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Why magnetic field sensing?
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Meagnetometers have a very diversa range of applications, including localing chjects such as submarines, sunken ships, hezards ‘or
tunnel baring machines, hazards in coa' minas, unaxplodad crdnance, taxic waste drums, as wel' as a wida ranga of minaral
cepcsits and geological structures. They &lso have applicalions in heart beat monitors, weapon systems positioning, sensors in anti-
locking brakes, wealhar predichion (via solar cycles), slaal pylons, drill guidance systems, archasology, plale leclonics and radio

wave propagation and planetary exgloration.

Depanding on the application, magnetcmeaters can be ceployed In spacecralt, asreplanes (fixed wing magnetometers), halicopters
(stingsr &and bwrd), on the ground (backpack), towed at a dislance behind qued bikes (sied or irawer), lowerad into boreholes (ioo!,
probs or sonds) and towec bahind boats (fow 7isfl).

Magnetomelers can measurethe  ©
magnetic fields of planets.

Archaeclogy [edt)
Main article: Magnaitic survey (archaeaiogy)

Magretometers are also usad 10 detect archaeclogical sites, shipwracks and other buried or submearged objacts. Fluxgate gradicmatars are popular due 10 their compact
configuraticn and relatively low cost. Gradiometers enhance shallow fegtures anc negate the need for a base swation. Caesium and Cverhauser magnetcmeters are also
very effective when used as gradiometers ar as single-sensor systems with base stations.

The TV program Time Team popularnsed ‘geophys’, including magneatic techniques used in archaeclogical work to detect fire hearths, walls of baked bricks and magnatic
stones such as basalt and granite, Walking tracks and roadv/ays can sometimes be mapped with differential compaction In magnetc scils or with disturbances In clays, such
as on the Great Hungarnan Plain. Ploughed fields behave as saources ol magnelic naise in such surveys.

Auroras |cdi |

Megnetometers can give &n indication of auroral activity before the light from the aurcra becomes visible. A grid of magnetometers arcund the werld constantly measures the
effect of the solar wind on the Earth s magnetic field, which is then published on the K-index. %)

Coal exploration | edit |

Whilst magnetometers can be used to help map basin shapa at a regicnal scale. they are mora commonly used 10 map hazards to coal mining. such as basallic intrusions
(dykas, sills and volcanic plugs) that dasiray rasourcas and ara dangerous 1o longwa!l mining ecuipmeant. Magneiomalars can also locala zones ignited by lightning and mag
siderite (&n impurity in ceal).

The best survey results are achieved on the ground in high-resolution surveys (with approximately 10 m line spacing and 0.5 m station spacing). Bore-hole magnetometers
using a Ferrel can also assist when coal seams are deep, by using multiple sil's or looking beneath surlaca basall lows, #1elon meded]

Modern surveys generally usa magnelomelers with GES lechnaology 10 avtomatically record 1he magnetic lielc and their localion. The cala sel is then correcled wilth dale

® https://en.wikipedia.org/wiki/Magnetometer
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Quantum simulation with atoms in optical lattices

State-dependent optical lattices
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Animation courteously
from Andrea Alberti

® Theory: D. Jaksch et al,, Phys. Rev. Lett. 82, 1975 (1999)
® Experiments: Mandel et al., Phys. Rev. Lett. 91,010407 (2003); A. Steffen, et al,, PNAS 109,9770 (2012).
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Quantum simulation with atoms in optical lattices
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Magnetic field sensors

Nitrogen vacancy centres in diamond

J. Maze et al., Nature 455, 644 (2008)

T. Wolf et al., PRX 5, 041001 (2015) S
A .-RF
S. Zaiser et al., Nat. Comm. 7 (2016) =2

Superconducting circuits (SQUID)

Cold atomic ensembles and BECs
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Quantum sensing

Possible definitions for (quantum) sensing:
() Quantum object with quantised energy levels for measuring a classical or quantum

physical quantity (e.g. atoms, ions, superconducting devises, etc.)

(I Use quantum coherence (1.e., wavelike or temporal superpositions) to measure a
physical quantity

(Il Use of entanglement to improve the precision of a measurement beyond what is
possible classically

Desiderata for a quantum sensor:
(1) The quantum system has discrete and resolvable energy levels

(2) It must be possible to Initialise the quantum system into a well-known state and read
out Its state

(3) The quantum system can be coherently manipulated with, e.g., time-dependent fields

(4) The quantum system interacts with a relevant physical quantity (e.g., magnetic field)
and 1t Is quantified by a coupling parameter which relates changes in the transition
energy to changes in the physical quantity

® C.L. Degen, F. Reinhard, and P Cappellaro, Rev. Mod. Phys. 89, 035002 (2017)
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Quasi- 1D scattering and CIR

Hamiltonian of the system:

. h? 1 x
A= -9+ smut(@® +y3) + V(e i) 1
2m 2 >
_J : —
Short-range interaction potential Y mw
) . Transverse
Scattering wavefunction: ground state 7272

Energy: F = hw +

P(r) —— eikZGboo(i’?a y) + femzl%o(xa y) 2m

|z| =00

1
s-wave ultracold scattering = Scattering amplitude [ = — T ika
1D
kd (d
powp (40
2 \a

C= ¢ (1 1_h2k2/2m)
@® M. Olshanii, Phys. Rev. Lett. 81,938 (1998) X 2hw
® [.Bergeman, M. G. Moore, M. Olshanii, Phys. Rev. Lett. 91, 163201 (2003)




Quasi- 1D scattering and CIR

Same pseudo-potential
approximation as in 3D:

V(r) = V(z) = g100(2)

/ 2h%a 1

4
o
Coupling strength  g1p = E 5 —
ping s md? 1 — (C% L
d _ 1 ‘Ml——..ﬂ.*\
[h ] 0
1}~ 612 Polential
. . . . . _of ® Spherical Well
Control of interactions in low dimensions ol —Eee
Confinement-Induced Resonance: |g1p| — o0 e

Transmission drops to zero, i.e. perfect reflection!

Experimental realisation of the Tonks-Girardeau limit: Experimental CIR studies:
® B.Paredes et al,, Nature 429,277 (2004) ® H.Moritz et al, PRL 94,210401 (2005)
@ T.Kinoshita et al,, Science 305, | 125 (2005) @ E.Haller et al, PRL 104, 153203 (2010)

@® S.Sala et al, PRL 110,203202 (2013)
@® M. Olshanii, Phys. Rev. Lett. 81,938 (1998)
® [.Bergeman, M. G. Moore, M. Olshanii, Phys. Rev. Lett. 91, 163201 (2003)



Quasi- 1D scattering and CIR

Atom-ion interaction R* = +\/2uCy/h2 T T
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Quasi- 1D scattering and CIR

Atome-ion interaction — /2uC4 /12
2 2
V)= —ip.BE= -G = R/RuR)]
2 r 1 — Reduced mass
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» Resonance shift
» Finite energy corrections
» Broader resonances

® /. ldziaszek, 1. Calarco, P Zoller; Phys. Rev. A 76, 033409 (2007/)

@® V. Melezhik, AN, Phys. Rev. A 94,022/04 (2016)
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Feshbach resonances

A
Ec closed channel
S | 2
P entrance channel or
= open channel
i 2 -1 0 I 2
(B —Bo)/A
Scattering length depends on the magnetic field!
0 Atomic separation R g A
UB) = ang (1 - B-— Bres> zero-energy limit

Na -+ 40Ca™
—T 7T T 10

10 1 I | I | =
- -~

W
T

-—

B (mT)

Many broad and narrow resonances

@ C.Chin, R Grimm, P Julienne, E. Tiesinga, RMP 82, 1225 (2010) 895 900 905 910 915

Scallering Length a/a~ Vie /N

Q
w
T

Magnetic field (G)

® /.ldziaszek, T. Calarco, P S. Julienne, A. Simoni, PRA 79,010702 (2009)



Cramer-Rao lower bound and Fisher information

Problem: How to infer the value of an unknown parameter?

General metrological scheme:

Estimated parameter: 6 =7
Maximum Likelihood Estimator

Goal: To minimize Af

From what estimate!? Measurement outcomes: random var. &

Maximum estimation sensitivity? ==  Cramer-Rao lower bound:

Fisher information

(A0)2 > —

1
— 1 (9 9
Quantum mechanics #smsssmeme Distribution of outcomes: p(:l?|9)\/

® C.W.Helstrom, Quantum detection and estimation theory (Acad. Press, 1976)




Cramer-Rao lower bound and Fisher information

Problem: How to infer the value of an unknown parameter?

General metrological scheme:

Estimated parameter: 0 ="

Precision of the estimation: AH

Goal: To minimize Af

From what estimate!? Measurement outcomes: random var. &

Maximum estimation sensitivity? ==  Cramer-Rao lower bound:

Fisher information

(A0)2 > —

1
— 1 (9 9
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® C.W.Helstrom, Quantum detection and estimation theory (Acad. Press, 1976)




Cramer-Rao lower bound and Fisher information

What is this Fisher information F?

Fidelity: f (plg) = Z vV Pndn The same f(p\p) =1

In general 0 < f(plg) <1
Different distributions

p(x) = Trlp )z

System state \

Measurement




Cramer-Rao lower bound and Fisher information

Change the state of the system 0 — 60+ 06

s N

\p(az\ﬁ +00) *

Sharp structures
improve
distinguishability

p(al0) 0 " plelg +00) ¢
For small changes Estimation uncertainty
_ 1 _Lpse 1 _ 1 (Op(x|0)\’
f(p(@) p(0 + 5(9)) =1 8F59 AO > ﬁ F= ;p(xw)( 5 )
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2. Magnetic field detection via controlled collisions

- The sensor’s idea °o—

0w DN

- Sensitivity and robustness



General idea of the sensor

Setup: Atomic waveguide

Measurement:
transmitted vs reflected particle

Scattering wave function:  (2) » ek7 1 feiklz]
|z| —+o00

probability amplitude of reflection

Reflected particle:  ¥(2) —— ethz | fily

Transmitted particle:  ¥(2) s e'F7 1 feth® =|(1 + f)‘eikz

zZ— 400 /

probability amplitude of transmission

f 1 10°:
i Transmittance: | "o,

kd (d |

kCLlD — —7 E —C et s i s 10°

02 ' 0.0 ' 0.2
B-B_(G)



Magnetic field sensitivity

Probability of transmitting the atom:
p(+|B) = T(B) o=

Probability of reflecting the atom:

p(—|B) =1 — T(B) Fisher information:
Sensitivity for T=0, e.g., F = 5
for lanthanide atoms: —_ |

A = 0.15 G (res. width)
d = 20a

oooo
ESEES Dae
B2 4

0.2 0.0 0.2
B-B,. (G) —0.1 g 1
o f— ~/ —4 |
hm" ( 10 ]iq L B 21 2#(;6 1/4
10° sf a 0= 1 2 A2
" ; ['(7)
oo T oz ® K Jachymski, T.Wasak, et al, PRL 120,013401 (2018) For Cs-Cs @ = 95.5 ag



Imperfections

Finite longitudinal momentum

1 C?p

Akaial

at the CIR position

ks dacaia R B
j i“‘ // 0"‘ l ’/':t:
10 '1 :: \_\_.-‘~ ‘ V" -
Vapy = 0.2
v
>

£
2 107 e ,
AB =~ ipd —=% when T = | S P G
(bg Y L CIR
1075 e
L g
Fluctuations of the resonance position due to finite-energy corrections e S

These result in uncertainties on the order of | nT for an energy width of | nK

Imperfect detectors

VWe measure whether the injected atom was transmitted or reflected with efficiency 77

P(£|B) = nP(+|B) = F+—nF = AB— AB/\/1

@® K Jachymski et al, PRL 120,013401 (2018)



Long-range interactions: Do they help!?

Long-range interactions imply contribution from higher partial-waves

P =
2 // I
]
3 i :
B! // ' ® B.E Granger and D. Blume, PRL 92, 133202 (2004)
0'::.'_':.':.::.;i:.':.'.::::.'.::.‘.’];./;::::;5_‘.‘.‘_'_‘(.‘!'[.'.1:;:):.‘.t.‘.‘.‘"“f‘t"::::.:t:.‘.:::f_t:: ® P Giannakeas, F. K. Diakonos, F Schmelcher; PRA 86,
' / ; 042703 (2012)
: [ |
-2 a(B) / E 2 V.(B)
0.0 0:1 L 0:2 0:3 0:4

B - Blc:\ [G]

® [.Wasak, K. Jachymski, T. Calarco, AN, PRA 97,052/701 (2018)



Long-range interactions: Do they help!?

Long-range interactions imply contribution from higher partial-waves

1

0.100

0.010}
&~ 0.001}
1074} ™

1072}

10-6

27

2uCs

For Cs-Cs a = 95.5 ag

A = 0.15 G (res. width)
d = 20a

“._ pa = 0.001
&~
S-wave
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B_Bres [G]

® [.Wasak, K. Jachymski, T. Calarco, AN, PRA 97,052/701 (2018)
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Long-range interactions: Do they help!?

Long-range interactions imply contribution from higher partial-waves

1
0.100
0.010}

&~ 0.001}

10—4,’ .

1072}

1\\\ 0.430
p-wave
“._ pa = 0.001
0.425|
&~
0.420|
| S-Wave 0.415

10-6

For Cs-Cs a = 95.5 ag

A = 0.15 G (res. width)
d = 20a

-0.05 0.00 0.05 0.10 0.15 0.20 0.25 0.30

B - Bres [G]

0.100f

0.001f

AB [G]

| p-wave !

0.28046 0.28048 0.28050 0.28052 0.28054
BO_Bres [G]

® [.Wasak, K. Jachymski, T. Calarco, AN, PRA 97,052/701 (2018)

B - Bres [G]

0.278 0.279 0.280 0.281 0.282 0.283




Long-range interactions: Do they help!?

Long-range interactions imply contribution from higher partial-waves

1 /\\\ T 0.430
0100 N | p-wave
' .. pa=0.001
ootobPN. /. TTTmee : 0.425|
&~ 0.001} &~
Lo 0.420|
107
| S-wave 0.415!
106t : : : : : ' : : : : :
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B - Bres [G] B - Bres [G]
Conclusion:
o 9O\ 1/ 0.100} | |
G = —— (-‘“ 6 ) L ong-range interactions
1\2 2 .
[(3)* \ / . provide narrower resonances
For Cs-Cs @ = 95.5 ag © yielding higher sensitivity, BUT
3 harder to resolve
A = 0.15 G (res. width) 107°r
- Na 4+ “°Ca™
d = 20a 3*1"1*1'1'1'1'171*
-71 ) 2 7
107 p-wave ! . :
: . . . Jo 2 ]
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® T.Wasak, K. Jachymski, T. Calarco, AN, PRA 97,052701 (2018) 0 02050 40 60660000 A0- 100
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Quantum Fisher information

What is quantum in the Fisher Information?

General metrological scheme: State of the system after transformation p(8)

QM provides pdfs:

"P p(al6) = Te[p(0)1(x)]

Measurement operator:

"V (@) = [} (&

CRLB: maximum information for given measurement ¥ Fisher information F

F depends on the specific choice of the measurement

Maximum precision allowed by QM ——3 Quantum Fisher Information

max F' = Fg »Fo=2) (P = pi)° (il h]7)]?

measurements E|genva|ues and ~ 9 i J p'L _I_ p]
eigenvectors of /0( ) \/

Generator of transfoymation )
® S.L Braunstein, C. M. Caves, PRL 72,3439 (1994)  p(6 + 60) = 6159%(9)6—%5%




Magnetic field sensitivity

® Can we do better!?
® |s the scheme optimal?

before after
collision
i) ) +t[hy)
Rewrite amplitudes by using Generator of the transformation
coto1p = kai1p A A R d51D B
o s h=(1+0b:) (B)
r =1sinoype’ P dB

t = cos 81 peorP
Quantum Fisher Information (QFI)

d61p(B)\’
| . We know the state e — 1D —
y F 4( g > F
2.We know the generator %
3.We can calculate QFI T(B) = cos” 01p(B)

= | QFI=CFI

@ K Jachymski et al,, PRL 120,013401 (2018)



Magnetic field gradient estimation

® T.Wasak, K. Jachymski, T. Calarco, AN, PRA 97,052701 (2018)

Estimation problem with
| +2 parameters:

- Field strength

- Field gradient components

Assumption: The field varies smoothly

= By + By, xi + By, y; B, =0,B, B, =0,B

* Fisher information becomes a matrix

1 p(x|@) p(x|0)
Z] ZE|9 892 89]

) A= —— (P11

For eac the tubes

0 = (By, B, B,)

ﬂ



Results: Scenario for which T=1 (e.g. Cs atoms)

By [G/mm]
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Highest performance

for small gradients!

® T.Wasak, K. Jachymski, T. Calarco, AN, PRA 97,052701 (2018)



Conclusions and outlook

® (Cold collisions in waveguides can be indeed useful for magnetometry with sensitivity
in the range of nT and 100 nT/mm, but also for precise Feshbach characterisation

® | ong-ranged Interactions provide narrower resonances, thus enhancing the sensitivity,
but harder to resolve (atom-ion systems afford richness of Feshbach resonances)

® \With our simple scheme, 1.e. measurement of the transmitted vs. reflected atoms, no
quantum enhancement Is possible

® Possible strategies to improve the sensitivity:
I 1
vmF 1

=) Coherent input state of N atoms:  AB =

m)Repeated measurements: AB =

I 1

VN VM F
= ntangled input state of N atoms (e.g. GHZ-state): AB =

11 1
N vm F

s (190 + 10y )

® Multiple impurities in the waveguides (unfortunately, no significant improvement)



Thank you for your attention!

@® T.Wasak, K. Jachymski, T. Calarco, AN, Phys. Rev. A 97,052701 (2018)
@® K. Jachymski, T.Wasak, Z. |dziaszek, P S. Juliene, AN, T. Calarco, Phys. Rev. Lett. 120,013401 (2018)



