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Abstract

Next-generation cosmological surveys will
require detectors with unprecedented sensi-
tivity that can measure the faint “relic radi-
ation” of the early universe. This “relic radi-
ation,” also known as the cosmic microwave
background, exhibits faint patterns which re-
veal how the universe expanded just after
the Big Bang. Kinetic inductance detec-
tors are an emerging technology that is well-
suited for measuring very faint signals. Our
group uses a novel detector design—multi-
chroic microwave kinetic inductance detec-
tors—which is sensitive to two frequency
ranges simultaneously. The ability to simul-
taneously observe at multiple frequencies fa-
cilitates the efficient removal of contaminat-
ing foreground sources from the data, which
is necessary to recover the signal of inter-
est. I am currently testing the performance
of prototype detector arrays to demonstrate
their suitability for next-generation surveys.
This paper describes our prototype arrays
and discusses the experimental system. I
highlight the development and validation of
the readout system I built, which I will use to
measure how the detectors respond to light.
I also describe the experimental setup and
optical tests I will use to characterize the
performance of the detector arrays. FEach
component of the system is complete and
validated, so we are ready to begin testing
the prototype detector arrays.
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1 Introduction

The core goal of cosmology is to determine
how the structure and composition of the
Universe have evolved through time. The
leading theory proposes a period of rapid,
exponential expansion of space just after the
Big Bang, i.e. an “epoch of inflation.” In-
flation would leave observable evidence: a
characteristic pattern of polarization fluctu-
ations across the sky nicknamed “B-modes.”
(See Fig. 1.) Inflation is predicted to gener-
ate gravitational waves, causing characteris-
tic B-mode fluctuation patterns in the light
emanating from the very early universe.[7]
This light from the early universe is known as
the cosmic microwave background (CMB),
sometimes called “relic radiation” or the “af-
terglow of the Big Bang.” Maps of the CMB
encode a wealth of information about con-
ditions in the early universe. Observations
of another polarization pattern, “E-modes,”
along with brightness fluctuations have been
used to determine properties like curvature,
initial conditions, and particle abundances
through the history of the Universe.[7] Ob-
serving B-modes would be exceptional evi-
dence for the theory of inflation.

To date, however, B-modes have not been
detected. State-of-the-art detectors have al-
ready reached the statistical noise limit on
sensitivity, and have constrained the B-mode
polarization level to one part in one hun-
dred thousand.[7] If B-modes exist, detecting
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Figure 1: Map of the cosmic microwave background illustrating polarization fluctuations across the sky. The
names “E-mode” and “B-mode” describe the linear polarization patterns and are essentially mnemonics,
chosen because the patterns are reminiscent of electric (E) and magnetic (B) field shapes. E- and B-modes
are observer independent. In the 2D flat-sky limit, they are analogous to Stokes @ and U, respectively.

Figure from [4].

them will require greater sensitivity, which
will be achieved with larger detector arrays.

B-mode detection is further complicated
by the objects and dust from the Galaxy ap-
pearing the foreground of the CMB maps.
When these foreground sources emit polar-
ized light, they contaminate CMB polariza-
tion patterns, potentially being mistaken for
the B-modes produced by inflation.[1, 6] Fu-
ture surveys will therefore require sophis-
ticated foreground removal, which will be
aided by multi-chroic detectors, which si-
multaneously measure foregrounds and the
CMB across a range of frequencies. Multi-
chroic observing will not only enhance CMB
studies, but also provide valuable all-sky sur-
vey data for galactic scientists, because the
“contaminants” in our CMB maps are their
science targets.[2]

This paper discusses our experimental de-
sign to test the performance of a novel de-
tector technology designed to study CMB
polarization with unprecedented sensitivity;
our detector arrays simultaneously measure
CMB and foreground signals to facilitate
removal of contaminant signals. The goal
of the experiment is to measure sensitivity
and noise levels of various prototype arrays
of multi-chroic microwave kinetic inductance
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detectors (MKIDs). Additionally, we want
to measure the polarization response of the
detectors. If the prototype arrays perform as
well as anticipated, these detectors will pave
the way for the construction of larger arrays
for future surveys.

2 System Overview

I am testing novel detectors that are opti-
mized for CMB polarization measurements.
Our detectors are housed inside an alu-
minum enclosure, described in Section 2.1.
The enclosure is designed to optimize the
coupling between the detectors and the sky
signal. Section 2.2 describes the KID tech-
nology in general and the specific architec-
ture used for our prototype arrays. The de-
tectors are made from superconducting ma-
terials (7. = 1.4 K), and are therefore cryo-
genically cooled using the system outlined in
Section 2.3. Section 2.4 describes the opti-
cal testing setup I will use to characterize
the detectors. Finally, Section 2.5 describes
the readout system, which is used to send
signals into the cryostat to operate the de-
tectors, monitor the detector response from
outside the cryostat, and log the data on a
computer.



2.1 Aluminum Enclosure Modules

The detector array is mounted inside an alu-
minum enclosure. Incident radiation enters
the module through the top of the enclosure,
by coupling to the horn array (see Figure
2, upper panel.) Each opening in the array
is a feedhorn antenna. Directly below each
horn is one “pixel” of the detector array. In
the lower panel of Figure 2, the top of the
enclosure has been removed so that the 23-
pixel MKID array is visible. On the right-
hand side of the module in the photo, there
are two SMA connectors. The detectors are
monitored using a “probe tone” which enters
the module through one SMA cable, mean-
ders around the wafer to pass by each MKID,
and exits the module through the other SMA
cable. The probe tone is controlled using the
readout system described in section 2.5.

2.2 Detectors

I am characterizing multi-chroic microwave
kinetic inductance detectors (MKIDs.)
MKIDs are being developed for a variety
of applications and wavelengths. Ours are
optimized for CMB observations. Kinetic
inductance detectors are photon-sensitive
superconducting resonators. Figure 3 shows
a single pixel in our detector array consisting
of four MKIDs (drawn in red and blue).

To make more sensitive observations of the
CMB, larger detector arrays are necessary.
This is challenging because the state-of-the-
art detectors, TES bolometers, must be op-
erated in a cryostat at sub-kelvin tempera-
tures to function. Larger bolometer arrays
require additional wires to record data from
the detectors. Each additional wire conducts
heat into the cryostat, so bolometer arrays
are limited to ~64 elements to keep ther-
mal loading acceptably low.[7] The under-
lying physics of MKIDs makes them natu-
rally well-suited for use in large detector ar-
rays because when each detector is assigned
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Figure 2: Top: 23-element array of multichroic de-
tectors in aluminum enclosure. The horn array cou-
ples to incident light and transmits it to the detec-
tors inside. Bottom: Each horn in the array sits
above an array element consisting of four detectors,
each sensitive to one of the two frequency bands and
one of two polarization orientations. Together the
array element is sensitive to orthogonal polarization
in both spectral bands. Figures from [3].

a unique resonant frequency, the data can
be read out with a single transmission line.
MKIDs are also operated at sub-kelvin tem-
peratures, but a single pair of SMA cables
(Fig. 2) can carry a superposition of probe
tones to simultaneously monitor every detec-
tor in the array. This reduces thermal load-
ing compared to TES bolometers. In prin-
ciple, MKID arrays can have thousands of
elements. Other kinetic inductance detec-
tors (KIDs) with different designs have been
developed, and array sizes of ~250 detectors



have been achieved, but KIDs have yet to be
used for CMB observations.[7]

We are working with multi-chroic MKIDs.
By definition, multi-chroic detectors are sen-
sitive to two or more frequency bands. Our
detectors are sensitive to two frequency
bands, centered on the peak of the CMB
spectrum (150 GHz) and on Galactic dust
emission where it exceeds CMB emission
(235 GHz) [3]. This means that our detec-
tors will be sensitive to both CMB emission
and dust emission, facilitating the sophisti-
cated foreground removal needed for future
high-sensitivity B-mode searches.

There are two sets of relevant frequencies
in this discussion. First is the frequency of
the sky signal measured by the detector (150
and 280 GHz). Any photons of sufficient en-
ergy are capable of breaking Cooper pairs in
the aluminum, so we use the band-pass fil-
ters to select only the frequencies of interest.
Next is the resonant frequency of each detec-
tor (3-5 GHz). The resonant frequencies of
the detectors are chosen based on the resolu-
tion and bandwidth of the readout system.
The goal is to pack the resonant frequencies
as closely as possible, without overlap.

Figure 3 is a schematic diagram of a sin-
gle array “pixel,” which corresponds to one
of the squares below a feedhorn in Figure
2. The gray circle in the center outlines
the feedhorn profile. Incident radiation hits
the green paddles in the center—the ortho-
mode transducer (OMT). The OMT is con-
nected to the octagonal transmission line,
which features “stubs” around the interior
edge that filter the radiation before it en-
ters one of four hybrid tees. KEach hybrid
tee receives one polarization in one of the
two spectral bands. The slotline transition
couples the signal to the aluminum sensing
element.

Our MKIDs consist of two sections,
an aluminum sensing element to absorb
the radiation and the larger niobium-over-
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Figure 3: A single array element with four detec-
tors. Radiation couples to the OMT, passes through
the band-pass filter, and couples to the resonators.
Cooper pairs break in the aluminum sensing ele-
ment, shifting the resonance frequency. Each res-
onator in the array is assigned a unique frequency by
adjusting the length of the A/4 hybrid CPW MKID,
allowing all detectors to be read out unambiguously
on a single transmission line. Figure from [3].

aluminum bilayer section, where the length
is tuned so that each MKID resonates at a
unique frequency. When photons are ab-
sorbed in the aluminum sensing element,
they break Cooper pairs and increase the ki-
netic inductance of the material. The MKID
can be modeled as an RLC circuit, with res-
onant frequency fy and quality factor @) de-
fined as

1 1

fO 27Tﬁ’ (1)
1 /L

Q=17 £

The inductance L is the sum of the geomet-
ric inductance L, and the kinetic inductance
Ly, so when Ly increases fp decreases and
@ increases. This corresponds to a frequency
down shift and broadening of the resonance
peak. We detect this shift as a change in the
amplitude and phase of the probe tone.



2.3 Cryogenic System

The absorbing section of the detectors is
made of aluminum, with a critical temper-
ature 1, of 1.4 K. We test the detectors at
about 7./10. Our cryogenic system reaches
sub-kelvin temperatures. The system is
cooled to 3 K using a Cryomech PT407 pulse
tube cooler (PTC), and achieves sub-kelvin
temperatures with a two-stage adiabatic de-
magnetization refrigerator (ADR). The top
panel of figure 4 is a photograph of the cryo-
stat set up for testing. The bottom panel of
Figure 4 is a photograph of the lower section
of the cryostat. The vacuum shells and ra-
diation shields have been removed, exposing
the experimental stages inside.

2.4 Optical Testing Setup

To test the arrays, I will follow similar meth-
ods to [5], which analyzes another KID ar-
chitecture. My optical characterization mea-
surements will focus on characterizing the
sensitivity and low-frequency noise of the
detectors. 1 have prepared the sub-kelvin
cryostat in our lab at UVA for testing (Fig-
ure 4). The first two tests will be “dark
measurements,” conducted with no illumina-
tion on the array. The remaining tests will
use three components: a variable blackbody
source (tests 3, 5), electronic millimeter-
wave sources producing broadband or con-
tinuous radiation centered on 150 GHz and
235 GHz (tests 4, 5), and a rotating half-
wave plate (test 6). The testing setup is
shown in Figure 4. Planned tests include:

1. Identify resonance frequencies. We
will sweep the probe tone through the
nominal frequency range of the res-
onators, measuring the time-ordered
spectral response of the complex scat-
tering parameter Sp;.  “Dips” in the
|S91|?* versus frequency spectrum indi-
cate resonance frequencies.
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Figure 4: Photo of the experimental setup for opti-
cally characterizing the detector array. On the far
left, the mm-wave source output passes through the
rotatable half-wave plate, then through the eccosorb
blackbody. These components are all attached to the
stage labeled “1K.” The detector module is mounted
vertically on the 100mK stage to the right-hand
side of the photo. At the bottom, the cable la-
beled “probe tone in” carries the probe tone from
the room-temperature readout system (section 2.5)
into the cryostat and to the detector module. The
cable labeled “probe tone out” carries the probe tone
out of the detector module, out of the cryostat, and

back to the readout system.
5



2. Characterize resonator quality fac-
tors. We send the superposition of the
previously identified resonance frequen-
cies (i.e. the probe tone) to the detec-
tors via the transmission line. [ will
use the readout system to monitor the
transmission line output, measuring the
Sy1 response under various temperature
and illumination conditions. I will de-
termine the resonator quality factors by
fitting a model to the S, data.

3. Calibrate resonators. To map detec-
tor response to a physical temperature,
I will illuminate the array with the vari-
able blackbody source and record the
detector responses to changing source
temperature.

4. Test spectral response. Since the
blackbody source varies slowly, it can-
not reveal spectral response times. So,
to find the frequency response time and
sensitivity range, I will switch the mm-
wave source on and off at varying fre-
quencies until we find the limits. The
response time limits how quickly data
can be collected, and therefore sets the
required observing time.

5. Determine noise properties. The
noise spectra are found by taking the
power spectral density (PSD) of the test
2 results I will calibrate to units of
mK /v/Hz using the results of test 1.

6. Measure polarization response.
The thickness of the rotating half-wave
plate is tuned so the F,, I, components
of incident waves are 90° out of phase.
At any orientation, the detectors mea-
sure Stokes I plus some fraction of )
and U. By rotating the plate 360° and
using a model to demodulate the data,
one detector can measure the full Stokes
parameters.
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2.5 Readout System

I built and programmed the readout system
we will use to test our detector arrays. This
is a homodyne system, so it produces only
one frequency at a time, and therefore can
only be used to characterize one detector at
a time. We would not operate the MKIDs
this way in a real astronomical observing
context, but it is useful for characterizing
prototype array. The homodyne system is
simpler, and in principle the system noise is
easier to understand. The homodyne read-
out system is therefore advantageous for a
detailed characterization of individual res-
onators, which is our objective in testing the
detector design. The readout system oper-
ates at room temperature. It generates a
sinusoidal “probe tone.” The probe tone is
routed into the cryostat, through the detec-
tor array, and back out of the cryostat. The
detectors modulate the probe tone; by com-
paring the modulated probe tone to the orig-
inal we can measure the detector response.

Hardware. We selected an ADC with a
high sample rate and the ability to contin-
uously collect data for an arbitrarily long
time. It is important to have sufficiently high
spectral resolution at the frequencies where
the MKID noise features are expected to re-
side. The sample frequency sets the limit on
the highest-frequency signals we can detect
according to the Nyquist-Shannon Sampling
Theorem. The duration of the sampling sets
our frequency resolution— more sample time
gives higher resolution. Five minutes of sam-
pling at the maximum rate of 51.2 kSam-
ples/s produces 245 MB of data. I added
a 1TB hard drive to the Raspberry Pi so
that it can easily store hours’ worth of data.
Figures 5 and 6 describe the readout sys-
tem. We use the Valon 5009 frequency syn-
thesizer. This model generates sine waves
between 25 MHz and 6 GHz in 10 kHz in-
crements. The increments must be small
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Figure 5: Schematic of the homodyne readout system. First, the frequency synthesizer (green for emphasis)
generates a sinusoidal “probe tone” which is sent to the power splitter. The power splitter sends half of the
power to the LO input of the quadrature demodulator. This is the “original” signal that will be compared
to the output of the MKID array. The other output of the power splitter goes to a variable attenuator. The
output of the attenuator enters the cryostat and goes to the MKID array. The probe tone leaves the MKID
array and is amplified inside the cryostat by the low-noise amplifier, and again outside the cryostat by the
25dB amplifiers. The amplified signal is then sent to the RF port of the demodulator. The demodulator
multiplies the LO and RF signals to determine their amplitude and phase difference. The 1Q demodulator
outputs the result through the “I” and “Q” ports. The analog-to-digital converter collects the I and Q
output and digitizes it, so that it can be logged by the raspberry pi. The raspberry pi is used to control and
monitor the ADC, the frequency synthesizer, and the variable attenuator.
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Figure 6: Photograph of the homodyne readout system. The ADC is mounted on top of a Raspberry Pi.
The Raspberry Pi connects to the frequency synthesizer and the variable attenuator via the USB hub. The
frequency synthesizer can optionally be operated with an external clock to improve the phase stability.
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enough to resolve the widths of the resonance
peaks (see tests 1, 2 in section 2.4). We use
the Polyphase AD0460B Quadrature (IQ)
demodulator. The signals into the LO and
RF ports of the IQQ demodulator should each
be about 0 dBm. A Minicircuits ZFRSC-
123-S+ power splitter sends a reference sig-
nal to LO. The other output of the power
splitter must be attenuated further before it
reaches the MKID array to avoid driving the
detectors out of their operational range. We
use the RCDAT-6000-110 programmable at-
tenuator to tune the power sent to the MKID
array. We amplify the return signal from the
cryostat so that the input to the RF port of
the quadrature demodulator is also 0 dBm.
The output of the IQQ demodulator goes to an
analog-to-digital converter so that the data
can be recorded on a computer. We use the
MCC 172 two-channel DAQ HAT, which is
mounted on a raspberry pi. The raspberry
pi collects and records the data. The power
supplies convert 60Hz/110V AC input to DC
output. Using linear power supplies is essen-
tial because they produce a cleaner signal
than a switching power supply. Even so, the
power spectral density plots include a line
at 60 Hz and its harmonics from the AC fre-
quency, as expected. (See Fig. 8.)
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Figure 7: The blue line shows a loopback test where
the cryostat was bypassed entirely, and the orange
line shows a test bypassing only the detector module
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Software The variable attenuator and
frequency synthesizer come with user inter-
faces based on serial commands to the com-
mand prompt. I wrote a user interface to
controls the attenuator, frequency synthe-
sizer, and ADC in a single program. The
user chooses the data collection mode and
specifies relevant parameters such as atten-
uation, probe tone frequency, and sample
rate. The UI then sends commands to the
devices and starts collecting data from the
ADC and storing it on the Raspberry Pi.

3 Methods: Readout System Validation

I have tested the readout system to verify
that the performance is reliable and ready
for detector testing. The tests were config-
ured so that the output of the variable at-
tenuator entered the cryostat, bypassed the
MKID array, and went directly to the low-
noise amplifier (Figure 5). This allows us to
test as much of the system as possible before
introducing the detectors.

3.1 Frequency Sweeps

We want to verify that the forward transmis-
sion, |Sy;|? varies slowly with frequency. The
Sy parameter measures the power received
at port 2 from port 1; i.e. how much power
is transmitted through the system. We mea-
sure Sy; using the outputs of the 1QQ demod-
ulator, such that

18012 = I* + Q. (3)

Using my readout system and UI, I swept
the probe tone frequency from 2-4 GHz in
increments of 200 kHz.

3.2 Noise spectra

We also need to examine the noise present
in the system. We take the power spectral
density (PSD) of the time-series data so that



we can examine its properties in frequency
space. The first step was to establish a ref-
erence and normalize the time-series data.
I took one hour of data with the variable
attenuator set to 35 dB, which is the re-
quired attenuation to get 0 dBm at the RF
port. Then, I took another hour of data with
the variable attenuator set to the maximum
value, 110 dB. I Subtracted the average sig-
nal at 110 dBm ("off”) from the signal at 35
dBm ("on”) to establish a zero-point refer-
ence, and then divided by the average differ-
ence to scale the "on” signal to 1 (unitless).
I took the FFT of the time-series data to
calculate the power spectrum. Then, I cal-
culated the PSD in units of dBc/Hz using

10 x logio (PS % N/ Fj) (4)

where PS is the power spectrum, N is the
number of samples, and Fj is the sampling
frequency. One hour of “on” (35dB at-
tenuation) data was collected, followed by
one hour of “off” (110 dB attenuation).
Data collection was split into 5-minute in-
crements. The probe tone was set to 3 GHz.
The sample frequency was 51.2 kS/s and
there were 30.1 million samples.

4 Results

4.1 Frequency sweeps

The frequency sweeps showed that the Sy
transmission varied slowly with frequency.
The requirement is that the transmission be
smooth and varying slowly over the width of
a resonance peak, which we expect to be a
few MHz. The requirement is satisfied.

4.2 Noise Spectra

The PSD rises reasonably slowly with de-
creasing frequency, which should be accept-
able for our measurements. A line at 60
GHz and its harmonics can clearly be seen
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Figure 8: Plot of the noise spectrum loopback test
with a 3GHz probe tone. The gray dotted line at
60 Hz is showing the expected contaminating noise
from the 60 Hz AC power.

in the PSD. This is expected, and it is con-
ventional to mask those channels. A variety
of other lines are seen at high frequencies
above about 103. We suspected the probe
tone might have been aliased down. How-
ever, those same lines appeared for a variety
of probe tone frequencies so this seems un-
likely. The lines are at a high enough fre-
quency that they should not interfere with
testing the detectors, so we can proceed.

5 Conclusions

The readout system performs as designed,
and meets the necessary criteria to move for-
ward with detector characterization. The
S21 sweep showed that the forward power
transmission varied sufficiently slowly with
frequency to characterize each resonator.
The Noise spectrum measurement showed
that the overall system noise was low and
that the 1/f knee was at a sufficiently low fre-
quency. The readout system has been tested
and validated, and we can now commence
detector characterization measurements.
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