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CONSTRUCTION OF THE INFRARED UNDULATOR AT LEBRA
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Abstract

The new undulator has been constructed for infrared FEL at LEBRA. Pieces of permanent magnet are set on the
same mount as the visible-ultraviolet undulator which magnets are damaged by radiation and removed. The period of
48mm is decided to cover the FEL wavelength range from 1 to 5 wm correspondence to the electron energy of 50 to
100MeV. To maximize small signal gain, minimum gap width is selected 29mm for obtaining the K of unity at which
small signal gain is peaked. Two types of mirrors are prepared, Au courted one and dielectric multi-courted one. The Au
courted mirrors are for using wide range of wavelength. The multi-courted mirrors are for wavelength of 1.5um. First
light was observed at May in this year.
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OBSERVATION OF IR SPONTANEOUS RADIATION AT LEBRA
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Abstract

The FEL system of the Laboratory for Electron Beam Research and Application (LEBRA) of Nihon Uni-
versity was reconstructed for the infrared region (IR) from 0.8 pm to 5 pum. In order to check the performance,
the spontaneous radiations generated by the new undulator were observed using a CCD video camera. It was
demonstrated that the wavelength of the visible spontaneous radiations, which correspond to the higher har-
monics, can be controlled by adjustment of the undulator gap width.

The time structure of the radiation measured by a photo detector indicates that the yield of the radiation
has the linearity to the electron beam current and the undulator generates enough IR radiation. The spectra
of the 2nd and 3rd harmonic radiation with much narrow widths were also obtained. These results mean that
the new undulator works as an IR photon generator.
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Abstract

The FEL system covering wavelengths from 800 nm to 5 um has been developed at Laboratory for Electron Beam
Research and Application (LEBRA) in Nihon University. The system consists of a conventional 125 MeV S-band linac
and a planar undulator with the alternative field of 50 periods.

The first lasing of the system was achieved at the wavelength of 1.5 um using dielectric mirrors. Although the
saturation of the FEL power has not been observed yet, amplification of the spontaneous radiation power by about 103
times has been obtained with the measurement using the InSb detector. The absolute power has been estimated to be a
few mJ/macropulse.

An intense visible light has been observed frequently depending on the intensity of the fundamental FEL. The
measured time structure of the phenomenon suggests that this is the radiation related with the formation of the
microbunches in the electron beam. © 2002 Elsevier Science B.V. All rights reserved.

PACS: 41.60.Cr; 47.75.Ht; 29.17.+w

Keywords: FEL,; First lasing: Electron linac; Near-IR

1. Introduction search and Application (LEBRA) of Nihon Uni-
versity [1,2]. In this project the FEL will be applied

Since 1994 a free electron laser (FEL) system to the advanced studies on the various fields such
based on a 125 MeV electron linac has been as material science, biology and medical science.
developed at Laboratory of Electron Beam Re- The construction of the FEL system for visible

region was completed in 1997 and the spontaneous

T Corresmond Hor. Tel: +81.47-469-5983: fax: +81 emission (SE) from the undulator was observed
orresponding author. Tel.: -47-469- ; fax: - . . .. .

47-469-5490. in 1998. The EEL in visible region, however, has

E-mail address: yahayak @lebra.nihon-u.ac.jp not been achieved and permanent magnets of

(Y. Hayakawa). the undulator were seriously damaged due to

0168-9002/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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irradiation with electron beams and/or 7y-rays.
Thus a new magnet array was designed for lasing
in infrared region (IR) instead of that in visible
region. The undulator was reconstructed and IR
radiation from it was observed in 2000 [3].

In order to realize the near-IR FEL various
improvements on the linac have been performed.
By many works on the stabilization of the RF
driving system the electron beam macropulse with
a duration of 20 us has become available for the
FEL experiment at the beam current over 100 mA.
As the result of these efforts the first lasing at a
wavelength of 1.5 um was achieved on May 26th
of 2001. This paper reports about the facility of
LEBRA and details of the event.

2. Performance of a linac and an undulator for near
IR

Layout of the 125 MeV linac and the FEL
system is schematically shown in Fig. 1. The
electron beam is extracted at 100 keV with the
conventional thermal cathode DC gun. Neither
sub-harmonic buncher (SHB) nor RF gun is used
at the injector section. Instead of those special
devices, the 7-cell traveling wave type prebuncher
tube brings excellent bunch length [4,5]. There are
three 4 m accelerating tubes in the linac regular
accelerating section. The RF power is supplied
using two klystrons. The RF phase has been
stabilized by both feedforward and feedback
methods. The electron beam is momentum ana-
lyzed in the 90° achromatic bending system at the
upper section of the undulator.

A horizontally arranged planar undulator is
chosen as an insertion device. At present the
undulator has the alternative field of 50 periods
and is set up for the FEL wavelength from 0.8 to

Table 1

Parameters of the 125 MeV linac

Beam energy 50-125 MeV
Acceleration frequency 2856 MHz
Thermal cathode EIMAC Y646B
DC gun voltage —100 kV

Beam pulse duration 20 ps

Beam intensity 200 mA
Peak current 5-20 A
Repetition rate 12.5 Hz

Normalized emittance 207 mm mrad

Energy spread 1%

Table 2

Parameters of the planar undulator

Undulator structure Halbach
Period length 48 mm
Period number 50
Material of permanent magnets Nd-Fe-B
K-value (rms) 0.57-1.2
Resonant wavelength 0.8-5 um
Cavity length 6718 mm

5 um. The specifications of the linac and the
undulator are shown in Tables 1 and 2, respec-
tively. The small signal gain of the FEL system
calculated as a function of the K-value and the
resonant wavelength is also shown in Fig. 2.

3. First lasing at a wavelength of 1.5 pm

For the FEL lasing experiment, a wavelength
of 1.5 um was selected as the resonant wave-
length. The dielectric mirrors with the reflection
rate of 99.5% for the wavelength were prepared.

Fig. 1. Layout of the FEL system. KLY: klystron, PB: pre-buncher, B: buncher, AS: accelerator structure, BD: beam dump.
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Therefore the round-trip loss of the optical cavity
is 1%, which is in good agreement with the actual
loss that estimated from the decay time of the
accumulated SE.
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Fig. 4. Measured FEL power expressed as amplification of the
accumulated spontaneous emission.

The first lasing at LEBRA was achieved at the
electron beam energy of 86.8 MeV, the undulator
K-value of 0.92 and the macropulse beam current
of 100 mA. The macropulse waveforms of the FEL
measured using an InSb detector with the sensi-
tivity of 40 000 V/W are shown in Fig. 3 together
with the beam current ones obtained by a core
monitor. After tuning of the optical cavity length
and the parameters of the linac, the FEL power
became so intense that the IR detector was
saturated.

Fig. 4 shows the obtained FEL power expressed
as amplification of the accumulated SE power
and the beam intensity at that time. The amplifica-
tion was estimated by the external fitting to the
decay curve of the detector output signal. The
reduction owing to an ND filter (ND-400) placed
at the front of the detector window was taken into
account. The FEL gain has no linearity to the
average beam current over a macropulse. It
suggests that in this system short bunch length is
more essential than large average beam currents.
The input RF power into the injector should be
optimized to obtain enough beam bunching for
larger beam intensity. The FEL power has
increased and reached at least a few mJ per one
macropulse, which is estimated by the calorimetric
measurement. However, the saturation of the
power has not been obtained yet up to the early
part of August 2001.
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Fig. 5. Pulse shape of visible region radiation measured using a
Si photodiode. It is enhanced when the FEL pulse grows up.

4. Enhancement of visible light

When the fundamental FEL became so intense
as to saturate the IR detector with the ND filter,
an intense visible light was observed with a
telescope for monitoring the beam profiles. Since
the light color obtained by a CCD camera is cyan,
it seems to be the third harmonics of 1.5 pm
resonant wavelength.

In order to investigate this phenomenon the
time structure of the visible light was measured
using a silicon photodiode detector. The result
of the measurement is shown in Fig. 5. The
intensity of the light grows up rapidly at late
part of the electron beam macropulse and its
rise time is shorter than the fundamental FEL.
Because of the fast decay there is little possi-
bility that the accumulation of the higher harmo-
nics in the optical cavity should cause this
enhancement.

The shape of the signal suggests that the
occurrence of the flush should be strongly depen-
dent on the microbunches formed in the FEL
process. Therefore, it is considered that the
phenomenon should be the coherent radiation
from the microbunches or the nonlinear harmonics
discussed in recent theoretical works [6].

5. Problem

At present the linac is still unstable. The FEL
power fluctuates frequently and after a while the
lasing entirely strays off. The instability disturbs
the measurements to obtain significant properties
such as the spectrum. It is also hard to perform
fine adjustments of the linac leading the FEL
power to the saturation.

Main causes of the long-term instability are
variations of the cavity length dependent upon the
room temperature and slow reduction of the
electron emission from the gun. In particular,
latter is serious since variations of the beam
loading at the injector affect the electron beam
bunching.

On the other hand it is considered that
the instability in the short period seems to be
due to the staggers of the beam trajectory
caused by fluctuations of the commercial electric
power.

6. Summary

The first lasing at LEBRA was achieved
at the wavelength of 1.5 um. It demonstrates the
possibility of FEL using a conventional electron
linac without an SHB and an RF gun. In
other words, the high-performance prebuncher
has potential to realize a low-cost FEL system.
The stability of the linac, however, must be
more improved to achieve the FEL power
saturation and provide excellent laser beams for
applications.

The intense visible light that seems to be due
to the microbunches was observed. It is an
interesting phenomenon and worth studying as a
light source.
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The FEL system at LEBRA (Laboratory for Electron Beam Research and Application) at Nihon University
consists of a 125 MeV electron linac and an optical cavity system with a planar undulator, which has been designed
to cover the FEL wavelength from 800 nm to 5 um. For the preliminary FEL lasing experiment the optical cavity
system has been tuned to a wavelength near 1.5 pm. With this system first lasing was observed in May 2001 after
a series of improvements on the linac rf system, the injector and the regular accelerating section.

1. Introduction

Since 1997 the FEL experiment has been per-
formed using a 125 MeV electron linac at LEBRA
(Laboratory for Electron Beam Research and Ap-
plication) at Nihon University, as collaboration
on a high quality electron beam between KEK
and Nihon University[1,2]. In 1999 a serious de-
generation was found in the undulator permanent
magnets, which was caused by the intense radia-
tion from the beam profile monitors and the vac-
uum duct on the FEL beam line. Then, in 2000
the permanent magnets were replaced with those
having an undulator wavelength of 48 mm. Af-
ter the improvements on the linac rf system, the
injector and the regular accelerating section, the
first lasing was observed at the FEL setup wave-
length of 1.5 pm in May 2001. In the following
sections, results of the improvements on the per-
formance of the linac are reported.

2. The LEBRA FEL linac

The linac is composed of a 100 kV dc gun, a
prebuncher, a buncher and three 4 m long ac-
celerating tubes. These components were moved
from the PF injector section of KEK. The pre-

buncher is not a single cavity but a 7-cell 2/3 =
mode travelling wave tube. The electrons in the
bunching phase are accelerated in the prebuncher,
which is effective for the suppression of the emit-
tance growth caused by the space charge force
when the electrons are strongly bunched in the
drift space and the buncher. The Mitsubishi
PV3030A1 klystrons used were also moved from
KEK. The nominal maximum rating of the rf
pulse width for the klystron is 6 us. However, the
klystrons have suffered the pulse width of 20 us
in the operation at 20MW output and 12.5 pps
by the improvement on the vacuum conductance
around the rf window as mentioned in later sec-
tion.

3. Improvement on the perfomance of the
linac

3.1. Long pulse operation of the klystrons

The output rf from the klystron is transmit-
ted by evacuated waveguides. A serious prob-
lem about the PV3030A1 klystrons was the di-
electric breakdown occurred at the downstream
side of the output windows. Once the break-
down occurred on the rf window, the vacuum in
the waveguide decreased rapidly, then recovered
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slowly in several seconds. .Since the. nearest ion
pump was placed about 2 m downstream of the
window, the conductance of the vacuum around
the window was very poor. The vacuum degener-
ated by the breakdown around the window caused
a new breakdown in the next rf pulse, thus the
damage on the accumulated gradually and finally
the window was broken. In order to recover the
vacuum around the window in very short time,
two 8 1/5 ion pumps were added at the waveguide
close to the window. Before the change of the vac-
uum system the operation with the rf pulse width
of 20 s seemed to be very difficult to realize, but
this change was quite successful to suppress the
breakdown. Although the pulse width is much
longer than the nominal rating, the routine oper-
ation of the klystron is currently performed with
the rf pulse width of 20 us and the output peak
power of 20 MW at the repetition rate of 2 Hz

3.2. Phase stability of the klystron driving
rf system

The phase of the output rf from the driver rf
amplifier changes considerably during the rf pulse
duration, although only a small phase fluctuation
can be allowed in case of FEL. Without any com-
pensation of the phase fluctuation, after passing
the bending magnets and the momentum slit the
electron beam current was quite unstable. Then
the phase control system has been applied to the
fast ¢/A controller precedent of the rf amplifier.
The compensation for the phase difference be-
tween the rf source and the rf amplifier output
has been done by applying the phase control sig-
nal generated with a function generator to the
fast ¢/A controller. The fluctuation of the phase
in the whole rf pulse duration has been reduced
to less than 1 deg. by this system.

3.3. Performance of the electron gun

The electron gun was the same as the one used
at KEK to get a beam with a large peak cur-
rent and short pulse, in which the EIMAC Y646E
cathode was adopted. Therefore, the specifica-
tion of the gun had not been optimized for the
use in the FEL of LEBRA. The electron beam
was strongly focused near the anode. Then the
optimum shape of the Wehnelt electrode was de-

signed for the cathode voltage of -100 keV and
the emission current of 400 mA by a computer
simulation using the EGUN code. A new elec-
tron gun has been fabricated on the basis of the
result of the simulation. The cathode assembly
has been replaced to EIMAC Y646B that has a
smaller cathode area compared with Y646E. The
emittance of the beam deduced from the result
of the beam profile measurements has been re-
duced considerably. The normalized emittance
obtained at the exit of the linac has been about
21 mmm-mrad, which is about 1/3 of that ob-
tained for the old gun.

3.4. Perfomance of the injector and the
regular section

In the beginning of the linac operation, the rf
power for the injector, i.e. the prebuncher and
the buncher, was divided from the klystron out-
put using a 7.2 dB directional coupler. The direc-
tional coupler has been replaced to one that has
a coupling of 6 dB, because the power applied to
the buncher was not sufficient for the bunching
of the beam with the current of 400 mA. Orig-
inally the high power if system associated with
the second klystron, supplying the rf power to
two 4 m accelerator tubes, did not equipped with
a phase shifter. For easiness of the operation of
the linac when the energy change is required, a
phase shifter has been put in the waveguide sys-
tem connected to the final 4 m tube.
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A free electron laser (FEL) system has been developed for the experiments of material, life, resource sciences and others at the Laboratory
for Electron Beam Research and Application (LEBRA) in Nihon University. The beam from a 125MeV electron linac was first introduced to
the FEL system in 1998. We had encountered several difficulties especially in the electron beam stability for the long pulse operation of the
linac which was required for a relatively short wavelength FEL system. In 2001 the first lasing of 1.5pm FEL was achieved at the electron
energy of 86MeV using an undulator designed for the near infrared FEL. We could suppress the beam current fluctuations quite effectively
by improving the stability of the phase of the klystron output RF and have succeeded in lasing. The current important subject is to improve
the stability of the FEL lasing for the applications of the LEBRA FEL to various studies.

KEYWORD: infrared, free electron laser, electron linac, undulator

1. Introduction

The free electron laser (FEL) project at Nihon
University was started in 1994 with cooperation from
Tohoku University, KEK, ETL and PNC". The project has
been proposed to promote the application of infrared (IR)
through ultraviolet (UV) FEL to the fields of material, life,
resource and other sciences.

The specifications of the electron linac are listed in
Table 1. The beam injection system and the regular
accelerating section of the linac were moved from KEK
Photon Factory positron injector linac as a part of
collaboration on development of a high quality electron
linac. The linac was constructed in the building that had
been used for development of a 35MeV double-sided
microtron?. In order to suppress construction costs, many
power supplies and parts used in the microtron, the 100kV
DC gun power supply, the gun high voltage terminal, the
electromagnet DC power supplies and the high power DC
supplies for the klystron modulators, have been recycled.

The first lasing with the FEL system in the Laboratory
for Electron Beam Rescarch and Application (LEBRA) was

Maodulator Room

achieved in May 2001 at the wavelength of 1.5um after
considerable improvement of the linac performance. An
exponential increase of the gain in the FEL has been
obtained during the electron beam macropulse, but no
evidence for the saturation of the light power has been
_observed. Present status and improvements on the LEBRA
FEL system are reported in the following sections.

Table 1. Specifications for LEBRA 125MeV linac.

Accelerating RF frequency 2856 MHz
- Klystron peak output RF power 30 MW
Number of klystrons 2
Electron Energy 30~125 MeV
Energy spread (FWHM) 0.5~1 %
Macropulse beam current 200 mA
Macropulse duration 20 ps
Repetition rate 12.5 pps
Micropulse beam pulse length 35 ps
Micropulse beam current 20 A
Normalized beam emittance 20  mmm.mr

Accelerator Facility

Fig. 1. Outline of the first
floor of LEBRA facility.
There are 9 experimental
rooms for the application to
various ficlds, as indicated
with numbers (1)-(9). The
experimental  facility was
completed in 2001

20m

34
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2. Overview of LEBRA facility

The facility of LEBRA is located in the Funabashi
campus of Nihon University. The outline of the first floor is
shown in Fig. 1. The facility is divided into two areas; the
accelerator facility and the experimental facility.

The accelerator facility was originally constructed for
research and development of a disk-and-washer accelerating
structure and a circular microtron in 1982%. In 1984,
development of a CW 35MeV double-sided microtron was
started as a research of a compact FEL electron accelerator
sponsored by the Science and Technology Agency. The
double-sided microtron was shut down in 1993, and then the
addition to the accelerator facility was completed in 1994 for
a new project, the study and application of FEL using a
pulsed linac.

Fig. 2. The 125MeV electron linac viewed from downstream the
accelerator. The linac was completed in 1997. Most of main
components, the accelerating tubes, the vacuum manifolds and the
focusing magnets were moved from KEK Positron Factory linac

Construction of the 125MeV electron linac started in
1996, and completed in June 1997. The FEL system was also
constructed in the accelerator room. The picture of the
125MeV linac is shown in Fig. 2. The beam injection system
of the linac has a conventional configuration consisting of
the 100kV DC electron gun, the prebuncher and the buncher.
However, the prebuncher is not a traditional single cavity,

Prebuncher
7| (T-cell TW tube)

Buncher
(21-cell TW tube)

Magnetic
Lens 1 Lens 2 Lens 3

Magnetic Magmnetic

0 20 40 60 80  100em

Fig.3 Schematic drawing of the linac injector system. The
EIMAC 646B thermal cathode is used for the 100kV DC gun.
The injector has a conventional configuration except that the
prebuncher consists of a 7-cell traveling wave tube.
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but a 7-cell traveling wave tube in which the electrons are
bunched and slightly accelerated . The configuration of the
linac injection system is illustrated in Fig.3.

As shown in Table 1, the high power RF of 60MW is
required for acceleration of electrons up to 125MeV, which
is supplied by two klystrons. For this purpose, the klystrons
of Mitsubishi PV3030A1 type were also moved from KEK,
though already used for several years [5]. The klystron pulse
modulators designed for the FEL linac have an approximate
pulse duration of FWHM 30us, where fluctuations of the
pulse voltage can be suppressed to less than 0.1% of the flat
top over 20us by a remote control of every inductance coil in
the pulse-forming network circuits from the control room.
The first beam acceleration with the linac was achieved in
the end of January 1998.

The experimental facility for IR to UV FEL was
completed in March 2001. Each experimental room isolated
from others according to the field of study has a separate
FEL output port. A typical setup of the FEL output ports is
shown in Fig.4. The FEL beam, guided through the vacuum
duct set under the floor, is reflected upward, and finally
extracted in the horizontal direction at the height of 900mm
from the floor with the end mirror of the output port.
Experiments using UV to X-ray beam are performed in the
large experimental hall next to the accelerator room in order
to avoid a large reflection loss of the short-wavelength
photon beam power. In the experimental facility there are 9
experimental rooms, 5 data analysis and/or preliminary
experimental rooms and 6 workrooms.

Fig4 Setup of the FEL output port placed in every
experimental room. The FEL guided through the pit under the
floor is reflected upward, and then extracted in the horizontal
direction with the end mirror at the height of 900mm from the
floor.

3. Performance of Linac

The specification of the linac RF pulse duration required
for LEBRA FEL is 20pus at the maximum klystron peak
oufput power of 30MW, but the nominal rating of the RF
pulse duration for PV3030A1 klystrons is only 6 ps at the
peak power.
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Fig.5 Performance of the stability of the RF phase and the electron beam current improved by the compensation
for the RF phase fluctuations. The klystron output phases were méasured using double-balanced mixers. The
beam currents in the accelerator and the FEL beam line were measured using current transformers (CT).

(2) RF phase fluctuations detected at the output of klystrons. Vertical scales: 3°/div for upper trace (klystron 1),
5°/div for lower trace (klystron 2). Horizontal scale: 4ps/div
(b) Reduction of fluctuations using the phase compensation systems. Scales are the same as (a).

(¢) Beam current waveforms detected at (1) exit of the gun (upper rectangular trace), (2) exit of the linac (lower
rectangular trace), (3) entrance of the undulator (narrow pulse) and (4) the Faraday cup (overlapped with (3))
when without RF phase compensation system. Vertical scales: 200mA/div for (1), 40mA/div for (2), 20mA/div
for (3) and (4). Horizontal scale: 5 ps/div.

(d) Beam current waveforms corresponding to (¢} when the fluctuations are suppressed within 1° as shown in (b).

Approximately rectangular wave has been obtained in the FEL beam line. Scales are the same as (c).

There was no experience of operation at the duration of 20
us for PV3030A1 klystrons. From the consideration on the
thermal and the dielectric strengths of the klystron output
window, the immediate target of the linac operation was set
as the maximum electron energy of 100MeV at the beam
current of 200mA, which is sufficient for the experiment of
lasing in near IR region. This beam condition can be
satisfied by the peak output RF power of 20MW for each
klystron, Thus, the ageing of the klystrons was started so as
to exceed the output power of 20MW at the pulse duration of
20ps and the repetition rate of 12.5Hz, though there was no
guarantee that the windows would not break even with such
a long output pulse.

The operation of the linac was followed by serious
problems around the RF windows and the klystron assembly
tanks as reported elsewhere®. After the increase of the

vacuum pumping in the wave guides close to the RF
windows, the performance of the PV3030A1 klystrons has
been much improved to satisfy the specification mentioned
above. The breakdown of the heater transformer in the
klystron assembly tank has been suppressed by the
improvement on the structure and the materials of the heater
transformer so that the dielectric strength could be increased.

In the early operation the quality of the electron beam
from the linac was very low due to fluctuations of the RF
phase during the macropulse. The phase fluctuations
occurred mainly in the transistor RF amplifier that drives the
klystron. Since the behavior of the fluctuations was different
between two klystron-driving systems the final electron
energy was considerably modulated in the long pulse
duration, which led to a large decrease of the beam current
and the beam pulse width when transferred into the FEL
beam line.
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The phase fluctuations have been canceled by making a
phase drift compensation system” . The system consists of a
fast phase shifter that is inserted upstream the RF amplifier
and a function generator that produces a fixed phase
modulating signal at every RF pulse. Given the fact that the
time dependence of the phase fluctuations in the pulse
duration is approximately reproduced at every RF pulse for
the whole operation time in a day, the compensation for the
phase drift has been successfully made.

Improvement of the RF phase stability and the
electron beam current is shown in Fig.5, where the resultant
waveforms are compared to those obtained with no phase
compensation. The phase fluctuations during the pulse have
been suppressed to less than 1° by this system. Also a slow
phase drift caused by change in room temperature has been
suppressed to less than 1° by incorporation of a slow RF
phase feedback circuit. The beam current transported into
the FEL beam line has formed a rectangular shape as shown
in Fig.5-(d), which is the result of a great improvement on
the uniformity of the electron beam energy achieved by the
stabilization of the RF phase in the macropulse.

4. Undulator and optical cavity

The FEL undulator consists of a planar Halbach type
permanent magnet, where the electron beam is wiggled in
the vertical plane. In the early phase of the linac operation,
the experiment of lasing was attempted at a fundamental
FEL wavelength of 482nm with the undulator magnet having
parameters optimized to the FEL from the visible to the UV
region.
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Fig. 6. Degradation of the UV undulator permanent magnet.
The peak fields measured using a Hall probe is shown with
rectangular dots. The flat line shows the regular amplitude
distribution of the magnet measured at the gap width of 11mm
before installed. The closed circles and solid lines show the
distribution of the residual radioactivity on the surface of the
magnet (in arbitrary unit). The result of the measurement
shows that the lower magnetic field corresponds to the higher
residual activity. The vertical centerline indicates the position
of a beam profile monitor set in the middle of the undulator.
The electron beam was incident on the undulator from the left
hand side.
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However, the magnetic fields of the permanent magnet
chips made of NdFeB were considerably decreased as a
result of an intense gamma and/or neutron irradiation during
the series of experiments®. The main irradiation was caused
by the photo-luminescent beam profile monitors placed at
the entrance, the middle and the exit of the undulator beam
line.

The magnetic field distribution roughly measured using a
Hall probe around every crest of the field is shown in Fig. 6
together with the residual radioactivity measured on the
surface of the magnet chips. The result of the measurement
indicates a significant degradation of the magnet chips
around the monitors where the residual radioactivity is
relatively high. The undulator vacuum duct with inner
diameter of 7.6mm, corresponding to a narrow undulator gap
width, was also the source of the radiation, since the duct
was frequently bombarded with the electron beam during the
adjustment of the beam transport system. The experiment of
lasing at 482nm was once shutdown in 1999, since it was
evident that the undulator was not effective for lasing any
more.

Then, the undulator magnet was replaced with one
newly designed for the IR FEL in order to realize the
application of the IR FEL prior to the visible-UV region. The
specifications of the IR FEL system are listed in Table 2.
The minimum gap width of the IR undulator magnet, 29mm,
has allowed us to increase inner diameter of the vacuum duct
to 25.4mm. This gives a large tolerance of the beam orbit
error compared to the previous one. The beam profile
monitors around the undulator were removed to avoid the
radiation damage to the magnet. Although there has been no
beam profile monitor or beam position monitor in the FEL
beam line, no serious problem has occurred in beam
handling for the FEL experiment since the optimum
parameters of the transport system were already confirmed.

Table 2. Parameters for LEBRA infrared FEL system using a
Halbach type planar undulator.

Undulator period 48 mm
Number of periods 50
Minimum gap width 29 mm
Maximum undulator field 033 T
Maximum K-value 1.5
Optical cavity length 671804 mm
FEL wavelength 5~0.8 pm

In the experiment of lasing, the FEL optical cavity has
consisted of two dielectric multilayer mirrors instead of
metal mirrors. Though the dielectric multilayer mirror is
applicable only for a specific FEL wavelength due to a
narrow bandwidth, there are advantages in initial mirror
alignment with a laser or in monitoring the undulator
radiation by the observation of harmonic components in the
visible region. Metal mirrors are prepared for the use in the
variable wavelength mode operation, which is necessary for
the practical use of the FEL.

Each dielectric mirror has a reflectivity greater than
99.5% at a bandwidth of 0.1um centered at around 1.55pum.
The separation of the two mirrors is about 6718mm; 64
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times the wavelength of the linac RF. The round trip time of
photons between the mirrors is about 44.8ns. The picture of
the mirror chamber downstream the undulator is shown in
Fig. 7. The direction of the mirror is adjusted by the rotation
of the mirror itself around two axes at every 10urad with
stepping motors, while the cavity length is adjusted by the
movement of the mirror along the photon beam line at every
Ipm with a stepping motor or more precisely with a piezo
unit.

Fig.7. Photograph of the vacuum chamber for the mirror
downstream the undulator.

5. Observation of IR-FEL

Observation of the undulator radiation and IR FEL has
been made with the undulator parameter and the electron
beam energy adjusted for lasing at the wavelength of 1.5um
[9]. Under this condition, most of the harmonic components
and about 0.5% of the fundamental component of the
undulator radiation are transmitted into the mirror, and are
then extracted through the sapphire view window out of the
optical cavity system. The extracted photons are guided with
mirrors into the large experimental hall next to the
accelerator room as illustrated in Fig.8. The fundamental
component is separated from harmonic components by using
a cold mirror. The fundamental component is only detected
with the InSb detector when the intensity is low, however, if
the intensity is still high after the division by a half mirror it
is detected with both the InSb detector and the HgCdZnTe
detector simultaneously. The visible third harmonic radiation
reflected with the cold mirror is focused to the color CCD
camera mounted on a telescope that has been aligned with
the undulator axis, which enables us to monitor the rough
profile and position of the electron beam in the undulator.

The buildup of the optical power of the fundamental
radiation in the optical cavity, which has been monitored
with the InSb detector, is shown in Fig.9 together with the
waveform of the electron beam current measured with a
Faraday cup simultanecusly. The experiment of lasing at the
wavelength of 1.5pm has been performed with the electron
beam accelerated to 86MeV at the peak macropulse current
of 100mA.
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The energy spread of the beam has been restricted to
FWHM 1% of the center energy with a slit downstream the
first 45° bendirig magnet. The gap width of the undulator
magnet has been adjusted so that the stored optical power
could be maximized, which means that the wavelength of
the fundamental component has been adjusted at around the
center of the mirror bandwidth.

HgCGdZnTe Cold mirror
lnSb\Q>> \ :
i
Half mirror FEL
Undulator radiation
-4—————————]
Visible harmonics 7—
FEL Optical cavity mirror

Exper imental room 1 2000 E’ ;

Radiation shield Accelerator room

Fig. 8. Observation system for IR FEL lasing experiments.
About 0.5% of the fundamental FEL (A=1.5um) and most of
the spontaneous higher harmonics are transmitted into the
dielectric multilayer mirror and extracted through a sapphire
window from the cavity system.

From the consideration on the round trip of the
spontancous radiation and the lasing of the FEL in the
optical cavity, the optical power detected after the round trip
of n times (#=0,1,2, ...) since the beginning of the uniform
macropulse beam current can be roughly expressed as

v, = Al [(1 - R){CLZ(I +GYR*+CY R”‘}+ CT} (1)
k=0 =0 R

where ¥, is the output voltage from the detector amplifier
given as an integration of successive radiations from the
electron beam at Oth through #th round trip, I is the total
intensity of the single path fundamental radiation
proportional to the electron beam current, 4 is the coefficient
including the detector sensitivity and the geometrical factor,
R is the reflectivity of each mirror, and G is the FEL gain
that is assumed constant during the macropulse, respectively.
The number n is related to the elapsed time ¢ since the
beginning of the beam pulse as ¢ = 44.8#n ns.

In Eq.(1), it is assumed that all the photons having the
wavelength in the mirror bandwidth are reflected with the
reflectivity R at every mirror in the round trip. While being
stored during the beam macropulse, the optical power is
extracted by the transmission ratio of 1-R. On the other
hand, the reflectivity for the other photons out of the
bandwidth is simply assumed to be 0, which means that
these photons are immediately extracted from the cavity with
no round trip. Therefore, the spontaneous fundamental
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radiation can be divided into three components, ie. the
component that contributes to FEL lasing (Cy), the
component that does not contribute to FEL lasing, in spite of
accumulation in the cavity (C,), and the remainder that is
not accumulated (Cr). These components satisfy the relation

G +C, +C =1 @

Since the optical power accumulated in the cavity
decays at a factor of R? in every round trip of photons after
the end of the macropulse beam, the decay curve observed in
the detector output is expressed in term of the round trip
number » as

V= VHIR2(n*n;) )]

where ny and v, is the round trip number and the detector

output voltage at the end of the macropulse beam,
respectively. The mirror reflectivity of 0.9958 has been
obtained by the fitting of Eq.(3) to the decay curve in Fig.9
with the eye, which is consistent with the product
specification. Buildup of the optical power shown in Fig.9
has been also fitted with Eq.(1) as a function of the fraction
C+C4 by assuming that the FEL gain G is 0. The value of
C1+C, has been estimated to be 0.86 from the fitting with
the eye as shown by the solid line in Fig.9, where the
absolute value of the detector output has been scaled with
the coefficient 4 in Eq.(1).

The behavior of the stored optical power has been quite
sensitive to the adjustment of the optical cavity length and
the electron beam orbit. An example of a small enhancement
of the optical power is shown in Fig.10. The waveform has
been fitted with Eq.(1) as a function of the FEL gain G and
the ratio between Cp, and C,, using the mirror reflectivity R,
the coefficient 4 and the fraction Cy ( = 1-C,—C, ) obtained
by the above analysis.

_._——Optical power ]

Electron beam currént - . :

Fig. 9 The buildup and decay waveform for the fundamental
radiation (A=1.5pm) observed with the InSb detector. The solid
line shows the result of the fitting of Eqs.(1) and (3), where the
fitted values are R=0.9958, C1+C,=0.86, C;=0.14 and
A=2.3x10"". The FEL gain G is assumed 0. The macropulse
beam current J; is 98mA, corresponding to the waveform
detected using a CT as shown in this figure. Vertical scales:
2mV/div for the InSb detector output, 20mA/div for the beam
current. Horizontal scale: 4ps/div.
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Fig. 10 Observation of 2 small enhancement of the optical
power (A=1.5um), showing a peak at the end of the beam
pulse. The FEL gain G=0.0197 was estimated from the fitting
of Egs.(1) and (3) as shown by the solid line, where C; +C,
was divided into C;=0.012 and C,=0.848 with other
parameters unchanged. Vertical scales: 5SmV/div for the InSb
detector output, 20mA/div for the beam current. Horizontal

The result of the fitting with the eye is shown by the
solid line in Fig.10, where the beam current has been
assumed to be uniform over the pulse duration. From the
fitting, the FEL gain G and the fraction C; of photons
contributing to lasing has been estimated to be 0.0197 and
0.012, respectively.

On the basis of Egs.(1), (3) and the parameters
determined in the above fittings, the FEL gain has also been
estimated for the lasing followed by a strong amplification of
the optical power as shown in Fig.11, where the detector
output voltage is plotted in logarithmic scale. The saturation
of the detector output voltage seen in Fig.11 is not due to the
saturation of the FEL power, but due to the saturation of the
detector amplifier at around 4.5V. The solid line in Fig.11
shows the result of calculation using Eqs.(1) and (3) at
(G=0.0425. The behavior of amplification and decay of the
optical power in the cavity is in good agreement with the
result of calculation using the parameters determined by
Figs.9 and 10. The result suggests that the fraction of the
photons contributing to the FEL lasing can be assigned as a
constant, although the gain is changed by the adjustment of
the electron beam and the cavity mirrors.

In Fig.11, the peak optical power at the end of the
beam macropulse is estimated to be about 1500 times the
stored power of spontaneous emission when compared with
Fig.9. The optical power monitored with the InSb detector
has been changed by several orders of magnitude between
successive pulses, corresponding to the change of the FEL
gain at every electron beam macropulse. A strong
amplification of the FEL was observed only once in several
beam macropulses probably due to pulse-to-pulse
fluctuations of the beam condition and/or the optical cavity
length. Therefore, the stabilization and increase of the FEL
gain is an important problem for the application to various
studies.

The maximum FEL gain greater than 0.06 has been
obtained in the other experiments at the macropulse beam
current of about 40mA, which has also been estimated by the
same analysis as mentioned above. The analysis suggests
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that the light power has been enhanced by a factor of 10° at
the end of the beam pulse compared to the spontaneous
power shown in Fig.9. At this time, the output signal of the
InSb detector was significantly saturated. However, the
behavior of the power simultaneously detected with the
HegCdZnTe detector, having a low response of 0.08V/W with
the active area of 1mm?, has shown an exponential increase
of the power peaked at the end of the beam pulse. The
saturation of the FEL power has not been achieved in the
LEBRA FEL system.

InSb Detector Qutput Voltage {V)

1160
Electron beam current
10 - AN 2
\ \ 1120 ~§~
. 5
L , ) ~ &
Detector output | 80 Ké
o
0.1 — @
i o &
I :
0.01— ‘/ - =]
\ Fitting curve YK 0

0 10 20 30 0
Time (us)

Fig.11. A logarithmic plot of the optical power (A=1.5um)
observed with the InSb detector when the power was
strongly amplified. The output.of the detector amplifier was
saturated at around 4.5V. The FEL gain G=0.0525 was
estimated from the fitting of Eqs.(1) and (3) with other
parameters unchanged. The fitting curve shown by the solid
line is peaked at the end of the beam pulse, which is in good
agreement with the observed exponential increase and
decay of the optical power.

T. TANAKA et al.

6. Summary

As the first phase of the FEL project at LEBRA, lasing
of 1.5pum FEL has been achieved by using dielectric
multilayer mirrors. In the series of lasing experiments, the
maximum FEL gain of 6% has been obtained at the
macropulse beam current of 40mA, but no saturation of the
FEL power has been observed yet. In the next step, the
mirrors will be replaced with gold plated mirrors to realize
variable wavelength FEL from 0.8 to 5um. The stability of
the electron beam from the linac has been significantly
improved by the compensation of the RF phase fluctuations.

The improvement of the stability of the FEL gain and
power is required for its use in various studies. The
beginning of the application of LEBRA IR FEL is scheduled
for the latter half of 2002.
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Simultaneous measurement of the fundamental and third harmonic FEL at LEBRA
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Lasing of a free electron laser (FEL) at a wavelength of 1.5 um has been achieved at Laboratory for Electron Beam
Research and Application (LEBRA), Nihon University. In order to study its characteristics in detail, a measurement system
for the fundamental and the 3rd harmonic radiation was set up. In this system the visible and the infrared light beams are
separated from cach other using a commercial cold mirror which is a kind of diclectric multi-layer mirrors. The system made
it possible to obtain several FEL parameters simultaneously, such as the yield, the beam profile and the spectrum. It will be
useful for the investigation into a phenomena that seems to be the non-linear higher harmonics discussed in recent study on

the self amplified spontaneous emission.

KEYWORDS: IR-FEL, electron linac, higher harmonics, SASE, measurement system

1. Imtroduction

At Laboratory for Electron Beam Research and Appli-
cation (LEBRA) of Nihon University a free electron laser
(FEL) system has been developed since 1994.)) The FEL
system of LEBRA consists of an S-band electron linear
accelerator (linac), a planar undulator and an optical
cavity. The specification of these devices is shown in Ta-
ble I. The system has been designed so as to cover the
wavelength range from 0.8 pm to 5 pm. At present multi-
layer dielectric mirrors, of which reflectance at 1.5 ym is
99.5 %, are used for the optical cavity. As the result of
various improvements in the FEL system, the first lasing
at a wavelength of 1.5 um was achieved in 2001.2-3)

Owing to the property of the multi-layer mirrors, the
transmittance of the 3rd harmonic spontaneous emission
(SE) is considerably higher than that of the fundamental.
In the present case, the fundamental is infrared region
(IR) light and the 3rd harmonics is in the visible region.
Since a detector for near-TR generally has some sensitiv-
ity for the visible light, it is necessary to filter out the
higher harmonics from the FEL beam. Fortunately, an
optical device to separate the visible light from near-IR is
commercially available. The device is called cold mirror.
In addition to filtering for the IR detector, the separation
of the fundamental and the 3rd harmonic SE has a great
merit that the information of the electron beam profile is
obtained from the observation of the harmonics. Thus,
a cold mirror was inserted in the light beam line and a,
few telescopes with charge-coupled device (CCD) video
cameras were arranged downstream.

During the measurement of the FEL at LEBRA with
the above system, an interesting phenomenon was found.
When the gain of the fundamental FEL became large,
the strongly enhanced 3rd harmonic radiation was ob-
served. The phenomenon is probably related with the
non-linear harmonics discussed in recent studies of the
self amplified spontaneous emission (SASE).*%) For in-
vestigating the phenomenon in detail, the measurement
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54

Table L
BRA.

Specification of the linac and the FEL generator at LE-

Electron linac

beam energy 50 — 125 MeV
acceleration frequency 2856 MHz
beam pulse duration 20 us
beam intensity 200 mA
repetition rate 12.5 Hz

normalized emittance
Planar undulator

207 mm mrad

magnet array type Halbach

material of magnets Nd-Fe-B

number of periods 50

total length 2400 mm

K-value (rms) 0.65 — 1.1
Optical cavity

cavity length 6718 mm

mirror type mu]lti—layer or metal coat

system for the FEL has been upgraded so as to obtain
several parameters of the FEL simultaneously.

In this paper the specification of the simultaneous
measurement system for the fundamental and the 3rd
harmonic radiation is described and the results of the
preliminary measurements are shown.

2. Measurement system for the FEL

2.1 Layout of the measurement system

For study of the FEL at LEBRA, the light beam ex-
tracted from the optical cavity of the FEL system has
been transported to the next room through the 2 m con-
crete shield. Several Al coated mirrors are used in the
light pass so as to guide near-IR. and the visible light
together. Figure 1 shows the schematic layout of the
measurement system.
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Fig. 1.
BRA.

Layout of the measurement system for the FEL at LE-

At the exit of a tunnel through the shield wall a cold
mirror, which is a kind of dielectric multi-layer mirrors
and commercially available, has been placed to separate
the visible light from near-IR light. The specification of
the cold mirror is shown in Table II. The reflectance and
the transmittance of the mirror were measured using an
infrared He-Ne laser (1.52 um) and an Ar laser (488 nm)
units.

The IR beam passed through the cold mirror is split
into two beams by use of a polka-dotted half mirror. The
half mirror has a merit that the reflectance dose not de-
pend on the wavelength of the incident light. One IR

Specification of the commercial cold mirror of which
incident angle is 45°.
type dielectric multi-layer
size 50 mm x 50 mm
thickness 3.3 mm
base plate boro-float glass
for 1.5 pm wavelength
reflectance ~ 10 %
transmittance >80%
for 488 nm wavelength
reflectance ~ 95 %
transmittance <1%
Table III. Specifications of the IR detectors used at LEBRA.
InSb detector
spectral range 1-54 pm
active area 1 x 1 mm?
responsivity > 40000 V/W
bandwidth DC to 20 MHz
HgCdZnTe detector
spectral range 1-12 pum
active area 1 x 1 mm?
responsivity 0.08 V/W
bandwidth DC to 200 MHz
Pyroelectric power-meter
spectral range 0.19 — 20 ym
active area 24 x 24 mm?
responsivity 534 V/]
bandwidth < 20 Hz

beam is led to a high-sensitive IR detector and another is
led to a low-sensitive one or a calorimetric power-meter.

On the other hand, the visible light beam reflected
by the cold mirror is transported to a measurement sys-
tem on the optical bench. There are three telesgopes,
a streak camera, a spectrometer and a detector for the
visible region on the bench. For the simultaneous mea-
surement the visible light beam line is divided into three
lines using quartz glass mirrors, of which reflectance and
transmittance are both 1/3.

2.2 Detectors for near-IR

In order to detect the fundamental radiation in near-
IR, a liquid Ny cooled InSb detector is used. Because
of its high-sensitivity the detector is useful for monitor-
ing the fundamental radiation accumulated in the optical
cavity. The behavior of the accumulation provides sig-
nificant information for the adjustment of the linac and
the optical cavity.
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For measurements of the intense FEL beam a fast
HgCdZnTe detector with low-sensitivity and a pyroelec-
tric power-meter for a pulsed laser are equipped. The
specification of the detectors is shown in Table III.

2.3 Monitoring of the beam profile

The beam profile of the 3rd SE is useful information on
the condition of the electron beam in the undulator sec-
tion. Thus, a telescope with a CCD video camera, which
is a conventional and low-priced one, has been placed
on the one of the visible light beam lines.®) The images
obtained from the monitoring system suggest whether
the trajectory of the electron beam is adequate for FEL
lasing.

In addition to the primary aim, the monitoring sys-
tem brought detection of a phenomenon that the 3rd
harmonic radiation was enhanced when the fundamen-
tal FEL was strongly lased.?3) Figure 2 shows the light
beam profiles of the 3rd harmonics, where a) and b) are
the images of the normal and the enhanced radiation,
respectively. Monochromatic feature of the light color
suggests that the phenomenon is a kind of the coherent
radiation.”)

Fig. 2.
spontaneous radiation.
strongly lased, the harmonics is also enhanced.

a): It is a beam profile of the undulator 3rd harmonic
b): When the fundamental FEL is

2.4 Photo-diode detector for visible region

In order to investigate the time structure of the en-
hanced 3rd harmonic radiation a Si photo-diode detector
for the visible light has been installed into the telescope.
The pulse shape obtained with the detector is shown in
Fig. 3 which also includes the signals of the InSb IR
detector and the electron beam current monitor as the
reference data.?) Tt indicates that the visible flash occurs
at the latter part of the macropulse and its gain is larger
than that of the fundamental FEL. Also the fast decay
time of the signal means that the phenomenon is not
due to the ordinary FEL process which results from the
accumulation in the optical cavity but due to the am-
plification in single-pass like the SASE. Therefore, the
non-linear harmonics of the SASE process is one of the
candidates for the cause of the flash.

Y. HAYakAwA el al.
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" electron bea
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Fig. 3. Pulse shapes of the fundamental FEL, the 3rd harmonics
and the electron beam current.

2.5 Spectrometer with a CCD camera

The spectroscopic analysis is one of the most consider-
able methods to study the 3rd harmonics enhancement.
Therefore, a spectrometer has been introduced into the
measurement system. It is a Czerny-Turner type scan-
ning monochromator with a dual grating assembly, which
has a 600 G/mm and a 300 G/mm gratings. Due to
the grating assembly, the monochromator has the po-
tential to cover the wavelength range up to 5.2 pm. Also
there are two alternative exits in the optical pass of the
monochromator. One of those has a slit assembly for
scanning measurements and another is equipped with a
back-illuminated thermoelectric cooled CCD camera,)
which has a responsivity for the light of wavelengths

5
®©
2
w
o
o
=
wavelength [nm]
Fig. 4. Spectra of the 3rd harmonic radiation. The dashed line

and the solid line describe the spectra of the normal and the
enhanced radiation, respectively.
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from 200 nm to 1.1 pm. Imaging of the SE spectrum by
the use of the CCD for spectroscopyis synchronized with
the beam macropulse of the linac. The system is use-
ful for the measurements of the 3rd harmonic enhance-
ment because the phenomena is not stable between the
macropulses with respect to the light yield.

In Fig. 4 the preliminary result measured using the
spectrometer is shown. It indicates that the enhanced
3rd harmonics is superior to the normal SE not only as
to the intensity but as to the monochromaticity.

In addition, the spectral shape of 3rd harmonic SE has
the information on the undulator condition. It is useful
for checking the reduction of the undulator magnetic field
due to the radiation damage.

2.6 Measurement of the bunch-length with a streak-tube.

A streak camera has been also arranged to measure
the bunch-length of the electron beam from the linac by
the observation of the undulator 3rd harmonic SE. Since
the measurement of the bunch-length requires the light
beam with high luminosity, it is performed alternatively
to other three measurements for the visible light beam.
Figure 5 shows a typical result of the bunch-length mea-
surement. Although the streak-tube is of old type and
the time resolution of the system is not so excellent, the
measurement is useful for confirming the performance of
the linac injector.
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Time [ps]
Fig. 5. Typical time structure of the electron beam bunching. It

was measured by use of the streak-tube with the CCD camera.

3. Summary and future

The measurement system for the fundamental and the
3rd harmonic radiation has been set up. Separation of
the IR and the visible light beams using the cold mir-
ror has made it possible to monitor the intensity of the
fundamental FEL and the 3rd harmonic SE, the elec-
tron beam profile in the undulator and the spectrum
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of the 3rd harmonics simultaneously. These parameters
are useful for adjustment of the FEL system such as the
linac and the optical cavity. Owing to the use of the
measurement system, the phenomenon that seems to be
related with the non-linear harmonics of SASE has been
observed.

The improvement in the system has been planned for
more detailed study of the fundamental FEL and the 3rd
harmonics enhancement. For instance, the equipment of
a pockels cell (Q-switch) will have advantages in the in-
vestigation in the transition of the enhancement. More-
over, an imaging device having the sensitivity for near IR
has been expected to be installed into the spectrometer
system for quick measurements of the fundamental SE
and FEL spectra.
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Abstract

The FEL system of Laboratory for Electron Beam Research and Application (LEBRA) at Nihon University has
provided relatively high FEL gain around 10% at the wavelength of 1.5 pm. The numerical estimation of the FEL gain
suggests that LEBRA-FEL system has a sufficient performance on the electron beam bunching.

In addition, the amplification of the third harmonics accompanying the intense fundamental FEL has been observed
and the spectra of which have been measured. The experimental result indicates that the phenomenon is a kind of

nonlinear harmonic generation.
© 2003 Elsevier Science B.V. All rights reserved.

PACS: 41.60.Cr; 41.75.Ht; 29.17. +w

Keywords: FEL; Electron linac; FEL gain; TDA3D; Nonlinear harmonics

1. Introduction

At Laboratory for Electron Beam Research and
Application (LEBRA) of Nihon University, the
free electron laser (FEL) project was started in
1994 and the first lasing in the near infrared region
(IR) was achieved in 2001 [1,2]. The accelerator
used in LEBRA is a conventional S-band electron
linac without an RF gun, a sub-harmonic buncher
or a super-conductive accelerating structure.

*Corresponding author. Tel.: +81-47-469-5983; fax: +81-
47-469-5490.

E-mail address: yahayak @lebra.nihon-u.ac.jp
(Y. Hayakawa).

Therefore, this success has demonstrated a prac-
tical performance of a low-cost FEL system with a
conventional linac.

In LEBRA-FEL system, a couple of dielectric
multi-layer mirrors have been used in the resona-
tor. At the stage aiming for the first lasing, the use
of the dielectric mirrors was reasonable because of
its high reflectance and ease on the alignment of
the experimental setup using the guide beam such
as a He—Ne laser. Since the theoretical estimation
suggested that the FEL gain for LEBRA system
may have a narrow margin for the lasing, the loss
in optical cavity should be suppressed. There was
the possibility of an insufficient micropulse peak
current due to beam bunching with no special

0168-9002/03/$ - see front matter © 2003 Elsevier Science B.V. All rights reserved.

doi:10.1016/S0168-9002(03)00954-9



Y. Hayakawa et al. | Nuclear Instruments and Methods in Physics Research A 507 (2003) 404—408 405

device in the injector section. Thus, the resonator
has been equipped with the multi-layer mirrors
with a reflectance of 99.5% around a wavelength
of 1.5 um.

Although the FEL lasing was achieved in
LEBRA system, the FEL gain has not shown
linear dependence on the beam intensity of the
macropulse. Unexpectedly, there has been a
tendency for a lower beam current to lead to a
larger FEL gain. The result suggests that LEBRA-
FEL system has a sufficient capability for the
beam bunching but the RF power fed into the
injector is not enough. Accompanying the intense
FEL lasing, the amplification of the third harmo-
nics that seems to be the nonlinear harmonic
generation has been observed. This phenomenon
also provides an evidence of the high FEL gain
obtained with LEBRA-FEL system.

On the one hand LEBRA-FEL system has
substantial performance with regard to the FEL
gain, but on the other hand it has serious
instability that may be a bad aspect on the short
bunch length. No saturation of the FEL gain has
been observed in the FEL system yet.

This paper discusses the gain of the fundamental
FEL and reports the experimental results of the
third harmonic amplification.

2. Specification of LEBRA-FEL

The specifications of LEBRA-FEL based on
the 125 MeV S-band linac system are shown in

Table 1

Specification of LEBRA-FEL

Electron beam energy 50-125 MeV
Acceleration frequency 2856 MHz
Beam pulse duration 20 ps
Maximum beam intensity 200 mA
Repetition rate 12.5 Hz
Normalized emittance ~207 mm mrad
Energy spread <1%
Undulator period length 48 mm
Number of periods 50

K-value (rms) 0.57-1.2
Cavity length 6718 mm
Rayleigh length 1.467 m
FEL wavelength 0.8-5 um

Table 1. Although the linac is conventional one, it
has a traveling-wave-type prebuncher tube with
seven cells and a 90° achromatic bending system as
a momentum analyzer [3]. These devices bring a
high-quality electron beam with short bunch
length and narrow energy spread.

The undulator was designed for near-IR and the
resonator has been set up for the lasing at a
wavelength of 1.5 um using the dielectric mirrors.

In the present routine operations, the energy
and the current of the electron beam are limited up
to 90 MeV and 100 mA, respectively, due to the
shortage of the RF power and the limitation of the
radiation protection shield.

3. FEL gain of LEBRA system

The measurements of the fundamental FEL and
the third harmonics have been carried out
simultaneously with the separate detectors by the
separation of the near-IR and the visible lights
using a cold mirror [4]. The macropulse shape of
the fundamental FEL is shown in Fig. 1 together
with that of the beam current. It was obtained with
an InSb detector when the kinetic energy and the
energy spread of the electron beam were 86.7 MeV
and within 1%, respectively. In order to estimate
R, the optical power loss per one round trip in the
cavity, the time dependent function

t/T
Va() = Aa+ Ba(1 = R) (1)
101 . T T 200
detector saturation
. FEL gain: 9.7%
3 1 &
% near-IR FEL cavity loss: 2.48% g
a {100 @
3 10 3
° 10 o
9 . —
8 —
3 3
o y ™o =
beam current
Y E——— . . —
10 0 20 40

Time [us]

Fig. 1. The pulse shapes of the electron beam current and the
fundamental FEL. Fitting curves for the latter give the power
loss in the cavity and the FEL gain.
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was fitted to the decay of the FEL pulse, where A4
and By are the fitting parameters and 7'(= 44.8 ns)
is the period of one round trip. From the fitting, R
was estimated to be 0.0248. Similarly, the fitting to
the rising slope was performed using the function

Vi(t) = A + B[(1 + &) (1 — R]/T )

where A4; and B; are also the fitting parameters and
G is the FEL gain. Here, G was assumed to be
constant in the macropulse duration and R has
the same value as that of Eq. (1). As a result of the
fitting, G was estimated to be 0.097. The FEL
macropulse power of the event was simultaneously
measured using a pyroelectric detector, which was
estimated at 1 mJ.

To investigate the condition of the electron
beam which leads to the FEL gain around 10%,
numerical calculations were carried out using the
one-dimensional model based on the small-signal
gain theory and the three-dimensional simulation
code TDA3D [5]. Fig. 2 shows the FEL gain
function calculated using the parameter of LE-
BRA-FEL, where the peak current I, was deter-
mined so that the maximum FEL gain should be
10%. As the focusing parameters used in TDA3D,
the values leading to as high FEL gain as possible
were picked out. It suggests that at least the peak
current of 12 A should be required of the electron
bunch even in an ideal condition. This value
corresponds to the bunch length shorter than
1.8 ps for the macropulse beam intensity of
60 mA. The result of the measurement for the

I1 Dmodel

T
TDA3D
Ay/y=02%
[=13A
€ =15 tmm mrad

10

L L=15A

& =20 mmm mrad

Gain [%]

i Ay/y=05%
a
Avly=05% 5 % ¥=170.67
=264 ¥ Rayleigh length = 1.467[m]
10F & =157mmm mra 4
{ resonant w.l. |
1450 1500 1550 1600

Wavelength [ nm ]

Fig. 2. FEL gain function calculated using 1-D model and
TDA3D.

electron beam spectrum, which showed the energy
spread narrower than 0.5%, supports that the
electron bunch length is shorter than 10 ps [6].
Taking account of the beam emittance and the
energy spread, it is possible that the peak current
exceeds 20 A and the bunch length is shorter than
1 ps. Actually, the considerable short bunch length
is consistent with the fact that the FEL gain has
been quite sensitive to the instability of the system
such as the fluctuation of the commercial electric
power. Assuming that the bunch length is of the
order of 1 ps, the peak power extracted from either
cavity mirror is estimated to be at least 20 kW.
Taking the transmittance of the dielectric mirror
into account, the intra-cavity peak power may
exceed the power-proof of the mirror,
1 MW /mm?. The spot damage that is probably
due to the optical power has actually been found
on the mirror surface.

4. Second and third harmonic generation

The enhancement of the higher harmonic
radiation has been observed in LEBRA-FEL
[1,4]. Fig. 3 shows that the third harmonics is
growing approximately three times faster than the
fundamental FEL in the same event. Here, the
exponential fitting was performed in order to
compare the power growth. The quick decay of the

1

10 T T
Amp. factor &
(t: time[us])
=]
5 AN
S a=174
5
=3
=}
o fundamental FEL
o 3rd harmonics
"5 .
o .
a A
Ga
0 1 1 o
10
12 14 16 18

Time [us]

Fig. 3. Comparison between the amplification of the funda-
mental FEL and the third harmonics. Exponential curves were
fitted to the pulse rises.
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third harmonic signal also indicates that the
harmonic amplification is not due to the accumu-
lation in the resonator but the single-pass process.
These characteristics suggest that the phenomenon
is attributed to the nonlinear harmonic generation
[7.8].

The instability of the FEL lasing has disturbed
the measurement of IR spectra by the scanning
method. Using a spectrometer with a back-
illuminated CCD camera for spectroscopy, how-
ever, has provided single-shot spectra in the visible
range for one macropulse duration [4]. Fig. 4
shows the typical spectra of the second and the
third harmonic generations taken with the spectro-
meter. The spectral peaks indicate that the
fundamental lasing wavelength is 1460 nm. The
width of the third harmonic spontaneous emission
(SE) was spread probably due to the superposition
of two peaks which resulted from the excessive
bunching of the electron beam. Thus, no obvious
peak shift in the spectrum of the third harmonics
after the amplification has appeared.

The amplified harmonics are expected to have
superior coherence to the normal SE. As shown in
Fig. 5, however, the band-width in terms of full-

2L 4
10 2nd harmonic SE 5.7nm
amplified 2nd
harmonics
1
10 E
= gl L o b sl b ot ™ ST
3 li#" i ‘«(«_}ﬁﬁ?&;ﬁ' /7’(“‘\"':‘1,'1".’{"3? t ?l‘i’w Wi "A}'mw‘ffl;f‘{“v‘«‘ﬂ%’%;“‘V,\i«‘,
= 0oH! 700 750 B
> ; | | | | ! ! ! ! ! !
= T T T T T T T T T T
()]
2
$ 10°F E
- 3rd harmonic SE
= B — | |—
amplified 3rd 2.5nm

~ harmonics

450 500
Wavelength [nm]

Fig. 4. Typical second and third harmonics spectra of the
normal spontaneous emission (dotted lines) and the amplified
one (solid lines).
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Fig. 5. Spectral width vs. radiation yield integrated around
each peak of the second and the third harmonics.

width at half-maximum (FWHM) of the harmonic
generations seems to be almost independent of the
radiation power. The behavior is presumably due
to condensing by use of a telescope immediately
before the spectrometer. The obtained spectra
have roughly the same widths as that of a
spectrum integrated over the emission angle of
0.5 mrad. Further accurate investigation into the
coherency of the radiation will require severe
collimation for the optical beam.

5. Conclusion

The large FEL gain around 10% obtained with
LEBRA-FEL, which has brought the nonlinear
harmonic generation, suggests that the system has
a rich performance on the beam bunching. Further
improvement of the linac stability will make
possible a low-cost, high-gain FEL system.
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Abstract

The free electron laser (FEL) gain and the power have still been unstable, although the lasing of 1.5um FEL was
achieved at the Laboratory for Electron Beam Research and Application (LEBRA). It has been observed that the FEL
gain changes during the pulse duration. In order to investigate the cause of the fluctuation of the FEL gain, the beam
energy spectra in the pulse duration and the IR light signals were measured with different input RF power and RF
phase of the injector. It is found that the fluctuation of the beam energy during the pulse duration occurs in spite of the

RF phase flatness (<0.5°/20 ps).
© 2003 Elsevier Science B.V. All rights reserved.

PACS: 41.60.Cr; 29.27.Fh; 29.17.+w; 29.27.Bd

Keywords: FEL; Electron linac; Near-IR; RF

1. Introduction

The Laboratory for Electron Beam Research
and Application (LEBRA) electron linac has been
developed to produce a high-power visible-to-
infrared (IR), from 0.8 um to 5 umm, free electron
laser (FEL) for the advanced studies on the
various fields such as material science, biology
and medical science [1]. The short-wavelength
FEL requires a high quality electron beam with a
long pulse duration, low energy spread and high
current density. In particular the gain of a FEL is
sensitive to the energy spread of the electron beam.
On the LEBRA linac, the specifications for the

*Corresponding author.
E-mail address: k_yokoyama@lebra.nihon-u.ac.jp
(K. Yokoyama).

beam pulse duration and the normalized emittance
are 20us and 20 mmm x mrad, respectively. The
beam extracted from the linac is transported to the
FEL system through a momentum analyzer which
consists of a slit, a collimator, four quadrupole
magnets and two 45° bending magnets. The energy
spread of the beam for the FEL is restricted to 1%
by the momentum analyzer. The energy drift is
reduced by using the phase drift compensation
system, which suppresses the fluctuation of the RF
phase in the pulse duration and the long operation
time simultaneously [2]. As a result of the
improvement, the energy drift was reduced from
3.3% to 0.5% and the beam pulse duration in the
FEL line was extended from 10 to 18 us. Although
the lasing of 1.5 um FEL was achieved at LEBRA
[1], the FEL gain and the power have still been
unstable. The FEL oscillation with two gains was

0168-9002/03/$ - see front matter © 2003 Elsevier Science B.V. All rights reserved.
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mainly observed during the pulse duration in later
section. The FEL pulse shape and the energy
spectra of the electron beam were measured in
order to investigate the cause of the fluctuation of
the FEL gain.

2. Experimental background
2.1. RF system

The LEBRA linac consists of three main parts,
the injector system, the accelerating structures and
the beam transport system to the undulator. The
accelerating RF power is supplied from two
klystrons, which are operated at 2856 MHz with
a pulse width of 20 pus, a pulse repetition rate of
2Hz and a peak output power of approximately
20 MW. Each klystron is driven by a pulsed RF
amplifier.

A phase drift in the RF amplifer occurs during
the pulse duration due to thermal characteristics of
transistors. The phase drift compensation RF
system was performed by means of a fast phase
shifter inserted before the input of the RF
amplifier [2]. The output phase of the fast phase
shifter was controlled by using the voltage signal
fed from the function generator. As a result of
introducing the phase drift compensation system,
the phase shift in the RF pulse duration of 20 us
was suppressed less than 0.5° for each klystron as
shown in later discussion. In addition to the phase
compensation in the pulse duration, the slow drift
of the klystron output phase due to a change in
room temperature was cancelled using the slow
feedback circuit. The phase drift has been within
0.5° for each klystron.

2.2. RF phase stability

The energy gain of the linac is proportional to
the integration of the accelerating field that the
electrons experience along the accelerator. The
field is expressed as Ecosf, where E 1is
the amplitude of the axial electric field and 0 is the
accelerating phase of the bunched electrons. The
fluctuation of the phase leads to beam energy
fluctuation. As for FEL gain, a maximum average

energy variation of the electron beam is given by

AE 1
7<7
E 2N

where N is the number of periods of the Undulator
Magnet, E is the energy of relativistic electrons
moving in the magnetic field and AE is the energy
spread (HWHM) [3]. Thus, the energy spread must
be less than 1.0% for N =50 in LEBRA FEL
system. On the other hand, the light pulse
accumulated in the optical cavity has to overlap
the micropulse of the electrons spatially in the
undulator. Therefore, the stability of the RF phase
is also important.

The phase difference between the reference RF
and the klystron output was detected for each
klystron using the double-balanced mixer (DBM),
as shown in Fig. 1. The reference is a cw RF from
a master oscillator. The figure shows accumulated
waveforms of the phase drift in 10s (20 pulses).
The result shows that the phase variation is less
than 0.5°. Assuming that the beam bunch length is
5ps and that the overlapping region of each light
pulse is 90%, a RF phase fluctuation of less than
0.5° is required for the stable FEL oscillation.

g |

A6,<05°

)
&

20.0mvVQ Ch2 20.0mvge M4.00us

Fig. 1. Stability of the klystron output phase, which accumu-
lated 20 waveforms in 10s. The detected signal scale is 1.2°/div.
(a) RF phase of the #1 klystron for the injector section and the
first accelerating tube, (b) RF phase of the #2 klystron for two
accelerating tubes.
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Fig. 2. FEL oscillation with two gains: (a) FEL pulse shape;
and (b) electron beam current (40 mA/div). (a)’ Is displayed in
different vertical scale of (a). The IR detector is saturated.

2.3. Problems

The stability of the phase seems to be sufficient
to produce the beam with required qualities. In the
actual operation of the linac, the beam transported
to the FEL system is also stable. Variation of the
FEL gain, however, has been observed as shown in
Fig. 2. To investigate the correlation between the
FEL gain variation and the beam energy, time
dependent energy spectra and the IR light signals
were measured simultaneously. The energy spectra
averaged every 1pus except for the transient time
region are shown in Fig. 3. The energy spectra
were obtained by utilizing the first 45° bending
magnet of the momentum analyser as a spectro-
meter. The energy spectra were split in two peaks
as shown in (a) and the energy fluctuation was
found during the pulse duration as shown in (b).
Variation of the FEL gain might be caused by the
beam energy spectra with two peaks in Fig. 3. The
FEL pulse shapes were measured after adjusting
RF power and phase so that the beam would have
the spectrum with a single peak.

3. Experimental results and discussion
3.1. Results

Two typical waveforms of the electron beam and
the FEL power are shown in Fig. 4. The difference
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Fig. 3. Energy spectra: (a) energy spectra shape in the pulse
duration. Energy spread is 0.7% FWHM; and (b) the
distribution of the beam current intensity of the energy spectra.

between (A) and (B) is attributed the shape of the
beam current that passes through the undulator.
The difference of the beam current was obtained by
adjusting the accelerating phase of the third
accelerating tube. This is equivalent to the shift in
the peak of the beam energy spectra. The pulse
shape in Fig. 4(A) may indicate that the beam
quality has changed at middle of the pulse. It is
likely that the first amplification of the FEL was
interrupted in middle of the pulse and that another
FEL oscillation was lased. The pulse shape in Fig.
4(B) suggests that only latter oscillation appears
and that the FEL gain is greater than that in Fig.
4(A). From the result of the measurement, variation
of the FEL gain may be caused by the fluctuation of
the beam quality during the pulse duration.

The energy spectra are shown in Fig. 5. The
peak of the energy spectra changed during the
pulse duration similar to that in Fig. 3 in spite of
adjusting the linac condition. Both waveforms of
FEL show that variation of the FEL gain during
the pulse duration is dependent on the energy
fluctuation rather than the shape of the energy
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Fig. 5. Energy spectra: (a) energy spectra shape in the pulse
duration. Energy spread is 0.2% FWHM; and (b) the
distribution of the beam current intensity of the energy spectra.

spectra. Furthermore, the FEL gain differs in these
two waveforms.

3.2. Discussion
FEL gain by the beam that has the spectrum

with split peaks was larger than the gain by a beam
with the improved spectrum. According to a

simulation of FEL oscillation, peak current of the
micropulse beam must be greater than 10A in
order to achieve the required gain (about 8%) [4]. It
means that the bunch length must be only about
1 ps. Considering the spectrum with split peaks in
Fig. 3, the power of the RF supplied into the
buncher was too large and electrons might have
been bunched excessively [5]. Over-bunched elec-
trons may form two adjoining bunches with narrow
phase width compared with a bunch formed
normally. The low energy electrons are removed
by the slit, then the high peak current beam with a
comparatively narrow energy spread is transported
to the undulator. The energy spectra of the beam in
Fig. 5 were remarkably improved compared to that
in Fig. 3. However, the FEL gain was small. It
seems that small FEL gain means low peak current,
i.e., the bunch length was long in Fig. 5.

In spite of good phase flatness described
previously and shown in Fig. 1, the beam energy
and the FEL gain were changed during the pulse
duration in this experiment. Such energy fluctua-
tion was not reduced, even when the RF phase was
modulated with a function generator. Further-
more, with adjusting the PFN to minimize the
phase oscillation, the energy fluctuation was not
reduced. In addition, change in klystron amplitude
was not enough to have a significant effect.

4. Conclusion

If the electron bunch length is around 1 ps, the
phase stability of 0.5° is not sufficient for stable
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lasing. Therefore, the FEL oscillation might
be interrupted by the energy change during the
pulse duration. However, it is difficult to
achieve the phase stability of 0.1°/20 us. From
the result of the measurement, bunch length of the
electron beam should be expanded in order to
stabilize the FEL oscillation. The FEL gain is
proportional to peak current. In order to obtain
the same gain as a bunch with a length of 1ps,
peak current should also be the same. To satisfy
both requirements, the number of electrons in a
bunch should be increased. It is also important to
investigate the cause of the changing beam energy
and to make the electron beam energy uniform
during the pulse duration.
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Observation of SASE in LEBRA FEL system
T. Tanaka*, K. Hayakawa, I. Sato, Y. Hayakawa, K. Yokoyama

Laboratory for Electron Beam Research and Application (LEBRA), Nihon University, 7-24-1 Narashinodai, Funabashi 274-8501, Japan

Abstract

A large enhancement of spontaneous undulator radiation has been observed during FEL lasing experiments at
LEBRA. The enhancement has been observed only with the detector for the infrared fundamental radiation. The
detector output signal showed spikes during the electron beam pulse, yet no apparent enhancement was observed with a
CCD camera monitoring the visible harmonic radiations. An enhancement factor greater than 10 has been obtained
with a 2.4m long undulator with a completely detuned FEL optical cavity length and depends strongly on the
parameters of the linac RF system. This implies that the SASE operation is possible even with a conventional electron

beam by achieving suitable bunch compression.
© 2004 Published by Elsevier B.V.

PACS: 41.60.Cr; 41.85.Ja

Keywords. Infrared; FEL; SASE; Bunch compression

1. Introduction

A self-amplified spontaneous emission (SASE)
device has been considered as the next generation
high-power radiation source, especially in the
vacuum ultraviolet (VUV) to X-ray ranges where
high-reflectance optical mirrors are unavailable.
Typical X-ray SASE projects proposed so far [1]
assume a combination of a high-energy electron
linac and an extremely long undulator magnet.
Meanwhile, recent experimental results on SASE
in the near infrared (IR) to visible spectral ranges
have shown that the SASE devices in these spectral
ranges can reach optical power saturation within

*Corresponding author.
E-mail address: tanaka@lebra.nihon-u.ac.jp (T. Tanaka).

0168-9002/$ - see front matter © 2004 Published by Elsevier B.V.
doi:10.1016/j.nima.2004.04.137

several meters along the undulator path by
implementing a high charge density electron beam
of medium energy [2,3].

The linac-based FEL system of the Laboratory
for Electron Beam Research and Application
(LEBRA) in Nihon University [4] was designed
to generate FEL in the near IR to UV spectral
ranges by using an optical cavity having high-
reflectance mirrors. The present undulator consists
of 50 periods of a Halbach-type permanent magnet
array having a period of 4.8cm, which was
designed for lasing in the near IR range with the
maximum RMS K-value of 1.2 [5]. Although the
LEBRA FEL system was not designed to be used
for SASE experiments, a large enhancement of the
fundamental spontaneous radiation was observed
at a detuned optical cavity length by adjusting the



T. Tanaka et al. | Nuclear Instruments and Methods in Physics Research A 528 (2004) 486—490 487

linac operating condition. This suggests that the
SASE mode operation is possible even with a
relatively low-current electron beam from a con-
ventional linac.

This paper reports the behavior of the optical
power enhancement observed at the LEBRA FEL
system in terms of the linac operating condition
and the bunch compression effect in the achro-
matic bending system.

2. LEBRA FEL system

The schematic layout of the LEBRA FEL
system, upgraded since its first lasing, is shown in
Fig. 1.

Since the electron beam is ejected continuously
from the 100-kV thermionic gun over a linac RF
pulse duration, the electron bunch is accelerated
during every period of the 2856 MHz RF. The
electron beam accelerated in the linac is trans-
ported to the FEL undulator through the 90°
achromatic bending and analyzing magnet system
(BM1 to BM2). The energy spread of the electron
beam is defined with a horizontal slit placed in the
dispersive section, where the energy spread is
restricted to 0.3-2% of the central energy depend-
ing on the purpose of experiment. The transverse
beam positions at the entrance and the exit of the
undulator are adjusted by monitoring both the

horizontal and vertical positions of the beam with
strip-line type beam position monitors [6,7].

The optical cavity consists of two silver-coated
copper mirrors (M1, M2) having a reflectance of
approximately 99.3%. The radiation is extracted
from the cavity through a coupling hole of 0.15-
mm radius in the mirror M2. The extracted
divergent optical beam then is converted into a
parallel beam by the beam expander optics
consisting of an ellipsoidal mirror (M5) and a
parabolic mirror (M6). The parallel optical beam
is transported to the next room and then is sent to
the experimental facility. In the next room, the
optical beam is detected with either an InSb IR
detector or a CCD camera after being separated by
a cold mirror (M11) into IR and other higher
harmonic components.

The latest operation of the LEBRA FEL system
demonstrated the FEL wavelength tunability from
1.4 to 5 um with electron beams ranging from 53 to
86 MeV in combination with various K-values.
The FEL output power of approximately 10mJ/
macropulse has been obtained at 1.6 um, which
has been measured by means of an IR power
meter placed at the same position as the IR
detector in Fig. 1. Considerable enhancement
of the harmonic components in the visible range
also has been observed with the CCD camera,
following the intense lasing of the fundamental
FEL [5].

L1 M
O

IR DETECTOR

M3

TELESCOPE

CCD CAMERA

02°%
sLIT—" o1 BN 1

ELECTRON BEAM

Fig. 1. Arrangement of the LEBRA FEL system and the optical beam detecting system. BM1-BM4: bending magnets; Q1-Q4:
quadrupole magnets; FC1, FC2: Farady cups; M1, M2: cavity mirrors; M3, M4, M7-M10, M12, M13: total reflection plane mirrors;

MI11: cold mirror.
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3. Observation of SASE

An enhancement of the spontaneous radiation
in the LEBRA FEL system was initially observed
during an adjustment of the electron beam
performed to search for a beam condition that
allowed maximum FEL power. A large enhance-
ment of the optical power in the cavity has been
reproduced by the experiments performed at
various combinations of the electron energy and
the undulator radiation wavelength. Here, we
discuss the results of the experiment performed
at an electron energy of 86 MeV.

Typical behavior patterns of the optical power
buildup observed at the fundamental radiation of
1.6um are shown in Fig. 2, together with the
macropulse shape of the electron beam current. In
the experiment, the cavity mirrors were aligned to
build up the optical power, which allowed us to
observe the large output signal from the InSb
detector. The cavity length was completely de-
tuned by shifting the distance between the two
mirrors by 1 mm to eliminate the FEL gain, which
is sufficient to avoid an overlap of a beam bunch
and a previously generated photon pulse consider-
ing the RF phase stability [8]. In this case, only the

A: With SASE I Ee = 86 MeV
B: Without SASE A \ A =16um

C: Beam Current / \W

AT

f

/J \MM(A)

jfw ‘ . ©)
o w,,: i

Fig. 2. The enhancement of the 1.6 um spontaneous emission
power observed using the InSb detector (A, vertical scale is
200mV/div), compared with the buildup shape without
amplification (B, vertical scale is 20mV/div). The electron
beam pulse shape is shown at the same timing (C, vertical scale
is 20mA/div). The horizontal scale is 4 ps/div.

fundamental component of the spontaneous emis-
sion was injected into the InSb detector due to the
property of the cold mirror M11. Thus, the
buildup waveform of the spontaneous emission
in the cavity usually takes the shape shown in Fig.
2B, corresponding to a high reflectance of the
mirrors.

The enhancement of the spontaneous emission
power shown in Fig. 2A was achieved by adjusting
the RF phase for the buncher and the regular
accelerating tubes. The enhanced power is not
uniform over the entire macropulse; a large
enhancement seems to occur intermittently. In
the experiment the waveform has varied drastically
from pulse to pulse, showing that the quality of the
electron beam is critical in satisfying a condition to
enhance the power. The enhancement has also
been strongly dependent on the RF phase and the
magnetic focusing. In some cases, the enhanced
power was in excess of 100 times the common level
of buildup.

In order to investigate the property of the
enhanced optical power, dependence of the optical
power on the deflection of the electron beam in the
central plane of the undulator field was measured
by exciting a steering coil placed at a distance of
0.95m downstream the undulator entrance. In this
measurement, the power buildup was suppressed
by deflecting the upstream mirror M2 by 1.5 mrad,
in addition to the cavity length detuning. Then,
instead of the buildup and decay curves shown in
Fig. 2A, we observed the optical power shape as a
sum of a square shape due to the contribution
from the spontaneous undulator radiation and
many unstable, strong peaks with amplitude five
times that of the square shape.

If the beam is sufficiently deflected with the
steering coil, the amplitude of the spontaneous
emission power has to be reduced to less than %,
considering the shortening of the effective undu-
lator length [9]. However, the amplitude of the
square shape was only reduced to nearly % even
with a maximum beam deflection of about 2 mrad,
which is due to a wide angular distribution of the
spontaneous emission compared with the deflec-
tion angle. On the other hand, the amplitude of the
peaks in the optical power shape was strongly
reduced by the increase in the deflection angle of
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the electron beam; the peaks disappeared with the
maximum beam deflection. Therefore, evidently
the peaks were due to a strong emission of
radiation in the last half of the undulator.
Furthermore, the large decrease in the amplitude
of the peaks that resulted from the beam deflection
cannot be explained by the property of the
spontaneous emission or a coherent radiation that
may be emitted by a fine structure of the long-
itudinal beam bunch profile. The result suggests
the existence of an amplified radiation by the
interaction between the electron beam and the
undulator radiation. Thus, we conclude that the
strong peaks in the optical power shape were due
to the amplification of radiation in the undulator
by the SASE process.

These facts remind us of the possibility of strong
bunch compression in the bending magnet system,
which must be sufficient to achieve the bunch
length of around 0.3 ps or shorter based on the
peak beam current [2,5,10].

On the other hand, however, no indication of
enhancement in the higher harmonics has been
found on the CCD image monitoring the visible
components.

4. Consideration of bunch compression

The linac consists of the prebuncher, buncher,
and regular 4-m long accelerating tubes ACCI,
ACC2 and ACC3. The phase of the RF fed in each
component is adjusted independently, so that the
electron bunch can be accelerated at any RF phase
in the regular accelerating tubes, which allows a
wide variability of the output energy and a fine
adjustment of the longitudinal beam property.

As described with the open circles and solid lines
in Fig. 3, the energy spectrum of the electron
beam, which was measured by means of the 90°
bending system that worked as a spectrometer,
had a broad peak of FWHM 2%. Despite the
reduction of beam current in the undulator beam
line, SASE has been observed only with this beam
condition. Another spectrum described with solid
circles and solid lines corresponds to the operation
when the maximum beam current was obtained in
the undulator beam line, which has a narrow peak
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Fig. 3. Differences in the energy spectra, which depend on the
linac operation, measured at the exit of the linac. SASE was
observed at the spectrum described with open circles. The solid
circles correspond to the operation providing the maximum
current in the undulator beam line. The spectra were obtained
by averaging the data from 2 to 18 ps in a total 20 us beam pulse
duration.

of FWHM 0.5% that represents the approximate
minimum energy gradient at the exit of the linac.
However, SASE has not been observed with this
condition.

The phase of the electron bunch when self-
amplification occurred has been deduced from the
measurement of the RF phase shift in terms of the
peak phase (90°) that results in the maximum
beam loading. The deduced values are 81.5° in
ACCI1, 81.4° in ACC2, and 35.1° in ACC3,
respectively. For the beam with 86 MeV at the
exit of the linac, the longitudinal energy gradient
in the bunch, approximately 0.60 MeV/deg or
0.70%/deg, has been deduced from the bunch
phase and the accelerating field in all the regular
tubes with linear approximation. The result is in
agreement with the value, 0.73%/deg, deduced
from another SASE experiment performed with
the same procedure at 69 MeV.

According to the design calculation based on the
first order beam matrix theory [11], the 90°
achromatic bending system causes a path differ-
ence factor of —0.86mm/%, or —2.9°/% for the
displacement of the electron energy. The total path
difference, the sum of the path difference factor
and the inverse number of the energy gradient,
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is —1.5°/%. The result suggests that considerable
bunch compression is possible if the energy
gradient at the exit of the buncher is a negative
value, e.g. around —0.35%/deg. Thus, it is
necessary to precisely simulate the bunch forma-
tion process in the prebuncher and the buncher for
further investigation of the SASE phenomenon
observed with the low-current beam from the
conventional linac.

5. Summary

The LEBRA FEL system demonstrated the
FEL tunability from 1.4 to Sum. SASE in the
near IR range has been observed using the electron
beam with a low macropulse beam current, 40 mA,
from the conventional linac of LEBRA, which
suggests the formation of a very short bunch with
considerable bunch compression in the achromatic
bending system. The behavior of the energy
distribution in the bunch was estimated in terms
of the bunch compression, however, the
preliminary data obtained from the experiment is

insufficient to prove the achievement of bunch
compression.
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Measurements of the pulse length of the FEL nonlinear harmonics radiation

K.Hayakawal’A), K.YokoyamaZA), K.NakaoB), I.SatoA), T.TanakaA), Y.HayakawaA)
A) Laboratory for Electron Beam Research and Application, Institute of Quantum Science, Nihon University
7-24-1 Narashinodai, Funabashi, 274-8501
B) Graduate school of Science and Technology, Nihon University
1-8-4 Kanda-Surugadai, Chiyoda-ku, Tokyo, 101-8301

Abstract

The pulse length of the fundamental and the nonlinear harmonics of the FEL generated at LEBRA have been
measured simultaneously by means of Michelson interferometer. The nonlinear harmonics is thought of as the coherent
radiation emitted from the micro-bunches corresponds to each harmonics formed by the fundamental radiation. In this
measurement, the wavelength of the fundamental radiation is 1500nm, then, the wavelength of the second and third
harmonics are 750nm and 500nm respectively. The fundamental radiation is detected by using InGaAs photodiode and
the second and third harmonics are detected by using Si photodiode. Measured pulse length of the fundamental radiation
is about 65um and the second and the third harmonics is about 35um and 43um of FWHM.
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ANALYSIS OF THE GAIN SATURATION IN LEBRA FEL
USING GENESIS

Y. Hayakawa* A), 1. SatoA), K. HayakawaA), T. TanakaA), K. YokoyamaA), T. KuwadaA),
A. MoriA), K. NogamiA), T. SakaiB), K. KannoB), K. IshiwataB), K. NakaoB)
A)Institute of Quantum Science, Nihon University 7-24-1 Narashinodai, Funabashi, 274-8501
B)College of Science and Technology, Nihon University 7-24-1 Narashinodai, Funabashi, 274-8501

Abstract

At the Laboratory for Electron Beam Research and Application (LEBRA) of Nihon University the gain saturation
of free electron laser (FEL) has been achieved. In order to analyze this phenomenon, the 3D FEL simulation code
GENESIS has been modified to treat the optical cavity effect. Measured optical energy and cavity detuning curve
are consistent with the results of simulation performed in the condition of 0.75 mm rms bunch length. Waveforms
of the saturated FEL macropulse measured using a fast detector indicate that the FEL gain is much stable except the

fluctuation of the seed light.
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GUIDING OPTICS SYSTEM FOR LEBRA FEL USER FACILITY

T. Tanaka*, K. Hayakawa, Y. Hayakawa and I. Sato, LEBRA, Institute of Quantum Science,
Nihon University, 7-24-1 Narashinodai, Funabashi, 274-8501 Japan

Abstract

The FEL guiding optics system for the LEBRA user’s
experimental facility was completed in 2003. The optical
beam extracted from the Infrared FEL resonator has been
guided through a long vacuum system to the user’s
experimental rooms, where a maximum of 17 aluminium-
coated mirrors have been used in the guiding optics. The

maximum length of the optical line is approximately 50 m.

The divergent FEL beam extracted from the resonator
through a coupling hole has been converted into a parallel
beam. An approximately identical diffraction pattern of a
guide laser was observed at the output ports of the
experimental facility. The guiding optics has two FEL
monitoring ports, each containing a CaF, beam sampler
and a total reflection mirror, which has advantages for
simultaneous measurement of the power and the spectrum
of the FEL during user’s experiments. The transport
efficiency of the guiding system depends on the FEL
wavelength and the radius of the coupling hole in the
resonator mirror.

INTRODUCTION

Use of the infrared free-electron laser (FEL) for
experiments in medical science and material science was
started in 2003 at the Laboratory for Electron Beam
Research and Application (LEBRA) of Nihon University.
The FEL guiding optics completed prior to the beginning
of user’s experiments was designed to transport the FEL
and its higher harmonic undulator radiations. The lights in
the wavelength region of 0.2 to 6 wm are extracted from
the FEL resonator through a coupling hole in one of the
resonator mirrors. After converted to a parallel beam, the
lights are transported to user’s experimental rooms using
aluminium-coated plane mirrors. The top view of the
LEBRA accelerator facility and the user’s experimental
facility is shown in Fig. 1.

This paper reports on the present status of the LEBRA
FEL system and the optical guiding system for the FEL
user facility.

125 MeV linac
I |
Modulator room s
I - N
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Fig. 1. Top view of the LEBRA accelerator facility and the user’s experimental facility.
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THE FEL SYSTEM OF LEBRA

Table 1 shows the specifications of the infrared FEL
system installed in LEBRA. A schematic layout of the
system is shown in Fig. 2. The FEL guiding optics system
in the accelerator room is also shown in Fig. 2. The planar
FEL undulator consists of Halbach-type NdFeB
permanent magnets [1]. The electron beam wiggles in a
vertical direction in the undulator so that the focusing
field of the undulator binds the electron beam orbit in a
horizontal direction.

The highest electron energy is currently restricted to
100 MeV due to the maximum klystron output rf power.
The minimum undulator gap width was reduced by 5 mm
compared with the earlier design specification by
replacing with a thinner undulator vacuum duct, which
increased the maximum undulator K-value from 1.5 to 2.
The wavelength of the FEL is variable in the range from
0.9 to 6.5 wm, which is accomplished by adjusting the
electron beam energy and the undulator gap width i.e. the
undulator K-value [2].

The electron beam from the linac has a longitudinal
bunch structure with a period of 105 mm corresponding to
the accelerating rf of 2856 MHz. The separation D
between the two resonator mirrors is 6.718 m, i.e. 64
times the free space wavelength of the microwave. The
curvature radius R of the resonator mirrors was decided to
be 4.0 m. Then the Rayleigh length Ly of the FEL in the
resonator, given by the relation [3]

L, =/D2R-D)/2, 1)

Table 1. Specifications of the LEBRA infrared FEL
system.

Maximum electron beam energy 125 MeV

Maximum undulator K-value 2

Micropulse beam current >20 A

Period of undulator field 48 mm

Number of periods 50

FEL wavelength range 0.6-6 wum
v

Mirror chamber
Beam expander Beam dump

chamber -

Upstream mirror\\x
chamber - N/

FEL beam

Undulator A
¥,

Electron beam\ ;
L | 1 I3

|
0 1 2 3m

Fig. 2. Schematic layout of the LEBRA FEL system
and the FEL guiding optics system in the accelerator
room.

Downstream mirror
chamber

TUPOS17

is 1.47 m, which is slightly longer than the half of the
undulator length. For the resonator mirrors, silver-coated
copper mirrors with a diameter of 25 mm were
manufactured at Rocky Mountain Instrument Co. (RMI).
The nominal reflectance of the mirrors is greater than
99.3 % for the wavelength range from 1 to 20 um. The
FEL power is extracted from the resonator through a
small coupling hole on the center of the upstream mirror.

The radius a of the coupling hole at the mirror in
current use is 0.15 mm. Provided that the FEL in the
resonator is a Gaussian beam, the FEL beam radius w on
the surface of the resonator mirror is given by

w=\/’1L7LR{1+(D/2LR)2}, 2)

where A is the FEL wavelength. Then the coupling
coefficient x of the hole, defined as a ratio of the optical
power contained in the cross section of the hole to the
total power incident on the mirror, is given as

K =1-exp(-2a*/w?). (3)
For the FEL wavelength of 0.9 um, obtained with the
electron beam of 100 MeV and the K-value of 0.93, the
coupling coefficient deduced from Eq. (3) is 0.017.
Therefore the sum of the mirror loss and the external
coupling loss for each round-trip of lights in the resonator
is approximately 3.1 % of the total power.

Lasing by this system has been experimentally
confirmed over the K-value range from 1 to 2, which
suggests a broad variability of FEL wavelength at fixed
electron energy. Lasing at 0.6 um is feasible with the
present system by increasing the electron energy up to
125 MeV, though the estimated total loss in each round-
trip increases to about 5 % due to a decrease of the mirror
reflectance and an increase of the coupling loss.

THE BEAM EXPANDER SYSTEM

The FEL extracted from the resonator through the small
coupling hole has a divergence angle due to a diffraction
effect referred to as the Fraunhofer diffraction. For the
first dark ring or the central core of the diffraction pattern
that contains 84 % of the extracted optical power, the
divergence angle @ of the radius is approximated as [4]

g 38334

4
27a @

For the 5 wm fundamental FEL, the coupling-hole radius
of 0.15 mm causes the divergence of the core radius with
6= 20 mrad. The maximum distance between the FEL
output mirror and the user’s port is approximately 50 m.
Therefore, a conversion optics system is necessary for
efficient guiding of the light beam to user’s experimental
rooms. In the optical guiding system of LEBRA, the
divergent beam has been converted to a parallel beam by
means of a beam expander system consisting of an
ellipsoidal mirror and a parabolic mirror. The expander
mirror system was manufactured and aligned by CANON
Inc..
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Fig. 3. Geometrical configuration and ray trace of the
beam expander system. The rear surface of the upstream
mirror lies at the position equivalent to one of the focal

points of the ellipsoidal mirror.

The geometrical configuration of the mirrors in the
expander system is shown in Fig.3. The basic idea of the
optics system is the same as which was installed in FEL-
SUT MIR FEL beam line [5]. The FEL extracted through
the coupling hole in the upstream mirror is reflected with
the primary and the secondary plane mirrors, and then
directed toward the ellipsoidal mirror. The optical path
length between the coupling hole and the ellipsoidal
mirror decided to be approximately 2.5 m so that the rear
surface of the upstream mirror or the exit of the coupling
hole is placed at the position equivalent to one of the focal
points of the ellipsoidal mirror. Therefore the divergent
light beam which comes out of the coupling hole is
focused at another focal point of the ellipsoid.

As seen in Fig. 3, the ellipsoidal mirror and the
parabolic mirror have been aligned to form a confocal
configuration so that the light beam, once focused at the
common focal point, is converted to a parallel beam by
the parabolic mirror, where the focal length is 420 mm for
both mirrors. These mirrors have a common central axis
parallel to the FEL resonator axis. Then, the collimated
beam obtained at the exit of the beam expander has
approximately the same profile as that on the surface of
the ellipsoidal mirror.

PARALLEL BEAM TRANSPORT AND FEL
MONITOR SYSTEM

As seen in Fig. 2 the output parallel beam from the
expander chamber is sent to the next room through a
rectangular chicane section. This section was installed to
suppress the leakage of gamma rays and neutrons to the
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next room through the vacuum duct in the shielding wall.
Concrete, lead and plastic blocks surrounding the fourth
mirror chamber in the chicane section effectively shield
the direct radiations from the electron beam dump.

The parallel beam is guided to nine separate
experimental rooms by switching the beam line with
retractable plane mirrors. The guiding system in the user’s
facility was installed in the pit under the floor. Every
switching section is equipped with a total reflection
mirror (aluminium coated) and a partial reflection mirror
(CaF, plate), which allows for parallel experiments in the
different rooms.

For the purpose of monitoring and control of the FEL
lasing during user’s experiments, two monitor chambers
have been inserted in the midstream of the guiding system.
Each chamber contains a CaF, beam sampler and a total
reflection mirror for alternate monitoring of high intensity
fundamental FEL and higher harmonics during user’s
experiments, or low intensity spontaneous emission
during electron beam adjustments.

The FEL monitor chambers and associated optics
placed in the large experimental hall are shown in Fig. 4.
The output from the upstream side chamber has been used
for the measurement of the FEL macropulse waveform by
means of an InSb detector. The output from another
chamber has been used for the measurement of the FEL
macropulse energy and the spectra of higher harmonics.
Use of separate beams in simultaneous measurement of
different FEL properties requires no wide-band half
mirror. Also, it allows easy alignment of the devices on
the optical base.

The wavelength of the fundamental FEL has not been
measured directly in the wavelength range longer than 1.6
um due to the restricted range of the array detector and
the spectrometer in LEBRA. Instead, the spectra of the
higher harmonics in the visible region have been used to
extrapolate the wavelength of the fundamental FEL.

d a _
Fig. 4. The picture of the FEL monitor chambers and
associated optics on the optical base. Each chamber
contains a CaF, beam sampler and a total reflection
mirror for an alternative use.

FEL Technology
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CONSIDERATIONS ON THE POWER
LOSS IN THE GUIDING SYSTEM

The radius of the plane mirrors used in the guiding
system downstream from the beam expander is 50 mm,
which results in an effective radius of 35 mm due to the
reflection angle set at 45 °. The minimum inner radius of
the vacuum duct is about 25 mm. Therefore, the aperture
of the vacuum duct is the main restriction for the transport
efficiency of the FEL power except for the mirror
reflectance.

The profile of the parallel light beam transported to the
user’s facility is primarily determined by the wavelength
of the light, the radius of the coupling hole in the
upstream mirror, and the distance between the coupling
hole and the ellipsoidal mirror. From Eq. (4) the core
radius ay of the diffraction pattern at the ellipsoidal mirror
is given by
3.8334,d

2ma

where d (= 2.5 m) is the distance between the coupling
hole and the ellipsoidal mirror. The radius is assumed to
be conserved in the travel to the experimental rooms.

The guiding system was originally designed to use a
resonator mirror with a coupling hole of 0.5 mm radius
for the lasing in the wavelength range of 5 pum or longer,
where the core radius is greater than 15 mm but still less
than the inner radius of the vacuum duct. On the other
hand, the mirror with the coupling hole of 0.15 mm radius
in current use was intended for use in lasing at the
wavelengths shorter than 2 um by taking into account the
coupling coefficient. For this mirror, the core radii of the
FELs with the wavelength of 2, 3, 4 and 5 wm are
approximately 20, 30, 40 and 50 mm, respectively.

Thus, the use of the current mirror for lasing in the
wavelength range longer than 3 pum results in a large

&)

a,

TUPOS17

T. Tanaka et al. / Proceedings of the 2004 FEL Conference, 427-430

power loss due to the eclipse caused by the aperture of the
vacuum duct.

The current FEL system takes at least 1 day to replace
the mirror. However, a more efficient optical beam
transport and a relatively high coupling coefficient by an
optimised mirror will allow for the use of considerably
higher FEL power at the user’s experimental rooms for
longer wavelength FELs.

SUMMARY

The FEL in the wavelength range from 0.9 to 6.5 um
has been lased with the LEBRA infrared FEL system. The
divergent beam extracted through a small coupling hole in
the FEL resonator mirror has been converted into a
parallel beam with the beam expander system consisting
of an ellipsoidal mirror and a parabolic mirror. The
transport efficiency for long-wavelength FELs is low due
to the large radius of the parallel beam. However, the
efficiency in the long wavelength region can be improved
by replacing the current mirror with a resonator mirror
which has a larger coupling hole.
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Abstract

The use of the infrared (IR) Free-Electron Laser (FEL)
in medical science and material science started in October
2003 at the Laboratory for Electron Beam Research and
Application (LEBRA) of Nihon University. The FEL
resonator which consists of silver-coated copper mirrors
has demonstrated a wavelength tunability ranging from
0.9 to 6.5 um as a function of the electron energy and the
undulator K-value. The wavelength dependence of the
FEL output power has been measured in terms of different
electron energies and different undulator K-values. At
about 2 wm, an FEL energy of roughly 25 mJ/macropulse
has been obtained at the FEL monitor port, which
corresponds to the peak power of 1 to 2 MW, provided
that the FEL pulse length is less than 0.5 ps that resulted
from the measurement by the autocorrelation method. A
power decrease observed in the long-wavelength range
has resulted from the wavelength dependence of the
coupling coefficient of the FEL resonator mirror and the
transport efficiency of the FEL guiding optics.

INTRODUCTION

Since the first lasing at 1.5 um by the LEBRA FEL
system in 2001 [1], efforts have been made to achieve the
saturation of the FEL power, and to stabilize the pulse-to-
pulse power level.

In the early lasing experiment in the infrared region, the
FEL resonator consisted of dielectric multilayer mirrors
optimised for lasing at a narrow wavelength range of
around 1.5 um. The mirrors were easily damaged by a
high optical power. However, this suggested that the
property of the LEBRA FEL system including the
electron beam is sufficient for intense lasing.

The resonator mirrors were changed to silver-coated
copper mirrors in August 2003, which was intended to
bring about an early beginning of user’s experiments by a
wide-range variability of the FEL wavelength and a high
mirror tolerance for an intense FEL power. The FEL beam
has been extracted from the mirror placed upstream from
the undulator through a small coupling hole, and the FEL
beam has been successfully transported to user’s
experimental rooms by the optical guiding system. The
user’s experiments in medical science and material
science began in October 2003.

This paper reports on the improvement of the LEBRA
FEL system, the result of the experiments on the
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wavelength variability and the power characteristics. The
current specifications and arrangement of the FEL system
are expressed elsewhere [2].

IMPROVEMENT OF THE FEL SYSTEM

Lasing by dielectric multilayer mirrors

Improvement of the FEL power stability has been an
important problem for user’s experiments. The uniformity
of the electron beam energy and current in macropulse
duration was improved by the reduction of the phase
fluctuation of the accelerating rf in the linac [3]. Although
it contributed to the increase of the FEL power, the
improvement did not show a significant effect on the
stability. Use of the dielectric multilayer mirrors with
insufficient tolerance for high power FEL resulted in
damage to the mirrors by the FEL before its saturation,
which led to difficulty in the investigation of the stability.

In a series of lasing experiments using the dielectric
mirrors, the 1.5 um FEL was observed by detecting the
light transmitted through one of the mirrors, where only a
fraction of the light beam stored in the resonator was
detected using the transmission property of the mirrors.

Vibration and drift of the mirrors

Besides the tolerance for the optical power, there were
problems of the vibration of the mirrors and the drift of
the mirror separation, which was found from the
observation of the interference pattern by the alignment
laser lights that reflected on the two mirrors in the
resonator [4]. The drift of the mirror separation resulted
from a change in room temperature. However, the
behaviour of the temperature dependence has not yet been
well understood. The slow drift of the mirror separation
has been compensated for by adjusting a piezo device
manually. The vibration of the mirrors resulted from the
vibration of the mirror chambers, which was caused by
the water flow for cooling of the bending magnets in the
beam transport line, which suggested a lack of flexural
rigidity of the mirror chamber’s frame bases. The
amplitude of the vibration in the bases, measured with a
laser displacement gauge, was suppressed from several
hundred nm to within 20 nm (limit of measurement) by
the reinforcement of the frames, which was made with 6-
mm thick steel plates attached to the side faces of the
bases.

FEL Oscillators
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Lasing by silver-coated copper mirrors

The FEL guiding optics system for user’s experiments
was constructed in June 2003. This system was designed
to use an external-coupling mirror which has a small
coupling hole. Since August 2003 the silver-coated copper
mirrors have been used for the lasing experiments
corresponding to the new optical guiding system. The
nominal reflectance for the mirrors is greater than 99.3 %
in the wavelength range longer than 0.9 um. The FEL has
been extracted from the mirror placed upstream from the
undulator through a coupling hole of 0.15 mm in radius.

The silver-coated copper mirrors demonstrated a high
performance. The saturation of the FEL power has been
observed for the wavelength range from 0.9 to 6.5 um.
There has been no evidence of damage so far by the
saturated FEL power.

Provided that the FEL in the resonator is a Gaussian
beam, the coupling coefficient x of the coupling hole is
given by [5]

K =1-exp(=2a*/w?), (1)
where a is the radius of the coupling hole, w the FEL
beam radius on the surface of the resonator mirror that is
given as a function of the FEL wavelength A;, the
Rayleigh length Ly in the resonator and the separation D
between the two resonator mirrors by

2

Using the parameters for the LEBRA FEL system, D =
6.718 m and Ly = 1.47 m, the wavelength dependence of

the coupling coefficient is approximated as
2

K =0687%.
A

w:\//lLTLR{1+(D/2LR)2}.

3

where the units of @ and A; are mm and wm, respectively.
For instance the coupling coefficient of the 1.5 um FEL is

1 To user's facility
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0.0103.

The divergent FEL beam extracted from the resonator
through the coupling hole has been converted to a parallel
beam in the expander system which consists of an
ellipsoidal mirror and the parabolic mirrors. Then, the
optical size of the collimated beam is determined by the
diffraction pattern on the surface of the ellipsoidal mirror.

EXPERIMENTAL SETUP

Fig. 1 shows a schematic layout of the FEL system and
the guiding optics system from the accelerator room to the
large experimental hall. Also, the experimental setup is
shown in Fig. 1. All the measuring devices for monitoring
of the FEL have been installed in the large experimental
hall.

The macropulse waveform of the FEL and the
spontaneous emission were observed with an LN,-cooled
InSb detector in combination with a focusing lens or
neutral density filters depending on the intensity of the
light. The light was picked up with a CaF, beam sampler
or an aluminium total reflection mirror in the first FEL
monitor chamber.

The light picked up from the second FEL monitor
chamber can be divided into the infrared components and
the visible components with a cold mirror as shown in Fig.
1. A simultaneous measurement is possible for the spectra
of the higher harmonics in the near infrared to the visible
region and the fundamental FEL power, if the FEL
wavelength lies in the range where the absorption of the
fundamental FEL in the cold mirror is negligibly small.

The optical power of the FEL in a wavelength range
longer than 2 wm was measured by placing the power
meter on the upstream side of the cold mirror. Then, the
FEL power and the spectra of the higher harmonics were
measured alternately. The FEL power was measured as an
integrated energy over the macropulse duration of 20 us
by using a pyroelectric element.

“ ‘ ‘ 4 7 p: p /
L
e = . . Beam dump
A =) . Chicane section Beam expander chamber Wi
y P o=@ \ g
FEL monitor chambers ¥ V4 _(UV ' = FEL beam 4
@s 4 £ [ — %.{
Beam dump y 4
<= ND Filters 1 = Upstream mirror %
Spectrometer N / A/ <\> o chambor -\ ¢
~/InSb detector |/ 7 =SS W M
Ve~
! . FEL undulator
| , Downstream mirror
Cold mirror — Pover meter / / chamber
/
Electron beam
Large experimental hall | Accelerator room

Fig. 1. Schematic layout of the FEL system, the FEL guiding optics system, and the experimental setup. The
macropulse waveform, the power and the spectrum of the FEL have been measured in the large experimental hall in
order to monitor the FEL during user’s experiment. The intense FEL has been picked up with a CaF, beam sampler in

each FEL monitor chamber.

THPOSI15



T. Tanaka et al. / Proceedings of the 2004 FEL Conference, 247-250

1 280
08 i 240
=T (2) Afia.rﬂ” JLAM 200 %
= U0 (S LEi] v LUU =
2 ‘ \ =
3 04 f 160 £
g ! \ <
g 02 f 120 %
a 0 — 80 %
2 J‘ff“ e il el . 75
-0.2 T b)) — 40 =
i | ,
04 4 0
-0.6 -40
0 5 10 15 20 25 30 35 40
Time (us)

Fig. 2. An example of the macropulse waveform of
the FEL lased at 5.75 um (a). Also shown is the
electron beam macropulse current (b).

Fig. 2 shows an example of the macropulse waveform
of the FEL measured at a wavelength of 5.75 um, where
the FEL power was saturated in 8 us from the beginning
of the electron beam injection into the FEL system.

The macropulse energy of the FEL was measured using
a pyroelectric element with an injection window of 24x24
mm’, where no focusing device was placed in front of the
element. In the experiment, the measured macropulse
energy was calibrated only to the fraction contained in
above square region in the FEL monitor chamber. It is
assumed that the optical beam profile at the pyroelectric
element has approximately the same size and shape as in
the FEL monitor chamber. Then, the macropulse energy
of 2 mJ for the case of Fig.2 was deduced from the
measurement.

The electron beam from the linac has been bunched
every period of the 2856 MHz RF. From the FWHM of
the FEL macropulse in Fig.2, the average energy in each
saturated FEL micropulse is estimated to be 0.064 uJ. An
FEL micropulse length was deduced to be less than 0.5 ps
for the wavelength of 1.5 um from a measurement with
the autocorrelation method [6]. As a result, the micropulse
energy of 0.064 W corresponds to a peak power greater
than 0.1 MW. The maximum FEL energy obtained in the
lasing experiment was 25 mJ at a wavelength around 2
wm, which corresponds to the micropulse peak power of
nearly 2 MW.

TUNABILITY OF THE WAVELENGTH

The result of the experiment on the FEL wavelength
tunability is shown in Fig. 3, where the rhombus-shaped
data points show the wavelengths measured in terms of
the various undulator gap widths for the fixed electron
energy FE.. The 2D analytical expression for the
fundamental sinusoidal component of the undulator peak
field By is given as [7]
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B, =2B {l—exp(—2mh/Ay)}

i , 4
xexp(~27g | Ar) sin(rr/4) 4)
!4

where B, (= 1.2 T) is the remanent field of the permanent
magnet, Ay (= 48 mm) the undulator period, g the
undulator half gap width, /& (= 35 mm) the block height of
the magnet [7]. The dependence of the wavelength on the
undulator gap width was calculated from the magnetic
field given by Eq. (4) as shown by the curves in Fig. 3.
The electron energy has an ambiguity within £1 % due to
the momentum acceptance of the electron beam analysing
system. Therefore, the curves were fitted to the
experimental results by a small correction for the electron
energy. The good agreement with the experimental result
suggests that the undulator magnetic field is well
described by Eq. (4).

The FEL lasing is possible over the range of g from 12
to 18 mm, which makes change of the K-value from 1.99
to 0.91. Thus, the FEL wavelength can be varied
continuously to 1/2 of the wavelength at the minimum
gap width for fixed electron energy.

7000

FEL Wavelength (nm)

11 12 13 14 15 16 17 18 19
Undulator Half Gap Width (mm)

Fig. 3. The FEL wavelength measured as a function
of the undulator half-gap width for fixed electron
energies. The curved lines show predicted wavelength
dependences on the gap width.

POWER AT THE FEL MONITOR PORT

Fig. 4 shows the dependence of relative FEL power on
the electron energy and the FEL wavelength, which was
measured as the macropulse energy using the pyroelectric
element. The wavelength was changed by the adjustment
of the undulator gap width with the electron energy fixed.

The experiment for the same electron energy was run in
one machine shift, therefore the relative change of the
power dependent on the wavelength was obtained with
approximately the same electron beam condition. On the
other hand, the relative power between the different
electron energies involves the difference of the electron
beam condition due to the difference of the beam
emittance, the energy spread, and the beam focusing

FEL Oscillators
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Fig. 4. Relative FEL power obtained with different
electron beam energies.

parameters. Also, the absolute value and stability of the
FEL macropulse energy has been strongly dependent on
the beam handling and the alignment of the resonator
mirror. However, the result shown in Fig. 4 gives a good
indication of the power available at the user’s port.

ESTIMATION OF THE POWER IN THE
RESONATOR

The macropulse energy measured at the FEL monitor
port represents the energy contained in the power meter
injection window area of 24x24 mm’ By a simple
assumption that the profile of the parallel beam obtained
at the output of the expander system is conserved at the
FEL monitor chamber, the detection efficiency &; of the
power meter for the total extracted energy is given by [8]

£, =1-J.QmAldA )-J (2mAldA ), 5
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Fig. 5. The FEL power obtained at E. = 52 MeV.
Open circles: raw data divided by Ty, stars: corrected
for &, black circles: corrected for & and x. The error
bars represent the fluctuation of the macropulse
energy and the macropulse length in the experiment.
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where d (= 2.5 m) is the distance between the coupling
hole in the resonator mirror and the ellipsoidal mirror in
the expander system, and the area of the power injection
window was approximated by a circle with the radius A
(=13.5 mm).

From Eqs. (3) and (5), the micropulse peak FEL power
in the resonator can be estimated by applying a factor

p=— 1t Tee
ekt Ty,

to the macropulse energy measured at the FEL monitor
port, where 7 is the FEL micropulse length, Txr the
period of the micropulse, Ty the FEL macropulse length.

The effect of corrections for & and x on the FEL
power measured at E, = 52 MeV is shown in Fig. 5,
where the open circles are the raw data divided by Ty, the
stars corrected for & (the same vertical scale as raw data),
the black circles corrected for & and x (corresponding to
the power in the resonator). The FEL macropulse length
was measured for each wavelength. Fig. 4 shows a
decrease of the power in the wavelength region longer
than 3 wm at the FEL monitor port. However, the result of
corrections for & and x suggests that the power in the
resonator was not necessarily decreased in this region.

(6)

SUMMARY

Saturation of the FEL power was achieved in the
wavelength range from 1.0 to 6.5 um by use of silver-
coated copper mirrors in the FEL resonator. The property
of the wavelength variability is in agreement with the
theoretical prediction. The FEL power measured at the
FEL monitor port has shown a decrease of saturated
power in the wavelength region longer than 3 pm.
However, the power in the FEL resonator has not been
necessarily decreased, considering the detection
efficiency and the coupling coefficient of the external-
coupling mirror.
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