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Antiprotonic helium
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Precision spectroscopy
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Precision spectroscopy
• pairs of metastable - short-

lived state
• laser spectroscopy
• antiproton charge and mass

Neutral pHeNeutral pHe
_ +

He
0

+
He

I  = 0.90 a.u.
(24.6 eV)

0

Energy (a.u.)

 2.0

 3.0

30

31

32

33

34

35

36
37

38
39

40
41

42

Neutral pHeNeutral pHe
_ +

Ionized pHeIonized pHe
_ ++++

n  =        ~ 380

*M
me

l

n

5



Antiprotonic helium and CPT                                                               E. Widmann DISCRETE‘08 12.12.2008

Precision spectroscopy
• pairs of metastable - short-

lived state
• laser spectroscopy
• antiproton charge and mass
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Experiment at Antiproton Decelerator (AD)

•Pulsed extraction
•2-4 x 10^7 antiprotons per 

pulse of 100 ns length 
•1 pulse / 85 seconds
•100 MeV/c (5.3 MeV)

Antiproton
 production
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CPT test: comparison to theory

M. Hori et al. PRL 96, 
243401(2006)

2 ppb
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Progress in atomcule spectroscopy
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p(bar)-e mass ratio

• CODATA value mp/me 
changes over time

• errors comparable
• antiproton mass 

measurement agrees 
with latest value for 
proton (test of CPT)

1985

1836.15267

1836.15268

1836.15269

1836.15270

1836.15271

1990 1995 2000 2005 2010

year  

antiproton-electron
mass ratio

proton-electron
mass ratio

mp ̅/me = 1836.152674(5)
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CPT test of p/pbar charge and mass

• Theory uses numerical values of 
proton

• Scaling factor for energy levels

• Deviation between experiment 
and theory

• f=2.5 – 5 (calculated by Y. Kino)

~

10

RS Hayano, M Hori, D Horvath and E Widmann 
Rep. Prog. Phys. 70 (2007) 1995–2065
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CPT test of p/pbar charge and mass

• Theory uses numerical values of 
proton

• Scaling factor for energy levels

• Deviation between experiment 
and theory

• f=2.5 – 5 (calculated by Y. Kino)

Factor ~150 better than LEAR
~10000 better than X-ray measurements

~

10

RS Hayano, M Hori, D Horvath and E Widmann 
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p/pbar charge and mass: pbHe + TRAP

Q/M of proton/antiproton 

Gabrielse et al Phys. Rev. Lett. 82 (1999) 3198
RS Hayano, M Hori, D Horvath and E Widmann 
Rep. Prog. Phys. 70 (2007) 1995–2065

2x10-9 (2006)
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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 GHz

νSHF 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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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

14
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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

µ

µ

µ

15



Antiprotonic helium and CPT                                                               E. Widmann DISCRETE‘08 12.12.2008

First observation of HFS transition
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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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✦ 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)~10−4 
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determination of µp ̅

• νSHF
+ , νSHF

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

• ∆νHF = νHF
− − νHF

+ = νSHF
+ − νSHF

− : sensitive to μp̅

• sensitivity factors from theory (D. Bakalov and E.W., PRA 76 (2007)  012512)

• limiting factor: accuracy of theory: 10−4 for νHF , 10−3 for ∆νHF

• maximum improvement factor 3-9 (dep. on state) over PDG value
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Improved laser & microwave scans
2001

2006
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Improved laser & microwave scans
2001

2006
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Recent results (8/2008)

• statistical error: 
20 kHz on νHF±: 

Δν/ν=1.5 x 10−6

• 30 kHz on ΔνHF: 
Δν/ν=10−3

• no density nor 
power shift 
observed

• close agreement 
to theory 

• analysis being 
fnalized

19

4

dye filled Bethune cells, pumped by pulsed Nd:YAG lasers [19]. The second laser pulse
was delayed by a time T after the first. The pump beams were stretched so that the
two pulse lengths were of the same order as the Auger lifetime.

The required microwave signal was created by Port 1 of a vector network anal-
yser (VNA), amplified with a pulsed travelling wave tube amplifier (TWTA) and
transported to the target through a rectangular waveguide [20]. A cylindrical reso-
nant microwave cavity contained the microwave field at the target. To cover the entire
microwave range the cavity was over coupled to the waveguide so that its resonance
was broad.

Previously, different choke positions of a triple-stub-tuner (TST) were used to
match the impedance of the waveguide to that of the cavity for a range of frequen-
cies [20]. This time, a constant microwave power P was produced at the target by
firing a predetermined power down the unmatched waveguide. Most of the signal was
reflected and dumped to a 50 Ω terminator by a three-way circulator. This removed
standing waves from the system and allowed the relatively small amount of power
absorbed by the cavity to be controlled to within 1 dB over the frequency range.
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Fig. 2: Averaged data from resonant profiles measured at p = 150 mbar, T = 500 ns and

P ∼ 5 W (a) The ν+
HF

resonant transition. (b) The ν−

HF
resonant transition.

4 Results

Density effects produce a systematic shift of the laser transitions [21]. In earlier exper-
iments this source of uncertainty was minimised, first by a linear extrapolation to zero
density [22], then later through the use of an ultra low target density (∼ 1017 cm−3) [23].
The stopping distribution at low densities is larger than the cavity depth and therefore
a high density target (∼ 3 × 1020 cm−3) must be used. Fortunately the density shift
is calculated to be considerably smaller (80 kHz/250 mbar) in the microwave spec-
trum [24]. The first measurement of the HF splitting was performed at two different
target pressures (p ∼ 250 mbar and p ∼ 500 mbar) [5, 25] and had an uncertainty of
∼ 300 kHz, far too large to observe the predicted splitting. The most recent published

νHF+ νHF−
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Table 2. Microwave hyperfine structure: experiment versus theory, where ν±
HF are the HF transition frequencies, "νHF is the difference

between ν+
HF and ν−

HF, δexp is the relative experimental error and "th−exp is the difference between theory and experiment.

ν+
HF (GHz) δexp (ppm) ν−

HF (GHz) δexp (ppm) "νHF (MHz) δexp (!)

Expt. 12.896 622(39) 3.0 12.924 412(39) 3.0 27.790(55) 1.9
Expt.2001 12.895 96(34) 27 12.924 67(29) 23 28.71(44) 15.3

"th−exp (ppm) "th−exp (ppm) "th−exp (!)

BK [26] 12.895 97 −50 12.923 94 −36 27.97 6.4
KB [15] 12.896 3462 −20 12.924 2428 −12.6 27.8966 3.8
YK [27] 12.898 977 183 12.926 884 191 27.907 4.2
K [28] 12.896 073 91 −42 12.923 963 79 −34 27.889 88 3.4

MW Freq (MHz)
27.6 27.8 28 28.2 28.4 28.6 28.8 29 29.2

New

2001

BK

KB

YK

K

Figure 9. Hyperfine splitting, comparing the recent result with the
current theories (BK [26], KB [15], YK [27], K [28]) and our
previous experiment (2001). The error bars for theory are obtained
from Bakalov and Widmann [29].

6. Conclusions

This experiment initiates a systematic study of the HF splitting
of the (37, 35) state of pHe+. Improvements to the laser
system have increased the peak-to-total signal and reduced
the linewidth of the HFS lines to 2.4 MHz. High statistics
with stable conditions have reduced the experimental error
by a factor of 5. Although the new experimental value of
the HF splitting is now smaller than its theoretical value, a
convergence is observed.

It is predicted that the transition frequencies should shift
by 80 kHz per 250 mbar [25]. The previous experiment,
which had a resolution of 300 kHz, showed no evidence of
a density shift [30] but, given the present resolution, this
shift should be observable. Due to time constraints, only
preliminary measurements at 150 mbar were recorded and the
statistics were insufficient to confirm or refute the expected
shift. However, as both HF lines shift equally, the upper limit
of the density shift in the splitting "νHF is expected to be
7 kHz [31]. This effect is too small to be observed given
that the experimental error is almost a factor of 10 greater.
To verify the magnitude of the predicted shift, a density- and
power-dependent study is planned for 2008.

A comparison between the measured transition
frequencies and three-body QED calculations can be used
to determine the antiproton spin magnetic moment. The

experimental precision required to reach the same accuracy
as theory, for the (37, 35) state, is 33 kHz [29], a factor of
2 better than our current resolution. A measurement to this
degree of accuracy, if it agreed with the theory, would provide
the most precise determination of the antiproton-to-proton spin
magnetic moment ratio to date (0.1%). Other states offer even
higher improvement factors, which are possible to measure
with some slight changes to the experimental setup, and are
planned for the future.
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[4] Hayano R S, Hori M, Horváth D and Widmann E 2007 Rep.

Prog. Phys. 70 171
[5] Yamazaki T and Ohtsuki K 1992 Phys. Rev. A 45 7782
[6] Condo G T 1964 Phys. Rev. Lett. 9 65
[7] Russell J E 1969 Phys. Rev. Lett. 23 63

Russell J E 1969 Phys. Rev. 188 187
Russell J E 1970 Phys. Rev. A 1 721
Russell J E 1970 Phys. Rev. A 1 735
Russell J E 1970 Phys. Rev. A 1 742
Russell J E 1971 J. Math. Phys. 12 1906
Russell J E 1972 Phys. Rev. A 6 2488

[8] Torii H A et al 1999 Phys. Rev. A 59 223
[9] Hori M et al 2001 Phys. Rev. Lett. 87 093401

[10] Hori M et al 2003 Phys. Rev. Lett. 91 123401
[11] Hori M et al 2006 Phys. Rev. Lett. 96 243401
[12] Hori M et al 2002 Phys. Rev. Lett. 89 093401
[13] Widmann E et al 1997 Phys. Lett. B 404 15
[14] Widmann E et al 2002 Phys. Rev. Lett. 89 243402
[15] Korobov V and Bakalov D 2001 J. Phys. B: At. Mol. Opt.

Phys. 34 L519
[16] Yamaguchi H et al 2002 Phys. Rev. A 66 022504
[17] Hori H et al 1998 Phys. Rev. A 58 1612
[18] Sakaguchi J et al 2004 Nucl. Instrum. Methods A 533 598
[19] Hori M 2005 Rev. Sci. Instrum. 76 113303

7

ΔνHF

Experiment PRELIMINARY

T
he

or
y



Antiprotonic helium and CPT                                                               E. Widmann DISCRETE‘08 12.12.2008

Summary and outlook
• Antiprotonic helium one of best tests of 3-body 

bound-state QED
• Agreement with theory gives test of CPT symmetry 

for charge, mass, magn. moment of pbar
• laser spectroscopy:          ΔCPT(M,Q)~2 ppb
• microwave spectroscopy: ΔCPT(μ)~10−3

• future plans:
• two-photon laser spectroscopy, 

hole burning
• HFS of pbar-3He
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Figure 1: Hyperne splitting (HFS) of a state (n, l) of (a) p4He+ and of (a)
p3He+. The wavy lines denote allowed M1 transitions that can be stimulated
by microwave radiation.

p3He+ is a more complex system. A comparison between the theoretical
calculations and experimental results would lead to a more rigorous test of
the theory and address any systematic errors therein. A HF measurement
of the (n, l) = (36, 34) state would be the first HF measurement on p3He+.
Additionally it would address a 2σ deviation between the theoretical calcu-
lations and laser transions measured in 2006 [13].

2 Hyperfine Structure

The HFS of pHe+ arises from the interaction of the magnetic moments of
its constituents and has been calculated by Korobov and Bakalov to α4

order [5, 6]. They constructed an effective Hamiltonian for p4He+

Heff = E1(#L · #Se) + E2(#L · #Sp) + E3(#Se · #Sp)

+E4{2L(L + 1)(#Se · #Sp) − 6[(#L · #Se)(#L · #Sp)]}. (1)

Due to the large orbital angular moment of the antiproton (#L ∼ 35),
the dominant splitting arises from the interaction of ∼ #L with the electron
spin #Se. The antiproton spin #Sp and the spin #Sh of the ‘helion’ h, the 3He
nucleus, lead to further splittings leading to a quadruplet for p4He+ and
an octet for p3He+. The Hamiltonian for p3He+ is more complicated and
contains nine terms [14].

In Fig. 1 the allowed M1 transitions that can be induced by an oscillating
magnetic field are shown. In the case of p4He+, there are two types of
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