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Overview

1. Gravitational quantum states,
Was ist das ?

2. The “in-beam” experiment @ETH
Zurich/ SMi

3. The “trapped” experiment @Turku
University (Finland)

4. The whispering galleries experiment
@ ILL Grenoble (France)
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1. Gravitational quantum states,
Was ist das ?
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1. Gravitational quantum
states (GQS), Was ist das ?

*Any trapped particle in a potential well
— has its energy quantized E,,

= has its probabillity of founding the
particle in space |¢,,(2)|? that depends
on the quantum state n

Exarhple:

1D infinite squared well

International collaboration: GRASIAN https://grasian.eu



1. Gravitational quantum ‘.

Potential Z(um)

states (GQS), Was ist das ? | well

n=4
n=3

:
» Particle confined: (1D trap) -

* In the top: by Gravitational potential N
* In the bottom: by quantum reflections onto the surface

— behaves like an “atom mirror”.

1

1% Potential well

T Atosh mifror

Quantum reflection: specular reflection of the slow particle (wave-packet) which sees a steep
potential step when approaching to the surface

1 International collaboration: GRASIAN https://grasian.eu



1. Gravitational quantum orentialwell |
states (GQS), Was ist das ? .

 Particle confined: (1D trap)

|
ntdy(z) +(E—mgz)w(z)=0 = Solution W = Airy fu_nction :
2m d’z (z,= zeros of the function) oo
0
" “Atos mifror
n E;,[peV] z, [um]
1 14 13.8
2 25 24.0
3 33 32.4
4 41 39.9
2 5 48 46.6




1. Gravitational quantum Sotential well 1
states (GQS), Was ist das ?

 Particle confined: (1D trap)

n=3

2

|
n=
|
n=
|

2 2
ndy(z) +(E—mgz)p(z) =0 = Solution ¥ = Airy function ,
2m d’z (z,= zeros of the function) " Pontave
I
' i - n i 3 3 i
Eigenenergies E,, ~peV (~100Hz) E, = mgz, A, with z, = 3} ——— ~5.8um cpev)
2mg
Heisenberg's uncertainty: AtAE > g — At = 0.5ms n  E,[peV] z, [um]
— Needs long interaction time to “form” the GQS 1 14 13.8
2 25 24.0
= QR coefficient increases when m and v, decrease 3 33 32.4
, = Requires “light” + very slow (“ultra-cold”) atoms/neutrons o 39
5 4.8 46.6




GQS of ultra cold neutrons (UCNSs)

2002: First experimental demonstration of GQS with ultra cold neutrons (UCNS) [1]

* UCNSs flow between mirror and absorber separated by slit Az

Absorber
Neutron
detector

001

N countss 1)

Collimator Bottom mirrors

« Measurement of neutron transmission N as function of Az

Absorberheight (um)

« Stepwise increase predicted for GQS (steps at z = z,,)

 Slit only becomes transparent, when Az > z; Figures taken from [1].

Realized at ILL (Grenoble) [1] Nesvizhevsky, V., et al. Quantum states of neutrons in the Earth's Gravitational
field. Nature 415, 297—-299 (2002). https://doi.org/10.1038/415297a
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2. The “in-beam” experiment @ETH
Zurich/ SMi
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2. The “in-beam” experiment @ETH Z/SMI
towards the 1st demonstration of GQS with H

« Mimicking the neutron historical experiment

» | Classical =
a1
2 )
= P
Absorber S o Quantum
=
- ' 5 25 35 45
Mirror Absorber Height (um)

* In development at ETH Zurich (2020-2023) and SMI (2024 and future)



2. The “in-beam” experiment @ETH Z/SMI
towards the 1st demonstration of GQS with H

« Mimicking the neutron historical experiment

Absorber

>
N

Mirror

* In development at ETH Zurich (2020-2023) and SMI (2024 and future)
Motivation (H vs. neutrons):

 GQS never measured for atoms! Different
Interaction potential with surface compared to neutron

= research of short-range extra forces

« Easy to generate (hydrogen bottle vs.
research reactor) — Much higher fluxes available

* Developed methods also applicable for antiatoms (- g)

N (Counts/s)

Classical -

et

Quantum

.........

15 25 35 45
Absorber Height (um)



2. The “in-beam” experiment @ETH Z/SMI
towards the 1st demonstration of GQS with H

« Mimicking the neutron historical experiment

Classical -

et

¢ Quantum

.........

Absorber

N (Counts/s)

15 25 35 45
Absorber Height (um)

>
N

Mirror

* In development at ETH Zurich (2020-2023) and SMI (2024 and future)

Motivation (H vs. neutrons): Requirements:
« GQS never measured for atoms! Different - Efficient detection of hydrogen
Interaction potential with surface compared to neutron « Good signal/background
= research of short-range extra forces
* (Very) Cold hydrogen beam:

« Easy to generate (hydrogen bottle vs.
research reactor) — Much higher fluxes available

* Developed methods also applicable for antiatoms (- g)

* Slow: v ~50 m/s horizontally

« Highly collimated (v,~3 cm/s)



2. The “in-beam” experiment @ETH Z

In pictures (ETH Zlrich setup
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Hydrogen source

« H,—gas Bottle

« Microwave discharge cavity

e« ~1017 H/s

* Teflon tube

» Coldhead + Cryogenic
nozzle: 290K - 6.5K

6
Slide: courtesy of C. Killian

19.81 mm

3.80 mm

: Gas outlet

I
Cold surface
>
Gas inlet

15
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Detection of hydrogen —

overview *‘
A = 243nm
AVAVAVER| %EZZ;r?éeX x !
* lonization of H with a pulsed UV-laser (1 = 243 nm) 1
e Ho HY + e Hydrogen energy diagram j
$
« 2 photon excitation (1S-2S) + 1 photon ionization ?
+
 Detection of H* with an MCP :

Atomic
H-Beam

 Integrated MCP-Signal « H- count rate —— =

-——
—_—
7 UV laser

. . Side view Top view,,
Slide: courtesy of C. Killian



2. Characterization of the H-beam source (ETH 2Z)

Work performed in 2020- 2022, [2] Killian, Carina, et al.
* Goal: generating H atoms @ v ~ 50-100 m/s horizontally

—Selection of the atoms In the tails of the Maxwellien distribution

t19° t5!0 Maxwell-Boltzmann Distribution at T=6.5K

100mv/s

~ ToF measurement 0.0025I

— Fit, v > 100 m/s 0.0020k
— Fit, v= 100 m/s

----- Background =2

Signal [a.u.]

« ToF Data, v> 100 m/s

0 200 400 600 800 1000
0.00 0.01 0.02 0.03 0.04 velocity [m/s]

— 09cl,v>100m/s — 09cl,v=100m/s

[2] Killian, Carina, et all (Grasian Collaboration) Grasian: towards the first demonstration of Gravitational quantum states
of atoms with a cryogenic hydrogen beam. Eur. Phys. J. D, 77(3):50, 2023.



2. Optimization of the background (ETH 2Z)

Work performed in 2023, [3] Killian Carina, et al.
Goal: reducing as much as possible the background H signal (“H rest gas
in the chamber” not coming from the H beam directly)



2. Optimization of the background (ETH 2Z)

Work performed in 2023, [3] Killian Carina, et al.
Goal: reducing as much as possible the background H signal (“H rest gas
in the chamber” not coming from the H beam directly)

—=Switching to Deuterium atoms

Fig.13
velocity interval [m/s]
[142, 279] [95, 142] [72,95] [58,72] [48,58] [41,48]
12F ' ' ' ' ' '
10
: i1 . Signal H
8:' Signal D
* BGH
* BGD

Signal [counts/pulse]
(s3]

X [ ) §
.-‘fg.': “-:is"r-,—.,*v%! T 4

---------------------

0.01 0.015 0.02 0.025 0.03 0.035
delay [s]

[3] Killian, Carina, et al. (Grasian Collaboration) GRASIAN: shaping and characterization of the cold hydrogen and deuterium beams for the
forthcoming first demonstration of gravitational quantum states of atoms. Eur. Phys. ). D, 78 132 2024.



2. Optimization of the background (ETH 2Z)

Work performed in 2023, [3] Killian Carina, et al.
Goal: reducing as much as possible the background H signal (“H rest gas
in the chamber” not coming from the H beam directly)

=Switching to Deuterium atoms —Test of ICrvostat
Fig.13 cryogenic shield
velocity interval [m/s] . . (3 (0, -~ o
[142, 279] [95, 142] [72,95] [58,72] [48,58] [41,48] In the detECthn @ \ Q}\c,ef
12f ' ' ' ' ' ' ‘1
R ; Chamber NI
Fw:- J13 e I (Turku design 1@5’ &
g T il -S. Vasiliev- : T
:56;' ‘ i - BGD Wetcryostat) ‘“!*——————— [ |
5 4 . il Total reduction of the &
- ; . : p
S Al Dackground signals _ ’
A vy2ordersof 4
delay [s]

magnitude TMP>

[3] Killian, Carina, et al. (Grasian Collaboration) GRASIAN: shaping ana e cold hydrogen and deuterium beams for the
forthcoming first demonstration of gravitational quantum states of atoms. Eur. Phys. J. D, 78 132 2024.



2. The “in-beam” experiment @SMi
Experimental status — new design (2024)
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2. The “in-beam” experiment @SMi
Experimental status — new design (2024)

The GQSjchamber /
Design &manufacturiff
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2. The “in-beam” experiment @SMi
Experimental status — new design (2024)

Mirror ang Cryo-shield New Cryo-shield

SMI's new design

absorber (dry system)
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2. The “in-beam” experiment @SMI
Experimental Etatgs — new design (2024)
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2. The “in-beam” experiment @SMI
Experimental status — new design (2024)
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Improved results

* Requirements:
« Efficient detection of hydrogen

« Good signal/background

* (Very) Cold hydrogen beam:

v

v’ (to be confirmed soon)

» Slow: v ~ 50 m/s horizontally v/

« Highly collimated (v,~3 cm/s)

In progress

Ready for first trials of GQS
observations on H beam soon !
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3. The “trapped” experiment @Turku
University (Finland)
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3.The “trapped” experiment @ Turku University,Finland

i :
: Il A—All
Goal: trapping ultra-cold | Large volume

H for long-living GQS ! loffe-Pritchard
' Trap (IPT)
ldea: ' _
Magnetic bottle (IPT) Trapping,

: re-coolin
and magneto gravity % g

l
[
I
(T2) traps in cryogenic : 6 1K
[
i
I

10" H atoms \
environment
(<100 mK)

e som sem ees e Com

V. V. Nesvizhevsky, et al. :
A magneto-Gravitational trap for | Second
precision studies of Gravitational trap T? for
quantum states. Eur. Phys. J.C experiments: u
123, 1-10 (2020) e —

I -BEC.

|

14



3.The “trapped” experiment @ Turku University,Finland

Goal: trapping ultra-cold | Large volume
H for long-living GQS I |offe-Pritchard 12 Uz)
" Trap (IPT)
Idea: : Trapp
Magnetic bottle (IPT) , :21%2%5
and magneto gravity a F%)013 H ato?ns
(T2) traps in cryogenic ' 101 mK
environment '
(<100 mK) [4] :
|
[4] V. V. Nesvizhevsky, et al. :
A magneto-Gravitational trap for | Second Magneto-Gravitational trap:
precision studies of Gravitational , trap T2 fort ' Z-axis trapped by gravity and QR
quantum states. EPJ. C 123, 1- _eéggnmen S N Radial trapping: magnetic confinement
10 (2020) I - Spectroscopy
| -BEC.
|

14



3.The “trapped” experiment @ Turku University,Finland

Goal: trapping ultra-cold H.gas in | Bl SiPM at 0.7 K
H for long-living GQS _I 1N 'z U
\La -

precision studies of Gravitational
guantum states. EPJ. C 123, 1-
10 (2020)

i fi
ldea: 4
Magnetic bottle (IPT) B field GOS
and magneto gravity IPT ]f bias |
(T2) traps in cryogenic 5
environment F
(<100 mK) [4] | E field
l | l L, quenching
[4] V. V. Nesvizhevsky, et al. | _‘ L] /
A magneto-Gravitational trap for : : - Bolometers Magneto-Gravitational trap:

Z-axis trapped by gravity and QR

T2 trap ! . ; ) .
' Radial trapping: magnetic confinement
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o.d. 195 mm

race-track
coils

compressing G
Al rings ‘ T
TN e =

i.d. 112 mm e

[5] J. Ahokas, et al., A large octupole magnetic trap for research
with atomic hydrogen, RSI 93 (2022) ARTN 023201

trap [5]

~ 520 mm

y(m)

Upper pinch coil

Race-track coils
of the octupole system

Lower pinch coil

sso0000
loeelsa

Trapping
region
of low-field
H seekers



The IPT trap: a large octupole magnetic
trap [5]

16

ws00000
Loom~on

o.d. 195 mm
—

IPT prototype in Turku
~— DC— . ¥
Trapping
Upper pinch coil region
of low-field

H seekers
e |n parallel: development of ultra-

Bl  stable 243nm CW to perform 5
% spectroscopy of 1S-2S H atoms g cfireocueor e
(and for long term, resolved GQS
id. 112 states !) e

[5] J. Ahokas, et al., A large octupole magnetic trap for research
with atomic hydrogen, RSI 93 (2022) ARTN 023201
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4. The whispering galleries experiment
@ ILL Grenoble (France)
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4. The whispering galleries
experiment @ ILL Grenoble (France) __

With Ultra-cold NEUTRONS '
* Whispering modes , )
R
7 ‘ Outside surface Inside surface
’
Research for 5th force
§ 2 —-X/A
- Viotar(x) = UpB®(—x) + mZ" X+ aex

x=R-p /

17 Hypothetical Yukawa-type force



4. The whispering galleries
experiment @ ILL Grenoble (France)

With Ultra-cold NEUTRONS
. Whlsperlng modes B




4. The whispering galleries

experiment @ ILL Grenoble (France)

With Ultra-cold NEUTRONS
. Whlsperlng modes B

Last beam time in spring 2023

Data analysis and model

INng under

progresses (Katharina Schreiner and

Jason Pioquinto, Serge

Reynaud,

Valery Nesvizhevsky







Bonus project ?



What else can we do with GQS of H/anti-H ?

Measuring the interferences of several GQS on (anti-)hydrogen atoms

(14 b

and extracting “g” value with 1e-4 uncertainty (application for GBAR)

J {mi~2s7")
. e e e o o e e N - L NI 3000
J U,-..,_\_....___.,._t_..._..:,_\ 290
Eq7= b ek st S o
- . .. ‘-r--r--—“--l \
\ R S, W ,n 2 292 2500
\ \
}I 1;—— -\TIL —————— ‘-/L n = 1 \
\ \
.......... A —— T O ; 294 2000
4 : \
: : \ 9 296
- > \ =
g : ~> 1500
A d . \ ~
= 1 298
-
.. 1000
H ha= '
> . 300
1
\ 500
1 302
\
Y, T
\
W ‘ ® 300
Y (mm)

Clade P. et al. Quantum interference measurement of the free fall of anti-hnydrogen, Eur. Phys. J. D, 76:209, 2022.



Appendix



Gravity on different scales

Macroscopic scales Microscopic (< um) scales

e Gravitational interaction accurately described by * Gravity escapes perception

Newton’s Law in most cases. * How can the gravitational interaction be

* In the limit of high mass densities / high velocities described at “guantum mechanical” scales?

— General relativity * Are there any deviations from Newton’s Law?

42



Motivation for Gravity tests on small scales

m, eV

e Deviations from Newton’s inverse square law

2

* New short range forces

* Motivated by theories with large extra dimensions

Interaction strength, o. (normalized to gravity)
1
_O:\l
Interaction strength, g

* New light bosons (Dark Matter) 1o N 0]
0 1 ]
» Spin-dependent short range forces Yot o mr e e & wE a W
interaction length A, m
> Spin_independent Short range forces Exclusion plot for new spin-independent interactions [2]
1,2: short-range gravity in torsion balance
. mym, _r 4,12,13: Extra forces on top of Casimirand v.d.W
* Yukawa-type forces with range A and strength a: V; = G ae 2 interactions

5: neutron Gravitational Quantum States (GQS)

. . 6: neutron whispering gallery effects
* Extra dlmen5|ons 7: neutron scattering on nuclei

. . . . _ -5 precision measurements of exotic atoms
-2 large extra spatlal dimensions: 4 = 107°m low mass bosons from the sun in a high-purity

germanium detector

[2] Antoniadis, Ignatios & Baessler, S. & Blichner, M. & Fedorov, Valery & Hoedl, Seth & Lambrecht, Astrid & Nesvizhevskyﬂ\év. & Pignol,
Guillaume & Protasov, K. & Reynaud, Serge & Sobolev, Yu. (2010). Short-range fundamental forces. Forces fondamentales a Courte portée.



Pumping lines
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Gravitational/magnetic shift of the whispering
gallery

* WG Measurements in other particles:
* Possible to measure in Mu, Ps (gravitational shift)

* With smaller velocities measurement of gravitational
shift possible with antihydrogen (Gbar) 5
* Test measurement: In future measurements we want to
measure gravitational shift, this experiment is to test the 4
measurement and analysis procedure
3
* We add a magnetic field with a strong gradient (20T/m) 5
* By controlling the polarization we should be able to observea I 2
shift in the lines depending on the gradient orientation w.rt. D
the neutron polarization o 1
1N}
* The potential barrier will be broader/smaller, changing the 0
tunneling probability and lifetime
* We can observe this effect if we see statistical significance in -1
(more specifically a vertical shift (see next slide) .
= Nyp — Npown
2 + 2 —4 ) 0 2 4
Oyp T Opown distance from surface a.u.

09.09.2024, WG of neutrons and hydrogen atoms



Hydrogen GQS

Length scale depends on gravity and mass of particle

High background with hydrogen, Deuterium measurement
has less background but states closer to mirror surface

Experimental limit: Minimally measured distance between
mirror and scatterer (distinction between classical and
guantum model must be feasible at this length scale)

Maximal observation time:

* Better resolution
* Higher scattering probability of particles passing below scatterer

Velocities of <100ms™* needed (cryogenic beam at ~6K)

Goal is proof existence of GQS (resolution of first step)
rather than resolution of multiple excited states (more
challenging due to significant increase in necessary
observation time)

H [log10(N/Np), c/s]

0.8

0.6

0.4

0.2

0.0

—— H 40m/s
--+ classical model
—— D 250m/s
—— D 100m/s

—— H 250m/s -

H 100m/s
H 70m/s

D 70m/s
D 40m/s

0 5 10 15 20 25 30

height [um]

09.09.2024, WG of neutrons and hydrogen atoms




