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Generation of coherent undulator radiation using a relativistic photoelectron beam
with picosecond micropulses

Young Uk Jeong, Chang Hee Nam, and Sang Soo Lee
Department ofPhysics, Korea Aduanced Institute ofScience and Technology, 373-1, Kusung do-ng, Yusung ku-, Taej on, Korea

Yoshiyuki Kawamura and Koichi Toyoda
Riken, The Institute ofPhysical and Chemical Research, Wako shi, -Saitama 351-01, Japan

(Received 9 April 1992; revised manuscript received 2S August 1992)

The coherent effect of undulator radiation is investigated using relativistic photoelectron beam (RPE)
produced by the fourth harmonics of a Q-switched Nd-doped yttrium aluminum garnet (Nd-YAG) laser.
The Q-switched laser pulse contains a burst of 30 ps micropulses superposed with a weak 8 ns pulse. The
current and shape of the RPE were controlled by changing the incident laser intensity. The temporal
structure of the RPE was measured using the Cherenkov radiation emitted by relativistic electrons im-

pinged on an optical fiber. When the irradiated laser intensity is stronger than S MW/cm, the wave
form of the RPE does not show any microstructure, which is due to the saturation of the RPE current
density by space-charge effect. The measured radiation power from the RPE having no microstructure
was near the noise level of a microwave diode, even though the current was much larger than that of the
RPE having micropulses. With irradiated intensity less than 1 MW/cm, the temporal structure of the
RPE closely follows that of the laser pulse. The measured power of the undulator radiation generated by
micropulses was more than 10 times stronger than that of the theoretically predicted incoherent radia-
tion and tends towards a quadratic dependence on the electron-beam current. The enhancement and
tendency is due to coherent radiation emitted by electron-beam micropulses whose typical bunch lengths
are comparable to the radiation wavelength (7.4 mm).

PACS number(s): 41.60.Cr 42.72.—g

I. INTRODUCTION

An undulator is a periodic electromagnetic structure
designed to produce quasimonochromatic synchrotron
radiation from relativistic particles [1—15]. Usually such
an undulator consists of a set of static magnets. The
spectrum of the emitted radiation from wiggling particles
depends on the speed of the electron. Electrons moving
in a sinusoidal orbit radiate electromagnetic waves of
wavelength peaked at

/2y

where A. is the wavelength of the undulator periods and

y = 1/(1 —P )' . The entire spectrum of radiation start-
ing from microwaves and extending to x rays can be ob-
tained from electrons with energies ranging from l MeV
to 1 GeV.

The analysis of the radiation emitted by wiggling parti-
cles was first discussed by Motz [1] using standard
methods of classical electrodynamics. Theoretical [1—12]
and experimental [13—15] investigations of this radiation
have been carried out by several authors. In the case of
normal undulator radiation, referred to hereafter as in-
coherent undulator radiation, the radiation power scales
as N, where N is the number of electrons in a bunch.
This is caused by the fact that the cross term of the elec-
tric field emitted by each electron sums zero by the ran-
domness of the radiation phase. If the phase difference of
the radiation could be within constructive range, the ra-

diation power will scale as X, which can significantly
enhance the radiation power.

Recently the coherent effects of synchrotron radiation
by a bending magnet [17] and of Cherenkov radiation
[18] have been observed in a wavelength region compara-
ble to the longitudinal electron bunch length. %'e have
developed a laser-irradiated photocathode for the study
of a millimeter wavelength range free-electron laser
(FEL). The typical pulse width of the micropulse in the
relativistic photoelectron beam (RPE) is approximately
30 ps following the temporal characteristics of the laser
pulse, and the corresponding bunch length of micropulses
in the RPE is comparable to the wavelength of the radia-
tion ( —10 mm). Hence an observation of the coherent
effect in undulator radiation was successfully carried out
[19].

As the power of the coherent undulator radiation is
closely related to the pulse width of the electron beam,
the measurement system having resolution of several pi-
coseconds for the temporal wave form of the electron
beam is necessary. The electron-beam pulse of about 30-
ps pulse width was measured by using the Cherenkov ra-
diation emitted by electrons passing through the optical
fiber. This simple method, which is discussed in detail in
Sec. IV, provides the evidence of the coherent undulator
radiation and makes it possible to analyze the radiation.
In this paper, by generating and measuring the different
temporal structure of electron beams, the coherent effect
in undulator radiation is investigated and the power spec-
trum of the coherent radiation is briefly discussed and
compared with the incoherent radiation.
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II. CALCULATION OF THE
UNDULATOR RADIATION POWER

The total power I', radiated by N electrons passing
through the undulator can be obtained [16,19] and ex-
pressed to be

P, =P ge ' -NP+N PF,
CO
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where cp is the phase of the radiation emitted by the jth
electron. If we assume sinusoidal motion of electrons in
an undulator, the radiation phase difference emitted by
two electrons is (k —k )z relative to the observer, where
k and k are the wave number of the radiation and undu-
lator magnetic field, respectively, and z is the distance be-
tween electrons. If electrons are distributed according to
a Gaussian distribution, the form factor F(a) is calculat-
ed to be
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for a fixed wavelength of radiation, where o. is the half-
width at e of the electron-beam peak value and
k'=k —k . In the case of a Gaussian distribution, the
full width at half maximum (FWHM) is approximately
1.18 times a for the same pulse. The form factor varies
from 0 to 1, depending on the bunch length of the elec-
tron beam. When the bunch length of the electron beam
is much longer than the wavelength of the radiation, the
value of the form factor decreases to 0 and the coherent
effect is negligible in the radiation power. When the
pulse width of the electron beam is equal to or shorter
than the wavelength of the radiation, the value of the
form factor becomes close to 1 and the enhancement of
the radiation power with respect to the incoherent radia-
tion power is equal to the number of electrons in the
bunch, N. The total radiation power shown in Eq. (1) can
be changed to

NP, I ))k (incoherent radiation)

N PF, l ~X (coherent radiation), (4)

where pII, the parallel velocity of the electron divided by
the light velocity c, is determined by the single-particle
equation of motion and the equation for energy conserva-
tion, and f, is the cutoff' frequency of the waveguide
mode. For the present experimental condition, only the

where I is the bunch length of the electron beam and k is
the radiation wavelength. The total calculated radiation
power emitted by 10' electrons as a function of the pulse
width of the electron beam is shown in Fig. 1 for a
Gaussian-type electron distribution and wavelength of
7.4 mm. The radiation power emitted by an electron is
assumed to be 1 for simplicity.

The central frequency fp of the radiation emitted by an
electron is obtained from the undulator dispersion rela-
tion and the waveguide dispersion relation of the radia-
tion:

2vrfp=P~I~c(k +k) and (2nfp) =(ck) +(2', )2,

p1 0

1 0'
0

incoherent radiation power
I I ~ I
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ELECTRON BEAM PULSE WIDTH ( ps )

FIG. 1. The theoretically calculated radiation power emitted
by 10' electrons as a function of the electron-beam pulse width
for a Gaussian-type distribution of electrons and wavelength of
7.4 mm. The radiation power emitted by an electron is assumed
to be 1 for simplicity.

PI) m" Pii =P

cutoff wavelength, X is the number of undulator
periods, ab is the cross section of the waveguide, and V h

is the phase velocity. The term (1 —R ) in Eq. (6)
represents the resonance between the wiggling Inotion
and the cyclotron motion. The total radiation power
emitted by wiggling particles can be calculated from Eq.
(1) and the integrated form of Eq. (6).

TE,O mode can be excited in an X-band waveguide and
the corresponding cutoff frequency is calculated to be
6.55 GHz.

The radiation energy emitted by an electron can be ob-
tained by integrating the spectral energy distribution.
The spectral distribution of the energy due to an electron
passing through the combined axial guiding magnetic
field and the linearly polarized undulator magnetic field
in a perfectly conducting rectangular waveguide was
studied in Ref. [15]. The spectral distribution of the ener-

gy for TE,o mode is, in cgs units,

d8'
df

—C(1 —R ) (sinr/r)

N7T(f p f—)/f p

C =~ e N K kk /2P cy k k k ab,
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FIG. 2. Schematic diagram of experimental setup for measuring spontaneous emission (RPE denotes relativistic photoelectron
beam, D denotes 1N26C microwave diode, I denotes isolator, X-WG denotes X-band waveguide, and T-WG denotes tapered
waveguide. )

III. EXPERIMENTAL SETUP

Figure 2 shows the experimental setup for generation
and measurement of the undulator radiation. The RPE
(610 keV, FWHM = 8 ns) is generated by electrostatically
accelerating the photoelectrons produced by the fourth
harmonics (266 nm, 15 mJ, 8 ns) of a Q-switched Nd-
doped yttrium aluminum garnet (Nd-YAG) laser pulse
incident on a Zn cathode. The maximum current and the
beam diameter of the RPE in the waveguide are 1.3 A
(6.6 A/cm ) and 0.5 cm, respectively.

The current-driven undulator magnetic field has a
pitch of 5 cm, and the number of undulator periods is 2.5
in the adiabatic region and is 17 in the interaction region.
The radiation generated by the RPE is guided by a 120-
cm-long X-band waveguide (X-WG, 2.29X 1.02 cm ) and
is introduced into a K, -band waveguide (Ir', -WG,
0.71X0.355 cm ) through a tapered waveguide (T-WG).
The E, band is the IEEE microwave band for the
(27 —40)-GHz range.

A calibrated microwave diode type 1N26C was used to
monitor the wave form of the undulator radiation and
measure the radiation power. The microwave diode was
calibrated using a reference power of 0.1 —30 mW, which
was obtained using a calibrated variable attenuator and
Gunn oscillator. The rf power of 0.1 mW corresponds to
the diode voltage of 1.0 mV. While the microwave diode
measured the minimum rf power of 30 pW during the
calibration, the sensitivity of the diode in the experiment
was limited by the noise signal which was mainly caused
by a Marx generator gap switch and high voltage trigger
pulse generators (5 —70 kV) used to trigger the Marx gen-
erator. The noise voltage of the peak to peak in the diode
signal was about 0.5 mV, which corresponds to approxi-
mately 50 pW power of rf signal. Hence this value of the

TABLE I. Experimental parameters.

Electron
beam

Energy
Current (max. )

Beam diameter
Pulse width

0.61 MeV
1.3 A
5 mm
8 ns (macropulse)
30 ps (micropulse)

Undulator

Guiding
coil

Type
Pitch length
Number of periods

Magnetic field

Magnetic field

planar, electromagnet
5 cm
2.5 (adiabatic region)
17 (interaction region)
0.5 kG

2.1 kG

Radiation Wavelength 7.4 mm

noise signal can be neglected within the measurement re-
gion of 0.1 —30 mW.

The experimental parameters are listed in Table I. Fig-
ure 3 shows two central frequencies that can be excited
under these experimental conditions according to Eq. (5),
which are referred to as upper branch (f„) and lower
branch (f, ) of the excited central frequencies. The upper
branch and lower branch are calculated to be 41.3 and
6.8 GHz, respectively, for this experimental condition.
Because the cutoff frequency of the K, -band waveguide is
21.1 GHz, the lower branch (fI) was filtered out and
could not be introduced into the K, -band waveguide.
The central wavelength of the radiation is calculated to
be 7.4 mm from the value of the upper branch.
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FIG. 3. Two central frequencies obtained by the undulator
dispersion relation and the waveguide dispersion relation with
the experimental parameters in Table I.

IV. MKASUREMKNT
OF THE TEMPORAL STRUCTURE OF THK RPK

Because the coherent radiation power is closely related
to the existence of the RPE microstructure, which will be
stated in Sec. V, the measurement of the temporal wave
form of the RPE is important in this experiment. The
direct measurement of the high-energy electron-beam
profile has a number of technical problems, such as high
speed disperser of the RPE, the fluorescence plate which
would not be damaged by high-energy electrons, and so
on. Therefore the temporal wave form of the RPE was
changed to a light signal for the optical diagnostic tools
[photomultiplier (PM) tube and streak camera] using
Cherenkov radiation. The Cherenkov radiation is emit-
ted by the high-energy electron beam passing through an
optical quartz fiber. The pulse width measured from the
Cherenkov radiation is broader than the actual RPE
pulse width due to the dispersion of the multimode
quartz fiber and the wide spectrum of the Cherenkov ra-
diation. To know the real wave form, a narrow band pass
filter or deconvolution technique must be used.

A. Measurement systems for RPK wave form
using Cherenkov radiation

Two systems were used for the RPE wave form mea-
surement. First, the entire temporal wave form of the
RPE was measured using a 14-m-long optical fiber, opti-
cal spectrometer, microchannel plate (MCP) PM tube
(spectral sensitivity of 300—650 nm, response time (100
ps) and 1-GHz oscilloscope (response time —350 ps) in
series. The quartz fiber was a rnultimode fiber with a di-
ameter of 0.3 mm. The optical spectrometer was used to
minimize the spectral pulse spreading effect after passing
through the long quartz fiber. Cherenkov radiation
filtered by the spectrometer had a central wavelength of

I—
LaJ

o 0 20 30 40
TIME (ns)

FIG. 4. Oscilloscope photograph of (a) the incident laser
wave form measured by a biplanar phototube, (b) the current
wave form of the RPE measured using a Faraday cup which is
used for the measurement of the total current, and (c) the wave
form of the RPE measured using a 14-m-long optical fiber sys-
tem.

410 nm and the spectral width was 20 nm. The pulse
spreading due to the spectral width of 20 nm in the 14-
m-long optical fiber is caused by the difference of group
velocities in the quartz medium and corresponds to 100
ps. Figure 4 shows the oscilloscope photograph of (a) the
temporal shape of incident laser beam measured using a
biplanar phototube (response time —100 ps), (b) the wave
form of the RPE total current measured using a Faraday
cup, and (c) the wave form of the RPE measured from
the Cherenkov radiation in the 14-m-long optical fiber.

The microstructure of the RPE was measured using a
43-cm-long optical quartz fiber and a streak camera with
a temporal resolution of 8 ps. The intensity of the
Cherenkov radiation filtered by the band pass filter was
not strong enough for a streak camera measurement.
The fiber length of 43 cm was the minimum distance at
which the streak camera was not affected by the guiding
magnetic field. As we cannot use the narrow band pass
filter, the pulse spreading effect in this 43-cm-long optical
fiber must be calculated and subtracted. Because the
Cherenkov radiation has a wide spectrum from mi-
crowave to extreme ultraviolet (XUV), the measured
pulse spread due to the difference of group velocities is
mainly determined by the sensitivity of the photocathode
in the streak camera. The photocathode in the streak
camera has spectral sensitivity in the wavelength region
from 260 to 660 nrn in FWHM. The value of the pulse
spreading, A~, by the difference of the refractive index be-
tween the wavelength 260 and 660 nm (hn =0.047) is cal-
culated to be approximately 70 ps in a 43-cm-long quartz
fiber, which can be easily obtained by using the relation
A~=Anl&/c, where l& is the length of the fiber. An addi-
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tional pulse spreading eAect in the fiber is caused by the
path difference of the multimode in fiber. The time delay,

, per unit length of fiber between the light of incident
angle 0 and maximum angle that can be transmitted in
the fiber is

=(NA) /2nc,

where NA is the numerical aperture of the fiber and n is
the refractive index of the fiber. In the case of quartz
fiber having a NA of 0.1, this value is calculated to be 5
ps for a 43-cm fiber. Therefore the total value of pulse
spread in a 43-cm-long quartz fiber is calculated to be 75
ps and this value is subtracted from the measured value
of the electron-beam pulse width.

B. The temporal structure of the RPK

The current of the RPE could be controlled by chang-
ing the power of the fourth harmonics of a Q-switched
Nd-YAG laser. Figure 5 shows the current density of the
photoelectron as a function of the irradiated laser power
density on a Zn photocathode. An optical attenuator for
UV light was used to control the RPE current without
changing the temporal shape of the irradiated laser beam.
When the irradiated laser power density is lower than 3.0
MW/cm, the current density of the photoelectron has a
linear dependence on laser power density; this region of
the RPE is referred to hereafter as the linear region. The
linear dependence of the current density on the laser
power density is the result of the single-photon pho-
toelectric efFect. When the laser power is more than 5.0
MW/cm, the saturation eA'ect of the photoelectron
current density is clearly observed, which is referred to
hereafter as the saturated region.

This phenomenon of saturation can be understood

from the eAect of space-charge limitation of the photo-
electron current density. The emitted photoelectrons
near the photocathode are accelerated by a planar-type
15-stage gradient ring which equally divides the electric
potential. When the density of emitted photoelectrons
increases, some photoelectrons return to the cathode due
to the negative space charge of high-density photoelec-
trons, which causes the saturation of photoelectron
current density. The emitted photoelectrons change the
electric potential between the photocathode and anode,
and the space-charge-limited current density can be cal-
culated by considering the modified electric potential be-
tween the cathode and the first gradient ring. The space-
charge-limited current density for a planar geometry is
calculated to be 6.2 A/cm according to the Child-
Langmuir law,

I=2.33X 10 V /d (A/cm ), (9)

where V is the applied voltage between the cathode and
the first gradient ring, and d is the distance between these
two. The calculated saturation level according to Eq. (9)
is in good agreement with the experimental result shown
in Fig. 5.

A typical wave form of the fourth harmonics of the Q-
switched Nd-YAG laser is shown in Fig. 6(a). It was
measured using a streak camera with, in this condition, a
temporal resolution of 12 ps. The laser pulse contains a
burst of micropulses superposed with a weak nanosecond
pulse. This is due to the beating of longitudinal modes
having 220-MHz spacing and 30-GHz linewidth. The
typical FWHM of micropulse was approximately 30 ps.
Most of the micropulses are separated by more than 500
ps on the top of the weak 8-ns background pulse.

The temporal wave form of the electron beam was
measured using Cherenkov radiation with a streak cam-
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FIG. 5. Measured photoelectron current density with respect
to the irradiated laser power density.
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FIG. 6. (a} Typical wave form of the fourth harmonics of a
g-switched Nd-YACC laser pulse which was measured using a
streak camera using l2-ps temporal resolution. The typical
pulse width of the micropulse is about 30 ps. (b} Typical wave
form of the electron-beam micropulse which was measured us-

ing the Cherenkov radiation in a quartz fiber and a streak cam-
era. Typical pulse width of the electron-beam micropulse is ap-
proximately 35 ps allowing for the pulse spreading effect of 75
ps due to the dispersion of the multimode quartz fiber.
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era. The microstructure of the electron current wave
form was also observed in the linear region of the RPE.
A typical wave form of the electron beam in the linear re-
gion is shown in Fig. 6(b). By considering the pulse
spreading effect discussed in Sec. IV, the FWHM of a
typical micropulse shown in Fig. 6(b) was approximately
35 ps. This value is very close to the typical pulse width
of micropulses in the laser pulse. In a nanosecond time
scale, it was reported experimentally that the wave form
of a photoelectron beam generated from a laser-irradiated
photocathode was determined entirely by the temporal
shape of incident laser pulse [20,21j. The above result
shows that the temporal shape of the photoelectron
current follows that of the incident laser pulse within
several picoseconds.

The intensity of a micropulse in the incident laser pulse
was about five times stronger than that of the weak
nanosecond pulse. In the case of the saturated electron
beam, the micropulses located temporally in the central
part of the electron beam disappeared due to the satura-
tion of the electron-beam current density and the
nanosecond pulse component grows with the increase of
the laser intensity. When the nanosecond pulse also gets
saturated, the Hat-top RPE current is obtained in the sa-
turated central part. Figure 7 shows typical wave forms
of the saturating electron beams measured by the Cheren-
kov radiation, which are generated with the incident laser
intensity of (a) 1 MW/cm, (b) 3 MW/cm, and (c), (d) 6
MW/cm . The saturation level of the RPE current densi-

0.8

ty is about 1400 counts in the streak camera output, and
the nanosecond-long pulse component of the RPE shows
the linear dependence on the incident laser intensity.
Figure 7(c) shows a section of the electron-beam wave
form located temporally in the center, and micropulses
are not observed due to the saturation. Figure 7(d) shows
a tail part of the electron-beam wave form. There exist
unsaturated micropulses because the laser intensity at the
leading and trailing edges of the laser pulse is below the
saturation level. Both saturated and unsaturated electron
beams having different temporal structure were used for
comparison in the experiment.

V. COHERENT UNDUI. ATOR RADIATION

A. Radiation power enhancement
due to the electron-beam microstructure

The spontaneous emission radiated by the saturated
electron beam shows a two-peak wave form. Figure 8(a)
shows a typical wave form of the radiation by a saturated
electron beam of relatively high current ( —1.25 A) as
shown in Figs. 7(c) and 7(d). The radiation power emit-
ted by the central part of the electron beam having no
micropulse was near the noise level of the measurement
system. This was in contrast to the result of the radiation
power emitted from the head and tail of the electron
beam having micropulses, which had a high level of radi-
ation power (-0.6 mW). Figure 8(b) is a typical wave
form of the radiation emitted by the unsaturated electron
beam with micropulses. Figure 8(b) shows a high level of
radiation power (-2.5 mW), even though the total
current is 0.43 A, which is much less than that of Fig.
8(a). Micropulses in the central part of the electron beam
become smaller and disappear as the incident laser inten-
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FIG. 7. Typical wave forms of the saturating electron beam,
which are generated with the incident laser intensity of (a) 1

MW/cm, (b) 3 MW/cm, and (c), (d) 6 MW/cm . (c) shows the
central part of the electron beam, where micropulses are not
seen due to the saturation. (d) shows some micropulses surviv-
ing in the tail part of the electron beam.
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FIG. 8. Typical wave form of the radiation by (a) a saturated
electron beam and (b) an unsaturated electron beam. In (a), the
radiation power of the central part approaches the noise level in
the absence of micropulses. (b) shows the high level of the radi-
ation power, even if the electron-beam current is much less than
that of (a). The currents of the electron beam used for (a) and
(b) are 1.25 and 0.43 A, respectively.
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P, /P;„=n X,F(a)/X;„, (10)

where n is the number of micropulses which contribute
to the coherent radiation power, N, is the number of elec-
trons in a typical micropulse, and X;„ is the number of
electrons in a total electron beam. The number of elec-
trons in a micropulse is estimated to be approximately
5X10 for a O.S-A RPE current. Judging from the num-
ber of peaks contained in the wave form of the undulator
radiation, the radiation power is due to the contribution

sity increases from the linear region to the saturated re-
gion of the RPE. The radiation power of the central part
also decreases to the noise level of the measurement sys-
tem. The radiation power from both sides of the electron
beam reaches the maximum value and becomes smaller
during the saturation of the RPE. This anomalous
phenomenon is not expected in the case of the incoherent
undulator radiation. From these results, one can clearly
see the dependence of the radiation power on the ex-
istence of micropulses in the electron beam.

The radiation power by the electron beam having mi-
cropulses was measured and compared with the theoreti-
cally calculated power of the incoherent radiation. Fig-
ure 9 shows the measured power of the spontaneous emis-
sion as a function of the electron-beam current (solid cir-
cles). The dashed line is the theoretically calculated
power of the incoherent radiation for an 8-ns RPE
current. The number of total electrons is 3X10' for an
S-ns, 0.5-A (2.5 A/cm ) RPE current. Each measured
value of radiation power is an average of ten shots and
the error bar represents the standard deviation of mea-
sured power. The measured power of the radiation is
more than 10 times stronger compared to the theoreti-
cally calculated power of the incoherent radiation. While
the calculated power has a linear dependence on the
electron-beam current, the measured power tends to-
wards a quadratic dependence on the RPE current (or the
electron number). The enhancement of the radiation
power and the quadratic dependence on electron number
show the evidence of the coherent effect in the undulator
radiation due to the short electron micropulses.

The coherent radiation is affected by the separation
distance between micropulses. If we consider the slip-
page effect which is caused by the velocity difference be-
tween the radiation and electrons in an undulator, each
electron of the RPE emits radiation of pulse width 500 ps
[19]. Therefore micropulses of the RPE emit radiation of
pulse width 535 ps. Judging from both the separation of
typical micropulses shown in Fig. 6(a) and the number of
micropulses which mainly contribute to the radiation
power enhancement, the typical separation of micro-
pulses is considered to be more than 500 ps. Because this
value of micropulse separation is equal to or larger than
that of the slippage distance, an individual micropulse
emits radiation independently.

The solid line of Fig. 9 is the fit line of the measured ra-
diation power on the assumption that the measured
power is due to coherent radiation. The enhancement ra-
tio between the coherent radiation power P, of the fit line
and the theoretically calculated power of the incoherent
radiation, P;„, is

1 0'

1 0'

E 10'

O10
CL

X
O 1 0-'-
I-

O

10'

r
r~

r~

r~

r
rr

10'10' I10' 1 0'

of eight micropulses on average. The enhancement ratio
between the coherent radiation power of the fit line and
theoretically calculated power of the incoherent radiation
is 7.7X10 for a 0.5-A RPE current. From Eqs. (2) and
(10), the pulse width of the electron-beam micropulse cor-
responding to the fit line is calculated to be 33 ps. For
simplicity, the wave form of the electron-beam micro-
pulse is assumed to have a Gaussian distribution. This
value of 33-ps pulse width calculated from the fit line
which is based on the assumption of coherent radiation is
in good agreement with the measured value of the pulse
width. From the above results, we can conclude that the
enhanced radiation power is caused by the coherent effect
of the undulator radiation due to the electron-beam mi-
cropulses having approximately 35-ps pulse width.

The small deviation from the quadratic tendency of the
measured power is observed in the relatively high-current
region, I)0.3 A, of Fig. 9. This is caused by the partial
saturation of the electron current density in the part of
micropulses. As shown in the temporal structure of the
RPE of Fig. 7, the highest peaks of the electron-beam mi-
cropulses cannot increase above the saturation level and
the radiation power does not scale as X in this region of
the RPE current.

B. Energy spectrum of the coherent radiation

The total energy spectrum of the coherent radiation,
d W, /df, at the frequency f due to 1V electrons for a fixed

ELECTRON BEAM CURRENT ( A }
FIG. 9. The measured radiation power (solid circles) of the

spontaneous emission as a function of the electron-beam
current. Dashed and solid line represent theoretically calculat-
ed power of the incoherent and the coherent radiations, respec-
tively. The coherent radiation power is theoretically calculated
for radiation with a wavelength of 7.4 mm and an electron-beam
pulse width of 33 ps. The number of electrons in a micropulse is
estimated to be 5 X 10' for a 0.5-A RPE current.
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value of electron-beam pulse width is given by

dW
df df

The inhomogeneous broadening effect in the spectrum
was calculated to be negligibly small for the present ex-
perimental condition; therefore the deformation of the
spectrum by the coherent effect is not caused by the num-
ber of electrons having difFerent velocities and trajec-
tories. The numerical calculation by Eq. (11) shows that
the spectral width of the coherent radiation spectrum is
almost the same as that of the incoherent radiation and
that a slight shift of the central frequency towards the
lower frequency is also expected due to the efFect of the
form factor. This value of the central frequency shift is
calculated to be 0.3 GHz under the above experimental
condition.

Lee et al. [15] measured the spontaneous emission
spectrum using the same experimental configuration.
They used similar experimental parameters and they also
observed two-peak wave form of the radiation in the sa-
turated region. Therefore the measured power spectrum
is considered to have been that of the coherent radiation.
While the spectral width of the measured spectrum was
in good agreement with that of the coherent radiation as
well as that of the incoherent radiation, the central fre-
quency shift was not observed. This is due to the fact
that the fIuctuation in radiation power by the random
modulation in electron beam did not allow the measure-
ment of the frequency shift of 0.3 GHz.

VI. CONCI. USIQN
The coherent effect of undulator radiation has been in-

vestigated using a photoelectron beam generated by

fourth harmonics of a Q-switched Nd-YAG laser. The
Cherenkov radiation emitted by the electron beam
through an optical fiber allows one to measure the
electron-beam microstructure. The current and temporal
structure of the RPE were controlled by changing the in-
cident laser intensity. The unsaturated photoelectron
beam was observed to contain a burst of 35-ps micro-
pulses superposed with a weak 8-ns pulse. The intensity
of the radiation by the micropulses was more than 10
times stronger compared to that of the incoherent radia-
tion. The measured power shows quadratic dependence
on the electron-beam current. This enhancement and
quadratic dependence can be explained by the coherent
radiation emitted by the electron-beam micropulses
which have a typical bunch length comparable to the ra-
diation wavelength (7.4 mm). The RPE current having a
several nanosecond fIat top was generated by using the
space-charge-limited current density. The radiation
power emitted by the RPE having no micropulse was
near the noise level of the measurement system, even
though the current was much larger than that of the RPE
having micropulses. Generation of a high-current and ul-
trashort electron beam will make it possible to increase
the power and to shorten the wavelength of the coherent
undulator radiation. High-intensity coherent undulator
radiation introduces the possibility for another strong
and tunable light source in the millimeter-wavelength
range.
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