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ABSTRACT

VElectrqn'cyclotron radiation andlabsorbtion’measurements
“on-the CASTOR tokamak are reported. Emission spectra;are obtai—
ned with fast—spanninngourier spectrdmeter'and InSbkdetectors,.

“working in the spectral range 30 - 300 GHz and receivingktwo?

‘orthogonal polarization components simultaneously. When the plas?;

‘ma loop voltage is h1gh runaway electrons give rise to intense
’broad band em1551on Runaway partlcles can be removed by 1ncrea—‘

sing: the plasma;den51ty; The’electron temperature profile was

- deduced from thermal emission and absorbtion around second cyclo-

troh!harmonics.'From non-thermal emissiondsecond and third har-
e monicskthe energy and number of non-thermal particles'could be;o
calculated. Durlng the lower- hybrld current drive (LHCD) experl-‘

mentsa presence of 60 keV electrons w1th den51ty of 1. 1 m

was deduced from emission spectra.

)

,15 electron temperature in keV.

v(FSFS) /4/. The dlstlngu1sh1ng feature of the dev1ce is a p0551—

1 INTRUDUCTIDN

In recent years cyclotron plasma rad1at1on in closed magne-

_tic dev1ces is widely used for determlnatlon of electron tenoe— o
’rature The exact correlatlon oetween 1nten51ty of cyclotron
| radlatlon for second harmonics and electron temperature holds’

' when the follow1ng factors are satisfied:

a) Plasma should be optlcally thick (7’\ l) at the used harmo—
bnlcs The optical thlckness of extraordlnary mode at the second

~~N_harmon1051s equal /1, 2, 3/,

: — 2 , ST § | b o
A 0dp Te A : L
Tgog = 7 "¢ <—-—) Ployiictam, e (1)
T4 Wee mc 2 ~ dB/dR ' -
VVa where C 1s light veloc1ty, m electron mass, q = 2 /" rJ pe
15 electron plasma frequency,.ug is electron cyclotron frequency,g S

and f(q) -1+ q/6 at q <.l B-is tor01dal magnetic f1eld in teslas

'qfand R major radius 1n metres. For;tokamak‘B/(dB/dR);;Rkand approxif

matelylzzj 2% 3 7.n Ty R/B, where A, is density in 1017 m™? and T_

b)~ The non- thermal (or runaway) level of radlatlon is not to
hlgh because it prevents sometlmes to. determine exactly T and
results in spreaded spectrum and overlapped harmonlcs
2. EXPERlMENTAL'SET—UP

To study the spectrum of electron cyclotron rad1at10n in the

VJCASTUR tokamak we have used fast scannlng Fourler spectrometer’

blllty to measure s1multaneously of orthogonal components of

nudls




"radiation~and a short time'(€:2-ms) of interferogramm performan—k
‘a;ce by means of 4 enters of an ax1symmet;1c screw. rotatlng m11rors.
_Theospectral range is ahout 30 - 300 GHz!w1th spectral :ESOlUthﬂM
‘~o3'GHi andaamplitudekof scanning‘mirrors 4,6 cm. Receiver is:a
néInSb helium.CDoled‘detector;itssemﬁtivlhkbeing less than420"eV.
The FSFS is arranged at low-field side of‘the_torUS‘in the

equatorial plane and recieves radiation*by antenna with narrow

diagramm ~39 what gives radlatlon spot in the plasma center to be

equal ~ 2 cm.;The rad1atlon emerglng at an angle 90 to the toro—
—idalumagnetic field passed through wedged crystal quartz w1ndow

(the wedge angle is 3° and the effectlve aperture of the w1ndow
ﬁ'1s 25 mm) Next the radiation is transported over a path length

1 m to the FSFS through a over51zed copper. wavegu1de with d1ame—

'%ter of 24 mm.

In the absorbtion'experiment the microwave power from‘genera—,

: tor (l kHz modulat1on) is em1tted by antenna placed in the vacuum
-chamber from high fleld size in the equatorlal plane Then 1t is
‘recelved by horn, passes through polarlzatlon fllter (extra ordl—w

(nary mode) and is detected by InSb detector
3. EXPERIMENTAH RESULTS

a) OH reglmes

All dlscharges studled here (Flg 1 f>3);aré‘rUﬂ3Wéy dOminaatf

ted}

Firstly, we will analyse the shot in fig. 1. The ECEvspec—
§ 8. :
trum develops from thermal (w1th hollow) at 3 ms to non- thermal

bellow.) By a knowledge of I

at 5.7 ms. In the last spectrum, it is seen the non—ahsorbed
Zche~peak. If the suprathermaljelectrOn distribution function
is‘f(E):'A»nRuhv'EXD(—E/EO)/E ‘with constant p1tch angle 8 for

all electrons, the energy E is equal to /1/

2,52 .
E, = mc? 1-5;571¥—- ~ 100 keV,
. 2x” /2% » 7 ,
where X = “)peak/tu =" 44.6/28, £:= 2. Uupeak is frequency

correspondlng to the peak.
If Eo,is'knowntthe ratios of specific intensities of the
peaks'of the harmonics (II ) can be used to findth:

‘ ' 2
- = f (B9 IBE—)S a
M i EO

where f, is function deflned in /1/. For I,/I4 = 1.9é in our case,

{

' — t , . e it :
we obtain 8 = 60°. To find constant A we take nRU;SE f(EDdE

j SR : t 1 & K
from E; = 5 keV (runaway energy) to E, = 140 keV (from fun-like

instability criterion /5/). We find A =1.4. Finally, we can\
determine absolute vaer‘of 12 Its ratio to the thermal spectrum

is I /Ith = 4.3, where the amplltude of Ith’ is Known:

{

2th

(Electron’temperature is taken from shot  in fig. 3,decribed

S 13
I = 42 kTe/8Ti° g% = 4.57x10 W/m2

o We can estimate density of runawayo

electrons; n iR 'from relation /1/:
8, n A, - ()

Run’
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~where f; is function defir 4 in /1/, Ar = 5 cm is diameter of:- o where ohmic heating power Py, = 33,6 kW and radiated power Prap=20 KW

e

‘suprathermal‘eleotron beam, an r = 0.95 is wall reflection

15 =3~

s DL ) e b) LHCD/OH - plasmas
coefficient. From (2) we find np . =2.9x107" m “. The current -

Fig. 4 and 5 show ohmic discharges with‘lower—hybrid—current—

assooiated'with'runaWay electrons’should’be e o
' 3 ' K 9 o i -drive Feedbaok position system is switched off. Effeot of absorb—
Trun * "Run-€- V(E) ]‘("'_ =35 A N ) o

ti t d -
'where e is electron charge and v runaway electron v91001ty ion of energy is evident from radial isplacement éﬁzand enhance

,‘ment of integral ECE signal. The amplitude of ECE signal is 6 ti-

In,fig. 2, the above.analysis only for third harmonics ) :
; : mes higher for LHCD/OH plasma comparing with OH discharge It 1s

" ( £="3) is possible. We obtain x = Ws/W,, = 74/28 and , - : :
S : ce: caused by appearence of fast electrons. At t = 4. & ma for ¥ = 2

E. ;'30 keVQ Note, thatmthe thermal speotrum at 3 ms is non-hollow. : o ) |
’ | | | we find x =éupeak/ouce = 50/29 and E_ = 52 keV. For 2= 3,

The evolution of soft-x- ray 51gna1 in flg 3 shows that the = 68/29 and E_ = 70 keV. From 12/13 - 1.4 we find
' ] ‘ , L

“x - a)peak/ﬁuce 4
eleotron temperature is nearly constant It is also seen from " B>60°. If we take Te = 280 év, energy ~interval El = 5 keV,

eleotron cyolotron absorption GECA) The refraotlon in absorbtionf E

10 we obtain for density of runaway

0.95) Tryny= 1l- lx1016 m_B.KCorrespondingk

9 = l40 key a”d,Iz/Izth

51gnal was cross-checked at 1.5 ms for non- resonant frequency ‘Bleetrons (Ar = 5 cm, T

The bias on ECA s1gna1 is due to the EC em1551on Absolute value ' number of electrons is

13 -3 §

of Te(0) = 280 eV was determined from (1) for den31ty perlle‘, = 7.4x10%7 m™ 7, .

ol B>
i}
~—
N

_ , , , NRun éTZﬁIT (=
n (r) = n_(0) (1 - rz/az), where a is 1imiter radius, a = 85 mm. e S :
& - & , : . ” : where R0 = 0.4 m is tokamak major radius.
~.The error bars in fig. 3c are the scatterlngs of 3 - 4 discharges. ' o : - S ‘ , _ ,
\ QOOd agreement s ECE proflle 15 ObtalnEd;» 1 R "~ For comparison, the current driven by LH-waves, oerived from
L , loop voltage drop A Y, is egual to
For,oomparison, temperature from Spitzer,conductivity is: ' : : :

I . » , Ip ._fgu ~ 11.6 kA =222 = 3.5 kA,
’ N T 2.6V ‘
T, = lQO(—E)D’ééz,ZélveV,' A[kA,V] | u |

L : ' 9 S Corresponding number of electrons is:
for Z_ ..= & and T_,(r) = T_(0) f,l - (-2) ] . v .
) eff e e " a’ : : I ZJtR

: - = ZRunZ __o_ _ 14 -3
NRun = oo 1.9x10 L

Temperature,from energy balance /6/ can be estimated to:

[ IVhrs _]4/5 '270 eV, LkA]

In fig. 5; electron density is higher, and thus smaller

TB(D) -

current is driven:
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4. CONCLUSIONS

From the thermal ECE spectrum, at the beginning of OH-dischar-
- ge, electron temperature profile was measured. From ECA Te(r)
;profile in absolute units Te(0) = 280 eV was determined and good

agrEmeht was obtained.

From non-thermal ECE spe;tr& in the end of/DH—fegimea energy
nqmbar and pitbh—angle of runaway electrphs Was'determinedﬂ Du;
ring LHCD/OH —'regihes, fhé aéplitdde of non-thermal ECE —bspectta
was proportional to the LH - current. In fhisvregime energyvof fast
electrons was defermiﬁed to 60 keV and their total numbervto

7.ax10t .
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'Figurelcaptidns,

Fig.-l>y(a§ Témponal evolution of plasma current (Ip), line'k1’~ 

o averaged electron density (ﬁe) and loop voltage )
during ohmic discharge with hfgh population of runaway

:electrohs.k(b) dynamics ot ECE spectra. (c) the spectrum

N

‘at 3 ms in enhanced scale.

 Fig. 2 The same as in fig. 1 but with iess population’of

runaway electrons.

Fig. 3 (a) Temporal evolution of blasma parameters in,absofbiiqh
experiments (Ip aékin fig.ll} (b) PeAD bolbmetricélly’
vmeasured radiatéd power, SXR - soft x-ray emission,

HXR - hard x-ray emission (c) transmitted power wiih

resonant freqﬁency f = 56 GHz and with freguency

f

[

61 GHz (d) measured electron temperature profile at

t

5 ms. Solid line: ECE - profile at 3 ms from fig. 2

with T_(0) = 280 eV,

Fig. 4 (a) Plasma parameters in LHCD/OH and OH-discharges for

S 18 -3 . - ~ A
dgn51ty ng = 4x107° m 7. (b) total intensity Ip.p -jiEcE(w)dua

) : , , 06 ko-u
(c) radial plasma displacement. (d) ECE - spectra. S
18~m—3'

Fig. 5 The . same as fig. 4 but for density ﬁe‘# 8x10
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