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Atomic Fountain Interferometer

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

∆φ = −2kmaxgT
2

Applications

inertial navigation
gravitational sensing
test of equivalence principle

Goal

Find robust control pulses
Increase signal contrast

10 m atomic fountain at Stanford Kasevich lab

Kovachi et al. Nature 528, 530 (2015)
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(a) coordinate space

⇒ adiabat. elimination, FT, discretization⇒
(b) momentum space

z

b(t)

a(t)

∆Ω1(t) cos(Φ1(t) + kz) Ω2(t) cos(Φ2(t)− kz)
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p

effective field:

Ω(t) =
Ω1(t)Ω2(t)

4∆

φ(t) = Φ1(t)− Φ2(t)

ωk =
2~k2

m
(recoil frequency)

β =
mv0

2~k
(initial velocity)

Hamiltonian in momentum space:

Ĥ =
∑
n

[
(E

(0)
n (t) + 2nβ~ωk ) |n〉〈n| − µS(t) (|n〉〈n + 1|+ H.c.)

]
with E

(0)
n (t) = n2~ωk + n~ φ̇(t)

Robustness landscape: µ (pulse amplitude), β (initial velocity)

1○ Train of Rabi pulses:

φ̇(t) = ωL = −ωk (2n0 + 1)

drives resonant Rabi-cycling of transition n0 ↔ n0 + 1

2○ Rapid Adiabatic Passage (RAP) [1]:

φ̇(t) = −αωk (t − tc )

sweeps over resonances at intervals τB = 2/|α|. Choose
offset tc to select transition and compensate switch-on/-off

Analytic Pulse Schemes
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1○ Splitting:

|0〉 → 1√
2

(
|0〉 + e i∆φ |NS〉

)
2○ 5○ Amplification:
|0〉 → |0〉, |NS〉 → e iφ+ |Nmax〉

After 2○: kick
|Nmax〉 → e iφkick |Nmax〉

3○ 6○ De-amplification:
|0〉 → |0〉, |Nmax〉 → e iφ− |NS〉

4○ SWAP:
|0〉 ↔ |NS〉

7○ Recombination:

|0〉 → eiφ00√
2

(
|0〉 + e i∆φ |1〉

)
, |NS〉 → eiφ10√

2

(
|0〉 + e i(∆φ+π) |1〉

)
Results in

ρ0 =
e i∆φe−i∆φe iφkick

4
+

1

2
+

e−i∆φe i∆φe−iφkick

4

Phases φ+, φ− cancel out! → Final recombination only has to compensate ∆φ of initial splitter!

For NS = 1, same pulse can split and recombine! – ∆φ drops out!

Required kick response:

ρ0 = cos2
(
φkick

2

)
= 1

2
+ cos(φkick)

2
, p1 = 1− ρ0

Control Conditions
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1○ Fringe Contrast

IFC =
max ρ0 −min ρ0

max ρ0 + min ρ0

2○ Zero-Phase Population

I0 = ρ0(φkick=0)

⇒ Total Contrast

Itotal = IFC I0

Robustness
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Optimal Control Theory

Iteratively minimize optimization functional J

Use Krotov’s method [2] to find S(t) that monotonically decreases J in each iteration

Optimize each of the 7 stages individually

Ensemble optimization

Optimize simultaneously for average of ensemble (µ, β) [3]

rotating ensemble: switch ensemble every 1000 iterations

Population transfer functional: [4]

Jpop =
1

2M

∑
(µ,β)

∑
k

∑
n

(∣∣∣〈φ(µ,β)
k (T )

∣∣∣ n〉∣∣∣2 − ∣∣∣〈φtgt
k

∣∣∣ n〉∣∣∣2)2

Square-modulus gate functional:

Jsm = 1−

∣∣∣∣∣∣ 1

MK

∑
(µ,β)

K∑
k=1

〈
φtgt
k

∣∣∣φ(µ,β)
k (T )

〉∣∣∣∣∣∣
2

.

Ensemble Control for Robustness
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Summary

Shown robustness of RAP scheme over
traditional Rabi scheme

Derived general control conditions for an
atomic fountain interferometer

Formulated population transfer functional

Ensemble optimization for robustness
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Outlook

Extend ensemble optimization over entire landscape

Frequency and amplitude constraints

Conclusions & Outlook


