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An FEL-Based Microwave System for Fusion 
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This paper describes designs for 280-GHz and 560-GHz microwave sources based on free electron 
lasers (FELs). These 10-MW units are based on technology developed over the last 5 years. A 
first demonstration of high-average-power microwave production with an FEL system is expected 
in the Microwave Tokamak Experiment (MTX) facility. This paper gives details on the design and 
construction of that 250-GHz, 2-MW system and discusses specific applications for the Compact 
Ignition Tokamak (CIT). 
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1. INTRODUCTION 

In the past 5 years, the single-pulse demonstration 
of microwave generation with induction linac free elec- 
tron lasers (IFEL) has led to strong interest in the ap- 
plication of this technology for fusion. Paralleling this 
work, the development and testing of high-repetition- 
rate pulsed power chains to drive these induction accel- 
erators has made high average power FEL microwave 
generation a possibility. 

The interest in this technology stems from the ease 
of generation of high-frequency microwaves, the board 
bandwidth of the amplifier, the tunability of the center 
frequency, and the high average power per unit with the 
new magnetic switching technology. A demonstration of 
these principles i s expected over the next several years 
in the Microwave Tokamak Experiment (MTX) at Law- 
rence Livermore National Laboratory (LLNL).(1) For that 
application, a 2-MW average power source at 250 GHz 
is being constructed. The 8-GW, 50-ns pubes are to be 
repeated every 200 >s to produce this power. 

Lawrence Livermore National Laboratory, Livermore, California, 
94550. 

This paper describes a 10-MW system for the Com- 
pact Ignition Tokamak (CIT), based on the technologies 
used in the MTX design. It differs primarily in having 
a 10-kHz repetition rate instead of 5 kHz, a 70-ns pulse 
rather than 50 ns, and a 13-MeV electron beam rather 
than 10 MeV. The power and energy per pulse are 14 
GW and 1 kJ for CIT, compared with 8 GW and 400 J 
in MTX. 

1.1. Physics Issues 

77 

The absorption mechanisms for intense pulses from 
the IFEL are nonlinear, and this new regime required 
detailed studies to determine the wave interaction phys- 
ics. Nonlinear mechanisms also can influence the prop- 
agation of these pulses to the resonance zones.  
Propagation, as described by conventional ray processes, 
may be altered by three-wave (and four-wave) parame- 
tric processes, by ponderomotive forces, or by scattering 
from plasma fluctuations. Each of these physics issues 
has been theoretically addressed, and a discussion of 
results for CIT applications follows. 

Absorption is modified (2) from that given by linear 
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theory in that both the opacity and absorption are changed. 
The linear absorption theory predicts an optical thickness 
"r (transmitted power diminishes exponentially in .r), 

.~ = ~2(R/X )(T/mc2)f(oO 

with major radius R, wavelength X, temperature T in 
keV (with rnc 2 = 511 keV), and c~ the ratio 0)2/0) 2. For 
first harmonic ordinary mode (280 GHz) near perpen- 
dicular incidence, 

f(ot) = or(1 - O/~) 1/2 

SO that at 280 GHz, 10-T operation, with c~ = 3/4 (near 
density for maximum abosorption), the optical thickness 
is =30 in CIT (using R = 2 . 2  m, T = 2  keV in early 
ohmic phase). The wave is cut off for densities n14 -> 
9.7, or c~=1. For e~< <1, we find -r~80a. 

NevinsO) has given an estimate for the nonlinear 
optical thickness, which underestimates absorption since 
it neglects changes in parallel wave number along the 
electron orbit through the wave. Thus, the important 
physics of "bucket lifting" is left out of this estimate, 
an omission which results in a lower value of "r,,t than 
the correct one. His formula is 

,rnl~. 32n14TT/6keV( 1 --  o02/3h l /3W-1 /3 fe lBT-4 /3w-2 /3  

Here, the wave packet has a height h (cm) and width w 
(cm), and the energy in the pulse is Wf~ l. For n14 = (3/ 
4) • 9.7, T=2  keV, 0~=3/4, h = 3 0  cm, w=20  cm, 
B = 10 T, We~ ~ = 1000, we get "r,~ z = 1.28. Thus, es- 
sentially all the power is absorbed even at 2 keV. A 
better estimate can be made using a Monte Carlo code 
developed by Rognlien.(4) This code includes changes 
both in the magnetic field and the parallel wave number 
along the orbit, both of which change the Doppler-shifted 
resonance condition. Aiming of the wave off-centerline 
introduces more field variation since the poloidal field 
varies with radius, and causing the beam to diverge from 
the final focusing mirror will vary the parallel wave 
number. These are both important effects, and com- 
bined, they can significantly raise the absorption coef- 
ficient to values approaching the linear one. In earlier 
studies of the CIT application, Rognlien (s) found that 
these effects lead to an order-of-magnitude increase in 
the optical thickness in CIT for realistic parameters. 

Nonlinear, whole-beam self-focusing can occur when 
the wave electric field intensity E is large. The ponder- 
omotive force, proportional to the gradient of s gives 
rise to quasi-steady plasma response, 

n = no exp[ - e2E2/2m(.o2(Te + Ti)] 

This local depression in density leads to a local increase 
in the plasma dielectric constant in the wave path, thus 

bending the rays so as to focus the wave. It was first 
shown by Cardinali et al. (6) and later by Cohen(7) that in 
MTX this results in filamentation of the wave at a dis- 
tance of 25-30 cm into the plasma, fortunately beyond 
the resonance layer. The focus forms in a time less than 
the FEL pulse length, and the focal distance is initially 
far away but rapidly approaches a distance s consistent 
with the steady-state relationship given by Max, (8) 

.e/~. --- 2~2(ae /~ . )2 (gy)  - 1/2 

with ~, the wavelength in the plasma and 

rca , ' v ~ =  ( c/fee)exp(y /2 ) 

The quantity y is defined by 

4[(1 + T, ITe)]y = (Vo/Vth) 2 

Here, Vo is the electron oscillation velocity in the wave 
electric field, v,h the electron thermal velocity Te/me; and 
fpe the electron plasma frequency. For CIT, with its larger 
wave area, the electric field (about 100 kV/cm) is one- 
fifth as large as in MTX, even though the power in each 
pulse is nearly doubled. Also, temperatures in CIT are 
much higher (by a factor of 5), which considerably al- 
leviates the ponderomotive effects. Indeed, the above 
formulation shows a focal point at s  m. 

Of the various three-wave processes studied in de- 
tail by Porkolab and Cohen,O) only one was found to be 
of concern. Others are potentially important, but they 
are absorptive. In MTX, background fluctuations at the 
ion cyclotron frequency are amplified (to a level limited 
by convection out of the region where the instability 
threshold is exceeded), and these fluctuations backscat- 
ter a portion of the incident wave. The initial level of 
the fluctuations must be 3-4 orders of magnitude above 
thermal before a significant fraction of the incident wave 
is reflected. In CIT, with lower electric field strength, 
there is less concern over backscatter since the threshold 
depends on the square of the ratio of the oscillation ve- 
locity of electrons in the wave to their thermal velocity. 
The factor of 25 in K e and the increase in electron tem- 
perature by a factor of 5 reduce this ratio by 125 over 
that in MTX. 

Finally, ECH waves can be scattered by turbulence 
at the edge of the plasma. The effective scattering dis- 
tance ~, depends on the square of the percent density 
fluctuations.OO.11) In CIT, as in MTX, even assuming 
5% fluctuation levels, the scattering angle A02 - At~  
fs is small. Here, Ar is the width of the turbulent region. 
These fluctuations, if present, would help counteract a 
tendency toward filamentation and would reduce growth 
rates of any parametric process. 
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1.2. Physics and Technology Base 

1.2.1. Past Experience 

The possibility of operating and modeling high peak 
power microwave FELs was sucessfully demonstrated at 
the Electron Laser Facility (ELF), the first LLNL mi- 
crowave FEL experiment. The ELF experiments, now 
completed, were conducted at 35 and 140 GHz, with 
more than 1 GW of peak power at 35 GHz obtained 
from a tapered wiggler amplifier. At 140 GHz, the avail- 
able input power and wiggler length limited operation to 
the exponential gain regime, but in both cases there was 
excellent agreement between numerical simulations and 
experimental data. 

Further validation of the FEL simulation codes has 
been achieved at PALADIN, a 10.6-tzm FEL experiment 
driven by the 50-MeV Advanced Test Accelerator (ATA). 
In a 15-m wiggler, a 43-MeV, 800-A electron beam 
produced 27 dB of exponential gain, again with good 
agreement between experiment and simulation. 

Prototypes for most of the important components 
of a high-average-power microwave FEL have been con- 
structed, with continuing acitivity in design and testing. 
Notable among these prototypes are the high-repetition- 
rate magnetic switching system units which have been 
operated at a 5-kHz repetition rate into a dummy load. 

One-period prototypes of several high-field-strength 
wiggler designs have been built with various combina- 
tions of electromagnets and permanent magnets, and have 
been used to benchmark the LLNL wiggler design codes. 
The design of a 5.5-m wiggler to be used ~n the IMP~ 
MTX experiment (described in Section 1.2.2) is nearly 
complete, with a single-period prototype built and tested. 
The wiggler will be completed in late 1989. For future 
fusion applications, higher field strengths can be ob- 
tained through the use of materials other than normal 
iron for the wiggler poles and yoke; the properties of 
these materials are now being explored. 

1.2. 2. Future Plans 

An FEL referred to as the Intense Microwave Pro- 
totype (IMP) is being constructed for MTX to provide 
250-GHz, 50-ns pulses, with up to 8 GW of peak power 
and 2 MW of average power. This FEL will use the 
Experimental Test Accelerator-II (ETA-[I) to obtain a 
10-MeV, 3-kA beam operating at 5 kHz for 0.5 s. The 
FEL will operate at both 140 and 250 GHz using a 5.5- 
m wiggler that will reach the required 4.5-kG field. With 

this system, critical plasma and FEL physics issues will 
be explored between FY89 and 91. 

Code improvements are continuing for more accu- 
rately modeling microwaves in a wave guide. These codes 
will be validated against past results, the present LLNL 
codes, and future experiments. 

A tuneable master oscillator for operation at 140 
GHz is being developed. A prototype of the oscillator is 
currently being tested. The prototype will be scaleable 
to 10-kW output at 280 GHz and will tunable to _+3~ 
within milliseconds. 

Studies are underway to determine the feasibility of 
fabricating long (4-5 m) corrugated wave guides for use 
at 280 and 560 GHz. Short samples will be fabricated 
by electroforming, and an attempt will be made to join 
them, either by brazing or electron beam welding. Cor- 
rugated guides force the propagation of the HE~: mode 
and greatly reduce the radio frequency (rf) watt heating 
in the wiggler interaction region. 

1.3. Baseline IFEL for Fusion Applications 

Figure 1 shows the baseline configuration for an 
FEL to produce 10 MW average power at 280 GHz. The 
accelerator produces a 13~McV, 3-kA beam with a 
brightness of 10 s A/(rad-m) 2 and a flattop pulse width 
of 70 ns. The accelerator and power conditioning chain 
run at a maximum of 10 kHz. The beam transport line 
consists of the normal quadrupoles and dipoles with beam- 
steering coils to make minor adjustments in beam posi- 
tion at specific locations. The master oscillator is a tune- 
abte backward wave oscilIator (BWO) providing 500 W 
of fast tuneable power at the wiggler entrance. The 3- 
m-long wiggler has a 4-cm gap and a 10-cm period with 
a maximum magnetic field of 5.7 kG. Vanadium Per- 

16 m__ :ll~ 3.9 i'n ~ 3,5 m :t=' 1.4 m :lj< 4 m 
I- 

/ / ~  Master ~scil~ator 
Accelerator ~ BykOWg Yr ~ 

L_ P~atchingP'--~,~ Tunable _+ 3% in ms 

diagnostics \ \ 

Master oscillatorL..~ Absorber O 

Accelera~e~ 
E = 13 MeV Be =S.7kG 

L= •6rn L = 3 m  
PRF = 10 kHz Vanadium Permendur 

Fig. 1. Schematic of 280-GHz, 10-MW FEL with a PRF of 10 kHz 
for the accelerator and pulsed power chain. The major parameters for 
the master oscillator, accelerator, and the wiggler are shown. 
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mendur is used as the yoke and pole material to obtain 
the high field. The electron beam is turned out of the 
microwave line-of-sight by an Enge magnet, and the 
microwaves continue to the tokamak down a 50-cm-diam 
quasioptical transport system. The mirrors in this trans- 
port system are sized to reduce the losses and to preclude 
overheating of the copper surfaces. Pumping is provided 
throughout this transport line to reduce the amount of 
tritium diffusing from the fusion machine to the FEL. 
The electron beam is absorbed by using either a thermal 
inertial mass that is cooled between shots or high-veloc- 
ity water that not only absorbs the electron beam energy 
but keeps a thin (2-mm) aluminum vacuum barrier cool. 
This configuration is expected to produce 70-ns pulses 
with a peak power of 14 GW and thus an average power 
of 10 MW at 10-kHz pulse repetition frequency (PRF). 
The configuration for 560-GHz operation requires an in- 
creased beam energy of 15 MeV, a slightly longer wig- 
gler, and a different master oscillator. 

If the schedules for MTX and other programs at 
LLNL are maintained, all the major physics and tech- 
nology issues will be resolved prior to the requirement 
for a major commitment of resources in FY91. 

2. PHYSICS AND TECHNOLOGY BASE 

2.1. Past Experiments at 35 and 140 GHz 

An FEL operating in the microwave (35 and 140 
GHz) regime was constructed to study the basic physics 
of free electron lasers and to serve as a test bed for the 
physical models used in designing other FEL amplifiers. 
This experiment, the Electron Laser Facility (ELF), started 
operation in 1982. ELF was designed to use the electron 
beam from ETA, which was capable of producing 10 
kA at 4.5 MeV. During the ELF experiments, a beam 
with about 1 kA of current of 3.5 MeV was typically 
used. By using the proper wiggler parameters, over 1 
GW of peak power at 35 GHz was produced.O2-~5) 

Figure 2 shows a schematic of the facility, which 
consisted of an accelerator (ETA), an electron beam 
transport line with an emittance selector, a microwave 
source, and a wiggler. ELF was a single-pass FEL am- 
plifier, which used a conventional microwave source as 
a master oscillator. This signal was injected into the 
wiggler line-of-sight by reflection off a wire mesh and 
propagated colinearly with the electron beam. Experi- 
ments were performed to observe the interaction of the 
microwaves and the electron beam by changing the wig- 
gler length and magnetic field. 

Focusing Matching 
6 KA doublet doublets 

3 . 3 ~  ~ To 
, wiggler 

ETA ' i 
beam line Current 

selector 

Wire 
mesh -7 , . , / /.~ vv=ggmr (.~ 

- ~' I I I _ I I I ~  Microwave 

e/-~---~ ~ ~ 1 ~ . - = ~  (calOrUtPe~ter or 

I / ~ t"  i crystal detectors) 
[ ~Transport quadrupoles xx E/euCtmr;n 

Microwave 
input 

Fig. 2. Schematic of the Electron Laser Facility (ELF). 
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Fig. 3. Peak power of 35 GHz vs. wiggler length for a tapered and 
an untapered wiggler. Both experimental and simulation results are 
shown. 

Figure 3 shows the results obtained at 35 GHz for 
a tapered and an untapered wiggler. Also shown are the 
results of numerical simulation. O6) About 1 GW of peak 
power in the TEol mode was obtained by tapering the 
wiggler field. Other experiments indicated that, using 
the same wiggler magnetic field profile, the frequency 
could be changed plus or minus about 12% with a drop 
in peak power of only 1 dB. 

Experiments were conducted at 140 GHz, and a 
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gain of about 20 dB/m in the exponential gain regime 
was obtained with a peak power of about 100 MW. The 
wiggler available was aot long enough to at[ow operation 
above this regime. The numerical simulations at 140 
GHz agreed well, with the experimental results. These 
results confirmed our ability to produce high peak mi- 
crowave power and to predict the FEL performance. 

2.2. FEL Source for MTX 

The technologies incorporated into the FEL for MTX 
are described here in some detail since they serve as the 
basis for the CIT system. In most cases, very little ex- 
trapolation is required to achieve the design performance 
for tSe 10-MW system for CIT. 

2. 2.1. Goals 

MTX will be used as a developmenl and demon- 
stration testbed for electron cyclotron heating (ECH) of 
tokamak plasmas using intense microwave pulses from 
an IFEL. MTX will use the Alcator-C tokamak, which 
has been refurbished and relocated to LLNL from the 
Massachusetts Institute of Technology (MIT) Plasma Fu- 
sion Center. It is capable of operating at toroidal fields 
above 9 T so that the heating at high plasma densities 
using high-frequency sources that aye of interest to CIT 
and the International Thermonuclear Experimental Re- 
actor (ITER) can be investigated. The specific objectives 
of MTX are to study the technology, physics, and ap- 
plications of ECH for tokamaks using the short-pulse 
heating provided by the IFEL. 

These studies will require an FEL that can deliver 
1-2 MW of average power at 250 OHz during the 0.5- 
s duration of the MTX shot. LLNL is constructing such 
a source using the ETA-II accelerator and a prototype 
of the high-field laced wiggler that will be described in 
a later section. This Intense Microwave Prototype (IMP) 
FEL is designed to produce up to 2 MW of average 
power at 250 GHa, with a peak power of 8 GW and a 
pulse width of 50 ns, and to operate a l a  5-kHz PRF. 
This performance level will be achieved in several phases 
as the capability of ETA-II is increased. 

The following ~ections describe the design and ex- 
pected performance of the IMP FEL, the engineering 
issues being addressed, and the present status and plans. 

2. 2. 2. Expected PerforTnance 

The design and capability of the IMP FEL are con- 
strained by the expected performance of ETA-II and the 
high-field prototype wiggler, as shown in Fig. 4. For- 
tunately, the parameters of these systems are compatible 
with those required by MTX. Simulation codes were 
used to optimize the performance of the IMP FEL under 
these design constraints. 

Simulation results of the IMP FEE are shown in 
Fig. 5, where axial profiles of the wiggler field and the 
corresponding FEL peak power are plotted. Due to space 
charge effects, a "Raman" taper is used in the wiggler 
field profile. (17) Over the constant-field gain region of 
the wiggler, the field is held so that the signal is ampli- 
fied at the peak of the gain curve, and slightly below 
the field for FEL synchronism, to achieve good expo- 
neatial gain and trapping efficiency. Prior to saturation 
of FEL growth, the wiggler field is changed to achieve 
synchronism between the electron beam bunches and the 
ponderomotive well. This minimizes detrapping in the 
tapered region and optimizes overall conversion effi- 
ciency. 

As shown in Fig. 5, simulations predict an expo- 
rtential gain of 3t dl3/m, power at sacura:/on of more 
than 1 GW, and a peak output power of about 12 GW 
%r an optimized taper if system errors are not consid- 
ered. System errors, discussed later, are expected to re- 
duce the peak output power to about 11 GW. This reduced 
level corresponds to a peak conversion efficiency of 39% 
and a total amplifier gain of 73 dB. For this design, the 
limitation on autpu~ power has beer~ determined by the 
minimum wiggler field that will keep the linear beam 
fill factor at less than 50%. Although this is a somewhat 

ETA-II accelerator High-liBlci wiggler 

10 MeV, 3 kA t l ~,~= 10 cm 
5 kHr 5C ~ ~s B~v = 4.5 kG 
"f~' 10;~ A/(r'm)~ L w = 5.5 m 

T 
Internee MiCrowave Prototype (IMP) FEL 

f = 2513 GHz 
~= 11 GW 
IPI = 2.8 MW 

Fig. 4. Accelerator and wiggler parameters and used in design simu- 
lations for the IMP FEL for MTX. 
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10 MeV, 3 kA, J=1.0e8, Pin=500 W, ~.w=l 0 cm 
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�9 System errors reduce output power to 11 GW 

Fig. 5. Simulation results showing wiggler field and gain profiles at 250 GHz for IMP. 

conservative value, it represents a practical tradeoff be- 
tween performance and beam loss or transport issues in 
the wave guide. 

As shown in Fig. 6, simulations predict good mode 
quality for strongly tapered FELs such as IMP. In the 
tapered region, the output power is predominantly in the 
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Fig. 6. Simulations of mode content for 250 GHz for IMP. 

resonant design mode (TEol in the simulations). Micro- 
wave transport simulations show that the next-lowest mode 
(TE21) is still transported with good efficiency from the 
FEL to the tokamak, although only a fraction (about 
25%) is of the proper polarization to heat the plasma. 

As described earlier, the ability to control the fre- 
quency of a high-power ECH source on a fast timescale 
(milliseconds) can be exploited for disruption control, 
heating during the plasma buildup, and other tokamak 
applications. Figure 7 shows the amplifier bandwidth 
expected for IMP, which is typical of IFEL performance 
at millimeter wavelengths. For these simulations, all beam 
and wiggler parameters were held constant, and only the 
frequency of the input signal was varied. The 3-dB fre- 

10 MeV, 3 kA, ~= 108 A/(rad-m) z , ~.W = 10 cm, Lw = 5.5 m 
i i i 

12 o / ~  ~_ff 10 I,~ o6~ 

O // [ = 10% 

ff 
4 

2 

t i i -.~ 
230 240 250 260 270 

Master oscillator frequency (GHz) 

Fig. 7. Simulation results for 250 GHz showing the inherent bandwidth 
of the FEL. 
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quency bandwidth is 10% and represents the range over 
which the frequency of the high-power FEL output could 
be electronically tuned by controlling the frequency of 
the low-power master oscillator. If the wiggler taper is 
further optimized, a broader frequency range of about 
15-20% can be achieved on a timescale of minutes. With 
further changes in beam energy, the operational range 
can be further extended. 

A parametric study was made for the above baseline 
case, examining the sensitivity of IMP performance on 
system errors and noise. The results are summarized in 
Table I. A peak output power of 11 GW is predicted for 
combined-error limits of 0.1% RMS (root-mean-square) 
wiggler error, 1-mm offset of the beam in both the wig- 
gle and nonwiggl e planes, and _+ 1% beam energy sweep. 
These values represent errors that are achievable in the 
near future, and may be conservative in the light of the 
present FEL program-development goals. 

The high extraction and trapping efficiency indicate 
that space charge effects have been largely compensated 
for by operating at higher beam energy and by using the 
Raman taper. The output noise power is 30 dB below 
the signal power, assuming an input power density of 
13 dB over shot noise, and is roughly proportional to 
the input noise level. Even with system errors, there is 
design margin over the maximum IMP objective of 2- 
MW average power. Operation with a beam energy as 
low as 9 MeV can still achieve the design objective. 

2. 2. 3. Description of Major Subsystems 

The next five subsections describe the major sub- 
systems that comprise the IMP FEL and address the en- 
gineering issues and the present status of each subsystem. 
In addition to ETA-II, these subsystems include the elec- 
tron-beam transport system, the rf coupling and beam- 
matching beamline section, the wiggler system, and the 
microwave system. 

Table I. Predicted Perfo/mance of the IMP FEL at 250 GHz a 
l l i H  

Peak TEo~ output power 12 GW (11 GW) 
Average TEol output power 2.8 GW 
TE~I mode fraction 97% 
Extraction efficiency 44% (39%) 
Trapping efficiency 70% 
Peak noise power 10 MW 
3-dB amplifier bandwidth 10% 
/'beam/rwalt 0.5 

" Performance with errors in parentheses, 

An overview of the 250-GHz FEL beamline and 
wiggler system is shown in Fig. 8. Figure 9 shows an 
elevation view of the wiggler and the microwave system, 
including the gyrotron master oscillator, rf coupler, and 
microwave transmission system from the FEL to MTX. 

ETA-HAccelerator. To serve as a high-quality, high- 
power source of relativistic electrons for the IMP FEL, 
ETA-II must operate with the parameters shown in Table 
I!. The performance requirements for IMP are within the 
design parameters of ETA-II and are significantly re- 
laxed for two of the most criticat parameters: beam 
brightness and energy regulation. To achieve operation 
at 9-10 MeV, two additional accelerator block sections 
will probably be needed, but this represents low tech- 
nical risk. Achievement of the 3-kA beam current is 
aided by the greatly relaxed requirement on beam bright- 
ness. Off-line testing has demonstrated 5-kHz operation 
of major components in the pulsed-power chain for short 
bursts. While ETA-II represents a developmental pro- 
gram in its own right, achievement of high average power 
(HAP) operation is expected to occur by 1990 as the 
PRF and burst duration are increased to achieve the full 
10 MW of average beam power. 

The initial performance of ETA-II is shown in Ta- 
ble III. Due to poisoning by Freon, the cathode was 
emission-limited for this initial data set. This problem 
has since been corrected. The eventual goals for ETA- 
II are shown on Table IV. 

Electron Beam Transport System. The electron beam 
transport system (Fig. 8) is used to transport, diagnose, 
and condition the HAP electron beam prior to injecting 
it into the wiggler. The transport system uses a series of 
solenoid and quadrupole magnets to transport the beam 
from the exit of the accelerator to the wiggler entrance. 
Beam ripple is minimized to avoid emittance growth. 
Diagnostics are provided in the beamline to measure beam 
current, energy, position, spatial shape, and brightness. 

Handling the HAP electron beam is a critical design 
issue, since about 5 MJ of energy is contained in a 0.5- 
s shot. Fortunately, 0.5-s is sufficiently short for most 
designs so that thermal inertia can be used instead of 
active cooling. In the beamIine, a small linear fill factor 
(<50%) for the electron beam is maintained to ensure 
minimal beam loss. An emittance filter consisting of a 
series of range-thin graphite apertures in the beamline is 
used to scatter any low-density halo electrons to the wall 
over a distributed area. At 5-kHz operation, a trigger- 
interrupt system is designed for ETA-II that will sense 
a significant loss of current during a 50-ns pulse and 
reduce the PRF to 1 Hz before subsequent pulses can 
damage any beamline components. During 10.6-1xm FEL 
experiments at LLNL, beam current was transmitted 
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Fig. 9- Elevation view of the wiggler and microwave system for the MTX FEL. 

Table II. Accelerator Requirements for IMP FEL with ETA-I[ 
Design Values 

m 

Parameter IMP requirements ETA-II design value 

Energy (MeV) 10 10 
Current (kA) 3 3 
Brightness [108 A/(rad - m) 2] 1 20 
PRF (kgz) 5 5 
Pulse width flattop (ns) 50 50 
Energy regulation (%) 1 0.4 
Burst length (s) 0.5 30 

Table III. ETA-II Initial Performance 

ltem Value 

Energy (MeV) 5.2 
Current (kA) from injector 1.4 
Pulse width (ns) FWHM 70 
PRF (Hz) 1 
Brightness [A/(rad-m) 2] through accelera- 6 x l0 s 
tor 

through 15 m of wiggler without measurable loss using 
a fill factor that is comparable to that proposed for IMP. 
The upper limit on the electron beam loss is about 0.1% 

per meter in the wiggler wave guide. At this level, ther- 
mal loads are dominated by attenuation losses of the 
amplified microwave signal. 

At the exit of the wiggler, the electron beam has a 
large (2:1) energy spread due to the FEL interaction. An 
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Table IV. ETA-II Performance Goals 

Item Value 

Energy (MeV) 10 
Current (kA) 3 
Pulse width (ns) 

FWHM 70 
Flat to 1% 50 

PRF (Hz) 
Burst 5000 
Average 100 

Brightness [A/(rad-m) 2] 2 x 10 g 

Enge magnet is used to accommodate this energy spread 
and to magnetically "re-image" the beam from the FEL 
into a beam absorber (Fig. 8). For IMP, the beam ab- 
sorber is a simple graphite mass using thermal inertia to 
absorb the enrgy during the 0.5-s heating pulse with 
subsequent cool-down between MTX shots. 

Rf Coupling and Beam-Matching Sections. The 
beam-matching section is used to focus the electron beam 
into the wiggler to minimize any betatron motion that 
would degrade the FEL performance. To obtain the re- 
quired circular equilibrium cross-section and waist con- 
dition at the wiggler entrance, two pairs of quadrupole 
doublets are located immediately in front of the wiggler. 

The rf coupling section, located near the beamline- 
matching section, injects the input microwave signal col- 
inearly with the electron beam. For the initial series of 
single-pulse experiments using the ELF wiggler, the in- 
put signal wilt be coupled into the wave guide as in the 
original ELF experiment. (~8) A thin, 90-1pi wire mesh 
oriented at 45 ~ in the beamline is used to reflect the 
master oscillator signal into the wiggler, while the elec- 
tron beam passes through the mesh with only a small 
current loss and emittance growth. 

For HAP operation, a method of coupling the input 
microwave signal that does not intercept the electron 
beam is required. Two methods are being studied. The 
baseline design for IMP specifies an achromatic jog (A- 
jog) to offset the axis of the accelerator from that of the 
wiggler by 70 cm. The A-jog would consist of four bend- 
ing magnets: two to bend the beam through an angle of 
40 ~ and two for 30 ~ A quadrupole doublet would be 
required to match the beam into the A-jog, and a pair 
of quadrupole doublets to match it from the A-jog into 
the wiggler. With the A-jog, the microwave signal can 
be injected straight through the beam-matching section 
into the wiggIer. To accomplish this, power is coupled 
from a gyrotron source (Fig. 9) into a free-space Gaus- 
sian mode. This signal is then reflected and focused by 

a 15.2-cm-diam mirror through return-current slits in the 
last bend of the A-jog in to the wiggler wave guide (Fig. 
10). Diffraction of the microwave beam and other trans- 
mission losses result in an insertion loss of about 10 dB. 

An alternative method that does not require an A- 
jog is desired to minimize costs. Several methods are 
being studied. In general, these methods involve an ap- 
ertured reflector that is located within the beamline and 
that injects the microwave signal into the wave guide at 
a slightly oblique angle. The electron beam is transmit- 
ted through the aperture in the reflector with negligible 
loss. A design that limits the insertion loss to 8-10 db 
has been completed and is now the preferred alternative 
to an A-jog. 

Wiggler Assembly. The requirements for the IMP 
wiggler are listed in Table V. The simultaneous require- 
ments for high field and large tuning range, along with 
Iow pole-to.-pole random field errors, present the major 
technical challenge. However, simulation models and 
prototype measurements show that these requirements 
can be met using a permanent-magnet laced electromag- 
net wiggler. 

The present polepiece design for IMP uses a gap of 
3.7 cm, representing an acceptable tradeoff of tuning 
range against access for cooling the wave guide. A con- 
servative design involving low-carbon-steel poles is also 
used to minimize RMS wiggler errors. Simulations of 
the pole design predict a tuning range of over 50%. 

The active length of the wiggler is 5.4 m, and it 
uses 27 separate power-supply channels, each of which 
will energize a two-period-long section. Each section is 
designed to produce no net steering and no net displace- 
ment regardless of field setting. This is accomplished by 
overlapping the ends of each section, with the number 
of coil turns on each pole in the proper ratios, a so-called 
"steering-free pattern." In addition, the steering-free 
excitation pattern prevents beam steering even when the 
beam energy is changing rather rapidly along the axis of 
the wiggler, as it will in IMP. 

Detailed design on the IMP wiggler is in progress. 
A one-period-long magnet prototype (10-cm period) was 
constructed to verify the operating field levels, and the 
full 5.5-m wiggler will be built and tested in preparation 
for deployment on ETA-II in the fall of 1989. Prototypes 
of other wiggler designs have been completed and have 
performed as expected. 

Until the high-field IMP wiggler is available, the 
initial MTX experiments wilt use the pulsed wiggler de- 
veloped for the original ELF experiments. The pulse 
wiggler can produce peak magnetic fields on an axis of 
up to 5 kG for less than 1 ms. The 4-m-long wiggler is 
composed of specially shaped solenoids that provide a 
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Table V. Requirements for IMP FEL Wiggler at 250 GHz 

Wiggler period 10 cm 
Wiggler gap 4.0 cm 
Peak field 4.7 kG 
RMS wiggler errors < 0.1% 
B-field tuning range > 37% 

. m 

linearly polarized wiggler with a 9.8-cm period. Vertical 
focusing of the electron beam is provided by the natural 
focusing of the wiggler field. Horizontal focusing is pro- 
vided by continuous quadrupoles with a field gradient 
of about 30 G/cm. 

Focusing in both the vertical and horizontal planes 
in the new IMP wiggler will be provided by paraboli- 
cally-curved magnet poles faces. However, in strongly 
tapered wigglers (such as IMP), the focusing force de- 
creases at the lower magnetic fields, thereby increasing 
the beam size and placing a practical limit on the amount 
of taper. 

Microwave System. The microwave system, shown 
schematically in Fig. 9, consists of the gyrotron (master 
oscillator), the rf coupler, the wiggler interaction wave 
guide, and the microwave transmission system to trans- 
port the FEL high-power output to MTX. 

The 250-GHz master oscillator is a fixed-frequency 
gyrotron, operating at second harmonic. It uses a com- 
plex cavity and operates in the TElI,z mode. As for any 
]FEL master oscillator, the average power is low, about 
200 W. The tube has been tested and produced 10 kW 
of peak power at 80 kV. 

Two frequency-tuneable sources are being devel- 
oped and may be deployed on MTX for testing if avail- 
able. The first source, a step-tuneable gyrotron, was 
demonstrated at MIT to operate at the several-hundred- 
kW peak-power level and over frequencies from 130- 
240 GHz. MIT is investigating the ability to couple power 
from a step-tuneable gyrotron over a range of frequen- 
cies and modes using a single Vlasov coupler. The sec- 
ond source, a BWO gyrotron, is in an early research 
phase but represents a source that is potentially tuneable 
over a frequency range of 6-8% on a submillisecond 
timescale and that could operate at frequencies up to 
about 300 GHz. (19) 

The handling and propagation of a high-power mi- 
crowave beam is a major objective of MTX. High-power 
radiation is generated within the FEL interaction wave- 
guide and is transported more than 30 m (Fig. 9) to MTX 
using a quasi-optical microwave transmission system. 

The wiggler interaction wave guide is shown sche- 
matically in Fig. 11. The wave guide dimensions are 
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Fig. 1t. Schematic of the FEL interaction waveguide for MTX. 
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chosen to minimize the cross-sectional area of the wave 
guide, thereby maximizing FEL gain, while keeping the 
linear beam fill factor to less than 50%. In general, mi- 
crowave breakdown is not expected to be a major issue 
at the high frequencies and short 50-ns pulse length used 
in the experiment. Peak electric fields of 140 and 30 
MV/m will occur in the wiggler wave guide and at the 
transmission system mirrors, respectively. These are well 
below the predicted breakdown threshold of 1-5 GV/m 
obtained from extrapolation of the Stanford Linear Ac- 
celerator Center (SLAC) and Varian data at 3-5 GHz, 
as shown in Fig. 12. Moreover, during ELF operation 
at 34.6 GHz, a threshold of 360 MV/m was measured 
for an unconditioned cavity. Similarly, calculations show 
that experimental parameters for IMP are well outside 
the range for multipactoring, either with or without a 
magnetic field.(2~ Volume ionization and breakdown 
are not expected for vacuum pressures of interest to MTX 
since the length of the pulse is shorter than ionization 
time and plasma buildup is not possible. 

At frequencies above about 30-50 OHz, transient 
surface heating places a lower limit on the allowed field 

strength than does microwave breakdown (Fig. 12). The 
temperature rise due to heating of the wave guide or 
mirror surfaces by the peak electric fields during the 50- 
ns pulse, if sufficiently large (> 30-50~ can produce 
surface strain that will result in microfracturing, and limit 
the useful lifetime of the surface. Within the wave guide, 
the energy depositon is about 0.07 J/cm 2 per pulse, which 
is about an order of magnitude below the measured dam- 
age threshold for an uncoated copper surface. The cal- 
culated margin based on temperature rise is somewhat 
less, about a factor of 2. The difference between the 
measured and calculated margin may be due to work 
hardening of the metal. In the transmission system, field 
strengths are well below surface heating thresholds. Thus, 
while not posing a significant issue for IMP operation, 
the data provided by IMP on surface heating will be 
useful in evaluating future higher peak-power FEL con- 
figurations. 

As for the electron beam, issues related to handling 
the HAP of the microwave output are somewhat miti- 
gated because of the relatively short heating pulse (0.5 
s). The thermal load at the wave guide wall is dominated 
by attenuation of the megawatt-level microwave signal 
over the last meter of the wiggler. The maximum ex- 
pected heat flux is about 300 W/cm 2. This load can be 
handled using thermal inertia during the heating pulse, 
with cooling between MTX shots. 

The microwave transmission system uses four 43 
• 58-cm atuminum mirrors to transport the 2 MW of 
average power from IMP to MTX. The transmission sys- 
tem was designed to preserved horizontal polarization of 
the FEL output, to keep the microwave power density 
well below mirror surface-heating damage thresholds, 
and to minimize transmission losses. As summarized in 
Table VI, the overall transmission efficiency is calcu- 
lated to be over 92%. The major single power loss is at 
the first mirror in the transmission system (M1). Figure 
13 shows the microwave profiles, calculated using a dif- 
fraction transport code, at M1 and at the MTX port. The 
power loss at MI is caused by spillage of power in the 

Table VL Calculated Losses for MTX Microwave Transmission 
System 

i 

Losses (%) 

Mirror M1 3.7 
Mirrors M2-M3 2.7 
At MTX port 0.4 
Dissipation 1.1 

Total losses 7.9 
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Fig. 13, Microwave field magnitude contours and radial profiles at the first mirror (M1) in the microwave transmission system for MTX and at 
the MTX port. 

side lobes of the far-field radiation pattern of the FEL 
and represents a tradeoff against a practical mirror size 
and cost for MTX. The use of corrugated wave guide 
and the HEn mode in the wiggler can reduce these side 
lobe losses. 

The transmission system is windowless and main- 
tained at a pressure of less than 1 • 10 -6 Torr. The 
long conductance path between IMP and MTX provides 
a natural differential-pumping section to isolate the two 
vacuum systems. 

2.2. 4. Phased Development to High Average Power 

High average power for IMP will be achieved in 
three phases, as reliable operation is tested initially at 
high PRF for short bursts, followed by longer pulse bursts 
up to 0.5 s. The operational parameters of the three 
phases are summarized in Table VII. 

The first phase, scheduled for FY89, will involve 
single-pulse experiments at 140 GHz using the 4-m-long 
pulsed wiggler that was built for the original ELF ex- 
periment. (12-15) Figure 14 shows the results of simula- 
tions for this case. Because a higher beam energy and 
current are available from ETA-II, peak powers of over 
2 GW can be produced. This is 13 dB higher than that 

Table VII. System Parameters for the Three Experimental Phases of 
the FEL for MTX 

Parameter Phase I Phase [! Phase [tI 

B e a m  

Energy (MeV) 6 7.5 10 
Current (kA) 2 2.5 3 
Pulse width (ns) 20 35 50 
PRF 0.5 Hz 5 kHz 5 kHz 
Pulses/burst 1 50 2500 

FEL 
Wiggler ELF iMP IMP 
Frequency (OHz) 140 140 250 
Master oscillator EIO gyrotron 2to gyrotron 
TEa, power (GW) 2.4 3.8 11 
rf Energy/shot (kJ) 0.05 6.6 1287 

measured on the original ELF experiment at 35 GHz, A 
140-GHz extended-interaction oscillator (EIO) source will 
be used as the master oscillator and is expected to deliver 
about 50 W of signal into the wiggler. 

In these preliminary experiments, operation of the 
ELF wiggler is thermally limited to a single pulse every 
2 s, effectively limiting MTX heating to one FEL pulse 
of about 50 J/shot. Nonetheless, these single-pulse ex- 
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periments will be very useful in achieving high-bright- 
ness electron beam transport, in studying FEL physics 
issues in this new operational regime, and in understand- 
ing how to efficiently transport the output of the FEL to 
the tokamak. In MTX, the single-pulse experiments will 
provide an initial measurement of the absorption of the 
intense microwave pulses without backscat~er due to par- 
ametric instabilities. 

The second phase of the experiments will occur in 
FY90 when the steady-state IMP wiggler and short-burst 
(10-ms) operation of ETA-II at a 5-kHz PRF are avail- 
able. The FEL will produce a peak TEm output power 
of over 3 GW at 140 GHz with a pulse width of 35 ns 
for a 10-ms burst a~ the 5-kHz repetition rate, i.e., about 
50 putses. A 140-GHz gyrotron capable of producing 25 
kW of power (with about 1 kW input to the wiggler) 
will be used as the master oscillator. For these burst- 
mode operations, the IMP wiggler will be optimized for 
operation at 140 GHz, using 7.5-MeV beam energy. The 
wiggler magnetic field profile will be optimized for the 
taper at 140 GHz, and will thus differ from the 250-GHz 
profile. The FEL experiments will focus on the high- 
PRF operation and the IMP wiggter performance. The 
tokamak experiments will study plasma heating effects 
for heating duration times less than an energy confine- 
ment time and will provide quantitative measurements 
of the absorption and reflection of intense ECH pulses. 

The third phase of the experiments will incorporate 
all the components for the HAP experiments and could 
occur in FY91. ETA-It veil! be upgraded for 10-MeV 
operation for the full 0.5-s shot duration. The FEL will 
operate at the design frequency of 250 GHz, with the 
master oscillator power input to the wiggler of about 500 
W supplied by a second-harmonic gyrotron. The peak 

TEoa output power will be about 11 GW with a 50-ns 
pulse width at a 5-kHz repetition rate, supplying a max- 
imum average power of about 2.5 MW for a shot du- 
ration of 0.5 s. The emphasis of the FEL experiments 
will be to demonstrate HAP FEL technology, while the 
tokamak experiments will concentrate on full-duration 
plasma heating. Experiments on profile control and cur- 
rent drive will also follow. 

INITIAL DESIGNS FOR FUSION 
APPLICATIONS 

3.1. Physics Design 

The capability to predict the performance of FEL 
amplifiers operating in the regime where moderate space 
charge effects are important has been developed using 
the results of the experiments on ELF. (~2) The success 
of these experiments and the demonstrated ability of nu- 
merical simulations in calculating the experimental re- 
sults give confidence in the use of these tools to predict 
the performance of amplifiers at the 280- and 560-GHz 
frequencies that are suitabte for fusion applica- 
tions. ~17,z3-~'~ A description of the resuIts used to seIect 
the baseline 10-MW FEL configuration follows. The FEL 
performance at several energies and for various electron 
beam currents was studied numerically, but results are 
shown only for the cases used in the baseline design. 

3.1,1. Physics and Engineering Constraints 

The electron beam energy selected must be between 
an upper and a lower bound. The upper bound is deter- 
mined by the maximum magnetic field that the wiggler 
can produce for a given gap and period. Figure 15 shows 
that 5 kG is the maximum field that can be reasonably 
obtained for a 4-cm gap and a 10-cm period wiggler 
using permanent magnets and normal iron as the pole 
and yoke material. (2s) The approximate FEE free-space 
synchronism condition for an rf wavelength X and a wig- 
gler period X~ is (2~) 

k =--2~ '2xw ( 1 + a 2 )  

where "),=Lorentz factor, and eel=normalized vector 
potential. As shown in Fig. 16, the maximum energy 
that still satisfies the FEL synchronism condition with 
the 5-kG maximum field from Fig. 15 is about 12 MeV. 
The electron beam linear fill factor is required to be 
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about 50%, which places a lower limit on the wave guide 
dimensions. The linear fill factor is defined as the ratio 
of the beam linear dimension to the wave guide linear 
dimension in the same plane. Based on the expected 
amplitude of the electron beam wiggle, and on the beam 
size which is determined by emittance and wiggler fo- 
cusing, a 3.5-cm circular wave guide is needed, which 
would require about a 4.0-cm gap. 

The lower limit on the electron beam energy is set 
by one of two considerations. First, for fixed values of 
beam current and brightness, longitudinal space charge 
effects become more pronounced as the beam energy is 
decreased. These effects lower the peak gain at the fun- 
damental while enhancing the relative gain at a lower 
frequency and also shift the peak gain away from FEL 
synchronism. Space charge also causes the electrons to 
spread more in the (y,~) phase space, thus making it 
more difficult to trap electrons in the ponderomotive welt 

and to keep them there when tapering the magnetic field. 
At some point, it becomes difficult to capture a large 
fraction of electrons in the ponderomotive well, tapering 
becomes ineffective, and the output peak power de- 
creases. 

The second consideration in setting a lower limit 
on the beam energy is the expected overall efficiency of 
the FEL in combination with the desired output power. 
If the peak power drops to some lower value, the FEL 
duty factor becomes too large for some of the systems 
in the accelerator power conditioning chain. In practice, 
the second consideration sets the lower limit on beam 
energy. 

3.1.2. FEL Design with No Errors 

The FEL interaction is modeled using the HE:: mode 
for microwaves in a circular corrugated wave guide. This 
mode is necessary due to excessive wall heating pro- 
duced by the TELl mode in a smooth-wall circular wave 
guide. The HE~ has a spatial distribution that is more 
peaked about the axis of the wave guide and produces 
less dissipation in the walls. 

The wiggler constant magnetic field is set to max- 
imize the exponential gain at the desired frequency. This 
optimization can be done by a series of code simulation 
runs to generate the appropriate output rf power contours 
as a function of frequency and field, or more simply, by 
calculating the power spectrum for various values of 
magnetic fields and choosing the magnetic field value 
that puts the peak gain at the desired frequency. 

Next, the length of the untapered section is optim- 
ized by monitoring the evolution of the particle orbits in 
(7,'5) phase space. This optimization of the untapered 
wiggler section permits a buildup of the fundamental 
signal while keeping noise amplification to a minimum. 
Once tapering begins, the magnetic field is chosen to be 
at FEL synchronism. In the tapered region, the incre- 
mental gain at the fundamental is smaller than a lower 
frequencies, hence the requirement for a high signal-to- 
noise ratio going into the tapered section. The calculated 
profile for the magnetic field in the tapered section of 
the wiggler is determined using a synchronous tapering 
scheme that is suitable for FELs ope:ating in the Comp- 
ton regime. Because the electron beam radius grows as 
the field strength is decreased, the wiggler is truncated 
when the linear fill factor approaches 50%, which cor- 
responds to about a 25% area fill factor. When the ef- 
fects of errors are included, the linear and area fill factors 
increase faster than without errors. 

Figure L7 shows an axial profile of the predicted 
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HE n peak power. With a beam energy of 13 MeV and 
a beam current of 3 kA, the HEt~ power grows from the 
input level of 500 W at a rate of about 46 dB/m in the 
exponential gain region and attains a level of about 12 
GW at the end of the 3-m-long wiggler. This corre- 
sponds to an extraction efficiency of 40% with 74% of 
the electrons trapped in the bucket. Figure 18 shows the 

wiggler magnetic field profile for this case. The constant 
field is 5.4 kG and the minimum field, limited by the 
fiI1 factor, is 2.6 kG. Other runs have been made using 
different energies and currents. Results for the cases used 
for the baseline configuration selection are shown in Ta- 
ble VIII. 

With a few minor exceptions, the 280- and 560- 
GHz configurations are the same. To obtain the same 
output power, the energy must be increased and the wig- 
gler lengthened for the higher frequency case because of 
its lower extraction efficiency. The beam energy for the 
280-GHz case will require a higher magnetic field than 
can be reached easily by a wiggler using normal iron. 

3.1.3. FEL Design with Errors 

The FEL performance shown in Table VIII assumes 
that the parameters are at their optimum values with no 
alignment or wiggler errors, no beam displacement, no 
energy sweep, and the full rated beam current. Such a 
situation is highly unlikely in the real world. Calcula- 
tions were made in which errors were systematically in- 
troduced, to determine the acceptable ranges for these 
errors. Using the wiggler profile determined for the no- 
error case, the following parameters were varied: elec- 
tron beam current, master oscillator power, beam energy 
sweep, beam displacement, and random wiggler errors. 

For each case, the variable value was noted when 
the peak output power dropped to 80% of its no-error 

Table  VIII. Results for BaseIine Cases" 
m 

560 GHz 280 GHz 

Beam parameters 
Energy (MeV) 15 13 
Current (kA) 3 3 
Brightness [A/(rad-m) 2] 108 10 s 
Input microwave power (W) 500 500 

Wiggler parameters 
Period (cm) 10 10 
Gap (cm) 4 4 
Length (m) 4 3 
Constant magnetic field (kG) 4.3 5.4 
Peak magnetic field (kG) 4.3 5.4 
Minimum magnetic field (kG) 1.7 2.6 
Waveguide diameter (cm) 3.5 3.5 

Results 
HE~ output power (GW) 17 16 
Trapping efficiency (%) 65 74 
Extraction efficiency (%) 37 40 

w 

o No errors. 
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case and also when the linear fill factor grew above 50%. 
Figures 19 and 20 shows samples of the result for one 
of these runs when only wiggle-plane displacement was 
considered. In other calculations, errors were combined 
to determine the total effect on performance. It was de- 
termined that the error limits were set by the constraint 
on the fill factor. The results are shown in Table IX. 

Table X shows the FEL performance when these 
combined errors are included in the calculations. The 
no-error results are shown in parentheses for reference. 

The large drop in the output power for the 560-GHz 
case was due to a + 1% positive beam energy sweep. 

16 

14 
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o 
" 6 - 
U.I 4 - -  
212 

2 

0 
0 

I I [ 

0.1 0.2 0.3 0.4 
Wiggle plane displacement (cm) 

80% of base case 

Fig. 19. HE~I power out vs. wiggle plane displacement from electron 
beam centerline. 
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Fig. 20. Fill factor for wiggle and nonwiggle planes vs. wiggle plane 
displacement from the electron beam centerline. 

Table IX. Error Limits for Combined Errors 
i 

RMS wiggler error (%) <0.1 
Wiggle plane beam displacement (cm) <0.1 
Nonwiggle plane beam displacement (cm) < 0.1 
Beam energy sweep (%) < -+ 1 

i i 

Table X. Predicted Performance with Combined Errors" 

560 GHz 280 GHz 

HE11 output power (GW) 10(17) 
Extraction efficiency (%) 23(37) 
Trapping efficiency (%) 28(65) 
Linear beam fill factor (%) 60(50) 

i 

" No-error results are shown in parentheses. 

14(16) 
35(40) 
61(74) 
55(50) 

This drop would be unacceptable and would require en- 
ergy regulation to better than 1% during the pulse. Within 
other FEL programs at LLNL the requirements for al- 
lowed errors are more stringent than the above values. 
If these lower error limits are assumed, the peak power 
for both 280 and 560 GHz cases will only decrease by 
about 2%. 

3.1.4. Conclusions 

A beam energy and current was selected to provide 
about 17 GW of peak power if no errors are assumed. 
The 280- and 560-GHZ configurations differ only slightly. 
If it is assumed that the more stringent error requirements 
of other programs are met, this power would be expected 
to decrease by only about 2%. An output power of 14 
GW, which was required for the baseline configuration, 
gives a margin of about 20% for power based on these 
predictions of FEL performance. 

3.2. Methodology of Selection and Design 

A methodology was developed to design and cost 
free-electron laser sources. A trade studies group has 
written algorithms that size and cost components and/or 
sub-assemblies. These algorithms are based on input from 
design teams, and their accuracy was verified with ven- 
dor bids where possible. Figure 21 shows the informa- 
tion flow for arriving at a final cost estimate of a FEL. 
The top requirements of frequency, peak or average power, 
run time, and other specific items are input. The peak 
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Fig. 21. Diagram showing the information flow to cost an FEL. Also 
shown, as an example, is an algorithm to cost the accelerator ferrite. 

power required based upon the allowable duty factor is 
determined. Our calculational database is checked to de- 
termine the electron beam energy and current necessary 
to produce the peak power. From the database, the length 
of the wiggler is also obtained. 

For each major element of the FEL, algorithms were 
written that size and cost most of the components. Figure 
21 shows, as an example, an algorithm for the acceler- 
ator ferrite. The ferrite outside radius is based on several 
variables which are shown in the figure. The ferrite is 
then costed as a fixed amount plus a constant times the 
outer radius. A commercially available spreadsheet is 
used for this calculation, with more than 100 compo- 
nents or sub-assemblies individually sized and costed. 

Since the accelerator is the major expense of this 
system, its costs were minimized during this study. As 
a result of earlier work, limits for some of the compo- 
nents and sub-assemblies were determined, and a risk 
assessment of the extremes of these limits was com- 
pleted. Figure 22 shows the effect of the limit of PRF 
< 10 kHz and __<1200 J/pulse for the magnetic com- 
pressor. If the peak power out of the wiggler is greater 
than about 14 GW and the pulse width is 70 ns or larger, 
only one power conditioning chain is required per cell. 
If the peak power is less than 14 GW, two power con- 
ditioning chains per cell must be multiplexed to get the 
duty factor required. Each chain would be running at 
one-half the required PRF while the cells operated at the 
proper PRF. Figure 23 shows the effect on costs vs. peak 
power for five cases. For each case, the energy needed 
to obtain the required peak power, the number of power 
conditioning chains, and the number of power supplies 
per chain were determined. These values were input into 
the spreadsheet, and the total cost of the accelerator was 
calculated. Figure 23 shows that the least expensive case, 

= 10GW 

~< Nags/cell 
uE 
tw 
Q. 

10 

Mag/celt 
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Fig. 22. Diagram showing the number of pulsed power chains per cell 
with PRF and pulse width for various peak powers. 
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Fig. 23. Relative accelerator costs for five cases of increasing peak 
power. 

of the five considered for 280 GHz, was an accelerator 
operating at about 15 MeV, 3 kA, 70-ns flattop pulse 
width, one power conditioning chain per cell, and both 
the power conditioning chains and the cells running at 
10 kHz. A later run indicated the cheapest configuration 
was at 13 MeV. For this case, multiplexing is not needed, 
which is cheaper and reduces the risk. 

3.3. Discussion of Designs 

3.3.1. Requirements 

Table XI shows the present top-level requirements 
for the next generation of fusion machines that couId use 
FELs to provide electron cyclotron heating. 
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Table XI. Top-Level Requirements for Fusion Machines 
i 

Item CIT ITER 

Input power (MW) 
Frequency (GHz) 

First 
Second 

Time on (s) 
Shots/hr 
Tuneability 

Fast (ms) 
Slow (s) 

Schedule 

10 10-30 
280 

200-280 
400-560 

10 Steady-state 
4 TBD 

N/A 6-8% 
N/A 20% 

1991, demo. tech. 1991, demo. tech. 
1994 installed 2000 installed 

Provides DC 
I power io ..... ~ I 

resonant CRC CRC - Provides voltage 
charger regulation 

50 ~s 

4 chains 
required IES - Slores and 

switches energy 
2,5 ps 

input pulse 
86 ns 

Reset 

ReSet - Provides bias to 
reset magnetics 

i i r l l  I F [ I I  

f I I " .... . . . . . .  

Injector Accelerator 
3.0 MeV, 3 kA 12 cefls/modute - -  12 cellS/MAG 13 MeV, 3 kA 

70 ns, 10 kHz 

Fig. 24. Schematic of accelerator showing pulsed power chains and 
the function of each sub-assembly. 

Two of the requirements of Table XI change the 
configuration of the baseline 280-GHz FEL. The first is 
the frequency required. As discussed earlier, the 560- 
GHz case requires more energy in the electron beam to 
produce the same peak power as the 280-GHz case. The 
ITER requirement for a continuously operating FEL af- 
fects the accelerator cooling and the electron beam ab- 
sorber design. The absorber must be designed to remove 
the energy in real time as opposed to absorbing it in a 
material and removing it between shots. 

3. 3. 2. 280-GHz Design 

Figure 1 shows a schematic of the baseline config- 
uration that produces 10 MW of average power at 280 
GHz. Specifics of some of the elements are discussed 
here. 

Accelerator. Using calculated results and the cost 
tradeoff, an accelerator was selected with the following 
parameters: energy=13 MeV, current=3 kA, volts/ 
cel l=250 kV, flattop=70 ns, PRF, max.=  10 kHz, 
brightness = 2 x 109 A/(rad-m) 2, ceUs/MAG = 14, MAG 
J/pulse= 1150 J, number of chains=4, and power re- 
quired = 85 MW. Figure 24, a schematic of the baseline 
accelerator, shows the function of the major subsystems. 

The power conditioning chain was limited to a max- 
imum PRF of 10 kHz. In addition, the maximum FWHM 
(full width half maximum) pulse width is limited to 100 
ns and the maximum J/pulse out of a magnetic com- 
pressor to 1200. These limits were determined as a result 
of a risk assessment completed for another program. The 
same limits were used for this design to minimize the 
engineering design effort and risks for the system. 

The accelerator cell ferrite selected is 1.27-cm thick. 
Figure 25 shows the run time vs. PRF for uncooled fer- 

Tma x = 50  ~ C 

ZXTma x = 35"  C 

100 

o _ 

'~_ 

O 

I--  

V/S/Z// 
10 

Run time, s 

At 10 kHz, run time ~ 30 seconds 

I I  

~Tmax 

I I I I I  

100 

Fig. 25. Uncooled accelerator fe~rite temperature rise vs. run time and 
PRF. 

rite of any thickness. At a PRF of 10 kHz, the ferrite 
temperature does not increase to the limit of 50~ for a 
run time of less than about 30 s. Figure 26 shows that 
with the baseline thickness and a reasonable film coef- 
ficient, the cool-down time is about 10 rain. This allows 
about four 30-s shots per hour. 

In addition to the ferrite heating during a run, Met- 
glas in the magnetic compressors will heat as a result of 
losses. Figure 27 shows that for a PRF of 10 kHz and a 
temperature rise limit of 50~ the run time can be about 
11 s. (~7~ Methods for cooling the MetgIas are being eval- 
uated, and experiments will be performed to verify the 
calculations. Since the run time required for CIT is 10 
s, the power conditioning chain and the ferrite can run 
uncooled. 

For ITER, the ferrite and the Metglas must be cooled 
continuously. Figure 28 shows the steady-state temper- 
atures expected for various thicknesses of ferrite and 
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Cooldown 
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/ ~ ' r ~  Proposed thickness (I12") 

0 ~---L I I I 
0 1/4 1/2 3/4 1 

Thickness, (in) 
with 1/2" ferrite, ~ 1 burst /15 min. 

Fig. 26. Cool-down time vs. ferrite thickness for two cases of surface 
film heat transfer coefficient. 

Tmax ~ 

Where: 

(E,PRF)  (~)2 (E,PRF) (-~) 

2 k  + h + 

E = energy/puise/vol 
k = Thermal conductivity 
h = Ferrite wall, fluid film coefficient 
L = Ferrite thickness 

TFluid 

,o01 y hk=~176176176 
Allowed 3/8" = W/cm2 ~C 

E = 360 J/cm31pulse 

4 8 12 16 20 
PRF, kHz 

Fig. 28. Steady-state temperature of accelerator ferrite vs. PRF and 
thickness. 
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" B a s e l i n e "  is 10 kHz;  ~ ~ 11 s 
Fig. 27, Temperature rise of uncooled MAG metglass vs. run time 

and PRF. 

PRFs. At 10 kHz, a 1.27-cm-thick ferrite would be ac- 
ceptable, but a thinner disk would be desirable. A thick- 
ness of ferrite less than the 1.27 cm for the ITER design 
would be specified to provide a design margin. 

Wiggler. Figure 29 shows a layout of a laced wig- 
gler that uses permanent magnets and electromagnets to 
obtain the field in the gap. A one-pole prototype of this 
configuration using iron as the bus and pole material was 
constructed. A magnetic field corresponding to the Hal- 
bach limit for the specified gap/period was reached. A1- 

St~er ina  

pel 

Cooling 
panel 

~agnet 

. . . .  ~, . . . . . . . . . . . . .  nagnet 

Fig. 29. A wiggler pole design using both side and laced permanent 
magnets and four electromagnet coils. 

though the Halbach limit was determined for a different 
configuration, it is excellent measure of the degree of 
difficulty of obtaining specific field levels for a design 
which uses normal iron in the pole. Calculations were 
made using the LACED code to determine the maximum 
field that could be obtained as a function of the bus and 
pole. (zS) Using this field value, the maximum electron 
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beam energy that can be used for a specific frequency 
and still match the FEL synchronism condition can be 
calculated. These results are shown in Fig. 30 for a de- 
sign using iron that will reach the Halbach limit in the 
gap and another material (vanadium Permendur) that 
would allow a design that woud reach reach 1.5 times 
the Halbach limit in the gap. For the gap and period 
selected, the maximum energy usable at 280 GHz and 
with iron is about 11 MeV; with a material such as 
vanadium Permendur, about 17 MeV is allowed. The 
accelerator costs are a minimum with a peak power out 
of the wiggler of about 14 GW, which requires a beam 
energy of 13 MeV. Therefore, vanadium Permendur must 
be used as the pole material in the wiggler 

The temperature rise was estimated for a smooth 
copper 3.25-cm-inside-diameter waveguide operating at 
280 GHz for the TEla mode. This temperature increase 
is due to power generated by rf currents in the wave 
guide wall. An attenuation enhnacement factor of 3 for 
losses was used. This factor of 3 over the theoretical is 
a result of surface roughness, high wall average tem- 
perature, and an anomalous skin effect. The heating of 
the guide during the pulse was modeled as a semi-infinite 
slab with heat flux at the boundary. Table XII shows the 
temperature rise for various wave guide materials at dif- 
ferent frequencies. (29) A peak of 10 GW, a pulse width 
of 70 ns, and a 3.25-cm guide were assumed for these 
calculations. 

The case of one-dimensional strain was assumed to 
estimate the allowable temperature surface rise on the 
surface of the rapidly heated material. If typical copper 
properties at room temperature are used, the temperture 

F r o m  r e s o n a n c e  c o n d i t i o n s :  

~'w 2 2 1/2 
E [ ( ~ - )  (1 + C1Bmax~w )] C 2 

Bma x = K* (Hatbach limit) 

energy (MeV) 10 -- 

5 - -  ~-w =10cm _]  
Gap=4cm / 

o I t i i I , 
0 100 200 300 400 500 600 

Frequency (GHz) 

Fig. 30. Maximum energy vs. frequency that satisfies the resonance 
conditions for two maximum magnetic fields at a wiggler period of 10 
cm. K, a multiple of the Halbach limit, represents the increase of the 
maximum saturation field allowed in the pole material compared to 
normal iron. 

rise should be less than 30~ to give a fatigue in life of 
greater 108 cycles. As shown in Table XII, for the cases 
considered, none of the materials appear to be acceptable 
as wave guide choices. In addtion, the average heat flux 
removal rate would be serveral kW/cm 2 over the last 
meter of the wave guide. Although this type of heat flux 
can be handled with subcooled nucleate boiling, the de- 
sign would be high risk. Therefore, the use of a corru- 
gated wave guide in the wiggler is specified. 

If a corrugated wave guide is used, the wall heat 
loading will be reduced by about a factor of 800-900. (3o) 
With this large reduction in heating, the peak power can 
be increased up to the 14-GW level, which is required 
for the configuration selected for the baseline. Arcing 
and multipactoring were examined for the corrugated 
wave guide. For a 280-GHz guide, the rf field caculated 
at the corrugation is about 30 kV/cm. The rf breakdown 
threshold is about 58,000 kV/cm for the case considered, 
so no arcing should occur. (21) For multipactoring con- 
siderations, the product of frequency and groove dimen- 
sion and the product and electric field and groove 
dimension were calculated. The resuls were far outside 
the region where multipactoring would be a problem. (2~ 

The variables for the wiggler baseline were speci- 
fied as: gap = 4.0 cm, period = 10 cm, length = 3 m, pole 
material = vanadium Permendur, field = 5.7 kG, and wave 
guide = corrugated, copper 3.5-cm ID. 

Electron Beam Transport and Absorber. Included 
in the beam transport system are the usual quadrupoles, 
dipoles, and steering coils. The electron beam is steered 
into the absorber by an Enge magnet, which turns elec- 
trons with a wide energy spread by the same amount. 
This type of magnet will be used on MTX. The electron 
beam transport also contains diagnostics that will dupli- 
cate those planned for present experiments. Within this 
element, no components have even moderate risks of 
operation. 

For beam-on times of about 5 s or less, an appro- 
priate mass of material can be used to absorb the energy 

Table XII. Temperature Rise, ~ for certain Materials vs. 
Frequency 

Frequency (GHz) 

Material 140 250 560 

Copper 63.6 84.6 126.4 
CuO.4BeNi 83.2 111.2 166.3 
C15715 71.1 95.2 142.1 
Aluminum 122.0 162.8 243.9 
A1 6061-T6 163.0 217.6 325.2 

i . i  
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in the electron beam; the heat will be removed between 
shots. An actively cooled absorber must be used when 
the run time is 5 s or more. A conceptual design of a 
water-cooled absorber based on a SLAC configuration 
has been completed.(31) For an ITER design, 10-cm-diam 
thin-walled (2-mm) aluminum tubes cooled by high-ve- 
locity water which also absorbs the remaining energy in 
the electrons would be used. This baseline configuration 
requires an electron beam area of about 4000 cm 2 with 
~he water velocity at the aluminum/water boundary being 
10 m/s. This gives a safety factor of about 2.2 on the 
critical heat flux. The stress in the tubes for several end 
restraint conditions was below the elastic limit at the 
operating temperature; therefore, a long fatigue life would 
be expected. Two rows each of 12 tubes side by side 
are required to stop the electrons completely. 

Microwave Driver and Transport System. A pro- 
gram is ongoing to develop a tuneable master oscillator. 
The BWO was designed to operate at 250 GHz, tuneable 
to -+ 3% with an output of 10 kW. The basic design is 
described elsewhere.(19) A step-tuneable gyrotron is 
presently available for 250 GHz and can serve as a backup. 

Figure 31 shows a layout of a possible microwave 
transport system for CIT. This quasi-optical design is 
based on the present configuration chosen for MTX. The 
losses at each mirror and the surface temperature rise 
during each pulse must be limited. The mirror diameter 
must be large enough so the loss is low over the longest 
path. From the layout, the longest path was determined 
to be 24.4 m. A Gaussian beam was assumed, and the 
mirror radius is calculated so that the power at the edge 
is 1/e of the maximum. For the 280-GHz case, the radius 
is 6.45 cm. The loss is Iimited by making the actuaI 
diameter greater than or equal to six times the above 

radius, giving a 39-cm diameter for a 280-GHz mirror 
and a 27-cm diameter for a 560-GHz mirror. Note that 
a mirror designed for 280 GHz will transport 580 GHz 
with lower losses. 

To eliminate surface fatigue of the copper mirrors, 
the energy absorbed per pulse should not be sufficient 
to increase the temperature 30~ or more. This temper- 
ature rise can be avoided for a 14-GW, 70-ns FWHM 
pulse if the minimum radius is 5.3 cm at 280 GHz and 
6.3 cm at 560 GHz. Both of these are tess than the 6.45- 
cm radius required for low loss, so the mirrors should 
have a long life. 

3. 3. 3. 560-GHz Design 

The 560-GHz case is similar to the 280-GHz de- 
sign, except that a higher beam energy is required and 
the wiggler is longer~ The extraction efficiency of the 
560-GHz case is below that of the 280-GHz case; there- 
fore, higher beam energy is required to extract the same 
amount of peak power at 560 GHz. This higher energy 
will affect the absorber design but will have little effect 
on ~he other elements. The cost of tbe beam t~ansport 
system power supplies is estimated based on available 
units. Off-the-shelf units can supply the increased power 
required for the higher energy beam transport. A longer 
wiggler is required for this case, but the magnetic field 
is slightly lower. A master oscillator must be designed 
to operate at this frequency, and it will not be tuneable. 

Since the extraction efficiency is lower for 560 than 
for 280 GHz, the wail-plug power must increase for the 
same average output power. 

Mirror box 

:,.- Mirror box Wiggler 
I i 

i / R F a b s o r b e ~  --_ : . . . . .  / G.t, valve Mirror box ~ 
?a,.. / / ,urge,urn, ;i ' '- ~ Turbopump 

RF absorber 
Mirror box 
Fig. 3I. Schematic of microwave transmission system from the FEL to the entrance of a fusion machine. 
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3.3. 4. Facilities 

Figures 32 and 33 show an elevation and plan view, 
respectively, of the 280-GHz configuration as it would 
be installed in the CIT facility at Princeton Plasma Phys- 
ics Laboratory (PPPL). This illustrates the footprint re- 
quired for a ]0-MW unit. The size of the CIT components 
was based on the present MTX design. If the facility 
configuration dictates, the accelerator and wiggler can 
be placed side by side, which reduces the overall length 
but increases the width of the basic system. 

The 280-GHz design will require about 90 MW of 

wall-plug power, and the 560-GHz configuration will  
require about 111 MW to produce the 10 MW of  average 
power. 

3. 3. 5. Radiation 

The diffusion of tritium down the microwave trans- 
port system into the FEL was considered. A microwave 
window was not specified for the baseline configuration 
because FEL pressure requirements are not severe and, 
in any case, one must always provide for failure of a 
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I ' L Z ~ q 

s s 

D 3 
Conductance c r  , D_~ Drain due to beam size 

Let f = S/C, S - pumping speed 

For fixed D & L, variables are: 
- Number o f  pumps, a z~L 
- Pumping speed, S 

Fig. 34. Schematic showing the model used to estimate the tritium 
flow to the FEL. 

Table XIII. Tritium Pressure atthe FELfor 10 .4 Torr Tritium 
Pressure at CIT" 

Number of pumps 
(pressure = 10 .6 Torr) 

Pump speed/conductance 4 6 8 

0.25 22 6 3.1 
0.5 9.4 2.3 0.59 
0.75 4.9 0.9 0.17 
1.0 2.9 0.43 0.06 

Conductance between pumps, 1/s 1200 2000 2700 

o Pipe diameter is 50 cm, total length = 90 m, 

tritium barrier if used. The schematic shown in Fig. 34 
was used to calculate the amount of tritium that would 
reach the FEL per shot. It was assumed that a valve 
would be opened immediately prior to the shot and closed 
as soon as the FEL was turned off. 

The conductance of a pipe for molecular flow is 
proportional to the cube of the diameter and the inverse 
of the length. A pumping station was placed every AL 
meters, as shown on Fig. 34, and its capacity was as- 
sumed to be a fraction of the incremental conductance. 
Table XIII shows the results for various ratios of pump- 
ing capacity to conductance. 

The tritium pressure at the FEL should be down to 
about 10 .6 Torr. Either six pumps with a pumping ca- 
pacity of 75% of the incremental pipe conductance or 
eight pumps with about 30% of the pipe conductance 
will be sufficient to reduce the assumed CIT 10 .4 Torr 
tritium pressure to 10 .6 Torr. Available pumps can eas- 
ily obtain pumping speeds of 1000 1/s for tritium; there- 
fore, the reduction of 100 in pressure does not appear 
difficult to achieve. 

To determine the maximum diffusion of tritium into 
the FEL, it was assumed that there was no pumping 
during a 10-s shot. The conductance of the 50-cm-diam, 
90-m-Iong pipe was about 400 1/s. The partial pressure 
of tritium was assumed to be 10 .4 Torr and the pressure 
at the FEL was 0. For this case, the amount of tritium 
diffusing to the FEL in 10 s was about 0.4 Torr-e. The 
total volume in the FEL without the microwave transport 
was estimated to be about 750 f .  If there is an up-to-air 
accident, the percentage of hydrogen in the mixture is 
far below the lower explosion limit of 4%. 

The 0.4 Torr-s represents about 1.5 curies of ac- 
tivity. When compared to the total inventory in the fu- 
sion machines, this amount is not large. The FEL rough 
vacuum must be connected to the same tritium-process- 
ing system as all other roughing pumps. In addition, if 
six to eight pumps of a reasonable size are used, the 
numbers calculated here will be down by a factor of 100. 
If the partial pressure of tritium in CIT is less than that 
assumed, the amount diffusing to the FEL also will be 
less. These calculations indicate that the tritium can be 
pumped in the microwave transport pipe prior to the last 
concrete wall before the F E E  It is suggested that a high- 
capacity cryopump be placed near the fusion machine in 
the transport line, which could also be used to regenerate 
other pumps if necessary. 

3.4. Frequency Option 

Figure 35 shows a possible configuration that would 
inject two rf frequencies into a fusion machine for a 
small increase in cost. Figure 30 shows the maximum 
energy that is usable for a given frequency and wiggler 
material choice. If the electron beam is switched alter- 
nately to each of the wiggler lines and the wiggler fields 
are set to that required by the FEL synchronism condi- 

MO 1 
e-beam e-beam 280 GHz 

diagnostics & tuning Wiggler 
matching section absorber Mirror box matching \ 

~ section ~ [ ~ ]  

L I) absorber 
Accelerator - ~ f ~  ~ , ~ l  4 

13 Me' ]  ~=--~- I II~;~l MW 
Kicker magnet r~ 7 

5 KHz * / I I  
A-j•g I E N G E /  = 

section I 
MO 2 

560 GHz Microwave 
diagnostic 

load tank ! 

Fig. 35. Schematic of an FEL operating at two different frequencies, 
280 and 560 GHz, with only one accelerator. 
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tion, power at two frequencies can be extracted. As an 
example, an accelerator operating at kHz with the beam 

switched between one wiggler tuned for 280 GHz and 
the other for 560 GHz is illustrated. For the example of 
a 13-MeV accelerator, the 280-GHz line would produce 

about 5 MW and the 560-GHz line about 4 MW. Sep- 
arate master oscillators must be provided for each wig- 
gler line. 

4. C O N C L U S I O N S  

Past FEL experiments at LLNL have achieved high 

peak power at 35 and 140 GHz. Numerical simulation 
results have matched the experimental data sufficiently 
well to give confidence in our ability to design FELs 
operating in the microwave regime. 

Planned tests on MTX will reach higher peak power 
and, more important, higher average power at 140 and 

250 GHz. Both the physics and the technology relevant 
to a CIT design will be demonstrated. In addition, tests 

are ongoing on various test stands to advance the tech- 

nology for increased component and system perform- 

ance. 
An FEL configuration has been selected for ECH ap- 

plications on fusion machines. This configuration mini- 
mizes costs and risks, because it is based upon technology 
to be developed for other LLNL programs. Present and 
planned future efforts should lead to the development of a 
microwave FEL for electron cyclotron heating purposes by 

the early 1990's. 
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