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ABSTRACT

A high-average-power FEL amplifier operating at submillimeter frequencies is under de-
velopment at the University of Maryland. Program goals are to produce a CW, ~ 1 MW,
FEL amplifier source at frequencies between 280 GHz and 560 GHz. To this end, a high-
gain, high-efficiency, tapered FEL amplifier using a sheet electron beam and a short-period
(superconducting) wiggler has been chosen. Development of this amplifier is progressing
in three stages: (1 beam propagation through a long length (~ 1 m) of short period (),
= 1 cm) wiggler, (2) demonstration of a proof-of-principle amplifier experiment at 98 GHz,
and (3) designs of a superconducting tapered FEL amplifier meeting the ultimate design

goal specifications.
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I. Introduction

The University of Maryland is developing a FEL amplifier operating at submillimeter
frequencies. The specific program goals are to develop a CW, ~ 1 MW, tapered FEL
amplifier producing frequencies between 280 GHz and 560 GHz. The FEL will employ a
sheet electron beam and a short-period wiggler magnet (likely superconducting). Use o1
a sheet electron beam!? and a short-period wiggler®* provides several advantages over
other configurations, and a discussion of these advantages can be found in the referenced
works. The FEL amplifier under development is intended for electron cyclotron resonance
heating (ECRH) of experimental magnetic fusion reactors such as the Compact Ignition
Tokamak (CIT). The génerél spéciﬁcation.s for this heating source include an output power
~ 1 MW, pulse durations of several seconds to CW, and operation with high reliability
and efficiency.® Development of this amplifier is proceeding in three stages and this paper
presents a short discussion of each stage. In the first stage, we are experimenting with
sheet beam propagation through a long length of a short-period wiggler magnet. As the
eventual amplifier will have an interaction length of 2 - 3 m, stable, confined propagation
of the electron beam through this length is a critical issue. This experimental effort will
be discussed in Section IV. Following successful demonstration of beam propagation, we
will begin operation of a proof-of-principle (PoP) amplifier experiment. This device will be
pulsed (= 100 ns) and is intended to demonstrate linear regime amplification at 98 GHz.
Following successful amplification, tapering of the PoP amplifier will be used to demon-
strate operation at a high intrinsic efficiency. This experimental effort will be discussed in
Section III. The final and third stage of development is the design and construction of the
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tapered amplifier at 280 GHz (560 GHz). A discussion of the eventual design goals follows.
II. Svperconducting Tapered FEL Amplifier Designs

Previously, our effort concentrated on development of a CW oscillator to meet the
specifications for the ECRH source.®’ However within the past year we have decided
to alter our effort to the development of a tapered amplifier operated in the high-gain,
Compton regime.® The primary motivation for this decision was the increased efficiency
of the tapered amplifier and recent advances in superconducting wigglers demonstrating
magnetic fields up to 7 kG using short period wigglers (A, ~ 1 cm).® Operation at such
high fields will permit access to the high-gain (strong pump) regime and will make wiggler
tapering for increased efliciency an attractive option.

A schematic for the envisioned amplifier is shown in Fig. 1. As shown, the amplifier
will consist of four major components: (1) a thermionic, high voltage sheet beam gun,
(2) an input signal source and injection scheme, (3) an interaction region consisting of a
tapered, superconducting, planar wiggler, and (4) a si)ent beam energy recovery system
including two power supplies.

Design parameters for the tapered amplifier can be found in Table 1. These designs
are based upon a universal (dimensionless) analysis of the one-dimensional FEL particle
and wave envelope equations.!® Four designs are listed, two at 280 GHz, and two at 560
GHz. These frequencies correspond to the fundamental and first harmonic of electron
cyclotron resonance in the CIT device. Operation at 560 GHz is preferable as this would
allow power injection from the more accessible outer radius of the tokamak. The sheet
beam gun will to operate at typically ~ 1 MV and deliver 10 A of current. We have done
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a preliminary design of this gun and have verified its feasibility.!! As designed, this gun
will be Pierce-type with a multianode structure which electrostatically focuses the beam
into a 0.1 cma x 2.0 cm sheet. Critical electric field values are not exceeded anywhere in
the gun or focusing siructure and beam velocity spread is within specifications at the gun

exit.

As mentioned, one advantage of a tapered amplifier is its higher intrinsic efficiency
compared to an oscillator. Previous oscillator designs indicated efficiencies of ~ 3% at 280
GHz and ~ 1% at 560 GHz.” This low efficiency has two implications. Firstly, to extract
the desired 1 MW of radiative power, the oscillator requires very large beam powers (~
30 MW).) Secondly, to meet overal system efficiencies of 30% - 40%, the oscillator places
heavy demands upon highly efficient (, 2> 90%) spent bearn energy recovery. The designs
shown in Table 1 indicate that with tapering an amplifier can be operated with intrinsic
efficiencies of between 15% - 20%. This higher efficiency permits a reduction in electron
beam power (through a reduction in beam current) to ~ 10 MW. Such a reduction in
beam power lessens the demand upon the high voltage power supply and decreases the
ever present risk of beam-wall interception. Furthermore, the higher intrinsic efficiency of
the tapered amplifier reduces the dependance upon the spent beam energy recovery system.
Although research indicates recovery efficiencies > 95%?? are feasible for streaming electron
beams, the tapered amplifier will permit recovery schemes with 70% - 80% efficiency. Less
stringent demands upon the spent beam energy recovery system is in accordance with
overall program goals of using reliable, proven technology wherever possible. As Table 1
indicates, spent beam energy efficiencies 7, = 70% - 80% result in attractive overall system
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efficiencies of 30% - 30%.

To achieve a high intrinsic efficiency by tapering requires that the wiggler parameter

a, be as large as possible. This is evidenced by the efficiency expression for a linear taper:

~ 01 8
Ntaper ~:70_-‘-L1Ba t

where A~ is the change in v over the tapered region

= A R - T |

7 is the relativistic energy parameter, 3 is the normalized velocity, f; is the trapped beam
fraction, and ay,0 and aw, correspond to the wiggler parameter at taper entrance and
exit respectively. These designs assume a trapped beam fraction f; = 70% which has been
experimentally observed elsewhere.!? The magnetic field values listed in Table 1 presuppose
a superconducting magnetic field B, ¢ = 10 kG within the uniform wiggler section with
tapering to By, min = 2 kG at the wiggler exit. Maintaining beam trapping is the primary
concern when choosing the minimum field at the wiggler exit. The intrinsic efficiency
values found in Table 1 assume a linear taper model and are calculated from the preceding

formula.

In addition to attractive overall system efficiencies, spent beam energy recovery per-
mits the use of two power supplies and eliminates the need for a single ~ 1 MV, 10 A dc
supply. One supply is a bias to the gun; it will be high voltage ~ 1 MV and low current
~ 160 mA. The other supply will bias the depressed collectors and previde the bulk of
the beam current ~ 10 A. The characteristics of the lower voltage supply will depend to a
large extent on the intrinsic and recovery efficiencies:
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dLv = |1—- (771' - ntaper) dHV

Applying this to the designs of Table 1 suggests that the lower voltage supply will
rate at 300 kV - 400 kV. Both the high and lower voltage power supplies are commercially

available. A discussion of the proof-of-principle amplifier follows.

II1. Proof-of-Principle FEL Amplifier at 98 GHz

As a stepping-stone to develcpment of the eventual ECRH source, we are designing
and constructing an experimental amplifier which has parameters of relevance to those
of the eventual device. The fifth column of Table 1 lists the design parameters for the
proof-of-principle (PoP) experiment.

Whereas the eventual source will operate CW, the PoP experiment will be a pulsed
device. The electron beam will be generated from a cold (field emission) cathode which
is connected to a pulse-line accelerator. The pulse-line accelerator operates from 200 to
800 kV with a nominal 100 ns pulse duration. A 3% voltage ripple is achievable during
about 75 ns of this pulse and it is during this flat top that amplification is expected.
Waveguide mode/beam resonance (TEq; mode) is achieved at 650 keV and in addition to
resonance at 98.0 GHz, there is a lower waveguide mode/beam intersection at 29.9 GHz.
Both are forward propagating waves. As a pulsed amplifier, no effort will be attempted
at suppression of this lower frequency intersection or higher order interacting modes. For
the eventual CW device, suppression of the lower intersection as well as any higher order
modes is critical. Suggestions such as open sidewalls to allow higher order modes to diffract
out of the interaction region have been proposed.!4
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It is anticipated that in the linear gain regime the signal should experience a growth
rate of 0.6 dB/cm. This value, calculated from the universal formalism, is in good agree-
ment with the value calculated from the growth rate expressions of others.!® As a driver,
the PoP will use a commercial extended interaction oscillator (EIO) rated at 20 W of
output power. It is desired to inject this power into the TEy; mode of the PoP waveguide.
This waveguide, with dimensions of 0.57 cm by 3.0 cm, is highly overmoded at 98 GHz.
To inject this signal, a taper is under construction which will connect from the EIO to the
top of the PoP waveguide at a position prior to the wiggler magnet. A wire mesh placed
within the waveguide will reflect the input signal, enabling copropagation of the signal
and electron beam down the waveguide. Since the electron beam must pass through the
wire mesh reflector, this scheme, while used successfully in pulsed experiments,!9 is inap-
propriate for the CW device. For the eventual device, we are considering other schemes
such as injecting the input signal on axis, down the waveguide, from the position of the
gun anode. The PoP design parameters given in Table 1 assume that 1 W of power is

successfully injected into the desired TEg; mode.

At 98 GHz the PoP operates significantly below the desired frequencies of the eventual
device. However, Table 1 shows the other PoP parameters to be relevant to those of the
CW device. With a 7 kG peak pulsed magnetic field and a wiggler period A = 1.4 cm,
the PoP is characterized by a wiggler parameter of 0.93. This moderately high value of
wiggler parameter will allow for tapering. Once signal saturation is achieved at 130 kW
(after about 99 c¢m of uniform period wiggler), the tapered sections will be added boosting
the power and efficiency. An intrinsic efficiency of 18% and output power of 1.0 MW is in
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agreement with the desired values for the eventual device.
IV. Short Period Wiggler Sheet Beam Propagation

An experimental effort is underway to study sheet electron beam transport through
amplifier relevant lengths. Previous work has successfully demonstrated sheet electron
beam propagation through planar electromagnet wigglers of modest length.!” In particular,
propagation through 10 cm (10 periods with A, = 1 c¢m) has shown the wiggler magnet
to sufficiently focus a sheet beam (~ 500 keV, 7.2 A, 65 A/cm?), in the narrow transverse
dimension and to provide virtually 100% transport efficiency. No beam instabilities were
observed in these approximately 35 ns pulsed experiments. In contrast to this work, the
eventual and PoP devices call for interaction lengths of 2 - 3 m. While it is probable that,
in the narrow transverse dimension, wiggler focusing will prove adequate over this length,
caution demands demonstration of stable, confined propagation before proceeding with
signal amplification. It is important to note that, as in previous propagation experiments,
no axial magnetic field is used in transporting the sheet beam. Unfortunately, solenoidal
magnetic fields are incompatible with sheet beam transport as E x B drift instabilities
result from the beam’s self transverse electric field E and the imposed magnetic field B.

Similar to our previous magnet designs, the present wiggler consists of copper meander
path windings with laminated iron pole pieces.* As a means of increasing the overall
interaction length, the wiggler is designed in a modular fashion with 20 periods, A, = 1.0
cm, per module. Modules will be added to increase overall length as successful propagation
is demonstrated. Preliminary measurements indicate a 3.4 kG peak, pulsed, magnetic field
on-axis. Generation of the sheet electron beam is from a cold (field emission) cathode
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connected to a pulse-line accelerator. A machined slit within the anode serves to aperture
the beam forming a sheet. Typically, the slit dimensions are 0.1 cm x 2.0 cm. A one-half
magnitude step is used in the first wiggler period to help match the sheet beam into the
wiggler region.

In the past, at overall interaction lengths of 10 cm, no effort was made to provide
for side or wiggle plane focusing. However, for these propagation experiments, which will
approach 1 m in total length, side focusing can not be ignored. The proposed mechanism of
side focusing is an offset lamination technique. The laminated iron poles, on both the top
and bottom wiggler halves, will be offset in the wide transverse dimension. It is hoped that
the resulting net vertical dc fields at the sides will focus straying electrons back into the
central region. A complete report on sheet beam propagation through amplifier relevant

lengths will be given in the near future.

VI. Acknowledgement

This work is supported by the U.S. Department of Energy, Office of Fusion Energy.

DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither thz United States Government nor any agency thereof, nor any of their
employees, makes any warranty, ¢xpress or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, preduct, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial preduct, process, or scrvice by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.



References

(1] J. H. Booske, W. W. Destler, Z. Segalov, D. J. Radack, E. T. Rosenbury, J. Rodgers,
T. M. Antonsen, Jr., V. L. Granatstein, and I. D. Mayergoyz, J. Appl. Phys., vol. 64
(1), pp. 6-11, July 1, 1988.

[2] V. L. Granatstein, T. M. Antonsen, Jr., J. H. Booske, W. W. Destler, P. E. Latham,
B. Levush, I. D. Mayergoyz, D. J. Radack, Z. Segalov, and A. Serbeto, Nucl. Instr.
Meth. Phys. Res., vol. A272 (1,2), pp. 110-116, Oct. 1988.

[3] V. L. Granatstein, W. W. Destler, and I. D. Mayergoyz, J. Appl. Phys., vol. 47 (6),
pp. 643-645, Sept. 15, 1985.

[4] D. J. Radack and I. D. Mayergoyz, J. Appl. Phys., vol. 67 (9), pp. 4735-4737, May
1, 1990.

[5] T. Marshall, J. Lebacqz, and T. Godlove, “Electron cyclotron heating — Technology
review,” U.S. Dept. of Energy Rep., DOE/ER-0366, pp. 1-25, Apr. 1988.

[6] J. H. Booske, V. L. Granatstein, T. M. Antonsen, Jr., W. W. Dester, J. Finn, P. E.
Latham, I. D. Mayergoyz, D. Radack, and J. Rodgers, Nucl. Insir. Meth. Phys. Res.,
vol. A285 (1,2), pp. 92-96, Dec. 10, 1989.

(7] J. H. Booske, D. J. Radack, T. M. Aatonsen, Jr., S. W. Bidwell, Y. Carmel, W. W.
Destler, H. P. Freund, V. L. Granatstein, P. E. Latham, B. Levush, I. D. Mayergoyz,
and A. Serbeto, IEEE Trans. Plasma Sci., vol. 18 (3), pp. 399-415, June 1990.

(8] P. Sprangle, R. A. Smith, and V. L. Granatstein, in Infrared and Millimeter Waves,
vol. 1, ed. K. Button (Academic Press, 1979), pp. 279-327.

10



[9] K. Batchelor, I. Ben-Zvi, R. Fernow, J. Gallardo, H. Kirk, and A. van Steenbergen,
Nucl. Instr. Meth. Phys. Res., 1990, to be published.

(10] J. H. Booske, S. W. Bidwell, B. Levush, T. M. Antonsen, Jr., and V. L. Granat-

stein, “Universal efficiency and gain computations for high-gain free electron lasers,”

submitted to J. Appl. Phys.

(11] J. H. Booske, V. L. Granatstein, D. J. Radack, T. M. Antonsen, Jr., S. W. Bidwell,
Y. Carmel, W. W. Destler, P. E. Latham, B. Levush, I. D. Mayergoyz, Z. X. Zhang,
and H. P. Freund, Nucl. Instr. Meth. Phys. Res., 1990, to be published.

[12] H. G. Kosmahl, Proc. IEEE, vol. 70 (11), pp. 1325-1334, Nov. 1982.

[13] T.J. Orzechowski, B. R. Anderson, J. C. Clark, W. M. Fawley, A. C. Paul, D. Prosnitz,
E. T. Scharlemann, S. M. Yarema, D. B. Hopkins, A. M. Sessler, and J. S. Wurtele,
Phys. Rev. Lett., vol. 57 (17), pp. 2172-2175, Oct. 27, 1986.

[14] T. M. Antonsen, Jr. and P. E. Latham, Phys. Fluids, vol. 31 (11), pp. 3379-3386,
Nov. 1988.

[15] P. Sprangle and R. A. Smith, Phys. Rev. A, vol. 21 (1), pp. 293-301, Jan. 1980.

[16] A. L. Throop, W. M. Fawley, R. A. Jong, T. J. Orzechowski, D. Prosnitz, E. T.
Scharlemann, R. D. Steever, G. A. Westenskow, D. B. Hopkins, A. M. Sessler, S. G.
Evangelides, and K. E. Kreischer, Nucl. Instr. Meth. Phys. Res., vol. A272 (1,2),
pp. 15-21, Oct. 1988.

[17] D. J. Radack, J. H. Booske, Y. Carmel, and W. W. Destler, Appl. Phys Lett., vol.
55 (20), pp. 2069-2071, Nov. 13, 1989.

11



TABLE 1

Table Caption

Tapered FEL amplifier designs. First four columns show
parameters of a superconducting wiggler amplifier at 280 GHz
and 560 GHz using a spent beam energy recovery system. Fifth

column is design of a PoP tapered amplifier at 98 GHz.
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Figure Caption

FIG. 1 Schematic of tapered, superconducting FEL amplifier including
speut beam energy recovery and high and low voitage power

supplies.
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Table 1

frequency (GHz)
Vieam (MV)
Tieam (A)

Sheam (cm?)

By (kG)

Swq (cm?)

Pyor (MW)

Zoat (m)

Ttaper (%) (fr = 0.7)
Ligper (m)

Pout (MW)

Mot (%) (0, = 0.7)
Mot (%) (- = 0.8)

10
0.1x2.0
7.0
2.0
12.1
0.79
0.60 x 3.0
0.13
0.8
12
1.2
1.2
31
41

280
1.0
10

0.1x2.0

10.0
2.0

10.5

0.98

0.52 x 3.0

0.14
0.6
17
1.3
1.7
41
51

560
1.0
10

0.1 x2.0

10.0
2.0
6.8

0.63

0.37 x 3.0

0.09

0.6
9
1.0
0.9
24
32

260
1.5
10

0.1 x 2.0

10.0
2.0
10.0
0.93
0.50 x 3.0
0.14
0.9
13
2.3
2.1
36
46

98
0.65

14.3
0.23
0.57 x 3.0
0.13
1.0
18
0.7
1.0

* 1 kW input power at 280 GHz and 560 GHz, 1 W input power at 98 GHz.




Figure 1
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