% High Precision Laser and Microwave
Spectroscopy of Antiprotonic Helium

E. Widmann

ASACUSA collaboration
University of Tokyo

+High precision laser spectroscopy and CPT test for the
proton/antiproton charge and mass

+ Observation of hyperfine splitting and prospects of a CPT test
for the proton/antiproton magnetic moment
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ASACUSA collaboration @ CERN-AD »-

Asakusa Kannon Temple Atomic Spectroscopy And Collisions

by Utagawa Hiroshige (1797-1858) Using Slow Antiprotons

: & &5 « University of Tokyo, Japan
s « RIKEN, Saitama, Japan ~ 40 members

+ Tokyo Institute of Technology, Japan
« University of Tsukuba, Japan
« Institute for Molecular Science, Okazaki, Japan
+ Tokyo Metropolitan University, Japan
» CERN, Switzerland
« University of Aarhus, Denmark
» University of Wales Swansea, UK

« KFKI Research Institute for Particle and Nuclear
Physics, Budapest, Hungary

« University of Debrecen, Hungary

+ KVI, Groningen, The Netherlands

+ PS1 Villigen, Switzerland

« Ciril -Lab. Mixte CEA-CNRS, Caen Cedex, France
+ GSI, Darmstadt, Germany

» Institut fir Kernphysik, Universitat Frankfurt

» Universitat Frerburg, Germany

+ St Patrick’s College, Maynooth, Ireland

+ The Queen’s University of Belfast, Ireland
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ASACUSA: Study of Antiprotonic Atoms: ‘e
Spectroscopy, collisions, dE/dXx, atomic formation

r Bound-state QED

3-body quantum theories ¢

\/ Continuum 3-body system
p - H collision, etc.

CPT test
p mass, charge
pHe* spectroscopy (+ 3-body theory)

protonium and pHe™™ spectroscopy
+ many more byproducts

3
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Antiprotonic Helium Group -

+ EW., R.S. Hayano, T. Ishikawa, J. Sakaguchi, T. Tasaki, H. Yamaguchi
- Department of Physics, University of Tokyo

+ J. Eades, M. Hori
« CERN, Geneva,
Switzerland

+ D. Horvath
- KFKI Budapest,
Hungary

+ B. Juhasz
- University of Debrezen,
Hungary

+« H.A. Torii
- Institute of Physics,
University of Tokyo

+ T. Yamazaki
- RIKEN, Saitama, Japan
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pHe* “Atomcule” .
a naturally occurring trap for antiprotons
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- Characteristics of both atom and molecule -> “atomcule”

- 3-body system

- 2 heavy “nuclei” with Z=1 and Z=-1

- electron can be treated by Born-Oppenheimer approximation

- ~ 3% of stopped antiprotons survive with average lifetime of ~ 3 us
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Experimental Setup at AD -

prompt pbar

55_ A delayed annihilation Analog Measurement of
T I Delayed Annihilation

using Cerenkov counters

and digital oscilloscope

single xp@ﬁ%@tial

TOP VIEW

PMT Signal (V)

25 um stainless
50 um Kapton  gie0| window
windows

L L L [ L | L | L | L
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oA

mef{ns)
........

I oy
beamline vacuum -~ » | Cerenkov counter

5.3 MeV antiprotons are stopped
In~6 K 0.5 -3 bar He gas

Antiprotons

100 MeV/c beam

T———_ Microwave cavity 12.91 GHz:
28.8 mm diameter, 24.5 mm length

100 mm

He chamber

cavity
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Setup at AD - area

Cryogenic helium target 2

==

b Cerenkov
counters
I} '

| Antiprotons
b | " C
|
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Observed transitions in “He »-

0
Energy ° qf,‘* f"" R diﬁi - Spectrosco_py mfethod:
m_ﬁgwﬂfﬁ ﬂﬂ:_:J'J ) e force_d_annlhllatlon by laser
“““‘iﬁ%:—iﬁ el tran3|t!on meta-stable to
- ﬂj;ra'éﬂ «—n=M_333 short-lived state
7w VM « LEAR: 10 transitions in 4He,
" 3 in 3He observed
e  First experimental proof that
exotic particle is captured

— 4He+ around
P n M/m,

+ AD: 8 new transitions in 4He,
4 new in 3He

wanwan  Auger-Dominated p*He* « Last transitions in v=0, 1 (UV)
and v=4 cascade observed

+ Systematic studies possible

———  Metastable p*He™

| = 30 1) 32 33 34 35 36 ar 38 39 40 41

Angular Momentum > _ Lo
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Feak intensity (au)

Precise Measurement of Transition Wavelength :
and CPT test for Mass and Charge
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Ca=72e A nm
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Resonance scans

E. Widmann
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CPT test of proton/antiproton charge and mass b =

- Scaling factor for energy levels
. M (Q,)
Ryw(p)=—"(—"j Ry.,
m,{ e

+ Theory uses numerical values of
proton

+ Deviation between experiment and
theory for AE

M; —M, +f Q —Qp
MD ? QP
= (fy +1g)0M =(f +1,)Q
- Since Q/M of proton/antiproton is
equal to ~ 9x10-11 (Gabrielse 1999)
+ Simple estimate: f,=1, f5=2
+ Accurate calculation (Kino) that vary
M,Q keeping Q/M const:

» f\.fo=2.5 ... 5 depending on transition

A, . =T,

exp-th —

E. Widmann

Average of 4 measurements yields

Factor 8
<6x10° Dpetter than
LEAR
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Laser Spectroscopy at Ultra-low Density: Y
Radio Frequency Quadrupole Decelerator

secondary emisson
RFC-0O b=arm profile monitor

laser

Cerankov counters

| il wi (s E
. Il
= GO0 I's turbo madacular pump
ml

* RFQD: 5.3 MeV -> 20 - 120 keV (eff.~40%)

e Differential pumping + ultra-thin beam window

(~ 1 um Mylar)
» high efficiency of stopping antiprotons at ultra-low
densities (p <1 mbar, T~20 K)
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Preliminary comparison to theory 2001 »

experiment
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+ Only data taken with RFQD at density
5 x 10" cm-3 (factor 1000 lower than ever)

+ Previous discrepancy removed, but new one exists
- Problems for calculations for high-n, low-| states?

+ Average over all data gives factor 3 better value for

CPT test PRELIMINARY
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Details of QED corrections: :

. .
597 nm line

Quantity Value error

Non-relativistic energy 501'972’376 (3) MHz

Relativistic corrections (e) -27'556  (3) MHz

Rel. QED corrections 233 MHz

Self energy 3'815 MHz

Vacuum polarization -123 MHz

RMC 37 MHz

Retardation -35 MHz

Two-loop corrections 1 MHz

Finite size effect 2 MHz

a’ corrections -3 (3) MHz

Total Korobov 501'948'718 (5) MHz (10) ppb
Value Kino 501'948'828 (8) MHz (16) ppb
Experiment 2000 501'949'010 (100) MHz (200) ppb
Experiment 2001 PRELIM. 501'948'850 (50) MHz (100) ppb

+ Kino, Korobov use different variational expansions
+ Deviation Korobov - Kino ~ 200 ppb > estimated theoret. error !
+ QCD effects (finite size etc.) play no role
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Outlook - 2-photon transitions in pHe™ s

+ Current precision (50 - 100 MH2z)
seems limit for pulsed laser system

- pulse-amplified cw-laser needed

+ Go to ultra-low density using RFQD:

- antiprotons with 10 - 100 keV to be
stopped in ~mbar helium gas done

- Elimination of collisional shift and
broadening

+ Doppler-free two-photon spectroscopy
- An=Al=2 transitions

-virtual intermediate state close to real
one

. state of the art: 10 MHz
- Gives 1 ppb for CPT test of M and Q
- Proton mass only known to 2.1 ppb!

E. Widmann
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“Hyperfine” structure of pHe® E =

+ Interactions of magnetic moments: F=L-172 =L
rar g = - I"'IEHF_
- electronzz, = g 1/, S, L

. pbar: []5 = [95(5)§5 + gI(E)Eﬁ]luﬁ (n,L)

VHF suppressed

+ Dominant splitting: “Hyperfine”:

= J7= L+
| L, B3, v
. sizeable because of large L of pbar. Fral1/2 gt
+ “Superhyperfine” splitting
- Interaction antiproton spin with Ve ~10... 15 GHz

other moments
+ Spin coupling scheme:

VgyE Sensitive to magnetic moment of pbar
(known to 3x10-3)

Ve sensitive with suppression factor 7x1073
Possible experimental resolution: 10~° or better
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Observation of HFS In laser transition s

(n,)=(37,35)->(38,34) @ LEAR
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E. Widmann et al., PLB 404, 15 (1997)

+1.7 GHz is difference of HF splitting of (37,35) and (38,34) state

+ SHFS transitions cannot be observed due to Doppler broadening &
laser bandwidth
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Principle of laser-microwave-laser
resonance experiment

Parammebers of (37,35 sbabe: e =
__:__:_i_: = W= WNEiE
Il
-
. ST S
[ = —_.__.
Sbep 1: depopalstice of F' Saep 2 i i Step 3- probireg of pogul aton
diou b=t with F . l=asss pulse o f o latd of F+ dicow bics with 2mdd 7
F* amsd F- iy laser pulse
micr

= er peslsse sea e e

e e ::Iz!':1§l-r B e = e T i

= L] = .
I \ = = = =

— J - | B =0
S cass — = B
= m B Ly E | — - —— —
= - == =] [} " = R o= — o~ - E
= v = o L -
b - K. -
= I T T Sto=s sl arasoa siasos siaoos  Sras
=g CA— L |
= L CE -— = =
= = = — - o - ]
= = = e —— 3
== e | - 3

= N

o e === = .

| ] WE i ]

M N s sl = L e e

+ Direct measurement of HF splitting by
microwave radiation
+ Area under laser spike is proportional to
population e
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|l'|_59_5[3_ waveguide He chamber walls
25um thick ™ y
stainless steel | ’ J:’".--*’ N
window .: ) _‘._,Je .. ek
roummnce | S e
Eﬂennsulahm | - shislds
™ ; meshes
soumthick = | | ¥ _1E i
. 1 f Ser
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Antiprotons .
28.8 mm 100 MeV/c | |
diameter
stopping cawvity
distribution
pick up antenna e —
. on 3MA connector cryogenic SMA
ecavity for 13 GHz at < 10 K to cable - bl |
r Doppler br nin : : :
educe Doppler broadening + low Q (~100) to avoid mechanical tuning
Meshes to allow pbar and : : :
+ tuning via synthesizer and stub tuner

laser light to enter
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First Observation of !

. .-
Laser-Microwave-Laser Resonance
Resonance scan Comparison to theory
1.15
[ ViE Ve Bakalov & Korobov 1998 O BK
[ Korobov & Bakalov 2001 ® KB
110 Yamanaka, Kino et al. 2000 |* Y&

K
Kino, Yamanaka et al. 2001

xuf\L 1 T
*ﬂ' - -

. )
.

4 A & b Y HE

|

0.95

normalized intensity (arb. u.)

1 1 ] l
-250 -200 =150 -100 -5 0 50 100

: I"Im,F- I'.m}'ll""m :Ppm}

il IR N VI ki AT S VR TN (LA T o
12.86 12.88 12.80 12.82 12.94 12.96
microwave frequency (GHz)

+ Results about to be published + Comparison to theory favours most
« Experimental accuracy: ~ 3 x 107 recent results of both groups

+ Difference < 6 x 10
12.895 96(34) GHz 27 ppm + Corresponds to theoretical uncertainty

12.924 67(29) GHz | 23 ppm Omission of terms O(a?)
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Significance of HFS measurement .o

+ Test of 3-body theory incl QED corrections
« Agreement ~ 6 x 10 :  |g,(p)-1|<6x10°°
- First determination ever of orbital g-factor of either proton or antiproton

+ SHFS: antiproton magnetic moment

- from laser-microwave-laser experiment the difference vg .+ - Vg~ Can be
determined

- sensitive to p.. with suppression factor (D. Bakalov, Nucl. Phys. A655 (1999) 301c)

Ay 4
A’ugxp op _ 3.4%x10™ GHz

= = =0.05 PDG: . =2.800 £0.008
ovI oy  0.0065 GHz/ k4, H H H
- Improvement in the determination of p,,. would require
- Improvement of resolution by factor > 6: difficult
- additional RF field of ~100 MHz (laser-mw-RF-laser resonance) or

- Ultra-narrow band laser to resolve SHFS in laser transition, plus 100
MHz RF (laser-RF-laser resonance)

+ Better way: Ground state hyperfine splitting of antinydrogen
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Ground-State Hyperfine Structure of

AntiHydrogen

+ One of the most accurately
measured gquantities in physics

- hydrogen maser, Ramsey (Nobel price

1989)

+ Spin-spin interaction electron -
(anti)proton

+ Leading term: Fermi contact term

3
N 16 M, m, U, o Ry
3\ M m, ) Mo,

+ a measurement of v, will directly
give a value for the magnetic
moment of pbar

+ GS-HFS also tests form factors
(structure) of (anti)proton!

- Tinite size corrections ~ several ppm
level

E. Widmann

zim)
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+ GS-HFS can be done with atomic
beams

FM =0,0

Sextupole |
spin selection

shield for annihilation products
microwave cavity

FEM = 1,1 no spin flip
Sextupole I

spin analysis

F.M = 1,1 with spin flip

antihydrogen detector



Summary & Outlook

+ Precision spectroscopy constitutes
stringent test of 3-body theory

Including QED corrections
+ Laser spectroscopy:

- Comparison to theory, together with
measured cyclotron frequency, allows to
set CPT limit for pbar charge and mass

(25_{Qp

p

M; —M,
M

p

~
~

- 8 times improvement over LEAR, furthel
factor 3 expected from 2001 data

- Limit can be pushed to ppb level by
development of new laser system

+ Hyperfine Structure

- excellent agreement with 3-body QED

calculations: <6x10™

. 1st determination of orbital g-factor
_-_Improvement needed to determine ..

E. Widmann

<6x10°®
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