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ECH BY FEL AND GYROTRON SOURCES ON THE

MTX, TOKAMAK*

B. W. Stallard, W. C. Turner, S. L. Alien, J, A. Byers, B. Felker, M. E. Fenstermacher,
S. W. Ferguson, E. G. Hooper, K. I. Thomassen, and A. L. Throop (LLNL)

M. A. Makowski (TRW, Inc., Redondo Beach, CA)

ABSTRACT

T The Microwave Tokamak Experiment (MTX) at LLNL is studying the physics of intense pulsei

ECH in a high-density tokamak plasma using a microwave FEL. Related technology development

includes the FEL, a windowless quasi-optical transmission system, and other microwave

f components. Initial plasma experiments have been carried out at 140 GHz with single rf pulses

generated using the ETA-II accelerator and the ELF wiggler. Peak power levels up to 0.2 GW and

pulse durations up to 10 ns were achieved for injection into the plasma using an untapered

wiggler. FEL pulses were transmitted over 33 m from the FEL to MTX using six mirrors

mounted in a 50-cm-diam evacuated pipe. Measurements of the microwave beam and

transmission through the plasma were carried out. For future rapid pulse experiments at high

average power (4 GW peak power, 5 kHz pulse rate, and'ff > 0.5 MW) using the IMP wiggler

with tapered magnetic field, a gyrotron (140 GHz, 400 kW cw or up to I MW short pulse) is

being installed to drive the FEL input or to directly heat the tokamak plasma at full gyrotron

power. Quasi-optic techniqueswill be used to couple the gyrotron power. For direct plasma

heating, the gyrotron will couple into the existing mirror transport system. Using both sources of

rf generation, experiments are planned to investigate intense pulse absorption and tokamak

physics, such as the ECH of a pellet-fueled plasmaand plasma control using localized heating.
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1. INTRODUC, TI()N

The ma.i,1 physics objective f(_r tile MTX ext)crirnent is the study of intense pulse
ECH in a high-density tokamak I 1)lasnm, using a, microwa.ve FEL. For these experiments,
technok)gy development is required for both the FEL and a transmission system to trans--
port the FEL powe r to the tokamak. In this t)aper we report our initia.1 experiments at
140 GHz with single rf pulses generated using the ETA-II induction lina.c2 and the ELF-II

wiggler, a
We are also prepm'ing for future multiple pulse experiment, s a.t high average l)ower

' using the Intense Microwave Prototype (iMP) wiggler wit;h a taperedmagnetic field, A
gyrotron is l)eing installed to drive the FEL input or to directly he_:ttthe tokamak plasma.

T Both Vlasov-type a,ntenna.s and a new device, MAGICTRAC, will 1,e used to couple the
gyrotron power. For direct pla,sma, heating, the gyrotron couples into tlm existing mirror
tr.ansport system.

2. FEL OPE.RATIONS

For thesingle pulse experiments, the ELF.-II wiggler (9.8 em wiggler wavelength, 4 m
tota,1 length, a,n(t 0.5 Hz repetition ra,tc for the pulsed wiggler magnets) was used. 3 Tile
e-beam parameters produced t_y the ETA-II a,eeelerator were 6 MeV, 2 kA, mid 50 ns
pulse lentil;. The dominant w_veguide mode for interaction with the e-1)e_ml was TE01
in WR229 wa.vcg_li(lc (5.82 x 2.91 cre). For nontapered operation of the wiggler, peak
l)owcr levels 111:)to 0.2 GW mid 1)ulsc widths up to 10 ns were ;._chievedat 140 GHz. Figure
1 shows ml exp(_rinmntal gain curve for the wiggler, obtain.cd by vm'ying the length of
energized lnagnets. _Ihc input drive t)ower was 20 W from an EIO source, injected into
the wiggler waveg_fide co-linear with the e-beam. At tlm a.vailable drive power and bemn
clu'r,.mt, the FEL interaction just reache.d sa,turation.

The rf l)_flse length was limited by spatia! and energy sweep in the output beam of the
lina,c. Energy swee 1)affected the syn(:hronism of the e-beam and the interacting waveguMe
mo(l('..s. Energy sw...ep,'_.' _ combined with imt)erfect magnetic alignment of transport magnets
in the linac, also caused a "corkscrew" motion, or spatial sweeping, of the e-beam ixt the
transverce l)la.nc. 4 These displa,cemcnts of the beam from the w_:_veguideaxis reduced the
FEL i,ltera.c.tion, tile, pulse rel)roducibility , and the power otltptlt.

Beca,us(._of tlm low input drive 1)owcr and the corkscrew motion, it was not possible
to a.chicv(, strollgly tapered ()l)(n'ai.io11.With these limit_tions, a prelinfinary attempt at

• ta.l)crillg t,l_<,wi/_gl(;r l)r()(l_lcc<ll)llls(,s up t() 0.4 GW.

3. BEAM TRANSPORT AND MTX INJECTION

The FEL pulse was mj(..ctc,l into the windowless, qua,si-optical tnmsport system (Fig.
. 2), wlfic.h consists of 6 ahunimml mirrors within an ev_._cuated stainless steel pipe of 50 cm

dim ncter. The totM transport distance to MTX is 33,3 m. The mirror optics were designed
using tlm MTtt code, _ which calculates tra.nsport by solution of Huygens' equation. For
the TE01 mode, the ealcula,ted tmnsl_ort efficiency is 89%; the calculated profiles at several
points in the system arc shown in Fig. 3. Most of the transport loss arises from spillage
of side-lobe power at tlm first, three optics. The resulting beam profile a,t MTX is nearly
Gaussia,n _md clonga.ted .vertica,lly in the H-plmm.

Measurements of an FEL pulse at the input and output of tlm transport system and
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tile horizonta.1 t)eam profile n('ar tile i,ll)llt i;OMTx are shown irl Fig. 4. The me_.Lsure1.11(3nts
in Fig. 4 a, and b are single-point ntea,surements :d; t;lle,nfirror (:enters of J0 aim M,t, re-
spectively, made :ising a, calibrated Shottl:y dio(l_,_receiver. Calibration uncertainties were
4-2 dB. Because t,he :::casurement is singh_ point rold because computer simulation of the
FEL interaction for nonta.pered operation predicts multimode output, an accurate d(',t(',r-
:nination of transmission efficiency has not been made. This awaits fltf, ure measurement,
using total-beam calorimetry.

The plot, ted points for the profile in Fig. 4c, measured 1.23 m downst, ream from Iri4
using a movable detector, are six-pulse ::_verages a.t t'ach measurement point. Also pl0_ted
is t,he calculated profile for tra.nsport: of the TE01 mode. Differences between the measured
and ealcula,t,ed profiles can a,rise from (a)interferenc(' be_,ween several modes generated by
the FEL and (b) i,ltx:ff(,renc.(: b('tw(,(,il the bealn a,ll(l s('a.tt(,,ring froln til(: (l(,.t,_(:t;(_l'l_r(_l)u,

The dominant mode competing with TE01 is pr( dicted to be TE_I. This mode has a 1)()or
transmission efficienc..y (,-,37%), so only a. sm_dl fraction of _he total power would a,pl)ear
in the undesired mode.

The tra,nslnission loss is low only for t,hose modes that. propaga.te frorn mirror to

' mirror:For a pulse with 55 MW peak power, Fig. 5 shows lat;(:'pulse "r_tttle" at MTX of
side-lobe power from the TE01 and non-TE01 modes, which a.re traslsit-time dela,yed from
t,he main beam pulse: Power ttmt misses the rllirrors rcftects from the lossy stainless steel
walls of the vacm.ml pipe. Becaus_i of 90 deg bonds in the beam line, the side-lobe power
propagates at large angles to tt'_e ,_ystem axis, a.i_dmany wall reflections are required for
transport to MTX, r(:,s_11tingin large _tt,tenuat, ion and longer transit time. The dashed
curve in .the figure is the decay rate for a model with _ reflection loss 77 _ 0.02. From
this we infer a 3-fold enhal_cement in the reflection loss calculated from the dc measured

| resistivity.
Single point measurements of transmission through plasma discharges at the beam.

center _e shown in Fig. 6 for the resonance loca.ted on the t,oroidal axis (Bi = 5 T). Also
plotted are curves from ra,y tra.c,ing calctflations showing the attenuation due to plasma

refraction alone and the attenua.tion with absorption in('luded. (_For the calculations, the
model profil(-'s n,,/no, To/T,,o _ [1- (r/a)_] _' are used, ,vhere (._= a,, orttT for density
and temperat,_re, respcct, ively. Tl-_eslia.ded areas sh()w tile depende.nces of refraction and
absorption that bound the shot-to-shot changes in the measured profiles of electron tem-
perata_re and densit, y. Dat, a.for bot,h low power (,-,1 W for EIO driver power 0nly) and high ,
power with the FEL nrc shown. Within large measurement uncertainties , the transmis-
sion is power independent, which indicates no departure mt,these power levels from linem:
absorption, in agreement wit,h expecta,t, ions.

The da_a sllow a, st,rent decrease with plasma density _md fall within the bounds
Calculated for absorption. The large error ba,rs ii1 transmission with the EIO alone result
ft'ore large variations dm'ing the 5/.ts EIO pulse. We postulate that scattering from density
fluctuat;ions and interference at t,he Single point detector, from multipa_h transmission of
power through the plasma, may play a, role.

4. GYI{OTRON COUPLING

, For the nex_ phase of experinlents, the IMP wiggler 7 will be used. The wiggler magnets
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operate ew, a,nd experinmnt, s with a, 50-plllse b,u'st n,t 5 khz a,re i)lan.ttcd with 1)es k lind

average power levels of 4 GW and, >0.5 MW, icsp(.,ctlv.ly. 'I'11(; wiggler drive power will

be grea.tly into'eased by rise of I._400 kW, 140 GHz gyrotron, which will be coupled into

tile wiggler input by the system shown in Fig. 2. Oyrotron power iii the TE15,2 mode ix
converted to a directive beam with a Vlasov-type antenna, s which in turn is focused into

the wiggler input. The rf beam is coupled co-linearly to the e-t)eam _ffter reflection from

a mirror with a central hole for pa,ssa,ge of t,he e-beam.

Altermttively, we ca,n directly heat the tokama.k I)la,smat by coupling the gyrotron

' .powerinto the exist, ing trmlSl)ort .system, also shown in Fig, 2. Initial coupling to tlm

transmission system will us(; a, Vlasov-type converter, We Mst) will test coupling of a new

v device, MAGICTRAC, 9 showll in Fig. '7. MAGICTRAC consists of a, mode-converting
ta.pcr and three optics. The t_per.converts the .TEl5,2 gyrotron to _Lmode mixture of

TEls,2 and "i'El_,a, whictl has zet'() wall electric fieMs at _he end of tile taper. Mirror M1

incorporates steps a,nd a tilt in the mirror surface, which is shaped like a counterb0re teel

bit, to convert skew ra,ys (k4, ¢ 0)of the incident microwave power into nonskew rays.

M2 Ims •twist reil,-_(:,tor grooves in the surfs, ce to lines,fly pola.rize reflected fields, and Ma
-'_ '"_ the i)ha,s(, ofc)rrects the a,nmllar converging bemn from M2 to.produce a Gaussian-like
output be_ml. '

F lgur(.. 8 shows the ca,lcula.ted a.perture field on Ma, where the phase fronts of the

reflected beam are nea:rly l)lmta,r, n,nd Fig. 9 shows the beam profle a,t a distance of 8

m. 'rite beam is highly symmetric, and tit(', cross-t)olarized power is <1%. The calculated
fraction of power within the ma.in lol)e exceeds 96%. Higher efficienc, y ma,y be possible by

further optimiza,tion.

5. PLASMA EXPERIMENTS

Using bo_h Sourc(?s of rf general;ion, we ca,n compare intense pulse al)sorption for

the FEL wit, la linea, r a,bsorption of gyrotr0n power. A pellet injector ca.pa.ble of 4-pellet

injection is ol)erati01m,1 on MTX, a,n(l ltea,ting of peaked-density-profile pla,smas, fueled by

pellet inject, ion, will be carried out. Important ls,."sucs'"a,re confinement said transport in

slicll l)rofiles. We also are I)la,nniltg experiments to colltrol MHD modes by the localized

a.l.)sorption of ECH power. The growt, h of low-order t,earing 1nodes (I)oloida,1 nlode numbers

, ,n = 2 and a) i,st)elieved to c.a.use l:)la,sm_:tdisruptions. Sucll modes have been identified in

IVlTX with frequencies in the 8-18 kllz ra,nEe. Tlm ff systems are ca,pa,1)l(: of modulation

• of lma,t,ing power a.t the fundmn(nltal (for the gyrotrml) or _. subharmonic frequency (for

theFEL), with i)hase-controllcd feedback , to inwestigate MHD control.

• , ii.6, CONCLUSIONS AND Ft rUR,E UPGRADES

Init;ial opera.tions ha,ve verified nonta,pered oi)era, rien of the FEL at 140 GHz and

t,he design of {,he quasi-el)tic tra, nsl)()rt, system. Diagnostic, s with nanosecond response

have 1)ecn develol:ed for me.a.stlrement, s ()f FEL pulses. ETA-II has recently undergone

several modifica,tions to increase the FEL output pulse from 10 to 35 ns and to provide

for ]:)tli'st n-lode opera, rien a.t 5 khz, These modifica, t:ions include improvements in tile

pulse distributiol_, system to t,hc accelerator cells l° a,nd in the magnetic alignment of the

solenoids used to focus the e-bem-n, _ Tlm new puls e distribution system will increase the

duration of the -_t:1% energy fla,ttop to 35 ns. Tlmse improvements are expected to reduce
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spatial swecping of tile (,-beam at the a,cceler_tor exit from il cm to less tlm n ±1 mm.l'2
With greater input drive pow(,r a,n(l instMlatioll of the IMP wiggler, tap(_rcd oI)('r_tion of
the wiggler is expected to in(',rea,sc I)eak I)ower so ttmt the 1)hysics of intense i)ulsc hea,ting
ca,n be addressed.
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FIGURE 1. Measured gain curve for nontapcred ()pcr-
at,ion _t 139.5 GHz. Beam parameters _u'e5.8 MeV and
1.6 kA.
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