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I. Introduction
In present-day tokamaks,the experimentally}determined
electron confinement tine is roughly two orders of magnitude
lower than the neoclasSical prediction. A recent retiew of tﬁrf
bulence and anomalous transport /1/ identified both magnetlc |
and electrostatlc turbulences as oandldates for inducing ano-
malous’transport, but also.concluded that their relative im-

portance. is urkmown up to now.

Honever, the latest experinents'on TEXT tokamak /2/, /3/

' suggest a rather close correlation between the edge particle.

transport and electrostatic turbulence in Ohmical‘heating (OH)

regimes. The s1m11ar 1nd1catlons have been found on the other
tokamaks as CALTECH /47, TOSCA /5/, V-1 /6/, PRETEX /7/, and
MACROTOR /8/. On the other hand, some experimental: evidence that

the magnetic fluctuations may be connected to anomalous energy‘

losses has been given in other tokamaks as well, Especially

in additionally heated plasmas on JET /9/ and ASDEX /10/ a p051ble
1ink between the energy confinement end magnetic fluctuation
level has been observed Generally, the magnetlc fluctuatlons‘
level reveals a systematlc 1ncrease of magnetlo act1v1ty w1th
decreasing 135 s if an addltlonal heatlng (namely neutral beam

“injection and ion cyolotron resonance heatlng) is applied. In

- the similar way, an additional heating on TFR leads to the simul-

'taneous‘increase of the‘density\fluctuation% level in the cen- -
tral part of the plasma column and the thermal conduct1v1ty of

the electron component
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The study of ‘energy and partlcleﬁconfinement durlng lower
hybrld current dr1ve (LHCD) regimes has only recently begun and
there is relatlvely a llttle 1nformatlon avallable at the pre-
sent However, there are some indications, namely in reglmes
" with a combined 1nduct1veiand IH current drlve‘(LHCD/OH) that
the particle-confinement (1-7 /12/; VERSATOR II /13/, /14/) and
energx}confinement (T-7 /15/, ALCATOR‘/jé/,“PLT /17/, PETULA B

- /18/, ASDEX /19/) are improving,under'some'experimental condi; '

tions; namely When the gdditional RF power at moderate power

ﬁlevels (P F"P H) is applled

Nevertheless, any correlatlons between the improvement of
Athe partlcle,/energy conflnement and the electrostatlc,/magnetlc
turbulence have not yet been 1nvest1gated experlmentally in the

' cage of LHCD/OH reglmes.

Some 1ndlcations of 1mprovement of the particle conflnement
\have been observed durlng the combined LHCD/OH regimes on the ~ ,
: CASTOR tokamak -ag well /2/. Here we report the preliminary results
concernlng w1th a poss1ble link between the 1mprovement of the
particle conflnement and decrease of the level of electrostatlc
turbulence at the perlphery of the plasma column, which are routi—
‘nely observed on the CASTOR tokamak during the combined LHCD/OH g

'reglmes.~

‘ The report is organlzed as follows- Descrlptlon of experl- '
ment 1nolud1ng the dlscuss1on of Langmulr probe dlagnostlosis
presented in Sectlon II The prellmlnary exper1menta1 results
conoernlng with some characterlstlc features of the edge electro-

‘,static~turbulencef1n OH reglme are compared with that,Qf:LHCD/OH

plasmas in Section III. The results are discussed in connec-

‘tion with an 1mprovement of partlcle conflnement in Sectlon IV

and summarized in Sectlon V.

II. Experimental arrangement

}Discharge conditionsﬁ The experiment Was'performed on the
CASTOR tokemek /21/, a small device (R = 0.4 m, a = 0.085 m,
B =1.3T) with the iron core transformer and’copper shell, at
plasma current Ip = 12 kA The duratlon of the dlscharge is about

9 ms, One p0101dal aperture llmlter (Mo) and two movable rall

’llmlters (oneffrom~the top, the second from*the bottom) ere loca~-

_ ted at the same toroidal position as a gas fuelling of the dis-

charge. The stable low density'discharge (E ; 019 '3), necessa-~

ry for the efflclent LHCD, can be succe“lvely establlshed only

w;thout any 1mpulse gas'pufflng.,In this case the llne—average

denSity decreaseS'during‘the discharge roughly exponentially -

| w1th a tlme constant ~ 3 ms. Due to the imperfect stablllzatlon,,

the p051t10n of the plasma column is changing in: tlme, namely

during the anomalous Doppler 1nstab111ty, Whlch is routinely

| present in our low denslty plasmas /22/

s LHCD system- The two antenna systems (multlgunctlon wavegu1de

grllls /23/) have been used for radial launching of the lower
hybrld waves (f = 1. 25 GHz) into the plasma (see flg. ).
The flrst multlaunctlon grlll G4 cons1sts of four wavegu1des,

phase shifted by 120 0, and acoordlng the computatlon its spectrum

peaks at Nll = 5, The second grlll G7, w1th seveén adaacent wave-




' guides, has maximum at Ny = 10 EacH*grill is feeded by one

magnetron with a net power of about PR = 40 kW,

- Fig; 1.;‘The top riew’of the CASTOR tokamak with two multijun-’
| ction waveguide grills G4 and‘G7.

Dlagnostlcs- The experlment is eqqued by a standard set of

dlagnostlcs. As usual, the current drlve efficlency is dedu-

ced frcm a drop of the loop voltage. The 11ne average density

is measured by a 4—mm 1nterferometer over the central chord.

© The spectral line 1nten51t1es~are monitored by a v191b1eemo-

‘nochromator'et the 1imiter eection, by a Vuv monochromator h

(100 ° tor01da11y away from the eleotrcn 31de of the llmiter)

and by a photomultipller w1th an 1nterference filter (Ha¢ -line E

viewing the mouth of the. grlll G7

- Positions of Langmulr probes used for monitoring of edge

'fluctuatlons are depicted in fig. 2._
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A fixed probe array ig located,at r=a = 85 mm in the reglon of

G4—grill. It consists of five prcbeskP‘1 - P5.separated poloidally
by the‘distancek Ax = 4.5,mm'and'probeS'Pé and P, With'the_sa-‘

me separetion but displaced 4 mm toroidally away from P1
Each probe is a 1 mm diameter molybdenum Wire which extends

- Pg.

4.5 mm beyond a stalnless steel shield 2. 5 mm in dlameter. A re-

cessed glass ccverlng provides 1nsu1at10n between the wire and

- the shleld. The two flxed probes 98’ P9 are mounted on G7—gr111

at radii r8 = 90 ‘mm and rg = 84 mm. The radial profiles can be

reconstructed by‘moving thevprobe P1O radiellj shot by shot.
‘The electron density n, is derived from %heAproberion |

saturation current I

__+ 2 m, R o :
n =1 'e.A'\/Ue ’ ,. ay
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where A is probe surface area, m; is the ion mass, k = 1,6x10°19J/e%’

i

e = 1.6022x10" 1%,

| The space potential %- of the plasma follows from the
floating potencial of the probe % 72/ S

1 - , kTe [' - (2)
2’;-7} 2/e/

Each measurement requires the electron temperature T for inter-

An

‘pretation. However, the T was not measured in this series of

‘experiments. For preliminary 1nterpretation we have adopted

our previous experimental data /24/ indicating the electron
temperature in the range of 20 - .25 eV in the scrape-of-layer

(SOL). This value seems to be independent (within the experimen-

tal errors) on radius in this region.

A probe, biased minus 150 V with respect to the liner,

measures,the ion saturated current. An unbiased probe is used

'to‘measurekthe plasma floating potencial. The voltage of each

floating probe with respect to the liner is measured on the

“registor 10 k82 of a divider 1 : 100.

The important quantities from the point of view of electro-

static turbulence‘are the root-mean-square values of density

/

" and space potencial fluctuations defined as

ff /am _/(y*),u PEROR

Too0 T

l&wx—‘j%é{) 4¥

T-»on

where su‘gscript "f" denotes fluctuating part and brackets <-- 7

further-mean the time-average value of the corresponding quantity.

. The rms values of n and. Y are deduced from the probe measu~

rements of Is and ﬁ.;using the expressions (1) and (2), where =

‘the electronktemperature fluctuations E; are neglected according
to the experimental evidence given in /25/ (E;[<:Té>$15 %) or
/5/ (To/ LT 41 %).

ITI. Experimental results‘

| - The typical temporal evolution of the ion saturated current
during the combined LHCD/OH discharge is depicted in fig. 3

(upper trace of the oscillogram).

...-(m AT
o 0 .
I[m] :

Fig., 3. The temporal evolution of the ion saturated current
and loop voltage during the combined LHCD/OH discharge.
The RF-pulse is appliedsat t =3 - 5 ms. The probe Pg ¥’
and grill G7 are used. '

The drop of the loop'vdltage’(lower trace of the oscillo-
gram), just in the time of the RF-pulse, indicates that about

one half of the toroidal current is driven by lower hybrid wave,

The relative level of fluctuations of the ion saturated
current I+/1fI+>(e g. local eleetron density) inside of the SOL
reaches a ratherf%'lue 0.5 - 0.8 during the - OH-part of the -

[l




of the relatiVe level of the density fluctuations g'/(n > is

“ depicted together with the rad:.al profile of the time—average |
| ‘density <n > - Note, ‘that the absolute values of gradient scale

at the plasma edge (r = a)‘_and it increases towards the plasma

core,

An attempt to obtaln the frequency spectrum of the dens1ty

-1
length L (dr .n /  snd @ /<n > ‘are not influenced by the fluctuatlons by a numerical Four:x.er analysis is shown in fig. 5,
L
“°,h°ise» P‘f "I‘e(r). . " together with the s_pectrum of 'the potential fluctuations from'
- . the floating probe. N |
h m‘ﬂ | Mugf . : :
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b SO Fig. 5. The frequency spectra of the n- and ﬂ—flu.ctuations at
£ ok \4’\ ; . r.= a»,~ taken durn;ng the OH-part of the discharge;‘-probe P9.'
A | B T T -
" ) 0 N V
l v < In sp:Lte of 1ncomplete experlmental data, the flgs. 4 and 5 indi-
® a.l p o
‘ 40'2" cate that the electrostatic edge turbulence on the CASTOR tokamak
e . //////E'!‘!T:il'.///// iy _ i | has in OH-regimes a s:.milar character as on the other tokameks /1/
< r[mm] , w0 ey b ‘ That follows from the absolute valu.e of the, dens:.ty flu.ctuatlons,
» | ‘ | from the noticeable decrease of their relative level towards the -
, Flg. 4. The radial proflles of <n > and n /<n > in OH—dlscharge; , : i , T
: ~ ; ‘, centrum of the plasma column and from the general form of the
probe P10" ; Eatt - ,

. frequ.ency spectre of n- a’nd' ‘f‘— flu.ctuationst as well,

Let us add that the rms Value of the floatlng potent:l.al
During the comb:.ned LHCD/OH period of the dlscharge the

measured 1n OH—d:.scharges has been found 1n a range cf 7 = 10 v :
N A o a : level of density fluctuaticns decreases remarkably. “The detall
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plcture of the 1on saturated current *taken Jjust in the middle

of the RF—pulse, is shown in fig. 6, where the comparison between

the pure OH and combined LHCD/OH current drives is presented

-Fig. 6. The detail picture of the It- fluctuations, taken under

the same conditions as in fig. 3.

It may be seen from fig. 6 that predominantly low frequency

fosclllations 1n the renge 10 - 50 kHz are suppressed by RF On

the other hand, some high frequency (but low. level) oscillations

appear. The last statement can be supported by measurement of the
frequency spectra of the I+-f1uctuations by a spectrum analyzer.v

Comparison of the gpectra in the pure OH and combined LHCD/OH

_dischargesis shown in fig. 7.

pnub}jtq' .

0 p,|~'52~ ‘3' s
w/z II [MHz]

%Fig. 7; The frequency spectra of I —fluctuations from the

1‘spectrum analyzer, type Tektronix 7L12.

'difference of the space potentials %K - ¢ s

1 -

It is possible to see that suppression of the low frequena*
cy part of the spectrum in the case of LHCD/OH regime 1s accom~
pained by formation of a rather broad peak at frequencies in

the range of~2 - 4 MHz. But it should be noted that the typef.

: of analyzer used is not very su;table for the sub-MHz region s

‘/land so the presented result should be taken qualitatively only-

It has been investigated further,.whether the effect of
suppression of density fluctuations isrdependent‘on'the‘Langmuir

probe position with respect to the waveguide‘grill- But using

‘various probes in combination with grills G4 and G7 we have

elways obtained very s1m11ar results. Therefore, it has been ‘

- concluded that the stabiliz1ng effect is rcughly tor01dally

symmetric. However, there were some indications that the suppre-p
ssion of fluctuations is more pronounced at the top of the torus,
e.g. in direction of the tor01dal drift of ions. This fact

suggests some p0101da1 asymmetry. But this question should be

"study in more detail in future.

TFurther, there were monitored the differential signals from

 two floating probeS'of the probe array. The prcbes are:located

on the same radius with respect to the center of the 11ner. The-
, corresponds.
refore, as follows from eq. (2), the differential s1gnal to the

¢

’s1nceathe terms
containing the electron temperature cancel out An estimate of

the value of the p0101dal electrlc field E can be s1mply obtained

P

by dividing A}’ }. by the distance of the probes | Ax.
Fig. 8 demonstrates the dependence of the differential signal

of two probes on their distance and the 1nfluence of the RF-power
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i

on the iluctuatioh level, The rms value'“of the‘Ep-fluctuations.,
estimated from the adjacent probes Ax= 4.5 mn is in the range-

' o‘f 1 .'-‘1 5x103 V/m in OH regime. Comp‘arison' of .df—signals for
different probe palrs in the OH and LHCD/OH regimes clearly ma-
nifests a substantial decrease of the fluctuatlon level under LHCD

for,all distances which were used. However, the stab11121ng effect

is most pronounced for the adjacent probes.

Figlts; The differential signel

bes for ax = 4.5, 9,
13.5 and 16 mm (down -
from the top) in OH and
LHCD/OH regimes. The
RF-power from grill G7

The measurement’has been
performed within the li-
mited frequency bandw1dth
WAT <100 kHz,

of the two floating pro-

' ig applied at t = 2.9 ma.

Iv. Discussion ' g
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The analogical decrease of the poloidal magnetic field

fluctuations during LHCD/OH'discharge he's been observed on the

-signals from Mirnov coils located inside the SOL (see fig. 9).

In this figurejthe signdl from a floating probe is given for
comparison as Well.,Analogical‘suppression of the MHD-activity'

(identified as stabilization of m = 2 mode) in LHCD/OH regimes

' has been previously reported on the PETULA B tokamak /26/.

sow mv s

Fig. 9. Derivative of the poloidal magnetic field B and floating

potential ’Y; during‘the combined LHCD/OH discharge.

i
In the combined LHCD/OH reglmes the global partlcle Jonfl-

nement time increases in our case approxlmately two tlmes with

" resgpect to the pure OH~ 1scharge /20/. This effeot, observed

earlier under simllar experimemml condltlons on VERSATOR /13/

‘and -7 /12/ tokamaks, is demonstrated by the temporal evolution

of the line-average electron density, see fig. 10.



i - : 4f " : } 'The density reaches its maximum at t ='1 ms, when the plasma is
b 1fully ionized. After that den81ty decreases due to the finlte F

‘ U -~ particle confinement and due to the fact that the recycling

coefficient is well bellow one. The rate of decrease depends

| ‘ | _ 57’ ‘, ,‘ ' : L | | o T predomlnantly on the degree of wall conditioning. For the low
| / density dlscharges w1thout impulse gas pufflng, which are fa—~\
H>,‘ ‘ : :,’ 19A+: ' i' ! . r\e ' - BN : vourable for LH~current drlve, the global particle oonflnement

| tlme has been found in the range of 2 ms from the both den81ty

and absolute intensity of a hydrogen spectralyline measurements.

During the LHCD/OH part of fhe'discharge the continuous decrease

of the density is stopped. The density starts to be constant or ”

even slightly increases. The spectroscopic measurements indicate

lﬂjoi e K . that neither an additional ionization of hydrogen fluxes (from

'wall; limiter or grill) nor the additional ionization of impu-
: rltles are respon51ble for this relatlve increase of the den31ty.'
The last is therefore 1nterpreted as an 1mprovement of the global

partlcle conflnement

Fig. 10. The temporal evolution of the line-average o - k ,

, , o Taking‘into account simultaneous existence of the density

den31ty during combined LHCD/OH regime. R o - N . o S
stabilization and the edge plasma turbulence suppession during

The same curve for pure OH-disnharge is ehown by - . ' - o ‘ @ v
‘ , the combined ILHCD/OH discharge, it seems to be natural to link

dashed line for comparison. o S - o j _ ‘

: ‘ both these effects together. Such attempt is presented in the

S S S ““Af ‘ : . R 4 o following subsection.

The fluctuEtion ~ induced particle transport

The experlmentally observed fluctuatlons of the poloidal

electric field Eg lead to fluctuations of the particle veloc:L-
{ o ‘ties and radial positlons /1/ For low-frequency fluctuatlons

F

( &)<K ey ) a radial velocity fluctuatlon L. of partlcle can k

be written - , o




-~ 16 =
| >, > ;
- ¢ £ x B
Ve ST o R o
BT . (4)
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where B is toroidal magnetic field. * : : ' -

L

F

' To express a time average radial particle flux <r‘?‘T
given by the cross-field drift, it is necessary to knou a cor-
relation between the rad1a1 velocity fluctuations and plasma

dens1ty fluctuatlons nf as

<P>-—-—-<(<n>+n )(<E,>+E ))-——-—<n><EP>4-—<n E >

As there is no exper1menta1 evidence about existence of the
quasiStacionary poloidal electric’fieldF<Ep>', the first term
of the last expression may‘be neglected 'It meahs, the cross-

-fleld contrlbutlon to the radial transport has only a turbu-

‘lent part, which can be wrlten as -

AT A ' ; o o
f"t: A Aim 7.—[n*~ Eg""(-t - ’ (5)
8 TS0 - " : ' ,
or u91ng a cross- correlatlon coefficient C E /4/ as

The definition of Com follows directly from expressions (5), (6)

and its value is between -1 and +1. The polarity of Cop determins

the direction of the net turbulent flux. Many tokamek. experiments

3'/2 - 8/ haVe/shown that the net turbulent flux at the plasma edge has
'always outwards direction. The absolute value of CnE has been
‘found in the range of 0. 2 ~ 0.4, Wthh indicates nearly complete

| de—oorrelatlon between density and Ep—fluctuatlons.'

-

‘Bohm diffu.éion D..

’tlonj T ff'df /.ndl/

Now, assuming qua51neutra1ity, we can express the fluctua—

) tion-lnduced diffusion coefficient Dt as

-—/"/Vn—- ne-z‘;)-’;f noo Q)

Here T/<n> is the relative Jevel of density fluctuations and

Ln = n/Vzl is the density gradient scale length. If we take the

'typlcal experlmental values for plasma edge of the CASTOR tokamak-

Ep = 1. 5x1o3V/m, -2

sing CnE = O, 3, we gethoefflclent of turbulent diffusion at the

-t

limiter radius the value.D = 2 m2/s, whlch is in the range of

. At N ' . 2
Bohm = 0.0625 T:/B =.1m /s,

Moreover, assuming further the poloidal and tor01da1 sy-

\ ¢
mmetry of the turbulent partlcle flux f7, through the outermost

closed megnetic surface, the fluctuatlon—lnduced global particle
¢
onflnement time '?b~ can be estlmated according to its deflni-,

as following-"

/< n(a)>
A /< n(a)>

| -”5' 2 “‘3 .
2 tCa) 8 C nE" EP

r*=

- Here volume averaged den51ty n, 1s ‘related to the measured llne

average value n as n; = (3/4)7 assuming parabolic profile of

‘n (r). ‘

We have found the ratio line-average/peripheral'density
n/ n(a)

fore, the estimated'fluctuation-induced global particle confi-

to be in the range of 5 = 10 for r = & = 85 mm. There-

nement time is in the range_of 1.1 - 2,3 ms. It well corregponds

to the spectroscopic data. .

1. 3 T n/¥n = 0.4, Ln = 1.4x10" “m and suppo-ﬁ’
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It may be concluded from- the givén above that the fluctua-
tion-induced transport seems to be responsible for the anoma-
lous partlcle logses on the CASTOR tokamak. Analogical conclu~ .

‘sion has been done on some other tokamak experiments as well
/2 - 8/. The simultaneous decrease of the relative level pf -

density and poloidal field'fluctuations during the combined

~ LHCD/OH regimescmay therefore result in a noticeable improve=

_ment of the particle confinement (assuming of course that the

.,cross—correlation coefficient CnE doesn 't increase appreciably}.

. This idea is SUpported by the global barticle balance meesure-[
ments which manlfest an 1ncrease of the global particle confi-

nement t1me as well

cHOwever, ittshouldebe'noted that more quantitative conclu-,'(

-8ions need determination of the cross-correlation coefficient
or at least'the simultaneous measurement of rms values of the

- poloidal field and denslty fluctuatlons. Mbreover, for compari-

- son of turbulent losses w1th global partlcle balance the depen—l

- dence of the turbulent‘flux on the p0101da1 angle has to be

measured Such experiments are under preparatlon 1n the CASTOR,'

| ‘tokamak

P
b

iv;'SummarXé’
(1) The prellmlnary measurements of the plasma edge fluctua-
| tlons on the CASTOR tokamak are presented o
(11) The 1evel of the edge turbulence has been found suffici-
ently hlgh to explaln anomalous particle losses in the

OH—dlsoharge 1n tokamak

,’,- ‘o

(111) The level of the edge turbulence decreases appreciably
durlng the combined LHCD/OH regimes. This fact 1nd1cates
ari improvement of the particle conflnement'whlch,1S;, -

observed by the othervdiagnostic‘tools as well.
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