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Abstract

Curious phenomena which depend on the beam current
have been appeared during injection into PF-AR. In order
to get information on the wake field, a test-bunch method
has been carried out: amain bunch with alarge current and
atest bunch with asmaller current are stored and wake field
excited by the main bunch is estimated from the motion
of the test bunch. Experimental results and an analytical
calculation suggest that the wake field excited in rf cavities
influencetheinjection rate. Thewakefield estimated by the
test bunch method is compared with the cal culated field and
the motions of the stored and injected beam are discussed.

INTRODUCTION

PF-AR (Photon Factory Advanced Ring) is an electron
storage ring dedicated to a Pulsed X-ray source. Electrons
at the energy of 2.5GeV are injected in a single bunch and
are accelerated up to 6.5GeV or 5.0GeV, and synchrotron
radiation is delivered to users stations. Main parameters
of PF-AR at the energy of 2.5GeV are shown with sym-
bols used in this paper in Table 1. After the completion of

Table 1: Main parameters of PF-AR

injection energy Fy 2.5GeV

circumference L 377m

acceleration frequency frf 508.58MHz

harmonic number h 640

revolution frequency frev 794kHz

betatron tune (H/V) vglvy | 10.15/10.21
radiation damping rate a 23/sec

(transverse)

the upgrading project of PF-AR [1], several phenomenaare
observed during injection. One of them is sudden decrease
in an injection rate. Typica change of the beam current
and the injection rate are shown in Fig.1. The injection
rate of 1mA/sec can be achieved at a low beam current,
but the rate decreases suddenly around the beam current of
35mA. After awhile, the injection rate recovers a little bit
but low injection rate continues up to 40mA that is a usual
beam current in users' operation. The other phenomenoniis
an anomalous oscillation in horizontal plane observed dur-
ing injection. We call the oscillation as a transverse saw-
tooth instability [2]. To ease the effect of instabilities dur-
ing injection, the injection energy was raised to 3.0GeV
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from 2.5GeV since Oct. 2002. Although the raise of the
injection energy increased the maximum stored current to
65mA, instabilities still have been appeared during injec-
tion. These phenomena suggest that the wake field excited
in components of the ring affects the motion of the beam.
We have tried to detect the wake field using a test-bunch
method. In this paper, we report the test-bunch method and
preliminary results. We a so discuss the motion of the beam
stored in the ring and the beam injected into the ring during
injection.

THE TEST-BUNCH METHOD

In the test-bunch-method, two bunches caled a “main
bunch” and a “test bunch” are injected. The bunch cur-
rent of the test bunch is small enough compared with that
of the main bunch. When oscillation of the main bunch is
excited artificialy, a wake field excited in the ring affects
the motion of the test bunch. From the motion of the test
bunch, information of the wake field can be obtained. In
this method, it is essentia that only the main bunch is ex-
cited and the test bunch is not affected by the excitation.
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Figure 1: Typical change of beam current and injection rate
during injection.

Salective excitation of bunch oscillation

The excitation of the main bunch oscillation without any
effect on the test bunch is realized by an excitation sig-
nal modulated by a pulse train synchronized to the bunch
revolution, however, spectrum lines are scattered in awide
frequency range. In the test-bunch method, we used only
three frequency components to excite the main bunch os-
cillation without any effect on the test bunch as mentioned
bel ow.

At first, we define the bucket of the main bunch as the
0-th bucket, and successive buckets as 1st, 2nd and so on.
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Figure 2: sinusoidal signalswith DC offset at the frequency
of frf divided by an integer n

Consider asinusoidal signal at the frequency of f,. ; divided
by an integer n whichisasmall even factor of the harmonic
number. When a DC offset is added to the signal as shown
in Fig.2, and fed to the kicker a bunch at the m-th bucket is
deflected. The deflection angleis given by
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where [ is a length of the kicker and ¢ is a speed of
light. Then the signa is modulated by the betatron fre-
quency. The betatron oscillation of bunches at the (1+2m)-
th ( (2+4m)-th ) bucket are not excited by the signal when
n=2 ( n=4), i.e.,, the (n/2+nm)-th bunch are not excited,
while the bunch at the O-th bucket is excited.

frequency BPF
divider (fp=127MHz) M10
master RF
s08MHz |4
127MHz
©
10MHz

(ZlZﬁ'e\r+fp)

Figure 3: Block diagram of the circuit for main bunch ex-
Citation

Fig.3 isablock diagram of the main bunch exciter. The
master rf signal is converted to signals with frequencies of
frf12, fr14 or f,.¢/8 and modulated by the betatron fre-
guency. In order to correct frequency characteristics of
transmission line and power amplifier and to cancel out a
residual deflection due to a finite length of the kicker, we
adjusted the phase and the amplitude of the lowest side-
band of the excitation signa observing the betatron side-
band. We obtained an isolation, which is defined as the
amplitude ratio of test bunch oscillation to main bunch one,
of about -40dB.

Detection of test bunch oscillation

We used a strip-line type beam position monitor with a
length of 30cm to detect the oscillation of the test bunch.
DBMs (Double Balanced Mixer) were used to separate the
designated signal from the test bunch in mixture of the sig-
nals from the test bunch and the main bunch. The selected
signal is filtered by a band-pass filter with the center fre-
guency of 250MHz, and fed to a SA (Spectrum Analyzer).
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The oscillation amplitude of each bunch was obtained from
the bunch spectrum.

f;=250MHz
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Figure 4: Detection circuit to observe the oscillation of
bunches separately

EXPERIMENTAL RESULTS

A feedback damper that suppresses horizontal/vertical
instabilities is indispensable for the usua operation. We
cannot store the beam current larger than 15mA without
the damper. We carried out test-bunch measurement at low
beam current with the damper off in order to avoid effects
of the damper on the test bunch. The bunch current of the
main bunch and the test bunch was 2.0mA and 0.2mA re-
spectively. We adjusted the amplitude of the main bunch
oscillation to about 1.0mm adjusting the power of the exci-
tation signal.
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Figure 5: Result of measurement for whole the ring
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Figure 6: Result of measurement for whole 20 bunches af -
ter the main bunch

Results of measurement are shown in Fig.5 and Fig.6.
Abscissa and ordinates indicate the bucket number of the
test bunch and the amplitude ratio of the test bunch to
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the main bunch, respectively. The larger value means the
stronger wake field at the bucket of the test bunch. In Fig.5,
the ratio for whole the ring is shown, and tends to decrease
asawhole. In Fig.6, theratiosfor 20 buckets after the main
bunch are shown. The effect of the wake field is scattered
about one order depending on the bucket. But, that is much
larger than the measurement error. The frequency compo-
nent of the wake filed is supposed to be higher than the
sampling frequency, which is f,f, therefore no periodicity
can be extracted by aliasing.

DISCUSSION
Smple analysis of test-bunch method

In the analysis, the motion of each bunch is described
by a damped oscillation with an external force. A bunch
feels two kinds of wake fields, one is a short range wake
which vanishes in one turn, another is a long range wake
which does not decays in one turn. We regarded the long
range wake as a decrease in radiation damping rate. Then
equations of motion are given by
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where z, ¢, g, 0 and W,, are the displacement, the
bunch charge, the growth rate due to long range wake per
coulomb, the deflection angle by the excitation and the
wake potential normalized by the beam energy at adistance
of n buckets from the main bunch to the test bunch. Sub-
scripts m and t indicate the main bunch and the test bunch,
respectively. Motion of bunches, after enough time that is
longer than the radiation damping time, is harmonic. From
Egn.2 and Eqn.3, the amplitude ratio is written by
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When single bunch of 10mA was stored, self-induced os-
cillation was observed without the external excitation sig-
nal. We get ¢ as 1.98 (1/sec/nC). From ¢ and the test-bunch
result, 17/,, is obtained for each buckets.

We calculated wake potential by an electro-magnetic
code MAFIA for the acceleration cavity. In PF-AR, there
are 6 cavities called APS (Alternating Periodic Structure),
each of which has 11 cells for acceleration and 10 cellsfor
coupling. The calculated wake potential multiplied by 6 is
consistent with that obtained from test-bunch measurement
and simple analysisin afactor of 2.

Numerical simulation on injection

In order to investigate the motion of the stored beam
and the injected beam, we performed a humerical simula
tion. In this simulation the stored beam is described by one
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macro-particle with a current of 35mA, and the injected
beam is described by 3 macro-particles with a current of
0.08mA. Time separation between the macroparticlesis set
to be 350ps which is the acceleration period of the injector
LINAC. The initial amplitude of the stored beam and the
injected beam at the injection point are 4mm and 20mm
respectively. The feedback damper is also considered with
the damping time of about 0.2ms. We used the wake poten-
tial obtained by MAFIA calculation as a short range wake,
which vanishes completely after the beam rotates the ring.
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Figure 7: Result of numerical simulation assuming a wake
potential

The result of the simulation is shown in Fig.7. In the
figure, because the motions of all macro-particles of the
injected beam are similar, the macro-particle corresponding
to the stored beam and one macro-particle corresponding
to the injected beam are shown. The solid line indicates
physical aperture by the septum magnet. The injected beam
islost in about 200 turns.

The stored beam oscillatesin horizontal plane with beta-
tron frequency and exciteswakefield. Injected beam which
consists of afew bunches from the LINAC with large am-
plitude of betatron oscillation is kicked by the wake field
and lost from the ring aperture. The behavior of the in-
jection beam depends on the initial condition of the stored
beam.

SUMMARY

In this paper, we reported the test-bunch method. De-
vicesto excite the main bunch and to observe the test bunch
were worked with agood isolation. Wake field detected by
the method indicated that about 20 buckets after the main
bunch are affected by the wake field. From the numerical
simulation, it was found that the injected beam could be
lost by the wake field excited by the stored beam.
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