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A B S T R A C T 

\\V descr ibe AH inducl ion-I inac based free-electron laser arr;ilificr tha i 
is prcsi'iiilv unde r eons i ruc i ion at the Lawrence Livermore National Lab­
or a lory l i if designed t o produce u p to 2 M\V of average power at a 
frequency of 250 GHz for p lasma hea t ing exper iments in t he Microwave 
Tokamnk Exper iment .'n addi t ion , we shall descr ibe a F E L amplifier do-
sign for p l a sma hea t ing oi' advanced tokamak fusion devices. T h i s sys tem 
is designed to produc? average p o * e r levels of a b o u : 10 M W at frequen­
cies rang ing from 280 t o 560 G H z . 

I N T R O D U C T I O N 

Induet ion- l inac dr.ven free -electron laser ( IFEL) amplifier exper iment* 
in I ' IC Electron Laser Facility ( E L F ) at the Lawrence Livermoie National 
L a b o r a t o r y ( L L N L ) , have d e m o n s t r a t e d high gain and efficiency a t mi­
crowave frequencies ranging from 3-1.0 to 140 CHz[ l , 2 ) . At 34.6 G H i , 
exponent ia l gains of 34 d B / m were observed, and overall ga ins of 43 d n 
were achieved [1] 'eak power levels of 1 G W were achieved with an 
overall ex t rac t ion efficiency of 34%. At 140 G H z , exponent ia l gains of 
22 d B / m were d e m o n s t r a t e d , along with peak powers exceeding 50 M W 
and overall gains of 65 J B [2]. T h e s e succesaes have encouraged the de­
velopment of an 1FEL amplifier named the Intense Microwave P ro to type 
\ I M P ) tUa lwi l lp t c iv ide high-average-power ( a b o u t 1 M W ) microwave* a t 
250 GHz for e lec t ion cyclotron resonance hea t ing ( E C R B ) of the p lasma 
in t he Micro*** e Tokaxnai Exper iment ( M T X ) . In add i t ion , we have ex­
amined nume of the physics and technology issues necessary t o extend 
the I M P design t o higher average power levels of u p t o 10 M W per uni t . 

We first briefly summar i ze the physics design of [ M P and its expected 
Dtrformance. Next we shall describe t he expe r imen t . T h e n wc will dis­
cuss t he design of an IF EL sys tem for E C R U in advanced t okamak fusion 
devices such ad t he C o m p a c t Ignit ion Tokamak or t h e In te rna t iona l Ther ­
monuclear Exper imen ta l Reactor . Th i s design will consider two ope ra t i ng 
frequencies, 280 GHz, su i tah le for fundamenta l hea t ing s i & 10 T mag­
net ic field, and 560 G H z , su i tab le for second ha rmonic hea t ing a t 10 T . 
A s u m m a r y concludes t he r epo r t . 

F E L P H Y S I C S D E S I G N A N D P E R F O R M A N C E F O R I M P 

T h e design calcula t ions for I M P are detai led in Ref. 3. We used the 
two-dimensional version of t he LLNL free-electron laser s imula t ion code, 
F R E D [4], the s imula t ion code for s ideband calculat ions , G I N G E R , and 
the methodology of t he wiggier opt imiza t ion [3] de \ eloped for t he design 
of F E L sys tems , where m o d e r a t e space-charge effects a r e i m p o r t a n t . 

Engineer ing and physics cons t ra in t s place limits on t he waveguide di­
mensions , t he o p t i m u m wiggier per iod, t he peak wiggier magne t i c flux 
densi ty, and the m a x i m u m electron beam energy t h a t can be u*cd i" ' h e 
F E L sys tem. T h e engineer ing cons t ra in t s are t he rf wall loading and the 
beam linear fill factor (defined a s t he ra t io of the beam linear d imen­
sion t o t he waveguide l inear d imension in the s eme plane) . T o satisfy 
these cons t ra in t s we require a rec tangular (or elliptical) waveguide with 
d imensions 3.5 by 3,0 cm, a wiggier with a 4- cm gap spacing and a 
10- cm pe r iod , and a m a x i m u m peak magnet ic field of a h o u l 5 kG. W i t h 
these l imits on the wiggier, the physics cons t ra in t s (i.e. F E L synchro­
nism) set the m a x i m u m beam energy a t a b o u t ! 1 MeV. Our choice of a 
10 MeV beam energy as t he opera t ing energy m e a n s t h a t we chooa<- to 
ope ra t e with a peak magne t i c flux density of a b o u t 4.5 kG. 

T h e calcula t ions assumed an electron beam current of 3 kA. a b e a m 
energy o r 10 MeV, a b e a m br ightness of 10 B A / ( m - r a d ) 1 , and an inpu t 
laser power of 500 W a t 250 G H z . We predict t h a t t he peak T E 0 | power 
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.vill be 12 9 G W (out of a to ta l of 13.2 G W ) , giving a moda l pur i ty 
of 9 8 % and a n energy ex t rac t ion efficiency of a b o u t 44%. T h e overall 
gain is a b o u t 74 d B wi th an incremental gain of a b o u t 31 d B / m in t h e 
exponent ia l ga in region. Approx imate ly 70% of t he b e a m part icles arc 
t r a p p e d in t he ponderomot ive well. 

T h e F E L per fo rmance descr ibed above assumes t h a t the F E L param­
eters a r e all a t the i r o p t i m u m values, wi th n o a l ignment or wiggier e r rors , 
no b e a m d i sp lacements , no energy sweep, and the full r a t ed b e a m cur ren t 
and i n p u t laser power . Such a s i tua t ion is highly unlikely in the exper­
iment . Ca lcu la t ions were per formed t o de te rmine t he acceptable ranges 
in t h e er rors when they were appl ied individual ly and then when they 
were combined , i.e., when all t he e r ro r s a r e appl ied s imultaneously. 

We found t h a t a 10% decrease in t h e cu r ren t p roduces a 2 0 % drop in 
t he o u t p u t T E o i power . T h e dependence of t he o u t p u t TEo i power on 
the i n p u t laser power is qu i t e weak. I n p u t powers rang ing from 200 W 
to 1 k W a re accep tab le . T h e allowed combined error l imi ts for t he o the r 
listed p a r a m e t e r s axe ± 1 % b e a m energy sweep, 1 m m b e a m onse t , and 
0 1 % i n s wiggier er ror . W i t h these combined error*, using a 3 kA b e a m 
wi th 500 W i n p u t power, t he o u t p u t T E D J power decreases from t h e "no 
e r ro r" value of 12.9 G W to a b o u t 1 1 5 G W . T h e ex t rac t ion efficiency 
d rops from 4 4 % t o 36%, Var ia t ions in b e a m c u r r e n t of a b o u t ± 4 % dur ing 
the pu lse m a y be requi red to achieve t he desired energy regula t ion . A 4% 
average s a g in t he c u r r e n t d u r i n g a pu lse would r educe t he o u t p u t power 
t o a b o u t 10 G W ( 3 6 % ex t rac t ion efficiency). T h e b e a m linear fill factor 
grows from the no-error value of 5 0 % t o a b o u t 60& with t he combined 
errors . 

D E S C R I P T I O N O F T H E E X P E R I M E N T 

T h e overal l e x p e r i m e n t consists of several ma jo r s egmen t s t h a t are 
comple te e x p e r i m e n t s in their own r ight . T h e Electron Test Accelerator-
II (ETA-1I) [5] was designed a s a high-average-power induct ion accelera­
tor , expec ted t o p r o d u c e a n electron benm with s cur ren t of 3 kA a t an 
energy of u p t o 10 MeV a n d a br ightness of over 10* A / ( m - r a d ) 1 . ID ad­
d i t i o n , i t was des igned t o p r o d u c e 50- ns-wide pulses a t a r epe t i t ion r a t e 
( P R F ) of 5 kHz for up to 30 s. It is current ly be ing tes ted a t an energy, 
cu r r en t , b r ightness , and PRT of 5.5 MeV, i kA, 6 x 10* A / ( m - r n d ) 1 , 
and 1 Hz. In th i s pape r , we assum* '.list the accelerator will successfully 
provide t he 3-kA current a t a n energy of 10 MeV and a br ightness of 
10" A / ( m - r a d ) J . 

T h e I M P F E L itself consul >jf several major subsys t ems . T h e r e is 
a b e a m I a n s p o r t s y s t e m with emi t l ance Miter and ach roma t i c jog to 
t r a n s p o r t t h e b e a m from the end of t he accelerator to the wiggier, a 
if coupl ing and b e a m ma tch ing section t o bring t h e e lectron b e a m and 
i n p u t signal toge ther a t t he en t r ance t o t he wiggier, the wiggier itself, 
and a microwave t r a n s p o r t sys tem t h a t t r a n s m i t s the o u t p u t power to 
t he t d t a m a k . We shall now briefly describe each subsys t em. 

Electron B e a m T r a n s p o r t Sys t em 
T h e electron b e a m t r anspo r t sys t em t r a n s p o r t s , d iagnoses , a n d condi­

t ions the high-aver age-power electron beam prior t o injecting it in to the 
wiggier. [t uses a series of solenoid and q u a d r u p o l e m a g n e t s t o t r a n s p o r t 
the b e a m from the exit o r t he accelerator t o t he wiggier en t r ance . Diag­
nostics a r e provided in the beaml ine to measure beam cur ren t , energy, 
posi t ion, spa t ia l s h a p e , energy, and br igh tness . An o m i t t a n c e filter con­
sist ing of a series of range- th in g raph i t e ape r tu r e s in t he beamline is used 
t o sca t t e r any low-densi ty ha lo e lect rons t o t he wall over a d i s t r ibu ted 
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nrea. At the exit o lie higgler, an Enge magnet ie used to magnetically 
"roiinngf" Hie he-am from the FE1. into a simple graphite beam absorber 

RF rounling and Heam Matching Section 
Two pairs of quadrupole doublets located immediately ia front of ihe 

wigglcr form the beam nmlchiig section, which properly foe use* ihe Hec-
tron beam into the wiggler to minimize any betatron motion thai would 
oi her wise degrade the FEL performance. 

The rf coupling section, located near ihe beam matching section, in­
jects i lie input microwave eignil eollinearly with the electron beam For 
operation at high average power, a method of coupling the input mi­
crowave signal that does not intercept the electron beam is required. 
The baseline design uses an achromatic jog (o offset the axu of the ac­
celerator from that of the wiggler, thereby allowing the microwave signal 
lo he injected strai&i" through the beam matching section inlo ihe wig­
gler An alternative method that does not require an achromatic jog is 
desired lo minimize costs, and never a! methods are being studied. In gen­
eral, tliest* methods involve an apertured reflector that is located within 
the beamline and injects the microwave signal into the waveguide al an 
oblique angle. 

Wigeler Design 
The wiggler being designed Tor IMP will have a 3.8-m long high-field 

section tunable from 4.7 to approximately 2.5 kG, and a second, lower 
field section tunable from approximately 3.5 to 0.5 kG It will have a 
10-cm period and a gap of about 3.7 cm. In addition, to meet the random 
wigglcr 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 
permanenl-magnet laced electromagnetic wiggler Tor this application (6]. 

In ihe laced wiggler concept, permanent magnets are employed to sup­
press magnetic saturation in the poles of a dc iron-core electromagnetic 
wigglcr; Lhc laced geometry featured permanent magnet blocks located 
between poles (just as in a permanent-mag net hybrid wiggler) actually 
interspersed in Lhc coils. This configuration allows a higher maximum 
field to be attained, although the tuning range (within which the random 
field errors are acceptably small) is somewhat reduced. 

Mirrnwav* TVansnort System 
A quasi-optical microwave transmission system has been designed to 

transport the high power microwave radiation generated within the FEL 
from the wiggler Lo the Lokamak, a distance of over 30 m. The system 
uses four copper mirrors, each about 17 by 23 in. in diameter, and 
whose surface is an elliptic paraboloid. The system has been designed 
to preserve horizontal polarization, to keep tbe microwave power dennty 
well below mirror surface-heating damage thresholds, and to maintain 
acceptable transmission looses. Microwave transport codes predict that 
the total transmission lass from the wiggler through the 4- by 30- cm MTX 
port is less than 6%, with only half of that occurring after the first mirror. 
The dominant looses at the first oMie arise from loss of power in the side 
lobes in the far-field radiation pattern of the waveguide aperture. The 
transmission system is windowless, with the vacuum maintained by two 
turbopumps and the differ en i:*l pumping between the FEL and tolcamak 
systems that occurs naturally because of the long vacuum path. 

IFEL DESIGN FOR CIT AND ITER APPLICATIONS 
While wall loading w<is not a problem with the 2- MW average power 

and the short pJ.se length of 0.5 s in IMP, the higher average power levels 
and longer pulse lengths (5 to 10 s) required for the 10-MW designs would 
make the expected life of a smootb-walled copper waveguide much loo 
short to be considered practical. By considering the low dissipation of 
the HE| i mode and propagation in a circular, corrugated waveguide, we 
calculate a temperature rise that is lower by two orders of magnitude 
(compared to the smooth-walled case), and consequently, the fatigue life 
of the waveguide is no longer an issue. However, the beam linear fill 
factor in the waveguide is still important and it determines the requited 
waveguide size and Lhe wiggter gap spacing. We require waveguides with 
an inner diameter of about 3.6 cm and thus need wiggler parameters that 
are identical lo those of !MP, namely a 4 cm gap, a 10 cm wiggler period, 
and a limit of 5 kG on the flux density. Moreover, FEL synchronism 
considerations again put an upper limit on the usable electron beam 
energy of about 11.5 MeV at 260 GHz and 16 MeV al 560 GHz. 

The FEL optimization and error considerations arc similar lo those 
for the IMP design. We again have a 3 kA beam with a brightness of 
10^ A/(m — rad) 3. The master oscillator input power to the wiggler is 
500 W. A summary of typical parameters b given in Table 1 

To examine the physics and technology advances needed to produce 
an economical IFEL system for heating CIT or ITER, we have under­
taken a 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. 
Tbe studies show that costs can be decreased if we do not have to mul­
tiplex two pulse power chains in each cell. The most efficient method of 
obtaining increased peak power in the FEL is to increase the initial elec­
tron beam energy. This increase will cause the accelerator coats to go up; 
however, if the gain increases sufficiently, only one pulsed power chain per 
cell is required and the costs would decrease. The cost and risk factors 
ore folded into our tiesign strategy to produce a system with minimum 
cost and reduced risks. For the basic configuration for the 280-GHz. 10-
MW FEL, the accelerator has four pulse power chains, no multiplexing, 
a pulse width of 70 ns, and a PRF of 10 kHz. 

SUMMARY 
We have described tbe IMP FEL presently being built at LLNL for 

plasma 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 
at an energy of 10 MeV and a brightness of 10a A/(m - rad) ! . Even 
with realistic limits on the electron beam onset, beam energy sweep, and 
random wiggler errors, tbe calculations indicate that the desired pow t, 
levels con be achieved. 

We bav<: also shown that IFEL technology can be used for plasma 
heating in on advanced tokamak fusion device, providing average power 
levels in the 10-MW range at frequencies of 280 and 560 GHz witb 
basically tbe same machine. The design uses a corrugated waveguide 
to propagate the HEn mode and appears to alleviate possible microwave 
loading problems OD the waveguide wills. At 280 GKi, we have chosen as 
our baseline a 10-kHi design that minimizes the total system costs, since 
only one pulsed power chain is required per cell. We achieve the required 
duty factor by using a 70-ns pulse width and by increasing the electron 
beam energy to 13 MeV, thereby improving tbe extraction efficiency. We 
must use vanadium-permendur as tbe wiggler pole material to achieve 
the higher magnetic fields required at this higher beam energy. 
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Table 1. 
CIT/ITER FEL design summary. Values in parentheses show perfor­

mance with combined standard errors. 

Parameter 560 GHz 280 GHt 
Beam energy (MeV) \l 10 
Wiggler length (m) 4.0 3.0 

Constant magnetic field (kG) 4.0 4.1 
Minimum magnetic field (kG) 1.6 1.4 

H E n output power (GW) 15(13) 12(10) 
Extraction efficiency (%) 37 (32) 43 (34) 

Trapping efficiency (%) 69 (65) 74 (55) 
Linear beam fill factor (%) 50 (60) 50 (60) 

http://pJ.se

