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Abstract

Results are presented for a measurement for the production of the antihydrogen atom H” = pe?, the simplest atomic
bound state of antimatter.

A method has been used by the PS210 collaboration at LEAR which assumes that the production of H" is predominantly
mediated by the e’e™ -pair creation via the two-photon mechanism in the antiproton—nucleus interaction. Neutral H atoms
are identified by a unique sequence of characteristics. In principle H® is well suited for investigations of fundamental CPT
violation studies under different forces, however, in our investigations we concentrate on the production of this antimatter
object, since so far it has never been observed before.

The production of 11 antihydrogen atoms is reported including possibly 2+1 background signals, the observed yield
agrees with theoretical predictions.
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Abstract

Results are presented for a measurement for the production «
bound state of antimatter.

A method has been used by the PS210 collaboration at LEAR
mediated by the e'e™ -pair creation via the two-photon mechanis
are identified by a unique sequence of characteristics. In princip!
violation studies under different forces, however, in our investig:
object, since so far it has never been observed before.

The production of 11 antihydrogen atoms is reported includs

agrees with theoretical predictions.
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LEAR (Low Energy Antiproton Ring)
- shut down in 1996, after 14 years -

o Extraction
Injection

Electron
Cooling

* 2 GeV antiprotons stored in the LEAR ring on Xe gas jet target
* Small quantity(l | £2) of relativistic antihydrogen produced

* Not useful for high-precision spectroscopy but was essential
for the AD approval




electron cooling
was optional stochastic cooling

in the design report




LEAR Scheme

East Area

protons
antiprotons

LEAR received antiprotons from the AA
via the PS, which were decelerated
there to 600 MeV/c.

LEAR had "ultraslow extraction"; Some
5 x 10° antiprotons were served over
periods lasting hours.







AD-|

Antihydrogen Production and Precision

(ATHENA) - . H production
xperiments

completed

AD-2 Cold Antihydrogen for Precise Laser —

H [s-2s laser spectroscopy

(ATRAP) Spectroscopy

AD-3 Atomic Spectroscopy and Collisions pHe spectroscopy

(ASACUSA) | Using Slow Antiprotons H hyperfine spectroscopy
Relative Biological Effectiveness and
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http://greybook.cern.ch/programmes/experiments/AD-2.html
http://greybook.cern.ch/programmes/experiments/AD-2.html
http://greybook.cern.ch/programmes/experiments/AD-4.html
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AD cycle

Momentum

4 PIGeVA Basic AD Deceleration Cycle A

57 i

Stochastic cooling
6.6 5. Tune jump
Electron cooling
phar injection %5
Bunch rotation Rebunching

Stochastic cooling ] _
17 5. Electron cooling

16 s.

Fast Extraction

Actual Duration Design Duration
: >
12(10) J5(33) TL1{58) 85(60) time |sec|
RF (N == === [E=sss e e -

KHF h = i I 3 1
Beam bunched lor deceleration (RF ON), debunched lor cooling 2810800 PP

2H 1102 Rey




ATRAP
H laser spectroscopy
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7-Oct-97
CERN/SPSC 97-19
CERN/SPSC P-307

ATOMIC SPECTROSCOPY AND COLLISIONS
USING SLOW ANTIPROTONS

ASACUSA Collaboration

ASACUSA (oo T)
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REVIEWS OF MODERN PHYSICS, VOLUME 80, APRIL-JUNE 2008

CODATA recommended values of the fundamental physical constants:
2006

Peter J. Mohr,T Barry N. Taylor,* and David B. Newell®

IV. ATOMIC TRANSITION FREQUENCIES

Atomic transition frequencies in hydrogen, deute-
rium, and antiprotonic helium yield information on the
Rydberg constant, the proton and deuteron charge radii,
and the relative atomic mass of the electron. The hyper-
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Beier et al, PRL 88 (2002) 011603
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All Negatively - Charged Paiticles
from K* Stopped in Liquid Helium
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R. S. Hayano et al, Phys. Lett. B 231 (1989) 355
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Study of metastable states of
p atom in liquid helium
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Annihilation Time (us)

lwasaki et al., PRL 67 (1991) 1246




EMF DG

(a) *He gas 4.5 K 405 mbar
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p'He ion
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(photon wavelength: 300-800nm)
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—— Metastable state (t ~ 1 us)

wwv - Short-lived state (t~10ns to ~ 10 ps)

— |oOnized state (T~ ps)
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Nuclear Absorption




An example, (n,[)=(39,35)—(38,34)
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N. Morita et al, Phys. Rev. Lett. 72 (1994) 1180.
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Fist success at LEAR

LEAR final result

[
AD construction I
|
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First ASACUSA result at AD

ASACUSA Phase 2 (RFQD)

Shutdown

ASACUSA new laser
(goal for 2004)

proton mass precision (4.6 x 107'°)

1996 1998 2000

Year

2002 2004 2006
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Antlproton Decelerator
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Antiproton pulse from AD
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ASACUSA new laser
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Optical Frequency Comb

beam splitter

—>

beat note
detector

i

—> frequency
T.W. Hansch, Nobel lecture
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Complex coordinate rotation (CCR) methoda

‘He’p (38,33)
Not true bound states

part

Careful treatment of
Auger decay is needed

|
N=2500 ' CCR calculates
ESCLTIR0, TORE0) complex eigen values

3.8x10°

=>
| -
Qv
=
O)
Q!
g-

-2.8473246 -2.8473244 -2.8473242 -2.8473240

Real part

Korobov



add relativistic correction (~ 100 ppm)

g(rHe) +2Z; 5(1’ )]

8me 8m




add self energy (~15 ppm)
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p3He Hyperfine structure

=L-3/2







Experimental & theoretical precisions improved

p#Het (39,35)—(38,34) transition frequency (GHz)

=) | =
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i x Experiment

i ¢ Theory
501949.0 (Korobov)
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Ms/Me= 1836.152674

+0.000005

ASACUSA2006
~ PRL 96, 243401 (2006)




pHe contribution to CODATA

Electron mass in atomic mass unit A(e)
0.0005485799XXXX

800 900 1000 1100 1200

*
Trap cyclotron frequency (Washington 1995)

spin-flip/cyclotron frequency of
trapped hydrogenic carbon (GSI 2002)

0 —
spin-flip/cyclotron frequency of

trapped hydrogenic oxygen (GSI 2002)

—_—

Antiprotonic helium (ASACUSA 2006) CODATA 2006
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Virtual state
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precision trap

Penning trap: Antiprotonic helium:
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CPT tests

g-féavctor
g-féactor

H-H competitive?

mass

mass

1015 1072 10 10°
RELATIVE PRECISION




The Standard Model Extension

Indiana group, Kostelecky et al. (since 1997)

LIVand CPTV terms

extended Dirac eq.

* [he CPTV parameters ( & ) have energy dimensions
(dimensionless comparison not meaningful)

* dm/m~ 108 of K system < ;

o H spectroscopy better than |0°Hz precision competitive



Hansch’s Motto

never measure anything but hydrogen
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Transition Frequency (Hz)

“s0s 240000611024 748561

"HF 1420405751768

1KO

om/m~10-'8 of
KO system & 100 Hz— = T "1

Approximate CPTV scale
-24 “Planck-scale”

- -22
10° 107 10 10" GeV




Another possibility - sidereal variation

(" Dy — m — apy* — buysy”

BY +ic,y* DY + id,,vsy* DY)y = 0




Production of “cold” antihydrogen
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Production and detection of
cold antihydrogen atoms

M. Amoretti‘, C. Amsler:, G. Bonomi i, A. Bouchta:, P. Bowe||,
C.Carraro’, C. L. CesarY, M. Chariton, M. J. T. Colller:, M. Doser:,

V. Filippini -, K. S. Finez, A. Fontana " **, M. C. Fujlwara+’,

R. Funakoshi i+, P. Genova - **, J. S. Hangst||, R. S. Hayano 7+,

M. H. Holzscheiterz, L. V. Jargensen+, V. Lagomarsino “::, R. Landuaz,
D. Lindeof+, E. Lodi Rizzinis -, M. Macri*, N. Madsen+, 6. Manuzio* i3,
M. Marchesotti -, P.Montagna - **, H. Pruys ¢, C. Regenfus 7, P. Riedler:,
J. Rochet:=, A. Rotondi " " *, 6. Rouleau:#, G Testera®, A. Variola®,
T.L. Watson~ & D. P. van der Wert>

* Istituto Nazionale di Fisica Nucleare, Sezione di Genova, and £% Dipartimento

di Fisica, Universita di Genova, 16146 Genova, Italy

¥ Physik-Institut, Ziirich University, CH-8057 Ziwrich, Switzerland

£ EP Division, CERN, CH-1211 Geneva 23, Switzerland

§ Dipartimento di Chimica ¢ Fisica per Ulngegneriae per i Materiali, Universita di
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|| Department of Physics and Astronomy, University of Aanis, DK-8000 Aarhus
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A theoretical underpinning of the standard model of fundamen-
tal particles and interactions is CPT invariance, which requires
that the laws of physics be invariant under the combined discrete
operations of charge conjugation, parity and time reversal.
Antimatter, the existence of which was predicted by Dirac, can
be used to test the CPT theorem—experimental investigations
involving comparisons of particles with antiparticdes are numer-

drogen annihilation detector. All traps in the experiment are
variations on the Penning trap®, which uses an axial magnetic
field to transversely confine the charged particles, and a series of
hollow cylindrical electrodes to trap them axially (Fig. 1a). The
catching and mixing traps are adjacent to each other, and coaxial
with a 3T magnetic field from a superconducting solenoid. The
positron accumulator has its own magnetic system, also a solenoid,
of 0.14T. A separate cryogenic heat exchanger in the bore of the
superconducting magnet cools the catching and mixing traps to
about 15K. The ATHENA apparatus’ features an open, modular
design that allows great experimental flexibility, particularly in
introducing large numbers of positrons into the apparatus—an
essential factor in the current work.

The catching trap” slows, traps, cools and accumulates antipro-
tons. To cool antiprotons, the catching trap is first loaded with
3 X 10" electrons, which cool by synchrotron radiation in the 37T
magnetic field. Typically, the AD delivers 2 X 10’ antiprotons
having kinetic energy 5.3 MeV and a pulse duration of 200 ns to
the experiment at 100-s intervals. The antiprotons are slowed in a
thin foil and trapped using a pulsed electric field. The antiprotons
lose energy and equilibrate with the cold electrons by Coulomb
interaction. The electrons are ejected before mixing the antiprotons
with positrons. Each AD shot results in about 3 X 10° cold anti-
protons for interaction experiments.

Si strip detectors
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Antihydrogen Signal

annihilation of e* and p on the wall,
simultaneously at the same point

A
o0
|



(Re)combination mechanisms

Two-Body Recombination Three-Body Recombination

KN b

Principle

=

(et +p— H+Y)

e* density dependence o N,

Final internal states n<10

Expected rates few 10 Hz high (at low T)

[J. Stevefelt ef al., PRA 12 (1975) 1246]  [M. E. Glinsky et al., Phys. Fluids B 3 (1991) 1279]

Observed initial rate (ATHENA) 440 +40 Hz
must be three body
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Rate

mix 108 e* & 104D,
H rate ~100 Hz

Ground state?

No proof

ATRAP detected gV
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Antiprotonic Helium

the only p-containing atom studied by the laser spectroscopy methods

started to contribute to the fundamental physical constants

the p mass may become better known than the p mass
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