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PHEF “ATOMCULE” - A NATURALLY
OCCURRING TRAP FOR ANTIPROTONS

Metastable states
T~ US

short-lived states

Io - 090 a.u.

Pleali (Auger decay)

I e t < 10 ns

0

He
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PHEF “ATOMCULE” - A NATURALLY
OCCURRING TRAP FOR ANTIPROTONS

Metastable states
T~ US

short-lived states
IL,=090au. | -
(24.6 eV) S

I St t < 10 ns

4 I [ [
delayed annihilation of pbar

In liquid helium, KEK 1991
prompt

K rr trapping fraction: = 3 %
3 average lifetime: = 3 us

(03]
T

delayed

:

o

counts / 200 ns
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possibility of precision spectroscopy

—
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Annihilation Time (us)
E. Widmann, Antiprotonic helium HFS MCFO7 Dubna, June 18-21, 2007




PRECISION SPECTROSCOPY

lonized pHe =
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PRECISION SPECTROSCOPY

: A + pairs of metastable - short-
lonized pHe lived state

+ laser spectroscopy

+ forced annihilation

+ determine mass, charge of
antiproton
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PRECISION SPECTROSCOPY

+ pairs of metastable - short-
lived state
+ laser spectroscopy
+ forced annihilation

+ determine mass, charge of
antiproton

lonized pHe

F=L-1/2

Fr=L+1/2 2 . VS”E
J7=L

+ hyperfine structure
+ magnetic moment of antiproton
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CPT TESTS - PDG

m Tests of particle/antiparticle symmetry properties

Al achieved Atom
SEEEN for H

KO-K° mass 0
|(m_—m_,)Im qq

v |

-q,)/q,, | qqq

p-p charge/mass ‘(i q )/g

p-p mass, charge I(q

m+ M-} Mav

e* mass |(m_—m,)Im

v |

p* g-factor Leptons
| (g— _g+)/gav |

e* g-factor

TO2h e 3 9024 # {g=2F i 85 1l e iqp12

relative accuracy

m [nconsistent definition of figure of merit: comparison difficult
m  Pattern of CPT violation unknown (P: weak interaction, CP: mesons)

E. Widmann, Antiprotonic helium HFS = MCFO7 Dubna, June 18-21, 2007




CPT TEST - SYSTEMATIC COMPAKRISON

+ Standard Model Extension: V.A. Kostelecky et al.

+ parameters of extended Dirac equ: dimension of energy

: 1 : ;
(iv*DF — M — ayy* — b7 — 5 wo? +ic, Y DY +id sy DY ) =0

absolute accurace (GeV)

10-27. 110=24 1072% 530518 2040713 10-12 1079 109 i = 100

KO-KOmass

p-p mass, charge

p-p charge/mass
e

AR R
u* g-factor
CEEE B

e* g-factor

H-H GS-HFS

H-H 15-2S

e* mass

02 28 L0, 2 g FOp2 ¥057 1070 Lo 109

relative accuracy
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ANTIPROTON DECELERATOR @ CERN

AD PROJEGCT

%3] || + Modification
of the AC ring
+ 1 ring for 3 tasks

+ Antiproton
capture

+ deceleration
+ cooling
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EXPERIMENTAL SETUP AT AD

Analog Measurement of
Delayed Annihilation
using Cerenkov
counters and digital

oscilloscope
TOP VIEW

25 um stainless

50 um Kapton  gtee| window

windows

\ | : 5.3 MeV antiprotons are stopped
beamline vacuum ~ in ot 6 K 0.5 ST 3 bar He gaS

Antiprotons
100 MeV/c l‘fg‘\\_\\\>

-

|’n

l'\\\\\\.

“ ' Microwave cavity 12.91 GHz:
L e 28.8 mm diameter, 24.5 mm length

He chamber

T 100 mm
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EXPERIMENTAL SETUP AT AD

Analog Measurement of
Delayed Annihilation
using Cerenkov
counters and digital

oscilloscope
TOP VIEW

25 um stainless

50 um Kapton  gtee| window

windows
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EXPERIMENTAL SETUP AT AD

TOP VIEW

25 um stainless

50 um Kapton  gteel window
windows

beamline vacuum

PMT Signal (V)

prompt pbar

delayed annihilation
+ 2 laser pulses at
726 nm

T~ 2.8us

Analog Measurement of
Delayed Annihilation

single exponential using Cerenkov

counters and digital
oscilloscope

i I |

3000 4000 S000 6000 7000 8000 9000 10000

time (ns)

Antiprotons —
100 MeV/c {7

Cerenkov counter

\

He chamber
100 mm

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

Microwave cavity 12.91 GHz:
28.8 mm diameter, 24.5 mm length
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HYPERFINE STRUCTURE OF P4+HE"

=l

3 i VSHF

J =L-1

A

of
"

m jnteractions of magnetic moments:
Jelectron: Mo = gUgS,

2 pbar: i =[9,(P)S; +9,(P)L;1uy

» "Hyperfine” splitting HFS:
L, -S,
0 dominant because of large L
» "Superhyperfine” splitting
Sﬁ
W HES 7200 15 GhZ

VGHE sensitive to magnetic moment of pbar W SEESE 0-1:5:0:5/GHZ

(known to 3x1 0—3)

VHF tests orbital angular moment: g,
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CURRENT KNOWLEDGE OF pp

Kreissl, Daniel, v. Egidy,

Hartmann et al.

PRC 37 (1988) 557

+ fine structure of x-Rays of
antiprotonic lead

+ 208pp to avoid HFS
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L + results (PDG):
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A few early results have been omitted.

VALUE () DOCUMENT ID TECN  COMMENT

0.39,!1 —— —2.800 +0.008 OUR AVERAGE
—2.8005 = 0.0090 KREISSL 88 CNTR p 208pp 11— 10 X-ray

—2.817 +0.048 ROBERTS 78 CNTR
—2.791 +0.021 HU 75 CNTR Exotic atoms
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IST OBSERVATION OF HFS IN A LASER
TRANISITION

A=298:0.09pm

—

. =1.70 +0.05 GHz |

>
9
©
o
805
o
|_
O
e
e
©
)
o

o

R

| e i gl | | | | d
0.09 0.092 0.094 0.096 0.098 0.1 0.102 0.104
A-726 nm

LEAR, E. W. et al. PLB 404 (1997) 15-19

+ 1.75 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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Peak to total Ration (arb. units)

-0.001H | | | | | | Ll

LASER-MICROWAVE-LASER RESONANCE
EXPERIMENT

=12.91 GH
Parameters of (37,35) state: ~ \HF . =161 MHZZ

VSHF
Vepp = 133 MHz

Ff=L+1/2

Step 1: depopulation of F* Step 2: equalization Step 3: probing of population
doublet with f, laser pulse of populations of of F* doublet with 2nd f,

F* and F- by laser pulse

microwave

(n,]) = (37,35) > (38,34)
R UL Laser scan

A=3.1£0.15pm

=18:+0.1 GHz Time spectrum with 2

“*—3aser pulses

background fit function

T I T | T | T | T I T | T | T
1 I 1 | 1 | 1 | 1 I | | 1 | 1

1 I
'Peak 2,
iregion !
I

Annihilation rate (arb. u.)

:

0.086 0.088 0.09 0.092 0.094 0.096 0.098 0.1
Wavelength /nm-726 200 300 400 500 600 700
Time relative to end of PMT gate (ns)
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LASER-MICROWAVE-LASER RESONANCE
EXPERIMENT

= 12.91 GHz
+ =161 MHz
= 133 MHz

VHF
VSHF
VSHF"

Parameters of (37,35) state:

Ff=L+1/2

Step 1: depopulation of F*
doublet with f_ laser pulse

e
A=3.1+£0.15 pm
=1.8 0.1 GHz

Step 2: equalization Step 3: probing of population
of populations of  of F* doublet with 2nd f_

F* and F- by laser pulse

microwave

(n,l) = (37,35)

Laser scan
Time spectrum with 2

“*—3aser pulses

background fit function

Peak to total Ration (arb. units)

0

-0.001

T I T | T | T | T I T | T | T

1 I 1 | 1 | 1 | 1 I | | 1 | 1

._1

Annihilation rate (arb. u.)

1 I
'Peak 2,
iregion !
I

0.086 0.088 0.09 0.092 0.094 0.096 0.098 0.1

Wavelength /nm-726
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LASER-MICROWAVE-LASER RESONANCE
EXPERIMENT

=12.91 GH
Parameters of (37,35) state: ~ \HF . =161 MHZZ

VSHF
Vepp = 133 MHz

Ff=L+1/2

Step 1: depopulation of F* Step 2: equalization Step 3: probing of population
doublet with f, laser pulse of pepulations of of F* doublet with 2nd f,
F* and F-hy laser pulse

microwave
,34)

Laser scan

(n,l) = (37,35)
L L L N~
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MICROWAVE CAVITY FOR HFS
MEASUREMENT

\M‘ waveguide He chamber walls

25um thick :
stainless steel \/

Mumetal

window .~ "~ shield

e Cryostat wall

7.5um thick
superinsulation ————temperature
shields

foils
meshes

50um thick y
Kapton : * two laser

window

Antiprotons Q
100 MeV/c

antiproton _
cavity

stopping
distribution

quartz windows

diameter

pick up antenna /
on SMA connector cryogenic SMA
cable | 100 mryj

- cavity for 13 GHz at< T0 K to low Q (~100) to avoid mechanical
reduce Doppler broadening tuning

. Meshes to allow pbar and laser tuning via synthesizer and stub
: tuner
light to enter
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FIRST OBSERVATION OF HFS
TRANSITION

+ n
VHF VHE

1+¢' TT 1

| | | |
12.90

vuw (GHZz)

EE S |
12.86

| | | |
12.88

| | | |
12.92

12.94  12.96

Experimental accuracy: ~ 3 x 107>

12.895 96(34) GHz 27 ppm

12.924 67(29) GHz 23 ppm

E.W. et al. PRL 89 (2002) 243402
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| | | |
12.88
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| 1 1 | | | |
12.92

12.94 12.96 - -150 -100 -50 0 50
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FIRST OBSERVATION OF HFS
TRANSITION

+ n
VHF VHE

|—

1 | |
12.86

| | | |
12.88

| | | |
12.90

| | | | | | | |
12.92

|12_94|1 I 1 2.96 250 200 -150 100  -50 0 50 100
Vexp™Vin)Vexp (PPM)
Vmw (GH2) + Comparison to theory favours most
recent results of both groups
Experimental accuracy: ~ 3 x 107> + Korobov & Bakalov JPB 34 L519 2001
+ Kino et al. Proc. APAC 2001
12.895 96(34) GHz 27 ppm Y Difcrchee =6 5 10>

12.924 67(29) GHz 23 ppm + Corresp_onds to theoretical
uncertainty
E.W. et al. PRL 89 (2002) 243402 +0Omission of terms O(a2)~5x10->
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—

| |- | |
12.90

vuw (GHZ)

[= 1 1 |
12.86

| | | |
12.88

| | | |
12.92

12.94 12.96

+ veuet, Voue~ MoOst sensitive, but impossible to measure (power requirement)
* SR = s =iy ttady st oy e e sensitiveto
+ sensitivity factors from theory (D. Bakalov and E.W., PRA in print)

+ S(F,J)= 9EnF1/ OUp |Up =—Hp

Y Sl = SlErd =) —S(F ")
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IMPROVEMENTS OF ps

+ error of known value of pp: 5,= 3 x 107

+ limitation for pHe*: theoretical accuracy
+ for Av, : A, ~O(107°) conservative!

+ max. improvement from ratio: factora/a, =3 -9
+ (37,35): factor 3 improvement in yp : factor 10 in exp. accuracy

(35,33)

(37,34)

(39,35)

(3337)

(36,34)

(37,35)

(35,34)

(34,33)

(38,35)

6

11

3

8

23

12

6

4

5

90

50

90

2.7

1.3

2.7

5.4

8.4

6.0

33

38

33

39

43

32
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D. Bakalov & E.W., submitted
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REDUCTION OF LINE WIDTH

+ possible sources of line width: ~ 6 MHz @ At=160 ns
+ collisional broadening
+ Fourier limit

SN

*AF = AR
+ 160 ns: Afx 6 MHz MW pulse length:
+ 350 ns: Afr 3 MHz

Red = 150 ns
Blue = 350 ns
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NeEwW MEASUREMENTS IN 2006:
LASERS SCANS

2001 (n) = (37,35) > (38,34) + improved laser system

0.007} A=3.1+0.15pm — + laser band width < Doppler
0-00‘5: R Slesnen : broadening

EZZ'Z /i N + seeded by cw laser

o i " j + much higher frequency

0.002: “ ‘E}; : o stabil |ty

o001 43 . ®.4i 1  + longer pulse length

20(;6 + higher depletion efficiency

+ higher signal-to-noise
: + HF doublets completely separated
+ no cross talk

+ first test experiments

S R Y + factor ~5 improved accuracy
T e (PRELIMINARY)

1 1 I
Cl 086 0 088 D 09 D 092 0.094 0.096 0. 098 0.1
Wavelength (nm)
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COLLISIONAL RELAXATION

“
1=
=]
o

'
<
Y

12 [ ndf 3.289/3
Constant 0.3846 + 0.02251

Slope  -0.000346 + 4.132e-05 J_
= %1> [nL,J" =L+1>

[1">=|nL,J"=L>

Microwave ON/OFF /
' ﬁ/!'>> [nL,J " =L>

|2">=|nL,J"=L-1>

—
n
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? <@
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<
©
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-
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Relative Signal

. '
<
Ioou

]

01619/ 2
0.003112 + 0.0007592
0.0004541+ 4.587e-05

0.8+

13 y

2001 Signal to noise ratio ~10%

200 400 600 800 1000
Laser Separation (ns)

I 1 1 1 I
200 400

(=]

relaxation time constant: texp ~ 660 £ 69 ns
theory Tmax ~ 325 NS

G.Ya. Korenman and S.N. Yudin, J. Phys. B 39, 1473 (2006)
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NewW MEASUREMENTS IN 2006:
MICROWAVE SCANS

| 2001 Vi VHE

+ ~ 3x narrower line width
+ ~ 3x larger S/N

+ ~ b5x better accuracy
(PRELIMINARY)

[ 1 1 |
12.86

1 1 1 |
12.88

12.90

vuw (GHZ)

2006 |

1 1 1 |
12.92

12.94  12.96

+ more systematic tests

necessary (2007)

4% j + density dependence (very small
according to theory)

10 + MW power dependence

normalized intensity

QO o
) §
&
[

C : %{) i ﬂ}
e el
0 .8|6I I1|2.8|7I I1|2.8|8I I1|2.8|9I I1|'2L.9|0I I1|2.9|1I I1|2

microwave frequency (GHz)
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normalized intensity

| 2001 Vi VHE

NewW MEASUREMENTS IN 2006:
MICROWAVE SCANS
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+ ~ 3Xx narrower line width
+ ~ 3x larger S/N

+ ~ b5x better accuracy
(PRELIMINARY)

1.4

June 16, 2007

1.3}
1.2F

1.1: / small

g

0.9}

-IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
?£893 12.89412.89512.896 12.89712.898 12.899 12.9 12.901
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SUMMAMARY & OUTLOOK

antiprotonic helium offers one of best CPT tests in the hadronic
sector

big impact on development of 3-body bound-state QED
many results for atomic (collision) physics

further improvements expected
+ factor 3-9 possible over PDG for magnetic moment

E. Widmann, Antiprotonic helium HFS MCFO7 Dubna, June 18-21, 2007



