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A brief overview of atom interferometers

(from a phenomenologist’s point of view)



Light pulse atom interferometry (physical-space)

Launch ultra-cold cloud of atoms into an atomic fountain
Sequence of optical pulses manipulate the atoms

Quantum superposition over macroscopic distances
(>50cm achieved)

Interfere using a final optical pulse when they spatially overlap

Image the two interferometer output ports

ature
2015)
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Manipulating atoms with light pulses 1

(1) Light absorption:

NN

hk
@_"f k/m — Atom is ‘kicked’ forwards so starts moving

(2) Stimulated emission:

N\N>

hk
@ A< Emitted photon ‘kicks’ atom backwards so comes to rest

(3) In principle also spontaneous emission but choose atoms with long lifetimes (Sr) so this can be ignored

Christopher McCabe 4



Manipulating atoms with light pulses 2

Duration of pulse controls atom population levels:

Rabi oscillation between “n” pulse = mirror
f> and |e>
Transition
Probability f — e /
A
1

1/2

Pulse duration + At

Christopher McCabe 5



Light pulse atom interferometry (space-time)

*Po 2 Two-level system separated by optical

698 nm :
b W, frequency difference ws;

‘clock’

1) Initial pulse: ‘beamsplitter’
| Middle pulse: ‘mirror’
Final pulse: ‘beamsplitter (interfere)’

12)

Atom evolves extra clock phase:

f|1> = f\2> e et
Phase sensitive to changes in:
1. atomic structure (scalar ULDM)

0 T T 2. local accelerations (screened scalars)
Time [3. timings (gravitational waves)]

Position

1)

Abe et al (MAGIS-100) arXiv:2104.02835
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Even more involved... operate as a gradiometer

Ol

T-£ T+=% 2T-£

State-of-the-art single-photon strontium

atom interferometry with large
momentum transfer (LMT) techniques

Run two or more atom interferometers
simultaneously with the same laser
k (‘eradiometer’)

Cancels one of the leading noise sources
(laser phase noise)

0 T 2T Nature 654, 622-628 (2026)
First demonstration in Sr-87 by the AION Collaboration

Position
N

N

Time

Image from Abe et al (MAGIS-100)
Quant.Sci.Technol, arXiv:2104.02835
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Atom interferometer activities across the world

AION
VLBAI
MIGA [ AICE

Stanford
10m tower

J

MAGIS-100 arXiv:2104.02835; MIGA arXiv:1703.02490; AION arXiv:1911.11755; VLBAI arXiv:2003.04875; ZAIGA arXiv:1903.09288; AICE arXiv: 2509.11867
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TVLBAI: Towards very-long baselines

10m ~ 2026+ 100m ~2030s km-instrument Space-instrument
Stanford MAGIS-100 2040s major 2050s...
VLBAI MIGA, ZAIGA international detectors with
AION-10 AICE (CERN) project(s) ~107km baseline
—_—, —————— el
| ™ N I

dfﬁm I

AION-10 technical design: arXiv:2508.03491; CERN studies: arXiv:2304.00614 & 2509.11867; AEDGE, arXiv:1908.00802; Cold atoms in Space, arXiv:2201.07789; TVLBAI arXiv:2503.21366; AICE arXiv: 2509.11867
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Possible timeline for AICE (CERN) facility

2030 2032 2034 2036 2038 2040 2042

| | | | | |

e Y Y Y Y Y Y Y Y (T T T T T T T \I

Scalar : Scalar ULDM Optional |

Programme | Constr. [Comm. ULDM Vector B-L Axion | ALP + GW fUture i

\ A A A A A A A A A e e e )

: : : | Single-species | | Optimised —Tobe

87 88 |

Configuration | Sr/88Sr Sr/Yb baseline (SrorYb) | A Sr or Yb | defined !

Precision
physics [a(Sr) ] [a impr.] [cx(Yb) ][ EP test ] [ o follow-up ] [ Ultimate o ]

Performance { Constr. I Initial I Baseline I Stretch }Post—stretchi
Legend

[ Construction ()] Commissioning ) Shutdown (] Precision physics .1 Optional future
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Searches for (unscreened and screened) scalars




Classifying scalar-field signals

Time-dependent vs Static

/

Characteristic frequency of DM signal
allows for greater signal discrimination

\

Careful analysis of systematic
effects needed

Christopher McCabe
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Time-dependent: ultra-light dark matter

DM lighter than ~few eV behaves as a classical wave

Angular frequency set by the ULDM mass: W == 11, (1 - O(Uz))

e.g., Foster et al arXiv: 1711.10489
Derevianko arXiv:1605.09717
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Time-dependent changes in fundamental constants

de
4

FM,,F“V me(t, X) = m, _1 + dm \/ ATG (4, x)_

L D VarGne [dmemeée

T a(t,x) = a 1 + d. /471Gy o(t, X)

Atom interferometers are extremely sensitive to changes in atomic energy levels

I WA | I Aw(t) ~ |dm, + Eade] cos(myt + 6)
Ig} (————————— ULDM VWWWAAMAAAAAAMAAAAAAAAAAA
Interactions

See e.g., Geraci et al, arXiv:1605.04048
and Arvanitaki et al, arXiv:1606.04541
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Scalar ULDM signal

, = T-£ T1+L 27-L

Phase is accumulated by the ” oxcited <tate '

excited state relative to the &

ground state along all paths: A

to - )
O2(r) = [ Awg(t,r)dt 2z
11 o
“ Ar

Awa(t) ~ |dm, + Eade| cos(mgt + 6) y \

t;, t2 = time in excited state 0

0 T 2T
Time
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Can go beyond existing constraints at ~10m scale

5/4 1/2
dbest 1 1 g
Me T CnAr \ N,

Handles to optimise (in order of priority):

I ~ |s (interrogation time)

n~ 1000 (LMT)
Ar ~ Al separation

C ~ 0.1 - | (constrast)
At ~ sampling time
N, ~ atoms in cloud

Tine ~ 107s (integration time)

)1/4

CZﬁimt

Signal Frequency (f,) [Hz|

101 1
10_2 : ' S "’ /
— : 7)%0 / ,"/
Q - 9
< | 7 RN ‘ }/
— | g
éo ' >, -~ “ ,’"/
= 72 TS
S 1034 05 “
= 1070 70 %
Q ]7\ %\g
- 1 ~0»> 06
> 463 %
m ° ° °
Peak sensitivity ~ 1/T

107 +—— —
10 10~
DM Mass (my) [eV]

Badurina, Blas, CM
arXiv:2109.10965
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~100m and ~1km prospects for scalar ULDM

Jom [Hz]
, 107 10 107 10° 10 10* 102 102 10°% 10° 10! 10> 10® 10*
1077 =1 | 1 | T | T | | 3
: IV EP / fifth-force ]
[ \ N | (MICROSCOPE + Eot-Wash) i
N \ | ]
1 0 E_ \\ | _§ Parameter Initial Baseline Stretch 1km
C \ - Programme phase Comm. / Fund. Phys. Baseline Stretch Goal Future Facility
i \ 7 Baseline L [m] 140 140 140 1000
I \ i Tyred |9 2.5 2.5 2.5 7.0
1074 &= 3 - Tz [s] 5.0 5.0 5.0 14.0
. Clocks 2 Tox [s] 5.0 5.0 5.0 14.0
r envelope \ 7 n (LMT) ~ 10-100 103 4 % 104 4 % 104
L \ i Neource 3 5-10 10-20 O(100)
Snoise [rad/+/Hz] ~1073-10~4 ~10~4 1075 1075
10_5 = \\ / = tint — lyr Lyr lyr
_ : \ / -
) - \ // -
= \ -
= 107 k ’ E
3 \ / E
u \ / ]
N \ / _
a \\ / _
/
1077 S 7 =
- N/ :
5 N, :
I Shot noise only -
1073 N &
: AICE baseline |3
i === AICE stretch |-
10-9 Future 1 km
: | | | | | | =
10—24 10—22 10—20 10—18 10—16 10~ 14 10—12 0—10
my [eV]
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Static: Screened scalar (fifth) forces

Matter coupling

Sy = /d450 V=g (—%(090)2 - Vip) - A(vsﬁ)pm>

Real scalar field t

Self-interaction

potential
A° (0
Ven(p) = e Acn(p) = 77
Two very well studied classes of
. . . Chameleon
theories that lead to screening effects:
1 A
ngm(@) — _5,“2902 + Z¢4 9 Asym(gp) —

Khoury et al, PRL (2004), PRD (2004) Symmetron

Hinterbichler et al PRL (2010), PRD (2011)

2M?
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Static: Screened scalar (fifth) forces

b l

Scalar field

Static scalar field sourced by a mass placed inside the
vacuum chamber

Vacuum
chamber

Magnetic
shield

/

cloud in
erposition

\

20 cm
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Static: Screened scalar (fifth) forces

20cm

Laser

Scalar field

/

cloud in
erposition

\

Vacuum
chamber

Magnetic
shield

Static scalar field sourced by a mass placed inside the
vacuum chamber

Scalar field induces acceleration on extended objects:

, dA=
Ay = —)\Q@Vgo(@

Key parameter is (model-dependent) screening factor

A, < 1 for macroscopic objects

A N3/ M
)\atom _ . 1 & 1
o = min ( 0 ( eV> ( MPI) , ) for atoms

Advantages brought by atom interferometers:
1. utilise atoms where screening is reduced

2. are exceptionally sensitive to accelerations
Burrage et al, JCAP (2015)

Christopher McCabe
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Banks, CM, et al,

p protocol o

arXiv:2511.09750

Q-fl

10.00

Chameleon

scosleration Acceleration drops off
- quickly as you move away
1018 from the plate:

10.71°

- want to enhance time
10,79 atoms spend near the plate

Resonant
9.95

Zatom [m]

9.85

TN
T TG

S HHITHTTTTGATTHTTTTTTHTT T
ﬂ-ll CEECECEEPEEEEEEEE L T® P EECEE

N
O HIRLHHHHEEEEEEE T g EHEEEEEEEEEEEE T

9.80

| RN
_I
_I

Time [s]
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Banks, CM, et al,

p protocol o

arXiv:2511.09750

Q-fl

10.00 % % ;
P[EResonant =~ == E = A ... |
NE = = =— - — = - B Acceleration drops off
= = = S - = - B quickly as you move away
£ = = - |5 asofis = .- from the plate:
E = = = = = : = 15
RE = = = - = o, want to enhance time
E = = = = - = atoms spend near the plate
N AL -
Time [s] - -
10.00 IE =
"|Eounerty 2 . | [
8 E : % g 9.95 ; ; m/s/s]
= = = =1 = = 10,7
£ %5 = = e - - To minimise systematics,
Y P = N = - B ES alternate sequences with
2 = = = % % 107 one where the signal
o} = | = = — | " cancels
0 I T o7 21 980

Time [s]
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Q-flip protocol

Banks, CM, et al,
PRD (2026),
arXiv:2511.09750

AD,

Resonant

Zatom [m]

Phase [rad]
N =

TN HTTTTTTTTTETTTTINGUTTTIRE L

ST
N BT

ad LALBEBHRTHARRS TARTHAASITID

N
O R TR PP T

| RN
_I

Time [s]

Butterfly

Zatom [m]

TN HTTTTTTTTTETTTTINGUTTTIRE L

N
O HIRRLEETEETE TR PP T
'll)-ll CEECEEEELERRREEEE Tt e e ey

ST AT AT THATT

| RN
_I
_I

Time [s]

0000009

>
L

pooeet

Induces a

time-dependent signal

| PP

sescces secscce

2/f

3/f,

Time [s]

To minimise systematics,
alternate sequences with
one where the signal
cancels
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Chameleon sensitivity projections at 10m i

arXiv:2511.09750

1

AI—].O 111 Crint

Brief 400 s
Standard 12 hrs
Extended 1 week

logig A/ meV
I

-10 -8 -6 -4 -2 0
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Get involved...

. %

*f

‘ IaE/Cymmunity Workshop - CERN, 1-3 September 2026

The AICE Community Workshop 2026 will bring together members of the
international atom interferometry, quantum sensing, particle physics, cosmology,
gravitational physics, and precision-measurement communities to review the progress

of the Atom Interferometer CERN Experiment (AICE), a proposed long-baseline atom
interferometer facility at CERN:

https://cds.cern.ch/record/2941923
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https://cds.cern.ch/record/2941923

Summary

- Long-baseline atom interferometers provide a platform to search for ULDM and fifth
forces, gravitational waves, test the equivalence principle, and measure the fine
structure constant

- Experimental landscape maturing rapidly: first Sr-87 gradiometer demonstration

(AION, Nature 2026); concurrent progress across MAGIS-100, MIGA, VLBAI, ZAIGA;
TVLBAI roadmap (10m — 100m — km — space) provides credible path to scale

- Scalar ULDM: sensitivity scales as T*(5/4); 10m instruments already competitive, AICE
projects orders of magnitude of new parameter space in ULDM-couplings

- Screened scalars: atoms are unscreened where macroscopic objects are not — the key
advantage; Q-flip protocol converts static signal to time-dependent, enabling spectral
discrimination and systematic rejection
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