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The x-ray cascade from antiprotonic atoms was studied®die, 12“Te, 12Te, 128Te, and'*°Te. Widths and
shifts due to the strong interaction were deduced for several levelsEZheuclear resonance effect was
observed in all investigated nuclei. 1°Te theE2 resonance allowed to determine level widths and shifts of
the LS-split deeply boundn,l)=(6,5) state, otherwise unobservable. The measured level widths and shifts,
corrected for theE2-resonance effect, were used to investigate the nucleon density in the nuclear periphery.
The deduced neutron distributions are compared with results of the previously introduced radiochemical
method and with Hartree-Fock-Bogoliubov model calculations.
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I. INTRODUCTION cient of then=8—n=7 x-ray transition affected by the reso-
nance was determined but this did not allow the authors to
The present paper reports part of our systematic study afeduce the width and shift of the=8 level in a unique way.
heavy antiprotonic atoms undertaken during the last twdVhen undertaking the present investigation it was hoped that
years of the Low Energy Antiproton RingEAR) activity at ~ the comparison of a series of evartellurium isotopes can
CERN. Although the most important part of the antiprotoniclead to a precise determination of both these observables.
x-ray data(level widths and shiftswas already briefly re- This, in turn, would allow us to deduce the widths and shifts
ported [1,2] and analyzed3]—a number of experimental Of the deeply bounch=6 level in **Te which are more

results and their interpretation were also given in Refsg] ~ Strongly dependent on the antiproton-nucleus  interaction
and will be a subject of more exhaustive articles. the(ljn are levels directly populated by the antiprotonic cas-
cade.

The experimental study of the antiprotonic atoms of a A d motivation for the study of tiprotonic T
series of ever tellurium isotopes was motivated first by the second motivation for the Study ot éven antiprotonic '€
atoms was the search for isotope effects in the level widths

> ) 13 :
predlg:tlciln ofas';rongtzlre.s?cnanci effech]t;]n Te, V\t'.h'Chf and shifts. As in other isotopic chains investigated by our
would allow us “o.o a|“n information on the properties of a ., aporation these effects would be a sign of changes in the
deeply b.ound, .hldden antiprotonic .Ievel,_lna_ccessmle bynuclear periphery when pairs of neutrons are added to the
the antiprotonic = cascade. The investigation of thejgnat isotope studied—in our ca&®Te. Tellurium nuclei

E2-resonance effect occurring in this isotope was previously -, o only two protons outside the closge50 shell and
reported in Ref{8]. In that reference the attenuation coeffi- their study constitutes a natural extension to our previous

investigation of the isotope effects in even Sn nuftgi
This paper is organized as follows. Section Il presents
*Present address: N. Copernicus Astronomical Center, PI-00-718ery briefly the experimental procedure with reference to our

Warsaw, Poland. previous papers where a more detailed description was
TPresent address: Department of Physics, University of Tokyogiven. The experimental results are presented in Sec. IIl.
7-3-1 Hongo, Bunkyo-ku, Tokyo 113-0033, Japan. Data analysis and discussion in Sec. IV are divided into two
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Section V summarizes and concludes this paper.
FIG. 2. Antiprotonic x-ray spectrum frorf??Te measured with

the HPGe detector of 19% relative efficiency.

Il. THE EXPERIMENT

Five evenA tellurium isotopes were investigated during our previous publicationgd—6. We also refer to these pub-

two experiments conducted in 1995 and 1996. In 1995 th(L,Jications for an introduction to the phenomena relevant for
antiprotonic atoms of?“Te, 128Te, and3Te wer.e studied the antiprotonic cascade and strong interaction affecting the

using antiprotons with a momentum of 300 Me&y/The iso- last observable x-ray transitions.
topes of'?’Te and'?Te were investigated in 1996 using a

beam of 106 MeV¢ antiprotons. Table | gives the target IIl. EXPERIMENTAL RESULTS
properties and the number of antiprotons used for each tar- ) ) )
get. The strong interaction between antiproton and nucleus

The antiprotonic x rays were measured with high purityCauses a si_zeable change of the energy of the last x-ray tran-
germanium(HPGe detectors. In 1995 one planar detector Sition from its purely electromagnetic value. The nuclear ab-
with 25 mm diameter and 13 mm thickness was emp|Oyed_sorption reduces the lifetime of the lowest accessible atomic
One coaxial detector with an active diameter of 49 mm and &tate(the “lower level,” which for tellurium is tha=7 statg
length of 49.5 mm(relative efficiency about 19%and one and hence the x-ray line is _broadened. Nuclear absorption
planar detector with 36 mm diameter and 14 mm thicknesgIS0 occurs from the next higher lev€lpper level) al-
were used in 1996. though the effects on level energy and width are generally

More details concerning the experimental methods, thé00 small to be directly measured. The width of tire|
detector calibration, and the data reduction may be found it 8.7) level was deduced indirectly by measuring the loss of
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FIG. 3. Part of the antiprotonic x-ray spectrum measured for
FIG. 1. Level scheme for antiprotonic tellurium atom. The ob- 1??Te using the detector with the 10884 mn? crystal. The fit to
servables of the present experiment are indicated. the broadened 8- 7 line is also shown.
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TABLE Il. Measured relative x-ray intensities normalized to the transitieri0— n=9.

Transition Energy 1221e 241e 1261¢ 1281¢ 1301e
(keV)
8—7 323.4 38.0£2.4 48.4+3.5 44.7+2.7 40.5+3.2 14.1+1.8
9-8 221.3 74.0+2.8 95.9+4.8 95.3+3.6 105.1+5.4 101.9+6.0
10— 9? 158.2 100.0+5.3 100.0+7.2 100.0+5.7 100.0£7.3 100.0+£8.0
11—10 117.0 92.6+£4.7 86.1+£5.8 93.5£4.7 84.7+5.9 83.9+£6.6
12—11 88.9 78.3£4.0 79.2£4.0
13—12 69.1 64.5+3.4 65.6£3.3
14—13 54.8 60.8+£3.1 62.6+£3.2
9—-7 544.7 3.1+0.4 74+1.1
10—8 379.5 8.1+0.5 9.8+1.0 7.7+0.6 9.0+0.8 8.7+0.8
11-9 275.2 12.5+1.1 13.2+2.6 10.3£0.8 12.8+£1.3 12.1+1.4
12—10 205.9 11.8+0.7 13.5+1.0 13.0£0.7 13.5£1.0 13.6x1.1
13—1717 158.0 13.3£0.7 15.2+1.0 13.6%£0.8 12.9+1.0 13.0£1.0
14—12 123.9 12.3£0.7 12.5+0.9 13.3£0.7 11.8£0.9 11.9+1.0
15—13 99.1 10.4£0.6 10.2+0.6
16—14 80.4 6.3+0.4 7.0+0.6
17—15 66.1 9.7+0.5 10.2+0.5
10—-7 702.9 2.4+0.4
11-8 496.5 2.2+0.4
12—9 364.1 3.0+0.3 3.7+0.6 3.1+0.3 3.4+0.5 2.4+0.4
13— 10 275.0 4.0£0.4 4.0+0.5 4.5+0.4 4.4+0.3 4.1+0.4
14— 11 212.8 8.9+05% 4.5+0.5 4.8+0.3 4.4+0.4 3.9+0.4
15—12 168.2 3.1£0.2 3.2+0.3 3.7£0.3 3.6£0.3 3.4+£0.3
16—13 135.2 2.3£0.3 2.7+£0.4 3.5£0.3 2.1£0.5 25+£0.4
17—14 110.3 5.0£0.3 6.1£0.5 4.7+0.3 6.0£0.5 5.7£0.5
18—15 91.2 3.9£0.2 4.0£0.2
12—8 585.4 1.6£04
13—9 433.2 1.4+0.2
14—10 329.8 1.6£0.1 2.0£0.1 1.7£0.1 2.1+0.2 1.7£0.2
15—-11 257.1 1.6£0.1 1.7£0.2 2.0+£0.3 1.9+£0.2 1.8£0.2
16—12 204.3 1.6£0.2 1.3£0.2 2.1+0.2 1.5+£0.2 1.9£0.2
17—13 165.1 1.7£0.2 1.9+£0.2 2.3+0.2 2.2+0.2 2.0+£0.2
18— 14 1354 2.0+0.2 2.2+0.2 2.1+0.2 2.4+0.2 1.8£0.3
19—-15 112.4 2.9+0.2 2.7+0.2 1.9£0.2 2.4+0.2 1.9£0.2

*The 10—9 and 13- 11 transition intensity ratio was obtained from antiprotonic cascade calculations per-
formed with a modified statistical initial distributidm(l) «<2(1+1)exp (a-1); a=0.1] [4].

®The antiprotonic x-ray line is mixed with a strong nuclear 3421/2" transition in*?'Te (Niarger 1 isotope,

see Ref[18]).

intensity of the final x-ray transitions. The level scheme fornificantly broadened, were fitted with two Lorentzians con-
the tellurium antiprotonic atoms with the observables of thevoluted with Gaussiang=ig. 3). The experimental resolution
X-ray experiment is shown in Fig. 1. also allowed to resolve two Gaussian-shage®split n=9

The x-ray spectrum measured with antiprotons stopped in- 8 lines.
22Te is shown in Fig. 2. Those lines in the spectra that are The measured relative intensities of the antiprotonic x
not broadened were fitted with Gaussian profiles. The lowegiays observed in all investigated tellurium targets are given
observabld_S-split doublet lines(n=8—7), which are sig- in Table Il. These intensities were used to determine the
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TABLE IV. Measured absorption Width§|i of the n,I=7,6
level in the antiprotonic tellurium atonighe * sign corresponds to

120

g

S

£ 100 the j=1+1/2 orbit).

g w0 . _

= Target Iy (ev) Iy (ev)

= 60

5 12210 583+77 661+77

3 2 124T¢ 562+68 532476

£ BN 126Te 624173 683+72

a 7 8 9 10 11 12 13 14 15 1287¢ 546+87 792482
nof the feeded level 130T 604+138 707+201

FIG. 4. Total relative intensities of observed transitiogmsrmal-
ized to the transitiom=10—n=9, taken as 100feeding the indi- L . . .
catedn level in 12Te. The transitions not observed experimentally Ifon contributions to the level widths and shifts are in the
come from a cascade calculatioopen arep The decrease in in-  tellurium isotopic chain counterbalanced by the deformation
tensity of the transitions feeding the=8 level is due to the €ffect(the deformation decreases with increasing mass num-
E2-resonance effe¢see text and Fig.)5 ber A).

feeding of the consecutiva levels along the antiprotonic
cascade. This is shown in Fig. 4.

Table Ill gives the measured shiftsdefined bye=E., A. The E2-resonance effects—observation
—Eexpe WhereEe,y is the experimental value for the transi- of a deeply boundp state
tion energy ande,,, is the energy calculated without strong
interaction[9]. For then,l=7,6 levels the shifts are clearly
repulsive, whereas for the,1=8,7 levels they are compat- . : Do
ible with zero except foR?Te and'®Te, where the upper nuclear systenfi7]. It is described by the Hamiltonian
levels are affected by thE2 resonance. Tables IV and V 2
give the measured widths. As indicated above, the widths of Ho=~-3Q.Y2u (1)
then,1=8,7 levels were derived from the intensity balance 2r
of transitions feeding and depopulating these levels. Contri- ) ]
butions of parallel transitions to the measured intensitie§¥hereQ,, is the nuclear quadrupole operator arig, is a
were obtained from cascade calculatigese Ref[4]). The  Spherical harmonic in the antiproton coordinates. This poten-
rates for radiative dipole transitions were calculated from thdial mixes atomic and nuclear states, and the mixing matrix
formulas given in Ref[10]. The Auger rates were derived (N.!,07[Hg[n’,1",2%) connects the Onuclear ground state to
from the radiative rates and from cross sections for thdhe first excited 2 state. These mixing matrix elements are
photoeffect using Ferrell's formul@ll]. The width of the particularly large in then’=n-2 andl’=I-2 cases of the
level n,1=8,7 for 139Te, and to a smaller extent that for circular (I=n-1) orbits. This concentration of strength is a
128Te, is larger than in the other tellurium isotopes. This isconsequence of the quadrupole natureHgfand the node-
due to theE2 nuclear resonance effect to be discussed belowess radial atomic wave functions for the circular orbits.
Besides this effect the data of Tables I1I-V hardly show any The|n=8,1=7;0") states in tellurium are mixed with the
systematic changes in shifts or widths in the whole series ofn=6,1=5;2") states(see Fig. 5 The values of the mixing
tellurium isotopes. At first glance this seems strange: thématrix are close to 1 keV and the level spacing between
heaviest tellurium isotope studied has eight neutrons morthese two states is about 15 keV. The small ratio of mixing
than the lightest one and, from our study of Sn isotdjgds  strength and level spacing allows a perturbative treatment
isotope effects in shifts and widths would be expected. As iand theE2-induced, complex energy shift due to this mixing
will be shown in the following sections, the additional neu- is approximately given by

IV. DATA ANALYSIS AND DISCUSSION

Nuclear deformation affects the atomic levels mainly due
to the quadrupole interaction between the atomic and the

TABLE IIl. Measured shiftSsﬁ of then,|=8,7 (uppe)p and slt TABLE V. Radiation widthl'¢, and Auger widthl'ayge, for the
of the n,1=7,6 (lower) levels in the antiprotonic tellurium atoms n=8 levels, where the strong interaction width was determined
(the % sign corresponds to thel+1/2 orbit). via the intensity balance.

Target &, (V) s, (eV) & (eV) g (eV) Target  Tem(eV)  Tayger(€V) I (eV) T, (eV)
1221e 3+11 -7+11 52+35 50+45 1221¢ 6.60 0.043 7.1+1.4 8.0+1.3
1241e -3%7 -6+7 48+21 55+27 1241e 6.54 0.042 6.6+1.6 8.6+1.8
1261g 4x10 6+11 56+34 31+45 126Tg 6.48 0.042 7.9+1.1 8.9+15
1281¢ 18+6 12+6 52+20 79+31 1281¢ 6.42 0.042 10.9+2.3  11.4+25
130Te -56+5 -80+5 4642 89+73 1301e 6.37 0.041 36+9 52+16
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(E2:8.2 T(E2;8,7) _ (8,7;07Hol6,5;2)? @ each(n,l) doublet are largé¢1.135 and 1.150 keV id*Te).
e(EZ;0,/) | = ' i i -
2 E(8,7:0) - E(6,5:2) The third one that mixes the lower-upper components of

the corresponding doublets is weaké&.18 ke\j. The
where E(8,7;0") is the energy of thgn=8,1=7;0") state  method is described in more detail in Ref,8], and for
andE(6,5;2")=E(2") +E..(6,5+¢(6,5-iI'(6,5/2 is the  the explicit representation of these matrix elements we
energy of the atom in thj=6,1=5) state and the nucleus refer to the review of Ref[12].
in the 2" state. The energf(6,5;2") contains a complex The E2 nuclear resonance effect occurs when an atomic
level shift of the admixed level which is not accessible bydeexcitation energy closely matches a nuclear excitation en-
direct atomic cascade transitions. The interest in this statergy and the electric quadrupole coupling induces configura-
stems from the fact that it offers the largest nuclear-tion mixing. Such an effect is noticeable in antiprotonic
atomic overlap tested so far with antiprotonic atoms. The*?’Te and'?®Te, and is large if*°Te. The cases 0f?Te and
real situation is slightly more complicated than that indi- **°Te are illustrated in Fig. 5. IA%°Te the spacing between
cated in Eq.(2) since the two states of interest are split the antiprotonidn,l)=(8,7) and(6,5) levels(820.0 keV for
into thej=1+1/2 (uppeh andj=I-1/2 (lower) fine struc-  the upper and 825.3 keV for the lower fs statés suffi-
ture (fs) components. Thus there are three mixing matrixciently close to the first ™=2* nuclear excitation energy
elements involved. The two elements that mix the corre{839.4 keVj to allow a sizable configuration mixing of the
spondingupper-upperand lower-lower fs components of |8,7;0" and|6,5;2") atomic nuclear states. First we discuss

TABLE VI. Shifts of then,|=8,7 states.

Isotope ExperimentaleV) E2 induced(eV) Optical (eV)
j=1+1/2 j=1-1/2 j=1+1/2 j=1-1/2 j=1+1/2 j=1-1/2
1221e 311) -7(12 12 12 -q11) -19(12)
124Te -37) -6(7) 12 12 -15%7) -187)
1261¢ 410) 6(11) 14 14 -1010) -8(11)
1281¢ 186) 12(6) 24 22 -G6) -10(6)
1307e -565) -80(5) -46(6) -67(6) -104)® -134)®

alues for'3°Te are obtained by an extrapolation frddfTe-12%Te.

To avoid confusion we denote fs components(by and (-).
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TABLE VII. Widths of n,[=8,7 levels.

Isotope ExperimentaleV) E2 induced(eV) Optical (eV)
j=l1+1/2 j=1-1/2 j=1+1/2 j=1-1/2 j=1+1/2 j=1-1/2
1221¢ 7.41.9 8.001.3 0.8 0.5 6.81.4 7.51.3
124Te 6.61.6) 8.61.8) 1.0 0.6 5.61.6) 8.0(1.8)
126T¢ 7.91.2 8.91.5 1.7 1.0 6.21.1) 7.91.5
1281¢ 10.92.3 11.42.5 5.8 3.3 5.12.3 8.2(2.5
130T¢ 369) 52(16) 30(9) 44(16) 6.000.7? 7.80.8?

Aalues for'3%Te are obtained by an extrapolation frdftTe-1%%Te.

those data that can be analyzed without reference to opticgerimental minus the extrapolated optical shifts.

potentials. This discussion is based essentially onHRe (2) A similar procedure is adopted for the level widths

mixing in the “upper” levels. It allows us to determine prop- (see Table VIJ. An alternative procedure would be to calcu-

erties of the deeply bound atomic state in an almost modépte the optical components of shifts and widths in terms of

independent way. an optical potential. This_introduces some uncerta_ipty rela_ted
The two complex quantities(6,5,j’)—il'(6,5,j')/2 for 10 the form of the potential and the neutron densities, which

the low lying states are of interest. Equati@ allows us to is of the order of 1 eV for the level width. It generates an

determine these complex shifts in terms of the experimentdfncertainty of2—39% to the induced width and the width of
upper level values:(8,7,j)-iT'(8,7,))/2 provided one is the admixed level, much smaller than the error due to other

sources. However, there are difficulties in this way as the
phenomenological potentials have never been tested against
the upper shifts. Attractive potentials yield attractive upper

able to extract(E2)-iI'(E2)/2 from the experimental data.
In the given equation

&(8,7,)) —iT(8,7,))/2 =£(E2:8,7) —i['(E2;8,7)/2 shifts of the or_der of -0.5 QV, inconsistent with the dgta.
o _ Therefore, the linear regression method seems more reliable.
+eopl8,7.)) —1Top(8,7,)/2 (3) The final step is to determine from E() the best

(3) results for the deeply bound stasee Table VII). Points(1)
and(2) are repeated to obtain self-consistency. The errors in
the last two terms account for the direct coupling to the anTaple VIII correspond to the experimental errors given in
nihilation channels, i.e., the part which may be described byrables VI and VII. In this way one obtains two repulsive

an optical potential. _ _ shifts in the upper and lowg=1+1/2,1-1/2 finestructure
The strategy adopted to obtaiE2) andI'(E2) is based  components and two widths of these components. Figure 6
on the following. shows that the measured width of the6 level in *3Te

(1) The E2-induced shifts for'*Te are large due to a extends smoothly the previous systematics of these widths.
quasiresonant situation with a small energy difference of It is interesting to notice a largeS effect, partly masked
20 keV. It makes these particular shifts and widths stronglypy the experimental errors. Qualitatively the difference in
dependent upon energy and width of the deeply bound statehifts is consistent with the measurements done omth@

On the other hand, thE2-induced shifts for?®Te down to  |evels in174Yb, which indicate an enhancement of the elec-
122Te are almost independent of the properties of this stateromagnetic fine structure splitting by nucldz8interactions
This happens because of the lakgel50 ke\) energy mis-  [13]. On the other hand, this effect does not exist in the
match. The induced level shifts fdf®'?Te are calculated neighboring’?vb, *"®vb nuclei [4]. Considering the level
and displayed in Table VI. It turns out that the residual shiftswidths in the present case theS effect is opposite to that
defined as experimental minuE2-induced shifts, are very observed in the Yb atoms. The upper widthaiger than the
small. These residual shifts may be attributed to the effect ofower width. This goes against a simple geometric effect due
an optical potential in the=8 states as indicated in E(®).  to the electromagneticS force. One would expect the wave
As a next step, the optical shifts obtained'f#126-12412fe  function|¥_| at the nuclear surface to be larger tHdh| as

are used to calculate a small optical potential shift!fffe.  a result ofLS attraction for the first and repulsion for the
It is done by a linear regression method and the extrapolatesecond state. Such an effect accounts for the Yb widths. Here
values are given in Table VI. Now fdf°Te the procedure is in 13°Te however, one needs a genuine nuclear absorpve
reversedand the inducedE2 shifts are calculated as the ex- potential to explain the result.

TABLE VIII. Shifts and widths of the deeply bouna,|=6,5 level in 13°Te.

State(n, 1) Experimentals (keV) Experimentall” (keV) Calculateds -iT" (keV)
(n,1) j=1+1/2 j=1-1/2 j=1+1/2 j=1-1/2
(6,5 6.6+3.8 3.6+1.1 17.0+4.4 11.8+4.4 6.818.2
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% 104 = TABLE IX. The E2-induced shifts and widths of the,1=7,6
~ E levels.
&
0L 3 Isotope  E2-induced shiftgeV) E2-induced widthgeV)
3 j=l+1/2  j=1-1/2  j=I+1/2  j=1-1/2
" 12270 -282) -35(3) 3(1) 4(2)
10°F 1241 -232) -30(3) 3(1) 42)
i 1261¢ -202) -26(3) 3(1) 4(2)
10 & 1281¢ -182) -23(3) 3(1) 42)
: i 130re  -152) -2003) 3 42)
l -
F the n=4 states in lighip atoms[16]. In this experiment the
B effect is extended t33°Te which offers the largest atomic-
0F 3 nucleus overlap observed so far.
EooS The increasing role of absorption is apparently not the
af whole story in the*’Te, n=6 level shift and width. As cal-
0 50 0 s 05 % culated in Ref.[8] the overlap allowed by the centrifugal

7z barrier is large enough to support a hidden nuclear state of
antiproton, although this possibility depends on uncertain
FIG. 6. The widths of the circulan=6 level[2], including the  strength of nuclear attraction at short distances. The exis-
deeply bound level it*Te as a function of the atomic numb&r  tence of such a nuclear state is indicated by the Krell effect:
The Iine interpolates the widths calculated with the optical potentialy stronger attraction produces the more pronounced repulsion
used in Sec. IV H20]. of the level[17]. Calculationg8] based on theoretical optical
potentials and our results given in Table VII indicate that
In the case of*’Te, then=9 level is mixed with then  Krell effect may be generated in the!+1/2 finestructure
=7 level of known shift and width. From the experimental state. There, the formation of nucleastate is assisted by
width of 0.9524) eV in this state and Eq2) one calculates the Coulomb and a nucleasS potential. A more quantitative
the widths of then=7 state to bé’=559100) eV. This value  analysis including all the available information on th&
exhausts, and is consistent with the line widfh potential will be done separately.
=62254) eV observed directly in the=7 state. The other,
optical contribution to the width of the=9 state is insignifi- o .
cant(I'yy=10"2 eV). This situation is visualized in Fig. 5. B. Neutron density in the nuclear periphery

A similar analysis may be performed for the lowfr We have previously presented in detg8] our approach
=7,/=6) states. These states are coupled by the quadrupotg deduce the peripheral neutron density distributions from
interaction to a very lown=5,1=4) state and this coupling
generates som&2-induced complex shifts to thg=7,| 5
=6) states. Now, however, the analysis cannot be performec—=

in a model independent way, since tB2-induced widths 3 '8 N
and shifts are smaller than the optical shifts. To calculate theg 10 i
effect one needs the level shift for tme=5 circular state, -% 14 - t

which we calculated with the optical potential discussed in 8 12 |- T
the following section. One obtaing(n=5) =130 keV, I'(n TE‘*' 1B .

=5)=150 keV, but these numbers are rather uncertain as th«g 08
shape of the optical potential at the relevant radii is uncer- - 06 -
tain. The results for the induced level shifts and widths arez =
given in Table IX. The errors are due to an estimated 50%i— %4 [ +
uncertainty ofe, I" for the n=5 state. 02 -
In Fig. 7 all the available data far=6 antiprotonic level 0 ' L L 1 L L1 1 1
widths are again presented. However, to compare the ree 1015 20 25 30 35 40 45 50 55 60
effects of nuclear absorption, the trivial consequence of Z
atomic wave function normalization was removed, i.e., the F|G. 7. The experimental widths of the circutar6 level (av-

widths were multiplied by?** (B — Bohr radiug. This fig- eraged over isotopes of a given elemestaled by the normaliza-
ure indicates the initial increase, saturation, and ultimatgion factor of the atomic wave functiogarbitrary unitg plotted vs
damping of the absorption that follows the increasing penthe atomic numbeZ. The Z=52 point corresponds to the deeply
etration of antiprotons into the nuclear interior. Such a bebound level in'3Te. Data forz=39 are from Ref[26], for Z=42
havior, typical for strongly absorptive interactions, is foundfrom Ref.[27], and other points are from Ref2] (see also Ref.
in the Swavep scattering on very light nuclgil4,15 and in  [28)).

f. ni
I
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TABLE X. Parameters of 2pF neutron density distributions deduced from the widths of antiprotonic levels in Te gtoigs—the
half-density radius and the surface thickness of charge density distributipns—the half-density radius and the surface thickness of
pointlike proton density distributionat,;—difference of the surface thicknesses of proton and neutron distributlops—difference of
the neutron and proton rms radii.

Charge distributions from Shest al? Charge distributions from Fricket al®

Isotope  Cg ten Cp t Atpp X Arpp Ceh ten Cp tp Atnp X Arpp
12216 5506 2.37F 5546 2087 02§12 1.3 00839% 55368 230 5577 1.995 0533 1.3 0.113%
1247 5531 234 5571 2043 04 08 00635 55503 230 5590 1.995 0253 0.8 0.0830%
1%6Te 5563 2295 5.603 1991 0427 1.6 01109 55617 230 5601 1.995 0523 1.6 0.103%
128Te 5593 2253 5633 1948 0442 1.3 01109 55728 230 5612 1.995 0437 1.3 0.093%
101re 5622 2209 5661 1894 0487 03 01809 55832 230 5623 1.995 0Fps 03 0.1239%
*Referencq21].

bReference[23].

Extrapolated value¢see text

antiprotonic x-ray data. Recently this approach was illus-extrapolation of these values from heavier isotopes plotted as
trated by a comparison with the Hartree-Fock-Bogoliubova function of3,. The deformation parameters from REZ2]
model [6]. were used. The rms value of the charge distributiof?fiie

In short, the point proton and point neutron distributionscalculated from the extrapolated t values is equal to
are assumed to be represented by two-parameter E2pli  4.715 fm, to be compared with 4.713 fm obtained from the
distributions of the formp(r)=p{1+exd(r—c)/a]}". Here  optical isotope shift data, as quoted in Rfg1].
c is the half-density radius the diffuseness parametge- In the first-half of Table X we present the 2pF charge
lated to the surface thicknessy t=(4 In 3)a], andpy is a  distribution parameters;,, and ty, [21], and the deduced
normalization factor. The point proton distributions are ob-point proton distribution parametecg, t,. The neutron dif-
tained from the charge distributions, determined using elecfuseness, considered as a free parameter, was adjusted to get
tron scattering or muonic atom data. Based on our radiobest agreement with the experimental lower and upper level
chemical experimentgl8,19 we inferred[3] that the half-  widths and lower level shifts, corrected for tB&-resonance
density radii of the proton and neutron distributions areeffect as discussed in Sec. IV B. The half-density radius pa-
almost equal. Therefore the only unknown parameter of th&ameters were assumed to be equgkc,. The resulting
neutron distribution is its surface thickness. This parameter idifferencesAt,=t,—t, and Ar,,=r,—r, (the difference be-
obtained from thep-atom lower and upper level widths and tween the neutron and proton rms radire shown for the
the lower level shift, using the optical potentia-p” with  investigated tellurium nuclei.
an antiproton-nucleon effective scattering lengtigqual for Using the experimental data of Rg21] the charge dis-
protons and neutropsa=(2.5+0.3+i(3.4+0.3fm, as pro- tribution parameters of the tellurium isotopes were again
posed for pointlike nucleons in Ref20]. The differences listed in Ref.[23], but only the $-1s transition in the
between experimental level widths and shifts and those camuonic atom was used. In this tabulation the skin thickness
culated with the parameters of the proton distribution arewas fixed at 2.3 fm for all spherical nuclei frofBe to 2°%Bi.
attributed to the extended neutron density contribution tolhis procedure has apparently no noticeable effect on the
these observables. rms radii of even tellurium isotopes, which agree within

The charge distribution of th&*3Te isotopes was de- 0.03 fm in both references. However, at large distances both
termined in Ref.[21] from a simultaneous analysis of two Parameterizations differ significantly. This is illustrated in
muonic x-ray energies,®21s and 31-2p, and optical isotope Fig. 8, where the charge density ratio as deduced from Ref.
shift data. Fermi distribution parameterst and rms radii  [21] and Ref.[23] are shown for'*Te and**Te, respec-
(root mean square raglivere presented there. F&°Te no L5
muonic data were available and only the rms charge radiu
value was given.

Although having only two protons outside the closéd
=50 shell, tellurium nuclei are slightly deformed, with the
deformation parameteys, varying from 0.12 to 0.18, when

S B 3 LS prorpre e
14 F 127 1 14 0pe .
; 1 13 ¢ A
12 F
1L F
1 £

P(FRI9S)p , (SHER)

09 E -
the mass number decreases from 130 to [P22. In the data 0.8 *
of Ref.[21] the variation of the deformation is accounted for 27 | E 3
by the change in the skin thicknes®f the nuclear charge o5 Bt il s B 1
distribution. It was shown that theparameter increases lin- L L

early with the deformation parametgs.
In the present work we have deduced the two Fermi FIG. 8. Comparison of the charge density distribution deduced
charge distribution parametersandt for 12°Te by linear  from the two-parameter Fermi distribution of Refg1,23.
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s 800 E S 130 E Sk . .
e 750 e 120 F ek FIG. 9. Average widths and shifts of the level
700 E i(l)g 3 w2 (n,1=7,6) and widths of the leveln,|=8,7)
650 } o0 £ 10 = plotted vsA in the tellurium isotopes. Upper level
600 & 0 E '3 8 E widths and lower level shifts are corrected for the
ss0 E 70 E 6 E ? E2 effect. The lines are calculated using the op-
s00 £ 60 E 4 tical potential for pointlike nucleong0] with the
450 3 30 & 1 » E surface parameters given in Table (Eee also
EL 40 LT E text). Positive level shifts correspond to repulsive
400 30 E 0 ; .
118 122 126 130 134 18 122 126 130 134 118 122 126 130 134 interactions.
A A A

tively. For 1°Te at large distance the charge density from The analysis of the x-ray data as presented in Table X
Ref. [23] is smaller than that from Ref21]. For 13%Te iso-  allows us to determine the normalized neutron to proton den-
tope the situation is reversed. sity ratio (Zp,)/(Np,) as a function of the radial distance at
The deduced differences between neutron and proton rme periphery of the investigated even tellurium isotopes.
values using charge distributions from R#3] are shown in  Thjs ratio is presented in Fig. 10. As previously discussed
the second-half of Table X. Although the dedudkd,, val-  [3) the radiochemical experimef4] can be considered as
ues agree within the quoted errors with those obtained forthﬁiving the same ratio at a radial distance around 2.5 fm

gharge dciistributions_ of Re[Zé]_, no igotopfe ﬁﬁeCts candpe larger than the charge density radius. The radiochemical ex-
iscerned. We continue our discussion of the neutron ISt eriment was performeid 8] for the isotoped?éTe and®Te
bution in tellurium nuclei basing on the charge distribution

parameters given in Ref21]. and its results are also shown in Fig. 10. The experimental

) L . gata are compared with the proton to neutron density ratio
Using bare-proton and bare-neutron distributions as “Steobtained from soherical Hartree-Fock-BodoliubeWER
for the tellurium isotopes in the first-half of Table X and P 9 @ )

using the scattering lengths given above, the theoreticaqalcuIatlons[ZQ.The difference between theoretical and ex-

widths and shifts were compared with the experimental Onegerimental density distributions increases with decreasing

and are presented in Fig. 9. It is evident that the potential€!lUrium mass number, what may be due to the neglect of
used is able to reproduce, within the experimental errors, thééformation in the calculated densities.

lower and upper level widths and the lower-level shift. Finally, in Fig. 11 the differencear,, between neutron
and proton rms radii for tellurium isotopes are plotted as a

o 10 11— function of the nuclear asymmetry parametsr(N-2)/A.
(=8 o T T ] . . .
g I 1 1 They are compared with our previous systematicsAof,
S [ "’Te T '**Te 1 2°Te y values given in Ref[3]. It is worth mentioning that for the
? ’ : previous systematics onf#®Te was used.
— 025 T T
é I 130,
V% [ Te
o I NI a 02 -
o 2 4 6 8 10 i
Z T
(=8
N F
0.15 s
0.1} =
0.05 | -
| I I NI PR T N I N L
0 2 4 6 8 0 2 4 6 8 10 .
T I
O | | L L
FIG. 10. Normalized neutron-to-proton density ratio 0.15 0.2 0.25

(Zpn)/ (Npp) deduced from strong-interaction level widths and shifts
(solid lines with indicated statistical errgrand charge distributions
given in Ref.[21]. They are compared wity,,, measured in the FIG. 11. DifferenceAr,, between the rms radii of the neutron
radiochemical experimeritarked with crosses at a radial distance and proton distributions as deduced from the antiprotonic atom
corresponding to the most probable annihilation)sared with HFB ~ x-ray data and charge distributions from Rg¥1], as a function of
model calculationgdashed lines 6=(N-2)/A. The full line is the same as in Fig. 4 of R¢8].

6=(N-Z)/A
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V. SUMMARY AND CONCLUSIONS assumed that the half-density radii of the proton and neutron
distributions are the same. The neutron distribution diffuse-
Antiprotonic x-ray were measured in five even tellurium ness was adjusted to account best for the experimental level
isotopes. The strong interaction level widths and shifts wergyidths and shifts. The neutron rms radius obtained in this
determined. These observables are strongly affected by thgay was used to determine the difference between the neu-
E2 mixing of nuclear and atomic states. The analysis of thgron and the proton rms radir,,, This difference exhibits a
E2 resonance occurring in*°Te allowed to deduce the dependence on the mass number and is in reasonable agree-

widths and shifts of the deeply bound level=6,5,which  ment with Ar,, values determined previously for a wide
cannot be directly observed. The splitting of its compo-  mass number rangg].

nents gives clear evidence of a strong nuclear spin-orbit

force co_ntribution to thg determined vyidlths an.d shifts of this ACKNOWLEDGMENTS
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