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Quantum enhancement
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PRL 126, 080502 (2021)



SCALING OF QUANTUM SENSITIVITY ENHANCEMENTS

g2

Sensitivity Gain (log)

£ K[Jms XDI?
 N(AX)?

Fisher

L

X =Jn

Kitagawa & Ueda, PRA 47 5138 (1993)



SCALING OF QUANTUM SENSITIVITY ENHANCEMENTS

g2

Sensitivity Gain (log)

£2 = K[Jms XDI?
 N(AX)?

Fisher

Kitagawa & Ueda, PRA 47 5138 (1993)



SCALING OF QUANTUM SENSITIVITY ENHANCEMENTS

Sensitivity Gain (log)

g2

£2 = K[Jms XDI?
 N(AX)?

Fisher

NO Nl Kitagawa & Ueda, PRA 47 5138 (1993)



SCALING OF QUANTUM SENSITIVITY ENHANCEMENTS

Sensitivity Gain (log)

g2

-2 |<[JmaX]>|2
maxé -~ =
XeO0 N(AX)2
Fisher
L
NL

X = mpdy + my{Jy, J,}

-2
g Y. Baamara, A. Sinatra, and M. Gessner,
| Phys. Rev. Lett. 127, 160501 (2021);

Comptes Rendus. Phys. 23, 1 (2022).



SCALING OF QUANTUM SENSITIVITY ENHANCEMENTS

Sensitivity Gain (log)

&2

o KJm, XDI?
max¢é - =
Xeo N(AX)2
Fisher
L
NL
xt~ NP X = mpdy + my{Jy, J,}
-2
£ |
g Y. Baamara, A. Sinatra, and M. Gessner,
NO | Nl Phys. Rev. Lett. 127, 160501 (2021);

Comptes Rendus. Phys. 23, 1 (2022).



SCALING OF QUANTUM SENSITIVITY ENHANCEMENTS

Sensitivity Gain (log)

&2

o KJm, XDI?
max¢é - =
Xeo N(AX)2
Fisher
L
NL
xt~ NP X = mpdy + my{Jy, J,}
-2
£ |
g Y. Baamara, A. Sinatra, and M. Gessner,
NO | Nl Phys. Rev. Lett. 127, 160501 (2021);

Comptes Rendus. Phys. 23, 1 (2022).



SCALING OF QUANTUM SENSITIVITY ENHANCEMENTS

Sensitivity Gain (log)

g2

o KJm, XDFP
max ¢ - =
Xeo N(AX)2
Fisher
L
NL
Q
~ 2
& . X = myJy + my Jy
g Y. Baamara, A. Sinatra, and M. Gessner,
NO | Nl Phys. Rev. Lett. 127, 160501 (2021);

Comptes Rendus. Phys. 23, 1 (2022).



SCALING OF QUANTUM SENSITIVITY ENHANCEMENTS

Sensitivity Gain (log)

g2

o KLm, XDIP
max¢& =
XeO0 N(AX)2
Fisher
L
NL
2
& . X = myJy + my Jy
| | g Y. Baamara, A. Sinatra, and M. Gessner,
NO | Nl Phys. Rev. Lett. 127, 160501 (2021);

Comptes Rendus. Phys. 23, 1 (2022).



SCALING OF QUANTUM SENSITIVITY ENHANCEMENTS

Sensitivity Gain (log)

£

-2 |<[Jm, X]>|2
maxé -~ =
XeO0 N(AX)2
Fisher
L
NL
xt ~ N7 Q
2
6;2 X X = ann + mn’Jn/
| g Y. Baamara, A. Sinatra, and M. Gessner,
| Phys. Rev. Lett. 127, 160501 (2021);
NO 6_2 Nl
0, Comptes Rendus. Phys. 23, 1 (2022).



IMPLEMENTING NONLINEAR MEASUREMENTS

state preparation rotation measurement

(o e L

Nonlinear evolution




IMPLEMENTING NONLINEAR MEASUREMENTS

state preparation rotation measurement

(o e

Nonlinear evolution Nonlinear observable




IMPLEMENTING NONLINEAR MEASUREMENTS

state preparation rotation measurement

(o oo o o

Nonlinear evolution Nonlinear evolution




IMPLEMENTING NONLINEAR MEASUREMENTS

state preparation rotation

measurement

e—iJZZXt

—1J 0

iJ2xt Jy

Nonlinear evolution

Measurement-after-interaction (MAI)

72 £ 12
XMAI — ¢ zJZ)(tJnelJZ)(t

Nonlinear evolution

"Squeezing echo"
“Interaction-based readout”

E. Davis et al. PRL 116, 053601 (2016).

F. Frowis et al. PRL 116, 090801 (2016).
T. Macri et al. PRA 94, 010102(R) (2016).
S. P. Nolan et al. PRL 119, 193601 (2017).
M. Schulte et al. Quantum 4, 268 (2020).
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Sensitivity Gain (log)
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DECOHERENCE

Noiseless evolution:

2N2—2a/

Quantum enhancement fi/leI =0 Preparation time yt = oN ¢

Y. Baamara, A. Sinatra, and M. Gessner, Phys. Rev. Lett. 127, 160501 (2021).



DECOHERENCE

Noiseless evolution:

2N2 2a

Quantum enhancement §MAI = Preparation time yt = oN ¢

~
Lindblad Master Equation

0 .
a_l; = —i[yJZ, p] +7c( J.pd; — { ,p})

"Diffusive dephasing"
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Y. Baamara, A. Sinatra, and M. Gessner, Phys. Rev. Lett. 127, 160501 (2021).



DECOHERENCE

Noiseless evolution:

Quantum enhancement gMAI gIN? 2 Preparation time Yt = oN ¢
N(
Lindblad Master Equation Fluctuating Hamiltonian
‘9—’9——1'[)(J2 ]+ J, - { } H = x(J; + DJ,)
0t - z?p 7’C Zp ,P _X 7 z
Gaussian random variable <D2> — eN”
“Diffusive dephasing” "Ballistic dephasing”
2N2 2a
2a7l-a =
gMAI dlf — N L gMAI bal 1 + 460_2N1+y 2ar

Y. Baamara, A. Sinatra, and M. Gessner, Phys. Rev. Lett. 127, 160501 (2021).




BALLISTIC DEPHASING
H = x(J; + DJ.)

5_2 - O_2N2—26v
MALbal = 1 4 Aeg2 N1+y—2a Preparation time Yyt = o N ¢
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BALLISTIC DEPHASING
H = x(J7 + DJ;)

6_2 ~ O_2N2—2a
MALbal = 1 4 Aeg2 N1+y—2a Preparation time Yyt = o N ¢
s B Gaussian random variable (Dz> = eN’
" . I+y
Critical preparation time Q, = > :
) |
- _J SMALbal :
1
. . 05N 7/46 i
Shorter times @ 2 @, | e
2 2 7722 y '
— _ —2a
EMALbal = TN
Longer times @ < @
§—2 — iNl—V
MALbal de 0.0 0.1 1-a.0.2 0.3 04 | o

Y. Baamara, A. Sinatra, and M. Gessner, Phys. Rev. Lett. 127, 160501 (2021).



PARTICLE LOSS

e Sensitivity gain is limited by lost fraction.



PARTICLE LOSS

e Sensitivity gain is limited by lost fraction.
* Nonlinear squeezing can still improve the precision -2

if linear squeezing does not reach the limit. Loss = (1)
9 d Yt fraction

of lost atoms



PARTICLE LOSS
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* Nonlinear squeezing can still improve the precision
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* Non-Gaussian squeezing:
Systematic optimizations over nonlinear observables X

e Scaling of non-Gaussian quantum enhancements
are far beyond the reach of spin squeezing

e Optimal implementations depend on the noise
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