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Abstract

We present the feasibility study of utilizing the Optical
Stochastic Cooling (OSC) in alow energy electron storage
ring for acompact x-ray source. Owing to the strong effect
of the Intrabeam scattering (IBS) and Compton scattering
(C9), the equilibrium parameters of the electron beam de-
teriorate rapidly, which might significantly affect the x-ray
photon yield. By utilizing the OSC approach we are able
to optimize the beam parameters and enhance the average
intensity of the scattered photon yield. Main lattice de-
sign, OSC insertion design, and simulationsinvolving IBS,
OSC, Synchrotron radiation (SR), and CS are presented in
this paper.

INTRODUCTION

Optica Stochastic Cooling (OSC), proposed by
Mikhailichenko and Zolotorev [1], provides a competitive
method to damp the transverse and longitudinal emittance
of the charged beams in a storage ring. The transit-time
method of OSC was proposed by Zolotorev and Zholents
[2]. Lee and co-workers[3] developed the formalisms and
pointed out that the transit-time method would be benefi-
cial to low energy electron beams and proton beam with
the energy around 1 TeV. Severa laboratories are con-
ducting research actively to demonstrate experimentally
the principles of the OSC [4, 5, 6].

In this paper, we present a feasibility study to apply
the OSC to a low energy compact laser electron storage
ring (LESR), which is utilized as part of a Compton x-ray
source [7]. The circumference of the ring is about 15 m,
and the electron energy is 50 MeV. The main parame-
ters of the ring are listed in Tab. 1. Owing to the strong
effects of Intrabeam scattering (1BS) and Compton scatter-
ing (CS) in this storage ring, the beam emittance would
grow rapidly in all three directions in the steady mode of
the LESR, in which the electron beam is stored for along
period of time. In the horizontal direction, the equilibrium
would reach 1.5 x 10~% m owing to the strong IBS effect;
whilein thelongitudinal direction, the energy spread would
arrive at about 1%, mainly due to the effect of CS. Hence,
there is a desire to counter-balance these excitation factors
in the storage ring and minimize the beam emittance by a
fast cooling method, in order to optimize the scattered x-
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ray photon yield.

Table 1: Beam parametersfor the LESR.

Parameters Values
Electron energy (E), MeV 50
Circumference, m 15
Initial beam
Horizontal emittance (e,), nm 20
Energy spread (o) 0.16%
Bunch length (/5), mm 55
Equilibrium (CS/ without CS)
Horizontal emittance (e,), wm 1.3/7.8
Energy spread (o) 0.8%/0.32%

MAIN LATTICE

Thering layout is presented in Fig. 1. We place the OSC
insertion device in the upper long straight section of the
ring, while placing the RF cavity, Interaction Point, and
the injection system at the lower one. We keep the lower
straight section dispersion-free to ensure beam stability,
and adjust the dispersion of the upper straight section to
D, = 0.13 m to obtain the maximal cooling rate [8].

0SC Insertion

)
RF Cavity

Injection System

Figure 1. Genera layout of the storage ring with the OSC
insertion.

OSC INSERTION DESIGN

We follow the standard Chicane design with four dipoles
and two quadrupoles placed symmetricaly at the upper
long straight section. In order to obtain an efficient cool-
ing effect, we choose the optimized values of the elements
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Figure 2: Twiss functions of the ring lattice.

Rs51, Rs2, and R5g of the Chicane transport matrix to meet
the optimized condition for the mean square phase differ-
ence averaged over the beam phase space A¢2 [3, 9]. Inthe
meanwhile, arelatively large bending angle of the Chicane
is chosen to obtain a path length increase of the Chicane of
AL = ()? = 1.25 mm. Table 2 presents the parameters
for the OSC insertion.

Table 2: Designed parameters for the OSC insertion.

Parameters Values
Undulator
Number of periods (V) 5
Undulator periods (\,), m 0.1
Central magnetic field (By), T 0.25
Magnetic deflection parameter (K) 2.33
Amplified photon wavelength (\), um 20
Chicane
Total length (L), m 2.0
Dipole bending angle (), mrad 49
Distance between first 2 dipoles (¢), m 0.5
Twiss parameters (at 2nd undulator)
By m 29
D,,m 0.13
D, 0

We rely on the two undulators to exchange the energy
between the electrons and amplified photons to damp the
energy spread; in the meanwhile, transverse cooling is re-
alized by means of the dispersion function D, and D_, [8].
Owing to the symmetrical design of themain|lattice, D! re-
mains zero all through the OSC insertion in our case. How-
ever, the maximal values of the symmetrical cooling rates
for both directions are till accessible.

Since the maximal cooling rate dependents on the trans-
verse emittance e, and energy spread o, the changes of
these quantities during the cooling process would make the
cooling rate deviates gradually from its optimized value.
To obtain a maximal cooling rate throughout the cooling
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process, we have to adjust the gain factor and the bypass
parameters during the cooling process [9]. To the first or-
der, the elements of the Chicane transport matrix can be
expressed as

2 L
R51 ~ 61/), R52 ~ £¢7 R56 ~ —2€1/)2 (1 + L)

fa fa 2f,

where the physica meanings of ¢, L, and ) are pre-
sented in Tab. 2, and f, isthe focal length of the Chicane
quadrupoles. By adjusting the value of f, we could adjust
the corresponding elements to maintain the maximal cool-
ing rate. Asshown in Fig. 3, f, increases about 100% in
the time interval of 0.5 s with the CS included. Note that
fq isquite small for the compact storage ring, and itsinflu-
ence on the main lattice should be taken into account in the
lattice design.
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Figure 3: Vaues of Rs; and f, asafunction of time.

COOLING PROCESS SIMULATION

In order to illustrate the effect of the OSC in the stor-
age ring, we accomplished a simulation including the Syn-
chrotron radiation (SR), IBS, CS, and OSC. The beam
phase space evolution is obtained by iterating the instanta-
neous growth (damping) rates of the four dynamics mech-
anisms until the equilibrium parameters are achieved. The
OSC damping effect is calculated with the optimal cooling
condition A¢2 = 1 throughout the process. The simulation
results are presented in Fig. 4 and 5.

For the cases involving the OSC, the OSC mechanism
is added right after the beam injection. Figure 4 shows
that when the CS and OSC is excluded, the SR is not able
to suppress the heating effect of the IBS, until an equilib-
rium emittance of 1.5 x 10~% m isachieved, whichis about
100 times theinitial value. When the OSC is included, the
growth of e, is significantly suppressed, and ¢, reaches an
equilibrium of 6 x 10~7 m at about 3 s after the injection.
Therefore, a growth reduction of 50% is achieved via the
OSC. Likewise, the energy spread of 0.23% with a growth
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reduction of 30% is achieved. We can see that since the
difference in equilibrium between the cases with and with-
out the OSC is significant, our scheme can be utilized to
accomplish the proof of principles experiment of the OSC.
Since our preliminary goal is to enhance the x-ray pho-
ton yield in the steady mode of the LESR, we likewise ac-
complish the simulation with the CS included, asis shown
in Fig. 5. When the OSC is absent, we can see that ¢,
evolves from the initial value to an equilibrium at about
1.5x10~%min2s. Moreover, the energy spread reachesas
much as 0.8%. When the OSC is included, alower energy
spread of 0.55% isachieved. Inthehorizontal direction, we
likewise achieve alower equilibriumat about 7x 10 ~" m in
lessthan 1 s. Hence, when the CSisinvolved, we likewise
achieve a 50% growth reduction in the horizontal direction
and a 30% growth reduction in the longitudinal direction.
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Figure 4: Simulation results for the transverse cooling of
the electron beam. IBS is the dominant effect when the
OSC isabsent. A growth reduction of 50% is obtained with
the OSC mechanism.

DISCUSSIONS AND CONCLUSIONS

We present the lattice design and OSC insertion design
for the TTX storage ring, in order that an optimized x-ray
photon yield can be achieved. With the OSC included in
our beam dynamics, we are able to achieve a 50% growth
reduction in the horizontal equilibrium and a 30% growth
reduction in the longitudinal equilibrium.

In order to maintain the maximal cooling rate condition
A¢? = 1, we have to adjust the focal length £, of the Chi-
cane quadrupoles. This might affect the whole lattice when
fq is sufficiently small. A detailed scheme should be de-
veloped to maintain the local values of the twiss functions,
while involving the changes of as few lattice elements as
possible.

The path length increase of the Chicaneisset to AL =~
1.25 mm, which requires that the corresponding total sig-
nal delay of the optical parametric amplifier be less than
4 ps. This challenging constraint should be met in our fu-
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Figure 5: Simulation results for the longitudinal cooling of
the electron beam. CSisthe dominant effect when the OSC
is absent. A growth reduction of 30% is obtained with the
OSC mechanism.

ture study of the optical amplifier.

Furthermore, we do not consider the effect of the undula-
tor on the ring lattice in this paper. Owing to the relatively
large strength of the undul ator, twiss function might change
significantly near the OSC insertion. Moreover, the undu-
lator can affect the momentum compaction of the storage
ring [10], which might change the beam length equilib-
rium, thereby affects the cooling rate. We plan to further
explore these effectsin our future study.

The authors are greatly indebted to Dr. Yunkai Zhang,
Dr. FuhuaWang, and Dr. C. Tschalaer for helpful instruc-
tions and fruitful discussions.
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