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Various characteristics of a waveguide-mode free-electron laser using a long-pulse
relativistic electron beam
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In this paper, various characteristics, such as the small-signal gain, oscillation threshold, and self-
mode-locked oscillation behavior, of a waveguide-mode free-electron laser using a long-pulse relativistic
electron beam are described. Analysis of the wave forms of the output radiation and the modulation of
the electron beams was carried out in order to demonstrate the existence of coupling between di8'erent

oscillation branches through the electron beams.

PACS number(s): 41.60.Cr, 42.60.Fc

I. INTRODUCTION

Free-electron lasers are classified into two categories.
One is the Compton-type free-electron laser, which uses
high-energy and low-current electron beams and conse-
quently generates short-wavelength radiation [1—3]. The
other is the Raman-type free-electron laser, which uses
relatively low-energy and high-current electron beams,
and operates at relatively long wavelengths [4—12]. In
the latter case, a waveguide is necessary to compose a
cavity resonator to confine the electromagnetic radiation
until it exceeds the threshold of oscillations. The use of a
waveguide makes the interaction between the electron
beam and the electromagnetic radiation in the cavity
resonator complex compared to that in the case of
Compton-type free-electron lasers. This makes oscilla-
tion possible not only at different longitudinal cavity
modes but also at different oscillation branches, which
are called the upper and lower branches of the
waveguide-mode free-electron laser oscillations.

Among these Raman-type free-electron lasers, periodi-
cal pulse trains have been observed in the wave form of
the output power, and some of them were recognized as
self-mode-locked oscillations [5,9—11]. Recently, active
mode-locked oscillation of free-electron lasers has been
reported, and the limitation on shortening of the pulse
width was shown to be determined by the slippage time
between the electron beam and the electromagnetic radia-
tion in the cavity resonator [12].

In this paper, various characteristics, such as a small-
signal gain, oscillation thresholds, and self-mode-locked
oscillation behaviors, of a waveguide-mode free-electron
laser are reported. The pulse-train intervals of the self-
mode-locked oscillation wave forms for various experi-
ment parameters were analyzed in order to prove the ex-

istence of coupling between the different oscillation
branches through electron beams.

II. EXPERIMENTAL APPARATUS

The experimental setup is shown in Fig. 1. An electron
beam from a plasma cathode [5,13] is accelerated electro-
statically and introduced into a waveguide cavity resona-
tor through a small hole at the corner of the waveguide
oscillator. The acceleration voltage can be varied from
500 to 570 keV. The time constant of the voltage decay is
about 20 ps; thus the voltage change is about 1% for 200
ns. The wave form of the electron-beam current is not
reproducible, and the average current was varied from
about 10 to 25 A. The energy spread of this electron
beam (hE/E) has not been measured, but it is estimated
to be on the order of 0.1%, judging from the characteris-
tics of the cold relativistic electron-beam source [13],
which is the origin of the electron beam used in this ex-
periment. The number of periods of the wiggler is 20.
The adiabatic region consists of 2.5 pitches, in which the
magnetic-field strength of the wiggler (B ) gradually in-
creases. The pitch of the wiggler period (A. ) is 5 cm.
The waveguide resonator is composed of a straight
waveguide tube having two corners on both sides. Two
mirrors made of Hat copper plates are attached on both
sides of the corners. One of them has a coupling hole of
3-mm diameter to extract output power. The dimensions
of the waveguide and the length between mirrors along
the axis of the waveguide are 2.29X1.02 cm and 122
cm, respectively. A longitudinal magnetic field (Bs) of
2.1 kG is applied in order to guide the electron beam
along the axis of the waveguide.

Output power of the free-electron laser oscillation is in-
troduced into a crystal detector (1N26) through a tapered
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FIG. l. Experimental setup of the
waveguide-mode free-electron laser. I: isola-
tor; H: microwave horns; A: attenuator; D:
microwave detector (1N26 crystal diode); F:
high-pass filter.

waveguide and then through a waveguide operating as a
high-pass filter for the output signal of the free-electron
laser oscillation. The cutoff frequency of this waveguide
is 21.1 GHz. The length is 2 m, which is long enough to
enable the waveguide to operate as a high-pass filter for
signals higher than the cutoff frequency. The signal is at-
tenuated at a rate of 70 dB in order to obtain linear
operation characteristics of the crystal detection. A pair
of microwave horns was used for the electrical insulation
between the cavity resonator and the signal detection sys-
tem. The step response of the signal diagnostic system,
which is determined by the oscilloscope and the signal
cable, was measured to be 3.9 ns. The impulse response,
which is equal to the step response for a linear-response
system, is estimated to be 3.9 ns. The electron-beam den-
sity on the axis of the waveguide after transmission
through the waveguide cavity resonator, where the free-
electron laser interactions took place, was measured us-
ing Cerenkov radiation of the quartz optical fiber irradi-
ated by the electron beam. The spectral component of
410+5 nm of the Cerenkov radiation was measured by a
photomultiplier to the wave-form distortion due to the
dispersions in the optical fiber.

In case of the gain measurement, microwave power of
32 GHz was injected as a probe signal from one side of
the waveguide cavity resonator, and the electron-beam
current was adjusted to remain within the range of 10+1
A. The behavior of the electron-beam motion in the
wiggler and the small-signal gain were measured using
low-current electron beams in previous experiments
[14,15].

where f and k are the frequency and the wave number,
respectively, P is defined by P= v/c, where v is the paral-
lel velocity component of the electron beam, and k is
the wave number of the wiggler and is defined by
k =2m. /A, , where A, is the pitch length of the wiggler.
Equations (1) and (2) are drawn in Fig. 2. The experi-
mental parameters of E =526 kV, B =0.36 kG, and
B =2. 1 kG are used to draw Fig. 2.

Since the operation of the waveguide-mode free-
electron laser is defined as the coupling between the
space-charge wave and the waveguide mode, it is deter-
mined from the solutions to Eqs. (1) and (2). A pair of
solutions is obtained at the cross points in Fig. 2, which
are defined by the oscillation frequency of the upper
branch (f„) and that of the lower branch (f&). For the
experimental parameters chosen in this experiment, these
are calculated to be f„=34.4 GHz and f&

=6.81 GHz.

IV. EXPERIMENTAL RESULTS

A. Gain measurements

Small-signal gains of this free-electron laser oscillator
were measured by injecting a microwave signal of 32

III. OSCILLATION MODE ANALYSIS

2rrf =Pc (k +k ), (2)

The dispersion relation of the electromagnetic radia-
tion in the waveguide is given by

(27rf) =(ck) +(2mf, )

where f and k are the angular frequency of the elec-
tromagnetic radiation and the wave number in the
waveguide, respectively, c is the light velocity, and f, is
the cutoff frequency of the TE&0 waveguide mode, which
was calculated to be 6.55 GHz. The dispersion relation
for the space-charge wave, which is produced by the wig-
gling electron beam in the wiggler, is given by

FIG. 2. Dispersion relations of the TE&0 mode in the
waveguide cavity resonator and a space-charge wave. f„and f,
are the frequency of the upper-branch and lower-branch oscilla-
tions, respectively. f, is the cutoF frequency of the waveguide
cavity resonator. Horizontal scale is normalized by the wave
number of the wiggler.
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GHz from one side of the waveguide cavity resonator. In
this measurement, the electron-beam current was adjust-
ed to remain within the range of 10+1 A. Since the ac-
celeration voltage varies continuously, it is possible to ob-
tain gain spectra with respect to the electron-beam ener-

gy in a single shot.
Figure 3 shows a typical experimental result of the

small-signal gain measurement. Here (a) shows the
amplified (or absorbed) signal of the input microwave.
Arrows in the figure show the amplification and absorp-
tion. Figures 3(b) and 3(c) show the acceleration voltage
and the electron-beam current, respectively. The arrow
in 3(b) represents the resonance energy of the electron
beam.

Figure 4 shows the small-signal gain coe5cient per am-
pere as a function of the wiggler magnetic-field strength.
The solid line in the figure represents the best-fit line for
these data. For comparison, the small-signal gain
coefFicient for the same microwave frequency in the case
of the Compton-regime operation obtained by the same
facility is shown as a dashed line in the figure. This result
was obtained in a previous paper, using a low-current
electron beam [14]. The dashed line is the best-fit line for
the measured small gain of the Compton-regime opera-
tion. Comparing the experimental results with the
dashed line, it is easily found that the free-electron laser
operation obtained in this experiment is not in the Comp-
ton regime. The discrepancy between these two cases is
considered to be mainly due to the difference in the
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FIG. 4. Gain coefFicient per ampere for the 32-GHz mi-
crowave signal. Total electron-beam current was adjusted to
10+1 A.

electron-beam current, and shows that this experimental
system operates in a Raman regime.
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B. Oscillation threshold

Figure 5 shows typical wave forms of the output power
of the free-electron laser. Figure 5(a) shows a periodical-
ly modulated wave form, which appears occasionally and
is considered to be the self-mode-locked oscillation of a
free-electron laser [5,9—11]. Figure 5(b) shows a random-
ly modulated wave form, which is considered to be due to
interference between a few longitudinal oscillation modes
of the cavity resonator. This signal is the radiation of the
upper-branch oscillations. Since the theoretical value of
the lower-branch oscillation frequency fI is lower than
the cutoff frequency of the waveguide operating as a
high-pass filter, it is not detectable.

Figure 6 shows the oscillation thresholds as a function
of the wiggler magnetic-field strength and the electron-
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FIG. 3. Typical wave forms of the amplified (or absorbed)
microwave signal (a), acceleration voltage of the electron beam
(b), and the electron-beam current (c).
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FIG. 5. Typical wave forms of the output of the waveguide-
mode free-electron laser. (a) is a periodically modulated wave
form, which appears occasionally and is considered to be a self-
mode-locked oscillation. (b) is a randomly modulated wave
form, which is considered to appear due to the interference be-
tween a few longitudinal modes of the cavity resonator.
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FIG. 6. Threshold behavior of the free-electron laser oscilla-
tions. Error bars in the figure represent the region of the
electron-beam current where the oscillation occurred occasion-
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old of the oscillations.
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FIG. 7. Pulse-train periods of the upper-branch oscillation as
a function of the wiggler magnetic field B . The energy of the
electron beam E=524 keV. The solid line is the theoretical cal-
culations of the round-trip time in the cavity resonator using the
group velocity of the lower branch.

beam current. The error bars in the figure represent the
region of the electron-beam current in which the oscilla-
tions occasionally occurred. For a fixed wiggler
magnetic-field strength, the oscillations did not occur
when the electron-beam current fell short of the bottom
edges of the error bars. On the contrary, the oscillation
always occurred when the electron-beam current was
higher than the upper edge of the error bars. Conse-
quently, the solid line in the figure represents the thresh-
old of oscillations. This is expressed by IB =9 AkG
and is linearly proportional to the wiggler magnetic-field
strength B, which is a typical characteristic of a
Raman-type free-electron laser. It was reported that the
small-signal gain of this experimental setup was propor-
tional to the square of B for the electron-beam current
of 1 A [14], which is a typical characteristic of a
Compton-type free-electron laser. This discrepancy be-
tween these two cases can be explained by the difference
in the electron-beam current and shows that this experi-
rnental system operates in the Raman regime.

C. Periodicities of pulse trains

Figures 7 and 8 show the pulse-train period of the out-
put wave form as a function of the wiggler magnetic field
B and the energy of the electron beam E, respectively.
In the waveguide-mode oscillation, the pulse-train period
of the mode-locked oscillation corresponds to the round-
trip time of the electromagnetic radiation in the cavity
with a group velocity vg [5]. The solid lines in Figs. 7
and 8 are the theoretical calculations of the round-trip
time of the cavity resonator using the group velocity of
the lower branch. For wide ranges of B and E, the ex-
perimental data were in good agreement with the theoret-
ical calculations. The theoretical calculation of the
round-trip time for the upper branch was about 8.3 ns in
this experiment, which is approximately one-third that
for the lower branch, and was not in agreement with the
experimental results shown in Figs. 7 and 8.

The discrepancies between the theoretical and the ex-
perirnental vales for smaller B (B~ & 0.45 ko) and
higher E (E)530 keV) are considered to be due to the
fact that f&

approaches the cutoff frequency of the
waveguide cavity resonator, and the loss of the cavity in-
creases abruptly in these experimental parameter regions.

The interesting point of these experimental results is
the fact that the wave form of the upper branch is rnodu-
lated periodically with the period equal to the self-mode-
locked oscillation of the lower branch. These experimen-
tal results show that coupling exists between the elec-
tromagnetic waves of the upper-branch and the lower-
branch oscillations in the waveguide cavity resonator. It
is natural to consider that the intermediate of this cou-
pling is the electron beams.
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FIG. 8. Pulse-train periods of the upper-branch oscillation as
a function of the energy of the electron beam (E). The wiggler
magnetic field B =0.54 kG. The solid line is the theoretical
calculation of the round-trip time in the cavity resonator using
the group velocity of the lower branch.
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FIG. 9. Fourier power spectra of the oscillation wave form
(a), the current wave form of the electron beam after interaction
with the wiggler (b), and before interaction with the wiggler (c).

D. Transverse density modulation of the electron beam

V. DISCUSSION

A possible explanation for the mechanism of the cou-
pling between the upper and the lower oscillation

In this experimental setup, the relative value of the
current density of the electron beam can be measured at
the exit of the waveguide. It is expected that this value
changes when the electron beam experiences density
modulation in the transverse direction.

In order to demonstrate the existence of interactions
between the electron beam and the electromagnetic radia-
tion of the lower-branch oscillations, Fourier power spec-
tra of the oscillation wave form having periodical pulse
trains were compared with those of the wave forms of the
electron-beam current density measured on the axis of
the waveguide after interaction with the wiggler and the
total current measured before interaction with the
wiggler. These are shown in Fig. 9. In the Fourier power
spectra of the current density of the electron beam mea-
sured on the axis of the waveguide, a peak corresponding
to the frequency of periodicity of the output wave form
can be clearly seen. On the other hand, the correspond-
ing peak cannot be seen in the Fourier power spectra of
the total current wave form of the electron beam, which
was measured at the entrance of the waveguide. These
experimental results indicate the existence of the density
modulation of the electron beam in the transverse direc-
tion by the electromagnetic radiation of the lower-branch
oscillation.

branches through the electron beams is discussed below.
Because of the high gain and high Q value of the cavity

of the lower branch, oscillations of the lower branch can
be easily initiated in the waveguide cavity resonator, but
cannot be extracted from the cavity due to the small cou-
pling hole. When self-mode-locked oscillation of the
lower branch occurs, the interaction between the electron
beam and the electromagnetic radiation of the lower
branch is the strongest at the peak of the mode-locked
wave form. Bunching of the electron beam occurs in the
region where the interaction takes place. In this bunched
region of the electron beam, it is difficult for the electron
beam to have a gain in the upper branch, because the
wavelength in the waveguide of the lower-branch oscilla-
tion is about 18 times larger than that of the upper-
branch oscillation. On the contrary, in the region be-
tween two adjacent peaks of the mode-locked oscillations,
the interaction between the electromagnetic radiation of
the lower branch and the electron beam is weak. At the
center of two adjacent peaks of the mode-locked oscilla-
tion, the strength of the electromagnetic field becomes
zero and bunching of the electron beam by the lower-
branch oscillation no longer occurs. Therefore it is easier
for the upper branch to have the gain in this region com-
pared with the region where the electron beam is already
bunched by the periods of the wavelength of the lower-
branch oscillation. Consequently, the gain for the upper
branch is modulated periodically by the period of the
mode-locked oscillation of the lower branch. This tem-
poral gain modulation of the upper branch, which is con-
sidered to be caused by the self-mode-locked oscillation
on the lower branch, is one of the possible explanations
for the phenomenon observed in this experiment.

In this experiment, the round-trip time for the lower-
branch oscillation happened to be an integral multiple of
that for the upper-branch oscillation. Therefore it is pos-
sible to consider that the electromagnetic radiation of the
upper-branch oscillation obtains a gain every three
round-trips in the cavity resonator without slippage.
This condition is essential for growth of the self-mode-
locked oscillations in the upper branch.

VI. CONCLUSIONS

In conclusion, various characteristics, such as the
small-signal gain, oscillation threshold, and self-mode-
locked oscillation behavior, of a waveguide-mode free-
electron laser using a long-pulse relativistic electron beam
have been described. Through analysis of the periodici-
ties of the self-mode-locked oscillation waveforms, cou-
pling between different oscillation branches of a
waveguide-mode free-electron laser was found. It was
observed that the wave form of the upper-branch oscilla-
tion of a waveguide-mode free-electron laser was modu-
lated by the period of the mode-locked oscillation of the
lower-branch oscillation over a wide range of operation
parameters. This phenomenon was explained to be the
temporally periodical modulation of the gain of the upper
branch by the electromagnetic radiation of the lower-
branch oscillation through the electron beam.
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