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Axions are a well-motivated candidate for dark matter. The preeminent method to search for axion dark
matter is known as the axion haloscope, which makes use of the conversion of axions to photons in a large
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magnetic field. Because of the weak coupling of axions to photons, however, the expected signal strength is
exceptionally small. To increase signal strength, many haloscopes make use of resonant enhancement and
high gain amplifiers, while also taking measures to keep receiver noise as low as possible such as the use of
dilution refrigerators and ultra-low-noise electronics. In this paper, we derive the theoretical noise model
based on the sources of noise found within a typical axion haloscope receiver chain, using the Axion Dark
Matter eXperiment (ADMX) as a case study. We present examples of different noise calibration
measurements at 1280 MHz taken during ADMX’s most recent data-taking run. These new results shed
light on a previously unidentified interaction between the cavity and Josephson Parametric Amplifier as
well as provide a better understanding of the systematic uncertainty on the system noise temperature used in
the axion search analysis for this data-taking run. Finally, the consistency between the measurements and
the detailed model provide suggestions for future improvements within ADMX and other axion haloscopes
to reach a lower noise temperature.

DOI: 10.1103/PhysRevD.111.092012

I. INTRODUCTION

Astrophysical observations indicate that 85%of thematter
content of the Universe is in the form of nonbaryonic dark
matter [1]. Though there are numerous pieces of evidence
pointing to the existence of dark matter, its fundamental
nature remains one of the biggest mysteries to explore in
modern physics. One particularly compelling dark matter
candidate is the “invisible” axion, which was first proposed
as a solution to the strong-CP problem [2,3], a puzzle in
particle physics related to the unexpectedly small observed
neutron electric dipole moment. Interestingly, axions pro-
duced in large quantities via the vacuum misalignment
mechanism or the decay of the topological defects in the
early Universe could comprise all the local dark matter
density [3–5].
The axion haloscope was proposed by Pierre Sikivie [6]

to search for invisible axion dark matter in the 1980s and
remains one of the most sensitive experimental designs in
the microwave regime. A microwave cavity is immersed in
a strong magnetic field (B), and axion dark matter is
converted into photons via the inverse Primakoff effect [7].
The energy of the photon carries the total energy of the
axion, which is roughly equal to its rest mass due to the
axion’s small expected kinetic energy. The microwave
cavity provides signal strength enhancement, while the
photon frequency is close to the cavity resonant frequency.
The fundamental transverse magnetic (TM) mode, TM010,
of the cavity is often used because it maximizes the signal
strength by having the largest overlap between its electric
field and the external B field.
The sensitivity of the haloscope is limited by thermal

noise introduced by the components closest to the cavity
including the cavity itself and the electronics in the receiver
chain. In the event of discovery, noise calibration directly
affects the reported uncertainty on the axion-to-photon
coupling × local dark matter density. With the use of
quantum amplifiers operating at milliKelvin temperatures
and providing larger than 15 dB gain [8–12], haloscopes
are able to approach the standard quantum limit (SQL). The

electronic noise is dominated by the first-stage amplifier,
which is why haloscopes typically situate an ultra-low-
noise quantum amplifier at the beginning of the receiver
chain [13–15].
Some novel techniques to reach a noise level lower than

the SQL such as photon counting, quantum squeezing, or
the state-swapping interaction [16–18] are beyond the
scope of this paper.
The system noise Tsys calibration of a haloscope can be

done by the Y-factor measurement with a variable temper-
ature stage (VTS),which shares the same receiver chainwith
the cavity after a cryoswitch (see Fig. 1) [19]. The relation-
ship between output power and a VTS [20] created by a
resistor-heated noise source is used to infer the system noise
temperature. However, the gain and noise contribution of the
quantum amplifiers are sensitive to environmental factors
including temperature, mechanical vibration, and detune
frequency. Plus, the Y-factor measurement often takes a
couple hours of downtime due to the time it takes for the
VTS to reach an equilibrium temperature while heating
and cooling. Additionally, due to the narrowband response
of some quantum amplifiers [such as the Josephson
Parametric Amplifier (JPA) that is used by Axion Dark
Matter eXperiment (ADMX)], the calibration can be done at
only one frequency at a time. Therefore, it’s challenging to
use the direct Y-factor measurement of the system with
active quantum amplifiers to provide a timely update of Tsys

for haloscopes.
The signal-to-noise ratio improvement (SNRI) method

(see details in Sec. III A) is able to monitor Tsys in situ in
combination with the Y-factor measurement results from
when the quantum amplifier is inactive, Tsys;off [21]. The
noise contributed by the receiver chain after the quantum
amplifier is more stable with the regular running condition
changes including mechanical vibrations from the cryoli-
quid fills and temperature oscillations in the insert space
cooled to milli-Kelvin temperatures. Aside from Tsys;off

which requires a full Y-factor calibration, the related
quantities in SNRI can be measured within a minute for
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every data-taking cycle, reflecting the difference between
Tsys and Tsys;off by measuring the absolute output power
differences and the quantum amplifier gain.
In addition to this traditional Y-factor technique, there

are other, novel, noise calibration methods such as a
Y-factor measurement using a shot noise tunnel junction
(SNTJ) [20], or a switchless tone-injection based Y-factor
measurement [22]. While both of these methods greatly
improve calibration speed when compared with a VTS
Y-factor measurement, ADMX has not implemented them
yet for a few reasons. Namely, SNTJs are not easily
accessible or easily fabricated compared to a simple
VTS, and the switchless method requires that the attenu-
ation of the radio-frequency (RF) lines used for calibration
and the cavity itself not be too large that they drown out
the injected signals. Additionally, in the case of ADMX,
our most recent data-taking run lasted almost a full year, so
in the broader picture, a noise calibration technique that
takes a few hours in total does not significantly impact our
downtime.
In this work, we first introduce the common components

in the cryospace contributing to the system noises. Second,
we establish a detailed noise model for ADMX. Third, we
demonstrate the noise calibration techniques currently
employed in ADMX that can be easily accommodated
to other axion haloscopes. Specifically, we compare the
direct Y-factor measurement of an active JPA using a VTS
with the SNRI method at different frequencies. We also
evaluate the Y-factor noise calibration results using the
cavity as our noise source. Finally, we examine the noise
calibration results as a whole and discuss the differences
between the various methods as well as the appropriate use
of each result.

II. SOURCES OF NOISE

We are interested in our ability to discriminate a signal
from thermal noise after it has passed through a series of RF
components. These components may amplify or attenuate
the signal while adding additional thermal noise. The
signal-to-noise ratio (SNR) is a fundamental measure of
the sensitivity, which is the ratio of the signal power Psig to
the noise power Psys over some bandwidth b at the output
of our RF system, so we define the noise temperature Tsys

of a device to be scaled relative to the input signal reference
plane as

SNR ¼ Psig;out

σsys;out
¼ Psig

kBTsys
·

ffiffiffi

t
b

r

; ð1Þ

where the radiometer equation [23] is implied,
σsys;out ¼ Psys;out=

ffiffiffiffiffiffiffiffi

t · b
p

, kB is the Boltzmann’s constant,
t is the integration time of the digitization, and Psig refers to
the signal power entering the detecting system, which
depends on the coupling of the antenna. For clarity,

“reference plane” here defines the location in the RF chain
where the quantities of interest (Tsys and the resulting SNR,
in this case) are being defined from. That is, the system
noise temperature and corresponding SNR are defined as
above from the specified reference plane to the output of
the receiver.

A. Blackbody noise

The noise temperature of a blackbody is a function of its
physical temperature Tphys and the frequency f,

Tnoiseðf; TphysÞ ¼
hf
2kB

coth

�

hf
2kBTphys

�

; ð2Þ

where h is the Planck constant [24]. The noise power is
related to Tnoise as

Pnoise ¼ kBbTnoise: ð3Þ

While Tphys ≫ hf=2kB, Tnoise is approximately equal to
Tphys, corresponding to a thermally limited system.
However, when Tphys ≪ hf=2kB, Tnoise ¼ hf=2kB which
is equal to the SQL.

B. Passive attenuator

By Kirchhoff’s law, the emissivity and absorptivity of a
passive object in thermal equilibrium must be the same
[25]. Consider a blackbody at a noise temperature TA and
attenuator at noise temperature TB which transmits power
fraction of α and absorbs a power fraction of (1 − α). The
attenuator will also radiate as a blackbody with emissivity
(1 − α) [20]. The noise power and temperature as measured
downstream will be

Pnoise ¼ kBb
�

αTA þ ð1 − αÞTB

�

; ð4Þ

and

Tnoise ¼ TA þ 1 − α

α
TB ð5Þ

with the reference plane at A.

C. Active component

Consider a blackbody with a noise temperature TA
amplified by an amplifier with gain G and a noise temper-
ature TB, followed by downstream components that intro-
duce additional noise TC. The noise temperature from the
downstream components will be suppressed by the gain of
the amplifier [26], leading to

Pnoise ¼ kBb(GðTA þ TBÞ þ TC) ð6Þ

and
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Tnoise ¼ TA þ TB þ TC

G
; ð7Þ

with the reference plane at A.

D. Parametric amplifier

In detectors like ADMX, a quantum parametric amplifier
is often used in the scattering mode of operation as the first-
stage amplifier [27]. Ideally, a four-way (three-way) mixing
parametric amplifier pumped at the frequency fP (fP=2)
can reach zero excess noise other than the zero-point
fluctuations at the signal fS and idler frequency fI, where
fI ¼ 2fP − fS (fP − fS) [20]. If the signal frequency has a
noise temperature TS and the idler frequency has a noise
temperature TI , and the gain of the parametric amplifier is
G ≫ 1, followed by downstream components that intro-
duce additional noise TD, the output noise temperature will
be measured downstream as

Pnoise ¼ kBb(GðTS þ TIÞ þ TD) ð8Þ

and

Tnoise ¼ TS þ TI þ
TD

G
ð9Þ

with the reference plane at the input to the parametric
amplifier. In reality, the parametric amplifier in ADMX still
adds noticeable extra noises TJPA, so the noise temperature
becomes

Tnoise ¼ TS þ TI þ TJPA þ TD

G
: ð10Þ

E. Circulators

A circulator is a three-port device for which, over its
operational band, signals incident on port 1 exit port 2,

signals incident on port 2 exit port 3, and signals incident
on port 3 exit port 1 [28]. We note the power transmissivity
from port i to port j as αcirc;ji. For an ideal circulator
αcirc;21 ¼ 1, αcirc;32 ¼ 1 and αcirc;13 ¼ 1 and all the other
permutations have αcirc;ji ¼ 0. Cryogenic microwave cir-
culators have small but measurable losses and can be
treated as attenuators for the purposes of noise as described
in Sec. II B.

F. Microwave cavity

Axion haloscopes commonly use at least one microwave
cavity, which has a resonant mode of interest with an
unloaded quality factor Q coupled to an antenna with
coupling β. For frequencies near a resonance of interest f0,
power incident on the cavity is reflected with reflectivity

jΓcavðfÞj2 ¼ 1 −
4β

ð1þ βÞ2
1

1þ 4Q2
Lðf−f0f0

Þ2 ; ð11Þ

where QL ¼Q=ð1þβÞ is the loaded quality factor [21,28].
For a critically coupled (β ¼ 1) cavity on resonance,
jΓcavðfÞj2 ¼ 0, and the cavity appears as a blackbody
radiating with physical temperature of the cavity. Otherwise,
jΓcavðfÞj2 ≠ 0, and the noise temperature as seen from the
antenna is a mixture of the cavity’s noise temperature Tcav
and power reflected off of the antenna T incident,

Tnoise ¼ T incidentjΓcavj2 þ Tcavð1 − jΓcavj2Þ: ð12Þ

III. EXAMPLE HALOSCOPE MODEL

As an example, consider the recent ADMX RF system
from Run 1B to Run 1D shown in Fig. 1. The primary
signal path is from the cavity, through two circulators
(Circ1 and Circ2), amplified off of a four-way mixing JPA,
through two more circulators (Circ2 and Circ3), amplified

FIG. 1. ADMX RF diagram in the cold space. Other than the HFET, all the components are connected to the milli-Kelvin 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. III A.
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by a heterostructure field effect transistor amplifier
(HFET), and then up to the warm receiver. Thermal noise
comes from the attenuator A, passes through Circ1 and
reaches the antenna. Depending on the frequency and
coupling, some of this noise is reflected, and some is
replaced by thermal noise from the cavity. The noise then
passes through the same path as the signal, where addi-
tional 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 the postamplifiers 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. More specifically, the measurements in
Sec. IV always detune fp by 320 kHz higher to the cavity
resonance (fS), while the bandwidth of the cavity is
56 kHz. Also, the HFET gain is quite high (40 dB), so
the downstream noise addition is insignificant compared to
the HFET noise.
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 switch S
can be flipped so that the noise comes from the “hot load”
(VTS used in ADMX) for calibration. The cable length and
composition between the hot load and the switch is
designed to be the same as that between the cavity and
the switch, so the attenuation can be treated as nearly
the same.

A. ADMX noise model

We build the thermal model by assuming temperature
gradients among all the critical cryocomponents including
the cavity, attenuator A, hot load, etc. (Fig. 1) even
though, ideally, they should all be thermalized to the
milli-Kelvin temperature stage, except the HFET. The
cavity, attenuator A, and hot load are separately instru-
mented with temperature sensors which indicate corre-
sponding blackbody noise temperatures Tcav, TA, and THL,
respectively. The magnetic-field sensitive components
including the circulators, the switch, and JPA are mounted
to a cold finger in a field-free region of the insert. We call
this system the quantum amplifier package [29,30]. For
these components, we begin by assuming different physi-
cal temperatures for different circulators in the interest of
generality, and later on, we simplify the model using the
fact that the components on the quantum amplifier pack-
age are, in reality, thermalized to the same temperature
Tcirc. The HFET noise temperature combined with any
downstream receiver noise will be labeled THFET. The
gains of the JPA, the HFET, and the equivalent down-
stream post amplifiers are noted as GJPA, GHFET, and Gpost,
respectively.
The noise power with the JPA unpowered can be

modeled by separating the cryospace into different stages,

where

Pstage1 ¼ kBbTAαcirc1;21 þ kBbTcirc1ð1 − αcirc1;21Þ
Pstage2 ¼ Pstage1jΓcavj2 þ kBbTcavð1 − jΓcavj2Þ
Pstage3 ¼ Pstage2αcirc1;32 þ kBbTcirc1ð1 − αcirc1;32Þ
Pstage4 ¼ Pstage3αcirc2;21 þ kBbTcirc2ð1 − αcirc2;21Þ
Pstage5 ¼ Pstage4αcirc2;32 þ kBbTcirc2ð1 − αcirc2;32Þ
Pstage6 ¼ Pstage5αcirc3;32 þ kBbTcirc3ð1 − αcirc3;32Þ
Pstage7 ¼ GHFETðPstage6 þ kBbTHFETÞ

Pnoise;out ¼ GpostPstage7: ð13Þ

While the JPA is on, we rewrite the relation between
Pstage4 and Pstage5 as

Pstage5 ¼ (GJPAðPstage4 þ PJPA;SÞ
þ ðGJPA − 1ÞðPI þ PJPA;IÞ)αcirc2;32
þ kBbTcirc2ð1 − αcirc2;32Þ; ð14Þ

where PJPA;S and PJPA;I are extra noises due to the JPA at
the signal and idler frequencies, respectively, due to the
imperfect JPA amplifier. PI is the noise power at the idler
frequency which can be traced up to Pstage1. As the idler
frequency is always off resonance to the cavity, the
reflection coefficient between stage 1 and stage 2 at the
idler frequency is 1. More explicitly,

PI ¼ (Pstage1αcirc1;32 þ kBbTcirc1ð1 − αcirc1;32Þ)αcirc2;21
þ kBbTcirc2ð1 − αcirc2;21Þ: ð15Þ

If there is a signal power Psig coming out of the cavity,
Tcavð1 − jΓcavj2Þ will be replaced with (Tcavð1 − jΓcavj2Þ þ
Psig) in Eq. (13). According to Eq. (1), we compare the Psig

to the system noise Tsys with the stage 2 as the reference
plane because the signal comes into the receiver chain at the
stage 2.
If all the attenuation and amplifications at different

stages are known, Tsys can be calculated as

Tsys ¼
Pnoise;out

kBbα1α2Gtotal
; ð16Þ

where α1 (αcirc1;32αcirc2;21) is the transmissivity from the
cavity to the JPA and α2 (αcirc2;32αcirc3;32) from the JPA to
the HFET. Gtotal ¼ GJPAGHFETGpost, while the JPA pump is
on, and Gtotal ¼ GHFETGpost while off.
Even though it is difficult to have a direct accurate

measurement of Gpost during data taking, Gpost can be
canceled out by comparing the noise powers with the JPA
unpowered Tsys;off or powered Tsys;on because
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Tsys;on ¼
Tsys;off

SNRI
; ð17Þ

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

SNRI ¼ GJPAPnoise;out;off

Pnoise;out;on
: ð18Þ

The noise power coming out of the system with the JPA on,
Pnoise;out;on or the JPA off, Pnoise;out;off is measured timely, as
is GJPA. To estimate Tsys;on with SNRI, Tsys;off has to be
known first. Therefore, it is worthwhile to carefully trace
both the JPA active and inactive model.

B. Model simplification

We can simplify the noise model because all the
circulators are thermalized to the same temperature Tcirc,
and we preserve α1 and α2 introduced in Eq. (16). In
addition to Eq. (16), Tsys can also be decomposed as
follows.
When the JPA is off,

Tsys;off ¼ Tstage1jΓcavj2 þ Tcavð1 − jΓcavj2Þ

þ Tcircð1 − α1α2Þ
α1α2

þ THFET

α1α2
; ð19Þ

where we convert the notations of the powers P� to the
noise temperatures T� ¼ P�=kBb for readability.
When JPA is on and GJPA ≫ 1 is reached (GJPA ≈

GJPA − 1),

Tsys;on ¼ Tstage1jΓcavj2 þ Tcavð1 − jΓcavj2Þ

þ Tstage1 þ 2
Tcircð1 − α1Þ

α1
þ TJPA

α1

þ Tcircð1 − α2Þ
α1α2GJPA

þ THFET

α1α2GJPA
: ð20Þ

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 ðTJPA;S þ TJPA;IÞ since the two noises are
not separable.

C. Hot load case

To calibrate the noise temperature, a hot load with a 50 Ω
terminator (a typical reactance used for RF transmission
lines) can be connected into the system with a RF switch
as shown in Fig. 1. When we switch to the hot load
configuration from the cavity, Tstage1 is replaced with THL,
and Γcav with ΓHL ¼ 1 in Eqs. (19) and (20).

When the JPA is off, the Tsys becomes

Tsys;on;HL ¼ THL

þ Tcircð1 − α1α2Þ
α1α2

þ THFET

α1α2
: ð21Þ

When the JPA is on,

Tsys;on;HL ¼ 2THL

þ 2
Tcircð1 − α1Þ

α1
þ TJPA

α1

þ Tcircð1 − α2Þ
α1α2GJPA

þ THFET

α1α2GJPA
: ð22Þ

D. Cavity cooldown and warm-up case

When the system is thermalized to the same temperature
from the A connected to Circ1 (stage 1) to the signal at the
input of the HFET (stage 6), some terms in the Tsys model
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 (Tmxc). These simplifications
require that one is fully off resonance since the cavity often
takes more time to thermalize.
When the JPA is off,

Tsys;off;mxc ¼
Tmxc þ THFET

α1α2
: ð23Þ

When the JPA is on,

Tsys;on;mxc ¼
2Tmxc þ TJPA

α1

þ Tmxcð1 − α2Þ þ THFET

α1α2GJPA
: ð24Þ

Since the recorded physical temperature is Tmxc in Eqs. (23)
and (24), the information from cavity cooldown or warm-
up data is the part without the transmissivity (α1, α2), i.e.,
THFET and TJPA, which can provide extra understanding of
the system while we know the transmissivities ahead
of time.
However, it is common to have the temperature gradients

Oð0.1TmxcÞ among the components that are supposed to be
well thermalized to Tmxc. For the JPA-off case, Eq. (23) is
still practical especially using the cavity off-resonance data
because THFET is often more than an order of magnitude
larger than the other noise contributions in Eq. (19). For the
JPA-on case, the temperature gradients Oð0.1TmxcÞ are so
large that Eq. (24) fails the ideal assumption, and Eq. (20) is
used instead.
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IV. NOISE CALIBRATION TECHNIQUES

In this section, we present the noise calibration tech-
niques with examples from the most recent ADMX data-
taking run during 2024 [31]. Compared to previous ADMX
runs [13,32,33], a stronger thermal link is used to connect
the hot load to the milli-Kelvin space (80–100 mK). The
base temperature of the hot load reaches 140–170 mK,
which is cold enough to perform the JPA-on-hot-load noise
measurement without saturating the JPA. All the noise
calibrations under different circumstances are Y-factor mea-
surementswhere the output powers are traced as a function of
the physical temperatures, and a linear fit is used to extract
out the extra electronic noises introduced by the different
components in the receiver chain. More specifically, for the
JPA-off measurements the fit function is of the form

Poff ¼ CðT þ TfitÞ: ð25Þ

Here, Poff is the output power with the JPA off, T is the
temperature that is being changed, Tfit is the noise temper-
ature we fit out for each measurement, and C is a constant.
For the JPA-on measurements, we need to correct for

JPA gain due to inevitable fluctuations during the course of
the measurement. To do this, we change the left-hand
side of the fit function from Pon to ðPon − PoffÞ=GJPA. We
see that

Pon−Poff

GJPA
∝Tsys;on−

Tsys;off

GJPA

¼ðTstage1jΓcavj2þTcavð1− jΓcavj2ÞÞ
�

1−
1

GJPA

�

þTstage1þ2
Tcircð1−α1Þ

α1
þTJPA

α1

−
Tcircð1−α1Þ
α1GJPA

: ð26Þ

For sufficiently high gain ð1− 1
GJPA

≃1 and Tcircð1−α1Þ
α1GJPA

≃ 0),
the model we use for gain-corrected measurements is

Tsys;on −
Tsys;off

GJPA
≃ Tstage1jΓcavj2 þ Tcavð1 − jΓcavj2Þ

þ Tstage1 þ 2
Tcircð1 − α1Þ

α1

þ TJPA

α1
; ð27Þ

which is the same as Eq. (20) 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 − Poff

GJPA
¼ CðT þ TfitÞ: ð28Þ

The errors reported for the individual fit results in the
following subsections are purely statistical to reflect the
quality of our data 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. We also consider the
systematic uncertainties introduced by the choice of
slightly different temperature windows during fitting when
reporting the final values as shown in Table I.
In the rest of this section, we present the details of

the noise calibration measurements with the cryoswitch
flipped to the hot load or the cavity system and with
JPA unpowered or powered in sequence, and we further
compare the system noise with a direct JPA-on noise
measurement to the SNRI method. For all measurements
done with the JPA powered on, the JPA bias settings (bias
current and pump power) were optimized at the start of the
measurement to achieve the highest possible gain with the
highest possible stability. Stability was prioritized over
magnitude, as we did not rebias the JPA throughout the
course of the measurements due to the time-intensive nature
of the process. Therefore, it was paramount that the gain
remain as stable as possible in order to get the cleanest fits
to the data. As mentioned earlier, the pump tone was
centered 320 kHz higher than the nominal resonant
frequency of the cavity (f0), ensuring that the f0 resides
comfortably within the JPA’s bandwidth while not interfer-
ing with the cavity resonance.

A. JPA-off hot load

The JPA-off-hot-load measurement is performed by
powering down the JPA, so we can calibrate the noise
coming from the second stage HFETamplifier. The relevant
model in this instance is Eq. (21). The fit function used for
this measurement is Eq. (25). More specifically, T ¼ THL,
and Tfit ¼ Tcircð1−αÞ

α þ THFET
α , where α ¼ α1α2. We refer to this

fit result as the effective HFET noise, THFET=αeff , due to the

TABLE I. Comparison of different noise calibration measure-
ments at 1280 MHz with ADMX. In the condition column, on
res. = on resonance and off res. = off resonance.

Quantity Value (K) Condition

THFET 4.18� 0.26 JPA-off cavity

THFET=αeff 6.13� 0.20 JPA-off hot load
6.18� 0.21 JPA-on hot load (inferred)
6.72� 0.17 JPA-on cavity on res. (inferred)
6.33� 0.21 JPA-on cavity off res. (inferred)

TJPA;eff 0.141� 0.014 JPA-on hot load
0.372� 0.018 JPA-on cavity on resonance
0.372� 0.022 JPA-on cavity off resonance
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inclusion of the circulator term and the scaling of 1=α,
whereas the intrinsic HFET noise is equal to THFET.
The procedure is as follows. We begin by flipping the RF

switch in Fig. 1 from the cavity position to the hot load
position. Then, we connect the hot load to a DC power
supply and begin adding heat incrementally allowing for
the temperature to settle at each stage before moving on.
Because of the broadband coverage of the HFET, we are
able to digitize the power at multiple frequencies during
this measurement. We typically do about 10–20 frequency
points per measurement, spaced a few MHz apart. After
heating the load to roughly 0.5–1 K, we begin ramping the
heater down, continuing to measure output power until we
return to the base temperature of the hot load (∼150 mK).
Figure 2 provides an example of this type of measurement
at 1280 MHz, where we track the output power and the
temperature of the hot load at the same time. The fit of
Eq. (25) with these data resulting in THFET=αeff ¼ 6.13�
0.20 K can be seen in Fig. 3.

B. JPA-off-cavity cooldown/warm-up

The JPA-off-cavity measurement is also performed with
the JPA powered off, but the RF switch in Fig. 1 is flipped
to the cavity position. Compared to Sec. IVA, the cavity
cannot be heated or cooled in isolation like the hot load can,
so the entire system is either cooling down or warming up
together. Therefore, Eq. (23) is the relevant model for this
case. We still use Eq. (25) as the fit function, but now
T ¼ Tmxc (T ¼ Tcirc) and Tfit ¼ THFET. As one can see, this

measurement allows us to fit out THFET, without the factor
of 1=α present in the hot load measurement.
With the JPA-off-cavity measurement, we can do two

additional diagnostics that can help characterize our RF
chain. First, we can compare the measured value of THFET
directly to the data sheet to ensure it is working as expected.
Second, we can combine this result with the hot load result
to back out the total transmissivity, α, and compare to
measurements of α done before data taking. We are able to
do this with the knowledge that the magnitude of the
circulator term is less than 1% of the magnitude of the
HFET term in Eq. (21), so THFET=αeff ≃ THFET=α. This
simplified model requires the assumption that, on reso-
nance, the cavity and circulators are all well thermalized to
the mixing chamber and, off resonance, attenuator A and
circulators are all well thermalized to the mixing chamber.
We find that this assumption is more true in the off
resonance case as the cavity thermalizes more slowly than
the other components. Therefore, we only use the off
resonance data for this analysis so we can get the most
accurate measurement of THFET and thus the most accurate
measurement of α when combined with THFET=αeff from
the JPA-off-hot-load measurement. Figure 4 shows an
example of this type of measurement at 1280 MHz giving
THFET ¼ 4.18� 0.26 K, which is reasonable according to
the HFET calibration data from Low Noise Factory [34].
After combining this result with that shown in Fig. 3,
α ¼ 0.68� 0.05, which agrees with the insertion loss
measured before data taking α ¼ 0.643� 0.003. The
pre-data-taking insertion loss measurement was of α1,
the cavity-to-JPA insertion loss. We inferred the total
insertion loss, α, by assuming it is dominated by the
identical circulators such that α ¼ α21 (i.e., α1 ¼ α2).

FIG. 2. HFET hot load data at 1280 MHz. Here, we plot the
temperature of the hot load (THL) and the output power versus
time respectively as an example of what the raw data looks like.
Over the course of the measurement as the load is heated up and
cooled down the output power rises and falls correspondingly.
Using this relationship, we can fit the two quantities, power and
THL, against each other to extract the effective HFET noise,
THFET=αeff . The fit of this data can be seen in Fig 3. Temperature
and power data taken over time, shown here as an example, are
also used to produce the fits shown in Figs. 4–7.

FIG. 3. HFET hot load measurement at 1280 MHz. Here, we
plot the output power versus the temperature of the hot load (THL)
to fit out THFET=αeff . The fit shown was done using the entire data
range giving THFET=αeff ¼ 6.25� 0.09 K when looking at the
hot load at 1280 MHz. After averaging the fitting results obtained
by using different temperature windows, we find THFET=αeff ¼
6.13� 0.20 K.
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C. JPA-on hot load

The total gain is less stable with the JPA on because the
JPA is a narrowband amplifier, unlike the HFET and warm
(post) amplifiers, so slight changes in its environment such
as temperature fluctuations or mechanical vibrations can be
enough to alter its optimal bias parameters and change the
gain. Therefore, the JPA-on-hot-load measurement is sim-
ilar to the JPA-off-hot-load measurement but requires a few
more steps because of the decreased gain stability.
Additionally, the model is more complex in this case
[see Eq. (27)]. More specifically, we fit the gain corrected
power, ðPon − PoffÞ=GJPA, using Eq. (28), where T ¼ 2THL

and Tfit ¼ 2
Tcircð1−α1Þ

α1
þ TJPA

α1
. The factor of 2 in the definition

of T comes from the addition of the idler mode noise power
when the JPA is on. We refer to this fit result as the effective
JPA noise, TJPA;eff . Here, TJPA is the intrinsic excess noise
from the JPA as defined in Sec. III. The circulator term is
expected to contribute on the order of 50 mKworth of noise
to TJPA;eff in our system, which is not negligible when
compared to the TJPA term, so we are careful to call this the
effective JPA noise.
As previously mentioned, the procedure is nearly

identical to the JPA-off hot load measurement with a
few additional steps. We again begin by flipping the RF
switch in Fig. 1 from the cavity position to the hot load
position. This introduces some heat to the JPA, which can
be very sensitive to changes in temperature. Therefore, we
wait a few minutes for the JPA temperature to level out
before we begin attempting to adjust the JPA DC bias
current and pump power to get a decent gain. Once we are
satisfied with the magnitude of the JPA gain, we then test

to make sure the gain is stable with the given settings. We
vary the bias current and pump power over a small range
and monitor how much the gain changes. If it fluctuates
too much, we repeat the process of manually adjusting the
parameters and look for a new gain point to test. If the
gain appears fairly stable, we begin monitoring the gain
over time before adding heat to the system to further test
for stability. Once the gain remains stable, we connect the
hot load to a DC power supply and begin adding heat
incrementally.
Unlike the HFET, the JPA is a narrow-band amplifier, so

we perform this measurement at one frequency at a time,
continuously measuring the gain and output power at the
target frequency. After heating the load to a maximum
temperature of roughly 200 mK, we begin ramping the
heater down, continuing to measure output power until we
return to the base temperature (∼150 mK). We do not take
the hot load much higher than 200 mK with the JPA on
because the JPA can quickly become saturated and/or lose
gain performance. We performed this measurement twice at
1280MHz, with a difference of about 4 months between the
two measurements to test for stability of the effective JPA
noise. Both measurements done at 1280MHz can be seen in
Fig 5. The two measurements were done with different
gains: GJPA;February¼ 15.8�0.1 dB (Ibias ¼−0.183mA and

FIG. 4. HFET cavity cooldown measurement at 1280 MHz.
Here, we plot the output power versus Tmxc from Eq. (23) to fit
out THFET. This fit was done using the full data range and for this
scenario we find that THFET ¼ 4.02� 0.08 K. The assumption in
Eq. (23) that Tmxc ¼ Tcirc is not perfect, so we perform the fit a
second time on the full data range using Tcirc instead of Tmxc,
which gives THFET ¼ 3.76� 0.09 K. The average of all the fitted
values for THFET using different temperature windows for both
the Tmxc and Tcirc cases is 4.18� 0.26 K.

FIG. 5. JPA hot load measurements at 1280 MHz. Here, we plot
the output power versus the temperature of the hot load for both
the February and June measurements to fit out the effective JPA
noise (TJPA;eff ¼ 2

Tcircð1−α1Þ
α1

þ TJPA
α1

). The two fits shown here were
done using the entire data range, and for this scenario, we find
that TJPA;eff;February ¼ 0.140� 0.004 K and TJPA;eff;June ¼
0.148� 0.008 K when looking at the hot load at 1280 MHz.
These results are consistent within 1σ, which gives us confidence
that at a given frequency the effective JPA noise is stable on the
timescale of a few months. Taking different temperature fitting
windows into account, the averaged effective JPA noises are
TJPA;eff;February ¼ 0.139� 0.021 K and TJPA;eff;June ¼ 0.143�
0.019 K, which are still consistent with each other indicating
stability with different JPA bias settings over time (see the text for
specific values of Ibias and Ppump).
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Ppump ¼ −7.35 dBm) and GJPA;June ¼ 18.1� 0.8 dB
(Ibias ¼ −1.647 mA and Ppump ¼ −8.47 dBm), which
share consistent TJPA;eff : TJPA;eff;February ¼ 0.139� 0.021 K
and TJPA;eff;June ¼ 0.143� 0.019 K. Note that the pump
powers we reported are not the absolute powers at the JPA
reference plane but the output of the signal generator at room
temperature.

D. JPA-on cavity cooldown/warm-up

Similar to the measurement described in Sec. IV B, the
JPA-on-cavity measurement takes place with the RF switch
in Fig. 1 flipped to the cavity position, but this time, the JPA
is powered on. As discussed previously, during this meas-
urement, the entire system is either cooling down or
warming up together. Data from this measurement should
followEq. (24).However, as described in Sec. IV B, Eq. (24)
requires good thermalization among different milli-Kelvin
electronics to extract out TJPA, which is not practical with
Oð0.1TmxcÞ temperature gradients. Therefore, we leave
Eq. (24) as a theoretical framework, which would be
applicable in the case that our system was exceptionally
well thermalized, and use the full model described
in Eq. (20).
Since the reflectivity of the cavity is significantly differ-

ent between the off and on resonance, we separate the
fittings accordingly and take into account the different
temperatures of individual components as well as the
reflectivity of the cavity. The gain of the JPA during the
course of this measurement varied from roughly 11–
19.5 dB with the JPA bias settings kept constant
(Ibias ¼ −1.038 mA and Ppump ¼ −6.46 dBm) as the sys-
tem heated up. As a result, the analysis of these data
required the power to be corrected for gain fluctuations as
was done for the JPA-on-hot-load measurements.
The fit function used for the JPA-on-cavity is Eq. (28).

For the off-resonance data, T¼ 2Tstage1¼ 2ðTA
ffiffiffiffiffi

α1
p þ

Tcircð1− ffiffiffiffiffi

α1
p ÞÞ and Tfit¼TJPA;eff as defined in Secs. III A

and IV C, respectively. As for the JPA-on-hot-load fit, the
factor of 2 in the definition of T is due to the addition of
idler mode noise. Note that in the above definition of Tstage1

we make the assumption that the attenuation between
attenuator A and the cavity is equal to half the attenuation
from the cavity to JPA (αcirc1;21 ¼ ffiffiffiffiffi

α1
p

). For the on-
resonance data, T ¼ Tstage1jΓcavj2 þ Tcavð1 − jΓcavj2Þ þ
Tstage1 and Tfit ¼ TJPA;eff . Here, the temperatures of the
signal and idler modes are too different to combine into a
single term, so we use the full definition for T.
An example of off- (on-)resonance JPA-on-cavity meas-

urement can be seen in Fig. 6 (Fig. 7) at 1280 MHz, giving
TJPA;eff ¼ 0.372� 0.022 K (0.372� 0.018 K), which is
mysteriously higher than the JPA-on-hot-load TJPA;eff

(Fig. 5). Possible reasons for this discrepancy are discussed
in Sec. V.

E. System noise temperature comparison

Before we were able to perform a direct JPA on noise
measurement, we calculated our system noise temperature
(Tsys) in two steps. The first stepwouldbe to directlymeasure
the JPA-off noise THFET=αeff , as described in Sec. IVA.
Then, we measure the SNRI as defined in Eq. (18). We can
then combine the results of these two measurements to
calculate our system noise temperature using Eq. (17).
Now, with the ability to measure the JPA effective noise,

TJPA;eff , directly, we can use the full model for Tsys defined
in Eq. (20). In this section, we compare the two methods for

FIG. 6. Off resonance JPA-on-cavity warm-up measurement
at 1280 MHz. Here, we plot the gain corrected off resonance
output power versus 2Tstage1 to fit out the effective JPA noise

(TJPA;eff ¼ 2
Tcircð1−α1Þ

α1
þ TJPA

α1
). The entire data range fit results in

TJPA;eff ¼ 0.368� 0.014 K. The average of the fit results ob-
tained using different data ranges is TJPA;eff ¼ 0.372�0.022K.

FIG. 7. On resonance JPA-on-cavity warm-up measurement at
1280 MHz. Here, we plot the gain corrected on resonance output
power versus Tstage1ð1þ jΓcavj2Þ þ Tcavð1 − jΓcavj2Þ to fit out the
effective JPA noise (TJPA;eff ¼ 2

Tcircð1−α1Þ
α1

þ TJPA
α1

). The fit shown in
this plot was done using the entire data range, which results in
TJPA;eff ¼ 0.377� 0.013 K. The average of the fit results ob-
tained using different data ranges is TJPA;eff ¼ 0.372� 0.018 K.
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calculating our system noise temperature. An example
showing the SNRI and direct JPA-on fit methods for the
hot load measurement at 1280 MHz can be seen in Fig. 8.
Similarly, a comparison between the SNRI and direct JPA
fit methods for the off (on) resonance cavity measurement
at 1280 MHz can be seen in Fig. 9 (Fig. 10). We see that the

results for the system noise temperature, Tsys, 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 gives us
confidence that the model in Eq. (20) effectively describes
how Tsys depends on the various parameters in the receiver
chain. Additionally, the slight differences between the two
methods provide us with an estimate of the systematic
uncertainty in Tsys to use for the axion search analysis for
this data taking run.
To trace Tsys during data taking where the cryoswitch is

flipped to the cavity, we resort to the SNRI method for
its promptness with THFET=αeff as a calibrated input. The
JPA-off-hot-load measurement fitting directly provides
THFET=αeff (Sec. IVA). The JPA-on-hot-load and JPA-
on-cavity measurements need further calculation, where

THFET=αeff ¼
1

GJPA − SNRI
·

× ðSNRI ·GJPA · ðTJPA;eff þ TJPA;onÞ
−GJPA · TJPA;off

− SNRI · Tcircð1 − α2Þ=α2Þ: ð29Þ

In the JPA-on-hot-load case, TJPA;on ¼ 2THL and
TJPA;off ¼ THL. In the JPA-on-cavity case, TJPA;on ¼
Tstage1jΓcavj2 þ Tcavð1 − jΓcavj2Þ þ Tstage1 and TJPA;off ¼
Tstage1jΓcavj2 þ Tcavð1 − jΓcavj2Þ. For the off-resonance
JPA-on-cavity case, it is assumed that jΓcavj2 ¼ 1. Putting
the TJPA;eff calibration results at 1280 MHz reported in

FIG. 8. Hot load Tsys comparison at 1280 MHz. Here, we show
the comparison between the two methods, using SNRI (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.

FIG. 9. Off-resonance cavity Tsys comparison at 1280 MHz.
Here, we show the comparison between the two methods, using
SNRI (pink points) and using JPA fit (green points), over the
course of the cavity cooldown measurement done at 1280 MHz
(off-resonance data only). Data above 0.3 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 drop in Tsys. There is about a 21 mK
difference between the two methods on average, but taking into
account the error bars, the two methods can be considered
consistent.

FIG. 10. On resonance Tsys comparison at 1280 MHz. Here, we
show the comparison between the two methods, using SNRI
(pink points) and using JPA fit (green points), over the course of
the cavity cooldown measurement done at 1280 MHz (on
resonance data only). Data above 0.32 K have been randomly
downsampled for plotting purposes due to the high density of
data in that region. The discontinuity is explained in Fig. 9. There
is about a 45 mK difference between the two methods on average,
which corresponds to 1.3σ difference.
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Sec. IV C into the equation above, THFET=αeff ¼ 6.18�
0.21 K after averaging the two measurements separated by
four months. Similarly, putting the TJPA;eff calibration
results at 1280 MHz reported in Sec. IV D into the equation
above, THFET=αeff ¼ 6.72� 0.17ð6.33� 0.21ÞK on (off)
resonance. The inferred THFET=αeff values from the JPA-
on-hot-load and JPA-on-cavity off resonance calibrations
are consistent with the JPA-off-hot-load result within 1σ,
THFET=αeff ¼ 6.13� 0.21 K. The JPA-on-cavity on reso-
nance inferred THFET=αeff is nearly consistent (< 1.4σ)
with the JPA-off-hot-load result as well.

V. CONCLUSION

Noise calibration results in different conditions are
summarized in Table I with the examples at 1280 MHz
for the ADMX haloscope. Additionally, the physical tem-
peratures of relevant components during each of the JPA-on
measurements are summarized in Table II. Comparing the
JPA-off-hot-load and JPA-off-cavity measurements, we can
verify the insertion loss measured under real experimental
conditions (α ¼ 0.68� 0.05) between the cavity and the
HFET is consistent with the preexperiment measurement
(α ¼ 0.643� 0.003). Additionally, comparing the JPA-off-
hot-load THFET=αeff (6.13� 0.20 K) and the JPA-on-hot-
load inferred THFET=αeff (6.18� 0.21 K), we prove that the
JPA-Y-factor and the SNRI and HFET-Y-factor give con-
sistent results. Furthermore, as discussed in the previous
section, the ability to perform JPA-on and JPA-off noise
calibrations 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.
By performing two JPA-on-hot-load measurements at

the same frequency, we were able to confirm that the JPA
added noise at a given frequency was 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 noise performance is not affected by
changes in gain on the order of a few dB. Additionally,
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 TJPA;eff while compared to the JPA-on-
hot-load TJPA;eff , which can be confirmed by the SNRI and

HFET-Y-factor Tsys measurements in both Figs. 9 and 10.
One possible reason is that the insertion loss between the
antenna and the cryoswitch is larger than that between the
hot load and the switch, which should be a minor effect for
the consistency of Tsys using either the direct TJPA;eff fit or
SNRI and THFET=αeff in Figs. 9 and 10. Another reason
might be that the hot load cannot represent the cavity when
it comes to the interaction with the JPA, which is highly
possible due to the impedance difference between a hot
load (50 Ω) and a cavity (highly reflective in most
frequencies). Lastly, some early observations of the JPA
used in these calibration measurements hint that TJPA;eff

may have a temperature dependence, with higher physical
temperatures of the RF components leading to higher
effective JPA noise. As noted in Table II, the component
temperatures at the high end of the JPA-on-cavity meas-
urement 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 TJPA;eff we measured. Without the
addition of JPA-on noise calibration measurements, which
are new to this data-taking run, we would not have
identified this mysterious, non-negligible increase in the
added JPA noise under real experimental circumstances.
This will help inform future upgrades for reducing this
discrepancy.
At ADMX, to further improve the noise behavior, a

lower physical temperature of the milli-Kelvin 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 can be helpful because
α will be larger. Circulators with better isolation are also
helpful to decrease any standing waves between the cavity
and the JPA and potentially reduce the difference in TJPA;eff

between switching to the cavity and the hot load.
The consistency in THFET=αeff between different noise

measurements indicates that we can simplify the receiver
chain design in future versions of ADMX by removing the
cryogenic switch [35]. The simplification can save precious
cold and magnetic-free space for other electronic devices as
well as further increase the transmissivity between the
cavity and JPA and reduce the system noise temperature.
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