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Abstract
To achieve sufficient particle delay with respect to the opti-

cal path in order to enable high gain amplification, the design
of the Optical Stochastic Cooling (OSC) experiment in the
Cornell Electron Storage Ring (CESR) places the pickup
(PU) and kicker (KU) undulators approximately 80 m apart.
The arrival times of particles and the light they produce in
the PU must be synchronized to an accuracy of less than
an optical wavelength, which for this experiment is 780 nm.
To test this synchronization, a planned demonstration of the
stability of the bypass in CESR is presented where, in lieu
of undulators, an interference pattern formed with radiation
from two dipoles flanking the bypass is used. In addition to
demonstrating stability, the fringe visibility of the pattern is
related to the cooling ranges, a critical parameter needed for
OSC. We present progress on this stabilization experiment
including the design of a second-order isochronous bypass,
as well as optimizations of the Dynamic Aperture (DA) and
injection efficiency.

INTRODUCTION
Optical stochastic cooling is a beam cooling technique

based on the same principles as stochastic cooling with the
radiation shifted from microwave to optical wavelengths to
leverage the larger bandwidth supported by optical systems.
First proposed in 1993 [1], this method starts with a particle
emitting a wave-packet in a “pickup” undulator (PU), and re-
ceiving a corrective energy kick from the same wave-packet
in a downstream “kicker” undulator (KU). When the particle
bypass and light path are properly set, the arrival time of
the reference particle is such that it receives no kick. Mean-
while, a generic particle having an energy offset or non-zero
betatron coordinate will be delayed and receives an energy
kick that is corrective. [2]. This paper addresses the status of
the experiment at the Cornell Electron Storage Ring (CESR)
at Cornell University [3–5].

For OSC at CESR, an arc-bypass has been designed and
studied for an active OSC demonstration [3]. The arc-bypass
uses the dipoles of the ring to delay the particle beam relative
to the light. The advantage of this approach is a significantly
larger delay than what can be achieved with a dog-leg chi-
cane, enabling the use of a staged amplification scheme for
high gain without sacrificing the systems cooling ranges.
However, because the ring dipoles tend to have a larger
bending angle, the particle transit time is more sensitive
to magnetic field fluctuations. Moreover, the arc-bypass
concept relies on mirrors in the optical transport which are
susceptible to mechanical vibrations, introducing another
∗ sjl354@cornell.edu

source of transit-time jitter. As a step towards a high gain
OSC demonstration in CESR, a path-stability demonstration
is being pursued.

In this path length stability demonstration, optical radi-
ation generated by two dipole magnets, B44W and B46E
(as shown in Fig. 1), separated by a comparable distance
as the PU and KU will be for the OSC experiment, will be
interfered. The light path for this demonstration has been
constructed and is detailed in [6]. By registering the intensity
of interfered radiation field on a photodiode, the path-error
can be measured and corrected with feedback. In our demon-
stration, we plan to use an Electro-Optic modulator (EOM)
to correct the transit-time of the light path.

Figure 1: A conceptual overview of the experiment shown
along the northern arc of the CESR ring. In the diagram,
positrons circulate the ring clockwise, west to east. The light
(yellow) from dipole B44W is propagated to the east where
it is interfered with light from B46E. The diagram is not to
scale.

INTERFERENCE OF FIELDS
A requirement for this stability experiment is good longi-

tudinal interference visibility between the radiation of the
two dipoles. Hence, the two radiation fields must be strongly
correlated. This is achieved by minimizing the longitudinal
mixing of the particles between the two radiation source
points. For two points in an accelerator, longitudinal mixing
is defined as the RMS deviation from the reference parti-
cle’s path length between the two points. The relationship
between longitudinal mixing (with first-order transport) and
interference visibility has been discussed in [7]. For high
visibility, the longitudinal mixing must be much less than
the wavelength (𝜆𝑒) of the light, which for this experiment
was chosen to be 𝜆𝑒 = 780 nm to be compatible with the
Ti:sapphire gain medium.

The change in the longitudinal coordinate of a particle
between two points is (ignoring the vertical coordinate) [8]:

Δ𝑠 = 𝑀51 (𝑥 + 𝜂𝛿) + 𝑀52 (𝑥 ′ + 𝜂′𝛿) + 𝑀56𝛿

+T512 (𝑥 + 𝜂𝛿) (𝑥 ′ + 𝜂′𝛿) + T511 (𝑥 + 𝜂𝛿)2

+T522 (𝑥 ′ + 𝜂′𝛿)2 + T516 (𝑥 + 𝜂𝛿)𝛿
+T526 (𝑥 ′ + 𝜂′𝛿)𝛿 + T566𝛿

2

(1)
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where M𝑖 𝑗 and T𝑖 𝑗𝑘 are the first and second order transfer
matrices, respectively. 𝑥, 𝜂 and 𝛿 are the particle’s initial
𝑥-coordinate, dispersion and energy offset.

The RMS value of the path length deviations for a particle
bunch can be written as:

𝜎2
Δ𝑠 =

[∫
Δ𝑠2 𝑓 (x) 𝑑x

]
−
[∫

Δ𝑠 𝑓 (x) 𝑑x
]2

(2)

where x = (𝑥, 𝑥 ′, 𝛿) and 𝑓 (x) is the particle bunch distri-
bution function. For a Gaussian distribution,

𝑓 (𝑥, 𝑥 ′, 𝛿) ∝ exp

[
−𝛾𝑥2 + 2𝛼𝑥𝑥 ′ + 𝛽𝑥 ′2

2𝜎2
𝑥/𝛽

− 𝛿2

2𝜎2
𝛿

]
. (3)

Integration yields:

𝜎2
Δ𝑠 = 𝜖𝑥

[
𝛽𝑀2

51 − 2𝛼𝑀51𝑀52 + 𝛾𝑀2
52
]

+𝜖2
𝑥 [2 (𝑇511𝛽 − 𝑇521𝛼 + 𝑇522𝛾)2

+(𝑇2
521 − 4𝑇511𝑇522)]

+𝜎2
𝛿 (𝜂𝑀51 + 𝜂′𝑀52 + 𝑀56)2

+2𝜎4
𝛿 (𝑇511𝜂

2 + 𝑇512𝜂𝜂
′ + 𝑇522𝜂

′2

+𝑇516𝜂 + 𝑇526𝜂
′ + 𝑇566)2

+𝜖𝑥𝜎2
𝛿 (𝛽𝜉2

1 − 2𝛼𝜉1𝜉2 + 𝛾𝜉2
2)

(4)

where 𝜉1 = 𝑇511𝜂+2𝑇512𝜂
′+𝑇516 and 𝜉2 = 𝑇512𝜂+2𝑇522𝜂

′+
𝑇526. 𝜖𝑥 and 𝜎𝛿 are the emittance and energy spread, respec-
tively and 𝛼, 𝛽 and 𝛾 are the Twiss parameters at the first
source point.

LATTICE
First Order Optimization

Using TAO [9], a lattice (as shown in Fig. 2) was developed
to minimize the linear terms of Eq. (4) evaluated between
B44W and B46E. Additionally, practical considerations like
matching the lattice functions to the nominal CHESS lat-
tice at the injection site and limiting the maximum betatron
functions were accounted. The development was done using
both TAO’s built in Genetic Algorithm (GA) and gradient
descent to perform the optimization [10]. Although the GA
was single objective, the multiple competing objectives were
achieved by assigning weights to each single objective. As
the lattice progressed, these weights were dynamically ad-
justed until a satisfactory solution was found. For this lattice
at 6 GeV (the nominal CHESS energy), it was found that two
of the quadrupoles in the bypass exceeded their hardware
limit. We performed a search for alternative solutions while
constraining the elements within their hardware limits but
could not find a satisfactory lattice. Therefore, the lattice
energy was lowered from 6 to 3 GeV. This has the advan-
tage of lowering the emittance from 45 nm to 9 nm while
maintaining the quadrupole strength below their hardware
limits.

Figure 2: The beta functions and dispersion for (top) the
entire ring and (bottom) the bypass. Source point 1 is at
𝑠 = 343.9 m and source point 2 is at 𝑠 = 414.9 m

Table 1: Parameters for the Designed Lattice

Specification Value
Horizontal Emittance 9 nm
Fractional Energy Spread 4.5 × 10−5

Simulated Interference Visibility 22%
Injection Efficiency 55%

A particle tracking routine was implemented using the
lattice and its operating parameters. 10000 particles were
tracked through the ring and the particle coordinates, relative
to the reference particle, were recorded at the two source
points (0.719 m from the ends of the dipoles, found through
ray-tracing). Based on the longitudinal position difference of
each particle, interference visibility was numerically calcu-
lated. This was done by assigning a phase delay or advance
to a 780 nm wavelength wave associated with each particle.
The phase delay or advance was assigned according to each
particle’s longitudinal position at the source points. The sum
of all the waves was used to calculate the visibility through
auto-correlation. A histogram of the longitudinal position
differences is shown in Fig. 3.

Second Order Optimization
After a linear solution was obtained, the second order

terms of Eq. (4) were included in the optimization. Initially,
we found when accounting second order terms, the visibility
dropped from 99% to effectively zero. In the bypass there
are 4 sextupoles, ordinarily used for chromaticity corrections
during CHESS operations, which can be used for second
order path-length correction. After optimizing, the visibility
was brought up to 22% which is sufficient to detect and use
the interference fringes for feedback.
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Figure 3: Histograms of the longitudinal position change
between the source points for 10000 particles tracked using
TAO. 𝑎) The particles tracked through the CHESS lattice.
The interference visibility is essentially zero. 𝑏) The parti-
cles tracked through our lattice, but with only linear tracking
(that is, only M𝑖 𝑗 ). If we consider only linear transport, we
would have 99.6% visibility. 𝑐) The particles tracked through
our lattice up to second order (M𝑖 𝑗 and T𝑖 𝑗𝑘). The calculated
visibility is 22%. 𝑑) Particles tracked using all-order, stan-
dard TAO tracking. The difference between all-order tracking
truncated to second order is negligible.

Dynamic Aperture
With the 4 sextupoles of the bypass set for second or-

der path-length corrections, the remaining 71 sextupoles in
CESR outside the bypass were used to optimize the Dynamic
Aperture (DA). For these optimizations, the GA available in
Xopt was utilized [12]. For convenience and speed, the ob-
jective function was calculated using particle survival limits
found in TAO rather than a frequency map (the optimized
frequency map DA is shown in Fig. 4). Using this method,
TAO tracks particles with prescribed initial coordinates un-
til a particle does not survive a set number of turns. From
there, a limit to particle survival is found. The area under
the survival limit was used as the objective to maximize.

The first round of optimizations increased the DA until
the physical aperture of CESR was the limiting factor. After
a satisfactory DA was found, an additional optimization was
performed to increase the injection efficiency to 55%. To
protect permanent magnet undulators in the south arc of
CESR from lost particles during injection during CHESS
operation, there are two collimators placed 90 degrees apart.
We further optimized our lattice to match this phase advance
and performed particle tracking simulations to confirm our
lattice will lose a negligible amount of particles in the south
arc.

The interference visibility is very sensitive to the field
strengths of the magnets between the source points. Three
quadrupoles in the bypass have a particularly strong effect.
Less than an 0.1% error in the fields of any single one of

Figure 4: The optimized dynamic aperture of the lattice
produced using the Frequency Map Analysis (FMA) method
[11]. Δ𝑄 is the Log of the magnitude difference in x and y
tune for particles tracked over two sets of 1024 turns around
the ring. The x-y axes refer to the initial launch positions
of the particles. The dashed box is the smallest physical
aperture in CESR (undulator). White spaces are areas where
particles with that initial launch position did not survive the
aperture. Hence, the optimization goal was to fill up the red
box.

those quadrupoles will reduce the interference visibility to
zero. The field strengths were monitored with a magnetic
probe during normal CESR operations. The RMS fluctu-
ations in the quadrupole field strengths were found to be
around 0.001% and therefore should not significantly impact
the experiment.

CONCLUSION
We have designed a path-length stability experiment at

CESR to test the viability of an active OSC demonstration
CESR. This includes the creation of a lattice capable of per-
forming this experiment. The lattice was made to minimize
longitudinal mixing between two radiation source points
in the ring. It was also optimized to have good dynamic
aperture and injection efficiency.
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