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Pronounced electron-beam bunching and high-power emission at 3 GHz have been observed
35-GHz free-electron-laser (FEL) experiment at CEA/CESTA. It corresponds to the low-frequen
resonance of the FEL which appears in addition to the high-frequency resonance when a wavegu
used. The dependence of the bunching on length (in the wiggler) and time (in the pulse) shows
the spontaneously generated low-frequency mode comes to dominate the high-frequency injected
at long distances and late times. [S0031-9007(97)04542-0]
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An interesting utilization of high-power microwave free
electron lasers (FEL) is to furnish an intense bunche
electron beam which could serve as the drive beam
a two beam accelerator [1]. We are examining th
possibility both for the CLIC project at CERN [2] and
the RK-TBA project at LBNL [3]. Results which showed
a bunched beam of 150 A above a steady current
450 A were obtained, and have been reported [4,5]. T
beam energy was 2.2 MeV, and the bunching was
the FEL frequencyf1 ­ 35 GHz. In a continuing effort
to improve the performance of our experiment we hav
redesigned certain features. With our new setup, a grea
increased current with better beam bunching has be
observed. In the course of this round of experiment
we observed a remarkable phenomenon: the existen
of extremely strong bunching at the lower resonant FE
frequencyf2 ­ 2.95 GHz.

Our experiment is similar to several other microwav
FELs, which operate in the frequency range (10
250 GHz) [6,7]. They generally use intense electro
beams (0.1 to 1 kA) of moderate energy (from 0.5 t
a few MeV) to amplify either an external electromag
netic (EM) signal (i.e., amplifier mode) or the sho
noise from spontaneous emission in the so-called se
amplified-spontaneous-emission (SASE) mode [8]. In th
microwave regime a waveguide is needed to conta
the EM wave being amplified. The waveguide is als
the vacuum tube in which the beam propagates and
geometry depends on the wiggler type, rectangular f
planar wigglers or cylindrical for helical ones. When a
waveguide is present the FEL resonance occurs at
intersections of two dispersion curves. The first is th
waveguide mode given by

v2 ­ k2c2 1 v2
co ,

which relates the pulsationv and wave numberk of
the EM wave,c is the speed of light, andvco is the
cutoff frequency of the corresponding mode. The secon
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expresses the resonance condition between the wave
the beam,

v ­ csk 1 kwdbz ,

wherekw ­ 2pylw is the wiggler wave number,lw is
the wiggler period, andbz ­ yzyc is the normalized axial
velocity of the electron beam. We have neglected plasm
frequency effects for simplicity. These curves are show
in Fig. 1. The solutions are given by

v6 ­ bzckwg2
z

Ω
1 6 bz

∑
1 2

µ
vco

ckwbzgz

∂2∏1y2æ
.

When the two roots are equal one speaks of grazi
incidence (case 1 in Fig. 1), and some experiments ha
been performed at this limit [9]. Most experiments hav
been designed so that the frequenciesv1 and v2 were

FIG. 1. Illustration of operating frequencies for a FEL in a
waveguide assuming a single mode of cutoff frequencyvco.
Corresponding to different choices of the FEL parameters, thr
different possibilities are drawn: (1) grazing incidencev1 ­
v2, (2) both frequencies well above cutoff, (3) our situation
with v2 ø vco.
© 1997 The American Physical Society 3905
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distinct with both well above cutoff (case 2 in Fig. 1
and usually the operating frequency was chosen to bev1

[10–14]. A notable exception is the well-known revers
field amplifier experiment of Conde and Bekefi at MIT
who injected atf2 ­ 33.4 GHz, compared to a cutof
of 17.2 GHz [15]. As an illustration of case 3, with th
lower frequency close to cutoff, one may cite the sup
radiant experiment performed by Fajanset al. [16]. Our
experimental parameters also correspond to case 3, wit
injected frequency off1 ­ 35 GHz and wheref2 is very
near 2.85 GHz, which is the cutoff of the fundamental TE11

mode. This mode propagates in the forward directio
We present in this Letter results obtained in an amplifi
configuration, in which high power is generated at t
injected frequency, and still more power at the low
frequency. In addition to the expected beam bunching
high frequency, we observe even greater bunching at
lower. While the parasitic excitation of the second FE
frequency has been observed previously [14,16,17], to
best of our knowledge, the size of the effects we obse
has not been anticipated in the literature.

A schematic of our experiment is shown in Fig. 2. O
induction linac LELIA delivers a 1 kA electron beam o
energy 2.2 MeV. This beam is injected into a 12-cm
period helical wiggler fed by a capacitor discharge. Thr
solenoidal magnets are used to transport the beam f
the accelerator to the wiggler, and the last of these
length 25 cm and a maximum field of 0.08 T is plac
6 cm downstream from the entrance to the wiggler.
axial guide field is employed, since the wiggler fie
provides sufficient focusing to maintain the beam. T
beam adiabatically gains transverse momentum in pas

FIG. 2. Free electron laser and setup for bunching meas
ment. The induction accelerator is off image at left.
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through the first six periods of the 312-cm-long wiggler
where the magnetic fieldBw increases from zero to its
desired value. Inside the wiggler the beam amplifie
a 35 GHz EM wave propagating in the TE11 mode of
the cylindrical waveguide. The signal is generated by
magnetron which injects up to 10 kW into the waveguide
The high-frequency FEL power is measured as usual
microwave lines that were calibrated using the well-know
magnetron output signal. One major difference with ou
previous experiment [5] is an increase of the radius
the beam pipe from 1.95 to 3.05 cm. We also modifie
the adjustments of the last guiding coils of the transpo
line, with the aim of increasing the current entering th
FEL. Consequently, the current propagating through th
wiggler has increased to 800 A compared to the 450
we had before. With the parameters listed above, t
resonance of the FEL at 35 GHz occurs atBw ­ 1100 G.
The maximum FEL power we measure is 80 MW, and th
corresponding energy extraction efficiency is 4.5%, whic
is 4 times that of our previous experiment. The frequenci
of both the FEL output and the input signal delivered b
the magnetron have been measured, and they have the s
value 35.04 GHz.

The bunching of the electrons was observed by cau
ing the beam to strike a 2-mm-thick fused silica targe
producing thereby Cerenkov radiation at visible wave
lengths. The target could be moved under vacuum, there
allowing us to observe the bunching at any desired p
sition along the axis. The optical setup consists of
telescope that collects the Cerenkov light, and focus
it either onto a beam position camera or onto a high
resolution streak camera, as shown in Fig. 2. The swe
speed of the streak camera could be chosen among
set of nominal values in the interval 10 to 1000 psymm,
although we typically used 25 and 50 psymm. The width
of the camera slit was chosen to be 0.2 mm in order
optimize the resolution at these latter sweep speeds.
varying the trigger delay of the camera, we could stud
the bunching as a function of the time in the beam puls
In this way we are able to scan the beam throughout t
whole FEL pulse, using a series of shots to get a comple
picture. We thus have the capacity to observe the bunc
ing as a function of both distance along the wiggler ax
and time.

Optical measurements of bunching are displayed
Fig. 3. At the top are the direct streak camera image
whereas the curves beneath each picture show the co
sponding beam current profile as a function of time. The
represent a digitized representation of the images, af
averaging in the transverse direction, and subtracting t
off-beam background. We see in Fig. 3(a) (period 19) th
bunching at 35 GHz, as expected. Here, the sweep spe
of the streak tube is 25 psymm so that we are analyz-
ing a 419-ps-long slice at the beginning of the 40-ns-lon
electron beam. If one defines the radio-frequency curre
Irf to be the ratio of the Fourier coefficient at 35 GHz
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divided by the value of the average we findIrf ­ 0.5.
This value is 3 times higher than in our previous expe
ment [5]. While studying this 35 GHz bunching as
function of both position and time, we discovered the lo
frequency FEL mode at approximately 3 GHz in comp
tition with the main high-frequency mode. Both frequen
cies are clearly visible in Fig. 3(b) (period 22), that ha
been obtained using a nominal sweep speed of 50 psymm
corresponding to a 920 ps time interval. This photogra
was taken about 15 ns later in the beam pulse than the p
ceeding one. The competition only appears towards
end of the FEL interaction region where the FEL powe
at 35 GHz has nearly reached its maximum value. T
bunching at 3 GHz increases in relative importance bo
as a function of time in the pulse and as a function
distance in the wiggler. Indeed, we found that at the e
of the wiggler and near the end of the beam pulse, t
bunching occurs only at 3 GHz. It is remarkably shar
as may be seen in Fig. 3(c) (period 23), taken appro
mately 15 ns later than Fig. 3(b). The Fourier spectru
of the corresponding beam profile has a very rich ha
monic content, extending clearly to the tenth harmon
Therefore, we prefer to use a compression factor to qu
titatively characterize this bunching. It is defined as th
ratio of the maximum intensity divided by the averag
value, and for well-chosen positions and times, compre
sion factors between 5 and 8 were obtained. It means t
we have obtained narrow bunches, typically 50 ps, with
peak current of approximately 5 kA (250 nC).

Using the currentIrf to characterize the bunching
at 35 GHz, and the compression factor to measure
bunching at 3 GHz, we have made two rough conto
maps in the two dimension space of axial position (
represented by the wiggler period number) and time in t
pulse. These maps are displayed in Figs. 4(a) and 4(
respectively. The former clearly shows that the hig
frequency bunching is greatest between wiggler perio
19 and 20. Beyond these periods, a zone of competit
appears with the upper frequency losing importance
sitions in
(b), and,
FIG. 3. Streak camera images of bunched electron beam and the corresponding digitized representations at different po
space and time. Bunching appears first at the upper frequency of 35 GHz in (a), then at both upper and lower frequencies
finally, strong bunching is seen only at the lower frequency 3 GHz.
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time in the pulse increases. This competition ends wi
the dominance of the bunching at the lower frequenc
around period 23 and the disappearance at the high
frequency at the end of the pulse, as is evident in Fig. 3(
and Fig. 4(b).

In order to check whether this strong bunching co
responds to appreciable microwave emission at 3 GH
we have performed additional measurements usingS-band
hardware suited to this frequency. We thereby measur
300 6 100 MW of FEL power. The large error on the
power measurement is caused by our not disposing o
well-calibrated source like our 35 GHz magnetron. How
ever, the frequency is determined with fair precision by
heterodyne method to be2.95 6 0.05 GHz. This is con-
sistent with the frequency obtained by a fast fourier tran
form analysis of the bunching measurements.

Among the results of this experiment, we note th
substantial improvement of the FEL output power (from
10 to 80 MW) and the bunching at 35 GHz (Irf increased
from 0.18 to 0.5), compared to our earlier results. Muc
of this is undoubtedly due to the increased current an
improved beam transport, the latter being facilitated b
our larger beam-tube radius. In terms of our primary aim
the study of a FEL as a source for an intense bunch
electron beam, our results represent genuine progre
The next step, currently under preparation, is to inject o
bunched beam at 35 GHz into a suitable resonant cavi
in order to study the power generated.

The major result of this experiment is the observatio
of quite pronounced bunching at the lower resonant FE
frequency f2. To the best of our knowledge, this is
the first time behavior of such magnitude has been see
We note that in our previous experiment no evidenc
for bunching at the lower frequency was visible. In tha
experiment, the smaller waveguide radius corresponds
a cutoff frequency of 4.6 GHz. Upon reexamining ou
data we see no bunching near that frequency. We no
two major differences between our present and earli
experiments. In the latter the beam current was on
3907
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FIG. 4. Intensity of bunching as a function of interaction
length and of time in beam pulse. (a) The currentIrf at
35 GHz. (b) The compression factor (defined in text) for th
bunching at 3 GHz.

half that of our present version, and the output pow
was much less. One may imagine that some sort
threshold effect is involved, depending either on th
beam current or the output power at 35 GHz, or bot
Two possibilities come to mind, a SASE effect which
is sensitive only to the beam current, or, conversely,
cooperative effect in which energy is transferred from th
beam bunched at 35 GHz to the EM wave at 3 GH
One may also conjecture that a particular ratio of th
frequencies might favor the appearance of high outp
power and strong bunching at the lower frequency. Mo
experimental work is needed to provide understanding
this remarkable effect. In conclusion, we point out tha
the bunching we observe at the lower FEL frequency
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much sharper that at the upper frequency, despite the f
that the microwave power levels are of similar magnitude
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