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Abstract

All of the JAERI FEL linac has been installed and the
beam tests have begun. Improvements of the rf system have
made the acceleration stable.

Adoption of the method of dividing to gencrate
harmonic frequencics makes the phase fluctuation small. The
all-solid-state high power amplificrs arc improved to equip the
high power isolators. These tmprovements make the fluctuation
of the phase and the amplitude less than scveral degrees and
1%. respectivelv. The electron becam has been accelerated
successfully up to 15 MeV.

Introduction

Construction of the superconducting linac driven FEL
system for far infrared oscillation has been continuing at
JAERI An outline of the JAERI FEL program has been
reported clsewhere [1.2]

The JAERI FEL linac consists of a sub-harmonic
buncher (SHB). a buncher. two single-cell superconducting
modules (pre-accelerator). and two five-cell superconducting
modules (main accelerator). All of the cavities have been
installed.

The superconducting accelerators are operated with
pulse mode of 2 ms macro pulse and 10 Hz repetition rate. Two
kinds of the closed-loop helium gas refrigerators, 11 W at 4 K
and 20 W at 20 K. have been installed to each module for
cooling of the superconducting accelerator cavities.

The cooling tests [3] and the rf tests of the
superconducting cavitics have been done [4]. the beam
accclerating test has begun.
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In this article, improvements of the rf system and the rf
characteristics of the beam acceleration were reported and
discussed bricfly.

RF system
RF control

The linac are operated with three kinds of frequencies,
4998 MHz, 83.3 MHz and 10.4125 MHz, which are related
cach other and gencrated from the fundamental rf source of
499 8 MHz as shown in Fig. 1 and used as follows.
1) 499.8 MHz is uscd to operate the five cavities such as the
buncher, two pre-accelerators and two main accelerators.
2) 83.3 MHz is generated by dividing 499.8 MHz into the onc-
sixth sub-harmonic frequency and used to operate the SHB. The
tf power fed into each cavity is independently under the control
of the phasc-and-amplitude controller and amplified by the high
power all-solid-state amplifier [5].
3) 10.4125 MHz is generated by dividing 83.3 MHz into the
onc-eighth sub-harmonic frequency. This frequency is used to
gencrate the grid pulse signals controlling the electron beam
emission from the cathode of the gun, and makes the beam
synchronized with the accelerator cavities. As 10.4125 MHz is
the repetition rate of the electron bunch, the length of the
optical resonator of the FEL coincides with 10.4125 MHz.

Frequency divider

In the case of using the harmonic frequencies at the
operation of the accelerators, there are two methods to gencrate
the frequencics. One is multiplying the low frequency into the
high and another is dividing the high frequency into the low.
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Fig. 1

Block diagram of rf system for JAERI FEL linac.
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Fig. 2 Phasc fluctuation caused by the frequency multipliers and dividers.

In the method of multiplying. the sine curve signal of
the fundamental frequency is transformed distortedly and the
desired frequency among the various harmonic frequencics is
picked up through the band-pass filter. The phase fluctuation of
the multiplied frequency is estimated to depend on the rising of
the distorted signal and to bc multiplicd by that of the
fundamental frequency.

On the other hand. in the method of dividing. the pulse
signal of the same cycle of the desired frequency is generated by
counting the number of the wave of the fundamental frequency
and the desired frequency is transformed by passing through the
low-pass filter. Although there is the merit of decreasing the
phasc fluctuation through the process of dividing, it might be
difficult to choose the suitable counter working certainly at such
high speed as the fundamental frequency and dividing by the
desired divisor.

A quality of the accelerated beam such as the cnergy
sprecad dcpends on the fluctuation of the phase and the
amplitude of the f power. When there is the f phasc
fluctuation, the accelerating phase in the cavity becomes
unstcady to spread the beam cnergy. The phase fluctuation
generated by the methods of multiplying and dividing the
frequency is shown in Fig. 2. The phasc fluctuation of
multiplving is larger than that of dividing. It shows some
demerit of the multiplying that the fluctuation is also multiplicd
by the previous fluctuation.

Improvement of the rf amplifiers

The five high power amplifiers of 499.8 MHz have the -
similar structures. Each of them consists of a power divider,
scveral or a few tens of low power amplifier modules, a power
combiner and a directional coupler. The divided input power by
the power divider is fed into the low power amplifier modules,
whose power is combined to make the high power output. Each
low power amplifier modulc has an isolator to protect itself
from the reflected power. The directional coupler picks up the
power for monitoring and controlling.

The rf coupler of the superconducting accelerator is sct
at the most suitable position when the f power is fed into the
becam loaded cavity. The dissipated power by the beam occupies
so large a percentage of the total dissipated power that the rf
coupling becomes considerably over-coupling in the absence of
beam load. Therefore, when the power is fed into the
superconducting accelerator in the pulse mode, the reflected
power from the accelerator to the rf amplifier varies drastically
due to over-coupling.

The reflected power was thought to be divided by the
power combincr and to be absorbed at the isolator of the low
power amplificr module. Due to mismatching of the power
combiner the reflected power was reflected again at the power
combiner, and affected the feed-back control signal, so that the
output power became unstable. To solve this, a high power
isolator was inscrted between the power combiner and the
directional coupler in order that the reflected power could not
invade the control signal from the directional coupler as shown
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Fig.3 Block diagram of rf high power all-solid-state amplifier and isolator equipped for

improvement.
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Fig. 4 Ficld fluctuations in the pre-accelerator cavity fed the
power from the amplifier (a) before and (b) after
inserting the isolator.

in Fig. 3. Ficld fluctuation in the cavity fed by the amplifier
with or without the high power isolator is shown in Fig. 4. It
indicates large improvement of the ficld stability by 3 times.

Beam accelerating tests

The JAERI FEL linac consists of the clectron gun. the
SHB. the buncher, two single-cell supcrconducting pre-
accelerators and two S-cell superconducting main accclerators.
The first merit of using the superconducting accelerators is to be
able to operate the accelerators at the continuous wave (CW)
mode. Despite this merit. the rcasons for the pulse mode
operation of the JAERI FEL linac are as follows.

1) It is necessary to shield the accelerators much more heavily
in order to protect the radiation caused by the beam loss at the
CW modc than at the pulse mode.

2) A closed-loop helium gas refrigerator is adopted for cooling
the superconducting accelerators. There arc two kinds of the
heat loss such as the rf power loss on the cavity wall and the
heat invasion from outside of the cavity. The former is
cstimated to be about 30 W at the ficld of 5 MV/m and the latter
about 3 W {or the 5-cell accelerator module. The performance
of the 4 K refrigerator is 11 W, so that it is nccessary to reduce
the power loss by operating the rf power at the pulse mode,

The pulse mode of 2 ms macro pulsc and 10 Hz
repetition rate is chosen 1o operate the superconducting
accclerators. This macro pulse is long cnough to get the FEL
oscillation.

As the JAERI FEL linac has both the superconducting
and normal conducting cavities, it is necessary to delay the
timing of feeding the rf power and emitting the beam according
to the filling times of the cavitics as follows.

1) The if coupler of the superconducting cavity is set with
almost maximum coupling cocfficient. In this coupler position
the loaded Q-valuc is about 0.5x 100 at the field of 4.5 MV/m,
so that the filling time of the cavity is about 0.3 ms. The f
power is fed into cach superconducting cavity with the pulse
length of 2 ms.

2) After 1 ms the rf power starts to be fed into the SHB and the
buncher with the pulsc length of 1 ms

3) Afier 0.2 ms the electron beam starts to be emitted with the
pulsc length of 5 - 800 ms.

The beam accelerating tests have started and beam has
been accelerated successfully to the cnd of the undulator. The
voltage of the clectron gun is about 250 kV. The bunch length
at the exit of the gun was about 2 ns. The accelerating field of
the supcrconducting accelerators is about 4.5 MV/m with the
unloaded Q-value more than 2x109. The cnergy spread at the
cxit of the pre-accelerators was about 3 %. The energy at the
exit was about 15 MeV. The beam accelerating tests is
continued to improve the peak current of the beam and the
cnergy sprcad, and the beam will be passed through the
undulator to get the FEL oscillation.

Conclusion

The stability of the rf system is improved by adopting
the frequency dividers to generate the sub-harmonic
frequencies, and by inserting the isolators to the high power if
amplificrs. Improvement of the 1f system makes the fluctuation
of the phasc and amplitude in the ficld less than several degrees
and 1 %, respectively and the beam acceleration more stable.
The beam has been accclerated successfully up to 15 MeV to the
end of undulator. The experiments of the FEL oscillation will
begin in the future.
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