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Abstract

A beam position monitor with high precision and resolution is required to control the beam trajectory
for matching to the injection orbit and acceleration in a heavy-ion synchrotron. It will be also used for
measuring the beta function, tune, and chromaticity. Since the bunch length at heavy ion synchrotron is
relatively long, a few meters, a boxlike device with plates of typically 20 cm length is used to enhance the
signal strength and to get a precise linear dependence with respect to the beam displacement. Especially,
the linear-cut beam position monitor is adopted to satisfy the position resolution of 100 ym and accuracy
of 200 pm for a nominal beam intensity in the KHIMA synchrotron of ~ 7 x 10® particles for the carbon
beams and ~ 2 x 100 for the proton beams. In this paper, we show the electromagnetic design of the
electrode and surroundings to satisfy the resolution of 100 pm, the criteria for mechanical aspect to satisfy
the position accuracy of 200 ym, the measurement results by using wire test-bench, design and measurement
of a high input impedance pre-amplifier, and the beam-test results with long (~ 1.6 us) electron beam in
Pohang accelerator laboratory (PAL).

Keywords: Linear-cut beam position monitor, heavy-ion synchrotron, medical accelerator

1. Introduction

The main purpose of the Korea Heavy Ton Medical Accelerator (KHIMA) project is to construct a
proton and carbon therapy accelerator based on a synchrotron currently under construction in Korea [1].
Low intensity proton and carbon beams with energies in the range of 110 to 430 MeV /u for a carbon beam
and 60 to 230 MeV for a proton, which corresponds to a water equilibrium beam range of 3.0 to 27.0 g/cm?,
are produced by the accelerator for a cancer therapy [2]. The accelerator consists of the low energy beam
transport (LEBT) line, radio-frequency quadrupole (RFQ), interdigital H-mode drift-tube-linac (IH-DTL),
medium beam transport (MEBT) line, synchrotron, and high energy beam transport (HEBT) line [3]. The
circumference of the synchrotron is about 75 m designed for an injection energy of the carbon and proton
beams of 7 MeV /u. This corresponds to the revolution frequency of 0.487 MHz. The revolution frequency
is ramped from 0.487 MHz at 7 MeV/u to ~ 3 MHz at 430 MeV /u for carbon and 230 MeV for proton.

In the KHIMA synchrotron, a high precision beam position monitor, which has a position resolution
and accuracy of 100 pm and 200 pm, respectively, is required to match and control the beam trajectory
during beam injection and acceleration [4]. It is also used for measuring the closed orbit, Twiss parameters,
betatron tunes, and chromaticity in the synchrotron. Since the multi-turn injection, the so called painting
method, is adopted for reducing the operation cost by increasing the beam intensity in the synchrotron
during one cycle, the longitudinal distribution of the ion beam is fully filled as like a DC beam current at
the initial stage and it is bunched after the capturing process using magnetic alloy cavity.

The bunch length in the heavy ion synchrotron is relatively long, a few meters, and the intensity of the
beam is low, a box-like beam position monitor (BPM) with long plates of typically 20 cm is used to enhance
the signal strength and to obtain a precise linear dependence with respect to the beam displacement [7].
The number of the separately installed horizontal and vertical beam position monitors in the synchrotron
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is 10 and 7, respectively. The position of the monitor is determined based on the amplitude of the betatron
oscillation [6]. The layout of KHIMA is shown in Fig. 1.

Beam Extraction

g
4
' KHIMA

Synchrotron

G

Figure 1: KHIMA synchrotron for cancer therapy using a low intensity beams with an energy in range of 110 to 430 MeV /u
for a carbon beam and 60 to 230 MeV for a proton [3]. RF frequency of magnetic alloy cavity is increased from 0.487 to 3 MHz
as follow beam velocity in the synchrotron. The SR-BPMV and SR-BPMH are presented the vertical and horizontal linear-cut
beam position monitors, respectively, in the synchrotron.

2. Electromagnetic and mechanical design of linear-cut beam position monitor

Since the beam intensity in the synchrotron after the injection and capturing process is low, ~ 7 x108
particles for the carbon beams and ~ 2.1 x 10! for the proton beams [4], the design of the beam position
monitor yielding a position resolution of 100 pm and accuracy of 200 pm is intended. The linear-cut beam
position monitor was chosen to satisfy these requirements [7]. It consists of two copper electrodes, the body
for maintain the structure of the electrode, holders to combine the body with the vacuum chamber, and the
vacuum chamber. It can be consider as a capacitive pick-up device. The induced image charge of the beam
is coupled via a resistor on an amplifier for further processing. The induced voltage drop at a resistor R
is [7]

11 A wRC

V(w) = Zt(wyﬁ)lbeam(w) = @5%mlbeam(w), (1)

where Z; is longitudinal transfer impedance, 8 = v/¢, v is the speed of the ions, ¢ is the speed of light, C
is the capacitance of the electrode which is depended on mainly the distance between the electrode and the
vacuum chamber wall, A is the area of the electrode, a is the distance from the beam center to the electrode,
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w is the angular frequency, and Ipeqm = Ipe™? is the current distribution of the beam. The longitudinal
transfer impedance Z;(w, ) describes the effect of the beam on the pick-up voltage. It is dependent on
frequency, on the velocity of the beam particles and on geometrical factors. The transfer impedance, which
is inversely proportional to the capacitance and ion beam velocity and is proportional to the area of the
electrode, input impedance of the amplifier and operating frequency, determines the signal strength of the
beam position monitor. The transverse and longitudinal size is restricted because the beam position monitor
would be installed inside the steering magnet yoke to conserve the space. The width and thickness of two
electrodes are determined to 136 mm and 2 mm, respectively. The thickness of the body is determined to 5
mm to reduce the distortion of the electrodes. The distance between the body and electrode is maintained
to be 8 mm to increase the induced signal by reducing the capacitance. The copper bolts are welded on
the electrodes surface to assemble with the body without the holes on electrodes. The screws have a central
hole through the body of the screw to serve as a vent, allowing trapped gas to escape from a blind hole
when a vacuum chamber is pumped down. The feed-through is welded to the flange and it is inserted into
the vacuum chamber to increase the signal strength by reducing the distance between feed-through and
electrode. The feed-through pin is connected with electrode by the holder made of the beryllium copper
material which has the good elasticity for the good contact. The length of horizontal and vertical beam
position monitor are 290 mm and 244 mm, respectively. The designed horizontal linear-cut beam position
monitor is shown in Fig. 2.

Ceramic insulator

CF flange

N

Figure 2: Horizontal linear-cut beam position monitor in KHIMA synchrotron which consists of two copper electrodes with
the width of 142 mm, height of 76 mm, and length of 200 mm, metal body, holders, and vacuum chamber. The thickness of
vacuum chamber, body, and electrodes are 5 mm, 5 mm, and 2 mm, respectively. The distance between body and electrode is
maintained to be 8 mm to increase induced signal by reducing capacitance of the system.

Based on the optimized dimensions and beam velocity of 5 = 0.73% which corresponds to highest carbon
beam energy of 430 MeV /u, the absolute value of the transfer impedance for various input impedances and
schemes as a function of the operating frequency are calculated using Eq. 1 to increase the signal strength
because the signal strength is proportional to the transfer impedance. As shown in Fig. 3, the transfer
impedance for low impedance such as 50 2 and 1 k€2 is linearly proportional to frequency below the cutoff
frequency, weyt = 1/RC. The transfer impedance above we,,: with the transformer coupling is lower compared
to the high impedance case because the voltage ratio above the cut-off frequency for a transformer is given by
Uy /Uy = N2 /Ny, where Uy and U, are the induced voltage on the beam position monitor and resistor and Ny
and N> the windings on the transformer, respectively, with coupling by a transformer with primary windings
N7 and secondary windings No. Since the beam intensity in the synchrotron is low and revolution frequency
of the ion beam in the KHIMA synchrotron is varies from 0.487 MHz to 3.0 MHz, the impedance termination
of R = 1 MQ is chosen for the BPM signals leading to the high-pass cut-off frequency feut = 1/(27RC) =
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1.7 kHz [7] and to achieve the high position resolution by increasing the induced signal strength.
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Figure 3: Absolute value of the transfer impedance for capacitance of 183 pF and carbon ion energy of 430 MeV /u (8 = 0.73
%) with 50 Q (red, solid line) and 1 MQ (black, dotdashed line) input impedance amplifier. Third curve (blue, dashed line) is
1 kQ impedance using coupling by transformer with a winding ratio N1 /N2 = 1:20 and a 50 €2 termination.

Since the cross-talk between two electrodes mainly affects the position resolution of the beam position
monitor, the cross-talk as function of the distance between two electrodes was investigated to optimize the
distance between two electrodes [8]. The result is shown in Fig. 4.

Distance beteen electrod —20¢
[ .__-_._—-
~30 ——
_40: /éi
: / e
—S0 i / Distance between electrode []
[ -2 mm 3Imm 4mm
L / ~-5mm -6mm
—60L . T P
0 S 10 15 20
Frequency [MHz]

Figure 4: Cross-talk(S12) as a function of distance between two electrodes. The distance between two electrodes is determined
to be 6 mm to achieve the cross-talk of less than -40 dB in operating frequency range of 0.487 MHz to 3 MHz.

In order to measure the longitudinal distribution using the signal of the beam position monitor, the band-
width of the signal processing electronics is chosen to be the tenth harmonics of the accelerating base
frequency, up to 30 MHz. Since the beam position is mainly determined by the synchronous frequency
component of the signal, the cross-talk, which affects on the misreading of the beam position, is almost to
be -40 dB in the frequency range of 0.487 MHz to about 3 MHz when the distance between the electrodes
is larger than 5 mm. The signal readout is changed by the cross-talk between two electrode that is given by

((1 - O‘)leeft + aUright) - ((1 - a)Uright + aUleft) _ k(]. _ 20[) Uleft - U’right (2)

r+ Az =k ,
((]- - a)Uleft + aUright) + ((]— - a)Uright + aUleft) Uleft + Um’ght

where is a = 10512/20 and S;, is the cross-talk between two electrodes. The distance between the
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electrodes is chosen to be 6 mm to achieve the cross-talk of less than -40 dB, which correspond to a position
reading error of about 2 %.

In order to confirm the linear response region, resolution and accuracy of the designed beam position
monitor, the induced signals with various beam offsets are calculated by using code CST-PS [11]. From the
computed signals, the ratio of difference and sum of the signals is calculated because the beam position is
determined by the ratio of difference and sum of the signals generated by the two electrodes according to
Eq. 3 [9].

AU Uett — Urs
T = ag tai=a left right

+ai, 3
XU 0 Uleft + Um’ght “ ( )

where ag is coefficient which is proportional to the transverse dimension of the electrode, a; is coefficient
which is related with the electromagnetic central position, the Uj.ss and Uyigns are voltage output from the
left and right electrodes, respectively. The the ratio of difference and sum of the signals generated by the
two electrodes, AU/XU, and residuals from the linear fitting curve are shown in Fig. 5 [11].
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Figure 5: Linearity (left) and residuals (right) of designed beam position monitor calculated by code CST-PS. Designed beam
position monitor satisfied position resolution of 100 pm in range of -40 mm to 40 mm.

For the horizontal BPM the ideal values of ag and a; for the designed beam position monitor from the
dimensions with the width of 142 mm and height of 70 mm are 72 mm and 0 mm, respectively. From the
height limitation of 70 mm, the ideal values of ay and a; for the vertical beam position monitor are 35 mm
and 0 mm, respectively. Due to the internal structure, such as the insulator and surroundings, the beam
position monitor, however, has the ag and a; coefficients of 78.10 mm and -72.7 um. It is enough to satisfy
the desired position accuracy of 200 pm.

3. Measurement of cross-talk, linearity and calibration factors

Based on the results of the electromagnetic and mechanical design, the beam position monitor was
fabricated by the Korean company, I.T.S [12]. The beam position monitor consists of two electrodes, body,
insulator, holder, two feed-through and vacuum chamber. The triangular shape electrodes are made by the
oxygen free copper (OFC), and the body, holder, and vacuum chamber was made of stainless steel, SUS304.
The 99.6 % alumina-ceramic was chosen as the insulator material which was used to attach two electrodes
inside the body with well-defined distance of 8 mm. The special flange from the EVAC is adopted to reduce
the installation space. The required vacuum pressure of 10~2 Torr was reached [10]. A photograph of the
fabricated horizontal beam position monitor is shown in Fig. 6.
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Figure 6: Photograph of fabricated horizontal beam position monitor which consists of two triangular shape copper electrodes,
99.6 % alumina-ceramic insulators, stainless steel body, stainless steel holder, and stainless steel vacuum chamber.

The crosstalk S1o between two electrodes was measured by using a Vector Network Analyzer, Hewlett
Packard 8753C (Bandwidth : 300 kHz to 3 GHz). The crosstalk is a phenomenon through which a signal
transmitted on one channel creates an undesired effect in another channel. The crosstalk is usually caused
by undesired capacitive or inductive coupling between two channels. The measurement result is shown in
Fig 7 in comparison to the calculation result of CST-MWS [11].
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Figure 7: Measured (red) and calculated (blue) cross-talk (Si2) of fabricated beam position monitor. Measured cross-talk
between two electrodes is lower than -40 dB in range of operation frequency, 0.487 ~ 3 MHz

The measured cross-talk is lower than the -40 dB in the range of operation frequency, 0.487 ~ 3 MHz,
which is required to achieve the desired position resolution. The measurement result agrees well with the
calculation result using code CST-MWS. The difference between the numerical calculation result using
the CST-MWS and measurement is caused by the residual stray capacitance due to the misalignment of
electrodes.

The signal response as a function of the offset (relative wire position) with the RF frequency of 3 MHz
was measured by using the wire test bench to confirm the linearity of the beam position monitor and the
calibration coefficients. The wire test bench is used to confirm the frequency response and linearity of the
pick-up devices from the external source. It consists of the linear X-Y motion stages and well aligned and
stretched wire with two feed-through on the each side. The impedance of the test bench is calculated from
the measurement result of S-parameter of wire test bench. The forward and reflection power are estimated
by the power transfer theorem.

The measured signal has high frequency noise. The high frequency noise signal was filtered by digital
low-pass filter during the data processing. The low-pass filter with hard edge model and cut-off frequency of
10 MHz is applied on the FFT (Fast Fourier Transform) of the measured signal. After filtering, the inverse
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Fourier transformation is performed. It suppresses all frequencies higher than the cut-off frequency and
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Figure 8: Measured signal (left) by using wire test bench with RF frequency of 3 MHz and its filtered signal (right). High
frequency noise is filtered by digital low-pass filter with a cut-off frequency of 10 MHz during data processing.

From the signal after the digital low pass filtering process, the AU/XU is calculated in the offset range
of -28 mm to 28 mm to obtain the calibration coefficients, ag and a;. The test set-up, the measured result
for linearity, and the obtained calibration factor are shown in Fig. 9.
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Figure 9: Picture of test set-up by using wire test bench and measurement result of calibration factor and linearity of beam
position monitor using wire test bench. The measured calibration coefficients, agp and ai, are 80.64 mm and 0.475 mm,
respectively.

The linearity of the beam position monitor in the range of -28 mm to 28 mm was confirmed. The
calibration coefficients of ag and a; were measured to be 80.64 mm and 475 pm, respectively. It agrees well
with the calculated value using CST-PS.

4. Pre-amplifier design and test

The pre-amplifier for amplifying the signal strength from the beam position monitor was designed. It
will be installed close to the beam position monitor, ~ 15 cm long, inside the tunnel to increase the signal
strength by decreasing the capacitance from the cable. It has 1 M) input impedance, 40 dB fixed gain,
and bandwidth of 0 ~ 50 MHz. The bandwidth is determined to be DC ~ 50 MHz to measure the spatial
structure of the beam. The amplifier consists of 2-port RF relay switch and two op-amplifier. There are two
input ports for each op-amp. One of them is required to confirm the status of the beam position monitor
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system and calibrate the electronics during the beam operation remotely. It has two individual channels
because the beam position monitor has two signal ports. The switch inside the electronics is controlled using
the DC bias voltage on the two control port (Ctrll, Ctrl2). It was fabricated by EMWISE in Korea [13].

osa
G:e20c8

Model: CAK9982-BPM-01 @) e
SIN: 20175-0723-01

Output B Output A

Figure 10: Picture (left) and schematic drawing (right) of 1 M high input impedance pre-amplifier for beam position monitor.
It consists of 4 input port for calibration signal and beam signal, 2-port RF relay switch, and two op-amplifiers.

The noise figure of the circuit is 9.9 dB for 10 MHz and 9.8 for 50 MHz. The flatness of the gain of
amplifier within the operating frequency is very good to prevent for signal distortions. The gain curve and
S-parameter between input and one output ports as a function of the frequency is measured to confirm the
performance of the pre-amplifier. The gain flatness from a few kHz to 100 MHz was less than 4+ 0.5 dB.
The result is shown in Fig. 11 and the main parameters are listed on Tab. 1.
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Figure 11: S-parameter of high input impedance pre-amplifier for linear-cut beam position monitor. Gain flatness from a few
kHz to 100 MHz is less than + 0.5 dB and isolation is higher than 20 dB.

5. Measurement with electron beam

As a preliminary experiment, the beam test with a relativistic electron bunch train, ~ 1.6 us, which
corresponds to the frequency of 630 kHz, is performed at the test LINAC in the Pohang Accelerator Labo-
ratory (PAL). The energy and current of the electron beam are 60 MeV and less than 0.5 mA, respectively.
The 50 MHz cut-off frequency is low enough to collapse the effects of the micro-pulse [14]. A photograph of
the beam test set-up is shown in Fig. 12.

The length of the macro-pulse agrees well with the operation frequency, 630 kHz, although the length
of the micro-pulse is very short, less than one nano-second, due to the RF frequency of the S-band LINAC,
2.856 GHz. The beam position monitor is installed on the moving stage to change the relative position of
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Table 1: Main parameters of high input impedance pre-amplifier for linear-cut beam position monitor.

Parameter | Unit | Value
Frequency MHz DC ~ 50
Input/Output impedance Q 1.15 M/ 50
Gain dB 39.5
Gain flatness dB + 0.5
Input/Output return loss dB 24 (min) / 20 (min)
Isolation (Input/Output) dB 20 (min)
Rejection (Switch) dBc 80
Noise figure dB 9.8
Bias voltage/current V / mA 18 / 114

Figure 12: Picture of beam test set-up with moving stage after beam window at the test LINAC.

the beam position monitor for measuring the calibration factors based on the signal from the beam and the
high input impedance amplifier is installed near the beam position monitor to reduce the capacitance from
the cable. The collimator made of lead with the diameter of 10 mm and thickness of 30 mm is installed at
the entrance of the BPM to prevent the electron hitting the electrode. The gain of the pre-amplifier was 40
dB. The signal as a function of the relative horizontal offset of the moving stage is measured to calculate
the calibration factor and to confirm the linear response of the beam position monitor. The measured signal
with various horizontal offsets of the moving stage is shown in Fig. 13.

The high frequency noise signal from the surroundings is observed and it is filtered by digital low-pass
filter with 1 MHz cut-off frequency during the data processing. The amplitude of the signal is obtained from
the filtered signal and AU/XU as a function offset of the moving stage is calculated to obtain the calibration
coeflicients, ag and a;. Those results are shown in Fig. 14.

A non-linear behavior is observed when the offset of the moving stage is large. It may be occurred
due to the large beam size and halo particles at the exit of the beam window because the signal strength is
decreased when the electron hit the electrode directly. The calibration coefficients of ag and a; are measured
with electron beam to be 79.73 mm and -0.255 mm, respectively. Especially, the a; value is not meaningful
because the relative central position between the electron beam and position monitor is not defined.

6. Conclusion

The linear-cut beam position monitor was designed, fabricated and tested, which would be installed in
the synchrotron ring of KHIMA. The design study of the beam position monitor was performed to achieve
the desired position resolution of 100 pm and the accuracy of 200 ym. In order to minimize the distortion
and misalignment of the electrodes, the thickness of the body for maintaining the electrodes was optimized.
The horizontal beam position monitor was fabricated based on the design values. The laboratory tests,
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Figure 13: Measured signal with various horizontal offsets of the moving stage.
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Figure 14: Calibration and linearity measurement of beam position monitor using an electron beam.

such as the vacuum compatibility, the cross-talk measurement and linearity measurement using the wire
test bench, were performed to confirm its performance. The measured cross-talk and calibration coefficient
agreed well with the designed parameter by the numerical simulation using code CST-MWS and CST-PS.
The pre-amplifier was designed and fabricated, of which the input impedance is 1 M{2 and the fixed gain is
40 dB with + 0.5 dB flatness in the range of DC ~ 50 MHz. It has two channel and each has two input port
for the signal and calibration and it can be switched by the external bias voltage on two pins. The beam
test with an electron bunch train at the test LINAC in PAL was performed and the measured calibration
coefficients agree with the results of wire test bench.
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