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Higher harmonics of spontaneous emission from an optical klystron have been

observed. The modulation factor of the spontaneous emission spectrum for the

higher harmonics can be described by considering the observation system. When

the dispersive gap of the optical klystron was fixed, the microstructure interval

of the spontaneous emission spectrum at a certain resonant wavelength became

narrower as the order of the higher harmonic became larger. Some unique

characteristics of the higher harmonics have been clarified, and these studies are

likely to contribute to the development of free-electron lasers using higher

harmonics of an optical klystron in the shorter-wavelengths region.
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1. Introduction

Optical klystrons generate modulated spontaneous emission

by using the phase difference between two undulator sections.

Although the energy spread of an electron beam has to be

narrow in order to oscillate a free-electron laser (FEL) with an

optical klystron, the optical klystron can achieve a high FEL

gain given its length. Thus, optical klystrons have been used as

an insertion device for the whole storage-ring FEL system

(Deacon et al., 1984; Litvinenko, 1988; Couprie et al., 1991;

Takano et al., 1993; Yamazaki et al., 1993; Litvinenko et al.,

1999; Walker et al., 2001) and have contributed to shorten the

FEL wavelength down to the vacuum-ultraviolet region

(Litvinenko et al., 2001; Marsi et al., 2002). The characteristics

of the optical klystron’s spontaneous emission were analyzed

by the Novossibirsk group and by the ACO group (Elleaume,

1984a; Vinokurov & Skrinskii, 1977), and these groups

reported the results of detailed measurements of the funda-

mental harmonic spontaneous emission. A helical-type optical

klystron, which could control polarization of a FEL, was

developed by the UVSOR group (Hama et al., 1997).

Higher harmonics of spontaneous emission from an optical

klystron have been used for developing the shorter-wave-

length coherent light sources since the development of the

fundamental harmonic storage-ring FELs. Coherent harmonic

generation (CHG) is a phenomenon that describes how a

high-peak-power laser, having the same wavelength as the

fundamental harmonic of an optical klystron, induces density

modulation on an electron bunch in the optical klystron and

the electron bunch emits high-power higher harmonics from

the optical klystron. In 1984, the ACO group reported

observations of ultraviolet CHG that were made by using an

yttrium aluminium garnet laser injected into the optical

klystron, synchronized with the electron bunch (Girard et al.,

1984). Secondary to this achievement, some groups developed

CHGs in the vacuum-ultraviolet region (Prazeres et al., 1988,

1991; Litvinenko, 2003). Recently, owing to the development

of short-pulse and high-power lasers, it became possible to

obtain the CHG with a pulse energy of tens of pJ in the

ultraviolet region (Labat et al., 2007; Khan et al., 2011). On the

other hand, higher harmonic oscillations in FELs were also

achieved in many FEL facilities (Benson & Madey, 1989;

Warren et al., 1990; Neil et al., 2001; Kubarev et al., 2011). The

higher harmonic oscillation using an optical klystron was

reported by the Duke group for the first time (Wu et al., 2008).

We demonstrated FEL oscillations using up to the seventh

harmonic with the optical klystron ETLOK-III in the infrared

FEL system of the storage ring NIJI-IV (Sei et al., 2010,

2012a). The seventh-harmonic FEL oscillation was the highest

harmonic order ever achieved for the higher harmonic FEL

oscillations. We also achieved visible FEL oscillations with the

third harmonic in the NIJI-IV infrared FEL system (Sei et al.,

2012b), and it was then verified that higher harmonics were

useful in shortening the wavelength of FEL oscillations.

However, except for some early pioneering studies, no

detailed investigations have been performed yet to study the

spectra of an optical klystron’s higher harmonic spontaneous

emission (Deacon et al., 1984; Billardon et al., 1983). As the

order of the harmonic increases, it becomes more difficult to

precisely measure the spectrum of the optical klystron’s higher

harmonic spontaneous emission because its modulation

becomes less distinctive. To reveal the higher harmonic FEL
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oscillations, it becomes important to detect the higher

harmonic spontaneous emission of the optical klystron. Thus,

we prevented the degradation of spectral modulation of

higher harmonic spontaneous emission by adjusting the gap

in the dispersive section in the ETLOK-III, and were able to

precisely measure the spectrum of the higher harmonic

spontaneous emission. We gained some novel insights

regarding the higher harmonic spontaneous emission of the

optical klystron, and we report our findings in this article.

2. The optical klystron ETLOK-III

A planar optical klystron ETLOK-III was incorporated into

the infrared FEL system as an insertion device (Sei et al.,

2002). It had two identical undulator sections of 1.4 m length

and one dispersive section of 0.72 m length. The undulator

period in the undulator section �u was 0.2 m, and the number

of periods Nu was 7. The gap of the undulator section gu could

be adjusted to be between 36 and 150 mm, and then the value

of the deflection parameter K varied from 1.28 to 10.4.

Because the stage that supported the magnets of the disper-

sive section was put between the stages that supported the

magnets of the undulator sections, the gap of the dispersive

section gd could be made at most 38 mm wider than gu.

However, gd could be changed independently of gu, and its

value ranged from 42 to 188 mm (Sei et al., 2008). It was

possible to investigate the influence of the dispersive section

on the FEL gain and power without changing the conditions of

the electron beam and the undulator section. Because the FEL

experiments were conducted with an electron beam energy of

310 MeV (Sei et al., 2009, 2011), the higher harmonic spon-

taneous emission of the ETLOK-III could be observed in the

near-infrared and visible regions. Therefore, it was easy to

measure the spectrum of the higher harmonic spontaneous

emission. We have developed the third-harmonic FEL oscil-

lations in a wide range of wavelengths, from 549 to 1551 nm

(Sei et al., 2012c).

3. The microstructure of the optical klystron’s
spontaneous emission spectrum

When a bunch of electrons passes through the first undulator

section of the optical klystron, it interacts with the optical

pulse beam and velocity modulation is generated in the bunch

of electrons. This velocity modulation is converted into the

density modulation of the bunch in the dispersive section

because the electrons travel through it in a curved orbit. The

efficiency of this conversion depends on the number of periods

of the fundamental harmonic wavelength passing over an

electron in the dispersive section, Nd, which is given by

Nd ¼
d

2�R1�
2

(
1þ ��ð Þ2 þ

e2

m2c2d

Z1
�1

" Zu

�1

Bd zð Þ dz

#2

du

)
;

ð1Þ

where m, e, c, � and � are the electron mass, electron charge,

speed of light, observation angle relative to the electron beam

axis, and the electron energy in units of its rest mass (Deacon

et al., 1984), respectively. The parameter d is the length of the

dispersive section, and Bd(z) is the vertical magnetic field on

the electron beam axis, created by the dispersive section

magnet at the longitudinal coordinate z. The parameter �R1

denotes the resonant wavelength of the fundamental

harmonic spontaneous emission, and for the nth order it is

given by the following equation,

�Rn ¼
�u

2n�2
1þ

K2

2
þ ��ð Þ2

� �
: ð2Þ

This delay of the electron with respect to the spontaneous

emission of the first undulator causes a phase shift for the

spontaneous emission of the second undulator. This phase

shift is responsible for generating the modulation in the

optical klystron’s spontaneous emission spectrum. By

neglecting the radiation from the dispersive section, the

optical klystron’s spontaneous emission spectrum for a

wavelength � is given by

SOK �ð Þ ¼ 2Sund �ð Þ 1þ f cos 2�n Nu þ Ndð Þ
�Rn

�

� �� �
; ð3Þ

where f is the modulation factor, and the symbol Sund stands

for the spontaneous emission spectrum of the undulator

section (Elleaume, 1984a; Billardon et al., 1985). For a planar

undulator, Sund in the perpendicular plane including the

electron beam axis is given by

Sundð�Þ ¼
eK�nNuð Þ

2

4"0�
2 1þ ðK 2=2Þ þ ��ð Þ2
� �2

sin ��
��

� 	2

� J n�1ð Þ=2 n�ð Þ � J nþ1ð Þ=2 n�ð Þ
� �2

; ð4Þ

� ¼
K 2

4þ 2K 2 þ 4 ��ð Þ2
; ð5Þ

�� ¼ �Nun
�Rn

�
� 1

� 	
; ð6Þ

where "0 is the permittivity of free space, and the order n is

limited to positive odd numbers (Brau, 1990). Fig. 1 shows the

radiation profile of the spontaneous emission from ETLOK-

III, measured by a charge-coupled device camera at gu =

86 mm (K = 4.23) and gd = 120 mm. An aperture, which was set

at a distance of 7.6 m from the center of ETLOK-III and had

an opening of 35 mm, was used in this observation. According

to equation (2), the resonant wavelength of the fundamental

harmonic spontaneous emission was approximately 2.71 mm,

so that only the fifth-harmonic spontaneous emission was

emitted on the electron beam axis in the visible region. It is

noted that the fifth-harmonic spontaneous emission varies

from green to red in Fig. 1 as the observation angle becomes

larger. All of the even harmonics of the spontaneous emission

vanish identically in the perpendicular plane including the

electron beam axis, but they appear in the horizontal plane
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when � > 0 (Yoshikawa et al., 1994). As shown in Fig. 1, the

sixth-harmonic spontaneous emission was observed as the

vertical blue stripes. Equations (3) and (4) show that the

envelope of the optical klystron spectrum is determined by

ðsin ��=��Þ
2. As an ordinary planar undulator, this factor

results in the narrowing of the width of the envelope of the

higher harmonic spontaneous emission spectrum. Fig. 2 shows

spectra of the third-harmonic and fifth-harmonic spontaneous

emission at gu = 87.8 mm (K = 4.10) and gd = 120 mm.

Compact spectrometers with resolutions of 0.83 and 0.24 nm

were used to measure the third and the fifth harmonics,

respectively. The measured envelope width of spontaneous

emission was 38.0 nm for the third harmonic in full width at

half-maximum (FWHM). The ideal envelope width calculated

with a single-electron beam was 36.2 nm. The spectrum of the

third-harmonic spontaneous emission became slightly wider

due to the electron-beam emittance. The measured envelope

width of spontaneous emission was 12.7 nm for the fifth

harmonic FWHM. The width ratio of the third to fifth

harmonics was 2.99, and it was almost in accord with the

theoretical value of (5/3)2.

As shown in equation (3), the parameter Nd characterizes

the modulation that appears in the optical klystron’s sponta-

neous emission spectrum (Sei et al., 2007). The microstructure

interval ��n for the nth harmonic spontaneous emission

spectrum is given by

��n ffi
�Rn

n Nu þ Ndð Þ
: ð7Þ

Thus, we can expect the relationship ��m=��n = ðn=mÞ
2 to

hold. In Fig. 2, the measured values of ��3 and ��5 were 2.97

and 1.06 nm, respectively. This confirms that the ratio of ��3

to ��5 is almost in accord with the theoretical value of (5/3)2.

Equation (3) also shows that ��n depends on the higher

harmonic order, even for the same resonant wavelength. By

definition of Nd, the quantity nNd does not depend on the

higher harmonic order at a resonant wavelength. However,

the quantity nNu does depend on the higher harmonic order,

thus ��n changes with the harmonic order. As with the optical

klystron OK-4 in the Duke FEL Laboratory (Litvinenko et al.,

1999), because the ETLOK-III could change the K value of

the undulator section with fixed magnetic field in the disper-

sive section we could measure the dependence of ��n on the

order of the higher harmonic. Fig. 3 shows the spontaneous

emission spectra of the fundamental and third harmonics with

gd = 120 mm, obtained when the resonant wavelength was

adjusted to approximately 855 nm. In these measurements,

dielectric multilayer mirrors whose reflectance had a

maximum at the wavelength of approximately 855 nm were

installed in the mirror cavities of the infrared FEL system. The

transmittance of the mirror (0.02%) was hardly dependent on

the wavelength around the target wavelength of 855 nm; thus,

the mirror did not influence the evaluation of ��n. The

measured microstructure intervals were 3.12 nm for the

fundamental harmonic and 2.96 nm for the third harmonic,

respectively. By using equation (7), the difference of

�R3=��3 � �R1=��1 was evaluated to be 14.8, which was

almost in accord with the theoretical value of 2Nu.

Moreover, we measured ��n by observing spectra of higher

harmonic spontaneous emission at the wavelength of

approximately 890 nm in the FEL experiments (Sei et al.,

2012a). Fig. 4 shows the �Rn=��n ratio, evaluated by the

measured ��n for the fundamental, third, fifth and seventh

harmonics. The tunable range of the dispersive gap of

ETLOK-III was limited by the undulator section, and we

could not measure ��n for all of the higher harmonic orders at

the same gd. However, by fitting the �Rn=��n values that were

measured for the third harmonic to an exponential function,
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Figure 2
Measured spectra of the third harmonic (a) and the fifth harmonic (b)
spontaneous emission at gu = 87.8 mm (K = 4.10) and gd = 120 mm.
Compact spectrometers with resolutions of 0.83 and 0.24 nm were used in
(a) and (b), respectively. The electron beam current in a single-bunch
operation was 1.6 mA in (a) and 0.9 mA in (b).

Figure 1
Photograph of the spontaneous emission profile from the optical klystron
ETLOK-III at gu = 86.0 mm (K = 4.23) and gd = 120 mm. An aperture
with an opening of 35 mm was placed 7.6 m from the center of the
ETLOK-III.



the ratio �Rn=��n for the third harmonic could be compared

with the ratios obtained for other order harmonics, as listed in

Table 1. It is noted that the value of �Rn=��n at the same gd

and same wavelength was found to depend on the order of the

higher harmonic. We experimentally clarified, for the first

time, the dependence of ��n on the higher harmonic order.

4. Observation of the modulation factor for the higher
harmonics

The modulation factor f, which expresses the modulation rate

of the spectral microstructure, is affected by several different

physical parameters. For storage rings, the measured f is

simply the product of three individual f factors, namely,

f ¼ fe ff fm; ð8Þ

where fe is the modulation factor due to the

multi-electron emission, ff is contributed by

the optical klystron field imperfection, and

fm is that due to the observation (Deacon et

al., 1984; Elleaume, 1984a). Generally, the

factor ff only insignificantly contributes to

the degradation of f.

The factor fe also consists of three factors:

the energy spread of the electron beam, size

of the electron beam and angular divergence of the electron

beam. The main contribution to fe comes from the energy

spread ��, and the factor due to the energy spread for the

fundamental harmonic, f�1, is given by

f�1 ¼ exp �8�2


Nu þ Nd

�2
��=�

 �2

h i
: ð9Þ

This formula was derived by accounting for the phase distri-

bution of the cosine function in equation (3), which was

caused by the energy spread. Then, the factor for the nth

harmonic, f�n, is obtained by replacing Nu þ Nd with

nðNu þ NdÞ in equation (9), namely (Sei et al., 2010)

f�n ¼ exp �8�2n2


Nu þ Nd

�2
��=�

 �2

h i
: ð10Þ

For the FEL experiments in the NIJI-IV, the energy spread of

the electron beam was evaluated to be 4.0 � 10�4 (Sei et al.,

2010). The optimized value of nðNu þ NdÞ, which maximized

the FEL gain with ETLOK-III, was approximately 200

(Couprie et al., 1989).

Although fm does not contribute to the reduction of the

FEL gain, an observed optical klystron’s spontaneous emis-

sion spectrum includes degradation of the modulation due to

fm. To evaluate the FEL gain precisely, it is important to

remove fm from the measured f. According to the literature,

fm for the fundamental harmonic, fm1, is given by
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Table 1
Comparison of the measured �Rn=��n with the fitting curve results for the third harmonic, and
the measured �Rn=��n for the other harmonic orders.

Dispersive
gap, gd

(mm)

�Rn /��n for
third harmonic
in fitting curve

Compared order
of harmonic

�Rn /��n for the
measurement data

Difference between
the measurement
and fitting curve

100 394.6 7 422.6 +28.0
109 335.4 5 350.2 +14.8
125 252.4 1 235.9 �16.5

Figure 3
Measured spectra of the fundamental harmonic (a) and the third
harmonic (b) spontaneous emission with gd = 120 mm at the resonant
wavelength of �855 nm. The undulator gaps were 124 mm (K = 2.07) for
the fundamental harmonic and 87.8 mm (K = 4.10) for the third harmonic.
The electron beam current in a single-bunch operation was 1.9 mA in (a)
and 2.9 mA in (b).

Figure 4
Evaluated values of �Rn=��n obtained from the measurements of ��n

for the fundamental (K = 2.13), third (K = 4.19), fifth (K = 5.52) and
seventh harmonics (K = 6.62) at the resonant wavelength of �890 nm.
The dotted and solid lines are the exponential fitting curves for the
fundamental and third harmonics, respectively.



fm1 ¼ exp �
�

12

Lþ d

�
a2

� 	2
" #

sin2	1

	2
1

; ð11Þ

	1 ¼ �


Nu þ Nd

���

�
; ð12Þ

where L is the length of one undulator section, a is the total

angular aperture of the pinhole, and �� is the resolution of

the detector in FWHM (Vinokurov & Skrinskii, 1977; Bill-

ardon et al., 1983). The first and second factors on the right-

hand side in equation (11) represent the influences due to the

observation angle and the resolution of the measuring system,

respectively. By using equation (2), a variation in the wave-

length of the nth harmonic spontaneous emission, ��, which is

caused by a slight observation angle �� relative to the electron

beam axis, is given by

�� ¼ ð�u=2nÞ ��ð Þ2: ð13Þ

In the case of �Rn = �R1, this relationship indicates that the

observation angle that is necessary to obtain a certain wave-

length shift is proportional to n1=2 for the nth harmonic

spontaneous emission. Then, the first factor on the right-hand

side in equation (11) changes, for the nth harmonic sponta-

neous emission, and becomes

exp �
�

12

Lþ d

n�
a2

� 	2
" #

: ð14Þ

The factor 	1 is derived by considering the phase distribution

of the cosine function in equation (3), similar to what was

obtained for f�. For the nth harmonic spontaneous emission,

equation (12) can be simply expanded as follows,

	n ¼ �n


Nu þ Nd

�
��=�: ð15Þ

Therefore, the observation-related modulation factor for the

nth harmonic spontaneous emission, fmn, is expressed as

fmn ¼ exp �
�

12

Lþ d

n�
a2

� 	2
" #

sin2	n

	2
n

: ð16Þ

We measured the spontaneous emission spectra of the

fundamental and third harmonics by using the same obser-

vational system around the wavelength of 870 nm, as shown in

Fig. 5. The factor a was 8.8 � 10�4 in these measurements, and

�� was 0.83 nm at the wavelength of 870 nm. Using equation

(16), the calculated values of fm1 and fm3 were 0.696 and 0.762,

respectively. On the other hand, the calculated values of f�1

and f�3 were 0.646 and 0.378, respectively, from equation (10).

Then, the products f�1 fm1 and f�3 fm3

were 0.450 and 0.288. From Fig. 5, the

measured values of f were 0.428 for

the fundamental harmonic and 0.283

for the third harmonic. The measured

and calculated values of the modulation

factors are listed in Table 2. These

experimental results show that the

observation-related evaluation of the

modulation factor for the nth harmonic spontaneous emission,

which we derived in equation (16), was appropriate.

5. Spectral envelope of the FEL amplification factor

The higher harmonics of the spontaneous emission have the

FEL gain, and we have already achieved higher harmonic FEL

oscillations by using ETLOK-III, as mentioned in the Intro-

duction. Here, we discuss a unique spectrum of the FEL

amplification factor for the higher harmonics; this spectrum

was based on the optical klystron’s spontaneous emission

spectrum.

When there is no amplifier in an optical cavity, the spectrum

P(�) of a resonant light transmitted through the cavity mirror

is given by
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Figure 5
Measured spectra of the fundamental harmonic (a) and the third
harmonic (b) spontaneous emission at the resonant wavelength of
�870 nm in a single-bunch operation. The undulator gaps were 123 mm
(K = 2.08) in (a) and 87 mm (K = 4.14) in (b). The dispersive gaps were
140 mm in (a) and 120 mm in (b).

Table 2
Measured and calculated values of the modulation factors for the fundamental and third
harmonics.

Order of
harmonic, n

Measured
modulation
factor, f

Calculated modulation
factor due to
energy spread, f�

Calculated modulation
factor due to
observation, fm

Ratio of
measurement to
calculation, f� fm /f

1 0.428 0.646 0.696 0.951
3 0.283 0.378 0.762 0.983



P �ð Þ ¼ SOK �ð Þ
T �ð Þ

1� R2 �ð Þ
; ð17Þ

where T(�) and R(�) are the transmittance and reflectance of

the cavity mirror, respectively. When a small FEL amplifica-

tion exists and the condition 1� R2ð�Þ � 1 holds true, the

spectrum P(�) is modified and is described by the following

equation,

P �ð Þ ¼ SOK �ð Þ
T �ð Þ

1� R2 �ð Þ � g �ð Þ
; ð18Þ

where g(�) is the FEL gain spectrum, and it must satisfy the

condition 1� R2ð�Þ > gð�Þ. The FEL amplification factor A(�)

is defined as

A �ð Þ ¼
1� R2 �ð Þ

1� R2 �ð Þ � g �ð Þ
: ð19Þ

According to Madey’s theorem (Madey, 1979), the small signal

FEL gain is proportional to the derivative of the spontaneous

emission spectrum with respect to the electron beam energy.

Then, the following relationship for g(�) holds,

g �ð Þ /
d

d�
SOK �ð Þ ¼

d�

d�

d

d�
SOK �ð Þ: ð20Þ

Because SOK(�) has a microstructure, g(�) also has a micro-

structure, including a sine function. In the case of Nd�Nu, the

rate of change of dSOK=d� is much larger than that of d�=d� in

the neighborhood of �Rn. The positive envelope of the FEL

gain spectrum gen(�) is approximately given as

gen �ð Þ /
sin ��
��

� 	2

: ð21Þ

If we define a parameter �n in the neighborhood of �Rn as

�n 	 �Rn � �; �n

�� ��� �Rn=�Nun; ð22Þ

the following equation for gen(�n) holds,

gen �nð Þ ffi gm

sin �Nun�n=�Rnð Þ

�Nun�n=�Rn

� �2

ffi gm 1�
�Nun�n=�Rnð Þ

2

3

� �
; ð23Þ

where gm is the effective FEL gain, considering the length-

ening of the electron bunch that is caused by the bunch

heating (Elleaume, 1984b). The value of gm approaches the

cavity loss when the electron beam current is larger than the

threshold current of the FEL oscillation. Using equations (19)

and (21), the positive envelope of the FEL amplification factor

Aen(�n) is given in the neighborhood of �Rn by

Aen �nð Þ ¼
1� R2

1� R2 � gm þ gm�
2N 2

u n2=3�2
Rn


 �
�2

n

: ð24Þ

The dependence of the reflectance of the mirror on the

wavelength is negligible in the neighborhood of �Rn; thus, the

reflectance of the mirror is expressed as R instead of being

expressed as R(�). Therefore, it is found that the positive

envelope of the FEL amplification factor is characterized by a

Cauchy distribution. The width of Aen(�n) in FWHM, wn, is

given by

wn ¼
2�Rn

�Nun



3=gm

�
1� R2

� gm


 �� �1=2
: ð25Þ

Note that wn is inversely proportional to the order of a higher

harmonic.

To investigate the behavior of the FEL amplification factor

for higher harmonics, we generated the fundamental and the

third-harmonic oscillations in FELs at wavelengths of around

1530 nm (Sei et al., 2012c). Fig. 6 shows the FEL spectra

observed for the threshold currents. The cavity loss was

evaluated to be 0.13% at wavelengths of �1530 nm. Fig. 7

shows the calculated FEL amplification factors that are the

ratios of the threshold lasing to the resonant light power at the

microstructure peaks in Fig. 6. It is clarified that the envelope

of the FEL amplification factors is described by a Cauchy

distribution. When the measured data of the FEL amplifica-

tion rates were fitted with the Cauchy distribution, the widths

of the fitting curves were 19.2 nm for the fundamental

harmonic and 10.4 nm for the third harmonic in FWHM. The

peak heights were 10.3 for the fundamental harmonic and 4.7

for the third harmonic. These parameters of the fitting curves

to Cauchy distributions are listed in Table 3. Because the
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Figure 6
Measured spectra of the fundamental harmonic (a) and the third
harmonic (b) resonant lights at a wavelength of �1530 nm in a single-
bunch operation. The FEL oscillations were on (solid lines) and off
(dotted lines) the threshold at an electron beam current of �1.0 mA in
(a) and 1.6 mA in (b). The undulator gaps were 103 mm (K = 3.03) in (a)
and 71.5 mm (K = 5.60) in (b). The dispersive gaps were 135 mm in (a)
and 108 mm in (b).



square-root of the maximum of the FEL amplification factors

is inversely proportional to the width, the width for the third

harmonic, evaluated by using the measured data of the FEL

amplification factors for the fundamental harmonic, was

approximately 9.5 nm. This evaluated value is roughly in

accord with the measured value of 10.4 nm. Thus, the behavior

of the FEL amplification factor for the optical klystron’s

higher harmonics could be obtained both theoretically and

experimentally.

6. Conclusion and discussion

Using the infrared FEL system of the storage ring NIJI-IV,

we observed spontaneous emission spectra from an optical

klystron, and clarified some unique characteristics pertaining

to the higher harmonics. The modulation factor of the spon-

taneous emission spectrum for the higher harmonics was

discussed, and it was shown experimentally that the modula-

tion factor derived by us was appropriate. The microstructure

interval of the spontaneous emission spectrum was measured

for the higher harmonics, and it was found that the interval at

a certain resonant wavelength became narrower as the order

of the higher harmonic became larger. Moreover, the

envelope of the FEL amplification factor was analytically

suggested to be described by a Cauchy distribution. The width

of the envelope was experimentally demonstrated to become

narrow as the order of the higher harmonic increased.

Application of higher harmonics is a key technique for

developing short coherent radiation. Recently, high-peak-

power X-ray FELs have been obtained by using self-amplified

spontaneous emission (Emma et al., 2010; Pile, 2011). The next

goal for developing the light sources will be the development

of compact coherent light sources in the extreme-ultraviolet

and X-ray regions. Studies of light sources by using higher

harmonics, such as a high-gain harmonic generation and an

echo-enabled harmonic generation (Yu et al., 2000; Stupakov,

2009), are in their advanced stages throughout the world. The

application to higher harmonics to an X-ray FEL lasing is also

considered (Schneidmiller & Yurkov, 2012; Dai et al., 2012),

and an insertion device of the optical klystron type may be

useful for obtaining a high FEL gain there. We expect that the

results and conclusions of our present studies on higher

harmonics will be applied to the development of compact

coherent light sources with a superconductivity linac in the

extreme-ultraviolet and X-ray regions.
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Table 3
Parameters of Cauchy distributions fitting to the FEL amplification
factors for the fundamental and third harmonics.

Order of
harmonic, n

Resonant
wavelength,
�Rn (nm)

Peak
height

FWHM,
wn (nm)

1 1535 10.3 19.2
3 1527 4.7 10.4

Figure 7
Calculated FEL amplification factors for the fundamental harmonic
(open circle) and the third harmonic (solid circle). The solid and dotted
lines are the fitting curves to Cauchy distributions.
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