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Abstract

An RF systew of the HIMAC synchrotron has been
constructed. In the control system we have adopted a
digita!l feed back circuit with & digital synthesizer
(DS). This paper describes the RF system and its
tested results.

1. Introduction

HIMAC is a heavy ion accelerator facility dedi-
cated to the medical use, especially for the clinical
treatment of tumors. In table 1 major parameters of
the HIMAC synchrotron are listed. The characteristic
requirements for the RF acceleration system (Fig.l) of
this synchrotron are the following.

1) Wide RF range {from 1MHz to 8MHz).
2) Acceleration voltage of more than 6kV
with one cavity.
3) ¥ide beam intensity range between 107ppp and
10llppp in the synchrotron.
To control wide acceleration frequency stably with low
FM noise, a digital control system with a digital
synthesizer (Stanford Telecommunication, STEL-1375a)
has been adopted for the RF control system. Beanm
monitors of position (AR) and phase (A ¢), which can
be used with wide beam intensity range, have heen
developed. This A @ monitor must have fast response
to use for the feedback loop which must damp the
synchrotron oscillation. We have checked this feedback
loop with the developed simulator circuit in a fac

tory.
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Also the beaw acceleration test with this con-

trol system has been performed at TARN-II in INS
(Institute for Nuclear Study, University of Tokyo).

Table 1

Parameters of the HIMAC synchrotron

Beam species

Hel* to ArlB+

Injection energy 6 MeV/u
Momentum spread of

the injected bean <+0.3%
B (injection/maximum) .1/1.5 T
Field ramp 2 T/sec
Maximum beam energy 800MeV/u
Beaw intensity range 107 ppp -1011 ppp
Circumference 129.6 m
Transition 7 3.87
Harmonic number 4
Frequency range 1 - 8 MHz
Filling factor 0.8
Peak voltage <11 kY (at IMHz)
Synchrotron frequency 1| - 4 kHz

2. RF Cavity

The

RF cavity has a single gap and two ferrite
loaded quarter wave coaxial resonators.

This cavity

has almost same design as that of TARN-II at INS.1) 4
resonance frequency is changed by factor 8 with cur-
rent on a ferrite bias winding.
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Fig.!. Block diagram of the RF system
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RF high power source consists of a transistor 500
W driver amplifier (ENI A500) and & final tetrode
aeplifier (Eimac 4CWI00000E). These amplifiers are
wide band frequency type, and all pass network is
adopted at the Input circuit of the final amplifier.

Ferrite bias power supply is operated by the pat-
tern function of the pattern memory and correction
function from A ¢ (Vc-Vg) signal. [t is a transistor
dropper powar supply whose maximum output current is
900 A, and unity gain bandwidth is about 4 kHz. The
load inductance changed widely from 18 uH to I mH.
Therefore a current feedback gain is variable as s
function of output current.

3. Pattern memory

The pattern memory devices are designed to gener-
ate the patterns of an accelerating frequency, an ac-
celerating voltage, & ferrite bias current, a bias of
beam position, and an accelerating voltage correction.
In the computer of man-machine interface, data points
of the patterns are given by the formula firstly and
can be corrected later by the operator. These pattern
data are sent to the computer (RF computer) which con-
trols acceleration system directly. The data size of
one pattern must be less than 128k words. For each
kind of pattern there are two memory units. One
memory unit is used to control each device, and the
another is used to change the pattern data in it. ¥ith
these two memories the pattern data can be changed
without stop of the system. This makes system tuning
easy.

To output the pattern data from the memory to the
control devices, two kinds of pulses are used to drive
the pointer address. One is clock pulse of 50 kHz (T-
clock) and the another is the pulse of increment (or
decrement) of the dipole magnetic field (B-clock). One
pulse of the B*-clock (B -clock) corresponds to 0.2
Gauss increment (decrement). To generate the pattern
data with these clocks, pattern memories are divided
into following three regions.

1) region-1

T-clock is used to generate the pattern dats,

which determine the pattern in the flat base.

2) region-2
B-clock is used to generate the pattern of the
accelerating period.
3) region-3

T-clock is used again to generate the pattern in

the flat top.
An event pulse of the beam capture starts to advance
the pattern memory address of region-1 with T-clock.
To start the beam acceleration, an event pulse changes
the T-clock to B-clock and jumps to the memory address
in region—-2 where the output frequency data are the
same as the last data. In the flat top, an event pulse
changes the memory address to the first address of the
region-3. If there is difference between the last out-
put data and the data of the head address in region-
3, the output value is moved to the data of the head
address with one bit step. This function make the
change of the output value smooth and is ieportant not
to loss the beanm.

4, Beam monitors
4.1, Pick-up electrode
A monitor electrode consists of four diagonally
cut copper plates which are insulated by ceramic

blocks from ground plates. Two plates are for right
signal(R) and the other two plates are for left

signal(L). Each pairs of these plates are connected
in the vacuum chamber to make the right and left beam
signals. There are no side plates to diminish the
noise due to the beaw hitting. The aperture of the
monitor is 192 mm wide and 56 wm high, and its length
is 250 un. The gap between pick-up electrode and
ground plate is 5 mm to make the capacitance of the
plate 200 pF. Two identical monitor units of are sym-
metrically installed at both sides of the rf cavity,
and the each L and R signals frow the monitors are
then combined to produce the final L and R signals.
This summation is expected to reduce the rf noise, be-
cause two rf noises have opposite phase.

4.2. Electronics

The first amwplifier is directly connected to each
electrode and have 100 kQ input impedance. The ther-
pal noise voltage from this resistor is calculated
with follewing formula;

R
V=4 kTAt — (1)
| + (27 tCR)2

here k = 1.38 x 10723 (J/K), T is tewperature (K), f
and At are observing frequency and its band width, C
is capecitance of the pick-up electrode, and R is in-
put resistance. With above formula the noise voltage
at 1 and 8 NHz are 0.6 and 0.08 nV/y Hz, respectively.
These values are small compared with FET noise voltage
of 1.2 n¥/v Hz. An output impedance of the amplifier
is 50 Q and gains of -10 dB or 20 dB can be selected.
The second amplifier has gains of 0dB or 40 dB. The
beam signal is further amplified by a double
heterodyne module whose gain is between 0 dB and 50
dB with 10 dB step. Selecting the combination of the
gain values in each amplifier, totel gain range of the
monitor system is from 0 dB to 100 dB with 10 dB step.

In this heterodyne module the fundamental
frequency of beam signal is converted to fixed
frequency of 50 MHz firstly. This frequency conver-
sion is done with a double balanced mixer (DBM) fol-
lowing a bandpass filter(BPF) with bandwidth of 160
kHz, which is wide enough to use for the A ¢ feedback
loop. In the second stage the frequency is converted
to 455 kHz with DBM and the low pass fTilter (LPF) of 1
MHz is used.

In a processor for AR detection, we have used
amplitude to phase conversion and obtain the following
output.

2.5 sin [2 arctan {(R -L) / (R + L) }1 (V) (2

For the A ¢ detection the R and L signals are
added to make the beam signal (R + L). In the A ¢
processor a digital phase meter with a band rejection
filter at 455 kHz and a low pass filter of 330 kHz are
used. The errors of the A ¢ and AR at the gain set-
ting of 70 dB are * 3° and + 2.5 mm, respectively.
This gain corresponds to rf signal amplitude of 26 uYV
(o-p) and winimum beam intensity of 107 ppp (HeZ*) in
HIMAC,

The responses of both monitors are fast enough to
be used for the feed back loops. The response delay of
A® and A R wonitors for step function are 7 us and
20 us, respectively.

5. Digital control circuit
To control the wide range accelerating frequency

stably, we have adopted the digital contro! circuit.
The AR and A ¢ analog signals are converted to digi-



tal dats every 24s with eleven bit (+ sign bit) ADCs
which are located near the rf cavity together with the
beam monitor electronics. One bit corresponds to 2.4mV
(0.052um in the AR monitor and 0.087° in the A ¢
wonitor). In the control module, the AR digital datum
is biased firstly to control the beam center at op-
timuw position. Then the start-stop function of the
feed back with time constant of about 100us are fol-
towed. The both data are added after adjustments of a
proportional loop gain in the A ¢ feed back, and
proportional and integral loop gains in the AR feed
back. This sum datum is further added to the frequency
pattern data from the memory wodule. The datum of
twenty bits is used to drive the DS, and one bit cor-
responds to 10Hz. Clock frequency of 1OMHz is used for
the digital processing, and the time delay hetween
digitizing the analog date (AR and A @) and driving
the DS with new datum is 2us.

6. Test of the system

To make sure the performance of the rf systenm,
the high power and contro] system have been combined
and tested at Toshiba Fuchu works. After tuning the
system, we could sweep the cavity frequency frow 1 MHz
to 8 MHz in 0.7 second with the acceleration voltage
of 6kY. In the test we have also measured the depen-
dence of Q-value on the rf amplitude. There is strong
dependence at low frequency. Since the rf amplitude
dependence of permesbility in th case of TDK-SYB is

swall, the shunt iwpedance R at Ve = 6 kV is evaluated
as follows;
R = (QRo)/Qo, (3)

vhere Ro and Qo are measured values at low power. The
shunt impedance R is nearly constant from | MHz to 8
MHz at an acceleration voltage of 6 kV.

After the high power test the cavity has been
checked, and a derage of the capacitor which is at-
tached to a ferrite bias winding was found. This
break is due to two small parasitic resonances which
were not found at low power test with zero ferrite
bias current. The frequencies of these resonances
were 2.3 MHz and 4.3 MHz.

To test the A @ feed back loop, %e have used a
newly developed simulator which is a circuit to gener-
ate the synchrotron like oscillation. [t has the
similar transfer function as the synchrotron escilla~
tion. The test was performed under the condition that
frr=1 MHz and fg (frequency of the synchrotron
oscillation) = 4, B, and 7kHz. In the test, the feed
back loop could damp the oscillation of BkHz quickly.
Froe these results, it is clear that the A @ feed
back loop has fast response which is good enough for
our purpose, because the maximum frequency of the
synchrotron oscillation is 4 kHz in HIMAC synchrotron.

7. Beam test of the control system

If there is a large phase jump when the accelerat-
ing frequency is swept, the accelerated beam will be
lost., To make sure that there is no large phase jump
in our DS, we have performed the beam test at TARN-II.
In the beam test, we have joined our RF control systenm
(computer, timing generator, memory module, digital
low leve] electronics, digital synthesizer, bean
longtos electronics) with the RF systew of TARN-
1112020 Though the beam intensity was very low (8X
108 ppp), we could accelerate the Hel* bheam from
10Me¥/u to 160MeY/u. These energies correspond to the
acceleration frequencies of 1.1 MHz and 4.0 MHz,
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respectively. The tuning of the contro! system was
very simple and easy to succeed in the bear accelera-
tion, This is the characteristic feature of the digi-
tal control system and important in the wedical ac-
celerator. The acceleration efficiency was about 55%.
The possible reasons of the beam loss are;

1) Large white noise in the beam monitors.

2> The RF noise whose effect was enlarged by the
low beam intensity.

3) The B-clock step of 1 Gauss which produces the
longitudinal beam emittance growth. (In the
analog system, we can use the filter to smooth

this B-clock step.)

lmproving signal to noise ratio with the longer beanm
wonitor electrode and generating small step function
of freauency with the B-clock step of 0.2 Gauss in the
HIKAC RF system, it will be possible to accelerate the
beam without large beam loss,

8. Summary

fe have constructed the acceleration system for
the HINAC synchrotron. In the high power test, the rf
frequency could be swept from 1 to 8§ KHz with 6 kV.
Further increase of the voltage is left. The beanm
monitor with good S/N ratio in low beam intensity have
been developed. For the AR and A @ feed back systen,
digital control circuit with DS were developed. The
beaa test of the control system has been performed,
and we could accelerate the beam with very low inten—
sity, which corresponds to minimux heam intensity in
the HIMAC synchrotron.
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