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AION

Principle of Atom Interferometry
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Effect of Dark Matter on Atom Interferometer
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Effect of Gravitational Wave on Atom Interferometer

GW changes
light travel time
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Atomic Multi-Gradiometer
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Multiple atomic interferometers in the same vertical shaft,
manipulated with same laser beam.
Eliminate laser noise, minimize gravity gradient noise.



AION Collaboration

1 . Balashov?, E. Bentine?, D. Blas', J. Boehm?, K. Bongs| . A Benixal!
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P. Majewski2, S Malik®, J. March- RusseID. Newbold?, R. Preece?,
B. Sauer$, U. Schneider’, I. Shipsey?3, Y. NI Tarbutt®, M. A. Uchida’,
T. V-Salazar?, M. van der Grinten?, J. Vossebeld4, D. Weatherill?, I. Wilmut?,

J. Zielinska®

Kings College London, 2STFC Rutherford Appleton Laboratory, University of Oxford,
4University of Birmingham, *University of Liverpool, ®imperial College London, "University
of Cambridge

Network with MAGIS project in US
MAGIS Collaboration (Abe et al): arXiv:2104.02835




AION — Staged Programme

AION-10: Stage 1 [year 1 to 3]
» 1 & 10 m Interferometers & site investigation for 100m

baseline Initial funding from UK STFC
 AION-100: Stage 2 [year 3 to 6]

= 100m Construction & commissioning

* AION-KM: Stage 3 [> year 6] Workshop @ CERN, March 13/14, 2023
= Operating AION-100 and planning for 1 km & beyond
 AION-SPACE (AEDGE): Stage 4 [after AION-km]

= Space-based version

AION Collaboration (Badurina, ..., JE et al): arXiv:1911.11755




Planned Location of AION-10m AI@I

AION-10 @ Beecroft building, Oxford Physics
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New purpose-built building (£50M facility)

AION-10 on basement level with 14.7m
headroom (stable concrete construction)

mnll[l]}]]__[.
Ground level |[/|

World-class infrastructure E

Experienced Project Manager: B

Engineering support from RAL (Oxfordshire)
i

Laser lab for AION

vibration criterion, VC-G =
10nm@10Hz. Temperature
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Laser Stability Tests AIC@

3D 5sHd

Need to stabilise 689 nm and 698 nm lasers in all 5 Sr labs

- We can address the very narrow 689 nm and 698 nm atomic resonances



Cambridge

Below: Transmission and error signal data at Imperial
Laser stays locked for several days autonomously
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AION Project: Physcs Beyond Colliders Annual Worksho~

Possible CERN Location of AION-100m

FCN X000

DOSE EQUAVALENT (ACCIDENT) - BEAM 1

/ PX46 — P4 Support shaft T w108
Lengths 143m |3 a1

D=10.10m ol
» ldeal basic parameters for |
AION100 =) o 3
Supported by CERN PBC Team : 0 e 3
| (Gianluigi Arduini, Sergio Calatroni...) [z Mo 3
on feasibility study: : |
Seismology ol e <
Temperature a0} | %
Ventilation w0t
Radiation protection °f “fro?
Electromagnetic interference “
Access & safety EE RN
z-coordnate [m] 22

Also studying possible site at STFC Boulby Laboratory in UK



AION
Possible CERN Location of AION-100m

Concept for layout

ry
iy — -

* 100 m long Interferometer
* Possibly built with 5m long modules

* Moving platform around the detector

» Platforms to be able to carry atom sources, ion
pumps up and down etc.

« NOT free hanging, needs rails (avoids swinging

cage colliding with detector
Single module of 5m @

 Need staircase for evacuation
surrounding the platform (?)
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Seismological Measurements

Comparison of measurements at top & bottom of PX46
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AION

Electromagnetic Interference?




Electromagnetic Studies for AION-100 Al

DC magnetic field
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o ~AIGN
Radiation Shielding Options

Shielding options

* Handling constraints:

» Shaft used to raise/lower LHC and HL elements, PX46, TX46

need to stay open at any time | S —

e Transport Zone
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Courtesy of EN-HE-PO Transport zone required to be kept in the TX46, PX46

 Two solutions proposed by CE e
« Solutions with removable shielding blocks to avoid blocking Efi|
the area reserved for transportation Proposed location for

shielding



- ~ AION
Proposed Shielding Option

Cast-in place

’ UP 46 - 2424 / concrete wall
Proposed end of . // //
A
zone door T
' Additional Chicane
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AION Requirements/Requests A|C

Lasar lab option 1 of 2 Requrement Shielded tube (per tube) A0 source (per source) Laser bbb
. 4 4
(Getter for access) Volurme ~ 1 x 1 meter Crans-section 1 mater in cadial disection, = 2 muter s tesgential | Floor aree > SO m*2
direction, ™ L mater n vertical direction
1 Mains povwar None < Up to 10 kW 10ta power consumgtion, one “&00V « 35 kW total, i~ two three-
RS ot three-phase cutiet and one “240V 324 sirgle-phase phase cutiets and 100 single-
shielded tubies commardo output phase outietsy
. - + T
cos dhkn Control Magnet colls x4, up to 10 amps each - * 30 oprical fibres from lacer lab to atom scurce - = 30 network pons
- Ao “"’3;:(: ; " cables o Dierent types: high-power steel-ciad fibres,
—— . lower-power sisgle-mode optical fibers, and
ocations) network communication fizres
+ ™ 3 triaadal shielded cables from fazer lab to atom
sonrce, tated up 1o 3 GHr
' ]
E: Cases None Heliam for leak testing (rare wse, probably only during | Helium
Note: This shatch s INTa setup > possibly easer 10 use 3 handheld can?) | Compressed dry ar
rough! It comains the Argon
. - - + -
detecior components Water None S KW water cooling capacity, ~ S barg, ~ 1S degrees € | 30 kW cooling capacity
which nead the most - cocling (5ut abowe dew point), stable 10 < +/- 1 deg C
fachities, but gnores 1 -
details such 35 addtonal (Cryogenics  None | None | Nome
connection nodes used Ventlaben  Escugh ar Sow 10 mantin temperature Stabity Encugh ar flow 10 remove S KW par atom source 30 kW plant.generated heat
for Imaging, and in- removal capacity « whatever s
VACUUM OpUCS SOCT0ns 1 required 10 remaove ambient heat
(- _
. - -
Arewis None foressan, butt posubie acesis for ropir after Alment cartainly we regquine Acceis dunng beam Yoar-round Rooess >~ 12
unaspected fallures operaton (1. yearcound, ~ 12 hours/day). If mot, then | hows/day
It wil take considerable extra engincering etort - 1t
(- would create & few years delay for techeclogy
development and 105ng o AUTONOMOUS JLOM SOUCRS
Temgerature <ledm - Mura crmdrediad ar-iee o rani i rad 0 - dac -~
viabiity pk temperature fluctustiom, HEPASItered w1 flow fluctustion
’ * T T
C Smoke Yes, why nat Yes, why not Yes, why not
Laver bab option 2 of 2 etuctor
(werse for accens) Ooygen Not reeded Not reeded Yes
depetion
mennor
Special Free-space laser beam defivery {one beam| from laser a0

to shafl. Rpd 20 om diameter straight steel tube
[potentaly with nght-angie joints, and mirrors But not too

Richard Hobson [ bt thetopafthe e

.how.ng Each individual section cou'd plausibly be constrained to
& cqupment < 907 kg (this ks the capoity of the MAGHS crane), but
sdditionad capacity codd be helpfu' f waailabie

cha r|es Bayn ha m *Altermatiely, we coukd have the laser stationed at the base of the shaft, 5o that we n0 longer seed 1ree-5pace access through the Ik of the shatt. This would require
smila temperature control requirements to the ‘aser lab, and approx, 10 kW dlectrica cocling power (But this could need to be larger depending on laser technology
wind - REO 5 required 1o determme s,
Questions:
« How do we gt in and cul? Ideally we'd vaid opening and closing the e 18 the soenarid whine we haw full acoess (Imizaling Shisldng at the Bottom of the shaft
to protect against beamiine loss), can we just leave the §d open permanently?
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Safety: Evacuation A|ON

-

-

 The EN-HE group found a solution to access vertically to the experiment with a platform based on
the European Standard EN1495. This platform allows a complete vertical access along the PX45 shaft in
all positions, but has a maximum speed of 12 m/min, constraint coming from the European standards.

* Discussions with CERN safety unit: acceptable evacuation time is 2 minutes
» Evacuation from near surface requires speed of 70 m/min

A standard machine based on EN1495 allows an evacuation in about 30 minutes, because the
evacuation speed is approximately 6m/min and the evacuation system needs to cool down every 20m

 Two possible solutions:

Building a machine based on EN1495 able to evacuate at the maximum speed of 12 m/min without pauses. This would mean an
evacuation time of about 12 minutes (11,67 minutes)

Building a special machine based on the European Machinery Directive, able to evacuate people faster than 12 m/min. The EN-HE
group needs to launch a preliminary study to validate the feasibility and the maximum speed reachable considering the volume
available for the platform

e EN-HE is confident that a technical solution can be found



Search for Ultralight Dark Matter

Higgs
Known particle masses: neutrino electron proton

e O SN I S |

: AION/AEDGE/STE-QUEST v .
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‘Ultra-Light’ dark matter ‘Massive’ dark matter



AION

Ultralight Dark Matter

A scalar ULDM ¢(x, t) field would be present throughout the Solar System
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The wavelength depends on the ULDM mass



AION
Ultralight Dark Matter

Interactions with the ULDM field lead to oscillations in fundamental ‘constants’

Time-dependent electron mass: \

dm
Me(t,X) =me |1+ “o(t,x
(t,) (1, %)

Time-dependent electromagnetic fine
structure constant:

de
a(t,x) =a |1+ t,x
(t.%) )
dwsr V2 d d
Tiny oscillations induced in transition energies: —=r _ VS/DM (dm, + £de) cos(mpmt)
Wsr MDM Mpy




AION

Gravity Gradient Noise

* Rayleigh waves propagating across the surface induce density variations underground

* The density variations give rise to a phase shift:

CH CH

(I)g)GN,m = Zfa [Aa exp (_qwazz) + B, exp (— e ’)] COS Pg.m
a

* Two key parameters:

. &, :surface displacement

2. AgoN = Z—H : decay length with depth

Badurina, Gibson, McCabe & Mitchell, arXiv:2211.01854
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Gravity Gradient Noise
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AION

Gravity Gradient Noise
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Intermediate Mass Black Holes
|dentified as Low-Luminosity Active Galactic Nuclei
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Chilingarian et al, arXiv:1805.01467




How to Observe Mergers of
Intermediate Mass BHs?

Cosmic
microwave
background

Inflation
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Volonteri, Habouzit & Colpi, arXiv:2110.10175



AION Collaboration (Badurina, ..., JE et al): arXiv:1911.11755
Signal-to Noise Ratios (SNRs) Al@
for Gravitational Waves in AION-100

_AION 100m , AIQN 1OQm o
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IMBH mergers L.
phase transition



AION Collaboration (Badurina, ..., JE et al): arXiv:1911.11755 @
Gravitational Waves from IMBH Mergers Al
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Characteristic Strain

Probe formation of SMBHs
Synergies with other GW experiments (LIGO, LISA), test GR

Badurina, Buchmueller, JE, Lewicki, McCabe & Vaskonen: arXiv:2108.02468



Black Hole Superradiance

Boson emission may cause spin-down of black holes (if self-interactions weak)

1 1 L1 e, A
No constraints on
intermediate scalar masses
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Black Holes vs Al
Ultralight Dark Matter

ULDM mass (ms) [eV] Exclusions can be avoided
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Unal, Pacucci & Loeb: arXiv:2012.12790 Ng, Hannuksela, Vitale & Li: arXiv:2011.06010

Can be explored by prospective

AION-1km/AEDGE BH spin measurements

JE & Vaskonen: in preparation




Summary Al

® Good technical progress on AION-10

® Studies underway for siting AION-100 at CERN or in UK

® No show-stoppers for AION-100 at CERN

® Technical report on AION-100 @ CERN planned for Q1 2023

® |nternational interest in AION-100 @ CERN

® Science studies progressing

e Study of (mitigation of) gravity gradient noise in ULDM search

® Synergies of ULDM search with GW constraints on BH spins

Mar 13— 14,2023 > CERN
Te_rrestrial Very-Long-Baseline Atom Interferometry

Workshop on terrestrial long-baseline atom interferometry
planned for March 13/14, 2023 @CERN



