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1 Introduction

1.1 Motivation

Gravitational waves (GWs) are ripples in spacetime which propagate at the speed of light
and are caused by the acceleration of massive objects. Their existence was predicted in
1916 by Albert Einstein when he developed the general theory of relativity [1]. The Laser
Interferometer Gravitational-wave Observatory (LIGO) is a national facility for GW research
consisting of two interferometer observatories with a goal of observing and understanding
these GWs and the events that cause them [2]. In order to detect GWs, LIGO observatories
must be able to detect changes in length in their 4 km arms many orders of magnitude
smaller than the radius of a proton, and the smaller changes they are able to detect, the
more GW events can be observed [3]. The current observatory design, called Advanced LIGO
(aLIGO) has detected many GW events since the first observation in 2015, and improvements
continue to be made on that design [2]. Soon, this design will reach the limits of its detection
capabilities brought about by thermodynamics and quantum mechanics. In order to continue
to improve detector sensitivity, a new upgrade is planned called “Voyager LIGO” which aims
to increase the observation range 4-5 times and the detected event rate by a factor of 100
[4]. Voyager would operate at 123 K and use silicon mirrors to reduce thermo-elastic noise.
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Figure 1: The target noise curve for LIGO Voyager as compared to noise curves for other
LIGO designs. Figure from [4].

As can be seen in Figure 1, even for the Voyager design, the main source of noise for most
detection frequencies is quantum noise, which arises due to random fluctuations in photon
number travelling through the apparatus [5]. One parameter that sets a bound on quantum
noise is the laser power circulating in each of the 4 km arms. Although aLIGO operates
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at a power of ∼750 kW in each of its arms, any increase in that number would allow for
more quantum sensitivity. Because Voyager aims to operate at cryogenic temperatures, any
increase in cavity laser power must have a corresponding increase in cooling of the end
test mass in order to combat heating caused by absorption. Because LIGO observatories
measure only one variable, the relative length of the arms, LIGO has been able to use
“squeezed vacuum” injected into the interferometer to significantly decrease quantum noise
[6]. However, the effectiveness of any quantum noise reduction is still limited by losses in
interferometer optics. To combat this, a phase-sensitive optomechanical amplifier (PSOMA)
has been proposed, which is capable of mitigating optical losses and reducing quantum noise
[7]. Like the rest of the interferometer, the optics used for PSOMA must be kept at around
123 K because the device will use the same silicon mirrors as the rest of Voyager.

Figure 2: Vibration spectra for a 4 K pulse-tube cryocooler. The blue lines are the sensor
noise while the red lines are the measured vibration in the cryocooler. The cold head and
cold stage represent different parts of the cryocooler. Figure from [8].

Clearly, both of these ways of reducing quantum noise require cooling. Because any intro-
duced vibration to the test mass would increase noise, cryocooling techniques must introduce
little to no vibration to the system. Vibrations are also harmful near the test mass even if
none of the vibration is transferred to it. This is because some laser light might be scattered
off of the test mass onto surrounding objects before recombining with the main beam. If
those objects are vibrating, a phase shift could be introduced along with fluctuations in
radiation pressure, both of which would contribute to the noise [15]. Most cryocoolers cool
by mechanically coupling the load to a cooling element which has some amount of vibration,
which means that vibration would be introduced to the load. Figure 2 shows a vibration
spectrum of a “low-vibration” cryocooler that was being looked at for other high sensitivity
devices [8]. The vibration appears at some points negligible compared to the sensor noise,
but the cold stage shows several peaks at harmonics of the 1 Hz fundamental and the cold
head shows some measurable vibration above about 100 Hz, which is well within the detec-
tion bandwidth of LIGO. Figure 3 shows the maximum allowed displacement for the inner
heat shield around the test mass. Comparing Figure 2 with Figure 3, we can clearly see that
the vibrations of the cryocooler exceed those acceptable for the Voyager design. Although
thermoelectric coolers can be vibration-free, they cannot operate at cryogenic temperatures
and therefore are not an option. One potential solution to this problem is to use a solid-state
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Figure 3: 95th percentile displacement spectra for LIGO Livingston and the maximum
permitted displacement for the inner heat shield for the test mass. The inner heat shield is
the object closest to the test mass. Figure from [15].

optical refrigerator to cool the interferometer, which is vibration free and can cool all the
way to cryogenic temperatures.

1.2 Optical Refrigeration

The foremost method for optical refrigeration takes advantage of a quantum mechanical
material phenomenon called anti-Stokes fluorescence, where the average fluorescence energy
for a particular substance exceeds the average absorbed energy. To begin to understand this
process, take the example a crystal doped with Yb3+, the most common type of material used
for optical refrigeration. Some other rare-earth (RE) ions exhibit similar behavior with only
slightly different level structures, so this is a good model for all potential coolant materials
[9]. When Yb3+ is embedded in its crystal field, its 2F7/2 ground state and 2F5/2 excited
state manifolds split into 4 and 3 levels respectively due to a Stark shift [9], as shown on the
left in Figure 4. In order to simplify the math and understanding of the process, a simpler
four level model is used, as shown on the right in Figure 4. This model shows the relevant
processes for optical refrigeration: pumped excitation, radiative decay, nonradiative decay,
and thermalization within each manifold due to phonon absorption. For RE-doped crystals,
the rethermalization rate is much faster than either decay rate, which allows the system to
settle in an excited state quasi-equilibrium before decaying [9]. This is the origin of the
anti-Stokes shift; some excited Yb3+ ions will thermalize into the |3〉 state before decaying
either to the |0〉 or |1〉 state. Similarly, the ions which decay into |0〉 must thermalize into
|1〉 before they can be pumped to the excited state.

If we assume the spin degeneracy of each level to be the same and apply Boltzmann statistics
using the bulk temperature T of the crystal, we can arrive at expressions relating to the
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Figure 4: (a) The Stark-shifted level structure for Yb3+ showing all possible radiative decay
processes, with the total rate of these processes being Wr, as well as the optical pumping at
frequency ν. (b) A simplifed four-level model used to explain the cooling cycle for optical
refrigeration, where the radiative and nonradiative decay rates are given by Wr and Wnr

respectively. The phononic excitation rates are shown here as wg for the ground state and
wu for the excited state. The width of the ground and excited state manifolds are given by
δEg and δEu respectively. Figure from [9].

populations of each energy level for a system containing Nt ions, given by N0, N1, N2, and
N3:

dN1

dt
= −σ12 (N1 −N2)

I

hν
+
R

2
(N2 +N3)− wg

(
N1 −N0e

−δEg/kBT
)
, (1)

dN2

dt
= σ12 (N1 −N2)

I

hν
−RN2 + wu

(
N3 −N2e

−δEu/kBT
)
, (2)

dN3

dt
= −RN3 − wu

(
N3 −N2e

−δEu/kBT
)
, (3)

N0 +N1 +N2 +N3 = Nt (4)

where σ12 is the absorption cross-section for the |1〉 − |2〉 transition, I is the irradiance of
the pump laser, R = 2 (Wr +Wnr) is the total decay rate for the excited state, and kB is
the Boltzmann constant [9]. Additionally, we can arrive at an expression for the net power
deposited to system by summing the absorbed power by the ions, the radiated power, and
parasitically absorbed power as follows:

Pnet = σ12 (N1 −N2) I −Wr [N2 (E21 + E20) +N3 (E31 + E30)] + αbI (5)

where Exy is the energy difference between |x〉 and |y〉, and αb is the total parasitic absorption
coefficient [9]. Next, we can write the absorption coefficient accounting for saturation by
setting all of the time derivates equal to zero to find steady state behavior
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α =
α0

1 + I/Is
(6)

where

α0 = σ12Nt
e−δEg/kBT

1 + e−δEg/kBT
(7)

and

Is =
hνR

σ12Zgu
(8)

where Zgu ≈ 1 + e−δEg/kBT [9]. Combining all of these, we get

Pnet = αI

(
1− ηq

hνf
hν

)
+ αbI, (9)

where quantum efficiency ηq = (1 +Wnr/Wr)
−1 has been introduced and the mean fluores-

cence energy is given by

hνf = hν +
δEg

2
+

δEu
1 + (1 +R/wu) eδEu/kBT

[9]. (10)

Pnet, being the net power deposited to the coolant, will be negative for a cooling system.
This number as shown depends on both input light wavelength and temperature (in several
places) so these parameters will have to be explored in order to optimize cooling power. The
cooling power depends on several material parameters, including R,wg,u, δEg,u, σ12 and αb.
For RE-doped systems, R � wg,u, so differences in these two values can largely be ignored
[9].

1.3 Past Experimental Results

In order to use an optical refrigerator, a thermal link must be established between the RE-
doped cooling crystal and the load which needs to be cooled, among other setup requirements.
To date, one fully solid-state optical cryocooler used to cool scientific equipment has produced
publishable results [10]. The system cooled a room temperature HgCdTe sensor to 134.9 K
in about 4 h. A block diagram of that refrigerator is shown in Figure 5. This cryocooler used
YLF (LiYF4) crystal doped with 10% YB3+ that had been shown to be able to reach sub-100
K temperatures when pumped by a 1020 nm laser [10]. In order to optimize the amount of
light absorbed, the crystal was placed in a Herriott cell so that the light took 40 round trips
before it left the cell. The doped YLF was bonded using a technique called “Adhesive-Free
Bonding” to an undoped YLF thermal link with a high reflectance mirror at the end to shield
the rest of the cooling system and the load from radiated heat from the crystal [10]. This
mirror made thermal contact with a copper “coldfinger” which conducted the heat from the
load to the crystal [10]. The whole system was mounted on a low conductivity silica aerogel
support and placed inside a copper clamshell lined with low emissivity coating to minimize
the amount of radiated power inside the refrigerator [10].
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Figure 5: A block diagram showing the important parts of the first published optical cry-
ocooler. Figure from [10].

A history of optical refrigeration results is shown in Figure 6. Early optical cooling exper-
iments used fluorozirconate glasses like ZBLAN(P) as hosts due to the availability of high
purity samples from their use for optical fibers in the telecommunications industry [9]. Since
then, high purity YLF has emerged as the most common crystal host to be used for opti-
cal refrigerators for several reasons. First, YLF has a lower average phonon energy which
decreases the likelihood of multiphonon emission which would contribute to nonradiative
decay and lower quantum efficiency [11]. Additionally, it has a broad transparency range
and relatively high thermal conductivity, both of which help with optimizing cooling power
and efficiency [11].

Yb3+ has been the most common RE ion used in optical refrigeration experiments to date
largely due to the availability of high power lasers in the appropriate wavelength range
(∼1000 nm) [12]. However, other RE ions show promise in this area. Several years ago,
optical cooling using Er3+ was lightly explored, but there has not been much progress on
improving the efficiency Er3+-doped systems to any practical level [9] [13]. Recently, YLF
doped with Ho3+ and Tm3+ has shown early success in cooling experiments [14]. The intrigue
of using these ions is that the relevant pumping transitions are about half the energy as
those of Yb3+. Using lower energy transitions can lead to higher cooling power if all other
parameters are kept similar. The best way to understand this is by looking at Equation 9 and
assuming that there is very little parasitic absorption and the quantum efficiency is near 1, as
would have to be true in any usable optical refrigerator. This gives Pnet ∼ αI(hν−hνf )/(hν).
In general for optical coolants, the difference hνf −hν tends to be of order kBT independent
of the pump energy scale due to that difference coming from rethermalization within the
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Figure 6: A history of optical refrigeration experimental results through 2015. Note the
improvement in performance following the switch from ZBLAN(P) glass to YLF crystal.
Figure from [9].

manifolds [16]. So this means that Pnet ∝ −kBT/(hν), meaning that a lower energy gap
could lead to higher cooling power as long as parasitic absorption and nonradiative decay
are still able to be minimized. However, ions with lower energy gaps are more prone to
nonradiative decay because multiphonon emission probabilities increase exponentially with
decreasing energy gap, though the rate of this exponential is highly dependent on the choice
of host [16]. This means that low phonon energy would likely be especially important in
hosts for low-energy gap ions.

For optical cooling to be useful for LIGO, a high-power refrigerator capable of cooling the
relevant systems would have to be designed. Considerations will have to be made about the
coolant material, the thermal coupling to the load, and the housing for such a system. To
start, a prototype optical refrigerator must be designed to explore how the technique might
be useful and demonstrate a proof of concept of cooling a load.

2 Objectives

The goal of this project is to begin to explore the viability of solid-state optical cooling for
LIGO interferometers. The first step in the process is working toward a proof of concept
demonstration of optically refrigerating a small (∼10-100 g) load. Although a lack of access
to a laboratory is a challenge in this process, there are many goals that can be accomplished
remotely. To start, the goal will be to identify an optical refrigerant as much potential
cooling power as possible while only requiring a commercially available pump laser, likely
in the 1-2 mm range. Then, other design considerations for the experiment must be made,
including attempting to account for the radiation pressure of the pump laser and finding
a way to thermally coupling the load to the coolant without absorbing any of its radiated
energy. Another significant challenge will be shielding any cooled element from the high
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power radiation coming from the coolant crystal. In the end, the hope is to arrive at an
experiment or prototype which accurately models how optical refrigeration could be used to
cool LIGO optics. Ideally, some useful information to be able to get out of this prototype
would be the cooling power at 123 K, the operating temperature of Voyager.

3 Approach

To begin, a literature review of recent advances in the field of optical refrigeration will be
performed. The goal of this review is to identify viable materials for an optical refrigeration
demonstration, ideally optimizing the cooling power possible with the material. Other im-
portant considerations for this literature review include the laser that would be required to
cool the material and how easily one could acquire a crystal with the necessary purity. This
review may require some calculation to find the cooling power at various temperatures from
the data in those papers. Once a candidate material or candidate materials are found, ex-
perimental design would begin. Likely this will involve more reading of relevant literature to
see techniques that have been used by other groups to take advantage of solid state cooling.
This may also involve some calculations or light modeling to predict what would happen
with particular setups. Additionally, modeling the radiation pressure of the pump laser may
be necessary to see whether radiation pressure noise would have a significant impact on the
noise budget. If all of this is successful, a next step could be to think through ways the
prototype could be scaled up so that the technique may be used on the scales necessary to
cool LIGO optics.

4 Project Schedule

• Weeks 1-2: Conduct literature review of relevant optical refrigeration papers to iden-
tify candidate coolant materials.

• Weeks 3-6: Design a setup to demonstrate optical refrigeration on a small load using
the material identified in the first weeks. Here the methods for thermal coupling must
be investigated.

• Weeks 7-8: Find ways to determine how the radiation pressure noise from the refrig-
erator pump laser might affect the noise floor of the relevant LIGO systems.

• Weeks 9-end: Explore and design ways that the demonstration might be improved
in order to make optical cooling viable for use on LIGO instruments.
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