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Improvement in the beam lifetime by means of an rf phase modulation
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In the 2.5-GeV Photon Factory storage ring at KEK, we have found that the beam lifetime can be
improved by modulating the phase of an rf accelerating voltage at a frequency of 2 times the synchrotron
oscillation frequency. By applying this phase modulation with a peak-to-peak amplitude of 3.2°, the
beam lifetime could be improved, typicaly, from 22 to 36 h under a beam current of about 360 mA.
At the same time, the longitudinal coupled-bunch instability could be considerably suppressed. The
improvement in the beam lifetime can be explained as an improved Touschek lifetime, which was
caused by a quadrupole-mode longitudinal oscillation of the stored bunches.

PACS numbers: 29.20.Dh, 29.27.Bd

. INTRODUCTION

A long beam lifetime is one of the most important
performances for synchrotron radiation sources. In the
2.5-GeV Photon Factory (PF) storage ring [1] at KEK,
the beam lifetime had mainly been determined by the
scattering process of the stored electrons with residual
gas molecules in the vacuum chamber. After a large-
scale reconstruction of the PF storage ring to the current
low-emittance lattice [2,3], by which the beam emit-
tance was reduced from 130 to 36 nmrad, the beam life-
time due to the Touschek effect became very important.
This is also due to an excellent vacuum pressure (about
6 X 10~® Pal on the average under a stored current of
400 mA) that has been achieved in the PF storage ring.
Under the present low-emittance optics, the estimated
Touschek lifetime is comparable to, or shorter than, the
lifetime due to the beam-gas scattering, even under rou-
tine multibunch operations. The principal parameters of
the PF storage ring are given in Tablel.

In the Photon Factory storage ring, we found that the
beam lifetime could be improved by modulating the phase
of the rf accelerating voltage at a frequency of 2 times
the synchrotron oscillation frequency. At the same time,
a longitudinal coupled-bunch instability, which has been
observed under high beam currents, could be eased. Both
of them were found to be beneficial to our operations.
In order to clarify the beam dynamics under this phase
modulation, we observed the longitudinal profiles of the
bunches using a streak camera. We report on these
experimental observationsin Sec. Il.

*Email address. shogo.sakanaka@kek.jp
IThis pressure is about 3 times the average reading of vacuum
gauges, which gives an estimated pressure on the beam path.
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The observed improvement in the beam lifetime can be
explained as being due to the Touschek lifetime, which
is elongated by the following mechanism. By applying
phase modulation at twice the synchrotron frequency,
the longitudina oscillations of the stored electrons are
excited by a parametric resonance process. Because the
electrons can execute two states of stable oscillations, the
phases of which are opposite to each other, there arises a
quadrupole-mode longitudinal oscillation of the bunches.
This leads to a long bunch Iength on the average, which

TABLE I. Principal parameters of the Photon Factory storage
ring under the present low-emittance optics (phase advance per
cell: 105°).

Parameter Symbol Value

Beam energy E 25 GeV
Stored current Iy 770 mA max
Circumference C 187.03 m
Horizontal betatron tune Vy 9.60
Vertical betatron tune vy 4.28
Horizontal beam emittance €, 3.6 X 10 mrad
Momentum compaction

factor a 0.0061
Natural energy spread (oe/E)o 7.3 X 107
rf frequency fif 500.1 MHz
Harmonic number h 312
Radiation loss per turn Uy 399 keV
Longitudinal damping time Te 3.92 msec
Cavity gap voltage V. 1.7 MV (typicaly)
rf bucket height (AE/E)max 0.0122
Synchrotron oscillation

frequency fs 22.7 kHz
Natural rms bunch length o, 9.4 mm
Cavity shunt impedance

(=Vv2/P,) R 27.2 MQ (in total)
Cavity unloaded Q Qo 39000
Cavity loaded Q Or 11800
© 2000 The American Physical Society 050701-1
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results in the long Touschek lifetime. We discuss this
effect in Sec. I11. Additionaly, we give some discussions
on the cure for the longitudinal coupled-bunch instability
by this technique, although we have not fully understood
its mechanism.

1. EXPERIMENTS

A. Beam lifetime and longitudinal coupled-bunch
instability under phase modulation

The rf system of the PF storage ring is schematically
shown in Fig. 1. Four 500-MHz rf cavities are used
to produce an accelerating voltage. Each rf station
comprises a 500-MHz rf cavity, a single 200-kW Klystron,
an rf distribution network, and low-level control circuits.
The master 500-MHz rf signal is distributed into four
signals, which then drive the four rf stations. Each rf
phase of the klystron output is locked to the master rf by
using a phase-lock loop. We installed an electric phase
shifter just after the master rf generator. This alows us
to modulate the phase of the master rf by an externa
control signal. Then, the klystron output waves of the
four stations are modulated at the same time. In order
that the cavity field can follow any modulation in the
input rf wave, the bandwidth of the cavity (defined by
the resonance frequency divided by a loaded Q value)
should be comparable to, or wider than, the modulation
frequency. Because the bandwidth of our cavity is about
42 kHz, the cavity field can follow the phase modulation
up to about this frequency, with a certain amplitude and
phase responses due to the cavity impedance.

lines in a button-type electrode signal due to alongitudinal
coupled-bunch instability above a beam current of about
100 mA. Since these spectrum lines do not correspond
to any frequencies of the cavity higher order modes,
we consider that the observed longitudinal instability
is induced by some resonant structures in the vacuum
components. This instability degrades the beam quality
at high currents.

Kobayakawa [5] reported in 1984 that a small external
phase modulation applied on the accelerating field could
suppress a fluctuation in the beam size due to a longitudi-
na coupled-bunch instability. At that time, the frequency
of the modulation was chosen to be very close to the syn-
chrotron frequency. The first motivation of our experi-
ment was to investigate whether asimilar technique would
be useful under the present operation, in which many of
the parameters and components of the storage ring are
very different from those in 1984.

Figure 2 shows the beam spectrum around one of
the harmonics of the rf frequency when we modulated
the rf phase at a frequency close to the synchrotron
frequency. Beside the harmonic of the rf frequency,
we can see both sideband signals which are apart from
the main peak by once and twice the synchrotron fre-
guency. This indicates that the bunches executed a
synchrotron oscillation coherently in a dipole mode of
oscillation (i.e., the center of each bunch oscillated
longitudinally at the synchrotron frequency). In this
case, we could observe only a dlight suppression in
the longitudinal coupled-bunch instability, even when we
scanned the frequency and amplitude of the modula-

Although excellent damped-accelerating cavities[4] are  tion. There was aso little improvement in the beam
used in the PF storage ring, there arise many spectrum  lifetime.
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FIG. 1. Schematic diagram of the rf system for the PF storage ring. Four rf stations are used for beam acceleration. A fast phase
shifter is used to modulate the phase of the master rf signal, which is distributed to the four rf stations.
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FIG. 2. Beam spectrum from a button-type electrode when we applied an rf phase modulation at a frequency of 23.8 kHz

with a peak-to-peak modulation amplitude of 0.64°.

The abscissa indicates the frequency (center frequency: 1.0002387 GHz;

span: 200 kHz). The ordinate indicates the signa intensity in dB (10 dB/division). The beam current was 376 mA, which was
filled in 280 bunches among 312 rf buckets. The main peak corresponds to the second harmonic of the rf frequency.

On the other hand, when we tuned the modulation
frequency at about 2 times the synchrotron frequency, we
obtained remarkable effects. (1) the beam lifetime was
improved by a factor of about 1.6 and (2) the longitudinal
coupled-bunch instahility was considerably suppressed. A
typical improvement in the beam lifetime is shown in
Fig. 3. In this example, we obtained a beam lifetime of
about 36 h under a beam current of about 360 mA by
applying phase modulation, while the lifetime was about
22 h without the modulation. We discuss the mechanism
of this improvement in Sec. I11.

Another benefit gained by the phase modulation is
shown in Figs. 4 and 5. Figure 4 shows our typica
beam spectrum in which many spectrum lines due to the
longitudinal coupled-bunch instability can be seen. When
we applied the phase modulation, the spectrum changed
as shown in Fig. 5; many spectrum lines were reduced in
their level. This suggested that we could considerably
suppress the longitudinal coupled-bunch instability by
applying the phase modulation at twice the synchrotron
frequency.

Figure 6 shows the beam spectrum in the vicinity
of the second harmonic of the rf frequency when we
applied phase modulation at this frequency. All of the
other conditions, except for the modulation frequency,
were the same as those in Fig. 2. We can see that the
frequencies of the sidebands were apart from the second
rf harmonic by twice the synchrotron frequency. Thisis
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a sign showing that the bunches executed the longitudinal
oscillations coherently in a quadrupole mode of oscillation
(i.e., the bunch length oscillated while keeping the center
of the bunches).

9:00 - 10:00 p.m., June 7, 1999
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FIG. 3. Comparison of the beam lifetime (right-hand scale)
with and without applying phase modulation. The modulation
was initially on and was turned off at the time of 38 min. The
frequency and the amplitude of the modulation were 48.1 kHz
and 3.2° (peak to peak), respectively. The average ring pressure
was 7.4 X 1078 Pa with the modulation and 8.2 X 1078 Pa
without the modulation. The beam current (left-hand scale)
is also shown.

050701-3



PRST-AB 3 SHOGO SAKANAKA et al. 050701 (2000)

MKR 750.0 M-z
hp REF 0.0 dBm ATTEN 10 dB -47 .30 dBm

10 o8/

CENTER 7S50 MH2z SPAN S00 MHz
RES BW 1 M-z SWP 20.0 msec

FIG. 4. Beam spectrum from the button-type electrode under a beam current of 256 mA with 280 bunches. No phase modulation
was applied. Between the first harmonic (left-side peak) and the second harmonic (right-side peak) of the rf frequency there
arose many spectrum lines due to the longitudinal coupled-bunch instability. The abscissa and ordinate show the frequency
(center: 750 MHz; span: 500 MHz) and the signal intensity (10 dB/division), respectively.

MKR 750.0 M-z
hp REF 0.0 dBm ATTEN 10 dB -63.00 dBm

10 dB/

CENTER 7S50 MHz SPAN S00 M-z
RES BW 1 MH2 SWP 20.0 msec

FIG. 5. Beam spectrum when phase modulation (47.4 kHz and 3.2° peak to peak) was applied. The beam current, the figure
scales, and the other experimental conditions, except for the phase modulation, were the same as those in Fig. 4. The signal
levels of many spectrum lines due to the longitudinal coupled-bunch instability were considerably reduced. Note that two peaks at
frequencies of about 667 and 833 MHz are the harmonics of the revolution frequency, which appeared due to a fluctuation in the
particle populations of the bunches.
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FIG. 6. Beam spectrum around the second harmonic of the rf frequency when we applied phase modulation at a frequency of
47.6 kHz with a peak-to-peak amplitude of 0.64°. The scales are the same as those in Fig. 2. The beam current was 376 mA with

280 bunches.

B. Observation of the longitudinal bunch profiles
using a streak camera

In order to investigate the longitudinal beam dynam-
ics under phase modulation, we observed the longitudi-
na profiles of the bunches. Visible synchrotron light
from the stored bunches was extracted from bending mag-
net No. 27. The light was then filtered by both a band-
pass filter and a dichroic polarizer (which selected the
o-polarization component), in order to maximize the tem-

poral resolution of the optical system. Thelight wasfinally
focused on the entrance dlit of astreak camera (Hamamatsu
C5680 with a synchroscan unit M5675 and a dua time-
base unit M5679). This streak camera can measure the
intensity variations in the light with a very high resolution
of 2 ps. We applied a dua time-base measurement tech-
nigque; photoelectrons emitted in a streak tube were swept
very fast in the vertical direction, while applying an auxil-
iary slow-sweep signa in the horizontal direction. Thus,
the fast intensity variation of the incident light was shown

FIG. 7. (Color) Longitudinal profile of the stored bunches without applying phase modulation. This image was obtained from a
dua time-base measurement using a streak camera. The vertical axis shows a fast variation of the incident synchrotron light, while
the images from many scans are separated in the horizontal axis. Longitudinal profiles of every four bunches are shown separately.
Vertica full scale, 600 ps; horizonta full scale, 200 ns. Beam current was 399 mA in 280 bunches.
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FIG. 8. (Color) Longitudina profile of every fourth bunch under the rf phase modulation. The frequency and the amplitude of the
modulation were 48.1 kHz and 3.2° (peak to peak), respectively. The beam current was 388 mA. All the other conditions were
the same as those in Fig. 7. Vertica full scale: 600 ps; horizontal full scale: 200 ns.

along the vertical axis, while many images obtained from
multiple scans were separately shown along the horizontal
axis. This allowed us to observe the longitudinal profiles
of the many bunches at the same turn.

The measured profile of the bunches without applying
the phase modulation is shown in Fig. 7. Since we
applied the main sweep signal at a frequency of 125 MHz
(one-fourth of the rf frequency), we could observe the
longitudinal profile of every fourth bunch. We can see
in Fig. 7 that the centers of the bunches were located back
and forth, which indicated a longitudina coupled-bunch
oscillation.

Figure 8 shows the result of a similar measurement
when we applied the rf phase modulation at the fre-
guency of twice the synchrotron frequency. We can see
from this figure that (1) the bunches were lengthened
longitudinally on the average, (2) some of the bunches
showed a longitudinal distribution having double peaks,

and (3) the amplitude of the longitudinal coupled-bunch
oscillation was reduced. These observations suggested
that the bunches executed longitudinal oscillations in
a quadrupole mode of oscillation and that the average
length of the bunches was elongated by applying phase
modulation.

The effect of the phase modulation on the longitudinal
coupled-bunch instability is demonstrated in Figs. 9 and
10. Both figures show the results similar to the above-
mentioned measurement, but with a different horizontal
scale (1 ws full scale). Figure 9 is the longitudina

profile of the bunches under no phase modulation. We
can clearly see winding in the longitudinal position
of the bunches due to the longitudinal coupled-bunch
oscillation. On the other hand, the measurement result
under phase modulation (Fig. 10) shows that the coupled-
bunch oscillation was remarkably suppressed by the phase
modulation.

FIG. 9. (Color) Longitudina profile of the bunches without applying phase modulation. Vertical full scale: 600 ps; horizontal full
scale: 1 us. The profiles of every four bunches were measured over about 1.6 circulations of the beam (revolution time: 0.624 ws).
The beam current was about 396 mA with 280 bunches. The gap (empty buckets) of about 10% of the ring can be seen in

the figure.
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FIG. 10. (Color) Longitudina profile of the bunches under phase modulation (48.1 kHz, 3.2° peak to peak). Vertical full scale,
600 ps; horizontal full scale, 1 us. The beam current was 383 mA. All other conditions, except for the phase modulation and the
small difference in the beam current, were kept the same as those in Fig. 9.

[11. DISCUSSIONS
A. Single-particle dynamics under phase modulation

We consider the longitudinal motion of a single elec-
tron under phase modulation. In order to simplify the
treatment, we assume here that the rf field in the cavities
is modulated similarly as the input rf, by which the re-
sponse due to the cavity impedance is neglected. We also
do not consider the beam-loading effect. Let 7 be the
longitudinal time advance of an electron away from its
synchronous position and é be the relative energy devia-
tion from that of the synchronous particle. The equations
of motion for the electron are given by

dr

— = —ab 1
dt a0, (1)

and

dé  eV.cos(¢pyg — wt + b)) — Uy
- = - 2’}/66’
dt T()E()
(2

where o is the momentum compaction factor, e is
the elementary charge, V. is the cavity gap voltage,
Ty is the revolution time, E, is the energy of the
synchronous particle, Uy is the radiation loss per turn
for the synchronous particle, ¢ is the synchronous phase
(cospg = Uy/eV.), w isthe angular rf frequency, and y.
is the radiation damping rate [= 2170 (;‘,—g)EO]. Here the
phase modulation is described by ¢,,. We are interested
in the situation where the rf phase is modulated at the
frequency of twice the synchrotron frequency,

¢m = ¢m0 COS(ZwSt), (3)

where ¢,,0 is the modulation amplitude and w; is the
unperturbed synchrotron frequency, which is given by

V.sn
w, — | 2@eVeSNdo @)
ToEo
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In the cases that both ¢, and w7 are small (¢, w7 <K
1), we can make the following approximation in Eq. (2):

CoS(¢po — wT + ) = COSPy — ¢, SN
+ (singg + ¢, COSPp)wT .
®)

Combining this with Egs. (1)—(3), we obtain the follow-
ing equation of motion for 7:

2 d
% + 2y, d—:+ {1 + €cosQw,1)}r
2
= 2 o000, (8)
w
where € is asmall dimensionless number given by
€ = ¢m0 COtd)O- (7)

Equation (6) is essentially the Mathieu eguation, which
describes the maotion of an oscillator that is driven by
some change in its parameter at a frequency of twice the
eigenfrequency. The additional second term in the left-
hand side of Eq. (6) describes the damping effect due
to synchrotron radiation. The other additional term in
the right-hand side describes a forced driving term to the
oscillator. Since the frequency of this driving force 2Qw;)
is far from the eigenfrequency (w;), this term has little
effect on the electron motion. We can thus reduce the
equation to

d*r dr

“— + 2y,
dt? ydt

This eguation holds under small oscillation amplitudes.

We can obtain an approximate solution of this equation
by applying an averaging method, as can be found in the
literature [6,7]. We expect an approximate solution in
form

+ 0*{l + ecosw,t)}r =0. (8)

7(t) = a(t) Sn(w,t) + b(r) cos(wyt), (9

050701-7
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with the binding condition
a(t)sin(wst) + b(t)coslw,t) = 0. (20)

Here, a(t) and b(r) are assumed to be dowly varying
functions of time. Substituting them into Eg. (8), and
averaging the equations over one synchrotron period,
yields the following approximate equations for a(r) and
b(1):

EWg
4

From their solution, we obtain an approximate solution
for 7,

EWy

a=—vyea — b, b= —yb — a. (11)

T(t) = e_Y‘t{Cle_"‘gtcos(th — %)
ot 3
+ Cre“' cosl wst — ik (12)

where «, gives the growth rate of the synchrotron
oscillation which is caused by the phase modulation,

o Wy ¢m0 COt¢0
8 4 '
The above constants, C; and C,, are determined by the
initial condition.

It can be seen from Eg. (12) that the synchrotron os-
cillation grows exponentially if the modulation amplitude
(dmo) is larger than a certain threshold, in which case the
growth rate exceeds the radiation damping rate. Even in
such acase, the growth will finally stop at some saturation
amplitude where the nonlinear characteristic of the origi-
na equations becomes dominant. Since the sign of the
constant C, is determined arbitrarily by the initial con-
dition, an asymptotic solution at the saturation will be
given by

(13)

3
T ~ XTet cos<th — %) (14
where 74, is a saturation amplitude. Each electron will
take one of the above stable oscillations at saturation.

B. Simulations

For large-amplitude oscillations, the nonlinear charac-
teristic of the origina equations, (1) and (2), becomes
important. We investigated this situation by a tracking
simulation. In this simulation, the motion of a single
particle under the phase modulation was calculated over
30000 turns, based on Egs. (1) and (2). The result is
shown in Fig. 11, where the parameters of the PF stor-
age ring (in Table 1) were used. It can seen from the
figure that (1) the synchrotron oscillation initially grows
exponentially and (2) the oscillation amplitude finally
reaches saturation. These features are just those expected
in Sec. II1 A. It can be read from Fig. 11 that the initial

050701-8
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FIG. 11. Simulation result of the longitudinal single-particle
motion under phase modulation. The time displacement (7)
is shown against the number of turns. Assumed fioq =
4536 kHz (2 times the synchrotron frequency) and ¢, =
0.052 rad (6° pesk to peak), where fi,q and ¢, ae the
phase-modulation frequency and the modulation amplitude,
respectively. All other parameters are taken from Table I.
Initial condition: = = 10 ps, 6 = 0.

growth rate is about 320 s™!'. This roughly agrees with
an analytical prediction of (e, — y¢) ~ 200 s~! for the
net growth rate. Figure 12 shows the tracks of the motion
under saturation during the last 100 turns. At saturation,
the trace of the motion islargely deformed from an ellipse
due to phase modulation.

Furthermore, the behavior of the stored bunch under
phase modulation was investigated by a multiparticle
tracking simulation. In this calculation, a single bunch
was modeled by using 1000 macroparticles. In addition to

_3
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L4 LY

R 1 ’ .
.§ " .'.
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50 :
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q) L ]
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5 -1 . .
< . .
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FIG. 12. Phase-space plot of the single-particle motion under
the saturation. The closed circles indicate the tracks of the
motion during the last 100 turns in the 30000 turns. The phase
modulation with f,.q = 45.36 kHz and ¢,,0 = 0.052 rad was
assumed.
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Egs. (1) and (2), we took account of the following effects:
(i) the radiation excitation, (ii) the cavity response to the
modulated rf, and (iii) the beam-loading effect. We first
describe how these effects were treated in the simulation.

In order to introduce the radiation excitation, we added
a random quantity (r) in calculating the change in the
S per revolution, which describes the fluctuation in the
radiation loss. The probability distribution for the r
was assumed to be a Gaussian distribution having the
following characteristics [8]:

- (%)
o =—(F). @
where 7. is the radiation damping time, (o/E), is the
natural energy spread, and () denotes the average over
ensembles.

Next, the cavity response to the phase modulation was
treated as follows. Suppose that the phase of an input rf
to the cavity is modulated as

d’m(t) = ¢mo cos(w,t), (16)

where w,, isthe angular modulation frequency. Then the
input rf is represented by the generator current,

(r)=0,

ig — igoei(wt+0+¢,“) — igoeiﬁ Z iiljn(¢’n0)ei(w+nw,n)r’
n=—ow
(17)
with
) 168P
ig0 = £, (18)
Rsh

Here, 6 represents an appropriate phase offset, w is the
angular rf frequency, J,(x) is the Bessdl function of the
first kind, Ry, is the cavity shunt impedance (defined
by V2/P., where P, is the dissipated power), 8 is the
cavity coupling coefficient, and P, is the available power
from the generator. The cavity loaded impedance for the
frequency w’ is given by
Rsh
2(1+B)

1+ 0 — o)
where wy and Q; are the cavity angular resonant fre-
quency and the loaded Q value, respectively. Then, the
generator-induced cavity voltage is given by

ZL(a)/) = (19)

Vg = igOem Z inJ}z(¢m0)ZL(w + nwm)ei(w+na)m)t.

n=-—o

(20)

The actual generator voltage is given by the real part of
V.. Note that only three terms for n = 0 and n = *1
are sufficient in Eq. (20) if the ¢, is sufficiently small.
The beam-loading effect [9] under the stored beam
is incorporated by considering both the cavity detuning
and the beam-induced voltage. In order to minimize the
required generator power under the beam current, the
cavity resonant frequency is usualy detuned from the rf

050701-9

frequency so as to give the following optimum tuning
angle:

__IyRsn Singy
tampopt - Vc(l + ,8) . (21)
Here, the tuning angle is defined by
tany = —0,( 2~ ). (2
w( w

We took account of this detuning in the simulation. Then,
the cavity voltage is given by the vector sum of the
generator-induced and a beam-induced voltages,

Ve =V, + V). (23)

The calculation of the beam-induced voltage V, can be
carried out, in principle, by summing up the voltages
induced by every macroparticle at every turn. In order
to save the calculation time needed, we approximated this
process by the following steps:

(i) Asaninitia condition for the beam-induced voltage,
the voltage under the stable condition is assumed:

d _ IORsh i
(V}))() = —1 n ,8 COS(//e . (24)
(if) At every bunch passage, the bunch induces the
following voltage in the cavity:

—2koqp eXp(—wia2/2), (25)

where kg is the loss parameter of the accelerating mode,
q» is the bunch charge, and o, is the rms bunch length
intime. At the same time, every particle in the bunch is
decelerated by the following voltage:

—kogy &Xp(—wja?). (26)

(iii) Between the bunch passages during atime duration
At, the V), oscillates freely. This is represented by
multiplying the V,, by the following factor:

a)oAl‘)
20, )"
The above procedure is a good model provided that the rf
wavelength is much longer than the bunch length.
Incorporating al of the above effects, we carried out
multiparticle tracking simulations. The results are shown
in Figs. 13-15. The first figure (Fig. 13) shows the
distribution of the particles after about 30000 turns for
the case that the rf phase is modulated. The assumed
parameters for this calculation (beam current, 360 mA;
modulation frequency, 45.36 kHz; modulation amplitude,
3.2° peak to peak) are comparable to the experimental
conditions in the case of Fig. 3. The small difference in
the modulation frequency is due to a small discrepancy
in the synchrotron frequency under the experiment (about
23.7 kHz) and under the simulation (about 22.7 kHz).
The second simulation result with no phase modulation
is shown in Fig. 14 as a reference. Both figures show
that the particles are distributed in phase space due

exp(iwoAt - (27)
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FIG. 13. Distribution of the particles under phase modulation
a a high beam current (I, = 360 mA). The result of the
multiparticle tracking simulation after about 30000 turns is
shown, in which a single bunch is modeled by using 1000
macroparticles. Each dot in the longitudinal phase space
represents a macroparticle. The following parameters were
used for the calculation: f,,a = 45.36 kHz, ¢,,0 = 0.028 rad
(3.2° peak to peak), and other parameters are taken from
Table |. Note that each particle goes around the center of the
figure with a period of the synchrotron oscillation.

to the radiation excitation. However, in the first case
(Fig. 13), the particles tend to gather around the two
positions where the synchrotron oscillation induced by the
phase modulation is most stable. Since these groups of
particles execute synchrotron oscillations having opposite
signs, the bunch length oscillates at twice the synchrotron
frequency while the center of the bunch is kept still. This

4 10~

Relative energy deviation &
(=)

0 —100 =50 0 50 100 150

Time displacement T (ps)

FIG. 14. Distribution of the particles under no phase modula
tion. The result of tracking after about 30000 turns is shown.
The beam current and the other parameters are the same as
those in Fig. 13.
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FIG. 15. Distribution of the particles under phase modulation,
but with a low beam current of 1 mA. All other parameters are
the same as those in Fig. 13.

oscillation of the bunch is considered to be a quadrupole
mode of oscillation.

It is worth noting that the excitation of the longitudi-
nal quadrupole oscillation is considerably enhanced by the
beam-loading effect. This is demonstrated by the third
simulation result (Fig. 15). This figure shows the simula-
tion result for alow beam current of 1 mA, while keeping
the other parameters the same as those in Fig. 13. Un-
der this low current, the excitation of the quadrupole os-
cillation is considerably small. This dependence of the

70
— 360 mA

- -~ 1mA
& 60f
o" A AT AT A A
< AT L T A A
s 50 / lo / [ |
< T
2 I [ | / I
S \ / \ / \ / \ I )5 /
g 4ol [ V1 \ Vo
2 \] f L . ‘ ) \ /
o Vo [ IR [ Voo [N |,
% s W N N N A B A V)
= 300/ N W \7 L RU
= \ \/ Y, \ v} v

Hog 2.985 2.99 2.995 3

Number of turns

FIG. 16. Variation of the rms bunch length under phase
modulation (fiea = 45.36 kKHz, ¢,,0 = 0.028 rad), which was
obtained from a multiparticle tracking ssmulation. The calcu-
lated bunch lengths during the last 200 turns among the 30 000
turns are shown for beam currents of 360 mA (solid line) and
1 mA (dashed line), respectively. Note that one synchrotron
period corresponds to about 70 turns. An averaged bunch
length is about 44 ps for the beam current of 360 mA.
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excitation to the beam current was actually observed dur-
ing our experiments.

The calculated variation of the rms bunch length under
the phase modulation is shown in Fig. 16. Under both
beam currents of 360 and 1 mA, the bunch length
oscillates at twice the synchrotron frequency. Under
the beam current of 360 mA, the simulation predicts a
time-averaged bunch length of about 44 ps, which is
about 1.4 times longer than the natural bunch length of
31 ps. Thisresult seemsto be roughly consistent with the
experimental observation using the streak camera.

C. Beam lifetime

We try to explain here the observed behavior of the
beam lifetime in the PF storage ring. The lifetime dur-
ing the experiment (shown in Fig. 3) is summarized in
Table Il. We can consider that the beam lifetime in the
PF storage ring is mainly determined by both the beam-
gas scattering process and the Touschek effect.

The lifetime (74,5) due to the scattering of the beam
with a single species of molecules is given by [10,11]

1

Tgas

= ordyc, (28)

where o is the total cross section of the scattering
processes that causes the loss of particles, d,, is the
molecular density, and ¢ is the speed of light. If the
residual gas is a mixture of gases, (74,5)"" is given by
the sum of the contributions from all molecular species.
We usualy consider three kinds of scattering processes:
the Coulomb scattering with nuclei, the emission of
Bremsstrahlung, and the Mgdller scattering with orbital
electrons. We can estimate that the residual gasin the PF
storage ring is composed of H, gas of about 63%, CO gas
of about 32%, CH4 and CO, gases of about 1.6% each,
and a few other gases [12]. Using them together with
other parameters of the PF storage ring we can estimate
the lifetime 7,,5 during the experiment to be about 195 h,
under the phase modulation. Under no phase modulation,
the estimated lifetime is about 10% shorter than this
due to a dightly higher pressure. This difference in the
pressure was, possibly, due to a difference in the parasitic
mode |oss.

TABLE Il. Summary of the beam lifetime during the experi-
ment. The number of bunches was 280 with amost equa
filling.

Phase modulation?® On Off
Beam lifetime 36 h 22 h
Average ring pressure® 74X 1078Pa 82X 1078 Pa
Beam current 361 mA 358 mA

8 moa = 48.1 kHz, ¢,,0 = 0.028 rad (3.2° peak to peak).
bThree times the average reading of the gauges.
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On the other hand, the loss of the stored electrons due
to the scattering process inside the bunch is caled the
Touschek effect [13]. The lifetime due to this effect is
given by [14]

1 Nor?c

= D(§). (29

AE
8700y 0 Y (T )i

TTous

where 71, 1S the Touschek lifetime, Ny is the number
of particles in a bunch, r. isthe classical electron radius,
(AE/E)ma is the rf bucket height, and oy, o), o, ae
the horizontal, vertical, and the longitudinal rms beam
sizes, respectively. The function D(¢) isasowly varying
function of £, which is given by

D(§) :\/E[—ie‘f + %]g Inue_

u

du

¢ du],
u

(30)

2 u

1 @
+ 3(3§—§In§+2)f§

with & being defined by

2
(T @
Opx E Jmax
Here, o, . is the rms spread of the horizontal particle
momenta and m, is the €lectron mass.

In the PF storage ring, the coupling coefficient for the
horizontal and vertical motions is estimated to be about
1% [15]. We assume that the beam emittance and the
energy spread are determined only by the synchrotron
radiation effects, although this is not always the case in
the experiments. Using the ring parameters in Table I,
together with the design optical functions, (77ous) ' can
be estimated at different locations in the ring. By
averaging this result over the ring, we estimate the
Touschek lifetime to be about 46 h under a beam current
of 360 mA with 280 bunches. As a reference, we
give some of the estimated parameters. (o) = 0.49 mm,
(ay) = 0.06 mm, o, = 9.4 mm, Ny = 5.0 X 10°, ¢ =
5.6 X 107*, and D(¢) = 0.13. Note that this estimation
is based on severa assumptions.

When the phase modulation is applied, the quadrupole
oscillation of the bunch is excited; as a result, the av-
erage bunch length becomes long. Since the Touschek
lifetime is proportiona to the bunch length, we expect
that the Touschek lifetime is elongated by the same fac-
tor as the bunch length. The multiparticle simulation in
Sec. |11 B predicted the bunch lengthening by the fac-
tor of 1.4 for our experimental conditions (I, = 360 mA,
dmo = 0.028 rad). Thus, we estimate the Touschek life-
time to be about 65 h under the phase modulation. We
have neglected here a possible small increase in the trans-
verse beam size due to an increase in the energy spread.

Table Il gives a summary of the above estimations.
The estimated total beam lifetimes agree with the experi-
mental results within a factor of 2. We predict that
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TABLE Ill. Estimated beam lifetime for the experimental |
conditions in Table II. W= 5 (72 + w7?). (35)
Phase modulation On Off  We consider how this W changes when a small phase
Teas 195 h 180h  modulation is applied. Omitting the damping term from
TTous 65 h 46 h  EQg. (8), the equation of motion is given by
ath ki A + Xl + ecosRwyn)}r = 0 (36)
T w € CoS2wt);r = 0.
aTotal beam lifetime. *
Then, the average rate of changein W is given by
the total beam lifetime will be improved by a factor aw\ ewgfg )
of about 1.3 by applying the phase modulation, while )T T a4 sin(2¢o) - (37)

the experiment resulted in a factor of 1.6. Thus, the
improvement in the lifetime due to phase modulation can
be explained by this model, at least to a certain measure
of its quantity.

D. Curefor the longitudinal coupled-bunch instability

Itisnoted in Sec. |1 that the longitudinal coupled-bunch
instability could be eased by applying rf phase modulation
a a frequency of twice the synchrotron frequency. We
briefly discuss here how the longitudinal coupled-bunch
instability is affected by the phase modulation.

When there are cavitylike structures in the storage ring,
the stored bunches can leave electromagnetic fields be-
hind themselves. Such fields can couple the motions
of different bunches, which can lead to the growth of
such coupled oscillations. This phenomenon is called the
coupled-bunch instability; the nature of such an instability
has been understood very well [16—19]. The longitudi-
nal coupled-bunch instability is driven by a longitudinal
beam-coupling impedance of a resonant structure. Sup-
pose that there are M equally spaced bunches; the insta-
bility arisesif the shunt impedance of the structure islarge
enough, and the resonant frequency (fys) is close to one
of the following frequencies:

Sres = mMf, + uf, + fs, (32)

where f, is the revolution frequency, f, is the syn-
chrotron frequency, m is an arbitrary integer, and u (=
0,1,...,M — 1) is the integer called the coupled-bunch
mode number. In such a case, each particle among the
nth bunch will execute the following synchrotron oscilla-
tion:

T ~ Thoe®"! cos(w ™t — W), (33)
where o™ is the growth rate for the wth mode of
oscillation, ) is the perturbed synchrotron frequency,
and ¢* (= 27 un/M) is the oscillation phase for the
nth bunch.

Suppose that a certain particle executes a synchrotron
oscillation given by
T = 79C0S(wst — thy). (34)

The following quantity is an invariant of the small
synchrotron motion that is free from any externa forces:
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Because of the phase modulation, the oscillation reduces
(W < 0) if the initial phase holds the condition of
sin(2¢n) > 0, and the reverse also holds.

Suppose that the synchrotron oscillation of a particle
in the nth bunch is driven by the coupled-bunch insta-
bility, as given in Eqg. (33). Then, applying the phase
modulation will prevent, or promote, the oscillation
according to the sign of sin(2y¢*). Considering this
effect for each bunch, it will change the eigenmodes of
the coupled-bunch oscillation. This is considered to be
one of the possible mechanisms determining how the
phase modulation affects the coupled-bunch instability.

As another approach, we studied the effect of phase
modulation on the coupled-bunch instability by using
a computer simulation. We used a simulation tech-
niqgue similar to that by Kubo [20]. Since we have
not identified the impedance sources in the PF storage
ring that cause the longitudina instability, we assumed
a model impedance in the simulation. We assumed a
single resonance having the following parameters: fi.s =
1003.42845 MHz [i.e, thecaseof m = 2, M = 312, and
© =2 in Eq. (32)], Rsw/Q = 1000, and Q; = 2000.
With these parameters, the threshold current of the insta-
bility is predicted to be about 30 mA. In the simulation,
each bunch was simply modeled by a single macropar-
ticle. Then, we tracked the motion of such macropar-
ticles while taking account of the interaction of the
particles with the voltages induced in the resonant struc-
ture and in the accelerating cavity. We treated these
beam-induced voltages in a similar way to that of the
beam-loading effect as described in Sec. 111 B.

The results of the simulations are shown in Fig. 17,
where the time displacements of the first bunch among the
312 bunches are plotted. Figures 17(a) and 17(b) show
the cases with and without applying phase modulation, re-
spectively. In the first case [Fig. 17(d)], the synchrotron
oscillation grows exponentialy with a growth rate simi-
lar to an analytical estimation. After the amplitude has
reached its maximum, the amplitude reduces rapidly and
this process is repeated. In the second case [Fig. 17(b)],
the oscillation initially grows faster than in the first case
due to the phase modulation, but the maximum amplitude
of the oscillation is reduced. This reduction in the satu-
ration amplitude would be one of the mechanisms which

050701-12



PRST-AB 3

IMPROVEMENT IN THE BEAM LIFETIME BY MEANS ...

050701 (2000)

500

(a)

T (ps)
S

-500

x 10

500

(b)

T (ps)
(=}

SOG0 0.5 1 1.5 2 2.5 3
Number of turns x 10°
FIG. 17. Simulation results on the longitudinal coupled-bunch
instability for the case (a) without applying phase modulation
and the case (b) with phase modulation (fmeda = 45.36 kHz,
dmoa = 0.028 rad). The time deviations of the first bunch are
plotted over 30000 turns. Assume that all of the bunches are
filled uniformly with the beam current of 100 mA. Assume
the following resonance for the impedance source: fi., =
1003.428 45 MHz, Ry,/Q = 100Q, and Q; = 2000. Other
parameters are taken from Table |. Theinitial conditions for 7
and & of the bunches are assumed to be randomly distributed
with maximum deviations of +10 ps (for 7) and +2 X 10™*
(for &), respectively.

eased the longitudinal instability in the experiments. Fig-
ure 18 shows another plot from the same simulation, in
which the distribution of the bunches after 20000 turnsis
plotted in phase space. It can be seen that the bunches lie
on an dlipse in the case with no phase modulation (indi-
cated by crosses), but the distribution is largely distorted

0.01
0.005} .. K
Mo .. “x%&
7Y PR :..-.:.- : .
©w 0 Yoy el o :}
* et ".'._.-XX@@
—0.005+ e
0950 2200 0 200 400
T(ps)

FIG. 18. Distributions of the bunches in phase space on the
way (at 20000th turn) to the growth of the instability. Each
bunch is indicated by a cross (under no phase modulation) or
a dot (under phase modulation), respectively. The assumed
conditions are the same asin Fig. 17.
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from the €ellipse in the case with phase modulation (indi-
cated by dots).

In the above-mentioned simulation, we ignored the
motion of the particles inside the bunch. It should be
noted that this “internal” motion of the particles may
cause a further reduction of the oscillation amplitude
when phase modulation is applied.

IV. CONCLUSIONS

We have shown both experimentally and theoretically
that by applying a small phase modulation to the ac-
celerating voltage at twice the synchrotron frequency,
the quadrupole mode of longitudinal oscillation of the
bunches can be excited through a parametric-resonance
process. This makes the average bunch length long and
results in the long Touschek lifetime. At the same time,
the longitudina coupled-bunch instability can be consid-
erably suppressed. Both of them were found to be very
useful for our operations.

We have been using this technique for routine opera
tions since May, 1999. By optimizing the conditions of
phase modulation, we have recently (in February, 2000)
achieved a very long lifetime of 50 h with a beam cur-
rent of 400 mA under daily operations. Also, the longi-
tudinal coupled-bunch instability has been considerably
suppressed using this technique. Although the phase
modulation increases the beam energy spread to a certain
extent, the overall beam quality is improved as the result
of suppressing the longitudinal instability.
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