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An 879.9(2) keV v-ray transition has been identified following the 8 decay
of **V and assigned as the 2'1" — Of' transition in *3Crs4. A peak in the
energies of the first excited 2% states for the even-even chromium isotopes
is now evident at °®Cray, providing empirical evidence for a significant
subshell gap at N = 32. The appearance of this neutron subshell closure
for neutron-rich nuclides may be attributed to the diminished #1f;,-
v1f5/, monopole proton-neutron interaction as protons are removed from
the 1f7/, single particle orbital.
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Trends in nuclear masses and binding energies have suggested nuclei associated
with nucleon numbers 2, 8, 20, 28, 50, 82 and 126 exhibit an extra degree
of binding. The existence of these magic numbers was one of the empirical
evidences for the development of the nuclear shell model [1]. Macroscopically,
nuclei with protons or neutrons filling a magic shell may be described with
spherical charge distributions and modest collective features at low excitation
energy. Between the magic shell closures, collective interactions amid nucleons
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becomes evident, in the form of vibrational and rotational excitations within
their low-energy level spectrum. These collective excitations are expected to
be maximum at midshell. However, the development of collectivity away from

major closed shells may be inhibited by the presence of subshell closures, or
minor shell gaps.

In order to study such phenomena, experimental probes of quadrupole collec-
tivity may be utilized. One measure of the extent of quadrupole collectivity in
even-even nuclear systems is the energy of the first excited 2% state, E(2}).
According to Grodzins [2,3], E(2]) is inversely proportional to the quadrupole
deformation parameter, 3;. Thus, near-spherical nuclei will exhibit high E(2})
values relative to neighboring even-even isotopes. As nucleons are added to
the system, E(2}) will decrease, a result of the dominance of collective in-
teractions amongst nucleons. The existence of subshells between major shell
closures should result in similar E(2]) trends. As an example, the E(2]) sys-
tematics for even-even N = 50 isotones are shown in Fig. la. The depicted
E(2[) values were obtained from Ref. [4,5]. Although the major proton shell
spans from Z = 28 — 50, there is a clear increase in E(2]) at %Zr, Z = 40.
This rise in E(2]) suggests a substantial energy gap between the n2p1/, and
Tlgess single-particle orbitals. An inspection of the E{2}) values for neutron-
rich, even-even zirconium isotopes reveals a similar peak at N = 56 (see Fig.
1b). Sadler et al. [6] have suggested that the significant energy gap between
the v2ds;, and the v1gy/; orbitals may be attributed to the N = 56 subshell.

Based on self-consistent energy density calculations, Tondeur [7] proposed
N = 32 as a new magic number for neutron-rich nuclides. Following the beta
decay of *?K, Huck et al. {8] assigned the 2.56 MeV state in 52Cas; a spin and
parity of 2*. As compared to the first excited 2% level in **Ca, an increase in
E(27) was observed. Based on this finding, Huck et al. [8] suggested the rise
at N = 32 was due to the v2p3/, subshell closure, indicating that N = 32 was
semi-magic. This assertion was consistent with Tondeur’s theoretical predic-
tion [7}]. Following a mass measurement of *?Ca [9], an increase in binding was
also noted at N = 32. However, when considering the rise in E(2}) for *2Ca,
one must bear in mind the uncertainty associated with the spin and parity
assignment of this state. In addition, in the absence of mass measurements
for **Ca and more neutron-rich calcium isotopes, the systematics of pairing
energy and two-neutron separations are inconclusive. Using a shell-model cal-
culation, Richter et al. [10] predicted the first excited 2% state of *2Ca at
1.85 MeV. Recalculating the single-particle energies of this nuclide based on a
shell-model plus Hartree-Fock approximation [11], the 2§ state was predicted
at 1.91 MeV. Both of these theoretical values are significantly lower than the
“suggested” experimental value. Based on this finding, the authors attributed
the rise in E(2]) to the filling of the v2p3j, subshell, suggesting N =32 is a
good subshell closure for calcium.




The motivation for this study was to explore the mass region A = 50 — 60 to
confirm the NV = 32 subshell closure for neutron-rich nuclides. The extension
of the E(2}) systematics to heavier calcium isotopes would be of value, how-
ever, at present these nuclei are difficult to produce with sufficient statistics.
Therefore, for this study, the systematics of the chromium isotopes were ex-
amined. Similar to the case of }2Cag;, the first 2+ state of 5Cra; lies higher in
energy relative to its N — 2 neighbor, **Crsy. However, unlike 32Cag,, the spin
and parity assignment of the 2% level for 3Crz, was deduced from the shape
of proton angular distribution curves following its production via the (t,p)
reaction [12]. A second (t,p) study confirmed the spin-parity assignments for
a number of states, including the first excited 2% state at 1007 keV [13]. The
authors also reported that shell model calculations reproduced the energy of
the first excited 2% state. To determine whether the first excited 2% energies
continued to rise or peaked at N = 32, it was necessary to measure F{2])
beyond N = 32. In this Letter, the energy of the first excited 2% state of **Cry
is presented. A preliminary report is given in Ref. [14].

In order to study the low-energy properties of **Cr, the parent nuclide, 3V,
along with several other neutron-rich nuclides were produced via projectile
fragmentation of a 70 MeV/nucleon "®Zn beam in a ®*Be target at the Na-
tional Superconducting Cyclotron Laboratory at Michigan State University.
The fragments of interest were separated from other reaction products using
the A1200 fragment analyzer. Further separation was achieved by passing the
radioactive beam through the Reaction Products Mass Separator (RPMS). To
monitor the beta activity, a double-sided Si strip detector (DSSD) segmented
into 40 1-mm wide strips in x and y dimensions was utilized. A 985-um thick
DSSD was selected to ensure sufficient Si for the detection of high-energy
beta particles expected from the decay of nuclei far removed from the line of
3 stability. The DSSD was positioned between two 5 em x 5 cm Si PIN detec-
tors, placed at distances 1.9 cm and 2.2 cm, respectively, from the center of the
D5SD. The upstream PIN detector had a thickness of 309 gm, while the down-
stream detector was 503 pm thick. Further upstream from the PIN-DSSD-PIN
detector telescope was a 300 um Si PIN detector. This PIN detector provided
energy loss and, in conjunction with the cyclotron frequency, time of flight
(TOF) for particle identification.

Beta activity from the implanted ions was confirmed with the coincidence of
low-energy events within the DSSD and one of the Si PIN detectors located on
either side of the DSSD. Due to the relatively long half-lives associated with
beta decay, it was important to maintain an implantation rate that allowed
sufficient time between implants to cleanly correlate implants with successive
beta decay events. On average, ions were implanted into the strip detector at
a rate no greater than 100 s™!. The beam was defocused in both x and y to
illuminate = 2/3 of the active detector area. This beam profile resulted in an
average two-second time window between successive implants in the central



most portion of the DSSD. This provided ample time for measuring the half-
lives of the short-lived radioactive species of interest. ¥ach implant and decay
event was tagged with an absolute time stamp. The half-lives of decaying
species were deduced by taking the difference between the absolute time of
a fragment implant and its subsequent beta decay. In addition, beta-delayed
gamma rays were monitored by an array of three Ge clover detectors and two
high purity Ge detectors that surrounded the implantation detector.

To deduce the decay properties of 8V, a gate was defined in the energy loss
versus TOF spectrum. A T? 2 = 180(36) ms was extracted by fitting Fig.
2a with a one component exponential with background. A hifetime curve was
also obtained by correlating 3*V fragments with beta-delayed gamma rays
of energy 880 keV (see discussion below). Considering this half-life, T1 12 =

218(30) ms, along with T1 5, an adopted half-life of 202(36) ms was obtained
for the decay of ®V. This half-life is consistent with previous measurements
performed by Sorlin et al. [13], T1/2 = 205(20) ms, and Ameil et al. [16], Ty,
= 200(20) ms. In addition, a single peak was observed at 879.9(2) keV in the
beta-delayed gamma ray spectrum below 1.5 MeV (see Fig. 2b). This result is
in general agreement with the work of Sorlin et al. [15] who observed a broad
peak at 900(100) keV in BGO scintillator detectors following the beta-delayed
gamina emission of **V. This 900 keV transition had a FWHM approximately
twice that of other transitions observed in their BGO detectors. The authors
proposed this peak as a doublet, which may contain the 4% — 2+ —» 0F
cascade. However, no evidence for a second transition in the range 800 - 1000

keV, with similar intensity to the 880-keV gamma ray, was observed in the
present study.

In general, the depopulation of excited states in even-even nuclei is charac-
terized by a significant portion of the gamma ray intensity passing through
the first excited 2% state. Thus the 27 — 07 transition should be the most
intense. One exception, in some even-even nuclei, is the presence of a 37 state
at similar energy to the 2F state . However, the systematics of the lighter Cr
istotopes do not support a low-energy 37 in this mass region. Therefore, the
880-keV (-delayed gamma ray observed in the present study is proposed as
the 27 — 0} transition in *3Cr.

The low-energy level structures of the neutron-rich chromium isotopes in the
range N = 28 — 36 are shown in Fig. 3, where the data was obtained from
Ref. [4,14,17,18]. As compared to **Cray and the new measurement for *3Craa,
there is a clear rise in E(27) for **Crs,. This peak in the E(2]) value for *®Crs,
provides empirical evidence for a significant subshell gap at N = 32.

Tu et al. [9] attributed the increase in binding at N = 32 for **Ca to the
Z = 20 shell closure. However, based on the present measurement, a peak in
E(2}) is now seen for 6Cryy, which resides in the middle of the Z = 20 — 28



shell. In addition, although E{(2]) values increased at N = 32 for the calcium
isotopes, this behavior is not observed for nickel (see Fig. 4, data taken from
Ref. [4,14,17,19]), which has a proton closed shell. If the strength of N = 32
were reinforced by a proton shell closure, a similar peak in E(2]) would be
expected for ®®Ni. An alternative explanation for the appearance of the N =
32 subshell for neutron-rich systems is to consider a change in the proton-
neutron monopole interaction strength. Nickel has a closed proton shell at 7 =
28. According to Federman and Pittel [20}, the proton-neutron interaction is
strongest when the orbitals they occupy strongly overlap. The overlap between
the proton and neutron orbitals is maximum when ¢, =~ ¢, [20}. Therefore,
when Z = 28, the 1f7;; orbital is filled and the 71 f7/2 - v1fs;, interaction
should be strong, depressing the energy of the v1f5;; orbital [21]. The 1f5/,
neutrons would act to stabilize the 1 f7/, proton configuration [22]. As protons
are removed from the 1f7,; orbital, the 71f7/, - v1fy; interaction weakens.
When Z = 20, no protons occupy the 1f7/, orbital in the ground state, thus
the 71 f;; - v1f5;; interaction should be diminished. This reduced monopole
interaction, and the significant 2p; /2 — 2ps/2 spin-orbit energy splitting, results
in the emergence of the N = 32 subshell.

To probe the proton-neutron monepole interaction, ideally, the single-particle
energies for the 2ps/,, 2p, /2 and the 1f;,, orbital would be monitored. These
energies may be deduced for the odd-A, N = 29 isotones using spectroscopic
factors extracted following transfer reactions. However, experimental informa-
tion is limited. An example of such complications may be found in **Cr. A large
spectroscopic factor has been extracted for a high-energy state at 3.63 MeV
[23]. However, there is some uncertainty pertaining to the spin of this £ = 1

state [23,24], which seriously impacts the ordering of the single-particle or-
bitals.

Due to the difficulty in extracting single-particle energies from experimental
data for the N = 29 isotones, several authors have calculated these values.
The single-particle energies for 2ps/3, 2pi/, and 1fs/, orbitals in the N = 3
shell for *"Niyg have been calculated by Trache et el. [25] and Duflo and Zuker
[26]. Considering a ground state spin of 3/2 for ®"Ni [27], the lowest orbital in
this shell would be 2p;/,. The 1f5,; state was calculated at ~ 1 MeV above
2p3/2, followed by 2p, /5. As protons are removed from 1 f7/2, the single-particle
energies for the 2p3 2, 2py/; and 1f5/; orbitals shift. By **Cagg, the v1 fs/; and
the 12p;/, orbitals have inverted [26].

For this study, shell model calculations in the region N = 28 — 40 and Z =
20 — 28 were carried out in a pfshell model space with an FPD6 effective
interaction [28]. For the Ca isotopes the full basis calculation is feasible. The
calculated energies of the lowest 2t states in the Ca isotopes are (in MeV)
3.66 (*3Ca), 1.33 (°°Ca), 2.75 (°2Ca), 1.47 (*1Ca), 1.37 (**Ca) and 1.30 (*®Ca).
The agreement with the experimental values in *¥Ca, *°Ca and *?*Ca is good.




The high energy of the 2% state in **Ca is due to a rather good 1f7/, shell
closure, and the relatively high energy for the 2% state in **Ca is due to
a partial shell closure for the 2p;/; shell. Beyond 52Ca the effective single-
particle energies of the 2p;/; and 1f5/; orbits are close and there are no other
shell effects until the %°Ca closed shell. In nuclides around **Ca the 1gg/, orbit
may become important but this is not included in the model space and there
1s no experimental information available.

For higher Z the shell-model calculation in the full pf shell quickly becomes
intractable because of the large dimensions. In a few cases such as **Ni the
Monte-Carlo shell-model has been used [29} (for which the FPD6 interaction
still gives a good spectrum). However, the good closure of the 1f7/, shell at
*8Ca means that to a good approximation the nuclei beyond N = 28 may
be treated as neutrons in the (2ps/z, 2py/2, 1f5/2) model space. When this
truncation is made for the Ca isotopes the energies of the 2% states (see Fig.
4) and their wave functions are close to those of the full space, which includes
I f772. (These truncated calculations use as inputs the single-particle levels in
**Ca as obtained from FPD6 which are close to the experimental values.) For
higher Z there is clear evidence of the dominance of the 1 f7;; shell for protons
in the 0%, 2%, 4% 6% spectra of *®Ti, **Cr and **Fe. **Ni shows a partial 1f7/,
shell closure (e.g. the relatively high 2% energy). Thus for protons the model
space is truncated to the pure 1 f;/; shell with the proton two-body interaction
taken as a function of Z to match exactly the 0%, 2%, 4%, 6% spectra of *°Ti,
2Cr and "'Fe. The neutron single-particle energies are linearly interpolated
between *°Ca and *"Ni such that the spectrum of single-particle states in 5"Ni

is reproduced. This defines the input to the shell-model interpretation of the
2% energies.

Figure 5 depicts the low-energy level structure for the odd A, N = 29 isotones
within the vicinity 20 < Z < 28, where data was taken from Ref. [4]. For
comparison, the levels predicted via shell-model calculations for *°Ca and *Ni
are also shown. The energies of the 3/27, 1/2~ and 5/2~ states follow the
general behavior of the v2pss2, v2pi1/2 and vlfs;; orbitals, respectively. At
Z = 20, a substantial gap is observed between the v(2p;;2 — 1f5/2) and the
v(2p3s2 — 2p1y2) orbitals. The existence of these gaps suggest an N = 32 and
possibly an N = 34 subshell for calcium isotopes. As protons begin to fill the
1f72 orbital, the 5/2 state is lowered. By Ni, the w1 f7/; - 1 f5/, interaction is
maximum and draws the 1 fs;; orbital below v2py /2, which eliminates N = 32
subshell closure.

For chromium isotopes beyond N = 32, in addition to the present measure-
ment, Sorlin et al. [17] observed the 2F — 0f transition of *°Cr at 646 keV
following the beta decay of ®°V. Considering the new E(2]) measurement
for **Cr at 880 keV and Sorlin’s measurement [17], a considerable decrease
in E(2]) is observed beyond N = 32 for Cr (see Fig. 3). The overall £(27)



trends in neutron-rich chromium isotopes imply that as neutrons fill the 15,
orbital, the 71 f7/2-v1 fs/2 quadrupole interaction strengthens, inducing nuclear
deformation [20}. Such effects have been previously noted in, for example, the
Mo isotopes, where a strong mlges; - v1g7/2 proton-neutron interaction pro-
duces deformed ground state structures beginning at *°*Mo [30]. The relatively
low energy of the first excited 2t state of Cr, as compared with Fe, Zn and
Ge isotopes {see Fig. 4), may be evidence of oblate-prolate shape coexistence
predicted in this region {17]. However, based on shell-model calculations for
chromium isotopes (see Fig. 4) the 2§ energy level is predicted to remain fairly
constant for 34 < N < 38. Further studies in this mass region are necessary
to better understand the low-energy structure of these Ca, Ti and Cr nuclides
toward NV = 40.

The decay properties of **Cr have been studied following the beta decay of
*8V. A beta-delayed gamma ray was observed at 879.9(2) keV and has been
assigned to the 2} — 0 transition in *®Cr. The even-even systematics of
the neutron-rich chromium isotopes indicate an increase in E(2}) at N = 32.
Following the present measurement, E(2]) for chromium isotopes were found
to peak at N = 32. This rise in E(2]) is consistent with the increase observed
at N = 32 for calcium isotopes. Although this trend does not continue beyond
Z = 24, this may be due to the lowering of the v1fs;; orbital as a result of
a strong 71 fy/, - v1fs;; proton-neutron monopole interaction. The data is in
agreement with shell-model calculations, which also show enhanced binding
at N = 32 for 5Ca, 22Ti and 2,Cr. It would be of interest to pursue E(2})
measurements for T1 and Ca isotopes beyond N = 32 to determine whether
N = 32 is a good subshell closure for more neutron-rich nuclides.
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Fig. 1. E(2}) systematics for (a) even-even N = 50 isotones and (b) neutron-rich

zirconium isotopes. The E(2]) values for Ge to Pd were obtained from Ref. [4] and
Cd from Ref. [3].

Fig. 2. (a) Lifetime curve following the correlation of *®V implants and subsequent
beta decays. (b) 3-delayed gamma-ray spectrum following the decay of **V.

Fig. 3. Low-energy level scheme for neutron-rich chromium isotopes in the range
28 < N < 36. The E(2}) values were obtained from Ref. [4,14,17,18].

Fig. 4. E(Zf) versus neutron number for neutron-rich nuclides between 20 < Z < 28.
The experimental E(2]) values are denoted by dashes, where the data was obtained
from Ref. [4,14,19,17]). The open circles represent F/(27}) values obtained from trun-
cated shell-model calculations. See text for details.

Fig. 5. Systematics of the low-energy states for the odd-A N = 29 isotones in the
range 20 < Z < 28 [4]. Shell-model results for °Ca and ®*"Ni are also depicted.
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