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Using prebunched electrons of 35 MeV from a linear accelerator, we have constructed a new
of free electron laser (FEL) which has a quasicontinuous spectrum in the millimeter wave region.
FEL consists of an open resonator and a bending magnet. Wave packets of coherent radiatio
electron bunches are stored in the resonator to stimulate the radiation from the following bun
The accumulated radiation is composed of overtones of the radio frequency of the accelerator
quasicontinuously distributed over a wide region. By tuning the resonator, either all overtones or
of them are amplified. [S0031-9007(97)02867-6]

PACS numbers: 41.60.Cr
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The spectroscopic research requires a light sou
which covers a wide spectral region. The free elect
laser (FEL) is one of such sources [1]. In the millime
and submillimeter wave regions, the FEL is developed
an intense and tunable monochromatic source by m
researchers using an undulator [2–6]. The freque
of the output radiation is tuned by changing the ene
of electrons or by changing the magnetic field of t
undulator. In most cases, however, the tunable ra
of radiation is limited. The intense radiation of th
FEL is due to the coherent radiation from the bunch
electrons [7].

Also, from the bunch of electrons in an accelerat
coherent radiation is emitted in the spectral region wh
the wavelength is longer than the size of the bun
[8,9]. Recently, observations of coherent synchrotr
and coherent transition radiation in the millimeter wa
region were made by short-bunched electrons from lin
accelerators [10–14].

The coherent radiation from an electron bunch ha
continuous spectrum, and its energy spectrumW sld is
expressed as [11,14–16]

W sld  N2wsldfsld

 N2wsld
Ç Z

Ssxdeik?xdx
Ç2

, (1)

where wsld is the radiation energy emitted from on
electron, andN is the number of electrons in the bunc
The bunch form factorfsld for the radiation with
wave vectork is the Fourier transform of the densit
distribution functionSsxd of the electrons in the bunch
Since N is a large number, the intensity of cohere
radiation is enormously enhanced in comparison with
ordinary incoherent radiation,Nwsld.
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From the linear accelerator, the bunches of electrons
successively ejected at the interval of the radio freque
(RF) of acceleration. It has been shown experimenta
that all wave packets generated from the success
bunches have the same form, and they interfere cohere
with each other [17]. Consequently, the radiation ha
quasicontinuous spectrum composed of a series of
spectra whose frequencies are higher harmonics of the
of the accelerator.

In this Letter we report on a broadband FEL by cohe
ent synchrotron radiation in the millimeter wave regio
from the bunched electrons of the linear accelerator. W
an open cavity which is resonant with the RF, the wa
packet of the coherent radiation was superposed on
subsequent bunches to stimulate emission of the radia
Recently, a similar trial has been reported for transiti
radiation [18]. In the present experiment, amplificatio
of the radiation of the quasicontinuous spectrum has b
observed over a wide range in the millimeter wave regi

The experimental setup is schematically shown
Fig. 1. An electron beam of the energy 35 MeV gene
ted by the L-band linear accelerator of the Resear
Reactor Institute, Kyoto University, was guided to a
open resonator with the two mirrors M1 and M2 whic
are shown in the inset of Fig. 1. A magnetic field of 80
was applied to the electron beam with the bending mag
BM. The beam crossed the mirror M1 with the incide
anglea  1yg, whereg is the Lorentz factor, and passe
along a circular orbit in the magnetic field and left th
resonator with the anglea from the optical axis of the
resonator [19]. The orbital radius of the beam was 14.6
and the critical wavelength of synchrotron radiation w
190 mm.

The mirror M1 of the resonator was a plane mirr
of aluminum foil 15 mm thick and 95 mm in diameter
© 1997 The American Physical Society
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FIG. 1. Schematic layout of the experiment. BM: bendi
magnet; W1, W2: titanium windows; W3: aluminum window
M3, M5: plane mirrors; M4: spherical mirror; WT: water tan
(beam catcher); CW: concrete wall. The inset shows the o
cavity composed of the mirror M1 of Al foil and the mirror M2
of a fused quartz whose central part of 20 mm in diamete
transparent. The trajectory of the electron beam is shown
the thin solid curve.

while M2 was a concave mirror of aluminum coate
fused quartz 128 mm in diameter, and its focal length w
1200 mm. The central part (20 mm in diameter) of t
mirror M2 was not coated, and the radiation genera
in the resonator was extracted through the transpa
part. The distance between the mirrors M1 and M2 w
variable around 691 mm.

The conditions of the electron beam were as follow
The RF was 1300.8 MHz, and the energy and the ene
spread were 35 MeV and 7%. The duration of a pulse w
1.9 ms, and the repetition of the pulse was 13 Hz. T
average beam current was6 mA. Hence the one pulse
was composed of about 2500 bunches, and the ave
number of electrons in the bunch was1.1 3 109. The
distance between the successive bunches was 230.47
The transverse cross section of the beam was circular
its diameter, or the full width at half maximum (FWHM
of the transverse distribution of electrons, was 8 mm
the position of the mirror M1. The beam emittance w
80 mm mrad. It has been confirmed that this beam em
coherent synchrotron radiation in the millimeter wa
region [12].

The radiation from the open resonator was reflected
the plane mirror M3 of an aluminum coated fused qua
to a far-infrared spectrometer of the grating type, a
the radiation was detected by a liquid-helium-cooled
bolometer.

The solid curve in Fig. 2 shows the variation o
the intensity with the cavity lengthL of the resonator
measured at the wavelengthl of 2.30 mm, the 100th
harmonic of the RF. The curve shows a periodic struct
with the period ofly2. Each structure has a main pea
and a few subpeaks. The main peak was confirmed to
related to synchrotron radiation, and the secondary p
is related to transition radiation, as described below. T
main peaks show the maximum at the resonant position
g
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FIG. 2. Detuning curve of the intensity with the cavity lengt
observed atl  2.30 mm. The dotted curve shows the resu
obtained on the condition that the mirror M2 is tilted by 2±

from the optimum direction. The dashed curve is the calcula
envelope of the peaks withQ  30.

the cavity length, whereL is considered to be three time
the RF wavelength, 691.4 mm.

When the mirror M2 was tilted by 2± from the optimum
condition to make the resonator ineffective, stimulation
emission disappeared. The dotted curve in Fig. 2 sho
the variation of the intensity thus obtained. Compar
with the intensity of the tilted resonator, the intensity
the maximum peak was enhanced by a factor of about

These results show that the wave packets of coher
synchrotron radiation generated from bunches circul
around the resonator, and stimulate emission from
subsequent bunch.

Such a cyclic process stabilizes after a characteris
time of the resonatorQLypc, whereQ is the quality factor
of the resonator. At the stabilized stage, the energy sto
in the resonator by a pulse composed ofNb bunches may
be expressed as [20]

Wpulse  Nblb

X
m

W 0slmdgslm, Q, Ldym2, (2)

gsl, Q, Ld  f1 2 2 coss4pLyld exps22pyQd

1 exps24pyQdg21, (3)

wherelb is the distance between the successive bunch
230.47 mm, andW 0sld is the intensity of stimulated
radiation from a single bunch. The intensityW 0sld
is proportional to W sld of Eq. (1), if the effect of
the change of spectrum due to the optical modes in
resonator is negligible. The radiation emitted from th
successive bunches results in the harmonics of the RF
the accelerator, and the wavelength of themth harmonic
2741
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lm is lbym. The harmonic is resonant with the cavi
when the following condition is satisfied:

lm  lbym  2Lyn , (4)

wherem andn are integers.
The observed envelope of the main peaks and of

linewidth of the maximum peak atL  691.4 mm in
Fig. 2 are explained well by Eq. (2) with the quality fact
Q of 30. The dashed curve in Fig. 2 shows the calcula
envelope.

At the maximum peak of the resonant position in Fig.
the lengthL is 3lb . Therefore, the whole overtones of th
RF with m  1, 2, 3, . . . , satisfy the resonant conditio
of Eq. (4) with n  6m. The spectrum observed at th
whole resonance of the entire overtones is shown by
solid curve in the upper part of Fig. 3: It has be
observed as a continuous spectrum, since the resol
power of the spectrometerslyDld is 40 atl  2 mm and
is too low to resolve each component of the overtones

We observed spectra by changing the cavity len
from the whole resonance to the lengthL  690.8 mm
(marked by an arrowa in Fig. 2) and toL  698.3 mm

FIG. 3. (a) Spectrum observed at the whole resonance,
the on-resonance condition (solid curve) for the whole harm
nics. The dashed curve shows the spectrum at an off-reson
condition shown by the arrowa in Fig. 2. (b) Spectrum
observed at a selectively resonant condition for particu
harmonics with the cavity length shown by the arrowb
in Fig. 2. The dashed curve shows the same off-resona
spectrum as in the upper figure (a).
2742
he

r
ed

,

he
n
ing

th

.e.,
o-
nce

ar

ce

(arrow b). At L  690.8 mm, the intensity in Fig. 2
shows a minimum.

The observed spectrum forL  690.8 mm is shown by
the dashed curve in Fig. 3(a). In this case, the overton
of the RF satisfies the resonance condition only atl 
0.7 mm, which is outside the observation. The spect
intensity of the solid curve of the whole resonance
higher by about an order of magnitude than the dash
curve in the wavelength regionl . 1.8 mm.

For the cavity length of 698.3 mm, where the intensi
in Fig. 2 has a local maximum, the observed spectru
is shown by the solid curve in Fig. 3(b). The spectru
has a periodic structure and particular overtones are
lectively amplified. For the cavity length of 698.3 mm
the resonance should occur selectively when the overto
of the RF tune to the resonant cavity satisfying the co
dition of Eq. (4), 230.47ym  2Lyn, with two integers
m and n. The peaks in Fig. 3(b) are seen, for examp
at wavelengths 2.78 mmsm  83, n  503d, 2.30 mm
(100, 606), 1.97 mm (117, 709), and 1.73 mm (133, 80
as expected.

The main peak in Fig. 2 was confirmed to be due
synchrotron radiation from the following observation
Firstly, the main peak at the cavity lengthL  691.4 mm
was polarized in the orbital plane of the beam and t
degree of polarization defined bysIk 2 I'dysIk 1 I'd
was 0.25, whereIk andI' are horizontally and vertically
polarized components of the radiation. Secondly, t
intensity of the maximum peak was observed to decre
with the decrease of the magnetic field. The closed circ
in Fig. 4 show the variation of the peak intensity a
l  2.3 mm.

According to the theory of undulator radiation, th
output energy of the undulator is proportional toK2ys1 1

K2d, where K is the undulator parameter defined b

FIG. 4. Dependence of the intensity of the main peak on t
magnetic field. Closed circles show the experimental res
and the solid curve is the calculated intensity of a half-peri
undulator radiation in an arbitrary unit.
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K  eBdy2pmec2, B andd being the magnetic field and
the periodic length of the undulator, respectively [19].
the present case, the period is one-half, andd is taken
as twice the length of the bending magnet,d  100 cm.
The dependence of the value of the functionK2ys1 1 K2d
on the magnetic field is shown in Fig. 4 in arbitrary uni
by the solid curve. This curve is shifted upward b
the amount of the residual intensity which was observ
without the magnetic field. The experimental dependen
of the intensity on the magnetic field is in good agreeme
with the theory.

The intensity of the secondary peak in Fig. 2 depend
little on the magnetic field, and the degree of polarizatio
of the secondary peak was nearly zero. Hence
consider that the secondary peak, as well as the resid
intensity of the main peak without the magnetic field,
related to transition radiation emitted from the electro
passing through the mirrors of the resonator. A study
the process of the stimulation of the transition radiatio
is under way in connection with the optical modes in th
resonator.

The shape of the spectrum shown by the solid cur
in Fig. 3(a) has a rough resemblance to that of coher
synchrotron radiation expressed by Eq. (1) and observ
previously [12]. However, it has some structure such
broad peaks atl  1.2 and 2.2 mm, and these are to b
studied further also in connection with the optical mod
in the resonator.

The total output power of the radiation integrate
over the observed region was evaluated to be52 mW.
Hence the radiation energy was4 mJ per pulse which
was composed of 2500 bunches. The spot size of
radiation stored in the cavity was estimated to be 66 m
in diameter atl  2.3 mm at the position of the mirror
M2. Therefore the energy of the radiation in the cavi
was estimated to be about45 mJ per pulse from the size of
the output window. The radiation power will be increase
by an order of magnitude or more, if we improve th
experimental conditions such as operational conditions
the beam and the parameters of the resonator.
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In conclusion, it has been shown that effective am
plification of coherent synchrotron radiation from th
short-bunched electrons occurs. The radiation of the p
bunched FEL has the quasicontinuous spectrum. Furth
more, when the cavity length is varied, we can select oth
spectra of radiation as shown in Fig. 3. The principle
the operation is applicable to any wavelength region, a
the prebunched FEL will be a useful light source becau
of its broad spectrum.

We thank T. Tsutaya of RISM, K. Takami and th
staff of RRIKU for their technical support and assistanc
during the experiment.
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