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RF system design and measurement of HIRF-CSRe"
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Abstract An RF system for the CSRe (cooling storage experimental ring) is designed and manufactured

domestically. The present paper mainly describes the RF system design in five main sections: ferrite ring, RF

cavity, RF generator, low level system and cavity cooling. The cavity is based on a type of coaxial resonator

which is shorted at the end with one gap and loaded with domestic ferrite rings. The RF generator is designed
in the push-pull mode and the low level control system is based on a DSP+FGPA+DDS+USB interface and
has three feedback loops. Finally we give the results of the measurement on our system.
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1 Introduction

The HIRFL-CSR is a new complex accelerator in
Lanzhou. It is a multipurpose cooling storage ring
(CSR) system which consists of a main ring (CSRm)
and an experimental ring (CSRe). Two RF stations
were employed in the CSRm: the RF accelerating
station and the RF stacking station. Two similar RF
stations will be employed in the CSRe for accelera-
tion or deceleration. Heavy ion beams with an energy
range of 10—50 MeV /u from the HIRFL-SSC will be
accumulated by the stacking cavity with a stacking
voltage of up to 20 kV and a tunable frequency in
the range of 6.0—14 MHz. Via the accelerating cav-
ity the beam will be accelerated to the high energy
range of 100—1000 MeV/u with a 8.0 kV peak RF
voltage of 0.25—1.7 MHz in the CSRm. The RF sys-
tem is dedicated to accelerating different types of ions
in the CSRm'"..

After the two RF stations of the CSRm have been
commissioned and operated two RF systems for the
CSRe will be continually constructed at IMP. They
will operate in the frequency range of 0.5—2.0 MHz
in the first and second harmonic modes. The system
will work not only in the ramping pulse modulation
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mode similar to that in the CSRm, but also in the car-
rier wave (CW) mode. The mean power is 50 times
higher than that in the CSRm. The 10 kV maximum
decelerating /accelerating voltage is used to capture
the radioactive ion beam and decelerate the beam
from 400 MeV /u to 30 MeV/u.

2 The ferrite ring

The characteristics and parameters of ferrite di-
rectly decide if the cavity can approach the design
target. Therefore the measurement result of the fer-
rite material are very important. We make a sim-
ulative cavity just for measuring the actual ferrite

rings. The results of the measurements are shown in
Table 1.

Table 1. The test results of a single ferrite ring.
F/MHz For Rs/Q Hpg/(A/m)
0.5 605 140 8.5
0.55 460 130 28.2
1.1 120 80 141
1.52 61 54 282
1.82 45 36 424
2.0 36 26 564
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The frequency range of the cavity is 0.5 MHz to
2 MHz; the initial permeability is around 605. When
the external bias field Hpc changes from 8.5 to 564
(A/m), the relative permeability p, decreases from
605 to 36 accordingly which is sufficient for the fre-
quency variation of 0.5—2 MHz. The measured u, Q f
value of this ferrite is shown in Fig. 1.
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Measured p, Qf versus frequency.

Totally 20x 2 rings of ferrites are stacked in an en-
tire cavity. These Ni-Zn ferrites are produced in the
Sichuan province of China.

3 The RF cavity

The cavity (see Fig. 2) is the kernel of the RF
system. It consists of two sections of coaxial res-
onators shorted at the end with one common gap.
It is loaded with ferrite rings, cooling copper plates
and also coiled bus bars for the bias currents. The
permeability as well as inductance of the ferrite will
change with the various biasing DC currents. Thus
the resonant frequency of the RF cavity is tuned in
the whole frequency range!?
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Fig. 2. Schematic diagram of the CSRe RF cav-
ity. 1. Bracket of ferrite ring, 2.
ring, 3. cooling plate, 4. bias coil, 5. baked
belt, 6. vacuum chamber, 7. accelerating gap,
8. resonant capacitor, 9. flange.
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The averaged permeability i and the dielectric

constant € in the cavity are given by the following

relations®:
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where p; and p, represent the inner and outer ra-
dius of the ferrite rings, r; and r, are the inner and
outer radius of the cavity. [, is the thickness of 40
ferrite disks and [ is the length of the entire cavity.
Ly, o and €q are the relative permeability of the fer-
rite, the vacuum permeability and dielectric constant
respectively. ¢ represents the filling coefficient. In
our present cavity, the numerical values are

p1 =165 mm, p, =300 mm, r; =140 mm,

ro =302 mm, [, =1000 mm, [=1280 mm, &, =15.

The inductance and capacitance per unit length of
the coaxial cavity loaded with ferrite per unit length
are given by!"!
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The values in our case are

¢ =10.46,
i =0.6075u. 10 , (9)
£=4.5¢, (10)
Zo~16.95./7ir - (11)

The shunt impedance Rg of the cavity is given by the
following formula:

Rs = poly ln(p ) QS - (12)
The RF power loss in the entire ferrite is given by
V2
P= 13

The summary of our cavity is frequency range 0.5—
2.0 MHz, operation mode CW, Ramping, peak RF
power 70 kW, total length 2.1 m, number of bias turns
6, bias current 0—200 A, cooling water flow 40 1/min.
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The relation between bias current and resonant plifier (working in push-pull mode and driven by a
frequency of the cavity is shown in Fig. 3, where a 500 W solid-state wideband amplifier) is calibrated
comparison between the theoretical and the static as shown in Table 2.
measured results of the actual cavity is given. It Table 2. The power of the RF generator of the CSRe.
demonstrates well the reliability of our calculation.

F/MHz Rs/Q P/kW
N 22 0.5 5600 9
Z 20
S 1sl 1.0 3200 15.6
gler 1.5 2000 25
12t 2.0 960 52
< 1.0 ¢
s 08
g 0.6 | / o static measured results The RF generator has two vacuum tetrodes
g 8:3 [ o {heofetic calculated results TH571B with water-cooling and works in the class
0 40 80 120 160 AB Push-pull status, the anode connected directly
bias current/A to the decelerating gap (see Fig. 4). The calculated
Fig. 3. Results of the measured and calculated results for the half cavity are the following. The min-

dependence of the frequency on the current. imum shunt impedance is 450 2 at 2 MHz, according

to the design target, RF voltage in half of the cavity
4 RF generator is u, = 5000 V, so the RF power is given by
According to the 10 kV deceleration voltage and Pi=u, /2R, =278 kW.
shunt impedance, the power of the needed final am- The DC current of the anode is I,, =7.69 A.
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Fig. 4. RF generator of the CSRe.
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Grid 1 calculation: driven voltage e, = —130V,
DC current I, = 50 mA, input impedance R;,
1326 €2, driven power P, =170 W.

Grid 2 calculation: DC current I,, = 0.174 A,
power dissipation P, = 122 W, efficiency calculation
n=>51.6%.

5 Low level control system

The low level system (see Fig. 5.) is based on a
DSP+FPGA+DDS9854+USB interface and provides
complete control and monitoring of all parameters of
the RF system. The main control board contains the
master oscillator of DDS technology, the DAC pro-
viding DC reference signals for the RF amplitude and
tune control and ADC for the monitoring of the RF
parameters during the operation. The register on the
board stores the pre-set data, which determines the
output signal frequency of DDS9854, the amplitude of
the cavity voltage and a rough setting of the biasing
current respectively.

The tuning loop is composed of the phasemeter-2

and DC amplifier units. The DC bias current from
the DAC is amplified by the DC amplifier to tune
the resonance frequency of the cavity and detuning is
detected as a phase error from the grid signals and
cavity signal. This phase error will correct the rem-
nant resonance frequency error of the cavity via the
hardware feedback loop.

The amplitude feedback loop consists of a con-
trol amplifier and modulator units. The modulator
generates the DC signal which controls the gain of
the control amplifier (see Fig. 5). The control am-
plifier controls the driving RF power of the pream-
plifier. When the loop is in the closed status, the
modulator amplifies the difference between the signal
from the amplitude detector and from the reference
voltage source. The gain is large enough so that the
ratio of these signals can be kept constant when feed-
back is operative. The output of the amplifier goes
to the modulator output and further to the control
amplifier. The feedback keeps the cavity gap voltage
proportional to the reference voltage by control of the
driver RF power.

RF cavity #1
. TH751B +
RF distributor E5 (0.5—2.0 MHz RF input control amplifier E2 i
OUTI SIN — !
; I
input
IN SI;N > SIN ouT2 phase gain . | N
OUT3 RF input shifter control preamplifier d ! H
) ouTI cos PLT
) [ T I
0S input | Ccos ouT2 phase gain 1
co OUT3 D
| — L Vary. |
RF cavity voltage 1
output output | modulator ET THS71B L
o cavity biasing current DI phase | input ! K
8|~ . ; 5
€19 Still 1nput «E Ou[li[‘;‘L/lll =
% g Veav. ,Vdrv. B
= -1 v «_|dnput 8
Joo) L refer. 771)“
4 input Cal. | Ampl det. |, |outputl
9 :E £ refer. start = cav.
S T e— . = output2
[ vV
o :: cav- phasemeter-2 E1
& s input —input
Ql=] i . Vea| | Ph-Detect.[~ [V,
LD> le_ input™ |
< le— Vrefer. DC amplif.
il output "ON/, E3
le—
8 interlock
<
3 A
£ i -1
= = sl g
E 3 & 5
B § %

Fig. 5.

The phase lock loop (Fig. 6) is composed of a 360°
phase shifter in the control amplifier and phasemeter-
1 units. It is used to compensate the phase shift and
phase jitter in the RF signal channel. The signal
from the phasemeter-1 comes into the V/F converter

RF system of the CSRe.

| (2 V/1 MHz). The output frequency is proportional

to the input voltage of the phase which determines the
position of the phase shifter. The information from
the counter comes to the EEPROMSs which for ev-
ery combination of input signals generate a sine and
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cosine code for the output DACs. The correspond-
ing data files can be used to reprogram these EEP-
ROMs. The starting cycle information is written into
the counter from the register after the cycle is started
and the feedback is locked. If the phase error is small
enough, the information from the counter is written
into the register. This information will be used in
the next cycle. The phase shifter is controlled by the
DC voltage that comes from the phasemeter-1. The
phase of the output signal is determined by the val-
ues of two DC signals coming from the PC board part
of the module. The resolution of the phase shifter is
0.2°.
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Fig. 6. Block diagram of the phase loop.

6 Cooling in the RF cavity

Due to the fact that the CSRe RF system works
not only in pulse mode but also in the CW mode, the
power dissipation in the ferrites of the whole cavity
must be very high.

We suppose that the temperature is T} on the cen-
tral position of the ferrite z =0 (see Fig. 7), and T,

on the position of z = 51

ferrifeNog
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dig

4

Fig. 7. Sketch of ferrite ring and copper disk.

The dimension of the ferrite is: outer diameter =
600 mm, inner diameter = 330 mm, and thickness =
25 mm.

The interface area between the ferrite rings and
the copper disks is:

S, =m(30°—16.5%) ~ 1972 cm?.
The volume of the ferrite ring is:
V =m(30°—-16.5%)-2.5~ 4930 cm? .

T, — T, should be less than 5 °C, and the water tem-
perature should be lower than 20 °C. In this case the
heat per cubic millimeter produced inside the ferrite
is:

o 4S1’A'AT

~0.192 3,
V. 0.192 W/cm

g1

The produced heat inside the entire cavity is then:
P=40F,=40-¢g,-V =37.86 kW .

The water flow can be represented as:

Q> =27.84(1/ min).

68.9-At
The cooling copper disks are sandwiched by the
ferrite rings with the purpose of heat extraction. The
water flows inside the disk. A total of 40 pieces of
cooling copper disks are needed in the entire cavity.

7 Measurement of the RF voltage

The RF voltage has been tested in two modes.
First we began our test at four constant frequencies:
0.5, 1, 1.5 and 2 MHz to try to reach the maximum
voltage. The result is shown in Fig. 8. These curves
indicate that starting from the same input level the
RF peak voltage decreases with the frequency in-
crease. This shows that the shunt impedance of the
cavity decreases with a frequency increase.
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Fig. 8. Maximum voltage at 4 different frequencies.

Secondly, the ramping pulse operating mode was
tested. The ramping frequency as well as the pulse
voltage was given by a computer file. In 3 seconds the
frequency increases from 0.6 MHz to 1.45 MHz, and
the RF voltage changes according to the form given
in Fig. 9.
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Fig. 9. Pulse modulation voltage from computer file.

The real exciting waveform of the generator is
shown in Fig. 10, and the final voltage picked up from
the cavity is shown in Fig. 11.
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Fig. 10. Real exciting waveform.
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A comparison shows that they are quite similar
to each other harmony. It is demonstrated that these
two kinds of operating modes can be realized, espe-
cially the most difficult mode, namely ramping pulse
modulation.

8 Summary

The results of the measurement demonstrate that
the designed RF system of the CSRe is generally suc-
cessful. It was realized for two different operating
modes and maximum peak voltages up to 17 kV.
As this is the first RF system of the heavy ion syn-
chrotron which has been designed independently and
manufactured domestically in China, the technical
difficulties in the design, material selection, the pro-
duction of nonstandard accessories, and manufactur-
ing exceeded our expectations. So there still exist
some unsolved problems, such as the shunt impedance
of the cavity sharply decreasing with the increase in
frequency, the lower water compression resistance in
the copper disks, the slow response time in the bias
power supply etc. Solving these problems will gain a
lot of experience in RF design in the future.
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