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The GRASIAN Collaboration

*»» Using variety of simple neutral systems
» (Anti)-Hydrogen
» Neutrons
» Positronium
» Muonium

** To test:
» new short-range forces
» violations of the weak equivalence principle
» Lorentz invariance
» CPT symmetry
» gravitational constant G
» search for the electric charge of the neutron
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Gravitational Quantum States SaW A

 GQS: Particles are held in potential well: _ _ 1 _L J_1—-L £
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* Perfectly reflecting surface (“Mirror”) n=5

Gravitational Potential: V(z) = mgz y ot
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* For hydrogen:
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GQS Measurement principle Oaw e

 Add Scatter above the mirror — state selection depending on distance Az

* Variation of slit width Az for state selection
* Measure the number of atoms N as a function of Az — stepwise increase
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Quantum Reflections OAW

Purely guantum mechanical phenomenon

e Reflection from attractive Casimir-Polder potential at ~ 100 nm
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* Potential can be modelled with I, = — 64/,,4
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* Probability given by: R =~ exp (—4mv,/2mC,/h?)
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Exact potential ]
Model potential

* Reflection Probability depends on: 20}
* Atom properties -
* Surface properties T e

Crépin, P.-P. et al. 2023.




Quantum Reflections

Observed for H atoms over liquid He-surface

Observed for heavier atoms above solid surfaces

H above silicon (Si) surface:

e Never measured before!

e Higher QR probabilities expected than for heavier atoms!

e QR probability > 90 % for v, < 7 cm/s above Si surface
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different atoms above silicon (bottom).



Hydrogen Beam Experimental
Setup
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Hydrogen Beam Experimental Oaw e
Setup




Installation of GQS SAW o
Spectrometer - July 2025

Silicon Mirror + Absorber separated by 200 um spacers were inserted

Scatterer

Mirror




First Measurements with
Spectrometer

Recorded vertical profiles for different ToF (horizontal velocity v,)

Double peak structure appeared for low v,

8ms - v, € [195-321] m/s

10ms - v, € [158-233] m/s

v 0.501

251 —4— H 5 | 3 H
5 5
5 207 S 41
E [

151
B 3 31
© ge)
N 10 g
5 52
£ £
8 51 81.

0.

: : : : : : : 0L : : : : : :
-0.25 000 025 050 075 1.00 125 1.50 -0.25 0.00 025 050 075 1.00 125 1.50
z [mm] z [mm]

Shw v

1.00

0.75 1

0.254

0.00

—0.25+

13ms - v, € [124-165] m/s
4 H

-0.75 -0.50 -0.25 0.00 025 050 0.75 1.00

z [mm]




First Observation of QR! Saw Ao
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Measurement of the AW v
Reflection Coefficient R

Goal: Measure R at different perpendicular velocities v

» Vary the delay between chopper T
opening and laser pulse |
(longitudinal velocities)

» Vary the angle of incidence
(perpendicular velocities)
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Use measurement matrix to extract R!
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Isotope Shift of R oW
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Summary & Outlook

e Quantum reflection of H and D off Si surface for the first time

* Reflection coefficients smaller than predicted by theory

* First ever isotope comparison for R
» Agreement with theory

e For future GQS measurements

> Increased statistics
» Understand reduced QR
» Reduce vertical velocity
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Backup



QR Analysis SAW e

* Based on classical trajectory simulations given by z(x) = z, + (x:ZO) —g (vix)2

* Trajectories hitting apertures are discarded
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QR Analysis: Initial Beam Saw e
Properties

* Initialize an atomic ensemble with MB distributions for v,., a Gaussian distribution
for v,9, and v, ~ 0

. — 3 —-mv
p(v) = viexp(— )

2

¢« v= \/v,§+v§+vzzo

* The vertical distribution is defined as a Gaussian profile p(z;)
* og=35; 10
* Sy =1 mm (nozzle opening)



QR AnaIYSiS: TrajECtOries QA\W \>\é/’M|3|

* Velocity distribution v, is defined by chopper delay
e v, E [vx,m,;n ,vx,max], dv, = 5.0 m/s

* Velocity distribution v, is defined by Gaussian distribution
* V0 € [Viomin Vzomax] = [—0.14,0.16] m/s, dv,, = 0.005 m/s

e Starting height is defined by the slit size

. 7, E —ﬂ ﬂ = [—0.5,0.5] mm, dz, = 0.005 mm

« p=pW)=*p(zp)



QR Analysis: Parameters OAW  Howe

Geometrical parameters:

e Vertical offset of chopper from ng constant
beam axis $ e Lase m waist

e Vertical offset of GQS rometer . gﬁk velocity spread
compare%&beam Fit parameters

e Exact heyi ition of GQS e Scaling of the curves

ng the beamline e QR probability
S o@h different angle
tti

. P'{ omt of mirror rotation
Ti%s along third (“y”) axis



QR Analysis: Global Fit Saw Howa

 Combine all measurements performed for H or D

* Every trajectory simulation is fitted to the respective dataset with 2 parameters:
* Overall scaling A : only applied to direct peak
» Reflection probability R: only applied to reflected peak:

e Variation of all parameters: Repeating the trajectory | m Reflected

= Peak

simulation for all parameter combinations, fitting A and J H ,h
R after every iteration | b
Optimum at ¥? = min

* Post processing: using exported parameter
scans results |
to find parameter-uncertainty-dependent ' ,. "-.ﬂ}’
uncertainty of R
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QR Analysis: Parameters O s

Geometrical parameters: Other parameters

e Vertical offset of chopper from e Mapping constant
beam axis e Laser beam waist

e Vertical offset of GQS spectrometer e Vertical velocity spread
compared to beam axis Fit parameters

e Exact horizontal position of GQS e Scaling of the curves
spectrometer along the beamline e QR probability

e Angles of the different angle
settings

e Pivot point of mirror rotation
e Tilts along third (“y”) axis



