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Antiprotonic X rays were used to investigate the nuclear matter densities.
Neutron densities in 26 isotopes were determined using this method. The
information on the nuclear matter density at relatively large radii was then
converted to rms radii by the use of a two-parameter Fermi-function profile.
The obtained systematics of differences of the neutron and proton rms radii
is in a fair agreement with theoretical calculations and results of other exper-
imental methods.

1 Introduction

The antiprotonic atoms are the good probe to study the nuclear periphery. Antiprotons
captured into atomic orbits cascade down emitting X rays. In the vicinity of a nucleus
the strong interaction reveals its presence: antiprotonic levels are shifted if compared to
the pure electromagnetic energy and become broadened. The width and shift of the levels
give an information on the nuclear matter density at the nuclear periphery.

The antiprotonic cascade ends with the annihilation on a peripheral nucleon: a neutron
or a proton. If all produced pions miss the target nucleus two kinds of residues can be
created with one neutron or one proton removed from the target nucleus. The yields of
these products are proportional to the neutron and the proton densities at the nuclear
surface.
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2 The experiment

The experiment was performed at CERN (LEAR facility) within the PS209 collaboration
in two runs: 4 weeks in 1995 and 3 weeks in 1996.

Two experimental methods based on the phenomena described above were used to
study distribution of nuclear matter at relatively large radii in nuclei.

The first method is based on the measurements of antiprotonic X-rays. The line shapes,
intensities and energies allow to determine the level widths and shifts induced by the strong
interaction. At present, 44 level shifts and 62 level widths for 34 isotopes (see Fig. 1) have
been evaluated [1, 2, 3].
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Figure 1: The antiprotonic strong interaction level widths and shifts plotted as a function
of the atomic number Z. Full points — the values determined in the PS209
experiment; open points — previous data [4].

In the second method the yield of the radioactive antiproton annihilation residues one
mass unit lighter that the target was measured. The yield of products with one neu-
tron less than the target neutron number NV, (annihilation on a neutron) and those with
one proton less than the target proton number Z; (annihilation on a proton) were deter-
mined [5, 6, 7]. The halo factor was calculated using these yields [5]. This factor gives
the normalized neutron to proton density ratio at a distance about 2.5 fm larger than half
density charge radius [8].

3 Results and data interpretation

The obtained in this experiment halo factors were compared with the results of other
experiments examining a difference in neutron and proton density distributions, i.e. the
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difference of the neutron and proton rms radii Ar,,. This comparison shows that Ary,
result mainly from differences of the surface thickness in neutron and proton densities and
not from differences of the half density radii [3]. In the data analysis density distributions
were assumed in the form of two-parameter-Fermi distribution for both, the protons and
neutrons. The proton densities were adapted from the compilations [9, 10].

The simple optical potential of the antiproton-nucleus interaction of the form: Vg ~
@ - (pp+ pn) (@ — antiproton effective scattering length, p, and p, proton and neutron
densities) was used in the X-ray data analysis. The potential was taken from [11]: @ =
2.5+ 17 -3.4. The details of this analysis and the way of neutron density extraction from
the level widths and shifts was described in several articles [3, 12, 13, 14].
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Figure 2: The normalized neutron to proton density ratio (Z - p,/N - p,) deduced from
the level widths and shifts (solid lines with errors indicated by grey bands)
and the charge distributions given in Ref. [10] (Sn) and Ref. [9] (Te and Pb).
They are compared to halo factors measured in the radiochemical experiments
(full points) and with the HFB model calculations (with SkP Skyrme force) [15]
(dashed lines). The halo factors are marked at radial distances corresponding
to the most probable annihilation sites.

Fig. 2 shows 3 examples of the neutron to proton density ratios. Neutron densities were
deduced from the X-ray data analysis. In the same figure the theoretical calculations with
the Hartree-Fock-Bogoliubov (HFB) method using SkP Skyrme force are presented jointly
with the halo factors. The good agreement of both experimental results and theoretical
predictions can be observed. This is the case in the most of examined isotopes except
of 1%Cd, 1'2Sn and *4Sm [13]: the isotopes with weakly bound proton. The effect of
quasi-bound Pp states was proposed [16] as an explanation of this discrepancy.

Using neutron densities deduced from the X-ray data and proton densities from the
compilation [9, 10], the difference of neutron and proton root mean square radii Ar,, was
deduced for the studied isotopes under the assumption of 2pF proton and neutron density
distributions. The calculated Ar,, values are presented in the Table 1 and in Fig. 3 (as
a function of the asymmetry parameter 6 = (N — Z)/A). The linear relationship Ary, as
a function of ¢ was fitted. The function Ar,,(0) was finally parametrized using following
coefficients: Ary, = (—0.03 £0.02) + (0.90 £ 0.15) - 0 fm.
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Table 1: Neutron and proton root mean square radii differences Ary,, obtained from an-

tiprotonic X-ray data.

Isotope Ary, [fm] Isotope Aryy, [fm] Isotope Ary, [fm]
0Ca -0.081905 Co 0.00199%% 1227 0.0810:0¢
804 0.0970:55 907y 0.0975:52 1247 0.06790
Fe 0.0470:58 97y 0.1275:03 126me 0.1175:53
5Fe 0.0375:% 106¢q 0.1075:19 128Te 0.1175:5
5Fe 0.0713% 160q 0.1513% 130Te 0.1519:0¢
58Ni -0.0975:0% 128y 0.0750 208 Py 0.1570:03
ONj -0.0115:9%8 116Gy 0.1070:03 209B4 0.18%908
64N 0.04+5:97 1208 0.0810:93 22Th 0.215007

1246n 0.1470:03 88y 0.21599¢
_ : —
g 5 Th 238U:
5
4

01502025
0=(N-Z)/A

Figure 3: Difference Ar,, between the rms radii of the neutron and proton distributions
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deduced from the antiprotonic atom X-ray data as a function of § = (N —
Z)/A. The proton distributions were obtained from electron scattering data [10]
(Sn nuclei) or from muonic atom data [9, 17, 18] (other nuclei). The full line
represents the linear relationship between § and Ar,, as obtained from a fit to
the experimental data.
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4 Comparison with other experiments and theoretical
calculations

The 2°Pb nucleus is one of the most intensely studied isotopes by many experiments
as well as by a theory and because of this is a good case for comparisons. Figure 4
shows compilation of Ar,, in 2Pb determined in hadron scattering experiments and
the average value is Arp, = 0.17 £ 0.02 fm. The results are compared with the value
Ary, = 0.15£0.02 fm obtained from antiprotonic X-rays. The theoretical predictions for
Aryp are also shown. All presented results agree very well.
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Figure 4: The difference Ar,, between the rms radii of the neutron and proton distribu-
tions in 2%®Pb determined in hadron scattering experiments [19, 20, 21, 22, 23]
compared with the antiprotonic atoms result and several mean field calcula-
tions [15, 24, 25].

The results of these comparisons can be used as an additional confirmation of the
assumption presented in section 3 that the neutron and proton distributions in a given
isotope differ mainly by the surface thickness and not by the half density radius. Figure 5
shows the results of Ary,, obtained from the analysis of X-ray data in 2*Pb with the
assumption that ¢, # 0. One can see that the average Ary,, from various experiments
allows ¢, < 0.1 fm only.

In Fig. 4 a good agreement of Ar,, for 2%Pb obtained in the hadron scattering and in
the P experiments is evident. However, the situation is not so good if one compares Arp,
obtained for other isotopes [27] — the old data from different experiments are much more
scattered. The scatter of the theoretical values is significantly smaller. Examples of HF
and HFB calculations are shown in Fig. 6, while the predictions of a Droplet Model were
presented in Ref. [28].
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Figure 5: The difference of neutron and proton rms radii in 2°Pb obtained in the X-ray
data analysis as a function of Ac,,. The dashed line with a grey band describes
an average Ary, value for 208Ph obtained from hadron scattering experiments —

see Fig. 4.
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Figure 6: The difference Ary,, between the rms radii of the neutron and proton distribu-
tions as a function of § = (N — Z)/A calculated by mean field models. Open
points Ref. [15] (HFB model with SkP force); full triangles - Ref. [29] (HF
model, SLy4 force); asterisks - Ref. [24] (HF model, SkX force). The full line is
the linear relationship between § and Ar,, as obtained from the fit to the HFB
model calculations (open points). The dashed line is the fit to the antiprotonic
atom data as presented in Fig. 3.
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5 Summary

A rich set of data concerning antiprotonic atoms was gathered in the PS209 experiment.
The data were analyzed using a simple optical potential and density distributions in a
form of 2pF function. The neutron density distributions and neutron-proton rms radii
differences were determined. Despite the model dependence of data treatment a good
agreement with various theories (HF and HFB calculations, Droplet Model predictions)
was obtained for density distributions and rms radii differences. Also a fair agreement
with other experimental results of Ar,, was obtained.

The presented experimental data make an interesting material for theory —the search
of a new, more sophisticated optical potential [30, 31, 32].

The PS209 experiment of course didn’t exhaust all the interesting topics in the medium
and heavy antiprotonic atoms. For example: measurements of X rays for deformed even-
A nuclei and for odd-A nuclei or the investigation of the properties of deeply bound p
states via E2 resonance would be of great interest. The FLAIR (Facility for Low-Energy
Antiproton and Ion Research) planned at Darmstadt will allow a continuation of the
presented studies.

References

[1] A. Trzcifska, J. Jastrzebski, T. Czosnyka, T. von Egidy, K. Gulda, F.J. Hartmann,
J. Iwanicki, B. Ketzer, M. Kisielinski, B. Klos, W. Kurcewicz, P. Lubinski, P.J.
Napiorkowski, L. Pierikowski, R. Schmidt, E. Widmann, Nucl. Phys. A692 (2001)
176¢.

[2] A. Trzcinska, J. Jastrzebski, P. Lubinski, F.J. Hartmann, R. Schmidt, T. von Egidy,
B. Klos, Acta Phys. Pol. 32 (2001) 917.

[3] A. Trzcinska, J. Jastrzebski, P. Lubinski, F.J. Hartmann, R. Schmidt, T. von Egidy,
B. Klos, Phys. Rev. Lett. 87 (2001) 082501.

[4] Batty, C. J., Friedman, E., Gils, H. J., and Rebel, H., Advances in Nuclear Physics,
J. W. Negele and E. Vogt, Plenum Press, New York, 1989.

[5] P. Lubinski, Jastrzebski, A. Grochulska, A. Stolarz, A. Trzciiska, W. Kurcewicz,
F.J. Hartmann, W. Schmid, T. von Egidy, J. Skalski, R. Smolarniczuk, S. Wycech, D.
Hilscher, D. Polster, I. Rossner, Phys. Rev. Lett. 73 (1994) 3199.

[6] P. Lubinski, J. Jastrzebski, A. Trzcitiska, W. Kurcewicz, F.J. Hartmann, W. Schmid,
T. von Egidy, R. Smolanczuk, S. Wycech, Phys. Rev. C57 (1998) 2962.

[7] R. Schmidt, F.J. Hartmann, B. Ketzer, T. von Egidy, T. Czosnyka, J. Jastrzebski,
M. Kisieliniski, P. Lubinski, P. Napiorkowski, L. Pierikowski, A. Trzcinska, B. Klos,
R. Smolanczuk, S. Wycech, W. Poschl, K. Gulda, W. Kurcewicz, E. Widmann, Phys.
Rev. C60 (1999) 054309.

[8] S. Wycech, J. Skalski, R. Smolaiczuk, J. Dobaczewski, J.R. Rook, Phys. Rev. C54
(1996) 1832.

[9] G. Fricke, C. Bernhardt, K. Heilig, L.A. Schaller, L. Schellenberg, E.B. Shera, C.W.
De Jager, At. Data Nucl. Data Tables 60(1995) 177.

[10] H. de Vries, C.W. De Jager, C. de Vries, At. Data Nucl. Data Tables, 36 (1987) 495.

EXAO05, Vienna 309



A. Trzcinska

[11] C. J. Batty, E. Friedman, and A. Gal, Nucl. Phys. A592 (1995) 487.

[12] F.J. Hartmann, R. Schmidt, B. Ketzer, T. von Egidy, S. Wycech, R. Smolariczuk, T.
Czosnyka, J. Jastrzebski, M. Kisielinski, P. Lubiriski, P. Napiorkowski, L. Pienkowski,
A. Trzcifiska, B. Klos, K. Gulda, W. Kurcewicz, E. Widmann, Phys. Rev. C65 (2001)
014306.

[13] R. Schmidt, A. Trzcinska, T. Czosnyka, T. von Egidy, K. Gulda, F. J. Hartmann,
J. Jastrzebski, B. Ketzer, M. Kisielinski, B. Klos, W. Kurcewicz, P. Lubinski, P.
Napiorkowski, L. Pierikowski, R. Smolaniczuk, E. Widmann, S. Wycech, Phys. Rev.
C67 (2003) 044308,

[14] B. Klos, S. Wycech, A. Trzcinska, J. Jastrzebski, T. Czosnyka, M. Kisielinski, P.
Lubinski, P. Napiorkowski, L. Pienkowski, F.J. Hartmann, B. Ketzer, R. Schmidt,
T. von Egidy, J. Cugnon, K. Gulda, W. Kurcewicz, E. Widmann, Phys. Rev. C 69
(2004) 044311.

[15] R. Smolariczuk, private communication, 1995.

[16] S. Wycech, Nucl. Phys. A692 (2001) 29c.

[17] J. D. Zumbro, E. B. Shera, Y. Tanaka, C. E. Bemis, Jr., R. A. Naumann, M. V.
Hoehn, W. Reuter, R. M. Steffen, Phys. Rev. Lett. 53 (1984) 1888.

[18] J. D. Zumbro, R.A. Naumann, M.V. Hoehn, W. Reuter, E.B. Shera, C.E. Bemis Jr.,
Y. Tanaka, Phys. Lett. B167 (1986) 383.

[19] L. Ray, Phys. Rev. C19 (1979) 1855.

[20] G.W. Hoffmann, L. Ray, M. Barlett, J. McGill, G. S. Adams, G. J. Igo, F. Irom, A.
T. M. Wang, C. A. Whitten, Jr., R. L. Boudrie, J. F. Amann, C. Glashausser, N. M.
Hintz, G. S. Kyle, G. S. Blanpied, Phys. Rev. C21 (19880) 1488.

[21] A. Krasznahorkay, A. Balanda, J.A. Bordewijk, S. Brandenburg, M.N. Harakeh, N. K
alantar-Nayestanaki, B.M. Nyako, J. Timar, A. Van der Woude, Nucl. Phys. A567,
521 (1994).

[22] V. E. Starodubsky, N.M. Hintz, Phys. Rev. C49 (1994) 2118.

[23] S. Karataglidis. K. Amos, B.A. Brown, P.K. Deb, Phys. Rev. C65 (2002) 044306.

[24] A. Brown, Phys. Rev. Lett. 85 (2000) 5296.

[25] M. Kleban, B. Nerlo-Pomorska, J.F. Berger, J. Decharge, M. Girod, S. Hilaire, Phys.
Rev. C65 (2002) 024309.

[26] M. Csatlos, Z. Gacsi, J. Gulyas, A. Krasznahorkay, A. Krasznahorkay Jr., Z. Mate,
J. Timar, M. Heil, F. Kaeppeler, R. Reifarth, M. Fayez-Hassan. Nucl. Phys. A719
(2003) 304c.

[27] J. Jastrzebski, A. Trzcinska, P. Lubinski, b. Klos, F.J. Hartmann, T. von Egidy, S.
Wycech, International Journal of Modern Physics E 13 (2004) 343.

[28] W. Swiatecki, A. Trzcinska, J. Jastrzebski, Phys. Rev. C 71 (2005) 047301.

[29] F. Hofmann and H. Lenske, Phys. Rev. C57 (1998) 2281.

[30] S. Wycech, Nucl. Instr. and Meth., 214 (2004) 164.

[31] E. Friedman, A. Gal, Nucl. Instr. and Meth., 214 (2004) 160.

[32] E. Friedman, A. Gal, J. Marés, nucl-th/0504030

310 EXAO05, Vienna





