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A 10-kW-class high-power extreme ultraviolet light source is required in mass microfabrication
technologies, and a free-electron laser based on an energy recovery linac (ERL) is an attractive candidate.
The design beam current is 9.75 mA, and the beam energy is 800 MeV. The cavity design is required to
achieve a target gradient of 12.5 MV /m with a high yield and efficient suppression of radiofrequency
power losses through higher-order modes (HOMs). The HOMs generated in the cavity pass through the end
cells and are damped by the beam-tube dampers. The cavity was designed mainly to reduce the heat
generated by the monopole modes. Further, the transverse shunt impedance of dipole modes must be
smaller than the specification related to the beam breakup effect. Considering the cavity design, the end cell
was optimized by selecting the appropriate frequency obtained using the tuning curve method. The shape of
the HOM damper was designed using the complex permittivity data obtained from the S-parameter method
with sample pieces. This cavity design was confirmed to have a sufficient margin of accelerating gradient
and adequately damped HOMs for the 10-mA-class ERL operation.
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I. INTRODUCTION

The application of mass microfabrication technology to
the production of integrated circuits using techniques such
as photolithography has been the subject of constant
improvement. Next-generation photolithography technol-
ogy using extreme ultraviolet (EUV) light with a wave-
length of 13.5 nm has been developed to achieve narrow
line widths (less than 10 nm). However, numerous unre-
solved problems must be addressed before mass production
can be realized. For this purpose, a 10-kW-class high-
power laser is required as the EUV light source, and a free-
electron laser (FEL) based on an energy recovery linac
(ERL) is the most suitable candidate [1-5]. An ERL
recovers energy by decelerating the accelerated beam after
use [6,7]. Energy is recovered by using superconducting
radiofrequency (SRF) cavities, which are associated with
low 1f losses across the cavity walls. This principle has been
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proposed and demonstrated in many systems [8,9], includ-
ing a compact-ERL (cERL) at the High Energy Accelerator
Research Organization (KEK) in Japan [10].

Various types of multicell SRF cavities have been
designed for ERLs, such as cERL [11], bERLinPro [12],
CBETA [13], and eRHIC (EIC) [14] for a 100-mA-class
ERL, which have focused on increasing the maximum
threshold beam current. The extraction of higher-order-
mode (HOM) power is a key issue in maintaining beam
quality, and HOM damping structures such as the HOM
coupler, waveguide coupler, and beam-tube damper have
been considered. In particular, the cERL has two SRF nine-
cell cavities, and its HOM parameters are optimized for a
100-mA-class ERL. Each cavity contains nine elliptical
cells flanked by eccentric fluted beam tubes with two
adjoining HOM dampers [15]. An iris diameter of 80 mm
enables the strong damping of the HOMs. Although the
cERL cavity possesses sufficient margins for HOM beam
breakup (BBU), the accelerating gradient has been limited
to between 8 and 10 MV/m during beam operation
because of heavy field emission [11]. The ratio of the
surface peak electric field (Ey,) and the accelerating
gradient (E,..) was 3.0 such that the maximum surface
peak field was attained between 24 and 30 MV/m.

Various ERL cavities have been designed for a 100-mA-
class beam current to replace synchrotron radiation light
sourcerings. However, the EUV-FEL requires a 10-mA-class

Published by the American Physical Society
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FIG. 1. Conceptual design of an EUV-FEL accelerator (output
power of 10 kW, as shown in [5]). This EUV-FEL accelerator
follows a racetrack-type layout. The injected beam is accelerated
in the main linac and is compressed in the arc and chicane
sections. An EUV light is emitted at the undulator line.
Subsequently, the beam energy is recovered by the main linac
and dumped at the beam dump.
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beam current. Therefore, designing cavities suitable for the
10-mA class is effective; further, relaxing the HOM require-
ments and lowering the E, / E, ratio enables stable operation.

The design of the EUV-FEL light source accelerator is
based on the observed features of the cERL during opera-
tion. Figure 1 and Table I show the conceptual design of the
EUV-FEL accelerator and accelerator parameters, respec-
tively [5]. The EUV accelerator follows a racetrack-type
layout, and the injector energy is 10 MeV. The injection
beam is accelerated by the SRF cavities in the main linac
and compressed at the arc and chicane. The undulator line
emits EUV light. Subsequently, the beam energy is recovered
by the main linac. The SRF cavities and undulators are
located in the two long, straight sections. A beam energy of
800 MeV is suitable for generating a 13.5 nm EUV-FEL, and
the total beam current passing through the SRF cavity is
19.5 mA. The desired accelerating gradient of the nine-cell
SRF cavities is 12.5 MV/m. The effective length of one

TABLE I. Beam and SRF cavity parameters of the EUV-FEL
accelerator. The repetition and current parameters shown corre-
spond to the undulator. Because the beam passes through the SRF
cavity twice for acceleration and deceleration, the repetition and
current values are doubled.

Parameter Values
Wavelength 13.5 nm
Output power 10 kW
Bunch charge 60 pC
Beam energy 800 MeV
Beam repetition 162.5 MHz
Beam current 9.75 mA
Accelerating gradient 12.5 MV/m
Design Q value 1 x 100
Number of SRF cavities 64 x 9-cell cavity
Total cavity heat load at 2 K 91 W

nine-cell cavity is approximately 1 m. A total of 64 units of
SRF cavities are required to accelerate the beam up to
800 MeV. A high bunch charge of 60 pC and a high repetition
rate of 162.5 MHz are required to achieve a 10-kW-class
high-power EUV-FEL. A bunch length of 1 to 2 ps is
considered at the SRF cavity section. This bunch is com-
pressed to several tens of femtoseconds at the first arc and
chicane sections and decompressed at the second arc section
for efficient energy recovery without significant beam loss.
The SRF cavities for the EUV light need to possess sufficient
margins for stable operation. The target value of E,/ E, for
the EUV cavity is set at 2.0.

In this study, based on our experience with cERL
cavities, we designed a new SRF cavity with high stability
and low risk for field emission suitable for 10-mA-class
EUV-FEL accelerators. A simple axisymmetric cavity and
HOM damper shape are required to achieve a high gradient
without field emission along with efficient HOM damping
to realize reliable operation for industrial applications. We
evaluated the high impedance and harmful low-frequency
HOMs such as TE111, TM110, and TMO11 to determine
the best cavity and HOM damper shape.

The remainder of this paper is organized as follows:
First, the design concept of the cavity structure is summa-
rized in Sec. II. The selection of the center-cell shape and
beam-tube diameter and the method of end-cell shape
optimization for the HOM modes are described in
Sec. III. The HOMs of TE111, TMO11, and TM110 and
the optimized cavity shape are presented in Sec. IV. In
Sec. V, we discuss the HOM damper design based on
material measurement data and present the evaluation of the
final HOM with the designed EUV nine-cell cavity. This is
followed by a brief discussion of the EUV cavity structure.
Finally, in Sec. VI, we present the conclusions.

II. DESIGN CONCEPT OF EUV CAVITY

The beam induces wakefields in the superconducting
accelerating cavity. These wakefields are stored in the
cavity as HOMs, which have to be sufficiently damped to
avoid beam instability. The configuration of the EUV
cavity considered in this study is shown in Fig. 2. The
shape of the center cell is the same as that of the TESLA

End-cell A Center cell End-cell B
®100 mm r . \ ®110 mm
Y
HOM

HOM damper

FIG. 2. Conceptual design of the EUV nine-cell cavity. The
HOMs are propagated through both end cells and damped by the
HOM dampers at the beam tubes. The rf field distribution is
actively shifted by making the beam-tube diameter asymmetrical
and biasing the HOM field distribution.
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cavity [16]. The E,/E, ratio of the TESLA cavity is 2.0
and has been validated for high-gradient operations in
many studies. The ratios R/Q and E,/E,.. of the accel-
erating mode are strongly dependent on the shape of the
center cell. The accelerating mode parameters of the
investigated EUV cavity are almost the same as those of
the TESLA cavity.

The HOM frequencies must not be integral multiples of
the beam repetition frequency to suppress the stacking of
the HOMs. Additionally, the target heat load of the HOMs
must equal several tens of watts to realize an HOM. The
maximum power (P}, .x) achieved by stacking the HOMs
is expressed as

Pb,max:R/QxQexlXI%v (1)

where [ is the beam current passing through the cavity.
The beam current in the EUV cavity used in this study was
19.5 mA. The product R/Q X Q. represents the shunt
impedance of the monopole HOMs. The EUV cavity was
designed by prioritizing the minimization of Q. because
R/Q is dependent on the center cell, and its change is
negligible.

The longitudinal shunt impedance R/Q of the monopole
HOM is defined by the following equation in [17]:

R V2 |f0 p 0 l(unz/vdz|2

e 2
Q wﬂU wﬂU ’ ( )

where V is the longitudinal voltage of the HOM field, w is
the angular frequency, U is the stored energy, d is the cavity
length, » is the longitudinal velocity of charge, n is the
HOM number, and E_ is the longitudinal electric field on
the beam axis (p = 0).

The transverse shunt impedance R,/Q of the dipole
HOM is defined by the following equation in [17]:

Rt V2 |f0 — Cl ei®n z/vdz|2

EzwnU (kna) w,U -G

where V is the transverse voltage, k, = w,/c, and E_ is
the longitudinal electric field at a distance of p = a from the
beam axis. In this study, the transverse field was calculated
at a = 1 mm.

The damped power of the HOM damper is assumed to be
up to 100 W, and a 100-W-class HOM damper has been
developed for cERL [18,19]. A modified HOM damper is
developed and used for the EUV cavity in this study. The
longitudinal shunt impedance of the longitudinal HOMs
must be less than 1.31 x 10° ) [based on Eq. (1)] in the
worst-case scenario wherein the HOM frequency matches
the beam repetition rate.

The target impedance of the dipole HOMs was deter-
mined from the BBU threshold [20]. The threshold beam
current of the EUV accelerator was evaluated using the
existing cavity model, which was designed as a prototype

for the KEK-ERL project and is called the KEK Model-1
cavity [18,19]. The KEK Model-1 cavity has TESLA cells,
and one side of the beam-tube diameter was increased from
78 to 108 mm. The highest transverse shunt impedance of
the KEK model-1 cavity was 5.5 x 10* Qcm™2 GHz™!.
The HOM-BBU threshold current was calculated for the
five strongest transverse HOMs of the KEK model-1 cavity
and the designed main-linac optics of the EUV-FEL light
source, as shown in [3]. By scanning over the betatron
phase advance (0 — 2x) and return loop length (in one rf
period), the minimum threshold current was estimated to be
195 mA by using a simulation code bi [21] even without
HOM frequency randomization (the BBU threshold current
can increase up to 1.1 A with a frequency spread of 2 MHz
in rms). This is 1 order of magnitude higher than the EUV
operation current. Therefore, the target value of the trans-
verse shunt impedance for the EUV cavity design is
considered equivalent to that of the KEK model-1 cavity
(.e., 5.5x 10* Qcm™2GHz™).

The structure of the EUV cavity is shown in Fig. 2. The
cavity consists of nine cells of 1.3 GHz, similar to the cERL
[18,19] developed at KEK. Using a 1.3 GHz nine-cell
system, the existing facilities such as surface treatment
equipment can be used. The HOMs induced in the cavity
cell propagate through both end cells and are damped at the
beam-tube damper. All HOMs are assumed to be damped
effectively if the frequencies of the end cells match those of
the center cells. If the frequencies of the center and end cells
do not match, the rf power is trapped in the center cells. We
determined that matching all HOM frequencies for the end
and center cells is difficult because of parameter constraints
associated with the cavity shapes. Consequently, the design
of the proposed system was focused on low-frequency
HOMs, which had frequencies that could be controlled
relatively easily during fabrication. The diameters of the
beam tubes were asymmetrically set to actively shift the rf
field distribution and increase the damping efficiency.

III. DESIGN OF EUV CAVITY

A. Center-cell shape

The TESLA-type center-cell shape was slightly modified
for fabrication, as shown in Fig. 3(a). Straight sections of
1 mm were added at the iris and equator. Both the elliptical
shape and length of the iris and equator were adapted to
approximate the shape and length of a TESLA cavity.
Figure 4 displays the dispersion curve of the center cell
obtained using the csTMw studio [22]. The frequencies cor-
responding to 0° and 180° were calculated using the electric
and magnetic boundary conditions, respectively, at the iris.
The relationship between the frequencies corresponding to 0°
and 180° is expressed by the following equation:

f:fo{l

+%(1—cos€)}, (4)
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FIG. 3. Design of the cavity cell shapes for the EUV light

source accelerator: (a) center cell and (b) end cell with a beam
tube. The equator and iris have 1 mm straight sections. Therefore,
the shape of the center cell is not entirely the same as that of the
TESLA cavity described in [16]. However, the taper angle is
adjusted to approximate the TESLA shape.

where k. is the cell-to-cell coupling, @ is the phase advance
between two successive cells, and f, is the frequency at 0°.
High-impedance HOMs in the passbands correspond to the
points of intersection with the light speed line (v, = ¢) in
Fig. 4. The end-cell shape was optimized for the HOM modes
with high impedance, such as TE111, TM110, and TMO11.

B. Diameter of beam tubes

The diameters of the beam tubes were designed to
propagate the HOMs. Damping from one side of the beam
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FIG. 4. Dispersion curves of the HOMs in the TESLA-type
center cell. The red dots represent the high-impedance HOM
modes of TE111, TM110, and TMO11. The end-cell frequencies
were designed to be tuned to the center-cell frequency for these
modes.

TABLE II. Cutoff frequencies of beam tubes of different
diameters. The lowest frequencies of the dipole TE111 and
monopole TM110 passbands of the center cells were 1627.9 and
1794.0 MHz, respectively. The TE111 passband can be damped
via the 110-mm beam tube, and the TM110 passband mode can
be damped via both beam tubes.

Diameter of the Cutoff frequency

beam tubes (MHz)

TEL1 T™MO1

100 mm (end-cell A) 1756.8 2295.0
110 mm (end-cell B) 1597.1 2086.4

tube for the lowest-order dipole HOMs of the TEI111
passband and damping from both sides of the beam tubes
for the lowest-order monopole HOMs of the TM110 pass-
band were considered. The lowest frequency of the dipole
TE111 passband of the center cells was 1627.9 MHz,
whereas that of the monopole TM110 passband of the
center cells was 1794.0 MHz. The diameters of both beam
tubes were set as 100 and 110 mm. The diameter of
100 mm on one side was chosen to actively make the cavity
asymmetric for higher HOM damping. The 100-mm beam
pipe can pass from low-order TM110 modes. The cutoff
frequencies are listed in Table II. The external Q (Q.y)
values corresponded to the coupling between the nine-cell
and beam pipes.

C. Design of end cells

The end cell consisted of a TESLA-type center half-cell
and end half-cell with a beam tube. The dimensions of the
end half-cell were parameterized as shown in Fig. 3(b). A
straight section with a width of 1 mm was added for
welding at the equator and iris. End-cell A included a
100 mm beam tube, whereas End-cell B included a 110 mm
beam tube. The end-cell frequency must be tuned to the
high-impedance modes of the center-cell passband. The end
cells were strongly coupled with the beam tubes. The end-
cell frequency and coupling constant were calculated using
the tuning curve method [23,24] (Appendix). This method
can be used to calculate only the magnetic boundary modes.
Upon applying the calculable modes of the end cell to the
dispersion curves of the center cells, it was found that the
TE111 mode was 0° whereas the TM010, TM110, and
TMO11 modes were all 180°. The frequencies of the high-
impedance modes cannot be calculated. Because the iris
diameter of the end cell on the center cell side is the same
as that of the center cell, the slope of the dispersion curve
can be assumed to be similar to that of the center cell.
Therefore, the optimal shape can be found by sweeping the
frequencies of the magnetic boundary modes, as shown in
Fig. 5. The frequency differences between the magnetic
boundary modes of the center and end cells of TMO010,
TE111, TM110, and TMO11 were defined as A frmoio

Aftei> Afviios and Afryop;, Tespectively.
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FIG. 5. Conceptual diagram of the optimization of the end-cell

frequency. The only calculable HOM modes of the end cell were
the magnetic field boundary modes, which are indicated by blue
dots on the dispersion curve of the center cell obtained in Fig. 4.
The end-cell dispersion curves shown here are conceptual and
differ from the actual curves. To optimize the end-cell shape, the
dispersion curve of the end cell must be adjusted to match the
high-impedance mode of the center cell (red dots). For this
purpose, the frequency difference between the magnetic field
boundary modes of the HOMs of the center and end cells was
defined as Aftgi11, Aftmi10, and A fryvor1, and the optimal shape
of the end cells was determined by sweeping this frequency
difference.

The accelerating frequency of the end cell was fixed at
1.3 GHz during the optimization process. Because the
number of adjustable HOM frequencies was limited by the
tolerance of the end-cell shape, two HOM modes were
selected for the EUV cavity design. End-cell A was focused
on TM110 and TMO11, whereas end-cell B was focused on

TE111 and TMO11. The other HOMs were not controlled.
The linearity response terms of the end-cell shape param-
eters as a function of the HOM frequency and value of Q.
are shown in Table III. The HOM frequencies were
adjusted to the target frequency by solving the determinant
matrix of the longitudinal axis radius of the iris arc (A;,),
longitudinal axis radius of the equator arc (A.), and
transverse axis radius of the equator arc (B,y), with the
iris radius (R;;) and cell length (L) as free parameters. R;,
and L were swept in 0.25 mm steps. The other shape
parameters were fixed because these changes were small.
The longitudinal axis radius of the reducer (A4) was
10 mm, transverse axis radius of the iris arc (B;) was
14 mm, and transverse axis radius of the reducer arc (B,4)
was 5 mm in end-cell A and 8 mm in end-cell B. Because
higher-order responses were not included when adjusting
the shape, the values of the frequency and Q. were
calculated using the tuning curve method after adjusting
the shape.

As mentioned above, only the magnetic boundary modes
of the end cells can be calculated, and the frequencies of the
magnetic boundary modes were swept to find the optimal
end-cell frequency for the high-impedance mode of the
nine-cell passband. Three restrictive cavity shape condi-
tions were used for sweeping Af. First, all sizes were
required to be larger than 5 mm for press forming. Second,
(L — Ay — Aq) was required to exceed 0 mm to avoid a
reentrant shape. Third, B.4lim,_,,, was required to be larger
than 20 mm to avoid a triangular shape. Figure 6 shows the
scanning results of the end-cell B shape as an example. The
target frequencies of the TMO11 mode in the center cell
(Aftmor) were adjusted to 0, 5, and 10 MHz. The cavity
shapes were adjusted using only linear terms of frequency
response. The colored area in the figure indicates the
adjustable range for matching the frequencies of the other
HOMs (TE111 and TM110) to those of the center cell

TABLE III. Linearity response terms of frequency and Q. of low-frequency HOM:s.
Frequency response (MHz/mm) Q. Tesponse (mm')
Dimension Initial length (mm) T™MO010 TEI11 TM110 T™MO11 TEI11 TM110 T™MO11
End-cell A Ay 11 —-1.71 4.63 —0.89 5.28 NA 0.65 8.05
Agq 37.49 —3.39 —-1.97 —1.87 —14.49 NA —1.80 6.20
B;, 14 0.42 —1.20 0.08 —1.01 NA 0.14 —-1.92
By 40 1.13 0.46 0.84 3.57 NA —0.12 —2.04
R; 39 1.57 —8.10 —4.44 —1.63 NA —3.63 —20.61
L 53 2.12 —5.38 1.40 —5.53 NA 3.64 —4.37
End-cell B A 12 —1.74 5.50 —0.90 4.61 —0.17 —0.50 11.46
Agg 37.54 —3.38 —1.93 —-1.72 —14.54 3.10 —2.07 6.26
B 14 0.45 —1.52 0.07 —0.82 —0.23 0.13 —2.84
Beg 40 1.14 0.45 0.80 3.64 —0.78 0.57 —2.38
R; 39 1.58 —11.31 —4.07 0.06 —26.74 —5.99 —27.88
L 54 2.12 —5.83 1.26 —5.07 5.57 3.81 —6.52
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FIG. 6. Example of the scanning results of end-cell B shape.
The color scale shows Q. of TMO11. The calculation condi-
tions were (a) Aftmorr = 0 MHz, (b) Aftmonn = 5 MHz, and
(©) Afmor = 10 MHz with Afrymoio =0 MHz, Afrgi =
0 MHz, and Afryiio = 0 MHz. The dashed lines denote the
restricted conditions. The red dashed lines show the conditions at
which A;; is larger than 5 mm for press forming. The blue dashed
lines show the conditions in which (L — Aj; — A.g) is larger than
0 mm to avoid a reentrant shape. The black dashed lines show the
conditions where B, is larger than 20 mm to avoid a triangular
shape. The coloring gradient shows the Q. values of the TMO11
mode. The values denoted by black dots, which were obtained
with the minimum Q.,, were selected as the optimal values.

(Aftgiir =0 MHz and Afrtyiig = 0 MHz). The color
scales indicate the values of Q. for the TMOI1 mode.
The shapes with the lowest values of Q.,, were selected as
candidates for optimization. After selecting the candidate
cavity shape, the actual frequency difference was calculated.

Then, the target frequency of the end cell was swept to
determine the optimal shape.

IV. OPTIMIZATION OF CAVITY SHAPE

The optimal cavity shape for an EUV cavity was selected
by combining seven center cells and two end cells and
calculating the shunt impedance of a nine-cell cavity. The
targets for optimization were TE111, TM110, and TMOI11,
and each mode was investigated separately. The end cells
were adjusted to determine the minimum shunt impedance
for each mode. The conditions for adjusting each mode are
shown in Table IV. In all cases, each end cell was adjusted
to the accelerating frequency and two HOM frequencies.
The value of Q. of the nine-cell cavity was calculated
using the cST-MW studio.

Case 1: The target mode in case 1 was TE111. The
minimum shunt impedance of TE111 was determined by
sweeping A frgq1; of end-cell B. A ftypiqo of end-cell A and
Afrmorr of both end cells were adjusted to zero. Figure 7
shows the shunt impedance of TE111, which was swept
from —27.3 to +19 MHz with steps of approximately
5 MHz. The highest impedance of the TE111 mode was
67/9. The difference was negligible when the end-cell
frequency was varied, and the transverse shunt impedance
was lower than 4 x 10° in all cases.

Case 2: The target mode in case 2 was TM110, which
was optimized in a similar manner as that in case-1. The
minimum shunt impedance of TM110 was determined by
changing A fty10 of end-cell A under the conditions that
Afrmiio of both end cells and A f1g;;; of end-cell A were
set to zero. Figure 8 shows the shunt impedance of TM 110,
which was swept from —16.1 to +20 MHz with steps of
approximately 5 MHz. The highest impedance of the
TM110 passband was 57/9. The difference was negligible
when the end-cell frequency was varied, and the transverse
shunt impedance was lower than 2 x 10* in all cases.

Case 3: The difference between the best values of both
TE111 and TM110 was small. Therefore, both end-cell
frequencies were optimized to the high-impedance mode
in the TMOL1 /9 mode. Figure 9(a) shows the shunt
impedance of the nine-cell TMO11 as a function of various
Afrmorr values for both end cells, where Afryo of
end-cell A and Afrg;;; of end-cell B were fixed to
zero. The highest impedance mode of TM011 was obser-
ved in the 7/9 mode. Figure 9(b) shows the z/9 TMO11
mode in greater detail. The minimum shunt impedance
(R/Q X Qo) Was 5 x 10* Q when A fryor; of end-cell A
and B was +8.2 and +3.8 MHz, respectively. These end-
cell shapes were selected for the optimized EUV nine-cell
cavity. The fabrication error of the cavity was approxi-
mately 0.1 mm, and the frequency varied by up to
approximately 1 MHz from the frequency response of
the end cell for each dimension, as shown in Table III.

The optimized dimensions of both end-cell shapes are
listed in Table V. The parameters of the accelerating mode
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TABLE IV. Evaluation range for HOM optimization of the EUV nine-cell cavity.

End-cell A End-cell B
Target HOM mode Afrmiio Afrmorn AfrEin Afrmon
Case-1 TE111 0 MHz 0 MHz —27.3 MHz to +19 MHz 0 MHz
Case-2 TM110 —16.1 MHz to +20 MHz 0 MHz 0 MHz 0 MHz
Case-3 TMO11 0 MHz —21 MHz to +18.8 MHz 0 MHz —1.3 MHz to +20.3 MHz

in the EUV nine-cell cavity were calculated using
SUPERFISH. A comparison with the TESLA cavity is
listed in Table VI. The E,/E,.. value of the EUV cavity
was almost identical to that of the TESLA cavity and
met the target value of 2.0. Figure 10 shows the calcula-
tion results of the HOM impedance in the EUV nine-cell
cavity. The monopole modes with the highest shunt
impedance of TMO011 and TM020 were 5.0 x 10* Q at
2469 MHz and 3.6 x 10* Q at 2664 MHz, respectively.
The monopole-mode power loss under the condition of
the beam repetition matching the HOM frequencies was
19 W, as calculated using Eq. (1); however, this was
unlikely to happen because the beam repetition and
HOM frequencies were adequately spaced. The dipole
modes with the highest transverse shunt impedance
of TEI11 and TM110 were 3.4 x 10* Qem™ GHz™! at
1730 MHz and 3.1 x 10* Qcm™' GHz™! at 1874 MHz,
respectively. The highest transverse shunt impedances of
TE111 and TM110 for the ERL model 1 cavity were
2.7x 10* at 1866 MHz and 5.5 x 10* at 1874 MHz,
respectively [3]. The dipole-mode impedances of the
EUV cavity were lower than the target value, and the
BBU threshold was sufficiently satisfied.

W A of B
E Target: 5.5% 10 (Q em > GHz ") —cell B (MHz)
| o -273
T 10° ¢ TE111 6n/9 0O 214
5 F e O _14.5
D & x -8
E 10} % + 416
g
g 3
3 10°L @ 2 = +14.5
S " ‘g T, " & * +19
S e B
SST W =
Ol
1600 1650 1700 1750 1800

Frequency (MHz)

FIG. 7. Impedance of TEI11 passband mode. The Af1g;
value of end-cell B was swept from —27.3 to +19 MHz with
steps of approximately 5 MHz under the condition that A fry10
of end-cell A and Afryor; of both end cells were set to zero.

Figure 11 shows the loss factor of the EUV cavity
calculated with echo [25]. The loss factor in the EUV
cavity was slightly higher than that of the TESLA cavity
because the EUV cavity incorporates the reducer part
extending from the end cells to the beam tubes [26].
The total power losses in one cavity with the EUV
parameters of bunch width of 1 or 2 ps in rms, bunch
charge of 60 pC, and bunch repetition of 325 MHz were
34 W (1 ps) and 23 W (2 ps). Considering that one HOM
damper is used between the two cavities, the absorbed
power at the HOM damper was approximately 34 W (1 ps)
and 23 W (2 ps) on average.

V. OPTIMIZATION OF HOM DAMPER

A single cryomodule for the EUV accelerator contains
four or eight nine-cell cavities. Each nine-cell cavity is
connected with an HOM damper. Many types of rf damping
materials are used for HOM dampers in SRF accelerators.
Aluminum nitride (Model STL-150D) supplied by Sienna
Technologies Inc., USA [27], was used for its capability to
maintain the rf damping characteristics even at cryogenic
temperatures. The same material was used at CEBAF [28]
and Euro XFEL [29]. The rf characteristics of the material

105 L L L B AL B L B AAfTle of End
Tssr@miony TR el A 1ty
~ 107 F 3 o -12.8
7 ™IS Y|
5 x 4.7
o 3 ] 1 + —0.1
g 0r g g 3
et 1 . 4 ]
) ® gs 1| = +14.9
“\\g .l K 1] « +20
S 4
n i
& o10'} 1
N
] S P T T U RS RS
1760 1780 1800 1820 1840 1860 1880 1900
Frequency (MHz)
FIG. 8. Impedance of TM110 passband mode. Afyy9 of

end-cell B was swept from —16.1 to +20 MHz with steps of
approximately 5 MHz under the condition that A f1y119 of both
end cells and Af1g;;; of end-cell A were set to zero.
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FIG. 9. Shunt impedance of the TMO11 mode with various end-cell frequencies. (a) All TMO11 HOM spectra; the first and second
values in the legend are the Afrygr; values of end-cells A and B, respectively. (b) The detailed TMO11 /9 mode. The legend shows
Afrmor; of end-cell B. The minimum shunt impedance is 5 x 10 when A fryo;; of end-cell A is +8.2 and end-cell B is +3.8 MHz.

were measured at 300 and 80 K using the complex
permittivity obtained with the transmission/reflection
method in the coaxial line [30-32]. Figure 12 shows the
measurement results of the permittivity of the material in a
liquid nitrogen bath at KEK [33]. The data were fitted using
a Debye second-order model and used for the HOM
damper design [34].

=€ € "€ € 2
€(@) = e T 0 = <1+1+(w/w1)2+1+(w/wz)2)
. €ofw € w/wy
o <1+(a)/a)1)2 1+(60/w2)2> ®)

where €| and ¢, are the initial relative permittivities, and @,
and w, are the relaxation frequencies. The permeability was
constant at 1.0.

The structure of the HOM damper [Fig. 13(a)] was
designed considering the data obtained at 80 K. It was
designed to operate with a heat load of more than 100 W
considering the measurement results and the reliable
brazing method. The damper was connected to a thin

TABLE V. Optimized dimensions (mm) of end-cells A and B.

Parameter Symbol End-cell A End-cell B
Long. iris arc A 8.97 9.98
Trans. iris arc B;; 14.00 14.00
Iris radius R;, 39.75 40.75
Long. equator arc Agq 38.90 41.33
Trans. equator arc By 42.00 49.49
Equator radius Ry 103.30 103.30
Long. reducer Ay 10.00 10.00
Trans. reducer B 5.00 8.00
Beam-tube radius Ry, 50.00 55.00
End half-cell length L 52.00 52.00

copper tube with a silver—copper brazing compound and
was thermally intercepted at 80 K. The flanges at both ends
were connected with the thermal anchors at 5 K. A bellows
of 0.15 mm thickness was used to connect the copper tube
with the flange to suppress the heat flow from 80 to 5 K.
The prototype HOM damper was tested in a cryostat with a
10 W heater [35]. The measured heat distribution was as
designed. Although a further detailed study is needed, we
assumed that heat generation of approximately 100 W
could be adequately damped.

The actual loss on the HOM damper was mainly caused
by the loss factor. Figure 13(b) shows the static simulation
of the HOM damper. When the heat inflow to the HOM
damper was 100 W in the static simulations, the damper
temperature increased to 96 K. The loss factor around 96 K
was not measured. Because dielectric losses are greater at
higher temperatures, the damper is expected to maintain
below 96 K.

The optimal dimensions of the damper are summarized
as follows: The distance from the end-cell cavity to the
HOM damper was designed such that the rf loss of the
cavity accelerating mode was less than 1% of the cavity
wall loss. Figure 14 shows the schematic structure of the
EUV cavity with the HOM damper. The distance between

TABLE VI. Comparison of the main parameters of the EUV
and TESLA nine-cell cavities.

Cavity parameter EUV TESLA [16]
Frequency (MHz) 1300 1300
Iris diameter (mm) 70 70
Beam-tube diameter (mm) 100/110 78/78
R/Q () 1009 1036

G () 269 270
Eg/Eqee 2.0 2.0
Hgp/Eyee[mT/(MV/m)] 4.23 4.26
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FIG. 10. HOM impedance spectrum in the optimized EUV nine-cell cavity. (a) Shunt impedance of the monopole HOMs. No HOM
lower than 2397 MHz was present. The mode with the highest shunt impedance of TMO11 was 5.0 x 10* 2 at 2469 MHz. The mode
with the highest shunt impedance of TM020 was 3.6 x 10* 2 at 2664 MHz. (b) Transverse shunt impedance of dipole HOMs. The mode
with the highest transverse shunt impedance of TEI111 was 3.4 x 10° Qcm™' GHz™! at 1730 MHz. The mode with the highest
transverse shunt impedance of TM110 was 3.1 x 10* Qcm™' GHz™! at 1874 MHz. The other mode with the highest impedance at
approximately 2590 MHz was trapped by the cavity iris. The shunt impedance of the iris mode was 1.8 x 10* Qcm~! GHz ™.

the stainless-steel pipe and the end iris of the beam tube of
@100 mm in the cavity was 127 mm. The distance between
the damper and the cavity was 280 mm. The distance
between the stainless-steel pipe and the end iris of the beam
tube of ¢110 mm in the cavity was 182 mm. The distance
between the damper and the cavity was 290 mm. An rf
absorber length of 100 mm, inner diameter of 100 mm,
and thickness of 10 mm are required to cover all HOM
frequencies.
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FIG. 11. Loss factor of the EUV nine-cell cavity as a function

of the beam bunch length. The curve was fitted between 30 and
1 ps, which was adequately shorter than the cell length. The
fitting value was 4.3 x 1076 x 6797 where o is the bunch length
in rms. The loss factor of the TESLA cavity is presented in [26].

The damper power absorptions for the TM and TE
modes were evaluated based on the transmitted rf loss, as
shown in Fig. 15. The TM and TE modes can consume
approximately 80% and 60% of the total power, respec-
tively, although these values gradually decrease at higher
frequencies.

HOM damper shape and material properties were
inputted to simulate HOM parameters. The HOM damper

70 -
Tl ——300 K real
60 L T -— 300 K_imaginary|
C ~ — =80 K real
L A 80 K_imaginary
50 >
T
L \
z 40f X
o i
T r \
30f N
20 "'vt‘
10} o o
L '-". i - "‘l...?lu
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0 L= -
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FIG. 12. Relative permittivity of aluminum nitride (STL-150D,
Sienna Technologies Inc.) measured at room temperature (300 K)
and in liquid nitrogen (80 K) as a function of the measured
frequencies from 10 MHz to 6 GHz. The 80 K data were fitted
using a Debye second-order model for designing the HOM
damper [33]. The permeability of the HOM damper was 1.0.
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Design of the prototype HOM damper. (a) Diameters of the beam tubes are 110 mm on the left-hand side and 100 mm on the

right-hand side, and the tubes are directly joined with the EUV nine-cell cavity. Gray parts indicate stainless steel, yellow parts indicate
RRR300 copper, orange part indicates aluminum nitride, and green parts indicate thermal anchors. All parts were connected without
thermal contact resistance. The actual structure of the thermal anchors was copper blocks brazed with copper cooling tubes and mounted
on flanges with bolts. (b) Results of thermal simulation. The thermal radiation effect is not included. With an input of 100 W, the heat
flows to 5-K anchor 1, 5-K anchor 2, and 80-K anchor are —0.175, —0.28, and —99.6 W, respectively. Without the input of 100 W, the
heat flows to 5-K anchor 1, 5-K anchor 2, and 80-K anchor are —0.16, —0.28, and 0.41 W, respectively.
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FIG. 14. Structure of the EUV cavity with the HOM damper. The 1f losses in the stainless-steel pipe and HOM damper were designed
to be less than 1% of the acceleration mode. The HOM damper and cavity are connected in the same direction in sequence.
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FIG. 15. Calculation results for propagation and absorption of
HOM power at the HOM damper. The rf powers of the TMO1 and
TE11 modes were transferred from the @110 mm or @100 mm
beam tube.

material data were fitted data shown in Fig. 13 with the
Debye second-order model. The shunt impedances of
the monopole and dipole HOMs are shown in Fig. 16.
The shunt impedance was evaluated using the loaded Q
value (Qoaq)» Which was damped on both sides of the
HOM damper. Q.4 and the frequency were not the same
as those in the simulation conducted without a damper
because the field leaked into the beam tube. The beam
repetition and HOM frequencies were adequately different
from one another. The monopole mode with the highest
shunt impedance of TMO11 was 1.2 x 10° €2 at 2469 MHz.
The maximum shunt impedance of the monopole was
approximately 2 times higher, which was within the
assumptions of the HOM damper design. The beam
repetition frequency and harmonics were adequately far
from the frequency of the high-impedance HOM. Although
unlikely, if the beam repetition and HOM frequencies are
matched, the total heat generation at both HOM dampers
would be approximately 43 W according to Eq. (1). The
dipole mode with the highest transverse shunt impedance of
TM110 was 2.6 x 10* Qcm=> GHz ™! at 1874 MHz, which
is smaller than reference ERL model 1 shunt impedance
5.5x10* Qcm™2 GHz™! at 1874 MHz [3]. The dipole
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FIG. 16. HOM impedance spectra in the EUV nine-cell cavity with the HOM damper. The cavity with HOM damper shape is shown in
Fig. 15. The permittivity of HOM damper material was inputted fitted data of 80 K measurement data in Fig. 13 by the Debye second-
order model. (a) Monopole modes in which modes around 1660 MHz were trapped at the HOM damper. The mode with the highest
shunt impedance of TMO11 was 1.2 x 10° 2 at 2469 MHz. This was approximately 2 times higher than the HOM simulation without
the damper, as shown in Fig. 11(a). (b) Dipole modes. The mode with the highest transverse shunt impedance of TM110 was
2.6 x 10* Qcm™>GHz ™! at 1874 MHz.
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FIG. 17. High-impedance HOM electric and magnetic field distributions. The field strength is shown using a logarithmic scale.
(a) Monopole high-impedance mode of 2469 MHz in TMO1 1. This field can propagate to the HOM dampers, but the shunt impedance is
relatively high due to the high R/Q value. (b) Dipole high-impedance mode of 1874 MHz in TM110. This field was trapped in the cells.
Although the field propagated to the HOM dampers was small, the shunt impedance was sufficiently lower than the target value.

mode was lower than that in the simulation without
the HOM damper. The field distributions of the high-
impedance monopole and dipole HOMs are shown in
Fig. 17. The BBU target was adequately satisfied.

VI. CONCLUSION

A nine-cell superconducting cavity with a HOM damper
was designed to realize stable operation for the 10-mA-
class EUV-FEL accelerator. The center-cell shape was
selected to set Eg,/E,.. of 2.0 for stable operation without
field emission. The end-cell shape was designed by priori-
tizing the minimization of the impedance of the monopole
TMO11 mode because the difference in the case of the other
dipole modes was small. The highest shunt impedances of
TMO11 were 1.2 x 10° € and 5.0 x 10* Q with and with-
out the HOM damper, respectively. The beam repetition
frequency and high-impedance HOM were adequately far

from each other. Although unlikely, even if the beam
repetition and HOM frequencies match, the total heat
generation at both HOM dampers would be approximately
43 W. The average power losses estimated from the loss
factor were 34 and 23 W for bunch lengths of 1 and 2 ps in
rms, respectively. Consequently, the thermal structure for
the HOM damper requires power of more than 50 W.
Developing a HOM damper that can absorb power
of 100 W will provide sufficient margin for operation.
The highest transverse shunt impedance of the TM110
mode with the HOM damper was 2.6 x 10* Qcm=2 GHz™!
at 1874 MHz, which was adequately lower than the target
impedance of 5.0 x 10° Qcm~2 GHz™!. Therefore, a suf-
ficient margin is present for BBU of the EUV-FEL
accelerator. Thus, the designed EUV nine-cell cavity with
HOM dampers has a suitable margin for the 10-mA-class
EUV-FEL accelerator.
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APPENDIX: IDENTIFICATION OF END-CELL
RESONANT FREQUENCY USING THE TUNING
CURVE METHOD

The end cell is strongly coupled with the beam tube, and
identifying the resonant frequency using the tuning curve
method is necessary [22,23]. The tuning curve can be used
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FIG. 18. Example of the tuning curve method. The calculation
results of the tuning curve are shown for the beam-tube length vs
frequency in the ranges of (a) 1600-2600 MHz and (b) 1800—
2000 MHz. The vertical red dashed lines show the cavity resonant
frequencies. The curves across the vertical lines show the beam-
tube modes. The coupling (Q.,) between the end cell and
beam tubes was calculated from the curvature of the intersection
using Eq. (3).

to determine the end-cell resonant frequency and coupling
between the end cell and beam tube by calculating the
eigenmode frequencies while varying the length of the
beam tube. Figure 18 shows an example of the tuning curve
method using end-cell A. The eigenmode frequencies
of end-cell A were calculated with different beam-tube
lengths. The frequency of the end cell is constant along the
vertical lines. The beam-tube frequency is shown by the
curve tangential to the cutoff frequency line. The coupling
between the end cell and beam tube was calculated from the
curvature of the intersection of the cell frequency line and
beam-tube frequency. These calculations were performed
using the following equation:

= <2nf>21i)0<(f)'mn/Rbp>2 el (5)

(o)} -
rn (Qm(f/fo—fom Fromy: (A1)

where Ly, is the beam-tube length, j,,, is a Bessel function,
Q.x denotes the coupling of the beam tube and end cell, £,
is the end-cell frequency, n is an integer corresponding
to the beam-tube wave node, Ry, is the beam-tube radius,
and Lyoungary 18 the distance from the end-cell iris to the
imaginary short plane, which is a magnetic boundary.
Therefore, only the magnetic boundary modes of the end
cell can be calculated.
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