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Abstract

Stored beam currents of 2.0 GeV at the PLS ring has
been limited by coupled-bunch instabilities. 1t was found
that beam currents in 2.0 GeV was mainly limited by
830.45 MHz tranverse mode in RF cavities. Beam instabil-
ities dependences on betatron tune and chromaticity were
extensively investigated in the ring. Longitudinal coupled-
bunch instabilities due to 758.66 MHz and 1300 MHz
modes does not |ead to beam loss up to 450 mA. Beam tail
distribution and beam lifetimein 2.5 GeV are estimated by
a simulation method. The result shows beam lifetime of
27 hoursin 170 mA. The estimated lifetime shows a good
agreement with that of normal beam operation.

1 INTRODUCTION

The PLS storage ring is a third generation synchrotron
radiation source. It consists of a2 GeV linac and a storage
ring which can be accelerated by 2.0 GeV to 2.5 GeV. The
storage ring has been operated at 2.0 GeV from 1995 to
1999 and at 2.5 GeV since 2000. The desiged value of the
beam current in the PLS storageringis400 mA in 2.0 GeV.
The parameters of the storage ring are listed in Table 1.

It is a genera requirement on the storage ring for asyn-
chrotron radiation source that it provides a stable beam
having a small emittance in order to obtain a high bril-
liance photon beam. It is apparent that the beam quality is
strongly determined by beam instabilties in such amachine
having a low emittance. Therefore, a study to cure beam
instabilitiesisimportant to obtain a stable and small beam.
PLS storage ring has operated in less beam currents than
190 mA at an energy of 2.0 GeV which has been limited
by the coupled-bunch instabilities. The threshold currents
due to the transverse and longitudinal coupled-bunchinsta-
bilities were extensively investigated. It was found that the
transverse 830.45 MHz mode has mainly limited the stored
beam current. The transverse beam instabilties could be
cured by varying the betatron tune and chromaticity. Inthis
paper, we also present beam tail distribution and beam life-
time by a simulation method. The estimated beam lifetime
shows a good agreement with that in normal operation.

2 BEAM INSTABILITIESAT 2.0 GEV

2.1 Transverse coupled-bunch instability

We have observed frequency spectrum of the beam that
was analyzed with a spectrum analyzer. The peaksin beam
spectrum always appeared when the instability was ob-
served with the beam profile monitor. The frequency spec-
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trum of the beam oscillation has components of

f;i‘:,n:anTi(NfT+foscil) (1)

for al integer values of n. Here, B is number of bunches
and f,s.;; isaremainder of the frequency of the oscillation
divided by revolution frequency f.. The integer u repre-
sents the mode number of oscillation. Typically observed
frequencies when the beam becomes unstable are 830.45
MHz and 1300 MHz modes (See Fig.1(a)), and 758.66
MHz mode(See Fig.1(b)).

Peak (1) in Fig.1(a) has the relation of f, ,, = 400f, —
(377 f, + 200.8kH z)= 830.45 MHz with n = 1, B=400
and u=377. Therelation indicates that the peak (1) is asso-
ciated with some kind of a coupled bunch oscillation with
the frequency foscis = 200.8 kHz. Since this frequency
is close to the remainder of a horizontal betatron oscilla-
tion frequency, we have accurately measured the betatron
tune. The result was fg, = 200.8 kHz, which was in ex-
cellent agreement with f,sc;. Here, f3, is defined by fs,
=0v, f, with afractiona part év,, of the horizonatl tunev,.
We have also measured the remainder of a vertical beta-
tron oscillation frequency f 3, and asynchrotron frequency
fs. Measureded values of f3,=270kHz and f, = 11.7 kHz
are quite different from f,s.4. It isthus concluded that the
instability due to the peak (1) in Fig.1(a) is related to the
horizontal coupled-bunch oscillation of the mode =377.

2.2 Betatron tune effect

We attempted to store the beam current as high as pos-
sible at afixed tune. The horizontal coupled-bunch insta-
bility was observed during beam injection and storage. As
the stored beam current was increased, beam was blow-up
horizontally which was seen on the beam profile monitor.
Then, vacuum value inside rf cavities was also increased to
above 100 nTorr. At last, the beam was suddenly dropped
around 250 mA. In this process the frequency spectrum of
the beam was monitored to confirm that the instability was
always related with the horizontal coupled-bunch oscilla-
tion. It was observed with spectrum analyzer that the reso-
nant frequency was 830.45 MHz. The tune dependence of
theinstability was studied for awider range. We could sup-
press the 830.45 MHz maode by chooing a optimal betatron
tune. Then beam blow-up disappeared and beam could be
stored up to 450 mA as shown in Fig.3.(b), without show-
ing increased vacuum value inside rf cavities. Then the
result is understood in term of the tune dependence of the
830.45 MHz mode. The injection rate was typically 2-3
mA per pulse.
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2.3 Head-Tail Instability

In PLS, the chromaticity was set slightly positive to pre-
vent beam instabilities in normal operation. But transverse
instability did not disappear at small positive chromaticity.
It was found that the amplitude of the transverse spectrum,
which was used to estimate the instability, could be varied
by magnitudes of currentsin the sextupoles. The horizon-
tal and vertical beam spectra at the multiplier of revolution
harmonic of n=297 were investigated. As shown in Figs.2,
side-bands near betatron tune were observed. Fig.2(a)
shows the side-band near horizontal tune when currents of
SD(vertical focusing sextupole) and SF(horizontal focus-
ing sextupole) are 138 A and 90 A, respectively. Fig.2(b)
shows the side-band near vertical tune when currents of SD
and SF are set to 133 A and 94 A, respectively. To suppress
these side-bands, we adjusted the currents of SF and SD. It
is shown that the side-bands can be suppressed as shown
in Fig.3 when the currents of SF and SD are 138 A and
94 A, respectively. They clearly show that these transverse
instabilities are affected by the chromaticity.

2.4 Longitudinal-coupled bunch instability

We have also observed longitudinal coupled-bunch in-
stabilities due to 758.66 MHz and 1300 MHz modes. The
instability due to the 1300 MHz mode does not lead to
beam loss since the shunt impedance of the mode is small.
However, the instability dueto the 758.66 MHz mode |ead
to beam loss in higher beam current than 450 mA. The
beam spectrum due to the 758.66 MHz mode in 450 mA
isshownin Fig.1(b). Thelongitudinal beam oscillation en-
larges beam size horizontally, and moreover, accompanies
with beam size fluctuation and bunch-lengthening. When
the fluctuation amplitude due to the 758.66 MHz mode
is large, it is observed that the beam lifetime decreases.
When we analyze the beam signal of 758.66 MHz with
[t = nBfr £ (ufr + fs), fs is synchrotron frequency,
we get therelation of f,, , =400 f, — (310f, +11.TkHz)=
758.66 MHz withn=1, B=400 and ;;=310. Therelationin-
dicates that the instability is associated with some kind of
a coupled bunch oscillation with the frequency fs = 11.7
kHz, which is in agreement with synchrotron frequency.
Thus we concluded that the instability is associated with
the longitudinal coupled-bunch oscillation of the u = 310.

3 BEAM TAIL DISTRIBUTION AND
BEAM LIFETIME AT 2.5 GEV

The beam tail distribution and beam lifetime are ob-
tained by using a simulation method [?, ?].

3.1 Beam-Gas Scattering

The cross section of the elastic scattering with an atom
is given by Rutherford scattering formula[?].

A LA B — @
aQ v (02462, )2

min

where Q is the solid angle, 8 the scattering angle, Z the
atomic number, r. the classical electron radius and v the
Lorentz factor. Screening of the atomic electrons is ac-
counted by the angle 0,,,;, = Z'/3a/~, where a is the
fine-structure constant. Fig.4 shows the vertical distribu-
tion produced from the tracking of beam-gas scattering, be-
tatron oscillation, synchrotron oscillation and synchrotron
radiation. It is obtained when the vertical aperture of a par-
ticle is assumed to be 80, where o, = o, /f3,. The 3,
is betatron value at the position where the scattering occur.
oy isnominal vertical beam size. As afunction of vertical
aperture, beam lifetime is shown in Table 1.

3.2 Beam-Gas Bremsstrahlung

An electron with energy E,, which passes a molecul e of
theresidual gas, losses its energy dueto the radiation emit-
ted when an electron is deflected. There is a certain proba-
bility that a photon with energy « is emitted, producing an
electron with energy E', where E' +u = E,. Thedifferen-
tial cross section for an energy loss due to bremsstrahlung
between E and £ + dE isgiven by [7]

. du E' E?>+E? 2 183 1
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where Z, a and r, denorethe atomic number, the fine struc-
ture constant and the classical electron radius, respectively.
We assume that CO molecule uniformly exists in the ring.
Beam lifetimes verse energy aperture are shown in Table 2.

3.3 Touschek effects
The Touschek lifetimeis given by [?]

1 /rrieNoCle) @
v You(AE/E,)?2VE’

where o, is rms horizontal angular speed, AE/E, is rf
acceptance and Vp is bunch volume. C'(¢) is Touschek ef-
fective function. Figure 5 shows Touschek lifetime at 2.5
GeV as afunction of coupling constant for bunch lengths
of 7 mm, 8 mm and 9 mm. The number of bunches and
beam current are 400 and 170 mA, respectively.

3.4 Lifetimeasa Function of Aperturesin PLS

Once aparticle’'samplitude exceeds an aperture, this par-
ticle would be lost. The lost particlesin our simulation are
counted at one position of the ring per turn by comparing
the amplitudes of the particle with the apertures. The beam
lifetime is defined by 7 = %%) where N, is the ini-
tial number of particlesin a beam and —dN/dt isthe total
number of particles that exceed the apertures. In the simu-
lation, we used vacuum value of 0.6 nTorr that isin normal
opertion of the ring. When we estimate the lifetime in-
cluding scattering, bremsstrahlung and Touschek effect, it
gives 27 hoursin 170 mA of 2.5 GeV for the case of 80 o 7
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vertical aperture and 1.5% energy aperture. The estimated
lifetime agrees with that of normal operationin 2.5 GeV.

Table 1: Designed parametersin the PLS storage ring

Parameters 2.0GeV 25GeV
Latticstype TBA TBA
Circumference 280.56 m 280.56 m
Natural emittance 12.1 nm 18.9nm
Harmonic number 468 468
Energy spread 0.00068 0.00085
Synchrotron frequency | 11.7 kHz 10kHz
RF voltage 1.6 MV 1.6 MV
Damping time(T/L) 16.6/8.3ms | 8.5/4.2ms
Bunch length 5mm 8 mm
Energy aperture 1.6% 1.5%

Table 2: Lifetimes due to the scattering
Vertical aperture | 600, | 700, | 800,
Lifetime 53h | 75h | 106 h

900,
147h

Table 3: Lifetimes due to the bremsstrahlung
Energy aperture | 1% 15% | 2%
Lifetime 123h | 139h | 162h

4 CONCLUSION

Stored beam current of 2.0 GeV in PLS ring has been
limited to less than 250 mA. It was found that transverse
coupled-bunch instability due to the 830.45 MHz mode
has limited maximum stored beam current. The transverse
beam instabilities in 2.0 GeV could be cured by optimal
choices of betatron tune and chromaticity. Present PLSring
can store up to beam of 450 mA at 2.0 GeV. Longitudinal
coupled-bunch instability due to 758.66 MHz mode does
not lead to beam loss up to 450 mA at 2.0 GeV. Beam life-
times due to the scattering, bremsstrahlung and Touschek
effect are estimated to 27 hoursin 170 mA of 2.5 GeV by
a simulation method. The estimated lifetime shows also a
good agreement with that of normal operation of 2.5 GeV.
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Figure 1. Typical beam spectrathat show rf HOM frequen-
cies in 2.0 GeV. They show frequency band betwen 500
MHz and 1 GHz. Peaks denote transverse 830.45 MHz
mode ((1) in (a)), longitudinal 1300 MHz mode ((2) in (a))
and longitudinal 758.66 MHz mode (b). Beam currentsin
(a) and (b) are 273 mA and 450 mA, respectively.
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Figure 2: Beam spectra that show batatron tunes and side-
bandsin 273 mA of 2.0 GeV. (SD,SF)=(138 A,90 A) in (a).
(SD,SF)=(133A,94 A) in (b).
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Figure 3: (a) beam spectrum that shows batatron tunes in
2.0 GeV and 273 mA. Side-bands that are shown in Figs.2
disappeared. (SD,SF)=(138 A, 94 A). (b) stored beam cur-

rent of 450 mA
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Figure 4: (@) vertical beam distribution in a logarithmic
scale obtained from a simulation method. Horizontal axis
is the distance normalized by nominal vertical beam size.
v,=14.19 and v,=8.25. (b) calculated Touschek lifetimes
for the different bunch lengths ( 7mm, 8mm and 9mm ) as
a function of coupling constant in 2.5 GeV. Beam current
is 170 mA and number of bunchesis 400.
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