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Abstract. The 3°T nucleus, populated in the spontaneous fission of 2*¥*Cm, was studied by means of
prompt v-ray spectroscopy using the EUROGAM?2 array. The observation in this work of the 42.6keV
prompt-y, M1 + E2 transition de-exciting the 7~ level in '3°I indicates that this level, interpreted as
the (ﬂgg’/zuﬁ/g)f configuration, does not correspond to the T = 47s, S-decaying isomer in '36I. The
isomer is placed 42.6keV below the 7~ level. It has spin 6~ and is interpreted as the (ng/zds/zl/f7/2)6—
configuration. This and other members of both multiplets can be reproduced properly only if one assumes
that the mds/» orbital in 1367 is located 400keV lower than in '33Sb. Possible mechanisms causing this

effect are discussed.

PACS. 21.10.-k Properties of nuclei; nuclear energy levels — 21.10.Tg Lifetimes — 25.85.Ca Spontaneous

fission — 27.60.4+j 90 < A < 149

It is expected that at the surface of nuclei with large
neutron excess the distribution of neutrons will be dif-
fused, which may significantly influence energies of single-
particle orbitals [1-4]. One possible reason is the decrease
of the spin-orbit strength in neutron-rich nuclei [2,3]. An-
other cause can be simulated by the decrease of the [2
term in the Nilsson potential [5]. Both effects lead to the
diminishing of the shell structure in very neutron-rich nu-
clei. The experimental verification of these predictions is of
prime importance for the understanding of nuclear inter-
actions, in general, and for the studies of the astrophysical
r-process, in particular [6].

Recent measurements by Schiffer et al. [7] of the energy
splitting between the 1iy3/5 and lhg/, neutron orbitals
above the N = 82 shell and the 1h;,/5 and 1g;,2 proton
orbitals above the Z = 50 shell suggest that at N — Z =
32 the spin-orbit interaction may decrease to half of its
maximum value observed around the stability line (N —
Z = 20). It is important to note that this effect grows

# e-mail: urban@fuw.edu.pl

gradually with the N — Z value, as illustrated in fig. 1,
drawn after ref. [7] to help further discussions.

In the '3°Sb nucleus the first excited 5/2% level was
found at an energy of 282keV [10,8]. The d5/, proton ex-
citation in 133Sb is located at 962keV. In both nuclei the
ground state is interpreted as the g7/» proton orbital. In
fig. 1b we show (after ref. [8]) the energy difference, AE3,
between the 2ds,, and 1lg7/; proton orbitals. It grows
smoothly up to N — Z = 31, where a sudden drop occurs
in 15Sb (black dot). This surprising effect was discussed
in refs. [8,11] as due to the decrease of the [? term pre-
dicted in refs. [4,5] to occur at the diffused nuclear surface
of neutron-rich nuclei. Reference [11] presents also calcu-
lations of proton single-particle energies which, according
to the authors, supports the presence of the so-called neu-
tron skin. In this picture the neutron skin appears quite
suddenly above N = 82 and, what is also surprising, the
effect weakens above N = 90 (see fig. 16 in ref. [11]).

It is interesting to ask if this puzzling decrease in the
position of the ds,5 proton level can be seen in other nu-
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Fig. 1. Energy differences, AE, between various a) neutron
and b) proton orbitals above N = 82 and Z = 50, respectively,
as schematically defined in part c¢). The data are taken from
refs. [7,8] and [9] (for ¥*Sb). See the text for more explana-
tions.

clei from the region. No data is available on higher-mass
Sb isotopes at present but the shell model d5/5 proton
excitation can be traced in neutron-rich iodine isotopes.
The 13°T nucleus was studied before [12] in a measure-
ment of prompt -rays following the spontaneous fission
of 248Cm, using EUROGAM2 array. The medium-spin
part of its excitation scheme starts with the 1111.3keV,
E2 transition populating the I™ = 77 member of the
(7rg§’/21/f7/2)j multiplet. No decay out of this level was

observed in ref. [12], which might suggest its isomeric
character. The conventional shell model calculations, us-
ing the 962keV energy of the mds,o level predict the

(ng/QVf7/2)7— configuration for the isomer. On the other

hand, the 47s isomer in '3°I was reported with spin
and parity I™ = 6~ [13]. Therefore, ref. [12] proposed
that the isomer with spin 67 is located just below the
(mg2 oV f7 /2)7- level and is not observed because of a small

distance between the two levels (estimated in ref. [12] as
less than 60keV). In this context it is worth mentioning a
recent study of low-spin excitations in 1361 [14], in which
the (ﬂg§/2yf7/2)77 configuration is assigned to the 47s
isomer. We also note here that the excitation energy of
the 47s isomer, reported at about 640keV [13,15,16], is
far off any conventional shell model predictions.

The study reported in ref. [12] was made at an
early stage of the analysis of the data from our EU-
ROGAM2 measurement. Later improvements to the anal-
ysis techniques [9] enabled studies at higher sensitivity
level as well as at lower ~y-ray energies, measured by Low-
Energy-Photon (LEP) spectrometers attached to the EU-
ROGAM [17]. With these improvements we reinvestigated
neutron-rich iodine isotopes. Full account of these studies
will be given in a forthcoming article while in this letter
we report on some important observations, concerning the
47 second isomer in 1361,
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Fig. 2. Coincidence spectra of ~-rays following the fission of
248Cm, gated on lines in *3°I. Lines are labeled with their en-
ergies inkeV. Spectrum a) is measured by LEP while the other
spectra are measured by the Ge detector of EUROGAM. See
the text for more explanations.

In the LEP spectrum, double gated on the 260.6 keV
and 1111.3 keV lines of 361, which is shown in fig. 2a, one
can see the 243.0keV line of 121, the 69.0keV, 123.6keV,
125.4keV, 137.5, 154.6keV and 222.0keV known lines
from the complementary %8Tc, 199Tc and ''°Tc isotopes
as well as the technetium K,, X-ray line at 18.3keV.
The dominating line in the spectrum is the iodine K,,
X-ray line at 28.5keV. We note that such high intensity
of the iodine K, line cannot be due to the conversion
of the 243.0keV line of ™61, In the spectrum there is
a new line at 42.6keV. The spectrum doubly gated on
the 1111.3keV and 42.6 keV lines displayed in fig. 2b con-
tains again lines of 1361, 198 T¢, 109T¢ and '°Tc, indicating
that the 42.6keV line belongs to '3°I. The coincidences
seen in figs. 2a and b and further gates show that the
42.6keV transition is located in the decay scheme below
the 1111.3keV transition.

From fig. 2a we deduced the a i conversion coefficient
for the 42.6keV transition, taking the observed intensi-
ties of the 28.5keV, 42.6keV and 243.0keV lines and as-
suming a maximum conversion coefficient of 0.08 for the
243.0keV, M1 + E2 transition. The resulting value of
ag = 7(1) indicates the AI < 1, M1+ E2 character of
the 42.6keV transition. This is consistent with spin and
parity I™ = 6 for the level populated by the 42.6keV
transition, which could, thus, correspond to the 47 s, 6~
isomer proposed in [13]. The upper limit for the intensity



W. Urban et al.: New information on the T}/, = 47 s isomer in the 1361 pucleus

110

A B E 108.9(2) (gate 87 keV - 135 keV )
° RN
€ 1081 13592) &,
<
\%
106 |- b
L | | | | | |
135 137 139 AQD)

Fig. 3. Mass correlation diagram for Tc and I isotopes and
the identification of the low-spin gamma cascade in '3°1. See
text for more explanations.

of the (unobserved) (1111 + 43) keV cross-over transition
from the 9~ level is 1.2 x 1073, This is consistent with the
proposed spin 6 of the isomer.

In the low-spin part of the 361 excitation scheme
a cascade of 87.3keV and 135.4keV transitions was re-
ported [15,18,19]. We note an inconsistency between these
energies and the energy of the first excited state at
86.7keV. In this work we observe transitions at 87.0keV
and 135.2keV. The spectrum double gated on these tran-
sitions, shown in fig. 2c, contains lines belonging to the
108=110T¢e puclei. These cross-coincidences indicate the
prompt-gamma character of the 87.0keV and 135.2keV
lines populated in the fission of 24¥Cm. In fig. 2c one also
sees a new line at 94.5keV. The 87keV-94keV double
gate, displayed in fig. 2d, shows the 135.2keV line and
lines of 1% 119T¢ nuclei indicating that the 94.5keV tran-
sition is in cascade with the 87.0keV and 135.2keV tran-
sitions in 361.

The assignment of the 87.0keV and 135.2keV lines
to 131 is confirmed by the mass correlation technique [20]
presented in fig. 3. The application of this technique to the
I-Tc pairs of fission fragments is described in more detail
in refs. [21,22], from where we took experimental points
for 1351, 137T and '3°I. The point for '3°I is obtained from
a spectrum gated on the 1111.3keV and 260.6 keV lines of
1361, The horizontal bars in fig. 3 represent the average Tc
mass with its error, (Tc) = 108.9(2), calculated from in-
tensities of lines in 198 T¢, 199T¢c and '°Tc observed in the
spectrum gated on the 87keV-135keV cascade (fig. 2c).
The intersection of these bars with the straight-line fit to
the data points (dashed line in fig. 3), uniquely correlates
the 87.0keV-135.2keV cascade with the 1361 nucleus.

We could determine the a i conversion coefficient for
the 87.0keV transitions from its gamma intensity com-
pared with the intensity of the iodine K, X-ray line at
28.5keV line in a spectrum doubly gated on the 135.2keV
line from 3¢ and the 69.0 keV line from '%*Tc. The result-
ing value, o = 3.2(8), indicate the M1 4+ E2 character
of this transition, confirming previous works [15].
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Fig. 4. Partial scheme of low-energy excitations in 3°I as ob-
tained in the present work. Transition and excitation energies
are given in keV. In square brackets are relative prompt-gamma
intensities as observed in the spontaneous fission of 24*Cm.

The above results have important consequences for
spin assignments in the low-spin part of the 361 level
scheme. It is commonly observed that fission process pop-
ulates predominantly those states in fission-fragment nu-
clei, which are close to the yrast line. Consequently, spins
increase with the excitation energy in y-ray cascades pop-
ulated in fission. Therefore, assuming spin I = 1 for the
ground state in 36T after the literature [15], we propose
spins I = 2 for the 87.0keV level and I = 3 for the
222.2keV level, instead of previously assigned values [15].
The new, tentative level at 316.7keV should have spin
higher than 3, according the “yrast population” argument.
We assume here that the 94.5keV transition corresponds
to AI = 1 because a stretched E2 transition of this en-
ergy in 3T would require a half-life of the order of 100 ns
for the 317keV level, which is not observed. Thus, we ten-
tatively assign spin 4~ to the 317keV level. The partial
scheme of low-energy excitations in '36I, as observed in
this work, is shown in fig. 4.

The newly placed 6~ level, is shown in fig. 4 below
the 222.2keV, 3~ level because the difference between the
spin of the isomer and the spin of the first level below the
isomer should be larger than three, considering the 47s
half-life and zero gamma decay branch of the isomer [15].
A very low energy, the unobserved M 3, cannot be fully re-
jected, however, which would correspond to the position
of the isomer just above the 222.2keV, 37 level. In either
case, the isomer is located at about 0.2MeV above the
ground state, in contrast to the 0.6 MeV reported in the
literature [15,16]. This low energy of the isomer, which
is similar to the low energy of the analogous 7~ isomer
within the (wg7 /v f7/2); multiplet in '34Sb [23], is sup-
ported by shell model calculations with the KH5082 set
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are from this work and refs. [16,15]. See the text for explana-
tions.

of two-body matrix elements (thme), but also with an im-
proved set, SMPN [24], as shown in fig. 5. The SMPN
interactions describe better the experimental binding en-
ergy of the ground state, shown as a filled circle in fig. 5,
but, similarly to KH5082 interactions, predict that the
isomeric state has spin 7.

The SMPN interactions were tested on the '3°Sb nu-
cleus where it was found that the first excited 5/27 state
can be reproduced only if the position of the mds /5 orbital
is lowered by 570keV. This confirms the unusual behavior
of the mds 5 orbital reported in [11]. When applied to 13671,
the SMPN interactions with the 7ds/, orbital lowered by
570keV, (SMPN(570)), provide results as shown in fig. 5.
All levels are lowered compared to SMPN (since one of the
s.p. energies is decreased) but interestingly, the second 6~
level of the SMPN scheme decreases faster than the 7~
level.

It appears that the wave function of the 7~ state con-
tains the odd proton in the g7/, orbital while the 6, state,
which becomes 6; in the SMPN(570) scheme, is dom-
inated by the wg$/2d5/2uf7/2 and Wd§/2Vf7/2 configura-
tions, explaining its rapid decrease.

The SMPN(570) interactions provide the required 6~
spin for the isomer but the distance form 7~ to 6~ is too
large. However, a simple, linear interpolation, sketched in
fig. 5 helps to find the solution. Following the interpolated
positions of levels as a function of the decrease of the 7ds /o
orbital, Ads /o, one finds that at Ads/, = 400keV the 7~
to 67 distance is close to that observed experimentally.
Moreover, at this point the 6~ drops below the 4~ and
37 levels to form a long-lived isomer. The partial half-life
for the electromagnetic decay is calculated at 10% seconds,
nicely explaining the non-observation in the experiment of
any gamma decay branch for the 47s isomer in 361, Ex-
citation energies calculated with the SMPN interactions
and the 7ds /5 orbital lowered by 400keV, (SMPN(400)),
are compared in fig. 6 with experimental data. The 6~
level, for which the experimental excitation energy is not
known, is plotted at 187keV, the calculated position of
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the 6~ level. The experimental excitations are taken from
fig. 4. The reproduction of the 27 and 3~ levels is very
good, as well as the reproduction of the distance between
the 6~ and 7~ levels (calculated at 45keV). The 4~ level
is calculated 103 keV below the experimental 4~ candidate
at 317keV. We note that the 317keV level is closer to the
theoretical 5~ level calculated at 346 keV.

This work have shown again the unusual property of
the mds/o orbital in the '*2Sn region, that it has to be
significantly lowered, compared to its position in '33Sb, in
order to reproduce the properties of 13°Sb and 361 nuclei.
While further confirmation of this effect in other nuclei
of the region will be valuable, one sees already now, that
there is a new effect in the 132Sn region, awaiting an ex-
planation.

The proposition of ref. [8] that this is due to an ap-
pearance of a neutron skin above the N = 82 shell is now
even less likely since the '3 nucleus has only one neu-
tron more than '33Sb. Consequently, the formation of the
neutron skin should be then very rapid, while there are
arguments that it happens gradually. As seen in fig. 1, the
split between various neutron and proton orbitals grows
gradually with N — Z. Reference [7] proposed that this
smooth increase results from the influence of the neutron
excess on the single-particle energies. The data from fig. 1
can be described quantitatively to support this idea.

The spin-orbit interaction, Is, acting on an orbital with
the total momentum j = [ + s, where [ is the orbital
angular momentum and s is the spin of a nucleon reads
Vis = —B(r)ls. An important factor in the B(r)-function

(the Thomas term) is the d‘gh(f) derivative, where V (r) is
a nuclear potential and r is the distance from the center
of a nucleus. In a realistic potential (e.g., a Woods-Saxon
type) this term has a maximum at the surface of a nucleus.
Therefore the B(r) will strongly depend on any changes
to the surface diffuseness. After ref. [7] we assume that the
energy differences shown in fig. 1 are due to changes in the
s interaction, caused by the increase in the diffuseness of

the nuclear surface when the neutron excess, N —Z, grows.
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(l2s) — (l15). See the text for further explanations.

For the orbital with spin j the energy shift due to the
ls interaction, is proportional to —B(r)(ls). Then, the en-
ergy difference between two orbitals with spins j; and js is
AE(j1,72) = AEo+ B(r)((las) — (l15)), where AFEj is the
energy difference at zero spin-orbit interaction. Figure 1
shows that the AFE value is proportional to N —Z7, suggest-
ing that B(r) = C(N — Z), where C is a constant. Then
the average slope of the AE-curve over the N — Z range,

= AA(EVA_EZ)), reads S = C((l2s) — (l1s)) and depends on
the ls interaction, only.

We can check how well this picture fits the experiment.
The expected value of the ls operator is (Is) = —(I + 1)
for j=1—1/2 and (ls) = for j = [+ 1/2. Hence, the (Is)
values are +6 for the 1ii3/5 level, —6 for the 1hg,y level,
+5 for the 1hyy/5 level, +2 for the 2d5 /5 level and —5 for
the 1g7/2 level. From this we calculate the ({l2s) — (l15))
value of 12 for AFE1, 3 for AE2 and 7 for AE3 curves from
fig. 1. We take A(N — Z) ranges from 19 to 31 for pro-
tons and from 22 to 32 for neutrons (the latter is limited to
avoid the data near the stability line, where the AF slopes
change sign —see ref. [7]). Over such A(N — Z) ranges the
AFE changes by 1360(50) keV, 1000(1) keV and 403(1) keV
for the AE1, AE2 and AFE3, respectively. The corre-
sponding slopes are then S1 = 136(5)keV, S2 = 34keV
and S3 = 83keV per N — Z unit. The uncertainties of
the S2 and S3 are negligible. The error of the S1 origi-
nates from large uncertainty on the position of the 1i3/5
orbital [9,23].

The calculated slopes are plotted in fig. 7 against the
corresponding (las) — (I1s) values. One observes a striking
correlation for the two proton slopes, S2 and S4, which
fit very precisely a straight line crossing the (0,0) point.
The ratio S/({l2s) — (l15)), calculated for the S1, S2 and
53, varies by less than 3% around the average. The S1
point fits the line surprisingly well, considering that the
effect for neutrons is obtained from a different chain of
nuclei than that used to obtain the proton effect. The
observed correlation supports the proposition of ref. [7]
that the effects connected with neutron excess in nuclei
increase gradually with this excess, starting already at the
stability line. Therefore, the rapid decrease of the ds /o
proton orbital above N = 82 seems to be a local effect,
caused by a mechanism other than the surface diffuseness.

There are other puzzling observations in the 32Sn re-
gion: i) in the KH5082 set of thme’s constructed for the
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1328n region [25] from the interactions for the 28Pb re-
gion by scaling according to the nuclear mass, some of the
tbme’s were in addition multiplied by an ad hoc factor,
0.6, to fit the experiment (see ref. [26] for details); ii) the
mds o orbital has to be lowered in 36T but the low-spin
excitations in its isotone 134Sb are well reproduced by con-
ventional shell model calculations [23]. Also the position
of the i3/ level, deduced from the medium-spin excita-
tions in 134Sb, using conventional shell model estimates [9)]
fits the regular trend in figs. 1 and 7; iii) in 136Te, which
has four nucleons outside the 132Sn core, the characteris-
tic (71'93/21/f72/2)12+ level [27,28] could be reproduced only
after modifications of several thme’s [24]. Its position was
also predicted correctly by the relativistic mean-field cal-
culations, but with a modified spin-orbit interaction [2];
iv) it was found that shell model calculations give too high
binding energies for ground states in the '32Sn region [24,
26] (see also fig. 5). This overbinding shows some system-
atic properties as a function of the increasing N/Z ra-
tio [24], suggesting either further modifications of thme’s
or some of the s.p. energies, e.g., v f7/2. The above exam-
ples and the new unexplained effects found in this work
indicate that a detailed theoretical investigations are in
order to provide a proper description of the '32Sn region.

In summary, we propose that the 47s isomeric level
in the 36T nucleus has spin 6~ and corresponds to the
7rg$ /2d5 2V f7/2 configuration. To reproduce this level, the
position of the d5/, orbital has to be lowered by 400 keV,
compared to that in '33Sb, which supports a similar ob-
servation in 13°Sh. We also provided arguments suggesting
that structural changes due to the neutron excess appear
gradually as a function of this excess. Thus the change
in the position of the ds,, orbital may be due to a new,
local effect in the region of the 32Sn core, calling for an
explanation.
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