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High-power electrostatic free-electron maser as a future source for fusion plasma heating:
Experiments in the short-pulse regime
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A high-power, frequency-tunable electrostatic free-electron maser, being developed at the FOM Institute for
Plasma Physics ‘‘Rijnhuizen,’’ shows lasing at various frequencies. An output power of 730 kW at 206 GHz
is generated by a 7.2-A, 1.77-MeV electron beam, and 380 kW at 165 GHz is generated by a 7.4-A, 1.65-MeV
electron beam. In the present experimental setup, without recovery of the spent electron beam power, the pulse
length is limited to 12ms. Nevertheless, the main issues, such as the possibility of high-power, single-mode
operation and frequency tuning, have been confirmed. The experimental results and the dynamics of the laser
process are well in accordance with simulations.@S1063-651X~99!03905-7#

PACS number~s!: 41.75.Ht, 29.17.1w
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I. INTRODUCTION

The principle aim of present free-electron maser~FEM!
research is the realization of a source of mm-wave radia
of high average power, high system efficiency, and f
quency tunability over a large range@1#. The achievement o
these targets may culminate in the use of FEMs as po
sources for electron-cyclotron applications on magnetic
confined plasmas in future fusion research devices, suc
the International Thermonuclear Experimental Reactor.
such applications power units of at least 1 MW of mm-wa
power in the frequency range from 140 to 200 GHz a
system efficiency of 50% are required. Fast tunability~on the
ms scale! in a frequency range of a few percent would be
major advantage.

In an FEM, i.e., a free electron laser~FEL! operating in
the mm-wave regime, radiation is generated by a relativi
electron beam oscillating in an undulator. The radiat
wavelength is determined by the electron beam energy~Dop-
pler shift! and the period and field strength of the undulat
A promising approach to realize both fast frequency tun
via the electron beam energy and a high system efficie
involves the use of electrostatic electron beam accelera
and deceleration with electron beam energy recovery@1–4#.
In this scheme the electron beam is accelerated to the in
action region, i.e., the undulator and the cavity, and af
wards it is decelerated and collected in a multistage
pressed collector. On deceleration, the electron be
transfers most of its energy back to the accelerator volt
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supply, thus limiting the required power. The high volta
power supply has to deliver only the beam loss current.

The electronic efficiency, i.e., the fraction of the electr
beam power, which is transferred to mm-wave power, is
the order of 5%. This is considerably lower than in gyrotro
@5#. In the FEM a low electronic efficiency has been chos
as a trade-off between required electron beam power on
one hand and ease of beam recovery on the other han
high electronic efficiency causes a too high energy spr
after the FEL interaction, complicating both beam transp
through the energy recovery section and the process o
covery itself, while a lower electronic efficiency requires
higher electron beam current. Nevertheless, when the en
recovery system is installed, the system efficiency, i.e.,
efficiency from mains power to mm-wave output power, w
be much higher. After deceleration the electrons will be c
lected at an average energy of 60 keV@6#. At 12-A beam
current the dissipated power in the collector will be som
720 kW. Additionally, some 200 kW will be dissipated in th
high voltage system and auxiliary equipment. Thus, in sp
of the rather low electronic efficiency, the system efficien
will exceed 50%. This is slightly higher than the syste
efficiency of state of the art gyrotrons@5#.

The mm-wave power is generated in an oversized co
gated waveguide, mounted inside a step-tapered undu
@6,7#. In the following we call this the operating waveguid
The feedback system of the cavity is formed by two new
developed reflectors, which are segments of a stepped w
guide@8#. In these reflectors, two off-axis beams are form
after some distance via multiplication of the quasioptic
beam emerging from the operating waveguide. The off-a
beams are reflected by flat copper mirrors and merge b
6058 ©1999 The American Physical Society
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PRE 59 6059HIGH-POWER ELECTROSTATIC FREE-ELECTRON . . .
into one beam, which enters the operating waveguide.
In this paper we present experimental results on gen

tion of high-power mm-wave radiation in the FEM bein
developed at the FOM Institute for Plasma Physics ‘‘Ri
huizen,’’ The Netherlands@9#. Results are presented on la
ing around 200 GHz and 165 GHz. Since no electron be
energy recovery system is installed yet, the pulse lengt
limited to 12ms. A net output power of 730 kW is reache
for a 7.2-A, 1.77-MeV electron beam. It is demonstrated t
the FEM can operate in single-frequency mode. The ou
beam has a Gaussian mode content exceeding 99.8%,
for 200 GHz and 165 GHz.

II. EXPERIMENTAL SETUP

The layout of the Fusion FEM is shown in Fig. 1. Th
setup is largely determined by the requirement for low-lo
electron beam transport and the capability to handle h
power mm-wave radiation during long pulses. To ens
low-loss electron beam transport, and to make frequency
ing via the electron beam energy straightforward, a stra
beam line with solenoid focusing is used@10#.

The mm-wave cavity consists of a waveguide inside
undulator and so-called stepped waveguides upstream
downstream of the undulator, see Fig. 2@8#. This arrange-
ment forms a low-Q cavity as typically 50 to 70% of the
power generated is coupled out. A rectangular corruga
waveguide is used, which carries a hybrid HE11 mode. This
mode is strongly peaked in the center, which results in str
interaction with the electron beam and ensures low Oh
losses as well. The waveguide is 1.5 m long and has a c
section of 15320 mm2. The vertical sides~parallel to the
undulator magnetic field! are corrugated. Ohmic losses a
further reduced by operating the FEM with a low feedba
coefficient of the mm-wave cavity, which decreases the to
intracavity power.

The straight electron beam line eliminates the use of
axis mirrors. In the stepped waveguides the operating H11
beam is split into two identical off-axis beams. Full sepa
tion of the beams takes place at a distanceDsep5a2/2l, with
a the height of the stepped waveguide andl the radiation
wavelength. Two off-axis mirrors, with an opening in b
tween to let the electron beam pass through, reflect
beams. The backward propagating beams merge back
one beam. This way, a 100% reflector is realized at the

FIG. 1. Layout of the FEM. In the experiments described h
the decelerator tube and the depressed collector were not inst
The device is mounted in a SF6-filled pressure tank for voltage hol
off. The mm-wave transport tube serves to transport the mm-w
beam in a vacuum from the high-voltage terminal to earth poten
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stream side of the undulator. At the downstream side a s
lar system is used, but here one of the mirrors can be shi
in a longitudinal direction~direction of beam propagation!.
Upon propagating backwards, the beams have a phase d
ence, which results into one on-axis beam and two off-a
beams. The on-axis beam constitutes the feedback power
two off-axis beams are coupled out. By adjusting the po
tion of one single mirror, the feedback can be varied betw
0 and 100%.

The two off-axis beams are recombined back into o
beam in another stepped waveguide, parallel to the outc
pling waveguide. Finally, a Brewster-angle boron-nitri
window is used as a vacuum barrier. A Brewster-angle w
dow is chosen to provide full transmission over a wide f
quency band.

Low power testing of the cavity shows that the feedba
bandwidth is about 4%, see Fig. 3@11#. Around 200 GHz
losses are of the order of a few per cent but increase con
erably at other frequencies, e.g., at 170-GHz losses are o
order of 25% single pass. The high losses are due to
chanical imperfections of the operating waveguide. T
waveguide will be improved.

e
ed.

e
l.

FIG. 2. Layout of the mm-wave cavity, showing the upstrea
reflector waveguide, the operating waveguide inside the undula
and the downstream reflector waveguide. Parallel to the latte
waveguide is mounted, in which the two beams coupled out fr
the downstream reflector are recombined into one output be
Schematically, the boron-nitride window and the mm-wave dia
nostics are given.

FIG. 3. Feedback frequency response of the cavity, when tu
to a central frequency of 200 GHz and a feedback coefficien
0.50. As an example, amplification curves are given schematic
for three different positions of the amplification band, i.e., thr
settings of the electron beam energy.
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At high-power level the interaction between the electr
beam and the mm-wave beam is further improved by a s
tapered undulator@7,12#. The first 20 periods have a streng
of 0.20 T and the latter 16 periods have a strength of 0.16
The period length is 40 mm. At the entrance of the fi
section, electrons are in synchronism with the mm wa
Upon interaction the electrons lose energy and, con
quently, go out of synchronism. Due to the lower undula
field in the second section, the electrons obtain additio
longitudinal velocity, and synchronism is restored. Betwe
the two undulator sections is an adjustable field-free reg
which determines the phase of the electron bunches
respect to the radiation wave at the entrance of the sec
section. According to simulations, the electronic efficiency
about 5%@12#.

III. SIMULATIONS ON MODE COMPETITION

An important issue in oscillators is the possible excitat
of transverse and longitudinal parasitic modes. This depe
on the transverse dimensions of the operating waveg
where it concerns transverse modes. The operating w
guide measures 15320 mm2, which is needed for prope
electron beam transport. Consequently, the waveguid
many times overmoded. The reflectors are strongly m
selective and provide weak feedback for modes other t
the HE11 mode. Consequently, parasitic modes are not pr
erly fed back and will not grow to high power levels. Fu
ther, nonlinear suppression of parasitic transverse mode
enhanced too by the mode-selective character of the op
ing waveguide@13#. In addition, excitation of parasitic trans
verse modes is not resonant and, therefore, takes place
by their coupling through the electron beam with the ope
ing HE11 mode.

With respect to parasitic longitudinal modes, i.e., mod
with the same transverse structure but with different frequ
cies, the frequency dependency of the feedback system
the parameter of excess over threshold of single-mode op
tion L are important. In the simplest model, the parameteL
is defined as the product of the length of the operating reg
and the cubic root of the electron beam current. IfL exceeds
its starting value and is less than some threshold, the sin
mode operation is stable. WhenL exceeds the threshold o
single-mode operation, complicated multimode operat
can take place@14,19#.

For the fusion FEM, a long interaction region and a re
tively high electron beam current result in a rather lar
value of L. In addition, the step-tapered undulator and
rather broadband feedback system complicate the dyna
of the oscillator. In order to simulate this process, a non
tionary, spatiotemporal approach has been used@14,18,19#.
A 1D code based on this approach was improved by tak
into account the motion of the wave inside the frequen
dispersive reflectors@16#, as well as ac space charge effec
and undulator tapering. Results of this code have been
firmed by other codes based on the mode-temporal appr
@13,15,17#. Simulation results show that, in spite of the fa
that the parameterL is quite large for the operating param
eters of the fusion FEM, the output beam contains onl
small longitudinal parasitic-mode content.

At constant electron beam energy, the process of po
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buildup roughly follows four stages@15#. In stage I a number
of modes grow from noise. Since the power level is lo
there is no interaction between the modes and no suppres
of modes by one main mode. When the feedback of
cavity is independent of frequency, all modes grow roug
at a rate corresponding to the profile of the amplificati
band. When the feedback depends on frequency, both
profile of the amplification band and the feedback influen
the growth rate of the various modes.

In stage II of the process, the fast growing modes~with
frequencies close to the center of the amplification ba!
grow to the nonlinear regime. At the beginning of this sta
these fast-growing modes suppress modes with a lo
growth rate, i.e., modes farther away in frequency. Then,
of the fast-growing modes suppresses all other modes.
dently, the process of mode suppression will be stronger
faster when the product of amplification and feedback i
function of frequency.

In stage III, due to the increase of the power of the sin
mode, new parasitic modes rather far from the center of
amplification band, and having been suppressed in stag
can be excited so that the output signal fluctuates stron
and fast as a function of time. However, when the feedb
is small for the parasitic modes, which have other frequ
cies than the main mode, they cannot grow to a signific
power level and die out. In that case, again the oscilla
operates in single-mode regime~stage IV!.

In the experiment, the two major effects determining t
power buildup are the feedback, which is frequency dep
dent, and the rate of the electron beam energy drops, w
shifts the amplification band in time and thus determines

FIG. 4. Simulation results on the mm-wave output powerPmmw

for the situation of high~a! and low ~b! initial electron beam en-
ergy.
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interaction time for a specific mode. Consequently, the p
cess of power buildup is strongly dependent on the posi
of the amplification band, i.e., the electron beam ener
with respect to the feedback curve. Basically, there are
major differences between the cases of proper initial be
energy and low initial beam energy. For the case of pro
initial beam energy both the product of feedback times a
plification and the interaction time are sufficient to reach
stage where mode competition takes place and one m
mode suppresses all other modes. In this case stages II
IV of the interaction process are passed, see Fig. 3 and
4~a!.

When the initial beam energy is low, mm-wave power
generated at relatively low frequencies for which the fe
back is low. Further, the amplification band runs out of t
cavity curve in a short time. The buildup of power does n
reach the nonlinear regime and, consequently, no mode c
petition takes place. The spectrum shows several frequen
and the power fluctuates strongly, see Fig. 4~b!.

The simulations show that once the power starts up
specific frequency, it remains at that frequency even tho
the amplification band shifts with dropping electron bea
energy. The mm-wave power dies out when the amplificat
band shifts too far away. Then the power starts up again,
lower frequency. Obviously, the frequency steps are of

FIG. 5. Highest output powerPmmw achieved so far, reaching
just over 730 kW~a!. The electron beam current and beam ene
at the start of the pulse are 7.2 A and 1.772 MeV, respectively.
feedback coefficient is 0.55. The spectrum, shifted down in a
erodyne mixer, shows a number of frequencies at startup, but
a few ms one mode suppresses all others and remains stable
the end of the pulse~b!.
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order of the width of the amplification band, which is of th
order of 5 GHz.

IV. EXPERIMENTAL RESULTS

In the present setup~without energy beam recovery!, the
accelerating voltage drops rapidly during the pulse~1 kV per
ampere of beam current perms!. The bandwidth of the cavity
is some 4% and, consequently, the amplification band r
idly shifts across the cavity bandwidth. Thus, the pu
length is limited to a fewms and the output power is no
constant during the pulse. Experiments on generating m
wave output power have been done for two settings of
electron beam energy, i.e., for two frequencies. For each
ting, parameters such as feedback of the cavity, drift g
between the two undulator sections, and the electron b
energy, have been varied. The electron beam current is
stant during the pulse.

For optimized feedback~0.55!, 730 kW of power was
generated for a 7.2-A electron beam~see Fig. 5!. The elec-
tron beam energy at the start of the pulse is 1.772 MeV,
drops with 7.2 keV/ms. At this beam energy single-mod
operation is reached, as shown in the frequency spect
~given on a logarithmic scale!. At startup several frequencie
are excited, but after a fewms the main frequency suppress
the parasitic frequencies. It is clearly seen that, in spite of
drop of the electron beam energy, the frequency locks t
specific value. For a slightly lower electron beam energy
start of 1.76 MeV, a multifrequency output beam is gen

y
e
t-
ter
ntil

FIG. 6. Output powerPmmw generated by a 7.2-A, 1.76-MeV
electron beam~a!. The feedback coefficient is 0.55. The frequen
spectrum shows that two longitudinal modes are present~b!.
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ated, see Fig. 6. The spectrum shows a number of freq
cies at start. Contrary to the situation given in Fig. 5, dur
the pulse, two modes keep oscillating, thus resulting
strongly fluctuating output power.

Tunability of the FEM was demonstrated by operati
around 165 GHz. Around this frequency power losses in
cavity are much higher, close to 25% single pass, and
the output power is significantly lower. However, in spite
these high losses, for a sufficiently high product of feedb
times amplification single-frequency output is possible, a
shown in Fig. 7. For a 7.4-A, 1.603-MeV electron beam, fi
single-frequency output is generated, followed by fluctuat
multifrequency output when the electron beam energy
dropped. Note that in principle single-frequency operat
can be reached for every frequency, by adjusting the cav
i.e., the feedback curve, such that the peak of the feedb
curve coincides with the peak of the amplification band.

For most applications it is important that the output be
has a Gaussian profile. In many cases the radiation so
and the application, e.g., a tokamak reactor, will be a c
siderable distance apart. For loss-free beam transpo
Gaussian output beam is essential. The spatial power d
bution has been measured with a heat-absorbing foil an
infrared camera. Typical results are shown in Fig. 8, fo
206-GHz beam and a 167-GHz beam. In both cases
Gaussian mode content exceeds 99.8%.

V. CONCLUSIONS

The fusion FEM generates 730 kW of mm-wave power
200 GHz, for a 7.2-A 1.77-MeV electron beam. For th
frequency the electronic efficiency is 5.7%, which is sligh
higher than expected. These results were obtained with

FIG. 7. Output power around 160 GHz,Pmmw, for a 1.61-MeV,
7.1-A electron beam. The pulse first shows single-frequency op
tion, followed by multifrequency operation for the then lower ele
tron beam energy.
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cavity losses. For another setting, with higher cavity loss
the output power is lower. Around 160 GHz, 380 kW
output power is generated by a 7.2-A electron beam.
though the cavity losses are frequency dependent, for
cases, the process of power buildup and mode competitio
in principle similar; depending on the electron beam ene
at the start of the pulse, either a high-power, sing
frequency output beam is generated, or a strongly fluctua
multifrequency beam is generated. The start-up time an
particular the relation between the frequency spectrum of
mm-wave beam and the electron beam energy are pred
well by simulations.
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