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Abstract:

Beam Position Monitors (BPMs) for the low-3 beam of the Chinese Accelerator Driven Subcritical

system (CADS) Proton linac are of the capacitive pick-up type. They provide higher output signals than that of

the inductive type. This paper will describe the design and tests of the capacitive BPM system for the low-3 proton

linac, including the pick-ups, the test bench and the read-out electronics. The tests done with an actual proton beam

show a good agreement between the measurements and the simulations in the time domain.
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1 Introduction

The Chinese Accelerator-Driven Subcritical system
(CADS) is part of a strategic plan aimed at solving the
nuclear waste problem in China. This project is based
on a Continuous Wave (CW) proton linac that produces
a 10 mA current of high energy protons at 1.5 GeV, di-
rected towards a spallation target and causing a subcriti-
cal reaction between the nuclear waste and the neutrons.
In the initial stage, there will be two injector linacs to
supply proton beams; this is to get the high reliability
needed for this kind of project. Injector I, built by the
Institute of High Energy Physics (IHEP) in Beijing, is
producing a 10 mA CW proton beam at 10 MeV, with
an RF frequency of 325 MHz. The Institute of Mod-
ern Physics (IMP) in Lanzhou is building the Injector IT
linac; it will supply the same energy proton beam but
with an RF frequency of 162.5 MHz. It consists of an
Electron Cyclotron Resonance (ECR) ion source, a Low
Energy Beam Transport (LEBT) line at 35 keV, a Ra-
dio Frequency Quadrupole accelerator (RFQ), a Medium
Energy Beam Transport (MEBT) line at 2.1 MeV, and
two cryomodules to bring the proton energy up to 10
MeV [1].
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Non-interceptive Beam Position Monitors (BPMs)
will be installed into the MEBT and the cryomodules in
order to measure the transverse beam position and the
beam phase. For many proton linac facilities, the BPMs
are usually of the stripline type for short bunch observa-
tion. They can be installed inside a quadruple magnet
in order to save space in the longitudinal direction. The
inductive BPM signal has been evaluated and compared
to the capacitive pick-up type. There are many excellent
review articles on the analysis of stripline BPMs (see, for
example, [2-8]).

However, when a slow beam goes through a BPM, the
longitudinal distribution of the wall current in the vac-
uum tube is lengthened. The wall current lengthening
reduces the high-frequency Fourier components of the
beam current induced in the pick-up electrodes, which
results in lower output signal power. It also modifies the
BPM sensitivity to beam displacement [9, 10]. There-
fore improving the output signal power and getting a
high transfer sensitivity of the BPMs has been the most
important consideration when designing the BPMs for
the low-3 proton linac. This paper shows that using nu-
merical analysis and beam tests, the capacitive pick-up
electrodes are more efficient, in terms of output signal
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power, than inductive ones like stripline BPMs. Then,
the new capacitive BPM system for the low-3 beam of
the CADS Injector II proton linac, including two kinds of
pick-up for the MEBT and the cryomodule, test bench
and read-out electronics has been designed, built and
tested on a real proton beam.

2 Capacitive BPMs

2.1 Comparison between inductive and capaci-
tive BPMs

In general, the output signal in the time domain for
a capacitive BPM (as shown in Fig. 1(a)) is given by:

Lodg d d
Z(t):d_?:E/D.dS:a/(gOErds’ (1)

where E, is the radial component of the electric field as-
sociated with the moving charged particles, and ¢, =
8.85 x 107 F/m is the vacuum permittivity. For a
stripline electrode (as shown in Fig. 1(b)), the mag-
netic flux variation in the loop induces a signal u(t) on
the electrode output:

u(t):—%/Bds:—%/Bst, (2)

where Bg is the azimuthal component of the magnetic
field. .
According to the well-known relation B = — x E =
c

By = /cE, [11], the ratio between capacitive and induc-
tive signals on the electrode outputs can be estimated as
a function of the § value:

d
Z(t ': &/EoErdS

u(t) d /
—_— Bq;. ds
dt
' 3)
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- E.ds
dt inductive coupling loop

In our case, the ratio of both integral terms in Eq.
(3) is very close to one with an identical size of the two
pick-ups. Taking this into account and assuming broad-
band signal processing with an impedance of R = 50 €2,
we get:

capacitive coupling plate

ceoR - 0.133
~ ~ . 4
3 3 (4)

Thus, with equivalent electrode areas, the output signal
from a capacitive electrode is higher for low 3 (< 0.133)
beams than that of an inductive one.
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Fig. 1. Schematic view of a capacitive BPM elec-
trode (a) and of an inductive one (b) (shorted
stripline)

The numerical simulations for low 3 beams were
performed with CST Particle Studio (CST PS) using
the wake-field solver [12, 13]. As a source of excita-
tion a pencil beam at § = 0.073 was entered with a
Gaussian-shaped longitudinal charge distribution. The
bunch length was ¢ = 230 ps (about 5 mm) and the
bunch frequency was 162.5 MHz. As shown in Fig. 2,
the output signal of capacitive electrodes is significantly
higher than that of striplines. We are mainly concerned
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Fig. 2. Comparison between output signals from
two different kinds of BPM electrode of the same
size, (a) in the time domain, and (b) in the fre-
quency domain.
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with the magnitude of the pick-up signals at 162.5 MHz
and 325 MHz, the fundamental and first harmonic fre-
quencies, thus the capacitive BPM is the best choice for
our proton linac.

In 2013, we built a capacitive BPM and installed it in
a proton linac at IHEP, as shown in Fig. 3(a). The IHEP
proton linac can accelerate a pulsed proton beam of 15
mA up to an energy of 3.5 MeV with a Radio Frequency
(RF) field at 352.2 MHz. Existing stripline BPMs, in-
stalled inside quadruple magnets, and our nearby capac-
itive BPM, are close to the beam dump at the end of the
linac. Figure 3(b) shows the output signals of the two
kinds of BPM. Channel 2 is connected to the inductive
BPM (106 mm length and 45° angular width striplines
[14]), and channel 1 is connected to the capacitive BPM
(35 mm length and 42° angular width electrodes). Each
of the BPMs is connected to the oscilloscope by a 50
m LMR cable. The capacitive BPM is located 1.16 m
downstream from the inductive BPM. The drift space
lengthens the bunches, which decreases its higher har-
monics content. However, the capacitive BPM is still
more efficient in terms of output signal power than the
inductive one for a low-3 beam at the interesting fre-
quencies.

Fig. 3. (color online) (a) Photograph of the capac-
itive button BPM installed in the IHEP proton
linac. (b) Comparison of the output signal en-
velopes of the stripline and capacitive BPMs in
pulsed mode. During the macro-pulse duration of
50 ps, the 15 mA and 3.5 MeV beam is bunched
by the RF at 352.2 MHz.

2.2 Capacitive pick-ups

Table 1 shows the beam properties and requirements
for the BPMs of the CADS Injector II linac. In normal
operation, the accelerator will work with CW beams but
during its commissioning and tuning phases, the beam
will be mostly pulsed at low duty factors. Therefore,
the BPM design needs to address both operation modes.
Considering the requirements and the space limitation
on the transport line, we designed two different kinds of
capacitive pick-ups, one for the MEBT and the other for
the cryomodule. The detailed parameters of the BPMs
have been optimized with CST Particle Studio.

Table 1. Beam properties for the CADS Injector II linac.
parameter value
beam pipe diameter 50 / 40 mm
beam energy 2.1-10 MeV
bunch frequency 162.5 MHz
beam pulse length 0.1 ms - CW
bunch length orms 0.1-0.5 ns
average current 0.01-10 mA
peak current 20 mA

1% of half-aperture
0.1% of half-aperture
1-3 degree
0.1-0.3 degree
1% of full current

position accuracy

position resolution
phase accuracy
phase resolution

current accuracy

The monitor geometries and pictures are shown in
Figs. 4(a) and (b) respectively. In the MEBT, the BPMs
will be mounted inside the bore of the quadrupole mag-
nets. It is made of stainless steel (AISI 304) with /2
rotational symmetry. The total length is 150 mm. As
previously shown in Fig. 1(a), the electrodes are 35 mm
long with angular widths of 42°. The space h between
electrode and core is of 2.5 mm in order to match the
impedance to 50 €2, and the space g is set to 5 mm,
for the transit time factor. The four standard Kyocera
50 © feedthroughs are terminated by SMA connectors
for space saving. The electrodes are recessed by 0.5
mm inside the beam pipe to prevent them from beam
damage.

In the cryomodule, the cold BPMs are essential; they
are the only diagnostics components between the Super-
conducting Half Wave Resonator (HWR) and the Super-
conducting solenoid. The materials for the cold button
BPM have been investigated, and finally we decided to
collaborate with Kyocera to build a button pick-up and
feedthrough together. The detailed geometry is shown in
Fig. 4(c). It consists of an N-connector feedthrough with
a ¢70 mm flange and a curved $20.8 mm button. The
gap between beam pipe and button along the longitudi-
nal direction is 3.4 mm for the 50 2 matching. The whole
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BPM body, with a 150 mm length, is made of stainless
steel (AIST 316LN) with a maximum magnetic perme-
ability of 1.05 after the manufacturing process. These
button BPMs have successfully passed the thermal test
cycles between warm (300 K) to cold (4 K) tempera-
tures. Precisely machined surfaces for alignment targets
are shown and marked as Table 2 in Fig. 4(a) and label
4 in Fig. 4(c).
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Fig. 4. Geometries and photographs of the capac-
itive BPMs: (a) and (b) for the MEBT, (c) and
(d) for the cryomodules, and (e) drawing of a
cold BPM button mounted on a flange with its
feedthrough, made by Kyocera.

Table 2. Capacity measurements of BPM electrodes and error in the different ports.
BPM number port 1/pF port 2/pF port 3/pF port 4/pF error
MEBT-BPM1 5.23 5.20 5.24 5.07 0.08
MEBT-BPM2 5.23 5.09 5.07 5.05 0.08
MEBT-BPM3 5.12 5.27 5.15 5.21 0.07
MEBT-BPM4 5.15 5.20 5.12 5.16 0.03
cryomodule button BPM 4.96 4.96 5.07 4.96 0.06

3 Measurements and tests

3.1 Measurements of the BPM characteristics

The capacitance measurements were performed with
a Rohde Schwarz ZVAS8 Vector Network Analyzer. We

can get the electrode capacitances at low frequency in
two ways, as shown in Fig. 5: by measuring the S11
Smith Chart parameter in the frequency domain from 2
MHz to 6.4 GHz with an IF width of 1 kHz and 3200
sweeping points, or by measuring the S11 real part using
the low pass step mode in the time domain. It is known
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that the capacitive BPM has a high-pass-like character-
istic, with different behaviors on each side of the cut-
off frequency f. = 1/(2nZC)[8, 9]. According to the
measurements listed in Table 2, the average capacity of
the electrodes including the feedthrough is about 5 pF.
The capacity of the feedthrough itself is about 1.4 pF.
The cutoff frequency of this capacitive BPM is about
885 MHz. The output voltage from capacitive BPMs de-
pends on the capacity of the button electrode but also
on the surface area. Thus a large electrode surface and
a good uniformity of the four electrode capacities are
important issues.
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Fig. 5. (color online) Capacity measurement of

BPM electrodes. The capacity of 5.176 pF is
marked in trace 1 at 10 MHz, which is in agree-
ment with the TDR result of 5.16 pF in trace 2.
The capacity of the feedthrough itself is included.

3.2 Electromagnetic coupling between elec-

trodes

Although a large angular width, resulting in a large
electrode surface area, is desirable for a high signal-to-
noise ratio, the coupling between adjacent electrodes is
enhanced and affects the sensitivity of the BPM to the
beam position. Thus, the coupling strength between
electrodes must be taken into account in the design
process. Using an RF network analyzer, the coupling
strength between electrodes 1, 2, 3 and 4 were obtained
by measuring the parameters S21, S31 and S41 in the fre-
quency domain. The results are in agreement with the

simulations, as shown in Fig. 6. The measured values
are listed in Table 3.
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Fig. 6. Comparison between coupling measure-
ments and simulations for the two different elec-
trode configurations of a capacitive BPM (adja-
cent and opposite electrodes).

3.3 Test-bench calibration system

Figure 7 shows the test bench used for calibrating
the BPMs. The 50 mm diameter BPM body is fixed
on an X-Y-Z translation table and a wire of ¢0.5 mm
is stretched and fixed on the center along the Z direc-
tion. The stage can move in three dimensions by the
step-motors along the X, Y and Z axes with a preci-
sion of 1 um in the closed-loop control. Two resistances
of 210 € are in series at each end of the wire in order
to match the cable impedance. The calibration bench
has measured the BPM electrical center to a precision
better than 20 pm. An Agilent 81133A pulse genera-
tor drives the wire at a frequency of 162.5 MHz with the
proper duty factors that simulate the pulsed beams. The
electrode signals are connected, via 20 m cables (Times
TCOM240) to a Libera Single Pass H from Instrumen-
tation Technologies.

The Libera Single Pass H directly yields the beam
transverse position and beam phase at the fundamen-
tal and the first harmonic frequency. It has analog
signal processing functionality that selects the frequency

Table 3. Measured coupling strength between electrodes and errors in simulation and measurement at 162.5 MHz
/325 MHz.
BPM number S521/dB S31/dB S41/dB S21 error S31 error
MEBT-BPM1 —51.5/—45.5 —58.7/—52.9 —50.6/—44.9 1.7%/3.7% 2.4%/5.3%
MEBT-BPM2 —51.0/—45.3 —58.9/—53.1 —51.0/—45.4 1.9%/4.2% 2.0%/4.9%
MEBT-BPM3 —51.2/—45.6 —58.8/—53.0 —51.1/—45.5 1.5%/3.5% 2.2%/5.1%
MEBT-BPM4 —51.2/—45.6 —58.9/—53.1 —51.4/—45.8 1.5%/3.6% 2.0%/4.9%
cryomodule button BPM —52.1/—-45.3 —59.4/—54.5 —52.0/—46.0 1.9%/4.3% 2.4%/5.0%

027003-5



Chinese Physics C  Vol. 40, No. 2 (2016) 027003

e (2)

—1 gl e (.;]
Fig. 7. (color online) The calibration system, in-
cluding (a) the test bench with an Agilent 81133A
Pulse generator, and (b) the Libera Single Pass
H. (c) Agilent Infiniium Oscilloscope DSO90604 A,
which shows the output signals from the pick-up,
the inverse input signal from the generator, and

the signal on the wire. The signal frequency is
162.5 MHz.

components of interest and measures the signal ampli-
tudes via the undersampling technique. Furthermore a
reference Master Oscillator (MO) signal is digitized in
parallel. The MO signal provides the stable frequency
reference necessary for phase measurements [15].

Figure 8 shows the calibration results of a BPM with
a Libera Single Pass H. As shown in Fig. 8(a), the radius
of the linear area for this BPM is 2 mm around its cen-
ter with a sensitivity factor S of 9.4 %/mm. This factor,
once entered in the formula X (or V) = 1/S-AU/XU,
yields the beam position X (or Y). The amplitudes
of the fundamental and first harmonic, respectively at
162.5 MHz and 325 MHz are measured with the spec-
trum analyzer without the read-out electronics while the
BPM is installed on the calibration bench. Then, the co-
efficient factor K, or K, (= 1/5) will be confirmed and
will be input into the Libera Signal Pass H in order to
perform the mapping. The mapping results are shown
in Fig. 8(b).
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Fig. 8. (a) Difference over sum of two opposite elec-
trodes versus the wire position with 1 mm dis-
placement steps along the y-axis and (b) mapping
with 1 mm displacement steps for the button type
capacitive BPM at the fundamental frequency of
162.5 MHz with a Libera Single Pass H.

4 Beam test

A test RFQ linac of a few meters has been built at
IMP. As shown in Fig. 9, it is equipped with several
kinds of current transformer and one capacitive BPM.
The linac can supply a pulsed or CW proton beam of 10
mA at 580 keV. The RF system accelerates and bunches
the beam at 162.5 MHz. The output signal from the
BPM is directly connected to the Agilent Infiniium Os-
cilloscope DSO90604A via four LMR cables of length 50
meters. As shown in Fig. 10, the output signals of the
BPM in the time domain are in good agreement with
the simulation.

Fig. 9. The diagnostic components on the test RFQ linac.
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Fig. 10. Comparison of the BPM output signals
with a CW beam at 162.5 MHz with the sim-
ulation done with a single bunch by CST PS.
The beam energy is 580 keV with a current of

10 mA. The electrode length

is 35 mm with an-

gular widths of 45°. The beam pipe diameter is

90 mm.

5 Conclusions

Based on the comparison of the output signals’ power
between inductive and capacitive BPM, the CADS In-
jector II Proton Linac will be equipped with capacitive
BPMs. The design, calibration and test of the prototype
has been completed. CST simulations have been checked
with a real beam. They will be the basis for defining the
dynamic range needed for the Libera Single Pass H. The
calibration system has been built and commissioned.
Next steps will be i) measuring the RMS noise versus
input power, ii) analyzing the error sources in the acqui-
sition and the mechanical systems, and iii) calibrating all
BPMs and installing them on the CADS Injector II linac.
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