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Abstract

We had been troubled with a lot of accidents from the beginning operation of linac, and were damaged to
insulation in an oil tank, back diodes of a pulse transformer and a rf window of a high power klystron. After the
commission of accelerator, we had been also worried about such troubles as rf phase-shift within pulse duration,
fire-trouble of thyratron and radiation damage for FEL system. Recently, the troubles have been extinguished by
being settled them. Thedutyfactorofklystronwasgreatlyimproved by a strengtheningolexhaustpoweraround its
rf window. The operation of linac maintains stability. On the other hand, LEBRA proposed a new project i.e.
researches and development for advanced application of the variable wavelength, high brightness, monochromatic
light sources. Itwasauthorized by theMinistryofEducationandcontinuesa five-year program from this fiscalyear.
The project is application researches that are based on radiation lights which are generated FEL and Parametric
X-rayradiation make use of a 125MeV electron linear accelerator. Thispaperdiscussabout advanced status and the
new projectonLEBRA.
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IMPROVEMENT OF THE LOW POWER RF PHASE STABILIZER
TEST CIRCUIT

T. Tanaka”, K. Hayakawa, I Sato, Y. Hayakawa K. Sato, Y. Matsubara, 1. Kawakami,

H. Nakazawa®™

, K. Yokoyarna

K. Kanno ’)and T. Sakai &)

Atornlc Energy Research Institute, Nihon University
MCollege of Science and Technology, Nihon University

7-24-1 Narashinodai, Funabashi 274-8501, Japan

Abstract

Development of the low power rf stabilizer circuit has been continued at LEBRA, Nihon University. The
problem of unstable operation of the test circuit was solved by the replacement of an asynchronous 12bit counter, which
was used for the estimation of the correction of the rf phase, with a synchronous one. A long transient time before the
phase-locking in each rf pulse was considerably improved by the application of an automatic initial phase offset based
on a feed-forward technique. However, the phase stability of the output of the klystron driving rf amplifier has been

estimated to be £0.6° with the improved circuit, which is worse than the old result.
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RF PHASE DRIFT COMPENSATION WITH A FUNCTION GENERATOR

K.Yokoyama*), 1.Sato A), K.Hayakawa A), T.Tanaka A), K.Sato A), Y.Hayakawa A), Y .Matsubara )
H Nakazawa, T.Sakai, K.Kanno, H.Inokawa, Y .Nakamura and K.Ishiwata

College of Science and Technology, Nihon University
7-24-1 Narashinodai, Funabashi, 274 -8501 Japan
A Atomic Energy Research Institute, Nihon University
7-24-1 Narashinodai, Funabashi, 274 -8501 Japan

Abstract

The fluctuation of the accelerated electron beam energy in the linac at Nihon University has been a serious
problem for the application to the FEL experiment. The relative phase drift greater than 7° between the tf source and the
rf amplifier output, which was the main reason of the fluctuation, has been improved considerably at the preliminary
experiment of a phase compensation. The phase compensation has been performed by applying the phase control signal
generated with a function generator to a fast /A controller. The control signal has been adjusted so as to be
proportional to the inverted voltage waveform of the detected phase drift. The phase drift could be suppressed to within
F0.5° by this method. Also the fluctuation of the electron beam energy was improved considerably over the rf pulse

duration of 20us.
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ANALYSIS OF THERMIONIC DC ELECTRON GUN FOR 125MeV LINAC
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Graduate School of Science and Technology, Nihon University
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A Atomic Energy Research Institute, Nihon University
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BHigh Energy Accelerator Research Organization, KEK
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Abstract

The beam trace calculation for the 100kV thermionic DC electron gun with EIMAC 646E cathode, which is
currently used for the 125MeV linac at Nihon University, has been performed using EGUN code. The result showed a
strong focus of the beam at the exit of the anode. A better geometry of the gun has been investigated by varying the
shape of the wehnelt electrode. Also the trace calculation has been performed for the case of EIMAC 646B, which
showed a considerably small emittance compared with that estimated for the present gun.
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BREAKDOWN OF THE BACK-DIODE OF THE PULSE MODULATOR
FOR FEL LINAC AT NIHON UNIVERSITY
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»Atomic Energy Research Institute, Nihon University
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®Nihon Koshuha Co. Ltd.,
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Abstract

The breakdown of the diodes and the resistors in the back-diode circuit, which is a protection against damages
of the klystron and other elements, was found at the pulse modulator #2 after a series of operations since 1997. The
breakdown of the resistor can be explained by assuming a preceding breakdown of the diodes possibly suffered an
excessive surge voltage. However, there has been no problem found in the back-diode circuit at the pulse modulator
#1. As one of efforts made at LEBRA of Nihon University to reduce the fluctuation of the energy and the current of
the beam in the linac, an optimum reservoir voltage of the thyratron in each modulator has been investigated in order
to reduce the fluctuation of the modulator output voltage between successive pulses.
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IMPROVEMENT OF THE LONG PULSE OPERATION
OF THE S-BAND KLYSTRON

T. Sakai*), "I.Sato, K.Hayakawa, "T.Tanaka, ' Y.Hayakawa, "K.Sato,
H.Nakazawa, K.Yokoyama, K.Kanno, K.Ishiwata, H.Inokawa and Y.Nakamura

Graduate School of Science and Technology, Nihon University,
7-24-1, Narashinodai, Funabashi, 274-8501 Japan

" Atomic Energy Research Institute, Nihon University,

7-24-1, Narashinodai, Funabashi, 274-8501 Japan

Abstract

The long pulse operation of the PV3030 klystron for FEL linac at LEBRA in Nihon University has been improved
considerably by the additional vacuum system placed immediately downstream the klystron output rf window. With the
new vacuum system, the large conductance has enabled a high vacuum in normal operation and a quick recovery when
the dielectric breakdown occurred. A high vacuum near the rf window may be essentially important for a stable
operation of the high power klystron with long pulse duration. Now the PV3030 klystron can be operated at the

condition of 20MWx20us»12.5Hz.
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Abstract

Some improvements to the high power RF system of
the 125 MeV linac have been performed to realize a
stable long pulse operation of the linac. The breakdown
of the klystron RF window occurred in 8 klystrons at
early phase of the linac operation. However, the problem
has been avoided by the improvement to the vacuum
conductance around the RF windows and by a careful
conditioning. The Mitsubishi PV3030 type klystrons,
which were moved from KEK, have been operated
successfully at the peak output RF power of 20 MW, the
RF pulse width of 20 us and the repetition rate of 12.5
Hz.

1 INTRODUCTION

The 125MeV FEL linac at LEBRA (Laboratory for
Electron Beam Research and Application) in Nihon
University has been operated since 1997[1]. The 2856
MHz RF has been supplied with two Mitsubishi PV3030
klystrons. Difficulties in the high power RF system, the
dielectric breakdown around the heater transformers in
the klystron assembly tanks and the breakdown of the
klystron output RF windows, were quite serious problems
in accelerating a long pulse electron beam. The
specifications required of the high power RF from each
klystron are the peak power of 20 MW and the pulse
width of 20 us for infrared to visible region FEL in
LEBRA.

Some improvements to the devices in the high power
RF system were made to suppress the above troubles. The
details of the improvements are discussed in the
following sections.

2 PROBLEMS IN KLYSTRON
ASSEMBLY TANK

2.1 Dielectric Breakdown in Transformers

Each klystron pulse modulator offers the pulse with
FWHM of 30 us and a flattop of 20 us. The peak voltage
applied to the klystron cathode is about 240 kV at routine
operation for infrared FEL. The klystron is mounted
together with the focusing coil on the klystron assembly

tank. The klystron assembly tank contains the 1:12 pulse
transformer, the heater isolation transformer and the
klystron socket, and is filled with the high voltage
insulating oil.

In the early phase of operation, there occurred frequent
dielectric breakdowns in the tank. Many tracks of the
dielectric breakdown were found in the pulse transformer
and in the heater transformer. Notably serious damage
was found in the secondary winding of the heater
transformer.

2.2 Renewal of Transformers

The tracks of breakdown in the pulse transformer were
concentrated around the corner of the windings. This has
implied that the radius of windings at the corner was not
sufficiently large to avoid a strong electric field.
Therefore, at the renewal of the pulse transformer, coils
have been wound with a larger corner radius than the
previous one.

The structure of the heater isolation transformer is
shown in a) of Figure 1. The transformer, together with
the pulse transformer, was fabricated by Nihon Denji
Kogyo Co. Itd. The corona was found around the edge of
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Figure 1. Layout of the heater isolation transformer.
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the secondary winding inside the cut core in every pulse.
The breakdown was found to occur between the edge and
the polyimide ( kapton ) sheet wrapping the cut core,
which was observed with a TV camera through a viewing
window in the assembly tank.

Generally, high quality insulating oil has a dielectric
strength greater than 30kV/mm. Minimum separation of
26mm between the primary and the secondary coils was
enough if the electric field distribution was the same as
those between plane electrodes. However, it was evident
that the electric field on the thin edge of polyimide sheets
wrapping the secondary winding or on the edge of the

epoxy resin plates was greater than the dielectric strength.

When the transformer was disassembled, a significant
carbonization was found extensively on the surface and
the inner layer of the epoxy resin plates.

At the renewal of the heater transformer, the following
improvements have been made to the structure of the
transformer, as shown in b) of Figure 1:

1) The inner size of the secondary coil frame has been
extended from 134x134mm to 160x150mm, while
the thickness of the epoxy plates has been reduced
from 8mm to 4mm. Then minimum separation
between primary and secondary coils has been
extended to 33mm.

2) The ordinary epoxy resin plates used as the coil
frame have been replaced with the void-less ones.
Also the polyimide sheets that were used to wrap the
coils have been replaced with the kraft papers.

3) In order to avoid the strong field around the coil
edges, copper corona rings have been added at both
side edges of the epoxy resin plates of the secondary
coil frame.

4) The whole edge of the cut core has been rounded off.
In the previous cut core, only the inside edge was
rounded off.

5) The polyimide sheets that were used to wrap the cut
core have been removed. The rounded copper sheets
have been substituted as the corona shields.

6) The corona ring has been added at each inside
corner of the cut core.

These improvements were performed by Nihon Denji
Kogyo Co. 1td.

2.3 Results of Improvements

The pulse transformer and the heater transformer in
the #2 klystron assembly tank were renewed in December
1998. The running test of the klystron at the diode-mode
operation proved that no dielectric breakdown occurs in
the tank even with the pulse modulator peak output of 24
kV, which corresponds to 288 kV at the klystron cathode
and peak output RF power greater than 30 MW.

The transformers in the #1 klystron assembly tank
were also renewed in February 1999. Since then, there
has been no incidence of dielectric breakdown in the
assembly tank, though the operation time is over several

thousand hours. Therefore the improvements to the
transformers as mentioned above are considered to be
quite effective for the increase of the dielectric strength.

3 PROBLEM IN KLYSTRON RF
WINDOW

3.1 Dielectric Breakdown of the RF Window

The RF pulse width of 20 us is out of the design
specification for the PV3030 klystron. The most serious
problem in the long pulse operation of the PV3030
klystron was the breakdown of the output RF window. As
the result of the diode-mode operation with the pulse
width of FWHM 30 us, no problem was found with the
collector or the electron gun up to peak voltage of 288
kV and repetition rate of 12.5 Hz.

Eight klystrons were broken in early phase operation
of the linac because of the damage of the output RF
windows. All these klystrons were moved from KEK
after being used for a long time in the injector linac of
Photon Factory. Therefore the klystrons were well aged,
but the outer surfaces of the RF windows were exposed to
air for a while before reused at LEBRA.

The vacuum in the waveguide was pumped with a 60
/s ion pump located about 2.6 m downstream the RF
window, which is illustrated in Figure 2. The vacuum
conductance at the RF window was estimated to be
approximately 8.2 1/s[2]. During the aging of the
klystrons at LEBRA the long pulse output RF from the
klystron, even at quite low power level, led to a
considerable degradation of vacuum around the outer
surface of the RF window.

At high power output operation, though the klystron
was aged carefully, the dielectric breakdown that
sometimes occurred at the RF window surface caused
degradation of vacuum instantly by 1 to 2 orders of
magnitude. Because of low vacuum conductance, the

vacuum near the RF window had not sufficiently
RFWindow Linac

I

- =

60 I/s lon Pump

Klystron

Ly vy
0 500 mm

Klystron RF Window

Figure 2. Layout of the waveguide and the vacuum
pumping system with a low vacuum conductance.
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recovered before the next RF pulse, which caused the
dielectric breakdown again. After these conditions were
repeated many times in the operation of the linac, the
window was finally broken.

The rapid degradation of the vacuum after the
dielectric breakdown was never resolved even by a
careful aging for a long time.

3.2 Increase of Vacuum Pumping

The second RF window on the way to the linac
accelerating tubes is shown in upper side of Figure 2,
which is placed because of convenience in the
maintenance of the linac. Although there was no
essential difference from the klystron RF window on the
material or the RF power suffered, the window was never
damaged. The important difference seemed to be the
distance from the ion pump, which means the difference
of the vacuum conductance.

The vacuum conductance at the second RF window
was estimated to be approximately 20 1/s, which is about
2.5 times greater than that at the klystron RF window. It
suggests that a quick recovery from the degraded vacuum
at the window surface is essential to avoid the damage of
the klystron RF window.

Figure 3. The photograph of the waveguide with two
additional vacuum pumps downstream the klystron
RF window

Considering these factors, additional two vacuum ports
were put to the waveguide at about 40cm downstream the
klystron RF window as shown in Figure 3. The vacuum
conductance at the RF window associated with these
ports is estimated to be 43 1/s. For easier installation
ANELVA 8 1/s ion pump has been connected to each port.

3.3 Effect of additional pumps

A vacuum recovery simulation suggests that a fast
recovery of the vacuum is expected around the klystron
RF window as shown in Figure 4, where the simulation
has been performed with an assumption that the vacuum
at the surface of the klystron RF window changes
instantly from 1x10° Pa to 1x10™ Pa by the dielectric
breakdown.

The dielectric breakdown in successive RF pulses has
been considerably suppressed since the vacuum system
was improved. The peak output RF power of 20MW from
PV3030 klystrons has been achieved at the pulse width of
20 us and the repetition rate of 12.5Hz. The klystrons
have been operated more than 1000 hr at 2 Hz without
damage to the RF windows since the vacuum pumping
was increased.
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Figure 4. The result of simulation for the vacuum
recovery after the dielectric breakdown at the
klystron RF window.

4 SUMMARY

The problems in the high power long pulse RF system
have been solved by the improvements to the pulse
transformer, the heater isolation transformer and the
waveguide vacuum system. Specifically, the vacuum
pumps closed to the klystron RF window are quite
effective for the protection against damage to the window.
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The first lasing of the free electron laser (FEL) was achieved in May 2001 at Nihon University. Problems occurred regarding
the energy stability of the electron beam in the pulse duration and the long operation time for the FEL. The energy stability has
been improved by compensation of the RF phase drift with a function generator and a feedback circuit.
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The LEBRA (Laboratory for Electron Beam Research and
Application) electron linac has been developed to produce a
high-power visible-to-infrared free electron laser (FEL).'™
FEL lasing in the short-wavelength region requires an
electron beam with a long pulse duration due to a small
amplification gain. In addition, a narrow energy spread and
low-emittance electron beam is required.

The linac consists of a dc electron gun, a prebuncher, a
buncher and three 4 m accelerating structures. The accel-
erating RF power is supplied from two klystrons, which are
operated at 2856 MHz with a pulse repetition rate of 2 Hz
and a peak output power of approximately 20 MW. Each
klystron is driven by a pulsed 800 W RF amplifier.

The specifications for the beam pulse duration and the
normalized emittance are 20pus and 20 smmm-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.

In the actual operation of the linac, the transmission of the
beam in the analyzer was poor. In order to reduce the beam
loss, the beam energy must remain constant in the pulse
duration. The energy gain of the linac is propotional to the
integration of the accelerating field that the electrons
experience along the accelerator. The field is expressed as
Ecosf, where E is the amplitude of the axial electric field
and @ is the accelerating phase of the bunched electrons. The
fluctuation of the phase leads to beam energy fluctuation. In
the LEBRA linac the energy fluctuation is caused by
fluctuation of the relative phase between the two klystrons,
which was found by measurement of the phase and energy
spectra in the pulse duration. Figure 1(a) shows the
waveforms of the beam current detected using a current
transformer at the dc gun, the exit of the linac and on the
FEL line. The pulse duration of the beam was found to be
reduced to 10 us in the analyzer. This is consistent with the
result of the measurement of the energy spectra, which was
carried out by utilizing the first 45° bending magnet as a
spectrometer. The energy spectra are shown in Fig. 2(a); an
energy shift of about 4 MeV is observed during the pulse.
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. 3(a). The

*E-mail: yokoyama@acc.phys.cst.nihon-u.ac.jp

Fig. 1. The waveforms of the beam current detected using core monitors
placed on the beam line and a Faraday cup at the end of the beam line:
without (a) and with (b) phase drift compensation. 1) Emission from the
dc gun (200 mA/div), 2) exit of the linac (40 mA/div), 3) upstream of the
FEL system (20 mA/div), 4) end of the beam line (20 mA/div). Horizontal
scale is 5 ps/div.

Helstive Intensity

Fieam Enerzy (Me'V)

Fig. 2. Time-dependent energy spectra obtained every 1 us except for the
transient time region: without (a) and with (b) phase drift compensation.

Fig. 3.

The waveforms of the klystron output phase compared with the
reference RF over a pulse duration of 20 pus: without (a) and with (b)
phase drift compensation. Upper: output RF of klystron No. 1 (0.9°/div).
Lower: output RF of klystron No. 2 (2.7°/div). Horizontal scale is 4 s/
div.

reference is a cw RF from a master oscillator. As a result of
the measurement, the phase shift in the RF pulse duration of
20 us was greater than 2° for klystron No. 1 and greater than
6° for klystron No. 2. Phase drift was also observed during
long operation, depending on the change in the temperature
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around the RF amplifier. It has been considered that the
energy shift of the beam in the pulse duration and the long
operation time was due to the phase shift of the accelerating
RF.

The CLIO® and FELI” linacs are also operated with a
long pulse duration. The FEL gain in these facilities is much
greater than that in the present case. Therefore, the
improvement in the RF phase stability achieved at these
facilities is not necessarily applicable to the LEBRA linac.
The phase fluctuation observed in the LEBRA RF system
comes from the semiconductor RF amplifier that drives the
klystron. For FEL lasing, it is necessary to compensate for
the phase fluctuation in order to suppress the energy shift in
the pulse duration.

The phase drift compensation in LEBRA was achieved by
means of a fast phase shifter (FPS) inserted before the input
of the RF amplifier, as shown in Fig. 4. The output phase of
the FPS was controlled with an output voltage from the
function generator.

The IF output signal from the DBM is approximately
proportional to the phase difference between two input
signals having the same frequency if the signal is detected
around the zero-cross region. The output phase shift of the
FPS is proportional to the voltage applied to the control
input. Therefore, the phase signal detected with the DBM is
useful as a source for the control signal of the FPS to
compensate the phase fluctuation. From the above con-
siderations, the control signal for the phase compensation in
the pulse duration is produced from the phase signal with the
function generator. The phase signal as shown in Fig. 3(a) is
accumulated and processed in a personal computer, and the
processed data is transferred to the function generator. The
voltage and timing of the output from the function generator

Klystron Unit 2 Klystron

s _‘—’ RF Amplifier No. 1
1 FPS
& CONTROL IN
N DBM
m @ (M) Lre Lo

. 0SC

Combiner - Foodback IF
Circuit | i, PC

Fig. 4. Block diagram of the phase drift compensation system. SG: signal
generator, FG: function generator, PC: personal computer, OSC: digital
oscilloscope.
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are adjusted so that the waveform of the detected phase
signal becomes flat. Since the phase drift pattern in the pulse
duration is conserved in a long operation time, no frequent
updating of the function is necessary in this method.” As a
result of the compensation, the phase drift was reduced to
within 1° for each klystron, as shown in Fig. 3(b). The beam
current and the energy drift were greatly improved by
including this system, as shown in Figs. 1(b) and 2(b),
respectively. These figures indicate that the energy drift was
reduced from 3.3% to 0.5% and the beam pulse duration in
the FEL line was extended from 10 s to 18 us.

In addition to the phase compensation in the pulse
duration, the slow drift of the klystron output phase is
canceled using the slow feedback circuit in Fig. 4. Thus, the
resultant control voltage for the FPS is a combination of the
output from the function generator and the offset voltage
from the feedback circuit. From the specifications of the
FPS, the offset is applied as a pulsed voltage. The phase drift
due to a change in room temperature was reduced from 3° to
0.5° for each amplifer.”

With the phase drift compensation system, the fluctuation
of the RF phase in the pulse duration and the long operation
time have been suppressed simultaneously. The system is
useful for the stabilization of beam acceleration. As a result
of the improvement, the lasing of 1.5 um FEL has been
achieved at LEBRA.
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S-BAND KLYSTRON FOR LONG PULSE OPERATION

T.Sakaif*, I.Sato, K.Hayakawa, T.Tanaka, Y.Hayakawa, K.Yokoyama, K.Kanno*, K.Ishiwata*,
Laboratory for Electron Beam Research and Application (LEBRA), Institute of Quantum Science,
Nihon University, Funabashi, 274-8501, Japan
S.Fukuda, Accelerator Laboratory, High Energy Accelerator Research Organization (KEK),
Tsukuba, 305-0801, Japan
K.Hemmi, M.Hino, Mitsubishi Electric Corporation (MELCO), Amagasaki, 661-8661, Japan

Abstract

The electron linac for infrared to ultraviolet free
electron laser has been developed at the Laboratory for
Electron Beam Research and Application in Nihon
University. Each S-band klystron is required to provide a
peak RF output power of 30MW with the pulse duration
of 20us at the repetition rate of 12.5Hz. The output power
of the current Mitsubishi PV-3030A1 klystrons is
restricted to approximately 20MW due to damage to the
output RF windows at higher output powers. An upgrade
version of PV-3030A3 type, i.e. a PV-3040N klystron
was fabricated for a durability test of the RF window at an
output power around 30MW. The PV-3040N klystron has
an improved vacuum port to protect the RF window from
breakdown by quick vacuum recovery. Furthermore, the
material of the RF window has been replaced by the one
used in PV-3050 type, which will improve the output
power limit at long pulse operation.

1 INTRODUCTION

A high performance electron linac for free electron
laser (FEL) has been studied at the Laboratory for
Electron Beam Research and Application (LEBRA) in
Nihon University as collaboration with High Energy
Accelerator Research Organization (KEK) [1]. The S-
band high power RF has been supplied by two Mitsubishi
PV-3030A1 klystrons, which were moved from KEK
after being used for several years in the injector linac of
photon factory (PF). The maximum operating power of
the klystrons has been restricted to approximately 20MW
at the pulse duration of 20us due to damage to the
klystron output RF windows.

The FEL system in LEBRA currently serves infrared
(IR) FEL at a wavelength of 1.5um [2]. The klystron
output RF power of 30MW is necessary to achieve lasing
in the visible to ultraviolet range. Although the PV-
3030A1 klystron was designed for relatively short output
pulse, operation with the pulse duration of 20us has been
attained at the peak output of 20MW and the repetition
rate of 12.5Hz by the increase of the vacuum pumping
system downstream the RF window. However, increase of
the output power up to 30MW seemed quite difficult
without improvement of the dielectric strength at the RF

‘sakai @lebra.nihon-u.ac.jp
*also, Graduate School of Science and Technology, Nihon University
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window. Thus, a PV-3040N klystron was fabricated as an
upgrade version of PV-3030A3 type. This paper reports
about the effect of increased vacuum pumping on the RF
window and the property of the PV-3040N klystron.

2 PROBLEM IN KLYSTRON RF WINDOW

2.1 Status of klystron operation

The status of klystron operation from 1997 through
2001 is listed in table 1. In this period nine klystrons were
broken due to the dielectric breakdown frequently
repeated at the RF window surface [3]. The breakdown
phenomenon was monitored with the power supply
current of the ion pump placed downstream the RF
window. However, the current of the ion pump power
supply for the klystron indicated no signal of breakdown.
The klystrons had been already used for a long time in the
injector linac of PF at KEK, therefore the inside the
klystrons might be sufficiently aged. These facts suggest
that the damage to the RF window was caused by the
breakdown on the outer surface of the RF window and
instant degradation of the vacuum in the waveguide.

Table 1:Status of the klystron operation

Kly | Tube . Max.
N Number | Mounted | Dismounted Status )
o | Type Performance
Al | 87514 | 97.0225 Brok 24MWx20us
A . TOoKEeNn x2Hz
Al 90503 Broken
98.02.07 99.02.15
#1 Al 90507 20MWx20us
99.05.24 00.04.19 Broken %12.5Hz
19MWx13us
A2 91506 99.02.15 99.05.24 Broken
x2Hz
" X 20MWx20us
Al 89511 00.04.19 Running <10Hz
21MWx8us
Al 88516 98.02.09 98.05.26 Broken
x2Hz
26MWx20us
A2 | 91502 | 98.0527 | 98.06.18 Broken XZOps
x2Hz
A2 92505 98.06.19 98.07.08 Broken 2IMW
#2 o U x12.5usx2Hz
26MWx20us
A2 92502 98.07.08 98.12.10 Broken
X2Hz
26MWx20us
A2 92503 98.12.10 99.06.11 Broken
x2Hz
) 20MWx20us
Al 89506 99.06.12 Running x12.5Hz

2.2 Damage of klystron RF window
The photograph of a sample of damage at an RF
window is shown in figure 1. There are notable tracks of



Proceedings of LINAC 2002, Gyeongju, Korea

dielectric breakdown on the flange surface and pinholes at
the ceramic window plate.

.\\\."\___ =
bt ~® €@ wo0sadly

Figure 1: Damage to the klystron RF window. (a) A
photograph of the flange surface. (b) The ceramic RF
window. (c) Close-up of a pinhole.

2.3 Waveguide vacuum pumping system

The layout of the vacuum pumping system downstream
the klystron RF window is illustrated in figure 2. The
vacuum in the waveguide is pumped with a 60l/s ion
pump located about 2.6m downstream the klystron RF
window. The vacuum conductance of the waveguide
between the klystron RF window and the ion pump was
estimated to be 8.2l/s [4]. The second RF window
isolating the vacuum between the klystron and the linac
has the same structure as the klystron RF window. The
RF power passing through the second window is almost
the same as that passed through the klystron RF window.
However, the second RF window was never damaged by
the RF power. The conductance between the second RF
window and the ion pump was estimated to be 20l/s,
which is about 2.5 times larger as compared to that for the
klystron RF window. This suggests that the difference of
performance between the two RF windows was caused by
the difference of the vacuum conductance.

RE Window

Linac —=
1Tk
II il ]
ur

Turbo Pump

601/s lon Pump

81/s klystron

lon Pump 500mm

<—— Klystron

Klystron RF Window
Figure 2: Layout of the waveguide and the vacuum
pumping system downstream the klystron RF window.

3 IMPROVEMENT TO VACUUM
PUMPING

A quick recovery of the vacuum around the RF window
is important to suppress further dielectric breakdown at
the next RF pulse. In order to increase the pumping speed
around the klystron RF window, two vacuum pump ports
were added at the waveguide close to the RF window, as
shown in figure 3. These ports were estimated to increase

the conductance from 8.21/s to 431/s. By the combination
with ANELVA 8l/s ion pumps the effective pumping
speed around the RF window was estimated to be 171/s,
which is greater than the effective pumping speed of 151/s
at the second RF window.

Figure 3: The photograph of the waveguide with two
additional ANELVA 8l/s ion pumps located about 40cm
downstream the klystron RF window.

The behaviour of the vacuum recovery in the
waveguide around the klystron RF window has been
simulated on the basis of the pumping speed as discussed
above. Figure 4 shows the result of the simulation after
the pressure suddenly changed from 10°Pa to 10™*Pa by
the emission of gases out of the RF window surface
carried by the dielectric breakdown. An improvement of
the vacuum recovery time by the additional pumps is
evident in the figure 4.

By the increase of the vacuum pumping system, the
output power of 20MW was achieved at the pulse
duration of 20us and the repetition rate of 12.5Hz.
Although nine klystrons were broken by damage to the
RF windows before the improvement of the vacuum
pumping system, no klystron was broken in the operation
of the linac over 3,900 hrs after the improvement.
However the operation has been restricted to the output
power of 20MW due to possible damage to the RF
windows at higher output powers.

10"k

—— With two 8L/s ion pumps
- - - - Without

Pressure[Pa]

00 05 10 15 20
Time[sec]

Figure 4: The result of simulation for the vacuum
recovery after the dielectric breakdown at the klystron RF
window.
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4 FABRICATION OF PV-3040N
KLYSTRON

4.1 PV-3040N klystron

A new klystron, PV-3040N type, was fabricated for a
durability test at higher output powers than 20MW,
provided that the pulse duration is 20us and the repetition
rate is 12.5Hz. The PV-3040N klystron is an upgrade
version of PV-3030A3 type that has common
configuration with PV-3030A1 type [S]. Therefore, no
change is required for the klystron assembly tank.

Figure 5 shows the photograph of the PV-3040N
klystron. The klystron vacuum pump is located close to
the waveguide as compared with PV-3030A3 type, as the
vacuum duct was replaced with a short and thick one. The
RF window was replaced with the same one as used in a
higher power PV-3050 type.

The result of simulation for

S . 'w the vacuum recovery inside

the RF window is shown in

. figure 6. It is evident that the

| time spent to recover the

vacuum from 10*Pa to 107Pa

- == is significantly reduced by the

improvement of the vacuum

conductance between the RF
window and the ion pump.

Figure 5:Th Photograph of the PV-3040N kiystron. (a)
Overview of the PV-3040N klystron. (b) Close-up around
the klystron ion pump.

10 ‘
\
\

PV-3030A1

< [ X
a, w0’

o PV-3040N

3 .

g \ X

g \

107 i PR gy~

Timez[sec]

Figure 6:The results of vacuum recovery simulation for
PV-3030A1 and PV-3040N klystrons.

4.2 Operation test of PV-3040N klystron

A preliminary high power test of the PV-3040N
klystron was performed at a bench in Mitsubishi Electric
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Corporation. Figures 7 and 8 show the characteristics of
the PV-3040N klystron, the power transfer curve,
efficiency and output power obtained in the test, where
the operating condition was the repetition rate of 50Hz
and the RF pulse width of 4us. The power transfer curve
of the PV-3030A1 klystron is also shown in figure 7 for
the comparison. The maximum output power of 42.3MW
was obtained in the test operation at the above condition.

100

|

" PV-3040N |

-.. Beam Voltage:286 kV
Beam Current:309 A

~7 Pulse Width:4.0 ps \

_.... Repetition rate:50 pps

\|_ PV-3030A1

Beam Voltage:252 kV
Beam Current:289 A
RF Pulse Width:4.0 us
Repetition rate:100 pps

Output Power [MW]

100
RF Drive Power [W]

Figure 7: Typical power transfer characteristic as a
function of RF drive power.
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0

i i
0
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Beam Vzgultage [kVGfl)
Figure 8: Typical efficiency and RF output power
characteristics at saturation as a function of beam voltage.

5 CONCLUSION

A quick vacuum recovery around the klystron RF
window is effective to avoid window breakdown,
especially for the klystron operation at high power, long
pulse width and high repetition rate.

The PV-3040N klystron is expected to achieve the
output power of 30MW at the pulse width of 20us and the
repetition rate of 12.5Hz. High power test of the PV-
3040N klystron at a long pulse width and high repetition
rate is intended in 2002.
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DEVELOPMENT OF STRIP-LINE TYPE BEAM POSITION MONITOR

K.IshiwataT*, I.Sato, K.Hayakawa, T.Tanaka, Y.Hayakawa, K.Yokoyama, T.Sakai*, K.Kanno*,
K.Nakao', E.Hashimoto , T.Murakami" and K.Fujioka"
Laboratory for Electron Beam Research and Application (LEBRA), Institute of Quantum Science,
Nihon University, Funabashi, Chiba, 274-8501, Japan
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Abstract

In the Free Electron Laser (FEL) system at Laboratory
for Electron Beam Research and Application (LEBRA) of
Nihon University, the destructive fluorescence beam
profile monitors were removed from the FEL beam line
since the undulator permanent magnets were degraded by
strong gamma and/or neutron radiation produced at the
profile monitors. Thus strip-line type, non-destructive
beam position monitors (BPMs) have been developed for
the FEL beam line. The beam position can be deduced
from the measurement of the RF power induced by the
electron beam. The calibration of these BPMs has been
made at the test bench in KEK. A preliminary experiment
has been performed with the electron beam from the linac
at LEBRA where three BPMs have been inserted at the
exit of the linac, and the entrance and the exit of the
undulator, respectively. Since the BPM is expected to
have a high resolution of the beam position, a correlation
characteristics of FEL lasing and the beam position has
been investigated on the LEBRA FEL system.

1 INTRODUCTION

First lasing of FEL at LEBRA succeeded in a
wavelength of 1.5um on May 2001[1,2]. The
performance of the linac has been improved for the
application of the FEL experiment. Highly precise control
of the electron beam orbit passing through the undulator
is important for lasing FEL effectively. Therefore a non-

ACC: 4m Accelerator
Q: Quadrupole Focus
CM: Current Monitor
BM: Bending Magnet
U: Undulator

M: Mirror

BD: Beam Dump

Figure 1: Installation points of the BPMs and the
current monitors in the 125MeV electron linear
accelerator and FEL system.
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destructive beam position monitor is required.

Installation points of the BPMs and the current
monitors are shown in figure 1.

The structure of the BPM and calibration method are
described in Chapter 2. Results of the preliminary in
beam experiment are presented in Chapter 3.

2 BEAM POSITION MONITOR

2.1 Structure of BPM

The monitor geometry and a photograph are shown in
figure 2 (a) and (b), respectively. The beam position can
be deduced from the measurement of the RF power
induced by the electron beam. The RF power is picked up
by use of the electrode located in side of the vacuum pipe.
The angular width of the electrode, viewed from the
center position of the BPM, is 45degrees. The inner
surface of the vacuum pipe and the electrode comprise a
50ohm transmission line. The length of an electrode is
AMA4=26.25mm, where A is a free-space wavelength of
fundamental frequency of 2856MHz [3].

Figure 2: Geometrical drawing (a) and photgra.ph (b) of
the Stripline-type Beam Position Monitor.
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2.2 Measuring Method of Beam Position

A signal from each electrode of the BPM is inputted
into a RF detector (Agilent Technologies, 423B, 0.01-
12.4GHz) through RF coaxial cable (RG-55/U) of 12m
long. The detected voltage waveform is measured by
means of an oscilloscope, as shown in figure 3.

i

XA oes ek K
BECRIE 2}  RG55U Az

ek
fremo ] —

+X\

Agilent Techno log ies
428 , 0.01"12 £Hz

<\
_

~—

O X

4
A

Figure 3: Measuring method.

Measured voltage is converted to RF power. Horizontal
(X) and vertical (Y) beam position are represented by
map functions up to sixth-order polynomial, as follows;

6 A iA J
X:Zkﬂj[z—XJ 5 | (1

i,j=0 X y

p Ax i A J
Y=Zkﬂ.j(z) Z_y . )

i,j=0 y

A =P -P.2,=JR+JP. ®
A, =P P 2, =P+, @

where kj and ky;; (i, j=0-6) are the coefficients of the map
functions [4,5]; P; and P; (P, and Pj) are the horizontal
(vertical)-pickup RF power including cable attenuation.

The monitor has been calibrated by means of a thin
wire to simulate an electron beam. The microwave of
fundamental frequency transmits through the thin wire.
The coefficients of the map functions were chosen so that
the difference between the position of the wire and the
calculated one from the map function is less than 50pum
within a mapping region of a radius of Smm from the
center of a BPM.

Here,

3 THE CHANGES OF BEAM POSITIONS
DURING A BEAM PULSE

3.1 Measurement Results

The beam position was deduced at FEL not lasing and
at lasing. The accelerator was operated on a beam energy
of 86.8MeV, pulse duration of 20us and repetition rate of
2 Hz.

Wave patterns detected by electrodes in each BPM are
shown in the figure 4, and wave patterns of the beam
currents and IR detector are shown in figure 5. The
installation point of the BPMs and the current monitors
are shown in figure 1. In figure 4 (a-2) and (a-3) we can

see that a beam position change from the electrode of —X
side to +X side during the pulse duration time. On the
other hand, in figure 4 (a-1), (b-1), (b-2) and (b-3) in each
BPM, the signal from each electrode is similarity.

L T — XX |
+X |
: ‘ 4X, X
+Y,-Y +Y,-Y
S SRCESRU RN SPSRSOON DM ok e
X
- +Y
+Y M . -
,Y v
(a-1)-BPM1 (b-1)-BPM1
: — - : : : e
‘ CAX, X T X X, -X
X ™ W%:(MM
Y, -Y +Y +Y, -y
- i ]
AL
(a-2)-BPM2 (b—2)—B_PM2
x +X, X A +X, X 1
+X, —X
S| VY R I
_y . /S vy g
JPIDNS S Y :
HY L . I I O i :
(a-3)-BPM3 (b-3)-BPM3

Figure 4: A detection wave pattern of each electrode on
each BPM (V: 20mV/div). Horizontal scale is 4us/div.
The detected voltage was measured with an oscilloscope.
(a-): at FEL not lasing, (b-): at FEL lasing.

v

IR detector
FEL macropulse

i M | .
Figure 5: Wave forms of output of infrared detector (IR
detector) and electron beam detected by use of current
monitor. (a) at FEL not lasing, (b) at FEL lasing.

CMS5: exit of the linac (20mA/div),

CMG6: entrance of the undulator (20mA/div),

IR detector: (a): 2mV/div, (b): SmV/div

Horizontal scale is 4ps/div.

3.2 Evaluation of Beam Position

The absolute beam position was deduced from
measured RF power and the equations (1), (2), (3) and (4).
The data taken from an oscilloscope, signal-to-noise ratio
is about 1/30. This noise level is corresponding to the
beam position uncertainty of 0.2mm.To reduce influence
of the noise, the averages of 20 data were taken every
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80ns, and signal-to-noise ratio became about 1/120. From
accuracy of map-function and this ratio, a beam position
includes an error of about 0.1mm. The beam positions
during a beam pulse after noise reduction processing is
shown in figure 6 and figure 7.
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Figure 6: The changes of beam positions in a beam pulse
in pulse duration of 20us. (a-) at FEL not lasing, (b-) at
FEL lasing.
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Figure 7: The changes of beam positions in a beam pulse
every 80ns. (a-) at FEL not lasing, (b-) at FEL lasing.
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Curves a-X and a-Y in figure 6 show the beam
positions under adjustment of the linac. Vertical position
at the exit of the linac (BPM1-a-Y) moves monotonously
up during the pulse duration time about 0.2mm.
Horizontal position is kept constant (BPM1-a-X). In the
FEL beam-line, at the entrance of the undulator,
horizontal position (BPM2-a-X) moves significantly over
2 mm. At the exit, horizontal position (BPM3-a-X) move
same span but reverse direction. These movement of the
horizontal positions caused by residual dispersion of the
90 degrees bending system.

Curves b-X and b-Y in figure 6 show the beam
positions under lasing FEL. In this case, the linac and
beam transport line are well tuned. Then both horizontal
and vertical beam positions are kept constant. In the FEL
beam line, beam positions are nearly constant during the
pulse duration time without small ripple. It is considered
that the shape of the beam current which is not able to be
rectified is appearing.

4 CONCLUSION

Three BPMs have been inserted into the exit of the
linac, and at the entrance and the exit of the undulator
beam line, respectively. In this way beam position get
possible to be measured, and it became very easy to
synchronize the beam orbit with a light axis of the optical
resonator.

As a beam position includes an error of about 0.1mm,
and it is pursued beam position, it is thought enough as
position search precision because a diameter of electron
beam is about 0.6 tol mm.

The FEL was very weak poor lasing at this
measurement. As a result, for lasing FEL, a beam position
change during beam pulse has to be less than 0.2mm
when other factors are not taken into account.
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Improvement of the PFN control system for the klystron pulse
modulator at LEBRA
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Abstract

The short-wavelength free electron laser (FEL) requires a stable electron beam with long pulse duration, narrow
energy spread, and high current density. The pulse forming network (PFN) for the klystron pulse modulator at LEBRA
was designed to realize pulse flatness error within 0.05%. The PFN consists of 30 capacitors and adjustable inductors. A
PFN adjustment was performed to suppress changes of the RF phase difference between the input and the output of the
klystron. The flatness of the pulse voltage applied to the klystron has been adjusted to an error within 0.06% as a result
of the phase flatness error within 0.3° achieved by the PFN adjustment. Furthermore, the time dependence of the
energy spectrum in the pulse duration has also been suppressed.

© 2004 Elsevier B.V. All rights reserved.
PACS: 41.60.Cr.; 29.27.Fh.; 29.17. +w.; 29.27.Bd.

Keywords: FEL; Infrared; Electron linac; RF; Modulator

1. Introduction

The quality of FEL is seriously affected by the
performance of the accelerator in terms of the
stability of the RF power and phase, the bunch
length, the beam emittance, the current density
and the energy spectrum. Essentially, RF linac-
based FELs require a stable and long RF pulse

*Corresponding author. Tel.: +81-47-469-5489; fax: +81-
47-469-5490.
E-mail address: k_yokoyama@lebra.nihon-u.ac.jp
(K. Yokoyama).

from klystrons [1,2]. Generally, the fractional
change in the electron energy gained in an
accelerator section due to the fractional change
in voltage of the klystron is expressed as

m k
where Vy, is the maximum possible electron energy
that can be obtained from a given length of
accelerator supplied with a given level of RF
power, and Vy is the voltage applied to the
klystron [3]. The phase shift that arises in the
klystron, which can occur both during a pulse and

0168-9002/$ - see front matter © 2004 Elsevier B.V. All rights reserved.
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from pulse-to-pulse, is caused by modulation of
the klystron beam-voltage pulse. This follows that

Al = —2mp !

‘ <\/1—1/(1+1\4k)2>3

" 1 AV
I+ M) < Vi

2)

where M is substituted for eVy /mgc?, f is the RF
frequency, I is the klystron drift tube length, my is
the rest mass of the electron, c¢ is the velocity of
light, and e is the electron charge [3].

A change in the applied voltage is a serious
problem in the LEBRA linac since the accelerating
RF is provided by two klystrons driven with
separate pulse modulators. The different phase
shift between the klystrons causes fluctuations in
the beam energy at the exit of the linac, resulting in
the orbit length variation of the beam in the
momentum analysing magnet system. Therefore,
the bunched electron beam can be easily mistuned
to the light pulse accumulated in the optical cavity
[4]. The LEBRA FEL requires voltage fluctuation
within 0.05% at 240 kV, which corresponds to the
phase fluctuation of 0.26° for PV3030 klystron, as
deduced from Eq. (2).

The inductances in the PFN have been opti-
mized to reduce the time dependence of the RF
phase difference between the input and the output
of the klystron in the pulse duration. Then, the
voltage fluctuation was deduced from the phase
fluctuation.

2. The RF system for the LEBRA linac
2.1. Performance of new RF amplifiers

The klystron output power is nearly indepen-
dent of small fluctuations in the input RF power.
But phase fluctuations are introduced through the
drive amplifier. A new solid-state RF amplifier was
developed to obtain a pulsed high-power micro-
wave with constant phase to drive a klystron. Since
the phase of the amplifier output RF changes
rapidly at the head of the pulse, the RF power
within the last 20 ps in a total 50 ps pulse duration

24

2

chi' 5.06mvs§m@jﬁ| 2
Fig. 1. The phase and the amplitude of the RF amplifiers. (a)
RF phase of amplifier #1 (0.3°/div), (b) and (b’) are the RF
phase of amplifier #2 (0.7°/div) that differ in horizontal scale

and that are equal in vertical full scale, (¢) RF amplitude of
amplifier #2 (120 W/div).

is coupled to the output port of the amplifier as
shown in Fig. 1(b"). The resultant phase shift of the
RF amplifier output is less than +0.5° over 18 s
at the maximum output power of 400 W, which
was measured for each klystron driving RF
amplifier using the double-balanced mixer
(DBM) as shown in Fig. 1. The RF amplifier
input is a cw RF from a master oscillator (Agilent
Technologies E4425B-ATO-11188). Both ampli-
fiers have similar phase shift characteristics at the
start of the RF output. The phase shift during
the pulse duration is compensated with a func-
tion generator and the RF amplifier output is
supplied to a klystron [5]. Therefore, the effect of
these phase shifts on the beam energy will be
reduced; however, the effect on FEL lasing is
not negligible.

2.2. The PFN control system

The pulse modulator consists of a PFN circuit
with 30 LC sections. Each variable inductor
system consists of an air-core coil, a motor-driven
aluminum slug, and a potentiometer for readout
of the slug position. The tuning slug is controlled
by a personal computer (PC) through an I/O
board [6].



K. Yokoyama et al. | Nuclear Instruments and Methods in Physics Research A 528 (2004) 239-243 241

2.3. The method of PFN adjustment

The optimal value of each inductance, which
produces the flat-pulsed voltage, is deduced from
the following calculation [6]. If the target wave-
form, which could have a high flatness voltage or
phase signal, is denoted as g(#;) in a simplified
manner (i.e., a function of the inductances Ly— Ly
and time ¢;); the initial waveform is denoted as
f(t); the reference voltage is V; the jth inductance
is L; and the variation of L; is AL;, where ¢; is ith
time in the pulse duration partitioned into n
(i=0—n); and j is the channel number of the
inductor (j = 0—29), then ¢(z;) is approximated as
the first order expansion by

f(t) LYW,

o(t) = f (1) + 5 78

(©)

Thus, when the sum of squares of deviations

2(V — ¢(t;))*> is minimum, the function g¢(z,)
represents the high flatness pulse [3]. It means

¢ zn:{V g(1)}* = (4)
OL; < ’

Indeed, the differential function can be replaced
with

o S +0L) ~f(L)
oL;~ OL;

©)

where 6L; is the change in L;. AL; should be within
the range of 2.0-3.6 uH and ¢; should lie within the
pulse duration. The value of 6L; is set so that the
change in the waveform signal is sufficiently larger
than the noise level. From the measurement of the
waveform dependence on each change dL;, Eq. (4)
is solved for AL;. Then, the target function g(z;) is
constructed. The value of AL; is set on the PFN
inductor using a PC. The fluctuation of the
modulator output voltage is not large enough to
analyze for deriving the differential coefficient in
Eq. (5) due to a poor signal-to-noise ratio. Instead,
the RF phase difference between the input and the
output of the klystron is useful for this method as
can be expected from Eq. (2).

3. Improvement of energy spectrum

Waveforms of the RF phase difference between
the input and the output of the klystron before (A)
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Fig. 2. The RF flatness of klystron #1. (A) Before adjusting the
PFN inductance, (B) after adjusting the PFN inductance. (a)
RF amplitude (0.5%/div), (b) waveform of the PFN (0.2%/
div), (c¢) RF phase (0.6°/div).
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Fig. 3. The RF flatness of klystron #2. (A) Before adjusting the
PFN inductance, (B) after adjusting the PFN inductance. (a)
RF amplitude (0.5%/div), (b) waveform of the PFN (0.2%/
div), (c¢) RF phase (0.5°/div).
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and after (B) the optimization of the PFN
inductances carried out by this method are shown
in Figs. 2 and 3 for klystron Nos. 1 and 2,
respectively. Before adjustment, the phase shift in
the RF pulse duration of 17 us was greater than 2°
for klystron No.l and greater than 1° for klystron
No.2. Each phase shift has been reduced to around
0.3° over 17us by the optimization. This corre-

Current [mA/0.33%]
i 88.0

R oh it

£ -87.3

1

T =

H +186.6

Tk

85.9

(A)
L1t 85.2

§8.0

Energy [MeV]

873

=]
-

Al

-86.6

T ek . 85.9

(B)
0 5 10 15 20
Time (ps)

H7-9 W5-7 W3-5 01-3 O<1]|

85.2

Fig. 4. Energy spectra around 86.8 MeV that were carried out,
utilizing the first 45° bending magnet as a spectrometer. (A)
Before adjusting the PFN inductance, (B) after adjusting the
PFN inductance.

a

FEL gain: 4.8%

"M4.00 s A

Chi 10.0mV [@EB 1.00V

Fig. 5. FEL oscillation. (a) FEL pulse shape, (') is (a)
displayed on a different vertical scale, (b) electron beam current
(50mA/div). The IR detector is saturated.

sponds to the modulator output voltage fluctua-
tion of approximately 0.06%.

The difference of the eclectron beam energy
spectra between the two situations is compared in
Fig. 4. Waveforms of the electron beam current
and the FEL power are shown in Fig. 5. The
uniformity of the central energy over the pulse
duration has been considerably improved. The
average energy spread (FWHM) over the pulse
duration is 0.5%. The drift of central energy
during the pulse duration is also much improved.
As a result of this improvement, the growth of the
FEL optical power is found to be initiated at the
head of the beam pulse. However, energy fluctua-
tion is still observed in the pulse duration due to
residual phase fluctuation of the relative phase
between the two klystrons. The fine fluctuation of
the central energy possibly has a considerable
effect on the intensity of the FEL or SASE [4].

4. Conclusion

The method of PFN adjustment described in
this report is shown to be simple and effective to
obtain uniform energy spectra over the RF pulse
duration. The set of proper PFN inductances
depends on the voltage applied to the klystron.



K. Yokoyama et al. | Nuclear Instruments and Methods in Physics Research A 528 (2004) 239-243 243

Therefore, this method will be useful to develop a
database of various sets of proper inductances for
different PFN output voltages in order to realize a
reliable wavelength variability of FEL.
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OPERATIONAL STATUS OF 125-MeV LINAC AT NIHON UNIVERSITY
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Abstract

The pulse-to-pulse fluctuation of the electron beam from the 125-MeV linac has been suppressed by the stabilization
of commercial AC power source and the improvement of the klystron DC power supply. Use of silver-coated copper
mirrors for the optical resonator allowed us to achieve a saturation of free-electron laser (FEL) in the range of 0.885 -
6.13 um. As an FEL user’s facility, service of 1 - 6 um FEL started at the laboratory for electron beam research and
application (LEBRA) of Nihon University in 2003. The beam line for parametric X-ray (PXR) generation has been
successfully operated for preliminary experiments of X-ray extraction and X-ray imaging characteristics.
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DEVLOPMENT OF S-BAND TRAVELING WAVE RF WINDOW

T.Sakail’A), I.Sato B), T.Tanaka B), K.Hayakawa B), Y.Hayakawa B), A.Mori B), K.Nogami B),
K.Kanno A), K.Ishiwata ™) , K.Nakao A), S.Fukuda C), S.Michizono ©
A) Graduate School of Science and Technology, Nihon University
1-8-14 Surugadai, Kanda, Chiyodaku, 101-8308
B) Laboratory for Electron Beam Research and Application, Institute of Quantum Science, Nihon University
7-24-1 Narashinodai, Funabashi, 274-8501
O High Energy Accelerator Research Organization, KEK
1-1 Oho, Tukubashi, 305-0801

Abstract

A cold model of a traveling-wave-in-ceramic (TWC) type S-band (2856MHz) RF window was designed and
fabricated. The ceramic in the RF window has the same dimensions as those used in S-band pillbox type windows. The
impedance matching between the rectangular waveguide and the cylindrical waveguide was adjusted with irises located
on the boundary. The dimensions of the window were determined by calculations using the simulation code HFSS.
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Test of multibunch beam extraction from LaB4 photocathode

K.Kannol’A) ,I.SatoB), K.Hayakawa B), T.Tanaka B), Y.Hayakawa B), A.Mori B), K.Nogami B)
T.SakaiA), K.IshiwataA), K.Nakao™
A) Graduate School of Nihon University,
7-24-1 Narashinodai, Funabashi, 274-8501

B) Laboratory for Electron Beam Research and Application, Institute of Quantum Science, Nihon University
7-24-1 Narashinodai, Funabashi, 274-8501

Abstract

A photocathode RF gun for Free Electron Laser (FEL) system covering wavelength from 0.3um to 0.8um is being
developed at LEBRA of Nihon University. FEL lasing in the short-wavelength region requires an electron beam with a
long pulse duration due to a small amplification gain. Therefore, the photocathode RF gun needs to generate
multibunch electron beam with a long macropulse duration and high micoropulse repetition rate. Then LaBs which has
long lifetime and small work function was experimented for generation long macropulse multibunch electron beam.

LaBglZ & B < /L F U FHEBFRAERR

1. [FLCHIC
HRHEFL—Y—, V=T adgfy—wiar~r
N HGELXFRIE D X 9 RIEFITEH DO BWET E— A
ﬁmgﬁ‘%®%%ﬁﬁﬁf%é D XD e
®mfﬂ%®tb®mﬁf R L LT, RFE
FEOWFIEBI%E HIEFIZITON TV 5, RFE7-#E1XDC
%%%Km‘*$ﬁmL#ﬂ ERo, BFOT X
W?—ﬁﬁﬁﬁﬁﬁ ﬁéif@%ﬁm@wo%o
ZEMBAIN L DEBN DR T, Ko I v ¥
ABFE—L BB ENARRTHD, BARAKE
@%ﬁﬂmﬁn%m(wmm'(i T TIZHRAE
HE 7L —V—0REREICHKZ LY, BIETI0.885
~6. 13umlZ D70 2 FE IR K fIk 2 ke IG5 2 &
IZRH LT 5, S HICLEBRATIEL, 0.3~0. 8um®
WA ARE HRE L —Y—0OFHL AR LT
WHR, Zo%E, BIELY SLICREEDETE—
LINMBNZ I D EZHND, £ T, @EKEET
HOBREMIBF SN TV D, A% CRHE L TW5D
£ 97, A RIS O B E T L — W — 3]
BNERWZD . L= =RV 2 D F TORRRH
NEL, B0V ABFE—LDNMNETH D,
ZDTDEREFE DY = ?/&immkm@mﬁw1
27> TWWB, L., 2O/ )L AR % EAEMERFE
%ﬁf%ﬁbio&#ék 5 B EE B D 3 IR
M EDNY IR N—=RA L IREBIY, B
HERLZEIZRY, ~ 7/ OV RIEERELST5HZ L
ﬁ?%@wk%i%néo%:f\%mﬁﬁﬂwx
L—H—lc ko Tz B L TEONDEE
FIHT 2 JEPEMRRFE T8RO 2D T 5, it\
Em%%v W= AW EZRIZIERFMIZD- 57
B, BEBEMIIFTEDICEL RITIULR DR,

! E-mail: tekkamen@]lebra.nihon-u.ac.jp

BRI CX 2R g iX, Mok
A#Ewﬁﬁﬁﬁﬁ%mﬁﬁkwg%M4ﬂi%
w?wﬁ)+iﬁﬁﬁﬁkﬁﬁménfw o 2D
TRESE O BEMR A & Ao ek TR, BFZEAEE S
Tﬁ@ﬁ%%iffwéﬂ\ﬁAE@@Tﬁﬁ$%
BRE DO TL—HF = 2T AZEHENRLNY T
N RERBTIEFMNETE, AR CHAT S
ZEFEEL W, 2T, Al TldLaB, D E R
DIEL | EHAENE S TH D7 EOBNT-FrRICHE
HLUEEE~LF N FEFE— 2R EHOREMm L
LTREFFLTWVD

2. ERIHEE

HHEETL——0FEII e — 7 BRI L.
BEO ZRITHHIT D, o TEASAHSN /2 ED
@&E@Em%%v W— Tl ARAMEIRIC L~

WZRIEBRN/NEL 20, 50ALL FOKRE R — 2
m#%%&%z%hé F7o, A\ NS D L
HHEE L ——2MaflET 5 £ TORR 2 E <
R0, 27NNV ARBPRENWE T E—ANRME L7
b, TOXOICEEREFELIZKRER - BE~27 200
AEFE—LBNIETH D, LEBRAD I FFELE
120.3~0. Sum D L4~ FT AL T U =7 v 7 1%
20usE WV~ 7 a3 L RMETEEEZ LTV 5,
BE - T, LEBRAD%E4h— ] Y6 AEIKFELIC (X~ 2 1 /%
v AME20ps D RER, KT I v 2 o AEFE—L0
MIET, DF D 20usD~ILF N FE T E—LRN
mLD,

377



Proceedings of the 1st Annual Meeting of Particle Accelerator Society of Japan
and the 29th Linear Accelerator Meeting in Japan (August 4 - 6, 2004, Funabashi Japan)

3. LaBfztBD%E

LaBgld 85 1 & — A4 ) 25 15 07 - BB FH & 18
DOEERE LTHWHILTWAD DY, DUKEKRFDE
Y v 7HOE S TIItREmE LTER ST
LR BIEWmIC OV TR WEEREEERF L.
Nd:YAG LV — % —D%F = &P (K E355nm) O—
NI K BB HIENTRETH D, MidE D
- EH BB 1T 4~6e VIR EE T, Cs,Teld3.6eVTdH 5,
> T, NEYAGL —V — o4&, FlUEHE
(266nm) ZWHTHMLERNH DL, ZOREEZED
FRICE HIZ L= =R —=RN/NE L 72 B DTN
U, E o, IEMHEEEREDS R L) S0 R 1 B R AR
R IZEERTRHES TH D A A4 L ERCEE SR D 52
HZITIc <, Bk kol —BiEM L LIS &
TRRIICEHLTLEY &, TORIIMAHTE 2L
RHEWNH Z LTV, B0;°LaBO R EL FID
FAb ) D 2R ZE S LaBlZ L~ EW OO T, 1200°C LN
A5 2 L TREGICHRENTRE, o THICEIRIZ
T 5 L PEEHRMmIEVIREN R TS, i TIrIE
EIRHEMZDLERNH LD THE Y HIRICIET
TRV, T AN XL DT A% T 5 2
ETHBRENGOND, MEFIROT VA HR
GBS MER O AT H F 9 &< RV,
LaB¢l32710C L &RssmE ch v, L—F —FREIZ
KT AMAERE, N6 DREITE~Z v
AL NVF R TFNHET B — LERHEmRE L TR
TE 5,

4. REFMEAL—Y—XTLA

LaB el Ko A 7 L —H— & L CHE SRl
HEREI A7 L —F— 1IN YAGL —F — D = =30k
PEHARETH S, N YAGL—HF — T L —HF—inT
e T ELEH SN D RO E R L — Y —T,
BARE P DO PEA TR | VL Z i35 2 &
MTED, £, HEpsTEE DL LV A RIRDS A HE
TR TR NR— KA PRBERWEREDO A F
L7EFE—LORENFHRETH D, TOVAT A
IZLIGHTWAVE#: @ CW-Modelocked Nd:YAG L — #—3g
REs TR LT, K 1064nm,
v K L 89. 26MHz D L —H —3 % POSITIVELIGHT
- ONd: YAGHEE > 27 A& FWCEEIE LTV 5, AN
MiFk DY =7 v 7 id~ 7 mrUL AfE20ps, 0L
12.5Hz CTH D728, ZDOHEET AT AOKR v 7 )L A
I ARGV HLE LTS, $-, HE
355nmD & 15 5 7o O R 28 i 3E 1-LBO & BBO % fifi
LTW5, ZOL—¥F—I 25 ALY EHIWERED
HAONRB L5,

I 7 1NV AME50ps,

5. XNEBHE

5.1 FEBRNAE & HERL

< IVF N T B A B — AE B E R
TiTo7o, X1 ICERE E®%WI%TT
NdYAGL —H#—32 25 A0 B8 51 5355nmD )
ZEZZRE10 Tor B IR - B8 F = U R— N D

SRR 5, X 21T LaBaiiia md, AFEBRT
5 3 % BAfE i LaB, k2 A 1 APTECH #1: @ CAMBRIDGE
72 N OEBFRIZERM T, EA2mD R X T B
%o ST ISR 2. 6eV & /N E N [100] H TH
60V~%—%@@ﬁmﬁﬁmﬁﬁﬁékbm%@

IR SITRT Lo RUInEndh b, kD,
h@ﬁ W L CRAECTHRFNT D Z ENARETH D,
BETNROAERGFENETEDLH12T572DT
Hb, BR-GHBEOX v v 7EIXZ3mmTH 5,
Fz o N—%T—AL L, 7—RAIZ% L THIRIZ R
KIKVOFRBNLZNTHZ ENTE D, £2. B
7 —Z1Txk L TESRMIC @mfwéozﬂu%%
T EREEME T —AOMIZHERE L= v o MEPL
RN 5ERE LTRIET DO THD, ZDE
IX1GHz . #% K5Gs/s?DTektronixTDS5104 % FH VT
BRI 5, £2. HEBOTZHO L —HF — N IIND:YAG
L—P = AT LD FHRDOI T —TTE DHEmEKEH
DD, ZOXIIMEATDHOEEN S EEITHN
TWb, £Z T, ZOXET7 4+ NEA A4 — FTHE
L, AvrRAa—7/T@lET 5, Bk~ —¥%—%&
ﬁ%&l#ék@@ﬁﬁt@ﬁ7/ﬁ/7jk@ﬁ
WZiE, =¥ —FBRIOEERBPTWA L2 L 512,
%a—&bﬁyxkn/T/# Z T 7=,

FiuaAa—7F

T4 NEAA— K

Nd:YAG T
L— % —
VAT A
e
FHASERERRX, B L — Y — 1L

DYV & %8V . LaBgfa s mIic ®E I A
15, Fxr I N—RNOEZEIT10 Torrl 2%
=TV A,

378



Proceedings of the 1st Annual Meeting of Particle Accelerator Society of Japan
and the 29th Linear Accelerator Meeting in Japan (August 4 - 6, 2004, Funabashi Japan)

LaBfZi®

+52y PR

T IR o
LaBf2 &

" IatE A

B4 2. HfSshLaB6oGEEAMR, [EEVHLaB ki
%ﬁ’éﬁxﬂi}: LTHEHLE, £TOdE —

—EhEMiE+T 27— F2AL—DH D
7/‘12/7 V2o TN5,

NN

(=25
BA NN - ::S§k><*§

25mm S0mm
(75 4 {8 FHIBIE &
3. BBHRIIR & AR o fE R 1T % 5 B

B, PRk L CIEm AR ORI ST,
B — Y —ORRAELZEZ L L

DR[EEZRARIZ I > TN D,
5. RILFNUFIEFE— J_\%Eu't%ﬁ

X 1 D% E%&Tﬁgnt% BT % X4
WCRT, BUED L Z ANEhN 5 @of%%f\

V%?%ODMEKZfﬁEﬁﬁEE%G:i%Mé#ﬂiﬁé&:&; %

21 DB S 1B R BRI b R E b B,

WEFEBRIEIEO~ 7 a3 )L A RS CIEE A B

HENTWAWRKRIZL—F—DORLZEED - T
bHréEEXZOND, I 72NV AREEIL—Y—L
[ UEA#ICTHDLIL TN D, 2SIV RERERY | 7
F—a— bR S TS, 50ps & HEF IS
HOBRTHDHI=D, V— RROA &0 2 A7
EORBERHTVWE LEZLND,

04 Jul 04 12.69.13

L=

YeEF BRI

TR S SV o N R T

L —W =

ST BB

Ch1 Z00mY  200ns Chz 200mv  ao.dne

X 4. tEFERNEMESR, EER~Z7 o UL
X?Eiﬂ:/\ ‘FEXﬁ)J:EQAﬁ#}ﬁDKO)T}Lj(.%Tj*O

6. TLHESERDERE

Nd:YAG b — % — D5 =& il I & Hfk dh LaBefa
RRIZ, PEMREAEICH L CEEICASF L, B2V R
vw%ﬂ/?%iﬁ%%ﬁotoéﬁxﬁﬁ%m
HoOMERFEERET 5, £7-. FCAVIEY
TdH D CeBgfaMIZBE LT[R D IR & i L
LaBg & (LR FT 2 5,

PN

[1] Y.Hayakawa, et al., “First Lasing of LEBRA FEL in Nihon
University at a wavelength of 1.5 um”, Proceedings of the
23rd International Free Electron Laser Conference and 8th
FEL User's Workshop (Darmstadt, Germany 2001.8),
Nuclear Instruments and Methods in Physics Research
A483(2002) 29-33.

[2] P.G.O’Shea, et al., “Single bunch injection system for an
electron storage ring an RF photoinjector”, Appl. Phys.
Lett. 73, 411(1998)

379



Proceedings of the 1st Annual Meeting of Particle Accelerator Society of Japan
and the 29th Linear Accelerator Meeting in Japan (August 4 - 6, 2004, Funabashi Japan)

Measurement of FEL output fluctuation at LEBRA

A.Mori WA , K.Hayakawa A), I.Sato A), T.Tanaka A), Y.Hayakawa A), K.Yokoyama A),K.Nogami A) T Sakai B),
K.Kanno B), K.Ishiwata B), K.Nakao B),A.Kidokoro B),M.Inagaki B),H.Takasaki B)

A) Laboratory for Electron Beam Research and Application, Nihon University
Nihon University, 7-24-1 Narashinodai, Funabashi-Shi, Chiba 274-8501 Japan.

B)Collage of Science and Technology, Nihon University
1-8-14 Kanda-Surugadai, Chiyoda-ku, Tokyo, Japan. 101-8308

Abstract

It is one of the most important themes to supply the stable light when FEL is operated. However, the output of the
FEL fluctuates in Laboratory for Electron Beam Research and Application. Therefore, we researched the source of
fluctuations and stabilized the output. As the result of this research, we found that a dominant factor of the output
fluctuation is the voltage fluctuation at the gun power supply. When the voltage fluctuation at the gun was decreased
from 1.0% to 0.1%, the emission fluctuation was decreased from 1.5% to 0.2%.
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[1], K.Yokoyama et al.,“Stability of the LEBRA infrared
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Influence of Harmonics on the Output Signal of Beam Position Monitor
Installed near the Slit

K.Ishiwata' ’A), I.Sato B), K.Hayakawa B), T.Tanaka B), Y .Hayakawa B), K.Yokoyama B), A Mori B), K.Nogami B),
K.Kanno A), T.Sakai A), K.Nakao A), T.Suwadac)
A) Graduate School of Science and Technology, Nihon University
7-24-1 Narashinodai, Funabashi, 274-8501
B) Laboratory for Electron Beam Research and Application, Institute of Quantum Science, Nihon University
7-24-1 Narashinodai, Funabashi, 274-8501
© High Energy Accelerator Research Organization, KEK
1-1 Oho, Tsukuba, 305-0801

Abstract

Three Beam Position Monitors (BPMs) have been already inserted into the end of the linac and the entrance and the
exit of the undulator beam line. The phenomena that interact of the signal from the BPMs installed near the slit is
depended on the slit width are observed. Higher harmonics excited at the slit can propagate to the BPM through the
beam duct and influence the signal. The change of this output signal was removed with the low-pass filters. Therefore,
there was not influence to reading of the beam position.
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Abstract

Ten BPMs were added into the beam line at LEBRA, and the total number of BPMs becomes 13 (six BPMs are in an
accelerator straight line, four BPMs are in FEL beam line, three BPMs are in PXR beam line). A signal from each
electrode of BPM is inputted into a RF detector through RF coaxial cable. The detected voltage is measured by means of
the AD conversion board on PC. The beam position is derived from the voltage digitized data by a PC. It is reported
about this signal acquisition system.
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MEASUREMENT OF ELECTRON BUNCH LENGTH AT LEBRA

K.Yokoyamal*’A), I.Sato A), K.Hayakawa A) , T.Tanaka A) , Y.Hayakawa

A) B)

, K.Nakao

A Laboratory for Electron Beam Research and Application, 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 Japan

Abstract

The bunch length of the electron beam from the FEL linac at LEBRA (Laboratory for Electron Beam Research and
Application) was estimated from the phase ellipse coefficient which is deduced from the dependence of the beam spread
on the accelerating phase. The bunch length of FWHM was estimated approximately 0.33mm from the results of the
experiments. Besides, the pulse length of the FEL lights around the wavelength of 1.5um was measured by means of the
autocorrelation. The pulse length was less than 0.06mm according to the number of interfacial waves. These results
indicate that the pulse length of the FEL lights isn’t equivalent to the electron bunch length.

LEBRA - FELABY =7 v 7 DB FE— LNV FEOHIE

1. [XILHIC

B E— LD TFREEZIET HEER AR,
E—AIC Lo THRETLHIHEARNI =T AW ATIC
KoTRIETHZETHD, KiigkTix, 7o v =
L— X R THETE— LD AEBHEEES T,
NUFEOMEEIT- 7=, LavL, FELEIER O3
WEFHIZ X D2 MEOBITIZ, BUHDERA A Y —2
HATDONREEZBZTLEY., BT —2 0855
o i-, FELY R = L—y g iz ki, &
SNTWABFELIZE XA ThHY, EFE—2 DN
VIR psFEE IS 95, Kligk Tl LINAC
BB DN Tl 1 B — A O 2 4 125
bEDE, FROTFITA =L oTE =L
FarrLyalrNREIHED, TOLXDREN
NUFNER LTS EEbns, 2T, I#EAL
HEZEZ TTRLEX—27 bAZlllE LD |
v — ADOALAHZERMIZ I 1T D #5 4R E D © FELAE IR IFF
DN FREHE LT, £72. 1 5unfhir OFELG 4
FAWTHCHBETHEYIC LA FEOHTE bR
HIeDT, ZHHDOFEFRIZONTHET 5,

2. BIEAHE

2.1 FELHLINAC

LEBRADLINACO EMLE L, AmD NLEE 3R 6
5, EEEY, 794 AP 2K AR FERLTE
D, 774X Mo UHIUTASE L IEERI~, 7 T
A A b2k, HHE25E L CONEER2 L 13%
NEIUIRFZ G LT %, LINACOAERK & X 11271
T, 7 T4 A b t20 ASRFAR & KER S T
BZDHZENTED, IHIT, IEF#ICHBE SR
HREMZABIFINHE RIBE CHNAZE X H Z LN TE D,

! E-mail: kazue.yokoyama@kek.jp

BFE—LDONCFREWMET DD, LLTOX
2 IR ME 21T > T2,

fece.tube f 3 fce. tube f2 heo.tube 1
[I[mi]i 1 000¢ oone 343
S1i CHOE Lo [P
10MR 10MH
3dB
ZONW
#2 Klystron
Indulator of e
H.5. &/
L.5.&

FC Beam dump

B4 1 s Ak,
B RNEFEE £,

MEEHIOAMEEE X, KX DT RNV FT—ARY
RV BRED e RIEBIEEZRD T, FZINEE
#2FE TOMET XL F— L INFHEHIO L — Lo —
T4 TofmE L, EEEEsEs %o xv
F—LF 2L, MEEFEH3OAFH IR LT,

E =E,+E,Cos¢ (1)

EEED, BEoDT =205, (1) XOREE. 5
ZRDDH, HL, ¢ld, K= R3LF—0EGLNT
LZAEIEBL,

2.1.2

' — A DONARZERNZ 31T 2 o3 A & FE T EARE T %
&

YoAI* =20, AINE + BAE® = ¢ =+ (2)
LET D, ZoLx, Jeff, INAUTR. ey, T

[5]
TAARGEET .
IEAEH2D AV DI T D HEH [ ONARZE R~ 7

2.1.1

Twiss parameter

* Present affiliation: High Energy Accelerator Research Organization, KEK, 1-1 Oho, Tsukuba, 305-0801 Japan

602



Proceedings of the 1st Annual Meeting of Particle Accelerator Society of Japan
and the 29th Linear Accelerator Meeting in Japan (August 4 - 6, 2004, Funabashi Japan)

wwg_»(A’o j LES AL, P A B S E

AV,

WXt BT H B OMNEO T, AGZECL, F
DHEZEDE I TR —DTNEET,
R, INEER2, 3@l LU =7 vy oHn

Al LD ETH L,
AV

(“H o) 1oz
AE) \g(6,A8) 1)\ AE,

THRENDENE, (2) ROBREIT,
CLUERLY
a y) \&g T\& 7 1

DX IICEBREND, ZHENT,
a(g)=p,g(6,46)+e,

B(g)= 5, = (5)
Y(g)=5,g(0.A6) +20,g(6,A6)+7,
5, AL,
2(8,A0)=-2¥, Cos Ag sm(e + M} 2
2 2 ) A - (6)
ThdH, Zhit. KOLHIZ Lf*w%néo
INEE#2 EH3DHRIME =RV F—FFELL L&

B, MEEROMNIEEZOET D L. m@%m@m
X0 +46 L E T D, (40 1ZINHEEH2 L #3ONAH
E=hRT, )

IHE#2 & #3 % A T IEEE 1%
V,(6,A0)=V, Cos @ +V, Cos(8 + AB)

=2V, Cos A0 Cos(6 + M)
2 2 e (7)

L7720 NLFRDNEE T2 T E A OINEEE X

V,(6+60,A0) =V, Cos(8+ 660)+V, Cos(0 + 56 + AB)

=2V, Cos %6 Cos(0 + %6 + 06)

A6

AG

VB ”"S“CEPDJJIJJEQWZ’J‘9+7®&%& Fl T

b5, 60 D—ROEETEID &,
V,(0+066,A0)-V,(6,A8)
LD,

~ -2, Cos— Ag sln(e + —) 2(6,A06)

gﬁ\I$W# %i\&:Jy@®T\6ﬁﬁ
/AN

OF* = f,2(0,A6) +£20,8(0.A0) +ey, -+ (8)
LB,
TE>T, 0L AOITH T 5 g(6,40) & = D= F L

F—ARXT "ML RDIZZR VX —IROE 5,
8) DRI MNRKE D, DF V| twiss parameter d

3) DEBATINAE > TEBT 5026, LINACE 7=
HBD AT N VA OL A0 DR IR DG E
THET S Z Lo T, MEEFHROANY OTO
twiss parameterZ RO D Z ENRHKLZDOT, Th
IV TFROE—LDELIENED Z ENHKD,

213 TFHIA YV —mEBEBEONTE

TFIA P —%imilE L72% D twiss parameter |,
WD L HIICEBRIND,

%6 ié;ﬁ(z ) e

2p(45° - Sin 45°
EM

B AT R ABIER O LT
(9) A

ZIZT. R 0.00125 TH %,

B L. p =550mm,
FNLFXF—=Th 5,

o =alg)+h-yg)
B = Bg)+2h-alg)+hy(g)

¥ =1e)

L B)RUT B) RDMREK & g(6, 40 AL T,
alg), Ble), (& B KED, (IO)JEOD%EFL%:}(L \Zex
BN S, e | gf e BRED, DL
X, T IAY— BB LIEBEONCTE CHiES

IE) 13X, 2(eB kVkED,
FELRARIEL TWAEBO AN FEEZFIL-DIC
FELEREEN ~ETH IO —a5MtE LT,
E,B—ETHDH &5 RHOMAEDLEIZT 5, D
Y. Zhux, (NDRDV,(0,A0)= Const. D&M %

=T kD70l A0k 25 g(60,460) L =D x
N —=2RXT "IN ERD T RN X — IR SEN D
@) KERkDDHZ LMY L., 100X, 7F7
4ﬁ*ﬁ@@%@VV/?§aﬂWEﬁbﬁ%nZWE%
. 77 A4V —DIRmEMADMEERE — T
LT, E—Aa X7 THNEINSBHRMENPKE L
HEIROL A A BT ERS, 7272 L., 6&
AQ IXFELFIR DB S v 7= THE9,

2.2 H CFRBE T

FELYCO B EAHBEIZ KD T Z—r s, A
YFEOHNEITY, THEHI~A T H A
7T, EE L EEE L RAESENS M A S
L7 NI B85 T 2 D0 oEl S, [EES & #
BEIZ L > TEUDITHRETELDLD TH Y —
WHEH NNV ADESERET D Z LN TE DI,

3. BREBE

-+ (10)

3.1 PERE R
3.1 e KRIEEEE
IS ERSONAEZ E 2 THIE L7 Rk F— A

I RV BROT-E—7 XX — DR A K21T
R, RN CRELD, DRERDD L

603



Proceedings of the 1st Annual Meeting of Particle Accelerator Society of Japan
and the 29th Linear Accelerator Meeting in Japan (August 4 - 6, 2004, Funabashi Japan)

E, = 62.02+40.35Cos(¢, —70)

LY | E,=40.35 L KE o7, LINACOMERLH B
ZOEH (6) KD VAT YT 28 TH D,
105

Y

w oo oo O

[
L e

o0
]

& [ata
—— E( ¢ )=62.02+40.35+C0S (¢ —70)

F =S ld— [Mev]

s B |

(=]

\
T T

* FEL

(=]
o

-10 10 30 50 70 90 110 130
Acc#3fUtl e [E]
X2 : JEHEHIIS T DIEMFE & B — 7 =)L —,
(IZFELREIR A i bR < Bl S iz s, )
3.1.2

QL AQTHIT 5 g(6,40) L =D L ETHE L=
FNX—=2ZART ML E RO RIVF—IROE &
3R T, m/hFELID, Q)R ERDD &,
OE* =1.94x107 g(¢)’ +2.75x10~* g(¢)+0.397

Twiss parameter

L0 eo, f. ey RED, ZTDEE, LINCE
H7- &0 FEiE, 0.88mm (2. 9ps) & RF o7,
036
03 4 Data
A FEL
025
" —y = 1.04E-07:"2 + 2 75E-04x + 0307
o 07
&
w 015
0.1
005
0
-3000 -PS00 2000 —1S00 1000 50D 0
da,. Ag)

X3 : g(640) & SE DORPERER EFARE, (o
FARAELR S T AR, )

313 THIA Y —mEB%EONCTE

TrEIAY - Lo TFRELETZ RV
F—igxX 4127”7, MEFOEFE—LDZ RV
F—|X100MeV T, Tz b —& i@+ AERIT
~ 7 a sV AN T80mA T - 7=, =miE. FELIE
B L bM< BHUINTZIFT, ZDOREO= RV
F— MR IXFEE2E TO0MY., N F E I
0.33mm(l. Ips) TH D,

3.2 B OAHBIFHRAIZ X 2060 RO JE R 3R

RE ST HAAZ— OFl %K 512577, HIE
(I, AARZER CTORCFRRE &R U E— a5t
DOFFIZER S 72591, 5um (3rd: 512nm) OFELY: & H
WTo, TRFEBR Y T & A FELYE 58 FE o & CHL AR
HEDLEEEZTZRE T2, BEFHAT—V0
BEiElx, A7y 747200 lund Lz, 20T
NG — TR S VT2 O BUZFELD % & & BT

IXFEL

TAAEDR NNV ZADOWEIZ I D, K412, UV RE s
(e E‘%A@I*/I/ﬂ?wd@%%% Hv AT
0.06mmFEETH 5D, ZDFEFEMNE . FELOY L2

RIZEFE—2DORFRELONRVENI END
N5,
08
- - oFHEr
Z05f, e # Dsta
% . ¥FEL
04 18 .
%0.3 L © e
‘:HI—O.Z .
>
s L
% 01 »
0 ¢ - ‘
a 02 04 08 08 1 12 14 186
T DA T E [om] D UL 208 [mm]
X4 : BEADONFELOFELHDO /L Ag E =R L F—

o 1 (1R 31Tk U 7= FELB IR 2 73, )

]
FHI'I\'JIII"I |
LA I
thi ll

Il

relative intensity

0 20 40 60 80 100 120 140

mirror position [ ]

5 : FELYt D H CARBIC L B T2 —

160 180 200 220

4. F&EH
FELBIREFIZ AT 2B F O NN FRITHpshE N

UTFTHY, ZHIFFELY R 2 b — g VOfER L
FIE L7720,

NABZERI D DR D IZEF DN F R EFELYE D /8
JVANEIL 5 fFLL EiE DRI o7z, S, BTO
NUFE LRV AEIZDOW T O 2 it 5 T
ETH D,

SE 3k

[1]1 LSato et al.,” H AKRFE BRIV G O BLIR & BFTEGR
", Proc. of the 27th Linear Accelerator Meeting in Japan,
Kyoto, Aug.7-9, 2002.

[2] Y.Hayakawa et al.,”Characteristics of the Fundamental and
3rd Harmonic FEL at LEBRA”, Nucl. Instr. and Meth.
A507, 404-408 (2003), FEL 2002, Proc. of the 24th Itn.
FEL Conference and 9th FEL Users Workshop (Argonne,
Ilinois, U.S.A., 2002.9).

[3] K.Yokoyama et al.,” A KFELH Y =7 v 7 OJlEE —
LB, Proc. of the 23rd Linear Accelerator Meeting in
Japan, Tsukuba, September.16-18, 1998.

[4] K.Hayakawa et al., Proc. of this Meeting.

[5] A.W.Chao, Handbook of Accelerator
Engineering, World Scientific, 57(1998).

[6] C.Settakorn et al., “Impact of Experimental Conditions on
Autocorrelation Bunchlength measurements”, Proc. of the
2nd APAC, Beijing, China, 2001.

Physics and

604



Proceedings of LINAC 2004, Liibeck, Germany

MOP25

THE LEBRA 125 MEV ELECTRON LINAC FOR FEL AND PXR
GENERATION

K.Hayakawa#, T.Tanaka, Y.Hayakawa, K.Yokoyama*, I.Sato,
LEBRA, Nihon University, Funabashi, Japan
K.Kanno, K.Nakao, K.Ishiwata and T.Sakai,
Graduate School of Science and Technology Nihon University, Funabashi, Japan

Abstract

A 125MeV electron linac has been constructed at
Laboratory for Electron Beam Research and Application
(LEBRA) in Nihon University for Free Electron Laser
(FEL) and Parametric X-ray (PXR)[1] generation.
Electron bunches of 3 - 4 psec width formed at the
injector are compressed to within 1 psec during passing
through the magnetic bunching system. Peak current of
the electron beam injected to the FEL system is expected
to be about 50 A. FEL lasing has been achieved at the
wavelength range from 0.9 to 6 um. Estimated peak
power of the extracted FEL light pulse is about 4 MW.
Applied researches using the FEL started last autumn.
Preliminary experiment for the PXR generation has been
proceeded. First light of the PXR is observed at April in
this year.

INTRODUCTION

The specifications of the electron linac are listed in
Table 1. The beam injection system and the regular
accelerator sections 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. Schematic layout of the accelerating structures and
RF system are shown in Fig.1.

FEL beam line has been installed to feed near infrared
laser for application users [2]. To improve FEL gain,
magnetic bunch compressor has been adopted.
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Figurel: Schematic layout of the LEBRA linac and the FEL and the PXR beam line.
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To generate monochromatic X-ray, PXR beam line has
been installed next to FEL beam line. Several interesting
results are obtained.

LINAC

The electron linac has a conventional configuration. It
consists of a DC electron gun with a dispenser cathode, a
prebuncher which is a 7-cell travelling wave structure, a
buncher which is a 21-cell travelling wave structure and
three 4-m long normal accelerator 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 usec
Repletion rate 12.5 Hz

RF System

Two klystrons feed 1f power of approximately 20MW
peak and 20usec pulse duration each to accelerating
structures. Phase of the rf fed to each component is
controlled independently.

Output RF phase of the solid state RF amplifier and the
klystron drifts with a room temperature variation. Since
RF amplifier is operated in pulse mode, RF phase change

FC

PXR
Beam Line

FEL
Beam Line

Q triplet

Analyzer FC
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during the pulse duration. Phase drift is compensated by
using a slow feedback circuit and feed forward
compensation is adopted for phase deviation during the
pulse duration. Both feedback and feed forward signals
are combined and fed to the fast phase shifter installed
just upstream of the RF amplifier. Phase stability is
achieved within 0.5 degree both long term and during the
pulse duration [3].

Magnetic Bunch Compression

Last two accelerator sections are connected to the
second klystron as shown in Fig.1. Accelerating phase of
the third accelerator section is controlled independently of
the second one using a phase shifter attached in the RF
feed line of the third accelerator section. Then, the
electron beam can be accelerated to same energy by
various combination of the phase. Accelerating energy E
without beam loading term in this section is described as
follow.

E = E,(cos(¢) +cos(¢ + Ag))
=2E, cos(¢ +%) cosA¢ )

Where E; is the maximum accelerating energy for each
accelerator section, ¢ is the accelerating phase of the
second accelerator section dependent on the klystron
output phase and A¢ is the relative phase between the
second and the third accelerator sections. Electron energy
within a bunch is transformed in the first order
approximation as
oE

OF = 0, +3 -0

=0E, —2E,sin(¢ + %) cos(A@)dg,

where d¢ and OF are phase and energy relative to the
central position and mean energy of the bunch. Suffix 0 of
these variables means initial value. Even if the
combination of the phase that gives the same energy, the
effect on the energy distribution is different. Therefore we
can handle the distribution of the electrons in the
longitudinal phase space. Injection beam line to the FEL
is a 90 degrees achromatic bending system as a
momentum analyzer. It consists of two 45 degrees
bending magnets, four quadrupole magnets and a
momentum slit. In the case of achromatic bending,
relative phase ¢ is transformed as

09 = 8¢, +2p(0—sin9)2—” OF .

total
where p and @ are a orbital radius and bending angle of
the bending magnets, A is a wavelength of the
accelerating RF in free space and E . is an electron mean
energy at the exit of the linac. If we select proper phase
combination, which brings the required accelerating
energy, bunch compression mechanism will be realized.
By the bunch compression, about 3 psec of the bunch
length at the exit of the linac becomes 1 psec at the
entrance of the undulator[4]. Peak current of the electron
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beam also increases about three times. In the present
operation condition, the peak current is estimated about
30 A. And it will be increased to 50 A or more in near
future.

FEL

The undulator consists of a planar Halbach type
permanent magnet, where the electron beam is wiggled in
the vertical plain. The specifications of the FEL system
are listed in Table 2. At the beginning of the FEL
experiments, dielectric or Au coated quart based mirrors
were used. Because of the poor thermal conductance of
the quart, coated material was frequently damaged
according to increasing the optical power at lasing. To
avoid these kinds of trouble, cupper based silver coated
mirrors are used. Optical power is extracted through the
small hall excavated at the mirror center. Laser light beam
extracted from the optical cavity is parallelised using
beam expander that consists of spheroidal and parabolic
mirrors and transmitted to the experimental rooms
through the vacuum ducts.

Lasing of the LEBRA FEL has been achieved from 0.9
to 6 um of wavelength. Typical FEL signal detected using
an InSb photo detector, which indicate macro pulse
structure is shown Fig. 3. Duration of the electron beam

Table 2: Parameters for LEBRA infrared FEL system

Resonator length, L 6.718 m
Rayleigh range 1.467 m
Coupling hall 0.3 mm
Undulator period 48 mm
Undulator length 24 m
Number of periods 50

Maximum K (rms) 1.35

pulse is about 18 usec, FEL is saturated after 8 usec from
start of the electron beam pulse and continued about 10
usec. Output FEL energy per macro pulse is dependent on
wavelength and beam current. Maximum power is

1-38.0mV
9jan 2004
19:33:32

Chi 2.00mve [SiF M4.000s A

i+~ 13.6800ps

Figure 2: Typical waveform of the electron beam
(upper trace) and FEL (lower trace).
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Figure 3: Spectrum of the FEL. Spectral width is
about 14 nm.

accomplished wavelength of from 2 to 3 um. Maximum
energy per macro pulse obtained until now is 30 mJ.

Spectra were measured at up to wavelength of 1500nm
by means of a monochrometor and an InGaAs photo
diode array. Typical one is shown in Fig. 3. Spectral
width is about 14 nm (FWHM) at mean wavelength of
1500 nm. Assuming Gaussian shape wave packet, about
70 um (FWHM) of optical pulse length is deduced from
inverse Fourier transformation from the spectrum. This
value agrees well with what was obtained from the
autocorrelation experiment[4]. If maximum energy of
30mJ per macro pulse of 10usec converts simply, peak
power is about 4 MW

Experiments of applied researchers started at last
autumn.

PXR

The PXR beam line is installed parallel to the FEL
beam line as shown in Fig. 1. The PXR system consists of
two silicon single crystals. One of them is the radiator for
PXR and another one is a reflector for X-rays. The
reflector is movable parallel to the electron beam axis in
order to extract X-rays with any defined wavelength
through the fixed output port[5].

First light of the PXR was observed at April 14, this
year. X-rays signal was detected by means of ionization
chamber set at the output port. X-rays energy range in
present setup is from 5 to 20keV. In principle, PXR has
the spatial distribution with the energy gradient in the
reflection plain. From the preliminary measurement,
relation between X-ray direction and energy at incident
electron energy of 100MeV is 0.7%/mrad. A photograph
in which the Br-Kow absorption edge is seen as the

Accelerators and Facilities
Electron Linacs

MOP25

boundary of light and darkness is taken by direct exposure
at output port with the Polaroid film shown in Fig. 5.
XAFS appears in the photograph but cannot be seen
clearly in this figure.

Figure 4: A photograph in which the Br-Ko
absorption edge (13.5keV)is seen as the boundary of
light and darkness.
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Abstract

The high-gain FEL amplification in near IR and SASE
have been observed at LEBRA (Laboratory for Electron
Beam Research and Application). A very short bunch of
the electron beams have been achieved by the achromatic
bending system, as the bunch compression system due to
apt on the accelerating phase in the last accelerating
section. The bunch length was estimated from the phase
ellipse parameters which is deduced from the dependence
of the beam spread on the accelerating phase. The bunch
length of FWHM was estimated approximately 0.33 mm
from the results of the experiments. Besides, the pulse
length of the FEL lights around the wavelength of 1.5
micrometer was measured by means of the
autocorrelation. The pulse length was less than 0.06 mm
according to the number of interference waves. The pulse
length of the FEL lights corresponds to around 20% of the
electron bunch length.

INTRODUCTION

The high-gain FEL amplification has been obtained and
the result of the simulation extracted from the FEL gain
indicates that the bunch length could be around 1 ps or
less [1]. SASE has also been observed using the electron
beam with a low macropulse beam current and a very
short bunch with considerable bunch compression in the
achromatic bending system [2]. In order to investigate the
bunch length which yields the high gain FEL
amplification, the electron bunch length was measured by
means of the simple theory about the phase ellipse instead
of using a streak camera, which provides a direct and
convenient way to measure bunch lengths but a high-
accuracy one is very expensive. The pulse length of the
FEL lights around the wavelength of 1.5 um was also
measured by means of the autocorrelation to compare the
results of the bunch length.

The part of the main accelerating at LEBRA consists of
three 4-m accelerating sections [3, 4]. The accelerating
RF is provided by two 20-MW klystrons, which are
operated at 2856 MHz with a pulse length 20 us. The
Phase flatness of the pulse error within 0.3° was achieved
[5]. Klystron #1 is used for the injector and the first
accelerating section and klystron #2 is used for the two
accelerating sections. The electron beam accelerated in
the linac is transported to the FEL system through the 90°
achromatic bending and analyzer magnet system. The

*kazue.yokoyama @kek.jp
* Present affiliation: High Energy Accelerator Research Organization,
KEK, 1-1 Oho, Tsukuba, 305-0801 Japan
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energy spread of the beam is restricted to about 1% by a
slit of the momentum analyzer. The FEL system consists
of an undulator of 50 periods of a Halbach-type
permanent magnet array and an optical cavity and the
cavity length is about 7 m.

EXPERIMENTAL METHOD [6]

The input RF phase of klystron #2 and the accelerating
phase in accelerating section #3 can be changed by two
phase shifters independently as shown in Fig. 1. The
energy spectrum can be obtained by utilizing the first 45°
bending magnet of the momentum analyzer as a
spectrometer. The bunch length was estimated from the
energy spread by using the method as below.

hee. section #3 hee. mection 2
100s 1 000 oon b5
I e s

~1%

10KW 10KW
3dB
ZONH
Elystron #2
Indulator rf bnp
H.3. &/
L.5.@
FC Beam dump I

Figure 1: Layout of the FEL LINAC at LEBRA.

Maximum Energy Gain

The maximum electric field of the accelerating RF, Ep,
is obtained from the maximum energy of the energy
spectrum depending on the accelerating RF phase. E, is
the total accelerating energy which beams obtain until
acc-section #2 and the beam loading in acc-section #3, E;
is the beam energy after acc-section #3 and ¢; is the
accelerating phase in acc-section #3. This correlation can
be written

E, =E,+E,cosg, (.,
where the original point of ¢ is based on the phase with
the maximum energy. E, and Ep can be obtained by the
least-square method from the experimental data of E; and

@
Ellipse Parameters

To describe a beam in phase space, assuming that the
distribution of the beam at any other place along the
transport line is to be an ellipse space, it can be expressed

YAl =20, AIAE + BAE® = ¢ @71,
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where o, [y, % and € are ellipse parameters and [ B,
represents the bunch length and [¢ =~ represents the

energy spared of the electron beam.

The vector in the longitudinal phase space at the entrance
of acc-section #2 can be represented as (Al,, AE;) and it
can be transferred to (4l, AE) at the linac exit, the electron
beam passing through acc-section #2 and #3. Al and AE,
represent position and energy relative to the electron
along the central orbit, respectively. The matrix
formulation can be expressed by

£AAII‘3J ) (g(e,l AG) ?J(AA;OOJ 3.

By using the same transfer matrix, the ellipse parameters
are transformed as

ﬁa_l()ﬂollolg 4).
(Z]/_glafo N

Three equations below can be obtained from Eq.(4);

a(g) = $,8(0.00)+a, (5)
B(g)= 5, (6)
y(g):ﬂog(H,AH)z +20{0g(9,A9)+7/0 (),

where the accelerating phase in acc-section #3 is
expressed as € +460 when 6 represents the accelerating
phase in acc-section #2 and V, represents the maximum
energy gain of acc-section #2 and #3. Approximating by
the first order, g(6,46) can be defined as;

g(H,A@)z —2V200s%05in(9+A—29] 27 (8).

A
At this time, Eq.(7) becomes Eq.(9) by multiplying both
sides by € because the energy spread is §g = [y, -

OE* = eB,8(0,A0) + £20,8(0,A0) + ey, )
Hence, the whole electron beam can be described by
knowing the ellipse parameters of Eq.(9) which are
obtained from the energy spread as a function, g(6,48),

of @ and 468 and the bunch length can be also calculated
from Eq. (6).

Bunch Length Through the Analyzer System

The ellipse parameters are also transferred to Eq. (10)
after the achromatic bending system;

A T A et

h= 2p(z9— sin?)

(10)

=0.00125 (1)
M

where o is the orbital radius (550 mm) and & is the

bending angle (45°) and E, is the central energy

depending on the purpose of experiment, respectively.

The matrix formulation Eq. (10) becomes;

a =alg)+h-y(e) (12)
B =plg)+2h-alg)+1y(g) (13)
¥ =7(g) (14)

These equations can be calculated from the ellipse
parameters in Eq. (9) and Eq. (5), (6), (7). The bunch
length through the achromatic bending system can be also
calculated from Eq. (13).
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To investigate the bunch length of the electron beam at
FEL oscillation, the energy spectra with the same central
energy, which means E), is constant, depending on the
combination of fand 46 are measured.

Autocorrelation Method

The pulse length of the FEL lights around the
wavelength of 1.5 um was measured by using the
interferometer based on the autocorrelation [8]. The
interferometer is a Michelson-Moley type, which consists
of two beamsplitters, a movable mirror and a fixed mirror
as shown in Fig. 2. The interferogram is derived from the
deference in path length between the light pulses split into
two by a beamsplitter] which works as a half mirror
around 1.5 pm. Detector]l measures a fundamental light
of the FEL and Detector2 is used for a reference. The
movable mirror can move in steps of 0.1 um. The optical
pulse length is roughly estimated from multiplying the
number of the interference wave by the half of the FEL
wavelength.

Detector2 Detectorl

mirror2 fixed mirror

H

beamsplitter? beamsplitterl
FEL I

mirrorl movable mitror

Figure 2: Layout of the interferometer.

RESULTS AND DISCUSSION
Electron Bunch Length

The result of the peak energy extracted from the energy
spectrum as a function of the accelerating phase on acc-
section #3 is shown in Fig. 3. Applying the least-square
method, Eq. (1) was obtained as;

E, = 62.02+40.35c0s(¢, —70) (15)

where E, = 40.35 comes from the result. The value of E,

corresponds to V; in the Eq. (8).
105 —

=
=, 95
e
on
z 85 I
@ * Data
T 75 — E(()=62.02+40.35%cos (p-70)
- ! * FEL
65 1 1 1 1 1
2100 1 30 s 70 90 110 130

Acc#3 phase ¢ [degree]
Figure 3: The electron peak energy depends on the

accelerating phase. (* means the point of the observation
of the maximum FEL power).

The energy spread extracted from energy spectrum
which measured was by changing the accelerating phase
are shown in Fig. 4. From fitting experimental data,
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SE* =1.94x107 g(p) +2.75x10™ g(p)+0.397 (16)
was obtained. The bunch length (FWHM) at the linac exit
is 0.88 mm (2.9 ps) from 2 [¢ g~ given by Eq. (6).

035 r
03 4+ Data
0.3 1 * FEL
025 + — v =194E-07x"2 + 2.75E-O4x + 0.397
202
* *
Bogs b
01 F
005 F A
0 L€ . L L
-3000  -2500 <2000 -1500  -1000 =500 0
a(f, AB)

Figure 4: g(6, A6) and SE"2 as a function of accelerating
phase and the ellipse parameters. (* means the point of
the observation of the maximum FEL power. <> means
the region of the FEL observed.).

Figure 5 shows the bunch length and the energy spread
of the electron beam which supplied to FEL system. The
central energy E), is around 100 MeV and the macropulse
current is about 80 mA. The point of (*) means the
experimental data of which the highest power of the FEL
was observed. The FEL gain was around 9% and the
power was approximately 8 mJ/macropulse. The energy
spread is 0.74% and the bunch length is 0.33 mm (1.1 ps)
at this time. The peak current is expected to be 20 A or

more.
1.2

= * O Interferometer
= 1 rs @
= O + Data
2 5 +
% 0.8 ¥ o * FEL
%‘ 06 r +
5 .
g 04 r *
g
3 02 g
&)
'J v £ L 1 L L L J
0 0.2 0.4 0.6 0.8 1 142 1.4 1.6

Electron bunch length, FEL light pulse length [mm]
Figure 5: Electron bunch length and pulse length of the
FEL light depending on the electron beam energy spread
(FWHM). (* and <> mean the same as Fig. 4.).

Optical Pulse Length

The typical interferogram of the autocorrelation is
shown in Fig. 6. The experimental beam parameter is the
same as the bunch length measurements and the FEL
wavelength is around 1.5 pm (3" 512 mm). The pulse
length of the FEL light depending on the accelerating
phase was measured when the FEL power is strong
enough to get the interference wave from 5 to 8 mJ
/macropulse. The results were shown in Fig. 5. The pulse
length of the FEL light is around 0.06 mm (0.2 ps). The
optical pulse length is 20% or less of the electron bunch
length from the experimental results. The distribution of
the electron beam which is high-density and attributable
to the FEL oscillation could be narrow as interacting with
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the optical pulse emitted from the electrons in the

undulator.
1

ﬁ 0 ;““*”""”W‘W"’W“"Wwmm - m “Mﬂmwmmnwmm.m.,.m

0

0 20 40 60 80 100 120 140 160 180 200 220

miror position [jun]

Figure 6: The typical interferogram of the autocorrelation.

CONCLUSION

It was confirmed experimentally that the bunch length
at the FEL oscillation was 0.6-1.7 ps, by measuring the
energy spread vs accelerating phase. The bunch length of
the electron beam at the high-gain FEL amplification was
around 1ps. This experimental result is consistent with the
simulation [1].

The pulse length of the FEL light was extremely narrow
to compare with the electron bunch length. The
simulation about the correlation between the bunch length
of the electron beam and the pulse length of the FEL light
has proceeded at LEBRA.
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