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Introduction

« ALPHA currently focused on microwaves

- ALPHA2 being designed and constructed for laser
access, improved uWaves, and atom manipulations

- ALPHA2 will be horizontal!
- No immediate plan for real gravity experiment

- Based on latest ALPHA paper [Nature Phys. June 2011],
I'll give my personal view on gravity measurements
with trapped antihydrogen
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Antimatter Gravity

« Gravitational interaction of antimatter atoms:
“Textbook” experiment

Makoto Fujiwara, TRIUMF 4
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Textbook Experiment

Makoto Fujiwa

« ATHENA's anti-H annihilation
event (Nature, 2002): now on
the cover of textbook!

« $107.28 on Amazon.com
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Antimatter Gravity

« Gravitational interaction of antimatter:
“Textbook” experiment

« Ambitious efforts:
— AEGIS, GBAR, AGE

- | have been scared of even thinking about gravity,
because of its technical difficulties, until...
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Annihilation event after 1000 s confinement

Nov. 2010

Run 22004, Event 14176, Trigger 14176, VF48 Tir

Side View Top
Front View
All Views
X3D

‘ Front
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Confinement of antihydrogen for 1000 s

Nature Physics June, 2011
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CPT: nWave Spectroscopy with trapped antihydrogen

Positron Spin Resonance

— Pulsed uW at ~30 GHz
trapped > un-trapped

— Look for annihilations

Energy (GHz)

— Can start with a few atoms

=

M

. Figure of merit:

(trapped number) x
(observation time) x (laser or
microwave power)

un-tr appe
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— Longtime confinement
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Rare Atom Physics: Rare Event Detection

B First measurements with trapped Hbar will be statistics limited
B Need best event characterizations, background rejections

- Si vertex detector
B Position sensitivity provides unexpected physics potentials

B c.g Mirror trapped pbar background

— Muonium 1S-2S

spectroscopy
S.Chu, et al.
Phys. Rev. Lett. (1988)
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Antimatter Gravity with Trapped Hbars

- Gravity
— Never measured with antimatter
— Test of General Relativity

- Does antimatter fall down?
— Experimental question!
— If Hbar is cooled to mK
1/2kT=mgh
Vertical trap:h~1 m
— Laser cooling: Doppler limit 2.4 mK
— Adiabatic cooling: to sub mK?
- Phillips; Walraven
- Manipulate Hbars, and detect
annihilations

@ Vertical

trap
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Confinement of antihydrogen for 1000 s:
Implications

nature Nature P hys. 7,558 (2011)
; [arXiv:1104.4982]

- 30 pages in preprint format
Upping the anti
N « Please read the details! A lot

of interesting atomic physics

NUCLEAR MAGNETIC RE&DNANCE
Magnets made redundar

MAGNETlCRECDNNECT|DN
Flux ropes guide turbulent evolution

BRDWNIAN MDTION
Fre allis! y diffusive

Makoto Fujiwara, TRIUMF 15
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Implications for gravity experiment

Nature Physics, June 2011

. Laser cooling plausible with existing laser
technologies

- Temperature diagnosis of trapped antihydrogen
(for future cooling studies)

. Direction-dependent temperature diagnosis

- First (but indirect) evidence of adiabatic cooling of
antihydrogen

. Cold “beam” of antihydrogen

Makoto Fujiwara, TRIUMF 16
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Laser Cooling

- In the absence of heating mechanism, even weak
Lyman-alpha source can cool Hbars over long time

— Laser cooling from 80 mK to 10 mKin 15 min with pulsed
Lyman-alpha source

VOLUME 70, NUMBER 15 PHYSICAL REVIEW LETTERS 12 APRIL 1993

Optical Cooling of Atomic Hydrogen in a Magnetic Trap

I. D. Betija, H. G. C. Werij, O. J. Luiten, M. W. Reynolds, T. W. Hijmans, and J. T. M. Walraven
Van der Waals—Zeeman Laboratorium, Universiteil van Amsterdam,
Valckenierstraat 65/67, 1018 XE Amsterdam, The Netherlands
(Received 28 December 1992)

We present the first experimental demonstration of optical cooling of atomic hydrogen., Two
methods are discussed: Doppler cooling, for which we report a minimum achieved temperature of
& mK, and light-induced evaporation, a new cooling method by which we reached 3 mk,

— Heroic efforts by Walz, Ekima et al. for cw Lyman alpha
— Preparing Lyman-alpha laser in Vancouver: pulsed source first

— Aslong as not saturated, only ave. power matters for cooling
rate: i.e. low duty factor not a problem: uW seems feasible

— Zeeman shift of 1s-2p an issue

Makoto Fujiwara, TRIUMF 17
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Nature Phys. 2011

Standard simulation Release of trapped Hbar at =0
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Trapped Antihydrogen Dynamics

Nature Phys. 2011
- Hierarchy of time scales:

t(mix) >> t(shutdown) > t(axial) > t(radial)
I t(shutdown) ~10 ms: trap shutdown time
I t(axial) ~ 1 ms: axial oscillation
I t(radial) ~ 0.1 ms: radial oscillation
) t(mix) > ~1 s: mixing of radial & axial deg of freedom
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Trapped antihydrogen dynamics in magnetic trap

- Radial & axial deg. freedom
largely decoupled

- Radial well decays faster

y(mm)

b than axial in trap shutdown
= —> Hbar escapes radially

: . tcorrelated with radial
AJ\ energy; z with axial energies:

z{mm)

Orthogonal sensitivity
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Annihilation position distribution

E,-TmK

=200

-100

Sensitivity of position to energy
comes from that of axial energy

t, z: Sensitivity to direction
dependent (anisotropic) energy
distribution

Erad ~ 0.5 K, Eax ~ 1 mK (could be
possible by 1-d adiabatic or laser
cooling)

Position sensitive detection, feature
of anti-atoms, giving unexpected
information!

Note: low temperature in 1D is
sufficient in some cases
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Indirect Evidence for Hbar adiabatic cooling

Nature Phys. 2011
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Ultra-cold beam:
Nature Phys. 2011

- Hbar released with very
low energies: at ~10s mK

L — Hbar claiming the
potential hill
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e — Adiabatic cooling

— Note: this wasn't
optimized for a beam

z({mm)

Trap depth —_
[—— .
D Quasr- - Hope to study in ALPHA2
2 rappe

— Several mirror coils

istribution f (a.u.)

I

|

: . Anti-atomic fountain?
| .

0] 02 04 06 038

‘ Energy (K) Makoto Fujiwara, TRIUMF 23
Release energies



D TRIUMF

Summary

- ALPHA recent results: implications for gravity

- Trapped antihydrogen: significant potential for gravity
test

« ALPHA currently occupied with CPT tests:
microwaves@ALPHA1 and lasers@ALPHA2

« CPT measurements likely require all the beam time one
can get
- Need a separate experiment for gravity?

— Requirements may be compatible for precision microwaves
and gravity: good B field, long trap

— Separate traps for precision laser, gravity/microwaves?

- ELEAN will be great help!

Makoto Fujiwara, TRIUMF 24
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