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Pulse Schemes for Robust Atomic Fountain Interferometry
Michael H. Goerz!, M. A. Kasevich?, V. S. Malinovsky!
1U.S. Army Research Lab, 2Stanford University

Atomic Fountain Interferometer 10 m atomic fountain at Stanford Kasevich lab

m Use laser pulses as “beamsplitter” and “mirror”
m Gravitational gradients over both pathways
result in relative phase
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Applications

m inertial navigation
m gravitational sensing
m test of equivalence principle
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m Find robust control pulses S ey v S N

m Increase signal contrast
Kovachi et al. Nature 528, 530 (2015)
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Analytic Pulse Schemes

) effective field:
(a) coordinate space

(b) momentum space

=> adiabat. elimination, FT, discretization = \\ N Q(t) _ Ql(t)Qg(t)
|-2) = "~ 12) R
#(t) = P1(t) — Pa(1)
Q;(t) cos(®1(t) + kz) Qu(t) cos(®y(t) — kz) Qe)\ f(t)
ANNNNN \ !
[-1) In=1) 2hk? ,
Q(T)\,wk/}z(r) wg = o (recoil frequency)
|0)
z > g=""" (initial velocity)
. L 2hk
Hamiltonian in momentum space:

A=>" [(Eﬁo)(t) + 2nBhwi) |n) (] — uS(t) (In)(n + 1] + H.c.)] with  E(t) = n?hwy + nh

Robustness landscape: 1 (pulse amplitude), § (initial velocity)

(© Train of Rabi pulses: (@ Rapid Adiabatic Passage (RAP) [1]:
¢(t) = wi = —wk(2m0 + 1) B(t) = —aw(t — tc)
drives resonant Rabi-cycling of transition ng <+ ng + 1 sweeps over resonances at intervals g = 2/|a|. Choose

offset t. to select transition and compensate switch-on/-off
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Control Conditions
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(@ Splitting: i :
0) — 25 (10) + €™ |Ns) 151 ' ' s
5 ( o ) HONNNO ® ® ® ® ¢
[©JO) Amplification: i phase kick: ek
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After (3): kick s Y - -
[ Nimax) — € Phick | Niyax ) : 61 .- I..N
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(® (© De-amplification: S L
10) = 10) [Nmax) — €'~ |Ns) £ Hblln I l%
-1 h
(@ SWAP: 21
[0) <> [Ns) el , , .
(@ Recombination: ° 100 200 300 o ey 600 1004 800
0) :4500 (|0 +e1A¢|1)) INs) — /¢10 (|0> 4 i(Bdim) ‘1)) oa\/
Results in . . 0 i n
. . . . . . Required kick response:
eibbe—iBbgitick 1 e—ildeild i AN,
o= 4 T2 4 po = cos (T'C):E"'iz'cyplzl_po

m Phases ¢, ¢_ cancel out! — Final recombination only has to compensate A¢ of initial splitter!

m For Ns = 1, same pulse can split and recombine! — A¢ drops out!
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Robustness
(© Fringe Contrast (2) Zero-Phase Population = Total Contrast
Ipe = M3XP0 min po lo = po(¢xick=0) hotal = Irclo
max pg + min pg
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Ensemble Control for Robustness

Optimal Control Theory
m Iteratively minimize optimization functional J
m Use Krotov's method [2] to find S(t) that monotonically decreases J in each iteration

m Optimize each of the 7 stages individually

Ensemble optimization

0.050 1 m Optimize simultaneously for average of ensemble (u, 8) [3]
0.025 - m rotating ensemble: switch ensemble every 1000 iterations
«  0.000 - Population transfer functional: [4]
— i (1,8) 2 tgt 2\?
~0.025 1 Foor = 51 ZZZ(K% (][ [ (4| n)]
(n,B) k- n
—0.050 1 Square-modulus gate functional:
T T 2
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Conclusions & Outlook

Summary OCT scheme

m Shown robustness of RAP scheme over
. . 0.04
traditional Rabi scheme
m Derived general control conditions for an
atomic fountain interferometer

0.02

m Formulated population transfer functional 0.00

contrast

m Ensemble optimization for robustness ~0.02

initial velocity B

-0.04

References

[1] Malinovsky, Berman. Phys. Rev. A 68, 023610 (2003)
https://doi.org/10.1103/physreva.68.023610

[2] Goerz et al., SciPost Phys. 7, 80 (2019)
https://doi.org/10.21468 /scipostphys.7.6.080

[3] Goerz et a{., Phys. Rev. A 90, 032329 (2014) Outlook
https://doi.org/10.1103/PhysRevA.90.032329 L .

[4] Goerz et al., in Proc. SPIE 11700 (2021) m Extend ensemble optimization over entire landscape

https://doi.org/10.1117/12.2587002 m Frequency and amplitude constraints

0.925 0.950 0.975 1.000 1.025
pulse intensity u

Michael Goerz W @goerz ® U.S. Army Research Lab Pulse Schemes for Robust Atomic Fountain Interferometry



