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Strong coupling operation of a free-electron-laser amplifier with an axial magnetic field
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We present the results of a free-electron-laser (FEL) experiment at 35 GHz, using a strongly relativis-
tic electron beam ( T=1.75 MeV). The electron pulse length is 30 ns full width at half maximum with a
peak current of 400 A. The FEL is designed to operate in the high-gain Compton regime, with a nega-
tive coupling parameter (4 (0) leading to a strong growth rate. More than 50 MW of rf power in the
TE» mode (43 dB gain) has been obtained with good reproducibility. The experimental results are in

good agreement with predictions made using the three-dimensional stationary simulation code
SOLITUDE.

PACS number(s): 41.60.Cr, 52.7S.Ms, 41.85.Ja, 41.85.Lc

I. INTRODUCTION

Free-electron lasers (FELs) have been extensively in-
vestigated over the last 20 years because of their remark-
able properties, which include high eKciencies and out-
put powers, their potential as sources of coherent short
wavelength radiation, and their inherent frequency tuna-
bility. A presentation of much of the FEL research car-
ried out prior to 1992 may be found in the monograph of
Freund and Antonsen [1]. Several experiments have been
carried out using a helical wiggler [2—ll], as in the
present experiment. Some FELs operate at moderately
high beam current and use a magnetic guide field Bp to
steer the electron beam in the axial direction. For that
experimental setup, the one-dimensional analysis of the
FEL operation predicts that a resonance occurs when the
cyclotron wavelength ko=2~p~~c /00 in the axial magnet-
ic field approaches the wiggler periodicity A, [12,13]
[here 00= ~e BOIm y is the relativistic cyclotron frequen-
cy, e and m denote the charge and mass of the electron,
y=(1 p~~ pi) ' i—s th—e relativistic energy factor and

Pi and
P~~ are the dimensionless transverse and axial ve-

locities corresponding to the helical trajectories which
the electrons are supposed to follow]. In fact, the more
accurate analysis of Freund and Ganguly [14], which
takes into account the radial variation of the wiggler
magnetic field, shows that the resonance cannot, in fact,
be obtained. Thus the FEL can run either in the group I
regime, with A,p) A, , or in the group II regime, with
A p (A ~ As the resonant condition is approached, from
either side, the helical orbits become unstable and the
electrons strike the walls.

These experiments can be made to operate in the high
gain regime. Early theoretical work by Freund et al.
[13] (using the one-dimensional approximation), and by
Freund and Ganguly [14] in their more precise three-
dimensional (3D) analysis, has shown the importance of
the coupling parameter they call @. The coefficient of
the growth of the electromagnetic wave is predicted to be

proportional to N. Since the one-dimensional and the
three-dimensional forms of this quantity are quite
difFerent in the group II regime, we shall use only the
latter, as given in Ref. [14]. It has been suggested that it
would be of interest to operate with a negative value of @
even though the space charge wave is more unstable [13].
In this paper we report the results of an experiment using
a strongly relativistic electron beam, with parameters
which may be adjusted so as to obtain large negative
values of @. It was designed to run amplifying a magne-
tron signal at the frequency of 35.1 GHz, although some
observations in the superradiant mode (with the magne-
tron turned off) were also carried out.

Experiments similar in design to the present one, and
which amplified a signal at frequencies near 35 GHz,
were carried out several years ago, notably at the Naval
Research Laboratory [15,16]. A detailed review of this
work is given in Ref. [6]. One may then ask what addi-
tional lessons, if any, can be learned from the present ex-
periment. While ours is indeed similar to those earlier
experiments, a major difference concerns the physical size
of the apparatus. The early experiments used generators
of somewhat lower voltage than ours, and they func-
tioned with waveguides whose diameters were approxi-
mately 10 mm. Our experiment, for technical reasons,
required a somewhat larger scale. In consequence it was
capable, at least in theory, of exploring domains of the
operating parameter space which the previous experi-
ments had not investigated, in particular, large negative
values of the coupling parameter N. The exploration of
this regime was the principal aim of this experiment. To
some extent, the conclusions to be drawn from it are neg-
ative, since despite the higher values of N that were ob-
tained, no corresponding increase in output power was
observed, compared to the earlier experiments. We shall
present in Sec. III a brief comparison b tween our results
and those of Ref. [15].

Experimental results for various values of the wiggler
field and the axial guide field have been obtained. In the
amplifier regime a maximum output power radiation of
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50 MW has been reached which corresponds to an
eKciency of 7%. A study of the saturation as a function
of the wiggler length has been carried out. The experi-
mental results have been compared with the numerical
computations provided by the particle simulation code
SOLITUDE [17,18j, and good agreement has been found.

II. EXPERIMENT

A schematic of the FEL amplifier experiment is shown
in Fig. 1. The main components of the device are the
pulsed-line generator Euphrosyne, the graphite diode, the
axial guiding solenoid, and the bifilar wiggler. The ac-
celerating voltage for the experiment is supplied by a
Marx capacitor bank with a Blumlein transmission line
delivering a 1.75 MV, 50 ns pulse. The strongly relativis-
tic electron beam is emitted from a hemispherical graph-
ite cathode by field emission (microexplosive emission
process). The graphite anode, with its 3.5 mm radius
aperture, is 60 mm long. It allows only a small fraction of
the current to propagate and acts as an emittance selec-
tor. Typical measurements of the voltage and the current
as a function of time are illustrated in Fig. 2. Making
use of the calculation of Ref. [19j we can establish an
upper limit on the geometrical emittance c of 550m
mm mrad.

The bifilar helical wiggler consists of 28 periods of
length k =8 cm and provides a magnetic field whose
magnitude B on axis is adjustable up to 3 kG. With the
use of the metallic straps between helically wound wires,
the wiggler field is slowly uptapered over the first eight
periods. This provides an adiabatic input into the in-
teraction region for the electron beam. The diode and
the wiggler, plus the entry and exit Rogowski coils for
current measurements, are immersed in a uniform axial
magnetic field generated by a solenoid. The intensity of

the field Bo can be varied up to 10.5 kG.
The electrons are propagated in a stainless-steel drift

tube with an inner diameter of 39 mm. The entire system
is designed to operate in the fundamental TE&& mode of
the cylindrical waveguide for which the cutofF' frequency
is 4.6 GHz. The beam current emerging from the emit-
tance selector is illustrated in Fig. 3 as a function of the
axial guide field Bo. At the resonance, when A.o=A,„,the
electrons have a large transverse excursion, strike the
drift tube wa11 and are lost. From the experiinental data
we evaluate this resonance to be at its maximum at 4.7
kG. We observe in Fig. 3 that at a high Bo we have a
good diode performance whereas the emission is per-
turbed when Bo is less than 3.5 kG. Consequently we ran
our experiment is the group II regime. We note also the
good agreement between the simulation and the experi-
mental points with B =0.5 kG.

A high-power magnetron operating at 35.1 GHz is
used as the input power source for the amplifier regime.
The initial TE&o lnode propagates through a standard
Ea-band regular waveguide, and is then converted to a
circular waveguide. This section of circular waveguide
supports only the fundamental TE&& mode for the operat-
ing frequency. Its radius is then adiabatically uptapered
to the radius of the drift tube. A tungsten wire grid
launches the wave, without perturbing the electron orbits
in the interaction region. The wave is linearly polarized,
so that only half of the incident power, with the correct
rotation of the electric field vector, participates in the
FEI. interaction. An attenuator allows us to reduce the
usable power from a maximum of 20 k%' to zero.

Just after the passage through the wiggler, a second
tungsten wire grid deAects the rf power out of the drift
tube, permitting the use of a Cerenkov diagnostic of the
beam after its interaction with the electromagnetic wave.
We also use this diagnostic to align the guiding coil with
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FIG. 2. Typical beam current
(dashed line) and beam voltage
(solid line} as a function of time.
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the beam when the wiggler is turned off. The output
power from the FEL is transmitted through a Kapton
window which maintains the vacuum. After attenuation
caused by spreading in the air and loss in a 36 dB ab-
sorber, a small fraction of the radiation is collected by a
rectangular horn (Xa band). Then a variable attenuator
(0—40 dB) reduces the power to the desired level for the
diode detector whose response on the oscilloscope (Tek-
tronix DSA-602) determines the power level. The entire
system is calibrated using the known input power of the
magnetron. Typical oscilloscope traces of the rf output
signals are shown in Fig. 4 for two shots with the same
parameters, but on different days. This shows that our
experiment runs with a very good reproducibility.

A second channel with an identical horn and attenua-
tor is used to measure the frequency. Less than 2 mW of
the 35.1 GHz FEL radiation is mixed with radiation from
a variable frequency 34—36 GHz local oscillator (LO). It
is a Gunn-type diode which generates 10 mW at 35.9
GHz. The response of the mixer gives rise to the beat

wave of the two signals, and by varying the LO frequency
we could explore the spectrum. This beat wave is then
recorded by a I GHz passband oscilloscope and by a
Fourier transformation we obtain the frequency spec-
trum. Results are shown in Fig. 5 for the parameter pair
Bo=g kG and B =0.95 kG. The magnetron curve (a)
exhibits a peak at 800 MHz corresponding to a 35.1 GHz
frequency. We observe that the FEL signal in the
amplifier regime (c) peaks exactly at 35.1 GHz just like
that of the input magnetron. On the other hand, in the
superradiant regime (b), although this main operating fre-
quency is present it is mixed with other frequencies over
a rather broadband. The full width at half maximum is
less than 10 MHz for the magnetron corresponding to the
500 ns pulse length, and is approximately 100 MHz for
the FEL radiation in consequence of the short pulse
(= 10 ns) emitted.

To find the optimum operating conditions, measure-
ments of the output power with various choices of the
magnetic fields have been carried out for both the super-
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FIG. 3. FEL transmitted elec-
tron beam current as a function
of the axial guide magnetic field
Bo with a constant wiggler field
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FIG. 4. FEL reproducibility; rf diode signal for Bo =10 kG
and B = 1.05 kG.

(c)

radiant and the amplifier operation. The FEL output
power as a function of B„at constant Bo is illustrated in
Fig. 6. Obviously the maximum output power is reached
at the same B value for both operating regimes and the
amplification factor is highest at this maximum. Never-
theless, the amplifier regime seems to show more sensi-
tivity to B than the superradiant operation. One of the
shots in the amplifier operation, which corresponds to the
optimal choice of parameters Bo=8 kG and B =0.95
kG, is represented in Fig. 7. Since 50 mV diode response
corresponds to 5 mW and the variable attenuator is set
for 100 dB in the total line attenuation (from the wiggler
exit to the rf detector), this rf signal describes an output
power level of 50 MW corresponding to an efficiency of
7% (the total electron beam power is 700 MW).

The study of the electromagnetic wave saturation was
carried out by the measurement of the output power as a
function of the interaction length in the wiggler. This
length was varied by deAecting the electron beam into the
drift tube wall. For this purpose, we use a movable coil
which generates a transverse magnetic field greater than
1 kG. Figure 8 shows a measured gain curve, along with
the simulation results for the optimum operating parame-
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Beat Fr ecILtency (QHz )

FIG. 5. Output power frequency spectrum: (a) magnetron

alone, (b) superradiant regime, (c) amplifier regime.

ters defined previously. Comparison is made with the su-
perradiant operation mode. When the geometrical emit-
tance c. is assumed to be 500m mmmrad. , the output
power is observed to saturate at a length of 1.4 m, in
good agreement with the simulation.

Saturation studies in the amplifier regime as a function
of the input power have also been carried out. The FEL
output power is given in Fig. 9 as a function of the mag-
netron input power. We see that less than 3 kW is
enough to reach the experimental saturation, which cor-
responds to an amplification of 43 dB. The simulation
using the single frequency code SOLITUDE correctly de-
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scribes the data corresponding to a real amplification
(when the output power exceeds 15 MW), whereas at low
input power the experiment runs as in the superradiant
regime, yielding a broad spectrum in frequency. In the
latter circumstance, the single frequency code underesti-
mates the output power.

In order to And empirically the best operating condi-
tions, the output power was measured over a two-
dimensional domain of (Bo,Bn, ). Some of the results are
illustrated in Fig. 10, where the output power is shown as
a function of Bo for the optimal value of B (shown in
parentheses for each point). For comparison, the results
of a simulation using the code SoLITUDE and assuming an
ideal beam (e=O) are also given. The experimental re-
sults are seen to lie well below the simulation, essentially
because of the relatively large emittance of our beam.

We suspect that another factor is the presence of other
modes in the oversized guiding tube, although we cannot
confirm this quantitatively.

III. DISCUSSION

Before discussing our results, we wish to comment on
some differences between this experiment and that car-
ried out at the Naval Research Laboratory (NRL) and re-
ported in Ref. [15]. The pulse generator available for our
experiment was capable of producing beam energies as
high as 5 MeV, and was therefore physically large. To a
great extent, this fact required that the other components
of the FEL be correspondingly oversized, as compared to
the NRL experiment. The necessity of immersing the
cathode of the large diode dictated the use of a large
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aperture (200 mm diameter) solenoid, while the trans-
verse size of the beam led to the choice of a 39 mm diam-
eter cylindrical wave guide. The cutoft frequency for
such a waveguide in the TE» mode is 4.6 GHz, which is
much less than the 35.1 GHz operating frequency of the
magnetron we used. On the other hand, the use of the
oversized components meant that the production of the
axial and wiggler magnetic fields over large volumes re-
quired very high magnet currents, and the interesting
large 80 region of operation could not be investigated.
The available power supply limited the axial Geld to 10.5
kG, while our beam energy of 1.75 MeV meant that 35.1

GHz could be obtained with a step size of 80 mm for the
wiggler. Typically the 35 GHz NRL experiment has a
beam voltage of 0.9 MV, a 10.8 mm diameter waveguide
and 30 mm wiggler wave length. Although these
difFerences may appear to be minor, they in fact allowed
our experiment to attain comfortably values of the cou-
pling parameter 4 which would have been hard to reach
in the earlier experiments. Theoretical work by Freund
and collaborators had previously indicated the desirabili-
ty of investigating the regime of large and negative N,
and this was a major goal for us. Although it is theoreti-
cally possible to obtain arbitrarily large negative values of
N in any experiment by running sufficiently close to the
limit of stability for group II, in practice a limit is set by
the parasitic transverse oscillations about the ideal helical
trajectory. These become large as one approaches the
limits of stability, and under these conditions the elec-
trons tend to hit the walls of the waveguide. In our ex-
periment, the large diameter of the guide allows us to at-
tain more negative values than previous ones. For exam-
ple, the ideal helical orbit has a radius of about 5 mm,
leaving room for transverse oscillations of as much as 14
mm. For the NRL experiment the comparable figures
would be 2 and 3 mm, respectively. As an illustration of
this we show in Fig. 11 a scatter plot of N vs Bo for the
pairs (BO,B ) studied in the present experiment
(squares), together with our calculated N for a typical
range of (Bo,B ) values which correspond to the experi-

ment of Crold et al. (solid curve, labeled NRL). Here the
beam energies were fixed at the nominal values of 1.75
and 0.9 MeV, respectively. The arrows indicate those
(Bo,+) values where the maximum output power was ob-
tained in the two experiments. It is clear that our experi-
ment did reach larger negative values of N than the NRL

0

Optimal

This expt.
NRL

-20

Axial field B (kG)

FIG. 11. The coupling parameter N as a function of Bo for
this experiment (squares}, and for the range covered by the
NRL experiment of Gold et al. (solid line). The arrows indicate
where the maximum power was observed.
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experiment. However, little amplification was observed
in the extreme cases with +(—8, and one may conclude
that the high growth rate predicted for the large negative
@ is o6'set by the practical disadvantage of working too
near the limits of stability. Our experiment shows, in
agreement with the NRL results, that the optimal choice
of 4 in the group II operation is not very large, and that
extremely large negative values of N are of no experimen-
tal interest.

Another difference between the experiments concerns
the different diameters of the cylindrical waveguides
used. The experiment of Gold et al. was designed to ex-
plore the region of "grazing incidence, " where the two
frequencies of the TE» mode which can be in resonance
with the propagating beam are approximately equal. In
the present experiment, the cutoff frequency of 4.6 GHz
is so far below the injected frequency of 35.1 GHz that
the propagation in the guide is almost like in free space,
and the lower frequency is approximately equal to the
cutoff frequency. In addition, the large radius of our
beam makes the plasma frequency much smaller, for a
given beam current, than the NRL experiments. On the
other hand, several other modes, notably TED, and TEz&,
may propagate at 35.1 GHz in our experiment, while this
was not a problem for Gold et al. Unfortunately, our
setup was not capable of measuring the angular distribu-
tion of output power with enough precision to demon-
strate the presence of these other modes.

We have seen that the simulation of our experiment by
the code SOLITUDE, provided an emittance of 500m
mmmrad is included, reproduces well the results. How-
ever, a simple explanation of the general features of the
output power curve is provided by the model of Ref. [20].
At values of B0 (7 kG, we are near the cyclotron reso-
nance and the limits of stability for group II. According-
ly, the ideal helical electron orbits become unstable in the
transverse direction and the rf power is close to zero. At
B0 values of order 10 kG, the trajectories, although
stable in the transverse direction, show very large oscilla-
tions (around 20%%uo) in P~~, as a function of z, due to the
proximity of the double cyclotron resonance (which
occurs when p~~=QQA, /4mc). This strongly oscillating
longitudinal velocity is not suitable for interaction with
the electromagnetic field, and again the output power is
expected to be very small. Further increase in BD beyond
11 kG should produce more rf power, but the magnet
power supply was incapable of providing enough current
for us to investigate this. Between these two regions
where the electron trajectories are unsuitable for
coherent interaction with the electromagnetic wave, we
obtain a large amplification.

The frequency of the electromagnetic radiation ob-
tained in the amplifier regime is expected to peak at the
magnetron frequency of 35.1 GHz, as we have shown
previously in Fig. 5. However, it was observed that this
happened only for a small range of B at fixed Bo. For
other values of B„, the output frequency spectrum
showed a number of peaks, separated by about 100 MHz.

(a)

' (c)

0.2 0.8

This is illustrated in Fig. 12, where the magnetron fre-
quency spectrum in (a) (LO tuned at 35.63 GHz) and the
output frequency spectrum for B =0.95 kG in (b) and
B =1 kG in (c) are shown with B0=8 kG. The former
displays a fairly compact spectrum centered on the mag-
netron frequency. In contrast, the latter shows a more
complex spectrum, with adjacent peaks spaced by 100
MHz. We conjecture that these correspond, as in Ref.
[21], to sidebands due to oscillations of the electrons in
the ponderomotive potential.

In summary, we have carried out a successful high-
power FEL experiment with a large negative coupling pa-
rameter N. Operation in the amplifier mode at 35.1 GHz
yielded 50 MW of output power with an eKciency of 7%
for 43 dB of gain. The experimental results are in good
agreement with predictions made using the 3D stationary
simulation code SOLITUDE.
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