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Graham, P. W. and S. Rajendran, Phys. Rev. D 88, 035023 (2013)

𝐹𝜇𝜈 electromagnetic tensor

𝐺𝜇𝜈 QCD field strength tensor

𝛹𝑓 standard model fermion

Axions and axion-like particles (ALPs)
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Experiments
ADMX, HAYSTAC, DMradio, SHAFT, 
ABRA, ALPS, CAST, IAXO, CAPP, 
ORGAN, BREAD, SLIC, LC circuit, 
MADMAX, KLASH, BRASS…

CASPEr-electric CASPEr-gradient, QUAX,
ARIADNE, GNOME
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CASPEr-electric                                          CASPEr-gradient

Cosmic Axion Spin Precession Experiment

CASPEr is similar 
to NMR

D. Budker et al., Phys. Rev. X 4, 021030 (2014)

Sample magnetization 
vector

Field in pick-up 
coil, i.e., signal

𝐵1 sin 𝜔0𝑡

nuclear 

spin
effective magnetic field 

due to ALP dark matter

oscillating at ALP 

Compton frequency

pulse              free induction decay (FID)
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Spin projection noise 1, Heisenberg

𝑠2, 𝑠𝑧 = 𝑠2, 𝑠𝑧 = 𝑠2, 𝑠𝑧 = 0
𝑠𝑥 , 𝑠𝑧 = 𝑖ℏ𝑠𝑦
𝑠𝑦, 𝑠𝑧 = 𝑖ℏ𝑠𝑥

Measurement of 𝑠𝑥 of a spin in the 
state {𝑠, 𝑠𝑧} will yield s𝑥 = ± 𝑚𝑠 with 
50 % probability each
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𝑠
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Central limit theorem: for 𝑁 independent spins the 
magnetization 𝑀𝑥 ∝ σ𝑁𝑚𝑠 follows the normal distribution

𝑀𝑥 in steps of 𝜎
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𝜇 = 0, 𝜎 = 𝑁𝛾𝑠
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Spin projection noise 2, Bloch

F. Bloch, “Nuclear Induction.” Phys.Rev. 70, no. 7–8 (October 1, 1946): 460–74

precessing spins with random phases
in a slightly inhomogeneous field Detection

circuit

𝑀𝑥

π
2pulse

𝑀𝑥
noise

≈
𝑁 ⋅ 𝑃𝑜𝑙

𝑁
=
1022 ⋅ 10−6

1022
= 105

Coherence time

statistically 
incomplete 
cancellation
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Spin projection noise 2, Bloch

Detection
circuit

Two contributions to NMR spin noise

1. Spin projection noise
2. Back action (absorbed circuit noise, Jerschow et al)

• Historically called “radiation damping” in the 
NMR community

• Described by relaxation mechanism with 
characteristic time 𝑇𝑟 -> line broadening

𝑞 filling factor
𝑄𝑐 coil Q-value
𝛾 spin gyromagnetic ratio
𝜇0 permeability of free space
𝑀0 sample magnetization

N. Mueller, A. Jerschow, and J. Schlagnitweit, Nuclear Spin Noise, 
eMagRes. Vol. 2. 2. Chichester, UK: John Wiley & Sons, Ltd, 2013, pp. 
237–243

precessing spins with random phases
in a slightly inhomogeneous field
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Amplifier with noise sources
Tuning 

capacitors

Spin 
sample

Detection
circuit

Equivalent network

Susceptibility of sample

Spin projection noise, 𝑁

D. Aybas et al, Quantum Science and Technology, Focus on Quantum Sensors for New-Physics Discoveries (2021)
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Noisy amplifier, hyperpolarized sample
Amplifier + coil in thermal equilibrium at 300 K

𝑇𝑠 = 3 K
𝑃𝑜𝑙 = 10−4
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2 ⋅ 1026 spins, 𝑄𝐶 = 103

Noise limit including back action

E Baudin et al, An active feedback scheme for low field NMR experiments, 2011 J. Phys.: Conf. Ser. 294 012009

Time (s)
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CASPEr-gradient
11
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Scheme of SQUID https://commons.wikimedia.org/wiki/File:SQUID_IV.jpg

SQUIDs

CASPEr-gradient low field setup, 1 kHz – 4 MHz

Flux-locked loop

• 0.1 T (1 kG) superconducting B0 coil
• wet bore
• active shield
• superconducting shield
• placed in Faraday room
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q (geometric) filling factor
k_B Boltzmann constant
T temperature of the copper coil

R resistance of the copper coil
N number of turns
A area of the coil
𝑣 frequency

Noise limit of the SQUIDs
13

Eliminated by operating 
SQUID on battery



Z1 current (A)
0.25

0.50

0.75

1.00

1.25
1.50

Centering w.r.t. the coils Bz-field due to various shim coil geometries

Sample: 13C labeled methanol
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10 h of data taking

Flux noise over time
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CASPEr-gradient high field: under construction
• Magnet and cryostat delivery spring 2022

• 0 - 14.1 T
• actively shielded
• warm bore

• NMR in design stage, supported by industry partners
• optimized for DM search 
• 70-600 MHz
• inductive pickup
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Sensitivity scales with polarization Sensitivity of NMR to axion field determined by 
population imbalance, polarization

𝑃𝑜𝑙 =
𝑁↑ − 𝑁↓
𝑁↑ + 𝑁↓

In thermal equilibrium, typically

𝑃𝑜𝑙 ≈ 10−6

Hyperpolarized 129Xe, several labs demonstrated

𝑃𝑜𝑙 > 0.5

Property Value

Liquid temp. range 161 − 165 K

Spin density 1.3 ⋅ 1022cm−3

Volume 0.25 mL

Transverse spin relaxation 𝑇2 ≈ 1300 s

Longitudinal relaxation 𝑇1 ≈ 1500 sRomalis, M. V., and M. P. Ledbetter. “Transverse Spin Relaxation in Liquid 129Xe in the Presence 
of Large Dipolar Fields.” Phys. Rev. Letters 87, no. 6 (2001): 067601
Limes, M. E., Z. L. Ma, E. G. Sorte, and B. Saam. “Robust Solid 129Xe  Longitudinal Relaxation 
Times.” Phys. Rev. B 94, no. 9 (2016): 094309
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SEOP cell

• Xe, N2, and He mixed with Rb vapor
• Interaction region for 795 nm laser light at D1 line
• Spin exchange between Rb and 129Xe

The SEOP setup

Imai et al, “Continuous Flow Production of Concentrated Hyperpolarized Xenon Gas from a 
Dilute Xenon Gas Mixture by Buffer Gas Condensation.” Scientific Reports 7, no. 1 (2017): 7352
Kavtanyuk et al, “Production of Hyperpolarized 129Xe Using Spin Exchange Optical Pumping.” 
Journal of the Korean Phys. Soc. 73, no. 10 (2018): 1458–65
Hersman et al, “Large Production System for Hyperpolarized 129Xe for Human Lung Imaging 
Studies.” Academic Radiology 15, no. 6 (2008): 683–92
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SEOP cell

• Xe, N2, and He mixed with Rb vapor
• Interaction region for 795 nm laser light at D1 line
• Spin exchange between Rb and 129Xe

Laser diode current (A)

200 W optical power 
at laser outputPo
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SEOP cell

• Xe, N2, and He mixed with Rb vapor
• Interaction region for 795 nm laser light at D1 line
• Spin exchange between Rb and 129Xe

NMR diagnostic

• Polarization, 𝑃 = 11(3) % achieved, further 
optimization underway

Scan time

CW-NMR: scan of leading B-field
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SEOP cell

• Xe, N2, and He mixed with Rb vapor
• Interaction region for 795 nm laser light at D1 line
• Spin exchange between Rb and 129Xe

NMR diagnostic

• Polarization, 𝑃 = 11(3) % achieved, further 
optimization underway

Cryoseparator

• Freeze out Xe from buffer gases
• Store until needed
• Polarization conserved in 0.2 T field (𝑇1 > 1 h)
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liquid helium bath 
cryostat with 9T 

magnet

sample:

207Pb nuclear spins in 
ferroelectrically-polarized 

PMN-PT

sensor:

SQUID or low-noise RF 
amplifier

(depending on frequency)

NMR calibration:

crossed excitation and 
pickup coils

first-generation proof-of-principle 
CASPEr-e search based on nuclear 

magnetic resonance

CASPEr-electric, probing gluon coupling using solid state NMR

D. Aybas et al., Phys. Rev. Lett. 126, 160505 (2021)

22



38 min of data taken in October 2019
spin Larmor frequency tuned between 39.2 and 40.2 MHz

amplifier noise floor:

histogram after optimal filtering

injected ALP dark matter signal:

3.35σ candidate 
thresholdfirst CASPEr-e limits on nucleon 

EDM and gradient interactions of 
axion-like dark matter preliminary

95% exclusion

amplitudes of oscillations 

near 40 MHz

CASPEr-electric, first dark matter search

D. Aybas et al., Phys. Rev. Lett. 126, 160505 (2021) D. Aybas et al., Phys. Rev. Lett. 126, 160505 (2021)
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other experimental constraints

our present limits

our sensitivity with current setup

our sensitivity with upgraded setup: 80 cm sample, 100 mK temperature

QCD axion band

spin projection noise quantum sensitivity limit

other experimental constraints

our present limits

our sensitivity with current setup

our sensitivity with upgraded setup: 80 cm sample, 100 mK temperature

QCD axion band

spin projection noise quantum sensitivity limit

CASPEr-electric compared to other experiments

D. Aybas et al., Phys. Rev. Lett. 126, 160505 (2021)
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[D. Aybas et al., Phys. Rev. Lett. 126, 160505 (2021)]

other experimental constraints

our present limits

our sensitivity with current setup

our sensitivity with upgraded setup: 80 cm sample, 100 mK temperature

QCD axion band

spin projection noise quantum sensitivity limit

[D. Aybas et al., Quant. Sci. Tech. 6, 034007 (2021)]

ongoing work: 1) sweep the full frequency range → current results at 40 MHz, we are sweeping down to kHz 

2) increase sample size → currently 

5) increase spin polarization (quantum state control) → currently 

4) improve sensor → currently RF amp/SQUID collaboration with SLAC to couple RQUs

3) improve material → currently ferroelectric PMN-PT non-centrosymmetric ionic crystals

optical control of spin thermalization

optical spin hyperpolarization

CASPEr-e has the potential to reach QCD axion sensitivity in the peV – neV band

CASPEr-electric towards the QCD-axion
25



Axion field

Axion field frequency class j

∝

Exponentially distributed power!∝

Central limit theorem:

ALP spectral line shape, scalar case
26

M. S. Turner, Phys. Rev. D 42, 3572 (1990)
J.W. Foster, N. L. Rodd, and B. R. Safdi, Phys. Rev. D 97, 123006 806 (2018)
C. A. J. OHare and A.M. Green, Phys. Rev. D 95, 063017 858 (2017)

Maxwellian velocity 
distribution as given by 
the standard halo model



Gradient Axion field

Gradient field frequency class j, x-direction

Central limit theorem:

Exponentially distributed power!

∝

Rayleigh distributed amplitude
Random phase, different for different 
directions!

Variance 
and 
Mean 
vx component for a given frequency

∝
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A.V. Gramolin et al, arXiv:2107.11948, soon to appear in Phys. Rev. D

ALP spectral line shape, gradient case



CASPEr Mainz B0

Earth velocity

Daily intensity modulation
28

A.V. Gramolin et al, arXiv:2107.11948, soon to appear in Phys. Rev. D

Monte Carlo simulation 
and analytic solution in 
agreement



CASPEr Mainz B0

Earth velocity
Strong daily intensity modulation
And
Daily frequency modulation! (10%-15% FWHM)

Daily frequency modulation
29

A.V. Gramolin et al, arXiv:2107.11948, soon to appear in Phys. Rev. D



Conclusions and outlook
• CASPEr-gradient low field

• Probe 𝑔𝑎𝑁𝑁 in range 1 kHz to 4 MHz
• First test measurements on thermal proton spins underway
• 129Xe polarization and transport under construction

• CASPEr-gradient high field
• Probe 𝑔𝑎𝑁𝑁 in range 70-600 MHz
• Magnet expected spring 2022
• NMR probe being designed

• CASPEr-electric
• Obtained first 𝑔𝑑 and 𝑔𝑎𝑁𝑁 results in range 39.2 and 40.2 MHz
• Scan down to kHz underway
• Upgrades will give much improved sensitivity

• ALP spectral signatures in gradient case
• 3D pseudo magnetic field vector rotating in space with

two independent phases
• additional observables: modulations

D. Aybas et al., Phys. Rev. Lett. 126, 160505 (2021)
D. Aybas et al., Quant. Sci. Tech. 6, 034007 (2021)
A.V. Gramolin et al, arXiv:2107.11948, soon to appear in Phys. Rev. D
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Mainz Institute of Theoretical Physics - Workshop

Searches for Wave-Like Dark Matter

with Quantum Networks 

Wavy dark matter summer 2022
Three weeks in Germany of back-to-back events dedicated to researching dark matter 

in person*

www.wavydarkmatter.org

"Ultralight dark matter" Foundations and Searches
Summer school

"17th Patras Workshop on Axions, WIMPs and WISPs"
Conference/Workshop




