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Abstract

Wuhan Photon Source (WHPS), as a fourth-generation
synchronous light source, imposes stringent requirements
on the resolution and longitudinal coupling impedance of
the Beam Position Monitor (BPM). To address the need for
beam current monitoring in its 1.5 GeV diffraction-limited
storage ring, an optimized design scheme for button BPM
is proposed. Additionally, the structure of the BPM feed-
through is enhanced, and a detailed investigation into the
impact of various materials on the longitudinal coupling
impedance of the BPM is conducted. These findings serve
as a valuable reference for the future design of similar
BPM systems.

INTRODUCTION

WHPS utilizes a double-ring design [1], receiving full
energy injection from a linear accelerator (LINAC). This
configuration comprises a 180-meter-long low-energy dif-
fraction-limited synchrotron radiation source operating at
1.5 GeV and a 927-meter-long fourth-generation medium-
energy diffraction-limited synchrotron radiation source op-
erating at 4.0 GeV. The overall schematic of the facility is
illustrated in Fig. 1 [2].

The fundamental design parameters of the WHPS are
presented in Table 1 [3]. For the 1.5 GeV storage ring, as
indicated in the Table 1, the beam bunch exhibits an RMS
length of 5.4 mm, a beam current intensity of 500 mA, and
operates at an RF frequency of 499.654 MHz, representing
a short beam bunch characterized by a high repetition rate
and substantial charge. Within the diffraction-limited stor-
age ring light source, maintaining beam orbital stability at
a sub-micrometer scale necessitates the provision of real-
time and precise beam lateral position data by the beam
position measurement system.

As the cornerstone of the beam position measurement
system, the performance of the BPM significantly influ-
ences the overall measurement accuracy. In the realm of
light sources founded on diffraction-limited storage rings,
two primary types of BPM are employed for beam position
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monitoring: the stripline BPM, suitable for measuring short
beam bunches with low charge, and the button BPM, more
adept at measuring beam bunches with high charge and a
rapid repetition rate. Consequently, the button BPM is bet-
ter suited for determining the position of beams with high
frequencies and currents within WHPS. Hence, this study
aims to design a high-resolution button BPM tailored for
the 1.5 GeV storage ring of WHPS. When the storage ring
operates in SA mode, a position resolution of 0.2 pm is
mandated. In FA mode, the required position resolution is
0.6 um, while in TBT mode, a position resolution of 1 um
is necessary. These specifications serve as guidelines for
the design of the electrode geometry.

Table 1: Major Physical Parameters of the WHPS

Parameter Symbol Value
Energy Eiow 1.5 GeV
Radio frequency fre 499.654 MHz
Bunch length Ormslow  J.4 mm
Current Lavg.tow 500 mA
Cyclotron frequency  facc.iow 1665.5 kHz
Emittance Elow 226.4 pm-rad

STORAGE RING BUTTON BPM DESIGN

The primary focus of the button BPM design lies in the
feedthrough, with attention directed toward two key as-
pects: firstly, ensuring that the geometrical parameters of
the button pickup electrode align with the position resolu-
tion requirements of the beam position measurement sys-
tem across various operational modes of the storage ring;
and secondly, optimizing the wakefield impedance. This
optimization primarily involves the design of the structure
and selection of materials for the coaxial section within the
feedthrough.

BPM Electrode Design

The geometric parameters of the BPM pickup electrode,
encompassing the button radius, button thickness, and but-
ton gap, play a pivotal role in determining the position
measurement accuracy of the BPM system [4]. Drawing
from the design expertise of BPMs utilized in prominent
advanced light sources both domestically and internation-
ally, as well as practical operational insights [5-7], the spe-
cific design choices for this study include a button radius
of 3 mm, a button thickness of 2 mm, a button gap of
0.3 mm, and a position gain coefficient (k;) of 11.5243 mm
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under these geometric parameters. The formula for the
power of the electrode signal is:

[1(@)]" Ryr* @

R [1+(0R,C,) | @

P(w)= ;

Here, Ry represents the characteristic impedance, set at
50 Q to ensure impedance matching. ® denotes the operat-
ing angular frequency, while the operational frequency, f,
is specified as 499.6 MHz. The amplitude of the beam cur-
rent at the operating angular frequency, corresponding to
the target current of 500 mA, is denoted by I(®). The speed
of light is denoted by ¢, and Cy, represents the electrode ca-
pacitance, determined as 1.175 pF based on the geometric
parameters of the electrode in question. Additionally, r sig-
nifies the radius of the button. The induced signal power of
the BPM electrodes, calculated using Eq. (1), amounts to
-12.8 dB.

The noise power components are multifaceted, predom-
inantly comprising thermal noise, noise stemming from ca-
ble attenuation during transmission, and other sources of
noise. The formula for thermal noise is:

P

woise = 4kgTAf . 2

Here, Kp denotes the Boltzmann constant. The absolute
temperature T represents the environment's temperature
where the BPM is situated, measured in Kelvin [K], and set
at 300 K in this design. Af stands for the bandwidth of the
storage ring across various operational modes. Cable atten-
uation during signal transmission is a significant factor to
consider. For this design, the chosen coaxial cable model
is LMR-400, and its attenuation is approximately 7.5 dB.

Other noise factors primarily encompass the impact of
insertion loss from patch cords, noise introduced by ampli-
fiers and filters, and various additional elements, collec-
tively denoted as N , typically approximated at 5 dB.
Consequently, the signal-to-noise ratio (SNR) of the BPM
signal is calculated using the formula:

Plo)
SNR dB — 10 X loggopnmse ]_ Ncable - Nelse : (3)

The BPM position resolution is determined by the posi-

tion gain coefficient and SNR, as calculated by the formula:

“

Taking into account the varying bandwidth of different
operational modes within the storage ring, the resolution
criteria for the TBT and FA modes are more stringent com-
pared to the SA mode [7], as determined by Eq. (4). The
position resolution of BPM in the TBT mode is 0.61 pm,
while in the FA mode it is 0.19 um, both meeting their re-
spective resolution requirements.
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BPM Wakefield Impedance Optimization

The wakefield impedance, a critical parameter in BPM
operation, exhibits distinct sharp resonance peaks within
its impedance spectrum. Higher peak values in this spec-
trum indicate a heightened interaction between the beam
bunch and the vacuum environment, potentially resulting
in various beam instabilities like beam bunch stretching
and head-to-tail cluster instabilities [8]. Conversely, lower
frequencies associated with these impedance peaks bring
them closer to the BPM electronic operating frequency,
risking interference with the pickup, transmission, and
identification of BPM position signal. Hence, optimizing
the wakefield impedance by minimizing peak impedance
levels and ensuring that their corresponding frequencies re-
main sufficiently distant from the BPM electronic operat-
ing frequency is essential.

The feedthrough comprises essential components such
as button electrode, an inner conductor (pin), a sealing ce-
ramic window made of dielectric material, and housing.
The wakefield impedance primarily stems from structural
irregularities and impedance mismatches within the feed-
through. Previous studies have indicated that the wakefield
impedance is predominantly influenced by the internal
feedthrough structure, electrode material, geometric di-
mensions, and dielectric material [9]. To meet the demand-
ing requirements of measurement performance and resolu-
tion, a set of electrode geometry values has been estab-
lished. Therefore, the focus of wakefield impedance opti-
mization in this study revolves around the internal structure
of the feedthrough and the materials of the electrode and
ceramic window.

Figure 2 illustrates the feedthrough substructure design
of the WHPS before undergoing structural optimization.
Initial optimizations involve integrating the inner conduc-
tor with the button to mitigate structural irregularities re-
sulting from welding. Step electrode is added above the
button electrode to ensure the precision of ceramic window
welding while increasing the smoothness of structural tran-
sition. Chamfering the edges of the ceramic window and
step button aims to reduce sharp edges within the coaxial
structure, ensuring smoother transitions. Following struc-
tural enhancements, as depicted in Fig. 3, a simulation
model of the WHPS button BPM is established in CST,
with four feedthroughs equipped with button symmetri-
cally mounted on the vacuum pipe.

Figure 2: The design of the feedthrough substructure be-
fore optimization.

TUP13
63

@2z Content from this work may be used under the terms of the CC BY 4.0 licence (© 2024). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.




Proc. 13th International Beam Instrumentation Conference,Beijing

JACoW Publishing

ISBN: 978-3-95450-249-3

ISSN: 2673-5350

doi: 10.18429/JACoW-IBIC2024-TUP13

MC3: Beam Position Monitors

63

TUP: TUP: Tuesday Poster Session: TUP

TUP13

Content from this work may be used under the terms of the CC BY 4.0 licence (© 2024). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.


@2z Content from this work may be used under the terms of the CC BY 4.0 licence (© 2024). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.

Proc. 13th International Beam Instrumentation Conference,Beijing

ISBN: 978-3-95450-249-3

Figure 3: CST simulation model of WHPS button BPM af-
ter structural optimization.

Figure 4 delineates the wakefield impedance outcomes
before and after structural optimization. In this context,
curve Z1 depicts the wakefield impedance findings prior to
structural refinement, while curve Z2 illustrates the imped-
ance results post-optimization. The comparison reveals the
presence of four notable impedance peaks within the
20 GHz range. Following structural optimization, the peak
value of the highest impedance diminishes, and the fre-
quencies of the second and fourth impedance peaks shift
rearward. This change signifies that after optimization, the
interaction between the beam bunch and the vacuum envi-
ronment weakens, subsequently reducing the wakefield
impedance's interference with the BPM position signal.

Wake impedance Z [Magntude]
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0 2 4 6 8 10 12 14 16 18 2
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Figure 4: Wakefield impedance results before and after
structural optimization.

The subsequent optimization of the wakefield imped-
ance will focus on material selection, with a particular em-
phasis on the thermal performance of the chosen dielectric
materials, as detailed in the forthcoming section. Com-
monly utilized electrode materials encompass titanium,
molybdenum, and copper. However, due to copper's sus-
ceptibility to deformation under heat, leading to significant
position measurement inaccuracies, titanium and molyb-
denum have been designated as the preferred electrode ma-
terials for this study. Additionally, aluminum nitride, alu-
mina, and boron nitride have been selected as the dielectric
materials under investigation.

The ceramic window component exhibits two distinct
coaxial structures: the first structure comprises a small ce-
ramic circle encircled by vacuum, creating a coaxial die-
lectric between the inner conductor and the outer wall; the
second structure consists of a small vacuum circle sur-
rounded by a larger ceramic circle, forming another coaxial
dielectric between the inner conductor and the outer wall.
The equivalent permittivity of these coaxial dielectric is
calculated by the following equation:
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In the formula, r, and 1, represent the radius of the inner
conductor and the shell, respectively. And a is the radius of
the interface between the two dielectrics, while ¢,1 and ¢,2
denote the relative permittivity of the inner and outer die-
lectrics, respectively. The theoretical formula for calculat-
ing the impedance of a coaxial conductor is as follows:

Z,=In(R/r)x 60/ [e, . (6)

Here, R represents the radius of the outer conductor, and
r signifies the radius of the inner conductor. When opting
for various dielectric materials, the structural parameters
for achieving a 50 Q impedance match are first computed
based on equations (5) and (6). These calculations serve as
a foundation for structurally modeling simulations, offer-
ing theoretical insights into the process.

Once the modeling is finalized within the CST Particle
Studio with accurate background materials and boundary
conditions established, the wakefield solver is executed to
derive the corresponding wakefield impedance outcomes.
These results are depicted in Figs. 5 and Fig. 6.
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Figure 5: Simulation results of wakefield impedance using
different dielectric materials when the electrode material is
titanium.
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Figure 6: Simulation results of wakefield impedance using

different dielectric materials when the electrode material is
molybdenum.

Upon examination of the simulation outcomes presented
in Fig. 5 and Fig. 6, a noticeable disparity emerges in the
peak impedance of the wakefield when utilizing
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molybdenum versus titanium as the electrode material. Ev-
idently, the wakefield impedance peaks are markedly
higher when molybdenum is employed. Consequently, ti-
tanium is selected as the preferred electrode material. Fur-
thermore, when boron nitride serves as the dielectric mate-
rial, the frequencies corresponding to the two highest im-
pedance peaks exhibit a significant forward shift compared
to other materials. Additionally, an impedance peak is sit-
uated between these two prominent peaks, posing interfer-
ence with the position signal. Consequently, greater em-
phasis is placed on alumina and aluminum nitride as poten-
tial dielectric materials. The subsequent section will focus
on utilizing thermal simulation results to determine the di-
electric material for the ultimate optimized design.

THERMAL ANALYSIS OF BPM

When the pick-up electrode of the BPM captures the
beam position signal, power is inevitably deposited in cer-
tain structures due to the presence of wakefield impedance.
This deposited power is difficult to dissipate and ultimately
transforms into thermal energy, resulting in localized tem-
perature rises within the BPM. If the overall heat dissipa-
tion capacity of the BPM proves inadequate, this thermal
energy can lead to structural deformations, thereby com-
promising the BPM measurement accuracy and potentially
endangering operational safety. Hence, thermal simulation
stands as a crucial facet in button BPM design. The BPM
thermal simulation model is established within the CST
Mphysics Studio, exemplified in Fig. 7.

Figure 7: Thermal simulation model of button BPM.

The correlation analysis indicates that the power deposi-
tion within the ceramic section significantly surpasses that
in other regions, warranting the designation of the ceramic
section as the primary heat source [10]. To ensure a com-
prehensive simulation, the thermal power is rigorously
fixed at 1 W. Once the boundary conditions and back-
ground materials are accurately configured, the thermal
simulation can be initiated.

Titanium has been chosen as the electrode material, and
for the thermal simulation analysis, different dielectric ma-
terials have been selected. The ensuing results of this anal-
ysis are depicted in Fig. 8.

Analysis of Fig. 8 reveals that due to the superior thermal
conductivity of aluminum nitride, enhanced heat
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dissipation capability is achieved. Consequently, the BPM
utilizing aluminum nitride as the dielectric material exhib-
its a comparatively minor temperature differential span-
ning from the base of the electrode to the apex of the inner
conductor. This configuration mitigates the risk of temper-
ature escalation and structural deformation in various com-
ponents. Integrating this thermal analysis with the prior ex-
amination of wakefield impedance, the ultimate optimized
design elects titanium as the electrode material and alumi-
num nitride as the dielectric material.

Figure 8: BPM thermal simulation results of alumina (left),
aluminum nitride (medium), boron nitride (right) as dielec-
tric materials.

CONCLUSION

In this research, a refined design approach is introduced
for the button BPM within the 1.5 GeV storage ring of the
Wuhan Photon Source. The optimization primarily focuses
on the structure and material of the button BPM feed-
through. The investigation delves deeply into the impact of
diverse electrode materials, dielectric materials, and their
respective configurations on wakefield impedance. Fol-
lowing meticulous analysis, titanium emerges as the pre-
ferred electrode material. Subsequently, through compre-
hensive thermal simulations, aluminum nitride is identified
as the optimal dielectric material.

The overarching principles guiding this optimized de-
sign endeavor aim to minimize abrupt structural changes
within the feedthrough, enhance the smoothness of struc-
tural transition, and select electrode and dielectric materi-
als that effectively optimize wakefield impedance and heat
dissipation. Noteworthy is the recognition that structural
modifications to the button electrode itself can influence
both wakefield impedance and overall thermal dissipation
within the BPM. This realization underscores the ongoing
need for further exploration and optimization in the realm
of structural and shape adjustments to optimize wakefield
impedance and thermal performance in the BPM.
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