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Advantages of Atomic Magnetometer  

• Before the high sensitivity atomic magnetometer (AM) was developed, the 

best magnetic field sensor is superconductor quantum interference device 

(SQUID), which is able to detect magnetic field at a few fT (10-15 tesla)/√Hz 

with MHz detection bandwidth using very small active volume.  

• Since early 2000’s, AMs with fT/√Hz and sub-fT/√Hz sensitivities have been 

demonstrated with detection bandwidth ranging from 1 to 100s Hz. The active 

volume is from a few mm3 to a few cm3. 

• Comparing to SQUID, the major advantages of AMs are no requirement of 

liquid He coolant, sub-fT/√Hz detection, and short-distance sensing. 

• AM is therefore very useful in 1.Biomagnetic detections (magnetocariography, 

magnetoencephalography, and other nerve and muscle activities); 2. Tracking 

of magnetic nanoparticles; 3. Analysis of magnetic property and structure. 
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Sandia Atomic Magnetometer Project 

• Construct a magnetoencephalography (MEG) 

system using AM technology 

• Achieve sensitivity level ≤ 10 fT/√Hz and detection 

bandwidth ≥ 100 Hz from a small active volume 

• Fiber, electrical wires coupled sensors 

• 2D Transverse field sensing, gradiometry capability 
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Human Scale AM MEG System 

• 36-channel AM array, reconfigurable (position, head size) 

• Human-sized shield, cheaper/smaller installation 

• Compare AM and SQUID recordings of human subjects 

• Collaboration with MRN, UNM hospital, Candoo Systems 
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Mapping Cortex Activity with  
Magnetometer Array 

• Brain activity on the cortex can 

generate current dipoles 

• The corresponding magnetic-field 

pattern is picked up by the sensor 

array 

• Different algorithms for inverse 

problem combining with dipole 

fittings can be used  to localize the 

sources of the current dipoles 



Magnetic Nano-Particle Localizations 

Magnetic nano-particles 

Label with biomarker 

Simulation of nano-particle localizations using 

AM sensor array 



Fundamental Sensitivity of AM 

Fundamental sensitivity of atomic magnetometer by probing a magnetic 

resonance from classical atomic spins is limited by the measurement 

uncertainty: 

 

 

Here, g is the gyromagnetic ratio, n is the number density of atoms, V is the 

active volume, T2 is the spin coherence time, and t is the measurement time. 

A decade ago, for the traditional AM T2 ∝ n-1 is dominated by the spin-

exchange decoherence. For Rb atoms, we find the atom shot noise limited 

B-field sensitivity to be on the order of 1 fT/√Hz per cm-3/2. 

 

Comparing to an ideal inductive sensor: 

Here Dw is the detection bandwidth and w is the  

detection frequency. We find 1 fT/√Hz per cm-3/2 sensitivity with 1-Hz 

bandwidth at room temperature only when the magnetic field noise is at 

frequency above 80 kHz. 



Spin-Exchange Decoherence 

F = 2 

F = 1 

For I = 3/2 alkali-metal atoms in a magnetic field with negligible 2nd order 

Zeeman shifts, the relative populations of the hyperfine sublevels are: 
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The hyperfine spin observable                   has different precession rates from 

the upper and the lower manifold, where wb ~ -wa. 
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Eliminating Spin-Exchange Decoherence 

In 1973, Happer and Tang pointed out that the spin-exchange decoherence is 

strongly suppressed when the spin-exchange rate is much greater than the 

Larmor frequency. In 2002, Romalis et. al. took this advantage to make the 

first spin-exchange relaxation free (SERF) AM. The atom shot noise limit of 

the AM sensitivity is no longer limited by spin exchange but spin destruction 

due to collisions between alkali-metal atoms. The fundamental sensitivity can 

therefore be pushed down by 2–3 orders of magnitude. 

Simple theoretical model: 

With only spin-exchange mechanisms, the hyperfine spin evolutions of the 

two manifolds can be written as: 



Eliminating Spin-Exchange Decoherence 

The solution of the previous equation can be represented by decaying an 

eigenvector, which has a form of                                         . By choosing 

wa=w0 and wb=-w0, we find complex decay rates as 

 

 
 

Using spin-temperature approximation, we find 

 

 

 

 

 

 

One can quickly see that when Gex >> w0, the slow-mode decay rate G+ has 

highly suppressed spin-exchange effect! 



Spin-Exchange Effect on I = 3/2 atom 
as the ratio of Gex and w0 

The mechanism of spin-exchange decoherence suppression at Gex >> w0 is 

similar to motional narrowing phenomenon. The effective precession 

frequency w is also shifted from w0. With 100% spin polarization, spin 

exchange plays no role at all.  



Detailed Modeling for Atomic Vapor Cell 

Atomic system of an alkali-metal vapor cell is a very dissipative system. A 

good approach is to use density-matrix calculations. 

Schröedinger equation for the i-th atom in an atomic ensemble is given by 



Density Matrix in Interaction Picture 

Lindblad form 



Important Collisional Interactions 
in Atomic Magnetometer System 

A simple form of density-matrix equation with one kind of collisional interaction: 
 

 

Ground-state spin destruction (S-damping):  
 

 

Ground-state spin exchange: 
 

 

Excited-state J-damping: 
 

 

Excited state quenching to ground state: 

 

 

Atom diffusion inside the vapor cell with buffer gases: 



Density Matrix Modeling for  
Spin-Exchange Effect 

Larmor Freq. = 35 Hz 

Gex/w0 = 2.5 
Gex/w0 = 10 

Gex/w0 = 25 

Low transverse spin polarization, weak optical pumping 

High transverse spin polarization, strong optical pumping 

Exp. Data from PRL 106 143601 (2011) 

Larmor Freq. = 35 Hz 



Spin Relaxation and Buffer Gases 



Radiation Trapping 

Experimental data from PRA 75 023401 (2007).  

Solid circle: N2 and open circle: Ar. 

• Radiation trapping is due to 

the spontaneous emitted 

photons being absorbed by 

other atoms in the ensemble 

• Noble gases cannot 

efficiently quench the excited 

atoms without photon 

emissions 

• Nitrogen is a good quenching 

molecule 

• To suppress radiation 

trapping, we need to add 

enough quenching gas, 

which gives quenching rate 

surpassing the spontaneous 

decay rate. For N2, it is 

usually above a few torr. 



Probing the Spin Resonance  
at Nearly Zero Bz Field 
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Adding a small modulation 

to the transverse direction, 

we obtain the transverse 

magnetic field amplitude 

from the demodulation of 

the probe signal. 

A simple mathematical description of this system: 

 

 

 

 

 

In most previous AM studies, people assume T2 = T1 = T, with 

this condition, we can find the steady-state solutions:  



Buffer Gas, Pressure, and Temperature  
for Rb Vapor Cell 

Neon buffer gas 

Nitrogen buffer gas 



AM Results Using  
5-mm Thick 87Rb Cell with Ne Buffer Gas 

The best sensitivity we got was 

only 72 fT/√Hz. 

The result was too bad! so we 

did not save any data. 



Excited Alkali-Metal Atoms  
Colliding with Buffer Gas 

P1/2 

S1/2 

An excited Rb atom collides with a molecule: 

P1/2 

S1/2 

P1/2 

S1/2 

An excited Rb atom collides with an atom: 

P1/2 

S1/2 

P1/2 

S1/2 

• A quenching collision makes the 

atom decay back to ground 

state without emitting a photon. 

• Quenching randomizes the 

electron spin but preserve the 

nuclear spin. 

• Non-quenching collisions make 

spin relaxation (J-damping) in 

the excited state . 

• This reduces optical pumping 

efficiency. 

Finally decay via  

spontaneous emission 



Photon Cost for Fully Spin Polarizing 
87Rb with N2 and Ne Buffer Gases 

Photon cost map using broadband optical pumping 



Detuning Scan of the Pump Laser  
Using Rb Cell with Ne Buffer Gas 

-40 -30 -20 -10 0 10 20 30 40

0

5

10

15

20

25

30

35

 Linewidth

 Intensity

Detuning (GHz)

L
in

e
w

id
th

 (
n

T
)

0

2

4

6

8

10

 I
n

te
n

s
it
y
 (

m
W

/c
m

^
2

)

377080 377100 377120 377140

0.00000

0.00005

0.00010

0.00015

0.00020

0.00025

0.00030

0.00035

0.00040

0.00045

0.00050

L
in

e
w

id
th

 (
G

)

Laser Freq. (GHz)

 Linewidth

0

2

4

6

8

10

12

14
 Laser Intensity

L
a

s
e

r 
In

te
n

s
it
y
 (

m
W

/c
m

^
2

)

Experimental Data Density-Matrix Modeling 

Signal constraint:  

20% Polarization 

Looking for the optimal pump laser detuning, which has maximum 

signal-size/linewidth. At different detunings, we adjust the laser 

power to maintain the signal size. 

Ne = 550 torr 

w/ small 

amount N2 



377080 377100 377120 377140

0.00000

0.00001

0.00002

0.00003

0.00004

0.00005

0.00006

0.00007

0.00008

0.00009

0.00010

L
in

e
w

id
th

 (
G

)

Laser Freq. (GHz)

 Linewidth

0.0

0.5

1.0
 Laser Intensity

L
a

s
e

r 
In

te
n

s
it
y
 (

m
W

/c
m

^
2

)

-40 -30 -20 -10 0 10 20 30 40

0

1

2

3

4

5

6

7

8

9

10

 Linewidth

 Intensity

Detuning (GHz)

L
in

e
w

id
th

 (
n

T
)

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

 I
n

te
n

s
it
y
 (

m
W

/c
m

^
2

)

Detuning Scan of the Pump Laser  
Using Rb Cell with N2 Buffer Gas 

Experimental Data Density-Matrix Modeling 

Signal constraint:  

30% Polarization 

Nitrogen buffer gas leads to a much stronger signal with narrower 

linewidth and much lower laser power consumption. 

N2 = 600 torr 



Atomic Magnetometer Experimental Setup 

795 nm 

laser 

780 nm 

laser 

Fiber combiner 

Lock-in Amp. 

Oscilloscope 

or 

Signal Analyzer 

Modulation coil 

3-5 mm thick Vapor cell  

With electrical heater PBS 
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Four-layer mu-metal shield + One layer ferrite shield 

Shielding factor ≥105 

Power Meter 



Theoretical Modeling with Spatial Effect 



Looking for Optimal Operating Parameters from 
Theoretical Modeling 



Performance of Sandia Atomic Magnetometer 
with 0.025 cm3 active volume 

6 fT/√Hz 

3.3 fT/√Hz 

0.3 fT/√Hz 

B-field noise inside the shield 

Technical B-field sensitivity 

Atom shot noise limit 

A few 10-15 T sensitivity and 

> 100 Hz bandwidth ! 



Summary 

• Comparing to SQUID magnetic-field sensors, atomic magnetometers (AMs) do 

not need cryogenic system to maintain liquid helium temperature. Therefore, AM 

systems can have lower complexity, more portable, shorter sensing distance 

from the sample, and much lower operating cost. 

• Highly sensitive atomic magnetometry with broad detection bandwidth and small 

active volume has great advantage for biomagnetic detections. 

• Detailed modeling shows that the strong spin relaxation due to the collisions 

between excited alkali-metal atoms and noble-gas atoms significantly degrade 

the performance of atomic magnetometry. A good quenching gas, such as N2, 

not only reduces radiation trapping but also helps optical pumping efficiency. This 

increases the SNR, relax the power budget for an AM array system, and allows 

us to operate the vapor cell at higher temperature. 

• Nitrogen is the best buffer gas for miniature AMs. 

• We have demonstrated several fT/Hz1/2 sensitivity and greater than 100-Hz 

measurement bandwidth from a 0.025 cm3 active volume.   
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