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Abstract 

An RF control system of the HIMAC synchrotron has 
been constructed. In this control system we have adopted 
a digital feed back systen with a digital synthesizer 
(DS). Coabining a high power system, performance of the 
control systea have been tested in a factory (Toshiba) 
with a sisuiator circuit of the synchrotron oscillation. 
Following this test, we had beam acceleration test with 
this control system at TARN-ii in INS (institute for 
Nuclear Study, University of Tokyo). This paper 
describes the RF control system and its tested results. 

Introduction 

HIMAC Is a heavy Ion accelerator facility dedicated 
to the aedlcai use, especially for the clinical treat­
ment of tumors. The ion species reguired for the clini­
cal treataent range from 4He to 40Ar. The required beam 
energy is from IOOMeV/u to 800 MeV/u. This maximum 
energy is determined so that the silicon ions can 
penetrate into a hunan body with a depth of about 30cm. 
A 1axi1ua beam intensity is determined to finish one ir­
radiation within a short ti1e, which is 1ollppp for 
helium beam. There Is also a requirement of low inten­
sity beam of I07ppp from counter experiment. The HIMAC 
synchrotron has been designed to satisfy these require­
ments. In table 1 maJor parameters of this synchrotron 
are listed. The characteristic requireaents for the RF 
acceleration system of this synchrotron are followings. 

1) iide RF range (from !MHz to BMHz). 
2) iide beam intensity range between 107ppp and 

1ollppp In the synchrotron. 
To control wide acceleration frequency stably with low 
Fii noise, a digital control system with a digital 

Timing 
Generator 

B-clock 
Generator 

50kHz 

Capture, Ace.start/stop 

AR f 

Digital Low 
Level Electronics 

Digital 
Synthesizer 

synthesizer (Stanford Telecommunication, STEL-1375a) has 
been adopted for the HIMAC RF control system (See Fig.I) 
. Beam monitors of position (.6.R) and phase (.6. ¢ ), 
which can be used with wide beam intensity range, have 
been developed also. This .6. ¢ monitor must have fast 
response to use for .6. ¢ feedback I oop which daap the 
synchrotron oscillation. We have checked the .6. ¢ feed­
back loop with the developed simulator circuit in a fac­
tory. In the test 11ith the simulator, we found that the 
.6. ¢ feedback loop could damp the simulated synchrotron 
oscillation of frequency up to 6kHz. This result is good 
enough, because the maximum frequency is 4kHz in the 
HIMAC synchrotron. As a next step of the test, we have 
tried to accelerate the beam by use of the developed RF 
control system. 

Computer 

Amp. 
Mod. 

Table 1 
Parameters of the HIMAC synchrotron 

Beaa species 
Injection energy 
Momentum spread of 

the injected beam 
B (injection/maximum) 
Field ramp 
Repetition rate 
Maximum beam energy 
Beam intensity range 
Circumference 
Transition r 
Harmonic nuaber 
Frequency range 
Filling factor 
Peak voltage 
Synchrotron frequency 

He2+ to ArlB+ 
6 MeV/u 

< ± 0. 3% 
.1/1.5 T 
2 T/sec 
0.5 - 1.5 Hz 
BOOMeV/u 
107 PPP -1011 PPP 
129. 6 Iii 

3.67 
4 
1 - 8 MHz 
0.8 
<11 kV (at !MHz) 
I - 4 kHz 

beam 

I 
I 
I 

~a~t 
I 
I 
I 
I 

Fig.I Block diagram of the RF system 
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Pattern generation 

The pattern aesory devices are designed to generate 
the patterns of en accelerating frequency, an accelerat­
ing voltage, a ferrite bias current, e bias of beu 
position, and en accelerating voltuse correction. 
In the co~puter of man-machine interface, date points of 
the patterns are given by the foraula firstly and can be 
corrected after by the operator. These pattern data are 
sent to the computer (RF conputer) which control ac­
celeration s¥ste@ direct!~. The date size of one pattern 
aust be less than 128k words. For each kind of pattern 
there are two mexory units. One menory unit is used to 
control each device, end the another aeaor• unit is used 
to change the pattern data in it. \fith these hrn 
~e1ories the pattern data can be changed without stop of 
the s¥steo. This aake system tuning easy. 

To output the pattern data froJ the 1e~ory to the 
control devices, t10 kinds of pulses are used to change 
the pointer address. One is clock pulse of 50 kHz (T­
clock) end the another is the pulse of increoent (or 
decrement) of the dipole nagnetic field CB-clock). One 
pulse of the B+-clock (B--clock) corresponds to 0.2 
Gauss increment (decreaent). To generate the pattern 
data with these clocks, puttern ~ecorles are divided 
into follo~ing three regions. 

I) region-I 
T-clock is used to generate the pattern data, 
~h!ch determine the pattern in the f let base. 

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

3) region-3 
T-clock ls used again to generate the pattern in 
the flat top. 

An event pulse of the bee= capture starts to ndvnnce 
the pattern 1esory address of reglon-1 with T-clock. To 
start thd beau acceleration, nn event pulse changes the 
T-clock to B-clock and jump to the ~emorr address in 
reglon-2 1hcre the output frequencr date Is same as the 
test data in the aemorf region-I. To stop the bean ac­
celeration in the flat top, an event pulse of the f lut 
top changes the meaorJ address to the first address of 
the region-3. If there is difference between the last 
output data and the data of the head address Jn 

~!:.ZAM 

:;~~:S"-, "'-'-y-...---i:,,.;.--_..; __ _ 

region-3, the output value is aoved to the data of the 
head address with one bit step. This function make the 
change of the output value smooth end Is inportant not 
to loss the bee~. 

Bea~ ::ionitors 

The electrostatic pick-up beaa monitors of position 
(AR) and phase (A¢) have been developed, which are 
described in the other paperlJ. In the following only 
specific features are listed: 

1) The developed monitors can be used at the lowest 
beam intensitJ of the HIMAC synchrotron (J07ppp), 
and the output errors of the A¢ and liR 
oonitors ure ±3 des. and ±3m: with the Jo~est 
beat1 intensit)', respectively. The FJonitor gains 
can be selected from OdB to IOOdB ~ith IOdB step. 

2) Response of the both 1onitors ere fest enough to 
use for the feed back loops. The delay times of 
D. ¢ and AR aonitors for step function are 7 µ.s 
end 20µs, respectively. 

Digital control circuit 

To control the wide range accelerating frequency 
stablt, ~e heve adopted the digital control circuit 
which is shown in Fis.2. The AR and A <f; analog sir 
nuls are converted tu digital data ever~ 2µ.s iii th 
eleven blts (+sign bit) ADCs which are located near the 
rt cavit~ together with the beam monitor electronics. 
One bit corresponds to 2.4i;V (0.052i!lil in the fi.R monitor 
end 0.087' in the A 9 ilonitor). In the control lliodule, 
the fi.R digital data is biased firstly to control the 
bealli center at optiaulli position. Then the start-stop 
function of the feed beck with ti1e constant of about 
IOOµs are fol lowed. The .6.R and the A¢ date nre 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 su11 data is further added to 
the frequency pattern data from the ~e~ory module. The 
data of t1>enty bits Is used to drive the DS, and one bit 
corresponds to !OHz. Clock frequenc• of IOYHz is used 
for the digital processing, and tine delay between 
digitizing the analog date (AR and!::,.¢) and driving 
the DS with new data is 2µ. s. 

en F.O. 
~TC'"!>---Q 
<>4'-!J. 
S.iC4>~.'.;}) Fig.2 Digital control circuit 
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f 8= 4kHz 
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Fig. 3 Calculated open loop transfer function of A¢ 
feed back loop. O;galn, X ;phase . 

a) 

b) 

c) 

t 
feedback on 

Fig.4 Da1ping test of the synchrotron oscillation with 
A¢ feed back rlth the sl1ulator circuit. The test were 
perfor1ed with S¥nchrotron oscillation fr equenc ies of a) 
4kHz, b) 6kHz. and c) 7kHz. The Input signal voltage at 
a first FET a1pllfier ls 41V(p- p) and frf=lMHz. 
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Test of the feed back loop with the simulator circuit 

To check the effectiveness of the A¢ feed back 
loop, an open loop transfer function has been calcu­
lated. In this calculation response delays of the fol­
lowing parts have been considered. 

I) 7 µ s in the A¢ bean aonitor. 
2) Jµs and 2µs for the digitizing the analog data 

and the digital processing, respectively, 
3) l.5µs in the DS. 
4) I.5µs in the RF cavity. 

The calculated result with the critical damping cond i­
tion is shown in Fig.3. From this result the response of 
the A¢ feed back is fast enough to damp the 
synchrotron oscillation of 4kHz, which is max iaum 
frequency in HIMAC synchrotron. 

a) 

b) 

c) 

accelera tion 

sta rt s 
I 
j 

t 
B --rT 

clock change 

Fig.5. Outputs of the bea1 monitors. Upper trace is the 
beaa intensity, middle trace is AR, and lower trace is 
A¢ in each picture. Strength of the A¢ feed back 
lo op is a) cri tical da1ping b) five times of a). Fig. 5-
c) shows a cor responding fi e ld pattern of the dipole 
magnet. The acceleration period was 4.46 sec. 
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To test the .6. ¢ feed back loop further, we have 
used a new!~ developed simulator which is a circuit to 
generated the s¥nchrotron like oscillation. It has the 
similar transfer function as the synchrotron oscilla­
tion. The test was performed rlth the condition that 
frt=I MHz end f 6 (frequency of the s~nchrotron 
oscillation)= 4, 6, and 7kHz. As shown In Fh.4, the 
feed back loop could damp the oscillation of 6kHz 
quickly. From these results, It is clear that the .6. ¢ 
feed back loop has fast response which is good enough 
tor our purpose, because the maximu~ frequency of the 
synchrotron oscillation ls 4 kHz. 

Test of beam acceleration 

Ii there is e large phase jump when the accelerating 
frequency ls swept, the accelerated beam 1<ill be lost. 
To make sure that there ls no large phase jump in our 
OS, we have perfor1ed the beam test. To do the beam test 
at TARN-II, 1e have Joined our RF control srstem 
(computer, th1ing generuter, memory module, digital low 
level electronics, digital synthesizer, bee~ mQnitor 
electronics) 11th the RF srstem of TARN-l!2J,3J. In this 
beam test, we could not prepare our B-clock generator of 
0.2 Gauss clock. Though the B clock of TARN-II is gen­
erated every I Gauss increment of the dipole aagnetic 
field, this B-clock 1as used In the beam test. To see 
the effect of the corresponding frequency step in the 
beam acceleration, we huve tried to accelerate the beam 
1<ithout the filter which smoothes the step function in 
the analog RF control systea of TARN-II. Though there 
existed e clear effect of the step function, the bee~ 
could be accelerated. We have decided to use the I Gauss 
clock for our digital control system, which hes no ele­
aent to smooth the frequency step in this dig!tai sys­
teB. 

Firstly in the beam test, we have adjusted the posi­
tion bias in the .6.R feedback loop. If the adjustment 
was not correct, the beam was lost when the b.R feed­
back loop was turned on. The next step was to adjust the 
strength of the feedback I oop on b. R and A¢ . As the 
beaa intensity was low, the low pass tilter of lkHz 
inserted in the AR position monitor. From this fuct the 
strength of the AR feedback loop has been set at weak 
value. About the .6. ¢ feedback, the strength of the 
critical damping condition was not enough. As sho~n in 
Fig.5, the best strength of the /';; ¢ feedback loop was 
about five times stronger than the strength of the 
critical daaplng condition at the flat base. 

Conclusion 

have constructed the RF control system with the 
died tal synthesizer. The .6. </> feed back loop has been 
checked successfully with the simulator circuit in the 
factory. In the be11 test, we could accelerate the He2+ 
bea1 from IOMeV/u to 160MeV/u. These energies correspond 
to the acceleration frequencies of I.I MHz and 4.0 MHz, 
respectively. The tuning of the control system was very 
siaple and easy to succeed in the beam acceleration. 
This is the characteristic feature of the digital con­
trol system and iaportent in the medical accelerator. 
The acceleration eff lclency was about 55%. The possible 
reasons of the beam loss are; 

!) The low beaa intensity which makes large noise 
in the bees monitors, which Is due to white 
noise ln the FET of the first amplifier. 

2) The RF noise whose effect was enlarged with the 
low beam Intensity. 

3) The B-clock step of I Gauss which sakes the 
longitudinal bee; emittance growth. (In the 
analog system, we can use the filter to smooth 
this B-clock step.) 

Improving these things with the longer beem monitor 
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electrode end the B-clock step of 0.2 Gauss In the HINAC 
RF system, it will be possible to accelerate the beam 
without large beem loss. 
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