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An x-ray beam position monitor (XBPM) prototype that can be operated in pulse mode has been
designed and demonstrated. The monitor has a microstripline structure for signal transmission lines and a
titanium electrode sputtered on a diamond heat sink as a photocathode. The detection elements of this
monitor generate unipolar single pulses with a full width at half maximum of less than 1 ns, allowing a
pulse-by-pulse measurement of the synchrotron radiation beam. By synthesizing these pulses, a directly
readable position sensitive signal is provided from pulse to pulse. This monitor can be used in the direct
current mode in which it exhibits a stability and resolution as good as those of conventional XBPMs.
Results of the performance tests of the monitor at the SPring-8 synchrotron radiation beam line are also
presented.
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I. INTRODUCTION

X-ray beam position monitors (XBPMs) are widely used
tools to provide information on the photon beam position
and pointing stability in the front end in a synchrotron
radiation facility. The standard XBPMs are photoemission
type, and blade-shaped tungsten or diamond is used as the
detection element to improve heat resistance [1–6]. In the
SPring-8 storage ring, XBPMs are installed at the front end
of all insertion device beam lines (ID-BLs) and most of the
bending magnet beam lines (BM-BLs). The XBPM for an
ID-BL has four detection elements arranged horizontally
and vertically near the optical axis to measure the photon
beam positions in the horizontal and vertical directions,
respectively; for a BM-BL, the XBPM has two detection
elements arranged vertically to measure the photon beam
position in the vertical direction.
In synchrotron light sources, the number of time-

resolved experiments, utilizing the pulse property of a
synchrotron radiation (SR) beam to analyze the phenomena
that develops in an extremely short time, is increasing
[7–9]. For example, in a user experiment, time-resolved
measurements of the electronic properties via x-ray pulse
excitation are carried out by synchronizing the SR pulse
with a wideband pulse laser by using pump-probe tech-
niques. To perform these experiments stably and efficiently,
the beam position fluctuations for each SR pulse must be

suppressed to at least 10% of the beam size. As the
minimum spread of the first harmonic, generated in the
undulator radiation, is approximately 10 μrad root mean
square (rms), the required resolution of the XBPMs, which
are located at a distance of approximately 20 m from the
undulators, is 20 μm. Even if the pulse intensity changes due
to the difference in filling pattern of the storage ring, it is
necessary to satisfy this condition. In addition, the short- and
long-term beam positional stabilities are required to be of the
order of 1 μm, as in the case of a conventional XBPM.
In the SPring-8, after extensive efforts, a high level of

stabilization of the electron beam has been realized not only
for short- and long-term periods but also for pulse-by-pulse
stabilization [10–17]. It is crucial to verify pulse-by-pulse
stabilities by directly observing the SR beam. However, the
conventional XBPMs have a large stray electric capacitance
owing to the physical size of the detection elements. The
stray capacitance (C) of tungsten blades of conventional
XBPMs is typically 480 pF. This corresponds to a time
constant (t ¼ C · R) of 24 ns. In addition, the blades in a
vacuum chamber and feedthrough terminals are connected
by bare wires, causing intense reflection. An RG-58 coaxial
cable is used to transmit the signal from in the machine
tunnel; therefore, attenuation also occurs in the high-
frequency range. Thus, the time resolution of these conven-
tional XBPMs is limited and it is not possible to measure
each pulse of the SR beam. To solve this problem, a pulse-
by-pulse SR beam monitor with a microstripline structurer
had been developed [18,19]. In this monitor, an impedance
matching microstripline itself is used as the photocathode
of the detection elements for optimum improvement of the
high-frequency characteristics. It has already been demon-
strated that the dynamics of the SR beam (intensity,

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI.

PHYSICAL REVIEW ACCELERATORS AND BEAMS 24, 032803 (2021)

2469-9888=21=24(3)=032803(13) 032803-1 Published by the American Physical Society

https://orcid.org/0000-0002-7571-8936
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevAccelBeams.24.032803&domain=pdf&date_stamp=2021-03-15
https://doi.org/10.1103/PhysRevAccelBeams.24.032803
https://doi.org/10.1103/PhysRevAccelBeams.24.032803
https://doi.org/10.1103/PhysRevAccelBeams.24.032803
https://doi.org/10.1103/PhysRevAccelBeams.24.032803
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


position, and timing) can be observed pulse by pulse in the
BM-BLs using this monitor [20]. However, to use this
monitor in the ID-BLs, which have a significantly powerful
SR beam, further improvements in the heat resistance
property of the monitor are required.
Forming impedance-matched electrodes on the surface

of a diamond heat sink by directly adopting the idea of a
microstripline structure is considerably difficult, because it
is not practically compatible with securing a cooling path to
improve the heat resistance. Therefore, we accepted the
impedance mismatch in the vicinity of the detection
elements and tried to limit the increase in the time constant
by optimally reducing the stray capacitance while securing
an effective area of the photocathode [21].

II. DESIGN STUDY

We have considered the following points while proceed-
ing with the design study of the proposed pulse-mode
XBPM. Instead of directly irradiating the SR beam on the
metal line of the microstripline structure, metal (titanium) is
plated on the diamond heat sink as a photocathode. Four
detection elements [upper-left (UL), upper-right (UR),
lower-left (LL), and lower-right (LR)] are arranged almost
parallel to the SR beam axis to reduce the effective
irradiation cross section, as shown in Fig. 1. The diamond
heat sink holder is mounted on a cooling base welded to an
ICF70 flange, which is introduced from both top and
bottom side ports. Separately, the signal transmission line
with the microstripline structure, which is attached to the
ICF70 flange [22], is introduced from both left and right
side ports. By separating the cooling mechanism and the
signal transmission line, the high-frequency characteristics
are partially sacrificed compared to the signal transmission
line with the microstripline structure, but the cooling
efficiency is expected to be significantly improved.

Figure 2 shows a six-way cross chamber with a couple
of detector holders mounted on the top and bottom ports
and a couple of signal transmission lines mounted on the
left and right ports.

A. High-frequency characteristics

To evaluate the high-frequency characteristics of the
newly designed monitor, it is ideal to use a single x-ray
pulse (typical pulse length of 30 ps rms) in the actual SR
beam line. However, off-line tests, such as the time domain
transmissiometry (TDT) and time domain reflectometry
(TDR), can easily locate where the impedance mismatch
occurs between the detector and the feedthrough terminal
of the vacuum chamber. If a problem is found, then it can be
corrected in advance. Therefore, TDT and TDR were
carried out to evaluate the high-frequency characteristics
of this monitor. Usually, a rectangular wave is used as a
probe signal, and the variation at the rising or falling edges
are analyzed. In our experiment, a single unipolar pulse
[full width at half maximum ðFWHMÞ ¼ 140 ps] was used
as the incident signal because the corresponding response
signal was easy to interpret.
The actual usage of this monitor is to transmit the charge

generated on the detection element at the tip of the diamond
heat sink to a measuring instrument. Therefore, the time
structure of an actual output signal can be predicted by
observing the transmission of the unipolar signal, which is
the input from the detection element via the probe. Figure 3
shows the setup of the TDT experiment. The input pulse
from the pulse generator is divided into an oscilloscope
trigger signal and a probe signal by the resistive power
divider (HUBERþ SUHNER 4901.19A). This method
simulates a signal transmission path for a signal generated
in the detection element. In this experiment, the diamond
heat sink was replaced by a dummy to prevent handling
failures. To obtain a response signal with less noise, it is

FIG. 1. Diamond heat sink (upper right) and configuration of
transmission lines having microstripline structure and heat sinks
mounted on a cooling base. In this figure, two lower heat sinks
(LL, LR) out of four heat sinks and signal transmission lines for
the two left-sided heat sinks (UL, LL) are shown.

FIG. 2. Diagram of the six-way cross chamber with a couple of
detector holders mounted on the top and bottom ports and a
couple of signal transmission lines mounted on the left and
right ports.
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important to ground the shield wire of the probe to the
vacuum chamber at a position near the core wire of the
probe (not shown in the figure). Figure 4 shows the time
structure of TDT signals in the following cases: (T-0) the
trigger signal branched by the resistive power divider, (T-1)
the direct signal when the cable of the probe is short-
circuited, (T-2) the transmitted signal when the probe is
connected to the tip of the microstripline structure (the the
SubMiniature version A (SMA) connector is connected to
the upper feedthrough of ICF70), and (T-3) the trans-
mission signal when the probe is connected to the tip of the
detection element (the SMA connector is connected to the
lower feedthrough of ICF70). Although the output signal
from the tip of the microstripline structure (T-2) has a 0.4 ns
delay (which corresponds to the time length of the micro-
stripline structure) compared to the short-circuit signal (T-
1), the time structure is largely retained. A double peak
appears in the signal from the detection element (T-3)
because of the impedance mismatch between the detection
element on the diamond heat sink and the microstripline
structure.

Figure 5 shows the TDR setup. The input pulse from the
pulse generator is branched into the oscilloscope and to
the test object, and the TDR signal is received by the
oscilloscope. TDR measurement is useful because in this
method, the detector is protected by avoiding a direct
contact between the probe and the detection element in the
vacuum chamber. Figure 6 illustrates the measurement
results of the TDR. When a 50 Ω terminator is attached to
the SMA connector, only the input pulse is observed (R-1).
When the terminator is removed (open end), a reflected
pulse is observed after a time delay of approximately 8.6 ns,
which is equivalent to twice the cable length (R-0). When
the SMA connector is connected to the upper feedthrough
of the ICF70, the TDR signal is observed with a delay of
approximately 0.7 ns (R-2). When it was connected to the
lower feedthrough of the ICF70, the TDR signal shows a
double-peak structure (R-3).

FIG. 3. Experimental setup of the TDT.

FIG. 4. Time structure of TDT signals. The signal of T-3,
magnified 4 times, is displayed along the vertical axis.

FIG. 5. Experimental setup of TDR.

FIG. 6. Time structure of TDR signals.
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To clarify the relationship between the result obtained by
TDR and the pulse waveform actually generated from the
monitor, the same measurement was performed with a
diamond semiconductor detector developed as an electron
beam halo monitor [23]. Figure 7 shows a schematic of the
detection element (right) and the actual structure of the
entire detection element including the ICF70 flange (left).
Figure 8 illustrates the TDR signal of the diamond semi-
conductor detector (R-4) and the signal generated by the
injection of an electron pulse beam (t ¼ 50 ps FWHM)
during an actual operation (R-5). The separation between
the peaks in the double peak observed in TDR is approx-
imately 0.5 ns, whereas the FWHM of the actual output
pulse was 0.4 ns. In analogy to the diamond-based detector
of the electron beam halo monitor, the TDR result
of the pulse-mode XBPM suggests that unipolar single
pulse signals with subnanosecond pulse length can be
expected.

B. Thermal finite element analysis

As the SR beam intensity of ID-BLs is higher than that of
BM-BLs, the heat-resistant design of detection elements for
ID-BLs becomes extremely challenging. The beam powers
and shapes of typical SPring-8 SR beam lines are as
follows. In the BM-BLs, the beam power of SR beam
has a uniform distribution in the horizontal direction and
spreads in the vertical direction to approximately 1=γ ¼
64 μrad half width at half maximum (HWHM). Here, the
Lorentz factor (γ) is approximately 16,000 for SPring-8,
where the energy of the electron beam is 8 GeV. The
maximum power density is 1.5 kW=mrad2. At a typical
distance of about 12 m from the light source (BM) to the
XBPM, the beam size is 0.77 mm HWHM in the vertical
direction and the maximum power density is 10 W=mm2.
Contrarily, in the ID-BLs the beam power spreads in
approximately 100ð40Þ μrad HWHM in the horizontal
(vertical) direction. The typical value of the maximum
power density is 400 kW=mrad2. At a typical distance of
20 m from the light source (ID) to the XBPM, the beam
sizes are 2 and 0.8 mm HWHM in the horizontal and
vertical directions, respectively, and the maximum power
density is 1 kW=mm2.
Therefore, the four detection elements are located at

�3.5 mm horizontally and �2.0 mm vertically from the
center of the beam axis such that they are not exposed to an
SR beam with a power density of 10 kW=mrad2

(25 W=mm2 at the XBPM position) or more. It is estimated
that the power that is irradiated constantly during operation
is 10 W or less in the ID-BL, and that it could be
temporarily increased to approximately 25 W during the
commissioning or tuning.
To evaluate the heat transfer characteristics of this

monitor, the thermal finite element analysis (ANSYS®
Release 17.0) was carried out on the diamond heat sink
(20 × 8 × 0.3 mm3), the heat sink holder, and the cooling
base. In the quarter model used for the analysis, the heat
sink holder and the cooling base are treated as a monolithic
cylinder for simplification. Figure 9 shows an analysis

FIG. 7. Schematic of the detection element (right) and entire
structure of the detection element including the ICF70 flange
(left) developed as an electron beam halo monitor.

FIG. 8. Time structure of TDR signals and actual signal of
electron beam halo monitor.

FIG. 9. Quarter model used for the thermal finite element
analysis, where the heat sink holder and the cooling base are
treated as a monolithic cylinder. The analysis result of a typical
case in the normal operation of the SPring-8 standard ID-BLs is
shown in a contour diagram.
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result of a typical case in the normal operation of the
SPring-8 standard ID-BLs. The thermal conductivity (TC)
of diamond and copper are set to 1,500 and 400 W=ðmKÞ,
respectively. Thermal contact conductance (TCC) between
the diamond heat sink and the copper heat sink holder is
assumed to be 10;000 W=ðm2KÞ in this calculation. The
input power of 10 W, which is equivalent to the maximum
value assumed in the normal operation, is distributed to the
tip (1 × 8 × 0.3 mm3) of the heat sink with uniform heat
flux. The homothermal condition (30 °C) is set at the
bottom of the cooling base. In this typical case, the
temperature of the top of the diamond heat sink will be
82 °C, which is well tolerated for use.
Figure 10 shows temperature variations in the quarter

model due to difference in the TCs of blade materials used
for the heat sink under the condition that the TCC is
10;000 W=ðm2KÞ. If the TC of diamond is higher than
1;500 W=ðmKÞ, the temperature rise is moderately sup-
pressed suggesting that the exact value of the TC of
diamond is not strictly needed. In contrast, if copper or
tungsten plates are used for the heat sink, the temperature
rise exceeds acceptable limits.

As it is not easy to estimate precisely the TCC between
the diamond heat sink and the copper heat sink holder, the
temperature variations in the quarter model were inves-
tigated by changing the TCC. Figure 11 shows that the
temperature variations are considerably low if the TCC
exceeds 10;000 W=ðm2KÞ, and that the temperature rise
exceeds the tolerance of 100 °C if the TCC is below
2;000 W=ðm2 KÞ.
The maximum input power is expected to reach approx-

imately 25 W during commissioning/tuning of the beam
lines. The temperature variations of the quarter model were
investigated by changing the input power, as shown
in Fig. 12.
The estimated maximum temperatures that are attained

owing to the different heat sink materials, which are
described earlier, are summarized in Table I. Thus, the
proposed designwith diamonds for the heat sink can be used.

C. Considerations on the TCC

Cooling the diamond heat sink is an important technical
factor for enhancing the heat transfer characteristics. First,
we examined the brazing joints that have the highest TCC.
Based on the result of a bonding test using a sample of
diamond plate and a tungsten block, we inferred that

FIG. 10. Temperature variations of the quarter model due to
difference in the TCs of blade materials.

FIG. 11. Temperature variations of the quarter model due to
difference in the TCC between diamond and copper.

FIG. 12. Temperature variations of the quarter model due to
difference in input power. TCC between diamond and copper is
assumed to be 10;000 W=ðm2 KÞ.

TABLE I. Maximum temperature attained owing to different
heat sink materials (estimated). Values denoted with † are not
indicated in Figs. 10–12.

Material of
heat sink

Thermal conductivity
[W=ðmKÞ]

Input
power [W]

Maximum
temperature [°C]

Tungsten 180
10 310
25 730†

Copper 400
10 171
25 382†

Diamond 1500 (2000)
10 82 (74†)
25 160 (139†)
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brazing directly to diamond is difficult because the dia-
mond is easily cracked and damaged during brazing, and
the poor vacuum of a brazing chamber causes impurity
deposition and a deterioration in the electrical insulation of
the diamond. Next, a method of inserting an indium foil (In,
melting point 156 °C) or a tin foil (Sn, melting point 228 °C)
between a diamond plate and a copper block was examined.
Each foil was separately sandwiched between the diamond
plate and the copper bock, heated to a temperature of
approximately 10 °C above the respecting melting point of
the foil material, and finally, cooled to room temperature
(25 °C) for observation. We observed that the adhesion
between the copper and the indium foil and between the
diamond and the tin foil were satisfactory. However, the
observation did not indicate whether using either foil was
appropriate. Therefore, we decided to maintain the vacuum
bake-out temperature under 180 °C to prevent damage and
then selected indium, whose melting point is close to the
bakeout temperature, as the thermal interface material.

III. PERFORMANCES IN PULSE MODE

A. Structure

In the conventional XBPMs, as the blade-shaped detec-
tion elements are mounted parallel to the beam axis, most
of the photoelectrons are generated at the end face of the
blades irradiated with the SR beam. The detection elements
of a prototype pulse-mode XBPM are designed to have an
inclination of approximately 1=20 with respect to the beam
axis so that it is irradiated mainly on one side of the blade.
Consequently, an electric field applied between the charge
collecting electrode and the detection elements becomes
uniform, and the photoelectron emission is efficiently
controlled. Figure 13 shows the heat sink holder and the
detection elements used in the actual devise. Titanium,
which acts as the photocathode, is deposited on one side of
all detection elements. Figure 14 shows a signal trans-
mission line with the microstripline structure. Figure 15
shows the overall structure of this monitor. The heat sink
holder (Fig. 13) and the signal transmission line (Fig. 14)
are combined in the six-way cross chamber. A shading
mask is fixed immediately upstream of the six-way cross

chamber to prevent the heat sink holder from irradiation,
which is widely emitted from the bending magnet on the
upstream and downstream of the insertion device.
By fixing a couple of charge collecting electrodes

(retarding electrodes) on the left and right sides of the

FIG. 13. Photographs of the heat sink holder (left) and the
detection elements (right).

FIG. 14. Photograph of a signal transmission line with the
microstripline structure.

FIG. 15. Overall structure of this monitor, (a) a view of the
external configuration and (b) a view of the internal configuration
along a vertical cross section.
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detection elements, the photoelectrons emitted from the
detection elements into the vacuum are enhanced (sup-
pressed) when negative (positive) voltage is applied. In the
direct current (dc) mode measurement, same as the conven-
tional XBPMs, the output signal becomes stable, and
accuracy of the monitor is improved by applying a voltage
of approximately þ100 V to the charge collecting electro-
des. As will be described later, in the pulse-mode meas-
urement, the emission of low energy photoelectrons, which
disrupt the pulse waveform, is suppressed by applying a
negative voltage; hence, optimizing the pulse waveform.
This monitor was installed in the SPring-8 BM-BL
(BL02B1) front end (Fig. 16), and performance tests were
carried out. Among four signal cables, Sucofeed 1=2”
(HUBERþ SUHNER), which has small attenuation in
high-frequency region, was used as the UL cables to observe
pulsewaveform. For the remaining three cables (UR, LL and
LR), S-04272B (HUBERþ SUHNER) was used, because
they are primarily used in the dc mode measurement.

B. Observation of pulse waveforms

Figure 17 shows a typical pulse waveform of the current
signal on this monitor. The filling pattern of the storage ring
was “1=7 filling þ5 bunches” mode. One of the five
bunches was observed. A pulse length with a FWHM of
0.7 ns was obtained when the applied voltage of the charge
collecting electrodes was −100 V. Compared to the pulse
waveform R-5, shown in Fig. 8, the pulse length is slightly
wider, and the tip has a double peak structure. It was
considered that a long tiny ringing remained after the pulse
was derived from the high-frequency resonance generated
in the vacuum chamber.
As shown in Fig. 18, several pulse waveforms are

observed by changing the applied voltage. The pulse
waveform features, such as the height and length, signifi-
cantly depend on polarity and amplitude of the applied
voltage. The pulse height and width decrease as a negative

voltage is applied because it blocks the emission of
negatively charged photoelectrons. However, as the neg-
ative voltage is increased, the double peak structure of the
pulse waveform becomes more prominent, which cannot be
explained by the resonance of the high-frequency compo-
nent in the vacuum vessel because a resonance should
decay gradually over time. The first peak in this double-
peak structure is due to the photoelectrons that have
sufficiently high energy to not be affected by the voltage
of the charge collecting electrode. The second peak is due
to the deceleration of the low energy photoelectrons by the
negative voltage of charge collecting electrode.
By setting the applied voltage to −40 V or less, the tail

decreases and the FWHM becomes 1 ns or less. This
applied voltage range is suitable for a shot-by-shot meas-
urement with narrow pulse intervals. Conversely, by setting
the applied voltage to −40 V or higher, the tail becomes
bigger and the pulse length increases. As the applied
voltage exceeds þ100 V, the signal charge becomes

FIG. 16. Photograph of a pulse-mode XBPM installed in the
SPring-8 BM-BL (BL02B1) front end. The monitor is mounted
on a XY stage to be moved horizontally and vertically. The beam
direction is from left to right.

FIG. 17. Typical pulse waveform of the current signal. An
oscilloscope (4 GHz B. W., 20 GS=s, 100-time average) is used
for pulse waveform observation. The baseline is marked with a
dotted line.

FIG. 18. Variation of pulse waveforms observed by changing
the voltage of the charge collecting electrodes.
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constant and the fall time reduces; however, the ringing
with a large amplitude in the tail becomes noticeable. The
pulse height further increases and the ringing intensifies
above þ300 V. Thus, an applied voltage range of from
þ100 to þ300 V is suitable for an isolated single-shot
measurement. The relationship between the applied voltage
and the signal current in the dc mode is described in
Sec. IVA.

C. Pulse height response to x-ray incidence

To evaluate the response of the output signal of the
detection element, it is appropriate to inject the storage ring
with a filling pattern in which the pulse intensity of each
bunch is modulated. This method was adopted to evaluate a
microstripline detection element [19]. However, as this
filling pattern was not available in the SPring-8 user
operation mode, this monitor was evaluated in the 1=7
filling þ5 bunches condition, which is one of the user
operation modes, as a simple alternative method.
The response of the pulse height to incident x rays was

determined as follows. As shown in Fig. 19, the pulse
height of the pulse train part of the filling pattern 1=7 filling
þ5 bunches is compared with the bunch current of the
storage ring, which is proportional to the x-ray intensity.
The bunch current was measured with the sum signal from
a button BPM pickup, calibrated with the storage ring
current monitor (dc current transformer). In the vertical

axis, the bunch current (right) is scaled to match the pulse
height (left) of the leadoff pulse. The pulse height tracks the
bunch current of the storage ring [Fig. 19(a)]. However, the
second and subsequent pulses are approximately 10%
higher than the bunch current because the pulses are piled
up on the tail of the preceding pulses, even in the middle
part of the train, which is evident from the trailing after the
last pulse of the pulse train [Fig. 19(b)].
The aforementioned measurement was made at the

applied voltage (−100 V) of the charge collecting electro-
des. Although the applied voltage was changed in various
ways, no improvement in the pileup situation was
observed. To reduce the pileup, it is necessary to suppress
the tiny, yet long-lasting ringing, which is also shown in
Fig. 17. The ringing is considered to be generated because
of the high-frequency resonance in the vacuum chamber,
therefore it must be removed by the available methods,
such as the insertion of an absorber (like silicon carbide).

D. Synthesization of position sensitive signal

Based on the unipolar single pulse output of this monitor,
we devised a new method to synthesize position sensitive
signal. In case of beam position monitor for charged
particles, position calculation is performed after digital
conversion of the pulse signals from respective detection
electrodes. However, for this monitor, the position sensitive
signal is synthesized from unipolar single pulses only by
using a simple rf circuit.
Figure 20(a) shows the configuration of the rf circuit to

synthesize the position sensitive signal. The UR signal is
split into two signals by a resistive power divider: one is
connected to the oscilloscope, and the other is reversed in
phase at the short end of the tip of the stub cable. In this
measurement, the applied voltage is set to−300 V, because
the tail of the original waveform, which is obtained before
connecting the rf circuit, is sufficiently suppressed at below
this voltage, as shown in Fig. 20(b). It is not identical to that
measured at −300 V, as shown in Fig. 18, due to the
difference in the cables used. The LR signal is kept at the
same phase by setting the tip of the stub cable to the open
end. A “difference” signal is synthesized by combining
the inverted UR signal and the phase pure LR signal.
Figure 21(a) shows the experimental results. The pulse at
t ¼ 0 ns is a “sum” signal, inwhich theURsignal and theLR
signal are combined via the shortest path. The pulse after
approximately 8.6ns is thedifference signal, inwhich theUR
signal and the LR signal are combined after being reflected at
the tip of each stub cable. The pulse charge of the sum signal
remains constant even when the monitor is scanned with
0.1 mm step in the vertical direction. However, the pulse
height of the difference signal is sensitive to a change in the
beam position. In Figure 21(b), the integrated charge of the
difference signal at each position is plotted, which shows that
the integrated charge is linearly proportional to the vertical
stage position over an operating range of about 1 mm.

FIG. 19. Response of the pulse height to incident x rays,
(a) head of pulse train, (b) tail of pulse train. The pulse waveform
is indicated by the blue line and the bunch current is indicated by
the red circles. The baseline is marked with a dotted line. The
applied voltage of the charge collecting electrodes is set
to −100 V.
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E. Single pulse resolution

To comprehend the characteristics of the waveforms, the
pulse-mode signal waveforms that are introduced in the
evaluation tests are averaged 100 times over the entire data
range. The averaging is performed because the evaluation
tests were conducted in the BM-BL, which has a much
smaller current signal than the ID-BLs, and the pulse height
fluctuates significantly in the single-shot measurement.
Presently, this prototype fails to exhibit the required
resolution in the tests performed in the BM-BL. For
example, at the applied voltage of þ100 V, each integrated
value of the UR or LR pulse signal (typically ∼0.8 pC)
is observed with a typical fluctuation of from 1.7 to
2.1 % rms. The error propagation in the operation of
“difference/sum” of four signals is estimated to be approx-
imately 1.4% rms, which corresponds to approximately
20 μm rms when converted into an error in beam position
estimation. The conversion formula and coefficient
(Ay ¼ 1.25) are described later. The current signals
observed in the ID-BLs are increased to be 30 times that
in the BM-BLs; therefore, in general, we can estimate the
resolution as 1/several (1/the square root of 30). Owing to
the increase in the current signals, a resolution of approx-
imately 4 μm rms is expected when the signal is measured
individually for each detection element and the beam

position is converted. On the contrary, when the rf circuit
was used to synthesize the position sensitive signal,
described in Sec. III D, the resolution deteriorated further
because the pulse height was reduced to 1=8 of its initial
value by passing it through the resistive power dividers
(−6 dB) 3 times. Through this study, we have confirmed
that the fundamental solution to improve the resolution
requires an increase in signal charge. To achieve this, it is
necessary to increase the size of the detection element
as much as possible within a range such that its high-
frequency performance is not affected, or we can use
diamond as a semiconductor detector.

IV. EVALUATION IN dc MODE

Operating in the dc mode, the existing conventional
XBPMs in the SPring-8 constantly monitor the short- and
long-term photon beam positions, and the beam vibration,
typically, at frequencies lower than 500 Hz. Although this
pulse-mode monitor is optimized for pulse-mode measure-
ments, it can be also used in the dc mode similar to
conventional XBPMs. A thorough evaluation in the dc
mode confirms that this monitor operates properly in the

FIG. 20. (a) Configuration of the rf circuit to generate the
position sensitive signal. Dividers (−6 dB) are shown as open
circles. (b) Typical pulse waveform of the current signal. The
used cable is S_04272_B (HUBERþ SUHNER).

FIG. 21. (a) Variation of position sensitive signals. (b) Plot of
the integrated charge of the difference signal against the vertical
stage position is plotted.

PULSE-MODE X-RAY BEAM POSITION MONITOR … PHYS. REV. ACCEL. BEAMS 24, 032803 (2021)

032803-9



pulse mode. Additionally, to demonstrate the pulse-mode
XBPM in the SPring-8 BLs during a user operation, it is
necessary to replace the conventional XBPMs, which are
already in operation, with the newly designed XBPM
owing to the limitation in space availability. Therefore, it
is crucial that the newly designed XBPM, as an alternative
to the conventional XBPM, operates normally.
The characterization tests of the pulse-mode monitor in

the dc mode are described in this section. The current
signals from the blades are measured using a four-channel
current-to-voltage converter in the frequency range used in
a conventional XBPM (from dc to 10 kHz). The data
acquisition rate of the analog to digital converter (ADC)
was one data point per 6 s with a time constant of
approximately 1 s.

A. Variation of current signal with applied voltage

Observing the current signal that depends on the applied
voltage of the charge collecting electrode is useful to
conduct a simple operational check of the XBPM.
Figure 22 shows the variation of the average of four current
signals in the dc mode and the signal charge in pulse mode
with respect to the voltage applied to the charge collecting
electrodes. Evidently, they are highly dependent on the
voltage of the charge collecting electrodes. The slope is
steep around 0 V, and the retarding effect is obvious on the
negative side because the blades of this monitor are not
exactly parallel to the beam axis and are slightly inclined,
such that only one side of the blade is illuminated, which
enhances the effective electric field. As a result, it is
possible to suppress both the emission of slow electrons
having an energy of several tens of electron volts, and the
increase in pulse length. For applied voltages above
þ40 V, the current signal is constant. This is consistent

with the phenomenon, as shown in Fig. 18, that the
integrated charge becomes constant (the pulse width
decreases while the pulse height increases) for an applied
voltage ofþ40 V and above. Near 0 V, the signal charge in
the pulse mode is slightly lower than that in the dc mode.
This is because the signal charge is suppressed by the
space-charge effect of the photoelectrons, which are emit-
ted by a single pulse with a high charge. In the dc mode
operation, the applied voltage should be þ40 V or higher,
which is the plateau region shown in Fig. 22. Subsequent
evaluation tests in the dc mode are conducted at the applied
voltage of þ100 V.

B. Position sensitivity and resolution

Vertical scan measurements were performed to deter-
mine the sensitivity, resolution and linearity region of this
monitor. Figure 23 shows the results of the scan measure-
ment with scan steps of 0.2 mm. A vertical correction
coefficient, Ay, of the value 1.25 was obtained from the
slope of the difference/sum of y, which is linear over a wide
range of the vertical stage position from −0.5 to þ0.5 mm.
This corresponds to the linear region in the pulse mode, as
shown in Fig. 21(b). In contrast, the difference/sum of x is
maintained at a constant value because the SR beam from
the bending magnet spreads uniformly in the horizontal
direction. By evaluating the horizontal beam position, it can
be confirmed that the four detection elements are operating
normally.
Figure 24 shows the results of the scan measurement in

steps of 1 μm at 1 min intervals to evaluate the resolution.
A resolution of 0.12 μm rms was obtained from the
measurement results. It was shown that in the dc mode,
this monitor exhibited a resolution that is comparable to
that of the conventional XBPM.

FIG. 22. Variation of the average of four current signals in dc
mode and the signal charge in the pulse mode with respect to the
voltage applied to the charge collecting electrodes. The signal
charge in the pulse mode (red dots) is the integral of the pulse
waveform in Fig. 18.

FIG. 23. Results of the scan measurement with scan steps of
0.2 mm.
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C. Proportionality of current signal

The proper operation of this monitor can be checked by
evaluating the response of each current signal as the
temperature of the detection element changes drastically.
Figure 25(a) shows the variation of the sum of the four

blade signals with the storage ring current during beam
injection from 0 to 100 mA. Evidently, the dc signal from
the blades is approximately linearly proportional to the ring
current.
As the orbit of the electron beam is not corrected by a

feedback while the storage ring is injected, it is expected
that the electron beam orbit, which determines the SR beam
axis, will fluctuate to some extent during the injection.
Therefore, we investigated the horizontal and vertical beam
positions derived by this XBPM operating in the dc mode.
Figure 25(b) shows the variation of the calculated values of
difference/sum of the four blade signals with the ring
current in the horizontal and vertical directions. As the ring
current increases, a significant displacement of approxi-
mately 4 μm in the difference/sum blade signal value in the
vertical directions was observed. In this experiment as well,
the horizontal difference/sum remained constant, which
confirmed that it was operating normally.
These experimental results show that the dc mode

operation works properly, even with varying thermal loads.
This is a prerequisite for a successful operation in the
pulse mode.

D. Long-term stability

A reliable evaluation of the stability of the XBPMs can
be achieved by measuring the dynamics of a perfectly
stable SR beam; however, this is practically impossible.
Therefore, the stability is evaluated as follows: The pulse-
mode XBPM is equipped with four detection elements (UL,
UR, LL, and LR). Here, the UL and LL pair (left XBPM)
and the UR and LR pair (right XBPM) are treated as two
independent XBPMs that monitor the beam in the vertical
direction (Fig. 26). As the SR beam from the bending
magnet spreads uniformly in the horizontal direction, these
two independent XBPMs exhibit the same result.
Therefore, the stability can be evaluated by simultaneously

FIG. 24. Results of scan measurement with scan steps of 1 μm.

FIG. 25. (a) Variation of the sum of four blade signals with
respect to the storage ring current. (b) Plot of the calculated values
of difference/sum of the four blade signals with respect to the
storage ring current in the horizontal (x) and vertical (y)
directions.

FIG. 26. Schematic diagram of a pair of left and right XBPMs
for vertical measurements.
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observing and comparing their outputs. In principle, the
calculated vertical positions are expected to exhibit iden-
tical behavior in both the left and right XBPMs. We tried to
evaluate the long-term stability of this monitor by compar-
ing the output values of both of the XBPMs. Figure 27
shows a trend graph over two months of the vertical
position from the left and right XBPMs and the difference
between them. The standard deviations of the left and right
XBPM output values were 1.4 and 1.5 μm, respectively.
These values are mainly due to actual beam displacements.
In addition, a difference of 0.14 μm rms between the output
values of the XBPMs, which corresponds to the resolution
of the XBPMs, as mentioned in Sec. IV B, was observed
over the period. Evidently, a considerable stability over a
period of two months has been demonstrated.
As described earlier, the stability was confirmed by

acquiring data continuously for two months, sampling at 6 s
intervals in the dc mode operation; thus, it can be concluded
that the newly designed XBPMs showed stable operation,
both for short and long terms. From this, it can be inferred
that the operation in the pulse mode is also stable in the
long term. In fact, this monitor operated stably in the pulse
mode for three years.

V. CONCLUSION

We have designed and manufactured a pulse-mode
XBPM prototype using diamond heat sinks aiming to
use it in the ID-BLs in a synchrotron radiation facility.
The high-frequency measurements on the test unit

showed that a subnanosecond unipolar single pulse was
obtained by using the microstripline structure for the signal
transmission lines. The thermal finite element analysis
confirmed that the proposed design could be used if the
TCC between the diamond heat sink and the cooling holder
was assumed to be 10;000 W=ðm2KÞ.
Performance tests were carried out at the SPring-8 BM-

BL (BL02B1) front end. A unipolar single pulse of 0.7 ns
FWHM was obtained. We qualitatively explained the
appearance of the double peak in the pulse. The pulse
waveform was controlled by varying the voltage applied to
the charge collecting electrodes. The height of each pulse

was reflected in the bunch current of the storage ring. We
demonstrated that the directly readable position sensitive
signal was generated by synthesizing reflected pulses from
the open end and the short end of the stub cables. Currently,
the single pulse resolution that can be obtained from the
evaluation test in the BM-BL is estimated to be approx-
imately 20 μm. We also explained that the required
resolution can be improved if the test is conducted in
the ID-BLs, where the SR beam intensity is extremely
strong. The fundamental measure to improve the resolution
is to increase the quantum efficiency of the detection
element itself by increasing the detector size or by using
a diamond semiconductor. It can be also expected that the
resolution will be substantially improved if the long-lasting
ringing is suppressed by inserting an absorber in the
vacuum chamber. In addition, a data collection system
with a high-speed ADC is indispensable for conducting
systematic evaluation tests in pulse-mode operation.
The proper operation of this monitor was identified in the

dc mode evaluation tests. We confirmed that the behavior of
the signal charge with respect to the applied voltage of the
collection electrodes in the pulse mode matched that in the
dc mode. In the dc mode operation, a correction coefficient
Ay of 1.25 was calculated from the vertical scan measure-
ments, and a resolution of 0.12 μm rms was obtained. The
dc signal from the blades was found to be linearly
proportional to the bunch current. Finally, long-term
stability of the proposed monitor was verified. These dc
mode evaluation tests showed that this monitor meets the
indispensable conditions for stable operation in the pulse
mode. The monitor has been tested over a duration of three
years, which establishes its durable and stable performance.
Thus, the proposed monitor can be further developed for
advance operations.
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