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Excited states in 1°35n: Neutron single-particle energies with respect t0'°%Sn
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Gamma-ray lines from%sn have been identified for the first time using EUROBALL and ancillary detec-
tors. The level scheme df3Sn has been established by means of particle-ggjetbincidences. The energy
spacing between thgy, andds, neutron single-particle orbitals is determined from the excited stat&s3m.
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1005 js the heaviest particle-bound doubly magic nucleus The experiment was performed at Laboratori Nazionali di
with T,=0, i.e., with equal number of protons and neutrons.-€gnaro in Italy using the reactiotiNi+ >‘Fe leading to the

1
Nuclei in its vicinity provide a unique opportunity to study ¢ompound nucleus'?Xe at a beam energy of 240 MeV. The

54 ; ; :
interactions of protons and neutrons in a many-body system Fe target enriched to 99.915% and with a thickness of

close to the proton drip line with the two kinds of nucleons 1.4 mg/cnt was evaporated onto 13.0 mg/enof gold

filling identical orbitals. Proton-neutron pairing suggested bybaCkmg' The experiment suffered from buildup of oxygen on

o O . ) the target leading to reactions 8Ni on mainly 1°0. There-
theoretical investigation§l] is a unique phenomenon for fore, the *Fe target was replaced with a fresh target after
such systems, and the influence of continuum states ogpout half the experiment.

bound levels may be studi¢@], which is a vastly unknown The experiment employed the EUROBAIL] Ge detec-
aspect of nuclear structure. It was pointed out recently thafor array, which was equipped with 26 clovid] and 15
there is an intimate relation between the pairing part of aluster [9] composite Compton suppressed Ge detectors.
realistic interaction, deduced I§matrix many-body theory EUROBALL was coupled to the # charged particle detec-
from NN phase shift§3], and the physics of neutron stars tion device ISIS[10], consisting of 40 silicoAE/E tele-
mediated by this interactioj#]. scopes, and to the dedicated EUROBALL Neutron Wall
Precise knowledge of single-particle energi8®B with  [11], which consists of 50 liquid scintillator neutron detec-
respect to'%°Sn provides a stringent test of relativistic meantors covering the forward # section of EUROBALL.
field [5] and Hartree-Fock6] predictions. The neutron SPE  The trigger system required that at least opeay was
could be inferred by studying excited states'fiSn. How-  detected in EUROBALL in coincidence with at least one
ever, at present this extremely neutron deficient nucleus iRardware prediscriminated neutron in the neutron wall, or
not accessible for in-beam studies. The SPE have to be estiternatively that 7y rays were detected in EUROBALL.
mated from the comparison of known excited states with thérhe logical OR of the time aligned constant fraction signals
results of shell-model calculations in more distant @dd- from the neutron detectors was used as a time reference for
neighbors of'%Sn, but the further away one moves from the all other signals.
doubly magic core the more hampered such estimates be- In the off-line analysis a semiautomatic gain matching
come because of uncertain two-body interactions of the vaand shift correction proceduf&2] was used. Alpha particles
lence nucleons. As long as studies of excited staté$®n  and protons registered in the ISIS Si ball were discriminated
are not feasible, the best possible information on neutroly setting limits on the energy deposited in th& and E
SPE with respect td°Sn is provided by!°*Sn. Here we detectors. The resulting proton amebarticle detection effi-
report on the first identification of its excited states. ciency was estimated to about 55% and 37%, respectively.
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FIG. 1. Gamma-ray spectra obtained in 8l + %*Fe reaction: ot
(@ 2aln gated,(b) 2alnlp gated,(c) cleaned®Ge spectrum 185 185 280 320 555 595 1300 1340
from the reactiorP®Ni+ 2C [14]. E, (keV)

. FIG. 2. Parts of interest of the-ray spectra of Fig. 1.
Both y rays and neutrons were detected in the Neutron Fray sp g

Wall detectors. They were distinguished by setting limits on, :
two signals provided by each of the detectors: the time o ine forms a small peak on a very large background in the

. aln-gated spectrum, but the intensity of the 168 keV peak
flight (tior) b_etween the target ar_ld the_ de_tt_actor and Fhe 2810 that spectrum is in agreement with the assumption that it
cross-over timet(.,). However, in a significant fraction of

belongs to the 21n reaction channel. Also, the contamina-
%bn related lines from oxygen building up on the target be-

|ts§If, rather than gray, resyltmg iy~ for the ”69“.0”- came stronger with time, which was not the case with, e.g.,
This effect was especially important for loyray multiplic- the 168 keV line

ity channels, as, e.g., thea2n channel[13], where about In the next step a prompty coincidence matrix was cre-

70% of the neutrons were registered wit~0. For such ated with the condition that twe particles and one neutron

events additional conditions on the time signals of the G : o :
ere detected. Spectra in coincidence with the 168, 298, 578,
and ISIS detectors had to be used. Altogether about 80% ?]gnd 1318 keVy rgys are shown Fig. 3, together with local
the on-line discriminated neutrons passed the off-line disbackground spectra T

crimination conditions.
The 1%35n nucleus is produced with the emission from the

compound nucleus of twa particles and one neutron. A 0fa) 10
2 G LAl 2§ 1

spectrum gated with the requirement that twparticles and 6| 250 290 330 1250 1290 1

one neutron were detected is shown in Figa)1This spec- 2

trum is dominated byy-ray lines from '%n, 19%Cd, and 100 ]
®Ge. The 1%4n and °Cd nuclei are produced with the 20 sttt sn b i o0 POCKgrOUNd.
emission of one and two more protons, respectively. A spec- I oET '5'-
trum gated by twax particles, one neutron, and one proton is 27 4E»-JLJLWLMMM .M.j1 mm

shown in Fig. 1b). Lines from ®°Ge, which arise from the 160 200 240 280 320 1250 1290 1330:

2a1n reaction on thel®O target contamination, are not
present in the 21pln gated spectrum. This shows the high
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the contaminating lines as strong as in Figa)la convinc-
ing way of discriminating between lines from reactions on
4Fe and the'®O contamination is needed. For this purpose,
we show in Fig. {c) a cleaned?®Ge spectrum obtained in the 100
reaction *®]Ni+°C at a bombarding energy of 261 MeV 20
[14].

The search fon-ray lines from%3sn was performed by a
careful analysis of the spectra shown in Fig&) land ib).
Candidates arey-ray lines which are present in the . . : . . : . :
2aln-gated spectrum, but not in thew2nlp-gated spec- 5OE I local background
trum. In addition they should not be present in the spectrum 10 00 300 o0 s ‘;OO‘ et ubutaces
shown in Fig. 1c). The lines at 168, 298, 578, and 1318 keV E. (keV)
fulfil these conditions. The parts of the spectra in Fig. 1 Y
relevant to these four transitions are displayed in Fig. 2 in  FIG. 3. 2a1n-gatedy-ray spectra in coincidence with the 168
more detail. The 298, 578, and 1318 keV lines are not obfa), 298 (b), 578(c), and 1318 keMd) transitions. Expanded parts
served in other particle-gated spectra, whereas the 168 kedf the three spectra are presented in the insets.
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(0) (b) gﬁ:_zz%g: g%gg /2% 2m4 ratiosR=1 gl/l 0, of y-ray intensities measured at two differ-
(7 mes (zgeny | /TB i s ent angles with respect to the beam axis were determined
a 2%9 uss 28 /2n y (see Table), wherel, corresponds to the intensity mea-

------ /2 1394 + )
97 288 I 03 9/2+_1ies 2; z_—g: g§§*=1§ig sured in the cluster detectors at angles 123° and 164¢t (,azmd
1 T * * . I
n Sn to the intensity in the clover detectors at 72° and 107°. Based
1029 1053n 075y 109gn on values obtained for transitions of known multipolarity we
o 772t 300 expectR=0.60 andR=0.97 for stretched dipole and quad-
~~~~~~ & L2 o UEE e rupole transitions, respectively. We thus assign a spin differ-

5/2* 0 ence ofAl=1 to the 168 and 298 keV transitions. TRe
value for the 1318 keV transition has a large error, but it is in
agreement with a spin difference &l =2. The 1197 keV
level is likely the 9/2 state suggested by systematics.
Experimental propertiegmainly excitation energies and
electromagnetic transition rapesf low-lying states in light

Based on these results we propose the level scheme &N isotopes can be compared with results from shell-model
10331 shown in Fig. ). Although the statistics in the coin- calculations —with a truncated single-particle  basis
cidence spectra is small they clearly show thatghay lines 1972, 2ds;2, 2d3, 3sy, 1hyyp, for the valence neu-
168, 298, and 1318 keV are in mutual coincidence. The 57&0ns[3,15-18. Such calculations are hampered by the lack
keV line is in coincidence with the 168 and 1029 keV lines.of experimental values for the SPE #'Sn. Furthermore,
However, due to the low statistics it is not possible to makethe effective interaction matrix elements derived from the
a firm placement of the 578 keV transition. None of thesebare two-nucleon interactiof8,15] are known in other re-
yray lines is in coincidence with any of the strong lines gions to be burdened by significant errors, which limits the
belonging to other nuclei seen in ther2n gated spectrum. full exploitation of the powerful shell-model theory. Alterna-
The 289 keV line matches the energy difference between thévely, one could extract empirical effective interaction ma-
1486 and 1197 keV levels as well as between the 1775 anidix elements if complete data were available #Sn, but
1486 keV levels, but it is not possible to establish whetheithis is not possible since only the lowest 02", 4", and
the 289 keV line is a doublet or not. The existence of the 28% " levels are known in this nucled49].
and 1029 keV lines supports the placement of the 1197 keV As a consequence of these problems one may instead be
level. However, evidence of a possible 1197 keV transitiorled to exploit the richer experimental information available
to the ground state is uncertain due to the existence of strorfgr Sh isotopes with several neutrons added!n[20,21],
lines of similar energy in several other strongly populatedor the N=51 isotones of'°’Sn [16,22,23, by varying the
nuclei. input parameters, i.e., the single-particle energies and two-

We conclude that the observedray lines belong to the body matrix elements, in the shell model code to obtain a
10351 nucleus. They are listed in Table I. The cross sectioood fit to the observed excitation energies and transition
for the production oft%3Sn relative to the total fusion evapo- rates in these heavier Sn isotopes. The difficulty with such an
ration cross section is estimated to be less thanl@ ®,  approach derives from the large number of parameters, and
which corresponds to an absolute cross section of abodtom the highly nonlinear dependence of output on input,
10 ub. giving rise to ambiguities in the fitting procedure. These am-

The ground state spin and parity 8Sn are not known. biguities can be relieved by constraints on the parameters put
However, based on a systematic comparison with the othd?y even sparse data from nuclei with fewer valence neutrons.
odd-A neutron deficient Sn isotopéBig. 4(b)], we propose The 1g7, and g, orbitals are of particular interest. The
spin and parity (5/2) for the ground state ot°3Sn. former determine thd =4 spin-orbit splitting, while the

Despite the low statistics limited information on angular 2dsy; level is part of the strongg; ds;, 2 core excitation,
properties of they rays were obtained from the data. The as is known from>*Ni one major shell lowef24].

From this point of view the data obtained in this work

TABLE I. Energy €,), relative intensity (), and angular dis- gives important information. The energi(7/2",°%5n)

FIG. 4. Level scheme 0f3Sn(a) and the systematics of odl-
neutron deficient Sn isotopg®). The widths of the arrows are
proportional to they-ray intensities. The white part of the 168 keV
arrow represents internal conversion.

tribution ratio R) of y-ray transitions in'*Sn. =168 keV constrains the single-particle energy difference
€(197,) — €(2ds,) more effectively than was previously
E, (kev) ly R possible from the 7/2 energies in'°*Sn and'°’Sn and from
168.0+0.1 1007 0.62+0.07 theN=51 isotone$16,22,23. A shell-model calculation us-
289.0+0.2% 35+7 ing the matrix element3] derived from the Bonn-A poten-
208.4+0.1 54+ 8 057+0.12 tial, with some empirical corrections to improve the overall
578.2+0.2 4147 0,99+ 0.32 fit to 92°145n, gives the predicted value(1g,)
1029.0- 1.0° 40+ 23 —€(2dg)=0.11(4) MeV. The error represents an estimate
1318.2-0.3 50+ 9 1.07+0.30 of the uncertainty related to variations of the effective inter-
action.
#Possibly a doublet. The energies of the s3,,, 2ds,, and Ihyy, Single-
bIntensity estimated from coincidence spectra. particle states, completing the 50—82 major neutron shell, are
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not well constrained by the presetfSn data. However, by indicate that core excitations acros=Z=50 in 1°%Sn are
making full shell model calculations in tha,, g7, S, more strongly coupled to specific neutron states than is the
ds2, hiyp basis, and by fitting to experimental one- case for core excitations acrofs=82, N=126 in the Pb
quasiparticle energies in heavier oddSn isotopes up t0  region. To shed more light on this problem it would be in-
%S, these SPE in'®Sn are estimated to be(3sy;)  teresting to locate the 15/2and 17/2 levels in 103Sn,
=1.6(2) MeV, €(2d32)=2.0(2) MeV, and e(1h112)  which are predicted to complete the yrast line before a gap of

=2.3(2) MeV. The gap between the neutron shelll;z  5h0ut 2 MeV opens up to negative parity levels T94nd
194, andsy,, dap, hiyn is somewhat smaller than the gap 21/

between the corresponding proton shells, and therefore gives
rise to a smaller irregularity in the mass surfacefNat64
than atZ=64[25].

The shell-model calculations for Sn isotopes up-ttsn,

In summary the results of the present experiment allow
the most accurate estimate to date for the relative SPE of the
neutronds, and g, orbitals with respect td°’Sn. A com-

using phenomenological SPE and effective interactions foplete set of SPE in thds,, g7z, Siz, a2, iy model

the five neutron shells between 50 and 82, give in generaﬁpace will be subject to future experiments. This includes
’ investigation of the role of the low-lying 2 and 3~ core

satisfactory results in comparison with experimental ener-. " =~ s )
) . . excitations in high-spin states.
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