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Axion searches at Yale
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Basic axion detection principle 
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Haloscope principle: P. Sikivie, Phys. Rev. Lett., 51, 1415 (1983) 
HAYSTAC detector: Nucl. Instrum. Methods A 854, 11 (2017)  

Axion power: 
𝑃𝑎 ≈ 10−24 W

▪ High cavity:   

▪ Low noise amplifier 

▪ Tunable:  

▪ Large magnet:  

▪ Cryogenic: 

𝑄  𝑄 =
𝑓𝑐

Δ𝑓𝑐

h𝑓𝑎 ≈ 𝑚𝑎𝑐2

𝑩 = 8 T
𝑇 = 60 mK
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HAYSTAC Experiment
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Quantum amplifiers

Piezoelectric tuning

9 T magnet

Cryostat 
operating temp 

~60 mK

 Microwave cavity
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HAYSTAC results
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• dark matter exclusion enhanced by quantum squeezing 
• sensitive axion search, dipping into KSVZ  
• New data 2020 – 2021, stay tuned

> 𝟏𝟎 𝝁𝒆𝑽

Backes et al., Nature, 590, 238–242 (2021) 
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Axions well-motivated @ ma > 15 μeV 

First dark matter exclusion enhanced by quantum squeezing

* In ΩA~fAα , the best fit α = 1.24 ± 0.04

Rather than analytical 1.187 

Buschman, et al. (2021): 40 μeV 
[65 ± 6 μeV, q=1; scale invariant 
spectrum]  

Klaer & Moore (2017); 26.2 ± 3.4 μeV (6.3 ± 0.8 GHz)  

Buschman, Foster &   25.2 ± 11 μeV (6.1 ± 2.7 GHz)  
Safdi (2019):                 17.4 ± 11 μeV (4.2 ± 1.1 GHz)*  
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Single photon detectors
• Single photon detectors have lower noise at higher frequencies
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Single-photon detectors are more low-noise at high freq
(Lamoreaux et al, 2013)
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Rydberg atoms as microwave detectors

9

Gleyzes 2007

• Rydberg atoms:

- Highly excited valence  
- Couple strongly to 10 - 1000 GHz

• Applications:
- Vapor-cell electrometry 

• e.g. Stuttgart; Sediacek et al., 2016
- Single-atom cavity QED: ENS
- CARRACK axion search

e−
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Basic principle
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quality factor (Q) should be as high as possible and also
the conversion efficiency of axions into photons in the
cavity should be as high as possible in order to make the
efficiency of axion detection high enough.

γ
axion

laser

e

g

strong magnetic field
free from
magnetic field

selective
field
ionization
detector

electron
detector

conversion cavity detection cavity − V

0
e

ion

Bext
Rydberg 
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FIG. 1. Principle of the present experimental method to
search for cosmic axions with Rydberg atoms in cooled reso-
nant cavities. The axions are converted into photons in the
conversion cavity permeated by a strong magnetic field, and
then the converted photons are absorbed by the Rydberg
atoms in the detection cavity which is free from the mag-
netic field. Only the excited Rydberg atoms are ionized and
detected with the selective field ionization method. The cavi-
ties are cooled down to ∼ 10 mK with a dilution refrigerator.

A pilot experimental apparatus of this line called CAR-
RACK1 has been developed and is being used to search
for dark matter axions at around 2.4 GHz (axion mass
of 10 µeV). To realize the above mentioned requirements
actually, two single-mode cylindrical TM010 cavities are
coupled through a ring-shape hole between them. One
component of the coupled cavity is made of copper which
is permeated by the strong magnetic field produced with
a superconducting magnet and the other component is
made of niobium to expel out the external magnetic field
with the Meissner effect. Specifically the cavity system
is attached to the bottom plate of the mixing chamber
of a dilution refrigerator (DF) and thus the whole cavity
and the adjacent detector components are cooled down
to 10 mK range in order to reduce the thermal blackbody
photons in the cavity. The cavity resonant frequency is
tunable over ∼ 15% by moving dielectric rods inserted in-
dependently in both cavity components along the cylin-
drical symmetry axis. In due course of the development,
much attention has been especially paid to cool the sys-
tem down to 10 mK range and also to get high Q cavities.
Although the present cavity system was constructed

exclusively to be dedicated to search for dark matter ax-
ions, we believe that the underlying development of such
system will also be useful to other kind of applications in
general. In this note, the design principle and the actual
apparatus of the present cavity system are described in
sections 2 and 3. Then the characteristics and the per-
formance of the system is presented and discussed in sec-
tions 4 and 5 with possible improvements in future. Sec-
tion 6 is devoted to summarize the results of the present
investigation.

II. DESIGN PRINCIPLE

A. General

Assuming the dark matter of our own galaxy (dark
halo) consisting of axions, the number density of axions
is given by

n̄a = 3.0× 1013
( ρa
0.3GeVcm−3

)

(

10−5eV

ma

)

, (2.1)

where ma is the mass of axion and the energy density of
the cosmic axions ρa is taken to be equal to that of the
galactic dark halo ρhalo # 0.3GeVcm−3.
In the following we will firstly estimate the signal-to-

background ratio (s/n) of axion detection in a very crude
approximation without taking into account the quantum
nature of the Rydberg-atom cavity detector. The pseu-
doscaler axion of spin-parity 0− is converted to a photon
in the strong magnetic field with the Primakoff process.
The conversion rate in a resonant cavity is approximately
given by [6]

R =

(

ε0
h̄2

)

g2aγγω
−1
c QcB

2
0G

2, (2.2)

where gaγγ , ωc, Qc, B0, and G are the axion-photon cou-
pling constant, the cavity resonant angular frequency,
the cavity quality factor, maximum magnetic flux den-
sity and the geometric form factor of the cavity of order
unity as described later in detail, respectively.
Taking into account the volume of the cavity, to be

of order 103 cm3 for axions with mass of 10 µeV, the
number of converted photons produced by the Primakoff
process is estimated to be of order 0.1 to 1 from the above
equations with conventionally available superconducting
magnet. While this number seems to be significant, yet
the background thermal photon number is much larger
than this number even at 4 K temperature: In fact the
mean number of thermal blackbody radiations n̄c present
in a resonant single-mode cavity is given by

n̄c =
(

eh̄ωc/kBTc − 1
)−1

. (2.3)

From this mean number, the number of background
photons detected by a detector with effective Q value of
Qdet is given by

Nd = n̄cγc

(

Qdet

Qc +Qdet

)

, (2.4)

where γc is the dumping factor of the cavity given by

γc ≡
ωc

Qc
= 6.6× 105

(

fc
2.4GHz

)(

3× 104

Qc

)

. (2.5)

The s/n ratio in a second is thus given approximately
by

2

Two-photon excitation

4S � 5P1/2 @405 nm
closed: can be locked to sat.
absrp.
5P1/2 � nS @970 nm

I technically easy to deliver
high power at 970 nm

I for n ⇠ 50 � 90, dme
⇠ 0.01 ea0 (D2 ⇠ 1ea0)

I line strength decreases with n

alternative: 4S � 4P3/2 � nS
@767 nm, 457 nm

42S1/2

52P1/2

n2S1/2

F = 1

F = 2

�p ⇡ 404.8 nm
(740.530 THz)

⇡

�c ⇡ 970 nm
(308 THz)

⇡

F 0 = 1
F 0 = 2

18 MHz

�hfs =462 MHz
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Rydberg atom

λp ≈ 404.8 nm

λc ≈ 970 nm

42S1/2

52P1/2

n2S1/2

n2P1/2 |e⟩

|g⟩
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Selective ionization
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CARRACK
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Imai, PANIC 2008

11/10/2008 PANIC08

The search for dark matter will start early next year

11/10/2008 PANIC08

Schematic view of CARRACK Tada, PLA 349 (2006) 488 

492 M. Tada et al. / Physics Letters A 349 (2006) 488–493

Fig. 4. Temperature dependence of the fraction of the 111p3/2 states excited by
the blackbody-photon absorption in the cavity. The dependence was measured
with the present Rydberg-atom single photon detector. Solid line is a theoretical
prediction (see text in detail) in the over-damped regime.

thereby neglecting the effect of collective interactions of many
number of atoms with photons. In these conditions, the above
time evolution equation can be well approximated by treating
separately the equations for atoms and field mode. This is due
to the fact that the field thermal equilibrium is not apprecia-
bly modified, because the cavity is promptly refilled by photons
from the cavity wall if photons are absorbed by the atoms. Then
the rate equations for the populations of the lower state ρgg and
of the upper excited state ρee of the atom (ρgg + ρee = 1) are
given by [21]

dρgg

dt
= −Γcavn̄ρgg + Γcav(n̄ + 1)ρee,

(2)
dρee

dt
= −Γcav(n̄ + 1)ρee + Γcavn̄ρgg,

where Γcav is the transition rate of the atom in the single-mode
cavity

(3)Γcav = 4
Q

ω
Ω2.

Taking into account the initial conditions of populations, ρee =
0 and ρgg = 1 in the present case, the excited state population
evolves as

(4)ρee = n̄

1+ 2n̄
(
1− e−(1+2n̄)Γcavt

)
.

The solid line in Fig. 4 was obtained from this equation by in-
serting Γcav and n̄ at the temperature T . Specifically the value
Γcav was evaluated from those of measured Q, and of calcu-
lated d and V : Γcav = 1.53× 102 s−1. The flight path of atoms
(9.0 cm) in the cavity was taken into account in these calcula-
tions.
It is noted here that the above population evolution is just

for the single transition coupled to the cavity field mode (see
Ref. [15] for related discussions). Although the cavity reso-
nant frequency is tuned to one of the transitions among those

between the substates of 111s1/2 and 111p3/2 as mentioned be-
fore, some fractions of the other neighboring transitions may
contribute also to the experimental results. This is because
these resonances are not well separated from each other due
to their broadened widths which may have partly its origin in
the spatially fluctuating stray electric-field in the cavity. Actu-
ally 30± 7% increase of fraction is expected to arise from the
contributions of the neighbouring transitions, which was esti-
mated from the least-chi-square fitting analysis of the spectrum.
Results of the fitting analysis are shown also in Fig. 2. This
increasing factor was thus taken into account also in the the-
oretical prediction of the excited p3/2 state fraction. In spite
of the crude approximations adopted in the calculations, the
theoretical prediction is generally in good agreement with the
experimental results in its tendency of temperature dependence.
The theoretical prediction above is for the number of ex-

cited states induced by photon absorptions and therefore not
for the photon numbers present in the cavity. The number of
photons n̄ in the cavity, however, can be estimated from the ob-
served number of excited Rydberg atoms by solving the above
Eq. (4) inversely: actually the observed number of excited states
is proportional to n̄ when the fraction is smaller than 0.07 (cor-
responding to the temperature of about 300 mK in the present
case), over which the effect of Rabi nutation between the two
Rydberg states manifests itself in the number of the excited
states.
Aside from the duty factor coming from the pulsed field ion-

ization, detection efficiency of blackbody photons is limited by
the absorption probability of photons by the Rydberg atoms in
the cavity: in the present experiment it was estimated to be 7%.
Note, however, that this value is only applicable for the case of
single atom in the cavity. By increasing the number of atoms in
the cavity, the detection efficiency will increase till saturated.
Manipulating the ionization path as described above was

thus found to be quite effective to selectively ionize the two
states below and above the adjacent manifold. However as seen
in Fig. 3 the lowest sa and the highest st peaks are rather broad
and have tail components11 which extend to the region of the
peak p. In order to improve the selectivity further more, the
applied pulse profile can be modified as demonstrated in our
previous work [18] so that the three peaks are more clearly sep-
arated with each other.
It is interesting to extend the temperature-dependence mea-

surement of BBR further down to lower temperature with the
improved three-step pulsed-field scheme [18] mentioned above.
Also it is important to increase the detection efficiency fur-
ther by increasing the number of Rydberg atoms in the case
of actual application of the present scheme to the weak mi-
crowave photon detection. More refined theoretical treatment
of the atom-field-mode interactions by taking into account the
effect of atom velocity, of the collective interactions of atoms in
the cavity, and of more realistic electric-field profile in the cav-

11 Degree of separation between the three peaks depends strongly on the
effect of rotation of the electric field during the initial stage of pulsed-field-
ionization [22].

Black body radiation
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“Tuning” Rydberg atoms
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Rydberg spectroscopy
• Goal: identify the n ~ 50 – 90 transitions for 970 nm
• Detection: electromagnetically induced transparency (EIT)

13

RAPID COMMUNICATIONS

WENCHAO XU AND BRIAN DEMARCO PHYSICAL REVIEW A 93, 011801(R) (2016)

5 /

4 /

/
EIT coupling98

EIT pump= = 2
= 1= /= = +

= +

18.1 MHz
= 2= 1

= 461.7 MHz

EIT probe= 404.
111

(a)

(b)

=
( )/

1.7 MHz

FIG. 1. (a) Energy-level diagram of 39K and corresponding
transition wavelengths. The three-level ladder system used for EIT
includes ground state 4S1/2, intermediate state 5P1/2, and Rydberg
state nS1/2. The optical pumping beam transfers atoms between the
F = 1 and F = 2 ground states in a velocity sensitive fashion, as
shown in the schematic Gaussian velocity distributions P (v). The
population imbalances at v = 0 and v = cfhp/fp are modulated at the
chopping frequency of the optical pumping beam. (b) Frequencies of
the pump beam f̃op , probe beam f̃p , and coupling beam f̃c in the
atomic rest frame, where β = v/c and v is atomic velocity. The
inset shows the frequencies in the atomic rest frame for velocity
v = cfhp/fp , in which case the frequency of EIT pump and probe
beam are exchanged.

fp is locked to the 4S → 5P1/2 transition via Doppler-free,
saturated absorption frequency modulation spectroscopy. The
spectroscopic resolution for this locking system is insufficient
to resolve the 18.1 MHz hyperfine splitting for the excited
5P1/2 state [28]. EIT for the 4S → 5P1/2 transition is induced
by an intense coupling beam with frequency fc and wavelength
λc ≈ 980 nm tuned to the transition between the 5P1/2 and
nS1/2 states. EIT is observed by measuring the transmission
of the 404.8 nm probe beam through the vapor cell as the
wavelength of the coupling beam is scanned.

The Doppler effect can have a deleterious impact on
measuring EIT in a ladder system. Whether EIT is observable
upon averaging over a thermal velocity distribution depends
on the wavelength ordering of the coupling and probe beam
[26,27]. If λp > λc (the condition satisfied by most previous
EIT measurements involving 87Rb Rydberg states [29–31]),
using counterpropagating coupling and probe beams will
alleviate the impact of the Doppler effect. This scheme works
because of the behavior of the Doppler shift of the probe
beam βfp and the overall EIT Doppler shift β(fp − fc), where
β = v/c, v is the atomic velocity, and c is the speed of light.
The opposite Doppler shifts for λp > λc lead to an observable,

albeit broadened, EIT feature. In contrast, if λp < λc as in our
case, the Doppler effect entirely eliminates the EIT signal.
Hence, we have developed a velocity selection technique for
our laser configuration to ensure that the detected EIT signal
arises from atoms within a narrow range of velocities, thereby
mitigating the impact of Doppler shifts averaged over a thermal
velocity distribution.

Our velocity selection scheme involves a strong optical
pumping beam that couples the F = 2 ground state with the
5P1/2 state. This resonant pump beam burns a hole near v = 0
in the F = 2 velocity distribution [Fig. 1(a)] and transfers
atoms to the 5P1/2 state. Atoms in the 5P1/2 state decay
to the F = 1 and F = 2 ground states through spontaneous
emission at a rate 1.07 × 106 s−1 [32]. Through standard
optical pumping, an excess of atoms near v = 0 will be
created in the velocity distribution of the F = 1 state. If
the intensity of the optical pumping beam is chopped with a
period much slower than the the time for interatomic collisions
to redistribute the population imbalance between hyperfine
states, the population hole and peak near v = 0 [Fig. 1(a)] will
be modulated at the chopping frequency. The signal from the
v = 0 atoms is then reconstructed by measuring the absorption
of the probe beam synchronously with the chopping frequency
via a lock-in amplifier.

A more general analysis reveals that the demodulated
signal arises from two distinct velocity classes. In the rest
frame of an atom with velocity v = βc, the Doppler-shifted
frequency of the probe beam is f̃p = (1 − β)fp and f̃op =
(1 + β)fop for the optical pumping beam [Fig. 1(b)]. Since
the demodulated signal is only nonzero for changes in the
transmission of the probe caused by the optical pumping
beam, the atom must be resonant with both beams. Hence,
the demodulated signal is derived from atoms with ve-
locities that satisfy |(1 + β)fop − (1 − β)fp| = fhp, or β =
[±fhp − (fop − fp)]/(fop + fp). Under the condition fp −
fop = fhp (which is enforced in our experiment using an
acousto-optic modulator), the velocity classes that give rise
to a signal are β = 0 and β = 2fhp/(fp + fop) ≈ fhp/fp.
The latter case corresponds to a velocity for which the
optical pumping and probe beams in the atomic rest frame
are exchanged compared with the zero-velocity case [inset
of Fig. 1(a)], and the probe beam is resonant with the 4S,
F = 2 → 5P1/2 transition.

EIT for the probe beam is achieved when the overall
detuning vanishes in the atomic rest frame, i.e., when f̃c + f̃p

is equal to the frequency difference f0 between the 4S1/2 and
nS1/2 states, where f̃c is the frequency of the coupling beam
in the rest frame of the atom. This condition for β = 0 is
fc + fp = f0 and for β = fhp/fp is fp(1 − β) + fc(1 + β) =
f0 − fhp. With the probe beam stabilized to the 4S1/2,F =
1 → 5P1/2 transition, EIT will be observed for fc = f0 − fp

(for the v = 0 atoms) and for fc = (f0 − fp)/(1 + fhp/fp) ≈
f0 − fp − 190 MHz (for the atoms with v = cfhp/fp). Two
EIT features should therefore appear, separated by 190 MHz.

A schematic of our experimental apparatus is shown in
Fig. 2. The coupling, optical pumping, and probe beam are
spatially overlapped and propagate through a potassium vapor
cell heated to 90 ◦C. The probe and optical pumping beams
(with waists 190 and 120 µm and powers 70 and 300 µW,
respectively) are derived from the same external cavity diode

011801-2
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fp is locked to the 4S → 5P1/2 transition via Doppler-free,
saturated absorption frequency modulation spectroscopy. The
spectroscopic resolution for this locking system is insufficient
to resolve the 18.1 MHz hyperfine splitting for the excited
5P1/2 state [28]. EIT for the 4S → 5P1/2 transition is induced
by an intense coupling beam with frequency fc and wavelength
λc ≈ 980 nm tuned to the transition between the 5P1/2 and
nS1/2 states. EIT is observed by measuring the transmission
of the 404.8 nm probe beam through the vapor cell as the
wavelength of the coupling beam is scanned.

The Doppler effect can have a deleterious impact on
measuring EIT in a ladder system. Whether EIT is observable
upon averaging over a thermal velocity distribution depends
on the wavelength ordering of the coupling and probe beam
[26,27]. If λp > λc (the condition satisfied by most previous
EIT measurements involving 87Rb Rydberg states [29–31]),
using counterpropagating coupling and probe beams will
alleviate the impact of the Doppler effect. This scheme works
because of the behavior of the Doppler shift of the probe
beam βfp and the overall EIT Doppler shift β(fp − fc), where
β = v/c, v is the atomic velocity, and c is the speed of light.
The opposite Doppler shifts for λp > λc lead to an observable,

albeit broadened, EIT feature. In contrast, if λp < λc as in our
case, the Doppler effect entirely eliminates the EIT signal.
Hence, we have developed a velocity selection technique for
our laser configuration to ensure that the detected EIT signal
arises from atoms within a narrow range of velocities, thereby
mitigating the impact of Doppler shifts averaged over a thermal
velocity distribution.

Our velocity selection scheme involves a strong optical
pumping beam that couples the F = 2 ground state with the
5P1/2 state. This resonant pump beam burns a hole near v = 0
in the F = 2 velocity distribution [Fig. 1(a)] and transfers
atoms to the 5P1/2 state. Atoms in the 5P1/2 state decay
to the F = 1 and F = 2 ground states through spontaneous
emission at a rate 1.07 × 106 s−1 [32]. Through standard
optical pumping, an excess of atoms near v = 0 will be
created in the velocity distribution of the F = 1 state. If
the intensity of the optical pumping beam is chopped with a
period much slower than the the time for interatomic collisions
to redistribute the population imbalance between hyperfine
states, the population hole and peak near v = 0 [Fig. 1(a)] will
be modulated at the chopping frequency. The signal from the
v = 0 atoms is then reconstructed by measuring the absorption
of the probe beam synchronously with the chopping frequency
via a lock-in amplifier.

A more general analysis reveals that the demodulated
signal arises from two distinct velocity classes. In the rest
frame of an atom with velocity v = βc, the Doppler-shifted
frequency of the probe beam is f̃p = (1 − β)fp and f̃op =
(1 + β)fop for the optical pumping beam [Fig. 1(b)]. Since
the demodulated signal is only nonzero for changes in the
transmission of the probe caused by the optical pumping
beam, the atom must be resonant with both beams. Hence,
the demodulated signal is derived from atoms with ve-
locities that satisfy |(1 + β)fop − (1 − β)fp| = fhp, or β =
[±fhp − (fop − fp)]/(fop + fp). Under the condition fp −
fop = fhp (which is enforced in our experiment using an
acousto-optic modulator), the velocity classes that give rise
to a signal are β = 0 and β = 2fhp/(fp + fop) ≈ fhp/fp.
The latter case corresponds to a velocity for which the
optical pumping and probe beams in the atomic rest frame
are exchanged compared with the zero-velocity case [inset
of Fig. 1(a)], and the probe beam is resonant with the 4S,
F = 2 → 5P1/2 transition.

EIT for the probe beam is achieved when the overall
detuning vanishes in the atomic rest frame, i.e., when f̃c + f̃p

is equal to the frequency difference f0 between the 4S1/2 and
nS1/2 states, where f̃c is the frequency of the coupling beam
in the rest frame of the atom. This condition for β = 0 is
fc + fp = f0 and for β = fhp/fp is fp(1 − β) + fc(1 + β) =
f0 − fhp. With the probe beam stabilized to the 4S1/2,F =
1 → 5P1/2 transition, EIT will be observed for fc = f0 − fp

(for the v = 0 atoms) and for fc = (f0 − fp)/(1 + fhp/fp) ≈
f0 − fp − 190 MHz (for the atoms with v = cfhp/fp). Two
EIT features should therefore appear, separated by 190 MHz.

A schematic of our experimental apparatus is shown in
Fig. 2. The coupling, optical pumping, and probe beam are
spatially overlapped and propagate through a potassium vapor
cell heated to 90 ◦C. The probe and optical pumping beams
(with waists 190 and 120 µm and powers 70 and 300 µW,
respectively) are derived from the same external cavity diode
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n = 47 to 90 identified

• ~80 transitions identified between 
n = 47 - 90

• 70 of the 80 newly observed Ryd. 
levels 

• Enable access to ~5 – 50 GHz
(ma ~ 20 – 200 μeV)
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Conclusions
• HAYSTAC continues to scan 4 – 10 GHz

• Compelling case for axions at higher masses

• Rydberg atoms give us access to axion @ 10 – 1000 GHz/40 − 4000 μeV

• Effort @ Yale focus on 10 - 50 GHz

•  Rydberg leves observed

• Stay tuned

n ∼ 50 − 90
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Experimental setup (irl)
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