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Abstract The 13-MeV proton linac of the Compact Pulsed
Hadron Source (CPHS) at Tsinghua University, China, is
composed of a 50-keV electron cyclotron resonance proton
source, a 3-MeV four-vane-type radio-frequency quadru-
pole (RFQ) accelerator, and a drift tube linac (DTL). Pre-
cise measurement of the beam energies at the exit of the
RFQ and the DTL is critical for DTL commissioning. Two
button-type beam position monitors (BPMs) installed
downstream of the RFQ are used to perform the mea-
surement using a time-of-flight method. The effects of
several factors on phase measurement accuracy are ana-
lyzed. The phase measurement accuracy of the BPMs at
CPHS is better than +1.03° at 325 MHz after corrections,
corresponding to an energy measurement error of
4 0.07%. The beam energy measured at the exit of the
RFQ is 2.994 + 0.0022 MeV, which is consistent with the
design value.

Keywords Beam energy - Time of flight - Beam position
monitor - Phase pickup

< Shu-Xin Zheng
zhengsx @tsinghua.edu.cn

Laboratory of Particle and Radiation Imaging, Ministry of
Education, Tsinghua University, Beijing 100084, China

Laboratory for Advanced Radiation Sources and Application,
Tsinghua University, Beijing 100084, China

Department of Engineering Physics, Tsinghua University,
Beijing 100084, China

State Key Laboratory of Intense Pulsed Radiation Simulation
and Effect, Northwest Institute of Nuclear Technology,
Xi’an 710024, China

1 Introduction

The Compact Pulsed Hadron Source (CPHS) is a com-
pact proton and neutron source. As shown in Fig. 1, it
consists of a 50-keV electron cyclotron resonance proton
source, two solenoids, correctors used for beam parameter
matching, a 3-m-long radio-frequency quadrupole (RFQ)
that accelerates the beam to 3 MeV, a drift tube linac
(DTL) with permanent magnet quadrupoles to accelerate
the beam up to 13 MeV, and a high-energy beam transport
(HEBT) line to deliver the beam to the beryllium target [1].

CPHS has provided stable 3-MeV proton and neutron
beams for more than 1500 h since the RFQ was commis-
sioned successfully in March 2013. The 4.2-m-long DTL
will be installed following the RFQ in 2018 to accelerate
the proton beam to 13 MeV and therefore to further
improve the neutron flux. The beam energies at the
entrance and the exit of the DTL are critical parameters for
setting the DTL working point. In other words, a beam
energy measurement system is essential for the forthcom-
ing DTL commissioning. Spectrometer [2—4] and time-of-
flight (TOF) [5] methods are two commonly used methods.
The spectrometer method needs an extra dipole magnet and
a profile monitor to perform the measurement, whereas the
TOF method only needs two phase probes separated at a
known distance. As shown in Table 1, fast current trans-
formers (FCTs) and purpose-built phase probes are fre-
quently used phase pickups for precise beam phase
measurement. Although a button-type beam position
monitor (BPM) is inherently a phase probe and has been
used for phase measurement in some laboratories [6, 7],
reported studies on the phase measurement accuracy of
BPMs are few. Given that two button-type BPMs [8] were
already installed at the HEBT line, a feasibility study on
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Fig. 1 (Color online) CPHS layout

Table 1 Typical phase probes

Facility Phase probe Phase measurement accuracy
KHIMA [9] Purpose-built + 1° at 200 MHz
LEDA [10] Purpose-built + 3° at 350 MHz
SPIRAL2 [11] Purpose-built + 0.5° at 88 MHz
C-ADS [12] FCT + 1° at 325 MHz

using this pair of button-type BPMs as phase pickups to
measure the proton beam phase and energy precisely
without adding any more hardware is conducted.

2 TOF accuracy analysis

As shown in Fig. 2, the BPM signals are transmitted
from the tunnel to the electronics through coaxial cables of
equal length. After undersampling, digital down-convert-
ing, and IQ demodulation, the signal phases from the two
BPMs, ¢, and ¢,, with respect to a reference signal can be
obtained from the IQ components. By assuming that the
distance between the two BPMs is D, the beam velocity v
can be written as

D

v:NT+At’ (1)

where N = floor(2) is the number of micro-bunches
within D, T is the radio-frequency (RF) period, and
At = (¢ — ¢,)T/2m.

With the nonrelativistic beam energy of W = mv?/2,

the relative measurement error of the TOF method is
deduced as

D

Micro bunch

BPM electronics X

325MHz ref signal —

Position Phase

Fig. 2 (Color online) Schematic diagram of the TOF method
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The energy measurement error is positively correlated
with the distance error between the two BPMs, 0D; the
bunch number error, 0N; the RF period error, 6T; and the
phase measurement error, o

oD is sum of measurement error of the distance between
the two BPMs and the manufacturing error of the distance
between fiducials and electrodes of the BPMs. Measured
by a laser tracker, the measurement error is ensured to be
< £ 0.2 mm at CPHS. Meanwhile, the manufacturing
error is required to be < &£ 0.1 mm. Therefore,
oD < £ 0.3 mm in total. For D > 2 m, the relative energy
measurement error caused by oD is < + 0.03%. The
measured beam energy will significantly deviate from the
design value if N # 0, and, as will be shown in Sect. 5, N
can be measured accurately by observing BPM signals with
an oscilloscope directly. Therefore, the energy measure-
ment error from JN is avoidable. 6T represents the master
frequency deviation of the RF system, and Jf is < 1 ppm
of the master frequency at CPHS [13]. Therefore, the
energy measurement error from 67 can be neglected.

The phase measurement accuracy is affected by several
factors, including signal coupling, signal transmission, and
signal processing. Each step of these factors may result in
phase measurement error. This will be discussed in Sect. 3.

3 Phase measurement error analysis
3.1 Dependence on beam position

A button-type BPM is composed of four electrodes; i.e.,
four signals can be obtained from one BPM. For an ideal
BPM without mechanical errors, the phases of the first
harmonic of the signals at individual electrodes are the
same if the beam is centered. Consequently, the beam
phase can be represented by either of them. By contrast, the
signal phases at individual electrodes are different if the
beam deviates from the center. This phenomenon can be
attributed to two factors: (1) BPM interelectrode coupling
and (2) the nontransverse electromagnetic field generated
by the nonrelativistic beam.

To address the first factor, the equivalent circuit of a
button-type BPM is shown in Fig. 3. The signal induced at
each electrode can be considered as a current source,
whose amplitude depends on the beam displacement.
Given the capacitive couplings between electrodes, the
final signal on electrode i can be calculated as
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Fig. 3 Equivalent circuit of a button-type BPM

4
Vi=2Y Iy, (3)

J=1

where Z; is the impedance of electrode i and c;; represents
the coupling factor between electrodes i and j.

The BPM phase deviation from four pickups as a
function of the beam displacement is shown in Fig. 4. The
circuit simulation results are consistent with the results of a
CST PARTICLE STUDIO [14] simulation using a rela-
tivistic beam. The results show that the farther the distance
between an electrode and the beam, the smaller the signal
phase at the electrode. However, the phase of the summed
signal is insensitive to beam displacement, which agrees
with the MAFIA simulation results in Ref. [15]. Explana-
tions for the phenomenon are as follows: for an ideal BPM,
Zr = Zr =7, = Zg = Z. Then, from the point of view of
the equivalent circuit, the summed signal is

N~ Hk;éi Zik .
Vam =23 > h— =z3'n, (4
i=1 j=1 Zm:] (Hn;ﬁm ZJ") i=1

where

Because the electric field is perpendicular to the beam
direction for a relativistic beam, four electrodes of the
BPM couple the electric field generated by the displaced
beam at the same time; that is, the phases of four image
currents I; (i =R, T,L,B) are the same. Therefore, the
phase of the summed signal is insensitive to the beam
displacement.

Now, let us address the second factor, also called the
low-f effect. The electric field lines of a slow-moving
beam have a finite longitudinal extent, and the longitudinal
extent of the field lines is more along the beam pipe wall
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Fig. 4 (Color online) Phase deviation as a function of vertical beam
position Y, with X being a constant of 5 mm. a Circuit simulation
results. b CST simulation results using a relativistic beam

farther from the beam, as shown in Fig. 5. Therefore, the
farther an electrode is away from the beam, the earlier the
electrode couples to the electric field generated by the
beam. That is, the phases of the four image currents are
different. Figure 6 shows the signal phases at each elec-
trode for different displacements of a 3-MeV beam simu-
lated with CST PARTICLE STUDIO. Compared with
Fig. 4, the phase deviation is larger at the same beam
displacement, which means that the low-f effect has an
impact on phase that is similar to that of the coupling
effect. These two factors have combined to cause the
dependency between the signal phase on an electrode and
the distance from the electrode to the beam. None of the
signal phases on the four electrodes reflects the real beam
phase for an off-centered beam. Nevertheless, the phase of
the vector sum of the four electrode signals is still insen-
sitive to beam displacement, as presented in Fig. 6.
Therefore, the phase of the vector sum of the four electrode
signals should be adopted to measure the beam phase with
BPMs precisely.
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Fig. 5 (Color online) Electric field distribution of a nonrelativistic
beam. The red curves indicate the image current on the electrodes

1.0— T T T T T T T
| I I I | I I I
| I I | I I La=m==0
0 I e Gu——
S k=" I I I
I + ,_\—"@ﬂ--.;__ !\ I I
—~ -2 | | e, s
€ 00 :_‘_T_-_-_-\_-—._| | I ‘w..l -
S | ~Jd I | | | | T ~e
=1 1Sa gl I I | \ I
'g —0.5F - =R T~ CIm —m - — 1m0
@ | | N e | | |
© | I I et I |
3_10 : L 7L7747777‘,}3‘7L77477*
P e e R I | I “w’ ~d |
o I | | I~ |
1.5 T I I | XA
- e e L R T RS S Pl
o B ! I | ! v 1 ®
I | | | I ~‘
—20H®® SuMf -+ - - 4 - — - |- - - - -+ — — - —
I T | | 1 | | | hd
0 2 4 6 8 10 12 14 16
Y (mm)

Fig. 6 (Color online) Phase deviation versus vertical position
Y simulated with a 3-MeV proton beam. X is a constant of 5 mm

3.2 BPM intrinsic offsets

Phase delays of each electrode of a BPM differ from
each other because of machining and assembling errors. As
shown in Fig. 7, a BPM electrode can be modeled as a
current source and a series RLC circuit connected in par-
allel [16]. The phase delay of the electrode is determined
by the impedance of the circuit. The output signal of the
electrode can be calculated as

V(o) —a)R(wIZC +;‘(1 - wZCS))
(1 — @*CL)" 4 (wRC)

Iim(®), (5)

where o is the angular frequency, R is the load resistor, C
is the ground capacitance of the electrode, L is the induc-
tance of the electrode, and [, (w) is the image current
component on the electrode at a frequency of w. Then the
phase delay of the electrode is — arctan(%), where the

minus sign is due to the definition that the signal with a
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Fig. 7 Circuit model of a BPM electrode

larger phase is prior to the signal with a smaller phase in
the field of analog circuit. However, this study uses the
opposite definition. Possible mechanical errors are assigned
to each electrode of the BPM1 and the BPM2 models
randomly to perform a numerical experiment. A compar-
ison between the circuit model method and the CST
PARTICLE STUDIO simulation is given in Table 2. The
maximum difference of the phase delays of the electrodes
of the BPM1 and the BPM2 models between the two
methods is < 0.2°, verifying the effectiveness of the circuit
model.

3.3 Difference in BPM phase responses

In the ideal case, the pair of BPMs used as phase
pickups should have the same size and structure. However,
in reality, the two BPMs used at CPHS have slight dif-
ferences in electrode size and structure, and, consequently,
the phase responses of the two BPMs are also different.
The difference can be calibrated with a coaxial wire test
bench described in the subsequent section. A 325-MHz RF
signal was excited on the wire to simulate a beam, and the
phase difference ¢ between the two BPMs was measured.
Then, the two BPMs were exchanged and the difference ¢,
was measured again. Then, the difference of the phase
responses of the two BPMs is calculated as

3.4 Cables and electronics offsets

The BPM signals are connected, via several tens of
meters of coaxial cables, to the Libera Single Pass H
(LSPH) electronics [17]. The electrical length of the cables
for a given frequency may vary as a result of environmental
changes. The degree of change is based on mechanical
stress, connector torque, and thermal conditions. In this
study, the two BPMs are only several meters apart and the
cables almost face the same environment from the tunnel to
the electronics, except for the first parts connecting to the
BPMs. Therefore, observing the phase stability of the first
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Table 2 Comparison of the
calculated and simulated phase
delays of electrodes of the BPM
models

BPM1 BPM2

Right Top Left Bottom Right Top Left Bottom
Circuit model (°) 0 — 0.06 1.41 - 1.72 0 0.31 2.41 - 1.15
CST simulation (°) 0 — 0.07 1.34 — 1.66 0 0.23 2.24 — 112

The results show the phase delays of electrodes of BPM1 and BPM2 models calculated based on the circuit
model method and simulated with CST PARTICLE STUDIO, respectively. The signal phase on the
R electrode as a reference is subtracted from those on other electrodes

several meters of cables over flexure is critical and can be
used to estimate the dynamic phase measurement error.
The inconsistency of electronic channels is another error
source. Because electronic channels and cables are usually
used in pairs, they can be calibrated as a whole. With
channel 1 as a reference, Table 3 presents the measured
phase offsets of the eight channels of the LSPH. Phase
variation over temperature is not considered in this study.
Because only the differential phase of the two BPMs is
considered, the absolute phase variation of each BPM has
no effect.

4 Off-line test

An off-line test was performed with a coaxial test bench
to further verify the effectiveness of the circuit model and
to measure the phase measurement accuracy of the two
BPMs. Continuity of the impedance along the test bench is
essential to minimize the amplitude of the reflected wave,
which may cause phase difference error between the two
BPMs. Given that the inner aperture of the beam pipe is
72 mm, a copper tube with a diameter of 33.4 mm was
used as the inner conductor for impedance matching. Each
side was a reducer that achieves the transition from the 3 %N
coaxial transmission line to the N-type connector. A pho-
tograph of the test bench is shown in Fig. 8. The parame-
ters S1; and S,; of the test bench are measured by a vector
network analyzer. As shown in Fig. 9, the reflection and
transmission losses are — 34.2 and — 0.19 dB at 325 MHz,
respectively. The amplitude of the reflected wave is ~ 2%
of that of the incident wave, which may lead to a maximum
phase difference error of 0.8°.

A 325-MHz signal was excited on one port of the test
bench; meanwhile, a 50 Q matched load ended the other
port to confirm the phase measurement accuracy of the

BPMs. The signal phase at each electrode of the two BPMs
was measured by the vector network analyzer in sequence.
The distance between the two BPMs was 174.6 mm. Given
the propagation velocity of 0.998¢ in the test bench, c is the
speed of light in the vacuum. The corresponding phase
difference between the two BPMs was found to be 68.3° at
325 MHz. Given that the phase responses of the two BPMs
are different, signals were measured by exchanging the two
BPMs. From this measurement, the phase response dif-
ference of the two BPMs discussed previously can be
measured. As shown in Fig. 10, the measured phase dif-
ferences from the four pairs of electrodes of the two BPMs
are consistent with each other and the average phase dif-
ference was 68.53° £ 0.28°, which is well matched with
the ideal value 68.3°, verifying the proper construction of
the test bench. The phase response difference of the two
BPMs was calculated according to Eq. (6). By taking the
electrode R as a reference, the difference was found to be
5.16° £ 0.16°, as shown in Fig. 11.

The intrinsic offsets of the two BPMs were also mea-
sured. The measured phase delays of each electrode of
BPM1 and BPM2 are shown in Fig. 12. By using a vector
network analyzer (R&S ZNB20), the impedances of all the
BPM electrodes at different frequencies, which are used to
calculate the capacitances and inductances of each elec-
trode, were obtained by measuring the parameter Sy; in the
frequency domain. The measured capacitances and induc-
tances of each electrode of the pair of BPMs at CPHS are
presented in Table 4. By using the measured capacitances
and inductances, the phase delays of each electrode are also
calculated with the circuit model for comparison. With
electrode R still taken as the reference, the measured phase
delays are consistent with the phase delays calculated with
the circuit model, which verifies the effectiveness of the
circuit model again. Therefore, measuring the capacitances
and inductances of BPM electrodes with a network ana-

Table 3 Phase offsets of the

eight channels of the LSPH Channel ! 2 3 4 > 6 ! 8
Phase offset (°) 0.0 — 64 — 84 — 87 10.6 21.3 — 371 7.3
Measurement error (°) +0.22 +£0.18 +0.16 £0.10 +024 =£0.15 + 035 £0.27

Measurement errors are caused by cable flexure and electronics noise
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Fig. 8 (Color online) Photograph of the off-line test bench
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Fig. 9 (Color online) Reflection and transmission losses of the test
bench
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Fig. 10 Measured phase differences from the four pairs of electrodes
of the two BPMs
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Fig. 11 Histogram of the measured phase response difference of the
electrode R of the two BPMs
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Fig. 12 (Color online) Comparison of the measured and calculated
intrinsic offsets of the two BPMs

lyzer, which is much easier than constructing an off-line
test bench, is adequate for determining the intrinsic offsets
of the electrodes resulting from mechanical and assembly
errors.

5 Experimental setup and results

Because the beam pulse structure becomes increasingly
indistinct along the beam line because of energy spread, the
BPMs should be installed close to the exit of the RFQ to
acquire large BPM signals to guarantee high measurement
resolution. As depicted in Fig. 13, BPMI1 is located
1681 mm downstream of the RFQ and BPM2 is 2213.3
mm away from BPM1. The system parameters are listed in
Table 5.
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Table 4 Measured capacitances

. BPM1 BPM2
and inductances of each
electrode of the actual BPM1 Right Top Left Bottom Right Top Left Bottom
and BPM2
C (pF) 14.21 14.17 14.27 15.18 14.33 13.92 14.75 14.32
L (nH) 8.73 8.93 9.93 9.07 10.60 10.60 10.85 10.49
Thus far, CPHS has functioned in a low-duty mode. A
40-ps-long flat-top beam, selected from a 400-ps-long Table 5 Parameters of the TOF system
beam at 50 keV by controlling the length and delay of the = Parameter Value
mlcr:?:vave f::d H;t(;_(;hli RFAQ’ 1hs accelerateq tot ?;lh/([jey at[tha Distance between BPMs (mm) 22133 +£0.3
repetition rate o z. A chopper was installed in the o period (ns) 3,077
low-energy beam transport line to form a sharp edge in the Design energy (MeV) 3,007
beam longitudinal distribution, which is beneficial to Esti & ed Ngy 3'0
. . stimate
observe the first micro-bunch of the BPM signals. The TOF
. . . OW /8L (MeV/mm) 0.0027
can be approximately measured by using an oscilloscope
OW /ophase (MeV/°) 0.0006

(Tek TDS7404B; 10 GS/s). As shown in Fig. 14, the time
needed for the beam to move from BPMI1 to BPM2 is
between 92.4 and 92.8 ns, respectively, including 30
micro-bunches.

Eight signal phases from the two BPMs are measured
with the LSPH electronics to achieve a more accurate
measurement. The measured and corrected results are listed
in Table 6. Although the corrected signal phases on the
four electrodes fulfill the conclusion in Sect. 3, the phase
differences between electrodes caused by beam displace-
ment are slightly larger than the simulation results, given
that the beam positions at BPM1 and BPM?2 are (4.7 mm,
— 1.0 mm) and (— 6.0 mm, — 0.5 mm), respectively. The
maximum phase difference between electrodes resulting
from the displacements should be < 1° according to CST
simulation. Nevertheless, the actual maximum phase dif-
ference between electrodes is 2.06° for BPM1 and 1.88° for
BPM2. Because the phase of the vector sum of the four
electrode signals is adopted for beam position correction,
the error in the phase will be not more than the maximum
phase difference between electrodes. Although the large
difference is worth studying further, the phase measure-
ment errors resulting from the displacements are < =+
1.03° for BPM1 and < % 0.94° for BPM2. Given that the
maximum measurement error of the phase response dif-
ference of the two BPMs is £0.36°, the phase difference
measurement error is < = 2.33° in total. Therefore, the
measured phase difference is 31.5° & 2.33°, corresponding
to a beam energy of 2.994 4+ 0.0022 MeV, which is con-
sistent with the design value.

3028 1681 22133

- Bk

RFQ BPM1 BPM2

Fig. 13 (Color online) Experimental setup of the TOF measurement
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Fig. 14 (Color online) Signals on the T electrodes of BPM1 (in blue)
and BPM2 (in red)

Given that signal phases can be measured once per
microsecond, beam energy jitter within a macro-bunch was
investigated. The result is shown in Fig. 15. The beam is
stable, with energy variation within a macro-bunch being
only ~ 0.03%. The relation of the beam energy to the RF
power fed into the RFQ was also studied. The beam energy
measured at different feeding RF powers to the RFQ is
shown in Fig. 16. Near the design value, RF power fed into
the RFQ has limited effects on the RFQ output energy. The
variation trend of the curve is similar to the beam dynamics
simulation result of the RFQ with the TraceWin code [18],
but their shapes and absolute values are discrepant. More
studies on the RFQ beam dynamics should be conducted to
explain the discrepancy, which is beyond the scope of this

paper.
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Table 6 Measured and corrected signal phases from BPM1 and BPM2

BPM1 BPM2
Right Top Left Bottom Right Top Left Bottom
Measured phase (°) 264.73 257.17 256.73 258.69 310.04 320.39 266.11 307.14
(£ 0.06) (£0.05) (£0.09) (£0.06) (£046) (£0.53) (£0.32) (£04)
Electronics, cable, and BPM Offsets corrected (°) 264.73 262.99 262.67 264.17 299.44 300.06 301.32 300.31
(£023) (£0.19) (£0.18) (£0.12) (£0.52) (£0.55) (£0.47) (£0.48)
Beam position corrected (°) 263.9 (+ 1.03) 300.6 (£ 0.94)
Diff. between BPMs corrected (°) 263.9 (£ 1.03) 2954 (£ 1.3)

Phase difference (°) 31.5 (£ 2.33)

The first row lists the average raw acquired phase signals of five sets of measurements. The measurement errors of BPM2 are larger than those of
BPMI1 because of lower signal amplitude. The second row lists the phases after the electronics, cable, and BPM offsets are corrected. The third
row lists the phase of the vector sum of the signals from the four electrodes. The fourth row lists the final phase signals after the phase response
difference between the two BPMs is corrected. The last row lists the final phase difference between the two BPMs

2.9948

2.9940

Beam energy (M

2.9938

2.9936

2.5 5.0 7.5 10.0 125 150 175
Time (US)

Fig. 15 Beam energy jitter within a macro-bunch

6 Summary

In this paper, energy measurement with an accuracy of
£ 0.07% has been achieved using the TOF method with
two button-type BPMs separated by an appropriate distance
at CPHS. After accurate calibrations and off-line tests, the
phase measurement accuracy of the button BPMs at CPHS
is better than +1.03° at 325 MHz. The phase difference
measurement errors that originate from beam displace-
ments, BPM intrinsic offsets, phase response difference
between BPMs, and offsets and noise of electronics and
cables are analyzed, and corresponding correction methods
are introduced. After these corrections are made, we find
that the BPM can be a good option as a precise phase
pickup and that an accelerator equipped with at least two
BPMs has the capability of measuring beam energy
precisely.
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