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INFORMATION ON THE NUCLEAR PERIPHERYFROM ANTIPROTONIC ATOMS�A. Trz
i«ska, J. Jastrz�bski, P. Lubi«skiHeavy Ion Laboratory, Warsaw UniversityPasteura 5A, 02-093 Warsaw, PolandF.J. Hartmann, R. S
hmidt, T. von EgidyPhysik-Department, Te
hnis
he Universität Mün
hen85747 Gar
hing, Germanyand B. KªosInstitute of Physi
s, University of Silesia40-007 Katowi
e, Poland(Re
eived November 21, 2000)In the PS209 experiments at CERN two kinds of measurements wereperformed: the in-beam measurement of X-rays from antiprotoni
 atomsand the radio
hemi
al, o�-line determination of the yield of annihilationprodu
ts with mass number At � 1 (less by 1 than the target mass). Bothmethods give observables whi
h allows to study the peripheral matter den-sity 
omposition and distribution. A 
omparisons of the PS209 results withthe theoreti
al and semiempiri
al predi
tions for neutron and proton densi-ties and with the di�eren
es �rnp of the rms radii of neutrons and protonsobtained in other experiments are also presented.PACS numbers: 36.10.�k, 21.10.Gv, 13.75.CsAntiprotons are a 
onvenient tool for the investigation of the nu
lear sur-fa
e. The p-nu
leus intera
tion has peripheral 
hara
ter and even a smalloverlap between antiprotoni
 and nu
lear wave fun
tions is su�
ient to re-veal the in�uen
e of the strong intera
tion. The strong intera
tion redu
esthe lifetime of the lowest levels in the antiprotoni
 atom rea
hed during� Presented at the XXXV Zakopane S
hool of Physi
s �Trends in Nu
lear Physi
s�,Zakopane, Poland, September 5�13, 2000.(917)



918 A. Trz
i«ska et al.the 
as
ade (the levels be
ome wider) and shifts them from purely ele
tro-magneti
 energy. To �rst approximation the strong intera
tion potential isproportional to the nu
lear matter density [1℄. Therefore the widths andshifts of last levels, whi
h depend on this potential, 
an give information onthe density at the nu
lear periphery where the annihilation takes pla
e, or� more pre
isely � at a distan
e about R1=2 + 1:5 fm (where R1=2 is thehalf-density 
harge radius), as 
al
ulations indi
ate [2℄.The PS209 experiment, performed at LEAR (CERN), aimed at the deter-mination of level widths and shifts 
aused by the strong intera
tion throughthe measurements of the X-rays from antiprotoni
 atoms. These observableswere measured for 55 isotopes. At present 44 level shifts, 29 �lower� levelwidths and 33 �upper� level widths are determined [3℄ (
omp. �gure 1).
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Fig. 1. Antiprotoni
 strong intera
tion level widths as a fun
tion of atomi
 num-ber Z. Full 
ir
les � values determined in PS209 experiment; open 
ir
les �earlier data [4℄.Studying the produ
ts of the annihilation pro
ess gives us an informa-tion on the density distribution about 1 fm further than the antiprotoni
X-rays method do. Part of the beam time of the PS209 experiment wasused for the 
ontinuation of the radio
hemi
al measurements [5, 6℄ 
onsist-ing in the determination of the annihilation residues with mass number oneunit smaller than the target mass At. When the produ
ts with neutronnumber Nt � 1 and produ
ts with proton number Zt � 1 are radioa
tive itis easy to determine their relative yields with standard nu
lear-spe
tros
opymethods. These yields are dire
tly related to the proton and neutron densi-ties at the annihilation site. The yields were transformed to the halo fa
torfhalo de�ned by fhalo = N(pn)N(pp) ZN Im(ap)Im(an) ; (1)where the �rst term is the yield ratio of the produ
ts At�1, the se
ond termis the normalization fa
tor and the third term � the ratio of the imaginary
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leon s
attering amplitudes � expresses the ratioof annihilation probability on a proton to that on a neutron. The halo fa
torde�ned above is proportional to the neutron to proton density ratio �n=�pat the annihilation site. For a quantitative 
omparison of �n=�p with thevalues derived from fhalo one should take into a

ount that the probabilityfor annihilation leading to At� 1 (the so 
alled �
old� annihilations) is non-zero in an extended region (with FWHM of about 2-3 fm) [2℄. Within thispubli
ation fhalo is assumed to represent �n=�p at the most probable site of�
old� annihilations � at a distan
e R1=2 + 2:5 � 0:5 fm. It was proven forseveral 
ases that su
h a simpli�ed presentation does not introdu
e errorslarger that 10%�15%.The results obtained with the radio
hemi
al method were already pub-lished [7, 8℄. A strong negative 
orrelation between the halo fa
tor andneutron separation energy Bn was observed. The halo fa
tor is larger thanone for nu
lei with Bn . 9 MeV: for these isotopes the nu
lear periphery isri
h in neutrons.It is interesting to 
ompare the results of our radio
hemi
al measure-ments with data from other experiments investigating di�eren
es betweenneutron and proton distributions. Figure 2 
ompares values of halo fa
torand �n=�p dedu
ed from �rnp � neutron and proton di�eren
es of rms(root mean squared) radii. In order to �translate� �rnp into density ra-tios a two parameter Fermi (2pF) distribution was assumed for the protonas well as for the neutron density. The 
harge distribution parameters de-termined from muoni
 atoms experiments or from ele
tron s
attering weretaken from tables [14, 15℄. These parameters were 
onverted to proton dis-tribution parameters (
p; ap) a

ording to a pres
ription given by Oset [16℄.Having �rnp = rn(
n; an)� rp(
p; ap) one may 
onsider two extreme 
ases:(a) an = ap; 
n 6= 
p � a �neutron skin� model or (b) an 6= ap; 
n = 
p� a �neutron halo� model. It is seen from Fig. 2 that the fhalo data 
learlyfavour the �neutron halo� model. (It is worth to note that assuming 
aseswith an 6= ap and 
n 6= 
p leads to values between the full and dashed linesin Fig. 2.)The results of the radio
hemi
al method were also 
ompared with pre-di
tion of the Hartree�Fo
k�Bogoliubov (HFB) [17℄ 
al
ulations and withthe semiempiri
al formulae for �p(r) and �n(r) proposed by Gambhir andPatil [18℄. Figure 3 shows examples. Values for Z=N �p(r)=�n(r) derivedfrom our fhalo measurements are 
ompared with those dedu
ed from thesetwo theories. Good agreement was obtained for 15 isotopes (of 19 measuredfhalo 
ases). For 96Ru, 106Cd, 112Sn and 144Sm the experimental values aresigni�
antly smaller than the theoreti
al ones. An explanation was proposedre
ently [19℄.
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Fig. 2. Comparison of the normalized neutron to proton density ratio dedu
edfrom �rnp data for 48Ca [4℄, 124Sn [4,9,10℄ and 208Pb [9,11℄ with fhalo � markedwith 
rosses at the most probable annihilation site ( Im a(pn)Im a(pp) taken to be equal0.63 [12,13℄). Solid line: neutron to proton density ratio dedu
ed from �rnp underthe assumption of 
n = 
p (�neutron halo� model), dashed line an = ap assumed(�neutron skin� model).
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r (fm)Fig. 3. Examples of normalized neutron to proton density ratio 
al
ulated with theHFB method � dashed lines � and the semiempiri
al formula of Gambhir andPatil � solid lines. Crosses indi
ate the measured fhalo.As it was mentioned already earlier, the information on neutron den-sity distribution may also be dedu
ed from the X-rays measurements. Ifone assumes that the proton density distribution is well determined (fromexperiments using ele
tromagneti
ally intera
ting probes) and the strong in-tera
tion potential is known, neutron density parameters are the only �free�variables in the �t of the matter distribution to the observed levels widthsand shifts in antiprotoni
 atoms. 2pF distributions and modi�ed Batty opti-
al potential [1℄ were 
onsidered in analysis (for details see [20℄) and 
n = 
pwas assumed � justi�ed by the better agreement of the fhalo and �rnp data
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Fig. 4. Comparison of fhalo (
rosses) and neutron to proton density ratio dedu
edfrom X-rays measurement (modi�ed Batty potential [1℄ with Im a(pn)Im a(pp) = 0:63 wasused). The halo fa
tor is marked at radial distan
e R1=2+2.5 fm.(see above). Figure 4 presents the 
omparison of Z=N �n=�p determined fromthe strong intera
tion widths and shifts with fhalo for Sn isotopes. Althougha qualitative agreements between the two methods is evident, quantitativeagreement is not rea
hed. Similar problems were en
ountered in other nu-
lei, 128;130Te [21℄ and 176Yb [22℄. Possible explanations are that the 2pFdistribution does not des
ribe properly the outermost nu
lear periphery orthat the adopted p-nu
leus potential [1℄ is not valid for heavy elements. Onthe other hand the parameters of the nu
lear matter distribution obtainedfrom X-ray data give neutron and proton rms radius di�eren
es whi
h arein very good agreement with the �rnp obtained in other experiments � seeFig. 5.
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112 116 120 124Fig. 5. Comparison of �rnp values for Sn isotopes 
al
ulated with parametersof nu
lear matter distribution obtained from X-rays data (full 
ir
les) and �rnpmeasurements [10℄ (open 
ir
les). Theoreti
al predi
tion of HFB 
al
ulations [23℄is also drawn (dashed line).
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i«ska et al.In 
on
lusion, based on a few examples from mu
h more abundant an-tiprotoni
 atom and radio
hemi
al data we have shown that:� the radio
hemi
al results 
learly favour the peripheral neutron distri-bution in the form of a �neutron halo� rather than of a �neutron skin�type;� the in-beam antiprotoni
 X-ray measurement 
ombined with the pro-ton distributions gathered from ele
tron s
attering or muoni
 atomexperiments give a new way for the determination of the peripheralneutron distribution in nu
lei;� the di�eren
es between the neutron and proton rms radii obtainedfrom antiprotoni
 X-rays and from other published results are in fairagreement between themselves;� assuming 2pF density distributions, the peripheral neutron density de-termined by the radio
hemi
al method is larger than that determinedfrom antiprotoni
 X-rays data. The di�erent radial distan
es at whi
hboth methods probe the nu
lear periphery may be the reason of thisdis
repan
y.Our thanks are due to Sªawomir Wy
e
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