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X Abstract

Optical Stochastic Cooling (OSC) is a method of beam
ooling using optical frequencies which compresses the
hase space of the beam by correcting the deviation of each
article’s momentum. A particle bunch passing through an

ndulator produces radiation which is amplified and pro-
= vides the corrective energy kick. In this project, we are
= testing a method of amplifying synchrotron radiation (SR)
é for the eventual use in OSC. The SR is amplified by passing
£ through a highly-doped Chromium:Zinc Selenide (Cr:ZnSe)
E crystal which is pumped by a Thulium fiber laser. The SR
é will be produced by one of the bending magnets of the Ad-
~4 vanced Photon Source. The first step is to detect and mea-
£ sure the power of SR using a photo-diode. The gain is then
‘£ determined by measuring the radiation amplified after the
“: single-pass through the crystal. This serves as a preliminary
& step to investigate the performance of the amplification of
2 beam-induced radiation fields. The planned experiment is
£ an important step towards achieving active OSC in a proof-
S of-principle demonstration in IOTA.
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INTRODUCTION

In the optical stochastic cooling (OSC) scheme, radiation
3 produced by the particle bunch in the pickup undulator will

pass through the crystal and be amplified [1,2]. The am-
= phﬁed radiation is fed back into the kicker undulator and
o coupled back onto the same beam in such a way to produce a
E net corrective kick. The process is repeated multiple time in
8 a storage ring leading to a gradual cooling of the beam. With
& proper lattice design, the cooling can be distributed over all
% 6-degrees of freedom in the phase space of the beam. The
g optical amplifier plays a crucial role in the cooling process
8 and the selected amplification medium needs to provide the
£ necessary gain but also provide amplification over a large
g bandwidth as the cooling time is inversely proportional to the
£ optical-signal bandwidth. One potential lasing medium for
g the OSC proof-of-principle experiment at Fermilab’s IOTA
= ring [3,4] is a thin Cr:ZnSe crystal pumped by a thulium fiber
3 > laser operating at 1908 nm [5]. The choice of the medium
E was dictated by its broadband in the mid-infrared which have
=- a large overlap with the undulator radiation emitted from a
7 period undulator [6]; see Fig. 1.
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Figure 1: Measured CrZn:Te emission spectrum (red sym-
bols) superimposed with the simulated on-axis undulator
radiation (white trace). The false color image gives the angle
(vertical axis)-wavelength intensity distribution associated
with the undulator radiation; see Ref. [6] for the undulator
radiation calculation.

To investigate the amplifier performances, we plan to use
synchrotron radiation (SR) produced by one of the bending
magnets at the Advanced Photon Source (APS). Specifically,
our experiment will be installed in the 35BM beamline hutch.
The amplifier setup comprises a Cr:ZnSe crystal which is
pumped by a thulium fiber laser operating at 1908 nm. The
experiment will guide the final design of the amplifier that
will ultimately be incorporated in the active-OSC demonstra-
tion in IOTA. The topic discussed in this paper is a continu-
ation of the work initiated in Ref. [7] and aimed at demon-
strating amplification of electromagnetic radiation generated
by an electron beam at the APS facility.

AMPLIFICATION OF RADIATION

Amplification is produced in the crystal through stimu-
lated emission caused by the broadband SR. The energy
levels in the Cr:ZnSe crystal can be modeled as a four-level
system. The pumping laser is responsible for populating the
third excited state. From there, a radiation-free decay occurs
to the second excited state. There are two main processes by
which the second excited state falls back to the ground state.
It may fall first to the first excited state then to ground or it
may fall directly to ground. In the first case, emission from
2 to 1 can be stimulated by the signal SR. Then, like states
3 to 2, the decay from the first excited state to the ground
state is radiation-free. In the second case, the wavelength
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Figure 2: Single pass amplification gain of crystal as a func-
tion of average pumping intensity and for different crystal
thicknesses of 1, 2, and 4 mm.

of the pump laser overlaps with the emission spectrum and
may cause a decay from 2 directly to 0. These processes, of
course, can occur spontaneously in the absence of a signal.
The measurement of the spontaneous emission will verify
the amplifier is working as expected before moving it to
APS.

The gain through the amplifier can be derived from the
rate relations [5] and is given by

)

G =exp (Alp%)

p

where A, is the reduction in pumping intensity due to
attenuation through the crystal, o5 the emission cross section,
and v, the pump-laser frequency. The gain as function of
pump-laser optical intensity for different crystal thickness
appears in Fig. 2. The active OSC setup planned at IOTA
requires a 1-mm-thick crystal to produce a 1.45 mm optical
delay. This crystal pumped with an optical intensity of 125
kW/cm? produces a gain of 7 dB. However the proof-of-
principle experiment will be performed with an off-the-shelf
4-mm thick crystal so to enable larger gains.
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Figure 3: Single-pass amplifier configuration for the ampli-
fication of SR. M1 and M2 are dichroic mirrors.
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A diagram of the amplifier to be used in the proof-of-
principle experiment appears in Fig. 3. In brief, the SR radi-
ation is focused on the crystal pumped by the Thulium laser
which is injected/extracted from the interaction region with
a pair of dichroic mirrors. The optical intensity downstream
of the amplifier will be measured with a diode [ HAMAMATSU
(model C12492-210)] with an adequate spectral response
in the wavelength range A € [1,3.4] um. ). Additionally,
the spectrum measurement of the amplified radiation will
be performed by a HORIBA scanning imaging spectrometer
(model MicroHR).

PUMP LASER

The Thulium-fiber laser was commissioned and its profile
was measured using a knife-edge technique given the lim-
ited availability of two-dimensional detectors in the mid-IR
region. The knife-edge plate was mounted to a THORLABS
PT1-Z8 linear stage and the total power of the transmitted
beam was measured using an opHIR thermal power sensor.
The method provides profile the cumulative integral associ-
ated with the laser profile S(r) = /" Toe "/ dr" where
r is the horizontal (or vertical) coordinates, I, the on-axis
optical intensity. Correspondingly the beam profile can be
retrieved as I(r) = %(rr) where the derivative is performed
numerically on the discretized data set. An example of cumu-
lative integral appears in Fig. 4. The setup can also be moved
axially to measure the beam profile at various points along
the optical axis Z. We generally observe that the beam pro-
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Figure 4: 10/90 method of determining beam profile width
for power recorded from knife-edge profile

file is well described by a Gaussian distribution of the form
I(r,z) = Io(z)e’Z’Z/W(Z)2 from which the beam-evelope ra-
dius can be measured. The radius of an ideal Gaussian beam
evolves along the optical axis following [8]

2
wr(z) =woy |1+ (_)
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Figure 5: Thulium-laser beam envelope evolution measured

downstream of a 10-mm-focal length lens. The blue dots

correspond to data reported as +w(z;) where z; correspond

to the position along the optical axis. The red traces are fit

using Eq. 2.
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which is the hyperbolic equation with asymptotic (z>z)
g divergence given by 8;geq1 = wo— = ﬂw() The asymp-
= totic divergence associated with a practlcal (real) beam is
£ generally defined as [9] 0,¢q1 = M?*— = M?0,400. Con-
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2 sequantly, the evolution along the optical axis can be writen
as
e
w,(z) = wo 1+(M2—) 2)
r

019). Any distributio

. where zg = HT is the Rayleigh length, w( the waist size,
S M 2 the beam quality factor, and A = 1908 nm is the wave-
((5 length of the laser. The parameters wo, M, and zg are in-
o ferred from a fit of the beam radii evolution measured along
g the optical axis.

The power distribution was measured for each point along
« the optical axis. The approximate Gaussian profile of the
>* beam allows us to take advantage of certain properties of
8 the Gaussian distribution. The locations at which the mea-
2 sured power is 10% and 90% of the maximum determine the
% beamwidth. Since the beam profile is nearly Gaussian we
£ can relate the distance between these two points to the stan-
& dard FWHM or 1/e* measurements of beam width because
2 80% of the beam is contained within 1.281¢.

Since the thulium-laser beam is nearly collimated, we use

a CaF, lens with 10-mm focal length to focus the beam. The
’° knife-edge plate was mounted on a motorized linear stage
m = perpendicular to the optical axis. This stage was responsible
2 - for the individual beam profile measurements. Another lin-
E ear stage moved the plate along the optical axis Z. Figure 4
¥ summarizes the measured evolution of the beam size along
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The measured beam radii were fitted to Eq. 2 to determine
the waist size to be wo = 26.37 um and M? =~ 1.012. This
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can be seen in Figure 5. The value of M2 approaching unity
is indicative of the high beam quality. It should be noted that
the measured waist size corresponds to an optical intensity
of about Iy = P/(7wj) =~ 1.9 MW/cm? (given the operating
power of 40W). The latter value is well above the targeted
125 kW/cm?; see Fig. 2. In practice, we will use a longer
focal lens to increase the waist size and reduce the Rayleigh
range within the amplifier crystal.

FUTURE PLANS

In the next few weeks, we plan to assemble the laser am-
plifier shown in Fig. 3 and characterize the properties of the
spontaneous emission from the available crystal. In parallel,
the knife-edge setup will be moved to the BM35 beamline
at APS to measure the beam parameter associated with the
SR beam and devise the proper optical configuration nec-
essary to focus the SR beam on the amplifier crystal. It
is anticipated that the SR amplification experiment will be
performed by end of CY19.
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