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• Spectroscopy for tests of CPT and QED
• Antiprotonic atoms (pbar-He, pbar-p), antihydrogen

• Atomic collisions
• Sub-femtosecond correlated dynamics: ionization, 

energy loss, antimatter-matter collisions

Low Energy Antiproton Physics

• Antiprotons as hadronic probes
• X-rays of light antiprotonic atoms: low-energy QCD
• X-rays of neutron-rich nuclei: nuclear structure (halo)
• Antineutron interaction
• Strangeness –2  production

• Medical applications: tumor therapy

FLAIR LoI http://www.oeaw.ac.at/smi/flair

http://www.oeaw.ac.at/smi/flair
http://www.oeaw.ac.at/smi/flair
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Antiprotonic helium

Metastable states 
τ~ µs

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

possibility of precision spectroscopy
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Precision spectroscopy

• pairs of metastable - short-
lived state

• laser spectroscopy
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• hyperfine structure
•  magnetic moment of antiproton 
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ASACUSA collaboration @ CERN-AD

 University of Tokyo, Japan

 College of Arts and Sciences, Institute of Physics

 Faculty of Science, Department of Physics

 RIKEN, Saitama, Japan

 SMI, Austria

 Aarhus University & ISA, Denmark 

 Niels Bohr Institute, Copenhagen, Denmark

 Max-Planck-Institut für Kernphysik, Heidelberg, Germany

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

 University of Debrecen, Hungary

 Brescia University & INFN, Italy

 University of Wales, Swansea, UK 

 The Queen’s University of Belfast, Ireland

Spokesperson: R.S. Hayano, University of Tokyo

Asakusa Kannon Temple
by Utagawa Hiroshige (1797-1858) Atomic Spectroscopy And Collisions 

Using Slow Antiprotons

~ 44 members
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Antiproton Decelerator (AD) at CERN

•Antiproton capture, 
deceleration, cooling
•100 MeV/c (5.3 MeV)

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

pulse of 100 ns length 
•1 pulse / 85 seconds

•Antiprotonic atom, 
Antihydrogen formation 
and spectroscopy, atomic 
collisions

Antiproton
 production
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Experimental Setup at AD

 Analog Measurement of  
Delayed Annihilation using 
Cerenkov counters and 
digital oscilloscopeTOP 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

7



LEAP                                                                                                                 E. Widmann Erice 15.10.2008

Precise Measurement of Transition Wavelength 

Resonance scans Shift of center
with density

• Zero-density values compared to state-
 of-the-art three-body QED calculations
• p mass and charge CPT limit: 60 ppb

 M. Hori et al., PRL 87, 093401 (2001) 

Exp. Accuracy 1.3 x 10-7   
M. Hori et al., PRL 87, 093401 (2001) 

5.3 MeV AD beam

With RFQD: direct measurement at
zero density (in “vacuum”)
100 keV RFQD beam
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Laser Spectroscopy at Ultra-low Density: Radio 
Frequency Quadrupole Decelerator: 20-120 keV

• RFQD: 5.3 MeV -> 20 – 120 keV (eff. > 25%)
• Differential pumping + ultra-thin beam window (~ 1 µm 

Mylar)
• high efficiency of stopping antiprotons at ultra-low 

densities (p < 1 mbar, T~20 K)

9
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3-body QED description

• non-relativistic 3-
body calculations 
differ about 50 ppm

• relativisitc 
corrections: 10 ppm 
difference left

• Lamb shift and 
higher QED 
corrections needed

10

H.A. Torii et al. PRA 59 (1999) 223 
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Experimental results and theory

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

3 ppb

10 ppb

11

Korobov
Kino
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p(bar)-e mass ratio

• CODATA value mp/me 
changes over time

• antiproton mass 
measurement agrees 
with latest value for 
proton

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)

12

M. Hori et al. PRL 96 (2006) 243401
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Progress in atomcule spectroscopy

2006: 3 ppb

13

planned for 2008+
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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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First observation of HFS transition
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Experimental accuracy: ~ 3 x 10–5

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

  

✦ 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 μp̅

• sensitivity factors from theory (D. Bakalov and E.W., PRA 76 (2007)  012512)
•S(F,J)= ∂EnFLJ / ∂µp ̅ |µp ̅ =−µp

•S(νHF

+) = S(F−J−−) − S(F+J+−)
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Recent results

• 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

• agreement to 
theory not yet 
perfect

17
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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
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Fig. 4: (a) The difference between the most precise theory and the measured transition fre-
quencies as a function of pressure p. Measured with T = 350ns. (b) The difference between
the most precise theory and the measured transition frequencies as a function of the square
root of microwave power. Measured at p ∼ 150 mbar. For both Graphs the difference between
theory [13] (which has been plotted as a line through y = 0) and the experimental value of
ν+
HF

is shown as !, ν−

HF
as " and ∆νHF as # respectively.
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MUSASHI – Mono-energetic Ultra Slow Antiproton Source for 
High-precision Investigations

• ~120 keV beam from RFQD
• Degraded by a foil to 10 keV
• Trap, electron cool to a few eV 

and compress
• Extract at desired energy 

(10-1000 eV)
• Physics topics

• Atom formation
• Ionization
• DC beam – X-ray spectroscopy

• Y. Yamazaki et al., U Tokyo 
(Komaba)ASACUSA

2003: >1 M/shot
Extracted @ 

250 eV:
60’000 / 2 shots
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Physics with MUSASHI

• 10 – 1000 eV antiproton 
beam useful for
• Formation of antiprotonic atoms 

(protonium, …)
• Ionization in single collision by 

slow antiprotons
• Ionization chamber to be 

installed at AD in October
• Many other applications

• Protonium X-ray spectroscopy
• Probing neutron and proton 

distribution in nuclei

19

Y. Yamazaki & H.A. Torii U Tokyo
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Hydrogen and Antihydrogen

20

1s-2s
2 photon
λ=243 nm
Δf/f=10-14

Ground state
hyperfine splitting
f = 1.4 GHz 
Δf/f=10-12
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Antihydrogen 1S-2S Spectroscopy

Achieved, but
- temperature?
- quantum state?

Most critical !!
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First Cold Antihydrogen 2002 @ AD

ATHENA  
Nature 419 
(2002) 456

ATRAP PRL 89 (2002) 213401

Nested Penning traps
Capture energy: few keV

No “useful” Hbar produced (ground-state, < 1 K temperature for trapping) 
Ultimate precision: neutral atom trap and laser cooling to milli-Kelvin temperature

22
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Hydrogen spectroscopy in a neutral atom trap
• Force of magnetic field 

gradient on magnetic moment 
of atom

• “depth” typically < 1 K 
(50 µeV)

• Constant holding-field Bz,0 to 
avoid spin flips

• Typical configuration: 

• Trapped hydrogen 
• Cesar et al., PRL 77, 255 

(1996)
• Precision less than MPQ
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H Ground-state Hyperfine Structure

• atoms “evaporate” 
• No trapping needed !!

• atomic beam for focussing and spin 
selection

• spin-flip by microwave radiation
• low-background high-efficiency 

detection of antihydrogen through 
annihilation

• achievable resolution
• better 10–6 for T ≤ 100 K
• > 100 H/s in 1S state needed

• ultimate precision:
• atomic fountain of H -> FLAIR

ASACUSA proposal for AD
E.W. et al. CERN-
SPSC-2003-009
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Antiprotons at FAIR

FLAIR

SIS 100 / 300

pbar production
Capture and
accumulation

deceleration

High Energy
Storage Ring for

Antitprotons
(HESR): 0.8–15 GeV

pbar program
in CDR

New low-energy
facility

CR

NESR

HESR

Antiproton Ion
Collider

25
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FLAIR@ FAIR

• High brightness low energy beams
• two storage rings with 300 keV (LSR) and 20 

keV (USR)
• electron cooling

• ε ~ 1 π mm mrad
• Δp/p ~ 10–4 

• Storage rings with internal targets for 
collision studies

• Slow and fast extraction 
• Ion traps

• HITRAP facility for HCI & pbar

• Many new experiments possible
• same facilities can be used for HCI

Factor 100 more pbar trapped or 
stopped in gas targets than now
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Summary and Outlook
• Low energy antiprotons offer many opportunities to study 

fundamental interactions and symmetries
• FLAIR facilities offers new possibilities
• Cooled antiprotons at 20 keV will revolutionize low- energy 

antiproton physics
• DC beams enable nuclear and particle physics type 

experiments (not possible at AD)
• Availability of radioactive ion beams (RIB) offers new synergies

• ~2015:  first low-energy antiproton beam at FLAIR
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