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Excited states in >P have been investigated up to high spins using y -ray spectroscopic techniques following the
130(1%0, np)*?P fusion-evaporation reaction. Sixteen new transitions have been observed, and the level scheme
has been extended up to E, = 9.637 MeV. The multiclover Indian National Gamma Array (INGA) facilitated
angular correlation and linear polarization measurements for spin-parity assignments. Branching ratios have been
determined. The level scheme is indicative of excitation of nucleons across the sd- fp shell gap. The experimental
observables were successfully interpreted by large-basis cross shell model calculations without resorting to any
reduction of the single-particle energies of the f7,, and p3/, orbitals. These results suggest that any lowering of
single-particle energies may not be required if an appropriate choice of valence space and effective interaction is

made.
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I. INTRODUCTION

The spectroscopic study of nuclei near the “island of inver-
sion” provides understanding of the evolving shell structure
in this region. Complete experimental information, viz. level
energies, lifetimes, branching ratios, mixing ratios, spins,
and parities, permits a critical test of the existing theoretical
concepts related to the role of T = 0, T = 1 residual interac-
tions with increasing neutron excess. Intruder configurations
dominate the ground states of nuclei at the island of inversion.
Shell-model calculations with sdpf interaction explain this
inverted behavior of the ground states with strong excitations
of two particles into intruder orbitals. Monte Carlo shell
model (MCSM) calculations have given an impetus to the
study of this region with a significantly better coverage of the
model space, permitting more accurate incorporation of the
increasing role of T = 1 residual interactions. They provide
a better agreement with experimental data in the region of
states with intruder contributions [1]. The MCSM reveals that
the intruder contribution to the ground state is enhanced in
a more gradual fashion across the boundaries of the island
of inversion as compared to the predictions of the earlier
shell-model calculations.

Nuclei with Z near the bottom of the sd shell and N near
the top of the shell (which is likely to be influenced easily by
the occupation of intruder dominated configurations) belong
to a highly transitional region of nuclear structure enabling
a sensitive testing of the various shell-model calculations.
The isotopes of phosphorus present a good case study of
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this transitional region. For such nuclei, conventional shell-
model calculations appear to be only partly successful in
explaining their structure, and a consistent theory is yet to
be developed as we have found in our earlier investigations on
the structure of the **P nucleus [2]. The excitation energies of
the low-lying positive-parity and negative parity states in 4P
were successfully reproduced with the spherical shell-model
code Nushell@MSU [3] without having to take recourse to
the lowering of the single-particle energies, as reported for
odd-odd P nuclei in this region in Refs. [4,5]. However,
computational limitations allowed only one particle to be
excited to the fp shell. The calculations were unable to predict
the transition probabilities and mixing ratios for the 1876-keV
transition de-exciting the 2305-keV level, the second excited
state of 4P [2].

We present here the results of our study of 2P (N = 17)
nucleus, which has a similar structure as 3*P, and compare
it with 3%3P. The present work utilizes heavy-ion fusion
evaporation reaction, which allowed us to investigate yrast
states in 3?P up to high spins. Experimental data on the level
structure of 32P is mostly available from PSi(a, py)3*P [6-8],
0Si(a, d)**P [9], 3P (7, p) [10], and 2HC'P, py)*?P [11]
reactions, thermal neutron capture studies (see, for example,
Refs. [12—15]), and polarized thermal neutron capture studies
[16]. The only previously reported heavy-ion investigation,
by Baumann et al. [17], employed the 80 + 'O fusion-
evaporation reaction. Yrast states were known upto J* = 5.
In the present work, the yrast states up to J* = (87) have been
identified. Detailed spectroscopic analysis has been carried out
from y" matrices to get the excitation energies and to build
up the level scheme after assignment of spin and parity from
angular correlation and linear polarization measurements. The
present results have been compared with earlier reported
values. Finally, shell-model calculation results are reported
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for 32P and compared with those of 3***P and earlier works
32
on °“P.

II. EXPERIMENTAL DETAILS

The ¥P nucleus was populated using the '80('°0, np)*’P
reaction. The 'O beam at an incident energy of 34 MeV
was delivered by the 15UD Pelletron at the Inter University
Accelerator Centre (IUAC), New Delhi. The de-exciting y rays
were detected by the Indian National Gamma Array (INGA)
[18] comprised of 18 Compton-suppressed Clover detectors.
Three of these detectors were placed at 6 ~ 32° and at ¢ ~
0°, ~90°, and ~180°, four were at 6 ~ 57° and at ¢ ~ 45°,
~135°, ~225°, and ~315°, five were at & ~ 90° and at ¢ ~
45°, ~135°, ~180°, ~225°, and ~315°, three were at 6 ~
123° and at ¢ ~ 45°, ~225°, and ~315° and three were at
6 ~ 148° and at ¢ ~ 0°, ~90°, and ~180° with respect to
the beam direction. The neutron-rich '30 target was prepared
by heating a 50-mg/cm?-thick Ta foil in an atmosphere of
enriched oxygen to form Ta;Os. The 80 equivalent thickness
was estimated to be ~1.6 mg/cm? on each side. The target to
detector distance was ~24 cm. A logical OR condition of two-
and threefold coincidences provided the trigger condition, and
about a billion EY (N > 2) coincidences were recorded. The
data collected using the CAMAC based multiparameter data
acquisition system CANDLE [19] were written in list mode
format for offline analysis.

III. DATA ANALYSIS AND RESULTS

The data were presorted to correct for any online drifts
to ensure that there were relatively no gain changes between
any two list mode data sets during the experiment, and were
precisely gain matched to ensure that the data from each
detector had a constant energy dispersion. A multifunctional,
iterative energy calibration was performed using the standard
radioactive sources '°?Eu, '3*Ba, and ®°Co along with the
beam-off radioactivity data. The data were then sorted into
symmetric y-y matrix and three-dimensional y-y-y cube.
All the symmetric and asymmetric matrices were constructed
using our in-house data sorting code and RADWARE software
package [20,21]. The drift correction and subsequent data
analysis were done using the IUCSORT [22-24] and RADWARE
[20,21] software packages, respectively.

The detection efficiency of the clover detectors was de-
termined up to 1408 keV using the standard ">Eu source.
At higher energies, the efficiency was obtained following
an extrapolation to the data from Refs. [25-28] (which was
acquired using an identical setup).

A. Level scheme of 3*P

The projection spectrum of the symmetric y-y matrix is
shown in Fig. 1. The major populated nuclei were 3%31:32P,
28i, and 2Mg. The peaks of *!Ca, #'K, 3 Ar, and **Cl, marked
as contaminants (“C”), originate from the reaction of the 160
beam with >’ Al in the target frame.
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FIG. 1. Projection spectrum from '°O+'80 fusion reaction at an
incident beam energy of 34 MeV. “C” denotes contaminants.

Figure 2 depicts a background subtracted coincidence
spectrum obtained by setting a gate on the 1689-keV
(47 — 3}) transition belonging to **P on one axis of the
y-y matrix. Several new transitions are observed.

Figure 3 depicts a double-gated y-ray spectrum from the
cube with the gate on the 1677-keV (3;r — ZT) and 1689-keV
4, - 3?’) transitions in 3%P.

The level scheme of *2P was constructed from the symmet-
ric matrices by studying the coincidence relationship among
the de-exciting y rays and was substantially extended to high
spins with the addition of 16 new transitions (Fig. 4).

We have observed new yrast states at 5862 and 7417 keV.
The observation of the 2418- and 1555-keV transitions de-
exciting the above levels, as well as the 2220-keV transition,
has helped to extend the level scheme up to an excitation energy
of ~9.6 MeV. Eckle ez al. [10] had reported a level at 5860 keV,
which was tentatively assigned J* = 27. The observation of
several parallel decay paths connecting levels of established
spin and parity with the newly observed levels along with the
angular correlation and polarization measurements of the new
transitions, 2418 and 381 keV (Sec. III B) have led us to the
assignment of J™ = 6(7), J7 =57 to the 5862- and 5481-keV
levels, respectively.

The 7417-keV level was observed to be connected to the
5862-keV level by a path parallel to the 1555-keV transition via
the 603- and 952-keV transitions. The 7417-keV level is also
connected to the the already established 4698-keV level via the
603- and 2116-keV transitions. Similarly, the 5862-keV level
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FIG. 2. (Color online) Coincidence spectrum with gate on
1689-keV transition in 32P. The new assigned y rays are marked
with an asterisk.
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FIG. 3. (Color online) Coincidence spectrum with gate on 1677-
and 1689-keV transitions in **P. The new assigned y rays are marked
with an asterisk.

was found to decay via parallel transitions of energy 1586
and 381 keV to the previously known 4276-keV (J* =57)
level and the newly observed 5481-keV level, respectively.
The 381- and 2037-keV transitions were placed in coincidence,
and parallel to the 2418-keV transition, and connects the newly
observed 5862-keV level to the known 3444-keV (J* =47)
level.

Apart from the above-mentioned transitions, several other
new transitions of energy 580, 623, 714, 955, 1274, 2139,
2559 keV were observed in the present study and placed in
the level scheme. The excitation energies and the transitions
energies are listed in Table 1.

The presence of Doppler shapes in the low-lying intense
transitions of the level scheme did not permit us to extract re-
liable information on the intensity of the observed transitions.
However, the branching ratios of transitions (depopulating a
particular level) were obtained from a symmetric y-y matrix,
constructed with the data recorded in detectors placed at ~90°
only, by top gating. This was done to avoid the Doppler shapes
and shifts. The use of data at 90° was justified since the level
sequence has mostly dipole transitions, and the experimental
branching ratios obtained for known levels compare very well
with the values reported previously. In Table II the branching
ratios obtained in the present work are compared with the
previously available value, as well as with the theoretical
predictions (Sec. IV). The branching ratios for some transitions
could not be determined since top gating was not feasible in
those cases.

B. Determination of spin and parity

The conventional method of determination of the multipo-
larity of the observed transitions in y —y spectroscopy is the
DCO (directional correlations of the y rays de-exciting ori-
ented states) method described in Refs. [30-32]. This method
is based on the observed coincidence intensity anisotropy,
obtained from the angle dependent y —y coincidences. The
basic principle behind the distinction between dipole and
quadrupole transitions is the fact that the angular distribution
for a stretched dipole transition has a maximum at 6 = 90°
and minimum at 8 = 0° or 180° and the reverse is true for a
stretched E2 transition. However, having a detector at 0° or
at 180° is not practically feasible. The angular distribution
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FIG. 4. Level scheme of 3?P. The new transitions are indicated by
an asterisk.

measurements are usually performed in the singles mode,
which has its own limitations, especially for weaker transitions
of interest. Hence, coincidence intensity anisotropy measure-
ments are used to obtain this information. Experimentally the
coincidence anisotropy ratio is defined as

I,1 (atd gated by y» at 90°)
Rpco = I . . (1)

»1 (at90° gated by y, at 0)
The present configuration of INGA has 6 ~ 32° or 148°. At
these angles, appreciable Doppler shapes for fast transitions
(de-exciting levels with Ty < stopping time of the recoil)
are observed. The presence of fast transitions, viz. 1677 and
1689 keV at low spins in 3?P prohibits the application of
this method. It is not possible to properly gate on y rays
with shapes at forward and backward angles since the gates
would then be quite wide, and the limits are not precisely
known. This would also result in a significant contribution
from contaminants in the gated spectrum. Moreover, the line
shapes of the neighboring 1677- and 1689-keV transitions
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TABLE 1. Transition energy, multipolarity of the y rays, and the
energy and spin assignments of the initial and final states in 3*P.

E,* Multipole® E* E;* J7 Vi
(keV) (keV) (keV)

78.2 (M1) 78 0 2t 17
380.6 M1 5862 5481 6" 507
432.4 M1+ E2° 1755 1323 3f 2F
579.9 4024 3444 47
602.7 7417 6814 7, (67)
623.1 4067 3444 47
662.1 4698 4036 45
713.9 4990 4276 o
832.2 M1 4276 3444 57 47
951.7 (M1)¢ 6814 5862 (65) 6"
955.1 (E2) 4276 3321 57 37
972.1 M1+ E2 3149 2177 4F 3}
1126.5 E1+4 M2° 4276 3149 57 47
1245.1 (M1)° 1323 78 2t 2f
1254.2 4698 3444 47
1267.3 E1+4 M2° 3444 2177 47 37
1274.0 5550 4276 57
1323.1 D 1323 0 2F 1
1394.4 M1+ E2° 3149 1755 4f 37
1554.9 (E1+ M2) 7417 5862 7, 6"
1586.2 (M1) 5862 4276 6" 57
1677.1 Mie 1755 78 3f 2t
1689.0 El° 3444 1755 47 3f
1755.1 (E2 + M3) 1755 0 3t 1
18257  (E2+ M3) 3149 1323 4f 2}
2036.7 (M1) 5481 3444 57 47
2098.8 M1+ E2° 2177 0 3+ 1
2115.8 (E1) 6814 4698 (63)

2139.0 5583 3444 47
21774 (E24 M3) 2177 0 3t 1
2220.4 9637 7417 87 g
2281.0 4036 1755 4 3f
2418.4 E2+ M3 5862 3444 6" 47
2558.8 6835 4276 5
30713 (E24 M3) 3149 78 4F 2f
32425 El+4 M2° 3321 78 37 2t

“The quoted energies are within £1 keV.

"Lowest multipolarity and dominant electromagnetic nature quoted
for newly assigned transitions except for 2418- and 1555 keV, which
appear evidently mixed (see text for details).

‘From NNDC [29].

merge with each other so as to render gating on either of the
transitions impossible.

These limitations can be circumvented if we were to define
the anisotropy ratio as

I,,1 at 32° gated by y, at 90°
I,y at 57° gated by y, at 90°

Rinist = 2
Two asymmetric angle-dependent y —y matrices were con-
structed, where the energies deposited in detectors at 90°
were plotted along one axis, and along the other axis one
of the matrices had coincidence events detected in detectors
at 32° whereas the other matrix had coincidence events in
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FIG. 5. (Color online) Plot of the experimental and calculated
Ranise values for transitions in *'Ca, #'K, 38 Ar, and 3P when the gate is
on a dipole transition. The new transitions are indicated by an asterisk.

detectors at 57°. The advantage of this procedure is that the
gates are always set on transitions at detectors placed at 90°,
thus avoiding the line shapes. The intensity of the coincident y
ray (y1), whose multipolarity is to be extracted, was obtained
first at 32° and then at 57°, and the ratio of these intensities
(Ruanist) was determined. Since the ratio of intensity of the
same transition is observed, but in different detectors, the
value of R, needs to be corrected for its dependence on
the position of the detectors and the number of detectors at
that particular position (angle). This was done by using the
efficiency data of the 32° and 57° detectors. The experimental
Ranist Values were divided by the ratio of the counts obtained
in the singles measurement with '>?Eu source in detectors at
32° and 57° detectors at corresponding energies. The plot of
the experimental and calculated R,y is given in Fig. 5.
Initially this ratio was determined for several strong
transitions of known multipolarity in 41Ca, 4K, and ¥ Ar [29]
showing no line shape. As seen from Fig. 5, a clear distinction
between quadrupole and dipole transitions is evident and the
known multipolarities are reproduced. The weighted average
of the experimental Ry for dipole transitions was found
to be ~0.83 and that for quadrupole transitions was ~1.11;
lines corresponding to these values have been drawn to
guide the eye. The conventional DCO measurement yielded
a similar trend in the intensity anisotropy. Having established
the validity of this procedure, the same was applied for the
transitions in *’P. The areas under the peaks for transitions
having Doppler shape were computed from the corresponding
gated spectra using the “LINESHAPE” code [33]. This program
calculates line shape using the velocity profiles of the recoils
(from Monte Carlo simulation) and the assumed values for
the lifetimes of the observed transitions as well as those of
the unobserved feeder transitions. From the proximity of the
Ranist value to the AJ =1 or the AJ = 2 line, it is possible
to effectively distinguish between dipole and quadrupole
transitions, respectively. An important point to be noted is that
the anisotropy ratio, be it Rpco or Rynig, is dependent on the
multipolarity of the gating transition; the results in Fig. 5 have
been obtained with gates on dipole transitions. Also, this ratio
(Fig. 5) does not give the extent of mixing present, but provides
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TABLE II. Comparison of experimental and theoretical branching ratios in 32P.

E. Jr J ]’Z E, Experimental branching (%) Theoretical branching (%)
(keV) (keV) Earlier work® Present work® Theo. I Theo. II
78 2f 17 78 100
1323 25 27 1245 40.6 47(1) 26.4 17.9
1f 1323 59.4(10) 53(1) 73.6 82.1
1755 3f 25 432 2.0 1.4(1) 4.8 8.9
27 1677 95.9(5) 97.6(1) 95.2 90.4
1f 1755 2.1(5) 1.1(1) 0.04 0.6
2177 37 2f 2099 91.0 96.7(18) 86.6 85.9
I 2177 9.009) 3.3(3) 13.4 14.1
3149 4f 37 972 20.2(3) 25.4(9) 3.0 5.7
37 1394 13.4(6) 13.9(6) 59.6 48.3
2F 1826 59.4(6) 55.6(14) 20.4 32.7
2f 3071 7.1(3) 5.14) 17.1 13.3
3321 37 2f 3243 75(2) 100
3444 47 37 1267 6.0(12) 1.8(3) 0.7
37 1689 94.0(12) 98.3(25) 99.2
4276 57 47 832 77(12) 50.9
37 955 1.0
4t 1127 23(12) 48.1
4036 45 37 2281 100
4698 4f 662 7.8(7) 15(2)
47 1254 82.6(17) 85(8)
5481 507 47 2037 100
5862 6" 507 381 8.2(4) 0.2
57 1586 2.6(2) 37.6
47 2418 89.2(18) 62.2

2Reference [11].
®Errors quoted include fitting errors only.

a qualitative way of determining the dominant multipolarity.
The calculated R, were determined for transitions with
known multipolarities and mixing ratios using the code
ANGCOR [34,35], and were found to agree reasonably with
the experimental values (Fig. 5). The multipolarities extracted
for known transitions in 3P were found to be in agreement
with the previous assignments. Among the new transitions,
those with energies of 2418 and 955 keV were assigned as
quadrupole transitions, whereas those with energies of 381
and 1555 keV were found to be dipole transitions.

Figure 6 is a plot of the calculated R,y as a function of
mixing ratio fora J = 7 — 6 transition, with the area between
the horizontal lines representing the uncertainty (statistical) in
the experimental R of the 1555-keV transition. A similar
plot for the 2418-keV (J = 6 — 4) transition is presented in
Fig. 7. The physically acceptable region of overlap between the
calculated and the observed Rt provides a possible range of
values for the mixing ratio. Since the R,y was obtained from
the data at only two angles, this method of extracting mixing
ratios has limited accuracy compared to the conventional
method of angular distribution. Hence these measurements are
only indicative of an almost pure, predominantly AJ = 1 and
AJ =2 nature for the 1555- and the 2418-keV transitions,
respectively, with small admixtures of higher multipolarity.
Limited statistics did not allow reliable angular correlation
measurements for some of the new transitions.

The angular correlation measurement is not sensitive to the
electric or magnetic nature of the radiation and polarization
measurements are required for obtaining this information.
The use of clover detectors facilitated such measurements

1-6 T T T T T T T T T T T T

1.4-
1.2-
1.0-

FIG. 6. Plot of the calculated R, as a function of mixing ratio
for a J =7 — 6 transition. The area between the horizontal lines
represent the uncertainty in the observed Ry of the 1555-keV
transition.
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FIG. 7. Plot of the calculated R, as a function of mixing ratio
for a J = 6 — 4 transition. The area between the horizontal lines
represent the uncertainty in the observed R,y of the 2418-keV
transition.

since the clover detector can act as a Compton polarimeter.
Linear polarization measurements have been discussed in
detail in our earlier work [2]. Experimentally we measure
the asymmetry or Appco (IPDCO: integrated polarizational-
directional correlation from oriented nuclei) defined as

aNl—N“

, 3
aN| + Nj )

Arppco =
where N, and N are the number of photons with a given
energy scattered along the direction perpendicular and parallel
to the reaction plane, respectively, in the detectors placed
at ~90°, and in coincidence with another photon detected
in at least one other detector in the array. The asymmetry
between the perpendicular and parallel scattering with respect
to the reaction plane distinguishes between electric and
magnetic transitions. “a” denotes the correction due to the
asymmetry in the response of the clover segments. This factor
is energy dependent (a = agp + a1 E, ), and is determined using
a radioactive source (having no spin alignment) under similar
conditions. This correction factor is defined as [36,37]

_ Nj(unpolarized) @

"~ N, (unpolarized)’
In the present work ay was found to be 0.9963(38) and a,
was found to be (—2.85+5.36) x 107¢ keV~'; a; being
negligibly small was not considered in the calculations. Appco
measurements required the construction of two asymmetric
y-y matrices whose one axis corresponds to perpendicular or
parallel scattered events in detectors placed at 90°, and the
other axis corresponds to the total energy recorded in any of
the other detectors. The gates were set on the latter axis, and
the asymmetry (Appco) was obtained from the intensity of the
coincident, scattered (perpendicular or parallel) y rays, using
Eq. (3). Figure 8 is a plot of the asymmetry values of several
transitions of known electromagnetic nature in ! Ca, 'K, 38 Ar,
and 32P, as well as for some new transitions in 32P. Detailed
information is presented in Table III. At a given energy, a posi-
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TABLE III. Experimental and calculated asymmetry (Appco) in
41Ca, 41K, 3 Ar, and P.

Ey MleHg ratio AIPDCO AIPDCO
(keV) &)»° (experimental) (calculated)
4ICa
460 0 0.147(8) 0.153
545 —0.01(3) —0.065(15) —0.078
3201 —0.02(1) 0.029(8) 0.006
41K
708 0 0.123(34) 0.108
850 0 0.094(12) 0.105
1294 0.118(12) —0.063(32) —0.088
1468 0 0.079(24) 0.056
1500 —0.06(12) 0.053(27) 0.023
1513 0 0.041(32) 0.05
1677 0 0.052(13) 0.056
38Ar
670 0.011(13) —0.032(12) —0.081
1642 0.016(13) 0.012(9) 0.034
2168 0 0.062(14) 0.049
32P
381 —0.082(102)
432 —0.12(10) —0.055(87) —0.083
832 —0.14(2) —0.074(36) —0.038
972 —0.11(4) —0.052(74) —0.040
1555 —0.012(74)
1826 0.07(7) 0.031(30) 0.050
2418 0.037(63)

2Reference [29].
PFor transitions assigned E2 in NNDC, § was considered zero if not
reported.

tive value indicates a dominantly electric transition, a negative
value indicates a dominantly magnetic transition, whereas a
near-zero value indicates a mixed transition. This analysis
confirms the previously reported spins and parities of the levels
in *1Ca, 'K, 38Ar, and P [29] and provides firm basis for
new assignments in 32P. Further, the calculated asymmetry

0.2 :
v 41Ca
b § % A 41K 4
a 38
0.1 by . 32;“ ]
* calculated
o | i ? : ¥
U T i *
2 o g .
< []
L T |
]
-0.1r- -
02 _ | | |
0 1000 2000 3000 4000
E, (keV)

FIG. 8. (Color online) Plot of the experimental and calculated
Appco as a function of y-ray energy for transitions in *'Ca, 'K,
3B Ar, and 2P (see Table III).
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values for transitions with known mixing ratios were de-
termined with o/J = 0.3 using the procedure described in
Ref. [2] and are also plotted in Fig. 8. The agreement between
the experimental and calculated values is quite reasonable. The
assigned spin-parities for 3P are presented in Table I.

The Range and Appco measurements for the 2418-keV
transition (Figs. 5 and 8, and Table III) de-exciting the
5862-keV level indicate that this transition has a predominantly
E?2 nature with a small M3 admixture. Hence the 5862-keV
level was assigned J™ = 6. The 381-keV transition, which
connects the 5862-keV level (assigned J™ = 6(7)) to the newly
observed 5481-keV level, was found to be a dipole with a
dominant magnetic nature. Hence the 5481-keV level should
be J* =15, , assuming stretched transitions. Under similar
considerations it follows that the 2037-keV transition connect-
ing the 5481-keV level to the already established 3444-keV
(J* =47) level is of M1 nature. Similarly, considering the
spin-parities of the 5862- and 4276-keV levels, the 1586-keV
transition is proposed to be a magnetic dipole. The 9637-keV
level is suggested to be 8~ on the basis of the theoretical
predictions (Fig. 10). Similarly, the 6814-keV level is a likely
candidate for 6,, based on comparison with the theory. Of
course, only the dominant multipolarity and electromagnetic
nature could be determined for all these transitions.

1. 7417-keV level

The 3°Si(a, d) reaction by Vecchio et al. [9] had identified
a level at E, = 7420 &+ 50 keV in *’P with a high (o, d)
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cross section. Angular distributions were obtained and DWBA
analysis was carried out to determine the L transfers to
this state. From this analysis the above state was tentatively
assigned a J™ =71 and believed to be arising out of 2w
excitations with a fully aligned (f7/2)* configuration. The
y-ray spectroscopy following the fusion evaporation reaction
between 80 and '°O identifies a level at E, ~ 7417 keV
(in present work) and at 7415 keV in Ref. [17]. Baumann
et al. [17] have suggested it to be the same state as that
observed by Vecchio et al. [9]. From the information available
on the even-A phosphorus nuclei, a 2p-2h, J* = 7%, (f7,2)?
state is expected in this energy domain. For example, in **P
the 6236-keV level has been tentatively identified as a possible
candidate for the above state [2,5]. Further, a similar state in
30p was observed at ~7231 keV [9,17]. In the present work,
the experimental angular correlation measurement for the
1555-keV transition de-exciting the 7417-keV level in 2P
indicates a predominantly AJ =1 nature. However, the
uncertainties in the experimental Appco value for the 1555-
keV transition did not allow us to conclusively assign an
El1+ M2 or M1+ E2 nature to the transition (Table III)
(Fig. 8). Hence a J® =71, 77, 67, or 6 assignment is
possible for this level. Considering the theoretical two-body
matrix elements and the experimental y-ray energies (1555
and 603 keV, respectively) connecting the 7417-keV level
(JT=7%, 7, or 67) to the J* =6, and 6, state, the
reduced transition probabilities, branching ratios, and lifetimes
were calculated, and are presented in Table IV. We have not
considered a J* = 6~ assignment to the 7417-keV level since

TABLE IV. The theoretical and experimental electromagnetic observables for the decay of the 7417- and 4698-keV levels in 2P
considering the various possible spin-parity assignments to these levels.

E, Jr J7 E, Reduced transition probability Branching ratio Lifetime
(keV) (keV) (W.u.) (%) (ps)
Expt. Expt. Theor.? Expt. Theor.* Theor.?
7417 77 0.3

B(M1) B(E2)
6; 1555 0.0240 0.7491 83.3(63) 96.2
6, 603 0.0164 0.5836 16.7(22) 3.8
7417 Tied) 125.7
B(E1) B(M?2)
6, 1555 2.0 x 107% 0.0011 83.3(63) 95.3
6, 603 0.0240 0.7491 16.7(22) 4.7
7417 67 sa) 87.2
B(E1) B(M2)
6) 1555 1.2 x 10798 2.5 x 107% 83.3(63) 4.3
6, 603 5.0 x 107% 2.4 x 107% 16.7(22) 87.2
4698 ST(S‘,) 1.4
B(E1) B(M2)
47 1254 2.6 x 107% 0.0014 85(8) 0.7
B(M1) B(E2)
45 662 0.0793 0.0006 15(2) 99.3
4698 4; 0.4
B(M1) B(E2)
47 1254 0.0453 2.1441 85(8) 99.8
B(E1) B(M2)
45 662 1.9 x 1079 0.0334 15(2) 0.2

2From Theo. II. See Sec. IV for details.
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it would correspond to the third excited 6~ state, which is
unlikely to be strongly populated. A J™ = 71 assignment
could originate either from a Ohw (sd) or a 2hiw (sdfp)
excitation. A pure sd 77 is predicted at an excitation energy
8.8 MeV (Eeory — Eexpt ~ 1.4 MeV) (Theo. I in Fig. 10).
The calculated lifetime in this case is ~126 ps (Table IV). The
1555-keV transition de-exciting the 7417-keV level exhibits
clear Doppler shape, which contradicts the possibility of such
a long lifetime for this level, thus ruling out a pure sd 7%
configuration for this state. A 2hiw excitation could give rise
to a 7" state in this energy domain as mentioned earlier.
These configurations could not be included in our present
shell-model calculations due to computational limitations,
rendering it impossible to comment either way on a 2p-2h 7+
assignment. Interestingly, the calculations are supportive of a
7~ assignment since the predicted excitation energy, branching
ratio, and lifetime are in good agreement with experimental
observations (Table 1V) (Fig. 10). A pure sd 67 assignment
was also found to be unlikely. Although the predicted energy of
the pure sd 61 state (7392 keV) is quite close to the 7417-keV
level (Fig. 10), the theoretically predicted branching ratio and
lifetime rule out such an assignment (Table IV). Thus the
7417-keV level is either J™ = 7% or 7~ and it is not possible
to unambiguously resolve between these two options.

2. 4698-keV level

From the present data, we were unable to arrive at an
unambiguous assignment of spin and parity for the observed
4698-keV level. There were Doppler broadening related dif-
ficulties in obtaining the experimental angular correlation and
polarization values. Earlier reports have suggested J™ = 37,
5%, or 4~ for this level [ 10]. If this level is J* = 37, it would be
ahighly non-yrast state (the third excited 31), which is unlikely
to be observed in a heavy-ion-induced reaction. Theoretically
predicted excitation energy of J* = 3% (2.916 MeV) is also
in disagreement with such an assignment (Fig. 10). Branching
ratios calculated with the 4698-keV level as a pure sd 5*
state (predicted at 4.976 MeV) completely disagree with the
experimental values (Table IV). This would imply that if this
level has J™ = 5T, it should have a significant contribution
from 2hw excitations and hence would then be the lowest
intruder, yrast, positive-parity state. Computational limitations
(Sec. IV) did not allow us to calculate the excitation energy
of such a level. If we assume a J™ = 4~ for this level, the
predicted 5286-keV level (Fig. 10) would be its theoretical
counterpart, which is 558 keV off the experimental value. The
predicted branching ratios in this case are in reasonable agree-
ment with the observed values (Table IV). We note in passing
that the deduced level scheme is characteristic of a single-
particle/spherical structure devoid of deformed band structure.

IV. THEORETICAL CALCULATIONS

Nuclei in and around the island of inversion have been
the playground for testing various theoretical nuclear models.
Monte Carlo shell-model calculation (MCSM) [38] based on
quantum Monte Carlo diagonalization with certain modifi-
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cations in the two-body matrix elements (TBME) has been
successfully used to explain the structure of nuclei in and
around the island of inversion [1]. Utsuno er al. [1] have
shown this model to work successfully for N ~ 20 unstable
even-even isotopes of O, Ne, Mg, and Si. This model has also
been applied in several works recently, viz. for **Mg [39],
28.29.30Na [40-43], 27’29*31Mg [44]. This approach in certain
cases met with limited success, for example in **Mg [39].

Isotopes of P are sd-pf nuclei, which provide a unique op-
portunity for further investigation of this region. The structure
of odd-A isotopes of P, like 3!:33P, have been explained using
the MCSM formalism. lonescu-Bujor ef al. [45] in their work
on 3'P found that the excitation energies were reproduced well
(within 600 keV) by the MCSM calculations but there were
some marked discrepancies in the prediction of the reduced
transition probabilities. These findings led them to suggest
that the sd-pf shell gap predicted by the SDPF-M interaction
(5.3 MeV) for P isotopes with N = 20 may be too large, and
that a more refined interaction and a wider model space was
necessary to explain the high spin states in 3'P. In 33P [46] the
MCSM calculations using SDPF-M interaction successfully
predicted the excitation energies. However, no comparison of
experimental transition probabilities with theoretical predic-
tions were carried out. The states of P were also calculated
using WBP interaction. But in this case the sd-pf shell gap had
to be reduced by 1.2 MeV to obtain a good agreement between
the predicted and observed values.

MCSM calculations have not been reported for even-A
isotopes of P. Shell-model calculations with the Continuum
Shell model code [47] were carried out for 323+3°P (N = 17,
19, 21, respectively) by Bender et al. [5] using the WBP
[48] interaction. Ray er al. [4] have reported shell-model
calculations for 3°P (N = 15) using the WBMB interaction
[49]. In all these cases, the theoretical and experimental
energies matched only after an ad hoc reduction in the
single-particle energies of the 1f;7,, and 1ps3/, orbitals. We
had reported our shell-model calculations for 3*P [2] using
the code Nushell@MSU [3] in the sd-pf model space outside
160 core with the WBMB interaction [49]. One fiw calculation
without any truncations in the sd shell could reproduce the
negative-parity states [2] fairly well, without any lowering
of the single-particle energies (SPEs), as was required in
a similar calculation by Bender et al. [5] using the WBP
interaction. The number of configurations possible in %3P
is enhanced as compared to that for 3*P and the resulting
matrix dimensions are larger, necessitating some truncation in
the sd shell space for generating the negative-parity states. Ray
et al. [4], in their calculations for 3°P including an excitation
of maximum two particles from 1ds;, orbital, lowered the
sd-pf shell gap by 4.5 MeV in order to reproduce the negative
parity states. We have carried out similar truncated shell-model
calculations for *°P but without any lowering of the sd-pf shell
gap. Figure 9 shows the difference between the experimental
and the theoretical excitation energies of the first intruder
state as a function of the number of particles excited from
the 1ds, orbital in *°P. The predicted excitation energy of
negative-parity state approaches the experimental value with
an increase in the (ds;,) ™" excitations. The observed saturation
in the difference may be due to the omission of configurations
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FIG. 9. Plot of the difference between experimental and shell-
model predicted excitation energy of the first intruder state (J* = 27)
as a function of the number of particles (n) excited from 1ds, orbital
in 3°P. The “sdpfmw” interaction has been used.

from inside the '°O core. It has been established by Warburton
et al. [49] that truncation of model space renders the ground
state less bound, resulting in the predicted states occurring
at higher excitation energies. The lowering of the excitation
energy with increase in the configurations strongly suggests
that the ad hoc lowering of the single-particle energy in
previous works may not be realistic in the case of these
nuclei.

We have carried out the shell-model calculations for *’P
without any reduction in SPE using the code Nushell@MSU
[3] and the WBMB interaction [49]. The model space consisted
of d5/2, S1/2 d3/2, f7/2, P32, P12 orbitals outside the '°O
core. For the low-lying positive-parity states, Ohw calculations
(labeled as Theo. I) carried out in the above model space
using the sdpfmw interaction [49,50] resulted in a very good
agreement with the observed excitation energies (Fig. 10). The
predicted ground-state energy —175.576 MeV also matches
very well with the experimental value of —175.65 MeV [51].
The negative-parity states were generated with a single particle
excited to the fp shell along with some truncation in the sd
shell.

Figure 11 shows the difference between experimental and
theoretical excitation energies of the negative-parity states
as a function of the number of particles excited from the
lds, orbit. The J™ =4, and 7~ assignments are tentative.
Computational limitations dictated a minimum truncation
allowing n = 4 particles to be excited from 1ds;, orbital.
Here again, we observe that, as in Fig. 9, the predicted
excitation energy of negative-parity states approaches the
experimental value with an increase in the (ds») ™" excitations.
The results for 2P indicate that unlike *°P (Fig. 9), most
of the dominant configurations have been incorporated in
the calculations as the difference approaches a near-zero
value. The calculations on 3%32P show that in this mass
region, omission of important configurations is responsible
for the excitation energies occurring at a higher value than
their experimental counterparts and as these configurations
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FIG. 11. (Color online) Plot of the difference between experi-
mental and shell-model predicted excitation energy of negative-parity
states as a function of the number of particles (n) excited from 1ds,,
orbital in ¥*P. The “sdpfmw” interaction has been used (see text for
details).
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TABLE V. Average particle occupancies of negative parity states
in 32P from Theo. 1.

Jr E, ds)» S1/2 d3» S

37 3.634 10.901 2.322 1.769 1.000
3; 5.086 10.811 1.903 2.286 1.000
47 3.535 10.934 2.409 1.657 1.000
4 5.286 10.724 1.891 2.384 1.000
57 4.507 10.820 1.792 2.389 1.000
55 6.008 10.548 2.578 1.874 1.000
6, 5.873 10.872 2.110 2.018 1.000
6, 6.953 10.343 2.262 2.395 1.000
65 7.402 10.406 2.334 2.260 1.000
77 7.122 10.798 1.569 2.634 1.000
75 8.255 10.227 2.232 2.541 1.000

get included, the predicted excitation energies approach
the experimental values.

In view of our computational limitations, all the negative-
parity states were generated with the minimum and maximum
number of particle occupancies of 1d§/312, ls?ff, 1d§)/}8, 1 70/51
(labeled as Theo. II). Figure 10 compares the negative-parity
states with experiment. We can see that there is a notable
agreement between the experiment and theory. To validate
our truncation scheme, the positive-parity sd-shell states were
also generated using the above truncations in the sd shell.
As seen from Fig. 10, Theo. II compares well with the
Ohw calculations and the experimental values. The predicted
ground-state energy —175.491 MeV is very close to the
experimental value. The assignment of J™ = 67 to the
observed level at E, = 5862 keV and J™ = 5(27) to the level
at E, = 5481 keV is substantiated by the prediction of a
5873-keV (J™ = 67) (Theo. II) and a 6008-keV (J* =5;)
(Theo. II) level, respectively. The calculations predicted a
closely lying 7~ state at 7122 keV (Theo. 1I) and 67 state
at 7392 keV (Theo. I) and 7452 keV (Theo. IT). The 77 state is
predicted at 8823 keV in Theo. I and at 8901 keV in Theo. II.
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The possibility of the 7417-keV state having a pure sd 6"
or a pure sd 71 configuration has already been ruled out in
the earlier section. A J™ = 7~ assignment is well supported
by theory. The 9637-keV level was tentatively assigned J* =
(87) as it appears to correspond to the predicted 9285-keV
(J* = 87) level. Similarly, the 6814-keV level may be 6, ,
considering the predicted 6953-keV (J”™ = 67) level. The
average particle occupancies of the predicted negative-parity
states in 32P are listed in Table V.

The test of a nuclear model is how successfully it repro-
duces the excitation energies and the wave functions. The
transition probabilities are highly sensitive to the composition
of the wave functions and hence are suitable tests of the
wave functions. In **P, the experimental mixing ratio of the
1876-keV transition connecting the lowest intruder state to
the first excited state (2*) could not be reproduced [2].
Bender et al. [5] have not considered mixing while calculating
the transition probabilities in 3*P. The inability of present
theoretical models to correctly predict the reduced transition
probabilities in nuclei in the vicinity of the island of inversion
in many cases has been discussed before.

In 32P, the reduced transitions probabilities for transitions
connecting positive parity states when calculated with and
without truncations in the sd shell are given in Table VI, and
a comparison with the experimental values is presented. The
overall agreement is reasonably good. However, the predicted
B(E?2) values for the 432-, 1755-, and 3071-keV transitions
are not of the same order as the experimental values. The
calculated M1/E2 and E2/M3 transition probabilities for
transitions connecting the negative-parity states are given in
Table VII. Among these, the reduced transition probabilities of
only the 832-keV (M1 + E?2) transition is known experimen-
tally. The predicted values are in reasonable agreement with
the experimental values in this case. Table VIII compares the
experimental and theoretical transition probabilities of the E'1
transitions in 3°P, using standard effective charges e, = 1.5
and e, = 0.5. The theoretical values are of the same order
as the experimental values except for the B(E1) value of

TABLE VI. Comparison of experimental and theoretical reduced M1, E2, and M3 transition probabilities for transitions between

positive-parity states in 32P.

E, Jr E, J}T B(M1) (W) B(E2) (Wa.) B(M3) (W.u.)
(keV) (keV) Expt.* Theo. I Theo. 11 Expt.? Theo. 1 Theo. I Expt. Theo.I Theo.II
78 ZT 78 IT 0.166(8) 0.1632  0.1759 1.7928 1.7415
1323 22+ 1245 2fr 0.001 1.3E — 04 3.3371 3.2709
22+ 1323 lfr 0.004 0.0035 5.5459 5.2675
1755 3;’ 432 2; 0.0117(11)  0.0238  0.0307 4.0(7) 0.0792 0.0785
31+ 1677 2fr 0.0060(7) 0.0018  0.0002 5.6(9) 11.3271  10.4356
31+ 1755 1 fr 0.26(7) 0.0066 0.0744 1.0749 1.0147
2177 3;’ 2099 ZT 0.048(9) 0.0452  0.0390 0.9(5) 0.5914 1.0273
32+ 2177 lfr 3.8(9) 6.1905 5.3619 0.7421 1.1035
3149 41+ 972 3; 0.0133(15) 0.0098 0.0140 0.6(5) 0.9705 0.9219
4;’ 1394 3T 0.0313  0.0153 6.3(8) 10.2600 9.9104
41+ 1826 2; 7.6(9) 7.0852 7.3305 0.1124 0.0824
41+ 3071 Zf 0.068(8) 0.6396 0.3297 0.0755 0.0222
4036 4;’ 2281 3T 0.1693  0.1607 0.7306 0.8396

2Reference [29].
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TABLE VII. Comparison of experimental and theoretical reduced M1, E2, and M3 transition probabilities for transitions between

negative-parity states in 3*P.

E, Jr E, Iz B(M1) (W.u.) B(E2) (W.u.) B(M3) (W.u.)
(keV) (keV) Expt.* Theo. I Expt.* Theo. I Expt. Theo. I
4276 57 832 47 0.054(9) 0.0283 6.5(21) 1.9221

5 955 37 4.5003 0.0016
5481 507 2037 47 0.0678 9.0819
5862 6" 381 57 0.1067 0.3234

6" 1586 57 0.0185 0.2300

6" 2418 47 4.7986 1.3099

2Reference [29].

the 3243-keV transition. The discrepancies and deviations
observed in reduced transition probabilities are most likely
the artifacts of truncation.

Computational limitations that arose due to large basis
space and matrix dimension allowed for only one particle to
be excited to the 1f7, orbital in case of °P and *P, and,
only one particle excited to the fp shell in 3*P. The deviation
of the predicted transition probabilities (Tables VI-VIII) and
branching ratios (Table II) from the experimental values, where
present, may be attributed at least partially to this limitation.
The need for an extended basis space and/or an appropriate
Hamiltonian within the sd-pf model space, which takes into
account all the possible intra- as well as intershell interactions,
was conjectured in Ref. [2], and is strongly indicated in the
present work as well.

V. CONCLUSIONS

The use of '°0 + '80 fusion evaporation reaction provided
access to yrast and near yrast states in 3P. Several new
transitions belonging to 3°P have been identified and placed in
the decay scheme, which was extended up to E, = 9637 keV
and J7 = (87). Angular correlation and linear polarization
measurements helped in determining the spin and parity
of several observed levels. Corresponding theoretical values
were calculated for transitions with known mixing ratios and
were found to be consistent with the experimental values.
The branching ratios were also determined experimentally.
The negative-parity states are of interest as they originate
from the excitation of nucleons across the major shell into
opposite parity orbitals. The higher lying positive-parity
states could also have similar configuration. The experimental

observables (J™, E,, branching ratio) are compared with the
prediction of the spherical shell-model calculation using the
code Nushell@MSU with sdpfimw interaction outside '°O
core. The observed positive-parity states were successfully
reproduced by 0w calculations, indicating that these states
are predominantly pure sd states. Truncated shell-model
calculations involving an excitation of n = 4 particles from
1ds , orbital using the above interaction predicted the negative-
parity states reasonably well. With increase in number of
particles excited from the lds,, orbital, the predicted ex-
citation energies of the negative parity states are observed
to approach the experimental values indicating that these
states have predominantly 1d57’£ 1 f71/2 configurations. The
overall qualitative agreement between the calculations and the
experimental observables, especially the excitation energies,
indicates that all important configurations and two-body matrix
elements have been incorporated in the calculations. The ad
hoc lowering of the SPE of f7,, and p3 ;> in some of the earlier
calculations is not required and such adjustments appear to
have been an artifact primarily of the matrix elements used,
which are optimized for A &~ 10—22 nuclei and the earlier
interpretation that the reduction in the energy gap between
the neutron Fermi surface and fp shell is manifested by the
lowering of SPE, may not hold true. The calculations point
to the urgent need for a global parametrization of the TBME,
especially the cross-shell terms.
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