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Design and low-power measurement of the broadband kicker cavity used to
compensate the transient beam-loading effect in synchrotron light sources

D. Naito * N. Yamamoto®, T. Takahashi®, T. Yamaguchi®, and S. Sakanaka
High Energy Accelerator Research Organization (KEK), 1-1 Oho, Tsukuba, Ibaraki, Japan

® (Received 3 April 2025; accepted 22 October 2025; published 24 November 2025)

The issue of concern in ultralow-emittance synchrotron light sources is the growth of emittance and
the shortening of the Touschek lifetime as a result of intrabeam scattering (IBS). One of the most
reliable methods for mitigating these IBS effects is to lengthen the bunches using fundamental and
harmonic cavities. In such double rf systems, the effect of bunch lengthening is limited by the fluctuation of
the fundamental and harmonic rf voltages. In particular, the voltage fluctuations caused by gaps in the
bunch filling pattern critically influence the bunch lengthening. To mitigate such a transient beam-loading
(TBL) effect, a compensation method using a broadband cavity has been proposed. In this paper,
we present a conceptual design of a broadband “kicker” cavity that can be used to compensate for the
TBL effect. We then report the manufacture of a low-power model cavity and the results of our
evaluation of its performance to confirm the design of the kicker cavity. The measured external-Q value of
the cavity was sufficiently low to achieve the requisite broad bandwidth and was in agreement with
simulation results. We also confirmed that the rf absorbers sufficiently damp the harmful higher-order

modes.

DOI: 10.1103/x9nj-whtd

I. INTRODUCTION

Ultralow-emittance synchrotron light sources [1,2],
which aim to achieve sub-nm-rad horizontal beam emit-
tance, are essential for the advancement of x-ray science [3].
With such ultralow beam emittance, emittance growth and a
shortening of the Touschek lifetime are induced by intra-
beam scattering (IBS) [4] (i.e., the collisions of electrons
within a beam bunch). To mitigate the IBS effects, bunch
lengthening using fundamental and harmonic cavities [5] is
a key technology, especially in the context of medium-
energy synchrotron light sources.

With such a double rf system, the bunch lengthening is
sensitive to any changes in either the fundamental or the
harmonic rf voltage because the slope of the total rf voltage
at the center of the bunches is set to be zero. In particular,
the cavity voltages fluctuate substantially when bunch
gaps, which are often introduced to avoid ion trapping,
pass through the cavities. This fluctuation in the rf voltage,
which is due to the transient beam-loading (TBL) effect,
can substantially limit the effect of bunch lengthening [6,7].
In addition, the TBL effect can influence the machine’s
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operating processes, such as the longitudinal injection
procedure [8], which requires high stability of the rf
voltages.

To mitigate the TBL effect, it is important to reduce the
total R/ Q factor of the harmonic cavities because the TBL
voltage is positively correlated with this factor [7]. To
reduce the total R/Q factor, two approaches are typically
used: using a superconducting (SC) cavity as the harmonic
cavity [9] and using TMO020 normal-conducting (NC)
harmonic cavities [ 10]. For example, assuming the machine
parameters of the proposed KEK Light Source (KEK-
LS) [11,12] with two bunch gaps of 60 ns each, we
expected to lengthen the bunches by a factor of approx-
imately three with either the SC or the NC option [13].
However, when longer bunch gaps are introduced into the
bunch trains, such double rf systems cannot lengthen the
bunches sufficiently. In such cases, the compensation of the
residual TBL-induced voltage fluctuations can effectively
recover the bunch-lengthening performance.

The simplest method of the TBL compensation is to use
the fundamental and harmonic cavities. However, to
satisfactorily recover the bunch-lengthening performance,
the generator power of these cavities should be increased by
several hundred kW. This is because the bandwidth of these
cavities is several tens kHz, while the required bandwidth is
more than 1 MHz. In addition, most of increased power is
reflected at the input coupler of the cavities. Such large
reflected power is not acceptable in the rf system. Instead
of these cavities, we proposed the TBL compensation

Published by the American Physical Society
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technique [13] in which a kicker cavity with a bandwidth of
several megahertz is used and can provide an rf voltage of
several tens of kilovolts.

In a previous study, we reported the optimal parameters
and a practical design of the broadband kicker cavity used
to compensate for the TBL effect, where we used the
machine parameters of the KEK-LS as an example fourth-
generation light source [14]. We also briefly reported on
the manufacturing of the low-power model cavity and the
results of its performance tests to confirm the design of the
kicker cavity [15]. In the performance tests, the properties
of the accelerating mode, as well as the damping effect of
higher-order modes (HOMs) by rf absorbers, were mea-
sured. In the present paper, we present the details of the
aforementioned studies and fully discuss the optimal design
of the kicker cavity and its performance. We then discuss
the feasibility of operating the kicker cavity in synchrotron
light sources.

II. TBL COMPENSATION TECHNIQUE USING
THE BROADBAND CAVITY

A. Parameters of the KEK-LS and its rf system

The KEK-LS parameters used in the present study are
shown in Table I. The energy of the stored electron beam is
3 GeV. The nominal beam current is 500 mA. All rf
buckets, except for two bunch gaps, are filled with
electrons; the ring is filled with two bunch trains having
446 bunches each, and each bunch gap consists of 30 empty
buckets.

To mitigate the IBS, a double rf system consisting
of fundamental and third-harmonic rf systems is used.

TABLE 1. KEK-LS parameters used in the present study [12,13].
Parameter Symbol Value
Beam energy E, 3 GeV
Momentum compaction factor ae 2.19 x 107
Average beam current I, 0.5 A
Charge per bunch qp 1.07 nC
Bunch interval Th 2 ns
Radio frequency (fundamental) St 500.07 MHz
Harmonic number h 952
Number of bunch gaps 2
Number of buckets in a gap N, 30
Revolution frequency frev 525 kHz
Synchrotron frequency® fo 265" (2.75) kHz
Synchrotron radiation loss per turn U, 851° (298)° keV
Horizontal betatron tune Uy 48.58
Vertical betatron tune vy 17.62
Longitudinal damping time (A 7.0° (22.6)° ms
Horizontal damping time Ty 12.0" (29.3)° ms
Vertical damping time 7y 13.3° (38.3)° ms

iWithout harmonic cavities.
Including insertion devices.
“Without insertion devices.

TABLE II. Parameters of the double rf system [13].
Fundamental = Harmonic
Parameter Symbol (ss =) (ss =h)
Resonant frequency Sfass 500 MHz 1.5 GHz
rf voltage Viess 2.5 MV 777 kV
Synchronous phase bss 1.178 rad —1.708 rad
Tuning angle Vs —0.962 rad 1.433 rad
Total R/ Q" R/ Qo s 875 Q 386 Q
Total shunt impedance R 35 MQ 14.48 MQ
Coupling coefficient Ps 35 0.27

*Shunt impedance is defined as R = V2/P,, where P, is the
dissipated power on the cavity wall.

The principal parameters of the rf system are shown in
Table II. In the double 1f system, the accelerating voltage is
described by

Vc (¢) = Vc.f COS(¢ + ¢f) + Vc,h COS(3¢ + ¢h) (1)

Here, V., and V), are the fundamental and harmonic rf
voltages, respectively, ¢ is the phase angle of the particle
with respect to the fundamental rf wave, and ¢; and ¢, are
the synchronous phases with respect to the fundamental
and harmonic rf voltages, respectively. To lengthen the
bunches, the first and second derivatives of the rf voltages
are set to be zero at the center of the bunches.

When the beam-loading voltages are induced in the
fundamental and harmonic cavities, the total rf voltage of
the mth bunch is expressed by [13,16]

Vc(m) = Vc.f(m) + Vc,h(m)
= Vyi(m) + Vig(m) + Vo (m) + Vi (m), (2)

with
. ot
Viss(m) = ~2ksslo T
) {%ew*” +1- e<ml>ass}
(3)
and
Iy )
Ass = —a(l —itan y). (4)

Here, V.¢(m) and V ,(m) are the fundamental and
harmonic cavity voltages, respectively, Vg.f(m) and
Vgn(m) are the generator-induced voltage of the funda-
mental and harmonic cavities, respectively, and V}, i (m) is
the beam-induced voltage immediately before the mth
bunch. The subscript of each parameter, ss, represents
the type of cavity: ss = f, ss = h, and ss = k represent the

112002-2



DESIGN AND LOW-POWER MEASUREMENT ...

PHYS. REV. ACCEL. BEAMS 28, 112002 (2025)

fundamental cavity, the harmonic cavity, and the kicker
cavity, respectively. Parameters N; and N, are the number
of bunches in a bunch train and the number of buckets in a
gap, respectively. At the KEK-LS, Ny = 446 and N, = 30.
In this calculation, we assumed that each bunch has the
same charge of ¢,,. We also assumed that all bunches pass
through the cavities with the same interval of 7}, where we
ignored the shifts of the bunch positions caused by the
voltage fluctuations. Parameter k is the loss factor of the
cavity, g, is the bunch charge, y is the tuning angle, 7, is
the bunch interval, and 7; g is the filling time of the cavity.
Because the beam-induced voltages change, the total rf
voltage changes as a function of the bunch index m;
this fluctuation then changes the first and the second
derivatives of the rf voltages at the center of the bunches.
As aresult, the effect of the bunch lengthening is degraded.
Semianalytical calculations have indicated that the average
of the rms bunch lengths should be 30.5 ps with bunch gaps
of 60 ns each, whereas the bunch length should be 41.8 ps
without bunch gaps [13].

We found that we could recover the performance
degradation of the bunch lengthening with the bunch gaps
by applying an additional rf voltage that compensates for
the fluctuation of the total rf voltage [16]. To compensate
for the rf voltage, we assumed that a bunch was accelerated
in the kicker cavity at the on-crest phase. We then assumed
that the kicker cavity compensates for the real part of the
TBL voltage; that is, we assumed that its voltage [V (m)]
for the mth bunch can be expressed as

Re[V i (m)] = —Re[V((m) + Ven(m)] + Ug/e.  (5)

Under the assumption that the tentative parameters of the
kicker cavity are as described in Table III, we expected that
the compensation voltage, \N/g,k(m), could be applied to the
beam as shown in Fig. 1. When calculating the V,(m)
shown in Fig. 1, we assumed that the bandwidth of the
driving rf wave was limited to less than 3.15 MHz; we then
considered the response of the kicker cavity, as described
elsewhere [13]. Assuming the compensation voltage in
Fig. 1 is applied in the KEK-LS case, the average bunch
length over the bunch trains is expected to be 40.9 ps [13],

TABLE III. Tentative parameters of the kicker cavity [13].
Parameter Symbol Value
Frequency Sax 500 MHz
Synchronous phase Px 0 rad
Tuning angle Wi 0 rad
Loaded Q OLx 100
R/Q R/ Qox 175Q
Coupling coefficient Pr 399
Generator voltage ngk 53 kV
3 dB bandwidth of the cavity 2x fip 5 MHz

—— Real part
— Imaginary part
60— ginary p.
40—
Z 20
0]
g 0
S
> =20
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—60
Il Il Il 1
0 200 400 600 800
Bucket index
FIG. 1. Generator voltage for the kicker cavity. The horizontal

and vertical axes show the bucket index and the generator
voltage, respectively. The black and red lines show the real
and the imaginary parts, respectively. In this figure, the values of
negative and positive peaks at the real part of the generator
voltage are asymmetric because of the TBL voltage induced in
the kicker cavity. The imaginary part of the generator voltage
fluctuates at a frequency close to 3.15 MHz (bandwidth of the
driving rf wave) because of the effect of the frequency response of
the kicker cavity to an input rf wave.

which is close to the rms bunch length of 42.5 ps obtained
under the ideal condition without any bunch gaps. In the
present study, we show that the compensation for the real
part of the TBL voltage can effectively improve the effect
of the bunch lengthening. An alternative method in which
both the real and imaginary parts of the TBL voltage are
compensated will be discussed in Sec. VL.

III. INVESTIGATION OF THE OPTIMAL
PARAMETERS OF THE KICKER CAVITY

We investigated the optimal parameters for a realistic
design of the kicker cavity. To provide the required rf
voltage assumed in Sec. II, the four parameters shown in
Table IV are essential. First, the kicker cavity is required to
generate an rf voltage comparable to the TBL voltages
induced in the fundamental and harmonic cavities. Second,
the resonant frequency of the kicker cavity should be a
harmonic of the fundamental rf. Third, the bandwidth of the
kicker cavity should be sufficiently broad to compensate
for rapid changes in the TBL voltage. Fourth, AV, which
is the difference between the maximum and minimum of

TABLE IV. Essential parameters of the kicker cavity.

Parameter Value
Generator voltage 53 kV
Resonant frequency 0.5 x n GHz
3 dB bandwidth > 5 MHz
AV <55kV
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the TBL voltage induced in the kicker cavity itself, should
be sufficiently lower than the kicker-cavity voltage.
Keeping these issues in mind, we first investigate the
optimal value of Ry/Qgy to consider the shape of the
kicker cavity. We determine the upper limit of Ry/Qg
from the viewpoint of the voltage induced by the TBL
effect. We also determine the lower limit of Ry / Qg from
the viewpoint of the cavity generator voltage. The optimal
parameters are thus determined.

A. Fluctuation of the beam-induced voltage
in the Kicker cavity

We investigated the fluctuation of the rf voltage in the
kicker cavity, which is induced by the TBL effect. The
fluctuation occurs when the bunch gap passes the kicker
cavity. Using Egs. (3) and (4), we can write the expression
for AVb_k as

AVpy = Re[Vb,k(Nt)] Re[vb k(1)]
B e ( N (lk)( ak)
- _Zkkqb 1 — e 1 — (N +N,)ak : (6)

Because the loss factor can be written as

2rfax Ry

k, = ,
« 4 Ok

)

AVyy is proportional to the product of the resonant
frequency and Ry / Q. Figure 2 shows AV, as a function
of Ry/Qox. We assume that the fluctuation of the kicker-
cavity voltage should be lower than approximately 10% of
the maximum kick voltage; that is, AV}, should be less
than 5.5 kV. The upper limit of f, - Ry/ Qo is then found
to be 87.5 (GHz Q) from Fig. 2.

20
— fax=0.5GHz
15| —fu=1.0GHz
— [ =15GHz
% — — Upper limit
= 10—
-~
<
5T T T T e T T T =~ T
0 | | |
0 50 100 150 200
RJO,, (©)

FIG. 2. AVyy as a function of R, /Qy with the parameters of
the KEK-LS. The horizontal and vertical axes show Ry /Q, and
AV, respectively. Black, blue, and red lines show AV, for
resonant frequency of 0.5, 1, and 1.5 GHz, respectively.

150 —
—7.,=05GHz
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FIG. 3. Py as a function of Ry/Qo with |V, =53 kV and

2 f1/» = 5 MHz. The horizontal and vertical axes show Ry / Qg
and the generator power, respectively. Black, blue, and red lines
represent the Py values corresponding to the resonant frequen-
cies of 0.5, 1, and 1.5 GHz, respectively.

B. Generator power for the kicker cavity

Here, we investigate the generator power required for the
kicker cavity. To achieve low cost and low power con-
sumption, lower generator power is desirable. The gen-
erator power, which is defined as P, is described as [17]

(I+p) 5 »n J1p 1T o
P,y =——"" ~ — |V’ (8
ek 4pR Vil 2fax R/ Qox e
In this calculation, 8 is approximated as
f
B~ 1+ B = 2005 ©

fa,k ’

because f is on the order of 10%, as shown in Table III.
Figure 3 shows P, plotted as a function of Ry/Q . Here,
we assume that |\7g,k| is53kVand2- f}/, is 5 MHz. From
Eq. (8) and Fig. 3, the product f, - Ry/Qx should be as
large as possible to reduce P,y. However, f,y - Ri/Qox
has an upper limit to limit AV} . As a result, the optimal
value of Ry/Qgx is uniquely determined, as shown in
Table V. In this table, the optimal value of the loaded Q
(OLx) is also uniquely determined because it is defined as

TABLE V. Optimum values of f,y - Ry/Qox, Rx/Qox, and
QO x for the kicker cavity.

Resonant frequency f,x - Ry/Qox (GHzQ) Ry/Qgx () Orx

500 MHz 87.5 175 100
1.0 GHz 87.5 87.5 200
1.5 GHz 87.5 58.3 300
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Orx = fax/(2f12). With these optimal values, P, is
determined to be 40 kW.

IV. DESIGN OF THE KICKER CAVITY

We consider the single-mode (SM) cavity concept [18]
as the cavity shape. The SM cavity has the two following
advantages. First, the mechanical design of the absorbers
for damping HOMs is straightforward; the SM cavity has a
large beam hole so that the HOMs can be damped by rf
absorbers on the beam pipes. This design enables us to
damp the HOMs effectively without interfering with the
waveguides used to input rf power. Second, the SM cavity
has a small R/Q factor, indicating that it is suitable for use
as the kicker cavity. Therefore, we expect that the SM-type
cavity is the most suitable for the kicker cavity used for
TBL compensation.

Among the sets of the parameters shown in Table V, we
selected the cavity parameters with the third-harmonic rf
because the corresponding cavity size is the smallest among
the cavity sizes in the three sets of parameters. The cavity
size should be as small as possible because the available
space for the installation of the kicker cavity is limited in
ultralow-emittance synchrotron light sources. In addition,
among the cavity shapes in the three sets of parameters, the
SM cavity shape is the easiest to realize using the
parameters of the third harmonics because it has a small
R/Q factor.

We used the csT 3D electromagnetic (EM) simulation
software [19] to optimize the design of the kicker cavity to
not only satisfy the required cavity parameters but also
maintain a coupling impedance lower than the upper limit
to avoid coupled-bunch instabilities (CBIs). For the opti-
mization of the cavity shape and investigation of the power
and voltage distributions, we used the eigenmode solver.
For the optimization of the loaded Q, we used the
frequency-domain solver. For the evaluation of the cou-
pling impedance, we used the time-domain solver.

3D and schematic views of the optimized cavity are
shown in Figs. 4 and 5, respectively. The TM010 mode
provides the rf voltage needed to compensate for the TBL

Waveguide

Kicker cavity —#__ X
Absorber

Waveguide 1
00
e

FIG. 4. 3D view of the kicker cavity.

— 1

RS r— 5t

82.55,9

FIG. 5. Drawing showing the inner dimensions of the kicker
cavity. All units of the dimensions are in millimeters.

voltage. The kicker cavity consists of a normal-conducting
cavity equipped with two input waveguides, two silicon-
carbide (SiC) absorbers, and tapered beam pipes. The rf
power is fed into the cavity from the two waveguides
through large coupling holes; this design is effective for
achieving a small loaded Q of the accelerating mode. We
investigated the position, length, and material of the
absorbers from the viewpoint of the availability and damp-
ing performance of the CBIs. We then used a silicon
carbide, CERASIC-B [20], as the absorbing material [15].
The typical complex permittivity of the CERASIC-B is
21.5-18i at a frequency of 2 GHz.

Figure 6 shows the coupling impedances calculated
using the cST software. The upper and lower subfigures
show the longitudinal and transverse coupling impedances,
respectively. The black lines show the coupling impedance,
whereas the green lines indicate the upper limits required to
avoid the CBIs using the parameters of the KEK-LS. When
the longitudinal coupling impedance is defined as Z;(f,)
and the transverse coupling impedance is defined as
Z,(f,), each upper limit is given by

2f E

Re[Z|(fo)ln = ﬁv (10)
4ru, E

Re[Z, (f)l = . (an
avly

respectively [21]. Here, f, represents the resonant fre-
quency of each resonated mode and the other parameters
are as defined in Table I. We found that the SiC absorbers
reduced the coupling impedances sufficiently, with values
one order of magnitude smaller than the CBI threshold.
Therefore, the kicker cavity can be used even if the
synchrotron frequency and the threshold of the CBI are
changed by the TBL effect. Since the TBL-induced voltage
in the fundamental and harmonic cavities is less than 2% of
their cavity voltages, the synchrotron frequency variation is
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expected to be less than 0.5% when a small amplitude of
the synchrotron oscillation is assumed.

We also investigate the power loss in the cavity caused
by the HOMs using the cST software. We calculate the
power losses when the HOMs frequencies overlap the beam
spectrum and the resonant buildup [17] occurs. Even in
such a worst case, the maximum value of the power loss is
estimated to be 1.1 kW, which is induced by the HOM
around 2 GHz in lower subfigures of Fig. 6. We conclude
that the power losses induced by the HOMs are acceptable.

The parameters related to the performance of the kicker
cavity, which was evaluated via EM simulations, are shown
in Table VI. Among these parameters, the expected value of
the loaded Q, which determines the performance of the
TBL compensation, is approximately the same as the target
value shown in Table V. Our kicker cavity design is
expected to be effective for TBL compensation.

As shown in Table VI, the power loss in the cavity is
relatively low (approximately 2.6 kW) and most of the
power will be reflected back from the cavity. Consequently,
the power consumption is concentrated at the aperture
between the cavity and the waveguide. The maximum
power density and the power consumption within the
aperture are expected to be 21.7 W/cm? and 81.8 W,
respectively, at the peak generator power of 49.5 kW. This
level of power density will be managed by applying a
suitable cooling technique similar to that developed for the
PEP-II damped cavity [22], where the maximum power
density was 120 W/cm? around the slots for HOM damp-
ing. However, an rf window used to feed the high rf power
is a remaining issue to be investigated.

Finally, we investigate the multipacting of the kicker
cavity. The narrowest gap in the cavity is 48 mm, and the

10* g
—_ —
g 5 - Coupliqg !mpedance
10° ——— Upper limit

?ﬁ = (T S [ TE11 cutoff
= e T R (s TMO1 cutoff
A
T 10°E
~ E
—~ S =

g 10°E Coupling impedance
a F ——— Upper limit
z - v i TE11 cutoff
,’T\m - e TMO1 cutoff
S 10t

— 10 E
N, -

Y C
R~ B i

0 1 2 3 4 5
Frequency (GHz)

FIG. 6. Real part of the coupling impedance plotted as a
function of the frequency. The solid dashed line shows the cutoff
frequency of TE11 mode for a 100 mm diameter beampipe.
The dashed line shows the cutoff frequency of the TMO1 mode
for a 100 mm diameter beampipe.

TABLE VI. Parameters of the kicker cavity [15], as estimated

using EM simulations.
Parameter Value
Resonant frequency 1.50006 GHz
R/Q 60.38 Q
Qo 17937
oL 292.41
Synchronous phase 0 degree
Generator voltage 53 kV
Cavity voltage 442 kV
Generator power 49.5 kW
Power loss in cavity 2.59 kW
Reflecting power 15.7 kW
Maximum power density 21.7 W/cm?
Power loss in absorbers 101.9 W

maximum voltage induced within the gap is 174.7 kV at the
peak generator power of 49.5 kW. The product of the
resonant frequency and the minimum gap is 7200 MHz cm.
In this case, an rf voltage between the minimum gap may
fall within a multipacting zone of 9/2 cycle [23] when the
kicker-cavity voltage is increased from 0 to 44.2 kV.
Because multipacting will be weak in this zone, the
multipacting will be sufficiently mitigated by the cavity
conditioning.

V. MANUFACTURING AND TESTS
OF A LOW-POWER MODEL

To demonstrate the design of our kicker cavity, we
fabricated a model cavity made of aluminum alloy and
subsequently measured the properties of the accelerating
mode as well as the HOM damping performance using rf
absorbers. Figure 7 shows a photo of the model cavity. The
cavity is composed of two blocks assembled into a single
block via four bolts. At the large beam duct part of the
cavity, two small ports are provided to enable the fields of
HOMs to be probed using loop antennas. The rf signal is
fed through the two WR-650 waveguides. Two cylindri-
cally shaped rf absorbers made of the commercial SiC
product CERASIC-B are installed inside large beam ducts

FIG. 7. Photo of the low-power model [15].
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FIG. 8. Comparison between measurements and simulations of the S-parameters associated with the TMO10 mode.

with an inner diameter of 110 mm, beside the cavity body.
The thickness, inner diameter, and length of the absorbers
are 5, 100, and 100 mm, respectively. To conduct com-
parative testing, we also prepared beam ducts (inner
diameter: 100 mm) without rf absorbers. After the manu-
facturing process, we measured the dimensions of all of the
components and found that the manufacturing errors were
within £5 pm.

A. Measurement of the TM010 mode properties

We measured the properties of accelerating (TMO10)
mode by connecting the network analyzer to waveguides
through waveguide-coaxial transformers. Figure 8 shows
the S-parameters of the TM010 mode. The black and red
lines show the S-parameters estimated by the CST simu-
lation and those measured using a network analyzer,
respectively. The left, center, and right figures show the
S11, S22, and S21 parameters, respectively. The measured
and calculated properties of the TM010 mode are compared
in Table VII. Except for the unloaded Q, all parameters
from the measurement agree with the simulation results.
The discrepancy in the unloaded Q is attributable to
nonideal electrical contact between the cavity parts. This
poor contact will not be an issue in future high-power
models because the cavity parts will be well connected by
brazing. The measured external O agrees with the calcu-
lated value. The bandwidth deduced from the measured
external Q was 5.32 MHz, which is sufficiently wide for

TABLE VII. Comparison between measurements and simula-
tions of the parameters of the TM010 mode.

Parameter Measurement Simulation
Resonant frequency 1.49955 GHz 1.4996 GHz
3 dB bandwidth 5.32 MHz 5.15 MHz
Loaded Q 282 291
Coupling coefficient 14.2 45.6
Unloaded Q 4273 13555
External Q 302 297

our application. These measurements show that the accel-
erating mode of the kicker cavity demonstrates adequate
performance.

B. Measurement of HOM properties

To check the performance of HOM damping using real rf
absorbers, we measured the properties of HOMs with and
without the rf absorbers. For this purpose, two loop
antennas were inserted into the probe ports, as shown in
Fig. 7, and the S-parameters were measured using these
probes. In this measurement, the side and top port of the
probe antennas in Fig. 7 were defined as port 1 and port 2,
respectively. In particular, HOMs with resonant frequencies
of 1.916, 2.066, and 2.247 GHz were important because
they were expected to have large transverse coupling
impedance according to Fig. 6.

Figure 9 shows the measured S21 curve, together with
that obtained from the cST simulation, relevant to the three

—— Meas. (No abs.)

—— Meas. (With abs.)

= = - Sim. (No abs.)

- - - Sim. (With abs.)

S21| (dB)

Il
2.1
Frequency (GHz)
FIG. 9. Comparison of the S21 values between the measure-
ment and the simulation. The HOMs with the resonant frequen-
cies of 2.012 and 2.046 GHz, which were not observed in the EM
simulation results shown in Fig. 6, were observed. On the basis of
the detailed EM simulation that includes the probe ports, these

peaks are expected to be strongly coupled with the probes and to
not affect the coupled-bunch instabilities.

112002-7



D. NAITO et al.

PHYS. REV. ACCEL. BEAMS 28, 112002 (2025)

aforementioned HOMs. The black solid and dashed lines
represent the measured and calculated S21 values, respec-
tively, in the absence of absorbers. The red solid and dashed
lines represent the measured and calculated S21 values,
respectively, in the presence of the absorbers. The three
HOMs were heavily damped when the absorbers were
present; the peaks due to these HOMs could not be
observed with the loop antennas. Although we could not
measure the loaded Q values of these HOMs, reasonable
agreement between the measurement and simulation indi-
cated that the three HOMs were effectively damped by the
absorbers, as expected from the simulation.

VI. DISCUSSION

In this section, we first discuss the TBL compensation
performance when the designed kicker cavity is used and
longer bunch gaps are introduced. The effect of detuning
the kicker cavity is also examined. Second, we discuss the
bunch-lengthening performance when an additional com-
pensation of the imaginary part of rf voltage is introduced.
Finally, we briefly introduce the schematic of the TBL
compensation in the LLRF system.

A. Cases of longer bunch gaps

In Sec. II, we showed that our kicker cavity can
compensate the TBL voltages well when two bunch gaps
of 60 ns each are introduced in the KEK-LS. In this case,
the required rf voltage for the kicker cavity was 53 kV. In
this subsection, we discuss other cases, where longer bunch
gaps are introduced. We assume that the bunches are
lengthened using a double rf system in conjunction with
the TBL compensation technique using our designed kicker
cavity. Here, we do not limit the required power for the
kicker cavity. For each bunch-gap length assumed, we
evaluate the bunch-lengthening factor of each bunch by
applying a semianalytical calculation [13]. Here, we define
the bunch-lengthening factor (BLF) as the ratio of the rms
bunch length of each bunch to the natural bunch length
without third-harmonic cavities.

Figure 10 shows the estimated BLF with and without the
TBL compensation, plotted as a function of the bunch gap.
The black and green points show the average BLF over all
bunches with and without the TBL compensation, respec-
tively. When the bunch gaps are introduced, the BLF varies
from bunch to bunch. We next marked the maximum and
the minimum BLF values among the stored bunches as
error (top and bottom) bars in Fig. 10. In Fig. 10, the
minimum BLF exceeds 2.4 under all of the investigated
configurations of bunch gaps when TBL compensation is
applied. As the bunch gaps increase, the difference of the
average BLF between with and without the TBL compen-
sation becomes larger and the TBL compensation becomes
more effective.

. With compensation

6 C ®  Without compensation 1000 §
5 5 i ° Maximum generator power <
N —800 &
St %
24 ] :
5 F =600 5
- =
5 F o 4 .400 S
p— [ ° OD
5 °F . -
=} r ° g
2 1P . —200 E
m C L] .;
C ° =
0 b 'y LA ° | | Lo E

0 50 100 150 200

Bunch gap (ns)

FIG. 10. Bunch-lengthening factor and maximum generator
power as functions of the bunch gaps. These estimations were
performed using the semianalytical calculation method described
in [13].

Figure 10 also shows the power required for the kicker
cavity, plotted as red circles. The power is defined as the
total generator power supplied to two waveguides when the
kicker voltage reaches its maximum value among all
bunches. When the bunch gaps exceed 150 ns, the gen-
erator power per waveguide exceeds 100 kW. With such
high-input power, achieving sufficient cooling of the cavity
body and sufficient power-handling capability of the input
rf windows can be challenging.

To apply our TBL compensation technique in cases of
long (150 ns or longer) bunch gaps, two solutions are
available. One solution is to mitigate the TBL voltage
induced at the harmonic cavity. For this purpose, the SC
cavity can be used as a harmonic cavity for the following
reasons. The R/Q factor of the SC cavity is smaller than
that of the NC cavity. In addition, the total number of
cavities used for the bunch lengthening is reduced because
the voltage of a single SC cavity is greater than that of a
single NC cavity. From the discussion in Sec. III A, a
smaller R/Q factor leads to a smaller TBL voltage. The
other solution is to use the first harmonic frequency
(500 MHz) for the kicker cavity. As discussed in
Sec. III, the value of f,y - Ry/Qo is set to be constant.
In this configuration, the rf coupling aperture is more than
10 times larger because of the decrease in both the resonant
frequency and the loaded Q. In addition, the required power
for the kicker cavity does not depend on the resonant
frequency of the cavity. As a result, heat concentration is
expected to be substantially mitigated. If large space for
installation is acceptable, the lower (fundamental) fre-
quency for the kicker cavity can be a possible solution
for longer bunch gaps. Furthermore, the performance of the
bunch lengthening could be improved by changing the fill
pattern of the bunches [7]. The combination of our
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compensation method and the bunch charge modulation is
worth considering.

Finally, we mention other concerns in cases of long
bunch gaps. In general, the synchrotron frequency of the
double rf system is proportional to the amplitude of the
synchrotron oscillation [24]. In addition, the synchrotron
frequency of each bunch is shifted by the TBL effect
when the bunch gaps are introduced. As longer bunch
gaps are introduced, the bunch-by-bunch variation of
the synchrotron frequency is expected to be increased. It
leads to the bunch-by-bunch variation of the longitudinal
feedback performance and the design of the feedback
system will be complicated. We consider that the TBL
compensation using the kicker cavity is also useful to
mitigate bunch-by-bunch variation of the longitudinal
feedback performance.

B. Effect of tuning errors

As shown in Figs. 4 and 5, the kicker cavity is not
equipped with a tuning plunger because its 3-dB bandwidth
is almost 5 MHz and very wide. In this section, the
influence of cavity detuning is investigated to determine
whether the kicker cavity should be tuned. Cavity detuning
is mainly caused by manufacturing errors or thermal
deformation of the cavity. First, the amount of cavity
detuning caused by each effect is estimated. Second, the
change of the compensation performance caused by the
detuning is evaluated. Third, the changes of the CBIs
caused by the detuning are estimated.

We used an EM simulation to estimate the amount of
detuning caused by manufacturing errors. In the EM
simulation, the radius of the cavity is changed by manu-
facturing errors and the resonant frequency of the accel-
erating mode is compared with that without the
manufacturing error. The manufacturing errors of the cavity
are expected to be less than +10 pm, which corresponds to
changes of £170 kHz in the resonant frequency.

The amount of detuning caused by thermal deformation
is roughly estimated from our experience with water
cooling of the other cavity [25]. The temperature of the
cavity surface is expected to increase by less than 10°C
when the power loss of the cavity surface is 2.59 kW. This
increase of the surface temperature corresponds to a
resonant frequency change of —250 kHz. Considering both
the manufacturing error and the thermal deformation, the
amount of the detuning is estimated to range from 4170
to —420 kHz.

On the basis of the EM simulation, when the cavity is
detuned by +170 and —420 kHz, the dissipated power in
the cavity is expected to be reduced by —0.02 and
—0.11 dB, respectively. The required power for the TBL
compensation will then increase by 0.47% and 2.5%,
respectively. The phase of the kicker voltage is also shifted
by 3.93° and 9.10°, respectively. Because the kicker cavity
will be set to be the on-crest phase and the phase of the

50

P—

40 -

30 —

20 —

—— Maximum growth rate

Maximum growth rate (1/s)

10 - —— Damping rate
0 | | |
-10 -5 0 5 10
Amount of detune (MHz)
FIG. 11. Maximum growth rate as a function of the detuned
frequency.

kicker need not be changed by the increase in the beam
power, these changes in the kicker voltage are acceptable.
Notably, the shift of the kicker voltage phase can be easily
corrected by a low-level rf system.

The effect of detuning of accelerating mode on the
coupled-bunch instability induced by the accelerating mode
was calculated via an analytical calculation [21]. The
maximum value of the growth rate among all coupled-
bunch modes is shown in Fig. 11. Here, the horizontal and
vertical axes show the shift of the resonant frequency and
the maximum growth rate at each frequency, respectively.
The black and red lines show the maximum growth rate and
the longitudinal damping rate, respectively, for the KEK-
LS case. As shown in Fig. 11, even if the kicker cavity is
detuned by +170 or —420 kHz, the growth rates are
sufficiently lower than the damping rate. From the per-
spective of the CBIs, the kicker cavity can be left to be
tuned even if it is not used.

When the kicker cavity is not used, the power reflected
from it should be considered. From the EM simulation, the
loss factor of the kicker cavity is estimated to be
7.53 x 10'' V/C. The power loss of the beam is then
expected to be 377 W at the maximum beam current of
500 mA in the KEK-LS case. The power loss in the cavity
is negligibly small, and almost all of the power will exit the
cavity. This reflected power is acceptable, and the kicker
cavity can be left in the storage ring when it is not
being used.

C. Additional compensation for an imaginary
part of the rf voltage

In Sec. II, we assumed that the kicker-cavity voltage
compensates the fluctuation of only the real part of the rf
voltage, as indicated in Eq. (5). In this subsection, we
investigate whether we can improve the performance of the
bunch lengthening by an additional compensation of the

112002-9



D. NAITO et al.

PHYS. REV. ACCEL. BEAMS 28, 112002 (2025)

TABLE VIII. Comparison of bunch-lengthening performance
for two cases: (1) compensation with the real part of the rf voltage
and (2) compensation with the real and imaginary parts of the rf
voltage. The parameters of KEK-LS with two bunch gaps of
60 ns each were assumed.

Parameter Case (1) Case (2)
Generator power 49.5 kW 51.3 kW
Maximum BLF 4.55 4.52
Average BLF 4.30 4.30
Minimum BLF 2.64 2.64

imaginary part of the rf voltage. To this end, we assume
that the kicker cavity produces an additional rf voltage
given by

Im[V_y(m)] = —Im[V¢(m) + 3 x V_p,(m)], (12)

which indicates that V/(0) = 0 at the center of the mth
bunch. Using an analytical calculation described
elsewhere [13], we estimated the bunch-lengthening per-
formance (Table VIII). Although the required generator
power for the kicker cavity increases by a factor of 1.04
with the aforementioned rf voltage compensation, the BLF
remains almost the same as under the original compensa-
tion scheme, where only the real part of the rf voltage was
compensated.

For reference, Fig. 12 shows the imaginary part of the
kicker cavity voltage. The black and red lines show the
imaginary part of the kicker voltage for the cases of
compensation for the (1) real part and (2) the real and
imaginary parts of the rf voltage. In Fig. 12, the dashed

60 = Case (1) without cavity response
?3 ----------- Case (1) with cavity response
O 40 —
% Case (2) without cavity response
g 20| T Case (2) with cavity response
>
3
g
o0
<
E

_20 | | | |
0 200 400 600 800
Bucket index
FIG. 12. Imaginary part of the kicker cavity voltage for two

cases. In case (1), without the cavity response, the imaginary part
of V. is equal to zero.

0.5
— Case (1)

— Case (2)

[
7

04—

0.3

0.2

0.1

Nom. charge density (arbitrary)

=50 0
Time (ps)

FIG. 13. Bunch shapes with compensation for cases (1) and (2).
From left to right, the 1st, 11th, 21st, 213th, 223rd, 233rd, 426th,
436th, and 446th bunches are illustrated.

lines represent results corresponding to the solid lines after
modification by the cavity response. The difference in the
imaginary part between cases (1) and (2) then becomes
small. Figure 13 shows the bunch shapes with the com-
pensation for cases (1) and (2). In Fig. 13, the performance
improvement of the bunch lengthening with case (2) was
limited. The present study shows that the additional
requirement given by Eq. (12) does not substantially
improve the bunch-lengthening performance, at least in
the case of the assumed parameters of the KEK-LS. To
improve the compensation performance, the speed of the
cavity response should be increased.

D. Schematic of the TBL compensation
in the LLRF system

Figure 14 shows our proposed schematic of the TBL
compensation in the low-level rf (LLRF) system. In this
system, the generator voltage of the kicker cavity is
modulated by a feedforward pattern. The bunch phase
from the signal of button type pickup is monitored by the
LLRF system synchronized with the revolution frequency.
We plan to apply the newly developed digital LLRF system
for the KEK PF 2.5 GeV ring [26]. The bunch phase is
calculated by a special firmware of the digital LLRF
system [27]. It enables us to measure the average bunch
phase within several ms with a small error. The generator
voltage can be modulated according to an arbitrary modu-
lation pattern and added to the rf output of the digital
LLRF system [28]. We have performed the experimental
demonstration of the TBL compensation at the KEK-PF
2.5 GeV ring [28]. The details of the experimental
demonstration will be published in other papers. The
details of the LLLRF system for the kicker cavity are under
consideration.
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Low-level rf (LLRF) system
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FIG. 14. Schematic of the TBL compensation in the LLRF system.

VII. CONCLUSION

We investigated the optimum parameters of the kicker
cavity used to compensate the TBL effect in a double rf
system. We showed that the product f-R/Q should be
small to reduce the TBL voltage in the kicker cavity itself,
whereas a high R/Q is desirable for minimizing the
required drive power for the cavity. An optimum value
of - R/Q has been determined. Considering the required
cavity bandwidth and the space needed for the cavity
installation, we chose the third-harmonic frequency as a
resonant frequency of the kicker cavity and then deter-
mined the optimal values of R/Q and loaded Q.

To realize a kicker cavity having these optimum param-
eters, we designed a cavity based on the single-mode cavity
concept. To obtain low external Q, the rf power is fed with
two waveguides connected to the cavity through large
coupling holes. The power associated with harmful HOMs
escapes through large beam holes and is consumed by the rf
absorbers. According to EM simulations, the designed
cavity has an R/Q factor of 60.4 Q and a loaded Q of
292 at a resonant frequency of 1.500 GHz, which meets the
requirements. To produce the required rf voltage of 53 kV, a
power of 49.5 kW is input to the cavity, whereas the power
dissipated in the cavity is 2.6 kW. The EM simulation also
showed that the longitudinal and transverse coupling
impedances due to the HOMs can be sufficiently reduced
using an SiC for rf absorbers.

To confirm the performance of the kicker cavity, we
manufactured a low-power model of the cavity and
evaluated the properties of the TM010 mode and HOMs.
The measured properties of the TM010 mode agreed with
the simulated properties. The bandwidth of the kicker
cavity was determined to be 5.32 MHz, which satisfies
the requirement. We also investigated three resonant peaks
predicted to have high transverse coupling impedance
without rf absorbers. We observed that the three peaks
in the S21 curves almost disappeared when SiC absorbers
were installed, indicating that these HOMs were suffi-
ciently damped by the SiC absorbers. From the aforemen-
tioned results, we confirmed the designed performance of

the kicker cavity. Through these works, we have estab-
lished a basic EM design for the kicker cavity.

According to the discussion in Sec. VI, this kicker cavity
could be used under a bunch gap as long as 150 ns if the
cavity can withstand a high-input power of approximately
200 kW. To reduce the maximum power density on the
cavity wall in such an extreme case, we showed that
choosing a fundamental (500 MHz) resonant frequency
is advantageous.
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