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ABSTRACT

We deseribe an induction-linac based free-electran leser amplifier that
I» presently under construction at the Lawrence Livermore National Lab-
oratory It 1 designed to produce up to 2 MW of average power at a
frequency of 250 Gz for plasma heating experiments in the Microwave
Tokamak Experiment [n addition, we shall describe a FEL amplifier de-
sign for plasina heating o advanced tokamak fusion devices. This aystem
15 designed to produce nverage power levels of abou: 10 MW at frequen-
<ivs ranging from 260 to 560 GHz.

INTRODUCTION

Induction-linac dr.ven free clectron laser (IFEL) smplifier experiments
m the Electron Laser Facility (ELF) ot the Lawrence Livermote Nalional
Laboratory (LLNL}, have demenstrated high gain and efficiency at mi-
crowave frequencies ranging from 34.6 to 190 GHz[1,2]. At 345 GHa,
exponential gains of 34 dB/m were observed, and overall geins of 43 dB
ware achieved [1] ‘eak power levels of 1 GW were achieved with an
overall extraction efficiency of 34%. At 140 GHr, exponential gains of
22 dB/m were demonstrated, along with peak powets exceeding 50 MW
and overall gains of 65 dB [2). These successes have encouraged Lbe de
velopment of an IFEL amplifier named the Intense Micrawave Prototype
(IMP) thet will provide high-average-power {about 2 MW) mictowaves st
250 GHz for elecLzen cyelotron resonance heating {ECRR) of the plasma
in the Microwate Tokamai Experiment (MTX). In sddition, we bave ex-
amined some of the phynics and technology isaues neceseary Lo extend
Uie IMP design Lo higher average power levels of up to 10 MW per unit.

\We firat bricfly summarize the physics design of [MP and its expected
performance. Next we shall deacribe the experiment. Then we will dis-
cuss the design of an IFEL system for ECRY in advanced tokamak fusion
devices such aa the Compact Ignition Tokamak or the International Thee-
monucieac Experimental Reaclor. Thia design will consider two operating
frequencies, 280 GHz, suitable for fundamental heating at & 10 T mag-
netic field, and 560 Glilz, suitable for second harmonic heating at 10 T.
A summary caacludea the report.

FEL PHYSICS DESIGN AND PERFORMANCE FOR IMP

The design calculstions for IMP are dctailed in Ref. 3. We used the
two-dimensional versian of the LLNL free-electron laser simulation code,
FRED [4], the sitnulation cade for sideband caiculations, GINGER, and
the methodology of the wiggier optimization (3] des eloped for the design
of FEL systems, where mod, pi harge effects are i

ing and physics place limits on the waveguide di-
mensions, the optimum wiggler period, the peak wiggler magnetic Aux
density, and the maximum electron beam energy that can be uscd in the
FEL system. The engineering constraints are the rf wall loading and the
beam linear fill factor {defined as the ratio of the beam linear dimen-
cion 1o the wuugulde linear dimension in the ezme plauc). To satisfy
these we require & lar (or elliptical) \uvezunde with
dimensions 3.5 by 3.0 ¢m, a wiggler with a 4-em gep spacing and a
10- cm period, and a maximum peak magnetic field of about § kG. With
these liniits on the wiggler, the physice constraints (i.e. FEL synchro-
nism) set the maximum beam cnergy at ahout {1 MeV. Qur choice of a
10 MeV beam enctgy as the operating energy means that we chooss Lo
operate with a peak magnetic Aux density of about 4.5 kG.

The calculations nzsumed an eleciron beam current of 3 kA, a beam
<aergy of 10 MeV, s benm brightness of 10° A/(m — rad)?, and an input
1nser power of 500 W a1 250 GHz. We predict that the peak TEqg, power

will be 12.9 GW (out of a total of 132 GW), giving a niodal purity
of 98% and an energy cxtraction efficiency of about 44%. The overall
gain is about 74 dB with an incremental gain of about 31 dB/m in the
exponential gain region. Approximately 70% of the beam particles are
trapped in the ponderomotive well

The FEL performance deactibed above nasumes that the FEL param-
cters are all at their optimum values, with no alignment or wiggler errora,
no beam displacements, no energy sweep, and the full rated beam current
end input laser power. Such a situation is l.ughly vnlikely in the expet-
iment. Calculations were fc 1o di the ble ranges
in the errors when they were applied individually and then when they
were combined, i.c., when all the errors are applied simultaneousty.

We found that a 10% decrease in the current produces & 20% drop in
the output TEo; power. The dependence of the output TEg; power on
the input Jaser power is quite weak. Input powers ranging from 200 W
1o 1 kW are acceptable. The allowed combined errat limits for the other
lisled paramelers are +1% beam energy sweep, 1 mm beam offset, and
0.1% rms wiggler error. With tbese combined errors, using & 3 kA beam
with 500 W input power, the output TEp; power decreases from the “no
crror” value of 12.9 GW to sbout 11.5 GW. The extraction efficiency
drope from 44% 1o 39%. Variaticns in beam current of about 4% during
the pulse may be r=quired Lo achieve the desired enesgy regulat.on. A 4%
average sag in the current during a pulse would redute the cutput power
to sbout 10 GW (356% extraction cfficiency). The beam linear fill factor
grows from the no-crror value of 50% to about 60% with the combined
errory.

DESCRIPTION OF THE EXPERIMENT

The overall experiment consists of several major segments that are
complete experiments in their own right. The Electron Test Accelerator-
11 (ETA-11) [5) was designed as & high-average-power induction accelera-
Lor, expected to prodiice an clectron beam with a curreat of 3 kA at an
cocrgy of up to 10 MeV and a brightness of over 10° A/(m — rad)?. In ad-
dition, it was designed Lo produce 50- ns-wide pulses ot & repetition rate
{PRF) of 5 kHz for up to 30 8. It is currently being tested at an energy,
current, brightness, and PRV of 5.5 MeV, I kA, 6 x 10° A/{m - rad)?,
and | Hz. Ia this paper, we assure« tat the accelerator will successtully
provide the 3-kA current at an energy of 10 MeV and a brightness of
109 Af{m — rad)?.

The IMP FEL itsell coneist  uf several major subsystems. There is
8 beam ¢ -ansport eystem witl emittance filter and achromatic jog lo
transport the beam from the end of the accelerator to the wiggler, a
rf coupling and beam matchiag section to bring the clectron beam and
input sigusl together at the entrance to the wiggler, the wiggler jtself,
and a microwave transport syslem that transmits the output power to
the tckamak. We eball now briefly describe each subsystem.

The electron beam aystem iri di and condi-
tions the high-average-power electron beam prior to injecting it into the
wiggler. It uses a series of solenoid and quadrupole magnets to tranaport
the beam from the exit of the acceleralor to the wiggler entrance. Dieg-
nostica are provided in the beamlice Lo measure beam current, energy,
position, npnud shape, energy, and brightness. An emittance filter eon-
sisting of a series of range-thin graphite apertures in the beamline is nsed
10 scatcer any lov-density halo eleclrons to the wall over a distributed
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area. At the exit o he wiggler, an Enge magnet is used to magnetically
“reimage” the beam iToni the FEL into a simiple graphite bean: absorber

RE Coupling and Beam Matching Scetion

Two pairs of quadrupole doublets located immediately in (ront of the
wiggler form the beamn malching section, which properly focuses the elec.
tron bean into the wiggler to mininuze any betatzon motion thal would
otherwise degrade the FEL performance.

The rf coupling section, located near the beam malching section, in-
yects the input microwave signal collinearly with the electron beani. For
operstion at high average power, a method of coupling the input mi-
crownve signal that does not intercept the electron beam ia required.
The baseline design uses an achroimatic jog to offset the axis of the ac.
celerator from that of the wiggler, thereby sllowing the miceowave signal
to be injected straigie through the beam matching suction inlo the wig-
gler. An slternative method that does not require an achromatic jog is
desired to minisnize costs, and several methods are being studied. 1n gen-
eral, these methods involve an apertured reflector that is located within
the beamline and injects the microwave signal inlo the waveguide al an
oblique angle.

The wiggler being designed for IMP will have a 3.8-m long high-field
section tunable from 4.7 to approximately 2.5 kG, and a second, lower
ficld section tunable from approximately 3.5 to 0.5 kG. it will have a
10- em period and & gap of about 3.7 ¢m. In addition, Lo meel the random
wiggler error tolerances determined in the simulations, the pole-to-pole
random errors (AB/B) must be less than 0.1% rms. We are designing a

gnet laced el ic wiggler for Lhis applicatior {6).

In the laced wiggler concept, permanent magnels are employed to sup-
press magnelic saturation in the poles of a dc iron-cote clectromagnetic
wiggler; the laced geometry features permanent magnet Etlocks located
between poles (just as in a permanenl-magnet hybrid wiggler) actually
interspersed in Lhe coils. This configuratior allows a higher maximum
fizld to be attained, although the tuning range (within which the random
field errors are acceptably small) is somewhat. reduced.

Microwaye Transport System
quasi-of 1 mi iesion system hns been designed to
trenspart the high power microwave radiation genetaled within the FEL
from the wiggler to the Lokamak, a distance of over 30 m. The aystem
uses four copper mirrore, each about 17 by 23 in. in diameter, and
whase surface is an ell:puc peraboloid. The system has been designed
to preserve horizantal pok: ion, to keep the mi power density
well below mlrror til g damage thresholds, and to maintsin
losses. codes predict that
the Lotal tranamission loas from the wiggler through the 4- by 30- em MTX
port in leas than 8%, with only half of that occutring after the firat mirrar.
‘The dominant losses at Lhe firat optic arise from loss of pawer in the side
lohes in the far-field radiation pattern of the waveguide aperture. The
jssion system is windowless, with the vacuum maintained by two
turbopumps and the differentisl pumping between the FEL and tokamak
sysiems that occurs naturally because of the long vacuum path,

face-h

IFEL DESIGN FOR CIT AND ITER APPLICATIONS

While wall loading waa not a problem with the 2- MW average pawer
and the short pulse length of 0.5 s in IMP, the higher average power levels
and longer pulse lengtha (5 to 10 8) required for the L0-MW designa would
make the expected life of a smootb-walled copper waveguide much (oo
short to be considered practical. By consideting the low dissipation of
the HE, mode¢ and propagation in a circular, corrugated wnvegulde we
calculate & te.nperature rise that is lower by two ardera of i

The FEL optimization and error considerations arc similar to thase
for the IMP design. We again have a 3 kA beam with a brightness of
10% A /(m — rad)?. The master oscillator input power to the wiggler
500 W. A summasy of typical paraniclers is given in Table |

To examine the physics and technology advances needed to produce
an economical IFEL system for heating CIT or ITER, we have under-
taken 8 systems study [7) to examine the effects of higher magnetic fields
and beam energies, changes in the PRF and pulse width, advances in the
pulse power drivers, and improvements in ferrite material and cooling.
The studies shaw that, costs can be decreased if we do not have to mul-
tiplex two pulse power chains in each cell. The most eflicient method of
obtaining increased pesk power in the FEL is to incresase the initial clec-
tron beam energy. This increase will cause the accelerator coals ta go up;
however, if the gain incresscs sufficiently. only one pulsed powes chain per
cell is required and the costs would decrease. The cosl and risk factors
ure folded into our ucsign strategy to produce a system with minimum
coel and reduced risks. For the basic configuration for the 28)-GHz, 10~
MW FEL, the accelerator has four pulse power chains, no multiplexing,
& pulse width of 70 ns, and a PRF of 10 kliz.

SUMMARY

We hove described the IMP FEL presently being built at LLNL for
plaams heating experiments in MTX. We expect to produce 2 MW of
average power at 250 GHz for periods up to 0.5 s using a 3-kA beam
L an ecergy of 10 MeV and a brightness of 10° A/(m —rad)?. Even
with reslistic limils on the clectron beam offsel, beam energy sweep, and
random wiggler errors, the calculalions indicate that the desired pow..
levels can be achieved.

We have also shown that IFEL technology can be used for plasma
heating in an advanced tokamsk fusion device, providing average power
levels in the 10- MW range at frequencies of 280 and 560 GHz with
basically the same machine. The design uses b corrugated waveguide
to propagate the HE;; mode and appears to allevinte possible microwave
loading problems op the waveguide walls. At 280 GR3, we have chosen as
our baseline a 10-kB3 design 1bat minimizes the total system coets, aince
ouly eae pulsed power chain is required per cell. We achieve the required
duty factor by using a 70-ns pulse widlh and by increasing the electron
beam energy to 13 McV, thereby improving the extraction cfiicieacy. We
must use vanadium-permendur as the wiggler pole malerial to achieve
the higher magaetic fields required at this higher beam cnergy.
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Table 1.
CIT/ITER FEL design summary. Values in parentheaes show perfor-
mance with combined standard errora.

(compared to the smocth-walled case), and consequently, the fatigue life
of the waveguide is no longer an issue. However, the beam linear fill
factor in the waveguide ia still important and it detcrmines the requited
waveguide size and Lhe wiggler gap spacing. We require waveguides with
an inner diameter of about 3.5 ¢m and thus need wiggler parametera that
are identical Lo thosc of IMF, namely a4 cm gap, a 10 em wiggler panad

and a limit of & kG on the flux density. Moreover, FEL
considerations again put an upper limit on the usable eleciron beam
energy of about 11.56 MeV at 280 GHz and 16 MeV at 560 GHz.

Parameter 560 GHz 286 GHz
Beam encrgy (MeV) 14 10
Wiggler length (m) 10 3.0
Constanl magnetic field (kG) 4.0 4.1
Minimum magnetic field (kG) 16 14
HE,; output power (GW) 15 (13) 12 (10)
iency (%) 37(32) 43 (34)
Trapping eﬁiclenc) (%) 89 (65) 74 (55)
Lincar beam fill factor (%) 50 (80) 50 (60)
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