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Signal Extraction via Phase Scan
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Signal Extraction via Phase Scan
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Signal Extraction via Phase Scan
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Signal Extraction via Phase Scan
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Signal Extraction via Phase Scan

D1 « Phase shift ® = ¢ + ¢,
b, > o
* Acceleration phase shift
¢, = kaT”
L e » Population o cos(®d)
EEEE: A A e EXxtract population via
Z o6 ¢ e . Gaussian image model
= 0.4 S 5 .
Q%‘ 8'2 o o °
1 | e | | |
0 % > 3 4 5 6
¢; [rad]

Stefan Seckmeyer FOMO 11th September 2024



l;’ { § Leibniz
{ 0; Z§ Universitat
tog'4 | Hannover

Signal Extraction via Phase Scan
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Signal Extraction via Phase Scan
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Signal Extraction via Phase Scan
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Wavefront Aberrations
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e Can imprint spatially dependent

phase profiles A
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Table 1| Error budgetona

=

Source Correction (x107") Relative uncertainty (x10™")
" " " Gravit dient -0.6 0.1
 Can imprint spatially dependent Creviy grecer
ignment of the beams 0.5 0.5
h f' I Coriolis acceleration 1.2
p ase p ro I eS Frequencies of the lasers 0.3
f " . Wave-front curvature 0.6 0.3
» Often the leading systematic Wove rontdistorion 35
. Gouy phase 108.2 5.4
u n Certal nty Residual Raman light shift 2.3 2.3
Index of refraction 0 <01
W f t t O 6 O 3 Internal interaction 0 <0.1
ave-rront curvature * * Light shift (two-photon -11.0 2.3
. i transition)
Wave'front dlStOI‘tIOﬂ 39 19 Second-order Zeeman 0.1
effect
Gouy phase 108 2 5 4 Phase shifts in Raman -39.8 0.6
’ ’ phase-lock loop
Global systematic effects 64.2 6.8
Statistical uncertainty 2.4
Relative mass of ¥’Rb?: 86.9091805310(60) 3.5

* Thelr impact depends on the data Raltiva mass of thaalectror?
a n a I yS i S m et h O d Rydberg constant®: 10,973,731.568160(21) m™ 0.1

Total: a'=137.035999206(11) 81

For each systematic effect, more discussion can be found in Methods.
®From ref. .
°From https://pml.nist.gov/cuu/Constants/.

Morel, L., Yao, Z., Cladé, P. et al. Determination of the fine-structure constant with
an accuracy of 81 parts per trillion. Nature 588, 61—-65 (2020).
https://doi.org/10.1038/s41586-020-2964-7
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Signal Extraction with Aberrations

0(i;) 0(i,)
* |Intensity model
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Signal Extraction with Aberrations

* Intensity model 1 1
1
I(i,2,y) = senv(x,y)(1+ Ceosff(i) +1(z,p)]) > o s *
* Per image phase ) L S R

271

0(i) = ~- with i € [0,50) = [y P1)

* Signal extraction via Gaussian integrals
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* |Intensity model

I(i,2,y) = %env(x, v)(1 4+ Ccoslf(i) + v(z,y)])

 Per image phase

271

0(i) = ~- with i € [0,50) = (@, 1)

e Spatial phase

(2.) = 2.5(x — dx) if £ >0
= 25(x+dx)+m ifx <O
1_.

O —-=-DNDWHO1LO
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Signal Extraction with Aberrations
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Signal Extraction with Aberrations
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* |Intensity model

I(i,2,y) = %env(x, v)(1 4+ Ccoslf(i) + v(z,y)])
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Signal Extraction with Aberrations
(i) 0(i»)

 Per image phase

271
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Intensity model

I[(i,2,y) = §env(x, v)(1 4+ Ccoslf(i) + v(z,y)])

Per image phase
0(7)

e Spatial phase

V(z,y) = {

— with i € [0,50) = fidhe h1)

itx >0
it x <0

10.0(x — dx)
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| .
y(x,y) [rad]
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Adjust fitting model

* Allows single-shot phase scans
[1,2]

* But requires knowledge of the
spatial form
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Signal Extraction with Aberrations
(i) 0(i»)

[1] Dickerson et al 2013 Phys. Rev. Lett. 111 083001
[2] Sugarbaker et al 2013 Phys. Rev. Lett. 111, 113002
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1. Use multiple images
2. Expand the image model to fit to ALL possible static patterns
3. Use statistics to extract the phases

Make Spatial Aberrations a Part of the Model

“The phase” of the interferometer

Image Set e
EO BN ON O Rt
B B BN B Analysis Orecli) i\\

Algorithm

012345 6

i
{0 2
09 4

6(¢) [rad]

1

— 0.5

/Yrec(xa y) i
> _05

-1

2 -15 -1 -

2
1. I 2
15 &
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Algorithm

@ [put Data

[(0,2,y) (30, x,y) (60, x,y) [(80,x,y) (99, x,y)

@ Principal component analysis (PCA)

[(z,y) + wi(r) pel@,y) + walz) peylz,y)

/\ \V
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Algorithm

@ [put Data

1(60,z,y) (80, z,y) 1(99,z,y)

1(0,z,y) (30, z,y)

I(G,z,y) = I(x,y) + w(7)

00000

——————

000000

w29 [a. u. ]
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€ ELllipse Fit

w (1) = .
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2/ \\
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@ Lllipse Correction
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@ Phase Reconstruction

0

VI'GC
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(
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* Intensity model Image Set
. RS .
I(i,2,y) = senv(x,y)(1 + Ccos|0(i) +7(z,y)]) R — |
* Per image phase SRR R g Analysis
i - Algorithm
0(i) = — with i € [0, 50)
o0 B DN OO B
e Spatial phase
(2.y) = d(x — o) + 4y if x>0
Y= dr+dx)+4y+7 ifx <O

x[a.u.]
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Reconstruction Without Noise
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* Intensity model Image Set
I(i,2,9) = yenv(x,y) (14 Ceosld) + () | o o o o |
* Per image phase SRR R g Analysis
i - Algorithm
0(i) = = with i € [0, 50)
o0 B DN OO BN
e Spatial phase
4(x—5aj) + 4y if z >0

4(z + ox) —4y+7r itz <0

Reconstruction error Yy = Yinp — Yrec

1.8e-15
8.9e-16
4.4e-16
0.0e+00
-4.4e-16
-8.9e-16

e (f ‘) BeL
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Quantum Projection Noise (QPN)

Spatial probability distribution Interferogram
P(‘/’E7 y) atoms — atoms(l _ 1 X, }7)
1
N - .
—1 _1
-2 -1 0 1 2
X 45
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Quantum Projection Noise (QPN)

Spatial probability distribution Interferogram
P(‘/’E7 y) atoms — 2 atoms(l _ 1 X, }7)
1
- - .
—1 _1
-2 -1 0 1 2
X 45
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Quantum Projection Noise (QPN)

Spatial probability distribution Interferogram
P(‘/’E7 y) atoms — 3 atoms(l _ 1 X, }7)
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-2 -1 0 1 2
X 45
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Quantum Projection Noise (QPN)

Spatial probability distribution Interferogram
P(‘/’E7 y) atoms — 4 atoms(l _ 1 X, }7)
1
- - .
—1 _1
-2 -1 0 1 2
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Quantum Projection Noise (QPN)

Spatial probability distribution Interferogram
P(‘/’E7 y) atoms o ]'O atoms(l = 1.x, y)
1
- - .
—1 _1
-2 -1 0 1 2
X T
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Quantum Projection Noise (QPN)

Spatial probability distribution Interferogram
P((E7 y) atoms B 100 atoms(l — 1 A, )7)
1
- -
—1 _1
-2 -1 0 1 2
X 45
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Quantum Projection Noise (QPN)

Spatial probability distribution Interferogram

P(QE, y) Natoms — 1000

Natoms(i — 1’ As )7)

R S N )
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Quantum Projection Noise (QPN)

Spatial probability distribution Interferogram

P(x, y) Natoms — ].OOOO

Natoms(i — 1’ As )7)
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Quantum Projection Noise (QPN)

Spatial probability distribution Interferogram
P(x,y) Natoms = 100000~
400
300
~N 200
100
0
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 Assess statistical effects due to QPN

Reconstruction Accuracy

o Study three distinct spatial phase patterns

2% + 4y 4r + 4y 4(0.22)% + 2y

] ()l

2 -15 -1 -05 0 05 1 15 2-2 -15 -1 -05 0 05 1 15 2-2 -15 -1 -05 0 05 1 15 2
T |a. u.] T |a. u.] T |a. u.]

 Assess statistics of the reconstruction errors
Hdiff (l) = Hinp (l) o Hrec (l) Y diff (X, y) — yinp (X, y) — Vrec (X, y)

FOMO 11th September 2024
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» Average reconstruction error: avg|Oy:¢ (1)] — O
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Reconstruction Accuracy: Per-Image Phase

o Statistical uncertainty of reconstruction error B ,
(Error bar due to QPN) o; = std|0;(0)]

Max phase uncertainty
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Reconstruction Accuracy: Per-Pixel Phase

- Average reconstruction error: ave|ygie (X, y)] — O
 Statistical uncertainty of reconstruction error _ o(d
(Error bar due to QPN) Oxy = Std [ Ygigr(x, y)]
. 1013
O_a:y X - 1/2 'F 100 _ ® 10 images
C |I(x Nn; C ; ® 10% images
[ ( ’y) lmages] = 10_1‘§' ® 10° images
~3 - 4.
& —2 10® 1mages
l o 10 33 — x 1/ {C[I_(w,y) nimages]1/2}
Intensity averaged over 1 10 e
107 107" 10° 10" 10° C =1

I(x,y) |atoms/image]
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Application to Experiment

Chip gravimeter

Momentum splits: 2hk 67k
T = =
g o
s
: px
g L | PX
% 6e+12_3 e . ® coefficients
% - 4e+12_; ® coefficients Sl ] s et ellipse
A 5 2e+12§ | — ellipse S -
. . i ST AL, B 0e+0 X
Qrec (Z) S
Bragg and et
le+12  -5e+11  0e+0  5e+1l  le+12

-4e+12 -2e+12 0e+0 2e+12 4e+12 6e+12

lattice beam
(100 [a. u. ]

Courtesy of S. Abend et al,
“Atom-chip fountain gravimeter,”

Phys. Rev. Lett. 117, 203003 (2016). v (ZE y) B
rec\ -

R

(2] (‘)L

* (Collimated Bose-Einstein condensate
* Higher-order Bragg interferometry

Spatial structures likely due to imperfections on chip coating
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Spatially resolved phase reconstruction algorithm
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Summary

Enhanced phase extraction algorithm ,
 Per image phase

(“Interferometer phase”)

—_— * Arbitrary static spatial
B B DN O T intensity and phase profiles

SRl Analysis
Algorithm

BN DN 0N B

I 0N 00 5O

Image Set

 Robust to quantum projection noise
 Up to mrad-accuracy in phase

A tool to understand wavefront aberrations
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Spatially resolved phase reconstruction algorithm

Prospects

Enhanced phase extraction algorithm
* Mitigating systematic shifts due to wavefront aberrations

 Measuring wavefront aberrations in-situ using the atoms

Data analysis tool suitable for autonomous operation

-J -

* Automatic tracking of phase profiles r“_.;;ﬁf-.‘:—-* ¥
* Resource efficient implementation LL Gl

| (A fx)>2h

More ideas? Talk to us!

40

z [px]
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