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Background: Neutron-rich, even-mass chromium and iron isotopes approaching neutron number N = 40 have
been important benchmarks in the development of shell-model effective interactions incorporating the effects
of shell evolution in the exotic regime. Odd-mass manganese nuclei have received less attention, but provide
important and complementary sensitivity to these interactions.

Purpose: We report the observation of two new y-ray transitions in *Mn, which establish the (9/27) and
(11/27) levels on top of the previously known (7/27) first-excited state. The lifetime for the (7/27) and (9/27)
excited states were determined for the first time, while an upper limit could be established for the (11/27) level.

Method: Excited states in ®®Mn have been populated in inelastic scattering from a °Be target and in the
fragmentation of ®®Fe. ~~ coincidence relationships were used to establish the decay level scheme. A Doppler
lineshape analysis for the Doppler-broadened (7/27) — 5/27, (9/27)— (7/27) and (11/27) — (9/27) transitions
was used to determine (limits for) the corresponding excited-state lifetimes.

Results: The low-lying level scheme and the excited-state lifetimes were compared with large-scale shell-model
calculations using different model spaces and effective interactions in order to isolate important aspects of shell
evolution in this region of structural change.

Conclusions: While the theoretical (7/27) and (9/27) excitation energies show little dependence on the model
space, the calculated lifetime of the (7/27) level and claculated energy of the (11/27) level reveal the importance
of including the neutron gg,, and ds/, orbitals in the model space. The LNPS effective shell-model interaction

provides the best overall agreement with the new data.

I. INTRODUCTION

Nuclear shell structure — well-established for nuclei
near the valley of § stability — has been observed to
change in the exotic regime of neutron-rich nuclei [1, 2].
Driving forces behind shell evolution and structural
change at large isospin are the central and tensor inter-
actions [3, 4]. In the region below ®®Ni, the energy spac-
ing between the neutron fp shell and the gg,, orbital at
N = 40 has been of particular interest. An N = 40 sub-
shell gap may be suspected, based on the large 2% energy
and small B(E2) value of 8Ni [5]; however, in the iron
and chromium isotopic chains, with just two or four pro-
tons less than nickel, collectivity rapidly develops [6-11].
This region of structural change is a challenging testing
ground for nuclear models that aim to incorporate the
drivers of structural evolution away from stability.

Much has been learned about the region below %8Ni
from studies of collectivity in even-even chromium, iron,
and nickel isotopes. In contrast to the high 2{ energy in

8Ni, the energies of the 2] states of the neutron-rich iron
isotopes decline at least out to N = 42, %®Fe [7, 12], and
the energy of the 2] level in %4Cr is the lowest known in
the region [8]. B(E2) values determined via intermediate-
energy Coulomb excitation [10, 11] and excited-state life-
time measurements [9] quantified further the collectiv-
ity in the even-mass chromium and iron isotopes. Only
state-of-the-art shell-model calculations which included
the v0gg/o and vlds/p orbitals in the model space re-
produced the accumulating experimental observations re-
garding collectivity [9-11, 13]. Studies of odd-mass nuclei
provide complementary information and sensitively test
aspects relevant for the effective interactions developed
for this region of rapid structural change [14].

Between iron and chromium lie the (Z = 25) man-
ganese isotopes. The neutron-rich, odd-even isotopes
59,61,63\Nn were previously studied via multi-nucleon
transfer by Valiente-Dobén et al. [15]. Steppenbeck et
al. determined the spin-parities of high-spin levels in
57=60Mn by measuring 7-ray angular distributions fol-



lowing heavy-ion fusion-evaporation reactions [16]. Deep-
inelastic processes studied by Chiara et al. revealed new
levels in 5%62Mn [17], and excited states in *Mn were
also populated via  decay by Crawford et al. [18]. Aside
from the (7/27) — 5/27 transition from the first excited
state to the ground state, relatively little is known about
the structure of 3Mn. Several transitions were reported
in the 8 decay from %3Cr to 3Mn by Gaudefroy et al.
[19], but weak statistics prevented the construction of a
level scheme and the transitions remain unplaced. Shell-
model calculations using the GXPF1A [20, 21] and fpg
[5] effective interactions — GXPF1A is restricted to the fp
shell for protons and neutrons, fpg includes the neutron
go/2 orbital — reproduce the energy of the first excited
(7/27) state in *Mn to a reasonable degree, as shown
in Refs. [15, 18]. A recent laser spectroscopy measure-
ment deduced from the hyperfine structure J = 5/2 for
the %3Mn ground state [22]. Beyond this, however, there
are larger differences in the predicted level densities be-
low 1 MeV for the different model spaces; this is particu-
larly apparent in the comparison provided in the work of
Ref. [18]. Complementary experimental information on
transition probabilities in ®3Mn has not been available to
this point.

We report on the observation of new transitions in
63Mn and on the determination of excited-state life-
times from a Doppler lineshape analysis using in-beam
~-ray spectroscopy. Combined with state-of-the-art shell-
model calculations [13], we discuss the influence of the
0gg/2 and 1ds/o neutron orbitals on structure in this re-
gion.

II. EXPERIMENT AND RESULTS

The measurement was performed at the National
Superconducting Cyclotron Laboratory (NSCL). From
a primary beam of "®Ge, a secondary one contain-
ing %Mn was produced via projectile fragmentation at
130 MeV /nucleon on a 493-mg/cm? “Be production tar-
get located at the entrance of the A1900 fragment sep-
arator [23]. The resulting secondary-beam cocktail was
purified using a 240-mg/cm? Al wedge at the center of
the separator with a momentum acceptance of 2.6%. The
A1900 separator was set to optimize the yield of 52Cr, but
63Mn was transmitted at comparable intensity.

The secondary beam containing 3Mn was guided onto
a 370-mg/cm? “Be reaction target located at the pivot
point of the S800 magnetic spectrograph [24] to induce
reactions at a beam energy of 84 MeV /nucleon. The spec-
trograph was set to accept inelastically-scattered projec-
tiles, but contributions to the production of 3Mn from
fragmentation of ®Fe, which was the most abundant
species in the cocktail beam, could not be excluded.

The focal plane of the spectrograph was equipped with
the standard set of detectors used for event-by-event iden-
tification of the particles emerging from the target [25].
The ionization chamber measured the energy loss of the
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FIG. 1. (Color online) Particle-identification spectrum for
the reaction residues produced at the S800 target position by
the incoming projectile beam. The magnetic rigidity of the
S800 spectrograph was optimized for the transmission of ®2Cr.
53Mn nuclei can be cleanly separated.

reaction residues and, combined with the event-by-event
time-of-flight through the system, the particle identifica-
tion matrix shown in Fig. 1 was constructed to select the
species of interest.

The target was surrounded by the Segmented Germa-
nium Array (SeGA) consisting of 17, 32-fold segmented
high-purity germanium detectors for in-beam ~v-ray de-
tection [26]. Seven detectors were mounted in a ring at
37° relative to the beam axis, while the remaining ten
equipped a ring at 90°. The high degree of segmentation
of the SeGA array allowed for an event-by-event Doppler
reconstruction of the v rays emitted in flight by 3Mn nu-
clei traveling at velocities of ~ 0.4 ¢. For each event, the
angle used for Doppler reconstruction was deduced from
the location of the detector segment with the highest en-
ergy deposit. Energy and efficiency calibrations were per-
formed using standard calibration sources. The detection
efficiency of SeGA for v rays emitted in flight, accounting
for the Lorentz boost, was evaluated separately for each
of the two rings.

The event-by-event, Doppler-corrected v-ray spectrum
of %3Mn is given in Fig. 2. Prominent in the spectrum
are ~y-ray transitions at 249, 375 and 637 keV. The 249-
keV decay was previously attributed to the (7/27) —
5/2, . transition [15]. The spin and parity assignments
for the and (7/2;) states are based on the systematics of
the lighter Mn isotopes [18, 27, 28|, reinforced by shell-
model calculations (see below). The 637- and 375-keV
transitions had not been reported previously.

Gamma rays detected within 600 ns of one another
were taken as coincident and stored in a two-dimensional
coincidence matrix. Software gates were placed around
peaks in the matrix to determine the coincidence rela-
tionships between the transitions of interest. Background
gates were placed in a peak-free region of the spectrum
on the high-energy side of each peak.

The spectra resulting from the vy coincidence gating
are provided in Figs. 3(a) and (b). In the spectrum result-
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FIG. 2. Event-by-event, Doppler-reconstructed ~-ray spec-
trum detected by the SeGA array in coincidence with ®3*Mn
reaction products.
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FIG. 3. vy coincidence spectra for ®*Mn detected in the SeGA
(a) and (b) and GRETINA arrays (c) and (d), respectively.
The top panels, (a) and (c), are gated on the 637-keV tran-
sition, and the bottom panels (b) and (d) on the 249-keV ~
ray. The two transitions are clearly in coincidence.

ing from the gate on the 249-keV transition, the 637-keV
v ray is evident and vice versa. Since the 249-keV tran-
sition is known to proceed to the ground state, the 637-
keV one is placed directly above the 249-keV level. The
resulting 886-keV state is given a tentative spin-parity as-
signment of (9/27), based on the analogy with the level
schemes of the lighter Mn isotopes [15], discussed below.
Further confirmation of this coincidence relationship was
obtained in the calibration setting of an in-beam ~-ray
spectroscopy measurement using the same experimental
scheme with the GRETINA array [29] instead of SeGA.
There, %3Mn was produced in the one-neutron knockout
from %Mn and a small fraction of the momentum distri-
bution entered the S800 focal plane [30]. The same two
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FIG. 4. (Color online) %*Mn ~-ray spectra for the two rings of
the SeGA array. In the top panel, v/c¢=0.340 was used for the
event-by-event Doppler reconstruction of the v rays emitted
in flight, while in the bottom panel v/¢ = 0.364. The position
of the peaks in each ring relative to the other is different in
each case, illustrating the impact of the excited-state lifetime.

transitions were observed and confirmed to be in coinci-
dence, as displayed in Figs. 3(c) and (d). There is weaker
evidence for the 375-keV 7 ray being in coincidence with
both the 249-keV and 637-keV transitions in Fig. 3(a)
and (b). Comparison with the lighter, odd-even Mn iso-
topes would tentatively suggest an (11/27) assignment
for the corresponding state.

Figure 4 provides the ~-ray spectra for the individual
rings of the SeGA array. In the top panel, v/c = 0.340
was used for the Doppler reconstruction. With this value,
the peaks corresponding to the (7/27) — 5/27 transi-
tion are aligned at 249 keV in both the 37° and 90° rings,
while the peaks corresponding to the (9/27)— (7/27) de-
cay are misaligned. On the other hand, with v/c = 0.364
in the Doppler reconstruction, the peaks in both rings
at 637 keV, corresponding to the (9/27)— (7/27) transi-
tion, are aligned, while the peaks for the (7/27) — 5/2~
transition are now misaligned [see Fig. 4(b)]. This first
analysis suggests that the lifetimes of the (9/27) and
(11/27) states are shorter than that of the (7/27) level.
Since the projectiles continuously lose energy as they tra-
verse the target, on average, a short-lived state is more



likely to decay when the projectiles are traveling at higher
velocity relative to a longer-lived level that will deexcite
after the projectiles have traversed more material, or left
the target. Hence, a larger value of v/c is needed in the
Doppler reconstruction of a fast transition in order to
align the peaks in both rings, while a smaller one is re-
quired for a longer-lived level. To quantify the lifetimes of
the excited states further, a GEANT4 [31] simulation was
used to model the peak shapes and positions of the 375-,
637-, and 249-keV transitions. The excited-state life-
times, 7, and energies, E, of all three states were varied
independently and fit to the data in a y2-minimization
procedure. A linear background was used in the area im-
mediately surrounding the peaks. In this common mini-
mization, the effect of feeding from the states at the top
of the cascade was taken into account for the lower-lying
states through the simulation and minimization. The
x? for each transition was calculated for the fit region
surrounding the peak (the area shown in Fig. 5). The
lifetimes were subsequently derived from the minimum
in x? versus 7 plots, and the lifetime corresponding to
x2 + 1 was taken as the 1o uncertainty. For the 375-keV
transition, only an upper limit could be determined. The
upper and lower limits of the observed feeding transitions
were used to estimate the uncertanties in the fed transi-
tions. Unobserved, delayed feeding can only be of weak
intensity and would lead to a longer apparent lifetime for
the (9/27) state than the actual value, herewith amplify-
ing the disagreement with LNPS-fpg and LNPS-fp (see
below). The best-fit simulations and corresponding x>
versus lifetime plots are presented in Fig. 5. The results
are summarized in Table I.

TABLE 1. Results from the simulations of excited-state life-
times for the 249-, 637-, and 375-keV transitions in *Mn.

g —=Jr | E, (keV)| 7 (ps)

(7/27) = 5/2~ 249(5) 8.5(0.5)

(9/27) = (7/27) 637(5) 0.9(0.6)
(11/27) — (9/27) 375(5) <1

The observation of a firm coincidence between the
637- and 249-keV transitions leads to the level scheme
proposed in Fig. 6 with the 375-keV ~ ray tentatively
placed feeding the (9/27) state. For comparison, the
level schemes proposed for ®*61Mn by Valiente-Dobén et
al. [15] are reproduced in Fig. 6 as well. Spin-parity as-
signments for 61:63Mn in Fig. 6 are tentative and based
on systematics of the lighter Mn isotopes, as well as shell-
model calculations. The similarities in structure between
the isotopes are obvious. In each case, there is a 5/2~
ground state and a 7/27 level at low excitation energy,
then a larger gap to a 9/2~ state with an 11/2~ level
above it. In ®Mn, a 15/27 state is observed at nearly
3 MeV in Ref. [16], but is not shown in Fig. 6.

nd.f=457 ndf=378 ndf=99
536 410 104
406
532 1
< 102 00,
528 96

398

R -
Simulated Lifetime

Counts/keV

20

236™B45™ 366" 350 B70 B90 580
Energy (keV)

“840° """ 700

FIG. 5. (Color online) Fits of simulated (GEANT4) ~-ray
transitions (smooth, red curve) to measured spectra (black
histogram) used to determine the excited-state lifetimes of
levels depopulated by the 249- (left column), 375- (middle
column), 637-keV (right column) transitions. The simulated
response is the sum of the simulated transitions and a linear
background. Top row: reduced-y? values versus simulated
lifetime used to determine the best-fit 7 value. The number
of degrees of the freedom (ndf) entering each lifetime deter-
mination is quoted in the x? plots in the top row.

III. DISCUSSION

The proposed level scheme for 53Mn is compared to
shell-model calculations in Fig. 7. Negative-parity, yrast
levels up to the 11/2~ state and allowed E2 and M1
transitions were considered. Several calculations were
performed using the LNPS effective interaction [13] with
different model spaces. Calculations in the fpgd model
space include the fp shell for protons and the 1ps /2, 1p1 /2,
0f5/2, 0gg/2, and 1ds /o orbitals for neutrons; they are la-
beled “LNPS”. The fpg model space is the same as the
Jpgd one, except that the neutron-1ds/, orbital is not
active, and the calculations are labeled “LNPS-fpg”. Fi-
nally, calculations labeled “LNPS-fp” restrict the model
space to the full fp shell for both protons and neutrons.

It has been demonstrated earlier that the fp model
space is not sufficient to describe neutron-rich fp-shell
nuclei in the vicinity of N = 40 (see, for example, Refs.
[8, 32-35]). In light of this observation, the LNPS-fp re-
sults reproduce the general low-energy structure of %3Mn
surprisingly well, while inclusion of the Ogg /o orbital, as
is done in calculations using the fpg model space, brings
the 9/27 level down in energy, closer to the experimen-
tal result. Only in the full LNPS calculations does the
11/27 level appear in the calculations. Particularly curi-
ous is the behavior of the 3/2~ level in the calculations:
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FIG. 6. Comparison of proposed level schemes for 595753 Mn
for levels below 1.5 MeV. The level schemes for **%*Mn are
taken from [15]. The levels are labeled with spin, parity,
and excitation energy in keV. Spin-parity assignments for
6L.63\Mn are tentative, based on systematics and guided by
shell-model calculations. Ground-state spin assignments of
J = 5/2 were recently confirmed by laser spectroscopy of the
hyperfine structure at ISOLDE [22].
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FIG. 7. (Color online) Comparison of the proposed level

scheme with shell-model calculations, see text for details.
Spin-parity assignments for the upper two levels in the exper-
imental scheme are tentative and based on the systematics of
the lighter Mn isotopes and the shell-model calculations.

when using only the fp model space (i.e., LNPS-fp), the
state is calculated around 1 MeV, while the inclusion of
the 0gg/o neutron orbital lowers it down to 800 keV. In
the full model space, with both the 0gg/, and 1ds,, neu-
tron orbitals, the 3/27 state is brought back well above
1 MeV. The calculated wave functions indicate that the
ds /o amplitudes in the 5/27, 7/27, and 9/27 states are
significantly larger than those for the 3/27 level. A 3/2~
state has not been identified in %3Mn, so no experimental
guidance can be given yet, but in 'Mn, two levels with

possible 3/27 assignment are reported above 1 MeV [18].

In order to compare the data to the calculations in
more depth, the excited-state lifetimes from the shell
model are deduced and confronted with the measurement.
The (7/27) — 5/27 and (9/27) — (7/27) transitions are
both expected to be of mixed £2/M1 multipolarity and
from systematics (Fig. 6) are suspected to proceed with
large branching ratios, BR, defined as the intensity frac-
tion to a specific final state. The F2 — M1 multipole
mixing ratio, §(E2/M1) is given by

E2 . L B(E2) 3
2 =22 ) — ) 1 5E2 N 1
o <M1) 687> 107" By 5y pminieve (Y

and the lifetime of the state with the mixed E2/M1 tran-
sition is obtained as
52 816
1+62 BSB(E2;J +1— J)

T=DBR e2fm MeVops. (2)

With the shell-model energies and transition probabilities
in Egs. (1) and (2), the mixing ratios and excited-state
lifetimes were calculated and the lifetimes are compared
to experiment (see Table II). The shell-model B(E2)
values used effective charges of e, = 1.31e and e,, = 0.46e
of Ref [36], and the B(M1) strengths were computed
using effective g-factors, g, = 4.189, g;, = —2.869, gf; =
1.1, and g5 = —0.1.

The lifetimes calculated with the LNPS effective inter-
action give the best agreement with the experiment. For
the (7/27) — 5/2~ transition, the LNPS lifetime of 23 ps
over-predicts the experimental value of 8.5(0.5) ps, by a
factor of 2.7, rather than by the factors of 42 and 372
found for the LNPS-fpg and LNPS-fp predictions, re-
spectively. For the (9/27)— (7/27) transition, the LNPS
prediction of 0.3 ps is also consistent with the measured
value of 0.9(0.6) ps.

To remove the effect of the shell-model energies, the
branching ratios, mixing ratios, and excited-state life-
times are recalculated and given in brackets in Table IT
using the experimental excited-state energies instead of
shell-model ones. With this modification, the overall
agreement for the (7/27) — 5/27 lifetime comes closer
to the experiment for the interactions without the 1ds,;
orbital. For the (9/27) — (7/27) transition, however,
only the LNPS prediction is consistent with the measured
value.

In a simple single-particle picture, one may expect the
low-lying structure of %3Mn to be dominated by the three
f7/2 proton holes and their couplings. In this picture, the
5/27 ground state then would have seniority 3 and the
(7/27) excited level would have seniority 1. In the ex-
treme (f7/2)? limit, the (7/27) — 5/27 transition is of
forbidden M1 character; i.e., B(M1) = 0, since the se-
niority is pure and a transition would change it by two
units. Although the LNPS-fpg and LNPS-fp calcula-
tions predict small B(M1) values, the wave functions in-
dicate already significant mixing in the proton configu-
rations, beyond the (f7/2)3 picture. The larger B(M1)



TABLE II. Experimental and shell-model transition energies, transition probabilities, multipole mixing ratios, branching ratios
and excited-state lifetimes using LNPS, LNPS-fpg, and LNPS-fp effective interactions for the (7/27) — 5/27, (9/27) —
(7/27), and (11/27) — (9/27) transitions discussed in the present work. Theoretical lifetimes, 7sm, branching ratios, BRsm,
and mixing ratios, dsm were calculated using both shell-model and experimental energies. The numbers without brackets were
calculated using the shell-model energies, while the numbers in brackets are results of the same calculations, but using the
experimental level energies instead (see text for details). Experimentally determined lifetimes, 7, are listed for comparison.

Interaction JE = J7 ES® EZ™ B(E2)sm| B(M1)sm BRsm Osm Tsm T
Mev) | (Mev)| (emt) | (ud) (%) ) | 9
LNPS [13]| (7/27) = 5/2~ | 0.249(5)] 0.262 467 0.13 100 [100]| 0.13 [0.12]] 23 [28] | 8.5(0.5)
(9/27) — (7/27) | 0.637(5)| 0.795 323 0.29 9294] | 0.22[0.18]| 0.3[0.6]| 0.9(0.6)
(11/27) — (9/27)| 0.375(5)| 0.262 274 0.48 26 [37] | 0.05[0.07]] 1.7 [0.8] <1
LNPS-fpg| (7/27) —5/2= | 0.249(5)| 0.156 202 0.04 | 100[100]] 0.11[0.17]] 361 [88]| 8.5(0.5)
(9/27) — (7/27) | 0.637(5)| 1.107 7 0.04 73 [80] | 0.12 [0.07]| 0.7 [4.4] | 0.9(0.6)
LNPS-fp | (7/27) —=5/2 | 0.249(5)] 0.07 22 0.05 100 [100]| 0.01 [0.04]] 3165 [68]] 8.5(0.5)
(9/27) — (7/27) | 0.637(5)| 1.33 10 0.02 o1[93] | 027[0.13]] 1[13] | 0.9(0.6)

value for LNPS is a result of further mixing, favored by
the excitation of neutrons into the gg/o and the ds/5 or-
bitals, generating more collective and deformed states.
This underlines the need for a large model space for the
description of this mass region where rapid changes in
shape occur.

IV. SUMMARY

In summary, a y-ray-spectroscopy experiment was per-
formed on %3Mn and new transitions were observed. The
637-keV transition was placed firmly in the level scheme
as feeding the first excited state. From systematics, and
in agreement with the shell model, the corresponding
excited state was assigned (9/27). The 375-keV tran-
sition was tentatively placed in the level scheme feeding
the (9/27) level and an (11/27) spin-parity assignment
is suggested from the systematics of the lighter Mn iso-
topes. GEANT4 simulations were used to determine the

lifetimes of the (7/27), (9/27) and (11/27) states from
the y-ray lineshapes of the Doppler-corrected transitions
observed in the two rings of the SeGA array. Large-scale
shell-model calculations were performed in the fpgd, fpg,
and fp model spaces, and the predicted level schemes and
theoretical lifetimes for the excited states were compared
to the data. While the excitation energies are dependent
on the model space, the importance of the v0gg,> and
vlds, orbitals was revealed more clearly in the compari-
son of the excited-state lifetimes. The calculations in the
full fpgd model space with the LNPS effective interac-
tion give the best overall agreement with all experimental
data, including the level lifetimes.
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