I
W1

NEW MEXICO.

cuulc SAND2020- 4714PE

e Center for Quantum
= Information and Control

An RF Optically Pumped
Magnetometer for

Communication through Lossy
Media

PRESENTED BY

John Bainbridge

T g T
(2] -

Sandia National Laboratories is a multimission
laboratory managed and operated by National
Technology & Engineering Solutions of Sandia,
LLC, a wholly owned subsidiary of Honeywell
International Inc., for the U.S. Department of
lear Security
act DE-NA0003525.




.1 Organizational Overview

Part 1: Introduction to our Magnetometer
[. Why quantum sensors for lossy communication?

1. Optically pumped magnetometers(OPM’) for magnetic
field sensing in the VLF regime.

Part 2: Theoretical Framework

[. Modeling and the master equation
1. Analysis of optimal species

Part 3: Experimental Results

I. Light narrowing

II.  Sensitivity

Part 5: Future Work

Part 4: Acknowledgements




 Part |- 4* y quantum
sensors for lossy
communication?
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+1 Why Atomic Magnetometers?

|. Can achieve sensitivities ~1fT /VHz, comparable to
superconducting quantum interference devices (SQUIDs)
without need for cryogenic cooling.®)

2. Nuclear magnetic resonance (NMR) and nuclear quadrupole
resonance(NQR) detection.®

. Fundamental Physics (Axion searches).!)

@)

4. Radio communication with small signal amplitude.®




;1 Lossy Communication and the Skin Effect

In a medium, the strength of an RF signal attenuates due to the skin
effect as:

A(z) = Aye%.

Where A(z) is the amplitude after traveling a distance through z the
medium, and:

Is the skin depth of the material, where Yo & ;- are the vacuum and
relative permeability of the material, and o is its conductivity.

—We cannot effectively communicate through most media at
higher frequencies. But we can communicate at lower frequencies
with a highly sensitive detector (and sufficiently powerful transmittet!).®




The Current State of RF OPM'’s

*RF OPM’s designed for RF field detection have thus far been
mostly confined to the laboratory:

* Initial work was done by the group of M.V. Romalis at
Princeton. Focused on fundamental physics, and MRI for
medical imaging, ©7%-10.12)

*Leddbetter et al. & Chalupczak et al. demonstrated highly
sensitive room temp RF OPM’s.(%)

* Savkov, Kim, and Boshier managed to modify a commercial
OPM from QuSpin to operate up to 1.7kHz. This frequency
range is below what we want to (DC-300kHz). ®

We aim to create a fieldable device that can realize their
communication potential.

* Must minimize volume and power requirements
* Must operate outside a shield.




Part |-ll: Optically pumped
magnetometers(OPM’s) for
magnetic field sensing in the VLF
regime.
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: | Atomic Magnetometers: Larmor Precession

Exploit the Larmor precession of
atoms 1n a magnetic field B = Bye,
wo = yBy.

Where wg is the Larmor precession
frequency and y is the gyromagnetic
ratio.

It we know y, we
can measure Wq to
measure B!

Right: Illustration of Larmor Precession
in a static magnetic field |



»1 Optically Pumped Magnetometers(OPMs)

Atomic vapor 1s naturally in the
maximally mixed state

|e> 'I:msz—Z mF:,F_l

1
p — N HN' / i
Where the Hilbert space of the I/ :
atom has N total states and Il is ot A
the N X N identity operator. /! :
/ I
Before measuring precession, the ,ll v
state must be optically pumped " me =Fg
into a metrologically useful state |g ) mp=F,—1

such as the “stretched state’:

p=lFomp =Falfamp = Fal Apgve: Optical pumping with
Where F; =14 1/2 and o™ polarized light causes
F,=1—-1/2. population to accumulate in
the “stretched” sate.




ol RF Magnetometry

Consider the effect an RF field

transverse to By:
Brr(t) = Bgr sin(wgpt) ey

Causes the state to rotate around e, at
frequency wgp and oscillate between
T+ e, at frequency

Q' =/ (Aw)? + Q2.
Where Aw = WRr — Wy and

1
(1= EVBRF-

Factor of % because half the RF field is Above: Bloch sphere picture of ‘

corotating, Other half is counterrotating, the dynamics of the state in an RF
and can be neglected in RWA. magnetic field.



« 1 Practical RF Magnetometry
E, = 2

1. Pick frequency to measure f.

——_

2. Tune BO SO f — (1)0/277: i ,_;’1" +2 )

/ /

5. With wg ® wgp, measure 5= -1 0t _—__‘f,/'
(Sx(t)) = yBgrr[a cos(wgrt) 2 - _

+ﬁ Sin(a)RFt)]. - — AE o hf

Right: Hyperfine ground state 1
+
manifold of an [ = % alkali atom MM F<|: 1 0O —

such as 8’Rb, with the Zeeman

. [ | | ]
resonance of interest marked.




12‘ The Experimental Layout
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Part 2-1: Modeling and the
master equation
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The Master Equation

Hyperfine | |External Spin Destruction
Interaction| |Magnetic Field| | Collisions

ol ... — T

dp _, [I-S,p]! [B-S,p],  1¢—P
cm'im‘sy“ AT T Y Ry Sk
+ = +R(¢(1+25 S) — p)
S

I T _____ !_ ________ T ________ J
Spin Exchange Optical Pumping
Collisions




15‘ The Hyperfine Interaction

dp
ap — I-S
(dt)Hyperfine | 2

This 1s the term from the free evolution of a single
atom 1n vacuum.

*ayr 1s the hypertine coupling constant. It can be
found in the literature.

*Iisan (N X N) X 3 vector operator representing
the nuclear spin of an atom.

*Sisan (N X N) X 3 vector operator representing
the electron spin of an atom.
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Magnetic Field Coupling

d_p _ [B - S, p]
dt HBIs ™ ip
Mag

tp = 9.2740100783(28) x 1072*L" is the Bohr Magneton.
°gs = 2.00231930436256(35)" is the electron g-factor.
‘h = i6.62607015 X 10734] - §* is the reduced Plank’s constant.

°B = Be,, where B is a scalar in Teslas, and e,, isa 1 X 3 vector of unit
length.

This term represents the interaction of thgz electron spin with an external
magnetic field. The nuclear spin coupling is ~1000 times smaller, and
can be neglected.

*CODATA values from NIST.




»1 Spin Destroying Collisions

dp\ _¢—p
dt

T
SD SD

*d =p/4+ S - pS is the part of the density operator with
only nuclear spin polarization =p — ¢ is the part with electron
spin polarization.

1

*‘Rep = — = Zj n;Vj0sp,; is the total spin destruction rate.
°n, is the density of the jth species with which the atoms are
interacting

o 17] is the average center of mass speed of the atoms relative
to those of the jth specles.

*Osp,j is the interaction cross section for spin—depolarizing
collisions with the j* species.

This term represents the loss of coherence due to collisions
that destroy the electron spin polarization.




1 Spin Exchanging Collisions

dp) _¢A+4S)-S)—p

dt) Ter

i represents loss of coherence due to the collisions that exchange
E . .

the spin between particles (§1 = 5, & S, = §9).

AP(S)-S

gives the rate of redistribution of spin polarization from the
sp1rS1EeXCha_nge collisions, as the average spin (§) = Tr(pS) of the

ensemble interacts with spin of the individual electrons §.

1 _ . . .
*Rgp = — = nvogg is the rate of spin exchange collisions, where n
. SE. — ‘
is the density, U 1s the average relative center of mass iﬁ)@ed, and ogg
is the interaction cross section for spin-exchanging collisions.

This com hca}ted term describes how spin-exchangin collisions
betwc;en alkali atoms both causes decoherepce and redistributes spin
polarization throughout the hyperfine manifold.




19‘ Optical Pumping

dp e
(E) = R(¢p(1+2s-S) —p)
OP

*R(¢p — p) represents loss of coherence due to the optical pumping
tield.

*2R¢s - S represents the interaction of the average spin § = se, of
the photons in the pumping field with the spin § of the electron(s).

This term represents the interaction of the atom(s) with the light
field used for optical pumping.




» | Setting up the Calculation

*All operators can be represented as N X N matrices, where

N =2(2 + 1).

*Angular momentum operators F, I, S can be found in
spherical basis.

L

N V2
*Find (F, mg|J|F', mg,) for convenient values of F, m using

ladder operators, where ] = F, S.
*From Wigner-Eckart theorem:
(F, mg |]q |F"mF’> = (F',mg1,1,q|F, mF><F| /| |F'>-
Where g = *1,0 is the spherical index. The first term on the

right 1s a Clebsch-Gordan coefficient, and the second is a reduced
matrix element.

: : d : :
*With operators in hand, calculate d_}: for a given input state p




x| MATLAB Implementation: The Basis Representation

.o 3 .
The basis is illustrated below for I = S Mp values are in

ascending order, so p11 = |Fp, mp = —Fp)( Fp, mp = —F} |,
P22 = |Fp,mp = —Fy + 1)( F,,, mgp = —Fp+1] etc. After the

lower hyperfine manifold, it restarts at the bottom of the upper
manifold, so pgq = |F;, mp = —F ) F,, mp = —F, |, etc.

P11 P12 P13' P14 P15 Pie P17 Pis
P21 P22 P231 P24 P25 P26 P27 P28

————————————

Ps1 Ps2 Ps3 Psa Pss Pse Ps7 Pss,
Pe1 Pe2 P63 Pea Pos Pe6 Pe7 Pes,
P71 P72 P73 P74 P75 P76 P77 P78,




2| MATLAB Implementation: Simulation Procedure

1. A set of functions calculates ayp, 1/Tsg, 1/Tsp at a given
temperature from literature values for given species.

2. Another function calculates F, I, § from the value of [ for the
alkali in question.

3. A third function takes these along with an input state p, an

external magnetic field B, and the tclilean photon polarization
vector S to compute the evolution d—’:

4. An 1nitial state pg, mean photon polarization s, and magnetic

field B(t) are chosen and used with the evolution function to
feed into built in ODE solver.

* Solutions are “stift ”’, requiring use of correct ODE solver.
5. Out comes p(t)!

We will use this method to compare to experiment in section 3-1.




Part 2-11: Analysis of Optimal
Species



.| The Fundamental Sensitivity

There are three types of quantum fluctuation that ultimately limit
the fundamental sensitivity. They are:

1. The spin projection noise: 8 Bgpy.
2. The photon shot noise: § By,gy,.
3. The light shift noise: § Bygy,.

The overall noise floor 1s given by their quadrature sum:

6B = \/ 6Bgyn + 6By + 6Bf,.1?

Among these, the photon shot noise usually dominates.

Our challenge is to reduce the technical noise (magnetic field noise,
current noise, thermal noise, etc.) to this limit.




A Useful Approximation to the Fundamental
Sensitivity

For our experimental conditions, a good approximation is:

RPTODI+_ 8 o)

0B =
yv RprODTST)

Yy =¥,/ (21 + 1is the gyromagnetic ratio of the 1sotope with nuclear
spin I, where Y, is the gyromagnetic ratio of a bare electron.

* 1 is the density of alkali metal in the vapor cell.

*V is the overlap volume of the pump and probe laser(s).

°T, 1s the transverse spin relaxation time (inverse of bandwidth).
*Ryy- 1s the optical pumping rate of the probe beam.

*OD = gynl is the optical depth of the vapor cell.

°n is the quantum efficiency of the detector.




| The Best Achievable Sensitivity

One can minimize the RF linewidth and corresponding probe
pumping rate to get the best possible sensitivity:

oMin _ 1 _ [4GRsgRsp
21+1

G = (1/5»3/10»5/14) for I = (3/2:5/2»7/2)-(12)
421+ 1)
77 :

I optimistically took 7 = 1 and V = 1cm? for these results.
The alkali density was computed from the formula from the
1995 edition of the CRC Handbook for saturated vapor

pressure at a given temperature.

"RFOD =
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(Min)
sBOAM(FT/y/Hz)

Results in Potassium

Best Sensitivity vs. Temperature in K
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(Min)
BRe (fT/v/Hz)

Results in Rubidium

Best Sensitivity vs. Temperature in Rb o5 Best Sensitivity vs. N, fill pressure in Rb
T T T & = " T T T T T T T
87 ' — 87
Rb : Rb
= 1 1 - o
35 PN2 300Torr —85Rp |- . : Tee=130°C — 85y
0.45 : ! J
1 1
: :4_ 87Rb hyperfine manifold unresolved
1 ]
= 0.4 :*—'_ 85Rb hyperfine manifold unresolved
< :
£ o3 .
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Above left: The best achievable Above Right: The best achievable
sensitivity in rubidium as a function of sensitivity in rubidium vs. buffer gas

temper ature. pressure.




» 1 Results in Cesium

Best Sensitivity vs. Temperature in Cs
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Above Left: The best achievable

sensitivity in cestum vs. temperature.
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Best Sensitivity vs. N2 fill pressure in Cs
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Above Right: The best achievable
sensitivity in cestum vs. buffer gas fill
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pressure.




w1 Conclusions on Species

1. Can achieve a good sensitivity of < 10fT /v Hz using any
alkali species.

2. There 1s relatively little difference between different isotopes
of the same species. Isotopically enriched vapor should be
used to prevent line broadening due to spin exchange
between 1sotopes.

3. Best option appears to be rubidium. Cestum has a higher
limit for marginal improvement at lower temperature.
Potassium requires too much heating.

4. Buffer gas pressure should be just enough to prevent
hyperfine resolution.
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Above: Data showing the dependence of the Zeeman resonance
linewidth I" on the power of the optical pumping beam. Error bars
are 95% confidence bounds of Lorentzian fit. The resonance
frequency was fo = 2wy = 24.125kHz for these measurements.




» | Extraction of the Pumping Rate

2100 - =
® 'vs. V
2000 - X E_xcluded r vS. \ |
i, —Linear Rate Fit
N
I-
= 1900 | -
=
LL
[ 1800 .
X
1700 - ]
X
X
1600 - X _
| | | | | |

0 0.5 1 1.5 2 25 3

Average Photodiode Voltage(V)

Above: Linear fit to the equation I' = R4£+b for R‘Q:Zﬁ K 1A% A fitto I = % +b

opP
thus gives Rop = aV.This fit gives a = 910.2(879.5,940.8)s~1/V.
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35‘ Comparison with Theory
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Above: Comparison of data to the analytic approximation
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4 S5Rop
T = 96°C as measured from our thermocouple. The result from a fit based on

+ b where Rgg and Rgp were computed for the temperature

numerical simulations of the density matrix is also included.
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|1 Noise Floor Near 21.5kHz

Noise Spectra for 21.5kHz Signal

105 i
—Full Spectrum
—Pump Blocked
104 ¢ Probe Blocked
- - =-Shot Noise Estimate
. 103 -
N
I
o
£ 10%¢
L
o
aa)
=
101 ¢ |!|
100 =
107" |

18 20 22 24 26
Frequency(kHz)
Above: The response of the magnetometer to an input of Bpgp = 47pT.

This is comparable to the result of Savukov et al. who demonstrated a 5fT/vVHz
sensitivity in an Rb magnetometer.!




33 1 Total Noise: Phase and Quadrature Components

Total Noise Near 21.5kHz:
Phase and Quadrature Components
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Above: In-phase(I) and in-quadrature(QQ) components of the signal found
from a lock-in amplifier. Comparability of I and QQ shows that there is not
significant background DC/low frequency field noise.




» | Conclusions on Demonstrated Sensitivity

*We have achieved world-class sensitivity in our prototype!

*May be able to do better with slightly higher buffer gas

pressure:

* Analysis of pressure broadening shows we only have =~ 87T orr
of N,. Well resolved hyperfine lines mean we can only pump on
F = 2 transition.

*We can move on to communications demonstration for real
signals!
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Short Term & Medium (By the end of the Year)

1. ‘'Test cell with natural abundance of 8°Rb and 8’'Rb &
compare to theory

*  Expand simulation framework to support multiple
species.
2. Begin work with communications team for demonstration
ot ability to receive signals of interest.
* Demo waveform currently being designed.

3. Begin design that does not require p-metal shields.

*  Requires active feedback on coils to zero out DC and low
frequency fields.

4. Begin design of custom fabricated apparatus to house
optics in compact package.




2| Long Term (By the end of the Project, 2022)

1. Complete compact mobile platform.
* Include active DC/low frequency feedback to zero out

fields.

*  Minimize power while maintaining sufficient sensitivity.

2. Create automatic tuning system that tunes RF resonance to
the proper place based on user input.

3. Take it outside into an unshielded environment and pick up
real signals with it
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41 The RF Magnetometer
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