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pHe+ “Atomcule” - a Naturally 
Occurring Trap for Antiprotons 
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pHe+ “Atomcule” - a Naturally 
Occurring Trap for Antiprotons 
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Metastable states 
τ~ µs

short-lived states 
(Auger decay)
τ ≤ 10 ns

possibility of precision spectroscopy
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precision spectroscopy
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precision spectroscopy

✦ pairs of metastable - short-
lived state

✦ laser spectroscopy
✦ forced annihilation
✦ determine mass, charge of 

antiproton
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precision spectroscopy
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CPT tests - pdg

5

10−27 10−24 10−21 10−18 10−15 10−12 10−9 10−6 10−3 100

relative accuracy

e± g-factor

µ± g-factor

e± mass

K0-K0 mass

p-p mass, charge

p-p charge/mass

H-H 1S-2S

H-H GS-HFS

 Tests of particle/antiparticle symmetry properties

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

achieved
for H
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CPT test - systematic comparison

✦ Standard Model Extension: V.A. Kostelecky et al.
✦ parameters of extended Dirac equ: dimension of energy
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Antiproton decelerator @ CERN
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Antiproton
 production

✦ AD
✦ Modification 

of the AC ring
✦ 1 ring for 3 tasks

✦ Antiproton 
capture
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✦ cooling

✦ start operation in 
2000
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Experimental Setup at AD

 Analog Measurement of  
Delayed Annihilation 
using Cerenkov 
counters and digital 
oscilloscope

TOP VIEW

Microwave cavity 12.91 GHz:
28.8 mm diameter,  24.5 mm length

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

8
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Hyperfine Structure of p 
4He+

 interactions of magnetic moments:
 electron: 
 pbar: 

 “Hyperfine” splitting HFS:

 dominant because of large L
 “Superhyperfine” splitting

 HFS:     10 … 15 GHz
 SHFS:   0.1 … 0.3 GHzνSHF sensitive to magnetic moment of pbar 

(known to 3x10–3)

νHF tests orbital angular moment: gl
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! 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

E. Widmann et al., PLB 404, 15  (1997)

(n,l)=(37,35)->(38,34) @ LEAR
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current knowledge of µp ̅  
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Table 1. Detector specifications 

Detector Area Thickness Energy 

range 

(mm z) (mm) (keV) 

Resolution at 

/~/~ 11 - ,  10 

(ev) 

D ! 200 7 10-430 936 

D2 200 10 10-430 867 

D3 200 10 lOM30 794 

D4 500 13 10-675 996 

D5 1134 12.5 10-610 1075 

a target of circular shape. Five high-purity Ge semi- 

conductor  detectors (D 1 D 5) were placed around this 

target. An incoming antiproton was defined by the 

coincidence signal of the two scintillation counters. 

The degrader was used to slow down the antiprotons 

in order to let them stop in the 300 mg/cm 2 metallic 

target (diameter 3 cm). The /5 X-rays were detected 

in a range up to 675 keV. The characteristic data of 

the detectors are given in Table 1. The electronics and 

data-acquisition system are described elsewhere in de- 

tail [1, 12 14]. 

The data were taken during two LEAR running 

periods at/5 momenta of 200 MeV/c and 300 MeV/c. 

A total of 654 million antiprotons were stopped. 

4 D a t a  a n a l y s i s  

The evaluation of the X-ray spectra was done as de- 

scribed elsewhere in more detail [12, 13]. We shall 

give in the following just a brief summary. 

4.1 The calibration 

The Ge detectors were first calibrated with standard 

radioactive sources of 75Se, 133Ba, and 241Am, when 

the beam was off. This was taken as a zero-order 

calibration. For  the final in-beam calibration those 

/52~ X-ray transitions were taken which were not 

perturbed by the strong interaction. The calibration 

peaks were fitted with a single Gaussian line and a 

linear background. In all cases it was sufficient to 

use a linear polynomial for the energy calibration. 

The detector resolution as a function of energy was 

also determined from these fits. 

4.2 Evaluation of the/52~ 11 ~ 10 lines 

Each observed X-ray transition n ~ n - 1  consists, in 

principle, of one circular transition (between levels 

with maximal angular momentum) and parallel tran- 

sitions, all having components a, b, and c. Only paral- 

559 

lel transitions with more than 1% of the total peak 

intensity were included in the fit. It turned out 

that only the circular transition 

In, 1 = n - 1) ~ In' = n - 1, 1' = n - 2 ) and the first paral- 

lel transition [ n , l = n - 2 ) ~ ] n ' = n - l , l ' = n - 3 )  of 

the /52~ 11 ~ 10 transition had to be taken into 

account. 

Since the intensity of component b is less than 

3%0 of the total intensity of the 11--, 10 transition 

and its energy value is well outside the doublet, only 

components a and c were considered in the fit. For  

all fits the background was assumed to be linear. For  

the final determination of the 15 magnetic moment 

only the 11 -~ 10 transition in/~2~ was evaluated, 

since the 1 2 ~  11 line could not be resolved by any 

of the detectors used. Figure 2 shows the two transi- 

tions for one of the detectors used. 

Initially the fit was done with the energies of the 

two main components of the circular and first non- 

circular transitions set to the theoretical value [15, 

16]. The Gauss widths were set equal for all four 

peaks and varied together in the fit. Finally the inten- 

sity ratios of the fine-structure components were set 

to the value given by (5). In this way the intensity 

of the first non-circular t rans i t ion/ l  e r  could be deter- 

mined directly from the measured line doublet, since 

the fit was very sensitive to the energy differences 

between the circular and the parallel transitions. Its 

contribution to the total intensity was found to be 

lXPT: lc i rc=3.8%+l . l% (average of all detectors). 

This method has the advantage of being independent 

of cascade calculations and is thus model indepen- 

dent. 

1000 

k 

o 500 

2oepb 

~11-10 i 

I I k 

285 290 2% 

E[keV] 

Fig. 2. The ff 1 1 ~ 1 0  transition in 2~ (detector D2) 

300 

✦ Kreissl, Daniel, v. Egidy, 
Hartmann et al.
PRC 37 (1988) 557 

✦ fine structure of x-Rays of 
antiprotonic lead
✦ 208Pb to avoid HFS

✦ results (PDG): 

Citation: W.-M. Yao et al. (Particle Data Group), J. Phys. G 33, 1 (2006) (URL: http://pdg.lbl.gov)

∣∣qp + qe
∣∣/e

∣∣qp + qe
∣∣/e

∣∣qp + qe
∣∣/e

∣∣qp + qe
∣∣/e

See DYLLA 73 for a summary of experiments on the neutrality of matter.
See also “n CHARGE” in the neutron Listings.

VALUE DOCUMENT ID COMMENT

<1.0 × 10−21<1.0 × 10−21<1.0 × 10−21<1.0 × 10−21 8 DYLLA 73 Neutrality of SF6
• • • We do not use the following data for averages, fits, limits, etc. • • •

<3.2 × 10−20 9 SENGUPTA 00 binary pulsar
<0.8 × 10−21 MARINELLI 84 Magnetic levitation

8Assumes that qn = qp+qe .
9 SENGUPTA 00 uses the difference between the observed rate of of rotational energy loss
by the binary pulsar PSR B1913+16 and the rate predicted by general relativity to set
this limit. See the paper for assumptions.

p MAGNETIC MOMENTp MAGNETIC MOMENTp MAGNETIC MOMENTp MAGNETIC MOMENT

See the “Note on Baryon Magnetic Moments” in the Λ Listings.

VALUE (µN ) DOCUMENT ID TECN COMMENT

2.792847351±0.0000000282.792847351±0.0000000282.792847351±0.0000000282.792847351±0.000000028 MOHR 05 RVUE 2002 CODATA value
• • • We do not use the following data for averages, fits, limits, etc. • • •
2.792847337±0.000000029 MOHR 99 RVUE 1998 CODATA value
2.792847386±0.000000063 COHEN 87 RVUE 1986 CODATA value
2.7928456 ±0.0000011 COHEN 73 RVUE 1973 CODATA value

p MAGNETIC MOMENTp MAGNETIC MOMENTp MAGNETIC MOMENTp MAGNETIC MOMENT

A few early results have been omitted.

VALUE (µN ) DOCUMENT ID TECN COMMENT

−2.800 ±0.008 OUR AVERAGE−2.800 ±0.008 OUR AVERAGE−2.800 ±0.008 OUR AVERAGE−2.800 ±0.008 OUR AVERAGE

−2.8005±0.0090 KREISSL 88 CNTR p 208Pb 11→ 10 X-ray
−2.817 ±0.048 ROBERTS 78 CNTR
−2.791 ±0.021 HU 75 CNTR Exotic atoms

(µp + µp)
/

µp(µp + µp)
/

µp(µp + µp)
/

µp(µp + µp)
/

µp

A test of CPT invariance. Calculated from the p and p magnetic moments,
above.

VALUE DOCUMENT ID

(−2.6±2.9) × 10−3 OUR EVALUATION(−2.6±2.9) × 10−3 OUR EVALUATION(−2.6±2.9) × 10−3 OUR EVALUATION(−2.6±2.9) × 10−3 OUR EVALUATION

HTTP://PDG.LBL.GOV Page 3 Created: 7/6/2006 16:35

0.3%!!
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1st Observation of HFS in a laser 
transition

✦ 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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Laser-microwave-laser resonance 
experiment

      Laser scan
Time spectrum with 2 
laser pulses
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Microwave cavity for HFS 
measurement

✦ low Q (~100) to avoid mechanical 
tuning

✦ tuning via synthesizer and stub 
tuner

• cavity for 13 GHz at < 10 K to 
reduce Doppler broadening

•Meshes to allow pbar and laser 
light to enter

28.8 mm
diameter

13

µ

µ

µ
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First observation of HFS 
transition

14
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Experimental accuracy: ~ 3 x 10–5

E.W. et al. PRL 89 (2002) 243402

  

νHF
+ 12.895 96(34) GHz 27 ppm

νHF
– 12.924 67(29) GHz 23 ppm
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First observation of HFS 
transition
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✦ Comparison to theory favours most 
recent results of both groups

✦ Korobov & Bakalov JPB 34 L519 2001
✦ Kino et al. Proc. APAC 2001

✦ Difference < 6 x 10–5

✦ Corresponds to theoretical 
uncertainty 
✦Omission of terms O(α2)~5x10−5 

νHF
+ 12.895 96(34) GHz 27 ppm

νHF
– 12.924 67(29) GHz 23 ppm
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determination of µp ̅

✦ νSHF
+ , νSHF

− most sensitive, but impossible to measure (power requirement)

✦ ∆νHF = νHF
− − νHF

+ = νSHF
+ − νSHF

− : sensitive to µp ̅

✦ sensitivity factors from theory (D. Bakalov and E.W., PRA in print)
✦ S(F,J)= ∂EnFLJ / ∂µp ̅ |µp ̅ =−µp

✦ S(νHF
+) = S(F−J−−) − S(F+J+−)

15
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improvements of µp ̅

✦ error of known value of µp ̅ : δµ = 3 x 10−3

✦ limitation for p̅He+: theoretical accuracy 
✦ for ∆νHF : Δq~O(10−3) conservative!
✦ max. improvement from ratio: factor Δq/Δµ  = 3 − 9 

✦ (37,35): factor 3 improvement in µp ̅ : factor 10 in exp. accuracy
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(35,33) (37,34) (39,35) (33,32) (36,34) (37,35) (35,34) (34,33) (38,35)

Δq×104 6 11 3 8 23 12 6 4 5

δµ

kHz
180 90 270 510 50 90 210 360 190

Δq/Δµ 5.0 2.7 8.9 3.6 1.3 2.7 5.4 8.4 6.0

δexp

kHz
36 33 30 142 38 33 39 43 32

D. Bakalov & E.W., submitted
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reduction of line width

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

✦ Δf ≈ 1/Δt:
✦ 160 ns: Δf≈ 6 MHz
✦ 350 ns: Δf≈ 3 MHz

17

MW pulse length:

Red = 150 ns
Blue = 350 ns
Green = 700 ns
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new measurements in 2006: 
laser scans

✦ improved laser system
✦ laser band width < Doppler 

broadening
✦ seeded by cw laser

✦ much higher frequency 
stability

✦ longer pulse length
✦ higher depletion efficiency
✦ higher signal-to-noise

✦ HF doublets completely separated
✦ no cross talk

✦ first test experiments
✦ factor ~5 improved accuracy 

(PRELIMINARY)

2001

2006
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collisional relaxation

✦ relaxation time constant: τexp ~ 660 ± 69 ns
✦ theory                            τmax ~ 325 ns 
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Figure 6.18: Scheme of the transitions within the superhyperfine levels of (37,35). The red
curly lines represent the collisional electron spin flip transition and the green curly lines
the collisional antiproton spin flip. Both transitions have the same relaxation rate λc. The
blue straight line symbolizes the microwave induced transition.

2. The Rabi frequency (in MHz) is dependant on the magnetic field inside the cavity
according to formula 6.47 [8]:

ΩB = 2π · 1.4µmag · B, (6.47)

where µmag is the averaged magnetic dipole moment and B the magnetic field in
Gauss. Equ. 6.47 expressed as a function of the magnetic field power, P in kW, gives:

ΩB = 2π · 1.4µmag · 4.8
√

P . (6.48)

This leads to two difficulties. First, the power inside the microwave cavity is not
well known. Because of the wave reflections in the waveguide and between each
component of the microwave apparatus it is difficult to determine the power inside
the cavity from the power read by the pick up. To give an order of magnitude for the
Rabi frequency, if we take the reasonable values of µmag = 0.39 D [8] and P = 3 W
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results as the AA analysis, therefore we should, this time, be able to fix µf to the value
obtained in Fig. 6.8. However, by doing so, the fit χ2 is much higher than if we leave the
parameter free and fix the depopulation efficiency. On Fig 6.21, we do well observe the

Figure 6.21: Result of the MW off analysis. The red line represents the theoretical fit
to the measured points. The black line is a simulation of the f2 hyperfine level using the
same theoretical approach as for the fit equation and the fitting parameter results for the
relaxation rate (p0), the refilling (p1) and the depopulation efficiency (p2) indicated in the
grey box at the right top of the plot. The green curves are the simulated curves using
numerical resolution of the optical Bloch equations for both f1 and f2.

remaining 10% difference in the population between f1 and f2.
ε is different from the value obtained in the AA analysis due to the change in the laser
power.
After fixing the laser depopulation efficiency to ε = 80%20 we obtained:

τc = 642± 45 ns (6.52)

This value is in very good agreement with the value obtained with the AA analysis at
250 mbar (τc = 613± 85 ns). We therefore deduce that, contrary to our expectations, the
error on the relaxation time mentioned in the AA analysis are not so much underestimated.
Additionally, is also plotted on Fig. 6.21 the result of the Bloch’s equations numerical res-
olution. The differential equation is similar to equ. 6.46 but with the microwave power set

20This value is obtained on the basis of 66% depopulation efficiency at 2x attenuated laser power at
a pressure of 250 mbar. The ratio of the signals’s amplitudes in the figure in Appendix E gives 80%
depopulation at full power.
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new measurements in 2006: 
microwave scans

✦ ~ 3x narrower line width 
✦ ~ 3x larger S/N
✦ ~ 5x better accuracy 

(PRELIMINARY)

✦ more systematic tests 
necessary (2007)

✦ density dependence (very small 
according to theory)

✦ MW power dependence
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summary & 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
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