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Abstract

High-background applications such as climate monitoring, biology and security applications demand
a large dynamic range. Under such conditions ultra-high sensitivity is not required. The resonator
bolometer is a novel detector which is well-suited for these conditions. This device takes advantage
of the high-density frequency multiplexing capabilities of superconducting microresonators while
allowing for the use of high-Tc superconductors in fabrication, which enables a modest (1-4 K) oper-
ating temperature and larger dynamic range than is possible with conventional microresonators. The
moderate operating temperature and intrinsic multiplexability of this device reduce cost and allow
for large pixel counts, making the resonator bolometer especially suitable for the aforementioned
applications. A single pixel consists of a superconducting microresonator whose light-absorbing
area is placed on a thermally isolated island. Here we present experimental results and theoretical
calculations for a prototype resonator bolometer array. Intrinsic device noise and noise equivalent
power (NEP) under both dark and illuminated conditions are presented. Under dark conditions the
device sensitivity is limited by the thermal noise fluctuations from the bolometer legs. Under the

experimental illuminated conditions the device was photon noise limited.
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Chapter 1

Background

Cryogenic detectors for photon detection have applications in astronomy, cosmology, particle physics,
climate science, chemistry, security and more. In the infrared and submillimeter wavelengths, the
most widely used sensor type is the bolometer, which employs a very sensitive thermometer to mea-
sure small temperature changes on a thermally isolated absorber. Over the past decade, however,
interest has grown in superconducting microresonators for use as photon detectors because of their
simplicity and potential to be multiplexed in large arrays. I have investigated and characterized
a novel prototype device which incorporates elements of both bolometers and superconducting mi-
croresonators in its design. This resonator bolometer takes advantage of the scalability offered by
the use of superconducting microresonator technology along with the versatility offered by the use
of a thermally insulated island. Because of its unique potential, the resonator bolometer is proving
promising for many different science applications. In order to discuss these further it will be neces-
sary to first outline the basic operating principles of bolometer-based detectors and superconducting

microresonators.

1.1 Introduction to bolometers

The bolometer concept is ubiquitous in infrared sensor design. The basic setup consists of an
absorbing element with heat capacity C' which is attached to a heat sink by thin legs which have a
combined thermal conductance G (Fig. 1.1). The heat sink is well thermally sunk so as to maintain
a constant base temperature from which the isolated absorbing element’s temperature will deviate.
When a power source P is turned on, the absorbing element’s temperature rises to a limiting value
of Tyink + P/G with time constant 7, = C/G. A thermometer placed on the island measures this
change. When the power source is turned off, the island temperature decays to the bath temperature

with the same time constant.
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Figure 1.1: Schematic diagram of a bolometer pixel. A thermometer measures the temperature
change associated with a change in incident power P on the absorber with heat capacity C. Heat
escapes to the substrate via thin legs with combined thermal conductance G.

1.1.1 Bolometer modeling

The quantities C, G and the noise equivalent power in a bolometer may be calculated in terms of
fundamental dimensions and properties of the device. The heat capacity of a slab of material of

mass m, density p and specific heat ¢ is given by

Quantized fluctuations in the thermal energy flowing across the legs introduce phonon noise. The

phonon noise contribution to the noise equivalent power is given by

NEP phonon = VAKT2G

in units of W/+v/Hz [13].

1.2 Introduction to superconducting microresonators

Superconducting microresonators are of interest for use in sensitive photon detection [5], direct de-
tection of dark matter [12] and quantum information experiments [14] among other applications [15].
Their simple fabrication process, involving a single deposition of a patterned superconducting film on
an insulator substrate, and natural frequency domain multiplexing make them attractive candidates

for large scale (~ 10° pixel) arrays.
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1.2.1 Microresonator electrodynamics

True to their name superconducting microresonators have zero resistance for direct currents when
cooled below their superconducting transition temperature T.. This supercurrent is carried by pairs
of electrons, called Cooper pairs, with binding energy 2A ~ 3.5kgT, for T < T, [2]. However, for
alternating currents energy may be stored as kinetic energy in the Cooper pairs and may be recovered
without loss by reversing the electric field. Thin (10s to 100s of nanometers) superconducting films
additionally permit energy to be transferred between Cooper pair motion and the magnetic field,
since magnetic fields penetrate below the surface of superconductors a distance A, called the London
penetration depth, which is typically of order the thickness of the film. This reactive energy flow
results in a surface kinetic inductance Ly = pgA.

Additionally a dissipative component to the conductivity is present due to the small fraction
of electrons not bound up in Cooper pairs, called quasiparticles, which behave as normal electrons
(i.e. they do not carry the supercurrent). The presence of quasiparticles and the finite inertia of the
Cooper pairs result in a complex conductivity o(w) = 01(w) — ioa(w) as described by the Mattis-
Bardeen theory [10]. Any energy input E > 2A which breaks a Cooper pair into quasiparticles will
introduce a corresponding perturbation in the complex conductivity do. This perturbation may be

measured very precisely by constructing a resonant circuit.

1.2.2 Principles of operation

Superconducting microresonator detectors are typically either a quarter-wave transmission line res-
onator or a lumped-element circuit. A single coplanar waveguide (CPW) transmission line is coupled
to every pixel in the array. The superconducting material is carefully chosen so that the resonators
exhibit very low loss in each oscillation; quality factors of Q ~ 10° are readily obtainable. Since the
device studied in this paper utilizes the lumped-element pixels, I will focus my discussion on that
design. A lumped-element pixel consists of a capacitor and inductor in series which are capacitively
coupled to the transmission line (Fig. 1.2a). By varying the capacitor area, the capacitance and thus
the characteristic resonant frequency of the pixel may be varied in a controlled manner according to
w=(LC)~'/2,

When sufficient energy is absorbed by the resonator, the resistance and reactance change accord-
ing to the change in conductivity do as described above. By varying the frequency of the current
on the feedline and thus sampling many points near and within the resonance, the dissipation and
phase changes may be quantified and the original absorbed energy determined. Because the phase
and dissipation directions are orthogonal, one can use one or the other or both to determine the

optical signal change.
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Figure 1.2: (a) An example of the lumped-element design. The interdigitated capacitor, top, can be
varied in size to control the resonant frequency of the pixel. In the center, the meandered inductor,
which acts as the photon absorber, takes up most of the pixel area. The coplanar waveguide, along
which the microwave signal travels, is visible at the bottom. (b) Signal transmission vs. frequency
using standard scattering matrix notation. Each dip in transmission indicates attenuation from a
resonant pixel coupled to the transmission line.

1.2.3 Frequency multiplexing

By tuning each pixel to a different resonant frequency, multiple pixels may be read out simply by
varying the AC frequency on the feedline (Fig. 1.2b). Ounly this single feedline is required to read
out the entire array. Pixels may be engineered to be closely spaced in frequency, in principle allowing
hundreds to thousands of pixels coupled to a single feedline. Furthermore, the readout technology
required for such large arrays already exists. One example is the CASPER ROACH processing
board shown in Fig. 1.3 [4]. One system is currently being used to read out the 32 x 32 pixel ARray
Camera for Optical to Near-infrared Spectrophotometry (ARCONS) [11].

1.2.4 Photon absorption

Most often either direct radiation coupling or an antenna structure which focuses radiation to the
sensitive part of the resonator is used to absorb photons. In the direct detection case, the inductor
serves as the photon-sensitive area, and absorbed photons directly break Cooper pairs and thus
modify the inductance and resistance. For wavelengths A > s, the spacing between lines of the
inductor, the absorbing area acts as a sheet resistance, whose value depends on the fraction of the
pixel area covered by superconducting film. The array is back-illuminated, with light first passing
through the silicon substrate before contacting a pixel, for better impedance matching between the

pixels and free space.



Figure 1.3: A Reconfigurable Open Architecture Computing Hardware (ROACH) board used to
read out large superconducting microresonator arrays.

Gy

Figure 1.4: Two level systems, in which an atom may quantum tunnel between two local minima
in potential energy, are hosted in a thin amorphous surface layer on the crystalline substrate. They
introduce excess noise in the position of the resonant frequency in a resonant circuit.

1.2.5 Two level systems

In practice, superconducting microresonators exhibit excess noise in the frequency (phase) direction
not predicted by superconductivity theory. This noise arises from the presence of an amorphous
surface layer on the crystalline substrate on which the superconducting material is deposited. This
layer appears when the atoms on the surface of the crystal contact air and form bonds with molecules
in the air. Because of irregularities in the structure of this surface layer, under the presence of a
strong electric field an atom or group of atoms may quantum tunnel from one local minimum in
potential energy to another (Fig. 1.4). The moving atoms carry a dipole moment so that these two
level systems (TLS) contribute randomly to the dielectric constant of the capacitor in the resonant
circuit and thus the capacitance and the resonant frequency. While a microscopic theory of the noise
introduced by TLS does not yet exist, the effect is well-documented in experiments [3, 5, 8] and a
semi-empirical model has been developed by Gao et. al. [7]. This model may be used to design

devices which minimize the TLS noise.
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1.3 The resonator bolometer

Superconducting microresonators are revolutionary devices but they do not come without limita-
tions. They must operate at temperatures T < T., where the surface inductance dominates. To
operate in the 1 - 4K temperature range, desirable for its simple cooling requirements compared to
sub-Kelvin temperatures, superconductors with T, ~ 15K must be used. However, superconduc-
tors with such high transition temperatures have short quasiparticle lifetimes [9]. The quasiparticle
lifetime, or the time it takes for quasiparticles to recombine once formed, limits the sensitivity of a
detector. For constant illumination, a shorter lifetime implies fewer quasiparticles at a given time
and thus a smaller signal. Thus microresonators must operate at sub-Kelvin temperatures to remain
sensitive.

Along with my collaborators at Caltech and NASA’s Jet Propulsion Laboratory I have inves-
tigated placing the sensitive portion of the resonator on a thermally insulated island as a way to
circumvent this obstacle. In the resonator bolometer, the inductor is placed on the bolometer island,
where it acts as both the photon absorber and the thermometer measuring the energy trapped on
the island. The rest of the circuit is deposited directly onto the substrate (Fig. 1.5a). This design
effectively extends the quasiparticle lifetime because thermal energy released from the recombination
of a pair of quasiparticles is trapped on the island, where it may break another Cooper pair (Fig.
1.5b). The magnitude of the signal is thus governed by heat flow from the bolometer island legs to
the substrate instead of by the quasiparticle recombination time. In contrast, in a superconducting
film deposited directly on the substrate, the emitted thermal energy, or phonon, simply escapes to
the substrate, and only incident photons break Cooper pairs.

The resonator bolometer design thus allows for a broad class of superconducting materials to
be used in fabrication. It additionally enables a straightforward decoupling of the meander from
photon detection; a separate absorber could easily be placed on a bolometer island with a resonator
inductor, with the resonator detecting the thermal energy produced by this absorber.

This design has many potential science applications. The ability to operate at temperatures
above 1K makes the resonator bolometer attractive for space-based instrumentation because of the
greatly simplified cryogenic setup. It is especially suitable for high-background applications such as
Earth observation in the far-infrared because of the tunability of the dynamic range enabled by the
use of high-T, superconductors. The investigation into the viability of the bolometric island as a
coupling mechanism is important for further development of superconducting microresonator-based

designs for gamma ray, X-ray and particle detectors.
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Figure 1.5: (a) A resonator bolometer pixel. The inductor is on a wire mesh grid released from the
substrate and connected to it via six legs (see closeup). The capacitor (top) and the CPW (bottom)
are both directly on the substrate. (b) Energy recycling in a resonator bolometer pixel. An incident
photon breaks a Cooper pair into its constituent quasiparticles, which quickly recombine. The energy
from recombination is emitted as a phonon. Since the phonon is trapped on the isolated island, it
is available to break another Cooper pair. Overall, a given input power causes more quasiparticles
to exist at a given time than if the sensitive portion of the pixel were not thermally isolated, so that
the signal is larger.

1.3.1 Fabrication

In order to begin investigating the feasibility of the resonator bolometer concept, a prototype array
was fabricated at NASA’s Jet Propulsion Laboratory (Fig. 1.6). This array consists of a single row
of 16 pixels in two frequency bands. The chosen superconducting material is NbTiN, with a T, of
approximately 14 K. The NbTiN was deposited and patterned on a layer of silicon nitride on the
silicon substrate. Next, trenches in the silicon were etched to isolate neighboring pixels. Finally, the
silicon was etched away from underneath the grid mesh to suspend the inductors and thus thermally

isolate them.



Figure 1.6: The prototype resonator bolometer array studied. The 16 pixels in a row in the center of
the substrate are read out by a single transmission line, visible to the left and right of the substrate.
The substrate itself is well thermally sunk by multiple wire bonds around its edges.



Chapter 2

Measurement Techniques

2.1 Overview

Several measurements were performed on this prototype array in order to demonstrate its function-
ality and characterize it fully. Under dark conditions, when the detector is not exposed to light, the
temperature dependence of the resonant frequency and quality factor for several pixels was mea-
sured. In addition the noise equivalent power (NEP) was obtained as a function of both temperature
and readout power. Under illumination, the response of a pixel to a small change in illumination
was measured, as well as the NEP and time constant associated with the time taken for the signal

to return to baseline upon removal of the radiation source.

2.2 Measurement setup

See Figure 2.1. The basic measurement is a change in amplitude and phase of a tone of a given
frequency after interacting with the pixels of the array. A frequency tone is generated by the
microwave source and split, with one branch sent straight to a mixer and the other to a transmission
line coupled to each pixel, where absorption from a resonance may occur. The two branches are
recombined by the mixer, and the two orthogonal components, which can be thought of as the
real and imaginary components of the signal, are low pass filtered before being read in by a data
acquisition card and saved to file.

Measurements were taken in several distinct runs. For each, the array was first cooled to 4 K via
thermal coupling to a liquid helium bath. To achieve temperatures as low as ~1.5 K, we pumped
on the helium to lower its boiling point. By varying the pumping strength we could stabilize the
temperature anywhere in this 1.5 - 4 K range. The data collection software was written in LabVIEW

(Fig. 2.2) and served to automate the data collection process as each independent variable was varied.
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Figure 2.1: Measurement setup. A frequency tone generated by a microwave source is split, with
one component traversing the transmission line near the detector pixels, and recombined by a mixer
to retrieve orthogonal components of the signal, which are used to calculate amplitude and phase
information.

8 B ]l e e —

NG

(a) LabVIEW Front Panel (b) LabVIEW Block Diagram

Figure 2.2: Sample control panel and instrument programming diagram written to control the
measurement electronics.
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2.3 Fitting for the resonant frequency and quality factor

Sweeping over a range of frequencies, one can reconstruct the resonance profile for a given pixel.
Using the standard scattering matrix description of the circuit, the transmitted raw data obeys the

relation [6]:

. i Q- el?
Sor =1+ §Q = J(wrte) (1—, , 2.1
21 JjQ = a(f)e Q1+ 2jQux (2.1)
where the fractional frequency shift x is given by
T = f - fresonance . (22)

fresonance

In equation (2.1), a(f) represents the frequency-dependent amplitude of the signal if the reso-
nance were absent (the baseline transmission) and e/(“7+%#) is the cable delay term with w = 27 f,
7 being the phase shift at f for the cable length present (the cable delay) and ¢ being the phase at
zero frequency. @, = (Q; Y4+ Q-1 is the total quality factor with Q; being the internal quality
factor and Q. being the coupling quality factor, and ¢ is an arbitrary phase due to wire bonding.
So1 is the fraction of power transmitted. Note that @, the imaginary part of Ssi, is distinct from
the various quality factors @Q,, Q. and Q);.

The first steps in solving for the resonance parameters f,., Q; and ). are to remove the leading
factors: the baseline transmission and the cable delay term. By adequately sampling the frequencies
near, but not in, the resonance, the cable delay term w7 4 ¢ may be fit to a line and the baseline
transmission a(f) may be fit to a high degree polynomial (Fig. 2.3 (a), (b)).

Next, the resonance is fit to a circle in the IQ plane (Fig. 2.3 (c¢)) according to the equation

Q- e?
Q.1+ 2jQ.x

from which the resonant frequency and quality factors which produce the best fit are found.

S21:1

While the details differ, this basic procedure and electronic setup was followed for all of the

measurements I will describe.
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Figure 2.3: Steps in the calibration process. (a) The uncalibrated data traces out a circle centered at
the origin for frequencies far from resonance. The resonance is a smaller circle tangent to the large
one. (b) Fitting the smooth variation in frequency of the baseline to subtract it from the resonance.
(¢) The calibrated data, after removing the cable delay and normalizing. The plotted points are
equally spaced in frequency. Points at frequencies far from resonance cluster around (1,0). (d) The
amplitude and (e) the phase of the calibrated transmitted signal, with the plotted points equally
spaced in frequency.
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Chapter 3

Dark Measurement Results

The measurements taken can be neatly divided into dark measurements, where the array and cryostat
windows were covered to keep optical radiation from reaching the array, and measurements under
illumination, where a controlled radiation source was placed in front of the cryostat window to
illuminate the detector. Both types of measurement are of interest for characterizing this array; the
dark measurements offer a glimpse into the operating capabilities under very low light conditions and
allow the most fundamental and characteristic noise sources to dominate and be studied. In contrast
the illuminated measurements are more similar to how this array might be used for science so they
provide a more concrete picture of the array’s potential performance. I will begin by presenting the

dark measurement results and later compare these to the illuminated measurement results.

3.1 Temperature dependence

The simplest experiment to carry out is to vary the temperature of the device and record the
changes in the resonance. A detector pixel responds to changes in temperature and changes in
incident radiation similarly since both processes result in additional Cooper pair-breaking energy in
the inductor. Thus we expect to see both the resonant frequency f, and the quality factor @; of the
resonance varying with temperature, which was observed (Fig. 3.1). Also shown in the figure is the
best fit of a theoretical model based on the Mattis-Bardeen theory of superconductivity. The model
is derived in Appendix A. To fit f,.(T"), the superconducting transition temperature T, was allowed
to vary; T, = 13.7K yielded the best fit. Qi_l(T) depends both on T, and the kinetic inductance
fraction o, defined as the ratio of the kinetic inductance L, to the total inductance Ly + Ly, where L
is the temperature-invariant geometric inductance. For this fit we fixed T, at the value determined
from the fit to f-(T") and varied . a = 0.55 gave the best fit.

Finally, the inverse quality factor was plotted against fractional frequency shift to yield Fig. 3.1b.
The slope of the fit to the left-most points is 3, the ratio of the change in frequency to the change in

dissipation from the same signal. Our device has § ~ 35, indicating the frequency change is larger.
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Figure 3.1: (a) Fractional frequency shift x vs. temperature. The data points are plotted in
red, with the fit from Mattis-Bardeen theory (Appendix A) in blue. The fit is a best fit line; the
superconducting transition temperature T, was allowed to vary to find the curve which best matched
the data. The shown curve corresponds to T. = 13.7K, which is the value the material was designed
to have. (b) Inverse quality factor vs. temperature. The theory predicts that Q@ — oo as T — 0. In
this and other superconducting microresonator-based devices however, @) is observed to approach
a finite maximum; this is due to other sources of dissipation, including TLS (Section 1.2.5) and
radiation into free space [15]. The gap in the data near 2.2 K is the lambda point of liquid helium,
where it transitions from superfluid to normal liquid and the associated large change in heat capacity
causes a jump in the temperature.
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Figure 3.2: Inverse quality factor vs. fractional frequency shift. For the region where Mattis-Bardeen
theory is valid, the points map to a line who’s slope is 3, the ratio of the change in frequency to the
change in dissipation from the same signal. Our device has # ~ 35, indicating the frequency change
is much larger.
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Figure 3.3: To measure a signal change, resonances sampled before and after a change in incident
power are compared. The resonant frequency f, before the change is at a different position after
the change; the fractional frequency shift « is thus (f;,,, — frn..)/fro..- The signal change in the
dissipation direction is also shown.

3.2 Response

With the basic behavior of the resonances understood, the next step was to look toward the mea-
surements necessary to find out the sensitivity of the array. The sensitivity depends both on the
magnitude of the response of the resonator to a small change in the incident power and the ran-
dom fluctuations, or noise, in the resonator properties measured. If the power change results in a
response so small that it cannot be distinguished from the random fluctuations, then the detector
is not sensitive enough to observe that change. More precisely, the sensitivity for long wavelength

detectors is usually given as the noise equivalent power, defined for noise S,, and response R as

VSCEI

NEP =
R

(3.1)

Thus accurate measurements of both the response and the noise are necessary to estimate the NEP.

Signal changes are measured by comparing a resonance before and after a small change in the
incident power. Because both reactive and dissipative changes occur, either or both of these changes
may be measured independently to infer the change in incident power. Changes in the resonant
frequency (reactive) are along the resonance loop and dissipation changes are perpendicular to it
(Fig. 3.3). The response is significantly larger in the frequency direction as a consequence of
superconductivity theory. This makes the frequency direction less susceptible to electronic noise; for
this reason, we focus on the response and noise measurements in the frequency direction only. The
signal change produces a response in the form of a fractional frequency shift z, given by Eq. (2.2).
Note that in a system where this detector is used for science applications, both directions may be
used.

The response was measured with and without light allowed into the cryostat. In the former case,
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the mechanism is straightforward; a change in the incident power causes changes in the resonance as
described above. In the latter case, small temperature changes serve as the effective signal. These
may be converted to equivalent changes in incident power by G, the thermal conductance of the

bolometer island legs:

GAT = AP.

The response under dark conditions is thus

B Az
GAT’

3.2.1 Thermal conductance calculation

2 /AT, the response to temperature changes, is readily calculated as the derivative of the curve
in Fig. 3.la. The other necessary quantity is the thermal conductance G of the bolometer island
legs. It is known empirically that G exhibits a roughly 7° dependence [1]. From the phonon NEP

expression given in Section 1.1.1 and Eq. (3.1), we can solve for G:

 4kpT?(Az/AT)?

phonon
Trx

G

where SPhonen g the phonon contribution to the total noise S,,. Measurements of the phonon noise

(see Section 3.3.3 below) fit to a T power law yield, in nW/K,

G =~ 0.373.

3.2.2 Results

The response is shown as a function of temperature in Fig. 3.4. Importantly, there is well over an
order of magnitude difference between the response at 1.5 K and at 4 K, suggesting that the lowest

temperatures will not yield the optimal sensitivity.

3.3 Noise

3.3.1 Data collection and processing

The noise is first measured by sampling a resonance and then outputting a single tone from the signal
generator at the resonant frequency. Sampling at this position for several seconds yields a spread
of data points representing the noise (Fig. 3.5). Like the response, the noise may be measured in

either the frequency direction or the dissipation direction, or both; we chose the frequency direction
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Figure 3.4: Calculated response from G = 0.37° nW /K.

for reasons stated above (Sec. 3.2). From the initial scan of the resonance, a mapping between the
generator frequencies and the points on the resonance loop is made, and the fractional frequency
shift = for each point is calculated (Eq. (2.2)).

Next, the power spectral density of the time stream of data is computed. The power spectral
density quantifies the power carried by each frequency component of a stochastic process (in this
case, the noise data stream) and is typically given in Watts/Hz. This is normalized by dividing by

the total power in the signal to yield the fractional frequency noise S, in (Hz)~!.

3.3.2 Noise sources

A typical set of noise plots for one pixel are shown in Figure 3.6. Several distinct processes contribute
to the observed noise. Phonon noise from quantized fluctuations in thermal energy in the bolometer
island legs (section 1.1.1) introduce noise up to about 150 Hz, where the noise is low-pass filtered
by the thermal time constant 7 (see sections 1.1 and 4.2). At lower frequencies, electronics and
thermal instability associated with pumping on a liquid helium bath increase the noise. At the
highest frequencies, two different noise sources dominate at different temperatures. At low 7', two
level system noise (see section 1.2.5) dominates. It is low-pass filtered by the resonator ring-down
time constant (see Appendix B). At high T the resonator Q decreases significantly. This leads to a
relatively increased electronic contribution at high noise frequencies (>~ 1kHz). It, along with all
the other noise sources, is rolled off by an anti-aliasing 100 kHz low-pass filter. Finally, the sharp

noise spikes originate from the electronics.
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Figure 3.5: Noise at resonance. Each data point in the green spread is mapped to a frequency using
the fit to a frequency scan over the resonance (black points).
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Figure 3.6: Example fractional frequency noise plots at various temperatures. The green box
indicates the frequencies of interest for the NEP calculation; higher frequencies will not be used for
science applications and non-detector-based noise takes over at lower frequencies.
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3.3.3 Dark noise results

In practice, signals varying with frequencies above the bolometer roll-off cannot be observed with
this detector because the averaging effect of the bolometer time constant will reduce the signal. Thus
the frequencies of interest for operation are ~ 150 Hz and below. Extraneous noise from thermal
drift and excess noise exhibited by our cryogenic amplifier dominate at very low frequencies. In the
future, these can be greatly reduced with a new amplifier and a thermally controlled sample stage.
For this measurement however, the value of S, used to calculate the NEP is an average of the data
points within the green box in Fig. 3.6, excluding the electronic noise spikes. This average noise is
plotted vs. temperature in Fig. 3.7. A clear minimum is visible at ~ 2.5 K; to either side, the two
most important noise sources dominate. At high temperatures, the phonon noise dominates; it is

given by

AkpT?(Ax/AT)?
= .

phonon __
Sa:z

The plotted phonon noise curve is a best fit of this equation to the data, with G as a variable
parameter. G = 0.373 nW/K yields the best fit; thus this was the dependence chosen for the
response calculation (section 3.2).

At the low temperature end, the TLS noise dominates due to its T~2 dependence. The exact

proportionality constant for this dependence was also chosen for its fit to the data; thus

STLS _ 3 * 10_19 KQ/HZ

Txr T2 .
Added together, these two sources predict the temperature dependence of the noise nicely. The next
step is to combine the noise data with the response data to get the NEP. This is done at the end of

chapter 4 together with the NEP under illuminated conditions.
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Figure 3.7: Noise under dark conditions. Phonon noise dominates at high temperatures, while TLS
noise dominates at low temperatures.
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Chapter 4

Measurements under illumination

Up to this point I have discussed only the dark measurements. While most of the procedure remains
the same for the corresponding measurements under illumination, particularly the data processing,
the experimental setup changes significantly with the addition of an external light source. In this
chapter I will explain some of these extra procedural challenges and present the results in comparison

with the corresponding dark measurement.

4.1 Optical response measurement

When light is allowed into the cryostat, a change in the power radiated by an optical source leads

to changes in x. In this case the response is simply

Az

R= NG
The changes AP were produced by placing a chopper wheel between a voltage-controlled black-
body and the cryostat window (Fig. 4.1). The chopper wheel was placed behind a sheet of room-
temperature absorbing material with a small hole to define the aperture. As the chopper wheel
spun, it alternately blocked and passed light from the blackbody behind it, producing an approxi-

mately square wave signal of amplitude AP. The corresponding frequency changes were recorded

as a function of operating temperature and the results are presented in Fig. 4.2.

4.2 Time Constant

While measuring the bolometer time constant is not necessary for computing the NEP, it remains
a physically interesting measurement, since it tells us what kinds of time-varying signals we can
observe.  This measurement is conceptually similar to the response measurement, since in both
cases the response of the resonator to a pulse of light is recorded. In this case, we were focusing

on the transitions of the resonator to and from its baseline in response to the pulse. A terahertz
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Figure 4.1: Setup for the optical response measurement. Light from a blackbody held at a fixed
temperature is modulated by the rotation of the chopper wheel. An aluminum plate covered in an
absorbing material placed in front of the chopper with a small hole for the aperture ensures that
off-axis radiation entering the cryostat comes from a homogeneous source.

[y
L=}
w

Fractional frequency response (1/W)
=

10 . 1 1 |
1.5 2 2.5 3 3.5 4 4.5
Sample temperature (K)

Figure 4.2: Response vs. temperature under optical loading, with a polynomial fit to the data.



Figure 4.3: Setup for the time constant measurement. A terahertz radiation source was used to
ensure that the transitions between low and high intensity were fast compared to the bolometer time
constant.
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Figure 4.4: (a) Responses at low and high operating 7' to the THz pulse show the substantial
difference in the magnitude of the response at these two temperatures. (b) The rise and decay
curves may be fit to an exponential (black curves) to estimate the time constant. 74x = 475us and
T1.5K — 365,U,S.

radiation source was used in place of the blackbody and chopper setup to ensure that sharp square
pulses were produced when compared to the bolometer time constant (Fig. 4.3).

Sample pulses are shown in Fig. 4.4a. The difference in response between 1.5 K and 4 K is
clearly visible. Also evident are the exponential rise and decay of the frequency shift. Fitting the
decay curves to an exponential function (Fig. 4.4b) yields tyx = 475us and 71 5x = 365us; these
values agree with the value that may be estimated from the phonon noise roll-off in the noise plots

(sections 3.3.2 and 4.3).
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Figure 4.5: Noise plots for a single pixel at a constant temperature (~ 3 K). While the overall
structure is similar, the noise under illumination is higher below the phonon noise roll-off, reflecting
the presence of photon noise.

4.3 Noise under illumination

Fig. 4.5 compares two noise plots taken at the same temperature for the same pixel under dark and
illuminated conditions. Evidently the structure is the same; both measurements clearly exhibit low
frequency thermal instability noise, a phonon noise roll-off between 10? and 10% Hz, and in this case
TLS noise rolled off by the resonator ring-down time (Appendix B) at high frequencies. However,
in the illuminated case the noise is higher below the phonon noise roll-off; this reflects the addition
of photon noise, which has no intrinsic spectral dependence but which is rolled off by the detector
response.

When we again average the noise around 150 Hz over multiple temperatures, we see the added
photon noise contribution in the optical data when compared with the dark data (Fig. 4.6). As-

suming a constant photon NEP, the photon noise may be calculated:

SPhoton — (NEPppoton * (Ax/AT))?.
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Figure 4.6: Noise vs. temperature at 150 Hz. The red data points are the noise under illumination
while the blue data points are under dark conditions. Adding a constant photon NEP modulated
by the response of the detector and added to the phonon and TLS noise determined from the dark
data produces good agreement with the data for T' > 2.5K.

NEPPeten — g%10~15 W /Hz'/? produces the best fit to the data. The photon noise is added to the
phonon and TLS noise as fit from the dark data.

4.4 Noise equivalent power

The noise equivalent power (NEP) in terms of the fractional frequency noise and response is

Vv SJL’CE
R .

NEP =

The dark and illuminated NEP are plotted together with the photon NEP in Figure 4.7. A clear
minimum is present in the dark NEP around 3 K and to some extent also in the illuminated NEP.
The upward trend as temperature decreases reflects the diminishing response, while in the opposite
direction phonon and photon noise dominate.

The plot highlights a discrepancy in our data which is currently under investigation. The photon
NEP was calculated from a fit to the noise as described in section 4.3. Thus, assuming the response
was calculated correctly, the NEP under illumination should equal the sum of the photon and dark
NEPs. This is not the case, implying the response calculation is not taking everything into account.

The greatest source of uncertainty is our estimated value of AP for the response calculation; the
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Figure 4.7: Noise equivalent power under dark and illuminated conditions as compared to the
calculated photon NEP. A NEP minimum is established around 3 K. The discrepancy between the
photon NEP and the measured NEP under illumination is currently being investigated.

discrepancy observed in Fig. 4.7 suggests that light is being absorbed by the detector than originally
taken into account. AP is the power absorbed by the detector, and as such depends on (1) the optical
load entering the cryostat, (2) the characteristics of the filters in the light path, and finally (3) the
spectral dependence of the detector absorption. (2) and (3) are currently uncertain and under
investigation: (2) because out of band transmission may contribute significantly to the detector
loading, and (3) because, as this is a novel prototype device, the resonator bolometer’s absorption
properties have been neither measured experimentally nor modeled. I am currently working on
modeling the device absorption. Appendix C details the analytic solution to the simplest case.
Starting with this simplest case, I have been using finite element structure simulator software to

approximate the device design.
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Chapter 5

Conclusion

The measurements presented here form a comprehensive characterization of the resonator bolometer
array and point towards several avenues of further research. Design changes have been proposed
which would improve the device performance. For example, depositing the capacitor directly onto the
silicon substrate instead of on a layer of silicon nitride should substantially reduce the TLS noise.
Additionally, other superconducting microresonator detector projects have begun to engineer the
resonances at much lower frequencies in order to eliminate the need for an analog mixer. Removing
this analog component not only reduces complexity but significantly reduces cost and removes a
potential source of electronic noise from the system. Finally, investigations into increased optical
coupling will help ready this device for science applications.

One of the initial uses envisioned for this technology is in climate monitoring of the Earth from a
satellite in low-earth orbit. For this application, the loading conditions measured in the laboratory
and presented here are similar. Under these conditions the device has been shown to be photon-
noise limited with sufficient dynamic range and is therefore nearly an ideal device. To increase
the mapping speed, the optical efficiency of the detector needs to be improved and we are actively

working on this aspect of the device.
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Appendix A

Expressions for f.(T) and Q;(T)
from Mattis-Bardeen theory

The Mattis-Bardeen theory of the anomalous skin effect in superconductors [10] may be used to

derive the behavior of the resonance as the superconductor’s temperature is varied.

A.1 Temperature dependence of f,

Given conductivity o5 = 01 — 03, the superconducting resistivity is
1 01 + 109

Os - a% + O’% ’

The superconducting resistance is thus

g1
2 2
oy + 03

s — RN

where Ry is the resistance in the normal state. Likewise, the superconducting inductance is given

by

g2
whs = RN
o] + 03

where w is the angular frequency. The resonant frequency of an LC circuit is

1
2fy =y = ———

VLC'

Let fo be the resonant frequency of the circuit at OK. Then

fr_fo_ﬁ_lz

fo  fo (LoC)~ 1 L,
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_ 02, Wr (Ui + J%,.) 1
- 2 2 -
wo(of, + 020) o9

Because we are dealing with frequency changes on the order of a few thousandths of fy (i.e. a few
MHz), w,/wo ~ 1. Also, for T < T., 03 > 01, 50 0} + 03 ~ o5. Using these approximations, we

have:

T~ - — 1.
02,
o9 is related to the temperature by
1 [Athe E? 4+ A% — hwE
) [T i 1 - 2/(E)], (A1)
On hw Ja \/EQ—A2\/A2—(E—hw)2

where ¢, is the normal state conductivity, A =~ 3.5kgT, is half the Cooper pair binding energy, w
is the angular resonant frequency and f(FE) is the distribution function for quasiparticles, given by

f(E) =1/(e®/*T 4+ 1) in thermal equilibrium.

A.2 Temperature dependence of Q);

The internal quality factor @; is the ratio of w times the kinetic inductance Ly to the resistance Ry
in the circuit. The kinetic inductance fraction o« = Ly /L. Using the equations for Ry and wLg in

section A.1, we can express ); as a function of oy and os:

o9 is given by Equation (A.1), while

o1(w) :i/wdE E? + A% + hwE
on hw Ja VE? — A2\ /(E + hw)? — A2

with the quantities o, A, w and f(E) defined in section A.1.

[f(E) = f(E + hw)]
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Appendix B

Resonator ring-down time
derivation

The total quality factor @, is given by:

wo€
Qr = ?2
where wy = 27 fj is the angular resonant frequency, € = %L[ 2 is the energy stored in the resonance
and P = %I 2R is the power dissipated. Plugging in for € and P yields:
Q _ WO%LI2 N (JJ()L
" iPR R
The attenuation can be obtained by solving the equation of motion for an RLC circuit and is
equal to %. Then we have:
R wy R  wy 1l 2nfy «f0

attenuation = —

2L 2wl 2Q. 2Q, Q

The resonator ring-down time 7.5 is defined as the inverse of attenuation, so, in terms of quan-

tities easily found from fitting resonances,

Qr

Tres = .
res 7'['f0

Tres Can also be expressed in terms of the bandwidth A f by substituting Q, = g—‘}:

1
Tres = W
Physically, the resonator ring-down time is the timescale on which the resonator loses energy
during oscillation. By design, the bolometer time constant (sec 4.2) is much greater than the

resonator ring-down time, so that quantity dominates in our measurements.
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Appendix C

HFSS modeling calculations

An accurate NEP under loading can only be determined if the optical power reaching the detector
is well known. This requires knowledge of both the absorption of the filters in front of the detector
and the spectral dependence of the absorption of the detector itself. The former is provided by
specification sheets for the filters, but the latter must be measured or modeled. In order to confidently
report the amount of radiation absorbed by the detector, we have modeled the absorption of a single

pixel. Details of the methodology are reported here.

C.1 Description of circuit

See section 1.3.1.

C.2 Analytic solution to simplest case

The simplest approximation treats the meandering inductor as a uniform 80 {2 sheet resistance on
one surface of the silicon substrate in free space (see Fig. C.1). The Si substrate has a thickness

of [ = 500 pm. Standing waves can occur in the silicon. Maximum transmission occurs when the

Free space Silicon Free space

@w»=w»-va:_

Resonator
(sheet resistance)

Figure C.1: In the simplest approximation, the light sensitive part of the resonator, the meandering
inductor, is treated as a sheet resistance on the boundary between the silicon substrate and free
space.
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substrate thickness is an odd integer multiple of a quarter of a wavelength. Minimum transmission
occurs when the substrate thickness is an even integer multiple of a quarter of a wavelength. To find

the frequencies of minimum and maximum transmission, we evaluate:

n\ n c

4 due
where A/4 =1 = 500pum and eg; = 11.9. Solving yields

nv = n * 4.35 % 10'19Hz.

In the case that n is even, we are dealing with half-wavelength multiples, so the magnitude of
the voltage is the same at either end of the silicon section. This means we can eliminate it from the
circuit. The simplified circuit is free space in series with free space and a 50 €2 sheet resistance to
ground in parallel. The equivalent impedance for the parallel section is

1

5092 377Q2

And the reflection coefficient for the transition between free space and this load is

377441

“3mmaaan 0T

In the case that n is odd, the equivalent impedance of the Si section plus load (free space in

parallel with 50 Q sheet resistance) is Zgi /Zioad, so that the reflection coeflicient is

377 — (377/V/11.9)2/44.1
AT 37T+ (377/V/11.9)2/44.1

[S11| should oscillate between these two extremes.

r 0.16.

Al
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