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In the PS209 experiments at CERN two kinds of measurements were
performed: the in-beam measurement of X-rays from antiprotonic atoms
and the radiochemical, off-line determination of the yield of annihilation
products with mass number A; — 1 (less by 1 than the target mass). Both
methods give observables which allows to study the peripheral matter den-
sity composition and distribution. A comparisons of the PS209 results with
the theoretical and semiempirical predictions for neutron and proton densi-
ties and with the differences Ar,), of the rms radii of neutrons and protons
obtained in other experiments are also presented.

PACS numbers: 36.10.-k, 21.10.Gv, 13.75.Cs

Antiprotons are a convenient tool for the investigation of the nuclear sur-
face. The p-nucleus interaction has peripheral character and even a small
overlap between antiprotonic and nuclear wave functions is sufficient to re-
veal the influence of the strong interaction. The strong interaction reduces
the lifetime of the lowest levels in the antiprotonic atom reached during
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the cascade (the levels become wider) and shifts them from purely electro-
magnetic energy. To first approximation the strong interaction potential is
proportional to the nuclear matter density [1]. Therefore the widths and
shifts of last levels, which depend on this potential, can give information on
the density at the nuclear periphery where the annihilation takes place, or
— more precisely — at a distance about R/, + 1.5 fm (where Ry /5 is the
half-density charge radius), as calculations indicate [2].

The PS209 experiment, performed at LEAR (CERN), aimed at the deter-
mination of level widths and shifts caused by the strong interaction through
the measurements of the X-rays from antiprotonic atoms. These observables
were measured for 55 isotopes. At present 44 level shifts, 29 “lower” level
widths and 33 “upper” level widths are determined [3]| (comp. figure 1).
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Fig.1. Antiprotonic strong interaction level widths as a function of atomic num-
ber Z. Full circles — values determined in PS209 experiment; open circles —
earlier data [4].

Studying the products of the annihilation process gives us an informa-
tion on the density distribution about 1 fm further than the antiprotonic
X-rays method do. Part of the beam time of the PS209 experiment was
used for the continuation of the radiochemical measurements [5, 6] consist-
ing in the determination of the annihilation residues with mass number one
unit smaller than the target mass A;. When the products with neutron
number N; — 1 and products with proton number Z; — 1 are radioactive it
is easy to determine their relative yields with standard nuclear-spectroscopy
methods. These yields are directly related to the proton and neutron densi-
ties at the annihilation site. The yields were transformed to the halo factor
fhalo defined by
N(pn) Z Im(ay) (1)
N(pp) N Im(ay)’
where the first term is the yield ratio of the products Ay — 1, the second term
is the normalization factor and the third term — the ratio of the imaginary

f halo =
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parts of the antiproton—nucleon scattering amplitudes — expresses the ratio
of annihilation probability on a proton to that on a neutron. The halo factor
defined above is proportional to the neutron to proton density ratio p,/p,
at the annihilation site. For a quantitative comparison of p,/p, with the
values derived from fpa1, one should take into account that the probability
for annihilation leading to Ay — 1 (the so called “cold” annihilations) is non-
zero in an extended region (with FWHM of about 2-3 fm) [2|. Within this
publication fpalo is assumed to represent py,/p, at the most probable site of
“cold” annihilations — at a distance Ry/p + 2.5 £ 0.5 fm. It was proven for
several cases that such a simplified presentation does not introduce errors
larger that 10%-15%.

The results obtained with the radiochemical method were already pub-
lished [7,8]. A strong negative correlation between the halo factor and
neutron separation energy B, was observed. The halo factor is larger than
one for nuclei with B,, <9 MeV: for these isotopes the nuclear periphery is
rich in neutrons.

It is interesting to compare the results of our radiochemical measure-
ments with data from other experiments investigating differences between
neutron and proton distributions. Figure 2 compares values of halo factor
and py,/pp deduced from Arp, — neutron and proton differences of rms
(root mean squared) radii. In order to “translate” Arp, into density ra-
tios a two parameter Fermi (2pF) distribution was assumed for the proton
as well as for the neutron density. The charge distribution parameters de-
termined from muonic atoms experiments or from electron scattering were
taken from tables [14,15]. These parameters were converted to proton dis-
tribution parameters (cp, ap) according to a prescription given by Oset [16].
Having Arp, = rp(cp,an) — 7p(cp, ap) one may consider two extreme cases:
(a) ap = ap; ¢ # ¢p — a “neutron skin” model or (b) a, # ap; ¢n = ¢
— a “neutron halo” model. Tt is seen from Fig. 2 that the fy., data clearly
favour the “neutron halo” model. (It is worth to note that assuming cases
with a, # ap and ¢, # ¢, leads to values between the full and dashed lines
in Fig. 2.)

The results of the radiochemical method were also compared with pre-
diction of the Hartree-Fock-Bogoliubov (HFB) [17] calculations and with
the semiempirical formulae for p,(r) and py(r) proposed by Gambhir and
Patil [18]. Figure 3 shows examples. Values for Z/N p,(r)/pn(r) derived
from our fpalo measurements are compared with those deduced from these
two theories. Good agreement was obtained for 15 isotopes (of 19 measured
fhalo cases). For %Ru, 1%Cd, '"2Sn and **Sm the experimental values are
significantly smaller than the theoretical ones. An explanation was proposed
recently [19].
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Fig.2. Comparison of the normalized neutron to proton density ratio deduced
from Ar,, data for Ca [4], 124Sn [4,9,10] and 2°8Pb [9,11] with fhai, — marked
with crosses at the most probable annihilation site (% taken to be equal
0.63 [12,13]). Solid line: neutron to proton density ratio deduced from Ar,, under
the assumption of ¢, = ¢, (“neutron halo” model), dashed line a,, = a, assumed

(“neutron skin” model).
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Fig. 3. Examples of normalized neutron to proton density ratio calculated with the
HFB method — dashed lines — and the semiempirical formula of Gambhir and
Patil — solid lines. Crosses indicate the measured fhalo.

As it was mentioned already earlier, the information on neutron den-
sity distribution may also be deduced from the X-rays measurements. If
one assumes that the proton density distribution is well determined (from
experiments using electromagnetically interacting probes) and the strong in-
teraction potential is known, neutron density parameters are the only “free”
variables in the fit of the matter distribution to the observed levels widths
and shifts in antiprotonic atoms. 2pF distributions and modified Batty opti-
cal potential [1] were considered in analysis (for details see [20]) and ¢, = ¢,
was assumed — justified by the better agreement of the fia, and Ary, data
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Fig.4. Comparison of fhalo (crosses) and neutron to proton density ratio deduced

from X-rays measurement (modified Batty potential [1] with 1o Zgg; = 0.63 was

used). The halo factor is marked at radial distance Ry /5+2.5 fm.

(see above). Figure 4 presents the comparison of Z/N py,/p, determined from
the strong interaction widths and shifts with fy,1, for Sn isotopes. Although
a qualitative agreements between the two methods is evident, quantitative
agreement is not reached. Similar problems were encountered in other nu-
clei, 128:130T¢ [21] and '"0YD [22]. Possible explanations are that the 2pF
distribution does not describe properly the outermost nuclear periphery or
that the adopted p-nucleus potential [1] is not valid for heavy elements. On
the other hand the parameters of the nuclear matter distribution obtained
from X-ray data give neutron and proton rms radius differences which are
in very good agreement with the Ay, obtained in other experiments — see
Fig. 5.
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Fig.5. Comparison of Ar,, values for Sn isotopes calculated with parameters
of nuclear matter distribution obtained from X-rays data (full circles) and Ar,,
measurements [10] (open circles). Theoretical prediction of HFB calculations [23]
is also drawn (dashed line).
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In conclusion, based on a few examples from much more abundant an-

tiprotonic atom and radiochemical data we have shown that:

— the radiochemical results clearly favour the peripheral neutron distri-

bution in the form of a “neutron halo” rather than of a “neutron skin”
type;

— the in-beam antiprotonic X-ray measurement combined with the pro-

ton distributions gathered from electron scattering or muonic atom
experiments give a new way for the determination of the peripheral
neutron distribution in nuclei;

— the differences between the neutron and proton rms radii obtained

from antiprotonic X-rays and from other published results are in fair
agreement between themselves;

— assuming 2pF density distributions, the peripheral neutron density de-

termined by the radiochemical method is larger than that determined
from antiprotonic X-rays data. The different radial distances at which
both methods probe the nuclear periphery may be the reason of this
discrepancy.
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