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In electron storage rings, it is possible to increase the electron bunch length by applying a phase
modulation on the radio frequency accelerating field by choosing appropriate parameters for the
modulation. Such a bunch lengthening effect improves beam parameters such as the beam lifetime,
which can help us to get better beam stability. The dependence of the bunch lengthening on
the modulation frequency, the so-called detuning property, tends to have a peak with asymmetric
slopes around it. The modulation amplitude and the beam current also affect the properties of the
detuning condition of such bunch lengthening. We have investigated the detuning property with
systematic measurements at the electron storage ring KARA. The experimental results agree with

the theoretical model and the simulation results.

I. INTRODUCTION

In high energy electron storage rings dedicated to high
energy physics and synchrotron radiation experiments,
it is quite essential to prepare stable beams for long-
term and precise measurements and experiments. One
of the main parameters which show the beam stability is
the beam lifetime which corresponds to the loss rate of
the particles in the stored beam per unit time. To com-
pensate for the beam loss, an operation scheme, called
top-up operation, has been nowadays widely applied to
electron storage ring facilities. In this scheme, an addi-
tional electron beam is injected repeatedly from the injec-
tion accelerator into the storage ring to keep the electron
beam current constant. However, the beam lifetime is
still significant in such an operation scheme because the
lifetime determines the repetition rate of the beam injec-
tion, which relates to accelerator operation issues such as
radiation protection, energy consumption and operation
stability.

There are several processes which can lead to parti-
cle loss in the stored electron beam. A beam loss which
comes from several scattering processes between the high
energy electrons and residual gas molecules happens, and
its process depends on the vacuum pressure and the phys-
ical aperture conditions of the accelerator. The beam
lifetime from these scattering processes is called vacuum
lifetime and does not depend directly on the beam cur-
rent and number of the electrons in one electron bunch.

On the other hand, there is another scattering process
in which the number of electrons in the stored beam de-
creases; the scattering process between the high energy
electrons in the same beam bunch. Because the trans-
verse momentum of the electrons which comes from the
betatron oscillation can change to the longitudinal mo-
mentum due to the scattering process on the transverse
plane, the electrons could have more considerable longi-
tudinal momentum which is beyond the momentum ac-
ceptance of the storage ring. This beam loss effect which
comes from the electron-electron scattering in the same

electron bunch is called Touschek effect, and the beam
lifetime from this effect is called Touschek lifetime. The
Touschek lifetime depends mainly on the electron density
in one electron bunch and the momentum acceptance of
the accelerator. There is another beam loss process which
comes from quantum excitation due to the emission of
photons from the high energy electrons. The beam life-
time from this quantum effect is called the quantum life-
time and can take on very high value compared to the
vacuum and Touschek lifetime under normal conditions
of the accelerator operation.

In principle, it is possible to improve the beam lifetime
in the electron storage ring by manipulating the operat-
ing condition of the accelerator. One of the promising
ideas is to elongate the longitudinal bunch distribution
to relax the Touschek effect by decreasing the electron
density in the electron bunch. In electron storage rings,
additional radio frequency (rf) cavities, whose operating
frequency is an integer harmonic of the rf cavities which
are used to accelerate the beam, can manipulate the elec-
tron bunch length. The method by using such an addi-
tional cavity, called harmonic cavity or Landau cavity,
has been firstly proposed and investigated for the proton
synchrotrons[IH3], and has been later operated at an elec-
tron storage ring[4]. These harmonic cavities were ini-
tially used to suppress collective beam instabilities such
as the coupled bunch instability due to the Landau damp-
ing process. The harmonic cavity, however, can increase
not only the frequency spread of the synchrotron oscil-
lation but also the longitudinal bunch length because of
the deformation of the longitudinal potential well struc-
ture. This bunch lengthening scheme has now been con-
sidered and applied to several electron storage rings, es-
pecially for the synchrotron radiation light sources with
small beam emittance [5HI0].

Ideally, the storage ring contains such an additional
cavity system. However, it is challenging to install such
system into compact electron storage rings with shorter
circumferences because the number and length of the
straight sections in the ring could be one of the un-



avoidable restrictions for installing such additional beam
instrumentation. An alternative idea for the harmonic
cavity system is to manipulate the electron distribution
on the longitudinal phase space by modulating the phase
of the rf accelerating field with proper modulation fre-
quencies. This rf phase modulation scheme is applicable
if the rf system can operate the phase modulation; ad-
vantageously, this scheme is available without installing
beam instrumentation into the storage ring.

In the Photon Factory electron storage ring in High
Energy Accelerator Research Organization (KEK), they
experimented with the bunch lengthening by the rf phase
modulation whose modulation frequency was twice the
synchrotron oscillation frequency and confirmed not only
the improvement of the beam lifetime but also stabilisa-
tion of the longitudinal-coupled-bunch instability[TT] [12].
In this previous study, they have also discussed the beam
dynamics under the phase modulation with a theoreti-
cal model and simulations based on macro-particle track-
ing. The experimental results and the simulations have
shown that the longitudinal distribution of the electrons
tends to have the quadrupole oscillation mode accom-
panied by the bunch lengthening. In the Brazilian syn-
chrotron light source, they experimented with suppress-
ing the longitudinal coupled bunch instability by the rf
phase modulation[I3]. In this previous study, they have
discussed the beam dynamics based on the Hamiltonian
formalism and existence of 2 or 3 stable fixed points on
the longitudinal phase space from the rf phase modula-
tion. They have also discussed the number of the fixed
points and the area of the stable region on the longi-
tudinal phase space, and have shown the change in the
rf bucket structure for the phase modulation frequency,
which implies a detuning property of the bunch lengthen-
ing for the modulation frequency. In the electron storage
ring DELTA operated by the TU Dortmund University,
they investigated the damping process of coupled bunch
instabilities by the rf phase modulation and a digital
bunch-by-bunch feedback system[I4]. From the exper-
imental results and the numerical simulation based on
the macro-particle tracking, they have discussed the de-
pendence of the damping time on the phase modulation
amplitude. By switching the beam excitation on and off
by the bunch-by-bunch feedback system and construct-
ing a relavant model to analyze the damping time due to
the rf phase modulation, they have shown a quadratic de-
pendence of the damping time on the phase modulation
amplitude[T5] [16].

At the KIT synchrotron where 2.5 GeV electron stor-
age ring KARA (Karlsruhe Research Accelerator)[I7] is
in operation, we have introduced the function of the rf
phase modulation into the low-level rf (LLRF) system
of KARA by which we can change both the frequency
and amplitude of the rf phase modulation quite easily.
Because the maximum beam energy from the injection
accelerator in KARA is 500 MeV, after the injection into
the storage ring, we ramp the beam energy up to 2.5 GeV
with the storage ring in regular accelerator operation.

Therefore, it is essential for KARA to improve the beam
lifetime, so that the experiments with the synchrotron
radiation from KARA take place with enough beam sta-
bility. To introduce the rf phase modulation scheme into
KARA accelerator operation, we have searched for the
optimum condition to improve the beam lifetime by fo-
cusing mainly on three parameters and conditions for the
rf phase modulation, namely, the frequency and the am-
plitude of the modulation, and the beam current. Be-
cause KARA does not have the possibility of the top-
up operation in 2.5 GeV, it seems essential to investi-
gate the range of the optimal parameters in dependency
of the beam current. In the process to find the opti-
mum condition of the rf phase modulation, we have dis-
cussed the detuning properties of the bunch lengthen-
ing when we slightly change the modulation frequency
around twice the synchrotron frequency. We discuss a
theoretical model which shows us that the dependence
of the bunch length on the modulation frequency could
have an asymmetric peak around the frequency of twice
the synchrotron frequency, and the experiments of the
bunch length measurement with the streak camera and
the rf phase modulation agree with the model. The re-
sults of the simulation based on macro particle tracking
follow these results.

In section [l we discuss the theoretical model which
describes the beam dynamics with the rf phase modu-
lation and the detuning properties of the bunch length-
ening. In section [[IT] we discuss the simulation results
for the longitudinal beam dynamics based on the macro-
particle tracking method with the effect of the rf phase
modulation. In section [[V] we discuss the bunch length
measurement with the streak camera and rf phase mod-
ulation under several different conditions. Finally, we
summarise our discussion and future plans in section [V}

II. THEORETICAL MODEL

In the reference[l1], they have discussed the motion of
the electron under the influence of the rf phase modula-
tion whose modulation frequency is twice the synchrotron
oscillation frequency. In this section, we also discuss the
motion of the electron in the same manner as [I1] but
by adding a detuning condition into the modulation fre-
quency; namely, we formulate the equation of motion in
the case that the modulation frequency is slightly differ-
ent from twice the synchrotron oscillation frequency.

The equation of motions of the electron for the longi-
tudinal direction can be written as[I1]

dr
_ = — 1
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dt ToEo . (2)

Here 7 and § correspond to the time and relative energy
difference between the electron and the synchronous con-
ditions, « is the momentum compaction factor, V, is the



amplitude of the rf acceleration voltage, ¢ is the syn-
chronous phase of the electron beam, w is the angular
frequency of the rf accelerating field, Uy is the energy loss
of the electron due to the synchrotron radiation, Ty is the
revolution period of the electron, and Ej is the electron
beam energy. The second term of the right-hand side in
Eq. corresponds to the radiation damping term with

the factor -,
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Here U is the synchrotron radiation loss, and E is the
beam energy. The phase ¢,, represents the phase mod-
ulation factor, and now we assume ¢,,, has the following
modulation characteristics.

¢m = ¢m0 Cos ((2(")8 + Aw) t) ’ (4>

where ¢,,0 is the modulation amplitude, ws is the an-
gular frequency of the synchrotron oscillation, and Aw
corresponds to the detuning frequency of the phase mod-
ulation from 2w,. By applying the linear approximation
which comes from the small amplitude of the synchrotron
oscillation and the phase modulation, we get the equa-
tion of motion for the electron which performs the syn-
chrotron oscillation with the phase modulation[IT]:

d>r I dr n
a2 T
where € = ¢,,0 cot ¢g. To solve Eq. we assume the
following solution for 7:

w? (1 + €cos(2ws + Aw)t) 7 =0, (5)

T = a(t) sinwst + b(t) coswyt, (6)
with the following restriction[I8]:
a(t) sinwgt + b(t) coswyt = 0. (7)

Now we consider only the change in 7 with slow time vari-
ation compared to the synchrotron oscillation period and
perform the averaging with time for Eq. (5)). From the
averaging we get the equations for the amplitude function

a(t) and b(t) in Eq. (6):
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If we assume the complex function £(t) = a(t) + ib(t),
Eq. can be written as a simple form:
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Eq. @ can be solved analytically and the solution is
given by

E(t) = &pexp (—'yet + % (cos Awt + isin Awt)) , (10)

where & is a constant. Therefore, the solutions for a(t)
and b(t) are given as

a(t) = Eoexp (—%t + % cos Awt)

X Cos (% sin Awt) , (11)

W€
b(t) = &uexp (—’yet + 4 cos Awt)
X sin (% sin Awt) . (12)

Equations and show that the amplitude of the
electron can change with time due to the oscillation term
in the growth and damping part. If we consider the con-
dition in which these amplitude functions have the local
minimum or maximum values, namely, a(t) = b(t) = 0,
the time t¢ at the local minimum or maximum values can
be written as

b in1 (L
to = AL (27m sin (M&))’ (13)

where n is an integer. If the detuning frequency Aw is
small compared to the synchrotron oscillation frequency,
the periodic change in the amplitude is much slower than
the synchrotron oscillation. Therefore, the root mean
square value of the amplitude of the electron 7 with the

time averaging +/(72) is given as
os | sin ,
W€

(14)
where we assume 27n > sin~! (%) As seen in Eq.

, the time-averaged amplitude of the electron de-
pends on the detuning frequency Aw and its dependency
is mainly given as exp (—%). This implies that the
amplitude with non-zero detuning frequency depends on
the signature of the detuning Aw. If we measure the de-
pendence of the bunch length on the detuning frequency,
the detuning property could have a peak at Aw = 0
with asymmetric slopes for negative and positive detun-
ing conditions around the peak.

Eq. shows the amplitude of the electron decreases
exponentially with the radiation damping and the con-
stant excitation term from the phase modulation. Be-
cause of the radiation excitation which we do not include
into Eq. , the amplitude can keep non-zero value but
different from the amplitude without the phase modula-
tion. The theoretical model in Eq. applies the lin-
ear approximation in which we assume the amplitude of
the electron is small, and the first-order approximation is
valid. However, it is possible to increase the parameter
€ until the linear approximation is not valid any more.
In this case, the structure of the longitudinal potential
called rf bucket could change from normal parabolic to
distorted form under the condition of the overexcitation,
and the bunch structure could change accordingly.

7 - g—oexp (_ 2Ty, | wse .
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III. SIMULATION

To investigate the beam dynamics under the phase
modulation with frequency detuning, we have performed
numerical simulations based on macro-particle tracking.
The used method is based on[II]. We have calculated
the equations of motion for the longitudinal direction
stated in Eqgs. and numerically while consider-
ing the transient beam loading effect which comes from
the beam-induced voltage in each rf accelerating cavity in
KARA storage ring. In the simulation, we have treated
.‘7‘,6
of the generator voltage ‘7_;, and the beam-induced volt-
age ‘7},, namely, \7; = V; + 1717. V;] has the effect of the
phase modulation directly, and both of Vi and 171, have
been changed due to the phase modulation accordingly.
To consider the transient beam loading effect, we have
treated both the phase advance and the amplitude of
the beam-induced voltage V, between adjacent bunches
in multi-bunch filling condition with the same method
as in[TT]. Because of the characteristics of the transient
beam loading effect, initially V, inside each cavity can
change with the beam revolution step. Therefore, we
have performed in the simulation enough revolution steps
to get quasi-stable condition in which \7;) and 170 can os-
cillate slightly but do not change drastically. Typically
we have performed the revolution step with the period
longer than % To get the realistic solution for the mo-

the rf accelerating voltage V., = as the vector sum

tion of the electron, we have introduced the radiation
excitation into Egs. and as a random walk of the
energy spread which has Gaussian distribution with its
standard deviation o, as

2
2 Oe
=4y 1o | =— | , 15
Oy Yelo (EO) ( )

where o, is the natural energy spread.

We have prepared 10000 macro-particles for each
bunch and calculated the distribution of the electrons
on the longitudinal phase space for each bunch for Karl-
sruhe Research Accelerator (KARA) storage ring with
2.5 GeV operation. The main parameters of the KARA
storage ring are summarised in Table[[] To calculate the
generator voltage \7g and the beam-induced voltage V, we
have used the measured values of the shunt impedance,
the unloaded quality factor, and the input coupling value
for each cavity, which were measured at the installation
of them into the KARA storage ring.

In the simulation, we have considered three tuning pa-
rameters of the rf phase modulation: the modulation fre-
quency, the modulation amplitude, and the beam cur-
rent. In the following, we discuss the dependence of the
bunch lengthening on these parameters.

A. Modulation frequency

Fig. [1] and [2] show the simulation results of the par-
ticle distribution on the longitudinal phase space. Fig.
is the result without the phase modulation. On the
other hand, Fig. [2] is the result with the phase modu-
lation whose modulation frequency is equal to 2f; and
modulation amplitude of 100 mrad. In these simulations,
we have assumed a multi-bunch filling pattern of KARA
storage ring which has three bunch trains with empty
rf buckets between them and the total beam current of
150 mA. On these figures, we can see the phase space
distribution changes clearly due to the phase modula-
tion. On Fig. |2 we have plotted two snapshots of the
phase space distribution when the phase modulation is
active. These results show that both, the bunch length
and the energy spread, change under the phase modula-
tion, and the modulation looks like the quadrupole os-
cillation mode on the longitudinal direction. Fig. |3|is a
colour map to show the change in the longitudinal elec-
tron distribution in one bunch for a typical time scale of
the synchrotron oscillation period when we set the mod-
ulation frequency as 2f;. In this case, fs is equal to
30.89 kHz, which corresponds to the period of 32.37 us.
We can see the bunch length changes periodically with a
period of around half of the synchrotron oscillation pe-
riod. Fig. Bf(b) and [3|c) show the color maps when we
shift the modulation frequency from 2f; with negative
(-1 kHz) and positive (+1 kHz) detuning, respectively.
As shown in the figure, negative detuning condition can
effectively lead to a bunch lengthening compared to the
resonance condition and the positive detuning. By scan-
ning the modulation frequency, we have summarised the
dependence of the bunch lengthening on the detuning fre-
quency. Fig. [4 and [f] show snapshots of the longitudinal
phase space for both detuning conditions in Fig. b) and
C). From these figures, we can see that the longitudi-
nal particle distribution changes significantly under the
negative detuning in particular. Two spiral arms appear
from the central core of the particle distribution, which

TABLE I. Main parameters of KARA storage ring.

Parameter Symbol Value Unit
Beam energy FEo 2.5 GeV
rf frequency fry 499.731 MHz
Harmonic number h 184

Total accelerating voltage Ve 1.4 MV
Radiation loss per turn Uo 622.4 keV
Momentom compaction factor o 0.00867
Natural energy spread g—; 9.08 x 1074
Natural bunch length ot 36.9 ps
Beam current (typ.) Iy 150 mA
Number of rf sections 2

Number of cavities per 1 rf section 2
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FIG. 1. The simulation result of the longitudinal phase space

distribution when the rf phase modulation is not active. We
assume the total beam current of 150 mA in a multi-bunch
condition in KARA storage ring.
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FIG. 2. The simulation result of the longitudinal phase

space distribution when the rf phase modulation is active.
The modulation frequency is equal to 2fs, and the ampli-
tude is 100 mrad. The blue and red dots correspond to the
snapshots of the electron distribution at different phases of
synchrotron motion.

could cause the sub-bunches inside one rf bucket. Fig. [f]
shows a dependence of the bunch length on the detuning
frequency from 2f,. To analyse the bunch length on Fig.
[ we have evaluated the averaged bunch length along the
horizontal axis on Fig. [|(a)-(c). This 'detuning’ curve
has its peak at the negative detuning side and the asym-
metric slopes for both negative and positive sides. The
difference in the gradient between the negative and posi-
tive sides agrees with the theoretical model in Eq. in
which the negative slope (Aw < 0) should have a gradual
slope.
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FIG. 3. The simulation result of the change in the longitudi-
nal electron distribution in one bunch when the modulation
frequency is 2f, (upper, Fig. a)), 2fs-1 kHz (middle, Fig.
[B(b)), and 2f,+1 kHz (lower, Fig. [3[c)). The horizontal scale
(200 ps in full scale) corresponds to 12.4 times half of the
synchrotron oscillation period. The condition of the machine
parameters is the same as in Fig. [2| The vertical scale shows
the measure of the bunch length. The positive direction on
the vertical axis correspond to the head of the bunch. The
blue and yellow colour indicate low and high electron density
in the charge distribution, respectively.
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FIG. 4. The simulation result of the longitudinal phase space
distribution when the rf phase modulation is active. The blue
and red dots correspond to the snapshots of the electron dis-
tribution at different phases of synchrotron motion. The con-
ditions and setting are the same as Fig. [B[b) (1 kHz negative
detuning).
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FIG. 5. The simulation result of the longitudinal phase space
distribution when the rf phase modulation is active. The blue
and red dots correspond to the snapshots of the electron dis-
tribution at different phases of synchrotron motion. The con-
ditions and setting are the same as Fig. [[c) (1 kHz positive
detuning).

B. Modulation amplitude

The bunch lengthening due to the phase modulation
depends not only on the modulation frequency but also
on the modulation amplitude. Fig. [7]shows three detun-
ing curves for different modulation amplitudes: 50, 100
and 200 mrad. As shown in the figure, a larger mod-
ulation amplitude enhances the bunch lengthening, and
larger amplitude also leads the peak frequency to the neg-
ative detuning direction. Fig. [§|shows the time-averaged
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FIG. 6. The simulation result of the detuning curve for the
bunch lengthening under the phase modulation. The horizon-
tal axis corresponds to the frequency difference between 2 f;
and the modulation frequency.

longitudinal bunch structure for each modulation ampli-
tude in Fig. [7] and the natural longitudinal structure.
As shown in the figure, the longitudinal distribution be-
comes non-Gaussian for large modulation amplitudes. At
200 mrad, a new shoulder appears on both sides of the
slopes around the peak.

This negative detuning property comes from non-
linearity of a harmonic oscillator with larger oscillation
amplitude[I2], in which the eigenfrequency tends to de-
crease in larger oscillation amplitude. To discuss the neg-
ative detuning at more significant modulation amplitude
condition, we have analysed the frequency of each macro-
particle by FFT method. Fig. [0fa) shows the spectra
for the modulation amplitude of 50 and 200 mrad with
the peak frequency of the 50 mrad detuning curve and
Fig. Ekb) is the same spectra with the peak frequency of
the 200 mrad detuning curve. As seen in these figures,
the left and right side peaks on the figures correspond
to fs and 2fs components, and larger amplitude condi-
tion tends to have negative frequency shift for fs peak.
This frequency shift can cause the enhancement of the
negative detuning on the detuning curves in Fig. [7]

C. Beam current

In the simulation, we have considered the beam loading
effect which occurs inside the rf cavities. Therefore the
dependence of the bunch lengthening on the beam cur-
rent could happen. Fig. shows the detuning curves
for three different beam current conditions with the same
modulation amplitude of 50 mrad. As shown in the fig-
ure, the bunch lengthening increases at the high beam
current condition by the phase modulation. According
to Eq. the driving term from the phase modula-
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FIG. 7. The simulation result of the detuning curves
for the modulation amplitude of 50 mrad(blue circles), 100
mrad(green squares), and 200 mrad(red triangles) at the to-
tal beam current of 150 mA.
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FIG. 8. The simulation result of the longitudinal distribu-

tion of the macro-particles in one bunch for the modulation
amplitude of 50 mrad (blue), 100 mrad (green), 200 mrad
(red), and the modulation off (black).

tion is proportional to the parameter e, which includes
cot ¢g. When the transient beam loading happens in-
side the rf cavities, the synchronous phase ¢ can change
transiently, and that change causes the parameter €. Be-
cause the accelerating voltage decreases due to the beam
loading, ¢g tends to decrease, and € can increase effec-
tively. Because this effect comes from transient beam
loading, it depends on the machine parameters and the
filling pattern. In case of the simulation based on a re-
alistic operating condition of KARA storage ring, this
dependency is minimal.
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FIG. 9. The averaged frequency spectrum of the motion of

each macro particle under different condition of the rf phase
modulation. Blue and red curves correspond to the spectrum
at the modulation amplitude of 50 and 200 mrad. Upper
figure (Fig. [0[a)) is the spectrum at the modulation frequency
of 2f,-600 Hz, which is the peak frequency of the 50 mrad
detuning curve. Lower figure (Fig. [9b)) is the spectrum at
the modulation frequency of 2fs-1200 Hz which is the peak
frequency of the 200 mrad detuning curve.
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FIG. 10. The simulation results of the detuning curve for
different 3 total beam current conditions with the same modu-
lation amplitude of 100 mrad. Blue circles, green squares and
red triangles correspond to 90, 110, and 130 mA condition,
respectively.

IV. EXPERIMENT

The experiment was carried out at Karlsruhe Research
Accelerator (KARA) electron storage ring. Table [[] sum-
marises the main machine parameters of KARA. In the
experiment, we have operated the KARA storage ring



with the same bunch filling pattern as the regular users’
operation discussed in section [[TI]

To carry out the rf phase modulation at KARA, we
have introduced the modulation function into our low-
level RF (LLRF) system (Dimtel, LLRF9/500)[19]. In
KARA storage ring, each RF station has one klystron
whose maximum output power is 250 kW. Because one
RF station has 2 RF accelerating cavities, one klystron
drives 2 RF cavities in KARA. To control 2 RF stations
independently, each RF station has its LLRF system.
From one master oscillator, whose signal frequency is
around 500 MHz, each LLRF system in each RF station
receives the master clock signal and drives the RF sta-
tion. Because the LLRF system has the function of the
phase modulation, we can perform the phase modulation
for each RF station independently. In the experiments
discussed in the following part, we performed the phase
modulation at only one RF station, which is the same
condition as in the simulation. To perform the phase
modulation, we set the modulation frequency and the
amplitude to the LLRF system remotely. The technical
details for the method of the phase modulation by the
LLRF system are discussed in[20].

To observe the longitudinal motion of the beam, we use
a visible light streak camera (VSC, Hamamatsu, C5680-
21S) at the beam diagnostic beam line[21] in KARA.
In the beam diagnostic beamline, we can use the syn-
chrotron radiation (SR), which comes from one of the
bending magnets in KARA. In the front-end part of the
beamline, we use one mirror chamber to filter out the
high energy component of the SR beam and to extract
the beam from the ultra-low vacuum environment to the
atmosphere. Therefore, we can use the visible light com-
ponent of the SR beam at the beam diagnostic beam-
line in the atmospheric environment. The streak camera
measurement needs to get excellent temporal resolution
whose typical time scale is several to ten pico-seconds. To
do so, we use a focusing mirror system to avoid the aber-
ration and deliver the spot image into the input slit of
the VSC. The VSC has two sweeping units; fast sweeping
unit (synchro scan unit) and slow sweeping unit (blank-
ing amplifier unit). By the fast sweeping unit, the VSC
can observe the pulse length of the SR beam which cor-
responds to the electron bunch length in the storage ring
with the synchronisation between the sweep timing of
the VSC and the revolution timing of the electron beam.
By the slow sweeping unit, the VSC can also observe
the longitudinal beam motion whose time scale is longer
than the revolution period typically. Because these two
sweeping units function simultaneously, we can observe
both the bunch length and the global longitudinal motion
of the beam precisely.

A. Modulation frequency

We have measured the bunch lengthening while chang-
ing the modulation frequency. Fig. [11fa), [[2|a) and

a) show the streak camera images measured with a
settled modulation amplitude of 3 degrees (52.4 mrad)
and a beam current of 133 mA. Fig. a) shows the
streak camera image at the maximum bunch lengthening
condition of the modulation frequency. Fig. a) and
[13[(a) show the image with -1 kHz and +1 kHz detun-
ing from the modulation frequency at Fig. a). As
seen in these figures, the electron bunch length oscil-
lates with time and the oscillation frequency is almost
the same as twice the synchrotron oscillation frequency.
By changing the modulation frequency systematically, we
have analysed the detuning curve of the bunch length
experimentally, which is similar to Fig. [f] Because the
bunch length oscillates with time, we have analysed the
streak camera image by averaging along the slow sweep-
ing axis (horizontal axis in Figs. [1I[a){I3(a)). Fig.
shows the detuning curve of the bunch length from the
systematic measurement. To improve the statistics, we
have taken 100 image data at each modulation frequency
condition—all of the data points in Fig. show the
statistical errors; however, the error values are smaller
than the marks in this figure. As seen in the figure, the
detuning curve has asymmetric slopes around the peak.
This tendency agrees with the simulation result (Fig. @
and the theoretical result qualitatively. Figs[11|(b) -[13|(b)
show the simulation results for the same frequency con-
ditions with the modulation amplitude of 100 mrad (5.7
degrees); Fig. [11[b) is the result at the maximum bunch
lengthening condition and Fig[l2(b) and [13[b) are the
condition with -1 kHz and +1 kHz detuning from the
peak frequency. As seen in these figures, the modula-
tion patterns between the streak camera data and the
simulation results agree with each other qualitatively de-
spite the difference of the modulation amplitudes be-
tween them, namely, in the experiment we could excite
the beam with smaller modulation amplitude than that
in the simulation. One possible reason for this difference
comes from the condition of the beam loading effect in
the rf accelerating cavities. In the simulation, we used
the cavity parameters measured before the installation
into the KARA storage ring. Therefore, the condition of
the beam loading effect in the experiment could be dif-
ferent from that in the simulation; small quality factor
could cause prominent transient beam loading effect and
enhance the phase modulation because of the change in
the synchronous phase, as discussed in Sec. [[ITC] The
other reason would come from the systematic error of
the modulation amplitude. Additional measurements of
the cavity parameters and calibration of the modulation
amplitude are necessary for future steps. Compared to
the detuning curve from the simulation (Fig. [6) and the
experiment, the bunch length in the experiment tends
to be longer than the simulation at the modulation fre-
quency far from the peak frequency. In the simulation,
we do not include other effects which can cause the bunch
lengthening such as the potential-well distortion[22]. The
difference between them would come from such collective
effects.



In the experiment, we have measured the synchrotron
oscillation frequency fs in parallel with the bunch length
measurement by using the readout of the beam signal of
the bunch-by-bunch feedback system[23]. The measured
value of f distributed at the centre frequency of 32 kHz
with the readout fluctuation of £1 kHz. This broad un-
certainty comes from the non-negligible width of fs peak
on the frequency spectrum. Because of this uncertainty,
it is difficult to discuss the tendency of the negative de-
tuning from the experiments.

B. Modulation amplitude and beam current

We have also measured the bunch length and the de-
tuning curves while changing the modulation amplitude.
Fig. shows three detuning curves with the modula-
tion amplitude of 3 degrees (52.4 mrad), 4 degrees (69.8
mrad), and 5 degrees (87.3 mrad). The measurement
took place with a beam current of 90 mA. As seen in the
figure, the bunch lengthening increases with the modu-
lation amplitude and the peak frequency tends to shift
with the negative direction. This tendency agrees with
the simulation results shown in Fig. [7] and this nega-
tive detuning comes from the characteristics of the non-
linear harmonic oscillator system discussed in Sec[ITT B}
Fig. a),(b) shows longitudinal bunch profiles for the
modulation amplitudes of 3 and 5 degrees at the peak
frequencies for each detuning condition. As seen in the
figures, an additional structure appears on both sides of
the peak, and the deformation of the peak structure be-
comes prominent at larger modulation amplitude; in Fig.
(b) the sub-peaks appear on both sides of the central
peak, which implies the formation of the sub-bunches.

To observe the beam loading effect on the bunch
lengthening with the phase modulation, we have observed
the bunch length and the detuning curves while changing
the beam current. By decreasing the accelerating volt-
age considerably, we can easily change the beam current
without any disturbance. After the changing, we have
recovered the accelerating voltage again and continued
the measurement. Fig. shows three detuning curves
with different beam current by keeping the modulation
amplitude at the same value (3 degrees). As shown in the
figure, the bunch lengthening due to the phase modula-
tion tends to be effective under the higher beam current
condition, which corresponds to the simulation results
in Fig. qualitatively. This enhancement comes from
the transient beam loading effect inside the cavity. Be-
cause of the beam loading, the effect of the phase modula-
tion can be effective, and the bunch lengthening becomes
prominent. The bunch lengthening in the experiment be-
comes prominent compared to the simulation results in
Fig. [[0] This enhancement could come from the differ-
ence of the beam loading effect between the experiment
and the simulation, as discussed in Sec. [[VA]

V. SUMMARY

In high energy electron storage rings dedicated to high
energy physics and synchrotron radiation experiments, it
is quite essential to prepare stable beams for the experi-
ments. One idea to stabilise the beam and to improve the
beam quality is to improve the beam lifetime by length-
ening the electron bunch. In this paper, we have dis-
cussed the beam dynamics of the rf phase modulation by
which the bunch length can change considerably. One of
the critical parameters to lengthen the bunch efficiently
is the modulation frequency. The modulation frequency
should be near to twice the synchrotron oscillation fre-
quency 2fs to excite the quadrupole mode oscillation on
the longitudinal phase space. To discuss the detuning
property of the bunch lengthening, we have considered
a theoretical model which can treat the frequency dif-
ference between the modulation frequency and 2fs. The
theoretical model showed a solution for the dependence
of the bunch lengthening on the modulation frequency.
This detuning property, called a detuning curve, showed
a single peak curve with asymmetric slopes for the posi-
tive and the negative frequency sides; namely, the slope
of the positive side tends to be steeper than that of the
negative side.

To consider the beam dynamics of the phase modula-
tion in-depth, we have performed the simulation based
on the macro-particle tracking method. By considering
the equations of motion for the longitudinal motion of
the electrons with the effect of the rf phase modulation
and the transient beam loading effect inside the rf ac-
celerating cavities, we have calculated the behaviour of
the electron distribution of the longitudinal phase space.
From the results, we have delivered the detuning prop-
erty of the bunch lengthening, which showed that the
detuning curve has the asymmetric aspect around the
central peak, which agrees with the theoretical result.
Besides, we have considered the effect of the modula-
tion amplitude and the beam current on the detuning
property of the bunch lengthening. The results showed
that the overexcitation could cause negative detuning for
the detuning property of the bunch lengthening due to
the non-linear property of the longitudinal motion of the
electron, and the phase modulation can function at the
higher beam current condition due to the transient beam
loading effect.

To consider these results and discussions experimen-
tally, we have introduced the function of the phase mod-
ulation into our low-level rf system and experimented at
KARA storage ring with 2.5 GeV electron beam. Be-
haviours of the longitudinal motion of the beam such as
the oscillation of the bunch length, which has been mea-
sured by the visible light streak camera, agreed with the
simulation results qualitatively. However, a quantitative
disagreement between the simulation and the experiment
about the bunch lengthening remains. This disagreement
could mainly come from the difference of the condition
of the beam loading effect between the experiment and
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FIG. 11. The experimental result (left, Figa)) of the longitudinal electron distribution observed by the visible light streak
camera. The upper side of the vertical axis corresponds to the head of the bunch. The modulation frequency is setted as the
maximum bunch length codition. The right figure (Figb)) is the simulation result whose modulation frequency is settled
as the maximum bunch length condition on Fig
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FIG. 12. The experimental result (left, Figa)) of the longitudinal electron distribution observed by the visible light streak

camera. The modulation frequency is setted as -1 kHz from the maximum bunch length codition. The right figure (Figb))
is the simulation result whose modulation frequency is settled as -1 kHz from the maximum bunch length condition on Fig[f]
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FIG. 13. The experimental result (left, Figa)) of the longitudinal electron distribution observed by the visible light streak

camera. The modulation frequency is setted as +1 kHz from the maximum bunch length codition. The right figure (Figb))
is the simulation result whose modulation frequency is settled as +1 kHz from the maximum bunch length condition on Fig
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FIG. 14. The experimental result of the detuning curve for
the bunch lengthening under the phase modulation. The set
value of the modulation amplitude was 3 degree (52.4 mrad).
The horizontal axis corresponds to the modulation frequency
which is near to the twice of the synchrotron frequency.
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FIG. 15. The experimental result of the detuning curve

for the bunch lengthening under the phase modulation with
different 3 set values of the modulation amplitudes; 3 degree
(blue circles), 4 degrees (green squares), and 5 degrees (red
triangles).

the simulation. The detuning curve from the experiment
showed an asymmetric shape around the peak frequency,
which was near twice the synchrotron frequency. This
tendency of the asymmetry agreed with the theoretical
conclusion and the simulation results. According to the
simulation, the detuning curve has a negative detuning
property for twice the synchrotron oscillation frequency.
However, this negative detuning was not clear because of
the uncertainty of the measurement of the synchrotron
oscillation frequency. According to the simulation re-
sult in Figl] the negative detuning frequency expected
in this case is 600 Hz. To identify this slight detuning
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FIG. 16. The longitudinal profile of the electron beam with
the modulation amplitude of 3 degrees (upper, Fig. a) and
5 degree (lower, Fig. b) at the peak frequencies for each
detuning condition. The beam current conditions for each
data were 130 mA (Fig. [I6(a)) and 90 mA (Fig. [I6(b). The
vertical scales for both figures are normalized one to show the
figures properly.
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FIG. 17. The experimental result of the detuning curve

for the bunch lengthening under the phase modulation with
different 3 beam current conditions; 90 mA (blue circles), 110
mA (green squares), and 130 mA (red triangles).

frequency clearly, we have to measure the synchrotron
frequency with better precision than 300 Hz, which is
not the precision we can realise easily. To improve the
precision of the measurement could be one issue to un-
derstand the beam dynamics in-depth. In the experi-
ment, we could confirm that the bunch lengthening due
to the phase modulation becomes prominent under the
more extensive amplitude condition. In such condition,
the negative detuning property becomes prominent with



larger modulation amplitude due to the non-linearity of
the electron beam motion. The bunch lengthening be-
comes larger under higher beam current condition due to
the transient beam loading effect, which is shown in the
simulation results, too.

As already discussed in the preceding studies[TTHI6],
the phase modulation scheme can improve the beam qual-
ity by improving the beam lifetime and stabilise the cou-
pled bunch instabilities. In parallel, however, the energy
spread can oscillate under the phase modulation. This
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change in the energy spread could lead to a degradation of
the synchrotron radiation beam, especially for the beam
from the undulators and other insertion devices. There-
fore, it is essential to optimise the parameters of the phase
modulation, the modulation amplitude and frequency, to
improve the beam stability by keeping the quality of the
synchrotron radiation beam. To search for these opti-
mum conditions which work both on the electron beam
and the synchrotron radiation beam, now we consider the
next steps in collaboration with the beamlines in KARA
storage ring.
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