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B decay of 1-6*V and low-energy level schemes of ¢-3Cr
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Background: Near N = 40, rapid development of collectivity has been inferred based on the low-energy level
schemes of the even-even Fe and Cr isotopes and attributed to deformation arising primarily from the influence of
the vgy,, intruder orbital. The level schemes of the odd-A Co and Fe isotopes, as well as the odd-odd Co and Mn
isotopes, are also influenced by the go,, orbital and suggest prolate deformation. However, scarce information is
available regarding the neutron-rich odd-A Cr isotopes.

Purpose: Determine low-energy level schemes of the neutron-rich Cr isotopes approaching N = 40 and investigate
the influence of the vgy,, orbital.

Method: Neutron-rich V isotopes were produced at the NSCL through projectile fragmentation. The g decay
of the V isotopes into Cr isotopes was studied, and the observed g-delayed y rays were used to determine the
low-energy level schemes of the neutron-rich Cr isotopes.

Results: A greatly expanded level scheme is constructed for °'Cr, which has an increased low-energy level
density relative to isotopic *>37*°Cr. Excited states are discovered in *Cr for the first time.

Conclusion: The distinct difference between the low-energy level scheme of ¢! Cr and the lighter neutron-rich
odd-A Cr isotopes is inferred to be due to the influence of the vgy,, intruder orbital and suggests the possibility
of low-energy positive-parity states in ®'Cr, leading to the conclusion that a significant change in deformation

and orbital occupancies has taken place when N exceeds 36.

DOI: 10.1103/PhysRevC.89.034317
I. INTRODUCTION

The neutron-rich nuclei near N = 40 have received sig-
nificant attention due to the rapid development of collectivity
below the Ni isotopes. As $§Niy has a high-energy first excited
2% state [1] and a low B(E2;2,t — 0;7) value [2,3], a
subshell gap was originally proposed at N = 40. However,
this subshell closure is very fragile and disappears as protons
are removed from %Ni. In the even-even Fe and Cr isotopes,
collectivity develops as N = 40 is approached, inferred from
the consistent decrease in the energy of the 2, states [4,5]
and the corresponding increase in B(E2) values [6—8] along
the respective isotopic chains.

The collectivity in the neutron-rich Fe and Cr isotopes has
largely been attributed to the presence of prolate deformation
arising from the influence of the g9/, and ds,, neutron orbitals
[9,10]. As protons are removed from the f7,, orbital below
%8Ni, the attractive monopole interaction between protons in
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the f7/, orbital and neutrons in the f5/, orbital decreases [10].
The vfs,, orbital is pushed toward the N = 40 gap, increasing
the probability of neutron excitations out of the fp shell [10].

In the odd-A neutron-rich nuclei near N = 40, the presence
of prolate deformation has been inferred from the low-energy
level schemes, and the importance of both proton and neutron
intruder states has been suggested. In S;C040, an isomer
was observed at 492 keV and assigned a spin and parity of
1/27 due to a prolate-deformed proton intruder configuration
[11]. Based on systematics, the 1095-keV state in %Co was
attributed to the same proton intruder configuration [12].
Regarding neutron intruder states, in the odd-A Fe isotopes
beginning at N = 33, states described by neutron excitations
into the gg/» orbital have been identified, with the energy of
these states decreasing as N increases. The excitation energy
of the 9/2% state is 1517 keV in *°Fe [13] and falls to 394 keV
in %Fe [14]. A positive parity state has also tentatively been
identified around 400 keV in %Fe [15].

In the odd-odd Co and Mn nuclei, evidence for the coupling
of intruder proton and neutron states has been obtained.
Similarities have been suggested between the low-energy level
schemes of the 66’S§C039,41 and 64’22Mn39,41 nuclei. The ground

states in % Mn and %°Co, as well as the 1.6-s isomeric state
in %8Co, were proposed to be prolate deformed and assigned
as 17 based on the deformed coupling of the proton [321]1/2~
state with the neutron [301]1/2~ state at 8, ~ 0.2 [16,17].
Furthermore, the first excited states in #*°°Mn were identified
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as 27 based on the coupling of the same 1/2~ proton intruder
with a neutron intruder state originating from the gg,, orbital
[16]. Lastly, the negative-parity bandhead arising from the
coupling of the mf7,, and vgg,, orbitals has been found
to steadily decrease in energy in the odd-odd Mn isotopes
between N = 33 and N = 37, analogous to the drop in energy
of the positive-parity states originating from the g9/, orbital in
the odd-A Fe isotopes [18].

The present study focuses on the low-energy level schemes
of the odd-A ¢1:%3Crj7 39 isotopes populated through the B
decay of 613V, The experimental techniques that were used
are described in Sec. II. The experimental results and decay
schemes for the 8 decay of the V isotopes into the respective
Cr isotopes are presented in Sec. III. The low-energy level
schemes of the neutron-rich odd-A Cr isotopes are compared
to shell-model calculations in Sec. IV, where the influence of
the gg/» orbital is discussed. Finally, conclusions are stated in
Sec. V.

II. EXPERIMENTAL DESCRIPTION

A 130-MeV/A 7°Ge primary beam was accelerated through
the Coupled Cyclotron Facility at the National Supercon-
ducting Cyclotron Laboratory (NSCL) and impinged on a
Be target to produce the neutron-rich °1:%3V isotopes. The
secondary ions of interest were selected using the full 5%
momentum acceptance of the A1900 fragment separator [19].
The cocktail ion beam was transported to the Beta Counting
System (BCS) [20] and implanted into a 1-mm-thick Si
double-sided strip detector (DSSD) with 40 1-mm strips on the
front and 40 perpendicular 1-mm strips on the back. The ions
delivered to the experimental end station were characterized
on an event-by-event basis using energy-loss and time-of-flight
techniques. The energy loss of the ions was measured in a Si
PIN detector located upstream relative to the DSSD. Time-of-
flight was measured between a position-sensitive scintillator
at the A1900 intermediate dispersive image and the PIN
detector. The particle identification plot of the ions that were
implanted into the DSSD is shown in Fig. 1. 8-decay electrons
were detected by the DSSD and correlated in software with
preceding implanted ions based on the spatial locations of
the implant and decay, as well as temporal information. The
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FIG. 1. (Color online) Particle identification plot for the nuclei

delivered to the experimental end station characterized on an event-

by-event basis using time-of-flight and A E methods. The B-decaying
61,63 jsotopes are indicated.

PHYSICAL REVIEW C 89, 034317 (2014)

Segmented Ge Array (SeGA) [21], arranged in two concentric
rings of eight detectors each, surrounded the BCS and was
used to detect B-delayed and isomeric y rays. The absolute
efficiency of SeGA was measured as a function of energy
using a calibrated source, and the total efficiency was 8.7%
at 662 keV. The lower half-life limit that could be identified
by measuring the time delay between coincident y rays was
approximately 150 ns.

All detector signals were independently triggered and time-
stamped with a 10-ns resolution using the NSCL Digital Data
Acquisition System (DDAS) [22,23]. An external validation,
constructed from the AND of two OR signals, was required
to record data from the DSSD. The first OR was generated
following a signal above threshold in any one of the 40 strips
on the front of the DSSD and the second OR was created
following a signal above threshold in any one of the 40 strips
on the back. In software, events were constructed by grouping
together all detector signals that occurred within a 10-us time
period.

III. RESULTS
A. ¥1Cr

The B decay of ®'V was used to populate low-energy states
in ®'Cr. The B-delayed y-ray energy spectrum within 250 ms
of the arrival of a ®'V ion at the experimental end station is
shown in Fig. 2. y-ray transitions were identified in ' Cr based
on their §-gated half-lives, observed y-y coincidences, and
previous experimental results [24]. The transitions belonging
to ®!Cr are listed in Table I along with their absolute intensities.
Sixteen transitions in ®'Cr were identified based on Fig. 2,
and two others became apparent in coincidence spectra. The
background-subtracted B-delayed y-y coincidence spectra
gated on the three lowest-energy transitions in ®' Cr are shown
in Fig. 3. As indicated in Fig. 3(a), the 71-keV y ray is
coincident with the three transitions at 331, 645, and 1151 ke V.
Eight transitions coincident with the 98-keV y ray are apparent
in Fig. 3(b), including the 408-keV transition, which is also
coincident with the 127-keV y ray based on Fig. 3(c).
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FIG. 2. (Color online) The B-delayed y-ray energy spectrum
detected within 250 ms following the implantation of a ®'V ion into
the DSSD. Red inverted triangles mark y rays attributed to the decay
of ®1V, which are also listed in Table I with their respective absolute
intensities. Blue circles denote y rays attributed to daughter and
granddaughter activities. Gray squares label y rays associated with
B-delayed neutron emission.
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TABLE I. Energies and absolute intensities per 100 8 decays for
the y-ray transitions identified in ®' Cr following the 8 decay of °' V.

E (keV) Abs. inten. (%) E (keV) Abs. inten. (%)
70.8(3) 9.3(8) 645.0(8)* 1.04)
97.7(3) 24.9(8) 676.4(6) 0.9(4)
126.7(3) 8.1(5) 715.9(4) 5.1(6)
331.0(4) 1.7(5) 773.7(4) 2.3(5)
353.6(5)* 1.2(4) 929.4(4) 3.7(5)
407.6(7) 1.7(7) 1026.3(4) 4.7(6)
450.5(3) 4.5(5) 1151.2(4) 1.4(3)
467.0(4) 1.5(4) 1964.5(4) 2.2(7)
576.7(4)° 0.7(3) 2164.0(5) 2.5(8)

*Transition observed in coincidence spectra only.
Transition not placed in ®'Cr level scheme.

The deexcitation of the previously reported excited states
at 97, 450, and 1027 keV in ®'Cr [24] are confirmed by
the present data. Prior to this work, 71-, 127-, and 329-keV
transitions were unplaced in the ®'Cr level scheme, but with
the increased statistics, their placements are suggested. The
71-keV y ray is proposed to directly feed the ground state
based on the lack of observed coincidence with any other
transition that populates the ground state. From the §-delayed
y-y coincidence spectra, the 127-keV transition is inferred to
populate the 98-keV state. The observation of several excited
states which decay to both the 98-keV state and the ground
state confirms the ordering of the 98- and 127-keV transitions.
The 331-keV y ray, assumed to be the same as the 329-keV
transition in Ref. [24], is proposed to feed the 71-keV state
based on observed y-y coincidence and the lower absolute
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FIG. 3. Background-subtracted 'V B-delayed y-y coincidence
spectra gated on the (a) 71-keV, (b) 98-keV, and (c) 127-keV
transitions.
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intensity compared to the intensity of the 71-keV y ray. In
Ref. [24], the 717-keV transition was placed connecting the
1027-keV state with a proposed state at 310 keV. Here, the
716-keV y-ray transition, assumed to be the same as identified
at 717 keV in Ref. [24], is reassigned as directly feeding the
ground state based on a lack of coincidences between it and
transitions from any state at 310 keV or lower, including the
71- and 98-keV y rays. In addition, no y rays were observed
that could be attributed to the decay of a 310-keV state. y rays
at 86, 212, or 239 keV to the 224-, 98-, or 71-keV state were
not observed in the ®'V B-delayed y-ray energy spectrum, nor
were y rays with these energies found in coincidence with the
127-, 98-, or 71-keV transitions. Thus, the state at 310 keV in
61Cr proposed in Ref. [24] is removed.

Based on the observation of an intense 644-keV y ray [25]
in Fig. 2, a significant S-delayed neutron (8 — n) emission
branch is deduced for ®'V. An 817-keV y ray, attributed to
the 4t — 27 transition in ®Cr [26], was found in coincidence
with the 644-keV transition, confirming the -delayed neutron
emission. However, the intensity of the 817-keV transition
following B — n decay from °'V is very weak and only about
0.6%. Based on the absolute intensity of the 644-keV y ray,
a lower limit of 10% is inferred for the 'V B — n branching
ratio.

The B-decay curve for %'V is shown in Fig. 4(a). The fit to
the decay curve included contributions from the exponential
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FIG. 4. (a) The B-decay curve for ®'V from O to 1 s. The overall
fit, labeled “tot,” includes contributions from the decay of 'V, ¢!Cr,
6Mn, %°Cr, and ®*Mn, and a constant background. The contributions
from the nuclei populated through g-delayed neutron emission are
shown with dashed lines. (b) The ¢!V B-decay curve from 0 to 500 ms
gated on the 98-keV transition. The curve was fit using an exponential
plus a constant background.

034317-3



S. SUCHYTA et al.

(3/27, 5/2) 0
61 ty, =49(1) ms
23V 38 Qg = 12.0(9) MeV
o
Qi
g
N
R 2262
R
i}
N 2062
¥
N
SN
N S 1222
oY
g
N - 1026
NO QO
AN
[DESER
REoese I8
N °S\"°\® ~ 716
5 %Q-Q‘\!@ 632
SN 565
SG S
vnanf;',\f N 451
b«_@o? 302
O o 224
v N AT
AN
VVe| V| W vV lflb QS 71
512) vV Vv v L2 2 0
61
24Cl37

FIG. 5. Low-energy level scheme of ¢!Cr inferred from the B
decay of ®'V. The B-decay Q value was taken from Ref. [31]. The
absolute intensity of each y-ray transition is shown in parentheses
following the transition energy.

decay of 6!V, the growth and decay of ®' Cr daughter, ' Mn
granddaughter, 80Cr, and “Mn, and a constant background.
The A = 60 nuclei were populated by § —n decay. The
half-lives of the Cr and Mn isotopes were fixed at their
respective literature values: 1Cr, 233 ms [27]; ®'Mn, 670 ms
[28]; °°Cr, 490 ms [29]; and ®®Mn, 280 ms [29]. Furthermore,
the B — n branching ratio was fixed according to the absolute
intensity of the 644-keV transition. The 'V half-life was
determined to be 49(1) ms, in agreement with previously
published results of 43(7) ms [30] and 47.0(12) ms [25].
The B — n branching ratio had only a minor influence on the
determination of the ®'V half-life. Increasing the branching
ratio from 10% to 25% only changed the half-life by about
2 ms. For the most intense ®'Cr transitions in Fig. 2, y-gated
B-decay curves were constructed. The half-lives obtained by
fitting the y-gated B-decay curves to an exponential plus a
constant background agreed with the half-life extracted from
the ungated ®'V decay curve. A representative example, the
98-keV-gated ®'V B-decay curve, is shown in Fig. 4(b), for
which a half-life of 49(2) ms was determined.

The low-energy level scheme of %!Cr populated by the 8
decay of ®'V is shown in Fig. 5. The present study has revealed
13 excited states in ! Cr and 9 new y rays, greatly extending the
level scheme presented in Ref. [24]. All coincidences indicated
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FIG. 6. (Color online) (a) The B-delayed y-ray energy spectrum
detected within 150 ms following the implantation of a ®*V ion into
the DSSD. Red inverted triangles mark y rays attributed to the decay
of 83V, which are also listed in Table II with their respective absolute
intensities. Blue circles denote y rays attributed to daughter and
granddaughter activities. Gray squares label y rays associated with
B-delayed neutron emission. Inset: The B-delayed y-y coincidence
spectrum gated on the 120-keV transition. (b) The S-decay curve for
93V from 0 to 1 s. The overall fit, labeled “tot,” includes contributions
from the decay of ®V, Cr, ®*Mn, %Cr, and >Mn, and a constant
background. The contributions from the nuclei populated through
B-delayed neutron emission are shown with dashed lines.

in Fig. 5 were observed. Two y-ray transitions at 354 and
645 keV that were masked by larger peaks in the ®' V g-delayed
y-ray energy spectrum were found to be coincident with the
98-keV and 71-keV transitions, respectively, and placed in
the %!Cr level scheme based on the observed coincidences.
The intensities of the 354- and 645-keV transitions listed in
Table I were determined by scaling to other y rays seen in
both the B-delayed y singles spectrum and y-y coincidence
spectra. Only the 577-keV transition, with a relatively small
absolute intensity of 0.7%, could not be placed in the ®' Cr level
scheme. It is possible that the 577-keV transition depopulates
the 1026-keV state and feeds the 451-keV state, but the
statistics were not sufficient to confirm this assumption. The
71-keV transition is limited to having dipole character based
on Weisskopf estimates and the nonobservation of a lifetime
for the 71-keV state. From the intensity of coincident 127- and
98-keV y rays, an internal-conversion coefficient of 0.17(13)
was inferred for the 98-keV transition, albeit with a large
relative uncertainty. As no time delay was observed between
the 127- and 98-keV y rays within the experimental detection
limit of approximately 150 ns, Weisskopf estimates would
suggest a dipole or mixed M 1-E2 98-keV transition.

Based on the observed y-ray transitions, it could be
suggested that the 71- and 98-keV transitions populate two
different isomeric states in °! Cr. Indeed, no mutual coincidence
was observed between any transition coincident with the
98-keV y ray and any transition coincident with the 71-keV
y ray. However, no further supporting evidence for a %'Cr

TABLEII. Energies and absolute intensities per 100 8 decays for
the y-ray transitions identified in ®*Cr following the 8 decay of ©V.

E (keV) Abs. inten. (%) E (keV) Abs. inten. (%)
83.1(6) 4(2) 414.0(6)* 4(2)
120.3(4) 15(3)

aTransition not placed in 3Cr level scheme.
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FIG. 7. Low-energy level scheme of %3Cr inferred from the B
decay of V. The B-decay Q value was taken from Ref. [31] and was
determined from systematics. The absolute intensity of each y-ray
transition is shown in parentheses following the transition energy.

isomer was found. An attempt was made to identify B-
decaying isomeric states in ®'Cr by determining the time
delay between selected B-delayed y-ray transitions in ®'Cr
and the subsequent 8 decay to ®'Mn. Within the uncertainty
of the measurement, the B-decay half-life of ¢!Cr following
the 71-keV y ray was the same as the ¢! Cr half-life following
the 98-keV y ray, and both were consistent with the half-life
extracted from the B-decay curve generated by gating on the
independently produced ' Cr ions in the particle identification
plot. Additionally, a search for isomeric y-ray decays in
ICr within a 10-ms time period following °'V B decay was
conducted but returned no evidence for an isomeric state.
The ®'Cr ground state was originally assigned as 5/2~ [24]
and attributed to the v[303]5/2~ state which, according to
Nilsson diagrams, would be expected to be the lowest-energy
state for modest prolate deformations [24,32]. The apparent
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B-decay feedings deduced in Ref. [27] for the decay of ®'Cr
to ®'Mn were consistent with a 5/2~ ®'Cr ground state. The
previously assigned 5/27 spin and parity is retained for the
61Cr ground state in Fig. 5. The ¢! Cr level scheme is discussed
further in Sec. IV.

Assuming the B-decay parent nucleus $iVsg is also de-
formed, 3/27 or 5/27 is likely its ground-state spin and
parity. In Ref. [24], the %'V ground state was inferred to
be 3/2~ based on the odd proton filling the [321]3/2~ state
originating from the f7,, orbital. Nilsson diagrams predict such
a 3/27 ground-state configuration over a large range of prolate
deformations [32]. The possibility of oblate deformation in the
neighboring odd-A V isotope > V34 has also been suggested
[30]. If there is a systematic trend of oblate ground states that
continues into ®'V, a 5/2~ ground state would be expected. The
lack of significant population of the first excited 4™ state in ®°Cr
following B — n decay from !V favors the 3/2~ assignment
for the %'V ground state. For either the 3/2~ or 5/2~ ground
state, a large B-decay feeding to the ground state of ®' Cr might
be expected. The upper limit for ground-state feeding based
on the present data is 40%.

B. ®Cr

The B-delayed y-ray energy spectrum observed within
150 ms after the arrival of a ®V jon is shown in Fig. 6(a).
The three y rays listed in Table II are assigned as transitions
in Cr and observed for the first time. As previously reported
in Ref. [25], an intense peak is seen in the B-delayed y-ray
energy spectrum at 446 keV due to the 2T — 07 transition
in %2Cr, which occurs following B-delayed neutron emission
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FIG. 8. Comparison of known experimental energy levels in °73%61Cr with shell-model calculations. Experimental data for 337-3°Cr were
taken from Refs. [38—41]. The levels reported at 828 and 1084 keV in *’Cr in Ref. [41] are not displayed in the experimental level scheme for
3Cr. Deep-inelastic-scattering data suggest that the 518-keV y-ray transition [41] was incorrectly placed in the level scheme [42]. The energy
of the 525-keV level in the experimental *Cr level scheme is shown in parentheses to indicate the tentative nature of its identification [40].
Although a y-ray cascade was observed, the order of the 841- and 317-keV transitions could not be determined in Ref. [40]. If the order of the
transitions is reversed compared to the tentative assignment, the level shown at 525 keV would instead be at 1042 keV.

034317-5



S. SUCHYTA et al.

PHYSICAL REVIEW C 89, 034317 (2014)

TABLE III. Main neutron configurations of the 1/2], 3/2], and 5/27 levels in >%7-%:6ICr as determined by the shell-model calculations.

Configurations with a probability of 0.10 or greater are shown.

GXPF1A KB3G
Isotope Jr Wave function (neutron) Probability Wave function (neutron) Probability
SCr 1/2( (Of7/2)8,(1P3/2)2,(0f5/2)1,(1171/2)0 0.24 (0f7/2)8,(1P3/2)2,(0f5/2)'7(1P|/2)0 0.26
(0f7/2)%,(1p32)%(0 f5,2)°,(1 p12)! 0.22 (0 f72)%,(1p3,2)' (0 f5,2)" (1 p12)! 0.18
(0f7/2)8,(1173/2)1,(0f5/2)1’(1171/2)1 0.16 (0f7/2)8,(1173/2)27(0f5/2)0,(11’1/2)1 0.14
327 (Of7/2)8,(1P3/2)3,(0f5/2)0,(1P1/2)0 0.47 (0f7/2)8,(1P3/2)3,(0f5/2)07(117|/2)0 0.37
(0f7/2)%,(1p32)%(0 f52)°,(1 p1 o) 0.11
527 (0f7/2)8,(1P3/2)2,(0f5/2)1’(1171/2)0 0.44 (0f7/2)8,(1P3/2)27(0f5/2)l,(1[71/2)0 0.42
(0 £2,2)%,(1p3/2)' (0 f52)" (1 p12)! 0.10
Cr 1727 (0 f7/2)%,(1p32)*,(0 f5,2)°,(1 p12)’! 0.51 (0 f7/2)8,(1p3/2)*,(0 f5,2)°,(1 p12)’ 0.19
(Of7/2)8,(1173/2)2,(()J05/2)2’(1171/2)1 0.12 (0f7/2)8,(1P3/2)47(0f5/2)l,(1[71/2)0 0.18
0 £7720%,(1 p32)* (0 f52)* (1 p12)° 0.14
(0 f72)8,(1p32)*,(0 f5,2)" (1 p12)! 0.10
3127 (0f7/2)8,(1P3/2)3,(0f5/2)2’(1191/2)0 0.39 (0f7/2)8,(1P3/2)37(0f5/2)2,(1171/2)0 0.47
(0 f7/2)%,(1p32)*,(0 f5,2)" (1 p112)! 0.12
5727 (0f7/2)%,(1p32)*,(0 f52)' (1 py1 2)° 0.45 (0 f7/2)8,(1p3,2)*,(0 f5,2)" (1 p12)° 0.38
(Of7/2)8,(1173/2)3,(()J05/2)1’(1191/2)1 0.15 (0](7/2)8,(1173/2)3,(0]”5/2)1,(1171/2)1 0.15
(0f7/2)%,(1p3/2)%(0 f5,2)" (1 p12)? 0.10
¥Cr 1727 (0 f7/2)%,(1p32)* (0 f5,2)* (1 p12)’ 0.63 (0 f7/2)8,(1p3/2)*,(0 f5,2)* (1 p12)’ 0.60
3127 (Of7/2)8,(1173/2)4,(()J05/2)2’(1191/2)1 0.44 (0f7/2)8,(1P3/2)4,(0f5/2)3,(1171/2)0 0.36
(0 f7/2)%,(1p32)*.(0 f52)* (1 p1 2)° 0.12 (0f7/2)8,(1p3/2)*,(0 f5,2)* (1 p12)! 0.22
(0 f7/2)%,(1p32)*(0 f5,2)* (1 p12)? 0.11
5127 (0f7/2)8,(1173/2)4,(0f5/2)] ’(1191/2)2 0.28 (0f7/2)8,(1P3/2)4,(0f5/2)3,(1171/2)0 0.47
(0 f7/2)%,(1p32)*,(0 f52)* (1 p1 2)° 0.21 (0f7/2)8,(1p32)*,(0 f5,2)* (1 p12)! 0.11
(0 f7/2)%,(1p32)* (0 f5,2)* (1 p12)’! 0.15 (0 f7/2)%,(1p3/2)%(0 f5,2)* (1 p1 2)? 0.10
SICr 1727 (Of7/2)8,(1173/2)4,(0JCS/2)4’(1191/2)1 0.76 (0f7/2)8,(1P3/2)4,(0f5/2)4,(1171/2)] 0.75
3727y (0 f7/2)%,(1p32)* (0 f5,2)* (1 p12)? 0.71 (0f7/2)8,(1p3/2)*,(0 f5,2)* (1 p12)’! 0.44
(0f7/2)%,(1 p32)* (0 f52)* (1 p1 o)} 0.13 (0 f7/2)8,(1p32)*,(0 f5,2)* (1 p12)? 0.33
5127 (Of7/2)8,(1P3/2)4,(0f5/2)3,(1171/2)2 0.78 (0f7/2)8,(1P3/2)4,(0f5/2)3,(1171/2)2 0.60
(0 f72)8,(1p3;2)*,(0 f5,2)* (1 p12)! 0.10

from ®V. The B — n branching ratio is found to be at least
29% in the present experiment. No population of the 4, state
in ®2Cr was observed following 8 — n decay from %V. The
maximum branching ratio to the 4, state in ®>Cr is inferred
to be 4%.

The %V B-decay curve is shown in Fig. 6(b). It was fit
considering contributions from the decay of >V, 3Cr (129 ms
[24]), ©Mn (275 ms [4]), ®*Cr (209 ms [24]), and ®*Mn
(92 ms [24]) and a constant background, where the values
in parentheses refer to half-lives that were fixed according
to literature values. The fraction of decays due to f —n
emission was fixed based on the absolute intensity of the
446-keV y-ray transition. The half-life of ©*V was found to
be 20(1) ms, in agreement with previous results of 17(3) ms
[25] and 19.2(24) ms [15]. Like the fit for ®'V, the intensity
of the B — n branch had a small impact on the extracted %V
half-life. Varying the branching ratio by a factor of 2 changed
the half-life by less than 1 ms.

The low-energy scheme for ®*Cr following the B decay
of 8V is shown in Fig. 7. The 83- and 120-keV y rays are
coincident, as indicated by the inset of Fig. 6(a). Based on
the absolute intensities of the 83- and 120-keV transitions,
the 83-keV y ray is proposed to feed a 120-keV state. If the
83-keV transition is highly converted, it is also possible that
the ordering of the 83- and 120-keV transitions is reversed

and the 120-keV y ray feeds an 83-keV state. The 83- and
120-keV transitions are most likely of dipole character, or
perhaps are collective E2 transitions, based on Weisskopf
estimates and the lack of observed lifetimes for the 203- and
120-keV states. The 414-keV transition, which had an absolute
intensity of 4(2)%, could not be placed in the ®Cr level
scheme.

Based on systematics, the ground state of 3V is expected
to be 3/27 or 5/27. The nonobservation of the population of
the first excited 4+ state in ®>Cr following 8-delayed neutron
emission from %3V favors the 3/2~ spin and parity of the ©V
ground state. A spin and parity of 3/2~ would be consistent
with ascribing the ground state to the [321]3/2~ state for a
prolate-deformed ®V.

The low-energy structure of ®3Cr is dramatically different
from isotonic ®Fe. Namely, a gap of over 350 keV between the
ground and first excited states in 65Fe [14,33] does not exist in
93Cr. Further, while two long-lived isomers with half-lives of
hundreds of nanoseconds or longer are known in ®Fe around
400 keV [14,33,34], none have been discovered in 03(r.

IV. DISCUSSION

Shell-model calculations were carried out to further un-
derstand the low-energy level schemes of the neutron-rich
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odd-A Cr isotopes. The calculations were performed using
the GXPF1A [35] and KB3G [36] effective interactions in
the fp shell with NUSHELLX [37]. The calculated and known
experimental energy levels below 1.5 MeV in >>75%01Cr are
compared in Fig. 8.

The lowest-energy states calculated by the GXPF1A and
KB3G interactions can be interpreted rather straightforwardly.
The calculations using the two different effective interactions
predict that the three lowest-energy states in 3%37-3%61Cr
have, in some order, spins and parities of 1/27, 3/27, and
5/2~. The most important neutron configurations contributing
to the 1/2,7, 3/2,~, and 5/2,~ states calculated with the
GXPF1A and KB3G interactions are given in Table III.
The calculations predict that the 5/2;~ state is dominated
by an odd neutron occupying the fs,, orbital in all four of
the odd-A Cr isotopes. In Cr, an odd neutron occupying
the p;,, orbital is an important configuration of the 1/2;~
state, but other configurations also contribute significantly.
While the GXPF1A and KB3G interactions predict somewhat
varying probabilities of the (0f7/2)8,(1p3/2)4,(0f5/2)0,(1p1/2)1
configuration in the 1/2,~ state in 3’Cr, both clearly calculate
configurations with one neutron in the 1p;, orbital to be the
dominant neutron configuration in the 1/2;~ states in °%!Cr.
The 3/2,~ states in >3Cr are predicted to be primarily
described by configurations with three neutrons in the ps3/»
orbital. However, by *°Cr the ps; orbital is completely
occupied, and the odd neutrons are distributed among the f5,,
and p;, single-particle states.

In >Cr there is a one-to-one correspondence between the
experimentally measured energy levels and the calculated
states below 1.5 MeV. The comparison of the calculations
with experiment is adequate for 3’Cr, but the calculations
suggest some states have not yet been observed experimentally.
¥ Cr is a transitional nucleus. The agreement between theory
and experiment is still reasonable at low energies for the
negative-parity states. However, the calculations within the
fp shell cannot account for the experimentally observed
(9/2%) state, which originates from the 89,2 orbital outside
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of the model space. In ®'Cr, there are far more experimentally
observed energy levels below 800 keV than can be accounted
for with the GXPF1A or KB3G interactions. Although the
calculations predict that the low-energy level scheme of ®'Cr
should be quite similar to the three previous lighter odd-A
Cr isotopes, this is not the case. The likely cause is the
onset of deformation caused by the influence of the vgo/»
intruder orbital. Indeed, the excitation of the 9/2;" state has
been observed to rapidly decrease in the odd-A Cr isotopes,
dropping from 3707 keV in 3Cr [43] to 503 keV in ¥Cr [33].
Given the increased low-energy level density in ®' Cr relative to
the lighter odd-A Cr isotopes, it is probable that both positive-
and negative-parity states have been observed in the present
experiment. The dramatic increase in level density could also
explain the absence of a low-energy isomeric state in both
61.63Cr, in contrast to most other N = 37 and N = 39 isotones
from Ti to Ni [30,33,34,44-50].

V. CONCLUSION

The nuclei ®"-%*Cr were populated by the 8 decay of ®!-93V.
Thirteen excited states have been identified in ¢'Cr, greatly
extending the previously proposed level scheme [24]. A stark
contrast was observed between the low-energy level schemes
of %'Cr and the neighboring lighter odd-A Cr isotopes. In
particular, a high level density was observed in ®!Cr, and the
presence of low-energy positive-parity states is inferred based
on the influence of the vgy,, orbital. The increased low-energy
level density could also explain the lack of isomers in ®"-93Cr.
Additionally, y-ray transitions were observed in ®*Cr for the
first time.
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