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vij3/> structures in '**Sm and ' Gd: Supporting evidence of a Z = 60 deformed subshell gap
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Maximal ground-state deformation should occur when both proton and neutron Fermi surfaces are located
at midshell. However, subshell gaps that stabilize large deformation can exist at proton or neutron values other
than midshell. One such gap may occur at Z = 60 in the rare-earth region, as the energy of the first 2% states in
even-even nuclei are often lowest in an isotonic chain for neodymium (Z = 60) rather than the midshell isotopes
of dysprosium (Z = 66). Further evidence of this deformed gap has now been observed by investigating the
signature splitting systematics of the vij3;, bands found in the odd-N, rare-earth nuclei. These were aided by
the present observation of the vij3/, band in '**Gd and the confirmation of the same structure in '*>Sm via the
transfer of a neutron from a '°*Gd beam to a '*Sm target.
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I. INTRODUCTION

It is well known that the location of the proton and neutron
Fermi surfaces plays a large role in the ground-state defor-
mation of nuclei. In particular, deformation increases as the
proton and/or neutron numbers move away from the spherical
magic numbers. As a result, it has long been assumed that
the maximum ground-state deformation likely occurs at the
midpoint (or midshell) between the magic numbers. There-
fore, "Dy would have the largest ground-state deformation
in the rare-earth region as its proton number, Z = 66, and
neutron number, N = 104, correspond to midshell between
the Z = 50 and 82, and the N = 82 and 126 spherical shell
gaps, respectively.

The evolution of deformation along an isotopic or isotonic
chain can be observed in the excitation energies of levels
near the ground state. The most commonly known effect is
the lowering of the first 2% state in even-even nuclei as they
become progressively deformed. Indeed, one can observe this
trend in rare-earth nuclei through systematic plots such as
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Fig. 4 in Ref. [1] or Fig. 5 in Ref. [2], where the energy of
the first 2% state is generally lower as N increases towards
104. However, a local minimum is found in these figures for
energies in the N = 98 isotones of samarium, gadolinium, and
dysprosium nuclei, which suggests the presence of a subshell
gap associated with large deformation [2].

In order to observe how deformation changes with Z,
the energy of the first excited 2% states of the even-even,
rare-earth nuclei have been plotted versus proton number in
Fig. 1. An expected decrease of E(2%) is observed as the
proton numbers are reduced from Z =70 (Yb) to Z = 66
(Dy). However, in each of the isotonic chains, the energy of
the first 2% state continues to decrease down to Z = 60 (Nd)
and can be observed to increase beyond this Z value in the
N =92, 94, and 96 chains. Similar to the identification of a
localized subshell gap at N = 98 noted above, Fig. 1 indicates
that a deformed shell gap at Z = 60 likely occurs, as already
pointed out in Refs. [3-6].

While the systematics of the 2% energies along these
isotonic chains certainly provides compelling evidence that
dysprosium will not have the maximum deformation, it is
useful to explore other experimental observables that may
provide additional insight about the proton deformed subshell
gap in this region. Urban et al. [7] recently investigated the
systematics of the E(47)/E(2%) energy ratios of the rare-
earth, even-even nuclei which also indicate that the Z = 66
dysprosium nuclei do not appear to be maximally deformed
for N = 90, 92, 94, 96, and 98. In the present work, additional
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FIG. 1. Energy of the lowest 2" states of the even-even nuclei in
the rare-earth region plotted versus proton number.

experimental evidence of the Z = 60 gap is presented by
examining the signature splitting systematics observed in the
vii3,2 bands of odd-N, rare-earth isotopes.

The vij3/2 bands in '*>Sm and '*?Gd were observed in an
experiment where the multinucleon transfer process between
a '%°Gd beam and a '**Sm target populated neutron-rich, rare-
earth nuclei. Previously observed transitions in !> Sm [8] were
confirmed, while the vij3/, structure in 159Gd was extended
from spin 13/2 to 33/2.

II. EXPERIMENT

A '9Gd beam, accelerated to 1000 MeV, bombarded a
thick (~240 mg/cm?) '3*Sm target such that all of the reaction
products were stopped in the target material. The beam was
provided by the ATLAS facility of Argonne National Labora-
tory, and the resulting y-ray transitions were detected by 73
detectors in the Gammasphere spectrometer [9]. Although a
beam-pulsing condition was used, only the in-beam portion of
the data was utilized for the present results. A single-neutron
exchange process produced the data for '*Sm and '"°Gd
where a neutron from the beam nucleus was transferred to
the target one. In this process, the transitions for both nuclei
are emitted at the same time, and are therefore mutually co-
incident. The data were sorted into a coincidence cube and
analyzed with the RADWARE software package [10]. Unfor-
tunately, there was insufficient data to perform an angular
correlation analysis in order to determine the electromagnetic
nature of the newly observed transitions. Therefore, tentative
spin/parity assignments are proposed based on the assump-
tion that typical rotational behavior occurs above the states
that were previously assigned these quantum numbers.

III. LEVEL SCHEMES

The vij3/, structure in 155Sm is based on the 2.8(5) us
isomer at 16.5 keV [11]. Asztalos et al. [8] were able to extend
this sequence to 33 /2 in a deep-inelastic experiment; however,
no Al =1 transitions between the signature partners were
presented in their work. Other studies reported some of the
lowest lying Al = 1 transitions [12].

The vij3, band-head state in 19Gd is also isomeric
[26.2(8) ns], and lies at an excitation energy of 67.8 keV [13].
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FIG. 2. Level schemes for the vij3; structures in '>Sm and
199Gd. New transitions and levels are shown in red. Note that the
60- and 569-keV transitions in >>Sm as well as the 51- and 118-keV
transitions in '*Gd could not be confirmed in these data, but have
been observed in other studies.

Howeyver, far less was known about the rotational states in this
nucleus as it has only been observed up to a spin of 13/2 via
transfer reaction experiments [13].

Figure 2 displays the band structures based on the i3/,
quasineutron in >Sm and '°Gd resulting from the current
analysis. New transitions and levels are displayed in red.
These were the only sequences observed in each of these
nuclides. They are both likely to be the yrast sequences and,
therefore, they are the most strongly populated by the reac-
tion. Many of the previous transitions in '>*Sm which were
indicated as tentative by Asztalos er al. [8] were confirmed by
this experiment (up to 29/2), and the « = —1/2 signature was
extended to 27/2. In addition, many of the A/ = 1 connect-
ing transitions between the signature partners were identified.
Figure 3(a) displays a summed coincidence spectrum that
provides evidence of this structure. As stated above, *°Gd
was produced in the same one-neutron exchange reaction as
1558 m; therefore, transitions from the latter nucleus should be
observed when coincidence gates are placed on '3Sm y rays.
Indeed, the peaks labeled as “Gd” in Fig. 3(a) are associated
with the %°Gd structure.

The only known transitions in the '**Gd sequence con-
nect the 9/2 and 7/2 states to the 5/2 band-head, but were
tentatively assigned [13]. However, transfer reactions identi-
fied higher spin states, and the current data confirmed their
placement through the observation of the corresponding y-
ray transitions from the 11/2 and 13/2 levels. The spectrum
in Fig. 3(b) displays how the vij3,, 199Gd sequence was
extended to a spin of / = 33/2. These y rays are also in coin-
cidence with transitions from the ’°Sm structure, which are
labeled with “Sm”, and, therefore, further provide evidence
that this band is properly assigned to *°Gd.

The spins and positive-parity assignments for the lower
spin states of both bands have been previously established by
various experiments [12,13]. As stated above, all of the spin
assignments for the newly observed levels were made based
on the assumption that normal rotational behavior persists
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FIG. 3. Coincidence spectra for the vi;3/, sequences in (a) 155Sm
and (b) Gd. (a) is a result of spectra from a coincidence cube
where the transitions shown result from the summing of the 134/252,
144/334, and 151/334 gates. (b) was constructed in a similar way as
(a), where the 191/261, 126/336, and 135/317 gates were summed
together. The spectrum in the inset resulted from summing the
234/400 and 261/410 coincidence gates together in order to display
the highest observed states. Note that in (a) transitions from '*Gd
are denoted with “Gd”, and that in (b) transitions from '>Sm are
denoted with “Sm”.

to the highest observed states. The proposed spin/parity and
energy of levels in '>3Sm and '*°Gd are given in Table I, along
with the associated y -ray transition energies and branching ra-
tios. The positive-parity assignment naturally leads to a vij3
configuration assignment, as this is typically the energetically
lowest, positive-parity orbital in this region. However, further
evidence for this assignment can be found by observing its
distinctive alignment properties, as discussed below.

IV. DISCUSSION

The rotational alignments of the vij3/; bands in the N =
91, 93, 95, and 97 isotones of Sm, Gd, and Dy [8,14-18]
are presented in Fig. 4. In each case, the alignment of the
ground-state band from the even-even core nucleus (with
N — 1 neutrons) is also plotted (as empty squares) to demon-
strate that appropriate Harris parameters [19] were chosen for
the odd-N nuclei as the initial alignment values of the even-
even nuclei are approximately O 7. The energetically favored
a = +1/2 signatures of the i;3/, bands are presented as solid

TABLE I. Level and y-ray energies, along with branching ratios
(1) in Sm and '**Gd from the present work. Uncertainties in y-ray
energies are 0.2 keV for transitions reported to the tenths of keV. For
y rays reported to a keV, an uncertainty of 1 keV is assigned.

e Eievel (keV) E, (keV) AP
155 Sm

N
vom
9/2+ 151.9 135.4 0.343)
11/2+ 250.3 17754%
13/2+ 358.2 29086'2 1.22(17)
(15/2%) 502.5 ;5)2:(2) 1.57(10)
(17/2%) 636.4 gg:; 3.3(4)
(19/2%) 836.2 ;243‘:(7) 3.7(4)
(21/2%) 986.9 ;23:2 7.7(11)
(23/2%) 1251.8 411?2:2
(25/2%) 1410.7 4226;8
(27/2%) 1748 4]132
(29/2%) 1907 431;;

159Gd

N
o {187

+
e 275 155.1 0548
13/2+ 372.4 188%.61 0.63(9)
(15/2%) 507.5 2938;6 1.38(15)
(17/2%) 633.4 ;g:(l) 2.4(4)
(19/2%) 824.0 ;?Z; 2.6(6)
(21/2%) 969.4 gg:g
(23/2%) 12243 4113(5):;
(25/2%) 1379.5 :ﬁ(s):i
(27/2%) 1705 1:; iz
(29/2%) 1863 iég
(31/2%) 2263 558
(33/2%) 2414 551

#Spin and parity of the depopulated state.
®Branching ratio, A = I,(I — I —2)/L,(I — I — 1), where I, is the
intensity of the transition.
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FIG. 4. Alignments for the vi;3,, bands (red circles) in the N = 91, 93, 95, and 97 isotopes of Sm, Gd, and Dy. Different Harris parameters
were used in each case in order to remove the angular momentum generated by the core, as is demonstrated by the nearly zero alignment values
displayed at low frequency by the N — 1, even-even ground-state bands (black squares). The solid (empty) circles represent the o = +1/2

(¢ = —1/2) signature.

circles, and the « = —1/2 ones as empty circles. In Fig. 4, the
bands assigned to '3Sm and *°Gd exhibit an immediate gain
in alignment, which mirrors the behavior seen in the nearby
nuclei, herewith justifying further their vi;3,, assignment.

In addition to aiding with the configuration assignment,
the systematic plot of Fig. 4 presents a clear difference be-
tween '3’Dy and the other nuclei displayed in the figure. The
initial alignment values (near hw = 0.05 MeV) are slightly
lower in ">Gd and '33Sm compared to 'Dy; and they are
significantly lower in the N =93, 95, and 97 cases, with
values ranging between 1-2 /i relative to the ground-state
bands of their N — 1, even-even neighbor. It should be noted
that this effect is not dependent on the exact choice of Harris
parameters. As these bands result from a j = 13/2 shell and
have an angular momentum projection on the symmetry axis
of K =5/2, one would a priori expect to observe a much
higher initial alignment value for these sequences. Indeed,
their initial alignment values should be closer to that observed
in "Dy of approximately 45 7. This raises the question of
what could systematically cause the initial alignment values
to be lower than expected for all of these nuclei.

The possible answer may be found from transfer reaction
studies of 3Sm [20,21] and '°Gd [22] performed approxi-
mately 50 years ago. These works determined that the yrast,
positive-parity sequence is substantially mixed between the
i132 3/2[651] and d3/> 3/2[402] configurations. A structure
purely based on the 3/2[402] orbital would likely have nearly
zero initial alignment, since j and K are equal. The mixing
of the ij3, and d3;, orbitals would lead to a smaller than

expected initial alignment for the i;3/, band, consistent with
the observations in Fig. 4. It is possible that similar mix-
ing occurs in all of the nuclei shown in the figure (except
for ’Dy) to explain the initially low alignment values. The
distinctive increase in alignment in the low-frequency region
likely indicates that the amount of mixing between the two
configurations decreases as the nuclei rotate with higher fre-
quency. Theoretical calculations investigating the amount of
mixing, as well as the frequency dependency of the mixing,
between the ij3/, and ds/, orbitals would be enlightening to
further justify this interpretation.

If mixing between the ij3,> and d3/, configurations is in-
deed the reason for the surprisingly low initial alignment, it
implies that the 3/2[402] orbital likely remains near the Fermi
surfaces of the Sm, Gd, and Dy nuclei with N = 91, 93, 95,
and 97. Figure 5 displays the single-neutron energies in the
rare-earth region versus deformation B8,. The i3/, orbitals are
strongly down sloping with deformation, while the 3/2[402]
one is strongly up sloping as can be seen in the lower right-
hand corner of Fig. 5. As N increases for a given isotope, its
deformation increases (since the Fermi surface moves further
away from the N = 82 spherical shell gap). Therefore, the
Fermi surfaces move up to the right in Fig. 5, as shown for
illustrative purposes by the red, horizontal bars. The 3/2[402]
orbital may lie closer to the 11/2[505] one than it appears in
Fig. 5, such that the neutron Fermi surface and the up-sloping
3/2[402] orbital may indeed track each other from N = 91
to N =97 and this would account for the systematic trends
observed in Fig. 4.
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FIG. 5. Single-particle energies versus deformation (8,) for neu-
trons in the rare-earth region using a Woods-Saxon potential.
Possible locations of the N =91, 93, 95, and 97 Fermi surfaces
are indicated as red, horizontal bars in the figure. These are not
exact locations; however, they illustrate the possible movement of
the Fermi surfaces as N and B, increase.

Another characteristic feature of vijz;, bands can be
observed in Fig. 6 as an energy difference between the
a=+1/2 (I=5/2,9/2,13/2 etc.) and o = —1/2 (I =
7/2,11/2,15/2 etc.) signatures. This energy separation is
known as signature splitting, and can be is defined using the
equation

SU)y=E()—(E—1)— {EUI+1)
—E)+EI—-1)—E(U—-2)], (1)

where E(I) is the energy of the state (in keV) at spin /. The
signature splitting of the vij3;, bands in the N = 93 and 95
isotones of the even-Z nuclei in this region have been plotted
in Figs. 6(a) and 6(b), respectively. The data from the follow-
ing references were used for Fig. 6: B1Cegs [11], 93Ndo; [11],
157Gdos [16], *Dyqs [18], "' Eros [23], "% Ybos [24], '*Ndos
[6], 57Smys [14], ' Dyqs [18], '*Erogs [25], and 1% Ybos [26].
In order to focus on the degree of splitting observed at low
spin (before any band crossing), the values shown in Fig. 6
were limited to spins below 29/2. The « = +1/2 signature is
lower in energy and, therefore, has negative values in Fig. 6,
while the « = —1/2 one is unfavored and has positive values.

Signature splitting is a result of the presence of the decou-
pling constant, which only exists for a K = 1/2 orbital in any
given shell [27]. However, Coriolis mixing occurs between the
different orbitals of a shell such that higher K members can
exhibit signature splitting as well. Therefore, even though the
bands in Fig. 6 are likely based on the K = 5/2 orbital, they
all have a K = 1/2 component in their wave function, which is
the cause of the energy staggering between the signatures. In
fact, the magnitude of the energy splitting is an indication of
how prevalent the K = 1/2 component is mixed in a specific
sequence. A large degree of splitting indicates a significant
amount of K = 1/2 mixing, and implies that this orbital is
near the Fermi surface. Indeed, one may notice that in Fig. 6,
the magnitude of the splitting in the N = 93 nucleus of a given
Z is larger than in its N = 95 isotope. This is due to the fact

1000 -~
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FIG. 6. Signature splitting (as defined in the text) versus spin for
the vij3/, bands in even-Z, rare-earth nuclei that have (a) N = 93 and
(b) N = 95.

that the N = 93 Fermi surface lies closer to the vij3,,1/2[660]
orbital in comparison to N = 95, as seen in the Woods-Saxon
diagram of Fig. 5.

It should be noted that the mixing of the 3/2[402] orbital
with the i13/> band will also affect the magnitude of the signa-
ture splitting. As previously stated, this mixing is likely most
prevalent at low frequencies; therefore, the small splitting
observed at the lowest spins in Fig. 6 is consistent with the
influence of the 3/2[402] configuration. However, as stated
above, the mixing of the 3/2[402] orbital likely decreases with
spin and will play a smaller role in the observed splitting at the
higher spin values shown in Fig. 6.

One can easily observe a trend in both the N = 93 and
95 isotones of Fig. 6, where the magnitude of the signature
splitting reduces as Z decreases toward 60. This suggests a
reduction with Z of the K = 1/2 component in the wave
functions of these bands. The K = 1/2 orbital rapidly de-
creases in energy as deformation (8;) increases (see Fig. 5).
Therefore, the reduction in the size of the signature splitting
as Z decreases can be associated with a persistent increase
in deformation from ytterbium to neodymium (Z = 60) for
both N = 93 and 95. It is interesting to note in Fig. 6(a) that

014301-5



D.J. HARTLEY et al.

PHYSICAL REVIEW C 105, 014301 (2022)

the magnitude of splitting increases for Z = 58, ! Ce, which
indicates that the minimum splitting is indeed observed in
neodymium. That is, the maximum deformation in the N = 93
and 95 isotones is not at midshell (Z = 66), but rather at
Z = 60, a finding consistent with the E (2%) values. Therefore,
there is appreciable experimental evidence of a deformed,
subshell gap at Z = 60, although more direct experimental
indicators (e.g., observing large energy gaps between Nilsson
proton states in nuclei near neodymium and/or systematic
lifetime measurements in this region) are required to further
substantiate this assertion.

V. SUMMARY

The '%°Gd + '>*Sm reaction produced excited states in
159Gd and '>’Sm via one-neutron transfer. In both of these
nuclei, the lone observed decay sequence that could be identi-
fied is based on an 713/, quasineutron. Signature splitting is a
known characteristic of these vii3,, bands, and a systematic
investigation of this feature in the N =93 and 95 isotones

suggests that deformation increases from Z = 70 (Yb) to 60
(Nd). As a result, the maximum deformation is not at the
proton midshell, but rather at Z = 60 as a consequence of a
deformed subshell gap. Further experimental information is
required to investigate this possibility.
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