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The low-energy level structures of $sMnso and S¢Mny4; were investigated through both the decay
of Mn metastable states and the population of levels following the 8 decay of %*Cr and %6Cr. The
deduced level schemes and tentatively assigned spins and parities suggest the coexistence of spherical
and deformed configurations above and below N = 40 for the odd-odd Mn isotopes. The low-energy
deformed configurations are attributed to the coupling between a proton in a K = 1/27 level with
neutrons in either the K = 1/27 or K = 3/2+ levels originating from the 7p3,2, vp1/2, and vgy o

single-particle states, respectively.

PACS numbers: 23.35.+g 23.40.-s 27.50.+e

The nucleus is a complex many-body system and can
be described by a mix of single-particle and collective
excitation modes. The relative importance of the two
excitations is predominantly dictated by the distribu-
tion of single-particle states near the Fermi surface for
a given nucleus. A major development in understanding
the structure of the nucleus was the realization that the
single-particle level density at a particular proton and
neutron number is not a smooth function of energy, but
fluctuates, giving rise to energy gaps between clusters of
single-particle states [1]. Near stable nuclei, the energy
gaps occur at characteristic values of neutron and proton
number: 2, 8, 20, 28, 50, 82 and, for neutrons, 126. Nu-
clei with these numbers of protons or neutrons are more
stable than their neighboring isotopes, have low-energy
level structures dominated by single-particle excitations,
and are spherical in shape.

The inherent stability of nuclei at these proton and
neutron values is akin to the chemical inertness of the
noble gases due to the filling of atomic orbitals. How-
ever, unlike the atomic case, the nuclear single-particle
level ordering is not constant across all nuclei. Various
effects can lead to the rearrangement of single-particle
states [2, 3], influencing the magnitude of the energy
gaps and, in some cases, eliminating them completely
[4]. As the magnitude of the single-particle energy gap
is reduced it becomes easier to excite nucleons across a
shell gap, leading to particle-hole intruder configurations
[5]. While the excitation energy of such a state is ex-
pected to be on the order of the size of the energy gap,
possible proton-neutron interactions can lead to signifi-
cant gains in binding energy, stabilizing the system and

reducing the overall energy required for such excitations.
If the intruder states have a significantly different defor-
mation as compared to the ground state, two competing
nuclear shapes can coexist at similar energies leading to
the possibility of shape isomerism.

A neutron shell gap at N = 40 was proposed based
on spectroscopic data from ®Ni [6, 7] and attributed to
a large energy separation between the neutron pf shell
states and the gg /5 single-particle state. Accumulated ex-
perimental data on nuclei in the vicinity of %8 Ni has since
shown the N = 40 gap to be quite fragile [8-10]. Further-
more, evidence for the increasing influence of the intruder
neutron gg/s single-particle state and the development of
deformation has accumulated in the Fe and Mn isotopes
[11-14]. Large-scale shell-model calculations along N =
40 near ®®Ni have had success interpreting even-even nu-
clei in this region and suggest a sharp transition from
spherical to prolate deformed nuclei with the removal
of two protons from %Ni to ®Fe [15]. The change is
attributed to the migration of the neutron f5,, single-
particle state, which increases in energy as protons are
removed from the f7/5 single-particle state in a progres-
sion from Ni to Ca and eventually crosses through the N
= 40 energy gap near the Mn isotopic chain. However,
the model has yet to be applied to odd-odd nuclei along
N = 40, and other experimental findings in odd-A nuclei
have suggested the influence of shape coexistence must
be considered as well [16, 17].

This Letter reports on the low-energy structure of
$4Mngg and $8Mmny; populated through two separate
mechanisms, S-decay and projectile fragmentation tech-
niques. The first identification of excited spherical iso-



meric states coexisting with a deformed ground states in
odd-odd Mn nuclei straddling N = 40, combined with
prior results, experimentally demonstrate an extensive
region of shape coexistence around N = 40.

The neutron-rich nuclei of interest were produced
at the National Superconducting Cyclotron Laboratory
(NSCL) in two different experiments by impinging either
a 140-MeV/A "Ge beam or a 130-MeV/A 8¢Kr beam
onto a Be target located at the object position of the
A1900 fragment separator [18]. The resulting fragmenta-
tion products were separated using the A1900 and a thin
(~20-mg/cm?) Kapton wedge located at the intermediate
dispersive image. The full momentum acceptance of the
device (~5%) was used for both experiments. The frag-
mentation of the 86Kr primary beam was used to investi-
gate the beta-decay of 6456Cr into states of 54:55Mn while
the ®Ge primary beam was used to populate 4-66Mn iso-
meric states.

The cocktail beams were characterized event-by-event
using energy-loss and time-of-flight techniques, and de-
livered to the Beta Counting Station (BCS) [19]. The
[ decays were correlated with implanted ions in analysis
based on both position and temporal information. Iso-
meric and (-delayed v rays were detected using 16 Ge
detectors from SeGA [20]. The total efficiency of the ar-
ray was measured to be 8.7% at the 662-keV 137Cs tran-
sition. All detector data were read out using the NSCL
Digital Data Acquisition System (DDAS) whose hard-
ware is described in Ref. [21]. Individual channels were
independently triggered, time stamped, written to disk,
and those channels triggering within a 10 us time win-
dow were grouped into events in software. The overall
implantation rate was kept low (< 50 Hz). The SeGA
detectors were ungated due to the low dead time of the
DDAS allowing for the exploration of long-lived (T ~
milliseconds) isomeric states. Isomeric y-ray transitions
were correlated in software with the last implanted ion
and were distinguished from background on the basis of
their decay curves, constructed from the time difference
between the v ray and the previously implanted ion, and
~-~y coincidences.

Low-energy states in “Mn and %®Mn were populated
through both the 8 decay of 5Cr and %6Cr and the de-
cay of the metastable states 54™Mn and %6™Mn. The
[B-delayed y-ray spectrum observed within 500 ms follow-
ing the implantation of a %4Cr ion is shown in Fig. 1(a).
The experimental decay curve was fit with contributions
from %4Cr, 4Mn, and a constant background. The %4Mn
half-life was fixed in the fit at a value of 90 ms [8, 22]
and the extracted 4Cr half-life was 44(3) ms, in agree-
ment with previous measurements [23]. Two v rays can
be assigned to “Mn following the 3 decay of 54Cr: the
186-keV « ray previously observed in Ref. [23], and a
new transition at 962 keV that defines a state at 1149
keV, see Fig. 3. The coincidence spectrum obtained by
gating on the 962-keV transition is shown as an inset in
Fig. 1(a). From the observed v-ray intensity, the ab-
solute efficiency of SeGA, the -detection efficiency, and

300 |- (a) * )
> - 3
) £
f 200 } 186.4(3) S
n
= n
= % 500
8 100 B e O Energy (keV)
962.3(2)
[ ] Py
0 400 800 1200 1600 2000
Energy (keV)
'(b) 135.3(3) | |40
1200 — 320 gate
> 2 135-keV
Q —40.2(3) “ -
> 800 / °r
c =
3 % 100
O 400 - Energy (keV)

0 1
0 100 200 300
Energy (keV)

400 500

FIG. 1. (a) B-delayed « rays within 500 ms following the im-
plantation of a %*Cr ion. Transitions assigned to the decay
of ®*Cr are labeled with their energies in keV. Gamma rays
from daughter and granddaughter activities are marked by
full circles. (inset) -7 coincidence spectrum obtained by gat-
ing on the 962-keV transition. (b) Isomeric v rays detected
within 5 ms following the implantation of a *™Mn ion. Tran-
sitions assigned to the decay of %4™Mn are labeled with their
energies in keV. Natural background transitions are marked
by full circles. (inset) -7 coincidence spectrum obtained by
gating on the 135-keV transition.

the number of ions detected, the S5-decay feeding to the
ground, 186-keV, and 1149-keV states could be extracted
and are 92(2)%, <3%, and 8(2)%, respectively. The
decay of the 07 %4Cr ground state proceeds predomi-
nately through a direct transition to the %*Mn ground
state, suggesting a ground-state spin and parity of 1% for
64Mn. The remaining $3-decay intensity goes to an ex-
cited state at 1149 keV which is also tentatively assigned
as a 17 state. Contrary to Ref. [23], there is no appre-
ciable feeding to the intermediate state at 186 keV and
it is tentatively assigned a 27 spin and parity.

The v rays detected within 5 milliseconds following an
implanted ¥™Mn ion are shown in Fig. 1(b). Since the
only requirement in Fig. 1(b) was that a v ray was de-
tected within a few milliseconds following the implanted
ion, natural background radiation is observable in the
spectrum, as marked. The isomeric transitions at 40 and
135 keV are clearly observable above the natural back-



ground and have the same ~y-gated half-life, within er-
ror, of 400(40) s, which agrees with the previously ob-
tained lower limit [24]. The two transitions are in co-
incidence with each other (see inset of Fig. 1(b)) lead-
ing to the observed 4Mn low-energy structure presented
in Fig. 3. The isomeric state in %4Mn was previously
suggested to decay by an M2 transition [24]. The half-
life of the 175-keV state in %*Mn is consistent with an
M?2 multipolarity for the 135-keV transition based on
Weisskopf estimates. The hindrance, F, of the 135-keV
transition with respect to the Weisskopf estimate is F
= (T 2,eaper/T1/2,Weisskops) = 9. Assuming the level
scheme presented in Fig. 3, and correcting for the y-ray
detection efficiency, the intensity of the 40-keV transition
is lower than expected as compared to the 135-keV tran-
sition. The missing intensity in the 40-keV transition
in %4Mn suggests an E1 multipolarity based on the in-
ferred electron conversion of 1.6(7), slightly higher than
the value of 0.6 expected for an F1 transition but in
agreement with a previously reported value [25]. Start-
ing from the 1% ground-state spin and parity assigned
through g decay, an M2-FE1 isomeric cascade tentatively
suggests spins and parities of 27 and 47 to the 40-keV
and 175-keV levels, respectively.

The B-delayed y-ray spectrum observed within 100 ms
following the implantation of a 6Cr ion is shown in Fig.
2(a). The half-life of %Cr was determined to be 24(2)
ms based on a fit to the experimental decay curve which
included contributions from the decay of 56 Cr, 66Mn, and
a constant background. The half-life of ®*Mn was fixed
in the fit at a value of 65 ms [8, 22]. The %°Cr half-life is
slightly higher than previously reported [22, 23] which is
likely due to the increased statistics.

Only one v ray at 653 keV was observed following the
B decay of %Cr. Similar to 5*Mn, a large percentage
of the -decay feeding, 67(12)%, proceeds to the ground
state of ®®Mn with only 33(12)% populating the excited
state. The observation of such a large ground-state feed-
ing suggests a spin and parity of 11 for the 5Mn ground
state, although it should be noted that the ground-state
B-decay feeding is an upper limit and low-intensity -
ray transitions directly to the ground state may not have
been observed. The v rays detected within 7 milliseconds
following the implantation of a %™ Mn ion (T, ,=780(40)
us) are shown in Fig. 2(b). Three isomeric transitions
were observed in the spectrum at 170, 295, and 251 keV
with identical half-lives within errors. The 295-keV tran-
sition was observed in coincidence with the 170-keV tran-
sition. An additional transition at 44 keV was observed
in coincidence with the 251-keV transition, see Fig. 2b.
The 44-keV transition is assigned an E1 multipolarity
based on the deduced electron conversion coefficient from
the 251-44-keV ~-ray cascade of 1.4(8), analogous to the
40-keV transition in 54 Mn.

The 170-keV transition is assigned as an M2 transition
based on Weisskopf estimates with a hindrance of F' =
60. The 295-keV and 251-keV transitions are limited to
multipolarities of A < 2 and the the 44-keV transition to

B (a) 653.2(2)

> 8

Qo

~

2

c

S

@]

(@)

0 400 800 1200 1600 2000
Energy (keV)
8ol 170
12000 _(b) 169.8(3) - [ gaﬁek v
E] : 51-ke'
= | - 43.6(5)
P 8000 3°)’ :
c - A
8 4000 GO Eneré??keV)
O
0

0 100 200 300
Energy (keV)

400 500

FIG. 2. (a) B-delayed v rays following the implantation of a
6Cr jon within 100 ms. Transitions assigned to the decay of
56Cr are labeled with their energies in keV. A « ray from the
daughter activity is marked by a full circle. (b) Isomeric v
rays following the decay of ™Mn. Transitions assigned to
the decay of ®*™Mn are labeled with their energies in keV.
Natural background transitions are marked by circles. (inset)
-7 coincidence spectrum obtained by gating on the 251-keV
transition.

A < 1 due to the lack of observable half-lives from the
respective excited states.

The low-energy level schemes for 4:6°Mn are shown in
Fig. 3 with tentatively proposed spin and parity assign-
ments. For the levels fed by § decay, [5-decay branch-
ing ratios and logft values are shown to the left of the
state. The microscopic structure of %*Mn and 6Mn can
be understood by referring to single proton and neutron
occupancies inferred from neighboring nuclei. The con-
figuration of the odd proton in %%°Mn can be inferred
from the 27Co isotopes. In §2Co, just one proton removed
from %¥Ni, the ground state of ”Co was attributed to the
spherical 7f_ /12 configuration. An unexpected 1/27 iso-

meric state in 7Co was explained by the presence of a
prolate-deformed shape isomer only a few hundred keV
above the spherical ground state [17]. An inspection
of the proton Nilsson orbits from Ref. [26] indicates a
steeply down-sloping K = 1/27 level originating from
the spherical proton p3,, single-particle state which drops
below the K = 7/27 level of the f7/, single-particle state



at a deformation, 3, of ~0.2. The presence of a deformed
proton state in 57Co and the consistent drop in the en-
ergy of the 1/27 levels in the odd-A Co isotopes starting
at N = 36 [17] indicates that the deformed proton con-
figuration will likely continue to drop in energy, leading
to deformed ground states in lighter Z nuclei.

The location of the odd neutron can be determined
from the single-particle level diagram shown in Fig. 3
and by reference to known states in the neutron-rich Fe
isotopes. Contrary to simple expectations when bridging
the N = 40 gap, the ground states of %°Fe and %"Fe are
tentatively assigned 1/27 spins and parities [27, 28]. The
1/2~ ground-state spin and parity assignment of 57 Fe was
explained using a deformation of ~0.2 [11]. Referring to
Fig. 3, the most important neutron states at this de-
formation are a K = 1/27 and K = 3/2% originating
from the spherical p;/; and gg/o single-particle states,
respectively, for both N = 39 and N = 41 nuclei. The
ground states in both %Fe and 7Fe are attributed to
filling the K = 1/27 level, suggesting small changes oc-
cur to the energy separation between the vp,/, and vfy /o
single-particle states between N = 39 and N = 41. Fur-
ther, based on half-life considerations for the unobserved
isomeric level in 5"Fe, an assignment of 9/2% [29] was
excluded in favor of a 5/2% spin and parity due to the
K = 5/2% level of the neutron g /2 single-particle state
[11].

Based on the information from the Co and Fe isotopes,
the ground states of %Mn and 6Mn can be attributed to
a proton in a K = 1/27 state coupled with a neutron in
a K = 1/27 state, leading to a 17 ground-state spin and
parity assignment. The first excited state in both nuclei
is the result of coupling the odd proton to an odd neutron
in the K = 3/2% state originating from the neutron g9/25
leading to a spin and parity of 27 (see Fig. 3). It is not
possible to explain the low-energy isomeric 47 and 5~
states in %*Mn and %°Mn using the available deformed
neutron levels discussed previously and the K = 1/2~
proton level. The coupling of the proton K = 7/27 level
originating from the f7/5 single-particle state with either
the neutron K = 1/2~ or K = 3/2%, which could lead to
the observed isomeric spins and parities, can be excluded
based on the deformed coupling rules of Ref. [30].

However, if the coexistence of deformed and spheri-
cal states is considered the 4™ and 5~ isomeric states in
64Mn and %6Mn can be attributed to the spherical cou-
pling between the 7f7/5 and either the mpz/p or vgg o
single-particle states, respectively. The 5~ level should
be near the bottom of the multiplet formed from the
coupling of the 7f;/5 and vgg/y orbits [31]. The hin-
drances of the M2 isomers observed near N = 40 for
29m(Cy, 61mEFe 67mNi and 7¥™As nuclei range between
12 and 24, significantly smaller than calculated for the
M2 isomer in %Mn. The large hindrance of the %Mn
isomeric transition can be attributed to a shape transi-
tion between spherical and deformed configurations. The
observed structural change from a spherical ground state
in %8Co to a deformed ground state in %Mn could be re-
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FIG. 3. (Color Online) (top) A Nilsson diagram encompassing
the neutron ps/s, fs/2, P12, and gg,2 single-particle states
as a function of deformation. Dashed lines represent positive
parity states. A red vertical dashed line at $=0.2 corresponds
to the assumed deformation in the text. (bottom) Low-energy
level structures deduced for ®**Mn and %*Mn with tentatively
assigned spins and parities. All indicated - transitions were
observed. The levels populated in 8 decay are displayed in red
and the B-decay branching ratios and logft values are shown
to the left of the state. [-decay Q-values were taken from
Ref. [32]. States populated in the isomeric decays of *™Mn
and ™ Mn are indicated by black lines.

lated to the dramatic drop in various cross section mea-
surements observed in Refs. [33, 34].

In conclusion, the low-energy level structures of 4Mn
and %6Mn have been investigated through both the iso-
meric decay of metastable Mn states and the [ decay of
the respective %4Cr and %0Cr parent nuclei. Combined,
both techniques give rise to a consistent picture in which
spherical isomeric states coexist at low energy with de-
formed ground states in the Mn isotopes at a deformation
around 0.2. Shape coexistence is proposed to be a key
structural feature in this region and further experimental
and theoretical work are required to explore the extent
of this phenomenon in the N = 40 region.
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