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The Universality of the Free-Fall

Galileo’s Pisa leaning tower thought experiment ...

«parmi che ben potremo con molto probabil coniettura credere
che nel vacuo sarebbero le velocita loro del tutto eguali» *

... gave birth to the Universality of the Free-Fall (UFF)
(known before also by S. Stevin and Philoponus)

PHILOSOPHI A

INFAT R A TLTS

PRINCIPIA

Newton’s Principle of Equivalence

«The quantity of matter (...) arising from its density and bulk conjointly (...)

MATHEMATICA. that | mean hereafter under the name of body or mass. And the same is
known by the weight of each body, for it is proportional to the weight, as |
Ao 78 NEWTON, Tr Gl Gl 8. Mt have found by experiments on pendulums very accurately made» 2
IMPRIMATUR:
S. PEPYS, RegSec ESES
LRt e F=m;a UFF
_ m;=m
LONDINI F - mgg 9
Julli Societatis Regie ac Typis Jofephi Streater. Proftat apud
plures Bibliopolas,  Aure MDCLXXXVIL

with m; the inertial mass and m, the (passive) gravitational
mass.

1 G. Galilei, Discorsi e dimostrazioni matematiche intorno a due nuove scienze (1638)
21. Newton, Philosophiee Naturalis Principia Mathematica (1687)
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From Newton’s to Einstein’s Equivalence Principle

A modern statement of Newton’s (Weak) Equivalence Principle, or WEP

If an uncharged test body is placed at an initial event in spacetime and given an initial velocity there,
then its subsequent trajectory will be independent of its internal structure and composition.

Einstein’s Equivalence Principle

Now it came to me: (...) the indepencence of the gravitational acceleration from the
nature of the falling substance, may be expressed as follows: in a gravitational field (of
small spatial extension) things behave as they do in a space free of gravitation.... This
happened in 1908. Why were another seven years required for the construction of the
general theory of relativity? The main reason lieas in the fact that it is not so easy to
free oneself from the idea that coordinates must have an immediate metrical

meaning.3

3 A. Einstein in Schilpp (1949), pp. 65-67

(1) WEP is valid (2) the result of any local non-gravitational experiment is independent of the velocity
of the free-falling apparatus, and (3) the outcome of any local non-gravitational experiment is
independent of where and when in the Universe it is performed.

Will C. M., Theory and experiment in gravitational physics (1981)
Misner C. W. , Thorne K. S., Wheeler J. A., Gravitation (1973)
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Modern form of Einstein’s Equivalence Principle

EP := UFF (Universality of the Free Fall) + LLI (Local Lorentz Invariance)
+ LPI (Local Position Invariance)

UFF (Universality of the Free-Fall) <— m; = mg, —» «free-falling trajectories»

_ locally
LLI (Local Lorentz Invariance) <—— gy, — 1y —> «free-falling Lorentz frames»

LPI (Local Position Invariance) «—— Ypr#* — «independently of where and when»

The postulates beyond metric theories of gravity

1. Spacetime is endowed with a metric g ;

2. The free-fall trajectories (world lines) of test bodies are geodesics of that metric;

3. Inlocal freely falling frames, the nongravitational laws of physics obey special relativity.

~ the Equivalence Principle is at the heart of any metric theory of gravity ~

~ testing it means both probing our modern paradigm in understanding gravitation ~

Will C. M., Theory and experiment in gravitational physics (1981)
Rovelli C., Relativita Generale (2021)
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Modern experimental tests of the Equivalence Principle

Lorand Eotvos’ torsion balances
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1L/ 1. Direct comparison of test masses with different compositions
? | Go
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my =~ Mmoo

2. The balance responds only to a difference in the directions of
the external forces, while it is insensitive to their magnitudes.

3. A WEP test can be performed rotating by 180° the balance with
respect to the attractor, to remove the arbitrariety in angle.

EOtvos parameter Comparison with pendula
Mo = =t = Z(mg/mi)l — (mg/mi)2 <2.107° me <2-107%  (Galileo)

gl (mg/mi)1 + (mg/mi)2 e < 1-107%  (Newton)

L. E6tvos; Annalen der Physik 68 11 (1922) Ng < 2-107° (Bessel)

Adelberger E. G., Progr. Part. Nucl. Phys. 62 (2009) 102-134
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Experimental tests of the Equivalence Principle

L L | 1 |
Direct tests of the UFF with matter systems

108 [ Eotvos Matter waves —
+  MICROSCORPE satellite (2 part in 1014) o _I Renner o { |
« EO6tvOs-like torsion balances (2 part in 10%3) I l L
- Lunar laser ranging (3 part in 104) (actually, SEP!) o souger | X T -
- Cold atoms interferometry (3 part in 108) Nl PrincelonJ Ef.Wash ]

1012 Moscow Edt-Wash _
I ] 1 I { g
|_PoundRebka Millisecond Pulsar I
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10°

Satum 2 ?
o 109 - = YEAR OF EXPERIMENT
) Hmfsef Direct tests of the LLI with matter systems
10 I Natl_ « Gravitational red shift (3 part in 104)

 Time variation of fundamental constants

v Solar spectra
105 = T Clocks in rockets I—

spacecraft & planes

|
% % '%b %0 ‘:&Eb l:.:l'.'e]_nl,ffn"eln — (_J_+[} :l: 2+:_))) X 10_1?}:1‘_1+

Will C. M., Living Rev. Rel. 9 (2006) 3 . . . .
Adelberger E. G., Progr. Part. Nucl. Phys. 62 (2009) 102-134 Very little is known about antimatter bodies
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Experimental tests of the Equivalence Principle

An example of direct test of the LPI ...

National Aeronautics and Space Administration, Apollo 15 mission footage (1971)
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History of antimatter experimental research

The long journey of antimatter research (worth so far at least 5 Nobel prizes)

V/PIA‘; @ . 1928 P Dirac hypothesizes the existence of antiparticles

< Dﬂ,ﬁﬁg%“"/ 8 - 1932: C. Anderson discovers positrons in cosmic rays (Caltech)

\,i’;\’j’”% - 1951 : M. Deutsch discovers positronium (MIT)

« 1954 : E. Seqgré discovers the antiproton (Bevatron)
« 1965 : A. Zichichi, L. Lederman discover antimatter nuclei (CERN)

« 1975-1985 : S. van der Meer stochastically cools and stores antiprotons
for C. Rubbia’s pbar-p collider to discover W and Z at UA1 (CERN)

« 1985-1990 : C. Surko builds the buffer-gas positron trap (Bell labs)

« 1995 first antihydrogen atoms are produced at LEAR (CERN)

« 1999 : the antiproton decelerator experiments begin operation (CERN)

« 2021 : the ELENA antimatter physics experiments begin operation (CERN)

g
a

ANTIMATTER
2% MADE ju CERN

-
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http://ad-startup.web.cern.ch/AD-Startup/ForTeachers/Objects/conserve.gif

Testing the EP with antimatter

From the theoretical point of view, is there any room for anti-gravity?
(my collection of arguments against it, despite some «observed» controversy)

1. Morrison’s argument: antigravity would violate conservation of energy

2. Schiff's (Dvali’s) argument: Standard Model and gravitational repulsion are incompatible

3. Good’s argument: antigravity would cause an unobserved CP violation in kaons oscillations
4

Karshenboim’s argument: no way to keep EP valid for light, matter and antimatter at the same time
In case of antigravity, so WEP has to be valid at the level we can verify deflection of light in GR

Smaller effects pinpointing to new Physics are possible, and yet unconstrained by experiments

What classes models are constrained by EP tests with antimatter?

New scalar and vector fields, allowed for instance in some fifth force models, may mediate
interactions violating the Equivalence Principle:

attractive/repulsive vector gravitons

/ <«— attractive scalar gravitons
G oo

V = —Tmlmg(l T ae "V 4 be /9

with cancellation effects occuring in matter experiments ifa ~b and v ~ s.
Karshenboim, S. G., talk to 2° Workshop on Antimatter and Gravity (2013) Fayet P., Phys. Rev. D 99 (2019) 055043

M. Nieto and T. Goldman, Phys. Rep. 205,5 221-281 (1992) Fischbach E. et al. (2020), arXiv:2012.02862v1
Phys. Rev. D 33 (1986) 2475 Caldwell, A. Dvali G. (2019), arXiv:1903.09096

|
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Testing the EP with antimatter: possible approaches

1. Shapiro delay of neutral cosmic antiparticles
« Take a naturally pulsed source of neutral antiparticles
« wait for them pass in a gravitational field ...

« ... and observe their Shapiro delay compared to light
R T 2. Dropping charged antiparticles
reaLwoRLo prOBtEMS | « Take some atrtificial cold charged antiparticles
BT * Drop them
« Measure their free-fall in a field-free environment.
ﬁg%ﬂj’a 3. Comparison of particle/antiparticle clocks

« Take some artificial cold charged antiparticles

« Build with them very precise clocks

« Compare their frequencies while gravitationally redshifting
4. Dropping neutral antiatoms

« Form a neutral antiatom by combining the charged

constituents
« Drop it before it self-annihilates
* Measure its free-fall

-
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Shapiro delay of neutral cosmic antiparticles

Supernova SN1987A
« 11 (Kamiokande II) + 8 (IMB)+ 5 (Baksan) = 24 (anti)neutrino events

* Burst duration of 13 sec, Tgn — Theutrinos = 6 hours
« Shapiro delay generated by the field in our Galaxy: 4.8 months
* Neutrinos and light experience the same time delay 6 h/4.8 months

If there was at least one neutrino detected then v and anti-v satisfy the
WEP within 13 sec/4.8 months, then 7, < 1.6 - 107°
S. Pakvasa et al., Phys. Rev. D 39, 6, 1989

However, anti-v are ultra-relativistic ...

FALLING RIGHT WHILE MOVING SLOW: TRUE TESTS
OF THE WEAK EQUIVALENCE PRINCIPLE
FOR ANTIPARTICLES*®

A significant question in experimental gravity is the nature of free fall of antiparticles
under gravity and elaborate preparations are underway to directly test this with celd
antithydrogen. Earlier, the Shapiro delay of supernova 198TA neutrinos was interpreted
as testing the weak equivalence principle (WEFP). We establish the surprising result that
the Shapiro delay of relativistic particles does not test WEP for intrinsic properties
or quantum numbers of particles or antiparticles. This 1= because essentially the entire
gravitational mass of the relativistic neutrinos is contributed by kinetic energy, diluting
to insignificance any EP viclating contribution from intrinsic properties, by the relativis-
tic factor. The crucial message here is that a true test of the WEP imvolving intrinsic
properties of matter or antimatter — the foundation of relativistic gravity — necessarily

requires nonrelativistic “cold” matter and antimatter.

C. S. Gillies G.T., Class. Quantum Grav. 29 (2012) 232001
Unnikrishnan, C. S. Gillies G.T., Int. Journ. Mod. Phys. D 21 11 (2012) 1242016
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Dropping charged antiparticles

Witteborn and Fairbank experiment

h » Launch e’/e* from cathode upwards towards a detector
?‘_g”g = « Shield the charged particles from all external fields to a level
DETECTOR —111.2 lower than gravity by “drift tube”
CHAMBER - « Measure g from time of flight distributions
MOVABLE
DRIFT TUBE
t . th ’ ,-é. 10—5 4
maxr —
SOiLII-:IrEglo Il |mg + qEeny + anpp ;& .
- g 107°
STATIONARY Gravity effect was not observed, H (
DRIFT TUBE : i > 1010 g’ -
most likely due to sagging of free 2
electron gas (Schiff-Barnhill effect) © < v
-11 L N i 1
. g : ' 10~ 107" 107® 1078
CATHODE (+ other possible difficulties from Applied Electric Field (V/m)
MAGNET electric patches and magnetic
CATHODE .
fields)

Witteborn F. C. and Fairbank, W. M, Nature 220 (1968)
Holzscheiter, M., talk to 3° Workshop on Antimatter and Gravity (2015)
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Dropping charged antiparticles

CERN/PSCC/ B

PS200 at LEAR (1986) g, PO RIS Ty

_1 = ‘ HJ%S% 16 Ja . 1986
TY A
A MEASUREMENT (prOTOCOPY

OF THE

- GRAVITATIONAL
ACCELERATION
OF THE
ANTIPROTON

. Universita di Pisa
Los Alamos National Laboratory
Rice University
Texas A&M University
Universita di Genova
Kent State University
Case Western Reserve University

ram was shutdown N

NASA/Ames Reg
T, Duscors ¢ Drmoiwamens Musrmasichs

—the LEAR pfog

Untimely —

CERN LIBRARIES, GENEVA

IR RRMALR

CM-P00044235

Holzscheiter, M., talk to 2° Workshop on Antimatter and Gravity (2015)
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Comparison of particle/antiparticle clocks

Gabrielse’s argument: an accurate frequency comparison, such as that done by TRAP ...

Cyclotron frequency of single protons and antiprotons in a
Penning trap

B w W
w, = 2 ~ 15 MHz T |¥

<9.1071¢

m We

... can be re-interpreted as an indirect WEP test, if endcap

1) Protons do not violate the Equivalence Principle ) = N U
2) EEP violation for antiprotons parametrized by ¢ s = " = (30& — 1) >
3) At’infinity” by CPT symmetry wgo — (Dgo ) We /‘ )

the absolute gravitational potential!

U/?~3-107° —a<3-107°

Thisapproach has been discussed controversially®,

since the imposed clock shift depends on the absolute value of the

Gabrielse G. et al,, Phys. Rev. Lett. 82 (1999) 3198 gravitational potential, and a WEP-violating force might have a finite
Gabrielse G. et al., Phys. Rev. Lett. 63 (1989) 1360  range, which would modify the chosen potential.
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Comparison of particle/antiparticle clocks

The absolute potential problem has now been addressed at Solar system scale

Article

Al6-parts-per-trillion measurement of the
antiproton-to-proton charge-massratio

a Reservoir trap Measurement trap
To filter matrix Park 1 Park 2
Degrader
Tunable cyclotron detector 0.016 —
J I, ! ] ] [
£ L
g[ » 0008
E\ fi iTi | 5 C
/ \‘:‘. a RF line  To filter matrix @w |-[]
Axial image-current / Sapphire / Gold-plated \\ 1". Tunabl ol % C
b detector spacer OFE electrodes ‘ irl::;a i r
ge-current detector —0.008 |
: e N\ TN 0.016 |
5 @/ W I E N T T S R R T
— -
% 10l b1 \/ B 0 100 200 300 400 500 600 70O
g i « e 0 Time (d)
5 3 — - -
e . ; ARW) 3GMyy, (1 1
0 0.02 0.04 0.06 0.08 0.10 0.12 0.14 Ravg c2 80 o) O(t) )

Axial position (m)

O(t) = D, (1~ £2)/[1+ £cos((2T/t,)0)]
First indirect measurement: no gravitational signal
is in fact detected; its absence puts a limit to WEP violations to:  |a, , — 1] < 0.03.
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Dropping neutral antiatoms: possible options

Antihydrogen (H) | Optio" !

» only stable candidate

° * 99.95% mass is in form of QCD binding E
 first generation, non-elementary system
» produced in small amounts only @ 7

- Muonium (Mu)

« short lifetime in all levels (2.2 us)

* 99.5% of mass is antimatter

« second generation elementary system
 produced in large numbers @ ™ JEEE T

=
Positronium (Ps)

« short lifetime only in GS (142 ns)
« 50% of mass is antimatter

« first generation elementary syste \
« produced in large numbers @

e+

~/

1) http://moriond.in2p3.fr/2019/Gravitation/transparencies/6_friday/1_morning/3_soter.pdf L/
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ARTICLE

Received 14 Jan 2013 | Accepted 22 Mar 2013 | Published 30 Apr 2013

Description and first application of a new technique
to measure the gravitational mass of antihydrogen

Octupole

Annihilation
detector

Electrodes

Mirror coils

28-Jun-22

600
300 |

Annihilation y (mm)

Time (ms)

Fellini Seminars

<y|t> (mm)

<y|t> (mm)

Dropping neutral antiatoms: stochastically-produced antihydrogen

10 15 20 25 30

Time (ms)

First coarse limit with a sensitivity in the
ratio of masses of 75

Basis of the method now used by ALPHA-g



Dropping neutral antiatoms: pulsed-produced antihydrogen

ARTICLE
Received 5 Nov 2013 | Accepted 27 Jun 2014 | Published 28 Jul 2014 DOI: 10.1038/ncomms5538 OPEN

A moiré deflectometer for antimatter

120
Moirg Contact Matter moiré £
Z’“ 80
; e
0 40 80 120
. 25 o X position (um)
‘ Light interference
g
o geard g 2
e e
o g B
L ol el By
0 a2 d
y position
g f . . . . F
N(.ear field Fllﬁractlon of Ilght a§ a tgol for gratings Ay = _||7_2 L F.. a5 10-16 N
alignment in all three spatial directions m
* Atoms’ time-of-flight knowledge required Basis of the method now used by AEgIS
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My research activity

1) testing the Universality of the Free-Fall with Hbar 2) testing non-relativistic QED with Positronium

. Ena Ene ,[11 4
E(nlsj) = — - a” | ——
F’ . - (n.1,5,7) 2n? + m? Y |8 A1 N
= mi 4} UFF o _(+n(3l-1) fim1—1
F’ i P — my s s 14 N 2(1 —d.0) ° A1 » ifh-f' :E
g —Mgyg A TR DI+ o) SI=
Experimental implementations
— 11:: ma | Kiy=air3 loniz. threshold 4 4
E = Rydberg continuum = a‘
§ g;; I I\ ‘ g wa04 f_’ ..... ?
< | e g sp,_ gz ] Sl 3
g :/Z/j I I\ g lLLLL( PS mr:g‘;xr‘]r?éic " A A_‘
= [ | [e—— - Al A
S — - =] ¢ °| 13
N | e —F—, 0 40 80 120 < ——)I 21p 23p pXRA 4
s oL L ] L X position (um) y position . KoV o -
eve B E
d__ 2ALw+2L) . 2kT_ 1 para ortho & o | | 5
in = - . - pho- = 11S 3 ] 5
Y S VPP 12 M /Norod :Exc+lon ! s VIV
N ; ~ RN ;. -~ v asers E
gratings geometry boost H source Annih. = !

Main challenge: develop the manipulation technologies to build the sources

Pulsed production of a beam of antihydrogen Positronium precise spectroscopy

Positronium laser cooling
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antiproton
trap

positronium
converter

accelerating

Pulsed production of a beam of antihydrogen (1/3)

AEgIS antihydrogen source

+ Cold trapped antiprotons

* Production of Positronium (Ps)
Excitation to Rydberg levels (Ps*)

+ Charge-exchange reaction

laser
excitation

H beam

electric field

EJ-200 + PMT

T T T T

T E B=0

Lin
Vo
~ 0.05 cycle™?

Ng =0 =2 N; Np,

un,=5 gy 17 (32) 4.5 T traps

lany=10 Lint = 2mm (15 mm) MCR ’

o V, & 250 mm® '

Z “ee | Nyx8-10° (3.0-107) |

nsd 1 Np A 1500 (10000) CERIESERTE
10°  10% 10°® 10?7 10"

£ [eV]

*in parenthesis, the numbers from
the AEQIS-2 collinear scheme

Fellini Seminars

bt £+ £ 4 28

e+ transfer line

ituto Nazionals i Fisica Nuclearo



Pulsed production of a beam of antihydrogen (2/3)

HV1 HV?2 HV3 T —
5.3 MeV trapped p cooling e’ A 3
: . : : pcapture > e 2 =2 ,l,l,;_%é = HHH&H,,\@VLI,LJ,JW Boop
Ingredients preparation - my contributions : - 2
» Antiproton trapping, cooling, plasma manipulations e cooling il nmmm i I—ﬁ@m
and transfer to 1 T prod. trap — meas. temperature .
and expansion rate in asym. trap. _ RW compress | @M,mwuu T [ [T P (T T S
+ Development of the excitation laser system and first i Vet piel (63 pix = 1 )
PS eXCitation 3] ‘plas['na’ k. m cooling & .-.-------------.._.... - 8 AD shots - 20 Hbar cycles
° DeSIgn Of PS target Structure p transfer - L@EL—L—QL J: J J J . JulJ,].E.-EJ,J R s -g::
+ Technique for Rydberg Ps imaging on MCP based on o SO s o
. e transfer and coolin a of
the Motional Stark effect ’ ,
e number reduction E:;s:l;]/lfiz‘i.gligr/)l(og.(l]12)07021):_1'2(}02018780617—x - e
2050:200-150-100 50 0 50 100 150 200 250
EKSPLA o |___|D _ e
[ Nd:YAGNL303-SHG-FHG 'l(lﬁihlm D EMS = U >< B 1.2
sh1064 | z full self-ionization
s Ps target c Lo
: o
uv: = 4/1.3- 1011
i UV+IR = "] Thmax = 9vBsin 6
E 1670 nm 5
(=] ,_,__' 0.6 -
S = % ~100% ionised l, ~70% surviving
TH P g 041
: :
Q 0.2 ¥ meas. self-ionization
S -+ model from ref. v,-distribution
o f T T 1
o™ ;\lll_l(a::’n F2223) Ul?.ﬁ?(] 1680 1690 1700 1710 1720

IR wavelength (nm)
dissociated e+
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Pulsed production of a beam of antihydrogen (3/3)

First pulsed Hbar source — my contributions control signal " control
: : . B
* Co-author analysis framework in ROOT/C++ (gAn) ~101us Lusilus 16gs 51 us 551 us
« Co-author of analysis and of the article —22 2
1 1 = =18 Pe data set
Operation of all maln systems o 206 () g [T
P 18 i —— Ipe” data set
ssol} 216 ; Laseron, p, €
i . 5 14 2206 cycles, 1.08 x 10° §
300 - H o]
; =1 MIP threshold © 49 ‘ i
| 250 3 ]
3\ 2005_ B 10 52 0 100 200 300 400 500
.;-l so ' o ‘
— EY 1 * E L:" 16| L‘Ja\g:rh;:e% noe’ _
N 100511 MIP threshold 81 [
i 50 'l}“ / ﬂ\&,\l 10¢|
OE_,LN. smg ?‘W‘i"-m—.mu 8
(0] 500 1000 1500 2000 =‘
Amplitude (mV) 2
ia
Going beyond the proof of Concept (AEng-Z) Motional Stark limit Improved target Ps* distribution
+ Layout of new collinear scheme 0
* Physics-driven redesign of the trap % » Hbaionizetion region

* Redesign and implementation of

w
o

4 Optimized Nanochanneled Si

c
>
S
the control system (SINARA+ARTIQ) 2 Converter

€
laser ‘g

excitation S 20 AEgIS-1

- o4 ,
- H” ’ g —
(L | ° 15 . .
. : ) troni A 5
aniproon | 3 Ylps postoner R

Suboptimal Rydberg state

0.5 1 1.5 2 25 3
Ps* velocity towards antiprotons at rest [m/s] «10°
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* -
X
Y
b
=
[
-
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Il
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Byproduct: precise spectroscopy of Ps (1/2)

Positronium precise spectroscopy goal: reaching Pillar 2. Calculate non-perturbatively Ps levels and Einstein coefficients in
unprecedented experimental accuracies in the arbitrary E and B fields to estimate systematic effects/calculate corrections at
determination of the transition frequencies. the same degree of precision of energy levels in vacuum (a®*, or 0.01 MHz)
Pillar 1. SSPALS measurement technique + minimization e . = e L
of external E and B fields for e* transport (fully electrostatic 1 = o — ¢ (E o B) tup B (G =) — - (Fx B) )
Ps setup with ns switchable fields) L, jom| Hy [0, 5 = 24 B S O O G gat (—1)2H =4 oy
Aon — Aoy L L Y | 1 =
PbWO, e —— T T - J J S J < =
etector holder : 3(2.] + 1)(2.]‘, + 1) o —
‘ e Aoff \/ —m 0 m/ i1 | |F_——
e*/Ps converter . _ . " n2 r—r———T—
N Laser interaction window s )= (_mz_,_ . ;:32 7{;) e XG)FGAD+YG) FG) + 2G) FG—1) = 0 LK A g;[:w:;/mg]s "
(\\ 2G) = G+ Ga = e ¥ s ¥ D2 =72 x v/ = (g + ma)?
\‘ Y(i) = (2i+D[mz+ms){j20j2 +1) = jalis + 1)} — (m2 —m3)i(j +1)]
10° 4 \\ ~~~~~~ X(G) = j/G+2)ZG+1)
--------

Pillar 3. A rate-equations code to model incoherent laser excitation including
the atoms’ external degrees of freedom to account for the motional Stark and

electrode

Signal (V)
)

h
Wony

_ 3/-;“@ ) ' w A’ﬁ recoil effects (relevant for Ps due to the small mass: 6.1 GHz at 243 nm)
- A \H{ To ] ‘ ‘ Laser intensity ‘ ; «107° ‘ . ‘ . ‘ 5
|g> |e> 0 100 ZOOtime ?(:105) 400 500 600 I:‘ I"‘I :iggzg . — nitial 133 .‘./7\\\
e — — — — — . 05t | w84rm|| 27 |-~-Final 138 .
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Byproduct: precision spectroscopy of Ps (2/2)
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The key technologies for the future: positronium laser cooling
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v The key technologies for the future: (anti)-atom interferometry

* 5 K*

J. Rodewald, N. Dérre, A. Grimaldi, P. Geyer, L.
Felix, M. Mayor, A. Shayeghi, and M. Arndt, Isotope-
selective high-order interferometry with large organic
molecules in free fall, New J. Phys. 20, 033016
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Figure 3: Talbot-Lau-interferometer OTIMA with three pulsed nm perIOdICIty Of ||ght gratings_ dg/g Of 10% reaChable Wlth 400

standing laser waves [4].

detected atoms and a 532 nm time-domain interferometer.
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Future outlook

l LS2 l LS3
Immediate future (1 year) Mid-next future (5 years) Longer term outlook ...
Consolidating source technologies First Physics results Fundamental Physics questions
« Establishing of Ps laser cooling * First test of the Universality of « Precision tests of the Universality
* Realization of the first intense the Free-Fall of the Free-Fall — constraining
beam of antihydrogen * Precision spectroscopy of Ps theoretical models of modified
« Design of first atom at the MHz level gravity
interferometer employing * Realization of atom * Precision tests of bound-state
antimatter interferometry with antimatter QED with Positronium, possibly
* Design of a portable antiproton « Validation of the hot storage detecting the gravitational
traps based on a new concept (hot technique to transport redshift of the 1s-2s and 1s-3s
storage vs cold storage) antiprotons in precision atomic transitions at the 0.1 MHz level
* Proposal and design of 2° gen. physics laboratories

precision spectroscopy
measurements (1s-3s, 1s-3p, HFS
on n=2 and n=3, 1s-Ry)
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