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Observation of coherent Smith-Purcell radiation from short-bunched electrons
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Coherent Smith-Purcell radiation, generated by the passage of short-bunched electrons of relativistic energy
of 42 MeV above the surface of a metallic grating, has been observed in the wavelength region from 0.5 to 4.0
mm. The intensity of the radiation is proportional to the square of the beam current. The intensity at A=2.5
mm is enhanced by several orders of magnitude compared with the incoherent radiation. It is found that the
intensity decreases proportionally to the square of the modified Bessel function [K(27h/X 8y)]?, as the beam

height 4 from the surface of the grating increases.
PACS number(s): 41.60.—m, 41.75.Ht

It was predicted by Frank [1] in 1942 and by Salisbury [2]
in 1949 that electromagnetic waves would be emitted by a
charged particle moving near a metallic diffraction grating.
In 1953, Smith and Purcell [3] performed an experimental
study on radiation from the electron-grating interaction.
Since then, several experimental investigations [4—12] have
been carried out in which spontaneous and stimulated radia-
tion has been generated over a wide spectral range by a low-
energy electron beam. Recently, Doucas et al. [13] reported
the observation of Smith-Purcell radiation (SPR) in the far
infrared using the relativistic electrons of energy 3.6 MeV
from a Van de Graaff accelerator.

The dispersion relation of the SPR is
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where \ is the wavelength of the radiation, d is the grating
period, B is the ratio ‘of the velocity of electrons to the light
velocity in vacuum, and @ is the angle between the electron
trajectory and the radiation.

When the electrons are bunched, the radiation from indi-
vidual electrons in a bunch adds coherently in the spectral
region where the wavelength is comparable to or longer than
the longitudinal length of the bunch. Recently, coherent syn-
chrotron radiation [14—18] and coherent transition radiation
[17,19-21] generated by relativistic electrons in short
bunches have been reported. The investigations of this coher-
ent radiation have clarified that the intensity of coherent ra-
diation is proportional to the square of electron beam current
and an enhancement of the intensity by a factor N occurs
compared with the incoherent radiation, where N is the num-
ber of electrons in a bunch. The advantage of coherent radia-
tion is that we can generate intense radiation by a beam of a
low average current.

According to a theoretical study by Toraldo di Francia
[22], the intensity of the SPR, U, depends exponentially on
the beam height 4 (see the inset of Fig. 1)
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where y=1/(1— ?)2 is the Lorentz factor.

In the case of a low-energy electron beam (B8<1 and
v~1), we have to pass the beam extremely close to a sur-
face of the grating, since the intensity U decreases sharply
with increasing beam height 4. Hence the observation of the
dependence of the emission intensity on the beam height is
extremely difficult.

The theoretical relation of Eq. (2) shows that, in the case
of relativistic electron (8~1 and y>1), the intensity U
decreases slowly with the increase of the height 4. This de-
pendence is due to the fact that the electric field is increased
by a factor vy compared with the static field in the direction
perpendicular to the direction of motion. The advantage of
using the relativistic electrons is that we can use a beam of
large cross section, because of the extension of the interac-
tion range by the factor .

In the present work, we report the experimental observa-
tion of the coherent SPR generated by short bunches of rela-
tivistic electrons. We compare the experiment with the theo-
retical relation of Eq. (2). The electron bunches were
produced by the L-band electron linear accelerator of the
Research Reactor Institute, Kyoto University. The accelerat-
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FIG. 1. Schematic diagram of the experimental setup. W: tita-
nium window (thickness of 20 um); M1, M3, MS5: plane mirrors;
M2, M4: spherical mirrors; e : 42 MeV electron beam; D:
evacuated chamber; E: Ecosorb AN72 (a radio wave absorber); C:
beam collimator; G: metallic grating; #: emission angle; A4: beam
height; WT: water tank.
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FIG. 2. Dependence of the coherent SPR intensity on the emis-
sion angle 6. The intensity was measured with the 42 MeV short-
bunched electron beam passing over a 6 mm period grating at the
wavelengths 2.0, 2.5, and 3.0 mm.

ing rf, the energy of electrons, and the energy spread were
1300 MHz, 42 MeV, and 17%, respectively. A duration of a
macropulse, or a train of the bunches, was 33 ns and its
repetition was 55 pulses/s.

The intensity of the coherent radiation is determined by a
bunch shape. The longitudinal bunch shape was observed by
a streak camera (Hamamatsu C2909). The bunch length in
full width at half maximum (FWHM) was about 56 ps (16.8
mm). The bunch length was estimated also from the obser-
vation of coherent transition radiation in the wavelength
range from 0.7 to 5.0 mm and the FWHM of about 15 mm
was obtained in good agreement with the result of the streak
camera. The results indicate that coherent SPR from the
bunch should be observable in the longer wavelength region
than 0.5 mm [17,20].

A schematic diagram of the experimental setup is shown
in Fig. 1. The inset is to show the definition of the beam
height . The electron beam generated by the linac enters an
evacuated chamber D through a titanium window W. It
passes through the beam collimator C which has a rectangu-
lar hole of 10X12 mm? in section, 120 mm in length, and
passes close to the surface of the metallic grating G. The
beam is finally dumped into a water tank, WT.

The beam current was estimated from the charges col-
lected on the water tank. The average current was typically
as low as 1.5 pA, and hence the average number N of elec-
trons in a bunch was 4.0X 10°.

SPR emitted in the direction # was reflected by the mir-
rors M1, M2, and M3 as shown in Fig. 1. It was collected
by a spherical mirror M4 which had an acceptance angle of
100 mrad, and was led to the grating-type spectrometer by a
plane mirror M5. To change the angle 6, the plane mirror
M1 was slid along a guide and was rotated simultaneously.
The optical axis was kept always constant by a mechanism
over a range of the angle 6 from 20° to 113°. The far-infrared
spectrometer with a liquid-He-cooled Si bolometer covered
the wavelength from 0.1 to 4.0 mm.

Three gratings with 6, 4, and 2 mm period were used as a
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FIG. 3. Dependence of the emission angle of coherent SPR in-
tensity on wavelength for 2, 4, and 6 mm period gratings. Squares,
crosses, circles, and triangles show measured values.

radiator. The grating was made of aluminum with a rectan-
gular profile of 1 mm in depth and 30 mm in width. The
whole width of the grating along the beam was about 12 cm.
The beam height # was variable from 0 to 31 mm.

The angular distribution of the radiation was measured by
changing the angle 6. Typical results obtained with the grat-
ing of the 6 mm period at wavelengths of 2.0, 2.5, and 3.0
mm are shown in Fig. 2. In the figure, a principal peak and
several weak peaks are seen at each wavelength. The angle
of the principal peak at each wavelength in Fig. 2 agrees very
well with the angle @ calculated from Eq. (1). The experi-
mental results by the three gratings and curves calculated by
Eq. (1) are compared in Fig. 3 with satisfactory agreement.
There is no doubt that the observed emission is Smith-
Purcell radiation. The weak peaks in Fig. 2 are not the
higher-order harmonics and they are probably subsidiary dif-
fraction peaks by the grating. When the grating was replaced
with a flat aluminum plane, no peak was recorded.

A spectrum at fixed angle () at 70° was measured using
the 4 mm period grating of 20 grooves. A sharp peak at a
wavelength of 2.68 mm was observed. The FWHM was
about 0.21 mm, which was wider than the bandwidth (0.06
mm) of the spectrometer.

An observed dependence of -the SPR intensity on the
beam current is shown in Fig. 4 for the wavelength of 2.5
mm. The current was varied by changing the grid voltage of
the gun pulser of the linac. The solid line shows a quadratic
dependence of the SPR intensity on the beam current and it
is in good agreement with the observation (circles). The qua-
dratic dependence is clear evidence for coherent radiation
from the bunched electrons.

The intensity of the principal peaks in Fig. 2 is of com-
parable order of magnitude to those of coherent synchrotron
radiation [17] and of coherent transition radiation [20] from
the electron beam of the same average current. The intensity
of the peak at A=2.5 mm is 2.7x 10'® photons/[s(1% band-
width)]. It is difficult to calculate the intensity of incoherent
SPR in the actual situations. Assuming an ideal radiation
process of the highest efficiency, the intensity of incoherent
SPR is estimated by the theory of di Francia using Eq. (49)
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FIG. 5. Dependence of the intensity of coherent SPR on the
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FIG. 4. Dependence of the SPR intensity on the beam current.
The solid line represents a square dependence.

of Ref. [22] of 9X10° photons/[s(1% bandwidth)]. Com-
pared with this value, the one observed in Fig. 2 is enhanced
by a factor 3X 107, This value of the factor of enhancement
is smaller than the number of electrons in the bunch
(N=4.0x10°) and the enhancement is not complete at
A =2.5 mm because of the longer length of the bunch. Simi-
lar results of the enhancement have been observed for syn-
chrotron radiation [17] and transition radiation [20].

The dependence of the intensity of SPR on the beam
height was observed at the wavelength of 2.5 mm with the 6
mm period grating. The result is shown by the open circles in
Fig. 5, where the beam height stands for the distance be-
tween the center of the beam and the grating surface. In the
figure, the theoretical relation of the exponential dependence
of Eq. (2) is shown by the dashed curve. The observed in-
tensity increases more rapidly than the exponential curve as
the beam height decreases. For the beam height £ larger than
about 20 mm, the theoretical curve is in agreement with the
present experiment. The dependence at the smaller value of
h, however, is not in agreement with the theory of di Fran-
cia.

According to the two dimensional theory of SPR [23],
where the source is considered to be a charged wire, the
intensity is predicted to decrease exponentially with the
beam height as given by Eq. (2). However, applying a three
dimensional theory to SPR of the configuration of the present
experiment, we can deduce that the relation between the in-
tensity and the beam height is expressed as follows:

beam height. Open circles show the dependence observed at the
wavelength of 2.5 mm. The solid and dashed curves are the theo-
retical function of the modified Bessel function of Eq. (3) and of the
exponential function of Eq. (2), respectively.

U~[Ko(2wh/\BY)]?, A3)

where K is the modified Bessel function of the second kind
of the zeroth order. The relation of Eq. (3) is related to the
fact that the Fourier component of the electric field parallel
to the trajectory of the electron is proportional to
Ky(2mwh/NBy) at the surface of the grating [24,25]. The
theoretical relation of Eq. (3) is shown by the solid curve in
Fig. 5, and is in good agreement with the present experiment.
When the argument of K|, is large, the modified Bessel func-
tion is approximated by an exponential function:
Ky(x)~exp(—x). Therefore, when the beam height is higher
than a certain value, we can hardly distinguish the relation of
Eq. (3) from that of Eq. (2).

In conclusion, coherent Smith-Purcell radiation from the
bunched electrons of the relativistic energy is intense and
monochromatic light in the far infrared. The intensity is en-
hanced by the coherent effect and also by the relativistic
effect. The radiation from the electron beam of the linac is a
useful source for spectroscopy. When a Smith-Purcell radia-
tor is inserted into a straight section of a storage ring of a
short-bunched relativistic electron beam, we will be able to
obtain a useful source in the far-infrared region.
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