AION/MAGIS 100

Jeremiah Mitchell |
Valerie Gibson, Noam Mouelle, Yu Zhi
HEP Extravaganza, 6 Dec 2023

UNIVERSITY OF
7% MAGIS-100 ¥ CAMBRIDGE Al C@



Overview

« What even is AION and MAGIS-1007?
 What we have been up to
e Outlook
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Speedy atom interferometry

Simulation (MAGIS-100)
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Science case

Ultralight scalar dark matter — high density, wave-like characteristics
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Science case

Time varying atom transition frequency

Aqb ~ wA(2L/C)

Energy Levels DM Field Dark Matter dwa

{ |e>'/\/\/\/\|'e(t)> Gravitational Waves oL = hL
AE

9 _/\/\/\/\l_g(t)>
(a) logqo[fe Hz] (b) logso[fy Hz]
= 2
— _ MICROSCOPE
£ <
= -4
3 2
-5
-6
T -16 -14 -12 -10 T 16 ‘ 14 =4 ' -10
logso[my/eV] log1o[my/eV]

M. Abe et al., Quantum Sci. Technol., 6, 4, 2021.
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Science case
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AION

Atom Interferometer Observatory and Network

King’'s + Imperial Cambridge: transport, University of
° UK Consortium Of 7 Collgge_s: The:ory and * launching, cooling ato_ms Birmingham: LMT pulse
inStitUtionS publication office A Eg:: QIA(‘)GI\i,SDAQ/anaIySB :equ?:nces, Sr technology
ransfer
. Cambridge, Imperial,
« Develop l_J|tF6_\CO|d strontium  g'ham: modelling system
laboratories in parallel parameters
« Staged project for Lmperial: (clock)
. . rial: gl
increased baseline atom aser stabilisation. =¥ £ Gl
interferometers 10m -> squeezing =
100m -> 1km Rutherford-Appleton
. Lab (STFC): Vacuum +
° Investlgate teChn0|Ogy support structure. Design : .
development and network ATON-100 et
p optics for MAGIS +

AION

Oxford: site, cold-atom source, laser lab,
construction for AION, camera system design for
AI MAGIS

L. Badurina et al JCAP05(2020)011

with MAGIS-100 for large
scale science goals
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MAGIS-100

Matter-wave Atomic Gradiometer Interferometric Sensor 7% MAGIS-100
(a)

MINOS
access shaft

* Long-baseline atom interferometer Atom source
being built at Fermilab US

« 3 strontium atom sources along
vertical baseline

« Test bed experiment for
simultaneous atom interferometer
control

(b)

Relay lens

Laser lab

S
Atom source S
- —
* Prototype 10m device at Stanford
= ‘ 1)) MINOS building (ground level)
' AR ; Jt . ol A —
Joi INSQI-EOI’KINS & ggxmftsytcm 3¢ Fermilab AN OLD DOMINION
stanvorp @ givmener  [R] b B (RO
Mahiro Abe et al 2021 Quantum Sci. Technol. 6 044003
7 Atom source
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Cambridge activities

« Data acquisition, monitoring, and control
« Hardware and software for control systems
« Environmental monitoring
« Computing infrastructure

« Simulations and data analysis

« Matter-wave simulations, systematics
« Offline coordination for MAGIS-100

« AION and MAGIS-100 timing and data synchronization
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Matter-wave simulations

Recap: 3-pulse sequence on on thermal cloud

Simulation of a thermal/diffuse cloud [Y(1)) ;
using an ensemble of Gaussian e%lw(to))
wavepackets (10° atoms, 15nK, 1cm)

Allows the use of
* the semi-classical approach!?! for free
propagation
* the ttt-schemel3! for atom-laser
interactions
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Matter-wave simulations

Recap: 3-pulse sequence on on thermal cloud

Code specs:
* Python

* Wavepacket params stored in Nyioms X Npgens X Ngim Numpy arrays,
allowing the use of vectorization

Comb lapping
prop prop prop wavepackets Sample
_ |41 + |4;]" + 24;4; cos(S¢py; + pryy)
Wave-packet params:
Amplt ude T

+  Phas
* Pos t hd
Y
. W?dT: p‘;r;nms E

2

/4
Noam Mouelle’s work
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Matter-wave simulations

Recap: 3-pulse sequence on on thermal cloud

Binned distributions
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Matter-wave simulations

« Developing a MC simulation of
atom cloud propagation:

 Laser wavefront aberration .

« Non-uniform phase-shifts
(gravity gradients etc.)

« Recently moved from Python
prototype to C++

« Hope to focus on inference of
phase shift from images

Noam Mouelle’s work

J. Mitchell
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Bayesian inference for atom interferometry
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Bayesian Inference (Python)

o(=i[d, M) = PEMIPCIM) _ L)1 ()

-, parameter

Simulation
| d: data

Waveform/DM
Field, etc. | M: mode
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p(d[M) Z

p(-|d,M): posterior
L(-): likelihood

f (=): prior _ .
Bilby: arXiv:1811.02042

Yu Zhi’s work
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Bayesian inference for atom interferometry

) MAGIS-100 T UEsmOor AION]

Post-Newtonian Gravitational Waves (Inspiral)

h(f) 5 23\ 5/6f 716a ()

96 o
(f)=2/fte- @~ 7+ pg(/M )3 o - oo
- = {my, Mchirp, v, @, ,dL}
d = h; + n; Gaussian noise given by PSD: 0? / 5Py (f)
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Bayesian inference for atom interferometry
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Environmental noise impacts
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Workshops

Atom Interferometric Sensing
® of Earth’s Spheres

A |
AI @/@ & gﬁr}:é:mncﬂ

5.3 UNIVERSITY OF

lliilﬁlll;l

¥ CAMBRIDGE

J. Mitchell

27 in-person, 10 remote

International members of earth
science (seismologists, atmospheric,
geophysics)

 International members of atom

‘ Natural
Environment
Research Council

interferometry (AION, MAGIS-100,
Hannover)

UKRI funding representatives from
NERC and STFC

Commercial representative from
Guralp

Tutorials from both sides
Small group discussions

Science and
Technology
Facilities Council
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Summary and outlook

* A lot of work in support of AION and MAGIS-100

» Looking forward to hardware and software contributions
» Simulation work making excellent progress

» Closer integration with Cambridge AMO group

" UNIVERSITY OF J. Mitchell 19
«¥ CAMBRIDGE |




5.3 UNIVERSITY OF

J.Hl.

‘% CAMBRIDGE J. Mitchell 20

1L
&



Atom optics

* Two-level system in electromagnetic field

2)
wOI
1) o _
Y(B) = 1 (®)]1) + ea(t) 2
c1(t) = ¢1(0) cos(Qt/2) — ie_ch(O) sin(Qt/2) * Beamsplitters, /2-pulse
co(t) = —ie ¢ (0) sin(Qt/2) + ¢2(0) cos(t/2) 1 g
1) — ﬁ(m —ie'?[2))
c1(t)?|| = cos*(Qt/2)
e2(02]| = sin2(Qt/2) * Mirrors, n—pul‘se
1) — —ie'® |2)
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Atom interferometry

Phase Shift
L - % T %
Agb — Aleabser + Agbpropagation + AQbseparation
12) upper lower
= A¢laser — Z i¢L t]axu
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Z +or(t;,xu(t5))
\ Adpopugnion = 3 ( /t (L - Ez-)dt) -y ( /t (L - Ez-)dt)

lower @
A¢sepa]rafci01r1 — <p> - Ax

Leading order phase shift

Ao = kqgT?
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