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Abstract

Various characteristics such as the number of photons, the wavelength, and the solid angle of the laser undulator
radiation have been measured quantitatively. It was performed in the visible wavelength region using the interaction
between a high-power pulsed CO

2
laser and a high-quality electron beam having an energy of 0.65}0.85 MeV. The

experimental results were in good agreement with the theoretical calculations. A criterion to determine the limitation to
the number of periods of the laser undulator was also proposed. ( 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

In comparison with the conventional magnetic
undulator [1], the laser undulator has a shorter
pitch length, which leads to the generation of the
shorter wavelength radiation.

The "rst trial to use the electromagnetic "eld as
an undulator was performed to generate a visible
radiation using the interaction between electron
bunches of 100}150MeV and a microwave
(2856.0MHz) in a waveguide [2,3]. The generation
of the photon using the interaction between
a high-power laser and a relativistic electron beam
was performed in visible wavelength region to
measure the energy spread of intense relativistic

electron beam (IREB) [4,5]. It was given by the
spectrum of the scattered photons generated by
the interaction between the IREB and a high-
power CO

2
laser. These were the Thomson back-

scattering in the relativistic region [6]. The "rst
experiment, which showed that a laser can operate
as an optical undulator, was performed by Olshan
et al. in 1987 [7]. They showed that the energy
exchange occurred between the electrons and the
CW CO

2
(9.3lm) laser using the interaction be-

tween a low-energy electron beam and the CW
CO

2
(10.6lm).

There have been several trials to generate a c-ray
by an interaction between high-energy electron
bunches and a CW Nd-YAG laser [8]. These ex-
periments were based on the Compton scattering,
in which the photons act as particles and the elec-
tron is scattered by the photon losing the energy.
In this sense, the physical qualities of photons
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Fig. 1. Schematic diagram of the interaction between a relativis-
tic electron and an electromagnetic wave. E and B are the electric
"eld and the magnetic "eld of the laser beam, respectively. e is
the electron. v is the velocity of the electron. P is the pointing
vector of electromagnetic "eld. F

B
and F

E
are the electromag-

netic forces induced by the electric "eld and the magnetic "eld,
respectively.

obtained by these experiments are di!erent from
those obtained by the laser undulator.

In this paper, various characteristics such as the
number of radiation photons, the wavelength, and
the radiation solid angle of the laser undulator have
been measured quantitatively in the visible
wavelength region using the interaction between
a high-power pulsed CO

2
laser and a high-quality

electron beam [9]. The K value of the laser undula-
tor are calculated and discussed. The experimental
results were in good agreement with the theoretical
calculations using the K value obtained in this
study within the experimental errors. A criterion to
determine the limitation to the number of periods
of the undulator, which was determined by the
electron energy and the wavelength of the pump
laser, was proposed.

2. Theory

2.1. K value of the laser undulator

In a conventional magnetic undulator, the K
value is calculated by

K"eB
.
j
.
/2pmc"93.4B

.
j
.

(1)

where B
.

(Wb/m2) is the magnetic #ux density and
j
.

(m) is the pitch length of the undulator; e and
m are the electric charge and the mass of the elec-
tron, and c is the velocity of light.

We consider the interaction between the electro-
magnetic "eld of the laser beam and the electron
which is propagating against the pointing vector
P of the electromagnetic radiation as shown in
Fig. 1. Using the electric "eld E (V/m) and the
magnetic "eld B (Wb/m2) of the laser, the power
density I (Wb/m2) is given by

I"EB/k
0

(2)

where k
0

is the permeability in vacuum.
The electromagnetic force F applied to the elec-

tron is composed of F
E

and F
B

as shown in Fig. 1,
which have the same directions and given by

F
E
"eE, F

B
"evB. (3)

Using Eq. (3), e
0
E2"k

0
H2, B"k

0
H and

c"1/(e
0
k
0
)1@2, and b"v/c, F is calculated to be

F"F
B
#F

E
"evB(1#1/b) (4)

where e
0

is the dielectric constant in vacuum and
c is the velocity of light.

On the other hand, using e
0
E2"k

0
H2, B"k

0
H

and Eq. (2), the magnetic #ux density of the electro-
magnetic "eld is expressed by the power density of
the laser as shown by

B"(Ik
0
/c)-@2. (5)

Taking the electric force into account and using
Eq. (4), the e!ective value of B of the laser undulator
is expressed by

B
%&&

"(1#1/b)I1@2. (6)

The e!ective pitch length of the laser undulator is
written as

j
%&&

"j
0
(1#b) (7)

where j
0

is the wavelength of the laser.
From Eqs. (1), (6) and (7), the e!ective K value for

the laser undulator is given by

K
%&&

"93.4]B
%&&

j
%&&

"6.04]10~6I1@2j
0
/b. (8)

For cA1, K
%&&

is given by

K
%&&

"6.04]10~6]I1@2j
0
. (9)

2.2. Number of periods of the laser undulator

When the electron interacts with the pump laser
having the wavelength j

0
and generates the undu-

lator radiation of the wavelength j
4

as shown in
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Fig. 2. Loss in the electron energy through the interaction with
the pump laser during the period of N

%&&
.

Fig. 3. Experimental setup for the measurement of the laser
undulator radiation using a high-power CO

2
laser and a pulsed

high-quality electron bunch.

Fig. 2, the electron loses the energy of *c, which is
calculated to be

*c mc2"hc/j
4

(10)

according to the energy conservation law. Here, h is
Plank's constant. For cA1, j

4
is calculated to be

j
4
&j

0
/(4c2). (11)

On the other hand, it is well known that the energy
spread of the electron *c must satisfy

*c/c(1/N (12)

to obtain a high brilliance in the undulator opera-
tion. From Eqs. (10)}(12), the number of periods of
laser undulator must satisfy the following equation:

N(mcj
0
/(4ch). (13)

This formula is written in a simpler style using
the Compton wavelength j

#
(j

#
"h/mc"2.42]

10~12m) as follows:

N((j
0
/j

#
)/4c. (14)

This limitation to the number of the undulator
pitch will be convenient in the design of the laser
undulator.

3. Experimental setup

The experimental setup is shown in Fig. 3.
A DISKTRON electrostatic accelerator [10] gen-
erates a high voltage of about 0.65}0.85MeV which
is applied on an aluminum photocathode. The
fourth higher harmonic (266 nm) of a Nd-YAG
laser is irradiated on this cathode to generate
a pulse electron bunch [9], which is guided and

focused into the interaction region with a high-
power CO

2
laser. The pulse duration of the elec-

tron bunch, which is determined by the duration of
the fourth higher harmonic of the Nd-YAG laser, is
10 ns. The pulse duration of the CO

2
laser is 10 ns.

These two laser pulses are synchronized within
a jitter of about 1 ns. Radiation photons generated
by the interaction between the electron bunch and
the CO

2
laser pulse are re#ected by a beam splitter

and guided into a spectrometer. The resolution of
the spectrometer was about 11 nm, which was
mainly determined by the slit width. The number of
the photons is measured by a photo-multiplier. The
signals are integrated by a boxcar integrator to
increase S/N (signal-to-noise ratio). The diameter
and the length of the interaction region was esti-
mated to be about d"0.3mm in diameter and
l"8mm, respectively. The power density of the
CO

2
laser and the electron density in the interac-

tion region are estimated to be about 10GW/cm2

and 1.5]1010/cm3, respectively. The solid angle of
the detection of the radiation was 1.6]10~3 s.r.
The wavelength of the CO

2
laser was 10.6lm,

which corresponds to the oscillation of P(20) line.
Careful attention had been paid to eliminate vari-
ous kinds of optical and high-energy radiation
noises. Especially, hard X-rays generated in the
dumping material of the electron beam and the
visible radiation from the beam splitter irradiated
by the CO

2
laser were serious noise sources.
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Fig. 4. Radiation photon signal as a function of the delay time
between the CO

2
laser pulse and the electron bunch.

Fig. 5. Photon numbers of the undulator radiation as a function
of the detecting solid angle.

It had already been con"rmed that the energy
spread of the laser-induced photoelectrons, which
was used in this experiment was less than a few
electron volts [11], which corresponds to
*c&3]10~5. Using l"8 mm, j

0
"10.6lm, and

Eq. (7), the number of periods in this experiment
is estimated to be N"2]103. These experi-
mental parameters satisfy Eq. (14), therefore this
experiment is in the regime of the laser undulator
operation.

4. Experimental results and discussions

Fig. 4 shows a typical signal of the radiation
photons as a function of the delay time between the
CO

2
laser pulse and the electron bunch. The signal

can be observed during a delay time of about 10 ns,
which is equivalent to the pulse duration of the
CO

2
laser pulse and the electron bunch. The fol-

lowing experiments were done under the condition
of the delay time, in which the maximum radiation
signal was obtained.

Fig. 5 shows the photon numbers of the undula-
tor radiation as a function of the detecting solid
angle. Open circles represent the experimental
results.

In the conventional magnetic undulator, the fol-
lowing equation is known to be a simple and con-
venient formula to calculate the number of photons
induced by a single electron into a full solid angle
(4p s.r.) through the interaction with the undulator
[12]

n
4
"(2p/3)aNK2/(1#K2) (15)

where n
4
a, N and K are the number of photons, the

"ne structure constant, the number of periods of
the undulator and the K value of the undulator,
respectively. The "ne structure constant a is de"ned
by 2pe/hc and was calculated to be 1

137
.

In this experiment, the e!ective K value of the
laser undulator K

%&&
, which was introduced by Eq.

(8) in Section 2, was applied to K in Eq. (15). N is
calculated by N"l/j

%&&
, where l is the length of the

interaction region and j
%&&

is the e!ective pitch
length of the laser undulator, which was de"ned by
Eq. (7). These values were applied to Eq. (15) to
calculate the total number of photon radiations

obtained in this experiment. The dotted line repres-
ents the theoretical calculations of the number of
photons as a function of the solid angle of the
radiation, under the assumption that the radiation
photons distribute uniformly within the solid angle
of X"p(1/c)2. The total number of photons is
proportional to the solid angle, and the experi-
mental results were in agreement with the theoret-
ical calculations obtained by Eq. (15) within the
experimental errors.

In this calculation, the optical loss from the inter-
action region to the photo-multiplier is not in-
cluded, and it was also di$cult to estimate the
length and the diameter of the interaction region
exactly. The sensitivity of the photo-multiplier used
in this calculation was the catalog value. The di!er-
ence between the experimental results and the cal-
culation is considered to be due to the above three
factors.
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Fig. 8. The spectrum width of the laser undulator radiation. The
resolution of the spectrometer was about 11nm.

Fig. 7. Wavelength of the radiation as a function of the electron
beam acceleration energy.

Fig. 6. Radiation photons as a function of the product of the
electron beam current and CO

2
laser power.

Fig. 6 shows the number of radiation photons as
a function of the product of the electron beam
current and the CO

2
laser power. The solid angle of

the detection was 1.55]10~3 s.r. and the

wavelength of the radiation was 500nm. The num-
ber of radiation photons is proportional to the
product of the electron beam current and the CO

2
laser power. Theoretical calculation obtained by
Eq. (15) is represented by a dotted line.

Fig. 7 shows the wavelength of the radiation as
a function of the electron beam accelerating energy.
Open circles represents the experimental results.
The solid line represents the theoretical calculation
obtained by the following equation:

j
4
"j

0
(1!b

,
)/(1#b

,
), (16)

where j
4

and j
0

are the wavelength of the optical
radiation and that of the laser undulator, respec-
tively. b

,
is de"ned by v

,
/c, where v

,
is the parallel

component of the velocity of the electron and c is
the velocity of light. The experimental results were
in good agreement with the theoretical curve cal-
culated by Eq. (16).

Fig. 8 shows the spectrum of the laser undulator
radiation, which was measured by a spectrometer
having a resolution of about 11nm. Theoretically,
the spectrum width of the undulator radiation is
determined by *j

4
/j

4
"1/N. The spectrum ob-

tained in this experiment was noisy, and its width
was almost equal to the resolution of the spectrom-
eter. Although it was di$cult to compare the spec-
trum width of the radiation obtained in this
experiment with theoretical calculation exactly, it is
much smaller than the resolution limit of the spec-
trometer.

5. Conclusions

In this paper various characteristics such as the
number of photons, the wavelength, and the radi-
ation solid angle of the laser undulator have been
measured quantitatively using a high-power pulsed
CO

2
laser and a high-quality electron beam having

an energy of 0.65}0.85MeV. The experimental re-
sults were in good agreement with the theoretical
calculations using the e!ective K value of the laser
undulator introduced in this paper. The criterion to
determine the limitation to the number of periods
of the undulator, which was determined by the
electron energy and the wavelength of the pump
laser, was proposed. The K value obtained in this
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paper will be useful not only for the undulator
radiation, but also for the estimation of the gain of
free electron lasers using laser undulator [13].

In this experiment, the relation between the spec-
trum width of the undulator radiation and the
emittance of the electron beam could not be dis-
cussed due to the lack of the resolution of the
spectrometer and the stability of the accelerating
voltage of the electron beam.
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