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Abstract
We have developed a button-type BPM system for the

fourth-generation light source, SPring-8-II, which is the low-
emittance upgrade of SPring-8. In total, 340 BPMs will be
fabricated and installed into SPring-8-II. The BPM proto-
type has been tested in present SPring-8 and almost the same
BPM system was installed into the new 3 GeV light source,
NanoTerasu. The design of the BPM head for SPring-8-II
was recently modified, since the cross-section of the beam
pipe was redesigned. BPM signals are transmitted to the
readout electronics by radiation-resistant coaxial cables and
processed by MicroTCA.4-based electronics. We evaluated
the beam position sensitivity, impedance, thermal structure
issues, position resolution, long-term stability, and electri-
cal center displacement. The single-pass resolution was
less than 100 µm std. for a 0.1 nC injected bunch and the
COD resolution was less than 1 µm std. for a wide range
of stored current. The long-term stability was within 5 µm
for several weeks. The displacement of the electrical center
is less than 150 µm std. These results are sufficient for the
commissioning and operation of SPring-8-II.

INTRODUCTION
The construction of the fourth-generation light source,

SPring-8-II [1–3], is being started, which is the low-
emittance upgrade of the third-generation light source,
SPring-8. The beam energy will be decreased from 8 GeV to
6 GeV and the lattice structure will be changed from double-
bend achromat to five-bend achromat. As a result, the natural
emittance will be improved from 2.4 nm rad to 100 pm rad or
less and the X-ray brilliance around 10 keV will be increased
by about 100 times.

To utilize brilliant X-rays effectively, the electron beam
orbit should be monitored precisely and stably and the X-ray
optical axis should be stabilized as much as possible. The
stability of the beam orbit is required to be within 5 µm for
one month. Furthermore, it is indicated that there is no stable
closed orbit at the commissioning stage due to the strong
quadrupole and sextupole magnets with finite alignment
errors. Therefore, the single-pass beam trajectory must be
precisely measured by the BPM system and the beam must
be steered carefully until a stable closed orbit is found, so-
called first-turn steering (FTS). Requirements for the FTS are
a precise single-pass resolution of 100 µm std. for a 0.1 nC
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injected bunch and a small electric and mechanical center
error within 200 µm.

We have developed a new button-type BPM system for
SPring-8-II, which fulfills the above requirements. Almost
the same BPM system was employed for a new 3 GeV light
source, NanoTerasu [4–8], and it has been working stably
in commissioning and user services. A part of the BPM
readout electronics in SPring-8 was replaced with the new
system [9] for the adaptive feedforward correction of fast
helicity-switching beamlines [10] and the renewal of the old
single-pass BPM system [11]. Based on these experiences,
we are improving the BPM system design.

In this article, we describe an overview of the BPM system
for SPring-8-II, the development status, and evaluated basic
performances.

BPM SYSTEM
We employed a button-type BPM for SPring-8-II, which

is common for many electron storage rings. In this section,
we describe the BPM layout, the BPM head design, BPM
support, signal cables, and readout electronics.

BPM Layout
The SPring-8-II storage ring has a total of 48 unit cells,

consisting of 44 five-bend cells and 4 long-straight cells.
Each five-bend cell has 7 BPMs and each long-straight cell
has 8 BPMs, as shown in Fig. 1 together with the magnet
arrangement. Thus, 340 BPMs in total will be fabricated
and installed.

BPM Head
The cross-section of the beam pipe was originally de-

signed as a squeezed octagonal shape [1, 12, 13] and this
design was employed for NanoTerasu [4,14]. The beam pipe
has then been changed to a rhombus shape to reduce the
resistive-wall impedance [15]. Since the original beam pipe
made of stainless steel has a larger resistive-wall impedance
than the new one, copper plating on the inner surface is
necessary. However, the new beam pipe has a sufficiently
small impedance even if it is made of stainless steel without
copper plating.

Therefore, the design of the BPM head has also been
modified to fit the new beam pipe, as shown in Fig. 2. The
button electrode itself has not been changed from the original
design [16]. The diameter of the electrode is 7 mm and
that of the hole for the electrode is 8 mm. Therefore, the
gap around the electrode is 0.5 mm. The distance from the
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Figure 1: Layout of BPMs and magnets for the 5-bend cell (a) and the long straight section (b). BPMs are shown by red
lines. Dipoles, dipole-quadrupole combined magnets, quadrupoles, sextupoles, and octupoles are illustrated by cyan, blue,
green, orange, and magenta boxes, respectively.

beam axis to each electrode is 13.06 mm and the electrode
is located at the center of each side of the rhombus.

The materials of the electrode and the BPM block are
molybdenum and stainless steel, respectively. Since molyb-
denum has better electrical conductivity than stainless steel,
most of the electromagnetic heating in the BPM occurs on
the stainless steel side and the temperature rise of the elec-
trode can be relaxed. The BPM block has a water-cooling
channel upstream or downstream of the electrodes to sup-
press the temperature rise and the thermal deformation.

The beam signal from each electrode is extracted from
a reverse-polarity (RP) SMA receptacle and transmitted to
readout electronics by a coaxial cable. By using RP-SMA
connectors, any spring materials in the electrode are elimi-
nated and troubles in the connector part of the electrode can
be prevented.

13
.06

6 2220

Electrode (Mo) φ7 (gap 0.5)

Welding

Reverse polarity SMA connector
Ceramics insulator BPM block 

(stainless steel)

Figure 2: Schematic cross-sectional view of the BPM head.
The unit of dimensions is mm.

BPM Support
Since BPMs 3, 5, and 6 in the five-bend cell are supported

by vacuum chambers for X-ray absorbers, BPM supports are
not needed. Thus, we designed BPM supports for BPMs 1,
2, 4, and 7. A typical support structure is shown in Fig. 3.
This support is mounted on the common girder with other
magnets and vacuum chambers. The distance between the
top of the common girder to the beam axis is 400 mm. This
support has an adjustment function of the position and angle
of the BPM and also has enough strength for the BPM to
be a fixed point. The stresses on the BPM are supposed to
be 100 N for horizontal and 400 N for vertical. We analyzed

the deformation of the support under these stresses and the
displacement of the BPM was less than 30 µm for both hor-
izontal and vertical directions. Since the stress does not
vary during a stable operation condition, this displacement
is sufficiently small for our application.

Figure 3: Schematic drawing of the BPM support.

Signal Cables
Important characteristics of BPM signal cables are small

insertion loss, large return loss, and radiation resistance
for stable and precise beam position measurement. In fact,
radiation-damaged cables in SPring-8 became sensitive to
humidity and the BPM data showed a correlation with humid-
ity [17]. Therefore, radiation resistivity is quite important
for a cable in a radiation environment. Consequently, we
use three types of coaxial cables, A-, B-, and C-cables, de-
pending on the radiation condition, flexibility, and RF char-
acteristics. This combination of the cables is already used
in NanoTerasu [5] and the handling and the performance of
the cables have been established.

The A-cable is attached to the BPM head and connected to
the B-cable beside the girder. Since the radiation dose is the
highest around the A-cable, We put several kinds of cables
in a radiation environment in the SPring-8 storage ring and
investigated the radiation resistivity [18]. We then employed
a PEEK-insulated semi-rigid cable as an A-cable, which is
highly radiation-resistive and has relatively reasonable price.
Although the PEEK cable has relatively higher insertion loss
of 0.6 dB/m at 500 MHz, the length is only 1.5 m and the
insertion loss can be acceptable.
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We selected a corrugated coaxial cable with a polyethylene
insulator as a B-cable. This cable has a very small insertion
loss of 0.06 dB/m at 500 MHz and relatively high radiation
resistivity. Since the radiation dose is relatively small around
the side of the girder, this B-cable is enough to prevent
radiation damage. The B-cable transfers the BPM signal
close to the readout electronics several 10 m apart from the
BPM head.

Finally, the BPM signal is fed into the readout electronics
by a C-cable. The C-cable is a standard flexible coaxial
cable with a length of 2 m.

Readout Electronics
The readout electronics detect the signal intensity from

each BPM electrode and calculate the beam position from
the four BPM signals of a BPM. The electronics are also
required to have both a COD (Closed Orbit Distortion) BPM
mode with some different sampling rates and a single-pass
(SP) BPM mode. Therefore, high-speed data processing and
high data transfer rates are necessary. Thus, we employed
MicroTCA.4 as a platform of the electronics and developed
high-speed digitizer and RF frontend modules [9].

A schematic diagram of the readout electronics is shown
in Fig. 4. The electronics are comprised of high-speed dig-
itizer advanced mezzanine cards (AMC) and RF frontend
rear transition modules (RTM). The BPM signal synchro-
nized to the acceleration RF frequency of 508.76 MHz is
extracted by a band-pass filter and the signal level is adjusted
by step attenuators and amplifiers. The signal is converted
to a balanced differential signal and digitized by a high-
speed A/D converter with a sampling rate of 363.40 MHz,
which is 5/7 of the RF frequency. Since the sampling rate
is slower than the signal frequency, the signal is detected by
an under-sampling scheme and the intermediate frequency
of the obtained waveform is 145.36 MHz. This waveform is
processed by a field-programmable gate array (FPGA) on
the digitizer AMC and down-converted to an IQ (In-phase
and Quadrature) baseband data.

The beam position is calculated from the four amplitude
data of a BPM by 7th order polynomials of

𝐷𝑥 = 𝑉1 − 𝑉2 − 𝑉3 + 𝑉4
𝑉1 + 𝑉2 + 𝑉3 + 𝑉4

,

𝐷𝑦 = 𝑉1 + 𝑉2 − 𝑉3 − 𝑉4
𝑉1 + 𝑉2 + 𝑉3 + 𝑉4

,

(𝑋
𝑌) =

7
∑
𝑛=0

7−𝑛
∑
𝑚=0

(𝑎𝑛𝑚
𝑏𝑛𝑚

) 𝐷𝑛
𝑥𝐷𝑚

𝑦 , (1)

where 𝑉1, ⋯ , 𝑉4 are amplitudes of four BPM signals and
𝑎𝑛𝑚, 𝑏𝑛𝑚 are conversion coefficients.

The COD-BPM part provides three data rates, 208.85 kHz
turn-by-turn data, 10 kHz fast data, and 10 Hz slow data, in
parallel. The SP-BPM part also calculates single-pass data
at a turn-by-turn frequency of 208.85 kHz.

To stabilize the BPM data, the electronics are enclosed
in a temperature-regulated water-cooled 19-inch cabinet to
suppress temperature drifts. Furthermore, the RF frontend

RTM has pilot tone generators and the drift of the gain of
each channel can be monitored.

PERFORMANCE EVALUATION
Since the design of the BPM head was changed, we eval-

uated RF characteristics and performed a thermal structure
analysis. To confirm the system performance, we experimen-
tally obtained a position resolution, long-term stability, and
electrical center error by using an electron beam.

RF Simulation
The three-dimensional RF simulation was conducted with

CST Studio and the position sensitivity, trapped-mode heat-
ing, and beam impedance were analyzed.

The first-order coefficients of the BPM sensitivity (Eq. 1)
were obtained to be 10.15 mm and 10.24 mm for horizontal
and vertical directions, respectively. Although the sensitiv-
ity was decreased by about 30 % compared to the former
design of the BPM head, the required position resolution
was expected to be satisfied. On the other hand, the lower
sensitivity relaxed the required machining accuracy by the
same ratio. This result enables the fabrication of BPM heads
easier.

The trapped-mode heating was evaluated with the bunch
fill pattern of 406 × 0.5 mA, which is a relatively severe
case among possible fill patterns. The bunch length was
set to 14 ps std. considering the bunch lengthening due to
longitudinal impedance. The result of the simulation showed
that the heat input for each BPM was 1.7 W. The temperature
rise is estimated to be small with this heat input when the
BPM head is water-cooled.

The contribution to the beam impedance from the BPM
head was also evaluated. The total impedance of all the
BPM heads was estimated to be approximately 2 % of the
total impedance from all the accelerator components for
both transverse and longitudinal directions. This impedance
value is small enough and no additional treatment to the
BPM head is needed.

Thermal Structure Analysis
According to the heat input evaluated by the RF simula-

tion, a thermal structure analysis was performed by using
ANSYS [19]. The cooling water temperature and water flow
were set to 30 °C and 4 L/min, respectively. In addition,
water-cooled beam pipes were connected both upstream and
downstream of the BPM head and a heat release to the air at
27 °C was also assumed.

If the BPM head is not water-cooled, the maximum tem-
perature was estimated to be 44 °C, which was a tempera-
ture rise of more than 10 °C, and the displacement of the
BPM head was found to be more than 10 µm. If the BPM
head is water-cooled either upstream or downstream of the
electrodes, the maximum temperature was suppressed to
be 33 °C, and the displacement was to be less than 4 µm.
From these results, we decided to equip the BPM head with
a water-cooling channel.
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Figure 4: Block diagram of the BPM readout electronics.

Although these results were obtained from a simulation
only, the reliability was considered to be sufficient. This
is because we installed a similar BPM prototype into the
SPring-8 storage ring and experimentally measured the tem-
perature rise [18]. This measurement showed that the tem-
perature was consistent with the simulation. Thus, the tem-
perature measurement with the new BPM head is not needed.

Position Resolution
Although the position resolution was not measured by the

new BPM head, the resolution is considered to be estimated
from the result with another BPM head. We obtained the
BPM data from the MicroTCA.4-based electronics with the
present SPring-8 BPM head. The SP-BPM resolution in this
case was evaluated to be 85 µm std. for a 0.1 nC injected
bunch [11]. Since the new BPM head has higher sensitivity
than the SPring-8 one, the resolution will be better than this
result. The COD-BPM resolution was evaluated with an-
other prototype BPM head and the result was 0.4 µm std. for
10 kHz fast data and a stored current of 30 mA [9]. There-
fore, the new BPM system can measure COD with less than
1 µm resolution even if the stored current is not so large.

Long-term Stability
Long-term stability was evaluated with a BPM prototype

installed into the present SPring-8 storage ring together with
the MicroTCA.4-based electronics. When the temperature
of the electronics was maintained within ± 0.1 °C, the drift
of BPM reading was within 10 µm for 2 months. If the bunch
fill pattern was not changed, the drift was within 5 µm for
several weeks [9].

The temperature stability of a water-cooling 19-inch cabi-
net was also tested. If the ambient temperature was main-
tained within 1 °C and if the cooling water temperature was
stabilized within 0.1 °C, the inside temperature was stable
within ± 0.1 °C. Thus, the BPM system is considered to
satisfy the stability requirement of 5 µm for 1 month.

Electrical Center Error
The electrical center error was evaluated with a prototype

in SPring-8 and the BPMs for NanoTerasu. The prototype
in SPring-8 has 4 BPMs in one block and the BPM data
from the 4 BPMs are compared. The difference in the beam
positions was within 100 µm [18]. In NanoTerasu, the dis-
placement between the BPM center and the quadrupole mag-
netic center was measured by beam-based alignment. The
standard deviation of the displacement was analyzed to be
less than 150 µm [7,8]. Thus, the required electrical center
accuracy can be satisfied if we carefully fabricate, install,
and test the BPM components.

SUMMARY AND PROSPECTS
We have developed the BPM system for SPring-8-II, con-

sisting of 340 BPMs in total. Almost all the developed
BPM components were employed by NanoTerasu and have
been utilized for machine commissioning and user service.
Since the cross-section of the beam pipe was redesigned re-
cently, the BPM head was also modified according to the new
cross-section without any serious problems. The radiation-
resistant signal cables and the MicroTCA.4-based readout
electronics are not changed from the original design for
SPring-8-II. Various performances, such as RF character-
istics, thermal structure property, position resolution, and
long-term stability, are evaluated and all the results were
confirmed to be sufficient.

From now on, we carefully and steadily proceed to the
mass production of BPM components for SPring-8-II. The
present SPring-8 will be shut down and dismantled in 2027
and the installation of SPring-8-II will then start. The com-
missioning of SPring-8-II is scheduled for late 2028.
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