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Quantum and the military

• “An Assessment of the U.S. and 
Chinese Industrial Bases in Quantum 
Technology”, Parker, et al., RAND 
2022

• Nominally, this graph seems to be 
roughly the same in 2026, in the 
opinion of the OUSW(R&E) 



DARPA AMBIIENT : Can we push all-optical tech to obviate need 
for magnetic shielding and lower price point significantly

Magnetic brain noise at ~ 10-100 fT/rtHz

Atomic/Optical Magnetometry
Near-zero field

commercial 
sensors



Earth’s field magnetometry + In-the-field MEG
• Princeton University, SRI, and Twinleaf collab

• High dynamic range, high common mode rejection across sensors

• Scalar, free-precession atomic magnetometers using 87Rb

M. E. Limes, E. L. Foley, T. W. Kornack, S. Caliga, S. McBride, A. Braun, W. Lee, V. G. Lucivero, M. V. Romalis, Phys. Rev. Applied 14, 011002  (2020)
Supported by DARPA AMBIIENT 

Mike Romalis



Magnetometer
80 fT/rtHz
BW 250 Hz

144 cc…
15 W, 70 g



Gradient Tolerance
Through Cramer-Rao, optimal sensitivity goes as coherence time 𝑇𝑇2

𝛿𝛿𝛿𝛿 =
12𝐶𝐶

2 𝜋𝜋𝜋𝜋SNR 𝑇𝑇3/2 BW
T
Hz

With integration time 𝑇𝑇 (optimal sensitivity for 𝑇𝑇 ≈ 2𝑇𝑇2), 

sensor bandwidth 𝐵𝐵𝐵𝐵 = 1/2𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟
Gradient relaxation can be significant, through reduction in 𝑇𝑇2∗ (~proportional loss in optimal sensitivity)

Senior undergrad project, 
Voxelized density matrix sim of 
87Rb to accommodate gradients



Limes Atomic Physics Lab @ Virginia Tech
• Building since July 2024; currently focused on 87Rb, also building up 4He/3He MEOP and Cs setups



Hyperfine-resolved Optical Pumping

• For precision magnetometry, typically buffer gas pressure, used for non-radiative quenching and slowing 
diffusion, significantly broadens hyperfine manifolds

• Lowering buffer gas results in higher optical rotation 

𝜙𝜙 = 𝑙𝑙 𝑟𝑟𝑒𝑒𝑐𝑐𝑐𝑐 𝑛𝑛 𝑃𝑃𝑥𝑥 Im 𝑉𝑉 𝜈𝜈/2 = 1
2
𝑙𝑙𝑟𝑟𝑒𝑒𝑐𝑐𝑐𝑐𝑐𝑐𝑃𝑃𝑥𝑥

Δ𝜈𝜈
Δ𝜈𝜈2+(Γ𝐿𝐿/2)2

Where 𝑉𝑉 is a Voigt profile

𝜙𝜙opt ∝
1
Γ𝐿𝐿

,𝐷𝐷1 full width is ~17.8
GHz
amg

for N2

Lorentzian in 
High-pressure limit

M. E. Limes, J. Smoot, J. Perez, J. Freeman, C. Amano-Dolan, D. Peters, W. Lee, Phys. Rev. A 113, 033102 (2026) 

Romalis, Miron, Cates, PRA, 
DOI:10.1103/PhysRevA.56.4569



Hyperfine-resolved Optical Pumping

• Lowering buffer gas results in higher optical rotation at low pressures as well

𝜙𝜙 = 𝑙𝑙 𝑟𝑟𝑒𝑒𝑐𝑐𝑐𝑐 𝑛𝑛 𝑃𝑃𝑥𝑥 Im 𝑉𝑉 𝜈𝜈/2

Can we get high sensitivity with very low buffer gas, 

where hyperfine manifold is resolved?

Here, we consider at ~ 20 torr buffer gas regime, 

with wall diffusion relaxation comparable to

probe broadening

M. E. Limes, J. Smoot, J. Perez, J. Freeman, C. Amano-Dolan, D. Peters, W. Lee, Phys. Rev. A 113, 033102 (2026) 



Experimental set-up

Cell: 6 mm width, 10 mm diameter 
0.47 cc, 25 Torr 3:2 Ar:N2, 

87Rb

M. E. Limes, J. Smoot, J. Perez, J. Freeman, C. Amano-Dolan, D. Peters, W. Lee, Phys. Rev. A 113, 033102 (2026) 

1) Pump along Earth-scale field, 2) shut off pump, tip spins with 𝜋𝜋/2 pulse, 
3) watch free precession with linearly polarized detuned probe

Photodigm DBR Pump & Probe, custom two-channel balanced polarimeter, and NI-5922 DAC



Probe-Assisted Depopulation Pumping

• At low pressures, address F=2 and F=1 separately 
with narrow linewidth light

• Can tune probe to deplete F=1 and pump F=2

• Wall relaxation and probe-broadening limited

M. E. Limes, J. Smoot, J. Perez, J. Freeman, C. Amano-Dolan, D. Peters, W. Lee, Phys. Rev. A 113, 033102 (2026) 



Probe-Assisted Depopulation Pumping
M. E. Limes, J. Smoot, J. Perez, J. Freeman, C. Amano-Dolan, D. Peters, W. Lee, Phys. Rev. A 113, 033102 (2026) 

• 5 – 10 mW pump and probe , varying wavelength 
detuning

• Density matrix Simulations (developed by Brady 
Talbert) nominally exhibits low-pressure behavior, 
and indicates pump light starved



Low Pressure Magnetometer Sensitivity 

Earth’s field data @ 45 𝝁𝝁T RF Mag. Data at 110 kHz

Scalar mode RF mode

M. E. Limes, J. Smoot, J. Perez, J. Freeman, C. Amano-Dolan, D. Peters, W. Lee, Phys. Rev. A 113, 033102 (2026) 

Single pass, 87Rb 
pulsed pump and 
probe with                  
6 mm path length



• Data projects clinically relevant, single-pass, two-cell gradiometer with short baseline of  <10 fT/cm Hz1/2

• Short interrogation time -> Higher bandwidth and Higher gradients across cell

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

=
Δ𝜙𝜙
𝛾𝛾𝛾𝛾𝛾𝛾

With Δ𝜙𝜙 phase spread, 𝛾𝛾 is gyromagnetic ratio, and 𝐿𝐿 is the size of cell across 𝑧𝑧

For example: signal height loss of 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 Δ𝜙𝜙 = 1
𝑒𝑒

results from 160 nT/cm over 0.4 ms

Gradient Tolerance
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