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Magnetometry and applications

Introduction
Sensors: Vapor cell and diamond magnetometry
Interlude: Current measurements

Dark matter experiments in Mainz
Lineshape of gradient coupled galactic dark matter
Beyond magnetometry

Ask questions!
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Fundamental questions of physics

Quantum description of gravity?
Where is antimatter?

What is dark energy?
What is dark matter?
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The universe:

Free Hydrogen

and Helium -

Dark Matter
239%0

Dark Energy
73%0

Neutrinos
0.3%
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Heavy
Elements

<4% described by the standard model!
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Why dark matter? (1)
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Galaxies rotate too fast!

400 . .

Peter Zwicky, 1933
A A, Coma Cluster

5 ? “Dark matter”

Vera Rubin, 1980
Rotation curves

ol | | |
0 10 20 30

Radius (kpc)

Sofue Y. 1999. Publ. Astron: Soc. Japan. 51:445 .
By Mario De Leo - Own work, CC BY-SA 4.0, https://commons.wikimedia.org/w/index.php?curid=74398525
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Assumption: galaxies are embedded in dark matter

Dark matter acts via gravity
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General relativity could
be wrong?

— Modifizierte Newtonian Dynamics
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Collisions of galaxy clusters? (2) uiet cluster) Sl ooz

Gravitational lensing effects

. Center of mass and gas separated

Reconstructed mass

By NASA/CXC/M. Weiss - Chandra X-Ray Observatory: 1E 0657-56, Public Domain, https://commons.wikimedia.org/w/index.php?curid=10749247
14 Arne Wickenbrock — Applied Quantum Sensing HELMHOLTZ




o === 1k
Collision of galaxy clusters? (2) U L L —

“MACS J0416.1-2403 | - MAGS J0152.5-2852 | . MACSJ0717.543745
A : . A : e o s
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Structure formation of the universe B8 secmorrz

Computer simulation of
the universe:

No dark matter
No structure

140 million light years

https://cosmicweb.uchicago.edu/filaments.html
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Because it is so nice! g ELMroLTz

Computer simulation

ity
T
P LT

F 4

Formation of galaxy groups

14 Millionen Lichtjahre

Even better:
https://www.thg-project.org/media/

https://cosmicweb.uchicago.edu/filaments.html
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What can dark matter be? JG|U P

Modif_ied D d rk
Gravity Matter

¢ QUARKS @ LEPTONS @@ BOSONS @@ HIGGS BOSON

TeVeS

Minimal assumptions:

Emergent
D Gravity

it WIMPzilla

G. Bertone and T. M. P. Tait gy Forice DeteCtable!

. " Self-
Superfluid interacting

(unknown mass, unknown frequency)

Axion-like dark matter = oscillating background field!
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AXxion (ALP) Interactions B ez,
Gravity
_I_
Gauge Fiely Vﬂllons
M a 9 CASPEr-Gradient,
ost iF#yFﬂ»v_ —G,,G* pd ¥, y#ys¥, | GNOME
Sea rCheS a a fﬂ )
QUAX
CASPEr-E

HfF*, T. Roussy et al., Phys. Rev. Lett. 126, 171301 (2021)
nEDM, C. Abel et al., Phys. Rev. X7, 041034 (2017).

Axion-like dark matter = free photons!
Axion-like dark matter = oscillating electric dipole moments!

Axion-like dark matter = oscillating magnetic fields on spins!
HELMHOLTZ


https://dx.doi.org/10.1103/PhysRevX.7.041034
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1. Galactic axion searches - Haloscopes
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e.g. ADMX (Axion Dark Matter eXperiment)
GHz 10.7 MHz z 35 kHz
| |
Integration: 8 msec FFT 50 sec
Resolution: | 125Hz 0.02 Hz
Maxwellian Fine-Structure
AE/E ~ 10717

7 ) o | | _| I.' > ." -,",-I- oY,
4 Frequency | ‘ | I |
Maxion (energy) JG | U
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2. Axions from stars: International Axion Observatory (IAXO)
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X-ray
x-Ray detector
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Flight time
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Pathfinder is on the way!
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Cryostat Inclination Svstem
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3. Light Shining through the wall experiment — Fifth forces
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e.g. ALPS Il @ DESY (Light shining through a wall)
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https://doi.org/10.5281/zenodo.3932429
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How to search for Axions (ALPs) ? JG|U [em——.

Axion (ALP) Interactions
Gravity

/" \

Gauge Fields Fermions

I - a - o, ad -
v ¥ T LY L
I F, —HGW,G‘“ | 3 WoytysW,

Most (CASPEr-E)  (CASPEr-Gradient, GNOME, QUAX)
Searches

Axion-like dark matter = oscillating magnetic fields on spins!
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Optically pumped magnetometry

_Alkaliivapdr_ cells Nitrogen Vacancy in Diamond
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Workshop on optically pumped magnetometry WOPM 2019 in the HIM 7G|u -
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2 YouTube ™

wopm 2024

Waorkshop on Optically Pumped Magnetometers

+20 videos
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o)) 0:00/2:00

@ JOHANNES GUTENBERG-UNIVERSITAT MAINZ
7th Annual Workshop on Optically-Pumped Magnetometers (WOPM)

895 views + 17 Oct 2019 g 25 Mo & SHARE = S
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Vs Quantum Physics Mainz = *
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Advertisement 2:

Workshop on optically-
pumped
magnetometers -
WOPM2025

Starts Aug 6, 2025, 9:00 AM
Ends Aug 8, 2025, 7:05 PM

Anita Govaerts Van Loon
Bernhard Lauss
Georg Bison

Submission deadline

Aug 6-8,2025 = g
PS]| — May 19, 2025, 11:59 PM

Europe/Zurich timezone
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Vapor Pressure (torr)

1010 L5
10" ¢

1012

Question:

What is the spin density? Which one is higher?

Rubidium 87 D Line Data 3

Daniel A. Steck

Theoretical Division (T-8), MS B235 |

Los Alamos National Laboratory ]
Los Alamos, NM 87545

N L N S SO NS G MR N L Co| M S P A M

-50 0 50 100 150

Temperature (°C)

Vapor pressure: 10-2 torr (mbar)

— 5x1013 atoms/cm?3

Vapor cell (5 mm)3 = 6x10'? spins

Arne Wickenbrock — Applied Quantum Sensing

Vapor cell or diamond?

Diamond density
1.8x1023 atoms/cm3

NV density 2-3 ppm

—_— )
— 5x1017 atoms/cm?3
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Diamond (0.2 mm)3 = 4x10%'2? spins

HELMHOLTZ



Dipole scaling with distance === 1K
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= N\ \ \\E 1Y Y = Magnetic Field strength vs Distance
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How good can we measure B?

-~ |
’n, (’ RF =
i 0.02 / %
. : C ~1% S /

— \f | 0.01;- // XK
ST R [}Gﬂj Sﬂ_cg
280 000 Hz Photon shot noise
1 pT < 0.028 Hz ntensity = photons per second
| noise = intensity

0.1 in 1 Million (107) >10'4 Photons/s (mW!)

Arne Wickenbrock — Applied Quantum Sensing
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pum ] 1
Mirror l (1)

B 3 ——" Piezo
100nm E 51 gl
b Cavit £
6 3 e o ; [Contrast| (%) / 5 mmy £ 30 b‘l
£ 2 E » .. » 12 iamond 2 = e
3
= 4l b .. ™ 4 12 " +3 i
2 - e 3 10
% 5 0 15 20 e W ) e S T
(2 x (um) (h) N 10 15 20 5

East (m)

Fifth force searches: length scale ~ 1/mass

AVS Quantum Sci. 2, 044702 (2020); https:/doi.org/10.0116/5.0025186
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High Energy Physics - Phenomenology

[Submitted on 28 Aug 2024 (v1), last revised 14 Oct 2024 (this version, v3)]
Spin-dependent exotic interactions

Lei Cong, Wei Ji, Pavel Fadeev, Filip Ficek, Min Jiang, Victor V. Flambaum,
Haosen Guan, Derek F. Jackson Kimball, Mikhail G. Kozlov, Yevgeny V. wltr
Stadnik, Dmitry Budker w2l

New Bosons R Yan 2013 (n-N)
B 0 Su 2021 (n-N) —
- Yan 2015 [n-N) g
10 Clayburn 2023 (n-N)

_ P
Wu 2023 (n-N) —

—___:’-7-&!&:5\5‘__:___::__—.____\____ lu-ﬁﬂ } 2 ) i i f

Dzuba 2017 (p-N) 1

e

— — 0% w0 105 10® w05 1"
¥ ) ~ . e i ) X (m)
e ™ ™ /Pseudoscalar/ . Vector/ ' Axial-vector/ Axial-vector/ /| Y RYE AN B
[ Pseudoscalar/ " Scalar/ | Pseudoscalar/ | ' Vector , v ( Pseudotensor/ " ( Tensor/ \ Pseudotensor/ >
‘_Pseudoscalar / . Scalar / Scalar /' Vector = Axial-vector Vector ‘_Pseudotensor - '_Tensor / . Temsor o
B T I j N B. Spin-independent Vi 21
A ™ S : = 1. Torsion-pendulum experiments 81
e ) .-".I S 2. Casimir force 31
o ---.J,!__ . B 3. Neutron scattering, spectroscopy of exotic atoms,
S collider experiments 21
/ 4. Conversion of bounds on & to gags 82
| 5. Converting other constraints from precision
Y spectroscopy to bounds on g.g. 83
6. Constraints on g.g. from tests of the weak equivalence
principle (WEP) 83
7. Equivalence of constraints on g.g. and gy gy from V7 83
C. Bounds for the purpose of comparison 84
d I'XIV:2408. 1 5 69 1 ReV. MOd . PhyS .U nder reV|eW D. Units, symbols and abbreviations 26
References 86
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(Interlude)

Biomagnetic measurements: like dark matter but actually something to sense

Arne Wickenbrock — Applied Quantum Sensing HELMHOLTZ



Magnetic Flux Densi

Biomagnetic signatures - Magnitudes
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3 What is wrong here?
&)
uTNHz 4+ \ 3 2
Earth swsseee= Non-Thin Film Sensors Distortions
Magnetic
Field ~==——Thin Film Sensors //\ Biomagnetic Signals
nTAHz - —  Magnetoelectric
Fluxgate & Giant
Magnetoimpedance
Muscle = Optically Pumped
pTHHz - il _.-- Magnetometer
a Magnetoresistance
fTiNHz 4
.................. sSQuiD
vonod : : | : | =
bC 0.01 0.1 1 10 100 1000 Frequency [Hz]
Adv. Mater. Technel. 2020, 5, 2000185 2000185 (5 of 15) © 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Sensing individual nerves

Conventional imaging
objective

Suction
electrode

MY diamond : z .
Anterior stimulation

Intact worm D
Measured B(t)

Nage Posterior stimulation
Perfusion bath
|
\ Y layer Bipolar - 600
electrode o
©
© 400
P
9
T 200
53_2 ni %)
light g 0
NV fl 8
uorescence
collection 5 -200 -
w
3
-400
E |
6 8
Barry et al, PNAS, 113, 49 (2016)
35 Arne Wickenbrock — Applied Quantum Sensing
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Time (ms)
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Getting closer:
Signal Size: 1nT!

~ 10 pT/Hz'2

HELMHOLTZ



Leuchtturmprojekte der quantenbasierten Messtechnik zur Bewidltigung
gesellschaftlicher Herausforderungen
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DiAmond based Quantum Sensmg far NeurOSurger

Industry partners

BEY =.Sacher

Lasertechn'k

SQUTEC

TECHNOLOGIE
TRANSFER
INITIATIVE

| "“.Advertisement 3: W

PhD Position open! 01.10.2022 - 30.09.2027 inomed

Verbundname: DIAmond based Quantum sensing for NeurOSurgery

Associated Partner
Academic partners NVISI|EIN
SPONSORED BY THE
g,\’s 47 | | . _
Federal Minist 5 unlver5|tat — R C
® °fe§3rjcaﬁg]": ’ <p ) z ‘ m < UNIVERSITATS ? CI_C!\?IT
and Researc . . 2 § S ass made of ideas
Jonannes GUTENBERG U ty of "o HELMHOLTZ ZENTRUM
" UNIVERSITAT wane g::trtsg;ay;to DRESDEN ROSSENDORF = KLINIKUMFReBURG s
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Sensi__t_ive magnetometry in ...




Context: Neurosurgery
b ‘-q

2] Navigate tumor boundary

= Nerve tracking
L » * ' Correlate with other modalities






=
—




Endoscopic magnetic field imaging sensor e =

JG U HELMHOLTZ
a) Schematic Quantum-Neuro-Analyzer

Helmholtz Institute Mainz
3y dewge development
2y studies

m ' m md Ivb i .l.

Three different modalities:

Light collection fiber

Magnetophysiology (DC-
kHz)

~6mm

* Nuclear magnetic
resonance imaging

b) Qross
Section

Magnetically sensitive nitrogen vacancy layer Conductivity imaging

Spatial Resolution 20um

20um .
N-Vlayer Study human (brain) tissue m KLINIKUM e
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Since 10.2024: Single pixel magnetic sensor endoscopes

Sensor on 5m umbilical cord
Transportable!

HELMHOLTZ
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Signal [pT/
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First measurement: biomagnetic signatures

__ Bsens 50F
100 : zlielzf:r:c noise 40t
50. - Shot noise 30 g
| 5 20l
AN s 2
10¢ I TR 2
“\,\\f\l\ ’M'M N .'0‘1'!' . | g';’ b
5L { ik 1 A = XN |
‘ ‘I‘L...ﬂﬂlmhn_ : < ol : | 0
I I
ok -10f
Y 5 10 50 -20}

0.0 0.1 0.2 0.3 0.4 05
time [s]

Frequency [HZ]

* 10 pT noise floor

* Sensor Volume: (60 um)® Human magnetocardiography!
« Stand-off distance: < 0.2 mm
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Magnetocardiography?

t =250 ms

APPLIED PHYSICS LETTERS 95, 173701 (2009)

A room temperature 19-channel magnetic field mapping device

for cardiac signals By 2029

G. Bison,1 N. Castagna,2 A. Hofer,2 P. Knowles,2 J.-L. Schenker,2 M. Kasprzak,2

%effrttfeanr; ,jf ?vr;frsog:v i[zzjiichﬁfchiller—University) D-07740 Jena, Germany W i t h d i a m 0 n d !
Unshielded environment!

Department of Physics, University of Fribourg, CH-1700 Fribourg, Switzerland
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b
( ) 5+ —— Real-time Filtered Gradient
= I
o
E_
2
- B
E L
(_l) ke
3
% _5 L | L | | I L I L I | | | | | I

Time (s)
Phys. Rev. Applied 14, 011002 — Published 20 July 2020
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2"d measurement: Zero-field J-coupling spectroscopy of hyperpolarized acetonitrile

(Quantum-Neuro-Analyzer

Nuclear magnetic resonance

Magnetic field map

Magnetic coil

Sensor diamond

« Parahydrogen (spin-order) transferred to chemicals
« Chemical specificity without magnets

* Hyperpolarization mechanisms

Enables NMR maps Muhib Omar
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NMR at zero field with diamond magnetometer

Creating observable magnetization with parahydrogen

Polarization Transfer Catalyst (PTC)

B4 wcscn

|r-..'
Gf' L NS,
co-L C

12CH,

Parhydrogen spin order at cryogenic temperature

Transient compound: parahydrogen+catalyst+acetontrile

Spin order transfers via J couplings
Transient compound breaks up
Acetonitrile nuclei remain polarised

= &= 3l
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NMR at zero field with diamond magnetometer

1 uT pulse 10-30 ms
Magnetization evolution
Measurement with NV sensor and QuSpin

Y
L/

Parahydrogen line
ceramic with piercing solenoid

Diamond Dichroic Photodiodes

6.5 mm 8.5 mm

QuSpin (SUPM sensor NMR Tube Microwave board Beam sampler PBS
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Diamond NMR at nT fields o o o === 1K
o 4onT , JG|U HELMHOLTZ
150 WM\M‘ Helmholtz Institute Mainz
J=1.7Hz | |
— I 10 nT
15N§512 'S 100 — QuSpin
~ ~ ©
121 c
CHs K 5 50 — NV
(3/2),(1/2),(1/2 ) _* zero
— 100 :
0.
5o 0 1 2 3 4 5
Frequency [Hz]
- 60
1 .
N 150 il 0
I 4
> % -0.8
: : 3
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Diamond NMR at uT fields

In a guiding field solenoid
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Diamond NMR: distance variation

Signal [pT]
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Reducing the distance
Width increases

No improvement
Different ensemble?
Sensor backaction?

* + QuSpin
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Parallel sensing - Imaging === Ik
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« 5x5 mm? NV diamond sensor
* Image detected by a C4 lock-in camera
« Bio-magnetic imaging at zero-field

Test coil

Ara Rahimpour

P

Shaowen Zhang

PCB Signal layer, Line width 0.1 mm

Jonas Raabe

HELMHOLTZ



Zero-field magnetometry

0.19

l‘ | ' 0.02mT
M\II o ‘II . ;/’/M_ e
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|y | '} || ||

Y S zero field
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2860 2865 2870 2875 2880
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Transition frequency [MHZz]

Decreasing Bz

Demodulated

Axial magnetic field

Fixed RF

Arne Wickenbrock — Applied Quantum Sensing
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Axial magnetic field [mT]

0.

HELMHOLTZ



2D magnetic imaging diamond 5x5mm? == I

JG U HELMHOLTZ

Helmholtz Institute Mainz

Background field sweep

Amplitude [a.u.]

Q

Width

20

40

Signal

-]

Amplitude

a0

100

. Zero-crossing

Magnetic Field

Test coil current

Modulation frequency 1 kHz,
Modulation amplitude 8.7 pT
Spatial resolution ~7 ym,
maghnetic resolution <100 pm
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Noise Suppression: Image Denoising JG|u pee——

Helmholtz Institute Mainz

Unprocessed Image Denoised Image Area average __ Noise Floor Width
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Jonas Raabe M. Maggioni et al., IEEE Transactions on Image Processing,22,1,119-133: 10.1109/TIP.2012.2210725 HELMHOLTZ



Noise Suppression: Result === 1L

JG U HELMHOLTZ

10_2?

1071 4
1.—— Unprocessed Data  _______
| —— Denoised Data

1/ === Unprocessed Noise Floor: 10.4 uT
| ==- Denoised Noise Floor: 57.9 nT

Laser noise suppression lock-in Image denoising Helmholtz Institute Mainz
Laser Noise Spectrum (Normalized) Amplitude Spectral Density Comparison
100-:
' -;-N--l'olﬁ
; $ ]
Py
1071 4 @
] 9]
o
E 1003
g
wn
(V]
S
%—
€
<

| =—— Laser Amplitude Density Spectrum
| === Laser Noise Floor: 4.11 mV
10-3 { === Camera Modulation Frequency

T T T T T T T T T T T T T 10_2 T T T T T T T T L |
100 10? 102 103 10-3 1072
Frequency [Hz] Frequency [Hz]
Lock-in camera laser noise suppression: 250 BM4D image denoising: 170

Total noise suppression: > 4 x 10%
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Summary JG|U HELMHOLTZ

Searching for biomedical signals
Signal: hyperpolarization
Signal: reduce distance
Noise: upconverting the signal and perform lock-in detection
Noise: parallel sensing = denoising algorithms

Searching for new bosons (acting magnetically on nuclear spins)
Signal: (hyper)polarization (the only way)
Signal: reduce distance = higher mass
Noise: upconverting the signal and perform lock-in detection
Noise: parallel sensing = denoising algorithms, sensor networks

Arne Wickenbrock — Applied Quantum Sensing HELMHOLTZ
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Leuchtturmprojekte der quantenbasierten Messtechnik zur Bewidltigung
gesellschaftlicher Herausforderungen

DiaQNOS

Diamond based Quantum sensing for MeurQSurgeny

Verbundname: DIAmond based Quantum sensing for NeurOSurgery

Arne Wickenbrock — Applied Quantum Sensing
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Searching new physics with
quantum sensors
Arne Wickenbrock

Helmholtz Institute and JGU Mainz
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Magnetometry and applications

Dark matter experiments in Mainz
Lineshape of gradient coupled galactic dark matter
Beyond magnetometry

Arne Wickenbrock - Applied Quantum Sensing
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Ask questions!
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Transition frequency [MHZz]

Decreasing Bz

Zero-field magnetometry with NVs

Demodulated

Axial magnetic field

Fixed RF
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How to search for Axions (ALPs) ? JG|U [em——.

Axion (ALP) Interactions
Gravity

/" \

Gauge Fields Fermions

(1 - (1 - o, ad -
ja 2 v I’ ‘I'J_
LF L G Gr £y

£ il £l

Most (CASPEr-E)  (CASPEr-Gradient, GNOME, QUAX)
Searches

HELMHOLTZ
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CASPEr — Gradient — idea

Detecting oscillating torque on nuclear xenon-129 spins from (0.01-4) MHz

* Polarized nuclear spins

: » B field (set Larmor frequency)
0 ” ﬂ ™ 4+ + Axion gradient couples to spins
M [\ M[\ A I :mzsz: « ->Oscillating torque on spins
) A ittt I g o Transversal magnetization

UUUUWWVVUV& EEEEE:::H? « Pickup (somehow)
il

Larmor Frequency = Axion mass

=>Resonant enhancement
JG|u
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(a)

‘Two ways to search

coLZ'yBO

Z

(b)
m=1/2
CDALP
m=-1/2
Cl}]%'.F

Arne Wickenbrock — Applied Quantum Sensing

(0)

Perp. To B
Sensitivity plane

Signal ¥,

Parallel to B
Sensitivity axis
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New Physics - Dark matter

Stochastic fluctuations of bosonic dark matter

Gary P. Centers, John W. Blanchard, Jan Conrad, Nataniel L. Figueroa, Antoine Garcon, Alexander V.

Gramolin, Derek F. Jackson Kimball, Matthew Lawson, Bart Pelssers, Joseph A. Smiga, Alexander O.

Sushkov, Arne Wickenbrock, Dmitry Budker & & Andrei Derevianko

Nature Communications 12, Article number: 7321 (2021) | Cite this article

Spectral signatures of axionlike dark matter

Alexander V. Gramolin, Arne Wickenbrock, Deniz Aybas, Hendrik Bekker, Dmitry Budker, Gary P. Centers,
@ Nataniel L. Figueroa, Derek F. Jackson Kimball, and Alexander O. Sushkov

Phys. Rev. D 105, 035029 — Published 24 February 2022

Dark Matter : 83.8 % 3.0x107 [—— ‘1‘0-‘6‘ |

2.5x107; :
« ALP dark matter: oscillating magnetic field on spins :f:z
* Unknown frequency: nHz—THz & ;
- Virialized — Q~108 |
» Strong daily modulation! (directional) — Sidebands ol e e 1

0 1.x107®  2.x10% 3.x10® 4.x10® 5.x10°6

. . . Frequency [a.u.]
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Why 1s the lineshape relevant?

Improving limits by optimally filtering
the power spectrum data in SHAFT
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Sensing

10.0401
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detected signal coupling (GeV™!)

Ciaran O’Hare: https://cajohare.github.io/AxionLimits/
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Search for Axionlike Dark Matter Using Solid-State Nuclear
Magnetic Resonance

Deniz Aybas, Janos Adam, Emmy Blumenthal, Alexander V. Gramolin, Dorian Johnson, Annalies Kleyheeg,
Samer Afach, John W. Blanchard, Gary P. Centers, Antoine Garcon, Martin Engler, Mataniel L. Figueroa, Marina
Gil Sendra, Armne Wickenbrock, Matthew Lawson, Tao Wang, Teng Wu, Haosu Luo, Hamdi Mani, Philip Mauskopf,
Peter W. Graham, Surjeet Rajendran, Derek F. Jackson Kimball, Dmitry Budker, and Alexander O. Sushkov

Phys. Rev. Lett. 126, 141802 — Published 9 April 2021

(&) Compton frequency (Hz (b) Compton frequency (Hz
‘ p quency — p quency
. £ e B | O B < O R | w4 ggt o 1 a0 apt e
fl;_ R : CASPEr-eu ' . :E::- 10~! B : CASPEr=. *;
(] I 1
5 10 % I Bl ] = [ ZULFCM e e E : |
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é’:’ 1072 L : i I SN 1987A | b:-'j: [SN 1987A ' I :
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= HIF* EDM 1= ! L 2T ; |
o ; $ ¥ < |
= 10°1 . E o g |
a : ;g 10716 ] - 1
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—|8 ].D_-EI l i— i = —91 | !
5 | e e R SN A ]
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Optimal filtering in CASPETr-E Boston required the gradient coupling lineshape JG|u
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Take home messages

Gradient signal = 3D pseudo magnetic field vector rotating in space with two independent
phases

Gradient line shape fundamentally different (from the scalar lineshape)

Most power in the direction of movement (~ linear polarized signal )

Larger effect of annual and daily modulation

1. On signal amplitude

2. On signal frequency

Not new, but still: Virialized dark matter power spectra = modulated white noise

Spectral signatures of axionlike dark matter

Alexander V. Gramolin, Arne Wickenbrock, Deniz Aybas, Hendrik Bekker, Dmitry Budker, Gary P. Centers,
Nataniel L. Figueroa, Derek F. Jackson Kimball, and Alexander O. Sushkov

Phys. Rev. D 105, 035029 — Published 24 February 2022

JG|u
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Derivation of the scalar lineshape

“’”:(Hzﬁ)

Random speed! Random!

Zcoa 27. k, - r+‘

n=1

Axion field frequencv class j

a;(t) = Z cos (w;t + ¢;)

M,:_Qj

Axion field
a(r,t) =

)

Oscillation

< R

\/T

PHYSICAL REVIEW D 97, 123006 (2018)

Revealing the dark matter halo with axion direct detection

Joshua W. Foster,' Nicholas L. Rodd,” and Benjamin R. Safdi'

'Leinweber Center for Theoretical Physics, Department of Physics,
University of Michigan, Ann Arbor, Michigan 48109, USA
*Center for Theoretical Physics, Massachusetts Institute of Technology,
Cambridge, Massachuserts (02139, USA

™ (Received 19 January 2018; published 14 June 2018)

b -dj —
Central limit theorem:
. 0.5 ,N- | y
E eXp (E’OE) p— 0-4; @GXP ( - 0.6 X Nj
g o2 Rayleigh distributed amplltuoi Exponentially distributed power!
°1h Random phase JG|u
“““““““““ L 1‘ 2 3 6
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Probability density
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Scalar lineshape — o P elc 1ty distribution

" DM Velocity distribution 3D Gaussian [0,156km/s]
"~ Cut-off at galactic escape velocity [550km/s ignored]
: " " Earth velocity: ~230km/s towards Cygnus

V) — SRR L 1% 2
dv 1}:(:\/2(1;/1,:,1—1) L

Power spectrum = Axion per frequency class distribution (g,=156km/s)
T T T T T T T T T T T T T T T T T

Power Spectrum

. 500000

Speed (km/s)

Ciaran O'Hare PHY ®léMoREMM Y dd-95 982917 (2017) en HELMHOLTZ
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Scalar lineshape — Power spectra , exponentially distri
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Derivation of the gradient lineshape

Gradient Axion field .
Va(r,t) = ~FDM Z@

Random 3D velocity

Random acc. speed'

Gradient field frequencv class |, X-

— Oscillation

Va,.(t) oS

Central limit theorem:

1€€);

: Vx| €XP (JCD?,)

New!

S v, exp (i) < VN5 (03, + 13, Yoo ()

iEQj

Rayleigh distributed amplitude
Random phase, different for different directions!

Arne Wickenbrock — Applied Quantum Sensing

o.ef—
0.5;
0.4;
0.3?—
02}

0.1F

Random!

Sin ‘)7.‘ '

JG|U
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Ve Variance
and

[, Mean
v, component for a given frequency

3 4 5 6

N 2 2

m -

j (O’ V. —+ /,L,Um
Exponentially distributed power!
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Gradient lineshape — ALP velocity distribution

2.0x 105 —

1.5x 100 |

1.0x 10

Power [a.u]

Lineshapes

Scalar lineshape!

Function of speed v

500000

<a(w)?>

<Va||(w)?>.

T S ————

2.x107

Awl(migc?)=1
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A. Gramolin et al. Phys. Rev. D 105, 035029
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Scaling with lab velocity

Perpendicular to the direction of movement In the direction of movement
Power of the gradient coupling perpendicular to the direction of movement for different v, and v,=150 Power of the gradient coupling along the direction of movement for different v, and v.=150 km/s
1_231011 T T T T 7 T T T T T T T T T T T T T T T T T T 1-2*1011 T T T T T T T T T T T T T T T T T T LA T LA | T T T T
1.0=10M 1 10x10M i
10| ] eyl e
8.0x1010} 8.0x107r Viap [kmi/s]
— 100
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- . - —— 300
| ] L —— 400
10 10 J
4.0x10 i 1 4.0%10 _ 500
o 00000 U
2.0x1010 - 1 20x10" -
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Daily modulation 25x107}

2.0x107 |

15x107

Power [a.u.]

1.0x107

3.x10% 4.x10® 5.x10°6

1.x10% 2.x1076
Frequency [a.u.]
T

Power [a.u]

T CASPEr Mainz B, i
Time [days] Strong daily intensity modulation
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Daily modulation

Time (Days)

Power [a.u]8.6 x 106 1. ——— _—
0 1.x 1078 2.x107® 3.x107® 4 %1076

(hwl(mac?)-1)x1078

T CASPEr Mainz B, Strong daily intensity modulation
And
T Earth velocity Daily frequency modulation! (10%-15% FWHM) o
JG|U
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Take home messages

Gradient signal = 3D pseudo magnetic field vector rotating in space with two independent
phases

Gradient line shape fundamentally different (from the scalar lineshape)
Most power in the direction of movement (~ linear polarized signal )

Larger effect of annual and daily modulation 20x10°

" " Lineshapes
1. Onsignal amplitudke 7 ol |
2. On signal frequency 1o <Val(@’> |

<Vai(w)?®> |

Not new, but still:
Virialized dark matter power spectra = modulated white noise

4
1.0x108} [t

Power [a.u]

500000} 1
]

0 1.x1078 2.x1076 3.x1070 4.x1078

fnu/(macz)—1
JG|u
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Fourier spectra Time series
1
=
)
&
g
hw/(macz)-
3100 4x10® 510 0 5 10 15 20 25

1 Averages

t/tc

Implications on search results: maybe the signal was just small!
JG|u
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PHYSICAL REVIEW D 106, 043517 (2022)

Nonclassicality of axionlike dark matter through gravitational
self-interactions
Michael Kopp®,'”~ Vasileios Fragkos,”" and Igor Pikovski™"*
'Nordita, KTH Rovyal Institute of Technology and Stockholm University,
; Hannes Alfvéns véig 12, SE-106 91 Stockholm, Sweden
i “Department of Physics, Stockholm University, SE-106 91 Stockholm, Sweden
“Department of Physics, Stevens Institute of Technology, Hoboken, New Jersey 07030, USA

I_* y ® (Received 5 June 2021; accepted 20 July 2022; published 10 August 2022

Ignr Pi kn‘ISki ALP state highly nonclassical.

Extremely squeezed.

Potential implications on the lineshape
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GNOME: Global network of optically pumped magnetometers i

Berkeley, CA 1S4, 4 200 ] e N D

Hayward, CA, USAL . ~F “ L. 3 LN A

Los Angeles, CA, USa oo, e g oy AT

Oberfin, OH, USA— Pk RN/, Gt~ v’
Lewisburg, PA, USAL = [ { gl TR ;
Fribourg, Switzerdand ',

Mainz, Germany e | [ 7] o = L]
Jena, Germany = ! Jil o et | "
Krakow, Poland | J A M, 2 f !
Belgrade, Serbia | T | ; Ly

Be'er Sheva, Isragl { o o

Beijing, China ! L | =

Hefei, China Y i

Daejeon, South Korea e S - GNOME

Canberra, Australia

What can a GNOME do?

Search targets for the Global Network of

GNOME network: Alka“ Vapor Magnetometers Optical Magnetometers for Exotic physics searches §

arX1v:2305.01785v2
Adv. GNOME network: Comagnetometers

3-5 OOM more sensitivity! ANNALEN DER PHYSIK 2023, 536, 2300083
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Letter | Published: 02 November 2020

www.nature.com/natastron / February 2021 Vol. 5No. 2 = E 5 ][
sevmseeeyneeseeeeml  VIulti-messenger astronomy €] .. oo

nature astronomy

Helmholtz Institute Mainz

Quantum sensor networks as exotic field telescopes for multi-

Quantumsensor networks messenger astronomy
fOt’ EXOtiC astrophySiCS s Conner Dailey, Colin Bradley, Derek F. Jackson Kimball, Ibrahim A. Sulai, Szymon Pustelny, Arne Wickenbrock & Andrei Derevianko

Nature Astronomy (2020) | Cite this article
(@)

(b))
ELF burst duration ©

Aw

frequency — >
GW trigger
/
\
|
|

time —»

Lo delay d¢ t

11.03.2020
Binary black hole merger S200311bg

86 Arne Wickenbrock — Applied Quantum Sensing

Burst release

1 solar mass

Coherent
Ultrarelativistic

Reach 1-10 Mly

1 event per year (linear)
10° events (quadratic)

Sami Khamis et al.
arXiv:2407.13919 (2024)

HELMHOLTZ



Search for Noninteracting Particles Experimental Hunt (SNIPE-hunt)

station in the US 3 magnetometers per station to measure (V X B),orth
and Germany

5
with Zizhou Huang (USTC) ® N
E

conductive
ionosphere

.
o
. o
o
.
o

7 \ Go into the wilderness

insulating air cavity
100 - 250 km

Conversion of hidden photon and axion
dark matter into a global magnetic field

Slide by

H. Bekker
Fedderke et al., PRD 104, 075023 (2021)

Fedderke et al., PRD 104, 095032 (2021)

Arza et al., PRD 105, 095007 (2022) Sulai, et al. “Hunt for Magnetic Signatures of Hidden-Photon and Axion Dark Matter
Bloch and Kalia, JHEP 2024, 178 (2024). in the Wilderness.” Physical Review D 108, no. 9 (November 27, 2023): 096026
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Constraining dark matter parameter space since 2018

(a)
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1010k
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Magnetometry

RF

Co-Magnetometry

o, =YB,+Q, sin(o,

o, =yB,+Q, sin(o,

)
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CASPEr-G LF 0.01-4 MHz
CASPEr-G HF 4-600 MHz
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CASPEr Low field result

CASPEr-G LF 0.01-4 MHz
Search for Axionlike Dark Matter Using Liquid-State Nuclear Magnetic Resonance - o
Julian Walter, Olympia Maliaka, Yuzhe Zhang, John Blanchard, Gary Centers, Arian Dogan, Martin Engler, Nataniel L. Figueroa, Younggeun Kim, Derek F. Jackson Kimball, Matthew Lawson, Declan W. Smith, Alexander O. Sushkov,
Dmitry Budker, Hendrik Bekker, Arme Wickenbrock

We search for dark matter in the form of axionlike particles (ALPs) in the mass range 5.576741 neV/c? - 5.577733 neV /c? by probing their possible coupling to fermion spins through the ALP field gradient. This is achieved by performing proton nuclear
magnetic resonance spectroscopy on a sample of methanol as a technical demonstration of the Cosmic Axion Spin Precession Experiment Gradient (CASPEr-Gradient) Low-Field apparatus. Searching for spin-coupled ALP dark matter in this mass range with
associated Compton frequencies in a 240 Hz window centered at 1.348570 MHz resulted in a sensitivity to the ALP-proton coupling constant of g,;, = 3 % 1072 Ge V™. This narrow-bandwidth search serves as a proof-oi-principle and a commissioning
measurement, validating our methodology and demonstrating the experiment's capabilities. It opens the door to probing large swaths of hitherto unexplored mass-coupling parameter space in the future by using hyperpolarized samples.

Subjects: High Energy Physics - Experiment (hep-ex); Atomic Physics (physics.atom-ph)
Citeas:  arXiv:2504 16044 [hep-ex]

(or arXiv.2504. 16044v1 [hep-ex] for this version)

hitps:#doi.org/10.48550/arxXiv. 2504. 16044 B

0 in.lﬁ. gas outlet 10" —+—  Exclusion for Main scan
: —+— Exclusion for Rescan A
pulsed-NMR scheme —+—  Exclusion for Rescan B
s 6x107
TB sample magnetization

i W R
o | < SN-ANLLINNENE SRR kA
TBi %—’t

i1 0 50 100 150 200
[~ Frequency, 1,-1348.45 [kHz]

Coupling strength, |g.nn| [GeV 1]

https://doi.org/10.48550/arXiv.2504.16044 (2025)

89 Arne Wickenbrock - Applied Quantum Sensing HELMHOLTZ



https://doi.org/10.48550/arXiv.2504.16044

101
102
103
104
10>
10~°
107

~ 1078
S -9
&g 10

90

10—10
10— 11
10—12
10—13
1014
1015
1016

1> 9 % 1 6 5 & 3% 2
A0~ fgy \9 fgy xO \9 'gy xO \9 'gy \9 407 10” x0 A0 40 40 10 40 40 10

[ITITT IO MATIIT IHNTTT I i

nHz mHz Hz kHz MHz GHz THz

Casimir
CASPEr-ZULF (Comag.)

Torsion balance

NASDUCK
SNO

Neutron star cooling

SN1987A

&
@@@

|||||||'|| |||||||1| ||\||||'|| |||||||T| |||||||'|| \||\|||'|| ||||||F|| |||||\|'|| ||||||||| AL AL ERRLILL |||||||| AL AL BRI AL SURALLL WAL WAL
AL AN

my [eV]

Arne Wickenbrock - Applied Quantum Sensing

= &= 3l
&8 HELMHOLTZ

Helmholtz Institute Mainz

MHz
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This work

Examples of future CASPEr-Gradient-LF

Sample Methanol Methanol Liquid '*?Xe
Spin density (cm™) 6.0 x 102 6.0 x 10%2 ~ 10%2
Sample volume (cm?) 1.2 1.2 ~1
Polarization technique 'Therma] polarization ' Brute Force / PHIP / DNP SEOP
Polarization [ 18x1077 | >1.1x107° ~1

T (s) - 1 1000

0.71
o)

Bo inhomogeneity (ppm)

1.348 450 MHz —
1.348 690 MHz
5.576 T4l neV /c? —

5.577 733 neV /c?
-_—

Maximum scan range

~1kHz — 4.3 MHz

~4.1peV/c? — 1TneV/c?

~1kHz — 1.2 MHz

~4.1peV/c? — 4.9neV/c?

Spectrum noise (n®,/Hz'/?) 7.1

Spin projection noise in scan

; 0.11
range (n®,/Hz'/?)

8.7 at 1kHz
0.13 at 4.3 MHz

3.5 at 1 kHz
0.11 at 1.2 MHz

|gann| sensitivities in scan

3 x 1077
range (GeV ™) 8

1.0 x 107% at 1 kHz
1.2 x 1077 at 4.3 MHz

1072 at 1kHz
10~ at 1.2 MHz

Arne Wickenbrock - Applied Quantum Sensing
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MHz

CASPEr-gradient

Strongest experimental search

Strongest search
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Constraining dark matter parameter space since 2018
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MiLiQuant Mainz:
Spin-based gyroscopes!
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Off-topic: Comagnetometers as gyroscopes Helmholtz Institute Mainz

BEAUFTRAGT VOM

IR | Lgeeeseim - German quantum initiatives like spin-based gyroscopes

und Forschung

MiLiQuant proposal with Bosch: 01.2019 - 12.2022 FKZ 13N15064

2013 Northrup Grumman

Miniaturized
Spin-Gyroscope
For Navigation

94

PROJEKTDETAILS

Projektlaufzeit:
01.08.2022 - 31.07.2027

Quantenbasierte Projektvolumen:
GerSkO pe 28,5 Mio. Euro (zu 66,5 % durch das BMBF geférdert)

Die Zukunft der hochprazisen
Lagebestimmung im Weltall

PROJEKTKOORDINATION

Dr. Robert Rolver
Q.ant GmbH
Stuttgart

s

[/
| Yr‘l 4 T,
Arne Wickenbrock — DAMOP Spokane 2023 HELMHOLTZ



Spin-based Gyroscope === 1L
Rb Pump beam

JG U HELMHOLTZ

Helmholtz Institute Mainz

oooooo

« 20mm gas cell
« 3 bar3He (y= 32 mHz/nT)

. N2
* Rb
« K
« 200°C
K Probe beam - Pn
~1 fT/Hz'2  Pe  P»
Sensitive SERF magnetometer Macroscopic nuclear polarization Coupled Bloch equations
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Coupled Bloch equations

Other/exotic

spin interaction
Electron spin

dP¢ __
dat

Ve (B

Nuclear spin

dP™
ar Vn (B

B.C. Grover, Phys. Rev. Lett. 40, 391 (1978)
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Fermi contact
interaction

) x P€

+ Damping®

) X Pn + Damping"

M. Padniuk, et al., Sci. Rep. 12 (2022)
HELMHOLTZ



Output (v)
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1. Observing nuclear precession with alkali magnetometer

4
006 T _l![’ T 6 x10 T T T T T T T T T
1 dBz/dz,dx=dy=0
0.04 - | 5t 1/T,=0.6+2.1*(d2-0.94)° [ms] ' 1
' T dBz/dy,dz=0.94,dx=0
1/T,=0.04+1.7*(dz+0.29)° [ms]”
0.02 H 4 i i 1 dBz/dx,dz=0.94,dy=0.27
PRI 1/T,=0.02+1.7*(dz+0.30)? [ms]”
T Dark for 37660 s 3k i
s:i‘ } A )
0 B ,l.',l..i ¥REES RXNIANRL —- - —
& %  T,=20088 £237s =
ke 2 L —
j 1LY KON
it "
-0.02 - -
3 (L |
-0.04 | !
0 B I . —— -
-0.06 ! f; ! -1 | | | | 1 1 1 1 ]
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— T2*>50000s ~ 14h!
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Coupled Bloch equations

Ve B

Interaction oc<P¢-P">
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Yn B

_ iM” P  Applied magnetic field

Self-compensated comagnetometer

Arne Wickenbrock — Applied Quantum Sensing
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2. Compensation point — magnetically insensitive to transverse fields

(a) 3He cancels the external field B"

(b) 3He compensates for By

K feels no field
Sk

K feels no change

Mk

Arne Wickenbrock — Applied Quantum Sensing

Self-compensated:
~Bn=M3He ~1 30nT
External field=Helium field

Insensitive to
transverse fields!

T. Kornack, A test of‘ CPT and Lorentz Symmetry Us-
ing a K-> He Co-magnetometer, Ph.D. thesis, Princeton
University (2005).

HELMHOLTZ



Self-compensated comagnetometer = gyroscope!

Apply rotations!

v=15mm/s A=25mm
I

B T T

T = . =

Rotation rate motor (mrad/s)
=]

] —_
| |
|

|

Iw.l_f

— motor position rate
——— gyro signal

| | | | |
WU UUUL
) | R 9

Sensitive nuclear spin
gyroscope!

100

Use rotations to calibrate dark matter sensitivity

Arne Wickenbrock — Applied Quantum Sensing
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Sensitive dark matter detector!
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OPEN ACCESS

Universal determination of comagnetometer response to spin
couplings

Mikhail Padniuk ©1*, Emmanuel Klinger (9234, Grzegorz tukasiewicz (27, Daniel Gavilan-Martin {923, Tianhao Liu%3>,
Szymon Pustelny @1, Derek F. Jackson Kimball (26, Dmitry Budker ©923.7, and Arne Wickenbrock (923

Spin perturbation to study:

« Magnetic fields Recipe:

* Rotations « Step response data

 EXxotic fields (for electrons and nucleons) « Temporal derivative
* Fourier transform

To do what? Frequency response

« Measure magnetic frequency response
 Infer all other responses

Phys. Rev. Research 6, 013339 (2024)
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Magnetic field B, [nT]
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Response (norm.)
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Good agreement! We can infer dark matter frequency response!
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It matters!
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= Universal determination of the frequency response

Frequency (Hz)

Frequency (Hz)

magnetic measurement

rotation measurement

Xl

T

e — ey e

magnetic fit

rotation reconstruction
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Dark matter interferometer — Krakow/Mainz — arXiv:2408.02668

(a) i i (b

............

Two Self-compensated Comags
~30 days of data

105 Arne Wickenbrock - Applied Quantum Sensing HELMHOLTZ
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Collected data

Daily frequency calibration Combined interferometer data
10 Mainz (40 days) s 4 e 5 = S(w)
Krakow (28 days) ‘Zgﬁ ’ 10 s, ' technical noise
. "5& 1 T, , 95% global significance threshold
8- W LD 10 -
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gann (GeVY)
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No dark matter signal found -> experimental exclusions!

101 Mainz (40 days)

Helmholtz Institute Mainz
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ma (eV/CZ)
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m, (eV/c?)
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Summary

Spin sensors can search for new physics
Frequency response matters

Broadband approaches!
Three couplings, 6 OOM mass range

ALP Gradient signal = 3D pseudo magnetic field vector 32
rotating in space with two independent phases:«

Virialized dark matter power spectra = modulated white noise
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