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Bunch Rotation using Sawtooth RF
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Abstract

Bunch rotation is useful scheme to obtain a short
bunch from a long bunch with a small momentum
spread. On the contrary, it is also applicable to lengthen
the beam from a short bunch. In order to rotate a bunch,
a sawtooth RF is more effective than a sine-wave due to
its linearity. A sawtooth wave was generated using an
MA (Magnetic Alloy) cavity which was installed at the
HIMAC and was applied for the bunch rotation. It was
found that it could minimize the filamentation caused
by a non-linearity of RF voltage.

1 Introduction

A high-energy physics experiment requires a short
bunch of a few 10 ns width in the synchrotron. A chem-
ical experiment also requires it to measure a free-radical
in the materials. On the other hand, it is necessary
to form a long beam bunch with a narrow momentum
spread from very shortly-bunched secondary muon beam
for another high-energy physics experiments.

A bunch rotation[1] in the longitudinal phase space
is a scheme to satisfy their requirements. So far, a sine-
wave has been applied to rotate the beam bunch in the
longitudinal phase space. However, the angular veloci-
ties of particles depend on the amplitude of the oscilla-
tion in the phase space. A particle with a small ampli-
tude rotates faster than that with a large one. Because
of the difference of the angular velocity, a filamentation
occurs in the phase space, which causes that the parti-
cles near the edge form the tail as shown in Fig. 1(a)
when the bunch is sharpened.

On the other hand, a sawtooth wave is suitable for
the rotation because all particles have a same angular
velocity and the filamentation is minimized (Fig. 1(b)).
However, it was very difficult to apply the sawtooth wave

. because it includes many RF frequencies. Many RF cav-
ities have been necessary so as to generate it. An MA
(Magnetic Alloy) cavity[2, 3, 4] is suitable for the saw-
tooth RF because it has a broadband impedance. It can
generate the different RF frequencies simultaneously at
an acceleration gap and enable to obtain the sawtooth
wave by a single cavity.

2 Experiments
A bunch rotation experiment was performed at the

HIMAC synchrotron. An MA cavity was installed for
the beam test[5, 6]. The cavity was driven by a power
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Fig. 1 Bunch rotation in the longitudinal phase space
by (a) sinusoidal wave and (b) sawtooth rf, re-
spectively.

amplifier using two 30 kW tetrodes, 4CW 30,000A. The
maximum voltage of 5 kV was obtained.

2.1 Sawtooth RF

Ideal sawtooth rf can be obtained by Fourier series;

2Vpeak o= (-1)"71
V(p) = ;kz( 2» sinng
n=1

Three harmonic frequencies were combined to gener-
ate a pseudo-sawtooth wave and their relative phases
and amplitudes were optimized. The fundamental fre-
quency (h=4, 1.046MHz) was generated by a synthe-
sizer (HP 3326A). The second harmonic frequency (h=8,
2.092MHz) was created by a frequency doubler from the
fundamental frequency. They were mixed by a mixer
and the third harmonic frequency (h=12, 3.138MHz)
was generated. Although both MA cavity and power am-
plifier are broadband system, their frequency responses
for each harmonics are different. Therefore the wave-
form at the driver amplifier was not the sawtooth-like.
Figure 2 shows the waveform at the acceleration gap of
the cavity. The gap voltage was measured by a voltage
divider.
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Fig. 2 Waveform at the acceleration gap of the cavity.

2.2 Experimental scheme

First of all, the coasting beam was bunched by the
barrier RF voltage[7]. If the coasting beam is rotated
directly, the filamentation occurs and it causes that the
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difference between sawtooth RF and sine-wave is not
very clear. Then the bunch was rotated by the sawtooth
wave. '

The maximum momentum spread of the beam is lim-
ited up to £+ 0.3 % due to the longitudinal acceptance
of the HIMAC. However, the momentum spread of the
linac beam is about £+ 0.1 %. Therefore, it is difficult
to obtain the very short bunch by the bunch rotation.
To study the bunch rotation scheme more carefully, a
bunch was rotated for several times and the damping of
quadrupole oscillation was measured. The beam bunch
was measured by a position monitor in the synchrotron.
For the comparison, the bunch rotation by the sinusoidal
wave was also performed. The peak voltage of the saw-
tooth RF was 2kV. The frequency was 1.046MHz, which
corresponded to the harmonics h=4.

2.3 Experimental result

The mountain range plots of the beam bunch shape
are shown in Fig. 3. The period between each line is
20 ps. Figure 4 shows the envelope of the beam bunch
signals.
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Fig. 3 Mountain range plots of the beam bunch for
(a) the sawtooth RF and (b) sine-wave. The
period between each line is 20 us.

One can see clearly that the bunch was rotating in
Fig. 3. In the case of sine-wave, the quadrupole oscil-
lation was damped quickly as shown in Fig. 3(b) and
Fig. 4(b). On the other hand, it continued longer in
the case of the sawtooth RF as shown in Fig. 3(a) and
Fig. 4(a), because of the linearity of the sawtooth volt-
age. Therefore this experiment suggests that the saw-
tooth RF is more suitable for the bunch rotation than the
sine-wave. The minimum bunch width for both waves
was about 250 ns there, which was consistent with the
initial momentum spread. If the momentum spread of
the beam is narrow, a shorter bunch will be achieved.
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Fig. 4 Envelope of the beam bunch signal for (a) saw-
tooth RF and (b) sine-wave. Fig. 4 (b) shows
that the quadrupole oscillation is damped in a
few turns because of the nonlinearity of the RF
bucket.

3 Conclusion

A bunch rotation experiment was performed at the
HIMAC synchrotron. A beam bunch was rotated by
both sawtooth and sinusoidal RF. The quadrupole os-
cillation survived for long period in the linear bucket
produced by the sawtooth wave. It was found that the
sawtooth RF was more effective for the bunch rotation
than the sine-wave due to its linearity.
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