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Observation of coherent diffraction radiation from bunched electrons
passing through a circular aperture in the millimeter- and submillimeter-wavelength regions
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Using a short-bunched beam of electrons of 150 MeV, we have generated diffraction radiation from a
circular aperture in an aluminum plate in the region of millimeter and submillimeter wavelengths. We
have observed superposition of the diffraction radiation and transition radiation from an aluminum mir-
ror. The angular distribution of the observed radiation shows interference of the two radiations. The in-
tensity of the radiation has been observed to be proportional to the square of the beam current. Com-
pared with the theoretical intensity of incoherent radiation, the observed intensity of the radiation from
an aperture of 10 mm at the wavelength of 1 mm has been enhanced by a factor of 1.5X 108, which is
roughly equal to the number of electrons in a bunch. From the observed spectrum, the longitudinal dis-
tribution of electrons in a bunch has been derived with a spatial resolution of 0.1 mm, i.e., a temporal

resolution of 0.3 ps.

PACS number(s): 41.60. —m, 41.75.Ht, 42.72.Ai, 29.17.+w

I. INTRODUCTION

Diffraction radiation (DR) is emitted when an electron -

of a constant velocity passes by a metallic structure [1,2].
DR is an important process of energy loss of the electron,
in particular when it occurs in particle accelerators.
Theoretically, DR has been studied for simple structure
such as a circular aperture in a metallic screen, a semi-
infinite screen, and concentric cylindrical pipes with a
jump in radius [1,3,4].

Experimentally, DR has hitherto been investigated for
cylindrical pipes in a long-wavelength region to examine
the loss of energy of an electron beam in a storage ring
[5,6], and the total intensity of DR, or the radiation loss,
has been evaluated in units of impedance in the mi-
crowave or longer-wavelength region. However, no ob-
servation of emitted DR has been made.

According to the theory [3], the intensity P(D,A,0) of
forward DR emitted from the electron with relativistic
velocity passing through a circular aperture in an ideally
conducting screen is expressed as follows:

P(D,\,0)=I,()\,0)[E(D,A,0)]%, (1)

where
E(D,A,0)=Jy(mD sin(0) /A)[7D /(By M) 1K ((wD /(By L))
)
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and I, is the intensity of transition radiation (TR) emit-
ted from the electron passing through the ideally con-
ducting screen in vacuum [7]; D is the diameter of the
aperture, f3 is the ratio of speed of the electron to that of
light in vacuum, y is the Lorentz factor, and 6 is the
direction angle measured from the beam axis. The func-
tions J, and K, in Eq. (2) are, respectively, the Bessel
function of the zeroth order and the modified Bessel func-
tion of the first order. Backward DR is also expressed by
Egs. (1) and (2) with the replacement of 8 by m—6. When
the size of the aperture decreases, DR approaches TR.
The absolute values of the function E(D,A,0) are always
smaller than unity, and in the limit of small aperture
D /A—0, the factor E tends to unity.

Recently, using a beam of a linear accelerator,
coherent radiation from a short-bunched beam of elec-
trons, such as coherent synchrotron radiation, coherent
TR, and coherent Cherenkov radiation have been ob-

.served in a region where the wavelength is longer than or

nearly equal to the size of a bunch [8—11]. The intensity
of the coherent radiation is proportional to the square of
the beam current, and it is enormously enhanced com-
pared with incoherent radiation. The coherent radiation
is useful not only as an intense light source but also as a
means of diagnostics of the electron beam. From the
analysis of the coherent radiation, we can derive informa-
tion on the distribution of electrons in the bunch
[9,11-13]. Coherent DR is more suitable for diagnostics
of the beam than other coherent radiation, such as TR
and synchrotron radiation, because DR is generated by a
smaller perturbation to the beam than the others.
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In the present experiment, we have observed coherent
DR using a short-bunched beam of a linear accelerator.
Coherent DR emitted from electrons of 150 MeV passing
through a circular aperture in an aluminum plate has
been observed in the region of millimeter and submillime-
ter wavelengths. The intensity and its angular depen-
dence of coherent DR have been investigated in compar-
ison with those of coherent TR which is well investigated
in the long-wavelength region [11].

II. EXPERIMENT

The experimental setup is schematically shown in Figs.
1(a) and 1(b) . Electrons passed through the center of a
circular aperture in an aluminum disk S. Radiation emit-
ted from the aperture was reflected by a corner reflector
M1 to a mirror M2 located at the position of 40 mm
below the trajectory of the electrons, and was led through
a quartz window W to a grating type far-infrared spec-
trometer, which covered the wavelength range from 0.1
to 5 mm. The acceptance angle of the measuring system
was 70 mrad. The radiation was detected by a liquid-
He-cooled Si bolometer.

The corner reflector M1 was composed of two pieces of
aluminum-evaporated fused silica glass; each of the glass
has the size of 32X50X1 mm® in width, length, and
thickness. The distance between the radiator and the
mirror M1 was 100 mm. The mirrors M1 and M2 were
rotatable around a vertical axis.

As the source of DR, we prepared three pieces of
aluminum disk with a central hole. The size of the disk
was 50 mm in outer diameter and 2 mm in thickness; the
diameters of the central hole were 10, 15, and 20 mm for
the three disks. As the source of TR, a 15-um-thick
aluminum foil was also prepared. The four radiators, of
which three were for the source of DR and one for TR,
and a sheet of BeO film were attached to the turn table T
as shown in Fig. 1(b). In the experiment, one of the radi-
ators or the BeO film was selected to be placed on the tra-
jectory of the electron beam by rotating the turn table
driven with a pulse motor. The radiator was perpendicu-
lar to the trajectory of the beam.

SPECTROMETER

FIG. 1. Schematic diagrams of the experiment: (a) top view
and (b) bird’s-eye view. S, radiator; M1, corner reflector; M2,
plane mirror; W, quartz window; T turn table. Electrons move
along the horizontal line from left to right. Three pieces of
aluminum disk with a hole, aluminum foil, and BeO film are at-
tached on the turn table 7.
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The BeO film was used for the monitor of the beam
position: Optical emission from the BeO film irradiated
by the beam was observed with a video camera. The
beam position was adjusted by a steering magnet located
about 10 m upstream from the radiator.

The electrons were accelerated with the S-band linear
accelerator at the Laboratory of Nuclear Science,
Tohoku University. The RF frequency, the energy, and
the energy spread were 2.856 GHz, 150 MeV, and 0.5%,
respectively. The duration of a pulse was 5 ns and the re-
petition of the pulse was 25 pulses/s. The beam current
was typically 10 nA; hence the average number of elec-
trons in a bunch was 1.8 X 108, The transverse size of the
beam was about 2.5 mm in diameter at the position of the
radiator.

The spectral sensitivity of the measuring system was
calibrated using blackbody radiation from a graphite cav-
ity of 1200 K. Uncertainty of the absolute intensity was
estimated to be a factor of 1.5.

III. RESULTS

A. Angular distribution of radiation

The angular distribution of the radiation from the cir-
cular aperture was observed by rotating the mirrors M1
and M2 in Fig. 1. The radiation was emitted in two
directions, i.e., to the direction of motion of electrons
(forward DR) and to the direction of specular reflection
of the radiator (backward DR).

When we observed forward DR at a small angle 0 in
the configuration of Fig. 1, the mirror M1 crossed the
trajectory of the beam; the mirror M1 thereby emits
backward TR towards the observing system. Therefore
the radiation observed in the range of direction angle
with |0] <9.2° was the superposition of forward DR from
the circular aperture and backward TR from the mirror
M1. In the measurement of the backward radiation, the
mirror M1 also crossed the electron beam upstream from
the radiator. In this case the forward TR was emitted
from the mirror and was partially reflected back to the
measuring system by the radiator S of DR. The radiation
observed within direction angle 6 of 180.0+9.2° was
hence superposition of backward DR from the aperture
and forward TR from the mirror M 1.

1. Forward diffraction radiation

The angular distributions of forward DR were ob-
served using three radiators of the apertures of 10, 15,
and 20 mm, and the results are shown in Fig. 2. The ob-
served wavelengths are 0.9, 1.3, and 2.4 mm, and the
direction angle is measured from the direction of motion
of the electrons. In the figure, the distribution of forward
TR emitted from the aluminum foil is also shown by solid
curve. Figure 2 shows that the observed radiation is sym-
metric with respect to the beam axis and has two peaks
except for the observed distributions of the apertures of
15 and 20 mm at A=0.9 mm. The radiation is emitted in
a cone. The conical structure of the radiation at A=0.9
mm, however, is not resolved for the two apertures, since
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FIG. 2. Angular distributions of forward DR emitted from
the circular apertures of 10, 15, and 20 mm at A=0.9, 1.3, and
2.4 mm. The solid curve shows the distribution of the forward
TR from the Al foil.

the angular resolution of the measuring system was as
low as 60 mrad (3.4°).

Forward TR from the foil corresponds to the limiting
case of DR in which the diameter of the aperture is negli-
gibly small. The observed angular distributions showed
the following dependence on the size of the aperture.
First, the angle between the peaks decreases monotonical-
ly with the size of the aperture. Second, as the diameter
of the aperture increases, the intensity of the peak de-
creases at first and then increases. Third, relative varia-
tion of the peak intensity is more conspicuous at shorter
wavelengths. These properties are discussed in the next
section. )

The angular distribution of polarized components of
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FIG. 3. Angular distribution of the polarized components of
forward DR at A=1.3 mm from the circular aperture of 15 mm.
The distributions of the horizontally polarized and vertical
components are shown by the dash-dotted curve and the dotted
curves, respectively. The intensity of the total light is shown by
the solid curve.
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the radiation is shown in Fig. 3 for the aperture of 15
mm. The vertical component has a central peak, whereas
the horizontal component has two peaks. At the direc-
tion of the central peak =0, the intensity of the vertical
component is roughly equal to that of the horizontal one.
The radiation in the direction of the peak of the total in-
tensity is mainly polarized in the horizontal plane. This
property is similar to that of TR [11].

2. Backward diffraction radiation

The angular distributions of backward DR from the
circular apertures of 10, 15, and 20 mm were measured at
the wavelengths of 0.9, 1.3, and 2.4 mm and the results
are shown in Fig. 4. In the figure, the solid curve shows
the distribution of backward TR from the aluminum foil.

The distribution observed at A=2.4 mm is symmetric
with respect to the axis of specular reflection of the radia-
tor, and has two peaks. The radiation is emitted in a
cone. This property is the same as that of backward TR.
The conical structure of backward DR was clearly ob-
served also with the 10-mm aperture at A=1.3 mm. At
A=0.9 mm, however, DR was weak, and the conical
structure was not resolved.

Figure 4 shows a general tendency that both the peak
intensity and the peak angle decrease with increase of the
diameter of the aperture. However, it should be noted
that at A=2.4 mm the peak angle shows a slight increase
with the increase of the aperture from 15 to 20 mm. The
relative depression of the peak intensity is clearly seen at
shorter wavelengths. The observed properties are dis-
cussed in the next section.
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FIG. 4. Angular distributions of backward DR from the cir-
cular apertures of 10, 15, and 20 mm at A=0.9, 1.3, and 2.4 mm.
The solid curve shows the distribution of the backward TR
from the Al foil.
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FIG. 5. Dependence of the intensity of forward DR on the
beam current observed with the circular aperture of 10 mm at
A=1.3 mm. The straight line was obtained by the method of
least squares.

B. Intensity-beam current relation

The dependence of the peak intensity of the forward
radiation on the beam current was measured at A=1.3
mm using the aperture of 10 mm. The beam current was
varied by controlling the width of a slit located in a trans-
port system of the beam. The position of the slit was far
upstream from the measuring system shown in Fig. 1.
The experimental result is shown in Fig. 5. The straight
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FIG. 6. Observed spectrum of forward DR from the circular
aperture of 10 mm. The dotted curve is the theoretical intensity
of incoherent forward radiation (see the text for detail).
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line is obtained by the method of least squares, and its
gradient is 2.05. This confirms that the intensity is pro-
portional to the square of the beam current and coherent
DR has been observed.

C. Spectrum

Spectrum of the forward DR from the circular aper-
ture of 10 mm was observed at the direction angle 6=0,
and is shown by the solid curve in Fig. 6. The ordinate
shows the intensity received by the spectroscopic system
with the acceptance angle of 70 mrad in units of numbers
of photon per second per 1% bandwidth, i.e.,
AA/A=0.01, on the condition of the beam current of 10
nA. The spectrum has a broad peak around at A=0.5
mm, and the intensity decreases rapidly towards shorter
wavelengths. In the long-wavelength region A>1 mm,
the intensity decreases with wavelength and it is roughly
proportional to the inverse of A%,

IV. DISCUSSION

A. Superposition of diffraction radiation
and transition radiation

1. Forward diffraction radiation

The angular distributions of DR shown in Figs. 2 and
4 are the results of the superposition of the radiations
from the radiator S and the mirror M1 in Fig. 1. In the
case of the observation of forward TR from the alumi-
num foil, the observed radiation is superposition of the
forward TR from the foil and the backward TR from the
mirror M1. The intensity of the superposed radiation at
a far point of observation is expressed as follows [11]:

P=2[,[1—cos(L/Z)], (3)

where I, is TR from a single boundary, L is the distance
between the aluminum foil and the mirror, and Z is the
formation zone:

Z=BA/[2m(1—BcosO)] . 4)

By analogy, superposition of forward DR and back-
ward TR is written as follows:

P=Iy[1+E?>—2Ecos(L /Z)] , (5

where E is the factor E(D,A,0) expressed by Eq. (2).
When the size of the aperture decreases D /A—0, the fac-
tor E tends to unity and Eq. (5) reduces to Eq. (3).

The theoretical angular distribution of forward DR has
been calculated using Eq. (5) and is shown in Fig. 7. In
the calculation, the acceptance angle of the experimental
system has been taken into account. In the figure, the
theoretical distribution of forward TR is also shown by
the solid curve. The calculation qualitatively reproduced
the experimental results of the relative variation of the
peak angle and of the peak intensity in Fig. 2. The
theoretical curves in Fig. 7 showed that as the diameter
increases, the peak intensity decreases first and then, after
reaching a minimum value, increases. The peak angle, on
the other hand, decreases monotonically with the diame-
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FIG. 7. Theoretical curves of angular distributions of for-
ward DR from circular apertures of 10, 15, and 20 mm. The
solid curves show the distribution of forward TR.

ter, i.e., the vertex angle of the radiation cone decreases
with the size of the circular aperture. The calculated
curves in Fig. 7 show good agreement with the experi-
mental ones of Fig. 2. This result indicates that we have
observed diffraction radiation emitted from the aperture
which is superposed with TR form the mirror M 1.

The experiment, however, shows small discrepancies
with the theory. The variation of the peak intensity ob-
served at A=0.9 mm is larger than the theoretical one.
The observed angular distributions from the apertures of
15 and 20 mm have only one central peak, which indi-
cates that it is caused from rapid decrease of the vertex
angle of the radiation cone. On the other hand, the
theoretical curves show two peaks. The reason for the

Forward —— Total
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2 [ A=1.3mm Y comp
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FIG. 8. Theoretical curves of angular distributions of polar-
ized components of forward DR at A=1.3 mm from the aper-
ture of 15 mm. The horizontally polarized and vertical com-
ponents are shown by the dash-dotted and the dotted curves, re-
spectively. The intensity of the total light is shown by the solid
curve.

6791

discrepancies is not clear at present.

Corresponding to the results of Fig. 3, we have calcu-
lated the polarized components of the intensity and the
results are shown in Fig. 8. The calculation reproduced
well the properties of the polarized components of the ra-
diation described in Sec. III A 1. This confirms that the
electric vector of the radiation is in the plane including
the beam axis and the observation point. This property is
the same as that of TR [11].

2. Backward diffraction radiation

In the arrangement to observe backward DR, the for-
ward TR from the mirror M1 in Fig. 1 was reflected by
the radiator S, i.e., the aluminum disk with the central
hole. The geometrical situations are considered in the
following way. We denote the limb angle of the circular
aperture as 0, i.e., tan@,=D /(2L), where D is the diam-
eter of the aperture and L is the distance between the ra-
diator S and the mirror M'1. The forward TR of the mir-
ror emitted in the direction of 6> 0, is refleacted by the
aluminum disk, and the superposition of the reflected TR
and the backward DR from the aperture is observed. On
the other hand, the forward TR emitted within the angle
0, is not reflected by the aluminum disk, and the ob-
served radiation is only backward DR from the aperture.
In this case, however, fully developed DR is not ob-
served, because the upstream trajectory of the beam is
bounded by the mirror M1 and the length L of the trajec-
tory between the mirror and the circular aperture is
much shorter than the formation zone of Eq. (4). At the
wavelength of 1 mm, for example, the formation zone of
the electron of 150 MeV is 13.7 m for the direction of
0=1/y. The length of the formation zone is much
longer than the length L of 100 mm. When the length L
of the trajectory related to emission is shorter than the
formation zone, emission is partially suppressed and the
radiation field is proportional to the length L [1].

The superposition of forward TR and backward DR is
thus expressed as follows, on the assumption that the
reflectance of aluminum is unity,

P=I,[g?>+E*G?>—2gEG cos(L /Z)] , 6

where g is a shading factor defined geometrically and G
stands for the effect of formation zone: We take g=1
and G=1 for 6>60,, and g =0, G=min(1,L /Z) for
0<0,, where min{a, b) indicates that we take the smaller
value between a and b. In the limit of D /A—0, Eq. (6)
reduces to Eq. (3).

The angular distribution of the theoretical backward
DR of Eq. (6) has been calculated at A=0.9, 1.3, and 2.4
mm for the three values of the diameter of 10, 15, and 20
mm. The results are shown in Fig. 9, where backward
TR is also shown by the solid curve. The intensity of ra-
diation diminishes as the diameter of the aperture in-
creases. The calculation has reproduced well the proper-
ties of the observed backward DR in Fig. 4. We conclude
that this result verifies that we have observed backward
DR from the aperture.

There remain, however, small discrepancies again be-
tween the calculation and the experiment: At A=0.9
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FIG. 9. Theoretical curves of angular distributions of back-
ward DR from circular apertures of 10, 15, and 20 mm. The
solid curves are the distribution of backward TR.

mm, the calculation for the aperture of 10 mm has the
two peaks or the conical structure, but the experiment
has not shown the peak clearly. The reason is not clear
at present.

B. Spectrum and distribution of electrons in a bunch

The theoretical intensity of forward DR of Eq. (5),
which includes TR from the mirror M1 as well, was cal-
culated for the circular aperture of 10 mm in diameter,
without the consideration of the enhancement by the
coherence effect, and is shown in the dotted curve in Fig.
6. Compared with the calculation, the observed intensity
is enhanced by a factor of 1.5X10% at A=1 mm due to
the coherence effect. The factor of the enhancement is
roughly equal to the number of electrons in a bunch
(1.8 X 10%). In the configuration of the present experi-
ment, the calculated spectrum decreases with the wave-
length and the slope is roughly proportional to A ~%> for
A>1 mm, as was observed.

On the analogy of coherent TR, the intensity of
coherent forward DR emitted from a short-bunched
beam is formulated as follows [11]:

Pbunch:PNgf H (7)
=1 [ S(x)explizax /Mdx |2, ®)

where P is the intensity of the superposition of DR and
TR from an electron, N, stands for the number of elec-
trons in a bunch, and f is the bunch form factor defined
by the Fourier transform of longitudinal density distribu-
tion function S (x) of electrons in 2 bunch. In the formu-
lation of Eq. (8) we have ignored the transverse distribu-
tion of electrons in the bunch, because the phase
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difference of the radiation due to the transverse spread of
the electrons is small enough compared with the wave-
length when we observe the spectrum in the direction of
the beam axis 6=0.

From the observed spectrum and the theoretical inten-
sity of the forward DR in Fig. 6, we can derive the bunch
form factor. The result is shown in Fig. 10. The value of
the form factor ranges over three orders of magnitude,
and in the millimeter-wavelength region it distributes ir-
regularly around the value of unity. It is noticed that
there is a small peak at A=0.15 mm.

Distribution of electrons in a bunch has been obtained
from the inverse Fourier transform of the form factor
[14-16]:

S(x)=2/m) [ [f(0)]"%cos[2m0x —(o)]do , )

where o is the wave number of radiation; o =1/A. The
phase (o) is calculated from the observed form factor
by the Kramers-Kronig relation:

Wo)=—(o/m) [In[f(£)/f(0)]/(*—oP)dt . (10)

In the calculation of S'(x) and ¥(o ), we need to know the
value of the form factor over the entire wavelength.

Theoretically, the form factor tends to unity with the
wavelength and should not exceed the value of unity.
The observed form factor, however, exceeds unity in the
long-wavelength region. Hence, the form factor was set
equal to unity in the wavelength region longer than 1.1
mm, where the observed factor crosses over the value of
unity, as shown by the dashed line in Fig. 10. The effect
of this replacement is confirmed to be negligible in deter-
mining the main structure of the distribution of the elec-
trons, as described later in this section.

The obtained distribution is shown by the solid curve
in Fig. 11. The main structure of the distribution of elec-
trons is nearly symmetric and is well approximated by a
Gaussian with the bunch length [full width at half max-
imum (FWHM)] of 0.2 mm.

There is, however, a small bump (see the arrow in Fig.
11) on the left-hand side of the distribution function.

BUNCH FORM FACTOR

10’4 1 I
0.1 1

WAVELENGTH (mm)

FIG. 10. The bunch form factor derived from the observed
spectrum.
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FIG. 11. Distribution of electrons in a bunch derived from
the bunch form factor. The dotted curve is the distribution ob-
tained by neglecting the small peak at A=0.15 mm in Fig. 10,
and is artificially shifted to the right by 0.2 mm.

Concerning this structure, the influence of the small peak
observed at A=0.15 mm in the spectrum was examined
as follows. Ignoring the peak structure, the bunch form
factor was smoothly extrapolated to shorter wavelengths
as shown by the dotted curve in Fig. 10. Then the distri-
bution of electrons was calculated using Egs. (9) and (10).
The results are shown by the dotted curve in Fig. 11,
where the dotted curve is shifted to the right by 0.2 mm.
The main distribution is still approximated well by the
Gaussian with a bunch length (FWHM) of 0.2 mm. The
small bump indicated by the arrow, however, has disap-
peared and the distribution has a more symmetric shape
than the solid curve. The small bump has been hence
confirmed to originate from the small peak of the spec-
trum at A=0.15 mm.

The spatial resolution of the electron distribution in
Fig. 11 is estimated from the bump structure as about 0.1
mm, i.e., the temporal resolution of 0.3 ps. The resolu-
tion is roughly equal to the shortest wavelength of the ob-
served spectrum.

We have examined the influence of the structure of the
form factor in the long-wavelength region on the distri-
bution function, replacing the dashed line segment of
1.1 <A <3.8 mm by the observed values of the form fac-
tor. No change of the nearly Gaussian distribution locat-
ed around at the abscissa of 0.1 mm in Fig. 11 was recog-
nized by the replacement. The structure of the form fac-
tor in the above-mentioned wavelength region has result-
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ed in a change of the electron distribution in the bunch
length longer than about 0.5 mm in Fig. 11.

Previously we observed spectra of coherent synchro-
tron radiation and of coherent TR, using the electron
beam of the same linac as the present experiment. From
the spectra, we obtained the results that the distribution
of electrons in a bunch was approximated by a Gaussian
distribution and that the bunch length (FWHM) was de-
rived to be 0.25 mm from coherent synchrotron radiation
[9] and 0.28 mm from coherent TR [11]. The main distri-
bution of electrons derived in the present experiment
from the DR is in accordance with those determined
from coherent synchrotron radiation and from coherent
TR. The small bump which has been clearly resolved in
the solid curve of Fig. 11, however, was not obtained in
the previous experiments. In the present experiment, the
linac was operated in short duration of the pulse of 5 ns,
whereas in the previous experiments it was operated in
long duration of 2 us. The small bump was probably
caused from the change of the operational conditions of
the accelerator.

DR is emitted from electrons moving in the vicinity of
a metallic structure. The motion of the electrons is
affected by the reaction of radiation only. Hence, emis-
sion of coherent DR makes almost no disturbance on the
bunch structure and on the trajectory of the beam.
Coherent DR is therefore applicable to the diagnostics of
the beam during the operation of an accelerator. In the
application of DR to the diagnostics of the beam, we
should observe only DR to make use of the advantage of
DR. Various arrangements of experiment to observe DR
are conceivable; in the configuration of the present exper-
iment, for example, by replacing the mirror M1 with a
mirror with a central hole, we can observe superposition
of DR from two apertures.
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