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MOTIVATION

A direct test of the Equivalence Principle with antimatter

The acceleration imparted to a body by a gravitational field is
independent of the nature of the body :

Inertial mass = gravitational mass

Tested to a very high precision with many materials

Weak Eqguivalence Principle (torsion pendulum) Frsrsi

(Aa/a), . =(03+1.8)x107"

Be/Ti

S.Schlamminger et al, Phys Rev Lett 100 (20087 041 101
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Strong Equivalence Principle (Lunar Laser Ranging)

(Aa/a =(-1.0£1.4)x107" CPT symmetry assumed
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1.G. Williams et al, Phys Rev Lett 93 {2004) 261101 (see talk by E. Adelberger at ghar201] workshop

http:indico.in2p3.frifevent/gbar2011.fr)



Antimatter Experiments: one result e

Antihydrogen
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Green dots---simulated annihilations Red circles---434 Observed annihilations

Vertical position of annihilation vertex during release of trapping field




KEY IDEA

Using H" to get H atoms

o

« Produce ion H* oL detector

» Sympathetic cooling 10 uK _, Laser (t)
 Photodetachment of e* i I

e Time of flight gravity h=1/2 & (t;t,)?

¥ ¥
-

Error dominated by temperature of H' detector (t,)
1

. . _x - JWalz & T. Hansch,
RE|atlve PrECISIDn on g' General Relativity and Gravitation, 36 (2004 ) 561.
H detected free falls Agd/g
h=20cm = At =202 ms
15105 0.001

1500 0.0 h=15cm = At=175ms



H*" Production

p + Ps =» H + e~

+ Ps = @Y + e~
"1

Xl

10-pOs 1tronium



lon cooling

H* cooling challenge

Ugro (2) ~1 mK ~9 nkK
o P— * .
. =R . .0
. . . '\ / | 4*’_/
| / Be* cloud !

1 keVto1leV Ion pair

trapi
Doppler Cold i+ angpmg
cooling shuttling Raman

Capture and sympathetic cooling

a+ K cooling

i o (| [ s s ] —]— =]
Segmented linear trap

NIST group

M. D. Barrett, ..., D. Wineland, PRA 68, (142302 (2003)
Sympathetic cooling of *Be* and “*Mg* for guantum logic



Gbar
Falling antihydrogen

principle

f
|
l \ — Laser (i)

\
S= H J.Walz & T. Hansch
g ravi ty General Relativity and Gravitation, 36 (2004) 561

h=112 8 (tr-to)

A4

detector (t,)

1_ .5
z = il — gl

Velocity 100 m/s 3 mis 0.1 m/s
fluctuation
Temperature
equivalent
1 1)

Desired range




FREE FALL

H free fall detection

T=10nK AE =1 peV o L e H*
p _ [ v Laser beams
=) H atoms 30
N in Paul trap I _
) 20 |
g r Caplure
. L electrodes
10
I o Paul trap
Sot
annihilation plane i antihydrogen cloud
-0.2 .- 03 LEI‘H:' 0.4 _1{" :_ )

Annihilation plnch (movable)

20 F
Detection Requirement i [ | e |
TOF precision 150 ps 30 F _

Annihil. vertex precision 2 mm

Background rejection eventtopology 40" 30 20 10 0 10 20 30
X (cm)



PHYSICAL REVIEW A 83, 032903 (2011)

Gravitational quantum states of Antihydrogen

A. Yu. Voronin, P. Froelich, and V. V. Nesvizhevsky



Quantum reflection

Over-barrier Reflection from the
fast changing attractive potential

d2y(2) o1 4 oo 27t
i 2 b= L2M(E -V (2))

z22MC,

Y(z > —0)=Te ™

Y(z > +0)=e ™ =S ; S =1-2ika ;a =Rea—i‘1ma‘

R=|S[ =1-4k|ima| —>1; P = 4k[fma| > 0




The Casimir-Polder force

Electromagnetic (EM) modes are modified when the atom comes

close to the detector:
= the EM ground state (vacuum) energy changes
= attractive Casimir-Polder force between atom and detector

Casimir 1948 : long-range interaction

energy between an atom and a perfectly
A conducting mirror:
Z § 3ﬁc D_-:(D) CEEJ"J‘ECI

Vi(z) =

8mz* 4meg z4

For H and T, CP*"* ~ 73.6 Ejaf
V(35 nm) ~ - mg x 10 cm



Reflection coefficient
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PHYSICAL REVIEW A 87, 022506 (2013) Quantum reflection of antihydrogen from a liquid helium
film

Quantum reflection of antihydrogen from nanoporous media

P.-P. Crépin? et al

G. Duft:?ur.I R. Guérout,' A. Lambrecht,' V. V. .\]eswizhe'.;sl-;},'.J S.Reynaud,' and A. Yu. Voronin® EUI"OphVSiCS Letters, Volume 119' Number 3



https://iopscience.iop.org/journal/0295-5075
https://iopscience.iop.org/journal/0295-5075
https://iopscience.iop.org/journal/0295-5075
https://iopscience.iop.org/volume/0295-5075/119
https://iopscience.iop.org/issue/0295-5075/119/3

Gravitational quantum states?

2Mg

E, peV

2.7

=0.61 10"%eV;

-6 2
=5.87 107m. _%er_ﬁ F(x)=0, F(0)=0
X

* Ai(x— 1)

/A\ TABLE I. The eigenvalues, gravitational energies, and classical
/ \ turning points of a quantum bouncer with the mass of (anti)hydrogen
A\ / \ in the Earth’s gravitational field.
[\ \\\ n 20 E° (peV) z% (um)
[\ \
/_ \_u/ _____ A __ 1 2.338 1.407 13.726
i 2 4.088 2.401 24.001
i 3 5.521 3.324 32.414
/f\ i = 6.787 4.086 39.846
/ \ : 5 7.944 4.782 46.639
VA, S S 6 9.023 5.431 52.974
i 7 10.040 6.044 58.945




First Observation: Gravitational States of Neutrons
Nesvizhevsky et al. Nature 415, 297 (2002)

Slit Height '
Measurement Inclinometers

Collimitor /\ lﬁ{\

s === e
= = ——— oSS oSS -I; - \

Ultra Cold Neutrons
I Bottom mirrors

~10-12 cm

Anti-
» Count rates at ILL turbine: ~1/s to 1/h Vibrational
» Effective (vertical) temperature of neutrons is ~20 nK Feet

 Background suppression is a factor of ~108-10°
e Parallelism of the bottom mirror and the absorber/scatterer is ~10°



Spectroscopy- to induce transitions
between gravitational states

PHYSICAL REVIEW LETTERS 126, 170403 (2021)

2 2
e A;g =0.61 10"%eV;
] =3 n’ =5.87 10%m. Impulsively Excited Gravitational Quantum States:
E & 2M? g Echoes and Time-Resolved Spectroscopy
A L. Tutunnikov®,' K. V. Rajitha®." A. Yu. Voronin®.>" V. V. Nesvizhevsky®.*" and L. Sh. Averbukh®'*
w12=254,54 Hz z1 = 13.7 ym
w13=463,77 Hz Z, = 24.0 ym
w14=648,12 Hz Z3 = 32.4um
Zy = 39.8 um
015=815,20 Hz 4 K
Zg = 46.6 um
(1)16=972,11 Hz
Zg = 52.9 um
(1)1731119,99 Hz
z7 = 58.9 um
>
Z, um



Antihydrogen GQS due to Quantum
reflection

1.0 .
PHYSICAL REVIEW A 83. 032903 (2011)
0.8} . . . .
Gravitational quantum states of Antihydrogen
0.6 A. Yu. Voronin, P. Froelich, and V. V. Nesvizhevsky
NT — 1nm
— 2 nm PHYSICAL REVIEW A 87, 022506 (2013)
041 —— 5mm
— 10nmm Quantum reflection of antihydrogen from nanoporous media
— 20 nm )
0.2 — 50nm G. Dufour,' R. Guérout,' A. Lambrecht,! V. V. Nesvizhevsky,” S. Reynaud,' and A. Yu. Voronin®
— ;
== (graphene
0.0 : : ‘ : ‘ : :
0% 105 10 10° 107 1o° 1o° 108 102 GBAR quantum fall
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Interference of gravitational states

300 L 0.030
305 L 0.025
— 310 L 0.020
£

L 0.015

&~ 315
0.010

320
0.005

325
0.000

220 240 260 280
X (mm)

PHYSICAL REVIEW A 83, 032903 (2011)
Gravitational quantum states of Antihydrogen
A. Yu. Voronin, P. Froelich, and V. V. Nesvizhevsky

PHYSICAL REVIEW A 87, 022506 (2013)

Quantum reflection of antihydrogen from nanoporous media

G. Dufour,' R. Guérout,' A. Lambrecht,! V. V. Nesvizhevsky,” S. Reynaud,' and A. Yu. Voronin®

GBAR quantum fall

Quantum interference test of the equivalence
principle on antihydrogen
P.-P. Crépin, C. Christen, R. Guérout, V. V. Nesvizhevsky, A.Yu.
Voronin, and S. Reynaud

Phys. Rev. A 99, 042119




Gravitational states and Gravitational mass

Classical: nlz =Mg > =g —>T=2H /g

Quantum: {———+Mgz—E}‘{’(z) =0= {——+x—/1n}F(x) =0

2 2 2 2
£ i/h M8 061 10M%V: I =3 " 587 10%m
¢ 2m * \2Mmg

n £ [21 |
m:2 IZ;M ; Mzmjzz — or T = 21
Cole Elg &, g g

EP test by measuring time and spatial scales of GQS




Conclusions

* GBAR project- crossroad of multiple intriguing
physical problems

* Gravitational quantum states of Antihydrogen:
simplest bound quantum system, determined
by gravity. Perfect laboratory for EP, non-
newtonian gravity, provide accuracy 3000
better than classical approach with same
parameters

 |Interested contributors are welcome!
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