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• NMR in search of DM (CASPEr)

• Search for Halo Axions with Ferromagnetic Toroids (BU)

• Spin-based sensors for DM: GNOME, masers, spin amplifiers

• Spin-based sensors for fifth-force searches

• Fifth-force searches with with NV-diamond sensors

• New (or very old) sensors: levitated magnets



The CASPEr collaboration
Boston University; Helmholtz Institute, Johannes Gutenberg University, Mainz; 

Department of Physics, UC Berkeley; Stockholm University
3

Cosmic Axion Spin-Precession Experiment(s)



4A. Sushkov

DM 

Deniz Aybas, et al, PRL 126, 141802 (2021)
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D. F. Jackson Kimball et. al. in G. Carosi, G. Rybka (eds.), Microwave Cavities and Detectors for Axion Research,
Springer Proceedings in Physics 245, https://doi.org/10.1007/978-3-030-43761-9_13

https://doi.org/10.1007/978-3-030-43761-9_13
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(PMNPT)

Deniz Aybas, et al, PRL 126, 141802 (2021)



7A. Sushkov Gen 3 :  Big Sample + Hyperpolarization !



Zero-field NMR 
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Recent strong limits (not CASPEr):

• I. M. Bloch, Y. Hochberg et al (2020) 
comagnetometer analysis

• Jiang Min et al (2021) 
spin amplifier + maser



¨ Higher frequencies: data runs start in 2021 (virus permitting)!

13 Cryogenics magnet; B < 0.15 T (<1.6 MHz for 129Xe)



CASPEr-gradient setup
Cryogenics Lt.
0.1 T (1 kG) superconducting
Cold, wet bore
Superconducting shield

H. Bekker
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¨ Even higher frequencies are in the plan (~2 years):

15 Cryogenics magnet; B < 14.1 T (166 MHz for 129Xe)



Search for Halo Axions with Ferromagnetic Toroids (SHAFT) at BU
16

search for electromagnetic coupling →

[A. Gramolin et al., Nature Physics 17, 79 (2021)]

channel A channel B

l Fe-Ni toroid powder cores provide ×24 enhancement
l 1.5 T magnetic field at 6 A magnetizing current
l Two channels allow for rejection of systematics
l Magnetic field sensitivity 150 aT/√Hz using DC SQUIDs at 4.2 K

Prof. A. Sushkov (BU)



Search for Halo Axions with Ferromagnetic Toroids (SHAFT) at BU
17

[A. Gramolin et al., Nature Physics 17, 79 (2021)]

search for electromagnetic coupling →
l Fe-Ni toroid powder cores provide ×24 enhancement
l 1.5 T magnetic field at 6 A magnetizing current
l Two channels allow for rejection of systematics
l Magnetic field sensitivity 150 aT/√Hz using DC SQUIDs at 4.2 K
l 41 hours of ALP search data, 12 peV to 12 neV mass range
l Limits reach (at 5σ level):

Prof. A. Sushkov (BU)
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arXiv:2102.01448

https://arxiv.org/abs/2102.01448
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arXiv:2102.01448

https://arxiv.org/abs/2102.01448
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Haowen Su, et al, arXiv:2103.15282

https://arxiv.org/abs/2103.15282


Schematic of experimental setup and damping feedback mechanism

Min Jiang et al. Sci Adv 2021;7:eabe0719



Maser-based magnetometry on the first-order Floquet
sideband of 129Xe

Min Jiang et al. Sci Adv 2021;7:eabe0719



Cancel unwanted signals

ü Atomic scale

ü Near surface

ü Precise quantum control

ü NV + AFM

Shorter force range

Good sensitivity
Features

Utilizing single-spin sensor to search for exotic interactions

NV centers in diamond: single-spin sensors Diagram of the setup: NV sensor + AFM

Prof. Xing Rong (USTC) 23



Monopole-dipole interaction Dipole-dipole interaction Velocity-dependent 
monopole-dipole interaction

Several searching results with NV sensors 

Phys. Rev. Lett. 121, 080402 (2018)Nature Communications 9,739 (2018) arXiv : 2009.09257 (2020)

24Prof. Xing Rong (USTC)



Possible sources Contribution to the 
phase factor（rad）

Tuning fork < 10-3

Charges on the mass < 10-4

Casimir Force < 10-5

Diamagnetism of the mass < 10-10

Effect due to the moving dielectric < 10-15

Nuclear spin in the mass < 10-15

Velocity-dependent monopole-dipole interaction

Non-zero phase factor  

arXiv : 2010.15667 (2020)

One search yields nonzero signal !

Velocity-dependent

We analyzed several possible sources of the observed 
signal and they cannot explain the nonzero signal. 
Further experiments are being carried out to figure out 
the possible source of this signal.

25Prof. Xing Rong (USTC)



Global Network of Optical Magnetometers for Exotic 
searches

• Network of shielded, GPS-synchronized magnetometers + clocks, interferometers,...

• Sensitive to topological Dark Matter: domain walls, axion (ALP) stars, Phys. Rev. D (2018)

• Multi-messenger astronomy (e.g., look for ALPs from sources of gravitational waves)

• Sensor-correlation techniques resembling those of LIGO/Virgo

• Status: Science Run 2 complete, results to be announced; Run 3: ongoing

Idea and proof-of-concept:
Annalen der Physik 525(8-9), 659–70 
(2013);
Phys. Rev. Lett. 110, 021803 (2013)
System description: Physics of the Dark 
Universe 22, 162-180 
(2018), arXiv:1807.09391
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• Also clock networks!
• Hybrid networks
• E.g.: GPS.DM+GNOME+PTB

Samer Afach, et al, Search for topological defect dark 
matter using the global network of optical 
magnetometers for exotic physics searches 

(GNOME); arXiv:2102.13379 (2021)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.043002
http://prl.aps.org/abstract/PRL/v110/i2/e021803
https://doi.org/10.1016/j.dark.2018.10.002
https://arxiv.org/abs/1807.09391
https://arxiv.org/abs/2102.13379


¨ Collaboration with 
BASE

¨ Search for ALP-induced 
antiproton spin precession

Stefan Ulmer

Ch. Smorra Y. Stadnik 27
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”Exotic” potentials:
(P. Fadeev et al 2019 Phys. Rev. A 99 022113) 

Experiments @ SOTON, Trento,
Paris, Harvard …

Promising projections!
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• Difficult: Yogi Berra effect

• Hopeless: no NV sensing before 2008 (e.g., J.M. Taylor et al, Nature Physics 4, 810 – 816, 2008)

• Unnecessary for non-accelerator physics ? (but 3 y funding cycle is too short!)

• This said:

➠Commercial research-grade Optically Pumped Magnetometers         ~now!

➠Hyperpolarization enhanced NMR for Fund. Phys. ~now!

➠Ensemble NV sensors reach “Eq. (1)” ~5 years

➠Precessing ferromagnets  proof-of-principle ~2 years 

precision measurements ~5 years

space missions ~5-20 years

➠Useful squeezing/entanglement in vapor and NV sensors ~5 years

➠10-100 improvement in spin amplifiers and masers ~1-2 years

http://www.nature.com/nphys/journal/v4/n10/full/nphys1075.html
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• SQUIDs

• Clocks, interferometers

• Gravimeters and seismometers

• Ion traps

• Anything on a chip, including antimatter (AMOC)

• Gamma Factory (“table-top” physics with LHC)




