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Abstract

Experiment measurement of particle diffusion by employ-
ing phase modulation to the rf system has been carried out
at the IUCF Cooler ring. We measured the evolution of
the mountain range, and deduce the rms value of the bunch
profile. Our data shows that global chaos plays a dominant
role in the particle diffusion mechanism.

1 INTRODUCTION

In a space-charge dominated storage ring, the beam inten-
sity is limited because of stability problem. A secondary
rf cavity operating at higher harmonic number could in-
crease the beam intensity threshold by flattening the po-
tential well[?]. Thus, the equilibrium beam profile follow-
ing this flattened potential well would allow a higher ratio
of the average current to the peak current. Such a double
rf systems have been successfully applied to several low
energy synchrotrons[?]. Furthermore, a phase modulation
can be applied to one of the rf systems as arandomnoise
to perform a controlled particle beam diffusion in the phase
space. The rms value of the beam profile is diffused follow-
ing the Einstein relation which can be formulated asσ2 ∼ t,
whereσ2 is square of the root mean square (rms) beam size
andt is the evolving time. At the Indiana University Cy-
clotron Facility (IUCF) Cooler ring, experiments of double
rf system with phase modulation suggested which process
the beam diffusion followed.

2 RF PHASE MODULATION
EXPERIMENT

The IUCF Cooler ring is a 6-sided electron-cooled proton
storage ring, which can operate from 45 to 500 MeV of
kinetic energy. In the Cooler ring two rf acceleration cavi-
ties are installed. The primary cavity is a lower frequency
rf system which operates from first to third harmonic, and
the secondary cavity is a higher frequency system oper-
ated from sixth to ninth harmonic. For the phase modu-
lation experiment, the proton beam was strip-injected into
the Cooler ring with a kinetic energy of 45 MeV, which cor-
responding to a circulation frequency of about 1.03 MHz.
We set the primary and the secondary rf frequencies at har-
monic numberh1 = 1 andh2 ' 9, respectively. After in-
jection, the proton beam was cooled by an electron beam
to reduce its momentum spread. The electron cooling rate

for the Cooler ring was measured about 3±1 s−1[?]. The
accelerator cycle time was set as 10 s with a 3 s period be-
fore the secondary rf system and the data acquisition sys-
tem turned on. The cooled beam bunch rms length was
about 20 ns with a transverse momentum spread less than
0.1%. The primary rf voltage was set at about 300 V, which
resulted in a synchrotron frequency of about 705 Hz while
operating with the primary rf cavity alone.

The beam profile was taken by BPM sum signal passing
through a low losselephant trunkcable, and recorded by a
fast digital scope which was set at a sampling rate of 1 ns
per channel for a total of 512 or 1024 channels, while the
repetitive time for the data acquisition system is about 25 to
75 particle turns. With this sampling rate we were able to
investigate the detail beam profile in a single particle turn.
Because the raw data for the beam profile was only a rela-
tive measurement, a background subtraction is necessary in
order to obtain the real beam profile. Typically a pretrigger
to start data recording was set at least 100 ns prior to the
beam bunch, which gave the averaged background level in
the ring. We also calculated the rms of the first 40 channels
as the noise and select a signal-to-noise ratio of six as the
noise cut.

2.1 Phase Modulation on Secondary Rf Cavity

The first experiment we did was to apply a phase modula-
tion on the secondary rf cavity. The modulation frequency
was set to cover from 100 Hz to 3600 Hz in 100 Hz steps.
We also varied the modulation amplitude for several fixed
frequencies. From the collected data we can investigate the
following physics phenomena: the rms beam size at the
initial stage and the final stage of the dilution process, the
fast Fourier transform (FFT) spectra of the rms beam size
and the FFT spectra of the averaged beam central position.
Figure?? shows a comparison between data and tracking
simulation for the first 25 ms of the phase modulation. All
the settings were identical for both top and bottom graphs.
From tracking result we believe that the different physics
implication between these two graphs are mainly due to
the initial phase difference between the two rf systems.

For summary we compiled a graph of final rms beam
size under different modulation amplitudes and modula-
tion frequencies shown in Figure??. Note that a sharp
peak appears near 2700 Hz, about four times of the syn-
chrotron frequency, in all modulation amplitudes except for
A = 200◦.
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2.2 Phase Modulation on Primary Rf Cavity

Phase modulate on the primary rf system is much more
sensitive to the beam than on the secondary rf system, be-
cause the perturbation is much stronger. Thus, the modu-
lation amplitude could only be a small angle. We also set
the secondary rf frequency slightly off an integer harmonic
number such that the . the bunch center particle density
could be decreased. The effect can be seen on FFT spec-
tra of the beam bunch centroid shown in Figure??, where
the rf harmonic ratioh for the top spectrum was 9 and for
the bottom one was 8.9. The peaks near 1500 Hz found
in both spectra correspond to the applied modulation fre-
quency. However, for theh = 9 case, there is another sharp
peak at about 706 Hz, where was the resulting synchrotron
frequency from the double rf system.

3 BEAM TRACKING SIMULATION

The synchrotron motion of a particle in a double-rf system
with phase modulation on the secondary cavity can be writ-
ten as

δ̇ = −νs[sinφ− r sin(hφ + ∆φ)]−λδ + Dξ, (1)

φ̇ = νsδ, (2)
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Figure 1: Examples of comparison between data (solid
curves) and simulation (dashed curves) for the first 25 ms
of the dilution process. The set parameters are the modu-
lation frequencyνm '1200 Hz, the modulation amplitude
α '100◦ and the two rf system voltage ratior '0.1. The
parameters used in tracking are the synchrotron frequency
fsyn=723 Hz and the initial phase difference between two
cavities 60◦. The only difference between the two figures
are the initial phase for the top one is 210◦ and for the bot-
tom one is 140◦.
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Figure 2: Averaged final rms beam size versus modulation
frequency for various modulation amplitude (on the sec-
ondary rf cavity). This is done by averaging the rms beam
size over the last 5 ms of the data taking (< σ2

f >). The al-
phabetic letters indicate the modulation amplitudes, where
a: 65◦, b: 100◦, c: 125◦, d: 150◦, e: 175◦, and f: 200◦.
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Figure 3: An example of FFT spectra for averaged center
position in primary rf phase modulation. The top plot is for
h = 9 and the bottom plot ish = 8.9. The rf cavity voltage
ratio are 0.1 for both cases.

wherer =V2/V1 is the ratio of the primary and secondary rf
voltages, andh = h2/h1 is the ratio of harmonic numbers,
andV1 (V2) andh1 (h2) are the voltage gain and harmonic
number for the primary (secondary) rf system. The phase
of a secondary rf cavity is modulated by

∆φ(t) = Asin(νmθ + α) + ∆φ0,

whereA is the modulation amplitude,α is the arbitrary
phase of the secondary rf phase modulation,νm = fm/ f0
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is the modulation tune, and∆φ0 is a relative phase differ-
ence between two rf systems.

The evolution of the beam profile can be characterized
by the rms bunch lengthσ2 defined as

σ2 =
1
N

N

∑
i=1

(
φi −φavg

)2
, (3)

whereN is the number of particles in a beam bunch and
φavg = 1

N ∑N
i=1 φi is the average value ofφ and whereφi is

the φ value of thei-th particle. A beam tracking result is
shown in Figure??.
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Figure 4: Poincar´e surfaces of section (bottom plots) and
the final beam distribution obtained from numerical sim-
ulations (top plots) for two different values of the relative
phase difference∆φ0, 180◦ and 245◦. Beam diffusion (or
dilution) occurs only when the central region of bucket be-
comes stochastic. The beam tracking used 4000 particles.

Because the initial beam distribution occupies only a
very small area in the phase space, the final beam distri-
bution depends on the actual chaotic region that overlaps
with the initial phase space. The beam will evolve into a
final distribution as shown in the upper plots of Figure??,
bounded by invariant tori[?].

4 CONCLUSION

Our experimental data showed that the linear growth ofσ2

with time arises from the diffusion process in a complete
chaotic region in the phase space. If the the phase space
possess a layer of chaotic sea with invariant tori embed-
ded inside,σ2 will show characteristics of anomalous dif-
fusion. On the other hand, if stable islands still exist in the
chaotic background as shown in the lower right plot of Fig-
ure??, the evolution ofσ2 will be strongly oscillatory. Our
experiments, with numerical simulations, have systemati-
cally verified these conditions. The understanding of the
signature of the beam phase space evolution can be used to

diagnose sources of emittance dilution mechanisms in high
brightness beams and space charge dominated beams.

Because of the weak damping of the electron cooling
system, the rf phase modulation by a secondary rf system
can provide a chaotic dynamical system, where the attrac-
tors evolve into non-intersecting attracting lines, which de-
pends sensitively on the value of the damping decrementλ,
and the intrinsic diffusion coefficientD. Such systems can
also be detected by our beam measurement tools. Employ-
ing the sensitivity, values ofλ andD can be independently
measured.

We have experimentally measured the evolution of beam
distribution as a function of rf parameters in a storage ring.
The parameters which affect the dilution process are the
ratio of rf voltagesr, the modulation frequencyfm, the
modulation amplitudeA, and the relative phase∆φ0. We
have found that the evolution of the bunch beam can be
divided into a fast process that is related to particle diffu-
sion along the dominate parametric resonances, and a slow
process that particles diffuse inside the chaotic sea.
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