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Abstract

Feasibility of a 1.5-GHz harmonic radio frequency (rf)
system in a proposed KEK Light Source (KEK-LS) project
was investigated numerically. In the harmonic rf system,
we will use normal conducting (NC) cavities which are op-
erated with the TM020 resonant mode instead of the con-
ventional TMO010 mode. By using the TM020 mode having
low R/Q and high unloaded Q, transient beam-loading ef-
fect resulting from bunch gaps can be reduced drastically.
In addition, remaining small variations in the rf voltage can
be compensated by an active compensation technique. As
a result, we can expect the bunch lengthening performance
that is comparable to the one obtained with a superconduct-
ing (SC) cavity under typical KEK-LS parameters.

INTRODUCTION

Recently, quasi diffraction-limited synchrotron radiation
(SR) rings with a bare emittance of a few hundred pm-rad
have been constructed or proposed. For the extremely low
emittance rings with low-to-medium energy such as a pro-
posed 3 GeV KEK-LS [1,2], reduction of bunch charge den-
sities is required since the equilibrium 6D emittance and the
beam lifetime are strongly dominated by intrabeam scatter-
ing [3].

The longitudinal bunch lengthening by using a harmonic
radio frequency (rf) system [4] is one of the solutions to mit-
igate the intrabeam scattering effect. In order to operate the
harmonic rf system effectively, the transient beam loading
effects should be considered. Bunch gaps are introduced in
stored beams to avoid problems caused by ions. However,
the bunch gaps cause such harmful effects as the transient
voltages in the cavities. The transient becomes severer as
increasing the resonant frequencies of the cavities due to
smaller stored energies.

The transient effects of 1.5-GHz harmonic cavities (HCs)
were reported by Byrd et al. [5]. They pointed out an ad-
vantage of SC cavities over the NC ones. In fact, several
successful operations with the SC HCs are reported [6-8],
while only limited performances with NCs were reported
[9, 10] at the 1.5-GHz range. Due to recent development
in rf technologies, however, we have got to consider that
the NC cavities are also promising for the higher harmonic
system. Then we studied a feasibility of a full NC double
rf system consisting of 500-MHz main cavities (MCs) and
1.5-GHz HC:s for the use in the KEK-LS storage ring.

In this paper, we estimate numerically the dependences of
the transient effects as a function of the total R/Q of the cav-
ities. We then propose a HC which is based on the TM020
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resonance mode and investigated its performances. In ad-
dition, further improvements of bunch lengthening perfor-
mance is investigated by using an active compensation for
beam induced rf voltage.

TRANSIENT EFFECT

The transient beam loading effects resulting from the ab-
sences of electron bunches for a storage ring were studied
by Byrd et al. [5] using a beam tracking simulation. They
showed that high unloaded-Q and low R/Q for an rf struc-
ture are the key parameters to reduce the effects. For the
purpose to clarify the R/Q dependences on the effect numer-
ically, we carried out a semi-analytical calculation to evalu-
ate a fluctuation of cavity voltage along the bunch train.

The voltage fluctuation was numerically calculated as

AV [IV:| = W The V, denotes the complex cav-
ity voltage, the subcscripts max and min represent the maxi-
mum and minimum voltage in the bunch train, and <> de-
notes the average over the bunch train. The calculation was
conducted assuming the optimum passive condition [4] for
the KEK-LS storage ring [1,2] with a bunch gap duration of
60 ns. The principal parameters of the KEK-LS are listed
in Table 1.

The estimated voltage fluctuations as a function of total
R/Q for the KEK-LS case are shown in Fig. 1. Open cir-
cles in Fig. 1 indicate the calculation results for the cases
of NC cavities. To derive these results, both typical cav-
ity R/Qs and several possible unloaded-Qs were assumed
at first. Once the required voltage and maximum dissipa-
tion power were given, the number of needed cavities was
derived uniquely. Then the total R/Q was derived as a prod-
uct of the number and the cavity’s R/Q. Finally, the voltage
fluctuations were numerically calculated by using these pa-
rameters.

On the other hand, open triangles indicate calculation re-
sults for the SC cavities. The difference with the case of NC

Table 1: The Principal Parameters of the KEK-LS

Parameter Unit  Value
Beam energy GeV 3.0
Storage current / mA 500
Rf frequency MHz 500.07
Harmonic number - 952
Revolution frequency kHz 525
Total radiation loss per turn ~ keV 957
Main rf voltage MV 25
Optimum 3rd HC rf voltage @~ MV 0.78
Natural energy spread - 7.3e-4
Momentum compaction - 2.19e-4
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Figure 1: Fluctuations in harmonic cavity voltage which
were estimated for the KEK-LS with 60 ns bunch gaps.

cavities is the numbers of cavities. The shunt impedance of
an SC cavity is enough large due to its fairly large unloaded-
Q. Then the number of installed cavities can be set to unity
for the KEK-LS case.

The dashed line in Fig. 1 represents an approximated
curve for the results. It was found that the approximated
curve can be shared with both the NC and SC cavities for
the KEK-LS case. Figure 1 shows that the fluctuation curve
largely depends on the total R/Q. Then the reduction of the
total R/Q is one of the most effective measures to mitigate
the transient effect.

From the above-mentioned estimation, we can see that
the fairly high unloaded-Q for a SC cavity is not always
necessary for reducing the transient. In the case of extreme
low emittance rings with low-to-medium energy such as the
KEK-LS, the main and the harmonic rf voltages required are
a few megavolts and a sub megavolt, respectively. Then in
spite of the fairly high unloaded-Q for the SC cavity ( typ-
ically 10® as compared to 10* of NC cavities), the ratio of
total R/Q of SC cavities to that of NC cavities is at most a
factor of ten. This means that there are some potentials for
the NC harmonic cavities by using small R/Q cavities.

PERFORMANCE WITH NORMAL
CONDUCTING TM020 CAVITY

An tf structure having high unloaded-Q and low R/Q
should be chosen to realize low total R/Q. For this purpose,
we propose to employ an rf structure based on the TM020
resonant mode. A TMO020 cavity with HOM damped struc-
ture was originally proposed by Ego er al. [11, 12] as a
beam-accelerating cavity to realize a high Q and a sufficient
shunt impedance. We consider that the TMO020 cavity is
very suitable for the harmonic cavities as compared with
conventional TMO010 cavities due to its large stored electro-
magnetic energy.

The calculation for a 1.5 GHz TMO020 cavity was car-
ried out to estimate the cavity parameters by several elec-
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tromagnetic field simulation codes. The unloaded-Q and
R/Q of the TM020 mode were estimated to be 37500 and
77 Q [13]. As compared to existing NC-cavities [9, 10, 14]
which are based on the TMO010 resonant mode, an unloaded-
Q is higher by a factor of 1.5 ~ 3, and R/Q is about a half.

Transient Reduction by TM020-Cavity

For the KEK-LS, the main rf voltages of 2.5 MV is re-
quired as listed in Table 1. The optimum 3rd HC voltage is
calculated to be 827 kV in the situation that the slope and the
curvature of the total rf voltage are both set to zero at the
synchronous phase [4]. In this case, the optimum voltage
can be produced with five TM020 cavities with a dissipated
rf power of 9.1 kW per each cavity. With a total R/Q of
385 Q, the voltage fluctuation is estimated to be 4.5 %.

For a comparison, we consider a BESSY-type NC
TMO10 HC [10]. Each cavity has the unloaded-Q and R/Q
of 13900 and 124 Q, respectively. Then the total R/Q was
determined to be 1488 Q and the voltage fluctuation was es-
timated to be 27.2 %, which is larger by a factor of six as
compared to that of the TM020 cavities.

In case of the SC HC cavity for the SLS [7], each cavity
has the unloaded-Q and R/Q of 2 x 10® and 176 Q, respec-
tively. The total R/Q was determined to be 176 Q and the
voltage fluctuation was estimated to be 2.5 %. This is only
a slight improvement as compared with the NC TMO020 cav-
ity. The fluctuation has a linearly dependence on the total
R/Q in this range and the slope is small as shown in Fig. 1

Evaluation of Bunch Lengthening

The bunch lengthening performance were estimated by
semi-analytical calculation. For the semi-analytical calcu-
lations, the cavity parameters, such as cavity coupling, rf
phases and average cavity voltage, are determined by the
static optimum condition [4] for the KEK-LS parameters
in Table 1. Then a longitudinal charge distribution for each
bunch was derived numerically with the potential well using
numerically calculated cavity voltages V.. Note that we con-
ducted another macro-particle simulation on the same prob-
lem and found a good agreement with the semi-analytical
calculation.

To estimate the charge distribution and the bunch length
in the double rf operation, the KEK-PF type rf structure [15]
was tentatively employed as a 500 MHz main accelerating rf
structure. The unloaded-Q and R/Q of the KEK-PF cavity
are 40000 and 175 Q, respectively. The required rf voltage
is realized with five cavities and the coupling factor of 3.5
is assumed. The voltage fluctuation for the MCs was esti-
mated to be 1.7% for the bunch gap of 60 ns. This transient
effect in the MCs also affects the bunch length.

The root-mean-square (rms) bunch lengths along the
bunch train, which were calculated by semi-analytical
method, are shown in Fig. 2. In Fig. 2, open circles rep-
resent bunch lengths calculated by using the TM020 HCs
and PF-type MCs, and the solid and dashed lines are those
without bunch gap and without HC, respectively. The upper
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Figure 2: Bunch lengths along the bunch train. Open cir-
cle represents bunch length calculated by using TM020 HCs
and PF-type MCs. The solid and dashed lines are those of
without bunch gap and without HC. The upper inset indi-
cates the filling pattern in one revolution period.

inset shows the assumed filling pattern in one revolution pe-
riod. The bunch length without bunch gaps and HCs were
estimated to be 42.5 and 9.5 ps, respectively.

The average bunch length over the bunch train was ap-
proximately 31.1 ps for the NC TMO020 cavity. On the other
hand, that for the NC TMO10 cavity was estimated to be
17.1 ps. It showed a clear advantage of the NC TM020 cav-
ity as compared to the NC TMO10 cavity. As a reference,
an average bunch length for the SC TMO10 cavity was esti-
mated to be 35.0 ps. This is only a slight improvement as
compared with the NC TMO020 case.

COMPENSATION OF TRANSIENT
VOLTAGE

To improve the bunch lengthening further, we investi-
gated to compensate the transient rf voltages in both rf cavi-
ties. We investigated two measures: A) compensation of rf
voltages by using feedforward technique for both MCs and
HCs, and B) compensation by using a separate rf cavity.

The compensation of the rf voltage is possible by chang-
ing the generator-induced voltage in such a way to cancel
the beam loading. The numerical calculations were carried
out for some realistic cases.

We assumed the bunch gap of 60 ns and an 1.1 MHz band-
width of the generator voltage for both cavities. By apply-
ing the feedforward technique, an estimated average bunch
length improved from 31.1 ps to 34.9 ps. The bunch length
of 34.9 ps was close to that with the SC TM010 HC case.

Concerning the generator power, it strongly depends on
the cavity bandwidth and the voltage fluctuation to be can-
celed. Since the beam loading effect can be suppressed
small by using the TMO020 cavities, the required generator
power becomes realistic in spite of the narrow bandwidth of
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the cavities. For the MCs, the peak power increased from
131 to 149 kW per cavity. For the HCs, the required gen-
erator power increased from zero to ~3 kW, and instanta-
neous reflected power increased from 4.6 to 9.8 kW per cav-
ity. These are acceptable for practical beam operation.

If a single separate cavity dedicated to the transient com-
pensation is installed, further improvement in the bunch
lengthening is expected since the cavity bandwidth can
be freely tuned. We assumed a separate KEK-PF-type
500 MHz cavity with an input coupling factor of 399, where
the cavity bandwidth became 5 MHz, and an active compen-
sation bandwidth of 3 MHz. Then, the resulting average
bunch length was estimated to be 40.9 ps, which is close
to the one under no bunch-gap condition. It is worth not-
ing that the bandwidth of 3 MHz is realistic for an rf source
using a solid-state amplifier.

CONCLUSION

An advantage of a NC 1.5 GHz-TM020 cavity for the tran-
sient effect was demonstrated by calculating the cavity volt-
age fluctuation and expected bunch lengthening with some
realistic assumptions. By using such cavities for the KEK-
LS case with the bunch gap of 60 ns, an expected bunch
length is longer by a factor of 3.3 than a natural one.

Since the voltage fluctuation in the NC TMO020 cavity
was reduced to be small (4.5%), further improvement is ex-
pected by using the feedforward compensation techniques.
In case of the compensation in both MC and HC, bunch
lengthening by a factor of 3.7 (to the natural bunch length)
was estimated with realistic generator powers. In the other
case of using a single separate cavity for compensation, the
bunch lengthening by a factor of 4.3 will be achieved.
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