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Breakup of the doubly magic °°Sn core
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Level schemes ofsCds; and 39'ins, nuclei have been extended to high spin. The breakup of the doubly
magic 1°%Sn core has been observed. Large-scale shell model calculations based on realistic nucleon-nucleon
interactions are in good agreement with the experimental data. These results provide a reliable basis to predict
nuclear structure properties #M°Sn and its neighbors. For example, the size ofhe50 shell gap and the
energy of the first excited state M'Sn have been deduced.
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Doubly magic nuclei and their immediate neighbors are ofand increase the transition rate for the lowest fate in
great interest as they provide direct information on the basi¢°’Sn. Such an interaction is expected to be especially strong
shell structure that is ultimately responsible for most nucleain N=Z nuclei, where protons and neutrons occupy the same
properties. Lying at the proton drip line and being the heavi-single-particle orbitals, which results in a large spatial over-
est particle-stable, self-conjugate nucled®@sn is particu- lap of their wave functions. In this paper, we address a num-
larly relevant in this context. An important property of this ber of similarities between nuclei neafNi and '°Sn, in-
nucleus is the degree of rigidity of its spherical shape whictfluding the sizes of the neutron shell gaps and the positions
is reflected in the excitation energy of the lowest &tate  Of the core-excited states in the,=3/2 nuclei. Some of
and in the associateB(E2;2°—0") transition rate. The them he}ve already been discussed elseyvherg, see e.g., Ref.
main component of the wave function of this level in a mi- [2]. To interpret the level schemes obtained in the experi-
croscopic description is presumably an isoscalar mixture Ofnent, we performed large-scale shell model calculations us-

proton and neutron d?s,zlgg,zl excitations across thil=7Z ing effet_:tlve interactions based on CD-Bonn nucleon-
nucleon interaction.

=50 shell gaps. This state is at present not known experi- - ,cjqi near1%9sn were studied using theNi-+>°Cr re-
mgntally and |t§ observation may W'eII require the.avallaplllt'yaction. A 58Ni beam of 225 MeV was provided by the AT-
of intense exotic beams. Some guidance about its excitatiopag syperconducting linear accelerator at Argonne National
energy can perhaps come from other doubly magic nugle|. IR aboratory. The®Cr target had a thickness of 2.1 mgfm
the N=Z=28 doubly magic nucleus, the first'2state is  and was isotopically enriched to better than 99%. It was
located rather low, at 2.7 MeV. In contrast, thé Bvels in  packed by 10 mg/cfAu in order to stop the residual nu-
132Sn and ?°®b are much higher in excitation energy, 4.0clei. The experimental setup consisted of the GAMMAS-
and 4.1 MeV, respectively, and in the latter nucleus the siz@€HERE array[3], comprising 78 Compton-suppressed Ge
of the shell gaps can also be appreciated from the fact thatetectors, augmented by the Microb@l, a 4 array of 95
this state is not even the lowest excitation, but instead liegsl scintillators for light charged particle detection, and the
above a 3 (octupolg vibrational state. Neutron Shel[5], an array of 30 liquid scintillator detectors.

In order to estimate the position of thé Ztate in°°Sn,  Neutron detectors covered a solid angle of aboutid the
both proton and neutron shell gaps have to be knpin  forward direction. The average detection and identification
The energy splittings of the relevant single-particle orbitalsefficiencies for protonsy particles, and neutrons were 78%,
in the other heavy doubly magic nuclei are comparable. Th&7%, and 27%, respectively. In the offline analysis, events
neutron g, and 1f;, orbitals are 6.4 MeV apart if®Ni,  were sorted into a variety of-ray spectra and-y coinci-
while the splittings between thefz, and 1hy;;, levels in dence matrices that were gated by the appropriate number of
1325n and g, and Tiyz;, states in?%%Pb are 4.9 and 5.1 neutrons and charged particles to select the exit channels of
MeV, respectively. Here, the splitting between thds2and  interest. The partial cross sections f5Cd and %in were
19y, neutron orbits will be shown to be of the order of 6 found to be 0.01% and 0.02% of the total evaporation resi-
MeV as in the>®Ni case. However, a sizable proton-neutrondue cross section. Further experimental details are given in
interaction could, as ir®Ni, decrease the excitation energy Ref. [6].

0556-2813/2002/68)/0113025)/$20.00 66 011302-1 ©2002 The American Physical Society



M. LIPOGLAVSEK et al.

RAPID COMMUNICATIONS

PHYSICAL REVIEW C 66, 01130ZR) (2002

©
o

607

Counts per Channel
()] (6] ~
(@] (@) (@)
426
1224

()

200

600 1000 1400

Energy [keV]

FIG. 1. A y-y coincidence spectrum fot°Cd obtained by re-
quiring a coincidence between one neutron, twparticles, and the

226, 607, or 1224 ke\y rays.

99C d

A partial level scheme for®Cd comprising sixy rays
with energies of 217, 226, 395, 426, 607, and 1224 keV has
been reported in the literatuf&]. In the present experiment,
all thesey rays were also observed in theray spectrum
corresponding td°Cd residues, which was generated by re-
quiring the coincident detection of twe particles and one
neutron. Furthermorey-y coincidence data were used to
identify many newy rays in °°Cd (see Fig. 1; these were
placed in the partial level scheme presented in Fig. 2,All
rays assigned t8°Cd are listed in Table I, together with their
intensities and angular distribution coefficiests and A,

[8]. As an example, the angular distribution of the 2177 keV
v ray is shown in Fig. 3, which shows that the 2177 keV
transition is most likely of quadrupole character. Multipolar-
ity assignments for thes rays were deduced from the mea-
sured angular distributions, assuming stretched dipole, quad-
rupole and mixedM1/E2 transitions. Stretched dipole
transitions have negativA, coefficients andA,=0, while
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TABLE |. Energies, relativey-ray intensities, and angular dis- ‘

tribution coefficients fory rays assigned t8°Cd. 25¢ 101|n %

[0
Energy Relative Angular distribution coefficients <
(keV) intensity A, A, §
146.85) 6(2) o
156.44) 8(1) %5 ool 1600 ~ 2000 2400 2800
216.83) 57(3) 0.22) 2 00l #
226.32) 81(3) 0.399) -0.1(1) 33000
247.83) 13(1) -0.2(2) © 00l
395.03) 191) —0.4(2) 100 |
426.12) 42(2) —0.29(4) 0.165) of , . . ; : . :
440.13) 20(1) 0.23) 0.13) 200 600 1000 1400
470.13) 24(1) ~0.3(1) Energy [keV]
:giiz f3((32)) FIG. 4. A rep_rt_asentativax-y coincidenc_e spectrum fot®in
590.14) 14(1) —02(2) obtained by requiring one proton,_ omepar_tlcle, one or two neu-
606@{2) 81(3) 0 29(7) —0.14(9) trons, and 359 or 1310 key rays in coincidence.
783.17) 9(2) _ _
836.14) 11(2) 0.1(4) In the reaction used, theplla2n evaporation channel
999(1) 42) leads to'®4n. Prior to this work, only a single 1310 key
1081.23) 16(1) -0.1(3) ray had been assigned to this nucléd§]. Hence,y rays
1176.34) 9(1) detected in coincidence with one proton, an@article, and
1224.43) 80(3) 0.248) ~0.1(2) one or two neutrons have been carefully investigated. In ad-
1228.33) 232) 0.53) ~0.1(4) dition to _the 131Q .keV line, th!s particle-gated spectrum re-
1234.14) 11(1) 0.43) vegle_d eight a_ddltlonal transitions that were fOL_Jnd to be in
2177.13) 42(3) 0.31) ~0.1(2) coincidence with the latter ray, as seen in Fig. 4. The

partial level scheme for%in, shown in Fig. 5, was con-
structed using a procedure similar to the one described above

for stretched quadrupole transition&,>0 and A,<O0. for_Q?Cd. l(_)]in y rays are ”St‘?d _in 'I_'able I, Fo_gether with
Mixed M1/E2 transitions do not fulfill the above criteria. €l |n.ten5|t|es and angular distribution coefficieAts The
The ground state quantum numbers were adopted from Ref. @ssignments to the 3295, 4395, and 4782 keV states are

[7]. As these remain uncertain, all quantum numbers in th@'imarily based on the systematics of heavier indium iso-

level scheme are tentative. The angular momentum quantuf@Pes[11]. No isomeric states have been observed fin

number assignments are made in rising order with excitatiof/'Side the experimental time window between 2 ns and
energies. The 17/2level in %Cd is isomeric and its lifetime 1 AS-

will be discussed at length in a forthcoming pap@}. Lz_irge-scale shell model calculgtions helpgd to interpret
obtained level schemes. In the first calculatidfSr was
20 taken as the closed shell core and an effective interaction

based on the CD-Bonn nucleon-nucleon interaction was used

_ L8 [12]. The effective two-body interactions were applied in a

g/ :‘j shell-model space spanning;2, 1ds,, 1q3,2, Og7,2_, and

g = Oh4» neutron, and Qg, and 1p4, proton single-particle or-

E 1.2 1 bitals[13]. Referencd 14] describes how the effective inter-

E 104 action for nuclei nea’m~100 was derived. In this model

a8 08 space ?°Cd has one neutron and ten protons outside the core.

£ 061 The results of the calculation, denoted as SMH, are com-

g" 0.4 1 pared with the experimental levels in Fig. 2. The calculation
02 1 favors aJ™=5/2" assignment for the ground state, in agree-
0.0 ment with the systematics of oddl- N=51 isotones. The

wave functions of the states with"=5/2", 9/2", 13/2",
17/27, 19/2 , and 21/Z all have main configurations where
the valence neutron is in thds, orbit, while the 7/Z,

FIG. 3. Experimental angular distribution of the 2177 kevay ~ 11/2", 15/2", 19/, 21/2, , and 23/2 levels are associ-
in %Cd compared to calculated distributiof& of the final transi- ~ ated with the predominant occupation of thg, orbit. For
tions in the 29/2-27/2-23/2—21/2 (D), 31/2-29/2-25/2  all these states, the two proton holes always remain assigned
—21/2 (Q), and 33/2:31/2—27/2—21/2 (O) cascades. The ini- t0 the gg), orbit. The lowest 7/2 states inN=>51 isotones
tial states are assumed to be completely aligned in all three case$tom °'Zr to °’Pd are well reproduced by using the experi-
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FIG. 5. Experimental(EXP) and calculatedSMH, SMG) level
schemes for®lin. The widths of the arrows are proportional to the
intensities of they rays observed in the experiment. The (23/2
state requires excitations across t9€sn core.

mentalg, single-particle energy from zirconiupd3], but in

RAPID COMMUNICATIONS

PHYSICAL REVIEW C 66, 01130ZR) (2002

TABLE II. Energies, relativey-ray intensities, and\, angular
distribution coefficients fory rays assigned t6%4n.

Energy Relative Angular distribution
(keV) intensity parameteA,
334.95) 9(2)

341.82) 94(5) 0.2(1)
359.43) 51(3) —0.4(2)
386.85) 8(2)

11361) 14(5)

1139.67) 10(3)

1247.94) 14(2) —0.2(3)
1309.713) 100(10) 0.31)
2923.85) 11(3) 0.42)

Opening of theN=50 shell only is justified since a neutron
hole in thegg, orbit, together with an existing proton hole,
produces a very attractive"9proton-neutron coupling. Simi-
larly, the excited neutron, together with the one already oc-
cupying the same orbit, produces & @eutron pair with a
strong attractive interaction. Opening the=50 shell would

not result in such a strong attraction. Single-particle energies
with respect to theé®Sr core are not known and were kept the
same as in Ref13] for the &Sr core. The energy of thgy,,
orbit was placed 5.0 MeV below that of thig,, state. The
wave functions of the states below the 25/2vel are very
similar to those obtained in the SMH calculatiomhich as-
sumed that thgg, neutron orbit is completely filled except

for the two 19/2 levels, where the occupation numbers are
reversed for thels;, andgy, orbits. The 25/2 level and the
higher-lying states have nine neutrons in thg orbit with

the remaining neutron pair almost evenly distributed over the
ds, and g7, orbits. These states, therefore, represent the
breakup of the doubly magit®®Sn core. Thus, the excitation
energy of the states with™=25/2" is sensitive to the posi-

%Cd this state was calculated 250 keV too low. Thereforetion of thegg, orbit. By fitting this single-particle energy to

the single-particle energy of the neutrgy), orbit, relative to

the 88Sr, core was increased from 2.63 to 2.89 MeV in orderN=50 shell

5.0 MeV we, therefore, indirectly deduced the size of the
gap to be 6.5 MeV as defined hy

to reproduce the experimental excitation energy of thé 7/2 2BE(*°%Sn)-BE(Sn)-BE(°'Sn), where BE stands for bind-
state. This yielded excellent agreement between calculatioriag energy. This value agrees well with earlier predictions

and experiment up to th#"=23/2" state(Fig. 2), the high-

from Hartree-Fock calculations by Leandetal. [15], as

est spin that can be generated in this model space fawell as a single-particle energy parametrization by Duflo and

positive-parity states if°Cd. The description of higher-spin
states requires the excitation of one or mgg particles
across theN,Z=50 shell gaps, an excitation similar to that
responsible for the first 2 and higher-lying states if°%sn.

Zuker[16] and an extrapolation by Grawet al. [2]. To in-
vestigate the effect of the truncation of the model space on
the deduced size of thd=50 shell gap we calculated the
excitation energy of thd™=25/2" state in®°Cd using two

To study the high-spin states, another shell-model calcudifferent model spaces. In the first one, we allowed up to

lation was performed using this tim&Sr as a closed shell

four neutrons to leave thg,,, orbit and the second truncation

core. The results are denoted as SMG in Fig. 2. The sam&cheme restricted the valence particles to only two in each
model space as in the previous calculation was employedctive orbit. Different truncations of the model space re-

except for theh,, neutron orbit which was replaced by the
Og2 ONe.(Since thish,,, state lies at a relatively high exci-

quired adjustments of thgy,, single-particle energy to repro-
duce the experimental excitation energy of the 25l@vel,

tation energy, its contribution to the positive-parity states isbut when this was achieved the size of tie50 shell gap

small) Due to limitations in computing time, only up to two
neutrons were allowed to leave thg, orbit. (Note that the
Oog» Orbit lies below theN=50 shell gap, while all other

neutron orbitals in this model space lie above this pap.

remained within 0.5 MeV of the above value. This illustrates
a relative insensitivity of our inferred result to the truncation
procedure used in the shell model calculation.

Calculations using the same single-particle energies and

011302-4



RAPID COMMUNICATIONS

BREAKUP OF THE DOUBLY MAGIC °sn CORE PHYSICAL REVIEW C 66, 011302ZR) (2002

matrix elements were also performed f&tin, which has The interactions used in these SMH and SMG calcula-
one proton hole and two neutrons outside e Z =50 dou- tions were also applliaod to a shell model calculation of the
bly closed shells. Again, the results, labeled as SMH anépwest-lymgﬂlevelim 'Sn. Both SMH and SMG calcula-
SMG, are in very good agreement with the experimentafions favord”=5/2" quantum numbers for the ground state,
level schemeFig. 4). In these calculations, the proton hole While the 7/2" state lies only~100 keV above it. This is in
remains in thegs, orbital and aJ™=9/2" assignment fol- excellent agreement with the ext_rapolated energyodeduced
lows for the ground state. This is in agreement with the systrom the systematics of odd-Sn isotopes down td*Sn

) i e [19].
tematics of oddA In isotopes. The valence neutron pair |s[ . -
e : It is also worth pointing out that the level schemes of
distributed over thels;; andgy; orbits for the ground state, oqcy 510y, closeﬁy mirrgor those of their analogs in the
while it occupies predominantly thay,, state for the 13/2

56\(; H A 55 57, i
) . Ni region; i.e.,*”Fe[20] and °>'Co[21]. In particular, the
level. One neutron is promoted to tge;, andh,y, orbitals lowest-lying core-excited states have almost identical excita-

to generate the 17/2 19/2", 21/2" positive-parity, and o energies. This observation, together with the deduced

2312, 25/2‘ negative-parity states, respectively. The largen =50 shell gap, again points to a large similarity between
separation between the 19/and 21/Z states, which are the two heaviest self-conjugated doubly magic nuclei and

associated with the same dominant configuration, is attribpne may conclude that the lowest 2tates in®®Ni and 1°°Sn
uted to the strong repulsion between the aligggg proton  would have closely related excitation energies if the sizes of
hole and theg,,, neutron. Note that thergg,rh;, matrix — the Z=28 andZ=>50 shell gaps were also similar.

elements used to calculate the negative-parity staté$4n In summary, several core-excited states were identified in
described in Refl17] were adopted here as well. The maxi- the T,=3/2 nuclei 33Cds; and 79ins,, with three active par-
mum spin that can be reached with theg,rds;,g7, con- ticles outside the doubly magic nucled8°Sn. Results of
figuration is 21/2. Excitation of one or more particles acrosdarge-scale shell model calculations based on realistic
the N,Z=50 shell gaps is again needed to account for thehucleon-nucleon interactions are in good agreement with the
positive-parity states of higher spin. Thus, the 23l8vel is experimental_ data. These results confirm the Iong—predicted
the lowest-lying core-excited state #?4in. The calculated ~close similarity between the core-excited states in and near
energy gap of 2941 keV between the 23/and 19/Z states ~ N€ two heaviest doubly magic self-conjugate nuéfeliand

is in excellent agreement with the experimental value of SN Therefore, they provide a reliable basis to predict
2924 keV. Experimentally known lowest lying core excited NUclear structure properties MSn and its neighbors.

states were also calculated in the nuclAg [9] and °®Pd Oak Ridge National Laboratory is operated by UT-
[18] using the SMG model space. Their excitation energie®attelle, LLC for the U.S. Department of Energy under Con-
were reproduced to better than 100 keV. It would also be ofract No. DE-AC05-000R22725. Work at Argonne National
interest to identify core excited states in nuclei né3r  Laboratory is supported by the U.S. Department of Energy
(Z=40, N=50). Unfortunately, this is more difficult be- under Contract No. W-31-109-ENG-38 and at Washington
cause in these nuclei high-spin states can be easily reachémhiversity under Contract No. DE-FG02-88ER40406. This
by promoting a pair of protons from the low-spin,, orbit  work was supported in part by the Swedish Natural Science

into the emptygg, orbit. Research Council.
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