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Antiprotonic atoms - a tool for the investigation of the
nuclear periphery

for PS209 collaboration
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Antiprotonic atoms – strong interaction effects
Information on the nuclear surface from annihilation
products (fhalo)
Neutron density distribution from antiprotonic X rays
Systematics of ∆rnp: comparison with theory & other
experiments
Summary & future plans
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Antiprotonic atoms

creation: p capture
on the “high” orbit
(np ≈ 43× ne)
cascade: emission of
Auger electrons and
X rays
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Strong interaction effects
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strong interaction
⇓

levels broadening and shift

measured in experiment:
Γup, Γlow, ε
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Annihilation products

p− p−

Zt Nt

n p

π π

Zt Nt −1 NtZt −1
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Annihilation products

p− p−

Zt Nt

n p

π π

Zt Nt −1 NtZt −1

measured in experiment:

yield of

{
YNt−1 ∼ ρn(rannihil.)

YZt−1 ∼ ρp(rannihil.)

fhalo =
YNt−1

YZt−1
· Z

N
· Im app

Im anp

fhalo ∼
ρn

ρp

at r ' (r1/2 + 2.5) fm
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Observations:

strong correlation between
fhalo and neutron energy
separation
in nuclei with Bn < 9 MeV
periphery reach in neutrons
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Neutron density from ∆rnp

ρ(r) = ρ0 (1 + exp(
r − c

a
))−1

〈r2〉 =
3

5
c2 +

7

5
π2a2 ⇒ 〈r2〉(c, a)

let’s consider two extreme cases:
∆rnp results from the half-density radii difference
(an=ap, cn 6=cp, “neutron skin”)
∆rnp results from the surface diffuseness difference
(an 6=ap, cn=cp, “neutron halo”)

ρp known from experiments with e or µ
ρn calculated from ∆rnp (under the above assumptions)

What is difference between these cases?
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Neutron density from ∆rnp

∆rnp results from the half-density radii difference
(an=ap, cn 6=cp, “neutron skin”)
∆rnp results from the surface diffuseness difference
(an 6=ap, cn=cp, “neutron halo”)
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fhalovs ∆rnp
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 ∆rnp caused by an 6=ap rather than by cn 6=cp



•Outline
•Antiprotonic atoms
•Strong interaction effects
•Annihilation products
•fhalo
•Neutron density from

∆rnp
•fhalovs ∆rnp
•Antiprotonic X-rays ...
•Experiment
•Harvest of PS209
•Determination of ρn
•Neutron density – results
•∆rnp – Pb

•cp=cn?

•∆rnp systematics

•Comparison with theory
•Comparison with other

experiments
•Summary & conclusions
•Future
•PS209 Collaboration

Physics with Ultra Slow Antiprotonic Beams, TOKYO, March’05 Agnieszka Trzcińska - p. 9/21

Antiprotonic X-rays ...

... another tool for the investigation of the nuclear periphery:
strong interaction level widths and shifts depend on the
antiproton-nucleus potential:

Γ

2
∼
∫

Im V(r) |Ψnl(r)|2 r2 dr

ε

2
∼
∫

Re V(r) |Ψnl(r)|2 r2 dr

Vopt = −2π

µ
(an ρn(r) + ap ρp(r))

ap = an = 2.5 + i 3.4 fm

C.J. Batty et al., Nucl. Phys. A592, 487 (1995)
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Experiment
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Experiment
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measured in experiment:
Γup, Γlow, ε

S1 S2Beam line

Detector 1

Target-p

He chamber
Detector 2

Detector 3
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Harvest of the PS209 measurements

before PS209 measurements
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Harvest of the PS209 measurements

before PS209 measurements
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Determination of ρn from antiprotonic X rays

known:
– ρp (from electromagnet. interacting probes: e, µ)
– Vopt(ρp,ρn)
assumed:
– 2-parameter-Fermi density distribution
– cn=cp (to be discussed)

fitted: an(Vopt, Γlow, Γup, (ε))
⇓

ρn(cn,an)
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Neutron density – results
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∆rnp from X-ray data – 208Pb example

ρp(cp,ap), ρn(cn,an) =⇒ ∆rnp
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∆rnp from X-ray data – 208Pb example

ρp(cp,ap), ρn(cn,an) =⇒ ∆rnp
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cp=cn?
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∆rnp systematics from X-ray data

ρp(cp,ap), ρn(cn,an) =⇒ ∆rnp
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Comparison with theory

experimental data
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Comparison with theory

HF and HFB calculations
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Comparison with theory

Droplet Model D. Meyers, W. Swiatecki, Nucl. Phys. A336 (1980) 267
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Comparison with other experiments

PS209 data
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Comparison with other experiments

other experiments (hadron scattering data)

-0.2

-0.1

0

0.1

0.2

0.3

0 0.05 0.1 0.15 0.2 0.25
-0.2

-0.1

0

0.1

0.2

0.3

0 0.05 0.1 0.15 0.2 0.25

δ=(N-Z)/A

∆r
np

 (f
m

)

40Ca

58Ni 46Ti

42Ca

52Cr
48Ti

44Ca

112Sn

90Zr

50Ti

64Ni

116Sn
118Sn

48Ca

120Sn

122Sn
124Sn

206Pb
208Pb

43Ca

51Ti 207Pb

hadron scattering:
even nuclei

odd nuclei

fit to the data (even)

PS209 (antiprotons)



•Outline
•Antiprotonic atoms
•Strong interaction effects
•Annihilation products
•fhalo
•Neutron density from

∆rnp
•fhalovs ∆rnp
•Antiprotonic X-rays ...
•Experiment
•Harvest of PS209
•Determination of ρn
•Neutron density – results
•∆rnp – Pb

•cp=cn?

•∆rnp systematics

•Comparison with theory
•Comparison with other

experiments
•Summary & conclusions
•Future
•PS209 Collaboration

Physics with Ultra Slow Antiprotonic Beams, TOKYO, March’05 Agnieszka Trzcińska - p. 19/21

Summary & conclusions

Two experimental methods using antiprotonic atoms were
applied to investigate nuclear periphery:
- radiochemical method: ρn/ρp @ r'cp+2.5 fm
- antiprotonic X rays: (ρp + ρn) @ r 'cp+1.5 fm

Reach set of precise data collected: material for theory
(e.g. optical potential)
Experimental data were interpreted using 2pF density
distribution
Neutron density distribution deduced for 26 isotopes
∆rnp systematics deduced from the data

excellent agreement of ∆rnp from antiprotonic X rays
and hadron scattering for 208Pb
good agreement of ∆rnp(δ) established from
antiprotonic data and theoretical models
fair agreement with the data from other experiments
(hadron scattering)

What next? Future...



•Outline
•Antiprotonic atoms
•Strong interaction effects
•Annihilation products
•fhalo
•Neutron density from

∆rnp
•fhalovs ∆rnp
•Antiprotonic X-rays ...
•Experiment
•Harvest of PS209
•Determination of ρn
•Neutron density – results
•∆rnp – Pb

•cp=cn?

•∆rnp systematics

•Comparison with theory
•Comparison with other

experiments
•Summary & conclusions
•Future
•PS209 Collaboration

Physics with Ultra Slow Antiprotonic Beams, TOKYO, March’05 Agnieszka Trzcińska - p. 20/21

Future

What else is worth doing?

measurements for deformed even-A nuclei (LS effect?)
measurements for odd-A nuclei (e.g. Sn isotopes) – ??
detailed study of Ca (double-magic isotopes 40Ca and
48Ca and possible measurement 3 levels for each isotope)
investigation the properties of deeply bound states via
E2 resonance
search for a quasi-bound pp state - ??

Possibilities of measurements: AD @ CERN,
FLAIR @ Darmstadt
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