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Abstract

Characterization of the Cosmic Microwave Background (CMB) is a major focus of mod-
ern experimental research in cosmology and astrophysics. CMB photons carry important in-
formation that could expand our understanding about the origin and content of our universe.
Therefore, current efforts in CMB research are focused on collecting data on these millimeter
wavelength CMB photons. In order to do this effectively, the detectors used in these experi-
ments must be precisely and extensively characterized. Unfortunately, the current methods of
testing are slow and costly. Therefore, developing a new and more efficient testing method is a
high priority for the next generation of CMB experiments and is the goal of my senior project.
The first half of my project was focused on creating a fast solution that was not entirely com-
prehensive, but an improvement on the original testing methods. During the second part of
my project, I switched my focus to a more ideal solution and worked on characterizing the
polarization of reflective Neutral Density Filters (NDFs). These filters will be used in a testing
operation that can obtain nearly all parameters in one run.

1 Introduction

The CMB contains valuable information about the origin and nature of our universe, so character-
izing its properties is a large focus in cosmology. Research on the CMB originated in 1965 when
astronomers Arno Penzias and Robert Woodrow Wilson found a constant and unknown source of
noise while constructing a new telescope. Later, they were awarded a Nobel Prize for being the
first to discover the CMB (2). Today, an important area of research in the fields of cosmology and
astrophysics is on detecting the CMB and studying its properties.

There are many collaborations around the globe focusing on CMB research, two of them being the
SPIDER project and the South Pole Telescope (SPT). Both of these experiments use millimeter
wavelength detectors and are aimed at detecting and analyzing the properties of the CMB (3).
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Learning more about the CMB would reveal important information about the composition and
origin of our universe.

2 Background

The mysterious background noise discovered by Penzias and Wilson agreed with previous ideas
about a uniform thermal background created shortly after the Big Bang (1). Later experiments
verified this theory by finding that the cosmic background closely follows the intensity curve of
a thermal blackbody of 3K (2). Because CMB radiation is on the millimeter wavelength scale, it
cannot be seen by the naked eye and so detectors are necessary to observe it. In 1989 the Cosmic
Background Explorer (COBE) measured a precise value of 2.728K as the background temperature
(4). More advanced detectors and precise measurements have helped physicists learn more about
the creation of the CMB. We now know that it was created about 378,000 years after the Big Bang.
Before this time, the universe had a temperature that exceeded 3000K, and this meant that hydrogen
atoms could not exist since photons had enough energy to ionize them. As the universe expanded,
the photons decreased in energy and so by the time the universe was 378,000 years old, hydrogen
atoms could form. This is the critical time when the CMB was formed. As photons interacted
with electrons for the last time, they carried away important information about their environment.
Over the next several billion years, these photons continued to increase in wavelength, and today
they have a wavelength on the order of 1mm to 10mm and have a temperature of about 3K (5).
Fortunately, much of the information still exists in these CMB photons, and this is why it is so
important to detect these photons and extract the information they contain about the early universe.

Currently, Dr. Ruhl’s lab is involved in two experiments in Antarctica that are focused on gathering
data on the CMB. The South Pole Telescope (SPT) is a 10 meter diameter telescope that is designed
to conduct surveys of the CMB and collect precise information on thousands of galaxy clusters.
These surveys will ultimately help make significant progress on understanding dark energy and
dark matter (7).

The second experiment located in Antarctica is the SPIDER project. This is a balloon-borne in-
strument that is focused on measuring the polarization of the CMB, which will hopefully reveal
the signature of primordial gravitational waves. SPIDER is comprised of six telescopes that oper-
ate at 90, 150, and 285 GHz, with optics cooled to a temperature of 4K and the detectors cooled
to a temperature of 0.25K (8). These extremely low temperatures are necessary to measure the
millikelvin fluctuations in the CMB.

Before being deployed in the experiments, the detectors must be carefully characterized on test
beds. There are two test beds located at Case Western Reserve University where students and
faculty are developing ways to efficiently test new detectors. These test dewars closely model the
actual experiments in that they are under high vacuum and have a detector stage that can be cooled
down to the 300 millikelvin range. In order to reach this temperature, the vacuum dewar has three
thermally isolated layers. The first layer is set at room temperature, the second layer is cooled to
around 50K with the use of liquid nitrogen, and the final layer is cooled to a temperature of 4K with
the use of 3He sorption. The detector stage is located in the coldest dewar where it is cooled even
further with a refrigerator. Currently, the testing and characterization of these detectors requires
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several cool-downs of the system, which is time consuming and cost ineffective. A significant
improvement and contribution to these experiments would be developing a way to effectively and
efficiently test new detectors in a single cooldown.

3 Objectives

There are many important properties of the detectors that must be characterized before they are
deployed. Characterization and testing of the detectors is an important part to these experiments
and must be completed as efficiently as possible. In the future, the next generation of CMB exper-
iments, such as the CMBS4, will require hundreds of detector wafers to be characterized, and the
current testing methods are slow and costly (9). The focus of my senior project was on developing
an improved testing method for the SPT and SPIDER experiments.

There are currently three commonly used methods of testing, each of which provides a different
set of information about the detector. The first column of Table 1 displays the required parameters
that need to be characterized for every detector. The next three columns include the current test
methods along with what parameters each of these methods yield. The dark method parameters
are collected when no light, or minimal light, is in incident on the detectors. The 4K cold load
method involves placing a black body cavity above the detector wafers and then subjecting it to
different types of signals and measuring how the detector reacts. The open tests are focused on
collecting optical parameters when the detectors are exposed to light. The last column of the table
is the testing method that I worked on in the spring semester, which is an improvement the 4K cold
load method because it allows for additional optical tests to be run. It is a quick and temporary
solution to the problem of fast detector characterization.

The neutral density filter (NDF) testing method shown in the fifth column involves placing a filter
above the detector, which limits the amount of room light hitting the detector. We are currently
using absorbing NDFs, which are not ideal because they attenuate light as a function of frequency.
This makes it is impossible to characterize all of our different frequency detectors in one run and
requires that we use both a dark run and an open run to collect all of the necessary parameters. In
contrast, a reflective NDF transmits the same amount of light across all frequencies. Therefore,
the long term goal is to develop the reflective NDF model into a single testing method that can
provide us with all of the parameters in one cool-down. Developing this method was the focus of
my senior project work during the fall semester.

The goal for my first semester was to construct and install a final version of the 4K blackbody with
copper tubing into the SPIDER test bed. The goals for my second semester included constructing
an experiment that measures the amount of transmitted light through the tilted, reflective NDF as a
function of angle, as well as developing Python code that models this phenomenon and verify that
the expected and measured results match each other.
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Parameter Dark 4K Cold
Load

Open (if
sensitive)

Absorptive
and

Reflective
NDF

4K Cold
Load with

Pipe

Saturation Power (Psat) Y Y- X Y- Y-

Normal Resistance
(Rnormal)

Y Y X Y Y

Parasitic Resistance
(Rpar)

Y Y X Y Y

Superconducting
Transition Temperature

(TC)
Y Y X Y Y

Time constant (τ) /
Loop gain (dark

conditions)
Y- Y- X Y Y

Time constant (τ) /
Loop gain (loaded

conditions)
X Y- X Y Y

Optical Efficiency (η) X Y Y Y- Y

Frequency Band
Shapes

X X Y Y Y

Beams X X Y Y- X

Polarization Efficiency X X Y Y- X

Polarization Angle X X Y Y- X

Table 1: Y = test method can accurately obtain the parameter value. Y- = testing method can
obtain the parameter value with some issues of precision. X = testing method is unable to obtain
parameter value
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4 Methods

As explained above, there are two potential solutions: the reflective NDF method and 4K cold load
with a pipe. The focus of my work during the first semester was on the latter, while my work for the
second semester was on characterizing the polarization effects of the NDF for a more sustainable
solution.

4.1 4K Cold Load with a Pipe

The faster and less comprehensive solution to the problem involves building a 4K cold load and
pipe feedthrough system that allows us to obtain a majority of the necessary detector parameters.
The design of this project is to have a black body cavity cold load directly above the detector
that can be varied in temperature around the 4K range. This cold load models the conditions that
the detector will ultimately be subjected to once it is deployed (10). The black body cavity has
a copper pipe attached to it that passes a small fraction of the throughput through the dewar and
connects to a window to the outside room. This allows us to direct known signals through the tube
and onto the detector, and then measure the detectors response. Depending on the signal that is
passed through the tube, different parameters of the detector can be characterized. Additionally,
there is an angular stepper motor located inside of the dewar that has an aperture attached to it with
different sized holes cut out. By rotating the aperture, we control the amount of signal passing onto
the detector, and even block off the passage entirely to create a dark run. This stepper motor gives
us the advantage of combining optical tests with the 4K cold load method so that we can collect
more parameters under one run.

An important consideration when constructing the copper pipe inside the dewar is the heat flow
between temperature layers. In order to limit this effect, the copper pipe was cut and separated
slightly at the interface of each temperature layer and held mechanically by a thermally insulating
brace so that the signal photons cannot escape. Equation 1 was used to calculate the heat conduc-
tion of different plastics in order to assess what material would allow the least amount of heat flow
between layers.

Q =
A
L

∫ T2

T1

λ(T )dT (1)

Where L is the length and A is the cross-sectional area of the insulator, T1 and T2 refer to the
temperature difference across the insulator, and λ is the thermal conductivity coefficient of the
insulator. λ is a temperature-dependent coefficient that is unique to each material. For commonly
used materials and temperatures, the integral of this parameter has been calculated and recorded.
Using this equation, we found that the nylon only conducts about 20 mW of heat over a temperature
difference from 77K to 4K, which is a negligible amount. Therefore, this is the material we chose
to insulate the gaps with for our first prototype.

The progress we made last semester on this method included constructing a prototype of the mech-
anism and installing it in the test dewar. Unfortunately, during the first cool down run, the detector
bed had a minimum temperature of a few kelvin, when it should be able to reach temperatures in
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the millikelvin range. We checked our thermal conductivity calculations for the materials used in
the model, and verified that they would not be contributing any significant source of heating power.
We suspect that the separation of copper pipes in between thermal layers was not large enough and
there may have been some contact of the pipes when they were assembled. Contact between pipes
would have led to significant heat flow between the layers of the dewar that would prevent the
detector stage from reaching the necessary cryogenic temperature.

Over the summer, my advisor and his graduate students made significant progress on developing
the NDF method, and when I returned to campus in the fall, I switched my focus to help improve
this method since it is the preferred method for a long term solution.

4.2 NDF Method

As shown in Table 1, the reflective NDF method is an ideal solution because it can potentially
collect all of the necessary parameters in one cool-down. The basic setup of this method involves
placing the NDF above the detector so that only a limited amount of transmitted light from the
room hits the detector. One advantage of using this method is that the amount of transmitted
light is small enough so that both open and dark run parameters can be collected. Another advan-
tage, shown in Figure 1, is that a reflective NDF transmits the same percentage of light across all
frequencies, unlike an absorbing NDF. This means that we are able to characterize detectors of
different frequency bandwidths in a single cooldown, which would save time and energy.

Figure 1: Transmission of reflective and absorbing Filters across the three detector frequency band-
widths used in each SPT-3G pixel.

The reflective NDFs were made by graduate student Allen Foster who deposited thin layers of
nickel and gold on a plastic sheet in a vacuum chamber, as shown in Figure 2. The good thing about
these filters is that they should have equal attenuation at all frequencies, as shown in Figure 1. This
filter can be used on a variety of different detectors. Unfortunately, since the NDFs are made of
metals, they have their own polarization effects, which distorts the orientation of transmitted light.
Therefore, before these filters are used to characterize detectors, it is necessary to understand their
polarization effects as a function of surface conductivity and angle of incident light. Over the past
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several months, I investigated this relationship using computational and experimental methods and
then compared the results.

Figure 2: Allen Foster fabricated the reflective NDFs by depositing of 5nm nickel and gold layers
on a plastic sheet inside a vacuum chamber.

4.2.1 Computational Method of Determining NDF Polarization

The NDF can be modeled as an infinitely thin film with some surface current, ~K f . This assumption
can be made because the skin depth of the materials are significantly larger than the thickness of the
film, so the attenuation of light as it passes through the film is negligible (12). The electromagnetic
light wave has two possible orientations when it hits the film: the electric component is parallel to
the plane of incidence, or it is perpendicular to it. A schematic of the NDF with the incoming light
parallel to the plane of incidence is shown in Figure 3. A similar schematic can be drawn for the
case when the incident light is perpendicular to the plane of incidence.

Applying Maxwell’s equations and appropriate boundary conditions, it is possible to calculate
the magnitude of transmitted light for perpendicular and parallel polarizations (11). Maxwell’s
equations are
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Figure 3: A schematic of an infinitely thin NDF with surface current ~K f . The incident wave is
oriented so that the electric component is parallel to the plane of incidence. A similar schematic
can be drawn for when the light is perpendicular to the plane of incidence.

∇ ·~E =
ρ

ε0
(2)

∇ ·~B = 0 (3)

∇×~E =−∂~B
∂t

(4)

∇×~B = µ0~J+µ0ε0
∂~E
∂t

(5)

In the case of linear media that contains a free surface current, the boundary conditions are ex-
pressed as

ε1E⊥1 − ε2E⊥2 = σ f (6)

B⊥1 −B⊥2 = 0 (7)
~E‖1 −~E‖2 = 0 (8)

1
µ1
~B‖1−

1
µ2
~B‖2 = ~K f × n̂ (9)

where ~K f is the surface current of free charges and is known to be equal to ~E · γ, where γ is the
conductivity of the thin film. Solving these boundary conditions for the parallel and perpendicular
incidence of the electric field produces equations for the transmission coefficient, which is the
transmitted electric wave divided by the incident wave. I found
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T‖ =
ET,‖
EI,‖

=
1

γµ1v1 +1
(10)

T⊥ =
ET,⊥
EI,⊥

=
cos(θ)

cos(θ)+ γµ1v1
(11)

where γ is the conductivity of the film, θ is the rotation of the film around the horizontal dashed axis
shown in Figure 3, µ1 is the permeability of air, and v1 is the speed of the electromagnetic waves,
which is the speed of light in the case of air. T indicates the transmission coefficient, and ET and
EI are the magnitudes of the electric component of the transmitted and incident wave respectively.
The ⊥ and ‖ symbols indicate the polarization of the incident light wave, in other words, whether
the electric component is perpendicular or parallel to the plane of incidence. Therefore, equation
10 is the transmission coefficient for the schematic shown in Figure 3. These equations show that
the magnitude of transmitted light does not depend on angle for parallel polarization, but does
depend on angle for the perpendicular polarization. Once these coefficients were calculated, I
applied rotation matrices in Python to rotate the film around θ from 0 to 360 degrees. By squaring
each of the outputted transmission coefficients, I obtained the intensity of transmitted light. I now
have a Python function where I can input a value for the angle of incident light α, shown in Figure
3, and the conductivity of the film, and a plot of the intensity of transmitted light is created for both
the parallel and perpendicular components. The next step was to collect experimental data.

4.2.2 Experimental Method of Determining NDF Polarization

The setup to experimentally determine the polarization of the NDF involves setting up a Gunn
Oscillator that sends a vertically polarized beam of light through the filter where the transmitted
light is collected in a diode at the end of the stream. An important part of this setup is that the
filter can be rotated to all angles of θ and α. I sketched the design in SolidWorks, which is shown
in Figure 4, and had the parts fabricated with the help of our machinist. Once the experiment was
set up, I connected the Gunn Oscillator to a DC power supply that was also connected to a lock-in
amplifier. The purpose of the lock-in is to transform the DC power output to a square wave. The
diode was also connected to the lock-in so that the RMS value of transmitted light could be viewed
with minimal background noise. The diode can be oriented to detect vertical as well as horizontal
polarization, which allowed me to collect both components of the transmitted light.

To collect data, I set the film angle (α) at 10, 20, 30, 40 and 45 degrees and then rotated the film
around the horizontal axis from 0 to 360 degrees on intervals of 11.25 degrees and recorded the
amplitude of the transmitted light. I then rotated the diode 90 degrees and ran the same procedures
to obtain the other component of polarization.

5 Results

Once I finished collecting the necessary data, I created plots that compared the data to the predicted
results. I adjusted the experimental data by measuring the amount of transmitted light when there

9



Figure 4: A SolidWorks sketch of the experimental setup. The Gunn Oscillator, located on the
right, sends a beam of vertically polarized light through the reflective NDF in the center of the
apparatus. The diode at the end of the stream detects the intensity of transmitted light and can be
oriented to measure its vertical and horizontal polarization.

was no filter in place, and then divided all of my other data points by this value. This means that the
y-axis of the plots indicate a ratio of transmitted intensity over incident intensity. I then adjusted
the conductivity of my model until the peak amplitudes matched in relative height.

Figure 5: Predicted results (solid curves) match the experimental results (dashed curves) closely
for the perpendicular component of polarization. Theoretical NDF conductivity was matched from
parallel component (0.00415 (S/m)).
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Figure 5 compares the results of the perpendicular component. This graph shows that there pre-
dicted model closely fits the experimental results in terms of phase and relative amplitude for each
film angle. The only discrepancy is in the second peak, where the second peak of the experimental
data is noticeably smaller at each film angle compared to all of the other peaks. This is most likely
due to an experimental error where perhaps there is an unevenness on the film or a problem in the
way the film was installed. Despite this issue, the results from the perpendicular component are
promising for model I have created.

Figure 6: Predicted (top) and experimental (bottom) results of the fractional transmission intensity
for the parallel component of polarization. Fractional transmission was determined experimentally
and theoretical conductivity was adjusted to 0.00415 (S/m) to match this result.

Figure 6 compares the results of the parallel component. This comparison shows that there is
more disagreement between the predicted and experimental results for the parallel component.
Again, it is promising that the curves match in phase and relative amplitude, but there is a distinct
offset between the two methods that is not accounted for. This discrepancy is most likely due to
a computational problem and indicates that my model of the NDF is not complete. It is possible
that I cannot assume that the film is infinitely thin, and that I need to develop a more robust model.
This could mean modelling the film with a finite thickness, where I take into account the amount
of attenuation of light as it passes through the film, as well as for the reflections of light off of
the back surface. Both of these effects will contribute to a decrease in transmitted light, and could
resolve the offset issue.
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6 Conclusion

The characterization of millimeter wavelength detectors is an important step in CMB research ex-
periments. Unfortunately, the current test methods require multiple cooldowns to fully characterize
the detectors, and so developing a more efficient testing method for next generation experiments is
a high priority, especially since hundreds of detector wafers will need to be characterized. Other
members of the lab have continued to develop the copper pipe and cold load method and have
recently succeeded in testing SPIDER detectors. The reflective NDF method is a more compre-
hensive solution, and my senior project has shown that it is a viable option for the future. After
we have a complete understanding of the polarization of the reflective NDF, we can use this in-
formation to account for its effects after testing. My senior project produced promising results
by showing that my current model of the reflective NDF is on the right trajectory for accurately
calculating the polarization of transmitted light. Once the robust model is fully developed so that
it matches the results of the experimental data, the reflective NDF method can be used in the future
to quickly and efficiently characterize millimeter wavelength detectors.
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