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In this article, we summarize recent theoretical and experimental studies of the impedance and beam-
induced heating of titanium-coated ceramic vacuum chambers used in the NSLS-II injection kickers. The
impedance was calculated using the field matching theory assuming planar approximation and compared
with the ImpedanceWake2D code. For the coating thickness of a few microns, we demonstrated that the beam-
induced power is dissipated in the titanium coating and that the longitudinally averaged two-dimensional
power density is approximated by an analytical expression, thus allowing the use of a simplified model of
the power density as input for the ANSYS code to simulate the temperature distribution with realistic
nonuniform thickness of the Ti coating. For a few values of the NSLS-II beam current, we measured the
beam-induced heating of two ceramic chambers using thermal sensors installed along the chamber and
compared the measurement results with the simulations.
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I. INTRODUCTION

Vacuum chambers made of high-performance ceramics
are fundamental components of pulsed magnets used in
particle accelerators for injection and extraction of beams.
Ceramic chambers are extremely resistant to heat, corrosion,
and chemical influences [1]. However, such a chamber
functions as a slow-wave structure with large coupling
impedance, a phenomenon intrinsically linked to the ceramic
material’s significant resistivity and permittivity [2]. These
properties are fundamental to the chamber’s behavior,
contributing to the accumulation of static charges on the
ceramic surface. For reliable discharge of image current and
reduction of the impedance, the inner surfaces of the ceramic
chambers are coated with a metal, usually titanium (Ti). The
flaws of such a coating are obvious: it affects the kicker
efficiency by partially shielding the beam from the external
magnetic field and heats the chamber walls due to eddy
currents [3]. It is important to find a reasonable thickness of
Ti coating [4,5], which is a trade-off of two contradictory
requirements: (i) the coating must be thick enough to
minimize the impedance for eddy currents and (ii) thin
enough tominimize shielding effect resulting in deterioration
of the pulse magnetic field kicking the beam.

In this paper, we present a comprehensive theoretical and
experimental study of the beam-induced heating of Ti-coated
ceramic vacuum chambers, recently completed at NSLS-II.
The schematic of the ceramic chambers installed in NSLS-II
injection kickers is shown in Fig. 1. The chambers have an
octagonal profilemeasuring 76 mm ðHÞ × 24.3 mm ðVÞ, the
length of ceramics is 815 mm, and the thickness is 6.4 mm.
This profile matches the cross section of the adjacent bellows
and chambers. The original specification for the kicker
ceramic chambers called for a 2 to 5-μm-thick coating of
Ti on the entire inner surface.
In this work, we do not consider the ferrite layer. At

higher frequencies, the skin depth is very small, leading to
minimal penetration of electromagnetic fields beyond the
surface layer. In Sec. III, we have also demonstrated that,
with a coating thickness of just a few microns, the beam-
induced power is efficiently dissipated within the titanium
coating itself. This, combined with the screening effect
provided by the ceramic layer and air gap, ensures that the
electromagnetic fields from the beam have negligible
interaction with the ferrite layer.
Our study aims to address the challenges associated with

the overheating of these chambers, which have been
observed to impact the reliable operation of particle accel-
erators. By combining simulations with experimental mea-
surements, we aim to gain a deeper understanding of the
impedance characteristics and heat distribution within the
ceramic chambers.
The paper is organized as follows: In Sec. II, we provide

a brief overview of heating issues encountered at different
accelerator facilities, such as BESSY II, ESRF-EBS, HLS,
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MAX-IV, SOLEIL, and NSLS-II. By extracting insights
from these experiences, we gain valuable knowledge about
the impact of the ceramic-coating thickness and the uni-
formity on chamber performance. In Sec. III, we present the
theoretical framework, which, in addition to calculating the
beampower loss, allows for the computation ofOhmic losses
on the electromagnetic layers. To validate our theoretical
model, we benchmark a closed formula for the longitudinal
impedance against the ImpedanceWake2D (IW2D) [6] computing
code. To experimentally test our theoretical predictions, we
carried out testbench measurements of resistivity and beam-
based measurements of beam-induced heating for two
chambers, SN003 and SN001, as explained in Sec. IV.
Finally, in Sec. V, we describe the thermal analysis and
compare the simulations with experimental data.

II. CERAMICS HEATING ISSUES IN
ACCELERATORS

Several accelerator facilities including BESSY-II [7],
ESRF-EBS [8], HLS [9], SOLEIL [10,11], MAX-IV [12],
and NSLS-II [13] reported overheating of their Ti-coated
ceramics chambers due to lack of coating uniformity with
appropriate thickness or/and poor coating adhesion.
Therefore, to avoid failure of ceramic chambers due to
thermal stress cracking, a sequence of simulations is
usually performed to calculate the EM fields, impedance,
heat source distribution, and temperature map for a given
ceramic shape and loss tangent.
A prototype in Ref. [7] at BESSY-II showed that even

though the injection outmatched expectations, the strong
interaction with the stored beam resulted in high heat load
causing the 5-μm-thin Ti-coated ceramic chamber to reach
temperatures over 500 °C and fail. The operations at MAX-
IV made known that heating issues of ceramic chambers
arise for a thin coating of 1 μm and further studies [12,14]
stated that a thicker coating would be preferable.
Because of its complex shape, the ESRF-EBS vacuum

chamber is constructed of four pieces of ceramics that have

been glazed together [15]. However, the chamber cracked
at the glazing location due to overheating during the first
time ramp up of the beam current [8].
During the commissioning of the new MIK pulsed

magnet at SOLEIL, excessive heating in the MIK chamber
and flanges was resolved by adding cooling fans. This
underscores the need for accurate thermal load estimation
and suggests potential design improvements, such as
thermal simulations and adjusting coating thickness, albeit
with potential of field perturbation trade-offs [11].
At NSLS-II, concerns over the excessive heating mea-

sured in the kicker chambers prompted an inspection of
their interior. Once opened, it was discovered that the Ti
coating was damaged, and there was a significant color
change of the ceramics compared to a spare chamber. This
issue was critical to address for achieving the 500 mA
design current at NSLS-II. Cooling fans were installed for
temporary mitigation of the overheating and then, as a
reliable long-term solution, a tool for in-house coating of
ceramic chambers has been designed, built, and commis-
sioned [13,16,17].

III. FIELD MATCHING THEORY

We applied the field matching theory (FMT) to the model
shown in Fig. 2. Following the analytical approach adopted
in [18], in [19] the model has been extended to consider two
parallel layers with arbitrary complex relative permittivity
and permeability. A deeper analysis with complete deriva-
tions is discussed in a companion paper [20].

A. Longitudinal impedance formula

A general formula [21] for the longitudinal impedance per
unit length Zjj

0=L, where L is the length of the impedance
structure, is given in [19]. Here we give a simplified version
of the formula assuming the condition k=ξ ≪ 1, which is
very well satisfied for frequencies below 100 GHz corre-
sponding to the frequency range of our interest:

FIG. 1. Schematic of the NSLS-II kicker chamber.

AAMNA KHAN et al. PHYS. REV. ACCEL. BEAMS 27, 084501 (2024)

084501-2



Zjj
0

L
¼ i

Z0

4π
k
Z þ∞

−∞

qða1 þ a2d1Þ sech2bq
qq1ða3 þ a4d1Þ þ ðq2 − k2Þða5 þ a6d1Þ tanh bq

dq; ð1Þ

where Z0 ≈ 377 Ω and

a1 ¼ b1 − b2 − b3 þ b4 þ b5; a2 ¼ b1 þ b2 þ b3 þ b4 þ b5; a3 ¼ −b1 − b2 þ b3 − b4 − b5;

a4 ¼ b1 − b2 þ b3 þ b4 þ b5; a5 ¼ b1 − b2 − b3 þ b4 þ b5; a6 ¼ b1 þ b2 þ b3 − b4 þ b5;

b1 ¼ ðε2 − 1Þðq2 − k2Þq1q2ðd22 − 1Þ; b2 ¼ qðq22 − q2Þð2ðd2 − 1Þ2qþ ðd22 − 1ÞÞq2ð1þ ε2Þ;
b3 ¼ ðq2 − k2Þððd2 þ 1Þ2q22ε2 − ðd2 − 1Þ2q22Þ; b4 ¼ qq1q22ððd2 − 1Þ2 þ ðd2 þ 1Þ2ε2Þ; b5 ¼ 2q2q1q2ðd22 − 1Þ;

d1 ¼ e2q1τ1 ; d2 ¼ e2q2τ2 ; q1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q2 − ikξ

q
; ξ¼ Z0σc; q2 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q2 − k2ðε2 − 1Þ

q
; ε2 ¼ ε0ð1þ i tanδÞ; ð2Þ

where σc is the electrical conductivity of the Ti-coating layer,
ε2 the complex permittivity of the ceramic chamber, with
tan δ the tangent loss factor, τ1 and τ2 the thickness of the
Ti-coating layer and ceramic chamber, respectively, and b is
the ceramic chamber half-aperture.
A further good approximation, not essential for our

derivation of Eq. (1), consists of neglecting the term q2 in
the expression of q1 given by Eq. (2), leading for q1 to the
result q1 ¼

ffiffiffiffiffiffiffiffiffiffi
kξ=2

p ði − 1Þ. We note that the coefficients
given by Eq. (2) do not depend on b.

B. Benchmark theory with IW2D simulations

The impedance of the ceramic chamber is estimated
using IW2D, a code developed at CERN to compute
longitudinal and transverse impedance in a two-
dimensional multilayered flat structure. The number of
layers can be arbitrary depending on the user application
requirement, and each of them can be made of any linear
homogeneous isotropic stationary material. The last layer,
which can also be vacuum, should always be modeled with

infinite thickness and with low conductivity. The code
relies on the analytic computation of the electromagnetic
fields created by a point-charge beam traveling at any speed
in the whole structure. The details of flat structure imped-
ance formalism are discussed in [22,23].
We simulate the NSLS-II kicker chamber with the half-

height of b ¼ 12.1 mm as a three-layer flat structure
composed of a 6.4-mm-thick ceramic chamber with two
thickness values of Ti coating τ1 ¼ 0.55, 1.21 μm, plus the
last infinite layer. The material properties for the IW2D

calculations are given in Table I.
Figure 3 shows the comparison of the longitudinal

impedance obtained from IW2D and from the field matching
theory discussed above, i.e., from the numerical integration
of Eq. (1), for the NSLS-II chambers with different
Ti-coating thickness. There is a good agreement between
the theoretical and IW2D calculations.

C. Beam-induced power and Ohmic losses

In the following discussion, we use the scalar symbol I to
label the average current while the vector symbol J to label
current densities. In order to avoid the repeated use of
current density, we simply use current for J. According to
Ampere’s law, the total effective current reads

Jðr; tÞ ¼ Jfðr; tÞ þ
∂

∂t
Dðr; tÞ≕ Jfðr; tÞ þ JDðr; tÞ; ð3Þ

where Jf represents the external or free current, and the
displacement current JD ¼ Jc þ Jd, where Jc represents

FIG. 2. Geometry of the vacuum chamber in planar
approximation.

TABLE I. Material properties of Ti-coated ceramic chambers
for comparison between IW2D and FMT.

Layers ρ (Ωm) tanðδÞ ϵ0 τ (μm)

Ti 4.3 × 10−7 0 1 0.55, 1.21
Ceramics 5 × 105 1 × 10−3 10 6.4 × 103

Vacuum Infinity 0 1 Infinity
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the conduction current (due to unbound conduction
charges) and Jd represents the dielectric or polarization
current (due to bound polarized charges).
Applying conservation of energy, Poynting’s theorem

states that in the volume occupied by our electromagnetic
structure, the stored energy u changes at a rate given by the
work done on the chargeswithin the volume,minus the rate r
at which energy leaves the volume [24]. If we assume
u ¼ const and r ¼ 0, Poynting’s theorem implies that the
power lost by the beam (free current Jf) equals the power
dissipated due toOhmic losses (displacement currentJD) [25]

Ploss ¼ Pohm; ð4Þ
where

Ploss ¼
Z

d3rJfðr; tÞ · Eðr; tÞ;

Pohm ¼
Z

d3rJDðr; tÞ · Eðr; tÞ; r ¼ ðz; x; yÞ: ð5Þ

The total power lost byM Gaussian bunches with length
στ and average current I0 traversing an impedance structure
of length L reads

Ploss;T ¼ −T0

I20
M

kloss;

kloss ¼
1

π

Z
∞

0

dωe−ω
2σ2τ ReZjj

0ðωÞ; ð6Þ

where T0 is the revolution period. The integral summation
in Eq. (6) is justified by the fact that the impedance is
broadband [26].
For the rest of this paper, we use s instead of z to label the

longitudinal coordinate. In order to take into account the
variation of the Ti-coating thickness with longitudinal
position s, as shown in Fig. 6, we assume the Ti-coating
thickness τ1 piece-wise constant over the length Δ, with
Δ ¼ 28.1 mm. It follows that the total beam-induced power
loss reads

Ploss;T ¼ −T0

I20
M

XN
n¼1

kloss;n;

kloss;n ¼
1

π

Z
∞

0

dωe−ω
2σ2τReZjj

0½ω; τ1ðsnÞ�;

sn ¼ nΔ; N ¼ 29; ð7Þ

where the explicit dependence of the Ti-coating thickness
τ1 on the longitudinal position sn has been inserted in the

argument of ReZjj
0 , and in the use of Eq. (1), we set L ¼ Δ.

Assuming JD ¼ Jc in the metal coating and JD ¼ Jd in
the ceramic chamber, Ohmic losses are determined by the
power dissipated in the metal coating (conduction losses)
plus the power dissipated in the ceramic chamber (dielectric
losses)

Pohm ¼ Pcond þ Pdiel; ð8Þ

where, with the use of Ohm’s law Jc ¼ σcE,

Pcond ¼ σc

Z
d3rEðr; tÞ · Eðr; tÞ;

Pdiel ¼
Z

d3rJdðr; tÞ · Eðr; tÞ: ð9Þ

For a general thermal analysis, the power density JD · E
is calculated inside every electromagnetic layer. In [20], the
calculation is discussed using the general expression of the
displacement current JD adopting the Lorentz oscillator
model. In this paper, we use the following results [27]:
(i) with the range of variation of the Ti-coating thickness as
given in Fig. 6, with good approximation all the power is
dissipated on the metal coating, i.e., Pohm ≃ Pcond,
Pdiel ≃ 0; (ii) the averaged three-dimensional power density
P3ðs; x; yÞ on the metal coating can be cast in the following
form using Eq. (7):

P3ðsn; x; yÞ ¼
Ploss;n

2Δτ1ðsnÞ
GðxÞ; GðxÞ ¼ A

cosh2ð π
2b xÞ

;

A ¼
�Z

dx
cosh2ð π

2b xÞ
�

−1
¼ π

4b
; ð10Þ

where

FIG. 3. Comparison of the Ti-coated ceramic chamber imped-
ance for coating thickness of τ1 ¼ 0.55 and 1.21 μm with IW2D
and FMT.
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Ploss;n ¼ −T0

I20
M

kloss;n; ð11Þ

from which the following two-dimensional density is
defined as [28]

P1ðsn; xÞ ¼
Ploss;n

2Δ
GðxÞ: ð12Þ

The function GðxÞ for the horizontal profile differs from
Eq. (4) of [10] by a normalization factor, and in [27] it is
shown that GðxÞ fits well our computation. P1ðsn; xÞ for
chamber SN003 and I0 ¼ 500 mA is shown in Fig. 4. The
two-dimensional power density given by Eq. (12) is used as
a input distribution for thermal analysis with the ANSYS

code [29]. The fact that P1ðsn; xÞ is confined horizontally
within dimensions smaller than the parallel sides of the
chamber profile (approx. 31 mm) validates our parallel
plate model.

IV. EXPERIMENTAL SETUP AND
MEASUREMENT PROCEDURES

In order to benchmark the developed theory of beam-
induced heating, spare ceramic chambers named SN003
and SN001 are used. The following sections will provide
detailed information on the Ti-coating process and mea-
surements of the resistivity of the ceramic chamber.

A. Ti-coating process and measurements

To solve the problem of Ti-coating quality, a new tool
has been designed, built, and commissioned at NSLS-II
(Fig. 5). The ceramic beampipe undergoes a physical vapor
deposition (PVD) coating process using magnetron sput-
tering to apply a titanium layer. A vertical setup of titanium
cathode wires is used within the ceramic chamber, where a

plasma discharge is generated. This discharge is facilitated
by a central anode rod, while an external solenoid applies a
magnetic field to the ceramic chamber. This configuration
facilitates the deposition of the titanium coating onto the
ceramic surface.
Witness coupons are installed just outside the end of the

ceramic and a white light interferometer is used to measure
the thickness step height. The longitudinal uniformity is
checked with noncontact eddy-current measurements [30].
This measurement technique enables the assessment of
coating thickness across the entire surface of the ceramic
chamber.
After the coating process is completed, an annealing step

is performed at a temperature of 400°C. This annealing step
serves multiple purposes. First, it stabilizes the titanium
film by allowing it to undergo an aging process, thereby
reducing the occurrence of Eddy currents. Additionally,
annealing helps to alleviate any stresses in the film that may
have resulted from the deposition process. By dissolving
surface oxides and nitrides into the bulk, annealing
increases the resistivity of the coating. Furthermore, this
annealing step acts as a final precautionary measure to

FIG. 4. Two-dimensional power density P1ðs; xÞ deposited on
the Ti-coating as a function of horizontal position x and
longitudinal position s. SN003, I0 ¼ 500 mA.

FIG. 5. Ti-coating setup.
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prevent any blistering or flaking of the film due to thermal
effects prior to installation.

B. Resistivity

Using the four-point probe resistance of the witness
coupons and applying the appropriate correction factor for
the four-point measurement [31], we derived the resistivity
by using the coupon thickness measured by a white light
interferometer. The measured average resistivity from a
sample of high-quality-coated coupons is 3.85 × 10−6 Ωm.
This value is considerably higher than some of the
published values for deposited titanium thin films using
e-beam evaporation and magnetron sputtering. However, it
has been demonstrated that various factors can lead to
variations in the resistivity of deposited thin films. The
grain structure of deposited films is influenced by the
deposition rate, the presence of incorporated impurities,
arrival energy, and surface mobility due to sputtering power
and target-to-substrate distance [32].
Furthermore, we found that annealing the film increased

the measured resistivity of our deposited films by approx-
imately 1.5 to 2 times. Due to the relatively low sputtering
power and high pressure during the coating process, as well
as the annealing procedure, the higher measured resistivity
is not unexpected and is similar to that of SOLEIL [11].
A noncontact eddy-current probe was developed [30] to

measure the relative coating thickness along the length of
the ceramic chamber on both the top and bottom surfaces,
ensuring the desired longitudinal uniformity is achieved.
The film’s uniformity is crucial to ensure consistent
performance and reduce the likelihood of localized heating
or impedance variations along the chamber. Calibration of
the probe to directly measure thickness proved unsuccess-
ful due to the significant difference in the resistivity of the
deposited Ti films compared to that of purchased titanium
sheets.
Because it is difficult to insert and calibrate the four-

point probe inside the chamber, we opted for a two-point
probe measurement. The flange-to-flange resistance of
chambers SN001 and SN003, as measured by the two-
point method, is 5.6 Ω and 4.2 Ω, respectively. In this
study, we have assumed a uniform transverse coating
thickness, resulting in average thicknesses of 3.2 and
4.3 μm for chambers SN001 and SN003, respectively.
We normalized the relative coating thickness with 3.2
and 4.3 μm for chambers SN001 and SN003 to construct
the longitudinal thickness profile, as illustrated in Fig. 6.
Nevertheless, we estimated the impact of a nonuniform

transverse thickness on the accuracy of simulation results
using a simple but realistic model. Let us assume the
titanium-coating thickness is constant on the central flat
part of the chamber cross section (see Fig. 1) and linearly
decreases from a central thickness of τ1 to ατ1 at the left and
right sides of the chamber. In a worst case of zero thickness
at the sides (α ¼ 0), the τ1 is 40% higher than the average

hτ1i. In practice, the thickness at the sides can be 20%–50%
of the top/bottom thickness, depending on the coating
process, and the uncertainty of the coating thickness used
for the temperature simulations is within the range of
18%–30%.

V. THERMAL ANALYSIS

Thermal analysis using ANSYS [29] is a powerful tool for
predicting the operating temperature of a ceramic chamber
based on the analytically calculated heat load. Initial
findings indicate that the results are highly sensitive to
the film coefficient used for free convection calculations.
We typically assume a value of film coefficient between 5
and 15 W=m2 °C but for this study, we need a more precise
value to better predict steady-state temperature.

A. Measurements of film coefficient

The experimental setup consists of a 9.5 mm ×
94 mm × 152 mm aluminum plate as shown in Fig. 7,
serving as the main component [33]. Two 15W heaters are
mounted on the bottom surface of the plate, while the
bottom and side edges are insulated with Nomex material,
ensuring that only the top surface is exposed. To monitor
the temperature, an RTD sensor is instrumented on the top
surface of the plate. The setup is located in the NSLS-II

FIG. 6. Ti film thickness profile along the chambers SN001 and
SN003.

FIG. 7. Experimental setup to measure film coefficient.
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accelerator tunnel, close to the ceramic chamber, enabling
controlled thermal interactions. To regulate the heat output,
a remote-controlled power supply is employed, allowing
for power adjustments ranging from 2 to 6 W. Throughout
the experiment, temperature measurements are logged.
Figure 8 shows a set of predicted temperatures for

different film coefficients with the finite element analysis
(FEA) model of the plate. For each curve, a given power
was the input boundary condition, and the convective film
coefficient was varied from 5 to 15 W=m2 °C. The resulting
peak temperature was then plotted.
During the experiment, the power into the aluminum

plate was regulated to match these curves, from 2 to 6 W.
The plate was allowed to reach an equilibrium temperature,
and these temperatures were also plotted on the same graph.
The experiment was repeated with the exposed surface of

the aluminum plate facing downward to measure the
bottom film coefficient. The points where these curves
intersect with the curves of the plotted FEA results are
where the experimental film coefficients agree with those
used in the FEA.
For the top film coefficients, we see that the film

coefficient value varies from 7 to 8.7 W=m2 °C. For the
bottom, we see that it varies from 6 to 7.9 W=m2 °C. These
empirically derived values of the convective film coeffi-
cient were used in the FEA of the ceramic chamber to more
accurately predict temperature distributions for a given set
of power densities.

B. Beam-based measurements

The processed chamber SN003 was installed in the test
straight section C01 at NSLS-II, as shown in Fig. 9. This
chamber was equipped with 12 resistance temperature
detectors (RTDs) that were strategically positioned to
monitor temperature variations within the chamber. We
conducted a series of measurements at NSLS-II using an

operational fill pattern of 1200 bunches with a total beam
current of 500 mA. The beam current and temperatures
measured by 12 sensors were archived and postprocessed.
These measurements were done systematically over an
extended period of time to ensure that the temperature
reached equilibrium. To validate the results and ensure
consistency, the same experiment was repeated for cham-
ber SN001.
To confirm that the beam-induced power is dissipated in

the titanium coating, as discussed in Sec. III C, the setup, as
shown in Fig. 10, used the Electro-Metrics EM-6853 Ultra-
Wideband Passive Omni-Directional Antenna to measure
beam-induced power penetrating the ceramic chamber.
This antenna, covering a wide frequency range from below
300 MHz to over 40 GHz, was positioned at both the
upstream and downstream ends of the chamber.
Figure 11 shows the signals measured at the upstream

ends of the ceramic chamber for a beam current of 400 mA
in 1200 bunches. The measured power penetrating through
the metal coating and ceramics was about 40 mW, and this
value is negligible compared to the power dissipated in the
coating layer.

FIG. 8. Predicted temperatures as a function of the film
coefficient for a given input power serves as the boundary
condition. The points of intersection between the curves represent
instances where the experimental top and bottom film coefficients
align with the FEA model.

FIG. 10. Setup to measure the beam-induced power penetrating
through ceramic chambers using an antenna C01 at NSLS-II.

FIG. 9. Chamber setup with 12 RTDs placed in C01 at NSLS-II.
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C. Comparison of measurements and simulations

The ANSYS simulation takes into account the measured
Ti longitudinal thickness profile and the resistivity, which
varies with temperature, to calculate the power density.
The resistivity of the ceramic chambers, as discussed in
Sec. IV B, has been measured at room temperature. To
improve the accuracy of the analysis taking advantage of
the knowledge of the equilibrium temperature measure-
ments, the power density calculations have been performed
assuming the following linear dependence of Ti resistivity
on temperature:

ρðTÞ ¼ ρ0½1þ κðT − T0Þ�; ð13Þ

where ρ0 ¼ 3.85 × 10−6 Ωm is the measured resistivity at
room temperature T0 ¼ 20°C and κ ¼ 3.6 × 10−3=°C [34],
and T is taken to be the average over s of the ceramics
temperature measurements. The effect of including the

resistivity variation with temperature improves the temper-
ature analysis by approximately 20%. Figure 12 shows the
computed power lost by the beam as a function of average
beam current for chambers SN001 and SN003.
For that given power density, convergence studies were

conducted to integrate the measured film coefficient into
the FEA model of the ceramic chamber to achieve optimal
results. For the ceramic chamber ANSYS simulation, a
variable heat source (Qin) related to beam current that is
power density, was applied to the chamber’s inner surface.
Additionally, we accounted for various heat dissipation
mechanisms—conductive, convective, and radiative (Qout)
to ensure a comprehensive evaluation. This approach
ensures our simulation accurately reflects the thermal
behavior of the system.
This process involves a multistep simulation approach.

First, we use an assumed film coefficient value base\d on
prior experience and run ANSYS to determine the maximum
temperature. Next, we project this temperature value onto
the film coefficient curves shown in Fig. 8. The projected
temperature values are used to determine a more precise
film coefficient which is then used to perform a second
iteration of ANSYS. This process is repeated until conver-
gence is achieved.
Figure 13(a) presents a time-dependent temperature

measurement of the SN003 chamber with a beam current
of 500 mA. The graph illustrates that the temperature
reaches equilibrium over time. In Fig. 13(b), a comparison
between measured and simulated temperatures at various
RTD locations on both the top and bottom of the chamber is
presented. A snapshot of the ANSYS thermal analysis for
this chamber is displayed in Fig. 13(c). Furthermore,
Figs. 13(d) and 13(e) showcase the comparison of temper-
ature measurements and simulations as functions of beam
current (I ¼ 100–500 mA) for the SN003 chamber at
positions s ¼ 203.2 mm (top sensor) and s ¼ 558.8 mm
(bottom sensor), respectively.
Similarly, Fig. 14(a) illustrates the temperature rise

monitoring and the comparison between simulations and
measurements at various RTD locations for chamber
SN001, as shown in Fig. 14(b). Additionally, Figs. 14(c)
and 14(d) present the comparison of temperature measure-
ments and simulations as functions of beam current
(I ¼ 100–500 mA) for the SN001 chamber at positions
s ¼ 203.2 mm (top sensor) and s ¼ 558.8 mm (bottom
sensor), respectively.
The observed trends demonstrate a fair agreement of

measurements and simulations within the range of maxi-
mum relative variation of 2%–8% at different beam
currents. These results look promising for such a complex
and multiparameter problem, considering that the discrep-
ancies may arise from various factors, including exper-
imental errors in thickness measurements, resistivity, film
coefficient, and RTD calibration.

FIG. 11. Antenna signal at the upstream end of chamber for a
beam current of 400 mA.

FIG. 12. Power lost by the beam as a function of average beam
current for chambers SN001 and SN003.
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FIG. 13. Temperature rise monitoring over time for I ¼ 500 mA at NSLS-II (a), along with a comparison between the measured and
simulated temperatures at various RTD locations within chambers SN003 (b). A snapshot of the ANSYS thermal analysis for the
SN003 chamber at I ¼ 500 mA (c) is included. Additionally, a comparison of temperature measurements and simulations
as a function of beam current for the SN003 chamber at two specific positions: (d) s ¼ 203.2 (top sensor) and (e) s ¼ 558.8 mm
(bottom sensor).
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VI. CONCLUSION

We summarized our studies of the impedance and beam-
induced heating issues of titanium-coated ceramic vacuum
chambers in the NSLS-II storage ring. Through rigorous
analytical calculations and comparisons with numerical
simulations, we have characterized the impedance of the
two-layer electromagnetic system and demonstrated that the
majority of power dissipation occurs on the titanium coating
within the desired thickness range. Additionally, we showed
that the longitudinally averaged two-dimensional power
density is horizontally distributed according to a form given
in [10]. This distribution, discussed in Sec. III C and
illustrated in Fig. 4, facilitates the development of a sim-
plified model for ANSYS simulations and subsequent thermal
analysis. We also considered the measured thickness along
the chamber and significant deviations of the measured
titanium resistivity from reference book values [11].
Moreover, our findings emphasize the importance of con-
sidering the longitudinal variation of the Ti-coating thick-
ness, the variation of resistivity with temperature, and a
multistep simulation approach. These factors play a crucial
role in accurate calculations of power density and thermal
analysis. Furthermore, we have presented the variation of the

film coefficient with temperature for a given power, high-
lighting another important factor to consider in the FEA of
the chamber.
Our measurements and simulations exhibit relative

variations of 2%–8% at different beam currents. The
RTD calibration accuracy of 1–2°C contributes about
3%. It is important to note that these differences are well
within expectations, given the potential influence of exper-
imental variables, such as thickness measurements, resis-
tivity, and film coefficients. We hope this study contributes
to a better understanding of beam-induced heating and will
be helpful for the reliable design of ceramic vacuum
chambers for accelerator facilities.
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FIG. 14. Temperature rise monitoring over time for I ¼ 500 mA at NSLS-II (a), along with a comparison between the measured
and simulated temperatures at various RTD locations within chambers SN001 (b). A comparison of temperature measurements and
simulations as a function of beam current for the SN001 chamber at two specific positions: (c) s ¼ 203.2 mm (top sensor) and
(d) s ¼ 558.8 mm (bottom sensor).
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