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Department of Physics

The Axion Dark Matter eXperiment (ADMX), located at the University of Washington, is
a world-renowned experiment and is at the forefront of the hunt for the elusive QCD axion.
The QCD axion, originally proposed in the late 1970s to solve a problem in particle physics,
was quickly identified as a promising dark matter candidate. While it was initially thought
to be impossible to detect due to its extremely weak coupling to standard model particles,
over the past couple of decades major advancements in experimental technology have allowed
experiments, like ADMX, to become sensitive enough to detect such a particle. In this thesis
I will begin by providing context on the history of and evidence for dark matter, the origin of
the axion as a theoretical particle, and what makes the axion a good dark matter candidate.
Next, I will explain how experiments like ADMX search for axions today as well as situate
ADMX in the landscape of existing and proposed axion searches. The remainder of the
thesis will cover the details of the most recent data taking run with ADMX, Run 1D. More
specifically T will detail the hardware changes made since the last run, the most thorough
noise calibration campaign done with ADMX to date, the operations and procedures involved
in taking data, as well as the full analysis process. I will finish by reporting results including
a 90% confidence level upper limit on axion-photon coupling between 1.088-1.315 GHz, as

well as a discussion about the discovery ability of this data set.
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ing. The lowest energy state is no longer at the point where ¢ (some scalar

field) is equal to zero, which has become a local maximum, but instead is de-
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[llustration of the evolution of the axion field potential over time. In the early
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Universe drops below Aqcp, the potential tilts, forcing the field into its CP
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oimplified diagram of a Sikivie haloscope. Axions passing through a resonant

cavity that 1s immersed in a static magnetic field convert into observable

photons. These photons are then picked up by an antenna and amplified by

an ultra-low-noise amplifier. Figure taken from Ref. [37]] . . . . . .. . . ..
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A simplified panorama of the axion-photon coupling parameter space. Con-

straints are roughly color coded, with direct searches for dark matter axions

in the solar neighborhood shown in blue, searches for axions produced in as-

trophysical environments shown in green, and pure laboratory searches in red.

'The pure laboratory searches differ from direct detection experiments in that

the pure laboratory searches do not make any assumptions about axions being

dark matter, whereas the blue searches do. Figure taken from Ref. [I33]] . . .
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Cutaway diagram of the ADMX insert inside the magnet bore. The insert,

which contains the microwave cavity, as well as the cryogenic receiver chain

and dilution refrigerator, i1s lowered into the magnet bore for data taking.

Power 1s extracted from the cavity with an antenna and then amplified by

a Josephson Parametric Amplifier (JPA) that lives in the field-free region

marked with dashed red lines. The power is then amplified a second time by

an HFET amplifier, before exiting to the room temperature receiver where it

1s processed further. Note that this diagram is slightly outdated as it shows

the cavity as having two tuning rods. The Run 1D cavity only has one, larger

tuning rod, but otherwise the diagram is representative of the current design.|
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Helium isotope phase transition diagram from Bluefors [6]. As the mixture
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A series of photos showing the installation ot the rod into the Run 1D cav-

ity. A) Inside of the Run 1D cavity B) Lifting the rod to insert the bottom

sapphire axle before installation C) Former ADMX undergraduate Peter Park

and current LLNL staft scientist Nick Du are shown preparing to insert the

rod into the cavity D) The rod and top sapphire axle after being installed into
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A mode map showing the resonant frequencies ot various cavity modes chang-

ing with rod position. The mode of interest for ADMX, T'My,q, can be tuned

over a range of roughly 0.9 —14 GHz| . .. ... ... ... ... ... ...
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The axion power extracted by the antenna is proportional to §/(1 + (),

as shown 1n purple. The axion haloscope scan-rate on the other hand is

proportional to 3%/(1 + 3)°, as shown in green. There is a dotted line at

£ = 1 to mark where the axion power extracted by the antenna is maximized

with respect to 5, which corresponds to critical coupling. There 1s a dashed

line at § = 2 to mark where the axion haloscope scan rate is maximized with

respect to 5, which turns out to be slightly over coupled.| . . . . . . . . . ..
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The cryogenic receiver chain for Run 1D. There are four different lines shown.

The weak and bypass lines are primarily used for characterization of cavity

parameters, while the pump line provides the input pump tone tor paramet-

ric amplification with the Josephson Parametric Amplifier (JPA). Lastly, the

output line is used to amplify and readout signals from the cavity. ADMX

uses two amplifiers, a JPA and an HFET amplifier. The three small squares

[ with circular arrows in them are unidirectional devices known as circulators |

which are used to direct the signal path and prevent downstream noise from

reaching the cavity. There are 10 and 20 dB attenuators on weak, bypass and

pump lines at the reservoir bottom and mixing chamber stages respectively.

The black circles represent 0 dB “attenuators” used as thermal sinks. Con-

nected to the weak line via a directional coupler is the hot load, which is a

variable temperature stage used for noise calibration. It can be connected to

the output line using an RF switch. | . . . . . ... ... . ... ... ....

P8

Top: standard transmission measurement ot the TMq;o cavity resonance. This

type of transmission measurement 1s used to calibrate various experimental

parameters such as the quality tactor and receiver gain. Bottom: wide trans-

mission measurement of many different cavity modes. This type of trans-

mission measurement i1s used for making mode maps and tracking the TMgq

moded ...

2.9

Reflection measurement of the TMgy;o cavity resonance. This measurement is

used to calibrate various experimental parameters such as the quality factor,

receiver gain, and cavity coupling strength.|. . . . . . . . ... ... ... ..
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R.10

Figure taken from Ref. [111]. A JPA circuit diagram. The region outlined in

purple contains an array of SQUID loops (right hand side) that are in series

with a geometric inductance and shunted by a capacitor. The JPA can either

be current-pumped or flux-pumped. In current-pumped operation (as was

used for Run 1D), the pump tone at frequency wp enters the circuit via the

main transmission line shown (red). In flux-pumped operation, the pump tone

enters via the inductively coupled DC line (blue). In either case, the input

signal a;, enters the main transmission line, mixes with the pump tone in the

JPA. and then 1s reflected back down the transmission line and exits the JPA

from the same port it enteredin.| . . . . . . ... ... ...

pIT

The cryogenic receiver chain for Run 1C. There are five different lines shown.

The weak and bypass lines are primarily used for characterization ot cavity

parameters, while the pump line provides the input pump tone for parametric

amplification with the Josephson Parametric Amplifier (JPA). The hot load

line 1s used to monitor the gain of the receiver while it is connected to the

hot load (left-most 20 dB attenuator in the diagram), which is a variable

temperature stage used for noise calibration. The hot load can be connected

to the output line using an RF switch. Lastly, the output line is used to

amplify and readout signals from the cavity. ADMX uses two amplifiers, a

JPA and an HFE'T amplifier. The three small squares with circular arrows in

| ] Trectiona] dovi Ted ool Tl o ] |

signal path and prevent downstream noise from reaching the cavity. There are

3 dB attenuators on weak, pump and hot load lines cooled baffle temperature

stage. There is another set of 3 dB attenuators on the weak, bypass, pump and

hot load lines at the 1K plate temperature stage as well. In addition, there

are 20 dB (10 dB) attenuators on the weak and bypass (pump and hot load)

lines at the reservoir bottom temperature stage. There are also 20 dB (30

dB) attenuators on the weak, pump and hot load (bypass) line at the mixing

chamber temperature stage. Finally, there are 0 dB “attenuators” that serve

as thermal sinks on the weak, bypass, pump and hot load lines at the ICP

and still temperature stages. | . . . . . .. ... L

p.12

Screenshot of the ADMX Run 1D wiring spreadsheet. The example shown

here 1s the tab associated with Cable B . . . . . . . . . . . . . .. ... ..

P13

ADMX Run 1D image gallery of sensors in Fig. [2.14] These images are on

the ADMX wiki page that can be accessed by internal collaborators who are

interested in locating a specific sensor. Not all sensors were able to be easily

photographed, but those that were are included in the gallery| . . . . . . ..

[2.14 ADMX Run 1D sensor map. Each number corresponds to a sensor in Fig. [2.15{ 52
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P15

ADMX Run 1D sensor map key. Each number corresponds to a sensor in

A

p.16

Design drawing for the upgrade dilution refrigerator cable, Cable k. This ver-

sion of Cable F included more heat sinking bobbins in more strategic locations,

different wire material, and more easily interchangeable connectors.| . . . . .

R.I7

Pinout diagram for the upgraded dilution retrigerator cable, Cable F. Pins

13-16 were designated to be made with copper wire, while the rest ot the pins

are phosphor bronze. This is because the still heater, which uses more current

than the temperature sensors, was designated to be on pins 14 and 15, leaving

13 and 16 as backups. | . . . . . . . ..o o

[2.18 Left: the former “breakout box” for Cable F. Really, it was just a connector
| ] dhe & T ] T The Iofi hand side o - |

are soldered into connected to the old Cable I, and the right hand side with

the white cables coming out were routed to the sensors and the still heater.

'This connector was not only dilapidated, but it was not as easily labeled and

changes were difficult to keep track of because the wires on the cable itselt

were what needed to be re-soldered in the case of a break, rather than having

some Intermediate connection that changes could be made to. Right: new

and improved breakout board. This board is what is housed inside of the

box shown in Fig. [2.19. This breakout board has entirely fresh wiring and

connectors, and 1s much more clearly labeled with every connector and every

pin on each connector having a number associated with them. In addition,

because Cable F plugs into this board, the changes made during rerouting are

made to the board, rather than the cable itselt.| . . . . . ... ... ... ..

2.19

The newly designed breakout box for Cable F mounted on top of the cavity

next to the breakout box for Cable E (left edge of the image). The connectors

for temperature sensors can be seen on the left hand side of the breakout box

and there are 3 spares. Cable F 1s shown plugged into the top of the box.| . .

2.20

Drawing showing the changes made to Cable D in the cryogenic space. Namely,

the breakout box was relocated from the top of the reservoir to the cooled

baffle and another heat sink was added to the top of the reservoir in its place.

In addition, a filter box was added on the bottom of the reservoir to reduce

electronic noise on the JPA biaslined . . . . . . . . .. ...,
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B

ADMX RF diagram in the cold space. Other than the HFE'T, all the compo-

nents are connected to the milliKelvin stage directly. The blue arrows show

the shared path for both noises and possible signal from the cavity. The brown

arrows show the path of the attenuator A thermal noise to the cavity. Difter-

ent stages (i.e. stage 1, stage 2, etc.) are labeled corresponding to the noise

model 1 Sec. B2 . . . .

B2

Lett: Power data taken before beginning heating for a JPA-oft-hot-load mea-

surement to estimate the digitizer uncertainty with the JPA off (P,g). The

example shown here corresponds to an uncertainty of 8e—10 W. Right: Power

data taken before beginning heating for a JPA-on-hot-load measurement to

estimate the digitizer uncertainty with the JPA on (F,,). The example shown

here corresponds to an uncertainty of 8e—9W.[. . . . ... ... ... ...

75

B3

Here I plot the hot load temperature and the output power changing together

during the course of two JPA-off-hot-load measurements done at 1280 MHz.

'The temperature is smoothly increased using a DC power supply tfrom ~

150 — 500 mK and then smoothly decreased using the same voltage steps.

The output power tracks the changing temperature closely, as expected from

the linear relationship described in Eq.[3.210 | . . . .. ... ... ... ...

7

B4

Here the hot load temperature i1s plotted against the output power for the

two JPA-off-hot-load measurements done at 1280 MHz. The data are fit to

Eq. [3.25| where T = Ty, and Ty, = Tppr/oer = 0= 4 Turer - The

Q.

fits shown here used the entire data range, however the fits were performed

multiple times using slightly different fitting windows to estimate systematic

uncertainty introduced from a given choice of fitting window. After taking into

account differences in the fit results caused by adjusting the fitting window, I

found Tyrer/ceg = 6.17 £0.75 (6.13 +0.20) K for the January 4th (January

30th) measurements. Both values are in agreement well within 1o, indicating

high stability in the HFET noise performance over time. Averaging the two

effective HFET noise temperatures results in Typpr/aer = 6.15 £0.39 K| . .

78

13.5

Here I plot the hot load temperature and the output power changing together

during the course of two JPA-on-hot-load measurements done at 1280 MHz.

The temperature is smoothly increased using a DC power supply from ~

150 — 200 mK and then smoothly decreased using the same voltage steps.

The output power tracks the changing temperature closely, as expected from

the linear relationship described in Eq.[3.28f . . . ... ... ... ... ...
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13.6

Here the hot load temperature i1s plotted against the output power for the

two JPA-on-hot-load measurements done at 1280 MHz. The data are fit to

Eq.[3.29 where T' = 2Ty, and Tk, = Tipa et = 9 Leire(lzan) | Tgfl’A. The fit shown

a

here used the entire data range, but the fit was pertormed multiple times

using shightly different fitting windows. After taking ito account differences

in the fit result caused by adjusting the fitting window, I found Tipp s =

0.139 £ 0.021 (0.143 £ 0.019) K for the February (June) measurements. Both

values are in agreement within error bars, indicating stability in the JPA noise

both over time and under different bias settings. Averaging the two effective

JPA noise temperatures results in Tjpp g = 0.141 =0.014 K| . . . . . .. ..

82

13.7

Here | plot the mixing chamber temperature and the output power changing

together during the course of two JPA-off-cavity measurements done at 1280

MHz. The temperature is tracked during the course of a full system cool-down.

The output power tracks the changing temperature closely, as expected from

the linear relationship described in Eq.[3.23l[ . . . ... ... ... ... ...

13.8

Here the mixing chamber temperature is plotted against the ofi-resonance

output power for the two JPA-ofi-cavity measurements done at 1280 MHz.

The data are fit to Eq. [3.25| where 1" =1, is the hot load temperature and

Ts: = Tyrer. The fits shown here used the entire data range, but the fits were

performed multiple times using slightly different fitting windows. In addition

to adjusting the fitting window, the fits were performed using 1" = 1 ;.. instead

because of the impertect assumption that 1, = Te.. After taking into

account differences in the fit results caused by adjusting the fitting window and

using a different temperature sensor, I found Typgr = 4.18+0.26 (3.80+1.02)

K for the March (June) calibration. Both values are in agreement within

1o, indicating stability in the HFE'T noise over time. The value used for

calculating « 1s an average ot the two: Typpr =3.99 052 K| . . . . . . ..

86

13.9

Here one can see the relevant temperatures and the output power changing

together during the course of the JPA-on-cavity measurement done at 1280

MHz. The off-resonance fit uses 1" = 27 a1, S0 that is what is plotted here.

Meanwhile, the on-resonance fit uses T = Tipage1|lcav|” + Teav(l — [Teav]?) +

‘ Tstage1, SO that is what is plotted for the on-resonance case. The temperatures

are tracked during the course of a full system warm-up. The output power

tracks the changing temperature closely in both cases, as expected from the

linear relationship described in Eq.[3.27] The black dashed lines mark where

data were removed due to rapidly changing gain resulting in poor gain correction.| 89
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[3.10 Here the relevant temperatures are plotted separately against the off-resonance

and on-resonance output power for the JPA-on-cavity measurement done at

1280 MHz. The data are fit to Eq.|3.29|where T' = 2T age1 (T = Titage1|Ueav|” +

Teay(1 — |Teav|*) + Titager) for the off-resonance (on-resonance) data and T, =

TipA ot = 9 Teire(1—01) —|-lele . The fits shown here used the entire data range, but

the fits were performed multiple times using slightly difterent fitting windows.

After taking into account differences in the fit results caused by adjusting

the fitting window, I found Tjpa o = 0.372 £ 0.022 (0.372 £+ 0.018) K for the

off-resonance (on-resonance) data.|. . . . . .. ... oL
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[3.11 Hot Load 1, comparison at 1280 MHz. Here I plot the comparison between

the two methods, using SNRI and Txrpr /o (pink points) and using J PA fit

(green points), over the course of both hot load measurements done at 1280

‘ MHz. Tt is clear that for both the February and June data the system noise

| temperature we calculate i1s consistent between the two methods within error

[3.12 Cavity T, comparison at 1280 MHz. Here [ plot the comparison between

the two methods, using SNRI and Typgr/aes (pink points) and using JPA fit

(green points), over the course of the cavity calibration done at 1280 MHz.

Data above 0.3(0.32) K have been randomly downsampled for plotting pur-

poses due to the high density of data in that region. The discontinuity around

this temperature was caused by a sharp increase in JPA gain during the course

of the measurement, causing a sudden drop in 7,. For both the off-resonance

and on-resonance data the calculated system noise temperature 1s consistent

| between the two methods within error bars] . . . . ... .. ... ... ...

(4.1  Example of a JPA bias plot. The x-axis is the JPA pump power, the y-axis

the JPA bias current and the color map corresponds to the JPA gain in dB.

'This measurement was centered on a bias current ot -2.01 mA with a span

a darker band of optimal bias parameters that have significantly higher gain

I
I
| of 0.02 mA and a pump power of 11.3 dBm with a span of 1 dBm. There is
I
I

than their surroundings ranging from the bottom left to the top right of the

4.2 Top: grand spectrum SNR vs frequency for nibble 5 just before the initial pass

| was completed (scanning upward in frequency). Bottom: grand spectrum SNR

[ vs frequency for nibble 5 after the SNR leveling pass. As you can see, the SNR

[ was leveled out and nearly the entire spectrum 1s above our target SNR. Any

narrow regions where the SNR hasn’t reached the target value (like the small

dip at 1238.4 MHz) are covered during the candidate rescan. | . . . . . . ..
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Here I plot the cavity resonant frequency (fq) vs time to show the progression

of data taking throughout Run 1D. As one can see, the run started up around

1300 MHz and the experiment more or less scanned downward in frequency

ending around 1100 MHz. The inset plot shows the data taking cadence within

a single nibble, nibble 7, as an example. One can see there is a slower initial

scan, followed by a faster SNR leveling scan and two even quicker candidate

| rescans as described in the textl] . . . . . . ..o o000

51

Frequency dependence of the JPA SNRI. A few hours of data (blue) are aver-

aged together for plotting purposes, but for the actual analysis no averaging

was done. The data are fit using an SG filter (orange) to capture the general

shape of the SNRI frequency dependence. The SG-filtered SNRI is then used

to calculate a frequency dependent 74, for each spectrum using Eq. [3.17]] . .

107

52

Diagram of the ADMX warm receiver chain for Run 1D. From left to right:

(A) DC amplifier (Low Noise Factory model LNF-LNR1_15B_SV), (B) DC

amplifier (Mini-Circuits model ZX60-33LN-S+), (C) SPDT mechanical switch

box (Mini-Circuits model RC-4SPDT-A18), (D) and (E) DC amplifiers (Mini-

Circuits model ZX60-3018G-S+), (F) directional coupler (Mini-Circuits model

7X30-17-5-S+), (G) Polyphase Microwave image reject mixer (model IRM0622B),

(H) low pass filter (Mini-Circuits model ZX75LP-50-S+), (1) directional cou-

pler (Mini-Circuits model ZX30-17-5-S+), (J) 150 kHz wide custom band-pass

filter centered on 10.7 MHz, (K) and (L) DC amplifiers (Mini-Circuits model

ZFL-500+), (M) 2 MHz wide band-pass filter centered on 10.7 MHz (Mini-

Circuits model SBP-10.7+4). The directional couplers enable debugging before

and after the mixing stage.|. . . . . . . . . .. ... Lo
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.3

Run 1D warm receiver shape. The green points are the averaged spectrum,

and the black line 1s the smoothed receiver shape that was fit using a Savitsky-

Golay filter with order 3 and window length 17. Note that the frequency axis

in units of bin number, not Hz.| . . . . . .. ... .. ... 0.

Examples of three different individual power spectra after the warm receiver

shape from Fig. |5.3] has been removed. Variations in the shape post-warm-

receiver-removal are caused by frequency-dependent gain ot the cryogenic re-

[ ceiver. There are further rounds of receiver removal to account for these |

differences in the cryogenic receiver shape, which is discussed further in this

section and the results of which can be seen in Fig. [5.50 | . . ... ... ...
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[5.5

The same three spectra shown in Fig. [5.4] atter removing any residual back-

ground shape imposed by the cryogenic receiver. The process is described

turther in the text. Note that the y-axis is in units of SNR rather than power

for visualization purposes. The spectra used for assembling the grand spec-

trum have the y-axis in units of power as expected.| . . . . . . .. ... ...

1.6

The same three spectra shown in Fig.|5.4/and Fig.[5.5 after scaling the spectra

to represent a signal inside of the cavity and converting the y-axis to units of

Watts/Kelvin. This process is discussed further in the text.. . . . . . . . ..

114

.7

Beginning in the top lett, as the cavity tunes across the signal the signal

experiences resonant enhancement at fg. = fp. 1This 1s how a “post-cavity”
g

version of an axion-like signal would behave. On the contrary, looking at

the top right we can see the behavior of a “post-cavity” version of an RFI-like

signal. In this case, the signal amplitude i1s constant regardless of the difterence

between [, and fo. Moving to the bottom left, an “In-cavity” version of an

axion-like signal would Took much Tike the “post-cavity” version of an RFI-like

signal, in the sense that it has a constant amplitude with respect to fge, — fo.

In contrast, an “in-cavity” version of an RFI-like signal actually appears to

minimize on-resonance with the cavity| . . . . . ... ... ... ... ...

5.8

The top plot shows the persistent candidate from nibble 12 at 1089.9995 MHz.

As one can see, 1t was undoubtedly a strong power excess that was present

in both the original and rescan data. The bottom lett photo shows Gray and

I using a coaxial antenna connected to the signal analyzer (SA), centered on

1090 MHz, to check for ambient RFT on site. The bottom right photo shows

the resulting RFT signal on the SA. This check was used to eliminate this

| candidate and close out nibble 12 . . . . . . . . ... ...

5.9

Here I plot signal amplitude vs signal frequency for the persistent candidate

at 1130.6135 MHz. The black data show the signal while coupled to the usual

TMy19 mode, while the red data show the signal while coupled to the TMgq;

(which should not couple to axions). The signal was not only able to couple

to the TMy;; mode, but 1t actually had larger signal strength while coupled

to this mode than 1t did to the TMy;0 mode. This is strong evidence that it is

not an axion-like signal. Indeed, after confirming with the SAG control team

at PNNL, this candidate was identified as a secondary/blinded SAG.| . . . .

x1i
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[5.10 A global limit plot putting this work (purple) in context with other exper-
| iments, with an inset zooming in on this work’s 90% C.L. upper limits on
Jary (as well as limits from Ref. [I7] due to overlapping coverage). The
dark matter density is assumed to be 0.45 GeV/cm®. Gaps in the limits
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Chapter 1
INTRODUCTION

The axion is a theoretical particle originally proposed to solve a puzzle in particle physics
known as the strong CP problem. However, over the last few decades physicists have turned
their attention to the axion’s potential to solve the dark matter mystery as well. Let us then
explore these two seemingly unrelated phenomena, the history of the axion, and the various

ways that physicists are searching for axions today.
1.1 Dark Matter

The modern history of dark matter can be traced back to Fritz Zwicky’s application of the
Virial Theorem to the Coma Cluster in response to its surprisingly large observed velocity
dispersion. In doing so he found that the expected velocity dispersion derived using the Virial

Theorem was significantly smaller than the observed velocity dispersion. In his words [188]:

“If this would be confirmed we would get the surprising result that dark matter

is present in much greater amount than luminous matter.”

Observations of other galaxies and galaxy clusters around the same time further sup-
ported Zwicky’s statement that there appears to be some substantial amount of dark matter
dominating over regular, luminous matter [167, [I158]. By the 1960s, more and more scientists
were becoming convinced that this observed excess mass could indeed be real, but others
remained skeptical.

At the same time that some astronomers like Zwicky were studying galaxy clusters, others
were focusing their studies on the circular velocity profiles of the stars and gas in individual

galaxies, also known as galactic rotation curves. Dating back to the 1930s, astrophysical



observations of the rotation curve of the Andromeda galaxy (M31) indicated the presence of
large amounts of non-luminous (dark) matter [124) 29]. Despite these discoveries however,
through the end of the 1950s there was no consensus that the discrepancies arising from
observed rotation curves conflicted with the existing understanding of galaxies [41]. Over
the next two decades however, this would change. In 1970, American astronomers Vera
Rubin and Kent Ford published a higher quality rotation curve of M31 which showed that
the mass of M31 continuously rose with distance from the galactic center up to the last
measured region of 24 kpc [I55]. In the same year, Australian astronomer Kenneth Charles
Freeman compared the expected peak radius of the rotation curve based on photometric
observations with the observed peak radius seen with 21 cm spectral observations [88]. In
doing so, he found that the observed rotation curves peaked at larger radii than predicted

concluding that [41]:

“... there must be in these galaxies additional matter which is undetected, either
optically or at 21 c¢m. Its mass must be at least as large as the mass of the
detected galaxy, and its distribution must be quite different from the exponential

distribution which holds for the optical galaxy.”

In the years following this result, more studies were published that confirmed galactic
rotation curves remained flat as far out from the galactic center as the observers could
see [154], [176] 153]. Of particular importance was the addition of radio observations which
extended rotation curves out beyond the optical radii of galaxies. For example, Albert
Bosma’s 1978 Ph.D. thesis included the rotation curves of 25 different galaxies made using
radio observations [43]. The rotation curves remained flat beyond the optical size of the
galaxies (Fig. , indicating that the mass of the observed galaxies continued to grow past
the realm of stars and gas. By the end of the decade, “the case for invisible mass in the

Universe [was] very strong and getting stronger” [84].
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Figure 1.1: Rotation curves of 25 galaxies of various Hubble types. Figure and caption taken

from Ref. [43].

However, in the early 1980s Mordehai Milgrom published a series of papers challenging
the notion that dark matter was the only explanation for the observed galactic and stel-
lar dynamics of the previous decades [130], 128, 129]. This theory was known as modified
Newtonian dynamics (MOND), and, as the name suggests, modified Newton’s second law to

reproduce astrophysical observations in place of dark matter. However, there were multiple



issues with Milgrom’s first iteration of MOND including its inability to conserve momentum,
angular momentum or energy as well as its incompatibility with general relativity. Various
improvements have been made to MOND since then, resolving the issues above while in-
troducing others. In particular, while the leading theory of MOND in the modern day is
capable of explaining the observed dynamics of many spiral and elliptical galaxies, it breaks
down on the scale of galaxy clusters. In 2006, observations of the Bullet Cluster further
discredited MOND while bolstering the argument for dark matter [62]. As shown in Fig. [1.2]
the gravitational potential of the Bullet Cluster determined from gravitational lensing does
not spatially map to the majority of the baryon content of the bullet cluster (in the form
of hot, x-ray emitting gas). Rather, the gravitational potential traces the distribution of
galaxies, which had been separated from the hot gas during the recent collision of the two
component clusters that make up the Bullet Cluster. The significant discrepancy between
the location of the center of the total mass from the center of the baryonic mass could not be
explained by modified theories of gravity. Only a substantial amount of non-baryonic dark

matter could explain this observation.
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Figure 1.2: Left: Color image of the Bullet Cluster taken using the 6.5 m Magellan telescope’s
Inamori Magellan Areal Camera and Spectrograph. Right: X-ray image of the Bullet Cluster
taken using the Chandra X-ray Observatory. Shown in green contours in both panels is the

gravitational potential determined from gravitational lensing. Figure taken from Ref. [62].



So then the question is no longer whether or not dark matter exists, but rather what
1s dark matter? In many ways the simplest assumption at the time was that dark matter
was composed of existing compact objects that are much less luminous than regular stars
but otherwise relatively similar, known as massive astrophysical compact halo objects (MA-
CHOs). These included objects such as planets, brown dwarfs, red dwarfs, white dwarfs,
neutron stars and black holes. Direct searches for MACHOs using gravitational microlensing
however, found that less than 8% of the Milky Way dark matter halo could be composed of
MACHOs with masses between 0.6 x 1077 M, — 15M, [119,170]. The discovery of the cosmic
microwave background (CMB) introduced another piece of evidence in the dark matter puz-
zle. More specifically, it enabled precise measurements of the cosmological baryon density, as
well as the total cosmological matter density. In the 2018 Planck Collaboration results, the
baryon density was found to be Q,h? = 0.0224 4 0.0001 while the total matter density was
found to be €,,h? = 0.14240 £ 0.00087, meaning that baryons only make up 15.73 & 0.12%
of the matter in the Universe [142]. This is further indication that MACHOs are not the full
solution, and that instead we must look to non-baryonic dark matter candidates to account
for the remaining ~ 84% of matter that is not composed of baryons.

Non-baryonic particle dark matter candidates can be split into three general categories,
“hot”, “warm”, and “cold”, depending on their velocities in the early Universe. Hot dark
matter (HDM) particles are predicted to have emerged from the Big Bang with ultrarela-
tivistic velocities. This causes them to have a damping mass on the scale of superclusters,
meaning primordial density fluctuations smaller than this scale would be suppressed in the
early Universe [42] 148]. Consequently, HDM is expected to follow a top-down model for
large scale structure formation. That is, objects on the scale of superclusters form first, and
only later collapse into smaller scale structures like galaxies. A common hot dark matter par-
ticle candidate is the standard model neutrino. However, astrophysical observations indicate
that supercluster collapse occurred more recently than galaxies began forming (zs < Zgalaxies)

which is inconsistent with the top-down model [175] [83] 109)].

Warm dark matter (WDM) particles are predicted to have intermediate velocities and



corresponding damping mass on the scale of large galaxies [42, 148]. Therefore, primordial
density fluctuations below this scale are suppressed and large galaxy sized structures are the
first to form. Common WDM candidates include sterile neutrinos and gravitinos. Because of
their intermediate velocities, WDM candidates have been predicted to follow a more complex
model of large scale structure formation combining aspects of both top-down and bottom-up
models [I36]. While it is still an active area of study, astrophysical observations have placed
tight constraints on what kind of WDM particle, if any, could be a dominant source of dark
matter [110, Q0] 132] [69].

Cold dark matter (CDM), particles are predicted to have very small velocities and, as
a result, cosmologically negligible damping mass such that even small primordial density
fluctuations are not suppressed [42} [148]. Therefore, CDM is expected to follow a bottom-up
model for large scale structure formation where small over-densities are the first to collapse.
These small objects then merge with other small objects becoming the sites for galaxy for-
mation. These galaxies then merge into galaxy clusters, and so on. Common CDM particle
candidates are axions (see Sec. and weakly interacting massive particles (WIMPs).
In their 1985 paper [67] Davis, Efstathiou, Frenk, and White performed the first numerical
simulations of gravitational clustering in CDM-dominated universes to compare with obser-
vational data from the Center for Astrophysics Redshift Survey [68]. After comparing their

simulations with observations, the authors concluded that [67]:

“...it is remarkable how many aspects of the observed galaxy distribution are
reflected quite faithfully by the distribution of CDM [...]. This seems too good to
be true, but perhaps it hints that we are at last approaching a correct resolution

of the missing mass problem.”

This result bolstered the reputation of CDM as the model which most closely matched
astrophysical data. Years later, precision measurements of the CMB with the Wilkinson

Microwave Anisotropy Probe (WMAP) and Planck truly solidified the case for cold dark



matter. The authors of the 2009 paper detailing the results of the WMAP CMB data
stated [81]:

“Considering a range of extended models, we continue to find that the standard

ACDM model is consistently preferred by the data.”

Over the next decade the Planck collaboration made several measurements of the CMB,
each one improving upon the last [141] 144]. In their most recent result [I142], the authors

found that:

“... the base-ACDM model provides a remarkably good fit to the Planck power
spectra and lensing measurements, with no compelling evidence to favour any ...
extended models [...]. The overall picture from Planck ... is one of remarkable

consistency with the ... ACDM cosmology.”

Clearly, in the current day it is indisputable that dark matter exists in some form, and
furthermore it seems exceptionally likely to be cold. Thus, in the remainder of this thesis
I will consider non-relativistic velocity distributions an essential criteria for a viable dark

matter candidate.
1.2 Axion Theory

1.2.1  Origin of the Azxion

In order to understand the history of the axion, we must first discuss the strong CP problem.
Fundamentally the strong CP problem is a question of why the neutron electric dipole mo-
ment (EDM) is so small. Quantum chromodynamics (QCD) is the field theory that describes
the strong interaction between the fundamental particles, namely quarks and gluons, that
form composite subatomic particles like protons and neutrons. The development of QCD
in the 1970s illuminated a problem with the strong interaction dubbed the U(1) problem.

In short, QCD predicts a global chiral U(1) symmetry, which when spontaneously broken,



should produce a fourth pseudo-Goldstone boson in addition to the three pions [173, [60].
However, no such particle has been observed. The resolution to the U(1) problem, detailed
by t’Hooft in a 1976 paper [169], lies in the true vacuum structure of QCD, which turned out
to be more complicated than originally predicted. The updated theory of QCD to account for

this complicated vacuum structure included an additional contribution to the Lagrangian:

g2

L, =
07 3972

0qcn FH Foua. (1.1)

Here, g is the QCD coupling constant, fqcp is a fundamental parameter related to the
QCD ground state, F* is the QCD field strength tensor, and F, wa 18 its dual. If one takes
electroweak interactions into account, fqcp is changed by an amount equal to arg(det(m,)),
where m, is the quark mass matrix [I39]. The result of this is that the term above in the

QCD Lagrangian should actually be written as:

2 ~
Lo = 3;2 OF™ F e, (1.2)

where 6 = Oqcp + arg(det(m,)). This term in the QCD Lagrangian that was added to
resolve the U(1) problem predicts that the strong force violates charge-parity (CP) symmetry
in such a way that one would expect to observe a neutron EDM magnitude on the order of
d, =~ 107199 ¢ - cm [31], 66]. Naturally, one might expect the effective QCD vacuum angle,
6 to be of order 1. However, as the sensitivity of neutron EDM experiments has increased
since the 1950s limits on the magnitude of d,, have only gotten smaller and smaller, with the
current best measured limit of d,, = (0.0 £1.1)10726 ¢ - cm [12]. This means that § < 1071
— an unusually small number! This result requires that either Ogcp and arg(det(m,)) are
both extremely close to zero, or that they just so happen to perfectly cancel each other
out leading to the observation that # ~ 0. This apparent fine tuning of a fundamental
parameter necessary to achieve the observed CP conservation despite explicit CP violation
being expected is what is known as the strong CP problem.

There have been several proposed solutions to the strong CP problem since its discovery,



but one is particularly elegant and, for that reason, is considered a leading explanation. This
solution was first proposed by physicists Roberto Peccei and Helen Quinn in a pair of seminal
papers describing what is now known as the Peccei-Quinn (PQ) mechanism [138, 137]. In
these papers the authors proposed the introduction of a new global chiral U(1) symmetry,
known as the PQ symmetry (U(1)pq), which is necessarily spontaneously broken in the early
universe at some energy scale fpq, above which CP is not conserved. The PQ mechanism

effectively promotes @ from a static parameter to a dynamical complex scalar field, ¢(x).

Vv (¢)

A Im(g)

Re(¢)

Figure 1.3: The classic wine bottle potential that leads to spontaneous symmetry breaking.
The lowest energy state is no longer at the point where ¢ (some scalar field) is equal to zero,
which has become a local maximum, but instead is described by some randomly chosen point

along the “rim” of equivalent global minima. Figure taken from Ref. [23].

At energies below fpq but above the QCD energy scale, Aqcp, the field follows a classic
wine bottle potential like that of the Higgs field:

Voa(@) o (jof - 22, (1)

where ¢ is the new scalar field and fpq is the spontaneous symmetry breaking energy

scale. See Fig. for a visual example of this type of potential. At energies above fpq, the
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vacuum expectation value of the scalar field is (¢) = 0, meaning all values of § are equally
likely and strong CP violation is present. At energies below fpq, Vpq(0) becomes a local
maximum and the field is forced into the new minima corresponding to the “rim” of the wine
bottle. That is, the vacuum expectation value of the axion field becomes (¢) = fPTQQ. In the
classical potential, # could still take on a multitude of values corresponding to the rim of
equivalent global minima, which does not provide a satisfactory reason for why we see 6 ~ 0
today. Luckily, as the Universe cools further to energies below Aqcp, the U(1)pq symmetry
is explicitly broken by the QCD anomaly. This essentially tips the wine bottle potential in
one direction such that it is minimized at a single value of ¢, and introduces another term
to the QCD Lagrangian:
¢ g -

Lpg =E— F'™FE a, 1.4
PQ fPQ327T2 a o ( )

where £ is a model dependent parameter, g is the QCD coupling constant, and F* and

F,,q are the QCD field strength tensor and its dual. So now the full QCD Lagrangian
becomes:
gb 92 I n

L otal — L axions é e vas
total SM, _'_( +£fPQ>327T2 a 122

(1.5)

where the second term is the sum of the two CP violating terms of the QCD Lagrangian
(Ly + Lpq). Peccei and Quinn show that if at least one fermion flavor acquires its mass
by coupling to ¢ then the absolute minimum of Vpqg(¢) occurs when the effective QCD
vacuum angle is equal to zero in the ground state (6 + & % = 0) [I38]. Thus, after the
QCD phase transition the axion potential will naturally relax to a vacuum expectation value
of (¢p) = —fPTQé, dynamically canceling whatever initial value @ takes on, causing the CP
violating terms in Eq. to vanish. Thus the PQ mechanism has provided a dynamic
solution to the strong CP problem.

Soon after the PQ mechanism was proposed, Steven Weinberg and Frank Wilczek noted
that the introduction of a spontaneously, and explicitly, broken U(1) symmetry would imply
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the existence of a very light, but not massless, pseudo-Goldstone boson which they dubbed
the “axion” [I74, I77]. As such, from here on out I will replace ¢(z) with a(x) (the axion
field), and will replace fpq with f, (the axion decay constant). The mass of the axion is

related to the axion decay constant [71] via the following equation:

(1.6)

1 12
mg =~ 5.7 peV <0—Ge\/>

fa

The first realistic model for the QCD axion is known as the PQWW model, named after
Peccei, Quinn, Weinberg and Wilczek. This model predicted an axion decay constant on the
order of the electroweak scale f, = vp ~ 250 GeV, corresponding to an axion mass O(10 —
100 keV). This led to a surge in experimental activity in the years following because this type
of axion would be easily detectable with existing accelerator and particle experiments of the
time. However, the PQWW axion model was quickly ruled out by laboratory searches [78]
82, 38, 183, [165, [18]. This led to the development of so-called “invisible” axion models with
fa > vp. Because the axion mass is inversely proportion to f,, these models describe axions
that are very light, very weakly coupled to standard model particles, and very long lived.
Their exceptionally weak couplings make them difficult to detect, hence their reputation as
“invisible”. The invisible axion (weakly) couples to a handful of particles, but the most
relevant for this thesis is the axion-photon coupling in which axions decay into two photons.

The axion-photon coupling strength is defined by:

E
oy = % {N - 1‘92(4)} - :?Z (1.7)

where the first term is the model dependent contribution proportional to the ratio of the

electromagnetic (E£) and QCD (N) anomaly coefficients of the PQ symmetry, the second

term is the model independent minimal coupling to QCD, « is the fine structure constant

and g, = %{% — 1.92(4)}. The two benchmark models for invisible axions are the Kim-

Shifman-Vainshtein-Zakharov (KSVZ) [113], 159] and the Dine-Fischler-Srednicki-Zhitnitsky
(DFSZ) [185], [75] models. For the KSVZ model £ = 0, while for the DFSZ model £ = 3.
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Plugging these into Eq. [I.7, we can see that g, ksyz ~ —0.97 and g, prsz >~ 0.36. As we
will see later in this thesis, the axion-photon conversion power is proportional to gg so the
expected axion-photon conversion power from a KSVZ axion is ~ 7.3 times stronger than it

is for a DFSZ axion.

1.2.2 Awxions as Dark Matter

Now that we have established the particle physics origin of the QCD axion, let us examine
why it makes a particularly compelling dark matter candidate. Firstly, let us recall the

crucial criteria that any viable dark matter candidate must meet:
1. At most feebly interacting with standard model particles and electromagnetism
2. Stable on cosmological timescales
3. Non-baryonic

4. Produced in sufficient quantities in the early Universe to account for the observed dark

matter density today
5. Moving at non-relativistic speeds in the early Universe (*“cold”)

As I have discussed in the previous section, invisible axions inherently satisfy conditions
1, 2, and 3. I will now discuss an athermal method of axion production that ensures axions
are both produced in large numbers in the early Universe, and that they are born cold.
That is, this production method, known as the misalignment mechanism, satisfies both
condition 4 and condition 5. The misalignment mechanism is essentially the PQ mechanism
in a cosmological context. We discussed in the previous section that the PQ symmetry is
spontaneously broken at some time in the early Universe (determined by the axion decay
constant f,), which causes the axion field to randomly single out a particular initial value of

0 which we will call §;. After this, the potential takes on the form of the wine bottle potential
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(Eq. where ¢ = a and fpq = f,. At this stage, the axion appears as a massless degree
of freedom, a true Goldstone boson. As the Universe cools to a temperature around Aqep,
the PQ symmetry is explicitly broken singling out a true global minimum of the potential,
{(a) = —f.0, such that the effective vacuum angle is equal to zero. Note that £ = 1 for
both the KSVZ and DFSZ models so I have dropped it from the definition of the global
minimum for the axion field [I39]. The energy density stored in the axion field due to the
misalignment between 6;, which can take on any value between £, and the CP conserving
value of § = —% causes the axion to roll down the rim of the wine bottle and oscillate around

the new global minimum resulting in the athermal production of very light pseudo-Goldstone

bosons, namely axions. Fig. [I.4] shows an illustration of this process.

Figure 1.4: Mlustration of the evolution of the axion field potential over time. In the early
Universe T > f,, the PQ symmetry is unbroken, and # can take on any value. As the
Universe cools to T < f,, the PQ symmetry is spontaneously broken, and  takes on a
random initial value, §; between +7. At this point, the axion is a true, massless Goldstone
boson. Finally, as the temperature of the Universe drops below Agcp, the potential tilts,
forcing the field into its CP conserving minimum at § = —%). Note that in this figure,
6 =60+ Jiia is the effective vacuum angle, which is why it shows € rolling to 0 in the right
most potential. Figure taken from Ref. [134].
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Now that we have a method of production that gives rise to non-relativistic axions in the
early Universe, the question is how many axions can be produced in this way and is it enough
to account for a significant portion of dark matter? It has been shown since the early 1980s
that axions with decay constants 10® GeV < f, < 10'2 GeV) can indeed account for the
entire observed dark matter abundance [147, [11], [74]. However, the answer to the first half
of this question really depends on two things: whether the PQ symmetry is broken before or
after inflation, and what the axion mass is. Therefore let us instead ask the question: what
axion mass would produce the correct abundance of dark matter today? Before we can do
that however, we must address the first dependence. The relationship between the axion

density today (€,h?) and the initial misalignment angle is ©,h? o #2. The choice of initial

misalignment angle is where inflation comes into play.

If PQ symmetry is broken after inflation, a random ensemble of 6; values populates
the observable universe, so it is safe to take an average of all possible values to find a
single representative estimate for 6; when calculating €2,h2. In the post-inflation scenario
where the average initial misalignment angle is 6; ~ 2.155, invisible axions with masses of
O(10 peV) could account for the entire observed dark matter density today [134]. However,
this is not the full story for the post-inflation scenario. If PQ symmetry is broken post-
inflation there are topological defects that arise during the phase transition that can have
effects on the final dark matter abundance [37]. To elaborate, strings and domain walls
that form during this time decay and annihilate producing axions as a result. Simulations
and numerical approaches indicate a wide range of scenarios in which string and domain
decay contribute either less, similar to, or more to the final axion abundance than the
misalignment mechanism [52 93] [156] 112} B39, 02]. Usually larger string contributions lead
to higher masses, and as such these different scenarios point to axions having a wide range
of possible masses, some as high as meV and some as low as 10s of ueV. Having said that,
given the complexity of axion string network evolution, there are still considerable error bars
on any predictions. Regardless, a discovery in the peV range would not be surprising, and

would encode information about inflation scale and other pre-CMB universe parameters.
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On the other hand, if PQ symmetry is broken before inflation, the random ensemble of 6;
values gets smoothed out during inflation, and taking an average is no longer appropriate as
there would be a single value of §; filling the horizon. Thus, we cannot make a solid prediction
about what the initial misalignment angle should be — it could have been any value between
+7! Using conventional O(1) numbers for §; leads to an axion mass O(1 — 100 peV) [101],
but there is nothing prohibiting us from living in a Universe where §; < 1, meaning that
even axions with very small masses (down to below a neV) would not overproduce dark
matter. However, this would require fine tuning of the initial misalignment angle, and for
that reason it is often not considered as likely as a O(1) value, despite it being possible. On
the other side of the spectrum, axions with masses larger than roughly 100 ueV would not be
produced in large enough quantities to account for all of the dark matter [134]. Therefore,
1 — 100 peV could be considered the “natural” range for experiments to focus their search

efforts, and indeed many have done just that.

1.3 Axion Searches

As discussed in Sec. the original PQWW axion was quickly ruled out by experiments due
to its relatively strong predicted coupling to standard model particles and electromagnetism
making it accessible in existing reactor and accelerator experiments. The negative results
of these experiments indicated the PQ symmetry must have been broken well above the
electroweak scale (f, > vp). Axions with large f, would be very light, very weakly coupled,
and very long lived. Therefore, these types of axions were deemed “invisible”, i.e. impossible
to detect with existing technology, and experimental search efforts slowly down greatly.
However, I will discuss in the following section how searching for the invisible axion is indeed

possible, contrary to some physicists’ original pessimism.

1.3.1 Auzion Haloscopes

In his 1983 paper Pierre Sikivie revolutionized the search for the QCD axion dark matter by

proposing an experimental design known as the axion haloscope [161]. As we discussed in
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Sec. |1.2.1], axions naturally decay into two photons (see Fig. [L.5)).

Y Y

a--»- a--»-

Bo

Figure 1.5: Feynman diagram of axion decay into photons. Left: Axion to photon conversion
in vacuum. Right: Axion to photon conversion in a static magnetic field (Bg). Figure taken

from Ref. [168].

Sikivie showed that the interaction of axions and photons can be described by [162]:

Loy = —GayyoE - B, (1.8)

where g, is the model-dependent axion-photon coupling constant as described in Eq. ,
a is the axion field, and E and B are the electric and magnetic fields of the two photons.
However, axions with masses O(1 — 100 pueV) have lifetimes on the order of 105 —10* s [40]
which are vastly greater than the age of the Universe (~ 1017 s). Luckily, this interaction
can be sped up by making use of a large static magnetic field. When axions are immersed in
an external, static magnetic field, the interaction in Eq. is realized with a virtual photon
in the magnetic field taking the place of one of the two photons in the normal interaction
(see Fig. [1.5)). Effectively, this replaces B in Eq. with the external magnetic field By.
Thus, the decay rate can be increased by increasing the strength of Bg. Because there is
now only one photon produced in this interaction, and the axion’s velocity is negligible,
the energy of the resultant photon is equal to the rest mass of the axion (i.e. hf = m,).

Furthermore, Sikivie showed that galactic halo axions could couple to resonant modes of
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a right-cylindrical electromagnetic cavity provided the cavity is much smaller than the de
Broglie wavelength of the halo axions [162]. This effectively replaces E in Eq. with the
electric field of a particular cavity mode, Epn,. Thus, the energy of the photons produced
by the interaction between the axion field and the external magnetic field is deposited into
a resonant mode of the cavity. The resultant conversion power is then enhanced when the
photon frequency (f) is equal to the resonant frequency of the cavity mode (fy), after which
the signal can be extracted by an antenna and further amplified by low-noise electronics. A
simple diagram of a standard axion haloscope can be seen in Fig.[1.6] In order to make use of
this resonant enhancement over the broad range of possible axion masses, it is also important
that haloscopes have some type of resonant frequency tuning mechanism. A more detailed
discussion of which cavity mode is preferred for standard axion haloscopes, an example of
a frequency tuning mechanism, and other experimental details of a typical axion haloscope

are discussed further in Sec. 2.2

This idea was quickly adopted by groups at Brookhaven National Lab (BNL) [70, 179
and the University of Florida (UF) [98] who developed small cavity experiments which, while

not exceptionally sensitive, laid the groundwork for future generations of axion haloscopes.

The Axion Dark Matter eXperiment (ADMX) is the longest running haloscope experi-
ment, with its initial operation beginning in the 1990s at Lawrence Livermore National Lab
as a follow up to the UF experiment. During this intial run, it was able to achieve sensitivity
to the KSVZ axion, but not the significantly more weakly coupled DFSZ axion [97]. Over the
following two decades ADMX made improvements to reduce noise in the detector readout
via the introduction of low-noise electronics [26] and eventually a dilution refrigerator [79],
both of which were necessary for reaching the coveted DFSZ sensitivity, which ADMX fi-
nally achieved in 2018, making it the first axion haloscope to do so. Since then, ADMX has
continued taking data at exceptionally high sensitivity over a wide range of possible axion
masses. | will discuss the most recent data taking run with ADMX in great detail later in

this thesis.
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Figure 1.6: Simplified diagram of a Sikivie haloscope. Axions passing through a resonant
cavity that is immersed in a static magnetic field convert into observable photons. These
photons are then picked up by an antenna and amplified by an ultra-low-noise amplifier.

Figure taken from Ref. [37].

While ADMX has been at the forefront of direct detection searches for the QCD axion
for many years, it is by no means alone in its efforts. For example, the Haloscope at Yale
Sensitive to Axion CDM (HAYSTAC) experiment is a smaller haloscope searching for higher
frequency axions [49] [I86]. As we will see in Chapter [2| the axion power as measured in
a haloscope (Eq. is proportional to the cavity volume. Therefore, reaching sensitivity
to QCD axions with smaller cavities like HAYSTAC is quite a feat. Nonetheless, thanks to
implementing vacuum squeezing in the receiver to reach below the standard quantum noise
limit (see Chapter [3)), HAYSTAC was able to achieve sensitivity to axion-photon couplings
only a factor of 2 above KSVZ [30, [T06]. These results made HAYSTAC the first group to

successfully demonstrate that state-squeezing can be used to improve haloscope sensitivity.
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If we extend our radius to include the international physics community, there are even
more axion haloscope experiments to discuss. For example, there are a number of cavity
experiments being done at the Center for Axion and Precision Physics Research (CAPP) in
Korea [I17]. CAPP joined ADMX in 2023 as one of two haloscopes in the world to achieve
DFSZ sensitivity [182] [I7]. The CAPP program has also reported results from a number of
other R&D cavity experiments at couplings above DFSZ across a wide range of masses.

In addition to CAPP, there are a number of cavity experiments based out of Europe
including the Relic Axion Dark matter Exploratory Set-up (RADES) experiment [189] and
the QUaerere AXions (QUAX) experiment [32], both of which are searching for axions at
higher masses (~ 30 — 50 peV). RADES is an axion haloscope housed in the the bore of the
CERN Axion Solar Telescope (CAST) helioscope. The recent result from RADES [189] which
reached 2 orders of magnitude below the CAST bound [22] is one of the most sensitive direct
searches in this frequency range. The QUAX collaboration was originally designed to take
advantage of the axion’s coupling to electrons [65], [64], however they have also run searches
as a standard haloscope and set limits on the axion-photon coupling |20} 21} [19] [72, [152].
These results demonstrated near-KSVZ sensitivity in a narrow band around 34 peV placing
them in a similar position as RADES in terms of achieving high levels of sensitivity for that
mass range.

The last haloscope I will discuss is the Oscillating Resonant Group AxioN (ORGAN)
experiment [126]. This haloscope is aimed at even higher frequencies than RADES or QUAX,
specifically it is targeting axions with masses in the range ~ 60 — 200 pueV. While ORGAN’s
sensitivity is still many orders of magnitude away from the QCD axion band [I50] 149)], it
serves as an example of how a haloscope can be used to probe high axion masses that were
previously thought to be inaccessible.

Despite major advances in haloscope technology over the last few decades, there are
still only two experiments that have been able to reach DFSZ coupling — a requirement
for a complete axion search. Therefore, there is still much room for improvement in the

realm of haloscopes. Some areas of active research and development include: increasing
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magnetic field strength [95, [99], lowering noise temperatures [118] [184] [76], I80], as well as
developing more complicated resonator designs such as multi-cavity systems [14], ultra high-

Q cavities [145] 15 [16] and multi-wavelength resonators [56, 57, 36, 611, 120, 131, 511, 53] 24].

1.8.2  Other Direct Detection Searches for Axions

While traditional haloscopes remain uniquely sensitive to axion masses around 1 — 100 peV,
there are significant challenges when moving to both lower and higher masses. Therefore it
is worth discussing some more novel experimental techniques that are designed to overcome
some of the challenges that traditional haloscopes face.

The challenge with moving to lower frequencies with traditional haloscopes is related
to the cavity size. As I alluded to earlier, the volume of a cavity is inversely related to
its resonant frequency (V oc f;*). Therefore, considering the ADMX cavity is ~ 1 m tall
and ~ 0.5 m wide, one can imagine that going to lower frequencies will quickly lead to
very large cavity sizes. Therefore, traditional cavity haloscopes are not best suited in this
frequency range. Instead, some groups are opting to use LC circuits instead. This category
of experiment makes use of the axion-induced oscillating effective current inside a static
magnetic field. This oscillating current produces its own small magnetic field that can be
amplified and detected using a cooled LC circuit and a very sensitive magnetometer [163].
The first experiment to successfully implement this technique for performing a low mass
axion search is known as A Broadband/Resonant Approach to Cosmic Axion Detection
with an Amplifying B-field Ring Apparatus (ABRACADABRA) [108]. As the name alludes
to, ABRACADABRA consisted of a toroidal magnet as the external magnetic field source,
resulting in an azimuthal induced current which produces a magnetic flux through a central
pickup cylinder in the toroid bore. The benefit of using this magnet design is that the region
where the pickup cylinder is placed is free from any external magnetic field. The experiment
also has the benefit of being able to run in either broadband or resonant mode, however so
far it has only been run in broadband mode [135, [157]. While this prototype experiment did

not reach sensitivity to QCD axions, it served as an example of how this sort of apparatus
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could be used to probe lower axion masses.

Building on the initial prototype of ABRACADABRA, the DM-Radio collaboration was
formed in order to achieve sensitivity to QCD axions in the range of roughly 5 kHz - 200
MHz (~ 20 peV - 1 peV) using LC circuit based detectors [164, [77, 48]. The implementation
of DM-Radio is planned to proceed in several stages. Firstly, DM-Radio 50L will be used
to demonstrate this technology on a much larger scale than ABRACADABRA, accessing
frequencies between 5 kHz - 5 MHz, but with sensitivity limited to orders of magnitude
above the QCD axion band. The next phase of the experiment will be a larger, cubic meter
volume apparatus named DM-Radio-m? which will be used to probe axions between 10 MHz
- 200 MHz. Finally, an even larger (roughly 10 m?) iteration of the experiment, DM-Radio-
GUT, will be aimed at detecting QCD axions at GUT-motivated masses in the range 0.4-120
neV (100 kHz - 30 MHz).

In addition to LC circuit experiments, some groups have been pursuing a different broad-
band approach using dish antennas [103]. In particular the Broadband Reflector Experiment
for Axion Detection (BREAD) collaboration has been at the forefront of this effort [123].
BREAD consists of a cylindrical metal barrel for converting axions to photons with a coaxial
parabolic reflector used for focusing the signal photons onto a sensor located at the focal
point. What sets BREAD apart from other dish antennas is that its geometry is optimized
to fit inside standard cryostats and compact high-field solenoids. This broadband reflector
design allows BREAD to search multiple decades of axion mass without tuning. The collab-
oration has recently reported limits for axion-photon coupling [104] that improve upon the
CAST limits [22], but are still many orders of magnitude away from the QCD axion band,
which may be reachable if necessary advancements in single-photon far infra-red and THz
detector technology are made.

The experiments I have detailed here are by no means an exhaustive list of all existing
axion searches. For those interested in learning more about the wide variety of searches for
axions including other laboratory based experiments, as well as astrophysical and cosmolog-

ical observations please see Refs. [14] [134].
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To conclude this Chapter and set the stage for the remainder of this thesis let us take
a look at Fig. This plot is a simplified representation of the status of experimental
searches, specifically it shows existing limits on the axion-photon coupling across many orders
of magnitude in axion parameter space. As one can see, haloscopes are by far the most
sensitive in the intermediate mass range (1 — 100 peV), but they also result in the narrowest
coverage due to their resonant nature. As such, there is still a massive amount of parameter

space to be searched, and many more opportunities for the axion to be discovered.
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Figure 1.7: A simplified panorama of the axion-photon coupling parameter space. Con-
straints are roughly color coded, with direct searches for dark matter axions in the solar
neighborhood shown in blue, searches for axions produced in astrophysical environments
shown in green, and pure laboratory searches in red. The pure laboratory searches differ
from direct detection experiments in that the pure laboratory searches do not make any

assumptions about axions being dark matter, whereas the blue searches do. Figure taken

from Ref. [133]
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Chapter 2

RUN 1D HARDWARE

2.1 Axion Dark Matter eXperiment Overview

The Axion Dark Matter eXperiment is an axion haloscope currently based at the University
of Washington in Seattle. A cutaway diagram of the ADMX insert inside the magnet bore
can be seen in Fig. Axions are converted to observable microwave photons as they pass
through the experiment by the magnetic field produced by a ~ 7.6 T solenoidal magnet. The
signal strength of the resultant photons are amplified when the photon frequency, f, matches
the resonant frequency of the microwave cavity, fy. Given the large range of possible axion
masses, the cavity must be tunable in order to make use of this effect. Thus, the cavity
frequency is changed by altering the geometry inside the cavity with a single copper tuning
rod. Power is extracted from the resonant cavity with an antenna, which is then amplified
by a Josephson Parametric Amplifier (JPA). The JPA and other magnetic field sensitive
components are housed in the field-free region of the insert. This region is kept field-free
using a secondary magnet known as the bucking coil that produces a magnetic field opposite
of that produced by the main magnet within this small region. The cavity and quantum
amplifier package are kept at roughly 100 mK by the mixing chamber to greatly reduce
thermal noise in the readout. The signal is then amplified by a Heterostructure Field Effect
Transistor amplifier (HFET) before exiting to the room temperature receiver where it is
further processed before the data is analyzed. To date, ADMX has excluded DFSZ (KSVZ)
dark matter axions with masses between 2.66 - 3.34 and 3.9 - 4.1 peV (1.9 - 4.2 and 4.54 -
5.41 peV) [25] 26], (79, 46| 33], 91, 63].
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Figure 2.1: Cutaway diagram of the ADMX insert inside the magnet bore. The insert,
which contains the microwave cavity, as well as the cryogenic receiver chain and dilution
refrigerator, is lowered into the magnet bore for data taking. Power is extracted from the
cavity with an antenna and then amplified by a Josephson Parametric Amplifier (JPA) that
lives in the field-free region marked with dashed red lines. The power is then amplified a
second time by an HFET amplifier, before exiting to the room temperature receiver where
it is processed further. Note that this diagram is slightly outdated as it shows the cavity as
having two tuning rods. The Run 1D cavity only has one, larger tuning rod, but otherwise

the diagram is representative of the current design.
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The expected power coupled out of the ADMX haloscope is

po= s w (50 (785) (32) (5) (i) (o)
<1f6> (30%00) (1+ (25;/Af)2)’ (2.1)

where V' is the effective volume of the cavity, B is the magnitude of the external magnetic

field, Coyp is the overlap between the cavity resonant mode and the magnetic field (also known
as the cavity form factor), g, is the model-dependent constant that determines the axion-
photon coupling (g, xsvz = —0.97 g, prsz = 0.36), p is the local dark matter density, § is
the coupling strength of the antenna to the cavity mode, @), is the loaded quality factor of
the cavity (Qr = Qo/(1 + ), where Q) is the unloaded quality factor), 6 f is the frequency
offset between the cavity resonance (fy) and axion signal frequency (f), and Af = CJ;—OL is the
cavity linewidth. Here, the equation has been normalized to represent typical experimental

parameters for ADMX.

2.1.1 Dilution Refrigerator

Thermal noise is a primary contribution to the overall system noise temperature and can
significantly limit the level of sensitivity ADMX is able to achieve. As such, keeping the
system as cold as possible is paramount to performing a QCD-axion sensitive search. ADMX
does this by employing a custom built dilution refrigerator (DR) developed at Janis Research
Company (now part of Lake Shore Cryotronics) with the help of ADMX collaborators at the
University of Florida. The DR works by manipulating the unique properties of two different
isotopes of Helium: He-3 which is a fermion, and He-4 which is a boson. Because He-4 is
able to undergo Bose-Einstein condensation, it can become a superfluid much more easily
than He-3. In fact, He-4 becomes a superfluid at 2.17 K, whereas He-3 requires an extremely
low temperature of only 2.5 mK, which is not achieved in the of operation of our DR. The

superfluid He-4 and normal fluid He-3 are mixed inside of a pot called the mixing chamber.
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When the mixture of these two isotopes is cooled below approximately 0.87 K, the mixture
undergoes a spontaneous phase separation into a He-3 rich (concentrated) phase, and a He-3
poor (diluted) phase. As shown in Fig. at very low temperatures the concentrated phase
is almost pure He-3, and the diluted phase is about 6.6% He-3 and 93.4% He-4. Removing
He-3 atoms from the diluted phase will cause He-3 atoms from concentrated phase to cross the
phase-boundary. The enthalpy of He-3 in the diluted phase is larger than in the concentrated
phase, thus the transition of He-3 from the concentrated to diluted phase in the mixing
chamber is endothermic — meaning it removes energy from its environment. In this case,
because the environment is well isolated, the temperature in the mixing chamber will go
down. In order to continue this cooling process, the He-3 must be continuously circulated
in and out of the mixing chamber. This is achieved by connecting the mixing chamber to
a distiller (also known as the still) via a small stainless steel capillary. The diluted phase
makes it way up to the still, where it is then heated to roughly 650-800 mK. This causes the
He-3, which has a much higher vapor pressure than He-4 at these temperatures, to enter its
gaseous phase while the majority of the He-4 remains a liquid. The mostly He-3 gas is then
pumped out of the still and purified before being recirculated back into the mixing chamber,

where it continues the cooling process.

Other components in the system are used to provide pre-cooling for the DR as well as
establish other thermal stages in the insert. To begin, there is a large reservoir filled with
liquid He-4 that is refilled periodically to replace He-4 that has boiled off. This reservoir
supplies two 1K pots, small copper containers partially filled with liquid He-4. Pumping on
the gaseous He-4 sitting above the liquid He-4 in the pots cools them from ~ 4 K to ~ 1 K
(hence the name 1K pot). The small 1K pot is used to pre-cool the He-3 mixture before it
enters the DR. The big 1K pot on the other hand is thermally sunk to a plate in the insert to
establish a 1K thermal stage (the “1K plate”) that various components can be mounted to.
Components in the insert that need to be cold, but not milliKelvin cold, are often mounted
to the reservoir or the 1K plate since it can handle a much greater thermal load than the

mixing chamber, which is reserved for only the coldest insert components.
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Figure 2.2: Helium isotope phase transition diagram from Bluefors [6]. As the mixture of
He-3 and He-4 is cooled below about 870 mK, it undergoes a spontaneous phase transition,

splitting into a He-3 rich (concentrated) phase and a He-3 poor (diluted) phase.

2.2 Cavity

Through Run 1A - Run 1C ADMX used the same copper-plated stainless steel right-circular
cylindrical cavity with a volume of 136 1 (before subtracting tuning rod volume) and a length
of ~ 1 m. For Run 1A and 1B the cavity was equipped with two 0.05 m diameter copper
tuning rods that run the length of the cavity which could be moved from near the walls of the
cavity to near the center in order to adjust the resonant frequency over a range of ~ 580 —890
MHz. Run 1C also used two copper tuning rods, but they were slightly larger with a diameter
of 0.114 m allowing the experiment to cover a frequency range of ~ 0.8 —1 GHz. For Run 1D,
however, the desired frequency range of 1-1.4 GHz was outside of the available tuning range
of the existing cavity. As a result, the microwave cavity was replaced prior to beginning Run

1D operations. The new design employs a 139 1 (106.8 1 effective volume after subtracting
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tuning rod volume) copper-plated stainless steel right-circular cylindrical cavity that is ~ 1
m in length, but now contains only one, larger, tuning rod with a diameter of 0.203 m. The
fabrication and testing of the Run 1D cavity was done by ADMX collaborators at Lawrence
Livermore National Laboratory (LLNL). Photos of all the different tuning rods are shown in
Fig. 2.3

Run 1A+1B Run 1D

Figure 2.3: A view inside the ADMX cavities for Runs 1A-1D, showing the differences in

tuning rod size and quantity over time.

Installation of the new cavity was done in June 2023 at the UW Center for Experimental
Nuclear Physics and Astrophysics (CENPA) where ADMX is currently housed. The process
involved removing the top plate of the cavity, lifting and inserting the new tuning rod,
attaching the sapphire axles to both sides of the rod which allow it to move smoothly
inside the cavity, securely sealing both end plates, and after some initial tests, mounting the
entire cavity and rod system to the 1K plate using carbon fiber struts. A sample of photos
documenting this procedure can be seen in Fig.

A mode map of the Run 1D cavity showing its resonant frequency as the rod is tuned
is shown in Fig. 2.5l A mode map is created by taking wide transmission measurements
that simultaneously measure the resonant frequencies of multiple modes as the rods are
moved. The process of taking transmission measurements is described further in Sec. [2.3]
and an example of a wide transmission measurement can be seen in Fig. 2.8, Of particular

interest is the lowest order, TMy;o, mode because it is the mode that maximizes the observed
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axion signal strength for reasons discussed later in this section. The new cavity and rod

configuration can couple to the TMy;y mode over a frequency range of ~ 0.9 — 1.4 GHz.

Figure 2.4: A series of photos showing the installation of the rod into the Run 1D cavity.
A) Inside of the Run 1D cavity B) Lifting the rod to insert the bottom sapphire axle before
installation C) Former ADMX undergraduate Peter Park and current LLNL staff scientist
Nick Du are shown preparing to insert the rod into the cavity D) The rod and top sapphire

axle after being installed into the cavity

Frequency (GHz)

0.6 : ) 1e8
Rod Position

Figure 2.5: A mode map showing the resonant frequencies of various cavity modes changing

with rod position. The mode of interest for ADMX, T My;o, can be tuned over a range of

roughly 0.9 — 1.4 GHz.
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There is a strongly coupled antenna port at the top of the cavity and a weakly coupled
antenna port at the bottom of the cavity. The strong antenna is used for extracting axion
signal power from the cavity during data-taking. It is connected to a gearbox that allows
operators to adjust the insertion depth thus varying the coupling strength to the cavity
resonant mode. The weak antenna is set at a fixed, very weak, coupling strength. As I
will discuss further in Sec. [2.3] the weak antenna is used for characterizing various cavity
parameters.

The quality factor, @, of a resonant cavity can be defined as Q = fo/Af, where f; is
the resonant frequency of the cavity and Af is the full width at half maximum (FWHM) of
the cavity resonance. () can be thought of as a measure of the sharpness of the resonance
lineshape because a smaller FWHM corresponds to a narrower lineshape and higher ). It
is also commonly defined as the ratio of the energy stored in the resonator to the energy
dissipated per cycle due to lossy elements in the resonator. That is to say, free oscillations
will oscillate longer in a high-(@) resonator than a low-() one because a high-() resonator will
hold onto its stored energy longer.

The above discussion assumes a closed cavity system, but in reality an antenna must
be inserted in the cavity in order to extract power, which acts as another source of power
dissipation. That is to say, an antenna that is strongly coupled to the cavity will draw more
power into the antenna than a weakly coupled antenna which will decrease the quality factor
because of the increase in energy dissipated per oscillation. This decrease in () referred to

as the “loaded” quality factor (Qp):

L1
QL QO Qant,

where @)y is the unloaded quality factor and @Q,,; is the associated Q of the antenna in

(2.2)

the cavity. Using this equation, we can define the cavity coupling strength:

_ Q
Qant ‘

g (2.3)
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The relationship between the cavity coupling strength and the unloaded and loaded

quality factors is therefore described by the following expression:

Qo

b= (@ - 1). (2.4)
This relationship demonstrates that the larger [ is, the more )y, is decreased compared
to QQo. There are three different regimes the coupling can fall under: under coupled, critically
coupled, and over coupled. The first regime corresponds to 5 < 1. In this regime, the effect
of the antenna on the cavity quality factor is small, as is the amount of power extracted
by the antenna. When S = 1, the antenna is critically coupled. In this scenario, half of
the power inside the cavity is dissipated in the walls of the resonator, and the other half is
extracted by the antenna. Finally, when § > 1 the antenna is over coupled. In this regime,
more power is extracted by the antenna than is lost to the walls of the cavity. This regime

also sees the greatest reduction in (), compared with the intrinsic Q).

Looking back to Eq. , the observed axion power is proportional to 3/(1 + ). This is

because the total fraction of axion power exiting the cavity through the antenna is equal to

N 1/Qant
SN VIoR

since increasing [ increases the overall power fraction exiting the cavity, . However, in

= /(14 B).Therefore, one may assume that being highly over coupled is optimal

addition to the factor of 5/(1 + ) from the antenna coupling, the power deposited into the
cavity is dependent on @), which contains another factor of 1/(1 + /3) for a total factor of
B/(1+ B)%. Therefore, a value of 8 = 1 (critical coupling) will maximize the magnitude of
the axion signal power extracted from the cavity (see Fig. [2.6). However, by increasing the
cavity coupling which decreases the loaded quality factor, the effective search bandwidth of
the cavity goes up which increases the rate at which the haloscope can scan over different
frequencies. The combination of these two effects are summarized in the axion haloscope
scan rate as defined in Eq. where df /dt oc 3%/(1 + 3)3. Given that there is a massive
amount of axion parameter space that needs to be scanned over, the scan rate is the truly
critical figure of merit for an axion haloscope. Differentiating this quantity to find the cavity

coupling strength that maximizes the scan speed gives a value of f = 2 (see Fig. [2.6).
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Therefore, ADMX aims to operate the experiment at a slightly over coupled value around

£ = 2 to maximize the axion search efficiency.
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Figure 2.6: The axion power extracted by the antenna is proportional to 8/(1+ )2, as shown
in purple. The axion haloscope scan-rate on the other hand is proportional to 5%/(1+ 3)3, as
shown in green. There is a dotted line at § = 1 to mark where the axion power extracted by
the antenna is maximized with respect to 3, which corresponds to critical coupling. There
is a dashed line at § = 2 to mark where the axion haloscope scan rate is maximized with

respect to 3, which turns out to be slightly over coupled.

Another important cavity parameter is the cavity form factor, Cj,,,, which is a measure of
the overlap between the electric field of the cavity resonant mode and the external magnetic

field. More specifically,
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(f dVElmn ' Bext>2
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ext

C1lmn =

(2.5)

where Ej,,, is the electric field of the cavity mode, By is the external magnetic field,
and €, is the relative permittivity within the cavity. As one can see, the form factor (which is
linearly related to the observed axion power in Eq. is maximized when the dot product of
the electric field of the cavity mode and the external magnetic field is maximized. Since the
solenoidal magnet in ADMX produces a magnetic field that runs along the axis of the cavity,
the cavity mode used to search for axions should have an electric field that also run along the
axis of the cavity. This requires we use transverse-magnetic (TM) cavity modes which only
have electric fields in the axial direction, meaning there is no magnetic field from the cavity
mode in the axial direction. Specifically, we are interested in using TMjg,o modes, which
have electric fields that are azimuthally symmetric (1=0) and constant in the longitudinal
direction (m = 0). In particular, the TMg;p mode, which has a peak electric field magnitude
at the center of the cavity and decreases to zero at the walls of the cavity, has the greatest
overlap with the external magnetic field and the largest form factor. Therefore, this is the

mode used for performing an axion search in ADMX.

2.3 Cryogenic Receiver

Several upgrades were made to the cryogenic receiver chain for Run 1D, a diagram of which
can be seen in Fig. [2.7] Before discussing the upgrades that were made, I will first introduce

the various components and lines.
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Figure 2.7: The cryogenic receiver chain for Run 1D. There are four different lines shown.
The weak and bypass lines are primarily used for characterization of cavity parameters, while
the pump line provides the input pump tone for parametric amplification with the Josephson
Parametric Amplifier (JPA). Lastly, the output line is used to amplify and readout signals
from the cavity. ADMX uses two amplifiers, a JPA and an HFET amplifier. The three small
squares with circular arrows in them are unidirectional devices known as circulators which
are used to direct the signal path and prevent downstream noise from reaching the cavity.
There are 10 and 20 dB attenuators on weak, bypass and pump lines at the reservoir bottom
and mixing chamber stages respectively. The black circles represent 0 dB “attenuators” used
as thermal sinks. Connected to the weak line via a directional coupler is the hot load, which
is a variable temperature stage used for noise calibration. It can be connected to the output

line using an RF switch.

2.8.1 Weak Line

Starting from the top of Fig. 2.7] is the weak line. This line connects to the bottom of the
resonant cavity via a weakly coupled antenna. It is primarily used for transmission (S;)
measurements in which a swept RF signal from the vector network analyzer (VNA) is routed
through the weak line, up through the cavity and output line and then back to the VNA.
Standard transmission measurements are used to calibrate various experimental parameters
such as Q and receiver gain, and wide transmission measurements are used for tracking the

TMp1p mode as well as making mode maps (Fig. [2.5). Examples of both a standard and
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wide transmission measurement are shown in Fig. [2.8|
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Figure 2.8: Top: standard transmission measurement of the TMg;o cavity resonance. This
type of transmission measurement is used to calibrate various experimental parameters such
as the quality factor and receiver gain. Bottom: wide transmission measurement of many
different cavity modes. This type of transmission measurement is used for making mode

maps and tracking the TMgy;o mode.

In addition to performing transmission measurements, the weak line is used to carry
out blind injections with our synthetic axion generator (SAG) which are used as a way to

check our detection capabilities. The SAG is controlled by ADMX collaborators at Pacific
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Northwest National Lab and are only unblinded after we have completed the candidate

identification and exclusion process. I will discuss the blind synthetic axion injections further

in Chapter [f

2.3.2 Bypass Line

Next is the bypass line, which is used to perform reflection measurements in which a swept
RF signal from the VNA is routed through the bypass line, reflected off the cavity before
going up the output line back to the VNA. In reality the path of the signal in this scenario
is that of an Sy; measurement rather than an Si; as one might expect, but we still refer to
these as reflection measurements because they measure power that is reflected off the cavity.
These measurements can be used to calibrate experimental parameters like the Q, cavity

coupling and receiver gain. An example of a reflection measurement is shown in Fig. [2.9]
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Figure 2.9: Reflection measurement of the TMy;y cavity resonance. This measurement is
used to calibrate various experimental parameters such as the quality factor, receiver gain,

and cavity coupling strength.
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2.3.8 Pump Line

Next is the pump line, which is connected to a signal generator that provides the input
pump tone necessary for amplification with the Josephson Parametric Amplifier (JPA). To
explain further, JPAs are ultra low-noise amplifiers based on the Josephson junction [107]. A
JPA designed by Irfan Siddiqi’s group at the University of California Berkeley [160], 100, 45]
was used as ADMX'’s first stage amplifier for Run 1D because JPAs have excellent noise
performance and high-gain. A JPA consists of a SQUID loop (or an array of SQUID loops)
in parallel with a geometric capacitance (see Fig. . A DC SQUID is comprised of two
Josephson junctions connected in parallel in a superconducting loop. The resonant frequency

of a JPA is given by:

1
Wy = ————,
" VI, + LoC

where L is the total Josephson inductance (a form of kinetic inductance) of the SQUID

(2.6)

loop, L¢ is the geometric inductance of the equivalent circuit, and C' is the parallel capaci-
tance.

The inductance of a single Josephson junction is modeled as

LJO

LJ =
V1= (/1)

where [ is the current through the junction, Iy is the critical current of the junction,

= Ljo(1+ %(1/10)2 +..), (2.7)

Ljo = ®o/2mly is the Josephson inductance in the absence of any supercurrent flow, and
®, is the superconducting magnetic flux quantum. The critical current is the maximum
dissipationless supercurrent that can flow through the Josephson junction, and it is dependent
on the geometry of the junction and on the superconducting material used. Two Josephson
junctions in a SQUID loop take on the properties of a single Josephson junction but with
a magnetic flux-tunable critical current. Using the fact that [y is flux-tunable in a SQUID
loop and that L; depends on Iy, the resonant frequency wy (which depends on L) can be

tuned by applying an externally applied magnetic flux through the SQUID loop.
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Figure 2.10: Figure taken from Ref. [I11]. A JPA circuit diagram. The region outlined
in purple contains an array of SQUID loops (right hand side) that are in series with a
geometric inductance and shunted by a capacitor. The JPA can either be current-pumped
or flux-pumped. In current-pumped operation (as was used for Run 1D), the pump tone at
frequency wp enters the circuit via the main transmission line shown (red). In flux-pumped
operation, the pump tone enters via the inductively coupled DC line (blue). In either case,
the input signal a;, enters the main transmission line, mixes with the pump tone in the JPA,
and then is reflected back down the transmission line and exits the JPA from the same port

it entered in.

A JPA amplifies the signal using the basic concept of parametric amplification: gain is
achieved by varying a parameter of the system harmonically in time [I66]. The variation of
system parameters at the pump frequency (wp) causes some of the energy from the pump
mode to be transferred to the signal mode (wg) and the remaining energy is transferred to
another mode, called the idler (wy).

For Run 1D, ADMX used a four-wave mixing (or current-pumped) JPA, which takes two
pump photons and converts them into one signal photon and one idler photon: 2wp = ws+wy.
Under current-pumped operation, the pump tone (shown in red in Fig. and signal tone
are both sent through the main RF transmission line. Here, the bias current through the
Josephson junctions in the SQUID loop is the parameter that is being varied at the resonant
frequency of the device to provide parametric amplification. Additionally, Run 1D JPA

was operated in phase-insensitive mode, meaning that the phase between the pump and
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signal tones is random. Under phase-insensitive operation, both quadratures of the readout
signal are amplified by a factor of /G where G is the gain of the JPA. Phase-insensitive
amplification adds at least half a photon of noise to the readout signal from both the signal
and idler modes, as required by quantum mechanics [55].

The JPA is optimized using three parameters, the DC bias current, the power of the
pump tone, and the frequency of the pump tone. It is optimal to have the pump frequency
close to the signal frequency for maximum amplification, however in order to protect against
interference between the signal and the pump there needs to be a slight offset. For Run 1D,
the JPA pump frequency was consistently set to wp = wg + 320 kHz to ensure both the
pump and idler modes would be many Q-widths away from the cavity resonance, which had
a bandwidth of ~ 56 kHz. So, in practice, the DC bias current and pump power were the
two parameters used for optimizing the gain during data taking.

Finally, there is the output line which is used to extract signals from the cavity via
a strongly coupled antenna, as well as amplify signals with a JPA from Siddiqi’s group at
Berkeley and HFET amplifier from Low Noise Factory, model (LNF-LNC0.6_2A) [85], before
they are read out in the room temperature space. The HFET amplifier is a broadband device
that exhibits gain of ~ 33 dB from roughly 0.6-2 GHz with an expected noise temperature in
the range of 3-4 K. In addition to the amplifiers, there are three circulators from QuinStar [9]
along the output line which are unidirectional devices that are used to direct the signal, as
well as prevent downstream noise from entering the receiver. There is also a cryogenic RF
switch from Radiall [7] between the cavity and the first circulator. The switch can be flipped
to make it so the receiver chain, instead of being connected to the cavity, is connected to
a variable temperature stage (VTS) [125] used for noise calibration, also referred to as the
“hot load”. The hot load and noise performance of the various components in the output
line are discussed in great detail in Chapter [3]

There are 10 and 20 dB attenuators on the weak, bypass and pump lines at the reservoir
bottom (5K) and mixing chamber (85 mK) temperature stages respectively. Additionally,
there are 0 dB attenuators at the ICP (150 mK), 1K plate (1K), reservoir top (10 K), cooled
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baffle (40 K) and room temperature (300 K) temperature stages on all lines. The 10 and 20
dB attenuators provide protection from downstream noise or spurious signals entering the
receiver chain. Furthermore, the 0, 10 and 20 dB attenuators function as thermal sinks for
the cables to aid in reducing the overall thermal load.

Now that we have covered the components that make up the Run 1D receiver chain, I will
discuss the specific upgrades that were made for this run. To begin, one of the collaboration’s
goals for Run 1D was to decrease the mixing chamber base temperature to achieve a lower
system noise temperature and improve the experiment’s sensitivity. Therefore, upgrading the
receiver chain to reduce the heat load on the dilution refrigerator was a priority. Additionally,
we aimed to simplify the overall design, and switch out a few cables that had been identified
as slightly magnetic after the end of the previous data taking run, Run 1C. This task was
led by a visiting ADMX graduate student from the University of Sheffield, Claude Mostyn.

Fourier’s law of conduction [87] tells us that given a cable with mean thermal conductivity
A, cross-sectional area A, length L, and a temperature difference in the direction of heat
conduction AT, the steady state heat conduction flow is equal to

A
q.cond = z)\AT (28)

Let us discuss the upgrades one line at a time. To preface, I will denote the cable
properties throughout in order of cable length, outer conductor material, inner conductor
material. The conductor material abbreviations are as follows: stainless-steel (SS), copper
(Cu), tin-plated copper (TC), silver-plated copper-clad stainless steel (CS) and niobium-
titanium (NbT1i).

Beginning with the weak line, working downward in temperature, the first change made
was between the cooled baffle (40 K) and reservoir top (10 K). The old 20” SS-SS cable at this
stage was replaced with a nearly identical but slightly longer, 24” SS-SS cable. As expected
by the inverse relationship between ¢eonq and L in Eq. lengthening the cable slightly
reduced the expected conductive heat load from 0.31 mW to 0.26 mW. The next change

was made between the reservoir top (10 K) and reservoir bottom (5 K). In the old receiver,
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there were 3 small cables that spanned across this temperature stage: a 36”7 TC-CS, a 32
cm SS-SS; and 24”7 TC-CS. In the new receiver, these three cables were replaced by a single,
60” SS-SS cable. This not only simplified the design but dramatically improved the heat
load because tin, silver and copper all have significantly higher thermal conductivities than
stainless steel. To be more specific, the expected conductive heat load for this temperature
stage went from 0.70 mW to only 1.93 uW. Between the reservoir bottom (5 K) and the
1K plate (1K), the previous 14 cm SS-SS cable was replaced with a 20 em SS-SS cable. As
before, lengthening the cable here lowered the expected heat load from 0.036 mW to 0.252
mW. Next, I will discuss two temperature stages at once, the 1K plate (1K) to the still plate
(0.7 K) and the still plate (0.7 K) to the intermediate cold plate, or ICP, (0.15 K). In the
old receiver, there was a 14 cm SS-Cu cable between the 1K plate and the still plate and a
32 cm SS-SS cable between the still plate and the ICP. In the new receiver, there is a single
20 cm SS-SS cable between the 1K plate and the ICP. As stated before, copper has greater
thermal conductivity than stainless steel, so this change reduced the combined expected heat
load of these two temperature stages from 3.30 uW to 0.20 pW. Finally, the 14 cm SS-SS
cable between the ICP (0.15 K) and the mixing chamber, or MC, (0.085 K) was replaced
with a slightly longer, 20 cm SS-SS cable. This reduced the expected heat load from 5.84
nW to 4.90 nW. Overall, the majority of the conductive heat load on the weak line comes
from the room temperature (300 K) to cooled baffle (40 K) stage, 258 mW, which was not
altered between Run 1C and Run 1D. However, by making these changes we were able to
reduce the total expected conductive head load of the weak line from 259.05 mW to 258.28
mW. The JPA pump line had identical cable upgrades to the weak line, so it had the same

expected reduction in heat load.

Next, let us discuss upgrades made to the bypass line. I will begin with two stages at
once, the cooled baffle (40 K) to reservoir top (10 K) stage, and the reservoir top (10 K)
to reservoir bottom (5 K) stage. The old receiver had a single, roughly 7 foot long Cu-CS
cable between the cooled baffle and the reservoir bottom. In the new receiver, this cable was

replaced by two cables: one 24”7 SS-SS between the cooled baffle and the reservoir top, and a
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60” SS-SS cable between the reservoir top and reservoir bottom. This reduced the expected
combined thermal load of these two stages from 1.24 mW to 0.26 mW, again due to the
larger thermal conductivity of copper and silver compared to stainless steel. Next, from the
reservoir bottom (5 K) to the 1K plate (1K), the previous 14 cm SS-Cu cable was replaced
with a 20 cm SS-SS cable. Again, the thermal conductivity of copper is larger than stainless
steel, and the new cable is slightly longer, both of which helped reduce the expected heat
load from 2.15 mW to 25.20 uW. Next, I will discuss both the 1K plate (1K) to still plate
(0.7 K) and still plate to ICP (0.15 K) stages together. In the old receiver, there was one
14 ¢cm SS-Cu cable from the 1K plate to the still plate and one 14 ¢cm SS-SS cable from the
still plate to the ICP. In the new receiver, these two cables were replaced by a single, 20 cm
SS-SS cable from the 1K plate to the ICP. Again, by replacing the cable with copper with
a fully stainless steel cable, the expected heat load was reduced from 3.40 pW to 0.20 pW.
Finally, between the ICP (0.15 K) and the MC (0.085 K) the old receiver had two 14 c¢cm
SS-SS cables that were replaced by a single 20 cm SS-SS cable in the new receiver. While
this actually slightly increased the expected heat load from 2.92 nW to 4.90 nW, the design
is simpler and, ultimately, the heat loads at this stage are already so small this is not our
greatest concern. As with the weak line, the room temperature (300 K) to cooled baffle (40
K) stage is the primary contribution to the overall heat load with a value of 168.4 mW, and
this was not altered between Run 1C and Run 1D. However, by making the changes outlined
above we were able to reduce the total expected heat load on the bypass line from 171.79

mW to 168.68 mW.

The output line remained the same between Run 1C and Run 1D above the cooled baffle
(40 K) temperature stage. Between the cooled baffle (40 K) and the reservoir bottom (5 K)
temperature stages, in the old receiver there were two cables, one roughly 7 foot long Cu-CS
followed by a 24”7 long TC cable. In the updated receiver the order of the cables has been
switched as well as the material of the shorter cable. To be more specific, there is now a
247 long SS-SS cable followed by the same roughly 7 foot long Cu-CS cable. By swapping
the position of the longer Cu-CS cable and by replacing the TC cable with a SS-SS cable,
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the expected heat load between the cooled baffle (40 K) and reservoir top (5 K) was greatly
reduced from 18.97 mW to 0.98 mW. Next, between the reservoir bottom (5 K) and the MC
(0.085 K) temperature stages the old receiver had a single, 30 cm long NbTi-NbTi cable. In
the upgraded receiver, there is now an additional 30 cm long SS-BeCu cable between the
reservoir bottom (5 K) and 1K plate (1K) temperature stages. The existing 30 cm long
NbTi-NbTi cable now runs from the 1K plate (1K) to the MC (0.085 K) temperature stages.
While the total combined expected heat load between the reservoir bottom (5K) and MC
(0.085 K) temperature stages actually increased slighly from 12.50 W in Run 1C to 121.08
#W in Run 1D, the expected heat load on the MC (0.085 K) temperature stage was decreased
significantly by relocating the NbTi-NbTi cable from the reservoir bottom (5 K) to the 1K
plate (1 K). Now, rather than the expected heat load being concentrated on the MC (0.085
K) stage which has limited cooling power, the heat load is concentrated on the 1K plate (1
K) temperature stage which has much greater cooling power from the big 1K pot. In fact,
in the updated receiver the expected heat load between the 1K plate (1 K) and MC (0.085
K) temperature stages is only 83.4 nW, a small fraction (0.001%) of the total expected heat
load between the reservoir bottom (5 K) and the MC (0.085 K).

For Run 1C a through line was added to connect the hot load to the top of the insert (see
Fig. . This was done so the receiver gain could be monitored during noise calibrations
as well as data taking. However, for Run 1D, the design was simplified by instead adding a
directional coupler to the weak line that connects to the hot load. This enabled the removal
of an entire through line while maintaining ability to monitor the gain when the receiver
is connected to the hot load. This upgrade not only simplified the receiver chain, but also

drastically lowered the heat load on the dilution refrigerator.

Changes were also made to the attenuators throughout to account for any increases in
attenuation from the new set of cables. Specifically, the 3 dB attenuators at the cooled baffle
(40 K) and 1K plate (1K) temperatures stages were replaced with 0 dB heat sinks and the
20 dB attenuators at the reservoir bottom (5 K) stage on the weak and bypass lines were

replaced with 10 dB attenuators.
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Figure 2.11: The cryogenic receiver chain for Run 1C. There are five different lines shown.
The weak and bypass lines are primarily used for characterization of cavity parameters, while
the pump line provides the input pump tone for parametric amplification with the Josephson
Parametric Amplifier (JPA). The hot load line is used to monitor the gain of the receiver
while it is connected to the hot load (left-most 20 dB attenuator in the diagram), which is a
variable temperature stage used for noise calibration. The hot load can be connected to the
output line using an RF switch. Lastly, the output line is used to amplify and readout signals
from the cavity. ADMX uses two amplifiers, a JPA and an HFET amplifier. The three small
squares with circular arrows in them are unidirectional devices called circulators which are
used to direct the signal path and prevent downstream noise from reaching the cavity. There
are 3 dB attenuators on weak, pump and hot load lines cooled baffle temperature stage.
There is another set of 3 dB attenuators on the weak, bypass, pump and hot load lines at
the 1K plate temperature stage as well. In addition, there are 20 dB (10 dB) attenuators on
the weak and bypass (pump and hot load) lines at the reservoir bottom temperature stage.
There are also 20 dB (30 dB) attenuators on the weak, pump and hot load (bypass) line at
the mixing chamber temperature stage. Finally, there are 0 dB “attenuators” that serve as
thermal sinks on the weak, bypass, pump and hot load lines at the ICP and still temperature

stages.
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2.4 DC Cables and Sensors

The nature of ADMX requires a significant number of cryogenic DC lines to power various
components within the insert. These include temperature sensors, amplifier bias current
sources, heaters, and more. There are a total of nine different DC cables that provide power
to the insert during data taking operations. Five of the cables (A, B, C, D, E) have 51 pin
micro-D connectors and the other four (F, L, R, SC) have 25 pin micro-D connectors. The
steady, reliable operation of the various DC connections in the experiment is paramount to
our ability to run. Testing, repairing and upgrading the DC cables and components made

up a large part of my graduate career.

First, I will delve into more detail about what the various connections are. Cable A houses
the temperature sensors used to monitor the temperature of the warmer insert components
such as the warm and cooled baffles, and the coldhead. The warm component temperature
sensors are platinum, PT-100, temperature sensors which provide excellent accuracy and
stability above 30 K. Due to its use for monitoring the warmer temperature components,
the breakout box for Cable A is mounted on and thermally sunk to the cooled baffle which
sits at a temperature of about 40 K. Because ADMX does not have many components
above 30 K that need temperature monitoring, Cable A also serves as overflow for other
connections including the reservoir top (6), reservoir bottom (7), and 4K shield bottom (17)
temperature sensors. These are Cernox temperature sensors from Lake Shore Cryotronics [1].
These sensors provide good sensitivity and stability over a broad range of temperatures
(~ 0.1 — 325 K), and have been proven very stable over repeated thermal cycling. However,
below 1K the magnetoresistance is quite large (~ 70%), meaning they can’t accurately
measure temperatures below 1K when the field is ramped. Additionally, Cernox sensors
do not follow a standard curve so we need to calibrate every uncalibrated Cernox sensor

ourselves.

Cable B is intended for connections at the 1K stage. As such, the breakout box is mounted

on and heat sunk to the 1K plate. The connections on Cable B include the HFET, Sorb, 1K
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shield bottom, 1k shield top, big 1K pot, and rod gearbox temperature sensors. The sorb
and 1k shield bottom sensors are Cernox, while the others are all Ruthenium Oxide (RuOx)
sensors also from Lake Shore. RuOx sensors are designed specifically for operations within
magnetic fields. Compared with Cernox sensors, the magnetoresistance of RuOx sensors
at temperatures below 1K is small (< 5%). In addition, RuOx sensors follow a standard
calibration curve, so they can be purchased uncalibrated and still be used for monitoring
temperature stages where the exact value is not hugely important.

Cable C is for higher current DC components. This includes the sorb, small 1K pot, big
1K pot, bore bottom, and mixing chamber heaters, as well as the hall probes. In addition,
Cable C provides power to the HFET amplifier. The breakout box for Cable C is mounted
on and thermally sunk to the bottom of the reservoir due to its large amount cooling power.

Cable D is for the various components in the quantum amplifier package. Due to the
small volume of the quantum amplifier package, no breakout box is used for this cable. In-
stead, the output of the quantum amplifier package is two 25 pin micro-D connectors, one for
temperature sensors and the other for the remaining DC connections. There are temperature
sensors that monitor the JPA, the circulators, and the cold finger. These sensors are also
Ruthenium Oxide sensors, but this time from Scientific Instruments [2]. The properties are
much the same as before, with the sensors providing excellent magnetic field performance,
interchangeability, stability and sensitivity to temperatures between 0.05 and 20 K. In ad-
dition, this cable supplies power for biasing the JPA, as well as for flipping the RF switch
used for noise calibration measurements.

Cable E houses the milliKelvin space temperature sensors, and as such is mounted on
and thermally sunk to the top of the cavity. There are many important sensors on this
cable including temperature sensors on the ICP, hot load, bypass attenuator used for noise
calibration, and the top and bottom of the cavity. One sensor on the top of the cavity
and one sensor on the bottom of the cavity are Cernox, which due to their large calibrated
temperature range, allows useful monitoring of the cavity temperature during cooldown.

The other two cavity sensors, as well as all of the other sensors listed are RuOx sensors



47

from Lake Shore since we need them to perform well at very low temperatures inside a
high magnetic field. Many of the sensors on this cable are critical to calibrating the system
noise temperature, which allows us to determine our experimental sensitivity, so ensuring
the stable operation of Cable E is vital.

Cable F supplies power to the DC power components of the dilution refrigerator. Specif-
ically, it powers the small 1K pot, still, and mixing chamber temperature sensors as well
as the still heater. Having timely, accurate readings of these temperatures is paramount
to the operation of the dilution refrigerator. The still heater is another critical component
of the dilution refrigerator because it is what allows us to increase the circulation of He3
through the mixing chamber, which allows us to decrease the mixing chamber temperature
from ~ 250 mK to ~ 85 mK. Without still heating, the experiment would be significantly
less sensitive. Unfortunately, throughout Run 1C we experienced regular disruptions to the
temperature sensor readings from Cable F, and ultimately tracked the issue down to the
deteriorating insert cable. As the DC cable lead for ADMX, I decided it was time we replace
the cable, and build it its own breakout box like the other cables had to allow for quick and
easy reroutes in the event that a pin breaks. I will discuss more about the Cable F upgrade
in Sec. 2.4.2

Cable L houses the temperature sensors for the leads box. This is a box that houses
the leads for the bucking coil magnet and was intended to provided a thermal sink between
the top of the high-TC leads and the cooled baffle (40 K). The temperature sensors were
initially designed to ensure the leads were not getting too hot. Now that we now that is
not a concern, these sensors are mostly used for monitoring the insert during cooldowns and
magnet ramps. As such, the Cable L temperature sensors are all Cernox due to their wide
temperature range and low magneto-resistance above 30 K. Since the sensors on this cable
all go to the same place close to the top of the insert, there is no breakout box for Cable L.

Cable R supplies power to the various DC components in or around the helium reservoir.
This includes 3 different Cernox temperature sensors on various parts of the bucking coil, the

persistent switch for the bucking coil, a liquid helium level meter, and the reservoir heater.
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The bucking coil creates a counter magnetic field to oppose the main magnetic field and
create a field-free region of the insert where we house the magnetic-field sensitive quantum
amplifier package. Being able to monitor the reservoir level is also critical to operations since
we must have a constant supply of Hed available to ensure the insert remains cold during
operations. Like Cable L, the sensors on this cable are all going inside the reservoir to the
same place more or less, so there is no breakout box for Cable R either.

Lastly, there is the SC Piezo cable which powers the piezo motors that control the rod
motion of the sidecar cavity, which is used as a test-stand for various R&D projects. More
details about the status and results of sidecar from Run 1D can be found in former ADMX

graduate student Tom Braine’s dissertation [47].

2.4.1 Sensor Documentation and Testing

Given that experimental operations rely heavily on the reliability of the many DC connections
described above, documentation and testing are paramount. I have thoroughly documented
the existing DC connections inside the ADMX insert in a spreadsheet, as well as with a sensor
map. The spreadsheet includes important information about each connection including what
cable pins the component is occupying, what type of sensor it is and where it is from, the
name of its calibration, a description of its location inside the insert, and its associated
readout instrument. It also notes any known issues such as broken pins on the cables or
flaky sensors. An example of part of the spreadsheet can be seen in Fig. 2.12]

Furthermore, I also created a sensor map of the insert as another, more visual, aid to be
used for locating specific sensors inside the insert. Given the huge amount of components,
the limited space in the insert, and the small size of the temperature sensors it can be quite
difficult to locate them if one is not working with them regularly. In addition to the map
itself, T also assembled a gallery of pictures of the sensors when possible to further aid in
the documentation. This way, any collaborator or future graduate student should be able
to step in and easily locate any sensor. The sensor map and its key can be seen in Fig.

and Fig. 2.15] and the image gallery is shown in Fig. 2.13
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In addition to documenting the insert DC connections, I also rigorously tested each
connection in a procedural fashion. The first checks are done before the insert shields are
put on prior to insertion into the magnet bore, the second checks are done after the shields
are but before insertion, and the third checks are done after insertion. To begin the first
set of checks, I used a digital multimeter to measure the resistances across the relevant pins
for each connection at the top of the insert. The resistances were recorded in a spreadsheet
where they were either confirmed to be the same as the expected value from the last run, or
noted as problematic. Then, I checked that the resistance values at the appropriate readout
instrument matched what was measured at the top of the insert to ensure the connections
are sound all the way to the data acquisition (DAQ) rack. Any connections that are not
reading out correctly at any stage were further evaluated to determine where the break was.
For example, if a sensor read out at the top of the insert, but not at the DAQ rack, the
issue is somewhere in the warm space. However, if the sensor doesn’t even read out at the
top of the insert, the issue is in the cold space, meaning the issue must be resolved prior to
insertion. Cold space wiring issues therefore take higher priority than warm space issues.
The exact reason for a cold space failure varies, but it is often due to either one of the thin,
delicate sensor wires breaking at the connector, or because one of the pins on an insert cable
was damaged. In the former case, that can often be resolved by soldering the broken wire
back into the connector, as was done for a number of sensors prior to Run 1D. In the latter
case, that pin is no longer usable and the sensor needs to be rerouted to a spare pin on the
cable via the appropriate breakout box. This is the beauty of the breakout boxes, it allows
for quick fixes when there are individual broken cable pins. Of course, there is a limited
amount of space on each cable so this rerouting can only be done so many times before the
entire cable must be replaced, but the ability to use spare pins maximizes the lifetime of the
cables in the insert. Prior to the Run 1D insertion there were a number of connections on

Cable E that required rerouting at the breakout box level.

The same set of checks described above are performed once the shields are put on to

determine if we broke anything in the process of putting the shields on. Then, after insertion
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into the magnet bore, this same set of checks is done once more to determine if anything
was disturbed by the insertion process. The only difference here is that, with the insert in
the bore, if any connections are not reading out at the top of the insert there is nothing that
can be done to fix them at this stage. That is to say, only warm space issues are resolvable
post-insertion. Therefore, this check determines whether or not operations can continue as
planned or if we need to perform an extraction to repair a critical DC connection in the cold
space. Luckily, for Run 1D, the pre-insertion checks and repairs were thorough enough that
I did not see any broken connections post-insertion. In fact, throughout the course of this

run there were no disruptions to operations due to sensor issues, as there had been during

previous data taking runs.

Pin |Connection Sensor Type Calibration Location Readout Instrument (Channel)
U09595 (done by
Ruthenium Oxide Nick/LLNL + RX202a on cavity top plate near
1| Cavity Top Temp 1 (Lakeshore) standard curve) breakout box F Lakeshore Resistance Bridge (Ch. 1)
U09595 (done by
Ruthenium Oxide Nick/LLNL + RX202a on cavity top plate near
2| Cavity Top Temp 1 (Lakeshore) standard curve) breakout box F Lakeshore Resistance Bridge (Ch. 1)

3| Cavity Top Temp 1

Ruthenium Oxide
(Lakeshore)

Ruthenium Oxide

U09595 (done by
Nick/LLNL + RX202a
standard curve)
U09595 (done by
Nick/LLNL + RX202a

on cavity top plate near
breakout box F

on cavity top plate near

Lakeshore Resistance Bridge (Ch.

4| Cavity Top Temp 1 (Lakeshore) standard curve) breakout box F Lakeshore Resistance Bridge (Ch. 1)
5| Cavity Top Temp 2 Cernox x76420 (from Lakeshore) |on cavity top plate near sidecar | Lakeshore Resistance Bridge (Ch. 2)
6| Cavity Top Temp 2 Cernox x76420 (from Lakeshore) |on cavity top plate near sidecar | Lakeshore Resistance Bridge (Ch. 2)
7| Cavity Top Temp 2 Cernox x76420 (from Lakeshore) |on cavity top plate near sidecar | Lakeshore Resistance Bridge (Ch. 2)
8| Cavity Top Temp 2 Cernox Xx76420 (from Lakeshore) |on cavity top plate near sidecar | Lakeshore Resistance Bridge (Ch. 2)
9| Cavity Bottom Temp 1 Cernox X76422 (from Lakeshore) |on cavity end plate (labeled) Lakeshore Resistance Bridge (Ch. 3)

10| moved to pin 26 (broken)

11| Cavity Bottom Temp 1 Cernox x76422 (from Lakeshore) |on cavity end plate (labeled) Lakeshore Resistance Bridge (Ch. 3)

12| Cavity Bottom Temp 1 Cernox Xx76422 (from Lakeshore) |on cavity end plate (labeled) Lakeshore Resistance Bridge (Ch. 3)

Figure 2.12: Screenshot of the ADMX Run 1D wiring spreadsheet. The example shown here

is the tab associated with Cable E.
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Figure 2.13: ADMX Run 1D image gallery of sensors in Fig. [2.14. These images are on
the ADMX wiki page that can be accessed by internal collaborators who are interested in
locating a specific sensor. Not all sensors were able to be easily photographed, but those

that were are included in the gallery.
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Figure 2.15: ADMX Run 1D sensor map key. Each number corresponds to a sensor in

Fig.
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2.4.2 Cable F Redesign

As mentioned earlier in the text, Cable F was due for a replacement after experiencing regular
disruptions to operations because its sensors kept failing. While the idea of purchasing a
commercial cable was discussed, because of the specificity of the design needs we ultimately
decided to pursue a custom cable designed by myself and assembled by collaborators at
Washington University in St. Louis (WUSTL). The process began with removing the existing
cable, and measuring how long the total length will need to be, which ended up being around
11 feet. However, in the process of removing the cable I noticed that it was not heat sunk
very well to the different thermal stages in the insert. Considering this cable was used to
supply power to some of the coldest components in the insert, this was alarming to me.
Therefore, I went through and decided where in the insert the new cable should be heat
sunk, and took measurements of each individual stage to give our collaborators at WUSTL
a drawing which clearly marked how much room to leave between each copper bobbin. After
adding extra slack to give us freedom in the location where the heat sinks would be mounted
to the different temperature stages, the total length of the design ended up being just over

11.4 feet. The heat sink locations and section lengths are shown in Fig. [2.16

Cable F
I: \otation o Weat sinking
Coity e kgl Uk pafe Toplet (led
(1w (~1bak) (=10 (=ew) aservar afle 5 alreody have oUW, Gud sendt WUSTL
(~118) [QUA) e
] B ] [ | |
= A —=1C 4
S e oy ———————
A 15" = 15" w 3 qn Lf-p‘n' T P mien -4
S§" micro-d’s mdc Vacom
25 y;\ (x2) Conecta
micn-
({emale) [0 e s

L Comey

phospho- bnze + copper (fv heater lines)

Figure 2.16: Design drawing for the upgrade dilution refrigerator cable, Cable F. This version
of Cable F included more heat sinking bobbins in more strategic locations, different wire

material, and more easily interchangeable connectors.
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The feedthroughs at the top of the insert for all of the cables are equipped to fit 50-
pin micro-D connectors. However, for Cable F we only need 25 pins to actually reach the
milliKelvin space. Therefore, at some point inside the insert we wanted to reduce the number
of wires from 50 to only 25. Because the feedthrough itself required a 50-pin connector, we
purchased a new 50-pin micro-D connector with a copper tail from MDC Precision [3] to
connect to the inside of the vacuum flange on one end, and to the remainder of the cable on
the other. At the end of the copper tail, a 25-pin micro-D connector was soldered to the first
25 wires, and the remaining 25 wires were terminated so that the rest of the cable would have
only 25 wires while maintaining compatibility with the existing feedthrough. The rest of the
cable past this point was primarily composed of quad twist phosphor bronze wire due to its
high thermal resistivity, which aids in thermal isolation between the different temperature
stages. However, because phosphor bronze also has high electrical resistance, it should not
be used for high current components, like a heater. Due to this limitation, I chose to use
copper wires for four of the pins (13,14,15,16), two of which (14 and 15) were designed to
be used for the still heater. The other two pins serve as spares that the still heater could be

rerouted to if pin 14 or 15 were to get damaged. The pinouts for the new Cable F are shown

in Fig.
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Figure 2.17: Pinout diagram for the upgraded dilution refrigerator cable, Cable F. Pins 13-16
were designated to be made with copper wire, while the rest of the pins are phosphor bronze.
This is because the still heater, which uses more current than the temperature sensors, was

designated to be on pins 14 and 15, leaving 13 and 16 as backups.

In addition to the cable itself, I designed a new breakout box to make rerouting pins
easier than the existing connector. For temperature sensors we typically use four pin black
TE Connectivity connectors, so the breakout board was designed to have the opposite type
of connector allowing the sensors to plug directly in to the appropriate slot. The board
itself has 24 pins that are arranged in sets of four, for a total of six black connector slots.
After coming up with my design and purchasing the necessary components (PCB, black
connectors and a 25-pin micro-D with a copper tail), the breakout board was assembled
by the CENPA electronic shop engineering technician, David Peterson. Fig. shows a
comparison between the old connector and the new breakout board. The board itself was
then housed inside of a small aluminum box that could be mounted directly to the mixing
chamber plate. I machined the box to make openings for the connectors, enabling the
breakout board to be contained and protected while still remaining accessible for electrical

connections. A photo of the breakout box after being installed in the insert can be seen in

Fig.
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Figure 2.18: Left: the former “breakout box” for Cable F. Really, it was just a connector
that could be disconnected from the stand. The left hand side where wires are soldered into
connected to the old Cable F, and the right hand side with the white cables coming out were
routed to the sensors and the still heater. This connector was not only dilapidated, but it
was not as easily labeled and changes were difficult to keep track of because the wires on the
cable itself were what needed to be re-soldered in the case of a break, rather than having
some intermediate connection that changes could be made to. Right: new and improved
breakout board. This board is what is housed inside of the box shown in Fig. [2.19] This
breakout board has entirely fresh wiring and connectors, and is much more clearly labeled
with every connector and every pin on each connector having a number associated with them.
In addition, because Cable F plugs into this board, the changes made during rerouting are

made to the board, rather than the cable itself.
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Figure 2.19: The newly designed breakout box for Cable F mounted on top of the cavity next
to the breakout box for Cable E (left edge of the image). The connectors for temperature
sensors can be seen on the left hand side of the breakout box and there are 3 spares. Cable

F is shown plugged into the top of the box.

2.4.8 Cable D Filter Addition

Prior to Run 1D a cryogenic, combination Resistor-Capacitor(RC)/Inductor-Capacitor(LC)
filter was installed on Cable D, which supplies power to the JPA as well as the RF switch

used for noise calibration. The primary goal of adding this filter was to reduce electronic
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noise on the JPA bias line in order to improve its noise performance and dynamic range.
RC filters can be designed with very low cutoff frequencies, and the resistive elements assist
in thermalizing wires at low temperatures. However, RC low pass filters become ineffective
at frequencies > 100 MHz. Therefore, to eliminate frequencies above 100 MHz, multiple
stages of LC filtering were used. Filtering at these higher frequencies is crucial because the
signals used in wireless communications, which have frequencies on the order of hundreds of
MHz to a few GHz, can easily couple into the antenna-like DC wiring entering the insert.
All 25 lines on Cable D include the same LC filtering configuration: per line, there are two
LC stages with a 105 MHz cutoff, one stage with a 1.45 GHz cutoff, and one stage with a
5 GHz cutoff. Each line also has two stages of RC filtering, with a cutoff frequency of 20
Hz for the JPA bias lines (plus several spares), and a low resistance high cutoff frequency
of 48.8 kHz on the remaining lines to allow for high-current impulse signals to be sent to
the RF switch. The filter box was largely designed and manufactured by our collaborators
at WUSTL, especially Jordan Russell. 1 was responsible for integrating the new filter box
into the existing cabling. In the process of adding the filter box, we also adding another
stage of heat-sinking to Cable D, because we noticed that it had previously not been heat
sunk anywhere until the top of the reservoir which is at 10 K. As seen in Fig. [2.20] this
was achieved by relocating the breakout box for Cable D from the top of the reservoir to
the cooled baffle which sits at around 40 K. Another heat sink was added at the top of the
reservoir in place of the breakout box that had previous been there. The goal of this was to

reduce the heat load on the reservoir and improve the helium boil off rate.
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Figure 2.20: Drawing showing the changes made to Cable D in the cryogenic space. Namely,
the breakout box was relocated from the top of the reservoir to the cooled baffle and another
heat sink was added to the top of the reservoir in its place. In addition, a filter box was

added on the bottom of the reservoir to reduce electronic noise on the JPA bias line.

To summarize, the hardware upgrades made prior to the start of Run 1D were a great
success. Efforts to reduce the heat load on the system caused by components in the receiver
chain allowed ADMX to reach lower temperatures than ever before. In addition, there were

very few sensor failures throughout Run 1D, none of which were related to the newly designed

DR cable, Cable F.
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Chapter 3
NOISE CALIBRATION

Calibrating the receiver noise allows ADMX to determine at what level we can discrimi-
nate between a signal originating from the cavity and thermal noise after passing through a
series of RF components. Some of these components attenuate, some amplify, and all have
their own contributions to the overall system noise that must be considered. Additionally, in
the event of discovery the noise calibration results will directly influence the uncertainty on
the reported value of g,y X ppar. In this chapter, I will discuss in detail both the theoretical
noise model based on the components in our receiver chain as well as the experimental and
analytical procedures followed to measure the system noise. I will finish with a summary
and discussion of the results from the Run 1D noise calibration campaign. I have already de-
tailed most of the content from this chapter in a publication in Physical Review D [96], some
of which is repeated here. The JPA-off-hot-load calibration on 01/04 and JPA-off-cavity

calibration on 06/14, however, are new to this thesis.

3.1 Sources of Noise

The signal-to-noise ratio (SNR), which is the ratio of the signal power entering the cold
receiver Py, to the root-mean-square (RMS) uncertainty of the system noise power Py
over some bandwidth b, is a fundamental measure of experimental sensitivity. In order to
determine the RMS uncertainty on Pyys, we must understand the expected noise distribution.
The spectra used to search for virialized halo axions with ADMX are designed to have a bin
width of 100 Hz given the expected axion linewidth of ~ 1 kHz. Considering the native
spectral resolution of ADMX is only 10 mHz, the combination of 10,000 bins into a single

bin is necessary to create spectra with 100 Hz wide bins that will be optimally sensitive to
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axions originating in the Milky Way halo. Due to this combination of many individual bins,
the spectra analyzed in this thesis are expected to follow a Gaussian noise distribution [80].
Because the spectra follow a Gaussian noise distribution, the SNR can be defined via the
radiometer equation (see Ref. [50] for a derivation), resulting in an RMS uncertainty of
system noise power equal to ogys = Piys/ Vbt where b is the bandwidth at the output of the
receiver and ¢ is the integration time of the digitization. Thus, the noise temperature T4 of
a device is defined to be scaled relative to the input signal reference plane as

P P t
QNR = -2 — 8¢ /2 3.1
Osys kBTsys b7 ( )

where kp is the Boltzmann constant, Ps,s = kpTsysb and all other quantities are as defined
above. For clarity, “reference plane” here defines the location in the receiver chain where the
quantities of interest (T4 and the resulting SNR, in this case) are being defined from. That
is, the system noise temperature and corresponding SNR are defined as above (Eq. from
the specified reference plane to the output of the receiver. That being said, let us begin by

examining each of the components that contribute Tys.

3.1.1 Blackbody Noise

There are various sources of noise in the ADMX receiver that fall into two general categories,
thermal and electronic. The thermal noise temperature of a blackbody is a function of its

frequency f and physical temperature Tppys:

_nf s
Tt Ty = 510 ot (20— 3.2)

where h is the Planck constant [54]. Noise power is generally related to noise temperature

through the Boltzmann constant kp and some bandwidth b at the RF receiver output:

Pnoise = ijanoise‘ (33)

hf

ST the system is either thermally

Depending on the relative magnitude of Typys and

limited or quantum-limited. In the former case, Tphys > % and Theise = Tphys- In the
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hf

51, Which is equal to the Standard Quantum Limit
B

latter case, Tpnys < % and Thoise =

(SQL) [55, 1511,

3.1.2 Attenuator

Attenuators are used throughout the ADMX receiver chain to both aid in thermalization
and to prevent noise from warmer temperature stages from reaching the coldest temperature
stages. Kirchoft’s law states that the emissivity and absorptivity of a passive object in
thermal equilibrium must be equal [I16]. In addition, by conservation of energy the sum of
the absorptivity, reflectivity and transmissivity of a blackbody must be equal to 1. Here,
we approximate our attenuators as non-reflective (that is, reflectivity = 0). Therefore, an
attenuator that transmits a power fraction a and absorbs a power fraction 1 — o would
also radiate as a blackbody with emissivity equal to its absorptivity, 1 — a. Therefore,
given a blackbody at a noise temperature 7'y and an attenuator with the above transmissive
and absorptive properties and noise temperature Tz, the noise power and temperature as

measured downstream will be:

Pnoise = ka (aTA + (]- - a)TB) ) (34)
and

Tnoise = TA +

with the reference plane at blackbody A.

3.1.3  Circulator

Circulators are three-port, unidirectional devices that are used to control the direction of
the signal path (see Figl3.1). Namely, a signal entering through port 1 will exit port 2, a
signal entering through port 2 will exit port 3 and a signal entering through port 3 will exit

through port 1 [146]. For an ideal clockwise circulator, the transmissivity from port i to port
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i, Sji, is equal to zero except for Sy; = S32 = S13 = 1. In reality circulators have some small
amount of loss so these transmissivities are not exactly 1, but after measuring the losses,

they can be treated as attenuators for the purpose of noise calibration.

3.1.4  Microwave Cavity

As discussed in Chapter 2], ADMX makes use of a resonant microwave cavity to enhance
the strength of the photon signal produced by the axion field interacting with the static
magnetic field. The resonant mode of interest, T'My;o, has an associated unloaded quality
factor Qo and is coupled to an antenna with coupling strength 3. Power incident on the

cavity at frequencies near some resonant frequency fy is reflected with reflectivity coefficient

48 1
T )2 =1— : 3.6
PO =1~ e [y (3.

where @ = Qo/(1 + /) is the loaded quality factor |34, [146].

Generally, |Tcay(f)|* # 0, and therefore the noise temperature as seen from the antenna
is a mixture of the cavity’s physical temperature T.,, and noise temperature from power

reflected off the antenna, T, cigent:

Tnoise = incident|l—1caw|2 + Tcav (1 - |Fcav|2) . (37)

Only when the antenna is critically coupled (5 = 1), and f = f, (on-resonance), does

ITeav(f)|> = 0. Under these conditions, the cavity appears as a blackbody radiating at T, .

3.1.5  Amplifier

In order to increase the signal to noise ratio, ADMX makes use of multiple amplifiers in its
receiver chain. This is because not only do amplifiers increase the signal strength, but they
also suppress the noise contribution from downstream receiver components [89]. Therefore,

given a blackbody with noise temperature Ty amplified by an amplifier with gain G' and



65

noise temperature T, followed by downstream components that introduce additional noise

Tc, the noise power and temperature as measured at the reference plane of blackbody A is:

Pnoise = ka(G (TA + TB) + TC)7 (38)
and
T
Tnoise = TA + TB + 60 (39)

3.1.6  Parametric Amplifier

ADMX employs an ultra low-noise parametric amplifier as our first stage-amplifier so that it
is the dominant contributor to the system noise, due to the suppression of noisier downstream
components [89]. For Run 1D specifically, ADMX used a current-pumped (four-wave mixing)
Josephson Parametric Amplifier (JPA) [I11I]. In the ideal case, a current-pumped JPA
pumped at frequency fp can achieve no additional noise beyond the zero-point fluctuations
required by quantum mechanics at the signal and idler frequencies, fs and fr = 2fp — f,
corresponding to half a photon worth of noise at each frequency for a total of one photon
worth of noise [125]. The noise power and temperature at the input of a parametric amplifier
given a signal frequency with noise temperature T’s, an idler frequency with noise temperature
T, and the gain of the parametric amplifier G > 1, followed by downstream components

that introduce additional noise temperature T are:

Pnoise = ka(G (TS + TI) + TD)> (310)
and
T
Tnoise = TS + TI + ED> (311)

with the reference plane at the input to the parametric amplifier. In reality, the parametric

amplifier in ADMX adds noticeable extra noise above that required by quantum mechanics,
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Typa, so the noise temperature becomes

T
Tooise = Ts+Ti+ Thpa + ED (3.12)

3.2 Noise Models

3.2.1 Model Construction

The relevant part of the ADMX cold receiver chain for noise calibration is detailed in Fig.|3.1].
The primary signal path (blue arrows) begins in the cavity, passes through two circulators
(Circl and Cire2), is amplified by a four-wave mixing JPA, passes through two more circu-
lators (Circ2 and Cire3), is amplified by an HFET amplifier, and then continues out to the
warm receiver. In addition to the primary signal, the thermal noise path (brown arrows)
begins at attenuator A, passes through Circl and reaches the antenna. Depending on the
frequency f and coupling (3, some of this incident noise is reflected, and some is replaced by
thermal noise from the cavity (Eq. . The noise then passes through the same path as
the signal, where additional electronic noise will be added by attenuation in the cables and
circulators, by mixing with the idler frequency at the JPA, by the HFET amplifier, and by
the post-amplifiers in the warm receiver.

In practice, the idler frequency for the JPA is always many Q widths away from the
cavity resonance so its noise can be treated as independent from the cavity temperature. To
be more specific, the measurements in Sec. always detune f,, by 320 kHz higher than the
cavity resonance (fs) while the bandwidth of the cavity is 56 kHz. In addition, the HFET
gain is quite high (~ 40 dB), so any additional noise from components downstream of the
HFET is insignificant compared to the HFET noise and can be lumped in with it.

The system can be run with the JPA powered by a pump tone with stable gains up
to 25 dB, or with the JPA inactive, in which case it behaves as an ideal reflector. The RF
switch (S) can be flipped so that the noise originates in the “hot load” (VTS used in ADMX)
for calibration. The cable length and composition between the hot load and the switch are

designed to be the same as that between the cavity and the switch, so the attenuation in
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both cases can be treated as nearly the same.

Attenuator A Circulator  Circulator 1Circ:u|ator
W @)y
smgeshvs'*’”f L sger | Noise & Signal Path

JPA Pump Tone Coupler

JPA

Figure 3.1: ADMX RF diagram in the cold space. Other than the HFET, all the components
are connected to the milliKelvin stage directly. The blue arrows show the shared path for
both noises and possible signal from the cavity. The brown arrows show the path of the
attenuator A thermal noise to the cavity. Different stages (i.e. stage 1, stage 2, etc.) are

labeled corresponding to the noise model in Sec.

The thermal model is constructed by assuming temperature gradients among all the
critical cryo-components including the cavity, attenuator A, the hot load, etc. (Fig. [3.1)).
Ideally, they should all be thermalized to the milliKelvin (mixing chamber) temperature
stage, except for the HFET, but assuming temperature gradients is the most general starting
point from which the model can be simplified later.

The cavity, attenuator A, and the hot load are each instrumented with temperature
sensors that measure corresponding blackbody noise temperatures Tt,,, Ta, and Ty, respec-
tively. The magnetic-field sensitive components including the circulators, switch and JPA
are mounted to a cold finger in a field-free region of the insert, a system we call the quantum
amplifier package, which is also instrumented with temperature sensors [27, [79]. For these

components, I begin by assuming different physical temperatures for each of the circulators
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in the interest of generality and later on I will simplify the model using the fact that all of
the components in the quantum amplifier package are thermalized to the same temperature
Teive- The HFET noise temperature combined with any downstream receiver noise will be
labeled Typgr. The gains of the JPA, the HFET and the downstream post amplifiers are

noted as Gypa, Gurer and Gy, respectively.

The noise power with the JPA off can be modeled by separating the cryo-space into

different stages, where

Pitage1 = kpbTa0tire1 21 + kpbTeire1 (1 — Qcire1,21)
Pstage2 = Pstagel|l—1caw|2 + kaTcav(l - |Fcav|2)
PstageB = PstageZOdcircl,SZ + k’BbT‘circl(1 - acirc1,32)
Pstage4 - PstageSQCirCQ,Ql + ]{:BbT'cich(1 - O-/Circ2,21)
PstageS = Pstage4acirc2,32 + kaTCiI‘CQ(]- - Oécirc2,32)
Pstageﬁ = Pstage5acirc3,32 + kaTCiI‘C3(1 - acirc3,32)
Pitager = Gurrr (Pstages + kpbThreT)

Pnoise,out = GpostPstage7- (313)
While the JPA is on, we rewrite the relation between Pijages and Piages as

Piages = (Gypa(Prstages + Pipas) + (Gypa — 1)(Pr + Pypa 1)) Qcire2,32

+kpbTeire2 (1 — Quire2,32) (3.14)

where Pjpa g and Pjpa ; are extra noise at the signal and idler frequencies, respectively, due
to imperfections in the JPA. P; is the noise power at the idler frequency which can be traced
up to Pygager- As the idler frequency is always off-resonance with respect to the cavity, the
reflection coefficient between stage 1 and stage 2 at the idler frequency is |Teay|* = 1. More

explicitly,
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PI = (Pstagelacircl,?ﬁ + kaTcircl(l - acirc1,32))acir02,21

+k;Bchir(32(1 - CVcirc2,21)- (315)

If there is a signal power Py, coming out of the cavity, Teay(1 — |Teay|?) will be replaced
with (Teav(1 — [Peav]?) + Paig) in Eq. According to Eq. Py¢ should be compared to
Tyys with the stage 2 as the reference plane because stage 2 is where the signal enters the
receiver chain. Therefore, if all the attenuation and gain at different stages are known, Ty,
can be calculated as

Pnoise ou
Thys = ———20OUt (3.16)

sys .
kpboy Q/QGtotal

Here, oy = Qicire1 320circ2,21 1 the transmissivity from the cavity (stage 2) to the JPA (stage 4),
and oo = Ol 32cire3,32) 1S the transmissivity from the JPA (stage 4) to the HFET (stage 6).
While the JPA pump is on, Giotal = Gypa GrurerGpost and while it is off, Giotal = GurerGpost -
Although it is difficult to have a direct, accurate measurement of G during data taking,
looking back to the definition of 7Ty (Eq., it can be seen that both Tiy ¢ and Ty on
contain Gpes. Therefore, Gpos can be canceled out by comparing the noise powers with the

JPA turned off (Tiys o) and turned on (Ziyson) because

Ts s,0ff
Tsyson = - ) 1

where SNRI refers to the signal-to-noise ratio improvement as

Pnoise out,o:
SNR = GoPAThoisoousoft (3.18)

Pnoise,out,on

The noise power coming out of the system with either the JPA on Poiseout,on Or Off
Poise.out off 15 measured regularly during data taking, and so is Gypa, providing timely updates
of the SNRI. To estimate Tiyson using the SNRI, however, Ty o¢ needs to be known first.

Therefore, it is worthwhile to carefully trace both the JPA active and inactive models.
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3.2.2  Model Simplification

As alluded to in the previous section, the noise model can be simplified because all of the
circulators are thermalized to the same temperature 7., and we can combine the individual,
identical, circulator attenuations into «; and «s as introduced in Eq. In addition to
Eq. , Tsys can also be decomposed as follows.

When the JPA is off,

) i Tcirc(l - 041042) 4 ThreT

Tsys,off - ﬂtage1|rcav|2 + Tcav(]- - |Fcaw’2
109 109

. (3.19)

where the notations of the powers P, from Eq. are converted to the noise temperatures
T, = P./kgb for readability.
When the JPA is on and Gypa > 1 is reached (Gypa = Gypa — 1),

Tcirc(l - 041)

Tsys,on = jﬁs‘caugel‘r‘cav‘2 + Tcav<1 - |Fcav|2) + Tstagel + 2 o
1

T Teive(1 — T
LA ( 2) HFET (3.20)
&3] a10Gypa 102G ypa
Here, we use Tjpa to denote the total extra noise introduced by the JPA which is equal
to the sum at both the signal and idler frequencies (Typa s + Typa 1) since the two sources of

noise are not separable.

Hot Load Calibration Models

The primary noise calibration method used in ADMX is the hot load method. For this

method, a VTS (from here on out simply called the hot load) with a 50 © terminator (a

typical reactance used for RF transmission lines) is connected into the system via an RF

switch (S) as shown in Fig. . When the receiver is switched to the hot load configuration

from the cavity, Titager is replaced with Ty, and I'eay with Ty, = 1 in Eq. and Eq. [3.20}
Therefore, when the JPA is off, T,s becomes

Tcirc(l - 061062) 4 ThreT

[051e%) (0518

TSys,off,HL = THL + (321)
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Similarly, when the JPA is on, Ty, becomes

Tcirc 1—« T Tcirc 11—« T;
( 1) + JPA+ ( 2) + HFET

. 3.22
631 &3] ayaaGypa a1aaGypa ( )

Tsysonur, = 211, + 2

Cavity Calibration Model

The secondary noise calibration method used in ADMX is the cavity method. For this
method, the cavity remains connected to the receiver chain, as it would be during normal
data taking. When the system is thermalized to the same temperature from the attenuator
(A) connected to Circl (stage 1) to the signal at the input of the HFET (stage 6), some
terms in the 7., models will cancel out and the equation will simplify. The receiver chain is
thermalized in this way when the entire system is cooling down or warming up with respect
to the same mixing chamber temperature (Ti,x). These simplifications require that one is
fully off-resonance since the cavity typically takes more time to thermalize than the other
components, so the assumptions that all the temperatures are the same are not as accurate
on-resonance.

During a cavity calibration with the JPA off,

Tinxe + THFET

T‘s s,off, mxc = 3.23
ys,off, 0 ( )
During a cavity calibration with the JPA on,
2T xe + T Txe(1 — T;
Tysonmxe = *Tora | Toeell = 02) + Tiwrr. (3.24)

aq a1aaGypa

Since the recorded physical temperature is T}, in Eq. and Eq.[3.24] the quantities of
interest that can be measured from cavity calibration data are the bare amplifier noise terms
without the inverse scaling of transmissivity (ay, as). That is, the cavity calibration models

can be used to fit out just Tyrgr and Typa, which can provide extra understanding of the



72

system when combined with the hot load fit results, which do include the inverse scaling of
transmissivity. In other words, performing both types of calibration enables the calculation
of the in-experiment transmissivity which can be compared with pre-experimental data.
However, it’s common to have temperature gradients O(0.17},x.) among the components
that should be well-thermalized to T,,x.. For the JPA-off case, Eq. is still practical when
using the off-resonance data because Typgr is more than an order of magnitude larger than
the other noise contributions in Eq. 3.19] For the JPA-on case, the temperature gradients
O(0.1T}xc) are so large that Eq. fails the ideal assumption, and Eq. is used for

analysis instead.

Fit Functions and Gain Correction

Compared to previous ADMX runs [46] [33, O1], a stronger thermal link is used to connect
the hot load to the milliKelvin space (80 ~ 100 mK) for Run 1D. The base temperature
of the hot load reached 140 ~ 170 mK, which was finally cold enough to perform JPA-on
noise calibration measurements without saturating the JPA. Therefore, Run 1D is the first
time a JPA-on noise calibration has been performed in the ADMX experiment [96, [63]. All
the noise calibrations described in the following section are Y-factor measurements where
the output powers are traced as a function of the physical temperatures, and a linear-fit is
used to extract out the extra electronic noise introduced by the different components in the
receiver chain.

For the JPA-off measurements the fit function is of the form

P = C(T + Tgy). (3.25)

Here, P,g is the output power with the JPA off, T is the physical temperature that is
being changed, T§; is the noise temperature that is fitted out for each measurement and C
is a constant.

For the JPA-on measurements, the power must be must be corrected due to inevitable
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fluctuations in JPA gain during the course of the measurement, as the JPA is much more
sensitive to changes in temperature than the HFET is. To achieve this, the left hand side of

the fit function is changed from P,, to (P, — Pog)/Gpa. Doing so gives

P,,— Py Tavs off 1
uo(T'sson_& - Tsae I-‘caVQ—f_Tvcawl_Fca,VQ 11—
o T = 0 = (ThagelTenl? + T (1 = o)1 = )
Teire(1 — T
+Tstagel + 2 ( 1) + PA
aq a1
_Tcirc(l — ) (3.26)
a1Gpa
For sufficiently high gain (1 — ﬁ ~ 1 and %;:‘1) ~ (), the model used for gain-
corrected measurements is
T,
Tsys,on - Gstﬁ ~ 71s‘cage1|Fcaw|2 + Tcav(l - |Fcav’2) + Tstagel
JPA
Tcirc 1— T
492 ( al) + JPA7 (327)
aq aq

which is the same as Eq. |3.20| without the final two terms.
For the JPA-on-hot-load measurement specifically, this equation simplifies further as was

done earlier in this chapter, resulting in

Ts S,0 Tcirc 1— T
Tsys,on,HL - Y7—H7HL = 2THL + 2 ( 041) + JPA; (328)

GJPA 03] 03]

which is the same as Eq. without the final two terms.

That being said, the form of the fit function for the JPA-on measurements is nearly
identical to the JPA-off function, aside from the gain correction to the output power on the
left hand side:

Pon - Po

T — O(T + Ty, (3.29)
GJPA

where Pug (Pon) is the output power with the JPA off (on), and 7', Ti and C have the

same definitions as in the JPA-off fit function.
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3.3 Noise Measurements

In the following sections I go into more detail about the methods for taking and fitting data
for each type of measurement, using examples taken at the same frequency, 1280 MHz, to
easily compare between the different types. The calibrations done at 1280 MHz, as well as
the temperatures of various components throughout the course of each measurement, are
summarized Table The error bars shown in Figures [3.4] [3.6] and are purely
statistical to reflect data quality, and as such, do not include systematic error. The primary
source of systematic error in each fitting is calibrated ruthenium oxide temperature sensors
which have a known offset of about +5 mK, but this source of error gets canceled out in
the calculation of Ty, so I do not include it here. I do however consider error introduced

by varying the temperature windows used for fitting when reporting the final results in

Table B.3.61

Type Date | Teoe (K) | Tewe (K) | Ta (K) Toxe (K) | Tuw (K)
JPA-oft-HL | 01/04 | 0.147 0.106 0.090 0.091 0.154-0.518
JPA-oft-HL | 01/30 | 0.142 0.102 0.85 0.86 0.156-0.513
JPA-on-HL | 02/14 | 0.130 0.095 0.079 0.079 0.152-0.210
JPA-on-HL | 06/13 | 0.140 0.100 0.081 0.081 0.171-0.538
JPA-off-cav | 03/30 | 1.5-0.72 1.09-0.63 | 1.06-0.62 | 1.07-0.60 | N/A
JPA-off-cav | 06/14 | 5-0.72 5-0.66 5-0.65 42-064 | N/A
JPA-on-cav | 04/30 | 0.151-0.195 | 0.119-0.180 | 0.102-0.162 | 0.102-0.162 | N/A

Table 3.1: Summary of the dates and relevant insert temperatures associated with each of

the noise calibration measurements for Run 1D.
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3.3.1 JPA off Hot Load

A JPA-off-hot-load calibration is performed with the cryogenic switch flipped to connect the
receiver chain to the hot load, with the JPA powered off. Under these circumstances the
JPA behaves as a mirror, thus the first-stage amplifier is the HFET. Therefore, the HFET
is the dominant contributor to the receiver noise. As such, the data are expected to follow
the model described in Eq. [3.21] and the fit function will take the form of Eq. [3.25] Here,

T = Ty, and T = TC”CS_Q) + THEET where @ = ajas. Going forward, 1 will refer to this

fit result as the effective HFET noise, Tyrrr/aes, due to the scaling of 1/«, as well as the
inclusion of the circulator term, whereas the intrinsic HFET noise is simply Tyrgr.

Now, I will detail the process of performing this type of calibration. First, the switch is
flipped from the cavity state to the hot load state. Before beginning heating a few baseline
digitizations and hot load temperature readings are taken that can be used for estimating the
statistical uncertainty of the digitizer and temperature sensor, which will be used as inputs
to the fitting software. This is typically done for a few minutes, until ~ 5 — 10 data points

are collected. An example of this data is shown in Fig. 3.2
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Figure 3.2: Left: Power data taken before beginning heating for a JPA-off-hot-load mea-
surement to estimate the digitizer uncertainty with the JPA off (P,g). The example shown
here corresponds to an uncertainty of 8e—10 W. Right: Power data taken before beginning
heating for a JPA-on-hot-load measurement to estimate the digitizer uncertainty with the

JPA on (P,,). The example shown here corresponds to an uncertainty of 8e—9 W.
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After taking baseline measurements, heating can begin. For a given JPA-off-hot-load
calibration, data are typically collected over a frequency range of 20-40 MHz with a spacing
of 2 MHz between each data point. The number of points will influence how long the wait
time between each heating step will be so that there is sufficient time to get at least a few
(~ 3) digitizations for each frequency point during each heating step. For JPA-off-hot-load
measurements, there are a total of 11 heater steps that bring the hot load smoothly from
its base temperature of ~ 150 mK up to a maximum temperature of ~ 500 mK, and then
back down. Examples of temperature and power vs. time data can be seen in Fig. |3.3|
After collecting the data, the hot load temperature and the output power data are plotted
against each other and a linear fit (Eq. is performed. The JPA-off-hot-load data and
corresponding fits are shown in Fig. [3.4] The January 4th (January 30th) JPA-off-hot-load
fit resulted in Thrpr/cex = 6.17 £ 0.75 (6.13 £ 0.20) K, after accounting for systematic
error introduced from adjusting the fitting window. Averaging the two effective HFET noise

temperatures results in Typpr/0er = 6.15 £ 0.39 K.
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Figure 3.3: Here I plot the hot load temperature and the output power changing together

during the course of two JPA-off-hot-load measurements done at 1280 MHz. The temperature

is smoothly increased using a DC power supply from ~ 150 — 500 mK and then smoothly

decreased using the same voltage steps. The output power tracks the changing temperature

closely, as expected from the linear relationship described in Eq.
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Figure 3.4: Here the hot load temperature is plotted against the output power for the two
JPA-off-hot-load measurements done at 1280 MHz. The data are fit to Eq. where
T = Ty, and Ty = TareT/ et = W + Tﬂf% The fits shown here used the entire data
range, however the fits were performed multiple times using slightly different fitting windows
to estimate systematic uncertainty introduced from a given choice of fitting window. After
taking into account differences in the fit results caused by adjusting the fitting window, I
found Typgr/aes = 6.17£0.75 (6.13 £0.20) K for the January 4th (January 30th) measure-
ments. Both values are in agreement well within 1o, indicating high stability in the HFET
noise performance over time. Averaging the two effective HFET noise temperatures results

n THFET/aeff =6.154+0.39 K.
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3.3.2 JPA on Hot Load

A JPA-on-hot-load calibration is performed with the cryogenic switch flipped to connect
the receiver chain to the hot load, with the JPA powered on. Under these circumstances,
the JPA is the first-stage amplifier. Due to the suppression of the HFET noise by 1/Gpa,
the JPA is now the dominant contributor to the receiver noise. Since the JPA is a nar-
rowband amplifier, unlike the HFET or the room temperature amplifiers, its optimal bias
parameters are more sensitive to environmental disturbances such as changes in temperature
or mechanical vibrations. As a result, the JPA-on measurements require some additional
steps due to the instability of the JPA gain caused by heating. In addition to the procedure
having more steps, the model itself is more complicated (Eq because the output power
must be corrected before fitting to account for inevitable gain fluctuations throughout the
measurement. The fit function will now take the form of Eq. where T = 2Ty, and

Ts = 2Tc“cflll_al) + T;LIZA. The factor of 2 present in the definition of 7' comes from the ad-

dition of the idler mode noise power when the JPA is on. For the same reason as described
in Sec. |3.3.1], we refer to this fit result as the effective JPA noise, Tjpa e, where the intrinsic
JPA noise is simply Tjpa as defined in Sections[3.1.6| and [3.2.2]

The procedure for a JPA-on-hot-load measurement is as follows. The switch is again
flipped from the cavity to the hot load. The flipping of this switch introduces a non-negligible
amount of heat to the JPA, which is sensitive to sudden changes in temperature. Therefore,
the system is left to settle for a few minutes so that the JPA temperature can level out
before adjusting the bias current and pump power to achieve a decent JPA gain. After
finding parameters that give a reasonably high gain, the JPA is then tested for stability.
This is done by varying the bias current and pump power over a small range and observing
how much the gain changes. If the gain changes too much with slight variations in the
optimization parameters it will likely be unstable during heating. In this case, the process
of manually searching for a new set of parameters to test the stability of is repeated until a

satisfactory level of stability is achieved. The most stable bias settings for each measurement
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were: Gypa pebruary = 15.8 £ 0.1 dB, Ipiag February = —0.183 mA,| Poump February = —7-35 dBm
and Gypa june = 18.1 £ 0.8 dB, Ipias june = —1.647 mA, Pyymp june = —8.47 dBm. Performing
the measurement at two different gains allows us to test whether the effective JPA noise varies
under different bias settings, which is important to understand due to the ever-changing bias
settings during real data taking. After settling on a set of bias parameters, the gain is
monitored over time before introducing any heat to test the stability further. During this
time, digitizations are also taken to get an estimate of the digitizer uncertainty with the
JPA on as was done for the JPA-off-hot-load measurement (see Fig. [3.2]). Finally, the load
is heated in incremental steps as was done for the JPA-off-hot-load calibration. However,
because the JPA is a narrowband amplifier, data are taken at only one frequency at a
time. Therefore, the wait time can be shorter and there can be a higher density of points
for the JPA-on-hot-load calibrations. A total of 9 heater steps are used to bring the hot
load from its base temperature of ~ 150 mK to a maximum temperature of ~ 200 mK,
and then back down. We do not take the hot load much higher than 200 mK due to the
temperature sensitivity of the JPA. Above 200 mK the amplifier can easily become saturated
and/or lose gain performance, making the noise calibration results useless. Fortunately, a
temperature change of only ~ 50 mK is sufficient to measure the amplifier noise. Examples
of temperature and power vs. time data can be seen in Fig. [3.5] After collecting the data,
the hot load temperature and the output power data are plotted against each other and a
linear fit (Eq. is performed. The data and corresponding fits are shown in Fig.[3.6, The
February (June) JPA-on-hot-load fit resulted in Typa ¢ = 0.139 + 0.021 (0.143 £ 0.019) K,
after accounting for systematic error introduced from adjusting the fitting window. The two
values agree well within 1o. This indicates that the JPA noise performance was extremely
stable over the course of multiple months, as well as under different bias settings. Averaging

the two effective JPA noise temperatures results in Typs g = 0.141 £ 0.014 K.
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Figure 3.5: Here I plot the hot load temperature and the output power changing together

during the course of two JPA-on-hot-load measurements done at 1280 MHz. The temperature

is smoothly increased using a DC power supply from ~ 150 — 200 mK and then smoothly

decreased using the same voltage steps. The output power tracks the changing temperature

closely, as expected from the linear relationship described in Eq.
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Figure 3.6: Here the hot load temperature is plotted against the output power for the two
JPA-on-hot-load measurements done at 1280 MHz. The data are fit to Eq. where

T = 2Ty, and Tk, = Tyipacr = 9 Tarc(1za1) | Tile. The fit shown here used the entire data

a1

range, but the fit was performed multiple times using slightly different fitting windows. After
taking into account differences in the fit result caused by adjusting the fitting window, I found
Typa e = 0.13940.021 (0.143+0.019) K for the February (June) measurements. Both values
are in agreement within error bars, indicating stability in the JPA noise both over time and

under different bias settings. Averaging the two effective JPA noise temperatures results in

Tipaer = 0.141 £0.014 K.
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3.8.8 JPA off Cavity

A JPA-off-cavity calibration is performed with the cryogenic switch (S) flipped to connect
the receiver chain to the cavity, with the JPA powered off. Under these circumstances, the
JPA behaves as a mirror, so the first-stage amplifier is the HFET. Therefore, as with the
JPA-off-hot-load measurement, the HFET is the dominant contributor to the receiver noise.
Thus, the data are expected to follow the model described in Eq. and the fit function
will take the form of Eq. . In this scenario, T = Tyyxe (T' = Teire) and Thy = Typrpr. This
type of calibration, unlike the hot load calibrations, cannot be done easily during regular
data taking. This is because it requires the entire system to be cooling down or heating up at
once, which typically only occurs at the beginning and end of each run, or if something goes
awry during data taking warranting an emergency warm-up such as the magnet unexpectedly
losing power. Therefore, the procedure is not as well defined, but the concept is similar to
the hot load calibrations. That is, the output power and record relevant insert temperatures
(T4, Trnxe, Teire; Teav) are measured simultaneously as the entire system changes temperature.
For a given JPA-off-cavity calibration, we typically take data over the entire frequency range
(120 MHz for Run 1D) with a spacing of 4-5 MHz, resulting in ~ 30 individual frequencies.
This is done because of the infrequent and slow nature of these measurements, enabling full
coverage of the Run 1D frequency range while we have the opportunity. The temperature
range covered was ~ 0.6 — 1.1 K and ~ 0.6 — 5 K for the March and June calibrations

respectively. An example of temperature and power vs. time data can be seen in Fig. 3.7

To reiterate and expand on the discussion in Sec. [3.2.2] the simplified fit function used
here, Tiysoff mxe = ﬁ(mec + Thuret), requires the assumption that Thyxe = Teav = Teire
on-resonance and Ty = Ta = T off-resonance. Looking at Table one can see that
Twxe = Ta = T is a reasonable assumption, however, Ty wc = Teay = Teire 1S not as
accurate. This is because the cavity typically takes longer to thermalize to the mixing
chamber than other components in the system. Therefore, only the off-resonance JPA-off-

cavity data are presented in this analysis to ensure the fit of Tyrgt is as accurate as possible.
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Likewise, the error for each power point is determined by calculating the standard error of
the mean using only the off-resonance data for each spectrum. For calculating the errors
in temperature sensors we choose a relatively stable period of time before the temperatures
began changing to estimate the uncertainty on each temperature sensor. The remaining
effects of the assumption that all the components are well thermalized are taken into account
by monitoring both T}, and T simultaneously, performing the fit twice using each sensor

as the input, and averaging the fit results. This process is discussed further in the caption

of Fig. 3.8

As one can see from Eq. [3.23] doing this type of measurement makes it possible to fit
out Typer on its own, without the 1/« scaling present in the JPA-off-hot-load measurement
(Eq. . This allows for two useful checks of the RF system. Firstly, the measured value
of Turger can be compared to the datasheet from Low Noise Factory (LNF) [4] to confirm
that the HFET is working as intended. Secondly, the results of this fit can be combined with
the JPA-off-hot-load fit result (Sec. to back out the total transmissivity, «;, which can
then be compared to measurements of a done prior to data taking. This is possible because
the circulator term in Thppr/aeg is less than 1% of the magnitude of the HFET term in
Eq. such that Tyrer/dex ~ Turpr/c. The March (June) JPA-off-cavity fit resulted
in Tyrer = 4.18 £ 0.26 (3.80 + 1.02) K, after accounting for systematic error introduced
from adjusting the fitting window, as well as from using both T = Ty and T = Ti..
These values agree within 1o, indicating the HFET noise performance was stable over time,
in agreement with the results for the JPA-off-hot-load calibration. The averaged result for
the HFET noise temperature from both calibrations is Tyrrr = 3.99 £ 0.52 K, which is
in agreement with the nominal noise level from the LNF datasheet of Tyrrr ~ 3.75 K.
Combining this value with the fit result from Sec. (Turer = 6.15 £ 0.39) gives a total
transmissivity of & = 0.65 4+ 0.09. The total transmissivity measured prior to data taking
was a = 0.643 £ 0.003. These two independent measurements agree within 1o, indicating
that the models used in this analysis accurately represent the noise behavior of the receiver

chain.
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Figure 3.7: Here I plot the mixing chamber temperature and the output power changing

together during the course of two JPA-off-cavity measurements done at 1280 MHz.

The

temperature is tracked during the course of a full system cool-down. The output power

tracks the changing temperature closely, as expected from the linear relationship described

in Eq.[3.23
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Figure 3.8: Here the mixing chamber temperature is plotted against the off-resonance output

power for the two JPA-off-cavity measurements done at 1280 MHz. The data are fit to
Eq. where T" = T« is the hot load temperature and Ty, = Tgpgr. The fits shown

here used the entire data range, but the fits were performed multiple times using slightly

different fitting windows. In addition to adjusting the fitting window, the fits were performed

using T = Ty, instead because of the imperfect assumption that Ti, = Teire. After taking

into account differences in the fit results caused by adjusting the fitting window and using a

different temperature sensor, I found Typgr = 4.1840.26 (3.80+1.02) K for the March (June)

calibration. Both values are in agreement within 1o, indicating stability in the HFET noise

over time. The value used for calculating « is an average of the two: Tyrgr = 3.99+0.52 K.
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3.3.4 JPA on Cavity

A JPA-on-cavity calibration is performed with the cryogenic switch (S) flipped to connect
the receiver chain to the cavity, with the JPA powered on. Under these circumstances, the
JPA is the first-stage amplifier and, consequently, the dominant contribution to the receiver
noise. Thus, the data are expected to follow the model described in Eq. [3.24] However, as
discussed in Sec.[3.3.3] Eq.[3.24]requires the assumption that Tixc = Tray = Teirc ON-resonance

and Ty = Ta = Ty off-resonance. For the JPA-off-cavity case, Tyrrr is large enough
compared to the O(0.17,x.) temperature gradients between milliKelvin components for the
simplified fit function (Eq. to still be practical in the off-resonance case. However, for
the JPA-on-cavity case, the O(0.17T,x.) temperature gradient is too large compared to Typa
for Eq. to be useful, so instead the full model (Eq. must be used. In reality, Eq.
is used for fitting the JPA-on-cavity data after correcting for inevitable gain fluctuations
throughout the measurement - see Sec[3.2.2] for further details. That being said, the fit
function will take the form of Eq. . For the off-resonance data, |Tcay|®> = 1 and, as a
result, T = 2T ape1 = 2(Tur/01 + Teie(1 — (/a7)) and Tgy = Typa e as defined in Sec.
and Sec. respectively. Note that in the above definition of Ti,ge1 it is assumed that
the attenuation between attenuator A and the cavity is equal to half the attenuation from
the cavity to JPA (ire1,21 = /a1). For the on-resonance data, 0 < |Teay|* < 1 so the full
definition for T is retained such that 7' = Tiiage1|Teay|* + Teay (1 — [Teay|*) + Titager and, again,

Ty = Tipaes-

For reasons discussed in Sec[3.3.3 the procedure for the cavity calibrations is not as
well-defined as the hot load calibrations. Nonetheless, the general concept remains the same:
the output power, JPA gain and relevant insert temperatures (T4, Tixe, Teirc, Teay) are
simultaneously measured as the entire system changes temperature. As was done for the
JPA-off-cavity calibrations, the on-resonance and off-resonance sections of the spectraare
analyzed in two separate data pipelines. The procedure for estimating errors for the on (off)

resonance data is the same as those outlined in Sec[3.3.3]
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Due to the narrowband nature of the JPA, this calibration can only be done at a single
frequency at a time. Therefore, the JPA-off-cavity calibration was performed at 1280 MHz
to allow for direct comparison between the four different methods. The temperature range
covered was ~ 0.1—0.2 K. An example of temperature and power vs. time data can be seen in
Fig.[3.9. The gain varied from roughly 11-19.5 dB throughout the course of the measurement
with the JPA bias settings held constant (Ipj,s = —1.083 mA and Pyymp = —6.46 dBm) as
the system warmed. Between 14:30 and 19:30 on 04/30 the gain was changing too rapidly to
get a clean gain correction so that data has been removed from the analysis. After collecting
the data, the temperature and output power are plotted against each other for both the
on-resonance and off-resonance cases and linear fits of both data sets are performed.
The data and corresponding fits are shown in Fig. [3.10] The on-resonance (off-resonance)
JPA-on-cavity fit resulted in Typa e = 0.372 £ 0.018 (0.372 £ 0.022) K, after accounting for
systematic error introduced from adjusting the fitting window. The two values agree well
with each other, but, surprisingly, not with the JPA-on-hot-load Tjpa o (see Table .
Possible reasons for this discrepancy will be discussed further in Sec.

3.8.5  System Noise Temperature Comparison

Before ADMX had the ability to perform a direct JPA-on noise measurement, the system

noise temperature (Tiys) was calculated in two steps. The first step would be to directly

sys
measure the JPA-off noise Typgpr/ceg, as described in Sec. m Then, we measure the
signal-to-noise ratio improvement (SNRI) as defined in Eq. [3.18f We can then combine the
results of these two measurements to calculate our system noise temperature using Eq. [3.17
Now with the ability to measure the JPA effective noise, Tjpa e, directly, the full model
defined in Eq. can be used to calculate Tyys. In this section, I compare the two methods

for calculating the system noise temperature.
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Figure 3.9: Here one can see the relevant temperatures and the output power changing
together during the course of the JPA-on-cavity measurement done at 1280 MHz. The off-
resonance fit uses 7' = 27,01, S0 that is what is plotted here. Meanwhile, the on-resonance
fit uses T = Tiage1|Teav|? + Teav(1 — |Teay|?) + Titage1, SO that is what is plotted for the on-
resonance case. The temperatures are tracked during the course of a full system warm-up.
The output power tracks the changing temperature closely in both cases, as expected from

the linear relationship described in Eq. The black dashed lines mark where data were

removed due to rapidly changing gain resulting in poor gain correction.
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Figure 3.10: Here the relevant temperatures are plotted separately against the off-resonance

and on-resonance output power for the JPA-on-cavity measurement done at 1280 MHz. The

data are fit to Eq. where T' = 2T age1 (T = Thtage1|Teav|* + Teav (1 — [Ceav|?) + Titager) for

the off-resonance (on-resonance) data and Ty = Typa e = 2

a1

Teire(1=an) | T;;IVF;A' The fits shown

here used the entire data range, but the fits were performed multiple times using slightly

different fitting windows. After taking into account differences in the fit results caused by

adjusting the fitting window, I found Tjypa . = 0.372 = 0.022 (0.372 £ 0.018) K for the off-

resonance (on-resonance) data.
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An example showing the SNRI and direct JPA-on fit methods for the hot load measure-
ments at 1280 MHz can be seen in Fig. [3.11 Similarly, a comparison between the SNRI and
direct JPA fit methods for the cavity measurement at 1280 MHz can be seen in Fig. [3.12]
One can see that the results for the system noise temperature are consistent between the
two methods for both the hot load and the off resonance cavity measurement, and nearly
consistent for the on resonance cavity measurement as well. This serves as confirmation that
the SNRI method (Eq. , which is how we monitor the system noise temperature during
regular data taking, does an accurate job of calibrating Ty .n and properly represents the
noise behavior of the receiver chain. Additionally, an estimate of the systematic uncertainty
in Ty to use for the axion search analysis of Run 1D can be determined from the slight
differences between the two methods.

To trace Ty during data taking, during which the cryo-switch is flipped to the cavity,
ADMX uses the SNRI method for its promptness with Typgr/aes as a calibrated input.
The JPA-off-hot-load measurement fitting directly provides Typgr/aes (Sec. . The
JPA-on-hot-load and JPA-on-cavity measurements need further calculation where

1
Gipa — SNRI

_GJPA . TJPA,off — SNR,I . Tcirc(l — 062)/042> . (330)

TureT [ Qeft (SNRI - Gypa - (Typaer + Typa.on)

In the JPA-on-hot-load case, Thipaon = 27w, and Tipa ox = Tur. In the JPA-on-cavity
case, Typaon = Tstagel |Deav]® + Teav (1 — [Teav|?) + Titager a0d Typa off = Titaget |Teav|® + Teav (1 —
ITcav|?). For the off-resonance JPA-on-cavity case it is assumed that |, |? = 1. Putting
the Typa s hot load calibration results at 1280 MHz reported in Sec. into the equation
above, Tyrer/aes = 6.21 £0.34(6.16 £ 0.26) K for the February (June) measurement. After
averaging the two measurements separated by four months, I find Typgr /e = 6.181+0.21 K.
Similarly, putting the Typs e cavity calibration results at 1280 MHz reported in Sec.
into the equation above, Tyrpr/cer = 6.33 £ 0.21 (6.72 £ 0.17) K off (on) resonance. The
inferred Thurpr/ces values from both the JPA-on-hot-load and JPA-on cavity calibrations

are consistent with the JPA-off-hot-load result Typgr/ces = 6.15 £ 0.39 K.
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Figure 3.11: Hot Load Ty comparison at 1280 MHz. Here I plot the comparison between
the two methods, using SNRI and Tyrgr/aes (pink points) and using JPA fit (green points),
over the course of both hot load measurements done at 1280 MHz. It is clear that for both
the February and June data the system noise temperature we calculate is consistent between

the two methods within error bars.
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Figure 3.12: Cavity Ty comparison at 1280 MHz. Here I plot the comparison between the

two methods, using SNRI and Thrgpr/cer (pink points) and using JPA fit (green points),

over the course of the cavity calibration done at 1280 MHz. Data above 0.3(0.32) K have

been randomly downsampled for plotting purposes due to the high density of data in that

region. The discontinuity around this temperature was caused by a sharp increase in JPA

gain during the course of the measurement, causing a sudden drop in Ty,. For both the

off-resonance and on-resonance data the calculated system noise temperature is consistent

between the two methods within error bars.
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3.83.6  Summary and Discussion

ADMX Run 1D noise calibration results under different conditions at 1280 MHz are summa-
rized in Table By comparing the JPA-off-hot-load and JPA-off-cavity measurements,
the transmissivity measured under real experimental conditions (o = 0.6540.09) between the
cavity and the HFET was confirmed to be consistent with the pre-experiment measurement
(v = 0.643+0.003). Additionally, by comparing the JPA-off-hot-load Tyrgr/ces (6.1540.39
K) and the inferred JPA-on-hot-load Turer /e (6.18+0.21 K), it was verified that the JPA-
Y-factor and the SNRI & HFET-Y-factor give consistent results. Furthermore, as discussed
in the previous section, the ability to perform JPA-on and JPA-off noise measurements in
this calibration campaign provided us with an estimate of the systematic uncertainty on
Tsys in the axion search analysis for this data-taking run. This will be discussed further in

Chapter

Table 3.2: Comparison of different noise calibration results at 1280 MHz for ADMX Run
1D.

Quantity | Value (K) Condition
THFET 3.99 £+ 0.52 JPA-off-cavity
Turer/0eg | 6.15 £ 0.39 JPA-off-hot-load
6.18 £ 0.21 JPA-on-hot-load (inferred)
6.33 +£0.21 JPA-on-cavity off-resonance (inferred)
6.72 £ 0.17 JPA-on-cavity on-resonance (inferred)
T'ipA eff 0.141 £ 0.014 | JPA-on-hot-load
0.372 £ 0.022 | JPA-on-cavity off-resonance
0.372 +0.018 | JPA-on-cavity on-resonance
« 0.65 £ 0.09 In-experiment
0.643 £+ 0.003 | Pre-experiment
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Additionally, by performing two JPA-on-hot-load measurements at the same frequency,
the JPA added noise at a given frequency was shown to be extremely stable over a long time
span, and at two different gains. The gain of the JPA varies during regular data-taking, so
it is useful to confirm that the amplifier noise performance is not affected by changes in gain
on the order of a few dB. Furthermore, this data-taking run lasted for nearly a full year so

it is important that the noise performance of the JPA did not degrade over time.

Unexpectedly, the JPA-on-cavity measurements present significantly higher Typa o when
compared to the JPA-on-hot-load Tpa . While one may think this could be due to some
sort of mis-measurement, the accuracy of the measured Tjp ¢ for the cavity calibrations is
confirmed by the agreement of the Ty, calculations using both the direct JPA fit and the
SNRI & JPA-off-hot-load fit in Fig. That is to say, if the JPA-on-hot-load fit result
(Typaer = 0.141 £ 0.014 K) was used to calculate Ty instead of using the JPA-on-cavity
fit results (Typaesr = 0.372 £ 0.022 (0.018) K), the SNRI method and the JPA fit method
would not agree in the slightest. One possible reason for this observed discrepancy between
the hot load and cavity JPA effective noise is that the insertion loss between the antenna
and the switch is larger (« is smaller) than that between the hot load and the switch, which
should only have a minor effect on the observed consistency of Ty using either the direct
Typa e fit or SNRI & Typpr/aes in Fig. . Another reason might be that the hot load
cannot accurately represent the cavity when it comes to the interaction with the JPA | which
is highly possible due to the impedance difference between the ADMX hot load (50 €2) and
the ADMX cavity (highly-reflective at most frequencies). Lastly, some pre-run observations
of the JPA used in these calibration measurements hint that Tjps s may have a slight
temperature dependence, with higher physical temperatures of the RF components leading
to higher effective JPA noise. As noted in Table[3.1] the component temperatures at the high
end of the JPA-on-cavity measurement were ~ 65 —85 mK higher than they were during the
hot load measurements, so it is possible that this had an effect on the value of Tjps ¢ that
was measured. Importantly, without the addition of JPA-on noise calibration measurements,

which are new to this data-taking run, this mysterious, non-negligible increase in the added
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JPA noise under real experimental circumstances would have remained unidentified. This
knowledge will help inform future upgrades for reducing this discrepancy.

That being said, the average system noise temperature for Run 1D was 0.59 + 0.31
K. To further improve the noise behavior in ADMX, a lower physical temperature of the
milliKelvin space is necessary before reaching the SQL. This could be achieved by using
a dilution refrigerator with more cooling power or by implementing experimental design
refinements that reduce the overall heat load of the system. A better JPA with lower added
noise and higher stable gain can also bring down the system noise. Additionally, a set of
circulators with lower insertion loss would be helpful because the transmissivity, a, would
be larger. Circulators with better isolation would also be helpful for decreasing any standing
waves between the cavity and the JPA and, as a result, potentially reduce the difference
in Typa ¢ When switching between the cavity and the hot load. Finally, the consistency in
Turer /e between different noise measurements indicates that the receiver chain design can
be simplified in future versions of ADMX by removing the cryogenic switch and the existing
hot load [59]. This simplification could save precious cold and magnetic-field-free space for
other electronic devices as well as further increase the transmissivity between the cavity and

JPA and, ultimately, reduce the system noise temperature.
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Chapter 4

DATA TAKING OPERATIONS

In this chapter I will detail the data taking procedure for ADMX Run 1D. The initial goal
of ADMX Run 1D was to search for DFSZ axions between 1-1.4 GHz. However, after data
taking began in late 2023, we soon realized there were issues with rod tuning and that the
JPA had higher added noise than expected, both of which negatively impacted our scan rate.
In the interest of covering this frequency range in a timely manner, the plan was adjusted
to instead target sub-KSVZ axions, with the intention of returning for a second, DFSZ-
sensitive pass at a later date after experimental upgrades could be made. Additionally, with
the release of the Center for Axion and Precision Physics Research (CAPP) experiment’s
exclusion limits in early 2024 [I7], we adjusted the lower end of our search range to 1.088 GHz
to avoid significant overlapping coverage. Furthermore, as can be seen in Fig. [2.5] there are
many mode crossings above 1.3 GHz. These mode crossings occur when Transverse Electric
(TE) and Transverse Electromagnetic (TEM) modes introduced by the addition of the tuning
rod to the cavity mix with the primary TMy;o cavity mode resulting in a complicated mode
structure. When this occurs, the TMy;y mode no longer aligns properly with the external
magnetic field. Since we cannot take science data inside a mode crossing, we decided to

adjust the upper end of the search range to 1.315 GHz.

Rather than covering the entire frequency range at once ADMX splits each of our data
taking runs into multiple, smaller frequency segments called “nibbles”. These are typically
10-20 MHz wide, and the entire data taking process is performed for each nibble before
moving onto the next. Each data taking cycle within a given nibble contains the following
steps. First, if necessary, a wide transmission measurement is taken (see Fig. to track

the cavity resonant mode. This is typically done only every 10-20 data taking cycles since
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the frequency is usually not changing quickly enough to warrant taking one every cycle.
Next, a standard transmission measurement is taken (see Fig. to determine the resonant
frequency and loaded quality factor of the cavity. Next the JPA gain and SNRI (Eq.
are measured, and if necessary, the JPA is biased. While the JPA gain and SNRI are usually
measured every cycle, biasing is typically done ever 5-10 cycles, or if the gain or SNRI drop
below a specified level. Biasing the JPA involves repeatedly measuring the gain and SNRI
while adjusting the pump power and bias current over some small range to determine the
optimal combination of parameters. During regular JPA biasing while taking data, the bias
current is typically varied over a span of 0.005 mA, while the pump power is typically varied
over 0.05 dBm. If the gain or SNRI drop significantly, or if the cavity has moved to a new
frequency range for the start of a new nibble, the pump power and bias current spans are
typically widened at first to find the right region of parameter space to focus on. The process
starts by taking reflection measurements with the JPA powered on and off to determine the
gain at a pump power and bias current corresponding to the lower end of their full spans.
Then, power measurements are taken with the JPA on and off to determine the SNRI (when
combined with Gyps). Next, while holding the pump power constant the bias current is
increased incrementally, stopping to measure the gain and SNRI at each step, until the top
of the bias current span is reached. Then, the pump power is increased by one step, the bias
current is set back to its lowest value and the process of scanning over the bias current is
repeated. This continues until every combination of pump power and bias current is tested.

An example of the resulting gain measurements from a JPA biasing can be seen in Fig. [4.1]



99

—2.0000 —

—2.0025

—2.0050 —

—2.0075

—2.0100 —

—2.0125

Bias Current (mA)

r 10

—2.0150 —

—2.0175

—2.0200

-11.8 -11.6 -11.4 -11.2 -11.0 -10.8
Pump Power (dBm)

Figure 4.1: Example of a JPA bias plot. The x-axis is the JPA pump power, the y-axis the
JPA bias current and the color map corresponds to the JPA gain in dB. This measurement
was centered on a bias current of -2.01 mA with a span of 0.02 mA and a pump power of
11.3 dBm with a span of 1 dBm. There is a darker band of optimal bias parameters that
have significantly higher gain than their surroundings ranging from the bottom left to the

top right of the plot.

Next, a reflection measurement is taken which again measures the resonant frequency and
loaded quality factor as well as the cavity coupling strength. Next, the signal is digitized
for 100 s. Finally, the rods are moved in order to change the resonant frequency. For Run
1D, because of the aforementioned rod instability, we typically only tuned the rod every

3 cycles in case the frequency jumped during one of the digitizations (individual spectra).
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Sometimes the rods were moved more or less frequently depending on what type of data was

being taken. This will be discussed further in the following sections.
4.1 Initial Scan

For a given nibble, the first stage of data taking is to perform an initial scan. This means
that the entire frequency range of a given nibble is covered at a fixed scan rate. This initial

pass is intended to reach (roughly) some desired SNR across the full nibble.

4.1.1  Calculating Scan Rate

The scan rate refers to how quickly the resonant frequency is changed during data taking.
Minimizing the scan rate in an axion haloscope is paramount because the unexplored param-
eter space spans many orders of magnitude. Thus, scanning quickly increases the chances of
discovering the axion. The scan rate can be derived by starting with the equation for the
SNR of a single scan, Eq. [3.1], which I will repeat here for convenience:

Pgig ]t

—. 4.1
kBr:[‘sys b ( )

Here, Py, = P, as defined in Eq. Tiys is determined as discussed in Chapter [3, kp

SNR =

is the Boltzmann constant, ¢ is the integration time, and b is some bandwidth over which
the noise power is measured. P, can be rewritten to separate out the effects on the signal

strength from the cavity and antenna. Namely, let us define:

o= ree(55) () .

where P, .y is the power inside the cavity, 6 f is the offset between the cavity resonance (fo)

and the signal frequency (f), and Af = fy/Q is the cavity linewidth. The equation for
P, assumes the full width of an axion signal, so I set the bandwidth b equal to the axion
linewidth (b = Af, = f/Q. ~ 700 Hz) so the noise power is calculated over the same
bandwidth as P,.
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The total SNR from combining multiple scans can then be defined as:

Pys \’ P2 3% 1 2
2 _ s1g . a,cav
SNRio = D (Pnoise> = 1ET2 (14 B)PAL (1 T (25f/Af)2> - 43

Sys
Now, both sides of the equation can be multiplied by (%)(SNR{O%M) to find an expression

for the scan rate:

df ¢ Py car 30 1 P
g ___ a BJ; Z( 2) _— (4.4)
dt t kpT2(1+ B)2Af, 14+ (20f/Af)?) SNRZ,,

Next, the sum over the cavity lineshape must be calculated. Since the summation should
cover the full cavity line width, Af = f,/Qr, the number of steps integrated will be i =
—K/2 to K/2 where K = Af/§f. Calculating the sum requires assuming a value for the
step size, 0 f. Thus, the sum is2calculated over a range of values of §f from 300-5000 Hz,

resulting in 0f > ( ~ 0.62Af. Next, let us make the substitution: 2L = Q=

1
1+(20f/Af)? Afa QL

where Q, = 1.86 x 10° and Q; = Qo/(1 + f3), the scan rate can be written as

df . MHz 52 Gy 4 p 2 f 2 B 4
a0 0‘62'(1+ﬂ)3'(0.36> (0.45 GeV/cc) <1.2 GHZ) <7.6 T)
vV o\? Coro 2 Qo 2735 \%2/0.35\? e
(106 f) (0.4> (75000) (SNR) (Tsys) | (4.5)

4.2 SNR Leveling and Candidate Rescan

Since the initial scan is performed at a fixed rate determined at the start of the nibble, when
there are moments during which the JPA gain drops, or the antenna coupling changes, or
the mixing chamber temperature increases unexpectedly, and so on, there is a resulting gap
in SNR coverage. Therefore, after the initial scan of a given nibble the analysis is run and
a grand spectrum is assembled. The details of grand spectrum assembly can be found in
Sec. [5.4], but essentially it is a single power spectrum constructed by optimally combining all
the individual spectra taken for a given nibble. After one has been assembled, the SNR of

the grand spectrum is examined to determine frequency regions that need more data. The
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target SNR for Run 1D was set to ~ 1 — 1.2 to achieve discovery ability to axions with
P, ~ %PKSVZ. An example of the SNR vs frequency just before the initial scan of nibble 5
was complete can be seen in Fig.[£.2] In reality, due to how the SNR leveling script calculates
the rod speed, the target SNR was typically set to slightly higher than necessary so that the

rods tune more smoothly ensuring even coverage.
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Figure 4.2: Top: grand spectrum SNR vs frequency for nibble 5 just before the initial pass
was completed (scanning upward in frequency). Bottom: grand spectrum SNR vs frequency
for nibble 5 after the SNR leveling pass. As you can see, the SNR was leveled out and nearly
the entire spectrum is above our target SNR. Any narrow regions where the SNR hasn’t
reached the target value (like the small dip at 1238.4 MHz) are covered during the candidate

rescan.
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Therefore, once the initial scan’s SNR is examined for low-SNR regions, an SNR-leveling
pass is performed. During this pass, the rods are moved quickly over regions that have
sufficient SNR, and no further digitizations are taken. On the other hand, the rods are
moved more slowly over regions that require more data to reach the target SNR allowing
for more data to be collected. The number of spectra needed for a given low-SNR region
is determined using the difference between the SNR target and the SNR reached as well as
the expected SNR of a single digitization. This can then be combined with the resonant
frequency and loaded quality factor to determine what the step size in Hz should be, which

is then translated to rod speed.

After this pass, the grand spectrum is checked for candidates. The process of how candi-
dates are identified is discussed in more detail in Sec. 5.5 From a data-taking perspective,
the analysis provides a list of candidate frequencies to be re-scanned. This pass is similar
to the SNR-leveling pass in the sense that digitizations are not taken where there are no
candidates. However, this pass typically has much narrower frequency regions to cover than
the SNR-leveling pass, and the scan speed is even slower when near a candidate. This allows
us to efficiently collect sufficient data at the candidate frequencies to determine if they are

potential axion signals or not.

Occasionally, the first candidate rescan pass is not enough to eliminate all of the candi-
dates for a given nibble. In this case, secondary candidate rescans may be performed until all
candidates are either eliminated or, if we should be so lucky, the axion is discovered. Once
all candidates are eliminated, this marks the end of a nibble. At this point, the rods are
quickly moved to the next nibble frequency range and the process repeats beginning with

the initial scan. The cavity resonant frequency progression/data taking cadence throughout

Run 1D can be seen in Fig. 4.3
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Figure 4.3: Here I plot the cavity resonant frequency (fy) vs time to show the progression
of data taking throughout Run 1D. As one can see, the run started up around 1300 MHz
and the experiment more or less scanned downward in frequency ending around 1100 MHz.
The inset plot shows the data taking cadence within a single nibble, nibble 7, as an example.
One can see there is a slower initial scan, followed by a faster SNR leveling scan and two

even quicker candidate rescans as described in the text.
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Chapter 5

AXION SEARCH ANALYSIS

In this chapter I will describe in detail the Run 1D analysis procedure. At a high level, the
analysis involves the coaddition of many individual power spectra to create grand spectra.
Each grand spectrum corresponds to a different frequency range which we call a nibble, as

defined in Chapter . The SNR (Eq. for each individual spectrum can be written as

Py, FP, [t
SNR = —%% — \[E (5.1)

Osys kB Tsys

where F' is the signal efficiency (ranges from 0 to 1), P, is the axion signal power as
defined in Eq. kp is the Boltzmann constant, Ty, is the system noise temperature (as
discussed in depth in Chapter , t is the integration time and b is the bandwidth of the
measured noise power. For Run 1D, t = 100s, b = 100 Hz and F = 0.9. The mean value
of Tyys was 0.59 £ 0.31 K. Each individual spectrum does not have a high enough SNR to
achieve sensitivity to the benchmark QCD axion models. However, by coadding the raw
spectra to create a grand spectrum, the overall SNR of the grand spectrum is increased to
achieve the necessary level of sensitivity. This is possible because as N individual spectra
are added together, the overall power increases to Piig grand = N Psig, but the overall noise
only increases to Ogysgrand = VN Osys- Therefore, the SNR increases by a factor of V/N:

SNRgrand = fﬁ’z — SNRVN.

The following sections will detail each of the analysis steps necessary to create the final

grand spectra that are ultimately used to search for axions and set limits on gg-.
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5.1 Parameter Extraction

The first step of the analysis procedure is to extract the relevant experimental parameters
from the ADMX database. The start and stop time for each nibble, as defined by exper-
imental operators, are used to pull all data corresponding to the quantities of interest for
analysis throughout the course of the nibble. Namely, for each digitization (individual spec-
trum) in a given nibble, the parameters extracted are: the timestamp, the loaded quality
factor (Qr), the resonant frequency (fy), the cavity coupling strength (3), the form factor
(Co10), the magnetic field strength (B), temperature sensor readings for the cavity (Teay),
circulators (Tgc), and attenuator A on the cavity bypass line (7}3), the JPA gain (Gjpa),
and the JPA signal-to-noise ratio-improvement (SNRI). For Run 1D, it was determined that
the SNRI had frequency dependence, even within a single digitization. That is to say, the
system noise temperature was different on resonance vs. off resonance. To account for this,
for every digitization the SNRI was calculated using power spectra with the JPA off and on
as well as JPA gain spectra to calculate the SNRI for each frequency bin (see Eq. . The
shape of the SNRI vs. frequency is then fit out using an SG filter with polynomial order
4 and window size of 701. Fig. shows the structure of the SNRI frequency dependence

with the SNRI minimized on-resonance and maximized off-resonance.

Using the SG-filtered binned SNRI values, the system noise temperature (Tiy) for each
spectrum is calculated accounting for the observed frequency dependence. Because the SNRI
is inversely proportional to the system noise temperature (Eq.|3.17)), this means that Ty is

maximized on-resonance and minimized off-resonance.

If there are any digitizations that were designated to be cut ahead of time, for example
digitizations that were taken during noise calibrations, or there was a mode crossing, the
cut reasons are noted and saved. Digitizations that end up needing to be cut for unplanned
reasons such as bad gain measurements or drastic/uneven rod movements causing relatively
large frequency jumps are noted here as well. All of these parameters are then saved into a

file to be accessed later on in the analysis.
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Figure 5.1: Frequency dependence of the JPA SNRI. A few hours of data (blue) are averaged
together for plotting purposes, but for the actual analysis no averaging was done. The
data are fit using an SG filter (orange) to capture the general shape of the SNRI frequency
dependence. The SG-filtered SNRI is then used to calculate a frequency dependent Ty for

each spectrum using Eq.

5.2 Warm Receiver Removal

The next step is to remove the warm (room temperature) receiver shape from each of the
individual spectra. The warm receiver shape should remain stable across the course of the
data taking run, as long as no changes to the receiver hardware are made, so it is typically
calibrated only once at the start of the data taking run. To accomplish this, the RF output
line that connects the insert to the warm electronics was disconnected from the insert, and

was reconnected to a flat noise source (Noisecom model number NC346B) with a frequency
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range of 0.01-18 GHz [10]. A diagram detailing the components in the warm receiver chain

is shown in Fig. [5.2]

W Y e Y g o R el

L ® l

Pre-Mix Post-Mix
to VNA

Figure 5.2: Diagram of the ADMX warm receiver chain for Run 1D. From left to right:
(A) DC amplifier (Low Noise Factory model LNF-LNR1_15B_SV), (B) DC amplifier (Mini-
Circuits model ZX60-33LN-S+), (C) SPDT mechanical switch box (Mini-Circuits model
RC-4SPDT-A18), (D) and (E) DC amplifiers (Mini-Circuits model ZX60-3018G-S+), (F)
directional coupler (Mini-Circuits model ZX30-17-5-S+), (G) Polyphase Microwave image
reject mixer (model IRM0622B), (H) low pass filter (Mini-Circuits model ZX75LP-50-S+),
(I) directional coupler (Mini-Circuits model ZX30-17-5-S+), (J) 150 kHz wide custom band-
pass filter centered on 10.7 MHz, (K) and (L) DC amplifiers (Mini-Circuits model ZFL-500+),
(M) 2 MHz wide band-pass filter centered on 10.7 MHz (Mini-Circuits model SBP-10.7+).

The directional couplers enable debugging before and after the mixing stage.

In the warm receiver the signal passes through multiple stages of amplification, is mixed
with a local oscillator, passes through a low-pass filter and a narrow band-pass filter, after
which it is further amplified before passing through another, wider, band-pass filter be-
fore being digitized by a 16-bit Alazar ATS 9462 digitizer [5] with a sampling rate of 50
MegaSamples per second.

Multiple digitizations were taken with the noise source powered on at a handful of fre-
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quencies between 1180-1320 MHz. The warm receiver shape is not expected to change sig-
nificantly with frequency, so averaging measurements at a few select frequencies in the Run
1D frequency range is sufficient to characterize the background for the full data set. After
averaging the noise source digitizations together, a Savitsky-Golay (SG) filter is used to fit
out the shape. The SG filter is popular for its ability to smooth the data while maintaining
the integrity of the original signal. It works by fitting low-degree polynomials to sequential
sub-sets of adjacent data points. The width of each sub-set is known as the window size.
The window slides across the data, fitting a polynomial (of order of the analyst’s choosing)
to the points within this window along the way. The value of the fitted polynomial at the
center of the window is then taken as the smoothed value. This process is repeated for
every data point until the entire spectrum is smoothed. There are considerations to make
when choosing the window size and the polynomial order. A smaller window size leads to
less effective smoothing, but does capture small scale features. On the other hand, a larger
window size does a better job at smoothing the data, but may miss narrow features in the
power spectrum. Meanwhile, a lower order polynomial does a better job at capturing the
general shape, but does not fit complex trends as well. Contrarily, a higher order polynomial
may do a better job at fitting complex patterns but it also introduces the potential to overfit
the noise. Considering that we want a fit that captures the general receiver shape, does not
overfit the noise, but is still able to capture small scale features, a smaller window size and
a lower order polynomial are ideal. In fact, because the warm receiver calibration data are
taken using a separate noise source, we can be sure that no axion signal is present. Thus,
a quite small window size can be used in order to capture any narrow features in the warm
receiver shape. After testing out different configurations, we ultimately used a polynomial
of order 3 and window length 17 to fit out the warm receiver shape. The fitted shape is then
saved to a file to be divided out of each science data digitization later in the analysis. The

warm receiver shape for Run 1D can be seen in Fig. [5.3]
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Figure 5.3: Run 1D warm receiver shape. The green points are the averaged spectrum, and
the black line is the smoothed receiver shape that was fit using a Savitsky-Golay filter with

order 3 and window length 17. Note that the frequency axis in units of bin number, not Hz.

5.3 Raw Spectrum Preparation

Before a grand spectrum can be assembled, we must prepare the individual raw spectra using

the results from the previous two analysis steps.

The following procedures are done to each of the raw spectra. First, the warm receiver
shape (Fig. is removed from each raw spectrum. Examples of spectra after the warm
receiver has been removed are shown in Fig. [5.4 Next, the remaining spectral shape caused
by frequency-dependent gain of the cold receiver is removed by another pass of an SG filter,
this time using a polynomial order of 4 and a window length of 401. Here, we use a larger
window size to focus on fitting only large scale shapes to preserve narrow features since the

axion signal could be present in this data. Even after two stages of SG filters, the observed
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noise distribution of the grand spectrum appeared non-Gaussian. That is, there were still
significant non-statistical deviations from the mean as a result of incomplete receiver shape
removal. Therefore, the SG filter stages of background removal were followed by a third
round of data-driven background removal. More specifically, the twice SG-filtered spectra
are divided into groups consisting of at least 50 digitizations each. All of the scans in each
segment are then averaged together into a single representative spectrum. By averaging
504 spectra together, narrow features unique to each spectrum are smoothed over while any
shared deviations from the mean caused by the receiver electronics are captured. This way,
we do not risk losing any unique narrow features (like a potential axion signal), while still
removing spectral features imposed by the receiver chain. The averaged spectrum is divided
out of each corresponding science data spectra to remove any residuals remaining after the
first two stages of background removal. The spectrum is then normalized by dividing by
the mean before subtracting 1 to convert from power to power excess. This results in final

processed spectra with powers centered around zero. Examples of filtered spectra can be

seen in Fig. 5.5

Finally, the spectra are divided by ( q f ﬁ)> X ( e 5} A f)Q) where 3 is the cavity coupling

strength, @, is the loaded quality factor of the cavity, df is the frequency offset between
the cavity resonance (fy) and the axion signal frequency (f), and Af = % is the cavity
linewidth. These are the two terms in Eq. that capture the effects the antenna and
Lorentzian profile of the cavity resonance have on the resultant signal. Therefore, dividing
by these terms allows us to back out what the signal power inside of the cavity looked like
before these effects. In addition to this, the spectra are scaled by a factor of kgb where kg
is the Boltzmann constant and b is the bandwidth of the measured noise power (b = 100
Hz for Run 1D). This converts the spectra into units of Watts/Kelvin, which can later be

multiplied by the system noise temperature, T4y, to convert the spectra into units of Watts.

Examples of scaled processed spectra are shown in Fig. |5.6]
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Figure 5.4: Examples of three different individual power spectra after the warm receiver

shape from Fig. |5.3| has been removed. Variations in the shape post-warm-receiver-removal

are caused by frequency-dependent gain of the cryogenic receiver. There are further rounds

of receiver removal to account for these differences in the cryogenic receiver shape, which is

discussed further in this section and the results of which can be seen in Fig. [5.5]
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The same three spectra shown in Fig. after removing any residual background

shape imposed by the cryogenic receiver. The process is described further in the text. Note

that the y-axis is in units of SNR rather than power for visualization purposes. The spectra

used for assembling the grand spectrum have the y-axis in units of power as expected.
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Figure 5.6: The same three spectra shown in Fig. 5.4 and Fig. 5.5 after scaling the spectra
to represent a signal inside of the cavity and converting the y-axis to units of Watts/Kelvin.

This process is discussed further in the text.

5.8.1 Software Synthetics

During the raw spectrum preparation stage of the analysis, there is the option to inject
software synthetic axion signals. The software synthetic signals serve two purposes. The

first purpose is to determine the signal efficiency, F', (see Eq. . This is essentially a
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measure of how much of the signal power is lost during the process of analyzing the data.
By injecting signals of known power into the raw spectra, we are able to determine how
much power was lost by comparing the final observed power of the injections at the end of
the analysis. For Run 1D, signals with powers of 3.5 Pppsy and 4.4 Pppsy were injected into
each nibble with a density of 4 injections per MHz. The average signal efficiency across all
nibbles for both the 3.5 Pprgz and 4.4 Pprgz injections was found to be 0.9, meaning 90% of
the initial signal power is preserved after processing and analyzing the data. The software
synthetic signals can also be used to determine discovery ability, i.e. at what power are we
able to discover 90% of axion signals. However, I will not go into detail about this procedure
at this point as the procedure will be discussed further in Sec. [5.7]

The frequencies of the software synthetic signals are determined by the desired number
of injections, as well as the minimum spacing allowed. For Run 1D, the spectra could accom-
modate up to 4 software synthetic signals per MHz in a single raw spectrum, corresponding
to a separation of 250 kHz. The injected signals are also assigned a power ratio (R) with
respect to the expected KSVZ SNR (SNRkgyz). The signals are then generated by multi-
plying the Turner axion lineshape [I7I] by the chosen SNR (R x SNRksvz), as well as by
the warm receiver shape and the Lorentzian profile of the cavity resonance. The software
synthetic signals are then injected into the raw spectra after which the spectra undergo the

same stages of background removal and scaling discussed earlier in this section.
5.4 Grand Spectrum Assembly

Grand spectrum assembly begins by initiating an empty power spectrum with start and stop
frequency of the associated nibble and 100 Hz wide bins. Then, all of the processed spectra
that fall within the given frequency range are looped over one by one. If a processed spec-
trum was designated as needing to be cut during the parameter extraction or raw spectrum
preparation stages it is skipped over. If not, it is then checked to see whether it was part
of the rescan data, in which case it is not included in the main grand spectrum. It is how-

ever, included in the rescan and combined (rescan + main scan) grand spectrum. Next, the



116

Turner axion lineshape kernel is established. This is a normalized version of the axion line-
shape associated with the Turner axion energy distribution (see Equation 5a in Ref. [I71]).
This kernel is then convolved with each processed spectrum to enhance the SNR of signals
whose form matches the expected axion lineshape. These filtered spectra are then saved and
added to the grand spectrum bin by bin. Then, once all of the individual spectra have been
filtered and added to the grand spectrum, a weighted average is calculated for each bin. For

a given frequency bin (j) in the grand spectrum, the weighted average is calculated as

(5.2)

where n is the total number of digitizations that cover the frequency bin, w; = (% is the
weight associated with each data point, P; is the excess power of each data point.

The standard deviation of a given bin (j) in the grand spectrum is calculated similarly:

In addition to the standard grand spectrum which has been scaled to represent signals
as they would appear inside of the cavity, a second “post-cavity” grand spectrum is created.
This is achieved by multiplying the axion lineshape filtered spectra by the Lorentzian cavity

lineshape: 7 i . One may recall that during the raw spectrum preparation stage, the

eI
individual spectra were all divided by W to scale the signal back to how it would
have looked inside the cavity, so multiplying by the Lorentzian cavity lineshape results in
“post-cavity” versions of the spectra. These spectra are then added to their own grand
spectrum which is averaged in the same way as the standard (“in-cavity”) grand spectrum.
The process of using the “post-cavity” spectrum to determine signal origin will be discussed
further in Sec. 5.5

Finally, the standard grand spectrum is converted into units of expected DFSZ axion

power by dividing the entire spectrum by Pppsz. This is then used to calculate the SNR

in DFSZ units (SNRppsz = 1/0prsz) where oprsz are the uncertainties of the DFSZ scaled
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grand spectrum.

If a candidate rescan has been performed, the rescan spectra are added to their own
versions of the standard grand spectrum and “post-cavity” grand spectrum, in addition to
those that contain all of the data. The reasons for this will be discussed further in the

following section.
5.5 Candidate Identification and Elimination

Finally, the data have been processed and the search for axions can begin in earnest. There
are three criteria that ADMX uses for identifying regions to be rescanned. The first criteria
is that the SNR of a given bin (j) in the grand spectrum is below the target SNR. The
second criteria is whether the 90% upper limit on the power excess of a given bin (j) in the
grand spectrum, P; + 1.2810; exceeds Pinreshold- That is, we would not be able to exclude
an axion with power Pipeshola at that frequency. The third criteria is whether the power
excess of a given bin (j) in the grand spectrum P; exceeds No;, where N is some scaling
factor. The purpose of the first two criteria are to ensure that our data achieves the desired
sensitivity across the full frequency range, and are mostly used when identifying rescan
regions during data taking (see Sec. for more details). The third criteria is intended to
identify statistically significant power excesses in the grand spectrum. For Run 1D, each
nibble had a slightly different value of N and Piyreshold, however N & 5 on average and
Piyresnola =~ 4.1Pprsz on average. The precise values of N for each nibble were chosen to
produce a reasonable amount of candidates. The power thresholds were chosen to target
axions with roughly half KSVZ power (4Pprsz ~ 0.55Pksvz)-

The candidate identification scripts are run after the SNR leveling pass of a given nibble
to identify candidate rescan regions. During this time, regions containing a candidate fre-
quency are scanned over much more slowly than normal to collect sufficient data to eliminate
candidates resulting from statistical fluctuations. If there are still candidates remaining af-
ter this step, they are checked for persistence. As alluded to in the previous section, during

grand spectrum assembly a rescan-only grand spectrum is created in addition to an original
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and a combined grand spectrum. This allows us to check if a candidate was present in both
the rescan and original data. If it is not, this indicates the signal was transient. The signal
from dark matter halo axions is expected to be present always, so this alone is enough to
eliminate a candidate. However if it is present in both sets of data, further testing is re-
quired to eliminate the candidate. At this point, we can check whether a signal is enhanced
on resonance with the cavity is by making use of the “post-cavity” versions of the grand
spectra. Fig. shows the effect that the Lorentzian cavity line shape scaling described in
the previous section has on different types of signals as the experiment scans across them.
Axion-like signals should be maximized when fs, = fo, as can be seen in the axion-like,
post-cavity plot (top left). Therefore, when the Lorentzian cavity lineshape is divided out
during raw spectrum preparation, the “in-cavity” signal amplitude appears flat with respect
to the the resonant frequency of the cavity, fo (bottom left). On the other hand, an RFI-
like signal would not experience the same enhancement on-resonance, so its “post-cavity”
amplitude should be flat with respect to fy (top right) . Therefore, when the Lorentzian
cavity lineshape is divided out in raw spectrum preparation, the “in-cavity” signal amplitude
is actually minimized on-resonance with the cavity (bottom right). Thus, during grand
spectrum preparation when the spectra are multiplied by the Lorentz cavity lineshape this
reverts the signals to their “post-cavity” forms. From here, we can calculate the weighted

variance of both the “in-cavity” and “post-cavity” versions of the spectra:

2 Z?:l w; (P — Py)2 .y Z?:l wi(PJQ —2PP; + PzQ)

If the “in-cavity” version of a signal has smaller variance than the “post-cavity” version,
it is more likely to be an axion signal than RFI. This is because the “in-cavity” version
of an axion-like signal should have an amplitude that is consistent between scans, which
would result in a smaller variance. In contrast, its “post-cavity” version which would have
an amplitude that varied between scans, resulting in a larger variance. On the other hand,
if the “post-cavity” version of a signal has smaller variance than the “in-cavity” version, it is

more likely to be RFI, for the opposite reason as described above. That is, the “post-cavity”
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version would have an amplitude that is consistent between scans, whereas the “in-cavity”
version would have an amplitude that varied between scans, resulting in a larger variance

for the “in-cavity” version of the signal.
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Figure 5.7: Beginning in the top left, as the cavity tunes across the signal the signal experi-
ences resonant enhancement at fg, = fo. This is how a “post-cavity” version of an axion-like
signal would behave. On the contrary, looking at the top right we can see the behavior of
a “post-cavity” version of an RFI-like signal. In this case, the signal amplitude is constant
regardless of the difference between fg, and fy. Moving to the bottom left, an “in-cavity”
version of an axion-like signal would look much like the “post-cavity” version of an RFI-like
signal, in the sense that it has a constant amplitude with respect to fgs — fo. In contrast,
an “in-cavity” version of an RFI-like signal actually appears to minimize on-resonance with

the cavity.
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If the signal appears to maximize on-resonance, or if the difference between the “in-
cavity” and “post-cavity” variance is not clear enough, the candidate elimination process
continues. At this stage in the elimination process, remaining candidates could very well
be intentionally injected synthetic axions. As mentioned briefly in Sec. throughout
data taking hardware synthetic axion signals are injected into the cavity via the weak port
using the SAG (synthetic axion generator). These signals are injected to test our detection
capability and candidate identification and elimination procedures. After the first couple of
checks for persistence and resonant enhancement, operators ask that our collaborators at
PNNL who are in control of the SAG turn off the primary synthetic axion injections. After
these are turned off, we take another set of candidate rescan data and perform a second

persistence check.

If the signal still remains once the SAG has been turned off, the next natural step is to
search for ambient RFI on site coming from something like a radio station. This is done by
connecting a coaxial antenna to the signal analyzer (SA), setting it to look at the candidate
frequency and seeing if a signal appears. Fig. [5.8 shows the process of testing a strong,
persistent candidate at 1089.9995 MHz which remained after a candidate rescan. In this
case, the candidate was very clearly RFI as we were able to see a strong signal using the
coaxial antenna with the SA centered at 1090 MHz. However, if a candidate still remained at
this point, as was the case for a candidate in nibble 8 at 1130.6135 MHz, there is still more to
be done. The next check is to see whether the signal is present when the antenna is coupled
to the TMg;; mode. One may recall from Sec. that the axion only meaningfully couples
to T'My,,0 modes. Therefore, if the candidate is indeed an axion, the signal should vanish
while the antenna is coupled to the TMy;; mode. A scan of the candidate at 1130.6135 MHz
was done using the TMy;; mode, and not only was the signal still present, but it was actually
stronger in magnitude than its original observation with the TMy;o mode (see Fig. [5.9).

This indicated that the signal was not from an axion, but something else. There are
sometimes a second set of SAG injections that remain blinded longer than the first set to

allow operators on site to exercise (most of) our candidate elimination procedures. Therefore,
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at this stage operators ask the SAG control team at PNNL to turn off this second set of
SAG injections for one, final pass. After this last pass, the signal disappeared and was
confirmed to be a SAG injection. If, however, the candidate had passed the TMg; test and
was confirmed to not be a SAG injection, the final candidate elimination procedure would
have been performed. This involves ramping the magnet current down while measuring the
signal power in order to test that the Py, oc B?, as would be the case for a real axion signal.
Ramping the magnet is a non-trivial procedure however, which is why we have many stages

of candidate checks before resorting to this test.

Candidate 1
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+ Combined

DFSZ Power

4 4,
..............

b e
Gl

1089.9900 1089.9925 1089.9950 1089.9975 1090.0000 1090.0025 1090.0050 1090.0075 1090.0100
Frequency (MHz)

Figure 5.8: The top plot shows the persistent candidate from nibble 12 at 1089.9995 MHz.
As one can see, it was undoubtedly a strong power excess that was present in both the
original and rescan data. The bottom left photo shows Gray and I using a coaxial antenna
connected to the signal analyzer (SA), centered on 1090 MHz, to check for ambient RFI on
site. The bottom right photo shows the resulting RFI signal on the SA. This check was used

to eliminate this candidate and close out nibble 12.
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Figure 5.9: Here I plot signal amplitude vs signal frequency for the persistent candidate at
1130.6135 MHz. The black data show the signal while coupled to the usual TMgy;y mode,
while the red data show the signal while coupled to the TMg;; (which should not couple
to axions). The signal was not only able to couple to the TMy;; mode, but it actually had
larger signal strength while coupled to this mode than it did to the TMy;p mode. This is
strong evidence that it is not an axion-like signal. Indeed, after confirming with the SAG

control team at PNNL, this candidate was identified as a secondary/blinded SAG.

Table summarizes the persistent candidates from Run 1D as well as the method by
which they were ruled out. In the end, there were no persistent candidates that passed all
of the candidate checks at the conclusion of Run 1D so we were able to set an upper limit

on gq~~. The process for setting an exclusion limit will be described in the next section.
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Frequency (MHz) Veto Reason
1247.5500 SAG
1247.3200 SAG
1245.6100 SAG
1193.7096 SAG
1192.1600 SAG
1138.8500 SAG
1131.8605 SAG
1128.1200 SAG
1130.6135 TMon
1089.9995 RFI

Table 5.1: Summary of the persistent candidates from Run 1D. Candidates with “SAG” as
the veto reason were eliminated by turning off the primary set of hardware synthetic axion
injections (a secondary/blinded SAG would not be turned off at this point). The candidate
with “RFI” as the veto reason was eliminated by checking for ambient RFI on site. The

candidate with “T'Mg; 7 as the veto reason was eliminated by taking data with the TMg;

mode, which revealed it to be a blinded SAG.
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5.6 Exclusion Limit

The process for setting an exclusion limit is as follows. First, the different sources of system-
atic uncertainty must be determined. For Run 1D these were: the system noise temperature
calibration, the cavity form factor simulation, the signal efficiency calculation, resonant fre-
quency drift caused by rod instability, as well as variations in the loaded quality factor and
cavity coupling strength due to antenna instability. The uncertainties related to each of these
quantities were propagated to reflect their effects on the measured SNR for each frequency

bin. Table [5.2] shows the percent uncertainties associated with each quantity.

Source Percent Uncertainty on SNR
Qr 0.6%

B/(1+ 5) 0.3%

Toys 9.9%

B?*VC 5%

fo Drift 1.5%

F 3%

Table 5.2: Summary of the average percent systematic uncertainties associated with the SNR

from Run 1D.

After the systematic uncertainties are understood, the limit setting can begin. First, the
individual grand spectra from each nibble are combined into a single Run 1D grand spectrum
covering the full frequency range. The upper limit on power in units of DFSZ power for each

bin (j) in the Run 1D grand spectrum is then calculated via the following equation:

Pexc Otot; P] (\/— -1 |: ( 1 P]
= — | 2 erf 1—-(2C(1—- =1 —erf(—————
Pprsz, F {PDFSZ ( 2[ (PDFSZatotjﬂ)D

+[1 - erf(m)]ﬂ )} , (5.5)
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where Pprgz is the expected power of a DFSZ axion in frequency bin j, P is the weighted
average power excess in frequency bin j, oy, = 1/032- + ngstj (where o; is the standard
deviation and oy, is the systematic uncertainty of frequency bin j), F is the signal efficiency,
C' = 0.9 is the desired confidence level, and erf(x) is the error function. This equation
assumes a truncated normal distribution following the methodology outlined by Feldman
and Cousins in Ref. [86] to exclude unphysical negative values of g,,. From here, the upper
limit on power can be converted into an upper limit on axion-photon coupling using the

following relationship:

2
a exc PBXC
(QL) — ( ) _ (5.6)
Ga~~,DFSZ Pprsz
5.7 Results

The 90% confidence level upper limits on g4y, for ADMX Run 1D can be seen in context

with other axion experiments in Fig. [5.10]

5.7.1 Discovery Ability

As alluded to earlier in the text, software synthetic injections can be used to determine our
discovery ability. The exclusion limits answer the question: if we ran the experiment many
times what power Pey. (and corresponding axion-photon coupling, ggy-.exc) would 90% of my
measurements fall below? This is essentially a way of quantifying how sensitive our data
is in comparison with other experiments. However, a perhaps more scientifically interesting
question to ask is: at what value of axion power (or, alternatively, axion-photon coupling)
would my experiment be able to detect 90% of axions? In order to answer this question, we
must consider what is necessary for a signal to be “detected” in ADMX. Most importantly,
it must trigger one of the candidate definitions. As a reminder, the two primary candidate

definitions are:

1. P] + 12810] > Pthreshold
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2. PJ >N0'j,

where P; is the measured power excess of a given frequency bin (j) in the grand spectrum
and o; is the associated standard deviation of bin (j). Pihreshola is some threshold power in
units of Pppsz and N is some scaling factor that dictates the o excess threshold, both of
which are determined for each nibble. Therefore, the power and o excess thresholds can
provide some insight into what our discovery ability is.

The top plot in Fig. shows a Gaussian probability distribution function (PDF) with
a mean of u = P; + 1.280; where P; = Piyreshola and standard deviation o; = 1/SNRay,e
where SNR,y, is the average signal to noise ratio for the whole nibble. In reality, the SNR
and therefore o; varies from bin to bin, but for estimation purposes using the average is
sufficient. Using nibble 4 as an example, SNR., ~ 1.7 and Pipreshold = 3.9Pprsz. The
bottom plot is a Gaussian complementary cumulative distribution function (1 - CDF) with
the same mean and standard deviation as the PDF. The complementary CDF shows what
fraction of the area under the PDF lies to the right of a given value of P eshoia- In this case,
since we have set Pj = Pihreshold 90% of the area under the PDF is greater than Piyyeshold-
Given this information and the first candidate definition, P; + 1.2810; > Pipreshold, 90% of
signals with power P; will trigger the power threshold when P; = Pipreshola- Given that P; is
the measured signal power, which is smaller than the true signal power, P, e, by a factor
F =0.9, I expect nibble 4 to have 90% discovery ability for 4.3 Pprgz = 0.59Pksvyz strength
axions, which should have measured signal strength P; = 3.9Pppsy = 0.54 Pxgvz.

For nibble 4, the o excess threshold was set to 4.80;. Using this threshold, a 3.9Pprgz
strength axion would be discovered 97% of the time. Since this chosen threshold value for o;
excess is less strict, it triggers more easily than the power threshold. Therefore, if we wanted
to achieve 90% discovery ability to a 4.8 Pppsyz strength axion, we could set this threshold
even higher to 5.30;. However, given that 4.80; is ultimately what was used, what axion
power should trigger this candidate definition 90% of the time? The top plot in Fig. |5.12

shows a Gaussian probability distribution function with a mean of ;4 = P;/0; and standard
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deviation of 1 where P; = 3.6 Pprsz and o is defined as it was for the power threshold. The
bottom plot is a Gaussian complementary cumulative distribution function (1 - CDF) with
the same mean and standard deviation as the PDF. The complementary CDF shows what
fraction of the area under the PDF lies to the right of a given value of or = No;. In this
case, given that P; = 3.6 Pprsz, 90% of the area under the PDF is greater than 4.80;. Given
that P; is the measured signal power, which is smaller than the true signal power, P} e, by
a factor F' = 0.9, I expect nibble 4 to have 90% discovery ability for 4Pppsy = 0.55Pxgvz

strength axions, which should have measured signal strength P; = 3.6 Pprsz = 0.50FPkgvz.

Of course, there is cross over between these two candidate definitions, with many sig-
nals triggering both. Therefore, analytically calculating the combined discovery ability is
difficult. Thus, the software synthetic axion injections (Sec. can be used to calculate
our discovery ability numerically. To do this, I split nibble 4 into 3 sub-nibbles, each with
a width of 5 MHz across which the discovery ability could be calculated. That is, the first
sub-nibble spans 1300-1305 MHz, the second from 1305-1310 MHz and the third from 1310-
1315 MHz. Given the range of true signal powers P} e = (4 — 4.3) Pprsz I found from the
candidate definitions for nibble 4, I injected 1000 synthetic axion signals into each sub-nibble
starting with the largest expected power, P, e = 4.3FPprsz, and working down in steps of
0.1 Pppsz until 90% of injections were discovered for each sub-nibble. The percentage of the
1000 injected signals that were detected at every power level in each sub-nibble was recorded
in Tab. [5.3] For the first sub-nibble spanning 1300-1305 MHz, 90% of the injected signals
were discovered at a power between (4.1 — 4.2) Pppsz = (0.56 — 0.58) Pxsyz. For the sec-
ond sub-nibble spanning 1305-1310 MHz, 90% of the injected signals were discovered at a
power of 3.5Pppsz = 0.48 Pxgyz. For the third sub-nibble spanning 1310-1315 MHz, 90% of
the injected signals were discovered at a power of 3.9FPppsz = 0.54Pksyz. This simulation
confirmed that the discovery ability predicted from the candidate definitions is in decent
alignment with the true discovery ability. One caveat is that I used the average SNR across
the full nibble to calculate the predicted discovery ability, but at the very edges of nibbles
there tend to be drops in SNR caused by turning the rod around. I believe this could be why
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the middle sub-nibble (1305-1310 MHz) reached 90% discovery ability at a lower power than
either of the edge sub-nibbles. Something interesting to note is how this discovery ability
compares to our upper limits in nibble 4. Between 1300-1315 MHz, the average discovery
ability I found was 3.9 Pprsz, which is a little over 3 times worse than the average upper limit
in the same frequency range of 1.2 Pprsz. However, the average discovery ability is marginally
better than the worst upper limit in this nibble of 4.3 Pprsz. Therefore, it seems that the
worst upper limit in a given nibble generally provides a better estimate of the discovery

ability than the average upper limit.

P, (DFSZ) | P (KSvz) | Discovered | % Discovered | % Discovered
1300-1305 MHz | 1305-1310 MHz | 1310-1315 MHz

3.4 0.47 65 38 -
3.5 0.48 70 00 -
3.6 0.5 75 03 "
3.7 0.51 78 04 <1
3.8 0.52 89 N -
3.9 0.54 84 9 00
4.0 0.55 87 97 -
4.1 0.56 89 97 o1
4.2 0.58 99 ” o6
4.3 0.59 94 08 ”

Table 5.3: Summary of the discovery ability Monte-Carlo simulations. The first two columns
are the injection power in units of DFSZ and KSVZ power respectively. The injections occur
prior to spectrum processing, so the actual measured power is expected to be smaller than
Py by a factor of F = 0.9. The following three columns are the percentage of the 1000
injected signals discovered for each of the three sub-nibbles: 1300-1305 MHz, 1305-1310
MHz, and 1310-1315 MHz.
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Figure 5.10: A global limit plot putting this work (purple) in context with other experi-
ments, with an inset zooming in on this work’s 90% C.L. upper limits on g,,, (as well as
limits from Ref. [I7] due to overlapping coverage). The dark matter density is assumed
to be 0.45 GeV/cm3. Gaps in the limits are due to mode crossings, regions where axion
search mode of the cavity intersected other static weakly tuning modes. KSVZ and DFSZ
sensitivities are shown as dashed lines. Previous limits set by ADMX are shown in teal
[26, 79, 46| B33, 01, B35, 44]. Limits from other experiments depicted include those set by
University of Florida (UF) [98], Rochester-Brookhaven-Florida (RBF) [179], Center for Ax-
ion and Precision Physics (CAPP) [121], 105, 117, 122, 114, 182, 181, 115l [17], Haloscope
At Yale Sensitive To Axion Cold dark matter (HAYSTAC) [186] B0, 106], Grenoble Ax-
ion Haloscope project (GrAHal) [94], Oscillating Resonant Group AxioN experiment (OR-
GAN) [126, 150, T49], QUaerere AXions experiment (QUAX) [20] 211, 19} [72, [152], Relic Ax-
ion Dark Matter Exploratory Setup (RADES) [189], Taiwan Axion Search Experiment with
Haloscope (TASEH) [58], CAST-CAPP [13], and CERN Axion Solar Telescope (CAST) [22].
Caption taken from Ref. [63].
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Figure 5.11: Top plot: Gaussian probability distribution function with a mean of u =

P; 4+ 1.280; where P; = Pipreshod and standard deviation o; = 1/SNR,,, where SNR,, is

the average SNR for the whole nibble. Bottom plot: Gaussian complementary cumulative

distribution function with the same mean and standard deviation as the PDF.
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Chapter 6

CONCLUSIONS

The success of ADMX Run 1D was enabled by a number of upgrades, both experimen-
tal and analytical. To be more specific, the cryogenic receiver was upgraded to reduce the
heat load on the dilution refrigerator. This was done with the goal of lowering the mixing
chamber base temperature to lessen the Johnson noise contribution to the overall system
noise temperature. The receiver upgrades included changing out cables for those with better
materials and/or different lengths, as well as by adding more heat sink locations when nec-
essary. In addition, an entire RF through line was removed from the insert, which provided
a significant amount of relief for the dilution refrigerator. These efforts allowed ADMX to

achieve its lowest mixing chamber temperature during stable operations to date of ~ 80 mK.

Upgrades to the cryogenic DC cabling were also made alongside those to the receiver
chain. In this case, the goal was more to improve the stability and continuous operation of
critical DC connections in the insert. During the previous data taking run we had experi-
enced critical dilution refrigerator sensor failures fairly often. To ameliorate this situation I
designed a custom cryogenic DC cable to replace the existing DF cable (Cable F) that was
manufactured by collaborators at WUSTL. The upgraded cable performed extremely well,
with zero sensor disruptions during the entirety of Run 1D — which lasted for roughly one
year. Another part of the effort to improve the reliability of DC connections was to improve
internal documentation. Clear, extensive documentation makes it easier to fix issues when
they arise and to do more thorough testing prior to the start of a data taking run. I created
a significant body of documentation for the cryogenic DC cabling including a sensor map,
gallery of sensor photos, as well as spreadsheets detailing the connections on each cable, as

well as any broken pins. Lastly, a combination RC/LC filter was installed on Cable D, which
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supplies power to the quantum amplifier package to reduce electronic noise on the JPA in
order to improve its noise performance and dynamic range.

In addition to hardware upgrades, there were a few changes made to the analysis. Namely,
an additional stage of data-driven cryogenic receiver removal was incorporated into the anal-
ysis to handle spectral fluctuations from the frequency dependent gain of the cold receiver.
This ensured that the noise distribution was Gaussian as expected and properly prepared the
spectra to be used to search for axions. In addition to this, the software synthetic injection
capabilities were improved to enable us to numerically calculate the discovery ability.

I also calculated the discovery ability for one nibble using Monte Carlo methods, estab-
lishing a code base that can be built upon by future ADMX researchers in the remaining
RunlD and future frequency ranges. Going forward, if the scripts are optimized to run
more efficiently, the numerically determined discovery ability will be an interesting and sci-
entifically informative addition to the ADMX science results, along with the standard 90%
exclusion limits.

Finally, perhaps the most significant improvement made for Run 1D was to our noise
calibration procedure. Firstly, the thermal sinking of the ADMX noise source, the hot load,
was upgraded. This enabled us to reach a hot load base temperature of ~ 150 mK compared
with the previous base temperature of ~ 475 mK. Since the base temperature of the noise
source was so high during previous runs, we were not able to perform a Y-factor measurement
with the JPA on. Reducing the base temperature of the hot load enabled us to perform
this type of calibration without saturating the JPA (which would make our noise calibration
results useless). Therefore, I was able to lead the most in-depth noise calibration campaign in
ADMX to date, culminating in a journal publication [96]. This included four different types of
y-factor noise calibration measurements: JPA-off-hot-load, JPA-on-hot-load, JPA-off-cavity,
and JPA-on-cavity. All of these measurements were essential to fully characterize the noise
performance of the cryogenic receiver chain. In addition, Dan Zhang and I thoroughly
detailed the theoretical noise model based on the components in the receiver chain which

we were then able to compare with the experimental results. In doing so we found that the
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transmissivity between the cavity and the HFET (a)) measured prior to the start of Run 1D
was consistent with the transmissivity found by comparing the JPA-off-hot-load and JPA-
off-cavity measurements. In addition, we verified that the JPA-on Y-factor and the SNRI
& JPA-off Y-factor give consistent results for the effective HFET noise, Targr/eg. This
provided confidence in our established noise model and the effectiveness of using the indirect
(SNRI) method for determining the JPA-on system noise temperature. Furthermore, the
JPA added noise at a given frequency was shown to be exceptionally stable over the course
of a few months and a two different gains. It was discovered that the JPA added noise
while the receiver is connected to the cavity is appreciably higher than when the receiver is
connected to the hot load. The precise reason for this remains a question, but we suspect it
could be due to a difference in insertion loss between the hot load and switch and the antenna
and the switch. The discrepancy could also be due to the impedance difference between the
hot load and the cavity. Lastly, there was some evidence in pre-run tests of the JPA that its
added noise exhibited a temperature dependence. Therefore, because the receiver chain is
slightly warmer overall while connected to the cavity, this could have increase the measured
JPA added noise in this case. Nonetheless, without the addition of JPA-on noise calibration
measurements, this discrepancy would have remained undetected. Now, this knowledge can

be used to inform future upgrades of the receiver and noise calibration procedure.

As ADMX moves forward further changes can be made to optimize the efficiency of the
search for axions. From a mechanical perspective, improvements to the gearbox mechanisms
would be useful to correct issues such as the resonant frequency drifts and sudden losses in
coupling. In addition, given the largest systematic uncertainty for Run 1D was related to
the system noise temperature calibration, changes can and should be made to help reduce
this uncertainty. Given the consistency of the inferred value for Typgpr/qeg from the JPA-
on-cavity off-resonance measurement and the direct JPA-off-hot-load measurement, one idea
worth pursuing is the implementation of a switchless VTS design [59]. That is, mounting
the existing attenuator on the bypass line to a VTS that can achieve a base temperature

within ~ 5 mK of the mixing chamber, while also being able to be heated by at least
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~ 50 mK without disturbing the mixing chamber too much. This would enable the removal
of the cryogenic RF switch between the cavity and the JPA, which would help increase
the transmissivity on the output line. Lastly, some changes could be made to improve
the experimental down time. For instance, updating the method for monitoring the JPA
SNRI. Currently, this requires two types of measurements, one to measure power with the
digitizer and one to measure gain with the VNA. However, this can be reduced to one type of
measurement by injecting tones of known power into digitizations. This would not only cut
down on the time required to monitor the JPA during data taking, but would also reduce
error in the SNRI since the power and gain would be measured simultaneously. Lastly,
switching from a current-pumped JPA to a flux-pumped JPA will reduce the time needed
for biasing since the resonant frequency only depends on one parameter instead of two. Not
to mention, utilizing a lux-pumped JPA also allows for the idler band to be included in the
digitization bandwidth without interference from the pump tone. This could then be used to
increase the SNR by optimally combining the uncorrelated portions of the idler and signal
bands, as was done in Ref. [17].

To conclude, from December 2023 to November 2024 ADMX searched for QCD axion
dark matter between 1.088-1.315 GHz, marking the longest continuous data taking run with
ADMX to date. Over that frequency range ADMX excluded axions with an average power
of Pexe = 1.3Pprsz = 0.18Pksvz (Jayyexe = 1.1Gayyprsz) at 90% confidence. In addition,
ADMX achieved 90% discovery ability to (4.1 —4.2) Pprsz, 3.5Pprsz, 3.9Pprsz strength ax-
ions (corresponding to coupling strengths of (2.02—2.05)gay~.0rsz; 1.879avy.0Fsz, 1.97Gav.DFs7)
between 1.3-1.305, 1.305-1.31, 1.31-1.315 GHz. Over the coming year, ADMX will take more
data in the same frequency range after implementing hardware and analysis upgrades in

order to achieve sensitivity to DFSZ axions in a timely manner.
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