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Abgtract

Radiofrequency power up to 40 kW, injected into the vacuum
chamber of the CASTOR tokamak by a multijunction grill, was used
for plasma formation during the rampup phase of the toroidal mag-
netic field. When electron cyclotron resonance (ECR) appears in-
side the tokamak chamber for given pumping frequency (f = 1.25 GHz)
a plasma with density greater than 2x1018m_3 and temperature Te=
= 10+40 eV is produced. Plasma is sustained at some lower value of
the density during the whole RF pulse. Simultaneously, a toroidal
current -up to = 0.2 kA is generated. The energy confinement time

'is estimated to be about 30 ps during the ECR breakdown.



1, INTRODUCTION

The noninductive current drive in tokamsks is promising way
tb establish a steady-state operation in a future tokamak-reactor,
Usually the target plasma for npninductive current drive is produ-
ced by an ohmical heating (0OH) transformer. Then, lower hybrid wave
(LHW) are injected into the plasma to maintain or to rampup the to-
roidal current. Recently, experiments on current drive by LHW have
been tried in a target plasma produced by a noninductive discharge.
It offers the possibility of the complete omission of the OH trans-
former in future. In the WP-2 and JIPP T-IIU tokamsk an additiomnal
ECR source (gyrotron) has been used for the initiation of the dis-
charge [1, 2] . PLT group has been successful in the plasma startup
by the same power source, which Was then used for noninductive cur-
“rent drive [3] . The LHW launcher was phased in this case first at
0° and after the plasma formation the phasing was changed to a va-
‘lue appropriate for effective current drive. Moreover, a careful

vert "es highly necessary.

programming of the vertical field B
We report here preliminary resﬁlts of a simple method‘of the
noninductive plasma formation and sustainment in a tokamak by LHW,
launched via 4-waveguide multijunction grill with fixed phase shift
(ay = 1200), used previously for LH current drive experiment in

targed OH plasma [4] .



2. EXPERIMENTAL ARRANGEMENT

The experiment was carried out on CASTOR tokamak in IPP Prague
(R=0.4m a =85 mm r = 100 mm, Bp £ 2 T, hydrogen working  pres-
sure pH2;53O mPa). The same preionization source (electron gun) wa.s
used as for standard inductive breakdown. The RF power was launched .
into vacuum‘chamber using 4-waveguide multijunction grill with di;
mensions of waveguides 10x160 mm (see Fig. 1). It should be noted,
that about 30 % of the RF power is reflected when plasma has been
created and that the RF power of generator decreases approximately
to 50 % at the end of the pulse. The orientation of the grill is
such, that according to the numerical computation [4] ; about 50 %
of incident power propagates in the direction of the electron drift
velocity during the standard OH discharge in CASTOR (antiparallel
to the toroidal magnetic field—EE, i.e. 'ﬁ}jﬁ;), gee Fig., 2. In
the opposite direction ("parasitid"branch of the spectral density
digtribution, parallel to EE) about 20 % od incident power propaga-
tes. While the calculated spectrum of the main branch has a peak
at N,= 5.5 (it corresponds to the electron energy about 9 - 10 keV),

the "parasitic" spectrum is substantially extented to the higher N“

During the experiment the primary coil of the OH transformer
was short-circuited. Moreover, we didn "t employ neither static (ver-
tical and horizontal), nor dynamic magnetic compensating fields

stat _ pstat _ pdym . . .
(Bvert = Bpor = Bvert'“ 0) in this experiment,

Plasma parameters (ne, Te) were monitored by a movaeble Langmuir

probe, lacated in the same cross—-gsection as the grill, The radial



profiles of n, and Te between the liner and the radius r/a = 0.45
can be measured by this probe. The probe consists of a melybdenum

wire (0.8 mm diameter by 3 mm long).

Tn addition to the standard plasma parameters (plasma current,
the loop voltage, the line average density ﬁe measured by the 4 mm
interferometer and visible line intensities), the integral electfon
cyclotron radiation in the rangé of 36 GHz and HXR emission (E 2

>0.2 MeV) were monitored during the experiment.

3, EXPERIMENTAL RESULTS AND DISCUSSION

Plasma is generated by RF power, launched into the toroidal
chamber By the grill. The RF pulse is applied simultaneously with
the startup of the toroidal magnetic field BT’ which reaches its

maximum velue (BR** = 1.3 T) after 30 ms. As B, increases, ECR
zone arises at the inner side of the vacuum chamber at about t=0.5
ms (according to Fig. 3) and ECR plasma is created. Due t9 the me-
-chamism of waves transformation [5] , this plasma is then sustained
during the whole RF pulse, deépite of the fact, that in consequence

of the increasing magnetic field the ECR zone 1ls already outside of

the chamber,

Thé temporal evolution of plésma parameters during the RF pulsc
is demonstrated in Figs. 4a-h. After reaching its maximum value at
t 351.3‘ms, the line average density decreases, at first rapidly,
then slowly until the end of the RF pulse is reached. Similaf cha-

racter exhibits the ion saturated current'I; (see Fig. 4b) corres-



ponding in some sense to a local electron density at the radius

r=4om-m-o

A toroidal plasma current Ip appears during the ECR breakdown.
Tt rises with a rate about 40 kA/s and approaches the maximum value
T0%Fx0.2 kA at t = 5 ms. At this time the ftoroidal magnetic field
ig about one order of magnitude higher than the cyclotron value
for the pumping wave, Therefore, the resonant (ECR) mechanismus of
the wave energy absorption is absent during the current rise. One
possible mechanism of this current generation is an interaction of
the lower hybrid wave (2f;,<f<<f . in our case), launched by the
multijunction grill, with the already existing target plasma, It is
neéessary to note, however, that the direction of the electron drift
is opposite to the direction of the-ﬁlvector of the main branch of
the calculated RF spectrum, It seems to be probable [6] , that the
observed toroidal current is driven in this case by the "parasitic"
branch of the spectrum due to the enhanced population of the higher
N,,(see Fig. 2). Such assumption is justified by the relatively low
velocities of the primary plasma electrons. Due to this fabt, an
efficient interaction between the target plasma and RF wave can be

expected just at high N, only [7] .

The total efficiency'of the noninductive current drive is rat-
her low in our case; This fact may be connected with the low value
of the RF power in this high N,'part of the "parasitic" branch of
the spectrum (only a feﬁ % of the total power)., At the second, plas-
ma, equilibrium has been performed only passively by the conducting
copper shell of the tokamak. As we have mentioned above, we didn "t |

employ the dynamic vertical magnetic field required for the succes-



gful long-term equlibrium of the current channel. The value of the

toroidal current should be limited by this fact as well.

Moreover, it has been shown recently (8] that even such low
values of toroidal electric field Ep as + 0.1 V/m chenge the elec-
tron distribution function andlconsequently the efficiency of the
RF current drive. Such toroidal electric field is created in our

noninductive experiment mainly due to the inductance of the plaéma

loop (B _Utoqp _ _Lp . Ap
| T~ 2%R 27R  dt
during the Ip rampup phase (t £ 5 ms) acts this electric field

~ 0.1 V/m), see Fig. 4d. Especially

é against the RF current drive and the counter-current caused by this
§ field can achieve several tens of amperes. This fact should have

negative influence of the LHCD efficiency as well.

While the ECR radiation is not measurable during the initial

~ phase of the discharge (limited bandwidth of the 8 mm waveguide
 receiver), a quite noticable level of the signal is observed after
that phase unﬁil the end of the RF pulse. It indicates presence of
an overthermal component in the electron distribution function.
However, no hard X-ray emission (E 2150 keV) was registered. It

i shows, that no electrons with corresponding energy arehproduced.
This is an additional argument for the above mentioned statement,
that the current is driven by the high NU part of "parasitic" branch

- of the spectrum only.

Temporal evolution of spectral line intensities exhibit a
sharp peak at the moment of maximum plasma density. It should be
noted, that the line CV with a’high value of the excitation poten--

tigl reaches its peak value at the same time as the lines Hj and



CIII (see Fig. Af, g, h).

According to the probe measurements, the electron temperature
Te increases smoothly from Te = 4=5 eV until the ﬁaximum value of
the plasma current (t o~ 5 ms), when it reaches value about 40 eV
(see Fig. 5). The radial profiles of the ion saturated current (see
Fig. 6) are rather flat or sometimes even hollow., It is necessary
to note, that the local electron density evaluated from probe measgu-
rement at r = 40 mm is 2-3 times greater than the line average den-

" sity ﬁe measured along the central chord by 4 mm interferometer,

According to the probe measurements the energy confinement
time ctﬁ = Q/Pinc (Q-total energy in the plasma column) has been
estimated as 30+40Jps at the beginning of the discharge. Such low
value of Ty is mot surprising as, due to the low value of the ge-
nerated toroidal current (unsufficient to establish the rotational
transform), there is ﬁo real confinement in the given toroidal con-
figuration.

The plasma density as well as driven toroidal current depend
only weakly on a initial pressure of the Werking gas. An effective
breakdown has been achieved, however, only for hydrogen pressures

greater than py =~ 34 mPa.
2

As We have mentioned above, the experiment was performed at
a zero level of the external compensating magnetic fields B, . We
have found that any other value of B, makes the RF breakdown diffi
cult. It can be explained by a substantial elimination of the stray
magnetic fields in comparison with the standard inductive breakdown
as a consequence of the transformer short-circuiting and due to the

very low toroidal magnetic field during the breakdown. Therefore,



any external perpendicular field increases vertical helicity of

the toroidal field lines and consequently enhances the plasma losses.

4, SUMMARY AND CONCLUSIONS

Preliminary results of RF plasma formation in & tokamak during
rampup of the toroidal magnetic field are reported. When ECR condi-
tion for given pumping frequency is fulfilled inside the vacuum
chamber, a plasma with density about n, = 2x1018m-3 and temperature
a few tens electronvolts is formed. After that the plasma is sustai-
ned during the whole RF pulse, even when ECR zone is already outside
the plasma (we have observed such éffective absorption of RF power
for frequenéies mich lower than f__ earlier in 1inéar[5] and toroi-
dal devices [9] for By = const.). Moreover, the toroidal current
generated by a RF wave is also observed. RF-sustained plasma has an
overthermal character. However, after a few milliseconds the'plasma
density and current fall down as consequence of a poor confinement.,
To reach a tokamak regime on the CASTOR, it is necessary to rumpup
the plasma current substantially. There are two possibilities how
to do it: '

(i) According to our opinion it is necessary to use a controlled
or at least a preprogrammed power source for vertical com-
pensating field just after the ECR breakdown. In that ocase
more suitable conditions for confinement of current cérry—
ing electrons will exist and it should be possible to rampup

the plasma current by the same or maybe an additional wave-

guide grill.
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(ii) To use the RF breakdown for generation of the sufficiently
dense target plasma for the inductive-driven‘discharge (i.e.RE
preionization). In that case we will be ahle to control the
temporal evolution of the loop voltage and ramping-up of the
inductive plasma current. Furthermore, such'experimental
arrangement enables us to study simultaneous rampup of Ip
and Bg (to keep the safety factor g, alose to constant).

It has been found recently on JET that higher values of Ip
can be reached under such conditions without any increase

of MHD activity [9] .

Tn both cases an effective prolongation of the tokamak pulse
can be achieved (up to about 50 ms in our cése) without any additi-

onsl demands on the toroidal field capacitor bank.
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figures

Crosg-sectional view of the tokamak plasma and

4-waveguide multijunction grill.

Spectral power density of the 4-waveguide multijunction
grill enumerated for a plasma density in the grill
mouth n_ = 3x10'°m™> with a radial gradient Vn, =

= 1020m-4

L 4

Temporal evolution of the toroidal magnetic field in

the tokamak chamber.

Temporal evolution of the following quantities:

a) average plasma density; b) ion saturated current;

c) plasma RF driven current; d) loop voltage;

e) electron cyclotron radiation; f)jﬁﬁ ~line intensity;

g) CITII-line intensity; h) CV-line intensity.
Temporal evolution of électron temperature.

Radial profiles of the ion saturated current at times

t, = 1.3 ms, &

1 o = 2.8 ms andt3 = 14 mS.
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