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Motivation

« The Standard Model is incomplete for what we
observe

« Experiments with positronium complement those
with antihydrogen and muonium

 Positronium is a purely leptonic system
« Easier to produce than antihydrogen and muonium
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Interferometry for gravity measurements

* Light-pulse interferometry with cold /2

atoms is an established method for
precision measurement of g [t

 Positronium has a triplet ground state
lifetime of 142ns [2]
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Interferometry for gravity measurements
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* Light-pulse interferometry with cold 35[ W 7= 29— 57 us
atoms is an established method for " d o=
precision measurement :

 Positronium has a triplet ground state 7
lifetime of 142ns EP

* Rydberg states give longer lifetimes
* Light-pulse very challenging
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Interferometry with positronium

. . . ) A
Need somethlng more like Stern i o, B 25 | 2D+ ommee \
Gerlach interferometry 7| =hG)+) P2(z,21)[2) | |
o Atoms in superpositions of spin states § | g
o Forces exerted by inhomogeneous 3 2 i g |

magnetic fields g |2 w6
o Cold ground state atoms g 0 o ¢ I =
k= g = g s B
« Rydberg atoms have large static Sl 0= = | & & g
- - (@) ) | 15 () :
electric dipole moments g - Delay , By ot
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« Implement electric analogue of this — - s
0 T 2T Time

J. E. Palmer and S. D. Hogan, Phys. Rev. Lett 122, 250404 (2019)
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Basic concept

« Atoms travel vertically through two
identical electric field regions

* Measure difference in flight times
through each region

« Can use atom as a clock

« Measure Stark phase accumulated by
atom In superposition of states with
different electric dipole moments

t

10t .
Adstark= 7 _[0 Ap - F dt A‘I’Stark,A + A‘l’Stark,B
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Rydberg-atom interferometer -

Z Y Y
N Ly | T
« Superposition of Rydberg states
prepared before entering field region A Y Y
* We must account for forces in field T
gradients g I
. . T
 These forces result in the generation of l free | © free
separated momentum states as in an
atom interferometer y y
L
F Ty T /2
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Stark effect
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Stark effect
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Stark effect
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Rydberg-atom interferometer

Z
« Superposition of Rydberg states .
prepared before entering field region A
* We must account for forces in field
gradients l g

* These forces result in the generation of
separated momentum states as in an
atom interferometer y

d TA == TB
Taq # Tyo
TB 1 #Tg,
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Phase contributions

Dynamic m(*
A‘l’dyn = Z_hjo (v1© —vy)dt
« Using a semiclassical description, the
atoms accumulate phase as they Stark Abseark = 1 f t((u. F)1— (u.F)z) dt
propagate through the interferometer feJo
due to:

o Path of least action (gravity) Gravitational Adpgrav = % j (z1—2zp) dt
0

o Electric fields

o Spatial separation of wavepackets Separation

lmitp
¢sep=%(12 2)(22—21)
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I s, 0 Ad(tr) = Adpgyn(tp) — Adgrav (tf) — Adstark (tp) + Psep(tp)




Phase contributions

Dynamic m(*
A¢dyn = Z_hjo (v1© —vy)dt
At output of closed loop interferometer
1 t
¢ Apgiarkc % O Stark Mstark = =5 | (GeFim Gur)y)de
e Av = O,Az= O, ¢Sep =0
Gravitational mg (*
+ Adgrav # 0, Adqyy # 0 Abgray =7 | (=7 de
0
Separation 1/ +p
P $sep = %( 12 2)(22—21)

creinoring and —— AP(tf) = Apgyn(tp) — Adgrav (tf) — Adseark (tp) + dsep(tf)
ez, [00) ’




Phase contributions

 Total phase has multiple g-dependent
components

m/(1l
Athot(tf) =7 (E g (TA,l — Ty, +T, - T, +Tgq1 — TB,Z) )

+ % (u1(Tag —Tpz) —#2(Taz — Tpa))
 Each T is g-dependent
 Also consider time spent in gradient




Planned experimental setup
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« Select pair of positronium Rydberg
states with large difference in electric —
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ionisation

/2
* Prepare Rydberg atoms 1 h- —W
» Series of pairs of parallel electrodes
- Internal states evolved by 1 r
microwave/mm-wave pulses lg T
- State selective electric field ionisation "1 r W~
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Expected magnitude of phase shifts

A
z

e« Au = 1500 ea, (= 3800D)
* Lp =20 cm
=14 m

* Lfree

e IF' =900 V/Cm’ lg Lfree

0A¢=%

» Possible with ~90us flight time and
vo~ 20 km/s




Expected magnitude of phase shifts
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Phase shifts in test apparatus with helium
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Previous experiments with helium

« Coherent moment splitting with helium atoms

. .. L1 | 1 -
in superpositions of |ns) Rydberg states B B .

« Horizontal half-loop interferometer 102 = —
« Implemented with pulsed electric field CRERTEE -
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Current status with helium

* Phases determined by measuring
populations of the Rydberg states

 Coherent evolution observed for
momentum state separation up to 1 nm
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Next steps B o

« Demonstrate full loop interferometer 1 Iau-
with helium in horizontal configuration

» Characterise stray fields and 1 r
systematic errors ﬁ

« Rotate setup for g-sensitive -"1 r l
measurement

Further in the future -> positronium! I 4 T¥
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Next steps

« Perform full loop interferometer with -« Continued development of Ps
helium in horizontal configuration techniques:

« Characterise stray fields and o Rydberg positronium state
systematic errors production/coherent manipulation

» Rotate setup for g-sensitive o Guiding of positronium

measurement o Velocity selection .o ST
Ao.a._ @@ Curved guide: 5.5 kV .

§ |
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* Further in the future -> positronium! Poaf
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1500

Conclusions

1000

» Described method suitable for =] rcecn : 0-
measuring gravity with Rydberg i — s 3 -0
positronium atoms - 1 o

T 0
 Electric analogue of Stern-Gerlach 1 h -
Interferometry

« Measure phase shift with sensitivity of “’I I‘@
~0.1m lg T

« Sensitive to <10% g for helium '"1 r I~

 Ultimate aim iIs to achieve similar 1 r

precision with positronium /2
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