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High-spin states of 3K above the 31.67 s (t,,) isomer, populated through the '2C(**Si, np)**K reaction with
a 110 MeV 28Si beam, have been studied by using the Indian National Gamma Array (INGA) facility. Two
new levels and four new transitions have been added to the existing level scheme. The spins and parities of
most of the levels above the isomer have been assigned, modified, and confirmed from Rpco, Rapo, and linear
polarization measurements. The multipole mixing ratios (8) for a few transitions have been measured. Large-
basis shell-model calculations have been performed to understand the microscopic origin of these levels. In our
calculations, different particle restrictions in sd- and pf-shell orbitals were used to reproduce the experimental
level energies. Two-nucleon transfer spectroscopic factors have also been calculated for the levels above the
isomer to support the new spin and parity assignments. Prediction of collective excitation at high excitation

energy in K is also discussed.
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I. INTRODUCTION

Nuclei in the neighborhood of doubly closed *°Ca usually
exhibit the characteristic of spherical single-particle excitation
spectra [1] and their excitation spectra are well explained
by the spherical shell model [2-7]. Recent developments of
detector and data-acquisition systems made it possible to
study these nuclei at higher angular momentum and exci-
tation energy. As a result, the coexistence of single-particle
and collective excitations have been observed in a few sd
shell nuclei, viz., **Ca [8], **Ar [9], *CI [10], etc. In these
nuclei, the single-particle excitations are mostly dominant at
low excitation energies and collective excitations in terms
of normal deformed or even superdeformed (SD) bands are
found at relatively higher excitation energies. Shell-model
calculations with multiparticle multihole excitation have been
performed successfully to understand the microscopic origin
of these observed SD bands. The origin of the observed SD
bands in *°Ca [8], 3°Ar [9], ¥C1 [10] nuclei are explained in
terms of 8p-8h [11], 4p-4h [12], and 3p-3h [10] excitations,
respectively, in shell-model calculations. The presence of «-
cluster structure of the states of these SD bands has already
been discussed in Refs. [10,13,14]. The presence of « clusters
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at low excitation energy has been predicted recently in the
non-a-conjugate 3*S nucleus [15]. The a-cluster structure in
343 and *°Cl has been studied by using shell-model calcula-
tions [10,15]. Therefore, this region gives us an opportunity
to investigate experimentally the interplay between single-
particle and collective-mode excitations and interpret them
theoretically by using large-basis shell-model calculations.

8K is an odd-odd (N = Z = 19) nucleus in the upper
sd shell. In the recent past, we investigated the high-spin
structure of a few upper sd shell nuclei, viz., 39121, 3*C1[3],
3C1 [10], and ¥ Ar [7]. The low-lying states of these nuclei
are primarily generated from single-particle excitations. How-
ever, at higher excitation energy, the signature of collective
excitation has been found. In 3*Cl, a superdeformed band has
been observed above 8 MeV excitation energy. A candidate
superdeformed band has been identified in 33S [2] above 3
MeV excitation energy. In 3*Cl and *” Ar, large configuration
mixing in terms of different particle partitions in their calcu-
lated wave functions obtained from shell-model calculations
clearly indicate the presence of collective excitations at higher
excitation energy. It has also been noted that two normal
deformed bands generated from 4p-4h excitation have also
been reported in ¥ Ar [16]. ¥ Ar is the isobaric partner nucleus
of 3¥K. So, one may also expect collective excitations at
higher excitation energy in 3K, generated from multiparticle
multihole excitations.
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3K has been substantially investigated through proton-,
deuteron-, and alpha-induced reactions [1]. However, only a
few experimental data are available where heavy-ion beams
were used [1]. Mostly the low-lying level structure of 3K has
been investigated through these experiments. Several attempts
have also been made to measure the mean life (7, = 31.67 us)
of 3.458 MeV (7)" isomeric level. But the high-spin level
structure of 8K above this isomer is not well studied. The ¥K
nucleus was previously studied by C. J. van der Poel et al. [17]
through heavy-ion reactions. They extended the level scheme
up to 11 MeV and assigned the spin and parity of a few levels
by the directional correlation of y rays emitted from excited
states (DCO) measurements or shell-model calculation. We
have found that the spin and parity of a few levels below
the isomer were only confirmed and for all the levels above
the isomer, these were not confirmed. Our primary motivation
is, therefore, to investigate the high-spin structure of K and
search for collective excitations at high excitation energy in
3K. Our preliminary work on *¥K was already reported in
Ref. [18].

In the present work, we primarily study the level scheme
of 3K above the 3.458 MeV isomer. We have added four new
transitions and two new levels to the existing level scheme.
The directional correlation of y rays emitted from excited
states (DCO), the angular distribution from oriented nuclei
(ADO), and the integrated polarization directional correla-
tion of oriented nuclei (IPDCO) measurements have been
carried out to assign the spin and parity of the level. The
large-basis shell-model (LBSM) calculations with different
particle restrictions in the model space have been carried
out to understand the microscopic origin of these states. It
has been reported in Ref. [17] that the spin and parity of
the levels above the isomer were assigned tentatively (within
double brackets) based on their correlation with the low-lying
level structure of °Ar. In the present work, we therefore
calculate two-nucleon transfer spectroscopic factors by using
a shell-model calculation to understand the correlation be-
tween the two nuclei **Ar and 38K. The presence of collective
excitations in terms of configuration mixings in *®K is also
discussed. Based on our calculations, we also predict the
possibility to have a deformed band in K.

II. EXPERIMENTAL DETAILS

High-spin states in *®K were populated through the
120(?8Si, np) 3K reaction in the inverse kinematics with a
110 MeV Si beam. The 2%Si beam was provided by the
15UD Pelletron accelerator at the Inter-University Accelerator
Centre (IUAC), New Delhi. The target was '>C (50 ug/cm?)
evaporated on 18 mg/cm? Au backing. A multidetector ar-
ray (Indian National Gamma Array, setup) comprising 13
Compton-suppressed clovers were used to detect the y rays.
These thirteen clovers were mounted at five different angles,
i.e., 148°(4), 123°(2), 90°(4), 57°(2), and 32°(1) with respect
to the beam axis. The relevant details of the experimental
setup have been discussed in Ref. [19]. The time width of the
coincidence condition was 200 ns. About 10® twofold coin-
cidence events were recorded in list mode. The experimental
data have been sorted into angle-independent symmetric and
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FIG. 1. (a) A total projection spectrum of y rays emitted by
different nuclei from the present experiment. Background-subtracted
coincidence spectra obtained by putting a gate on (b) 328 keV
(below the isomer) and (c) 1296 keV (above the isomer) transitions.
Transitions marked with $ are from contaminants.

angle-dependent asymmetric y -y matrices to extract the spec-
troscopic information of the detected gammas. The data have
been analyzed by using the analyzing program INGASORT [20].

The energy calibration of the clovers were performed with
152Eu and '**Ba radioactive sources. These sources emitted
y rays having energies up to 1408 keV only and we could
not consider the high-energy room background gammas (like
2614 keV) during energy calibration due to their low statistics.
So, we used a few online gammas energy ranges from 600
to 3200 keV to estimate the energy calibration uncertainties
in the high-energy region. The relative efficiency calibrations
of the clovers were performed with 1525y, 133Ba, and %°Ga
radioactive sources. The ®*Ga source having gamma energy
833 to 4806 keV was prepared through >Cr('°0, pn)°Ga
reaction at 55 MeV [21]. The uncertainty in the efficiency has
been estimated from the efficiency curve fitting. We used the
sorting program INGASORT [20] for this fitting.

III. RESULTS AND DISCUSSION

The level scheme of 3K has been studied based on the
coincidence relationship, relative intensities, Rpco, Rapo, and
IPDCO ratios of y rays. A total projection spectrum, as well
as typical gated spectra, are shown in Fig. 1. The PACE4
[22] predicted relative cross section of the 2¢(?8si, np)B¥K
channel is 8.3% of the total fusion. The y rays from nuclei
populated through other dominant channels of the reaction are
therefore marked in Fig. 1(a). Since there is an isomer of mean
life (t,,) = 31.67(16) us [17] at 3.458 MeV, the level scheme
of 8K is studied by putting gates both above and below the
isomer. Below the 3.458 MeV isomer, we could not find any
new transitions. The 1942 keV transition was found in the 328
keV gated spectrum, which was already observed in light-
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FIG. 2. Background-subtracted coincidence spectra obtained by
putting a gate on (a) 1796 keV and (b) 2142 keV transitions.
Transitions marked with $ are from contaminants.

ion-induced experiments [1]. We have identified four new
transitions (viz., 778, 1200, 2660, and 2738 keV) above the
3.458 MeV isomer. It has been found that, among these four
transitions, 778 and 2660 keV transitions are in coincidence
with each other and also in coincidence with the 1796 keV
transition. But these transitions are not in coincidence with
the 1296 and 2142 keV transitions [Figs. 1(c) and 2(b)]. Sim-
ilarly, 1200 and 2738 keV transitions are in coincidence with
each other and also with the 1296 keV transition. But these
transitions are not in coincidence with the 1796 and 2142
keV transitions [Figs. 2(a) and 2(b)]. To place them in the
level scheme, we need to know their relative intensities. In the
present work, we have only measured the relative intensities
of 778 and 2660 keV transitions from the 1796 keV gated

spectrum. The relative intensity of the 2660 keV transition
is more than that of the 778 keV transition (Table I). We
therefore placed 778 keV above the 2660 keV transition. Since
the 1200 and 2738 keV transitions are not in coincidence with
the 1796 keV transition, we could not measure their relative
intensities from the 1796 keV gated spectrum. It is also not
possible to find out the relative intensities of these transitions
from the 812 keV gated spectrum due to the presence of the
31.67(16) ws isomer [17] at 3.458 MeV. So, we measured
the intensities of these transitions from the 1296 keV gated
spectrum. The measured intensities of the 1200 and 2738 keV
transitions are 1926(143) and 2257(181), respectively. Since
the intensity of the 2738 keV transition is more than that of the
1200 keV transition, we placed the 1200 keV transition above
the 2738 keV transition. Therefore, two new levels (6196 and
7914 keV) have been added above the 31.67(16) us isomer.
For the relative intensity measurement, we generally put a gate
on a transition which is below the transition of interest (bottom
gate). In this case, we put the gate on the 1296 keV transition,
which is above the transitions (1200 and 2738 keV) of interest
(top gate). The position of the new 6196 keV level is therefore
assigned as tentative and represented by the dotted line in the
level scheme (Fig. 3).

The placement of the existing levels, viz., 5254, 7396,
8692, 8748, and 10 978 keV [17] has been confirmed from
the coincidence relationship and relative intensities of the
decay out 1796, 2142, 1296, 1352, and 2286 keV transitions.
Figures 1(c) and 2 clearly show the coincidence relationship
between the 1796, 2142, 1296, and 1352 keV transitions.
Due to the weak statistics and large Doppler boarding, the
2286 keV transition is not clearly visible in 1296 and 2142
keV gated spectra. These spectra were generated from an all
angle vs all angle symmetric matrix. We therefore generated
1796, 2142, and 1296 keV gated spectra from a 90° vs 90°
symmetric matrix to check their coincidence relation with the
2286 keV transition. It shows from Figs. 4(a)—4(c) that they
are in coincidence with the 2286 keV transition. The 2286 keV
gated spectrum is shown in Fig. 4(d), where the 1296, 1796,

TABLE I. Relative intensity l.j, Rpco, Rapo,> Appco, and mixing ratio (8) of the y transitions in K. I has been measured from 1796
keV gated spectrum. Since the spin and parity of the 3458 keV level has been established as 7" from the results obtained from shell-model
calculations, we quote the spin and parity of the levels above the isomer, which have been confirmed in the present work, without brackets.

E, Ex Egue Appco

keV keV - Jr J}T keV AJ Rpco Rapo Expt. Theor. Mixing ratio (8)

778(1) 8692 1.92) 1= 9" 1796 1 1805 1.1(2) +0.1(3)

1200(1) 7396 9= oY 12096 2 1.6(5) 1.7(3)

1296(1) 8692  47(3) - 9 179 1 1703) 1.5(2) +0.11(5) +0.05 E2
2142 1 1.803) 1.5(2)

1352(1) 8748 3.8(3) 1090 9= 2142 | 0.8(2)

1796(1) 5254 100(5)  8* 7t 1296 2 0578) 0.71(8)  —0.02(4) —0.02 +0.05(5)
2142 1 1.02(14)  0.8(1)

2142(1) 7396 77(4) 9- 8* 1296 2 0508)  0708)  +0.07(4) +0.02 +0.01(2)
1796 1 1.03(15)  0.80(9)

2286(2) 10978  6.6(6) 1290 117 1796 1 0.54(10)

2660(2) 7914 243) 9P gt 1796 1 0.6(2)

2738(2) 6196 o 7t 1296 2 12(3) 1.3(3)
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FIG. 3. Partial level scheme of 3*K. Energy levels are given in
keV. Newly assigned y transitions and those already observed in
light-ion-induced reactions are indicated by * and #, respectively.
The spins and parities of the levels below the isomer are taken from
Refs. [1,17]. Since the spin and parity of the 3458 keV level has
been established as 7" from the results obtained from shell-model
calculations, we quote the spin and parity of the levels above the
isomer which are confirmed in the present work, without brackets.
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FIG. 4. Background-subtracted coincidence spectra obtained by
putting a gate on (a) 1796 keV (b) 2142 keV, and (c) 1296 keV
transitions. The position of the 2286 keV transition in panels (a)—(c)
is marked by a dotted line. The background-subtracted coincidence
spectrum obtained by putting a gate on the 2286 keV transition is
shown in panel (d). These spectra were generated from a 90° vs 90°
symmetric matrix.

and 2142 keV transitions are present. The 1352 keV transition
is, however, not observed in Fig. 4(d). These observations
confirm that the 2286 keV transition is in coincidence with the
1296, 1796, and 2142 keV transitions but not in coincidence
with the 1352 keV transition. The position of the 10 978 keV
level [17] is therefore confirmed in the present work. The
relative intensities of the 1296, 1352, 2142, and 2286 keV
transitions were measured from the 1796 keV gated spectrum.
The relative intensity of the 1796 keV transition was measured
from the total projection spectrum with proper normalization.
The results are shown in Table I.

To confirm or assign the spins and parities of the levels in
38K, the measurement of the directional correlation of y rays
emitted from excited states (DCO) was carried out. The DCO
ratio (Rpco) [23] of a y transition (y;) is defined as the ratio
of intensities of that y ray (Iy;) for two different angles in
coincidence with another y ray (y,) of known multipolarity.
The DCO (Rpco) is expressed as

I observed at angle 6, gated by y, at 90°

R = !
PCO ™ T observed at angle 90°, gated by y, at 0 M

The Rpco value depends on the multipolarities of these
transitions (y; and y,), and the angle between the detectors.
For the stretched transitions of the same multipolarities, the
DCO value is close to unity and for a stretched dipole
(quadrupole) transition gated by a pure quadrupole (dipole)
transition, it is nearly 0.5(2). For a mixed transition, it deviates
from unity or 0.5(2).

The experimental data have been sorted into different
angle-dependent asymmetric matrices for DCO measurement.
In this analysis, the DCO ratios have been determined for
0 = 148°. The DCO measurement has been carried out mostly
by putting a gate on such a transition whose multipolarity and
mixing ratio is known. In 3®K, the multipolarities of a few
low-lying transitions were only confirmed. But we could not
use them in DCO measurement due to the presence of the
31.67 s isomer at 3.458 MeV. Therefore, we only performed
the DCO measurements for a few transitions above the isomer.
Since the spin and parity of all the levels above the isomer
are not confirmed, we put the gate on a transition whose
multipolarity is still not confirmed.

In the present work, the DCO measurements have been
carried out for the 778, 1200, 1296, 1796, 2142, and 2738
keV transitions (Table I). The Rpco values of the 778, 1296,
and 2142 keV transitions obtained from the 1796 keV gated
spectrum are 1.8(5), 1.7(3), and 1.03(15), respectively. For the
1200, 1796, 2142, and 2738 keV transitions, Rpco values ob-
tained from the 1296 keV gated spectrum are 1.6(5), 0.57(8),
0.50(8), and 1.2(3), respectively. Similarly, the Rpco values
of the 1296 and 1796 keV transitions obtained from the 2142
keV gated spectrum are 1.8(3) and 1.02(14), respectively.
Large uncertainties in the measured DCO values of 778, 1200,
and 2738 keV transitions are due to their low statistics and
poor peak shape in the gated spectra. The results therefore
confirm that the 1796 and 2142 keV transitions have the same
multipolarities. Similarly, the multipolarities of the 778, 1296,
and 2738 keV transitions are same but differ from those of
the 1796 and 2142 keV transitions. To assign the dipole and
quadrupole nature of these transitions, we measured the Rpco
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TABLE II. Rpco and Rapo values of the known y transitions in
35
Cl.

Ey Egale

keV Jr VA keV  AJ  Rpco Rapo
518 7/2- 7/2+ 680 1 1.5(2) 1.6(4)
972 17/2¢  13/2* 680 1 1.8(2) 1.6(2)

2646 2 0.9(1)

1702 9/2- 7/2¢ 2646 2 0.496)  0.60(6)
1946 13/2F  11/2; 2646 2 0458)  0.59(8)
2466 13/2t 1172, 2646 2 0518)  0.6509)
2646 7/2* 3/2+ 680 1 1.7(2) 1.6(2)

of a few known transitions in *Cl populated in the same
experiment. It has been found that the Rpco of a quadrupole
(dipole) transition gated by dipole (quadrupole) transition is
close to 2.0(0.5), as shown in Table II. Therefore, based on
the measured Rpco values of the 778, 1296, 1796, 2142, and
2738 keV transitions, we conclude that the 778, 1296, and
2738 keV transitions are quadrupole transitions and both the
1796 and 2142 keV transitions are dipole transitions.

In the case of the 1200 keV transition, the measured Rpco
value, obtained from the quadrupole gated spectrum, is 1.6(5).
Since the measured Rpco value of a dipole transition gated by
a quadrupole transition is close to 0.5, as shown in Tables I and
II, and both the AJ = 0 and AJ = 2 transitions show similar
Rpco, we have assigned 1200 keV as the AJ = 0 transition.

The DCO measurement could not be carried out for other
transitions, viz., 1352, 2286, and 2660 keV due to their low
statistics. So, the angular distribution from oriented nuclei
(ADO) measurements have been carried out to determine
their multipolarities. Two asymmetric matrices have been
constructed for the ADO measurement. In the first matrix,
the events from all angle (except 90°) detectors are stored in
the first axis and in the second axis we store the events from
the 90° detectors only. Similarly, in the second matrix, the
events from all angle (except 148°) detectors are stored in the
first axis and in the second axis we store the events from the
148° detectors only. The ADO (Rapo) [24] of a transition is
then defined as

I, measured at 6 = 148°; gated by y» at all

Rapo = I, measured at 0 = 90°; gated by y, atall -

For the present setup, Rapo is 0.6 for the pure dipole
transition and 1.6 for the pure quadrupole transition and the
AJ = 0 transition (Table II). In the case of mixed transitions,
depending on the extent of mixing (), Rapo may change
from these values. The ADO measurements have also been
carried out for 778, 1200, 1296, 1796, 2142, and 2738 keV
transitions whose multipolarities have already been evaluated
from the DCO measurements. The results obtained from ADO
measurements are tabulated in Table I. The Rapo values of
the 1200, 1296, 1796, 2142, and 2738 keV transitions are
consistent with their assigned multipolarities. In case of the
778 keV transition only, the measured Rapo value [1.1(2)]
is largely deviated from the expected Rapo value (1.6) of a
pure quadrupole transition (Table II). This is may be due to

2160

—— 148"

1280 1300 2120 2140 2160 2180
Energy (keV)

FIG. 5. A schematic representation of (a) DCO and (b) ADO
spectra in **K. These two spectra (a) and (b) are generated by
putting gates on the 1796 keV transition. The 90° spectra have been
artificially shifted by 5 keV for a clear view.

the presence of large mixing (§) in the 778 keV transition.
The measured Rapo values of the 1352, 2286, and 2660 keV
transitions are 0.8(2), 0.54(10), and 0.6(2), respectively, which
confirm their dipole nature. A schematic representation of
DCO and ADO spectra are shown in Fig. 5.

The integrated polarization directional correlation of ori-
ented nuclei (IPDCO) [25] measurement has been performed
to assign the electric or magnetic nature of the transition. Two
asymmetric matrices named parallel and perpendicular matri-
ces were therefore constructed for the IPDCO measurement.
In the parallel (perpendicular) matrix, the simultaneous events
detected in the two crystals of 90° clovers which are parallel
(perpendicular) to the emission plane are recorded on the first
axis and on the second axis, the coincident y rays detected
in any other clover detector are recorded. The polarization
asymmetry is then expressed as

(,l(Ey )NJ_ — N”

, 3
a(Ey)NJ_ +N|| ( )

Arppco =
where N| and Nj are the intensities of full peak observed
in the perpendicular and parallel matrices, respectively. The
asymmetry correction factor a(E, ) represents the geometrical
asymmetry of the clovers placed at 90°. It is defined as

a(Ey) = b @

Y NJ_ °

In the present work, '>?Eu radioactive source was used to
extract the asymmetry correction factor a(E, ). To measure the
Arppco of the transition, we put a gate on coincident y's on the
second axis and measured the intensities of the transition of
interest from the projected parallel and perpendicular spectra.
The positive value of Appco implies a pure electric transition
whereas the negative value indicates a pure magnetic transi-
tion. For a mixed transition, the value comes close to zero and
the sign depends on the amount of mixing. In our detector

024315-5



ROZINA RAHAMAN et al.

PHYSICAL REVIEW C 102, 024315 (2020)

100 T L T

80

1796 keV
2142 keV

Counts

cecccmcccccheccacaaas

- r s g
1780 1800 ” 2140 2160
Energy (keV)

FIG. 6. Spectra generated from perpendicular and parallel matri-
ces indicating the electric (magnetic) nature of the 2142 keV (1796
keV) transition.

setup, four clovers were mounted at 90°, but only two of them
were suitable for polarization measurement. So, the IPDCO
measurements have been carried out with two clovers placed
at 90°. As a result, we only measured the Appco for three
strong transitions, viz., 1296, 1796, and 2142 keV in *K. The
results are shown in Table I. It confirms the electric nature of
the 1296 and 2142 keV transitions and the magnetic nature of
the 1796 transition. Figure 6 shows the spectra obtained from
parallel and perpendicular matrices. Comparison of these pro-
jected spectra clearly shows the magnetic and electric nature
of the 1796 and 2142 keV transitions.

To assign or confirm the spin and parity of the levels
above the 3.458 MeV isomer, one should first confirm the
spin and parity of the 3.458 MeV isomeric level. The spin
and parity of the 3.458 MeV level was previously assigned
as (7)* [17]. In the present work, we are not able to confirm
experimentally the spin and parity of this level. However, the
calculated energy and the lifetime of the 71 level obtained
from shell-model calculations matches excellently with the
reported excitation energy and lifetime of the (7)™ [17] level.
The details of the calculations are discussed in the next
section. Therefore, we have established the spin and parity
of the 3.458 MeV level as 7+. Based on the Rpco, Rapo, and
Atppco values of the 1296, 1796, and 2142 keV transitions,
we therefore assign the spin and parity of the 5254, 7396,
and 8692 keV levels as 8+, 97, and 117, respectively (Fig. 3).
Previously, these levels were assigned as ((97)), ((107)), and
((127)), respectively [17]. In the present work, only the DCO
or/and ADO measurements were carried out for the four
new transitions, viz., 778, 1200, 2660, and 2738 keV, but the
polarization measurements were not performed due to their
low statistics. So, we have only confirmed the spins of the two
new 6196 and 7914 keV levels as 95” and 95”, respectively
(Fig. 3). We assign the parities of these levels by using the
results obtained from shell-model calculations (discussed in
the next section). Similarly, the spins and parities of 8748
and 10 978 keV levels have been assigned as 10" and 127,
respectively, based on the Rapo values of the decay out tran-
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FIG. 7. Difference between the experimental Rpco and theoret-
ical Rpco values of (a) 972 [ E2: § = 0] keV and (b) 1702 [ E1:
§ = —0.002(1)] keV transitions of **Cl as a function of & /J.

sitions and the results obtained from shell-model calculations
(Fig. 3). Previously, these levels were assigned as ((117)) and
((137)), respectively [17].

For extracting the y-ray multipole mixing ratios (§), we
compare the experimental DCO values with the theoretical
values calculated by using the computer code ANGCOR [23].
The spin alignment parameter o /J = 0.3, obtained from a
few known E'1 and E2 transitions (Fig. 7), was used for this
calculation. The mixing ratios (§) of the 778, 1796, and 2142
keV transitions obtained from the present work are 0.1(3),
0.05(5), and 0.01(2), respectively. The mixing ratios () of the
1796 and 2142 keV transitions are then used to calculate the
theoretical Appco of the 1796 and 2142 keV transitions. The
results are shown in Table I.

In the next section we compare our experimental observa-
tion with the shell-model results and discuss in detail these
new assignments. In the present work, uncertainties quoted
in the measured values of intensities, Rpco and Rapo, are
due to the statistical errors and the errors from the detector
efficiency. The uncertainties quoted in the gamma energy are
extracted from peak fitting and detector calibration errors.
Since we have not considered efficiency corrections for polar-
ization measurements, the uncertainties quoted in the Appco
measurements are statistical only.

IV. THEORETICAL CALCULATION

Large-basis shell-model calculations were performed by
using the code OXBASH [26] to understand the microscopic
origin of each state in K. The valence space consists of
both sd-pf major shells with ld5/2, 1d3/2, 2S1/2, 1f7/2, 1f5/2,
2p3;2, and 2py » orbitals for both protons and neutrons above
the '°Q inert core. ¥K is a self-conjugate nucleus and the
number of valence particles (protons + neutrons) in 33K is
22. The SDPFMW interaction [27] (as referred to within
the OXBASH [26] code package) was used for the calculation.
Other relevant details of the interaction and calculation are
discussed in Ref. [5].
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Unrestricted calculations for a nucleus having such a large
number of valence particles in the full sd-pf space are often
not possible due to the large m-scheme basis dimension.
Therefore, several particle restrictions in the model space are
used for shell-model studies of these nuclei. The results for
energy spectra and transition probabilities in **K with differ-
ent particle restrictions are discussed in the next sections. For
all of these calculations, the mass normalization factor which
is defined as the number of particles up to the sd shell is taken
accordingly.

A. Positive-parity states

We have used two different truncation schemes named
Theo-P1 and Theo-P2 to reproduce the positive-parity states
.38
n "°K.

1. Theo-P1

In Theo-P1, only 0Ziw excitation was considered, i.e., only
the full sd shell was taken as the model space. The mass
normalization factor for sd-shell two-body matrix elements
(TBMES) for this calculation was 38. The calculated ground-
state binding energy of 33K is —251.345 MeV, which agrees
well with the experimental binding energy of —251.165 MeV
(corrected for the Coulomb energy) [28]. The calculated ex-
citation energies of 07, 17, and 2" also match well with the
experimental energies. The maximum possible spin which can
be generated in full sd model space for ¥K is 5*. So, we have
to consider the contribution from the neighboring pf orbitals
to generate the high-spin positive-parity states (>5).

2. Theo-P2

In Theo-P2, we include all the pf orbitals in our calcu-
lations and allow excitation of only two particles into the
pf shell to generate the high-spin positive-parity states. The
mass normalization factor for this calculation was taken to
be 36. We discussed earlier that the spins and parities of all
the levels above the 3458 keV isomer were not confirmed
due to the ambiguity of the spin and parity of the isomeric
level. To remove this ambiguity, we compare the energies of
the experimental levels with the shell-model results (Fig. 8).
It shows that the experimental energy of the (7)* level [17] is

12+ 14484
a2) 10978
10 8748 100 0 8877
+
9 7914 r 8l
9t 6625
9 6196
.
&) 5254 8 5432
.~ 1458 7* 3572
2 2304 28 2401
; %
—
3 0 g 13] 3+ 0
Theo-P1 Expt Theo—P2

FIG. 8. Comparison of theoretical (Theo-P1 and Theo-P2) and
experimental (Expt.) level energies of positive-parity states in K.
All these energies are plotted considering the ground-state energy
(—251.345 MeV) as zero.

very close to the calculated energy of the 7% level generated
from pure 2p-2h excitation. The calculated lifetime of the 7+
level (31.4 ws) (using the result of Theor, from Table III)
also agrees well with the measured lifetime of the (7)" state
(31.7 us). Based on these observations, we have therefore
established the spin and parity of the 3458 keV level as 7+.
The calculated energy of the 8" level agrees well with the
experimental energy of the newly assigned 8% level. It has
also been found that the experimental energies of J = 9y, 9;,
and 10 levels (E, = 6196, 7914, and 8748 keV, respectively)
are close to the calculated energies of 97 (6625 keV), 95
(8112 keV), and 10™ (8877 keV), respectively. However, the

TABLE III. Comparison of experimental and theoretical reduced transition probabilities for different transitions in *K.

Ex Tmean (PS) E, B(E3) (2 fm®) B(M1) (x1073u2) B(E2) (2 fm*)
keV Reported [1] Jr keV J;Z Expt. Theor, Theor, Expt. Theor. Expt. Theor.
459 10.1(9) 1+ 328 0+ 159(16) 295
2401 0.075(22) 2+ 1942 1+ 103(31) 120
2646 1414(144) 4- 33 3~ 9(1) 7.6
4~ 2187 1" 76(9) 30.4 68.3
3420 101(14) 6~ 774 4= 16.4 (24) 14.9
6~ 3420 3+ 1346(198) 289 650
3458 31.7(2) us 7t 812 4- 44.6(22) 20 44.9
6196 0.127¢ 91+ 2738 7+ 41.3
8692 3.15% 11~ 1296 9~ 67.5

2Estimated from calculated B(E2) values.
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FIG. 9. Comparison of theoretical (Theo-N1, Theo-N2, and Theo-N3) and experimental (Expt.) level energies of negative-parity states in
38K. All these energies are plotted with respect to the ground-state energy (—251.345 MeV) as zero.

calculated energy for the J = 12 level is overpredicted by
several MeV, as shown in Fig. 8.

B. Negative-parity states

For the negative-parity states, three different truncation
schemes (Theo-N1, Theo-N2, and Theo-N3) are adopted.

1. Theo-N1

In Theo-N1, we excite one nucleon into the pf shell (1p-
1h excitation) to reproduce the negative-parity states. The
mass-normalization factor for this calculation is 37. In this
calculation, the first three negative-parity states [37, (4)~, and
(6)~] were reproduced with a deviation up to 400 keV. How-
ever, the calculated energy of the 9~ state is overpredicted by
several MeV. Since the maximum possible spin which can be
generated in 1p-1h excitation is 107, we could not generate
J = 11 and 12 states in this calculation.

2. Theo-N2 and Theo-N3

It is known that overpredicted energies may indicate the
inadequacy of the model space. Results can be improved
by increasing the contribution from pf orbitals by exciting
more particles to the orbitals. Therefore, for the high-spin
negative-parity states, we consider three-particle (3p-3h) ex-
citations to the pf shell. We performed the 3p-3h excitation
calculation with the full sd-pf model space (Theo-N2) but
we could not calculate the transition matrix elements due to
the dimensionality problem. To overcome the dimensionality
problem, we therefore kept the 1ds,, orbital full and reduced
the single-particle energy (SPE) of each of the pf orbitals by
an amount of 1.86 MeV to reproduce the experimental energy
(8692 keV) of the 11~ level [Theo-N3]. Since the calculated
energy of the 11~ level is well reproduced (energy deviation
~500 keV) in Theo-N2 (Fig. 9), we have chosen the 11~ level
for energy normalization. The mass normalization factor is 35
for both Theo-N2 and Theo-N3.
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In Fig. 9, we compare the calculated energies of the
negative-parity states (Theo-N3) with the experimental ener-
gies. It shows that, if we consider the newly observed 6196
and 7914 keV states (J = 9) as negative-parity levels, then all
the 9~ states are overpredicted by several MeV (Fig. 9). Since
their energies are close to the 9% levels (Theo-P2 of Fig. 8), we
tentatively assign them as positive-parity levels. We therefore
compare the calculated energy of the yrast 9~ state with the
observed 7396 keV yrast 9~ state. It is found that the calcu-
lated energy of the yrast 9~ state in Theo-N3 is overpredicted
by 778 keV. We have already mentioned that the 9~ level can
be generated from 1p-1h excitations. The calculated energy of
the 9~ level generated from 1p-1h excitation is 13 180 keV, as
shown in Theo-N1. So this deviation may be due to the mixing
of 1p-1h configuration into the 3p-3h configuration. Hence,
a phenomenological approach following the discussion in
Ref. [29], using two-level mixing between pure 3p-3h and
1p-1h states, was used to extract the extent of configuration
mixing in 97. In this calculation, the 9~ state was assumed
to be dominated by the 3p-3h configuration with a small
amount of 1p-1h configuration mixing. Using the unperturbed
energies of the yrast 9~ state obtained from pure 1p-1h and
3p-3h calculations, the experimental energy of the 9~ state
was reproduced by considering the mixing coefficient of the
1p-1h configuration as a variable. The result shows that 11.8%
of 1p-1h configuration mixing reproduces the experimental
energy of the yrast 9~ state. It should be noted that the mixing
of configurations from different np-nh (nhiw, n =0, 1, 2, 3,
4, 6, 8) excitations on a particular positive- or negative-parity
excited state have already been reported in the neighboring
0Ar, 7 Ar, *Ar, and **Ca nuclei [7,11,30].

For the 8748 keV level (J = 10), the calculated energy of
10~ is 9174 keV (Theo-N3), which is 297 keV more than the
calculated energy of the 10T level (Theo-P2). The calculated
energy of the 10™ level (8877 keV) is closer to the experimen-
tal energy of the J = 10 level than the calculated energy of
the 10~ level (9174 keV). The parity of the 8748 keV (J = 10)
level is therefore assigned tentatively as a positive-parity level.

In the case of the 10 978 keV (J = 12) level, we compare
the experimental energy with the calculated energy of the 12~
level. In Theo-N3, the calculated energy of the 12~ level has
been improved but still overpredicts by 521 keV. In Theo-P2,
the calculated energy of the 12% level is overpredicted by
more than 3 MeV. So, the 10 978 keV level (J = 12) is
assigned tentatively as a negative-parity level.

C. Two-nucleon transfer spectroscopic factor calculation

In this section, we present our calculation of the two-
nucleon transfer spectroscopic factors and their relevance to
the J™ assignment of the levels in K. In the present work,
we assign the spins and parities of the 5254, 7396, 8692,
8748, and 10 978 keV levels as 81, 9—, 11—, 10D, and
127, respectively. Previously these levels were assigned as
((97)), ((107)), ((127)), ((117)), and ((137)), respectively
[17]. They assigned the spins and parities of these levels by
comparing the level scheme of 3K above the isomer with
the properties of low-lying *®Ar states. They suggested that
the high-spin states of 33K have largely the structure of a
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FIG. 10. Calculated spectroscopic factors for (a) 7t, (b) 8%,
(c) 9%, and (d) 10" states in *¥K to estimate the contribution of the
low-lying positive-parity states of the core nucleus, 6 Ar.

(f12 )%,0 pair coupled to the appropriate states of *°Ar, i.e.,
the (7)* and ((97)) states were generated from 0 and 2%
states, respectively, and the remaining negative-parity states,
((107)), ((117)), ((127)), and ((137)) states were generated
from the core angular-momentum states 37,47, 57, and 6~ of
3% Ar, respectively.

To verify this argument, two-nucleon transfer spectro-
scopic factor calculations have been carried out by using a
LBSM calculation. We couple two nucleons (1 proton + 1
neutron) in the pf shell to the observed low-lying positive-
and negative-parity states of *Ar to obtain the parentage of
the high-spin positive- and negative-parity states of 3K in
terms of two-nucleon transfer spectroscopic factors. The low-
lying positive- and negative-parity states of *°Ar are generated
from Op-Oh and Ip-1h excitation, respectively. In 3K, the
positive- and negative-parity states above the 3.458 MeV
isomer have 2p-2h and 3p-3h configuration, respectively. In
a two-nucleon transfer spectroscopic factor calculation, for
a particular state of 3¥K, the number of contributions from
different pf orbitals for different AJ (depending on the core
angular momentum and the angular momentum of the state
of interest) increases considerably. Therefore, in our calcula-
tion, we consider only the contributions having spectroscopic
amplitude >0.05. The calculated spectroscopic factors, i.e.,
the square of the spectroscopic amplitude, for the positive-
and negative-parity states of K, are shown in Figs. 10 and
11. Tt shows a strong correlation between the high-spin states
of 3K and the low-lying states of °Ar. It is found that the
7+, 8%, and 10 states of ¥K are primarily generated from
the low-lying 0%, 2%+, and 4% states of 3®Ar, respectively.
For the negative-parity states, the 9=, 117, and 12(7) states
are generated from the core angular momentum 5~ and 6~
states, respectively. The 9 state has also a large spectroscopic
factor (0.66) for the core angular-momentum state 2% but
smaller than the 8" state (0.83). It has also been found that
the calculated spectroscopic factor for the 10" level (0.92)
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is higher than the 10~ level (0.27). The results obtained 13 [11,5,4,2,0,0,0]
from two-nucleon transfer spectroscopic factor calculation, . 12 112,5,3,2,0,0,0]
therefore, support our new spin-parity assignment of the levels 9 0 7914 8.112 31 (124420001 125
above the isomer. 18 111,5,4,2,0,0,0]
15 [12,5,3,2,0,0,0]
107 0 8.748 8.877 33 [11,542,000 9 5

D. Configuration mixing and collectivity

The decomposition of the wave functions for the positive-
and negative-parity states in *K are shown in Tables IV
and V, respectively. For the low-lying positive- and negative-
parity states below the isomer, we use the results obtained
from Op-Oh and 1p-1h excitations, respectively. Similarly,
for the high-spin positive- (=771) and negative-parity (=97)
states, 2p-2h and 3p-3h excitations are considered. In the
case of 3p-3h calculation, the 1ds,, orbital was kept full to
overcome the dimensionality problem.

A general particle partition is given by (I @ T}? ® - - - ®
o), where my + my + - - - + m,, = m, with m being the total
number of valence particles and ' = (J, T') represents the
spin-isospin of orbitals of the valance space. Due to vari-
ous intermediate coupling of angular momenta and isospins,
the particle partition has many different configurations. The
probability and the structure (i.e., m, my, ..., m,) of different
partitions having >10% contribution are shown in Tables IV
and V. The partitions are given in terms of occupation num-
bers of single-particle valence states. Here, N; is the total
number of particle partitions for a particular state, each with
contribution >1%, and N, gives an estimate of the minimum
number of particle partitions, each of which contributes <1%
in the state.

Table IV shows that the low-lying positive-parity states
(3%, 0, 17, and 2%) are primarily generated from single-
particle excitations. They have a much smaller extent of
configuration mixing with the largest contribution ~97% from
the single partition. However, the configuration mixing in
terms of single-particle partitions for the high-spin positive-
parity states (77—10") has been increased. It has been found
that they have 9-12 particle partitions that contribute at least

15 [12,5,3,2,0,0,0]
11 [12,4,4,2,0,0,0]

1% with the largest 25%—45% in their wave function. These
high-spin positive-parity states, therefore, show substantial
configuration mixing in terms of particle partitions, which
give us a sign of the presence of collective excitations at
higher excitation energy in **K. For the negative-parity states
(Table V), a relatively smaller extent of configuration mixing
is observed. States with 1p-lh configuration have 5 to 6
particle partitions with the largest 86% and states with 3p-3h

TABLE V. Structure of the wave functions for the negative-parity
states in K. The partitions are given in terms of occupation numbers
of single-particle valence states in the following order: 1ds,,, 1d3/,
2Sl/z, 1f7/2, 1f5/2, 2[73/2, and 2[71/2-

Energy(MeV) Wave function

Jr T Expt. Theor. % Partition N N,

3 0 2.613 2.299 80 [12,5,4,1,0,0,0] 6 4

47 0 2.646 2.413 82  [12,5,4,1,0,0,0] 6 3

6, 0 3420 3.805 86  [12,5,4,1,0,0,0] 5 3

97 0 7369 8.174 48 [12,3,4,3,0,0,0] 9 5
28  [12,3,4,2,0,1,0]

1; 0 8.692 8.692 71 [12,3,4,3,0,0,0] 7 2
12 [12,4,3,3,0,0,0]

127 0 10978 11.499 53 [12,3,4,3,0,0,0] 7 2
34 [12,4,3,3,0,0,0]
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configuration have 7 to 9 particle partitions with the largest
71% in their wave functions.

The reduced transition probabilities B(M1), B(E2), and
B(E3) for a few transitions below the isomer have been
calculated by using the effective charges e, = 1.5¢ and e,
0.5¢ and free values of g factors. The calculated value of M1
and E2 strengths show good agreement with the correspond-
ing experimental data (Table III), which provide evidence
in favor of the reliability of the calculated wave functions.
However, the calculated B(E3) strengths are suppressed by
a factor of two or more (Theor;). We also calculated the E3
strengths for a few other sd-shell nuclei using the effective
charges e, = 1.5¢ and e, = 0.5e. For all cases, the calculated
strengths are suppressed. So, we have to optimize the proton
and neutron effective charges for E3 transitions. In Fig. 12, the
calculated B(E3) values are compared with the experimental
B(E3) values for a few sd-shell nuclei. The experimental
transition strengths are calculated from the reported branch-
ing, mixing ratios, and level lifetimes [1]. We calculated the
B(E3) strengths of these nuclei for different effective charges
(Ae, = Aey,). The different particle restrictions mentioned in
Refs. [3,31-33] are used to reproduce the wave functions of
the levels of interest in 3°p, 3'p, 328, 3*Cl, 38Ar, and ¥K.
It clearly shows that, in most of the cases, the calculated
B(E3) values agree well with the experimental values for
e, = 2.0e and ¢, = 1.0e. In **K, we have therefore calculated
the B(E3) strengths by using the effective charges ¢, = 2.0e
and e, = 1.0e (Theor;). We have an excellent improvement in
the calculated B(E3) value, as shown in Table III.

The transition strengths for a few E2 transitions above
the isomer have also been calculated by using the effective

charges e, = 1.5¢ and e, = 0.5¢. We estimated the mean
lifetime (t,,) of the 6196 and 8692 keV levels from the
calculated B(E?2) strengths of the 2738 and 1296-keV transi-
tions. The branching of the 1296 keV transition was estimated
from the measured relative intensities of the 778 and 1296
keV transitions. The results are also shown in Table III.
All calculations have been carried out for AT = 0 transition
only.

E. Prediction of deformed band in 3¥K

Collectivity, large deformation, and even superdeformation
at higher excitation energies, has been observed in a few
upper sd-shell nuclei [2—4]. Not only the neighboring nuclei,
collective excitations, and deformed band structures have also
been observed in the isobaric nucleus 3 Ar, and shell-model
calculations suggest a 4p-4h configuration of these bands
[16]. In the present work, we investigate the structure of 3*K
up to 11 MeV excitation energy and theoretically interpret
them by using Op-Oh, 1p-1h, 2p-2h, and 3p-3h excitations
in shell-model calculations. Collective excitations in terms of
large configuration mixing have been found in the high-spin
positive-parity states. However, no band-like structure has
been observed at higher excitation energies. The calculated
E?2 strengths of the observed E2 transitions are also small.
So, we have extended our theoretical investigation by using
4p-4h excitations to search for collectivity in *®K. As the
full-space calculation was not possible, the 1ds,, orbital was
kept completely filled up for this calculation and reduced the
single-particle energy (SPE) of each of the pf orbitals by
1.86 MeV.
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FIG. 13. (a) Calculated excitation energies and (b) B(E2) values
for the positive-parity states generated from 4p-4h excitation in ¥K.

In Fig. 13(a), we plot the excitation energies of the levels
with J(J 4+ 1). The plot shows a very good linear variation
of the level energies with J(J 4 1). The details of the wave
functions of the levels generated from the 4p-4h calculation
are shown in Table VI. The table shows large configuration
mixings in terms of particle partitions for all the levels.
Probability and the structure (i.e., my, mo, ..., m,) of different
partitions having >10% contribution for 4p-4h excitation are
given in Table VI.

TABLE VI. Structure of the wave functions for the positive-
parity states in **K generated from 4p-4h truncation. The partitions
are given in terms of occupation numbers of single-particle valence
states in the fOllOWil’lg order: 1d5/2, 1d3/2, 2S1/2, 1f7/2, 1f5/2, 2]]3/2,
and 2 P12

Energy (MeV) ‘Wave function

Jr T Theor. % Partition N, N,

ZT 0 5.686 11 [12,4,2,4,0,0,0] 22 20
16 [12,3,3,4,0,0,0]

4fr 0 6.696 13 [12,3,3,4,0,0,0] 25 17

6T 0 7.978 11 [12,3,3,3,0,1,0] 21 18
12 [12,3,3,4,0,0,0]

Sfr 0 9.703 11 [12,3,3,3,0,1,0] 20 15
14 [12,3,3,4,0,0,0]

101+ 0 11.879 11 [12,3,3,3,0,1,0] 18 11
18 [12,3,3,4,0,0,0]

12;’ 0 13.999 11 [12,4,2,4,0,0,0] 11 8
14 [12,3,3,3,0,1,0]
21 [12,3,3,3,0,0,1]
14 [12,2,4,4,0,0,0]

141+ 0 16.111 16 [12,3,3,4,0,0,0] 7 6
15 [12,3,3,3,0,1,0]
20 [12,2,4,4,0,0,0]
19 [12,2,4,3,0,1,0]

161+ 0 19.390 14 [12,3,3,3,1,0,0] 5 1

70 [12,3,3,4,0,0,0]

We also calculated the B(E2) values to extract the defor-
mation. Although we calculated the energies of all the levels
generated from 4p-4h excitations, we could not calculate
the B(E?2) values for the 67 — 4% and 4T — 27 transitions
due to computational limitations. The results are shown in
Fig. 13(b). It shows large B(E2) values for the positive-
parity band generated from 4p-4h excitation. The deformation
parameter B for the B(E2) values 328 ¢*fm* (87 — 6T)
is ~0.38 [34]. Estimated major-to-minor axis ratio (X) [34]
is 1.42 for B = 0.38. These values are comparable to the
observed deformation in “°Ca [8], *°Ar [9], and *CI [10].
Therefore, our calculations provide a strong indication of the
presence of a deformed band at higher excitation energies
in 3¥K.

V. CONCLUSION

High-spin states of **K above the 31.67 us isomer popu-
lated through the >C(**Si, np) **K reaction with a 110 MeV
28Si beam have been studied by using the Indian National
Gamma Array facility. Two new levels and four new transi-
tions have been added to the existing level scheme. The spins
and parities of most of the levels have been assigned, mod-
ified, or confirmed from Rpco and linear polarization mea-
surements. For a few weak transitions, Raopo measurements
have been carried out to assign their dipole or quadrupole
nature. The multipole mixing ratios (§) for a few transitions
have been measured. Large-basis shell-model calculations
were performed to understand the microscopic origin of these
levels. In our calculations, different particle restrictions in sd-
and pf-shell orbitals were used to reproduce the experimental
level scheme. For the levels above the isomer, two-nucleon
transfer spectroscopic factors were calculated to establish
that the excited (positive- and negative-parity) levels in 3K
have *®Ar (core) plus two-nucleon structure. The experimental
transition strengths for a few transitions below the isomer
were compared with the calculated values. Collective exci-
tations at higher excitation energy were studied. We also
predicted the presence of a deformed band generated with the
4p-4h configuration in 3¥K.
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