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ABSTRACT
Birefringence in optical fibers poses a challenge to controllably delivering polarized light. Strain-induced birefringence caused by bends
in the fiber, vibrations, or a large temperature gradient can significantly alter the polarization, making it particularly difficult to deliver
polarization states to low-temperature environments by fiber. In this paper, we investigate the transmission of polarized light through a
fiber and discuss a method we have developed for delivering arbitrarily polarized light to the base stage of a dilution refrigerator using a
standard optical fiber. We have created a compact, cryogenic optical system to identify the polarization of the delivered light, while room-
temperature waveplates and a mathematical fiber model are used to fully characterize and compensate for the fiber’s birefringent effects.
We show here that we are able to deliver horizontal, vertical, diagonal, anti-diagonal, right circular, and left circular polarization states to
milli-Kelvin temperatures, with state fidelities of greater than 0.96 being achieved in all cases. Additionally, we demonstrate that we can
deliver randomly selected elliptical states through a standard fiber to the refrigerator. This opens up new opportunities for fiber-based opti-
cal experiments using polarized light, such as quantum information experiments using quantum states encoded in the polarization of single
photons.

https://doi.org/10.1063/5.0012174., s

I. INTRODUCTION

The ability of optical fibers to transmit light over long distances
with minimal signal loss (∼0.2 dB/km for telecom fibers) has made
them a common telecommunications technology and a prime can-
didate for use as a means of photon delivery in quantum communi-
cation applications. It is a well-known drawback of standard optical
fibers, however, that the birefringence of their cores prevents them
from simultaneously preserving all polarization states. As fibers tend
not to depolarize the light they transmit, it is possible to compen-
sate for the coherent, unitary transformations they perform on the
polarization so that the desired state can be accurately delivered.1–4

Adjustment of the output polarization can be performed using
polarization controllers,1–5 which twist, bend, squeeze, or stretch
the fiber, thereby controllably altering its birefringence.6 Electronic
versions of these devices employ feedback and optimization sys-
tems to manipulate the fiber and produce the appropriate polar-
ization at the fiber output. Compensation for a fiber’s effects on

polarization is often achieved by transmitting an ancillary signal
with a known polarization. The second signal provides a measure
of the change in fiber birefringence and acts as a reference when
attempting to correct the output polarization. Some of the schemes
that are used to perform these corrections include temporal mul-
tiplexing,2,3,7 wavelength multiplexing,1,2,4 and two-fiber systems,
where the reference pulses are transmitted along a secondary chan-
nel neighboring the primary.2,5 The overall efficiency and success of
these schemes depend upon factors such as the fiber’s length and
external environment, and as such, they may be ill-suited for the
extreme conditions of cryogenic experiments. Even polarization-
maintaining (PM) fibers preserve just two states at room tempera-
ture and are not guaranteed to preserve polarization when exposed
to cryogenic temperatures, as the stresses induced by cooling can be
on the same order as the artificial stresses designed to maintain the
polarization.8

Much of the literature on transmitting polarized light via opti-
cal fiber deals exclusively with linear polarization states at the fiber
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output.1–4 These systems, which often use polarizers or polarization-
maintaining fibers to ensure perfectly linear output, are not con-
cerned with the phase difference between the x and y components
of the electric field.

In this paper, we will explore a system for delivering any polar-
ization state, including elliptical and circular states, to the lowest-
temperature stage of a dilution refrigerator via a standard, 30-m
long, single mode optical fiber. A compact optical setup installed in
the refrigerator allows us to accurately identify the polarization of
light reaching the cryogenic sample space, while milli-Kelvin tem-
peratures are maintained. The effects of the fiber on the polarization
are modeled mathematically by sending known states into the fiber
and comparing them to the corresponding output states. Waveplates
(half-wave and quarter-wave) are used to compensate for the bire-
fringent fiber core so that high-fidelity, arbitrary polarization states
can be delivered from room temperature to the bottom of the refrig-
erator while operating at milli-Kelvin temperatures. This system can
therefore be used as a tool by those performing optical experiments
with polarized light in extreme environments.

II. SYSTEM DESCRIPTION
A. Experimental setup

To deliver polarized light through a standard optical fiber
and verify delivery of the desired states, we have designed and
constructed the system depicted in Fig. 1. While a fiber-coupled,
980 nm, benchtop laser source (Thorlabs, S1FC980) was used dur-
ing preliminary tests of this system, the results presented here
were obtained using a tunable Ti:sapphire source (Spectra-Physics,
Tsunami model), with a free-space output and a wavelength tuned
to about 780 nm. This wavelength was chosen because it is near the
low-temperature bandgap of GaAs with which we will be working in
the near future.

The laser beam is directed through a linear polarizer (Thor-
labs, LPNIR050) to produce pure linear polarization. We label this
polarizer P1 to distinguish it from the polarizer in the fridge. It
is followed by a half-wave plate (Thorlabs, AHWP05M-980) and
a quarter-wave plate (Thorlabs, AQWP05M-980), both mounted
on computer-controlled mechanical rotators. The combination of
these two elements, which we label HWP and QWP1, respectively,
allows for the generation of any polarization state at the input of

the fiber. A collimator (Thorlabs, TC06APC-780) couples the free
space beam directly into a 50:50 fiber beam splitter (Oz Optics, Part
No. FUSED-12-850-5/125-50/50-3A3A3A-3-1). This beam splitter
is used in conjunction with a photodiode (Thorlabs, S130C) to mon-
itor the intensity of light entering the fiber. As we will discuss in
Sec. II B, the intensity measurements made by this photodiode,
which we label PD1, allow us to filter out power fluctuations from
the data during post-processing. Following the beam splitter is a
30-m long, 780HP, single mode fiber from Thorlabs, which trans-
mits the light from our optics lab to the refrigerator in our cryogenics
lab.

With all of the experimental components installed in the dilu-
tion refrigerator (Bluefors, BF-LD250), the system reaches a base
temperature of under 10 mK. Polarized light is transmitted from the
top of the refrigerator at room temperature to the mixing cham-
ber (MC) flange by a single mode S630-HP fiber. A lensed fiber
(Adamant, SLF R4 SMF FC/APC) delivers the light to our custom-
built cryogenic optical setup, which is thermally coupled to the
MC flange. The total length of these fridge fibers is ∼2.5 m. The
lensed fiber has an expected focal length of 8 μm and an estimated
spot size, which is roughly 0.75 μm–1.0 μm in diameter (see the
supplementary material for images of our cryogenic experimental
setup).

Three piezoelectric positioners from Attocube Systems (two
ANPx101/RES and an ANPz101/RES) provide sub-micron posi-
tioning of the lensed fiber in the x, y, and z directions. The posi-
tioners are used both to focus light on our samples and to direct
the beam toward a compact optical setup for polarization identi-
fication. It consists of a zero-order quarter-wave plate (Thorlabs,
WPQ05M-808), a linear polarizer (Thorlabs, LPNIR100), and a
photodiode (Thorlabs, FDS1010). The quarter-wave plate, which
we label QWP2, is mounted on a piezoelectric rotator (Attocube,
ANR240/RES). The polarizer (labeled P2) is aligned with P1. The
photodiode (labeled PD2) responds to light even without a reverse
bias applied, so the bias is set to 0 V during our experiments in
order to reduce Joule heating. PD2 maintains a linear relationship
between the power of the incident light and the resulting pho-
tocurrent for power levels ranging from 0 μW to ∼30 μW. By
measuring the intensity of the light passing through P2 as a func-
tion of the QWP2 angle, this cryogenic optical setup allows us to
accurately identify the polarization of the light exiting the lensed
fiber.

FIG. 1. A schematic of the major components used to deliver polarized light to a dilution refrigerator by fiber. A 50:50 fiber beam splitter (BS) allows us to monitor the intensity
of the light entering the fiber. The final three components (QWP2, P2, and PD2) form our polarization identification system. The curved arrows on the waveplates represent
the fact that they are mounted on rotators, while the horizontal arrows on the linear polarizers indicate their polarization direction (i.e., horizontal).
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B. Setup details
In the first section of our room-temperature setup, a free-space

laser beam travels through a polarizer, a HWP, and a QWP. We
define the polarization to be in the “horizontal” state after the light
has passed through polarizer P1. To simplify the mathematical sim-
ulation of the system, we attempted to manually align P1 and P2.
With the two polarizers in series, a rotating HWP placed between
them was used to show that there was still a residual 0.11○ offset
after the alignment procedures.

The retardance of a waveplate is generally dependent upon
the wavelength and the angle of incidence of the laser beam. For a
wavelength of 780 nm, the retardances of HWP and QWP1 were
measured to be 182.5○ and 90.4○, respectively, rather than the ideal
values of 180○ and 90○. These minor imperfections are taken into
account by our simulations and do not have any noticeable effect on
our ability to deliver the appropriate states through the fiber.

As mirrors induce a slight change in polarization, there are
no mirrors placed between P1, HWP, and QWP1. Mirrors are
used after the waveplates to help couple the free-space light into
the fiber. We account for these mirrors and the collimator in our
simulation by considering their polarization-altering effects to be
caused by the fiber. As we shall discuss below, our model simu-
lates the fiber as a long series of rotated retarding plates, so we can
incorporate into its representation any other components, which
might affect the polarization, such as the collimator or the lensed
fiber.

These experiments rely heavily on our ability to use PD2 for
measuring the intensity of the light passing through P2. In Fig. 2(a),
for example, we see the intensity of the light measured by PD2 as
a function of QWP2’s rotation angle. Fluctuations in the intensity
data can be caused by noise in the power output of the laser or by
a wobbling of the beam path as the room-temperature waveplates
rotate. This noise hinders our ability to accurately identify the polar-
ization state and characterize the fiber’s effects on polarization. To

resolve this issue, a fiber beam splitter and additional photodiode
(PD1) were installed in front of the 30 m fiber, as shown in Fig. 1.
This setup allows for monitoring of the light intensity entering the
fiber without affecting the polarization of the light reaching the sam-
ple space. For each intensity measurement we make in the fridge, an
PD1 measurement is also made of the light intensity entering the
fiber system. Figure 2(b) shows the PD1 data that were recorded
at the same time as the data in panel 2(a). To eliminate the noise
from the PD2 measurements, we calculate the ratio of each PD1
data point to the average PD1 intensity and then divide the corre-
sponding PD2 datum by that ratio. We may summarize this with the
following equation:

PD2corrected
i = PD2measured

i
∑

n
j=1 PD1j/n

PD1i
, (1)

where PDXi is the intensity measured by photodiode X for a given
QWP2 angle i and n is the total number of data points. The result is
a re-scaling of the polarization data with respect to the average and a
correction of all noise originating from the room-temperature setup
in front of the fiber. Figure 2(c) shows the same data as in Fig. 2(a)
after Eq. (1) has been used to remove the noise. We note that before
post-processing, the average signal-to-noise ratio in our data can
be as low as 6, while it is about 75 afterward. Hence, we conclude
that most of the noise in the system appears to originate from the
room-temperature components in front of the fiber. The fiber itself
and the refrigerator setup appear to introduce very little noise into
the polarization, even though the pulse-tube refrigerator generates
some small vibrations.9 The cryogen-free dilution refrigerator used
in these experiments maintains a stable temperature gradient along
the fiber, which resolves the potential issue of temperature fluctu-
ations experienced by wet dilution refrigerators due to changing
helium bath levels.

The fiber used in our setup is a standard, single mode fiber
with no built-in polarization-maintaining stressors. PM fibers only

FIG. 2. (a) Measured PD2 data showing noise due to laser
intensity fluctuations. (b) Intensity of light entering the fiber
system, as measured by PD1. Note how the noise matches
the noise in panel (a). (c) The same dataset as in panel (a)
after post-processing. Equation (1) and the data in panel (b)
were used to eliminate intensity noise.
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FIG. 3. Fridge heating during polarization tests. (a) Temper-
ature increasing from base temperature (10 mK) first due to
presence of laser beam and, then, the application of 1 V to
the piezoposition encoder. (b) Heat dissipation in MC due to
rotation of QWP2.

preserve the two perpendicular linear polarizations that are aligned
with the core’s fast and slow axes, i.e., the horizontal and verti-
cal states. All other polarizations, however, will be projected onto
these two modes, each of which travels at a different speed. The
result is that one cannot use PM fibers to send diagonal, circular, or
elliptical polarizations10,11 (specially designed “spun” optical fibers
with rotating, bow-tie-shaped stressors preserve circular polariza-
tion, but there are no fibers that will preserve all polarization states
simultaneously).

Temperature fluctuations can have major short-term effects
on the polarization at the fiber exit,5 so proper thermal anchoring
of the fiber is key to preventing a wandering output state. This is
achieved in our system by anchoring the fiber between gold plates
at each stage in the fridge. The majority of the remaining experi-
mental apparatus in the refrigerator consists of a single unit (bolted
together) containing all mechanical, electrical, and optical compo-
nents. Great care was taken in the thermal anchoring of these com-
ponents in order to sustain milli-Kelvin temperatures during exper-
iments. The experimental components are mounted on a custom-
made brass plate (1/16 in. thick, 4.64 in. maximum width), which
has a specially designed pattern of holes and slots to minimize Joule
heating due to eddy currents in the presence of a changing mag-
netic field. The brass plate is connected to a 1/4in. thick copper ring
by three thin-walled, stainless steel tubes (1/2 in. diameter, 12.4 in.
long), which are positioned at 120○ intervals around the ring for
mechanical stability. The copper ring is bolted to the bottom of the
MC flange in the refrigerator, and the stainless-steel tubes center the
experimental apparatus within an 8 T, 5 in. bore, superconducting
magnet. As the thermal conductivity of the stainless-steel tubes is too
low at millikelvin temperatures, the brass plate and all experimental
components are thermally linked to the copper ring (therefore to
the MC) by an oxygen-free copper cable (4 mm diameter), screwed
down at both ends. All wiring from the components and sample is
also thermally connected to the MC via a copper thermal sink bolted
to the copper ring.

This extensive thermal anchoring is necessary to reduce the
heating effects of the polarization experiments themselves. The
intensity of light exiting the lensed fiber in the refrigerator was
∼6.5 μW–7 μW during our experiments, as measured by PD2 at low
temperatures. When operating the refrigerator at low temperatures,
this laser power has the effect of increasing the MC temperature
from base temperature up to 50 mK. Additionally, the MC temper-
ature increased from 50 mK to 60 mK when 1 V was applied to the

resistive encoder of QWP2’s piezoelectric rotator, which was neces-
sary for readout of the rotator’s position. The temperature changes
corresponding to these heat inputs are shown in Fig. 3(a). Fur-
ther heating is caused by the rotator’s movement during experi-
ments, requiring us to navigate the trade-off between heat dissipa-
tion and rotator speed. Figure 3(b) demonstrates the heating caused
by two consecutive polarization identification tests, which raised the
temperature to ∼250 mK due to heat dissipation by the rotator.

III. MODELLING AN OPTICAL FIBER’S EFFECTS
ON POLARIZATION

Complete characterization of the fiber’s birefringent core is
required in order to calculate in advance the waveplate orientations
that produce the desired polarization state at the fiber output. We
begin by considering the mathematical model of a general retarding
material. The standard representation of a retarding material, such
as a waveplate, takes the following form when written using Jones
matrices:

M = R(−θ)D(ϕ)R(θ)

=

⎡
⎢
⎢
⎢
⎢
⎣

cos θ − sin θ

sin θ cos θ

⎤
⎥
⎥
⎥
⎥
⎦

⎡
⎢
⎢
⎢
⎢
⎣

e−iϕ/2 0

0 eiϕ/2

⎤
⎥
⎥
⎥
⎥
⎦

⎡
⎢
⎢
⎢
⎢
⎣

cos θ sin θ

− sin θ cos θ

⎤
⎥
⎥
⎥
⎥
⎦

, (2)

D(ϕ) is a waveplate matrix with a phase delay of ϕ (in radians) and
a fast axis oriented horizontally. R(θ) is a standard 2 × 2 rotation
matrix that translates between the reference frames of the lab and
waveplate. M therefore represents a retarder with a fast axis, which
has been rotated by an angle θ from the horizontal.

The fiber’s effects on polarization can be described mathemat-
ically by considering the fiber to be composed of a long series of n
retarding plates.10 Each plate Mi has a unique retardance ϕi and a
fast axis rotated by an angle θi from the horizontal. The fiber matrix
F may then be written as

F =Mn−1Mn−2 . . .M2M1M0

= R(−θn−1)D(ϕn−1)R(θn−1)R(−θn−2)D(ϕn−2)R(θn−2) . . .

=

n

∏

i=1
R(−θn−i)D(ϕn−i)R(θn−i). (3)
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When written using Mueller matrices, it can be shown that the
application of the pull-through lemma to this equation reduces it to
the following simplified result,10

F = R(−θa)D(ϕ)R(θb). (4)

Solving for the three fiber parameters θa, θb, and ϕ is achieved
by sending known polarization states into the fiber and comparing
them to the corresponding output states. Note that although Eq. (4)
is reminiscent of the usual equation for a rotated retarder, as in
Eq. (2), the angles θa and θb are separate variables here because we
are concatenating many retarding plates. If the fiber does not cause
depolarization, Eq. (4) can be written using Jones matrices instead
of Mueller matrices, as was done in our experiments.

IV. DELIVERY OF POLARIZED LIGHT
Our standard procedure for delivering polarized light by fiber

is comprised of the following four steps:

A. Measure Fiber Effects: Send known polarization states into
the fiber and measure the output states.

B. Fit Fiber Parameters: Fit the data to the fiber model using a
genetic algorithm and extract the three parameters describing
the fiber (θa, θb, and ϕ).

C. Calculate Waveplate Orientations: Calculate the HWP and
QWP1 orientations required to compensate for the fiber
effects.

D. Verify Delivery of States: Verify that the fiber has been accu-
rately characterized by delivering specific polarization states to
the refrigerator and identifying them.

In Secs IV A–IV C, we will elaborate upon each of these four
steps to provide a detailed description of our process.

A. Measure fiber effects
To determine how the fiber affects polarization, we begin by

sending known states into the fiber and measuring the resulting
output states. The input states are prepared using the HWP and
QWP1 in front of the fiber, while the output states are identified in
the fridge by using PD2 to measure the amount of light that passes
through the cryogenic polarizer P2 as a function of QWP2’s rota-
tion angle. This combination in the fridge of a rotating quarter-wave
plate, a linear polarizer, and a photodiode is sufficient to uniquely
identify every polarization state (see the supplementary material for
a proof of this claim).

Characterizing the fiber’s behavior is therefore achieved by cre-
ating a “polarization map” of the measured intensity at PD2 as a
function of the QWP1 and QWP2 angles. This is done for several
orientations of the HWP. Figures 4(a) and 4(b) depict two polar-
ization maps, each produced at a different HWP angle. Accurate
characterization of the fiber’s effects on polarization depends on the
quality of these initial maps, so higher resolutions and additional
datasets result in better fiber characterization.

There is a trade-off, however, between accurate fiber character-
ization and the time required to acquire these maps. In our system,
the speed at which we could produce each dataset was limited by the
speed of QWP2’s piezoelectric rotator, which dissipates heat in the
refrigerator as it rotates. At room temperature, we are able to pro-
duce a 4000-data-point map in 3 h. For identical resolution at low
temperatures, each dataset requires ∼7 h, and the MC temperature
rises to ∼140 mK during those runs.

FIG. 4. Measured polarization maps produced for HWP angles of (a) 0○ and (b) 45○. The corresponding simulations of these maps are shown in (c) and (d), respectively.
These simulations were made after extracting the fiber parameters from the data using a genetic algorithm. Panels (e) and (f) show the intensity differences, Δ intensity,
between the data and simulations for the 0○ and 45○ cases, respectively.
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B. Fit fiber parameters
To obtain the fiber parameters, the polarization maps are

fit to a model of the system using a custom-made genetic algo-
rithm program. The algorithm simulates the optical system using
Jones calculus and the fiber model discussed in the Methods sec-
tion (see the supplementary material for further details on the
system model). Starting with several randomly selected seed val-
ues for the unknown parameters, the program employs mutations
and recombinations over many generations to evolve each set of
parameters and find the values that allow the closest fit of the sim-
ulation to the data. For greatest accuracy of the results, multiple
polarization maps (each produced with a different HWP angle) are
loaded into the algorithm program simultaneously. Depending on
the amount of data being fit, the program usually requires only 200–
300 genetic iterations to solve for the fiber parameters with sufficient
accuracy.

The genetic algorithm program has ten input parameters that
can either be set to known values or be calculated from the data. The
first seven are the three fiber parameters, the retardances of the three
waveplates, and the offset angle between the two linear polarizers.
The program also has three parameters that account for the offset
angles between the fast axes of the three waveplates and the “0○” set-
tings of their respective rotators. The three fiber values are typically
the only variables that are fit, except in cases where we have reason
to suspect that one of the other parameters has changed since it was
previously measured (due to a temperature change, for example).
The algorithm’s remaining input parameters are measured directly
and set as fixed parameters for the fitting procedure.

Once the fitted fiber values have been returned by the algo-
rithm, we can do a preliminary test of their accuracy by using
them to simulate the measured polarization maps. Figure 4 shows
a comparison of low-temperature data and the corresponding sim-
ulations after fitting. The fitted fiber values for those datasets were
θa = 96.96○, θb = 101.5○, and ϕ = 106.9○. The retardance of QWP2
was also fit in this case, just to verify that it was not signifi-
cantly affected by the cryogenic temperatures. The fitting algorithm
returned a retardance of 95.4○, which is close enough to the ideal
value of 90○ that we are still able to use the waveplate for accurate
identification of polarization states in the refrigerator. To highlight
the remarkable agreement between the data and simulation, the last
two panels of Fig. 4 show the intensity difference, from which we
extracted an rms difference of only 0.062 for panel (e) and 0.065
for (f).

The reliability of the polarization maps and fitted fiber param-
eters depends on the fiber birefringence remaining constant. Con-
sequently, all polarization measurements are made only when the
refrigerator has reached a stable temperature, and new polarization
maps must be acquired and fit if there is any significant change in
the state of the fiber.

C. Calculate waveplate orientations and verify
delivery of states

A unique combination of HWP and QWP1 angles is required
in order to deliver a specific polarization state to the fridge. Note
that we are not using these waveplates to produce the inverse of
the unitary transformation the fiber performs on the polarization.

Instead, the waveplates are used to alter the horizontal input state
(produced by P1) such that the light will have the desired polariza-
tion after passing through the fiber. The fitted fiber parameters are
used to calculate the required HWP and QWP1 angles, and once the
waveplates have been properly oriented, the polarized light is sent
through the fiber to the dilution refrigerator.

As shown in Fig. 1, our homemade state readout system in the
dilution fridge is comprised of a rotating QWP, a horizontally ori-
ented linear polarizer, and a photodiode. Measuring the light inten-
sity with PD2 as a function of QWP2’s angle produces a unique
signature for every possible polarization, allowing for accurate iden-
tification of the states exiting the lensed fiber. Figures 5(a)–5(c) show
simulations of six such signatures. These six “standard” polarizations
(horizontal, vertical, diagonal, anti-diagonal, right circular, and left
circular) form the bases in which most polarization experiments are
conducted.

As this is a novel setup, we will discuss these simulated results
in more detail here (see the supplementary material for more infor-
mation on how this system works). For the horizontal state, Fig. 5(a)
shows that all of the light passes through the polarizer when QWP2
is at 0○ (i.e., when its fast axis is aligned with polarizer P2). With
the waveplate rotated by 45○ from horizontal, the light reaching the
polarizer has right circular polarization, so only half of it is trans-
mitted. Passing through various elliptical states as QWP2 contin-
ues to rotate, we again get horizontal polarization at 90○, followed
by left circular at 135○. The pattern repeats every 180○. Vertical
polarization shows a similar pattern, although it oscillates between
normalized intensities of 0 and 0.5 as the QWP transforms it from
vertical to circular and back again. The diagonal and anti-diagonal
states in Fig. 5(b) oscillate about a normalized intensity of 0.5 as
they transition between ±45○ linear and circular states, which are
only half-transmitted through the horizontal polarizer. The max-
ima and minima in this plot are elliptical states. Finally, Fig. 5(c)
shows the readout signatures for the right and left circular states,
which are sinusoids with 180○ periods. These signatures oscillate
between normalized intensities of 0 and 1 as the rotating quarter-
wave plate causes the state to shift between vertical and horizontal,
passing through circular as it does so.

The measured signatures of the six standard polarizations at
low temperatures (∼240 mK) are displayed in Figs. 5(d)–5(f). The
data are overlaid on simulated signatures (black lines), which were
produced using the fitted QWP2 retardance. By comparison, the
simulations shown in Figs. 5(a)–5(c) use the ideal retardances and
therefore exhibit slightly different behavior. To reduce heat dissi-
pation in the refrigerator, data were only taken for a 180○ rota-
tion of QWP2. We used the fiber splitter and PD1 to eliminate
noise, and all six datasets were normalized to the maximum value
of the horizontal dataset (we are able to use the horizontal state
to normalize the other five because there is minimal depolarization
and the lensed fiber’s out-coupling efficiency is independent of the
polarization).

For each of these polarizations, we were able to successfully
deliver the desired state to the refrigerator at low temperatures using
the unique set of waveplate angles calculated for it. Deviations of
the data from the simulations in these plots are mostly attributed
to slight depolarization (note how the vertical and circular states do
not quite touch the “zero intensity” level) and issues with the step
size/position of the QWP2 rotator. The piezoelectric rotator uses
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FIG. 5. Plots of the normalized intensity measured by PD2 vs QWP2’s rotation angle. The top row of graphs shows simulations (using ideal waveplate retardances) of the
signatures for (a) horizontal and vertical, (b) diagonal and anti-diagonal, and (c) right and left circular polarizations. The second row shows the measured low-temperature
signatures for (d) horizontal and vertical, (e) diagonal and anti-diagonal, and (f) right and left circular polarizations, which are overlaid on the simulated signatures (black solid
lines). The bottom row contains plots of the measured low-temperature signatures for three randomly selected elliptical states from Eq. (8): (g) E1, (h) E2, and (i) E3. The
simulated signatures in the bottom two rows are produced using the fitted QWP2 retardance.

an imperfect, home-made calibration file, which can lead to minor
distortion of the data.

To quantify the quality of the output states, we calculate their
fidelities. For pure quantum states, the fidelity of a measured state
|ψ⟩ with respect to the expected state |ϕ⟩ is defined as

F = ∣⟨ϕ∣ψ⟩∣2. (5)

Note that although we are dealing with a beam of light, which is
generally described in classical terms, the lack of interaction between
the individual photons in the beam allows us to apply this quan-
tum definition of fidelity to their collective polarization. To account
for depolarization, we apply a generalized definition of fidelity. The
fidelity of a state with density matrix ρ with respect to an ideal state

σ is defined as

F = (Tr
√
√

σρ
√

σ)
2
. (6)

The equation for the fidelity of an arbitrary polarization state
is excessively long when written out in full, but the fidelity equa-
tions for the six standard polarization states can be easily derived.
These are summarized in Table I and are written in terms of the
Stokes parameters S1, S2, and S3. These represent the proportion of
light that is polarized along the horizontal/vertical, diagonal/anti-
diagonal, and right/left circular axes of the Poincaré sphere, respec-
tively. As shown in in Table I, a low-temperature fidelity of greater
than 0.96 was achieved for all six polarizations at low temperatures,
with the horizontal state reaching a fidelity as high as 0.994. Due
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TABLE I. Equations for the fidelities of the six standard polarization states, as well
as the measured fidelities, for polarized light transmitted through a fiber at both room
temperature and low temperature.

Room-temp. Low-temp.
State Fidelity equation fidelity fidelity

Horizontal 1+S1
2 0.993 ± 0.001 0.994 ± 0.004

Vertical 1−S1
2 0.978 ± 0.004 0.978 ± 0.003

Diagonal 1+S2
2 0.986 ± 0.005 0.961 ± 0.007

Anti-diagonal 1−S2
2 0.996 ± 0.005 0.964 ± 0.006

Right 1+S3
2 0.924 ± 0.003 0.983 ± 0.002

Left 1−S3
2 0.922 ± 0.003 0.968 ± 0.002

to the slow rotation rate of QWP2’s rotator, each of the results in
the table is from just a single measurement, rather than the average
of multiple measurements. We should point out that the equations
of Table I show that for a completely unpolarized state, in which
S1 = S2 = S3 = 0, the fidelity with respect to a fully polarized state is
always 0.5.

In addition to these six common polarization states, three ellip-
tical states were also chosen at random to verify that we could deliver
arbitrary polarizations to the refrigerator. These states were defined
using Stokes vectors,

S =

⎡
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

S0

S1

S2

S3

⎤
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

, (7)

where S0 is the total (often normalized) light intensity. Written as
Stokes vectors, our randomly chosen elliptical states are

E1 =

⎡
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

1

0.53

0.78

0.34

⎤
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

, E2 =

⎡
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

1

−0.49

−0.2

0.85

⎤
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

, E3 =

⎡
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

1

−0.6

0.77

−0.21

⎤
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

. (8)

Figures 5(g)–5(i) show the measured and simulated signatures for
these states at the fiber exit, with the measured results closely match-
ing the model. The successful delivery of these randomly selected
elliptical states, in addition to the six standard states, appears to
prove that our system is able to deliver by fiber any arbitrary
polarization to the refrigerator at low temperatures. (Several other
random elliptical states were also successfully delivered in room-
temperature tests). To our knowledge, this is the first reported
instance of arbitrary polarization being delivered in a controlled
and predictable manner to a dilution refrigerator by an optical
fiber.

The low-temperature tests in Figs. 5(d)–5(i) were conducted
at 240 mK due to heating caused by QWP2’s piezoelectric rotator.
Now that we have confirmed the system works, future tests may
be conducted using slower QWP2 rotation to reduce heating and

avoid any resulting changes in fiber birefringence. Once polarization
identification is complete, the refrigerator can be returned to base
temperature by turning off QWP2’s rotator and reducing the laser
intensity. Note that the initial polarization maps and fiber charac-
terization from Fig. 4 were done at a temperature of ∼140 mK, yet
we were still able to accurately deliver the desired states at a tem-
perature of 240 mK. Additionally, the temperature cooled briefly
down to 60 mK on three separate occasions, while QWP2 was sta-
tionary. This would seem to indicate that a temperature change of
around 100 mK–180 mK has a minimal impact on the state of the
fiber.

Finally, while this system is designed to correct the unitary
transformation of the polarization by the fiber, it does not prevent
depolarization. Importantly, our experiments have shown that our
setup, which incorporates a 30-m long fiber, suffers from very lit-
tle depolarization, so we are able to use waveplates to compensate
for the unitary transformation the fiber performs on the state. It is
possible, however, that longer fibers (e.g., tens of km in length) may
experience a greater degree of depolarization. Using Mueller calcu-
lus for modeling the system and fitting the data should at least allow
one to identify and account for depolarization, although it cannot be
corrected using the system described here.

V. STABILITY OF FIBER SYSTEM
As a measure of the system’s stability, the fidelity of the hor-

izontal state was monitored over a period of ∼35 h at low tem-
peratures, as shown in Fig. 6(a). The monitoring process involved
repeated acquisition of the polarization signature, followed by fit-
ting each signature to determine the output state from the fiber. Any
change in the fiber’s birefringence would be observable as a change
in the polarization and hence a change in the fidelity. Note that the
y-axis is plotted between 0.5 and 1 to show the measured fidelity with
respect to that of completely unpolarized and completely polarized
states, respectively.

During our observation period, the fidelity of the horizon-
tal state remained above 0.955 and was very stable. Accidental
changes in the MC temperature that occurred during the monitor-
ing period [Fig. 6(b)] caused a shift in the polarization from very
near horizontal to the slightly elliptical state,

E =

⎡
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

1

0.97

0.05

0.2

⎤
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

. (9)

The results of this monitoring experiment indicate that when
the temperature of the cryogenic components is stable, our novel
system is able to deliver a stable polarization state through a fiber at
low temperatures. Interestingly, we have found that quite significant
and long-lived temperature fluctuations can result in only minor
changes in the output state, and the state quickly stabilizes when the
temperature is fixed. Strong evidence of this was observed when the
temperature changed twice during the monitoring period. First, the
temperature dropped from 240 mK to 60 mK for over an hour due to
the monitoring program aborting unexpectedly [see the 10-h mark
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FIG. 6. (a) Fidelity of the horizontal state monitored over 35 h (dark blue points).
The uncertainty of the fidelity (light blue shading) is the standard deviation in the
fit of the fiber output state with respect to perfect horizontal polarization. Inset:
zoomed-in view showing the small drift in fidelity over time. (b) MC temperature
during monitoring period, including an unintended temperature drop to 60 mK at
10 h, shortly followed by a brief temperature increase to 1 K.

in Figs. 6(a) and 6(b)]. After re-initialization of the program, QWP2
performed one state measurement before quickly rotating 180○ back
to its starting position. The resulting heat output caused the tem-
perature to increase to 1 K. This brief, yet dramatic temperature
event did not significantly affect the new elliptical state, however,
and after the temperature stopped changing, the new polarization
state remained stable for the next 22 h. These results suggest a hys-
teresis effect, as the fidelity did not return to its initial value of
∼0.993 after the temperature returned to 240 mK at 14 h. There-
fore, the fiber did not settle back into its original state. Additionally,
the decrease in temperature by 180 mK had a greater effect on the
polarization than the subsequent increase by almost 1 K. The rea-
sons for this are not known and should be explored further. We note
again that these temperature fluctuations resulted in minor fidelity
changes.

It should be noted that the waveplate angles used to produce the
horizontal state were calculated using polarization maps obtained
2.5 days before the monitoring began. Our system was therefore
stable over a total period of at least 4 days, with no indication of
changes at the conclusion of the monitoring period. This high degree
of stability is likely due to the relatively short length of fiber in our
setup (30 m) and the controlled environment of our laboratories.

Multi-kilometer-long fibers that are exposed to environmental influ-
ences such as vibrations and temperature fluctuations experience
far greater polarization instability and may require more frequent
fiber characterization procedures.3,5,7 The stability of our system,
however, allows us to conduct low-temperature experiments with
polarized light over a period of at least several days without the need
to recharacterize the fiber.

VI. CONCLUSION
In summary, we have achieved successful fiber-based delivery

of polarization states to a dilution refrigerator at low temperatures,
and all six standard states were delivered to the refrigerator with
fidelities of >0.96. Our ability to transmit several randomly selected
elliptical states, in addition to the standard six, indicates that our
setup allows for delivery of any polarization state to the refrigera-
tor. To achieve this, we have created a compact polarization readout
scheme suitable for installation in cryostats and demonstrated that
our system is very stable over a period of at least 4 days.

Since photons propagating in parallel tend not to interact with
each other, the system presented here should function identically
when single photons are used instead of a laser beam. The single
photon will experience the same effects as each photon in the beam
and should therefore have the same state at the fiber output. There
should also be no issues associated with the difference in the travel
times of the photon’s electric field components propagating along
the fiber’s fast and slow modes because the average group delay
is typically on the order of a picosecond or under for a standard,
100-km long telecom fiber.2 Since current photodetector technology
has a temporal resolution on the order of a few hundred picosec-
onds1 and exciton lifetimes in semiconductor structures tend to be
on the order of a nanosecond, time-bin entanglement is unlikely to
arise through the use of a fiber for the transmission of individual
polarized photons. Our future experiments will therefore involve the
transmission of single polarized photons through a fiber at cryogenic
temperatures, with initial characterization of the fiber achieved using
a laser beam as described above.

SUPPLEMENTARY MATERIAL

See the supplementary material for mathematical model of the
optical system and proof that the readout components in the fridge
uniquely identify polarization states.
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