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Radiofrequency cavity is one of the most critical and complicated components in a cyclotron.
Dee voltage of radiofrequency cavity accelerates charged particles to achieve required energy.
Peak voltage of Dee is the key parameter of an radiofrequency cavity. Balanced Dee voltage is
very important for effective beam cantering and beam extracting. An X-ray measurement has
been made to calibrate and verify the peak voltage of Dee in a low-power (~20 kW) test. The
X-ray measurement for radiofrequency cavity was designed by means of bremsstrahlung. A
suitable shielding cover was chosen for radiofrequency cavity and the X-ray measurement de-
sign was demonstrated according to the theory of photon transmission. Finally, the peak volt-
age of Dee was obtained at the power of 10-20 kW and the balance of Dee voltage was veri-

fied.
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INTRODUCTION

The SC200 cyclotron is a compact superconduct-
ing particle accelerator mainly used in proton therapy.
Radiofrequency (RF) cavity is one of the most critical
and complicated components of a cyclotron. The RF
cavity of SC200 was designed with double cavities, sec-
ond harmonic acceleration and a resonant frequency of
91.5 MHz. The Dee voltage was calculated within the
range 60-120 kV atrated power of 80 kW by cold testand
simulation [1, 2]. The Dee voltage of RF cavity acceler-
ates the charged particles to achieve required energy. The
peak voltage of Dee is a key parameter for RF cavity.
Balanced Dee voltage is very important for effective
beam centring and beam extracting [3, 4].

The peak voltage of Dee of RF cavity was cali-
brated by X-ray measurement using the method of
bremsstrahlung. The Dee voltage was determined by
the power fed to RF cavity. It is better to conduct the
X-ray measurement during a low-power (~20 kW)
test, rather than the rated power (about 80 kW) test.
First, a thick iron yoke is assembled outside RF cavity
during 80 kW operation in SC200 cyclotron. It is not
easy to cross the iron yoke to make the X-ray measure-
ment. The X-ray measurement also changes the struc-
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ture of the iron yoke. Second, a superconducting coil
provides ~3 T magnetic field around the RF cavity
during 80 kW operation, which may affect electrical
performance of X-ray detector. Taking into account
these two reasons, it is convenient to make the
X-ray measurement in the independent RF cavity with
~20 kW power test [5].

The design of X-ray measurement is introduced
in section Design of X-ray measurement. According to
the theory of photon transmission, a suitable shielding
cover was chosen and the feasibility of the X-ray de-
tector was verified as presented in Theoretical verifi-
cation of the design. Finally, the needed X-ray detector
was calibrated and the peak voltage of Dee was ob-
tained at power of 10-20 kW.

DESIGN OF X-RAY MEASUREMENT

While RF cavity is in RF operation, the electrons
escaping from the Dee and the liner are accelerated in
the RF field, and then they emit a bremsstrahlung spec-
trum after hitting a metal surface [6]. The spectrum can
be measured by an X-ray detector. There are several
different processes that X-ray photons interact in. In
the energy range of 0-200 keV, the most important pro-
cesses are the photoelectric interaction. The maximum
value of the spectrum energy corresponds to the peak
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voltage of Dee. Therefore, the peak voltage of Dee can
be achieved by obtaining and analyzing the acquired
spectrum. The schematic diagram of X-ray calibration
measurement is shown in fig. 1. The Cl1 is the left sin-
gle cavity, C2 is the other symmetrical cavity but with-
outa coupling loop. Two pick-ups were used to collect
the voltage signal in each cavity. The RF cavities and
the X-ray detectors were in a vacuum tank. The X-ray
detectors were fixed at the upper end of the symmetri-
cal double cavities.

The X-ray detector was introduced straight into
the outermost end of the Dee where peak voltage is
reached. A 20 mm hole was made under the X-ray de-
tector to ensure a good view of the appearance of
bremsstrahlung spectrum. In order to ensure that RF
cavity was closed and operational, the hole was cov-
ered by a thin shield as shown in fig. 2. Moreover, the
thickness and the material of the shielding cover were
chosen according to the theory of photon transmission
in Theoretical verification of the design, which en-
sures the efficiency of acquiring the bremsstrahlung
spectrum.

The X-ray detectoris a5 mm x 5 mm x 1 mm cad-
mium telluride diode detector with a ~1.5 keV FWHM
at 122 keV. The feasibility of the X-ray detector is veri-
fied for this measurement in Theoretical verification of

X-Ray
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Dee

Figure 2. Layout of X-ray calibration measurement for
1/4 cavity

——— Vacuum tank

the design. A feedthrough which provided the connec-
tion of the inner and outer cables was fixed through the
vacuum tank as shown in fig. 1. The X-ray detector was
connected to a digital pulse processor PX5 outside the
vacuum tank. The PXS5 processed the signal from the
X-ray detector and analyzed the channel of the spec-
trum. An analytical software DDPMCA provided data
acquisition, display, and control of the processor PX5

[7].

THEORETICAL VERIFICATION
OF THE DESIGN

In this section, the theory of photon transmission
was introduced and X-ray spectrums from Dee copper
with different shielding covers were compared. The
optimal shielding cover was chosen according to the
comparison results. The feasibility of the X-ray detec-
tor was verified.

When a beam of energetic photons (X-rays or
gamma rays) passes through a material the result is a
simple exponential attenuation of the primary beam.
Each of the possible interaction processes can be char-
acterized by a probability of occurrence per unit path
length in the absorber. The sum of probabilities for in-
dividual processes is the total probability per unit
length that the photon is removed from the beam [8].
This is termed linear attenuation coefficient, u, and its
unit is inverse length [cm™']. The number of primary
photons transmitted through thickness, ¢, is

Lo =1

(1)

where [ is the flux of incident photons, ¢ — the thick-
ness of the attenuator. The number of primary photons
interacting in a thickness ¢ is obvious

iy =Ty (1-¢™")

tra

2

Since interaction mechanisms are energy de-
pendent, linear attenuation coefficient greatly depends
on energy. Attenuation is often described by using
mass attenuation coefficient u/p [em’g™'], where p is
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the density of the medium. The mass attenuation coef- "
ficient of common materials is obtained from [9]. z
According to the relation between power loss of g oy
RF cavity and shunt impedance g B
2 § 08
P=V~/2R 3) 3
where P is the feeding power, V'—the Dee voltage, R — £ 074
the shunt impedance. The peak voltage of Dee changes g .
with power, but shunt impedance is usually a constant. & 0.6
The shunt impedance was about 90 kQ obtained by
simulation and cold test. The peak voltage of Dee was
calculated and it amounted to about 60 kV at 20 kW. %S o 20 40 _ 80 8 _ 100
Therefore, the corresponding maximum energy of the Energy [keV]

X-ray was about 60 keV according to bremsstrahlung.
Based on the calculation method of integrated
over-angle X-ray spectrum as a function of photon en-
ergy [10], the X-ray spectrum from Dee copper was re-
calculated at maximum photon energy of 60 keV pro-
vided by MATLAB. The X-ray spectrum from Dee
copper was the theoretical and original spectrum with-
out shielding shown in fig. 3. As mentioned in Design
of X-ray measurement, a shielding cover was used to
ensure that RF cavity was closed and operational. The
shielding cover could not greatly affect the original
spectrum. Therefore, four different shielding covers
were discussed and compared in order to choose the
optimum shielding. The mass attenuation coefficient
of copper and aluminum were interpolated by using
the linear-logarithmic method. Taking the X-ray spec-
trum from Dee copper as the flux of incident photons
1y, the X-ray spectrums from Dee copper with four dif-
ferent shielding covers were calculated by eq. (1) as
shown in fig. 3. The results indicated that the 1 mm
aluminum shielding cover had minimum impact on the
X-ray spectrum from Dee copper between 10 keV and
60 keV. The more X-ray photons per keV per electron,
the higher detection efficiency of the X-ray measure-
ment. The 1 mm aluminum shielding cover not only
ensured that RF cavity was closed and operational, but
also that it provided highest detection efficiency for
X-ray measurement. It was the optimum and used in
X-ray measurement.

107 X-Ray spectrum from Dee copper
With 1 mm aluminum shielding
With 3 mm aluminum shielding
With 1 mm copper shielding

With 3 mm copper shielding

A4 raw

X-Ray photons per keV per electron
)
&

0 20 40 60
X-Ray photon energy [keV]

Figure 3. The effect of different shielding covers on the
X-ray spectrum from Dee copper

Figure 4. Total interaction probability of X-ray detector
between 10 keV and 100 keV

The X-ray detector consisted of a 1 mm thick
cadmium telluride positioned behind a 100 pm beryl-
lium window. The mass attenuation coefficient of cad-
mium telluride and beryllium could also be obtained.
According to egs. (1) and (2), the total interaction
probability (efficiency) was calculated as shown in
fig. 4. The efficiency was more than 97.9 % in the en-
ergy range 0-60 keV. Itindicated that this detector was
suitable for ~20 kW power test.

X-RAY MEASUREMENT AND DISCUSSION
Channel calibration for the detector

As mentioned in Design of X-ray measurement,
PX5 processed the signal from the detector and ana-

lyzed the channel of the spectrum. In order to get the
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Figure 5. Schematic diagram of channel calibration for
the detector
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relation between energy and the channel, it was neces-
sary to calibrate the detector as shown in fig. 5. The
main characteristic peak of ! Am was 59.54 keV,
which was close to the max energy (60 keV) of theo-
retical X-ray spectrum from Dee. The source >*'Am
was used to calibrate the detector. Its volume was
about 0.4 cubic centimetres and the activity was 0.1
mCi, which was suitable for the X-ray detector. A lead
chamber helped obtain a collimated X-ray for the de-
tector, and also ensured radioactive safety for humans.
The height of the lead chamber was 100 mm, the
thickness of the wall was 10 mm, and the internal di-
ameter was 15 mm. The lead cover enabled the re-
moval of the source for the fast threshold at the begin-
ning. It was expected that the 1 mm aluminum cover
which was fixed at the exit of the lead chamber would
help avoid its influence on the X-ray measurement of
the RF cavity.

The gain of the preamplifier in the detector was
controlled by the DDPMAC. The spectrums of 241
were acquired with different gains as shown in fig. 6.
In case of a certain number of channels, the smaller the
gain, the larger the energy range. The gain can be cho-
sen according to the energy range of the measured
spectrum. Due to different parameters in automatic ac-
quisition, the counts in these three pictures differ. The
two peaks of americium spectrum (13.95 keV and
59.54 keV) were used to calibrate the channel of X-ray
detector.

The X-ray measurement of the
Dee voltage of RF cavity

A low-power (~20 kW) test was conducted for
the prototype RF cavity as shown in fig. 7. The cavity
was placed in a vacuum tank. The cavity could be fed
~20 kW continuous wave power without reflection af-
ter RF conditioning. The cavity was controlled to keep
coupling state at 91.5 MHz by the Low Level RF
(LLRF) control system [11]. The spectrums of RF cav-
ity were recorded at power of 10-20 kW. The gain of
the detector was 8.2 in order to acquire a full spectrum.
The time needed to acquire the spectrum was about
180 seconds. It was necessary to wait for 10-15 min-
utes before increasing the power fed into the cavity
and recording the spectrum. As an example, the spec-
trums of the two cavities at 15 kW are shown in fig. 8.
The spectrum of Cl1 is a little harder than that of C2.
The maximum value of the spectrum energy corre-
sponded to the peak voltage of Dee according to
bremsstrahlung as mentioned in Design of X-ray
measurement. Peak voltages of the cavity could be ob-
tained at different power. The corresponding shunt im-
pedances were calculated according to eq. (3) as
shown in tab. 1. However, the shunt impedance was
calculated to be about 90 kQ through the results of
simulation and cold test. The peak voltage of Dee ver-
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Figure 6. The acquired spectrums of **' Am with different
gains

sus power could be estimated at shunt impedance of
90 kQ. The comparisons of measured and calculated
values of Dee peak voltage are shown in fig. 9.

The peak voltages of C1 were always a little
higher than those of C2. The shunt impedance of C1
was calculated to be about 91.6-97.2 kQ at power of
10-20 kW and that of C2 was about 83.4-88.1 kQ. The
shunt impedance of X-ray measurement was close to
the results of simulation and cold test. The peak volt-
age of Dee was calibrated in this way.
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Table 1. Maximum energy of the spectrum, peak voltage and shunt impedance of two cavities versus power

Power [kW] 10 12 15 17 19 20
Maximum energy of spectrum of C1 [keV] 44.21 48.33 52.41 57.17 59.43 61.50
Peak voltage of C1 [kV] 44.21 48.33 52.41 57.17 59.43 61.50
Corresponded shunt impedance of C1 [kQ] 97.73 97.32 91.56 96.13 92.95 94.56
Maximum energy of spectrum of C2 [keV] 41.51 45.15 50.00 54.73 57.77 59.21
Peak voltage of C2 [kV] 41.51 45.15 50.00 54.73 57.77 59.21

Figure 7. A low-power (~20 kW) test for RF cavity
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Figure 8. Spectrums of the two cavities at feeding power
of 15 kW; (Cl1 is the cavity with a coupling loop and C2 is
the other one without a coupling loop as mentioned in De-
sign of X-ray measurement)

Discussion of Dee voltage balance

As mentioned in Design of X-ray measurement,
pick-ups were used to collect the voltage signal by
LLRF. The amplitude of pick-up voltage signal was
calculated by a Digital //Q Demodulator as shown in
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Figure 9. The peak voltage of Dee vs. power
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Figure 10. Amplitude of pick-up voltage vs. power

fig. 10 [12]. The pick-up probes of the two cavities
were fixed symmetrically as shown in fig. 1. The
pick-up voltages reflected the balance situation of Dee
voltage of the two cavities, which was the same as the
function of the peak voltage of Dee obtained by X-ray
measurement. The pick-up voltage of C1 was always a
little higher than that of C2. Voltage ratio of C1 to C2
vs. power is shown in fig. 11. The voltage ratio of C1 to
C2 from pick-ups was about 1.036. The voltage ratio
from X-ray measurement was about 1.029-1.070 with
anaverage value of 1.051. The pick-up voltage ratio of
C1 to C2 was quite close to that of the X-ray measure-
ment. This X-ray measurement could be verified by
the results of pick-up voltage. Because of the coupling
loop, the two cavities were not strictly symmetrical in
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Figure 11. Voltage ratio of C1 to C2 vs. power

fig. 1. There was a slight difference in Dee voltage be-
tween the two cavities. But the Dee voltage deviation
between the two cavities was within 7 %. The Dee
voltage balance of the two cavities was acceptable as
obtained through X-ray measurement and the compar-
ison of pick-up voltages.

CONCLUSION

The X-ray measurement for RF cavity was de-
signed to calibrate the peak voltage of Dee. The mea-
surement was demonstrated and a suitable shielding
was chosen according to the theory of photon trans-
mission. The needed X-ray detector was calibrated by
using >*' Am. The peak voltage of Dee was obtained at
power of 10-20 kW. The shunt impedance of C1 (the
cavity with a coupling loop) was calculated to be
about 91.6-97.2 kQ) and of C2 (the other cavity with-
out a coupling loop) was about 83.4-88.1 kQ. The
shunt impedance of X-ray measurement met the de-
sign value of 90 kQ. It indicated that the peak voltage
of Dee was calibrated. The voltage ratio of Clto C2
obtained from pick-ups was about 1.036 and that from
X-ray measurement was about 1.029-1.070 with an
average value of 1.051. The results of pick-ups
matched with the X-ray measurement. The Dee volt-
age deviation between the two cavities was within 7
%. The Dee voltage balance of the two cavities was ac-
ceptable.
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I'yanr JbY, Jyenrao CYHI, I'en YEH, Janounr ITAO,
Antonno KAPY3O0, JIyuano KAJTABPETA, Cun IIAHT

KAJIMBPAIIMJA HAIIOHA HA IYAHTUMA PAJIUO®PEKBEHTHE
IYIIJBUHE NMPUMEHOM X-3PAYEIA HA OCHOBY TECTA HHUCKE CHATE

PaguodpekBeHTHA MIYIUbHHA je jeflaH Of HAjJKPUTUYHHjUX 1 HajKOMIUTUKOBAHUjUX KOMIIOHEHTHU
nukiorpoHa. Hanon Ha fyanTuMa paguogpekBeHTHE IIyIIJbUHE yOp3aBa HaelleKTpUCaHy YECTULy KaKo Ou
[IOCTUIJIA XKeJbEeHY eHeprujy. MakcumaaHa BpeJHOCT HAallOHA KIbYYHHM je IapaMeTap pagnopekBeHTHE
LIyIJbUHE, a OalaHCupaH HAMlOH BeoMa je OuTaH 3a e(peKTUBaH MPOTOK U eKCTpakiyjy cHona. Kako 6u ce
Kanubpucao 1 BeprupMKOBAO MaKCUMAalIHU HAIlOH Ha JIyaHTHMa y TEKCTY NMpH HUCKOj cHazu (~20 kW)
U3BPIICHO je MepEeHe MPUMEHOM X-3padera Koje je 3a pafruo(peKBEHTHY ITYIJbUHY AU3ajHUPAHO TOMOhy
3aK0YHOT 3pavera. OnadpaH je ogroBapajyha 3amrura 3a paguopeKBeHTHY MYIJbUHY, a N3ajH MEpeHha
X-3pauemeM je IeMOHCTPUpPaH y CKJIajly ca TeopujoM TpaHcMucHje poTona. KoHauyHO, MaKCHMMAaJIHU HATIOH
Ha AyaHTHMa o6ujeH je mpu cHasu off 10-20 kW u BepudukoBaH je 6amaHC HaloOHA.

Kmwyune pequ: yukaoitipoH, paouoppexseHiiHa uLyilabuta, HailoH Ha OYaHIuumMa, 3aK04HO 3payerse,
ilecitl pu HUCKO] CHA3U




