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The 1st International Workshop on Global Network of Cavities to Search for Gravitational Waves (GravNet)



[Peking University] Ask for Short-term Visiting Student's Position (Self-Funded)

Nov. 16, 2014, 4:24 AM

2015.03 - 2015.06 : PhD candidate, 3-months’ visit, Nitrogen Vacancy Centers in Diamond



Dr. Nathan Leefer Dr. Lykourgos Bougas Dr. Arne Wickenbrock Dr. Georgios Chatzidrosos Prof. Dr. Yannick Dumeige

- Cavity-Enhanced Diamond Project -

G. Chatzidrosos, et al., Phys. Rev. Applied 8, 044019 (2017)

2015.03 - 2015.06 : PhD candidate, 3-months’ visit, Nitrogen Vacancy Centers in Diamond



Helmholtz Institüt Mainz (2015)



2015.03 - 2015.06       PhD candidate, 3-months’ visit, Nitrogen Vacancy Centers in Diamond

2016.09 - 2019.09 Postdoc, 3 years, Zero- to Ultralow-Field Nuclear Magnetic Resonance, CASPEr

Dr. Nathan Leefer Dr.Lykourgos Bougas Dr. Arne Wickenbrock Georgios Chatzidrosos Prof. Dr. Yannick Dumeige

Dr. John Blanchard Dr. Min Jiang/Billion Antoine Garcon Román Picazo Frutos Dr. James Eills Dr. Kirill Sheberstov

2015

2016

Married

PhD degree

Baby

CASPEr Group: Arne, Nate, Gary, Hector, Marina, Martin, Prof. Derek J. Kimball, Yevgeny…



Zero- to Ultralow-Field (ZULF) 

Nuclear Magnetic Resonance

(photo taken date: Jan. 2017)

First ZULF NMR signal @ Mainz: Formic Acid (Dec. 2016)



Q: Why to measure the Gravitation Induced Spin Precession Signal? 

I. Check whether Spin experiences the Same Geodetic and Frame-Dragging effects as a Classical Gyroscope

II. Check whether the Extension of General Relativity is Possible (Pseudoscalar Coupling, Long-range Spin-dependent Potential)

Spins
Electron, Nucleus

Hypothetical bosonic fields
Gravitation
Earth, Mass…

Extension of General Relativity based on Rieman-Cartan Space-Time

?

?

Phys. Rev. Lett. 106, 221101 (2011)

Phys. Rev. D 103, 044056 (2021)

Rev. Mod. Phys. 48, 393 (1976)       Phys. Rev. D 18, 2739 (1978)       Phys. Rev. D 30, 130 (1984)      Rev. Mod. Phys. 90, 025008 (2018)     



Basic Formula

𝛀𝐠𝐞𝐨 =
𝟑𝑮𝑴𝒗

𝟐𝒄𝟐𝑹𝟐
𝛀𝐟𝐫𝐚 =

𝟐𝑮𝑰𝝎𝑬

𝒄𝟐𝑹𝟑
𝑯𝐬𝐠 = 𝝌𝒆𝑺 ∙ 𝒈 + 𝝌𝑵Ԧ𝑰 ∙ 𝒈

(𝝌 ≅ ℏ/𝒄~𝟏𝟎−𝟒𝟐kg m)

G: Gravitational Constant 6.6743 × 10-11 m3 kg-1 s-2 R: earth radius 𝒗: orbit speed

M: Earth mass 5.9722×1024 kg c: light speed I: moment of inertia ~1038 m2 kg

𝝎𝑬: Earth rotation angular frequency

𝝌: Coupling coefficient between spin and gravitation field

e: electron N: nucleus

𝑺: electron spin Ԧ𝑰: nuclear spin 𝒈: gravity accelation

Typical Frequency ~ 10-13 Hz ~ 10-15 Hz ~ 10-8 Hz (estimated value)

Methods

&

Results

Classical Angular Mom. Quantum Angular Mom. Classical Angular Mom. Quantum Angular Mom.

YES YES ? YES

Electron Spin (~ 10-4 Hz)

Phys. Rev. D 78, 092006 (2008)

Proton Spin (~ 10-3 Hz)

Phys. Rev. D 96, 075004 (2017)

Neutron Spin (~ 10-7 Hz)

Phys. Rev. Lett. 130, 201401 (2023)

Source of Precession Geodetic Precession Frame-Dragging Precession Spin-Gravity Precession

Gravity Probe B

mm - scale 
Ferromagnetic Gyroscopes

Phys. Rev. D 103, 044056 (2021)Phys. Rev. Lett. 106, 221101 (2011)

?

Q: What happens to the spin and how to measure it? 



The basic idea for measuring exotic spin-dependent interactions
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Comagnetometer with Single-Species Molecule: ZULF NMR

ZULF NMR: Zero- to ULtralow-Field Nuclear Magnetic Resonance

@ Mainz, Germany (2018)
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Acetonitrile-2-13C: no magnetic field

Acetonitrile-2-13C: with magnetic field

Phys. Rev. Lett. 121, 023202 (2018) 

Measurement 

Type

Single Shot

(Thermal)

Day Average

(Thermal)

Single Shot

(Hyper Polarization)

Day Average

(Hyper Polarization)

Frequency 

Resolution (Hz)
10-4 10-6 10-7 10-9
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Comagnetometer with Single-Species Molecule: ZULF NMR

ZULF NMR: Zero- to ULtralow-Field Nuclear Magnetic Resonance

@ Mainz, Germany (2018)

Phys. Rev. Lett. 121, 023202 (2018) 

Phys. Rev. Lett. 122, 191302 (2019) 

Phys. Rev. Lett. 123, 16 (2019) 

Cosmic Axion induced 

Spin Precession Experiment



ParaHydrogen Induced Polarization (PHIP) + ZULF NMR

Long-Lasting Detection of SABRE-Derived Nuclear Magnetization

Magn Reson Chem. 59, 1208 (2021)

Dr. John Blanchard Dr. Barbara Ripka

Observation of Chemical Exchange on ZULF NMR

Dr. Danila Barskiy

Nature Communications 10, 3002 (2019)

Polarization transfer via field sweeping on ZULF NMR

Dr. James Eills

J. Chem. Phys. 150, 174202 (2019)



PhD candidate, 3-months’ visit, Nitrogen Vacancy Centers in Diamond

Postdoc, 3 years, Zero- to Ultralow-Field Nuclear Magnetic Resonance, CASPEr

Dr. Nathan Leefer Dr. Lykourgos Bougas Dr. Arne Wickenbrock Georgios Chatzidrosos Prof. Dr. Yannick Dumeige

Dr. John Blanchard Dr. Min Jiang/Billion Antoine Garcon Román Picazo Frutos Dr. James Eills Dr. Kirill Sheberstov

2015

2016

Married

PhD degree

Baby

CASPEr Group: Arne, Nate, Gary, Hector, Marina, Martin, Prof. Derek J. Kimball, Yevgeny…

2019 Assistant Professor, Peking University, Atomic magnetometry in Fundamental Physics & Biomagnetism
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Lab-A for Exotic Physics @ PKU

Lab for Exotic Physics

School of Electronics

GNOME STATION

Campus

Lab-B

~42 km

6th Ring (188 km)
5th Ring (100 km)

4th Ring (65 km)

BEIJING

Lab-A

~40 km
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Comagnetometer with Single-Species Atom: Cesium

Two Ground States of Alkali-Metal Atom Precess at Different Frequencies under Magnetic Field

See: Phys. Rev. A 110, 063122 (2024)    Phys. Rev. D (Accepted) Measurement Type Single Shot Day Average

Frequency Resolution (Hz) 10-4 10-7
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Comagnetometer with Single-Species Atom: Cesium

Two Ground States of Alkali-Metal Atom Precess at Different Frequencies under Magnetic Field

Advanced GNOME (With Comagnetometers)See: Nature Physics 17, 1396 (2021)

Single-Species Comagnetometer (PKU Station)



— 18 —

GNOME (magnetometer) & aGNOME (comagnetometer)

GNOME: Global Network of Optical Magnetometer for Exotic Physics

1 2

Searches for Axion Domain Wall (Topological Defect) or Axion Stars See: Nature Physics 17, 1396 (2021)

Time Synchronization with GPS

Sensor Calibration (Per Hour)

Data Processing and Upload
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Time Synchronization & Calibration @ GNOME

Magnetometer Signal (Optimized)

Disturbance & Fault Monitoring

( 100 fT/Hz1/2, BW 200 Hz )

Sensor Laser

Vibration

Cell Temperature

Environment Magnetic Acceleration

Data Acquisition System

GPS Signal (Time Stamp)

CH1: Magnetometer

CH2: Disturbance & Fault

Data Upload & Saving

@ Mainz

GPS Signal

GPS Pulse

Arduino Uno

Function Generator

Frequency Sweep Sinusoidal (1-190 Hz)

Magnetic-Field Coil

Frequency Sweep Magnetic Field

XX : 00 : 00
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Some Thoughts of GravNet (Transient Signal)

Detection of High Frequency Gravitational Wave Signals

Incoming GW Interacting with Cavity Generating HF EM Field EM Enhanced by Cavity 

EM Field Readout (HF) 

1 2 3 4

5
Frequency Mixing (LF)

6
Coherent Averaging

7
Fourier Trans.

8

Calibration 1: The Starting Frequency of the Spectrum for Each Station For Averaging

Calibration 2: Relationship between Input MW Signal with Output Signal For Conversion

Calibration 3: Q Factor, Bias Magnetic Field Amplitude of Each Station For Conversion

Calibration 4: Inject MW Field for each station and perform spectrum averaging For Network

Suppose we could not observe the signal from single shot and have no idea where the frequency is 
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Some Thoughts of GravNet (Transient Signal)

Station 1: Voltage Signal Station 2 : Voltage Signal Station N : Voltage Signal

fSTART fEND
fSTART fENDfSTART fEND

Station 1: Cavity Calibration Parameter Station 2: Cavity Calibration Parameter Station 3: Cavity Calibration Parameter

fSTART fEND
fSTART fENDfSTART fEND

EM Power EM Power EM Power

Average Frequency Spectrum Signal From Each Station (From Signal to GW Parameter) 
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Lab-B for Biomagnetism & Metrology @ PKU

Campus

Lab-B

~42 km

6th Ring (188 km)
5th Ring (100 km)

4th Ring (65 km)

BEIJING

Lab-A

Biomagnetism

Magnetic Metrology

~40 km

Imperial 

Tombs



Atomic Magnetometry for Biomagnetism (Brain, Heart,...)

Science Advances 9, eadg1746 (2023) Science Advances 6, eaba8792 (2020) Science Advances (in preparation)

First MEG in 

Unshielded Environment

Sensor Size: 20×25×5 cm3

Sensitivity: 20 fT/Hz1/2 @ 20000 nT

First Exercise MCG in 

Unshielded Environment

Sensor Size: 12×Φ5 cm3

Sensitivity: 300 fT/Hz1/2 @ 20000 nT

First Brain-Computer Interaction

in Unshielded Environment 

Sensor Size: 4×5×5 cm3

Sensitivity: 30 fT/Hz1/2 @ 20000 nT



Atomic Magnetometry for Biomagnetism (Brain, Heart,...)

Heart - Brain Axis - Fundamental Research

Heart - Brain Axis - Clinical Applications



Atomic Magnetometry for Magnetic Field Metrology

Q: To what degree can we say that the magnetometer measurement result is accurate? 

Tracing 

Chain



Atomic Magnetometry for Magnetic Field Metrology

A Prototype Magnetic Field Stabilization System @ PKU

±105 nT Generated Magnetic Field | 1 pT Peak-To-Peak Noise Level | Passive + Active Magnetic Shielding |  3He Magnetometer for Calibration 

Magnetic Field Generation and Stabilization 3He High Accuracy Magnetometer

Control System - Hardware



Atomic Magnetometry for Magnetic Field Metrology

A Prototype Magnetic Field Stabilization System @ PKU

±105 nT Generated Magnetic Field | 1 pT Peak-To-Peak Noise Level | Passive + Active Magnetic Shielding |  3He Magnetometer for Calibration 

Magnetic Field Generation and Stabilization 3He High Accuracy Magnetometer

3He Magnetic Sensor

Under Peer Review in Physical Review Letters

3He Cell
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The Budkers In China
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