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FIG. 2. Schematic of ADMX detector components. The mi-
crowave cavity can be seen at the center, with tuning rods.
The central cylindrical structure containing cavity and elec-
tronics that is inserted into the magnet bore is called “the in-
sert”. Various temperature stages are indicated on the right
hand side. The quantum amplifier package is thermalized to
the microwave cavity

a Cryomech PT60 pulse tube cooler that cools the top
of the insert to 50 K. Below that, a liquid 4He reservoir
maintains the bucking coil and second stage High Elec-
tron Mobility Transistor (HEMT) amplifiers near 4 K.
Two pumped 4He refrigerators are used, one is thermally
tied to the motion control system and the thermal shields
surrounding the cavity and counters the thermal load of
moving tuning rods. The other pre-cools the 3He/4He
mixture used in the dilution refrigerator before it en-
ters the still. The dilution refrigerator mixing chamber
is thermally anchored to both the first stage cryogenic
electronics and the microwave cavity.

A. Magnets

ADMX operated the superconducting magnet at 6.8
and 7.6 T respectively for Runs 1A and 1B. The mag-
net requires approximately 2, 000 L of liquid helium per
month for continuous cooling during data taking opera-
tions (supplied by a closed loop Linde liquifier system).
The applied magnetic field is along the axis of the cav-

ity. The bucking magnet reduces the magnetic field at
the site of the electronics package to below 0.1 mT. Two
Hall probes are located on each end of the bucking coil to
monitor the field at the electronics site during data ac-
quisition to ensure it is within tolerable limits. The Hall
probes are both model HGCT-3020 InAs Hall Generators
from Lakeshore.

B. Cavity

The ADMX cavity is a copper-plated stainless steel
(136 L) right-circular cylindrical cavity approximately 1
m in length and 0.4 m in diameter. Two 0.05 m diam-
eter copper tuning rods run through the length of the
cavity and are translated from the walls to near the cen-
ter using aluminum oxide rotary armatures. This allows
the fundamental TM010-like mode that couples to the
detector to be varied from 580 MHz to 890 MHz. Both
the stainless steel cavity and the copper tuning rods are
plated with OFHC copper to a minimum thickness of
0.08 mm and then annealed for 8 hours at 400�C in vac-
uum. The annealing process increases the grain-size of
the copper crystals leading to longer electron scattering
path lengths as the copper is cooled into the anomalous
skin depth regime and thus producing high Q-factors for
the detector [19]. The cavity system and the magnetic
field profile of the main magnet can be seen in Figs. 3
and 4.
The quality factor of the cavity modes are frequency

dependent and are measured periodically via a transmis-
sion measurement made through the weakly coupled port
to the output port. The presence of the tuning rod lowers
the quality factor of an empty cavity. A quality factor be-
tween 40, 000 and 80, 000 was typically achieved in Runs
1A and 1B. The form-factor for the cavity is calculated
from simulation. The mode structure of the simulation
is compared to that measured from the cavity to ensure
accuracy. The resulting E-field is convolved with a model
of the B-field produced by the magnet. The form-factor
of the TM010 varies with frequency and rod position with
an average value of 0.4.

C. Mechanical/motion control system

Two copper-plated tuning rods swept out the 0.09 m
radius circular trajectories shown in Fig 5. They are ro-
tated from the walls of the cavity (✓ = 0), where they
minimally impact the electromagnetic boundary condi-
tions of the resonator, to the center where the TM010

frequency is at its highest (✓ = 180). The armatures
that protrude through the end caps and o↵set the rods
are made of alumina. This prevents the rods from acting
as antennae and thus radiating power out of the system.
Mechanical motion is translated to the rods via room
temperature stepper motors mounted on the top plate of
the insert. Acting through vacuum feed-throughs, these

Jihee’s talk

Nick’s talk

Talk about 
- JPA, HFET status 
- antenna coupling  
- operation remarks
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FIG. 4. Heating the quantum amplifier package. The plot on the left shows the increase in quantum amplifier package
temperature with time and digitizer power with time during a Y -factor measurement of type 2. The plot on the right shows
the temperature as a function of power, and the resulting fit, using Eqn. 8.

FIG. 5. Estimates of loss from hot load measurement in blue, ex-situ direct circulator measurements in red and green, estimate
from JPA SNRI in orange, best-guess fit function is shown in purple, dotted.

D. Combined Noise Temperature499

Y -factors measurements of both type 1 and type 2500

were used to characterize the receiver noise temperature501

throughout the course of the run. The final analysis,502

however, relied on a combined receiver noise tempera-503

ture measurement to set a limit. For Run 1B, it was re-504

alized that the receiver temperatures taken throughout505

the course of the run did not vary significantly over the506

frequency range from 680-760 MHz. This motivated the507

decision to generate a single noise temperature value for508

each point in the frequency range that combined the re-509

sults from our four measurements. The fit was achieved510

by calculating the expected residuals and the gain for511

each noise temperature measurement and performing a512

least squares fits on the combined result.513

A plot of the combined receiver noise across the fre-514

quency range for Run 1B can be seen in Fig. 6. The515

average value for the noise in the frequency range from516

680 to 760 MHz was 11.3 K±0.11 K, where the error517

comes from the square root of the covariance from the518

fit. The receiver noise was higher at the upper end of the519

frequency range because of larger losses in the circulators520

near the end of the circulator band.521522

E. SNRI Measurement523

The signal-to-noise ratio improvement (SNRI), com-524

monly used to characterize quantum amplifiers [24], is525

defined as:526

SNRI =
Gon

Pon

Po↵

Go↵

, (9)527

where Gon is the gain with the JPA on, Go↵ is the gain528

with the JPA o↵, Pon is the measured power with the JPA529

on, and Po↵ is the measured power with the JPA o↵.530

The SNRI was monitored approximately every 10 min531

throughout the course of the run by measuring the gain532

and power coming from the receiver with the JPA pump533

on versus with the JPA pump o↵. This measurement oc-534

curred about once every 5-7 iterations through the full535

−Thfet

Measuring every 4 digitizations Measuring in each nibble
Toff

sys = Thfet + Tcavity ∼ Thfet
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design value

design value

 
(break cable) 

THFET ∼ 300[K]
Field miss 
match

SNRI ~8-9Max 
SNRI~12
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Cable broken

Channel 1 output cable was broken, 
and it makes extra noise. 

It is replaced when insert is pulled out. 

 is drastically reduced.Thfet



6Field Mismatch

©Gray

JPA very sensitive to external fields. 
JPA is covered μ-metal shield, and  
backing coil to remove field.

JPA performance improves hugely 
after modifying Fields.

we’re here

Hysteresis feature appeared. 

SNRI

main magnet current 
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Max SNRI~12dB
We have certainly have been operating 12 dB for 2 weeks.

But it’s suddenly dropped.

We’re working on to know why it drops. 
Check out Chelsea’s talk.
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HFET
cavity as Thfet

simultaneous fit

This is  
current baseline
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Definitions of coupling β
 where  are Loaded, Unloaded, External Q. 

Our definition of beta has been turned out to be defined differently from others.  
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First Results from a Microwave Cavity Axion Search at 24 µeV
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We report on the first results from a new microwave cavity search for dark matter axions with
masses above 20 µeV. We exclude axion models with two-photon coupling ga�� & 2⇥ 10�14 GeV�1

over the range 23.55 < ma < 24.0 µeV. These results represent two important achievements. First,
we have reached cosmologically relevant sensitivity an order of magnitude higher in mass than any
existing limits. Second, by incorporating a dilution refrigerator and Josephson parametric amplifier,
we have demonstrated total noise approaching the standard quantum limit for the first time in an
axion search.

Introduction.—Astrophysical and cosmological mea-
surements over the past few decades overwhelmingly fa-
vor a ⇤CDM cosmology in which more than 80% of
the matter in the universe is nonrelativistic, nonbary-
onic “dark matter” whose particulate nature remains
unknown [1]. The axion is a hypothetical particle pre-
dicted by the Peccei-Quinn solution to the Strong CP
problem [2, 3], and su�ciently light axions are also
excellent cold dark matter candidates, with extremely
weak couplings to standard model fields [4]. Historically,
1 µeV . ma . 1 meV has been cited as the allowed mass
range for dark matter axions, with 10 < ma < 50 µeV
preferred [5]. More recent lattice QCD calculations favor
ma & 50 µeV [6], subject to the usual uncertainties from
early universe chronology.

Axions constituting the galactic halo may be detected
in the lab via their Primako↵ conversion into monochro-
matic microwave photons in a high-Q cavity permeated
by a strong magnetic field [7, 8]. The Axion Dark
Matter eXperiment (ADMX) has refined this technique
since 1996 and ruled out narrowband power excesses
& 10�22 W over 3 K noise between 460 and 892 MHz,
thus excluding a range of viable axion models with 1.9 <
ma < 3.69 µeV [9, 10]. To date these are the only dark
matter axion limits with cosmological sensitivity; tech-
nologies facilitating detection at higher masses are thus
urgently needed.

In this Letter, we report the first results from a new
microwave cavity detector sited at the Yale Wright Labo-
ratory. By pushing to lower temperatures and leveraging
tremendous recent progress in quantum electronics, we
have set the first limits with cosmologically relevant sen-

sitivity above 20 µeV axion mass. These are also the
first cavity results at any frequency to approach the fun-
damental noise limits imposed by quantum mechanics,
and thus demonstrate a technical achievement crucial to
the full exploration of axion parameter space.
Detection principle.—A cavity axion detector consists

of a tunable microwave cavity coupled to a low-noise re-
ceiver, maintained at cryogenic temperature in the bore
of a high-field magnet. The conversion power is enhanced
when mac2/h ' ⌫c, where ⌫c is the resonant frequency
of a cavity mode with an appropriate spatial profile. Ex-
actly on resonance, the signal power in natural units is

PS =
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In this expression the first set of parentheses contains
the theory parameters: ↵ is the fine-structure constant,
⇢a ' 0.45 GeV/cm3 is the local dark matter density [11],
⇤ = 78 MeV encodes the dependence of the axion mass
on hadronic physics, and g� is a model-dependent dimen-
sionless coupling. Two models denoted KSVZ [12] and
DFSZ [13], with g� = �0.97 and 0.36 respectively, have
historically served as useful benchmarks for experiments.
But more accurately KSVZ and DFSZ are both families
of models, for which |g� | can be as large as 4.6 or as
small as 0.03 [14, 15]; experiments probing this “model
band” are properly described as cosmologically sensitive.
The physical coupling that appears in the axion-photon
Lagrangian is ga�� =

�
g�↵/⇡⇤2

�
ma.

The factors in the second set of parentheses in Eq. (1)
are properties of the detector, where B0 is the magnetic
field strength, V is the cavity volume, and !c = 2⇡⌫c.
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c.f. HAYSTAC(2017)

We’ve using the same definition  
for others. 
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Utilize Over Coupling

df
dt

∝
β2

(1 + β)3

f(x) =
β2

(1 + β)3 improves  
18% of scan speed.
β = 2

We’ve operated with critical coupling ( ).β = 1

c.f. arXiv:1611.07123v2 Q

β

Start to utilize since Sep.

Confirmed ~15 % speed up. 

β = 2

β = 1

A.U.

gain reflection scan
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Conquer fills
April September

Vibration from a fill makes  
JPA unstable. 
We’ve rebiased JPA manually. 

Nick’s fill script stop automatic  
biasing before fills, and start  
after fills. 
→ no need to rebias manually!

Manual  
rebiasing
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Automated rod speed
We’ve used fixed step size for rod motion. 
→ Sometimes too slow or fast depends on  
    SNRI. 

Implemented “Fixed SNR mode”: 
Calculate SNR in each data-taking period, 
and modified rod motion optimally.

roughly follows  
df
dt

∝ SNRI2

Insensitive to outlier 
Using mean of last 5 measurements 
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Summary
Operation is ongoing! Insert works fairly well.

Several improvements are implemented  
- Change  definition     → We’re on the same page to others 
- Over coupling             → Achieved 15 % speed up 
- Automated rod speed → Scan becomes more efficient 
- Fill script                    → Operation becomes much stable

β

JPA performance is crucial, 400% slower scan speed than ideal JPA.
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auto coupling script 
beta=2 
rod motion 
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Run1c History
Run1c assembly (slides) 
Nibble1 1005 - 1020 MHz  
Nibble2 1000 - 1005 MHz  
Pull out Insert 
Nibble3   995 - 1005 MHz  
Field cancellation work 
Nibble4   985 - 995 MHz  
Nibble3b, Nibble1b, Nibble4b  
Nibble5   975 - 985 MHz 
Nibble6   965 - 975 MHz 
Nibble7   955 - 965 MHz

Until Oct 2019 
Oct 16 - Nov 27: 
Nov 27 - Dec 31:  

Jan - Mar :  
Mar   3 - Apr 16:  
Apr 16 - May 17:  
May 17 - Jul   7 :  
Jul 18 - Aug10 :  
Aug 10 - Sep 14 :  
Sep 14 - Oct 16 :  

Oct 16 -  :  

https://admxdatastore.npl.washington.edu/img_auth.php/8/8c/CollaborationMeeting_07-10-19.pdf

