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Abstract—The design and feasibility of a 1-MW continuous wave
(CW) free electron laser (FEL) oscillator are reviewed. The proposed
configuration will include a short-period (/,, ~ 1 cm) planar wiggler,
a sheet electron beam, a 0.5-1.0 MV thermionic electron gun, a hybrid
waveguide/quasi-optical resonator, commercial dc power supplies, and
a depressed collector. Cavity ohmic RF losses are estimated to be ex-
tremely low ( s 10-100 W /cm?) at 1-MW output power, while thermal
heat transfer studies conservatively indicate that wall cooling up to 1500
W /cm? should be possible. Experiments have convincingly verified
theory and simulations which predict that negligible body currents will
be achievable with low-emittance low-space-charge sheet beams. High-
voltage sheet beam gun design studies indicate that the required beam
quality can be achieved with CW compatible devices. The spent beam
energy distribution is consistent with highly efficient spent beam en-
ergy recovery, and the proposed resonator cavity should provide mode
discrimination and beam/RF separation capability. Finally, recent ad-
vances in superconducting wiggler designs suggest that even more com-
pelling improvements in FEL design are possible. Specifically, the sub-
stantially increased dec wiggler fields can yield better beam confinement.
Furthermore, options for a strong-pump FEL amplifier with a tapered,
superconducting, short-period wiggler are now being considered.

NOMENCLATURE
Veam , Beam. v.olFage.
¥ =1 + (eVpeam) (mmc”) Relativistic energy parame-
ter.
Loeam Beam current. -
bpeam Small transverse equilib-

rium dimension of the
sheet electron beam in the
cavity.

Qpeam Wide transverse dimension
of the beam.
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Maximum divergence angle
allowed for electron in-
jected at beam edge. An
edge electron with this di-
vergence angle will have a
maximum betatron orbit
amplitude of Yz =
bbeum/z-

Narrow transverse wave-
guide dimension.

Wide transverse waveguide
dimension.

Net transmissivity coeffi-
cient includes both dif-
fractively coupled output
power and ohmic wall
losses.

Wiggler length.

Wiggler period.

Number of wiggler periods.

Peak on-axis amplitude of
wiggler field.

Betatron wavelength for be-
tatron orbits in the narrow
(y) transverse dimension.

Radiation frequency.

Electronic, or intrinsic, FEL
interaction efficiency.

Injected divergence angle at
which an edge electron
will intercept the cavity
wall. This estimate is
based on the somewhat
overconservative formula
of (4b).

RF ohmic wall losses in
watts per square centime-
ter.

Circulating cavity power.

Diffractively coupled output
radiation power.
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nr Total system efficiency, in-
cluding electronic effi-
ciency, depressed collec-
tor energy recovery ef-
ficiency, and reduction in
efficiency due to RF
ohmic wall losses.

Voltage required for the
floating (‘‘low voltage’’)
depressed collector power

supply.

1. INTRODUCTION

HE RESULTS described in this paper constitute the

status of research on free electron lasers (FEL’s) at
the University of Maryland. The focus of the overall pro-
gram is to develop a short-period-wiggler (SPW) free
electron laser (FEL) with a sheet electron beam as a source
of high-average-power millimeter-wave radiation for
electron cyclotron resonance heating (ECRH) in advanced
magnetic fusion experiments such as the Compact Igni-
tion Torus. Other applications include sources for near-
millimeter space-based radar.

The general specifications [1] for the ECRH sources call
for 10-30 MW of average power with pulse durations of
several seconds to CW. The radiation frequency should
be near 300 GHz, with possible interest in ~600 GHz for
second-harmonic ECRH. A premium is placed on high
system efficiency, as well as the utilization of established
(i.e., low-risk), off-the-shelf technology where possible.
Similarly, there is a demand for high system reliability
and flexibility in future utilization of the ECRH source(s).
Finally, to ensure experimental physics flexibility, it is
desirable that the radiation source have ~30% total op-
erating bandwidth with ~5% rapid dynamic bandwidth
(timescale < 10 ms).

One proposed solution to this need is an FEL CW os-
cillator which uses:

1) a short period (/. ~ 1 cm) planar wiggler,

2) a “‘low” voltage (Vyeum =< 1 MV) sheet electron
beam generated by a CW, electrostatic, thermionic
Pierce gun,

3) a depressed collector for spent beam energy recov-
ery, and

4) two dc, ‘‘off-the-shelf’’ high-voltage power sup-
plies; one bias supply at 0.5-1.0 MV drawing < 100
mA, and a second supply at <200 kV, providing
~30-60 A of beam current.

A simplified schematic of the basic configuration is shown
in Fig. 1. The logic supporting the preceding choices is
reviewed next.

The choice of an FEL is based on the strong established
experimental database demonstrating high-power high-
frequency operation at parameters relevant to the needs
for ECRH. Natural wideband frequency tunability and low
RF wall losses are among other compelling features of
conventional FEL’s. Our proposed use of CW operation
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Fig. 1. Simplitied conceptual layout and circuit diagram for sheet beam
FEL oscillator, including spent beam cnergy recovery.

is intended to avoid hysteritic cyclic stress failure in crit-
ical system components. Cyclic fatigue is a common fail-
ure mode in repetitively pulsed high-power mechanical
and electronic systems. Cavity cracking in recent high-
power gyrotrons at Varian [2] is just one more—very ger-
mane—example of this problem.

By specifying a planar wiggler with short spatial period
(I, ~ 1 cm) one reduces the requirement on beam voltage
(Voeam =< 1 MeV) to achieve millimeter-wave ( =300
GHz) operation [3], [4]. At these voltages, one can gen-
erate the required beam power with established off-the-
shelf dc power supply technology. Hence in this regard,
the issue is power supply cost rather than the risk of de-
veloping new technology. These voltages are also com-
patible with the design of CW electrostatically focused
thermionic Pierce guns. The short period wiggler also
yields a smaller total size, reducing magnet cost and com-
plexity and generally making it possible to package the
advantages of conventional FEL's in a ‘‘compact,’’ trans-
portable, and commercializable *‘tube technology.’’

High-power radiation output necessitates high beam
power. To obtain this capability without invoking high
current density, we have proposed the use of a sheet or
ribbon electron beam [5]. Such beams are naturally suited
to stable and well-focused transport in planar wigglers
when an axial magnetic guide field is not used [6]. In ad-
dition, a streaming beam without an axial guide field is
easier to generate and match to an interaction region than
rotating beams with axial fields.

Spent beam energy recovery of streaming beams with
small exit energy spread should be considerably easier
than recovery of rotating beams with large exit energy
spread. The issues here involve size and complexity of
the depressed collector region and associated power sup-
plies. Rotating beams must first be ‘‘unwound’’ in a mag-
netic field taper before energy recovery can be effectively
attempted. At modest beam voltage ( ~ 100 kV) this may
not be a severe constraint, but at higher beam voltages
(Veam = 500 kV) the taper length may become consid-
erable. Streaming beams, however, require no such
‘‘beam conditioning.’” The exit energy spectrum of the
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beam determines the size and complexity of an efficient
depressed collector. Experimental experience has dem-
onstrated that collector efficiencies in excess of 90% are
possible for low-gain FEL oscillators with beam voltages
of 1-6 MV [7]-[9]. Simulations suggest that such capa-
bility may be possible for the FEL proposed here with a
minimal number of electrodes in the depressed collector.
If true, this would not only yield total FEL system effi-
ciencies of ~30-40%, but would allow the majority of
the beam current to be drawn from less expensive low-
voltage (V < 200 kV) power supplies.

It is noted that the underlying concept of a CW FEL
oscillator with depressed collectors is not new to this pa-
per, but has been previously proposed in [10]. Features
of this work which differ from the previous study [10}
include the sheet beam, short period wiggler, lower beam
voltage, a grounded tube body, the use of conventional
dc power supplies, and the generation of the beam with a
thermionic Pierce gun.

To evaluate the feasibility of a CW high-power milli-
meter-wave source, we have identified the principal tech-
nological risk issues for the short-period-wiggler sheet
beam FEL as

1) thermal engineering,

2) beam transport,

3) beam generation,

4) spent beam energy recovery,
5) power supply technology,

6) magnet technology, and

7) cavity design.

The remainder of this paper discusses our program’s
progress in assessing the risks associated with each of
these topics.

II. SELF-CONSISTENT CONCEPTUAL DESIGN

Self-consistent conceptual design of low-gain FEL os-
cillators has been reduced to a powerful, convenient pro-
cedure through the identification of fundamental *‘univer-
sal’’ quantities [11]-[16]. The technique is described in
detail in [11] and [12] and is built upon the analytic and
numerical formalisms developed in [11]-[17]. The for-
mulation and codes have been benchmarked against sev-
eral experiments. First, the time-dependent multimode
oscillator codes were used to analyze results from the
Hughes Mark-II FEL oscillator [18]. Good agreement was
found between theory and experiment for such character-
istics as multimode behavior, saturated efficiency, oscil-
lator priming, and slewed voltage effects [19]. A second
comparison [15], [20] with the University of California at
Santa Barbara FEL [7], [9] has yielded excellent agree-
ment in explaining observations of both single and mul-
timode operation [21] in that device. Finally, when run in
a single-pass amplifier mode, the codes have yielded ex-
cellent agreement [22] in predicting the single-pass effi-
ciency of the untapered section of the ELF FEL facility
at the Lawrence Livermore National Laboratory [23].
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To summarize, the universal formalism makes it pos-
sible to identify a unique dimensionless operating point
with optimized efficiency for low-gain, untapered, Comp-
ton, FEL oscillators. This ‘‘point”’ can be transformed
into (dimensionalized) device designs through the use of
scaling relations which relate the universal quantities to
physical observables. With these formulas, one can rap-
idly modify designs to optimize RF wall losses, output
power, etc. while maintaining optimal FEL efficiency.
Note that the dimensionless universal formalism has
drastically reduced the theoretical parameter space,
thereby permitting self-consistent comprehensive inves-
tigations of such realistic effects as multimode competi-
tion, finite beam turn-on time, dc space-charge, beam en-
ergy spread, and wiggler tapering. Most of these effects
are discussed in detail in [11]-[17]. The remainder will
be described in future publications.

As a general rule, the designs described in this paper
are characterized by short interaction lengths, relatively
weak wiggler parameters (and thus small transverse beam
energy), and low beam current densities. Consequently,
the FEL interaction physics are relatively insensitive to
beam energy spread (Ay/(y — 1) < +2% is accept-
able—see [11]) and beam displacement effects. In addi-
tion, for the designs reported here, the use of a sheet beam
does not significantly alter the basic physics to the FEL
interaction (when compared to a round beam) other than
to substantially reduce the dc space-charge fields [17]. At
beam current densities much higher than prescribed for
the designs of this paper, new effects, such as self-focus-
ing in the wide beam transverse dimension, may become
important [17]. As examples of what our design method
yields, we have provided four untapered ~300 GHz, ~ 1
MW FEL oscillator designs in Table I (the symbols of
Table I have been defined in the Nomenclature). The fun-
damental variable in these four designs is the beam volt-
age, which ranges from 0.5-1.0 MV. To keep the fre-
quency constant as beam voltage increases, we have
simultaneously increased the wiggler period length. We
will refer to details of these designs throughout the report.
Hence, at this point, general observations will be made.
First, the estimated RF wall losses are considerably lower
in all four designs than for the conventional gyrotron [24]
or the (smooth-walled) CARM [25]. At the higher volt-
ages, these wall losses [P7,] are essentially negligible.
Note that to compute this ohmic dissipation, a conserva-
tive wall conductivity value two times lower than the text
book value [26] was used. The second point is that for
FEL beam voltages exceeding 600 kV, beam-to-wall
clearances are comparable to those proposed in 300-GHz
whispering gallery gyrotrons [24] and CARM’s [25]. This
second observation is intended for reference purposes
only, and does not imply any inherent advantage per se
for the FEL over the gyrotron or the CARM. Previous
sheet beam FEL designs using short period wigglers [3]-
[5] proposed parameters similar to the first column of Ta-
ble I wherein the beam-to-wall clearances were probably
impractical for the available beam focusing capability.
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TABLE 1
1-MW 300-GHz UnTAPERED FEL OSCILLATOR DESIGNS

¥ 1.98 2.27 2.66 2.96
Vieam (KV) 500 650 850 1000
loeam (A) 60 48 40 34
Do (€M)" 0.18 0.20 0.24 0.26
Upegm (€T 4.0 4.0 4.0 4.0
0, (deg) +2.0 +2.0 +2.0 +2.0
b, (cm) 0.22 0.375 0.575 0.70
a,, (cm) 5.0 5.5 6.0 6.0
T,y (net transmissity) 0.19 0.13 0.11 0.12
L (cm) 16.2 19.6 25 30

[, (¢m) 0.54 0.85 1.25 1.50
N, (# periods) 30 23 20 20

B, (kG) 2.0 2.0 2.0 2.0
A; (ecm) 12.9 15.5 18.7 211
/(GHz) 298 285 288 300

M. 4.1% 3.0% 3% 3.0%
&y./ty. — 1) (totah +0.8% +0.8% +0.8% +1.0%
beam/wall clearance (mm) 0.2 0.88 1.7 2.2
Ginereem (deg.) +2.3 +3.5 +5.5 +6.0
P (W /cm®)" 177 72 24 <10
P.. (MW) 39 6.9 9.3 <8.9
P... (MW) 0.75 0.90 1.00 .02
ny (92% beam energy recovery) 35% 28% 28% 28%
o1 (kV) 60.5 715 93.5 110

“Injected beam thickness is 1 mm in ail cases.
"Used g-values (conductivity) reduced X2 from textbook values.

The more recent approach is to use higher voltage (stiffer)
beams and larger waveguide gaps, as identified in the sec-
ond, third, and fourth columns of Table I. The feasibility
of sheet beam transport for parameters relevant to these
three designs is addressed in a subsequent section.

The current density for each design in Table I is well
below the limit at which space charge would affect either
the FEL interaction efficiency or the equilibrium beam
thickness (by.,m). The estimates of total beam axial en-
ergy spread include all contributing effects, including fi-
nite beam emittance, space charge depression, and finite
beam thickness in the inhomogeneous wiggler fields. Fi-
nally, our calculations of the effects of wiggler tapering
indicate that stable single-mode equilibria exist with in-
trinsic efficiencies approximately three times the unta-
pered FEL designs. Preliminary time-dependent simula-
tions, however, have not yet demonstrated how oscilla-
tors evolving from noise can access these equilibria. This
is a subject for future study. Hence throughout the re-
mainder of this paper we will concentrate our design dis-
cussions to untapered FEL oscillators.

III. THERMAL ISSUES

As described in [12], we have completed a conservative
engineering heat transfer analysis of the proposed FEL
configuration to determine what level of thermal heat flux
one can confidently remove from the cavity walls. The
conclusion to that study was that steady-state fluxes up to
1500 W /cm? are well within the capabilities of existing
thermal engineering. Fluxes approaching 2000 W /cm’
might be feasible, but are more challenging. It is notable
that these predictions are in good agreement with recent
gyrotron cooling experience at Varian, to the extent that
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the estimated local heat flux where gyrotron cavity failure
occurred was found to be approximately 5 kW/cm2 [2].
Furthermore, the probable failure mode for those cavities
was cyclic fatigue rather than steady-state thermal stress.

Having established the capabilities for thermal heat re-
moval, we turned our attention to evaluation of candidate
heat sources in our FEL configuration. The sources of heat
which we considered included thermal management in the
electron gun, in the microwave cavity, and in the wiggler.
We consider these components one at a time, followed by
the identification of a thermal management question which
we have not addressed in detail: cooling of the beam col-
lector.

First, while it is true that all thermionic electron guns
(pulsed or CW) involve heated cathodes, this is not a new
thermal management problem. As discussed in the section
on beam generation, our preliminary gun design efforts
indicate that the desired sheet beam electron guns will in-
volve emission current densities at the cathode of less than
2 A/cm’. This level is well within existing thermionic
gun experience from the point of view of thermal man-
agement.

Secondly, we consider the issue of heat generated by
the magnet. Measurements on the University of Mary-
land’s ‘‘current sheet’’ electromagnet wiggler [3], [4]
have demonstrated that wiggler fields of 2.0 kG are
achievable with approximately 3 kA of wiggler current.
From measurements of wiggler resistance, one can con-
servatively estimate the total heat produced by the wiggler
to be less than 10 kW per wiggler (for a 20-period wig-
gler), or less than 250 W per half-period. Present wiggler
designs would easily allow for at least three 1-mm-di-
ameter cooling channels per half-period. For 5-cm-wide
wigglers, this corresponds to a cooling surface area of ap-
proximately 5 cm’ per half-period. Convective heat re-
moved obeys the relation:

Q(W) = hA(Tﬂund - Tsurfucc)

where 4 is the convective film coeflicient, A is the cooling
surface area, and Ty, and Ty, are the bulk fluid and
cooling channel wall temperatures, respectively. An ex-
tremely conservative value for the film coefficient using
water coolant would be 3 W /cm? - °C. For this value of
hand A = 5 cm?, the 250-W per wiggler half-period could
be dissipated by a mere 20°C temperature difference be-
tween the fluid and the channel wall. The conclusion to
this exercise is that thermal management of the heat gen-
erated by the magnet should be a relatively straightfor-
ward matter by present technology standards. The argu-
ment is even further strengthened by recent research in
superconducting and permanent magnet wigglers, indi-
cating that either one of these other technologies may be
an acceptable alternative to the room-temperature electro-
magnet short-period wiggler. In such cases the issue of
magnet heat is moot.

Thus we consider the issue of cavity wall heating. There
are two possible sources for such heat: 1) RF ohmic
losses, and 2) beam current interception (body current).
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For the case of RF wall losses, a quick inspection of Ta-
ble I reveals that in all four designs the wall losses are
less than 200 W /cm?. These fluxes were conservatively
calculated using a wall conductivity value of 2.5 x 107
s (cgs), which is a factor of two smaller than the text-
book conductivity of copper [26]. For the higher beam
voltage FEL designs, the RF wall heat fluxes are essen-
tially negligible when compared with the 1500 W /cm®
dissipation limit described in [12]. This would be espe-
cially true for the larger gap spacings possible with a su-
perconducting wiggler (see the section on wiggler magnet
technology). Finally, it is emphasized that these low-RF
thermal heat load estimates have been achieved without
invoking the need for corrugated cavity walls and hybrid
transverse modes. This is desirable, since theoretical es-
timates indicate that even shallow wall corrugations are
likely to induce backwards wave ‘‘orotron’’ instabilities
for such high energy beams [27].

The remaining agent for cavity wall heating is beam
interception. Since the short-period wiggler FEL (as with
a CARM) requires beam voltages between 0.5 and 1.0
MYV and several to tens of amps of (average) beam cur-
rent, thermal stability of the cavity requires that body cur-
rents be less than approximately 2.5-5 mA /cm?, depend-
ing on beam voltage. Our research during the past year
has concentrated on determining whether regimes exist in
which there is virtually zero body current for wiggler-fo-
cused sheet beams. As discussed in the following section
of beam transport, we have verified both theoretically and
experimentally that such a regime does exist, provided
that the beam emittance at injection is small enough. Thus
the issue is not whether wiggler focusing can maintain
small enough body currents—that capability has been
convincingly established by our research. Instead the is-
sue is whether high-voltage sheet beam electron guns can
be designed to deliver the requisite beams. We will dis-
cuss this latter question in the section on beam generation.
The conclusion drawn from our preliminary gun design
efforts, however, is that multianode guns using electro-
static focusing should be capable of meeting these needs.

One critical area of challenging thermal management
which we have not yet addressed concerns cooling needs
in the beam collector (cf. Fig. 1). Due to the proposed
use of depressed collection, it is expected that the total
deposited beam power-handling capability of the FEL
collector will not be significantly greater than that re-
quired for comparable gyrotron tubes. As discussed in the
section on spent beam energy recovery, however, the exit
_ energy spread in the FEL beam is much smaller than in
comparable sources having higher intrinsic interaction ef-
ficiencies. This may result in a significantly higher con-
centration of thermal loading in the FEL collector.
Whether this is true, and, if so, whether the collector’s
thermal management has a practical solution, is a subject
for serious future consideration.

Finally, virtually any candidate source of (=) 1-MW
CW (or average) power at ( = ) 300 GHz must ultimately
address the rather daunting scenario of catastrophic loss
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of beam focusing fields. Whether such a beam strike will
result in catastrophic damage to the tube depends on the
speed with which beam voltage power supplies can be shut
down and/or crowbarred. Also, it depends on whether the
undesired beam strike occurs on a surface which is ac-
tively cooled or on a surface where cooling is only by
passive conduction.

IV. BEAM TRANSPORT
A. Theory

The idea of using sheet or ribbon electron beams in
high-power vacuum devices is not new. Historically, nu-
merous applications have been suggested and a few in-
vestigated. The difficulty of such a configuration, how-
ever, arises when the question of beam focusing is
addressed. In most previous work, an axial guide field
provided the beam focusing (cf. [6, and references cited
therein]). This approach was generally abandoned,
though, due to beam distortion or disruption via the dio-
cotron (or related) instability. In FEL’s, on the other hand,
beam focusing can be accomplished with the wiggler
fields. In many cases, this wiggler-focusing force is quite
substantial and can obviate the need for an axial guide
field. One is therefore led to expect that focusing with
planar wigglers would be a natural configuration for sta-
ble propagation of sheet beams. This hypothesis has been
confirmed by our own research [6].

The principle of wiggler focusing has been derived pre-
viously [28]. We briefly review selected parts of that de-
rivation to develop the expression forms most convenient
to our subsequent experimental data analyses. For a mag-
netic field produced by an ideal planar wiggler with the
form:

B. 2
4“' = k_H COSh (kny) Cos (kn'z) én kw = l_7r (1)

the wiggler-focusing force on an electron can be conserv-
atively approximated as

& B\Z‘

= — | —5 cos? (k, . 2
E\ 'ymcz Cos (kuz):iy ( )

This expression actually underestimates the confining
force for electrons which stray near either magnet (and .
thus near a waveguide wall). Here we have defined the
small transverse dimension (between the upper and lower
magnets) as the ‘‘y’’-dimension. Using the force expres-
sion in (2), the wiggler focusing of electrons (in the nar-
row transverse dimension) manifests itself in ‘‘betatron”’
orbits which obey the equation [6], [28]:

dzy

eB,.
dr’

V2 ymce

where the motion has been averaged over one wiggler pe-
riod (hence we are assuming that the betatron period is
much longer than the wiggler period). This equation can

(3)

— 2 —
= Twg), wg =
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be solved for electrons entering with arbitrary initial lo-
cation ( y) and injection angle (6,):

. (272
v(z) = Yy sin (T + ‘/ﬂs) (4a)

8

where
Ys = (4b)
_ 27|'\'()>
= tan' < - (4c)
vs Mo
27 \/Eﬁymcl i

N = 5 " betatron period. (4d)

w

Equation (4a) is equivalent to [28, equation (10)]. Here,
however, we have explicitly added the solution for the
betatron amplitude (4b) for an electron injected with ar-
bitrary values of v, and 6,,. Now, assuming we can ne-
glect space-charge effects, there will be no wall intercep-
tion as long as the betatron amplitude, Y, is less than half
of the waveguide gap. b,;/2. Generally, the least confined
electron will be an edge (largest y, value) electron. Thus
we can solve for the limiting divergence angle at which
this least confined electron intercepts the cavity wall. If
the beam is relatively monoenergetic (which is the case
for high-voltage thermionic guns), one can identify a re-
gion in the beam’s y — 8 trace space (i.e., electron tra-
jectory’s position versus divergence angle) injection for
which there is no body current. As a specific example, we
have done this for the 850-kV FEL design of Table I. The
results are plotted in Fig. 2. Clearly, the FEL design val-
ues for injected beam of 6,; < +2° and 2y, = | mm are
conservative in divergence angle by a factor of ~3 and
conservative in beam thickness by a factor of ~5. As de-
scribed later, the use of a superconducting wiggler can
increase both of these safety factors by at least two.

Before discussing our experimental measurements of
wiggler-focused sheet beam body current, we consider
several other theoretical effects. First, the issue of space
charge is discussed. For wiggler-focused sheet beams,
space-charge forces are negligible if [6]

2
wPO

— << w%. (5)
v
For quantitative purposes, (5) can be written as
Jo(A/em®) << (232) BB, (6)

where B,., the wiggler field amplitude, is expressed in kG.
The ‘‘Brillioun’’ current density ( J, = 232763‘2“) is plot-
ted in Fig. 3 versus B,, for several beam energies between
0.2 and 1.0 MeV. Clearly the FEL designs of Table I
satisfy (5) or (6) by over an order of magnitude. The con-
clusion is that space charge forces can be confidently ne-
glected when estimating wiggler focusing effects in the
300-GHz 1-MW FEL’s.
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listic) wiggler-focusing theory predicts no body current. Trace space
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There are several other important realistic effects which
will add corrections to the wiggler-focusing formulas pre-
sented in the preceding. These include radiation (RF) field
forces, entrance tapers, wiggler field errors, etc. To the-
oretically estimate these effects, a nonlinear three-dimen-
sional numerical simulation of beam focusing is being
conducted. The code has been described in the literature
(cf., for example, [29]) and has been benchmarked against
numerous FEL experiments and other codes. At the time
of this writing, both RF field and entrance taper effects
have been investigated. Since these studies will be de-
scribed in detail in a subsequent publication, we will just
summarize the results here. First, for an injected beam
quality which satisfies the unperturbed ballistic confine-
ment conditions (i.e., just wiggler fields, without RF—
cf. Fig. 2, for example), there is no increase in body cur-
rent due to the addition of RF fields. This is a direct con-
sequence of the fact that these high-voltage low current
density beams are very stiff and the interaction efficiency,
7., is small. Secondly, with too long of an entrance taper,
avoidance of body current imposes severe constraints on
beam quality. As one might expect, too long of an en-
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Fig. 4. Experimental configuration for wiggler-focused beam transport experiments. For large emittance beam, anode 2 was
removed and wiggler/waveguide assembly was placed adjacent to anode I.

trance taper provides greater opportunity for the beam en-
velope to expand prior to reaching full strength wiggler-
focusing. For the beam and wiggler parameters of Table
I, however, a short one- or two-half-period taper is ade-
quate for beam entrance matching without affecting beam
confinement.

B. Experiments

Our most recent beam transport experiments have been
based on slight modifications of the early configuration of
[6]. For these studies, a 50-ns pulse line accelerator and
field emission diode generated a short intense beam with
a peak voltage of 400-500 kV. This estimate of beam
voltage was confirmed in several ways, including careful
thin foil range/energy measurements. Early experiments
[6] used a masking anode with a series of small holes to
generate many closely space beamlets. These beamlets
merged together shortly after entering the waveguide re-
gion to form a sheet beam. Our more recent experiments
have replaced the series of holes with a rectangular slit in
the anode, thus starting out with a true sheet beam. In
addition, we have changed from a five-period wiggler to
a ten-period wiggler.

A configuration schematic has been illustrated in Fig.
4. Note that in Fig. 4 we have isolated the waveguide
body from the anode and installed a diagnostic to measure
the body current. Seven months of intensive effort were
spent painstakingly reducing noise signals, eliminating
capacitive coupling effects, and improving statistics for
measuring small body currents. These body currents were
measured for two types of beams: i) A high current den-
sity (J ~ 0.5-1.5 kA/cmz), large emittance (6,p <
+5°, ¢, = 1757 mm - mrad) beam associated with the
single-anode configuration of Fig. 4 (i.e., remove anode
#2 and place wiggler assembly adjacent to anode #1), and
ii) a low current density (J ~ 65-130 A /cm?), low emit-

tance (.o < +1°, ¢, = 357 mm - mrad) beam achieved
with the double-anode configuration of Fig. 4.

As a result of our efforts at noise reduction, we were
finally able to resolve body currents down to a minimum
detectable fractional current of

]b(’dy/lbcam < 0.5 % .

The body current data is plotted in Fig. 5. It is evident
that the single-anode beam (high-density, large emit-
tance) had appreciable wall interception ( ~20% of in-
jected current), even for 2-kG wiggler fields. This is in
strong contrast to the double-anode beam (low density,
small emittance), which had zero body current (within the
0.5% measurement resolution) at wiggler fields above 1.8
kG. These data are consistent with theory in several re-
spects. In Fig. 6 we have made a plot similar to Fig. 2,
showing the zero-body-current regime for a wiggler-fo-
cused 500-kV sheet beam with B, = 2.0 kG and a 3.2-
mm waveguide gap (this was the gap used for the trans-
port experiment). In this case, the single-anode beam ex-
tends outside the limiting boundary, while the double-an-
ode beam is located well within the interception-free
region. It should also be noted that Fig. 6 assumes that
space-charge forces can be neglected. Looking at Fig. 7,
it is clear that while this is a safe assumption for the dou-
ble-anode beam, space charge expansion may play an im-
portant role in the body current for the single-anode beam,
even at wiggler field strengths approaching 2 kG. These
experiments are discussed further in [30].

At this point, we should compare the experimental pa-
rameters to the parameters desired for the point designs
of Table I. First, the current density ( ~65 A /cm?) and
the divergence half-angle ( ~ +£1°) for the double-anode
experiments were comparable to the FEL design specifi-
cations ( ~85-150 A/cm’ and <2°, respectively) at
beam injection. Similarly, the experimental beam energy
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rent density to estimates of experimental injected current density. Open
circle represents single anode beam. while open rectangle represents
double anode beam.

of ~500 kV was comparable to the specifications of Ta-
ble I. Note that the experimental waveguide gap of 3.2
mm is smaller than the waveguide gaps specified for FEL
designs with beam energies greater than or equal to 600
kV. In this sense, the experiments represent a verification
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of sheet beam transport under conditions more demanding
than one would expect in an optimized ultimate device. It
is equally important, however, to emphasize that the 2.2-
mm waveguide gap required for the 500-kV design of Ta-
ble I is considerably smaller than that used in the experi-
ment. Consequently, the 500-kV design has been judged
as probably too optimistic.

So far, we have not addressed the subject of horizontal,
or wiggle-plane, focusing. From the point of view of beam
interception, there are several reasons why this is not a
critical issue. First, for large aspect ratio sheet beams
(width >> thickness), it is straightforward to show that
the space charge forces in the horizontal (or “‘x’’) dimen-
sion are dramatically reduced by image charges in the up-
per and lower waveguide walls [5]. Consequently, for our
low-current density sheet beams, the imposition of a mod-
est ~100 G **dc¢’’ bias field at the beam edge should be
sufficient for horizontal confinement. Schematically, this
concept is illustrated in Fig. 8(a) and discussed further in
(5.

For permanent-magnet wigglers using low-permeabil-
ity materials, the addition of this modest edge-focusing
field component should be a straightforward matter. For
electromagnets (either room temperature or supercon-
ducting) using high-permeability inserts, an effective dc
field component is achievable [31] by staggering the high-
u inserts, as shown in Fig. 8(b). Measurements of our
own wigglers with such staggered inserts confirm the ex-
istence of the effective dc edge bias fields. Actual beam
transport experiments with such magnets is a subject for
future study. Finally, as discussed in the section on cavity
design, it is presently expected that the FEL cavity will
be an ‘‘open-sided’’ variety where the sidewalls are re-
moved and replaced by small lips in the upper and lower
waveguide walls. Hence, for practical purposes, there will
not be any sidewalls in the beam’s vicinity. Conse-
quently, beam interception on the sidewalls will not be an
issue for cavity thermal management.

In conclusion, our completed theoretical and experi-
mental research convincingly argues that body currents
for wiggler-focused sheet beams can be kept to virtually
zero, provided a sufficient quality beam can be generated.
As we will discuss in the next section, our preliminary
gun design efforts indicate that the required 1.0-mm-thick
0.5-1.0 MV sheet beams with divergence angles §,, <
+2° — 3° are feasible using multianode electrostatic fo-
cusing. For completeness, we are conducting numerical
studies of beam transport, including entrance tapers, field
errors, and other realistic effects. Since our FEL designs
call for quick entrance tapers (3-1 period) and short wig-
glers ( ~20 periods ), however, there is no reason to ex-
pect the aforementioned conclusions to fundamentally
change. Finally, even more compelling is the fact that
with superconducting wigglers, a larger waveguide gap is
possible for the same wiggler field strength and wiggler
period (cf. Fig. 2). In fact, for a superconducting wiggler,
the most important constraint on beam emittance involves
maximizing FEL efficiency by minimizing axial energy
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spread due to finite beam thickness in the homogeneous
B, (y). The body current and RF wall losses for such a
large gap become secondary, almost irrelevant, concerns.
We will explore this subject in a subsequent section, as
well as in a later publication.

V. HIGH-VOLTAGE CW SHEET BEAM GENERATION

As discussed in the previous sections on conceptual de-
sign and beam transport, our FEL’s will require a CW
thermionic Pierce gun with a beam thickness by.,m ~ 1
mm, beam voltage ~0.5-1.0 MV (tunable), linear cur-
rent density i ~ 7.5-15.0 A /cm (area current density J
~ 75-150 A/cm?), and a maximum divergence angle
~ +2°. Present state-of-the-art capabilities [32] set the
acceptance limit on maximum electric field for CW op-
eration at ~ 100 kV /cm. Finally, to realize the maximum
achievable FEL intrinsic (or electronic) efficiency, we re-
quire the axial energy spread of the beam in the interac-
tion region to be Ay./(y. — 1) = +2% [11].

To achieve these characteristics, it was suggested that
we consider a multianode Pierce gun with electrostatic fo-
cusing [32]. The theoretical formalisms to design such
structures have been known for some time [33]-[40]. Fur-
thermore, the accuracy of these design techniques has
been experimentally verified in relativistic [36], [39], [40]
as well as many nonrelativistic guns. The basic principle
for generating a compressed CW high-voltage electron
beam which is tunable in voltage (i.e., the voltage can be
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changed at constant current) is to generate an electrostat-
ically compressed beam at low to modest voltage (while
the beam is still soft) and then pass it through a series of
electrostatic lenses that accelerate the beam while main-
taining its focus. In this process, the total beam voltage
becomes spread out over a larger distance than for a sin-
gle-anode gun, thus keeping electric fields to acceptable
levels. In addition, the high beam velocity means that the
space-charge perturbation on the vacuum fields is negli-
gible in the gap between the penultimate and final anodes.
Hence the potential difference between the last two an-
odes can usually be varied over a modest range without
significantly affecting the beam current or the beam emit-
tance.

We have taken a cursory look at the feasibility of such
high-voltage sheet beam gun design using a well-tested
electron optics code [41]. An example of a 1.0-MeV sheet
beam gun design is illustrated in Fig. 9. The emittance
for this beam was 137 mm - mrad. The remaining beam
characteristics at the gun exit are tabulated in Table 1I
alongside the desired specifications presented earlier. As
one can clearly see, almost all the desired specifications
have been met or exceeded by this first design attempt. In
view of the brevity of time spent to achieve this design,
it is expected that the 50% increase in current density and
the one degree decrease in divergence angle would be
readily achieved in a more systematic, extended study.

We now consider several additional issues for the gun
design. First, the solution of Fig. 9 was tested for sensi-
tivity to small changes in electrode position, to numerical
convergence criteria, and to the computation of self-mag-
netic forces. In all cases, the solution was found to be
stable and robust. It is also emphasized that previous stud-
ies [42] have established the accuracy of the code for de-
signing similar high-voltage (i.e., ~500 kV) thermionic
electron guns.

Secondly, substantive differences exist between the sort,
of gun proposed in Fig. 9 and any previous microwave
tube gun. These differences include the very high voltage
(which yields a stiff beam with small angular divergence
spread), the large clearances between beam edges and an-
ode apertures (keeping aberrations small), and the low
current density (keeping space charge negligible). Thus
certain limitations on achievable beam quality based on
previous gun manufacture will not be applicable here.

Thirdly, we have considered possible sources of trans-
verse momentum spread and ‘‘halo’’ current. These have
included finite cathode temperature, cathode surface
roughness [43], and transverse field effects at the edges
of space-charge-limited emitting strips. First, we can ex-
pect finite cathode temperature to yield transverse energy
characterized by the cathode temperature:

Thode = 0.1 eV.

From [43] we can estimate cathode surface roughness to
contribute to finite transverse energy of order:

T = 3 eV
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TABLE 11
SHEET BEAM GUN CHARACTERISTICS

Ist-cut Design

Quantity Desired Specifications Value

Thickness 1.0 mm 1.0 mm
Beam voltage 0.5—1.0 MV 0.7—1.0 MV
Voltage tuning =100 kV 300 kV
Linear current density 7.5—15A/cm 5.0A/cm
Divergence angle =+£2° = +3°
Maximum electric field =100 kV/cm <70 kV/em
Beam energy spread =0 <0.05%
Axial energy spread in FEL < +2% +(1.2—1.9)Y%
Cathode emission current density <10 A/cw’ ~1A/cm’

Here it has been assumed that any surface roughness can
be characterized by ‘‘feature’” scale size [, where [, <
0.001 in (0.025 mm). Finally, we note that electrons at
the beam edge see a defocusing potential depression of
the vacuum field. We have conservatively included this
factor in our estimates of body current by assigning this
entire potential drop to the transverse energy of edge elec-
trons. Thus for the solution shown in Fig. 9, this yields
an upper bound on the effective transverse ‘‘temperature’’
for edge electrons of

T4 =~ 300 eV.

To see how these thermal models affect body current, we
repeated the simulation of the gun in Fig. 9, using 100
nonthermal rays. Then each ray was assigned a Gaussian
spread in divergence angle, characterized by the standard
deviation angle corresponding to 7', = 3 eV for the bulk
of electrons, and T, = 300 eV for electron beamlets close
to the emitting strip edge. The individual gaussians are
then summed to form a composite angular divergence dis-
tribution as shown in Fig. 10. When one calculates the
amount of halo current in the ‘‘wings’’ of this composite
distribution which can strike the wall, the resulting body
current is less than 1077 of the injected beam current.
Since such a small body current ( < 1gA) will be practi-
cally immeasurable, this answer is essentially equivalent
to zero body current. (Note: The particle simulations de-
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Fig. 10. Injected beam’s divergence-angle current distribution based on
100-ray 850-kV thermal model of gun in Fig. 9. For this gun and 850-
kV FEL design of Table 1. only beam current with injected pitch angles
exceeding +£5.5° will intercept cavity body.

scribed in Section IV-A have established that this body
current will be uniformly distributed over a one-period-
long section of guide wall near the cavity entrance. Thus
body current densities are also well below the ~1
mA /cm? limit.)

As a final check on thermal effects. we have run one
additional code simulation for the gun of Fig. 9. This sim-
ulation partitions the rays originating at the cathode to
simulate thermal effects. The algorithm has been de-
scribed elsewhere [44]. For this case, a three-way cur-
rent-ray split [44] was used, with T, = 3 eV to conserv-
atively simulate cathode surface roughness effects. Note
that such a simulation will self-consistently compute the
effects of potential depression at the beam edge. The re-
sulting y — 6 loci of each ray are plotted in the trace space
of Fig. 11. Also shown are boundaries for negligible body
current conditions based on confining the betatron ampli-
tudes of (4b) inside the waveguide gap without intercep-
tion. Note that when weighted by the current in each ray,
the resultant beam associated with Fig. 11 still has an rms
beam thickness of 1 mm. The emittance for this beam was
497 mm - mrad.

VI. SpENT-BEAM ENERGY RECOVERY

From a study of Table I, it is clear that the short-period
wiggler FEL (untapered version) only becomes attractive
as a CW radiation source if the spent-electron-beam’s en-
ergy can be recovered with an efficiency in excess of 80%.
This enhances the overall (total) device efficiency to val-
ues between 20 and 40%, and reduces the voltage on the
main power supply to approximately 100-200 kV. The
use of multistage depressed collectors for spent-beam en-
ergy recovery in low-voltage TWT's is a well-known
technique, dating back to the early 1950°s [45]. As de-
scribed in the review article by Kosmahl [46], streaming
beams with small axial energy spreads are ideally suited
to highly efficient energy recovery. In fact, both theory
and experiments have long since established that for low-
voltage streaming beams with exit axial energy spreads
=5%, energy recovery efficiencies in excess of 95% are
achievable [45], [46].
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“rms’’ beam thickness is still approximately 1 mm. Emittance for this
beam was 49 7 mm - mrad.

Since the design of depressed collectors is based upon
the solution of Poisson’s equation, there is no reason to
expect a priori that (aside from the issue of secondary
electrons) efficient collector design for high-voltage beams
is not possible as well. In fact, published claims of such
capability have been previously reported [8], [9], [47].
These measurements were done with 2-6 MV, -3 A
beams which were routed through an extended circuit of
many beamline bends and other sources of beam quality
depletion. Nevertheless, collector efficiencies of 99.0-
99.9% have been claimed in the absence of lasing, while
efficiencies of 95-97% have been reported during FEL
operation. Thus it is expected that the desired 80-90%
collector efficiencies would be achievable in the short-pe-
riod wiggler FEL, provided that the exit energy spectrum
is sufficiently simple (i.e., small energy spreads). This
confidence is strengthened by the fact that at most four,
and possibly no beam bends are anticipated for the pro-
posed sheet beam FEL.

Thus we turn to the question of the spent-beam energy
spectrum for the short-period wiggler FEL oscillator. This
is critical to the energy-sorting task, which impacts both
the expected achievable collector efficiency as well as the
size and complexity of the depressed collector and its
power supply. In this regard, one of the many interesting
observations to arise from our most recent FEL oscillator
simulations is the predicted spent-beam energy distribu-
tion. In particular, the 3-4% electronic efficiencies of the
untapered designs in Table I result from downshifting ap-
proximately half of the beam electrons by 6-8% in en-
ergy. The remaining electrons exit the device at the orig-
inal injection energy. An example of this spent beam
energy distribution is shown in Fig. 12. Note that the two
energy peaks are separated by approximately 6% in en-
ergy, with each peak having an extremely narrow (local)
energy spread of less than 1%. This particular example
was run for a monoenergetic beam at injection. For beams

spent beam distribution, f(y) (A.U.)
MO — D W DO N ®W

Y A
.88 292 296 3.04
normalized energy, ¥
Fig. 12. Typical spent-beam cnergy distribution for 9. = 3-4% in FEL
oscillator. Injected beam for this case was cold. with interaction param-
cters corresponding to fourth column of Table 1.

with finite energy spread at injection, the result is essen-
tially the same, with each of the two peaks individually
having the energy spread of the input beam.

Finally, we consider a recent simulation of spent-beam
energy recovery of high-voltage ( ~500 kV) gyrotron
beams [48]. In that work it was established that energy
recovery efficiencies of 7., = 80% should be readily
achievable for high-voltage gyrotron beams with practical
two-electrode depressed collectors. Furthermore, these
simulations were for a spent beam with approximately
+50% spread in energies. The results of this study add
further credence to the expectation that the desired FEL
beam collection efficiencies will be achievable with prac-
tical depressed collector designs.

In contrast to the optimistic anticipation for high col-
lection efficiencies, thermal management in the collector
structure is a topic for serious concern. While the total
power in the FEL’s decelerated spent beam is comparable
to that in high-power millimeter-wave' gyrotrons, the
FEL’s smaller exit energy spread may lead to greater lo-
calization of beam power deposition on the collector. This
important question, at present, remains unanswered.
Future two- and three-dimensional beam simulations are
planned to address this issue.

VII. Power SuprpLY TECHNOLOGY

For both CW FEL’s and CARM’s operating at voltages
0.5-1.0 MV, the fundamental issues for power supply
technology are cost and practicality. This is why the sub-
ject of spent beam energy recovery is so important. The
driving element here is that insulation techniques, power
supply size, and cost make a ‘‘quantum transition’’ at
voltages exceeding 250-300 kV [49]. In fact, the present
state-of-the-art achievement for a commercial dc high-
voltage high-power supply is a 700-kW 700-kV unit con-
sisting of two tanks which fill a 1200 ft* (approximately
36 m’) space [49]. Currently, research and development
efforts are underway to develop more compact (and less
expensive) sources delivering up to 10 MW dc at 1 MV
[49]. Until this development is successful, however, any
needs for dc power exceeding 1 MW at voltages above

Authorized licensed use limited to: Rochester Institute of Technology. Downloaded on May 1, 2009 at 13:18 from IEEE Xplore. Restrictions apply.



410

~300 kV would require an outdoor substation. This
would be expensive and probably impractical for the in-
tended application. On the other hand, dc supplies near
100-200 kV at power up to 5 MW and/or supplies up to
1 MV at powers <300 kW are commercially available in
a practical, affordable form. Admittedly, the ‘‘low-volt-
age’’ power supply (¢, ;) of Fig. 1 is floating at voltages
up to 1 MV. Consequently, the input power for that float-
ing supply must transmitted through a high voltage iso-
lation (~1 MV) transformer. Nevertheless, the cost,
challenge, and efficiency of transforming this ac input
power (probably in SF¢ insulation) is considerably more
straightforward than the task of rectifying many mega-
watts of power at 1 MV dc [49]. Other options might in-
clude the use of a very high frequency switching supply
since the isolation task would be made easier at higher
frequencies. The cost or availability of this technology
has not been extensively investigated. A further possibil-
ity would be to employ the electrical circuit of [10],
wherein the waveguide body is floated at high positive
potential. This latter choice, however, is probably incom-
patible with the desire for active water cooling of the cav-
ity.

We recall that for a simple depressed collector, the re-
lationship between the low voltage (¢,,) and high bias
voltage (¢yy) of Fig. 1 can be expressed as

by = [1 = (neon = )] bav (7)

where 3., is the collector efficiency and 7, is the intrinsic
or electronic efficiency of the oscillator. Hence from the
previous discussion, if ¢y is between 700 and 1000 kV,
it is clearly imperative (from a power supply cost and
practicality standpoint) to get the quantity (n.on — 7.) be-
tween 0.7 and 0.8, respectively (or higher). This need
favors highly efficient beam recovery (=80% ) and low
to modest electronic efficiency (<10%).

To summarize, the question of high-voltage dc power
supply technology is primarily one of practicality and cost.
Because of the aforementioned facts, it is important with
high-voltage ECRH sources ( =500 kV) to achieve high
spent-beam collection efficiencies ( =80% ). For the un-
tapered FEL designs of Table I, we have listed a design
goal on collector efficiency of 90-92%. This is 10%
higher than that required to achieve the less expensive
power supplies (¢, < 200 kV). It would allow, in fact,
the specified FEL designs to utilize even lower voltage
supplies with voltages ~ 100 kV. As already mentioned,
relaxation of the collection efficiency specification to 80%
would still provide for the cheaper power supply technol-
ogy. The expected feasibility of achieving the high col-
lector efficiencies has already been discussed in the pre-
vious section.

VIII. WIGGLER MAGNET TECHNOLOGY

Because of the relatively weak wiggler parameter spec-
ified for our FEL designs (i.e., a,. ~ 0.1-0.2), our wig-
gler requirements are relatively modest compared to dem-
onstrated wiggler technologies [50]. Based on our
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theoretical calculations, our wiggler requirements include
l. = 0.5-1.5 cm, B, = 1.5-2.0 kG, and 6B,./B, <
10%. This latter modest constraint on wiggler field errors
is possibly because of the relatively weak wiggler param-
eter (a, ~ 0.1-0.2) associated with the choice of the
low-gain low-efficiency FEL oscillator. For example, in
the designs of Table I, the total values of &y./(y. — 1)
< 41% are primarily dominated by the inhomogeneous
wiggler fields sampled by beams with the corresponding
equilibrium beam thicknesses given by by, (Table I). To
have wiggler field errors contribute a negligible addition
to this effective beam energy spread requires 6B/B =<
10%. Note that the stiff beams, short oscillator cavity
lengths (N, < 20), and small values of a,. ensure that
diffusive beam emittance growth due to wiggler field er-
rors will not be significant. Finally, as previously dis-
cussed, acceptable beam-matching at the wiggler entrance
requires B, (first haif-period) = 1/2 X B, (bulk); i.e.,
a short 1 /2-to-1-period taper. While this results in a small
horizontal beam displacement (Ax ~ 1 mm), the effect
is negligible compared to the overall beam and waveguide
widths (@ye,m and a,y, respectively ).

As discussed in {5], we have already demonstrated
electromagnet wiggler performance which exceeds these
criteria. It is emphasized that this performance has been
achieved with fabrication techniques that are rather rudi-
mentary compared to what is available in commercial in-
dustry (consider, for example, some of the more sophis-
ticated fabrication techniques used in [50]). Thus
improvements well beyond our required specifications will
undoubtedly be observed as we improve our fabrication
methods.

Other exciting options have been raised by recent ad-
vances in small period superconducting (SC) wigglers
[51]-[53]. These alternatives are a consequence of the in-
creased field strengths realized with SC wigglers in prac-
tical configurations for periods as short as 0.8 cm. The
simplest option would maintain the same FEL parameters
as in Table I, except for widening the waveguide gap by
a factor of two. For this case, as shown by the dotted
boundary in Fig. 11, the zero-body-current trace-space
region increases by roughly a factor of two both in diver-
gence angle and beam thickness. The next alternative is
to keep approximately the same gap spacings, but in-
crease the on-axis peak wiggler field. Recent work at
Brookhaven National Laboratory, for example, is leading
to the demonstration of a 0.88-cm-period SC wiggler with
a 0.48-cm waveguide gap and an on-axis field of 5 kG
[53]. From beam confinement considerations, the en-
hanced wiggler field leads to a significant reduction in
body current risks, as shown by the dashed boundary in
Fig. 11. The implications for the FEL interaction design
are more complex, however, although generally in an ad-
vantageous manner. For example, with the higher mag-
netic fields, one could choose to stay with the low-effi-
ciency (5, < 10%) FEL oscillator (this would require a
redesign of the interaction length, cavity transmission,
etc.), employ high-efficiency beam energy recovery, and
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still keep the high-power dc supply voltage under 200 kV.
A different approach would be to use the enhanced fields
to access the high-gain (Compton) regime. With tapering,
it has been demonstrated that single-pass efficiencies of
30-40% are possible in the regime [23].

This regime of operation, however, is outside the scope
of this article. Furthermore, for such efficient devices,
beam energy recovery will probably not be able to reduce
the voltage on the main power supply (cf. Fig. 1) below
300-400 kV. Thus practical implementation of a CW FEL
with 7, = 30-40% will require additional technological
advances in high-voltage high-power dc supplies. These
issues and other implications of SC short-period wigglers
for sheet beam FEL design will be explored more fully in
a future publication.

In conclusion, our requirements on wiggler perfor-
mance are modest compared to the demonstrated capabil-
ities of several available technologies. Hence wiggler
technology is not considered a risk issue for our FEL con-
cept.

IX. Cavity DESIGN

To pose the problem, what is desired is a cavity with
frequency selective feedback (to allow for mode discrim-
ination) as well as the capability to conveniently separate
the radiation and electron beam. Our proposed solution is
based on some variation of Fig. 13, which we refer to as
an ‘‘open-sidewall’’ rectangular cavity.

Reference [16] discusses the fact that in the closed
sidewall configuration, numerous transverse modes (for
the same axial mode) have comparable linear gain. While
the question of whether nonlinear mode suppression would
result in a single saturated transverse mode is still unan-
swered, [16] established that a probable solution would
be to replace the sidewalls with small “‘lips’’ in the top
and bottom cavity walls (as shown in Fig. 13). These lips
confine the desired TEg, rectangular mode but diffrac-
tively suppress all the unwanted higher-order modes. Fig.
14(a) and (b) conveys this information in terms of the lin-
ear gain for the various transverse modes, both with and
without sidewalls.

The other advantage of the open-sidewall configuration
is that it allows for separating the beam and radiation by
either bending the beam or bending the RF in the wiggle
plane. Thus, for example, bending the beam would entail
extracting the beam from the interaction region through
one of the ‘‘open’’ sidewalls. Again, the TEy; mode would
be confined by the ‘‘lips’’ in the upper and lower cavity
walls. Once separated, the beam can be transported under
wiggler focusing (using a wiggler with longer period to
suppress FEL interaction) to the depressed collector. The
RF cavity could then be terminated with a quasi-optical
mirror arrangement similar to the quasi-optical (QO) gy-
rotron. This would permit high reflectivity at the desired
high-frequency FEL interaction, while diffractively sup-
pressing feedback at the lower frequency mode. Finally,
because of the rectangular geometry, it would be conve-
nient to couple out the ~ 10% of cavity power through a
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sidewall, as well. This would avoid the problem of mode
purity encountered with present QO gyrotron experiments
wherein output power is coupled from the cavity via mir-
ror ‘‘spillover.”’

To summarize, the issue of cavity design feasibility will
require careful future study. An ‘‘open sidewall’” config-
uration has been identified which satisfies the desire for
transverse mode control while providing a means to con-
veniently separate the beam and the RF. Once separated,
the beam can be transported to a depressed collector, while
the radiation cavity is terminated in a simple, frequency
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selective, quasi-optical mirror. Radiation power extrac-
tion would probably be done via sidewall coupling. De-
tailed designs for the actual methods of beam and/or ra-
diation ‘‘bending,”” however, represent a very challenging
outstanding task. For example, at high frequencies,
“‘bending’’ the RF wave with the cavity sidelips will have
to be done very slowly to avoid mode conversion. Alter-
natively, while achromatic magnetic lenses have been de-
veloped for bending round beams {54], it is not clear how
well the concepts transfer to sheet electron beams.

X. SUMMARY

To summarize, we have addressed the dominant risk
issues for design, fabrication, and operation of near-mil-
limeter megawatt CW FEL oscillators using untapered
short-period planar wigglers and sheet electron beams.
Ohmic RF cavity losses are conservatively estimated to
be extremely low, having an order of magnitude safety
factor below practical cooling limits. Theory predicts that
sufficiently low-beam emittance at injection will ensure
acceptably low (i.e., negligible) body current for wiggler-
focused sheet beams. This prediction is strongly sup-
ported by experimental measurements on beams with pa-
rameters relevant to the proposed FEL designs.

Preliminary studies of high-voltage multianode beam
gun design indicate that it will be both possible and prac-
tical to generate the required quality CW beams associ-
ated with negligible body currents. These gun design
studies have included consideration of thermal beam ef-
fects.

For low intrinsic efficiency oscillators, efficient spent-
beam energy collection (7., = 80-90) will be necessary
for enhancement of total system efficiency to practical
levels (97 = 30-40% ). Although there may be concern
with placing so much relevance on the beam recovery pro-
cess, this configuration yields a desirable situation in
which most of the high-voltage (V,, = 0.5-1.0 MV ) beam
power is produced by lower voltage ( ~100-200 kV),
practical dc supplies. While more work is required on this
issue, the existing experimental and simulation database
indicates that the desired collection efficiencies should be
achievable with practical collector designs.

The required specifications on wiggler performance are
well within the demonstrated capabilities of several avail-
able room-temperature magnet technologies. Further-
more, recent advances in superconducting wiggler devel-
opment portend exciting possibilities for FEL design
improvements. The simplest improvements involve larger
waveguide gap and greater beam clearance. More sub-
stantive FEL revisions involve higher on-axis wiggler
fields, higher gains, and/or higher efficiencies. In partic-
ular, a strong-pump (Compton), high-efficiency ( ~30%)
tapered FEL amplifier might be possible using a CW, su-
perconducting, short-period wiggler. These options will
be explored in a future publication.

An open-sided resonator cavity concept has been iden-
tified. This cavity provides selective mode discrimina-
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tion, as well as a method for separating the radiation and
the electron beam.

Finally, the remaining risk areas yet to be addressed
include separation of the electron beam from the output
radiation (i.e., either bending the beam or the RF), design
of the depressed collector with particular focus on thermal
management of the beam dump, transporting the beam
from the cavity to the collector, verifying the feasibility
of side-focusing with sheet electron beams, and response
to a catastrophic loss of beam-focusing fields. This latter
question is probably ubiquitous to all candidate sources
of very high average-power millimeter waves.
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