTRAHLUNG DURING LOWER-HYBRIN CURRENT DRIVFE

A rerawed interest in the techniques for analyzinag nlasma
bremsstrahlung has occurred because of the successful demanstration of lower-
hyhrid current drive on };'L'I‘,zﬂ‘26 and in this sectinn we want to discusas the
first and as yet somewhat preliminary measurements of the hard X-ray emissio~
from RF qenerated electron tails.

B typical PLT discharge with current Jdrive is shown in Fig, 15, The
ciurrent in the primary winding of the ohmiec heatina transformer is kept
constant after the plasma onrrent has reached ita maximum at N0 ke, ‘“he
plasma current decays from then on with an L/R decav time, With she 290 i
lower hyhrid pawer switrhed on, the current can oef maintained at a iovel of
250 kA far very long times with no ohmic heatinn nower trainsmitted to the
discharage. The longest actually observed time was 3.5 eec. Tre plasma

dersity ror these discharges falls in the range 1012 cm'x. For den.ities of

a -+ 10'2 em™? and larger the current drive capahility of the Rt =eems abruptly
~n Adisappear.

¥-rav techniques have shown that a fast electron tail forms soon after
the RF i3 switched on. After about 30 ms the evolution of the tail is
romppleted and a stationary electron distribution is established provided that
Aischarqge conditions are kept constant. The X-. ay tail formation is shown in
Fia. 16. The X-ravy spectra ware recorded with lithium Arifted silicon
detectars hefore (Fig., 16A) and after (Fig., 1AB) the RS was turned on, M.
spectrum in Fic 1AA is purely thermal with a temperative of 1.14 kev. LY
strainht 1line fit to the photon-tail in Fig. 1fR indicates a “tas1"
temperature of 29 keV. The 3-mm thick S$il{Li) detectors become transparent to

X rays with enerqies ahove 25 keV. More accurate information on the photon
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spectrum can be cbtained with the sodium iodide detector described in
See, IT. Fiqure 17 ghows a measurement of the energetic photon tail with the
3" x Z° Nal det-rtor. The spectrum falls almost exponentially nver three
orders of magnituade. A variety of theoretical curves has heen fitted to the
data, If we assume that the electron distribution is rearly isotropic and
Maxwe ll1n, then the photon tail shown in Fig, t7 would indicate an electron-
tall temperature of = 100 keV, If the e€lectrons form a heam and their enerqy
A1strihation remains Maxwellian, then the electron-tail temperature would he
150 keV. However, a relatively flat electron distribution function like the
free-fall distribution, ft(p) = const., cAn also bhe fitted to the Aata. The
energy BT owointld have to he 600 keV in nrder 4o match t° - data shouwn in
Fia, 17, Measurerents of the anqui~r variation of the X-ray emission have tn
te perfarmed to ched more light on the exact shape of the distrihution
function.

I has been speculated that LM current drive requires as a pec rdirinn
the presence of ¢ so-called slide away coaditinn, i.e,, the formation of a
runaway tail at wvery low plasma ﬁer‘.::ity:t The X-ray measursments show,
howrver, that there is very little tail formation befnre tha RF is applied
{*in, *6), and that in the absence aof RF, there is no ta:l formation f(see the
spectrum  labelled .o RF in Figq., 17),. “ae ¥=ray data have therefore
conclusively demonstrated that the RF produces the energetic electron tail.
It is trve, however, that for somewhat lower plasma densities slide-awav

co-ditions exist. Photon spectra for these conditions are shown in Fig. 18,

tAt very low ° soities the runawav current canr make up the whole plasma
current in a tockamak. The loop wvwoltage becomes very small under these
condttions and the electrons qain little enerqy in one transit Aaround the
machine. The photon-tail temperature hecomes very small, and this plasma
condition, therefore, is called slide-away reqgime.




The spectrum marked "wichout RF" that represents a typical slide-away spectrum
tends to have a somewhat higher tail temperature than the spectrum generated
by the RF.

Radial profiles of the X-ray tails during the RF pulse have been
ohtained with the Si{Li) detector system. Fiqure 19 plots the X-ray emission
intansity akt 14 keV, labelled 5(14), versus the plasma radius. The data were
obtained from strai-.nt line fits to photon tails a= shown, for example, in
*ig. 16B, and then Ahel inverted., The fiqure shows that the formation of the
energetic tails takes places .n the central region of the plasma,.

Puring the RF pulse, the energetic electrons have to carevy practically
the toral plasma current, hecause the laoop voltage vanishes. The radial X-rav
profile shculd conseguently also contain inforwation on the lncation of the
currents in the plasma. An exact evaluation of the current from X-ray
profiles regquires a large data base: the eneragy distriburion in rhe tail has
to be known as a function of radius. Also some data are needed on the ratin
of parallel to perpendicular enerqy. These data are not available at
present., Therefore, for a wvery first and preliminary estimate, e have made
the assumption that the X-rav intensity will be proportional to the number of
energetic electrons. 1f, in addition, their averaage velncity does not varvy
significantly with radius, then it is not unreasonable to assume that the
¥-ray profiles shown in Fiq., 19 represent current density profiles.

The profile labelled A in Piq, 19 corresponds tn normal current .drive
operation on PLT with a toroidal magnetic field B = 31 kG and a plasma current
Ip = 200 kA. The X-ray profile (A} and presumably also the current profile
seems ve,y peaked. However, the safety factor q at the limiter is 10 for this
discharge hecause cf the plasma current was very small, Under these

cirvumstances a reqular ohmic-heating current profile would also be wverv



peaked., when the torodial magnetic field is decreased (curve B) and when the
piasma current is increased (curve ), the X-ray profiles consecutively
hroaden. Adgain, a reqular discharge would show exactly the same behavior Ry
equating the X-ray profila with the current prcfile, a g-profile can bhe
calrulated., ‘The resulting 9 for curves A, B, and C varies from slightly under
1 in the plasma center to 3-10 at the plasma edge. It was also ohserved that
tha X-ray profile, once it vag established after the first 30 ms of current
drive, 1 :mained unchanged for the rest nf the RF pulge.

The creation of energetic eiectruns seems to produce a plasma of high
candic ivity in which the current profile seems to he frozen in. This finding
from the X-ray data is in agreement with the fact that A = 8p + Ei/2 changes
orly sliqghtly during LH current drive (Fiq. 15). The X-ray data of Fig. 19
imply EL/Z = 0.9, 0.7, and 0.6 for curves A, B, and C; values of A equal to
1.0, DA, and 0.6 were inferred from magnetic ) rasurements with Mirnov coils.

The enerqy in the electron tail is approximatelv comparahle to the
thermal plasma enerqy, which ir turn is considerahly smaller than the maanetic
enerqy stored in the poleidal field at these low plasma densities. The
replacemant of the ohmic current by a tail current reauires, therefnre, less
RF nower than an actual increase of the current. FExperiments in which the RF
pawer is wvaried have shown that there existS saturation of the X-ray intensity
with power. The saturation seems tu occur slightly below the power lcwel
réquired to keep the plasma current constant. In Fiq, 20 we compare the X-rav
spectra measured at RF powers of 11 kW and 200 kW. The 11 kW RF power
produces a spectrum with a much flatter slope than that ohtained for the
200 k¥ cases The RF fields seem to create a diffusion in velocity space that
favors the creation of modestly ener: 2tic electrons {100 keV) and eliminates

very high energy electrons. The ¢ cen dramatic reduction of limiter ¥ rays
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with the onset of the RF pawer27 provided the first indication of this effect.
Another factor that influences the slope of the X-ray tails is the

28 qrill. In Fig. 21 twn X-ray

phasing of the wavequides of the Brambilla
spectra are shown which were measured with phase angles of -135° and -60°,
respectively, between neighboring wavequides. The -60° phasing gave a flatter

25

spectrum and also a more efficient current drive. A possible explanation

for this flattening is illustrated in Fig. 22. The figure shows computed wave

28 oip propagation parallel to the

spectra acceording to Brambilla theory
magnetic field. The parameter of the curves is the phasinag of the wavedquides
on PLT. The kinetic enerqy of electrons that can resonate with the wave at
the phase velocity, is indicated hy the energy scale on the ton right hand
side. According to Tig. 22, the LH waves have a much higher phase velocity
for 60° phasing than fer the 135° phasing. n comparison of the enerqy of the
resonant electrons and the electron tail temperature ohtained in Fig. 17,
shows that they are of comparahle maanitude. The aqreement is, however, not
very aquantitative. There is, for instance, a le ge gap in the &0° wave
spectrum hetween 10 keV and 50 keV and it is not clear how electrc»s can he

accelerated from the thermal par- of the distribu*ion through this gap into

the tail., Nevertheless, we speculate a little bit further. (masilinear
theory would predict that f{p) = const in a strong RF field
(nonrelativistically f(v) = const). on the other hand, it was shown in

Fig, 17 that the X-ray spectra can also be described by a free-fall
distribution f£{p) = const. What we might be seeinqg with the X-ray spectra is
just the distribution function f(p} = const with boundaries (E*) determined hy
the wave spectrum (Fig. 22). It is clear that considerahly mors work has to
be done to find out the true shape of the electron distribution function. In

particular, it seems necessary to measure the X-ray emission as a function of
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angle with respect to the magnetic field in order to find out whether the

interpretation f(p) = const is really tenable.
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FIGIIRE CAPTIONS

X~-ray spectra from the ST tokamak, showinag thermal spectra at low
photon energies and superthermal tails at high eneraies, The
For simplicity, onty

parameter is the neutral gas fillina pressure.

the continuum radiation has been plotted and line radiaticn has heen

nnitted.

Physical layout of the hard X-ray detactor f»r pla: a bremsstrahlunna

»n PLT.

Bremsstrahlung spectrum k * A0/dk emitted by a single electron wirn

kinetic enerqy T. k is the phaton enerav, g = 22r02/137 =

Z?esmo-zc"sh_1 and FO = moc7. T™e dazhed lines rervesant RBnorn
approximarion results.q The dashed~lotted curve is for aluminap
ions and approximates exact quantum nachanical results hv the Flwert
fact:or.q The dashed line for 60 keV holds far protons,

Pnlarizatinmn of B'::emsstrahluna.]2 Fmission of the photons is at 90°

with respect to the electron velocity., The airve is ralaulated for

an electrin enerqy T, /eV = 53422-

Forward scattering of Bremsstrahlunq.]2 Angular Adistribution of

X-ray photons near the higk frequency 1limit for 20 keV electrons on

a thin magnesium target.
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¥-ray spectra emitted by a heam of elecirzane (Be = 0O.R%) with a
relativistic Maxwellian enerqy distribution (Bn. 2) uSing a crosu
section derived by Gluckstern and Hu11.13 Netector-beam anqgle ﬂd
eguals 90°. The electron tail temperature T is varied from 17.5 kev

£t 200 kev.

Polariration of hremssrrahluna from an electron heam. Plotted 11
the ratio of the X-ray intensities polarized with the elec*rir Field
vecror perpendicular and parallel to the beam direction. Otherwise

the data are the samer as in Fia. 6.

Araemsstrahlung from a 100 keV electron tail showinn the affect of
varyina the elec%ron cnne anaia Cp. The detector-heam anale ﬂ'i

equals 90°., The Jdensity of tail electrons is the same for the three

CASeS.

BRremsstrahlung from a heam of electrons with a free-fall

distrihution ffp) = const (fa. K). Emission ts at an anqle of A0°
for subfiaure(a) and at an anale of 3° for subfiqure (h). The
parameter E* (Fa. 9) is given in units of m‘.‘c2 = 51% keV.

Ra?ial distrihutinn of hard ¥-ray photens from ST.

X-ray spectra from rannaway electrons measured at an anale of i 3I0°
with respect to the ma’or radius on ST. The thearetical curves
represent spectra calculated wilh the free-fail distribution fip) =

const.
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Comparison of a tangentlal spactrum with 3 AN® ypectrum from 8T
The solid curves represent free=fall apectra at 3% and fO%, e
dashed curve represents the /0° free~fall speerrum divided 1 1

factor of B “o account for the rediuction in line of siqhr,

A time seque .ce of three ¥X-ray spectra is shown in suhfimre (a) ani
(h) for two ST discharnes, A frer=fall speotrum ia fytted to the
spectrum measu 2d at 14 ms, and the expertad frae-fall spectra for
t = 27 ms and 40 ms are plarced, The araph on the right shows

‘nawav-electron cenfinement time 1o deduced from f.nal staticnary

Neray spectrium,

Flectron runaway rate vs, ther electric field in rerms of  the

¥ varieuns earlier theoretical predictions

critiral electrie field,”
by I‘)reir:er,21 Gurevich, Lehedev, and Kruskal and RPrnqroin?? predict
larqer rates than the experimental obhservarions ({mpen rirecles),
K11l roed anAd Sun23 sinrceeded in ohtainina arler of mani kude
agreement hy includinag the effect of ippurities and alsn vhe affacrs

of fi:nite electron confinement. The ennfinement time [ seeps,

however, somewhat shorter than the one shown in “ia. 113,

Typica. discharge with lower-hvhrid current drive, showina plasma
current, RF power, loop voltare, averd e plasma density an-d

A= Bg+ 2,/2 = 8,/2 versus time,

Typical X-ray spectra r=2asured (A) before and (R} during current

drive with a Si{(Li) detector. A straight line fit to the spectrum
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in subfiqure (B) from 14 keV to 25 keV indicates a photon tail

temperature of 29 keV.

X-Ray sp.ctrum with and without current drive at a plasma density of
6 x 10'2 em™3,  The solid curves represent calculated X-ray spe~tra
for a beam of electrons (Ge = 0,6°) having either a Maxwellian

distribution with a tail temperature of T = 150 keV or a free-fal’

distribution with E* = 600 keV.

X-ray spectrum with and without current drive at a plasma densitv of
3 x 1012 cm‘3. The ope~ circles rupresent & typical slide-awav

spectrum.

Radial profiles of the X-ray emission., Plotted is the Abel ipverted
X-ray intensity at 14 keV photon energy versus radius measured with
the Si{Li} Adercctor on PLT. Profile (A} is with R = 31 kG and
Tp = 200 kA, profile (B) with B = 16 kG and Ip = 210 kA and (C} with

R = 15 kG and Ip = 290 kA.

Hard X-ray spectra for an RF power leavel of 11 kW and 200 kW,

{Phasing 1is -9Q%).

Hard X-ray spectra for tuo different phasinas {(=60° and =135°) of

the Rrambilla grill on PLT.

RF Power spectrum f_r various phases of the Brambilla arill,?'R as

calculated by 5. Bernabei.
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