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Magnetometry Tutorial

• General Magnetometry
• Optical Pumping of Metastable Noble gas electronic states (23S1 in 4He), 

direct optical read-out

• Metastability Exchange Optical Pumping (MEOP) of Noble gas Nuclei, 
• Spin Exchange Optical Pumping (SEOP) of Noble gas Nuclei, 

both external read-out via: 
a) coils 

b) SQUIDs or 
c) atoms (can use atoms for in-situ measurements, optically detected)



Magnetometry

• Magnetic field torques spins  𝜏𝜏 = 𝑀𝑀 × 𝐵𝐵
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- Optically pumped atomic vapors make good magnetometers
- Optical detection of polarized alkali gives extremely high SNR ~ 108

𝛿𝛿𝛿𝛿 ≈ 1
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𝑁𝑁𝑡𝑡 Number of spins

Relaxation rate

Gyromagnetic Ratio (Hz/T)

Happer, W., and B. S. Mathur, 
“Off-resonant light as a probe of 
optically pumped alkali vapors”
Phys. Rev. Lett. (1967) 

DOI:10.1103/PhysRevLett.18.577

Quantum spin noise limited!

Magnetic field 
Measurement error

Alkali Magnetometers



- Need to work harder to get extremely high SNR

𝛿𝛿𝛿𝛿 ≈ 1
𝛾𝛾

Γ
𝑁𝑁𝑡𝑡 Number of spins (on order of Avagadro’s number)

Relaxation rate, long

Gyromagnetic Ratio (Hz/T)

Magnetic field 
Measurement error

Noble Gas nuclei magnetometers

Gas 𝜸𝜸 Relaxation Time
3He -32.43 MHz/T Days

21Ne -3.361 MHz/T Hours
129Xe -11.777 MHz/T Tens of minutes

In principle noble gases can make very good magnetic field 
measurements < 1 fT/Hz1/2, as N and 1/Γ can be large… 
But harder to make quantum-limited measurement



- Optically pumped atomic vapors make good magnetometers
- Optical detection of polarized alkali Helium electronic states gives high SNR

𝛿𝛿𝛿𝛿 ≈ 1
𝛾𝛾

Γ
𝑁𝑁𝑡𝑡 Number of spins (in metastable state)

Relaxation rate, 1/ 0.1 -10 ms

Gyromagnetic Ratio (Hz/T)

Magnetic field 
Measurement error

For 4He, gyromagnetic ratio is close 
to bare electron, 28.035 GHz/T

Large cell can reach <10 fT/rtHz
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Happer, W., and B. S. Mathur, 
“Off-resonant light as a probe of 
optically pumped alkali vapors”
Phys. Rev. Lett. (1967) 

DOI:10.1103/PhysRevLett.18.577



Magnetometer Styles
• Near-zero-field, or Resonant magnetometers (RF) are calibrated measurements, i.e. measurement 

is V -> T , naturally providing vector axes, can use parametric resonances, etc. to extract 3 fields
• Precessing spins in vapor cells naturally provide a scalar measurement, with fundamental 

calibration is the gyromagnetic ratio 𝛾𝛾𝛾𝛾 ⋅ 𝑆𝑆 i.e. the measurement is Hz  -> T
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Near-zero-field, can obtain 
vector info
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Free-precession about total field 
Scalar mag., 𝜔𝜔 = 𝛾𝛾𝛾𝛾
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Resonant magnetometer, sensitive to 
𝜔𝜔 = 𝛾𝛾𝛾𝛾 transverse fields (vector axes)



Scalar free-precession to vector
• Precessing spins in vapor cells naturally provide a scalar measurement, with fundamental calibration is the 

gyromagnetic ratio 𝛾𝛾𝛾𝛾 ⋅ 𝑆𝑆 i.e. the measurement is Hz  -> T

• Can apply test fields to turn scalar into vector magnetometer

a) jamming on fields B_0 along x, y, z, or     b) smoothly varying test field (variometer)
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Free-precession about total field 
Scalar mag., 𝜔𝜔 = 𝛾𝛾𝛾𝛾

Each shot total 𝜔𝜔 = 𝛾𝛾𝐵𝐵𝑡𝑡𝑡𝑡𝑡𝑡 , pulse sequence 
for 𝐵𝐵𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 → 𝑥𝑥,𝑦𝑦, 𝑧𝑧,−𝑥𝑥,−𝑦𝑦,−𝑧𝑧 to extract 
𝐵𝐵𝑥𝑥 ,𝐵𝐵𝑦𝑦 ,𝐵𝐵𝑧𝑧 (sacrifice bandwidth/sensitivity)
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“Variometer”, rotate test field at 
intermediate frequency, lose ~factor x10 
sensitivity for transverse axes

𝐵𝐵𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 @ 𝜔𝜔𝑟𝑟

𝐵𝐵𝑡𝑡𝑡𝑡𝑡𝑡
E. Alexandrov, et al., “Three-
component variometer based on a 
scalar potassium sensor”
Meas. Sci. Tech (2004) DOI:
10.1088/0957-0233/15/5/020



Experimental Implementation
• For precision low-ish field magnetometry… 
Helps to have a mu-metal shield

Rule of thumb, you can reach < ~10 fT/rtHz in smallish mu-metal shields (limited by Johnson Noise)
For lower actual magnetic field noise, an inner ferrite cylinder can help get to < ~3 fT/rtHz

For best, superconducting shields 



Optical Detection
• Want to be ‘photon shot noise’ limited

Need good light sources, where ‘good’ means sufficient 
frequency, polarization and amplitude stability

Discharge lamps were the flavor of the day for portable 
use, until semiconductor lasers became readily available

1.) External cavities can narrow broad semiconductor 
lasers -> Littrow config, etc

2.) DBR/DFB are edge emitting lasers providing sufficient 
power for most basic optical pumping experiments

3.) VCSEL lasers are nice, but currently only low powers 
<1 mW seem to be available commercially for optical 
pumping wavelengths (telecom is extremely cheap/watt)



Optical Detection
• Want to be ‘photon shot noise’ limited

For sufficiently ‘slow’ applications < 50 MHz, where you have 
enough light > 0.1 mW, this is pretty straightforward

Crudely, keep photon shot noise ( 2𝑒𝑒𝑒𝑒𝑒𝑒, where 𝑃𝑃 = 𝑉𝑉
𝑅𝑅𝑅𝑅

, 𝑃𝑃 is 

power and 𝜂𝜂 is photodiode efficiency) higher than 
Resistor Johnson noise ( 4𝑘𝑘𝑘𝑘𝑘𝑘) and op-amp/electronic noise
Can bias photodiode for faster response 



Optical Detection
• Balanced polarimetry of linearly pol. light helps with Amplitude issues

L. Patterson, et al.,  “Balanced polarimeter: A cost-
effective approach for measuring the polarization 
of light”, Am. J. Physics 2015 
DOI:10.1119/1.4896747



Light modulation
• Electro-optic modulators, 

• Acousto-Optic Modulators, 

• High Verdet constant crystals +Magnetic field -> Faraday modulator,

•
• Photo-elastic modulators, 

• Liquid Crystal Modulators, and more!         

can provide phase or amplitude 
modulation

Main reasons to modulate are 
1) Stabilize light conditions (PID)
2) Modulating pump
3) Modulate probe off of 1/f noise



Calibration of magnetometer
• 1) Put in known dummy signal measured by fluxgate, or another trusted magnetometer, 

-> need to make sure calibration is good at test frequency

• 2) Rely on well-known gyromagnetic ratio of alkali or noble gases, etc.
look at Larmor free precession freq, Rabi freq. for finding coil response at frequency, etc. 

Some have magnetometer sensitivity fT/Hz1/2 plotted 
instead of what they actually measured--- a voltage 
response of their system in V/Hz1/2 

-> need to divide by frequency dependent calibration 
curve to get actual sensitivity against frequency



Low-noise electronics
• Want atomic shot noise or photon shot noise to be the ‘weakest link in the chain’
• Need sufficiently low-noise current supplies for magnetic fields, optics analog back-end, heaters 

for oven, etc. for pure magnetometry, portable or in-shield

Similar requirements in-band for coil or SQUID based NMR detection
• For demonstrations, can project raw magnetometer performance through gradiometry

techniques, rejecting things like magnetic field noise from Johnson noise and current supplies

H. Dang, et al.,  “Ultrahigh sensitivity magnetic field 
and magnetization measurements with an atomic 
magnetometer”, Appl. Phys. Lett. 2010 
DOI:10.1063/1.3491215



Sensitivity
• In the standard quantum limit, increasing sensitivity using is a 1

𝑁𝑁𝑁𝑁
problem , 

• In other words, need 𝑁𝑁2 more instantaneous measurements, or 𝑡𝑡2 more time for linear gain…
• So it’s good to push on sensitivity. 

• For noble gases, long-term stability is usually of greater interest-> can characterize through Allan 
Deviation



Magnetometry Tutorial

• General Magnetometry
• Optical Pumping of Metastable Noble gas electronic states (23S1 in 4He), 

direct optical read-out

• Metastability Exchange Optical Pumping (MEOP) of Noble gas Nuclei, 
• Spin Exchange Optical Pumping (SEOP) of Noble gas Nuclei, 

both external read-out via: 
a) coils 

b) SQUIDs or 
c) atoms (can use atoms for in-situ measurements, optically detected)
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4He magnetometry

• Add exchange coupling,  𝐽𝐽𝑆𝑆1 � 𝑆𝑆2, 1
2
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𝑆𝑆𝑡𝑡𝑡𝑡𝑡𝑡
𝑚𝑚𝑆𝑆

2𝑆𝑆1 singlet much shorter radiatively 
(~1-10 ms natural linewidth)

Triplet long naturally long-lived-> 7000 seconds!

2𝑆𝑆0 , allows for recombination to 1𝑆𝑆0



4He magnetometry
• Add Zeeman coupling to strongly coupled states 𝛾𝛾𝑆𝑆 � 𝐵𝐵

𝑚𝑚𝑆𝑆 = −1 0 +1
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Two electronic spin states coupled result in a 
‘effective 𝛾𝛾′ of something close to 
gyromagnetic ratio,  28.035 GHz/T

i.e. Earth-scale field of 50 μT gives a 
resonance freq. of 1.4 MHz.



4He magnetometry
• Optical Pumping 𝐿𝐿 + 𝑆𝑆, (P orbital has L = 1, S = 1)

Depopulate states, with linear or circularly polarized light

𝑚𝑚𝑆𝑆 = −1 0 +1

|1 > → 𝛾𝛾𝐵𝐵0

| − 1 > → −𝛾𝛾𝐵𝐵0

|0 >→ 0

𝐷𝐷0

𝐷𝐷1
𝐷𝐷2

𝐷𝐷0𝐷𝐷1
𝐷𝐷2

𝜎𝜎+



4He magnetometry

• 1) Depopulate, transmission reaches a 
steady state on photodiode

𝑚𝑚𝑆𝑆 = −1 0 +1

2) Apply transverse resonance, transmission dips

(No population, no absorption)

𝑚𝑚𝑆𝑆 = −1 0 +1

(States absorb light)

1.4 MHz

Can lock to resonance line a variety of ways



4He magnetometry

1960’s Colegrove + Franken at U. of Michigan -> Sold to Texas Instruments… “1500 scalar 4He mags for submarine 
detection”
Made vector mag for space use
Used in Vietnam, etc. for magnetic anomaly detection 

Recent include Polatomic Inc. backed by US Navy, and CEA-Leti for SWARM satellites



4He magnetometry



New 4He mag.

W. Fourcault, et al., “Helium-4 magnetometers for 
room-temperature biomedical imaging: toward 
collective operation and photon-noise limited 
sensitivity”, Optics Express, 2021 
DOI:10.1364/OE.420031

50 fT/Hz1/2 Physiologically relevant sensitivities



New 4He mag.-multipass

Y. Liu, et al., “Femtotesla 4He magnetometer with a 
multipass cell”,Optics letters, 2022 
DOI:10.1364/OE.471557

<10 fT/rtHz! “Zero field” operation in this paper

Gist of multipass---non-resonant 
optical cavity -> Think “Herriot cell” 
for gas spectroscopy, developed for 
alkali magnetometry by Romalis

Getting increased optical rotation while 
keeping photon shot noise the same

S. Li, et al., “Optical rotation in excess of 100 
rad generated by Rb vapor in a multipass cell”, 
PRA, 201 DOI:10.1103/PhysRevA.84.061403
D. Sheng, et al., “Subfemtotesla Scalar Atomic 
Magnetometry Using Multipass Cells”, PRL, 
201 DOI:10.1103/PhysRevLett.110.160802

M. A. Bouchiat, Pottier, “Light-Polarization 
Modifications in a Multipass Cavity”, Applied 
Physics B, 1982 
DOI:10.1103/10.1007/BF00694368



Magnetometry Tutorial

• General Magnetometry
• Optical Pumping of Metastable Noble gas electronic states (23S1 in 4He), 

direct optical read-out

• Metastability Exchange Optical Pumping (MEOP) of Noble gas Nuclei, 
• Spin Exchange Optical Pumping (SEOP) of Noble gas Nuclei, 

both external read-out via: 
a) coils 

b) SQUIDs or 
c) atoms (can use atoms for in-situ measurements, optically detected)





3He magnetometry
• Optical Pumping 𝐿𝐿 + 𝐽𝐽, (P orbital has L = 1, J = 3/2, 1/2)

Depopulate states, with linear or circularly polarized light

𝑚𝑚𝐹𝐹 = −3/2 −1/2 +3/2

𝜎𝜎+

+1/2
𝐹𝐹 = 3/2

𝐹𝐹 = 1/2

M. Farooq, “Absolute magnetometry with 3He:
cross calibration with protons in water”, Dissertation 2019



MEOP 3He detected by coil
• Example: F. Colegrove, et al., “HE3 SOLENOID MAGNETOMETER”, 

Canadian patent, 2,049,148 1991

1.) Spark discharge
2.) Metastability Exchange Optically Pump 
ground state 3He noble gas nuclei  (pumping 
on order of 10s of seconds to minutes)
3.) Shut off discharge
4.) Tip spins
5.) Detect free precession in earth’s field with 
coil

3He Gyromagnetic ratio is -32.43 MHz/T 
Earth’s field 50 𝜇𝜇T   → 1.621 kHz… low freq… 
High-turn detection coil 
Be careful of radiation damping

“The frequency of the signal from pick-up 
coil (33) is a direct and precise 
measurement of the magnetic field 
surrounding the sensor”

Can also be done with ‘high-field’ NMR

Example: M. Farooq, et al., “Absolute Magnetometry with 
3He” , PRL, 2020, DOI:10.1103/ PhysRevLe tt.124.223001



Coil v. atomic sensitivity

I. M. Savukov , Seltzer, M. V. Romalis, 
“Detection of NMR signals with a 
radio-frequency atomic 
magnetometer”, JMR, 2012 , 
DOI:10.1016/j.jmr.2006.12.012

https://doi.org/10.1016/j.jmr.2006.12.012


MEOP 3He detected optically
• Y. Lu, et al., “3He absolute magnetometer at geomagnetic field”, 

Phys. Rev. Research, 2025, DOI:10.1103/dx7x-wdqv

1.) Spark discharge
2.) Metastability Exchange Optically Pump 
ground state 3He noble gas nuclei  (pumping 
on order of 10s of seconds to minutes)
4.) Tip spins
5.) Detect free precession optically

4.8 pT/Hz1/2 at 50 𝜇𝜇T
0.18 pT/Hz1/2 at 10 𝜇𝜇T





External detection of 3He
W. Heil “Helium Magnetometers”, Springer 2017 
DOI:10.1007/978-3-319-34070-8_16



MEOP 3He detected by Alkali 
H. C. Koch , “Design and performance of an absolute 3He/Cs 
Magnetometer”, Euro. Phys. J. D 2015 
DOI:10.1140/epjd/e2015-60018-7



MEOP/SEOP 3He detected by Alkali 
W/ T. Chupp, detection of polarized 3He by scalar pulsed 87Rb gradiometer at 2.5 μT, 

Limes, et al., “Portable Magnetometer for Detection of 
Biomagnetism in Ambient Environments”, PRApplied, 2020, 
DOI: 10.1013/PhysRevApplied.14.011002 

Mike Romalis



Magnetometry Tutorial

• General Magnetometry
• Optical Pumping of Metastable Noble gas electronic states (23S1 in 4He), 

direct optical read-out

• Metastability Exchange Optical Pumping (MEOP) of Noble gas Nuclei, 
• Spin Exchange Optical Pumping (SEOP) of Noble gas Nuclei, 

both external read-out via: 
a) coils 

b) SQUIDs or 
c) atoms (can use atoms for in-situ measurements, optically detected)



Spin-Exchange Optical Pumping Bouchiat, Carver, Varnum, “Nuclear polarization in 3He 
Gas induced by optical pumping and dipolar exchange”, 
PRL , (1960) DOI:10.1103/PhysRevLett.5.373

Walker, Happer, “Spin-exchange optical pumping of 
noble-gas nuclei”, RMP Colloqiua, (1997) 
DOI:10.1103/RevModPhys.69.629

SEOP 3He can be ‘slower’ to pump up nuclei to steady state than MEOP, but SEOP can 
accommodate large pressures and the rest of the spin-ful noble gas nuclei



SEOP Coil Detection

Saam lab at Utah
c. 2010

Low field NMR ~2 mT
Of 129Xe gas cells

Flow-through Xe polarizer



Co-magnetometers
Noble gas nuclei well-isolated -> very long coherence times

Spin is an inertial system … can we make a gyro?

Spin-1/2 Hamiltonian 𝛾𝛾𝛾𝛾 ⋅ 𝑆𝑆 -> can’t tell the difference between 
magnetic field drift and rotation of apparatus around spins

Solution: Use two spin species, and become insensitive to magnetic field 
drifts

From long integration time, can also achieve very low energy resolutions 
for tests of exotic spin-dependent interaction

NYT, WASHINGTON, Aug. 16 (1963) - A new gyroscope, for which patents 
will be issued next month, uses the spin of the atom. Under an Air Force 
contract, General Precision, Inc., has built an experimental model.

Gyroscopes are used as stabilizers in aircraft and space vehicles. The 
conventional type has a whirling disk or wheel that resists being pushed off 
its axis.
The nuclear gyroscope uses the characteristic of certain atoms in which the 
nucleus behaves like a spinning top. As far as the inventors know, this is the 
first practical application of the principle.
Because the instrument has no moving parts, requires no power and 
withstands heavy shocks and vibrations, it is expected to have an indefinite 
life and to be useful on spacecraft during deep probes and on long-range 
satellites.
The heart of the gyroscope is an absorption cell made of fused quartz and 
containing an invisible amount of mercury vapor. The "isotopically 
enriched" mercury would cost $40,000,000 a pound, according to the 
company. But such tiny quantities are used that the cost is only $20 a cell.

The G.P.L. division of General Precision, Inc., at Pleasantville, N. Y., began 
study of the nuclear gyroscope in 1957. The recent work has been 
conducted by a team headed by Dr. James H. Simpson, Jr., in cooperation 
with scientists of the Air Force Aeronautical Systems Division, Wright-
Patterson Air Force Base, Ohio.
Four patents, obtained for General Precision by Dr. Simpson, Ivan A. 
Greenwood, Jr., John P. Lowdenslager and Julius T. Fraser, will be issued 
Sept. 10.

T. Walker, M. S. Larsen, 
“Spin-Exchange-Pumped NMR Gyros ”, 2016, 
DOI:10.1016/bs.aamop.2016.04.002



SEOP MASER/Detection
T.E. Chupp, R. Walsworth et al., “Spin-exchange-pumped 
3He and 129Xe Zeeman Masers”, PRL, 1994, 
DOI:10.1103/PhysRevLett.112.110801

D. Bear, et al., “Improved frequency stability of the dual-
noble-gas maser”, PRA, 1998, 
DOI:10.1103/PhysRevA.57.5006



SEOP 3He + 129Xe detected by SQUIDs 
C. Gemmel, et al., “Ultra-sensitive magnetometry based on 
free precession of nuclear spins”, Euro. Phys. J. D, 2010, 
DOI:10.1140/epjd/e2010-00044-5
F. Allmendinger, et al., “New limit on Lorentz and CPT 
violating neutron spin interactions using a free precession 
3He-129Xe co-magnetometer”, PRL, 2013, 
DOI:10.1103/PhysRevLett.112.110801



SEOP noble gases detected by in situ Alkali

A. Kastler, “The Hanle Effect and its Use for the 
Measurements of Very Small Magnetic Fields”, 
Nuclear Inst. And Methods (1973) 
DOI:10.1016/0029-554X(73)90698-8

J. Brown , “A New Limit on Lorentz- and CPT-Violating
Neutron Spin Interactions Using a K-3He 
Comagnetometer”, Dissertation, 2011

Self-compensating comagnetometer

B. C. Grover, “Noble-Gas NMR Detection through 
Noble-gas-rudium Hyperfine contact interaction”, 
PRL (1978) DOI:10.1016/0029-554X(73)90698-8



SEOP noble gases detected by in situ Alkali

Free-precession, dual spin-1/2 comagnetometer

M. E. Limes, D. Sheng, M. V. Romalis “3He-129Xe 
Comagnetometry using 87Rb Detection and 
Decoupling”, PRL (2018) 
DOI:10.1103/PhysRevLett.120.033401

Detected J coupling between 3He and 129Xe!
𝐽𝐽𝐼𝐼He ⋅ 𝐼𝐼Xe

M. E. Limes, M. V. Romalis, et al. “Dipolar and scalar 
3He-129Xe frequency shifts in stemless cells”, PRA 
(2019) DOI:10.1103/PhysRevA.100.010501Frequency ratio plotted for field with and 

against projection on Earth’s rotation axis, 
along with parameter free model



SEOP noble gases detected by in situ Alkali

Free-precession, closer to an actual Ramsey scheme
ARW <0.002 deg/h1/2, bias drift < 0.001 deg/h! 

S. Zhang, M. V. Romalis, et al.,  “A 3He-21Ne Ramsey 
Comagnetometer with sub-nHz frequency resolution 
(2025) DOI:arXiv:2509.13486, 2025



Detection of noble gases for magnetometry

W. Heil “Helium Magnetometers”, Springer 2017 
DOI:10.1007/978-3-319-34070-8_16

In-situ 
w/ alkali

External: Raw sensitivity can be limited by 
distance to center (A uniformly magnetized 
sphere behaves like a pure magnetic dipole at 
its center, 𝐵𝐵 ∝ 1

𝑟𝑟3
) 

Although, sensitivity is often not the limiting 
factor for long-term bias drift

In-situ alkali: Provides enhanced signals 
through Fermi-contact interaction, can be 
nuclear spin-noise limited, but need to 
tame/exploit field shifts introduced by 
polarized or (back-polarized) alkali 
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