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First observation of excited states in'3
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This work reports on the first observation of excited levels in ¥fenucleus. Levels in**, populated in
spontaneous fission ¢f%Cm, were studied by means of promptray spectroscopy, using the EUROGAM?2
array. The level scheme df obtained in this work shows patterns characteristic of a spherical vibrator,
which result from a weak interaction of tHéTe core with the odd proton. No signs of octupole correlations
were observed if®9. The new data allow, for the first time systematic predictions to be made of energies and
spins of states in thé¥’Sb nucleus, helping the future studies of therocess nuclei at th&=>50 line.
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Our recent works on neutron-rich lanthanides have dem13’sp. While at present this nucleus is also not accessible for
onstrated that systematics of excitations energies in these ngpectroscopic studies, it is possible to learn about its excita-
clei, drawn along isotonic lines, show a high degree of regutions from systematics, as discussed above. This work, re-
larity [1-3]. This feature allows reliable predictions of porting on the first observation of excited levels in tH&
properties of some nuclei near tde= 50 closed shell, which  ncleus, the isotone of*’Sh, provides the data needed to
are not accessible experimentally at present. An example i§iiq the systematics of excitation energies in the @l
our recent prediction for excited states in th&Sn nucleus, —86 isotones

based on the systematics for eu8nN=85 isotoneg4]. To study the®A nucleus we measured high-fold coinci-

The structure of neutron-rich nuclei near the 50 closed . L
shell is of interest because of theoretical suggestibhsand g?gfgr:e;vxzegxg;c;?nggﬁy;gllsg;gg;sdonutz;zotfeﬁéag%
i [ hi h h I i ) : )
some experimental hint], that beyond the doubly magic GAM2 array of anti-Compton spectrometers at Strasbourg.

1325n core, thez=50 shell gap quickly disappears and ’ ) .
nuclear deformation shows up already arouxe-87 [3]. For more details on the experiment and data analysis see Ref.

Such observations are important for the calculation of theU]' _ . ) .
astrophysicar-process flow in this region. The appearance. Iigor to this work nothing was k_”‘;‘é"n about excited levels
of nuclear deformation on the path of therocess can sig- N 1. To identify y transitions in**% we gated on the
nificantly influence its direction. It is predicted that fraxh ~ known transitions in Tc isotopg8], which are complemen-
~84 up, the path of the process in the'*Sn region goes tary fission fragments to iodine isotopes in fission?Hicm.
along theZ=50 line. It is a vital question as to where it Several newy rays were found in prompt coincidence with
departs from th&=50 line. In our recent studys] we found  transitions in % %“Tc isotopes and have been, therefore,
the half-life of the'3>Sn isotopel ;,,=0.6(1) s, a value long assigned to an iodine isotope. Figure 1 shows some of the
enough for the-process to continue to higher neutron num- coincidence spectra, double gated on lines in Tc isotopes and
ber along thez=50 line. The half-life of the next tin isotope, the newly found iodine lines. The 418—-397 keV double gate,
the even-evert*®Sn nucleus, is probably not much different set on two newly observeg lines, shows lines in% 197T¢
and ther-process most likely continues t&*’Sn. A much isotopes. In this spectrum one can also see mpdines with
shorter half-life is expected here due to the fact that this is aenergies 273.8, 464.5, 481.6, 652.7, and 728.8 keV, which
odd-A nucleus and because of the expectation thatZhe belong to an iodine isotope. The 418-91 keV and 418-129
=50 shell may disappear aroumt=87, where nuclear de- keV double-gated spectra show lines'ffiTc, 1°°Tc, and this
formation is expected. iodine nucleus, respectively. The 273—-652 keV double-gated
To verify these expectations, the measurement of halflivespectrum shows lines fron®> 9Tc and most of the lines
is required in this region. Of particular interest is {Brelecay  from this iodine isotope. To find the mass of the iodine iso-
study of 1¥’Sn to ¥’Sbh. Such an experiment is rather diffi- tope, emitting the newly foung rays, we used the technique
cult, since™®’Sn is the most neutron-rich tin isotope known. of mass correlation proposed in R¢B]. The method is
An important information, which could help here is the based on the smooth variation between the sum of the nucle-
knowledge of the excitation scheme of the daughter nucleusns in a given(iodine) fragment,A(l) and the number of
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FIG. 1. Double-gated spectra of promptrays from Tc and | Angle [deg]

isotopes, produced in spontaneous fissiorf*8Em. _ o
FIG. 3. Examples ofy-y angular correlations for transitions in

139 as obtained in this work.
nucleons corresponding to the mean mass of the accompany-
ing complementarytechnetium fragments{A(Tc)). On av-  function of A(l). The solid line represents theé\(l)
erage, about three neutrons are emitted in the spontaneods(A(Tc))=245 linear dependence. The relative intensities
fission of 2*Cm and, to a reasonable approximation, the sun®f the y rays to the ground states of different Tc nuclei, as
of A(l) and (A(Tc)) should equal 245. observed in the coincidence spectrum obtained by gating on
Figure 2 show<A(Tc)) values obtained in this work as a the transitions in the newly found cascade, provided the
mean mass of the complementary Tc fragment$AdfTc))
=106.13). This value placed on the calibration line deter-
mines the corresponding iodine mass of 188.8which
110 - uniguely points to the mas&=139 for the searched iodine
¢ isotope.
Multipolarities of transitions in**% were determined from
108 L angular correlations and directional-polarization measure-
ments performed with EUROGAM27,11]. Examples of
- y-v angular correlations for transitions #i4, as obtained in
106 L this work are shown in Fig. 3.
Because of the low transition intensities, some correla-
I I I I tions were generated by adding gates, as indicated in Fig. 3
135 137 139 by “sum.” This denotes the summed effect gty angular
A correlations of two or more consecutive quadrupole transi-
tions in a cascade with the studied transition. For instance,
FIG. 2. Correlation between masses of iodine isotopes and medfi€ effect for the 197.6 keV transition is a sum of angular
masses of complementary Tc nuclei, as produced in spontaneog®rrelations of this transition with the 435.0, 493.9, and
fission of 28Cm. The solid line represents the linear mass calibra-653.5 keV transitions, all of which are found to be quadru-
tion A(l)+(A(Tc))=245. Data points for*% and **| are taken pole in character as can be seen from other correlations
from Ref.[10]. shown in Fig. 3.

< A(Tc¢) >
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TABLE I. Properties of levels and depopulatingtransitions in 33322
the 3% nucleus.
Eexc E'y |y 643.8
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26884 | (271127)
0.0 712 —
2095 (5/Z) 2095 62) 24908 _@sph 23922
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418.6 8Q4) —0.19(2) —0.004(2) —0.2(1) 713
435.0 11/2 435.0 1005) 0.091) —0.02(1) 0.31) 203579 23p* 7288
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FIG. 4. Partial level scheme df% as obtained in the present
work.

aDenotes tentative placement.

Theoretical values foty-y correlations for stretched tran-
sitions are A,,=0.10 and A,,=0.01 for a quadrupole- ] N ] o
quadrupole cascade aAd,= —0.07 for a quadrupole-dipole  SPins and parities of excited levels 3%, shown in Fig.
cascadd11]. Angular correlations obtained in this work are 4, were proposed based on the measured angular correla-
consistent with stretched quadrupole character for the 397.40ns, assuming spin 7/2for the ground state, as deduced
435.0, 464.5, 471.2, 481.6, 493.9, 635.5, and 728.8 keV trarifom the systematic trend of the lowest yrast excitations in
sitions while the 197.6, 273.8, and 418.6 keV transitions corihe oddZ, N=86 isotones. The available data, displayed in
respond to spin chang®l =1. Fig. 5, show the systematics of the two lowest'5&Xxcita-

For some strong transitions we could determine linear potions[12], drawn relative to the 7/2level. The systematics
larization from directional-polarization correlationfid1].  Suggests that the first 5/2excitation in I, Cs, La, and Pr
These data indicate that the observed quadrupole transitiofgotones probably originates from the(g;,;)" configuration
are of an electric character while the 418.6 keV transition igthe corresponding 5/2excitation in**3.a is still not known
of anM1+E2 character. but the present systematics suggests its excitation energy of

The K-conversion coefficient of the 197.6 keV transition about 80 keV. With the proton number approachidg= 64,
was determined using triple coincidences measured by thiéie mds, orbital starts to be occupied and the 5/ground
Ge and LEPS detectors of EUROGAM2. A spectrum doublestate in14®Eu is most likely of this nature. The systematics in
gated on the 273.8 keV line and the sum of 435.0, 493.0, anBlig. 5 suggest that 552levels in **3La and ***Pr also cor-
635.5 keV lines, observed in Ge detectors, and projectedespond to therds, configuration. The 5/ in *%Eu could
onto the LEPS axis shows the 1976ray and the corre- therefore belong to ther(g;,)" multiplet. If this picture
spondingX line. Theay conversion coefficient found from holds then there should be a low-lying 5/Zevel in 4Pm
this spectrum isxx=0.2Q5), indicating anM1+E2 char-  corresponding to therds, configuration. The data shown in
acter of the 197.6 keV transitioftheoreticalay values are Fig. 5, strongly suggest that the ground staté8F has spin
0.03, 0.10, and 0.11 fd€1, M1, andE2 transitions, respec- and parityl "=7/2" and the first excited state at 209.5 keV
tively). most likely has spin-paritl "=5/2". Unfortunately, the

Properties of the newly found transitions in39 are  209.0 keV transition, deexciting the 418.6 keV level, belongs
summarized in Table I. In Fig. 4 we display a partial excita-to a doublet and can be placed only tentatively.
tion scheme of the™¥ nucleus, as obtained in the present The above conclusions are supported by another system-
work. The order of transitions in cascades is based on thatic, shown in Fig. 6, where we display a correlation between
observed coincidence relations apday intensities. the excitation energies of 1172levels in the oddZ lan-
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FIG. 5. Excitation energies of 5/2levels in oddZ, N=86 iso- FIG. 6. Excitation energies of 1172evels in oddZ lanthanides

tones, calculated relative to 7/devels. Open circles represent the calculated relative to 7/2levels and shown as a function of th§ 2
new points for'3% and tentative assignments in other nuclei. Exci- energy in the corresponding core wilh—1 protons. The open
tation energies of 2 levels in theN=86 even-even core nuclei are circle represents the new data point obtained in this work!f8r
drawn to help the discussion in the text. Solid and dashed linegilled points are taken from Ref13]. The dashed line is drawn to
connect data points. help compare the energies in the addaiclei and their cores.

thanides, calculated relative to the 7/fvels and energies 2 €xcitation in 136_5” is about 600 keV. Assuming that the
of 2% excitations in the corresponding even-even core nuCO”gIatlon shown in Fig. 6 applies also t&'Sb (as it does
clei, having one proton less. As can be seen the correlation {7 .5Sbl)3'7 one estimates the excitation energy of the 11/2
nearly perfect. The new data point obtained in this work forl€vel in ~>'Sb to be about 600 keV. Figure 5 suggests that
139 is represented by the open circle. It fits the systematicdhere may be a 5/2excited state at about 350 keV. A 5/2
very well and thus supports the assumption that the 435.t¢Vel at 281.7 keV was recently observed'iiSb([6]. It s an

keV transition in 3% deexcites the 11/2 level to the 7/2 ir}teresting'questiqn c.)f what might be its. or_igin. ij5/2.
ground state single particle excitation should imply a significant lowering

The level scheme of39 obtained in this work shows ©f this orbital. Itis observed at 962 keV it¥°Sh, an energy

o : : T closer to the position of the second 5/2xcitation, extrapo-
patterns characteristic of a spherical vibrator. It is similar ©5ted in Fig. 5 to37Sh.

that of ¥/ but more collective, as suggested by lower tran-
sition energies. No octupole excitations are observetf This work was supported by the Polish-British Research

Systematics in Figs. 5 and 6 give first indications aboutPartnership Programme WAR/341/211. The authors are in-
low-lying levels in ¥’Sh. The ground state, most likely has debted for the use of*(Cm to the Office of Basic Energy
spin and parityl "=7/2", as follows from Fig. 5. The sys- Sciences, U.S. Department of Energy, through the transplu-
tematics of 2 excitations in even-everlN=86 isotones, tonium element production facilities at the Oak Ridge Na-
shown in Fig. 5, suggest that the energy of the, yet unknowntional Laboratory.
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