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Abstract

At the High Energy Photon Source (HEPS), a high orbital stability of typically
10% of the beam size and angular divergence must be achieved. The beam size
at the insertion devices is 10 m horizontally and 1 m vertically, which implies
that the beam orbit must be stabilized to the sub-micrometer level. This results
in stringent tolerance and quality control requirements for the series production
of beam position monitor (BPM) pickups. In this study, analytical formulas
were used and CST simulations were performed to analyze the effects of the
mechanical tolerances of BPM pickups on beam position measurement. The
results of electromagnetic field simulations revealed how various mechanical er-
rors, such as button size and location accuracy, as well as the related button
capacitance, exert different influences on the beam position measurement. The
performance of an actual BPM pickup was measured, along with an assessment
of the error on the beam position measurement. Additionally, a wakefield anal-
ysis, including an investigation of trapped resonant modes and related thermal
deformation, was conducted.
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1. Introduction

The High Energy Photon Source (HEPS) is the first fourth-generation light
source currently under construction in Beijing, China [?, ?]. It is designed with
a natural emittance of 34 pmrad and a brightness of 10?2 photons s~ mm™2
mrad=2 (0.1% Bandwidth)™! to provide high-performance X-rays with ener-
gies up to 300 keV for various basic scientific investigations [?, ?]. To achieve
sub-micrometer orbit stability, accurate beam position measurements and or-
bit feedback systems are crucial. The beam position monitor (BPM) pickup
and related read-out electronics determine the precision of beam position mea-
surement. The beam signals induced by image charges on button-style BPM
electrodes are transferred from inside the vacuum pipe to outside via a coaxial
vacuum feedthrough. Typically, the button BPM electrodes and ultra-high vac-
uum Radio Frequency (RF) feedthrough are combined in a single component,
as shown in Fig. 1 [Figure 1: see original paper].

To achieve the required beam orbit measurement resolution of 0.1 m, we are cur-
rently investigating BPM pickups and related read-out electronics \cite{5-7}.
To meet orbit stabilization requirements, fast orbit feedback systems \cite{8—
11} and a high stability support structure \cite{12-15} have been studied. The
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HEPS comprises five types (A-E) of button-style BPMs, and their cross-sections
are shown in Fig. 1. The numbers in the figure represent the mechanical dimen-
sions in millimeters. Types A, B, and C are located in the storage ring, whereas
Types D and E are located in the booster.

Approximately 600 BPMs will be installed, and all BPMs will utilize the same
button feedthrough, the main mechanical parameters of which are shown in Fig.
1f. The HEPS storage ring contains 48 seven-bend achromat (7BA) cells [?],
each equipped with 12 BPMs, where the 1st—7th and 10th—12th BPMs are Type
A and the 8th and 9th BPMs are Types B and C, respectively.

In this study, the effects of the mechanical tolerances of BPM pickups on beam
position measurement were investigated to aid designers with a reasonable tol-
erance based on the error budget. Typically, mechanical tolerances are closely
related to production costs and should be determined based on the criticality
of an item. The measurement of the mechanical tolerances of a BPM button
electrode, characterization of the button-to-ground capacitance, and analysis of
the deformation of the feedthrough after the welding procedure are essential for
its use as a BPM; however, this investigation requires a significant amount of
effort. Sorting the feedthroughs based on measurement data can improve the
required mechanical and electrical symmetry, thus reducing the tolerances. A
good balance between costs and requirements can only be determined based on
the measurement results. Herein, we list statistical data from the fabricated
BPM process performed for the HEPS, such as the BPM button radius, but-
ton capacitance, and the precision of its location, that is, the positioning of
the button feedthrough in the BPM housing. We referred to previous studies
to develop the feedthroughs \cite{16-19}. Furthermore, the trapped resonant
modes of the BPM caused by wakefields and their effects on temperature and
thermal deformation are discussed.

2. Analytical Estimation of the Transfer Impedance of the
HEPS Button BPM

The BPM transfer impedance Z,(w) describes the BPM voltage response signal
V(w) to the bunched beam current signal I(w), as given by Ohm’s law:

Viw) = Zy(w) x I(w), (1)

Z,(w) is an important characteristic of a BPM pickup and is defined by the
shape and dimensions of BPM geometry \cite{20-22}. It is a function of an-
gular frequency w and has a high-pass filter-like frequency characteristic. For
broadband BPM pickups, such as button-style electrodes, the beam-position
behavior is frequency-independent. In practice, Z, is typically of the order of
~1 @ at frequencies >1 GHz, which indirectly defines the resolution potential
of a button BPM connected to adequate read-out electronics. There are three
methods of determining Z,. First, in the equivalent circuit method [?, ?], the
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beam current signal is represented as a current source and the BPM button
electrode is represented as the capacitance Cj in parallel to the load resistor R,.
Second, electromagnetic (EM) field analysis with the bunched beam as a line
charge stimulus signal can be used to calculate the response of the BPM to the
beam [?]. Third, an experimental method can be used, in which an antenna in
a BPM calibration system is used to simulate the beam, and the response of
the BPM can be inferred from the analysis of an S-parameter measurement [?].

Researchers at DAFNE have derived analytical expressions for the transfer
impedance Z,, longitudinal beam-coupling impedance Z;, and signal power (P)
output from a button BPM electrode, which can be used to determine basic
parameters in the early stages of development [?]:

26 RyCyw+j

7 () —
() c(1+ Ry) RyCypw +j’

(2)

42 RyCyw +j

Z =
w) 20y (1 + Ry) RyChw + 5’

(3)

8b2 I?

(P) = 2(1+ Ry) Ry’ )

where 7, is the button radius, Cj is the button capacitance to the ground, b is the
distance between the beam and BPM button (that is, the beam pipe radius for a
circular beam pipe with the beam in the center), R, is the load impedance of the
BPM electronics (50 €2 in the HEPS), ¢ is the speed of light, and I is the beam
current. These equations hold only for relativistic beams with g & 1, where all
EM field components of the charged particles are purely transverse (TEM field).
At lower beam velocities, § « 1, the EM field of a charged particle develops
longitudinal field components, in which the BPM response also depends on /3
7).

The transfer impedances of five different button-style BPMs were calculated
using CST and are shown in Fig. 2a [Figure 2: see original paper| (lower
graph), along with the spectrum of a Gaussian beam bunch with a root mean
square (RMS) length of 10 mm, indicated by a red dashed trace. This leads to
the output signal V(w) via multiplication of the bunch spectrum with transfer
impedance. As illustrated in Fig. 2a, the transfer impedances of the Type-B
and C BPMs were similar and slightly higher than that of Type A, which is
related to the horizontal slot used to guide the synchrotron radiation. Note
that the differences between Type B(C) and Type A are minor and will be
ignored in the following; they will both hereafter be referred to as Type A. The
main mechanical parameters of the feedthrough are shown in Fig. 1f. Figures
2b and c illustrate the impact of different button capacitances C} and button
radii r, on the transfer impedance, Fig. 2b with C, = 1-5 pF (r, = 4 mm is
fixed), and Fig. 2c with r, = 1-5 mm (C, = 3 pF is fixed). As given by Eq. (2),
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increasing the button diameter and decreasing the button capacitance result
in a higher transfer impedance. Although these parameters can be changed
independently in Eq. (2), in practice, C}, depends on r,. The capacitance of
the feedthrough can be approximated as the sum of the capacitances of the
individual components [?]:

Cfeedthrough = Cbutton + Cdielectric + Cpin + Cfringe‘ <5)

The capacitance C,,,, of a short piece of coaxial transmission line of length !

can be calculated analytically by neglecting the fringe field effects [?]:

coax

27el
C _ coax 6
o ln(Rout/Rin) 7 ( )

where R, is the inner radius of the outer conductor, R;, is the outer radius
of the inner conductor, ¢ is the dielectric constant of the material between the
outer and inner conductors, and [, is the coaxial structural length. The
numerical CST simulation involves an EM-field analysis, which intrinsically in-
cludes all dependencies, and therefore provides more accurate results, as shown
in Fig. 2a, compared to the analytical approximation shown in Fig. 2b (and
c¢). The transfer impedance at the read-out electronics processing frequency is
mainly determined by the button radius, not by the capacitance. In practice,
we can always treat the different button feedthrough dimensions with the same
capacitance of 2.5 pF, and the error on the transfer impedance remained within
10% for our choice of feedthrough dimensions.

Many different methods can be used to process BPM signals in read-out elec-
tronics \cite{28-30}. Frequency-selective BPM signal processing is the most
popular method used for electron storage rings. The transfer impedances Z, at
two very different frequencies, 200 MHz and 5 GHz, are shown in Figs. 3a and b
as functions of the button radius 7, and capacitance Cy. The low-frequency case
in Fig. 3a [Figure 3: see original paper] exhibited a transfer impedance that
was almost independent of the button capacitance C}, whereas it varied for the
high-frequency case (Fig. 3b). The signal processing frequency of the in-house
developed HEPS read-out electronics was chosen to be 500 MHz. Fig. 3c illus-
trates the corresponding signal power calculated using Eq. (4) for C, = 2.2-2.4
pF and r, = (3.8-4.2) mm. For a beam current of 200 mA, the expected signal
power was approximately —13+1 dBm. At an operating frequency of 500 MHz,
the analytically calculated transfer impedance of the three BPM types A, D,
and E were 0.38, 0.26, and 0.21 2 compared with 0.38, 0.19, and 0.17 §2 from the
numerical CST analysis, respectively. Egs. (2-4) are only valid for a circular
pipe, which differs when compared with CST simulation for Types D and E.
Table 1 lists the transfer impedances and signal powers of other synchrotron
light sources and electron storage ring button BPM pickups, calculated using
Egs. (2) and (4), at a frequency of 500 MHz. When a reference capacitance
could not be obtained from literature, a value of 2.5 pF was used.
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3. BPM Measurement Accuracy and Mechanical BPM
Pickup Tolerances

The transfer impedance, which determines the strength of a useful signal, pri-
marily affects the achievable resolution potential and is sometimes referred to
as the precision of the BPM. In the user operating phase of the HEPS, when
the orbit and optics corrections are complete, the BPM resolution and beam
stability are of greatest importance. All random errors that change over time
are important. In the preliminary beam commissioning phase of the accelerator,
operators are more concerned with BPM accuracy. Before beam accumulation
in the ring, the BPM measurement accuracy must satisfy the requirements of
the beam-based alignment (BBA) procedure [?, 7], and the offset and roll er-
ror between the magnetic axis of the nearby quadrupole and the electric center
of the BPM must be identified. An error budget of 200 m RMS can be dis-
tributed as follows: 1) Alignment errors of the BPM with respect to the adjacent
quadrupole. 2) The electro-mechanical offset of the BPM caused by mechani-
cal tolerances and asymmetries among the four buttons. 3) “Electronic” offsets
of the BPM caused by differences in the gain factors among the four read-out
channels, including insertion losses in the signal cables. For Error 1, each BPM
comprises four target ball fiducials, with alignment accuracies of 30 and 150 m
in the transverse and longitudinal directions, respectively [?]. For Error 3, the
transmission difference is $4+$0.5 dB before calibration, which can be improved
to $4+%0.1 dB, implying a position error of $4+$25 m. Therefore, the minimiza-
tion of Errors 1 and 3 is achieved by the alignment procedure [?] and pilot tone
calibration technique [?]. In the BPM manufacturing stage, we mainly focused
on Error 2, which depends on the mechanical tolerances of the BPM chamber,
accidental and manufacturing errors and tolerances on the feedthroughs, and
button location accuracy after welding. For the five types of BPMs shown in
Fig. 1, Types B and C are similar to Type A. Therefore, we focused on the
effects of the tolerances of only three types of BPMs on the error in the beam
position measurement.

3.1 Theoretical Analysis

As shown by Eq. (2), for a given operating frequency w, the output signal of
an individual button is mainly determined by the button radius r;, the distance
between the button and the center of the pipe b, and button capacitance C,.
To analyze the non-linear beam position behavior, we must begin with the
normalized horizontal and vertical raw beam positions [?] because they are
acquired by read-out electronics:

V=V —Vo+Vp V=V —Vp
Y Va4 Vgt Ve + VT ™V + Vg + Ve + V'

X (7)

where V, (1 = A, B,C, D) represents the voltage signal amplitude of button 4.
The true position of the beam (z,y) is measured by approximating the non-
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linear beam position behavior z = f(X v, Yiaw) 204 ¥ = f( X aw) Yeaw) USIDG a
polynomial expansion:
= Z Ai*j,jX;;VJVKJaW’ Y= Z Bifj,jXI%;Vz/}/r]awa (8)

n
i=0 j=0 i=0 j=0

where A, and B, are the horizontal and vertical polynomial coefficients, respec-
tively, and n is the polynomial order. A, and B, are the offsets, A; and B, are
the BPM position sensitivity constants in the horizontal and vertical directions,
respectively, and Ay, B;, A3, and B, are higher-order coefficients related to the
coupling between the horizontal and vertical planes. A; and B, are the most
important parameters of the BPM and are typically expressed in terms of k or
S, where k = 1/S. This is the proportionality constant between the beam dis-
placement and X,,,, or Y,,,, and is usually referred to as the position-sensitivity
constant [?]. The units of k and S are mm and %/mm, respectively. A, is k, and
B, is k,,. For a circular pipe without errors, Ay = B, = 0 and k, = k,. In the
central area of the pipe, where x—y coupling can be ignored, the two planes are or-
thogonal, and the position response is almost linear: * = A; x X, = k, X X,
and y = By X Y, = k, X Yy, An oval pipe (Types D and E) was treated as

circular, and A, (k,) and B, (k,) were calculated as follows [?]:

Bk —p = b2
Al_BQ_kx_ky_\/isin(a/z)’ (©)

where « is the cover angle of the button. The distances from the center of the
pipe to the button b were 11, 16, and 20 mm for the three types of BPMs, and
k was 7.8, 11.3, and 14.1 mm, respectively.

By assuming that the mechanical characteristics of one of the four symmetri-
cally arranged button electrodes deviate from the nominal value (for example,
a difference in the button radius or button capacitance due to mechanical toler-
ances), the symmetry can be considered perturbed, which results in an undesired
electro-mechanical BPM pickup offset, as summarized in Fig. 4 [Figure 4: see
original paper]. Figures 4a—c correspond to ry, Cy, and b, respectively. Here, we
assumed variations in only one of the button electrodes, while the other three
electrodes remained unchanged at their nominal values. Based on Egs. (2),
(7), and (8), the absolute value of the electro-mechanical offset is proportional
to the deviation. The slope represents the sensitivity of the electro—mechanical
offset to deviation, and 7, was found to be the most sensitive parameter.

3.2 Button Capacitance

Unlike the hypothetical scenario of the independent effects of the button radius
r, and capacitance C} on the transfer impedance, we subsequently included the
dependency C, = f(r,). The capacitance of the button is mainly determined
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by the thickness of the button t,, the gap between the button and pipe g,
and the button radius 7,, as shown in Fig. 4d. Button capacitance can be
inferred using time-domain reflectometry (TDR) analysis. The rise time .,
of the reflected signal to an ideal step input signal, which results in reflection
from button capacitance termination, allows the determination of the button
capacitance [?, ?]:

t..
rise (10)

C =
b 227,

where Z; = 5012 is the characteristic impedance of the coaxial transmission line
attached to the feedthrough. The TDR measurement results of a typical HEPS
button feedthrough were ¢, = 262.7 + 0.5 ps and C, = 2.388 + 0.005 pF,
where the error is the standard deviation of multiple measurements of the same
button. The TDR test, conducted using a Tektronix DSA8200 digital serial
analyzer equipped with an 80E04 sampling module, was performed in a constant
temperature and humidity environment. In addition to the experimental TDR
measurements, a numerical electrostatic analysis was performed using the CST
Studio Suite electrostatic solver to calculate the capacitance of the button. As
shown in Fig. 5a [Figure 5: see original paper], by disregarding the contribution
of the ceramics and pin and by applying a known potential V; to the button,
the capacitance can be obtained using:

Cy=1- (11)

where ) denotes the charge induced by the button. Figure 5b shows the capaci-
tances numerically calculated using this electrostatic approach with CST Studio
software.

In Fig. 5b, mesh densities of 10, 30, 50, and 90 correspond to the total number of
mesh cells of 1 x 104, 5 x 10%, 1 x 10°, and 5 x 10, respectively. The minimum
mesh cell sizes were 80, 14, 8, and 1 m. By increasing the number of mesh
cells, the capacitance converged to 2.36 pF, which differs by only 0.03 pF from
the TDR result. The simulation results were consistent with the experimental
results. Figures 5c and d reveal that the capacitance was proportional to t,
and inversely proportional to g,, and Fig. 5e indicates that C, = f(r,) behaved
differently with respect to the geometric parameters (in this case, g, = 0.3 mm
or R, = 4.3 mm). The slopes for the two cases were 0.61 and 10.65 pF/mm,
which suggests that the capacitance was more sensitive to r, than g¢,, with a
constant R, .. Moreover, C, = f(R,,;) behaved in a non-linear manner (see
the red trace in Fig. 5e).

Because the button and feedthrough housing are manufactured separately, it
seems more realistic to maintain the mechanical tolerance of R, at a reasonably
low value, whereas the gap g, depends on brazing and may suffer from greater
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uncertainty. The tolerances of r,, R, and g, were set as £0.015, +0.015,
and +0.05 mm, respectively, after a discussion with the button feedthrough
manufacturer, and the test results showed that most of the production satisfied
our requirements.

3.3 Analysis of the Mechanical Tolerances of a Single Button Elec-
trode

Let us assume that r, of button electrode A is larger than the radius of the
other buttons of the BPM pickup. We would expect the output voltage signal
V4 > Vg = Vo = Vp, which would result in an electromechanical BPM pickup
offset owing to the broken symmetry. However, considering the effects of 7, on
C,, as 1, increases, g, decreases and C, increases, which consequently decreases
the signal output voltage. This means that the effects of varying 7, on the
button area and varying capacitance on the signal output strength partially
cancel out. This is illustrated in Fig. 5f via a numerical simulation using CST
Studio with varying r,. Compared with the analytical results shown in Fig. 4,
the numerical simulation correctly considered the effect Cj, = f(r}). The trace
V4 = f(ry) in Fig. 5f indicates a gradual increase in V), for r, < 3.9 mm,
followed by a sharp decrease for r, > 4.0 mm. In the regime 3.9 < r, < 4.0 mm,
the two effects canceled each other, and V, was almost insensitive to tolerances
of 7y, in contrast with the results shown in Fig. 4a.

During the manufacturing of the HEPS BPMs, button feedthroughs were first
manufactured and sorted based on capacitance and mechanical size, as shown
by the red trace of Fig. 1f (the design length between the button and the weld-
ing point was 20 mm). Subsequently, they were welded to the BPM housing
body. According to the three-coordinate measuring machine (CMM) results,
compared to the tolerances (0 to —0.03 mm) of the mechanical dimensions (20
mm) of the feedthrough, the welding process resulted in a larger deformation of
approximately 0.05-0.1 mm, depending on the welding current. This altered,
that is, retracted, the radial location of penetration in the BPM housing, result-
ing in an electro-mechanical offset. Assuming that welding caused a 0.3-mm
misalignment only on Button A, as indicated in Fig. 6a [Figure 6: see original
paper], the entire mapping of the non-linear BPM position characteristic was
altered, as indicated in the CST numerical simulation (Fig. 6a) by the shift in
the blue hollow points to the red solid points. The red grid indicates the effect
of the 0.3-mm button misalignment on the linear fitting of X, and Y, , where
Xiaw = Yiaw = 0is the electrical center. The electro-mechanical offset caused by
the 300- m alignment error on the button was 380 m in the horizontal direction
and 390 m in the vertical direction. A button is defined as positive/negative
if it is retracted/protruding, as shown in Fig. 6. The values obtained by CST
were significantly larger than the simplistic analytical assumptions, giving a 77-
m offset based on the slope of Fig. 4c. In reality, the tolerance of the radial
button location cannot be treated as a change in b in Eq. (2). In addition to
the offset, Fig. 6a also indicates a coupling between the horizontal and vertical
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planes owing to the 0.3-mm misalignment of Button A, which was computed
to be 49.7 mrad. Although the offset would be manageable after BBA, a cor-
rection for the coupling error is difficult; in fact, it can only be reduced if it is
measured and compensated for [?]. The electro-mechanical offsets of the three
types of BPMs for different button misalignments are summarized in Fig. 6b.
The slopes in the upper graph are larger than those in Fig. 4c. This is because
Eq. (2) does not correctly consider the change in the image charge distribution
for a misaligned button. Fig. 6¢ summarizes the effects of the x—y coupling
due to button misalignment. The coupling effect was similar for all three types
of BPMs, with a slope of (170 £ 10) mrad/mm. Figure 6d shows the electro-
mechanical offset for different values of r, while R, was maintained at 4.3 mm.
As the limitations on the accuracy of the numerical computations, the traces in
Fig. 6¢c and d reveal several unphysical, sporadic “jumps.” Because the analysis
indicates that the BPM offset is particularly sensitive to the r, parameter, we
defined the dimensions with tolerances of r, = (4 £ 0.015) mm.

3.4 Summary of the Effects of Various Mechanical Button Tolerances
and Misalignments

To evaluate the accuracy of the CST numerical calculations, A4; and B, in Eq.
(8) were determined using least squares to fit X, and Y,,,. The fitting error
V(@ —240)? + (y — yge)? was then calculated, where (z,y) and (vq, yg,) are
the true beam position used as the input for the CST numerical analysis and
the fitted position value from the polynomial approximation given by Eq. (8).
A contour plot of the error for the 5 mm x 5 mm region is shown in Fig. 7
[Figure 7: see original paper|. Figure 7a shows the results for the Type-A BPM
with ideal dimensions and zero tolerances, where A,, By, A,, and B; should
theoretically be 0. The linear fit coefficients based on the CST simulations
were Ay = —0.0146, B, = —0.0021, A, = 7.19 x 107, and B, = 4.61 x 104,
which reflects the accuracy of the calculation limited by the numerical accuracy
of the CST analysis. Fig. 7b shows the effect of a 0.3-mm misalignment of
Button A, Fig. 7c shows the effect when Button A was rotated by 100 mrad
(5.7°), and Fig. 7d shows the effect of a 0.1-mm deviation of the button radius.
These misalignments and tolerances resulted in offset and coupling errors, as
indicated by the A, and B, coefficients of the linear fit. Button misalignment
was the most significant error source for both the electro—mechanical offset and
the x—y coupling; however, it did not affect the position sensitivity constant
(k,, k,) and reduced the linear measurement region (blue area in Fig. 7, where
the error is smaller than 0.2 mm). In contrast, the roll error of a single button
was insensitive to the BPM offset and coupling but exhibited an error in the
sensitivity constant k of the BPM. k, (A;) in Fig. 7c increased and k, (B,)
decreased compared with those in Fig. 7a. Finally, the tolerance error in the
button radius did not seem to significantly affect any of these three parameters.
The fit coefficient results for r, = 4.1 mm, as shown in Fig. 7d, did not differ
significantly from those of an ideal BPM. When r, was 3.9 mm (R, = 4.30
mm), the difference was even less significant. These effects are summarized in
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Table 2

A;, B;, and the fitting errors depend on parameters such as the fitting order
n, scan range, and step \cite{47-49}. The distribution of the fitting error
V(@ —240)? + (y — Y, )? for a real BPM (Type A), where X, and Y,,,, were
recorded by a stretched wire calibration system with a scan range of 6 mm x 6
mm and a step of 0.25 mm, is shown in Flg 8a | Flgure 8: see original paper].
The average values of \/(z — z4,)? and \/(y — yg,)? were 0.5080 and 0.4874 for
a linear fit, and 0.4950, 0.4862, 0.1164, 0.0971, 0.1113, 0.0964, 0.0454, 0.0387,
0.0410, and 0.0363 mm for n = 2-6. Figures 8b and c show the average values
of the fitting error and sensitivity constant k for different scan ranges. Finally,
two groups of fitting coefficients with n = 5 were used for position measurement:
a group of coeflicients based on a calibration range of x = y = 4 mm for the
user’s normal operation phase and that with = y = 7 mm for the preliminary
commissioning phase.

3.5 Measurement of the HEPS Button BPMs

Figure 9 [Figure 9: see original paper] summarizes the most relevant mechanical
and electrical measurements taken on 69 fully assembled Type-D BPMs (booster
BPMs) utilizing 276 button feedthroughs (Figs. 9a and b) and 500 individual
button feedthroughs (Figs. 9c and d). Figure 9a summarizes the statistics of
the CMM measurements on the BPM vacuum chamber radius b, which had
a nominal value of 16.096 mm. Figure 9b shows the difference between the
minimum and maximum values of b measured at the location of the four buttons
in the BPM unit, which relates to the discussion on button misalignment (see
previous paragraph). Figures 9c and d show the C} results measured using
the TDR method and the measurement of r, using an optical microscope with
a maximum magnification of 200. Fig. 9e shows an example of the optical
microscope result of R, ;. The RMS values of b and Ab (b, — bpin) for the
BPM pickups and Cj, and r;, for the button feedthroughs were 31, 22 m, 0.042
pF, and 6.6 m, respectively. During manufacturing of the BPMs, feedthroughs
were selected based on the sorting of €}, before welding. The difference between
the maximum and minimum C} in a BPM did not exceed 0.02 pF, and the effect
of the difference in capacitance on the position measurement was negligible.

4. Analysis of Trapped Resonance Modes

In addition to the transfer impedance, the beam coupling impedance due to
wake fields is an important parameter in the BPM design process. The analyt-
ical expression for the longitudinal beam coupling impedance of a button-style
BPM electrode given in Eq. (3) underestimates the impedance value because
it is based on EM fields that contribute to the output signal. Unfortunately,
the button-style BPM has eigenmodes that couple to the beam field and oc-
cur as “trapped” modes, which do not dissipate their power during external
termination. These have been investigated using different methods [?, 7, ?].
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The beam coupling or wake impedance is the Fourier transform of the time-
domain wake potential, which can be analyzed by a numerical simulation. In this
study, this was performed using the CST software suite. Figures 10a and b show
the BPM model of the CST calculation and the longitudinal wake impedance
for different dielectric constants of the insulator used in the button feedthrough.
Six eigenmodes were excited in the frequency range 10-25 GHz, but no mode
was present below 10 GHz. The frequencies of the six modes are presented in
Table 3 . The analytical frequencies listed in Table 3 are expressed as follows

[7):

f _c pm
Hmlp B 27T V 67" lCOﬂX ’

(12)

where [, is the longitudinal length of the coaxial structure, and ¢, is the rela-
tive permittivity of the material between the inner and outer conductors. From
the theory of circular waveguides, we can compare the analytically expected
mode frequencies with those of the numerical analysis.

As shown in Fig. 4d, several sections of the coaxial insulation part of the
feedthrough were inhomogeneous and consisted of two materials with different
permittivities: ceramics (¢, = 9.9) and vacuum or air (g, = 1). For these
sections, we calculated the effective dielectric constant €, based on the relative
volumes and permittivities of the two dielectric materials and applied this result
instead of ¢, to Eq. (12). The mechanical parameters and results are listed in
Table 4 , where only the thicker homogeneous part of the ceramic insulator
(upper part of Fig. 4d) was evaluated. As predicted by Eq. (12), the higher
the relative permittivity, the lower the frequency of the trapped modes. As
indicated by the red arrows in Fig. 10b [Figure 10: see original paper], if
the relative permittivity of the ceramic €_q.,mic increased, the frequencies of the
second, third, and fourth modes shifted to lower values, which implies that these
modes were trapped in the ceramic sections, whereas the frequencies of the other
three modes (that is, the first, fourth, and fifth modes) barely changed. This
implies that they were trapped, for example, by the gap between the button
and housing. The mesh grid of the CST calculation barely changed during the
permittivity scan.

Figure 11 [Figure 11: see original paper| shows the distribution of the surface
current for the button H;;; mode (a) and ceramic insulator H,;, mode (b).
The surface current and energy were primarily concentrated in the associated
structure. Because the gap between the button and the distance to the ceramic
insulator was small, some energy remained in the button gap area, even for the
ceramic-related mode, as shown in Fig. 11b.

The analysis and visualization of the EM field of a trapped mode in the cross-
sectional area was difficult because the gap ¢, was small. Therefore, we analyzed
the EM field in the cross-section of the ceramic area. Figure 12 [Figure 12: see
original paper] shows the electric field distributions at 11.74 GHz (H,,,) and
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17.00 GHz (Hyq,) for the cross-section in the ceramic area, which clearly iden-
tifies the H,; dipole and H,; quadrupole mode pattern. Figure 13 [Figure 13:
see original paper] shows the electric field at 11.74 GHz (H;,,) and 14.47 GHz
(H,;;) in the longitudinal section view along the signal propagation direction,
with H;;, in phase and H;;; out of phase. All six trapped mode frequencies
are listed in Table 3, and all are transverse electric (TE) modes. The trans-
verse magnetic mode exhibited a higher frequency and a significantly lower field
strength than the TE mode, as shown in Fig. 10b. Figure 13c shows the electric
field distribution of the transverse magnetic F,5, mode in the cross-section of
the ceramic area, which had an eigenfrequency of 27.34 GHz. However, this will
have only a minimal impact on a beam with a high frequency and low shunt
impedance.

5. Thermal Analysis

The real component of the longitudinal beam coupling impedance corresponds
to the energy loss of the beam, and the imaginary component corresponds to the
energy exchange between the beam and button capacitance, which may induce
beam instability and breakup effects. The loss factor £, for an RMS bunch
length of 3 and 6 mm was 15.2 and 2.43 mV/pC, respectively, at a 200-mA
current. Meanwhile, the total power loss of the four buttons was 4.06 and 0.64
W, respectively. The temperature distribution of the BPM was calculated using
ANSYS software [?]. The ambient temperature was set to 25 °C, and the results
are shown in Fig. 14a [Figure 14: see original paper]|. The following materials
were selected: stainless steel (thermal conductivity o, = 15.1 WK'm™!) for
the BPM body, and titanium (o, = 21.9 WK 'm™!) for the pin and button.
The maximum temperature obtained on the button surface was 56 °C when a
thermal power of 1 W was applied to each button. The simulation showed that
materials with better thermal conductivity, such as molybdenum, can signifi-
cantly reduce the increase in temperature. Thermal deformation of the button
and body can cause a drift in the BPM offset, which deteriorates the long-term
stability of the BPM system. The deformation results are shown in Fig. 14b,
where the deformation of the support brackets at the wings was set to zero.
The deformations of the pin and button were approximately 3.2 and 2.5 m,
respectively.

6. Conclusion

The BPM system is one of the most important beam instrumentation and di-
agnostic systems for the HEPS. To achieve the required sub-micrometer orbital
stability, the resolution potential and accuracy of the BPM pickups were ana-
lyzed. The BPM pickups designed for the HEPS have a reasonably high transfer
impedance at the frequency of interest and provide sufficient signal power levels
to the read-out electronics. The store ring (Types A, B, and C) and booster
(Types D and E) BPMs have a transfer impedance of 0.38, 0.41, 0.41, 0.19, and
0.17 © at the 500 MHz operating frequency, respectively, according to numerical
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simulation. The impact of various manufacturing and assembly tolerances on
the error of BPM measurement was investigated in detail. The sensitivities of
the BPM measurement and the resulting measurement error to mechanical toler-
ances were obtained. A coupling of 49.7 mrad with 0.54 mm offsets were caused
by a 0.3-mm contraction of a button. Reasonable manufacturing tolerances can
be inferred from the total BPM error budget.

The actual performances of the feedthroughs and BPMs were measured using
different methods, and data pertaining to the button radius, button capacitance,
and button positioning accuracy after welding were analyzed. The button ca-
pacitance C}, was found to be 2.4 pF, measured using TDR. The wake field
impedance and trapped modes of the BPMs were analyzed based on the numer-
ical simulation results obtained using CST software. The first trapped mode
appeared to be of the H,;, type, with a frequency of approximately 10.4 GHz.
Finally, heating caused by the wake fields was analyzed, and the total power loss
for the four buttons was found to be 4.06 W at a bunch length of 3 mm. ANSYS
simulation results showed that a material with a higher thermal conductivity
could reduce the increase in temperature.
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