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Abstract. Yrast and near-yrast energy levels in the neutron-rich N ∼ 20 nuclei 34P, 36S were populated
using transfer/deep-inelastic processes following the 34S + 115In reaction at an incident energy of 140MeV.
The use of a multi-clover array has facilitated polarization measurements of the observed γ-rays and
necessitated some changes in the previously known level scheme. The observation of the negative-parity
levels in these nuclei on the periphery of the “island of inversion” is indicative of the influence of the
intruder orbitals on the level structure at low spins. Shell-model calculations indicate that the inclusion of
the orbitals from the upper pf shell is important even for the low-lying positive-parity states.

PACS. 23.20.Lv Gamma transitions and level energies – 23.20.En Angular distribution and correlation
measurements – 21.60.Cs Shell model – 27.30.+t 20 ≤ A ≤ 38

1 Introduction

The exploration of the nuclear structure of neutron-rich
nuclei in the difficult to access A ∼ 30–40 mass region has
revealed several intriguing aspects even at low spins viz,
deformation, shape coexistence etc. [1,2]. There are theo-
retical predictions for variation in the spin-orbit strength
as a function of the neutron number for these neutron-
rich nuclei. Relativistic mean-filed calculations by G.A.
Lalazissis et al. [3] have indicated a considerable reduc-
tion in the magnitude of the spin-orbit interaction poten-
tial for the light drip-line nuclei. With the increase of neu-
tron number, the effective one-body spin-orbit interaction
becomes weaker, resulting in a smaller energy splitting
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between the spin-orbit partners. Further, it has been ob-
served, for example, that the neutron-rich N = 20 Na and
Mg isotones exhibit anomalous behavior in their binding
energies [1,4]. The results indicate that these nuclei are
more bound than the predictions of the shell-model calcu-
lations within the sdmajor shell. TheseN = 20–22 Ne, Na
and Mg isotopes, form the so-called “island of inversion”: a
small region of the nuclear landscape [5] where the ground
state consists of intruder configurations ν(sd)N−2ν(pf)2.
The normal states, which do not involve such excitations,
usually occur at much higher excitation energies. An in-
teresting observation is the occurrence of the first-excited
2+ state in 32Mg at a remarkably low excitation-energy of
885 keV [2], unexpected for this N = 20 closed-shell nu-
cleus. This is clearly indicative of the onset of deformation
and B(E2, 0+ → 2+

1 ) measurements [6] confirm the occur-
rence of a considerable deformation in this nucleus. These
observations provide tantalizing hints for the disappear-
ance of the N = 20 magic structure for the Z ≤ 12 nuclei.
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Here, the sd and pf shells come closer, making them softer
towards dynamical deformation, leading to the aforemen-
tioned anomalous properties. The occurrence of low-lying
intruder states has been attributed to the residual inter-
and intra-shell strong interactions [5,7]. These many-body
correlations tend to reduce the shell gaps, thus stabilizing
the deformed intruder configurations at a much lower ex-
citation energy.

Since these nuclei are not easily accessible using the
conventional fusion-evaporation reactions, the available
information on the level structure is limited. The heavy-
ion multi-nucleon transfer process provides an alternative
method to populate these neutron-rich nuclei. In fact, sev-
eral authors [8] have demonstrated the power of heavy-
ion induced transfer reactions for selective population of
near-yrast high-spin states. This feature has also made it
possible to undertake a detailed investigation of the subse-
quent decay properties of these states. Thick-target mea-
surements [9–12] have successfully established the level
structure of 34P and 36S up to Ex ∼ 5MeV. In the
present study, these nuclei have been populated by heavy-
ion transfer reactions. In order to establish the spins and
parities of the observed levels, we have employed an ar-
ray of Compton-suppressed Clover detectors. These de-
tectors provide a unique opportunity to undertake linear
polarization measurements to establish the parity of the
observed levels. We present here our experimental results
which confirm the spin and parity assignments of the ob-
served levels in 36S and suggest a change in the parity
of the level at 2305 keV in 34P. These results are com-
pared with the predictions of large-basis shell-model cal-
culations. The influence of the intruder orbitals on the
structure of the levels in these nuclei is discussed.

2 Experimental methods and results

The 34S + 115In reaction at an incident beam energy of
140MeV was carried out using the 15 UD Pelletron fa-
cility at the Nuclear Science Centre, New Delhi. The ex-
periment was optimized to investigate high-spin states in
N ∼ 82 nuclei, e.g., 146Tb [13] via fusion-evaporation re-
actions. However, it was expected that the same reaction
would also populate projectile-like neutron-rich nuclei fol-
lowing the transfer of a few nucleons. The isotopically
enriched 115In target of ∼ 1.29mg/cm2 thickness with a
∼ 7.14mg/cm2 Au backing was used. The de-exciting γ-
rays were detected using INGA (Indian National Gamma
Array), comprising of 8 Compton-suppressed Clover de-
tectors. The detectors were placed at 80◦ and 140◦ with
respect to the beam direction. A total of about 220
million two- or higher-fold γ-γ coincidence events were
recorded. The data were pre-sorted to correct for any
on-line drifts [14], precisely gain-matched [15], and were
sorted into symmetric and angle-dependent matrices for
detailed off-line analysis. The data were analyzed using
IUCSORT [16,17] and RADWARE [18] analysis packages.

The results include the observation of γ-ray cascades
up to the highest-known yrast states in 34P and 36S. The
angle-dependent matrices were successfully used to obtain

Fig. 1. γ-ray anisotropy ratio RDCO, for the transitions be-
longing to 34P and 36S. For comparison, the corresponding val-
ues of a few known transitions belonging to 146Tb, 145,146Gd
populated via the fusion channel, are also shown. The dotted
lines correspond to the average values obtained for the known
dipole (∆J = 1) and quadrupole (∆J = 2) transitions while
gated by dipole (top panel) and quadrupole (bottom panel)
transitions. These lines have been drawn to guide the eye.
The quoted error includes error due to background subtrac-
tion, peak fitting, and efficiency correction.

information on the multipolarities of the known transi-
tions for the nuclei populated via the fusion-evaporation
channel, viz 145,146Tb using the procedures described in
refs. [13,19,20]. The observed values of RDCO (gated on
known dipole as well as quadrupole transitions) are illus-
trated in fig. 1.

Several authors (see, for example, ref. [21]) have
demonstrated the feasibility of extending this proce-
dure to nuclei populated following transfer and multi-
fragmentation process (non-equilibrated reactions). The
γ-ray anisotropy ratio for transitions belonging to these
neutron-rich projectile-like nuclei such as 36S, 34P are de-
picted in fig. 1. As seen from the figure, the results are
very similar to those obtained for nuclei populated fol-
lowing the conventional fusion-evaporation reactions. The
details of these measurements are provided in table 1.

The use of Clover detectors facilitated polarization
measurements [22–24]. In a Clover detector, each of the in-
dividual crystals is considered as a scatterer, while the two
adjacent crystals as the observers. The anisotropy between
the number of Compton scattered γ-rays in the reaction
plane N‖, and perpendicular to it, N⊥, is indicative of the
electromagnetic nature of the transition. Even though the
statistics in the present data permitted only qualitative
polarization estimates, these in conjunction with the co-
incidence angular correlation measurements were crucial
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Table 1. Gamma transition energy (Eγ) in keV, excitation energy (Ex) in keV, initial and final spins for the transitions, relative
intensity (Iγ), DCO and IPDCO ratio for the γ-ray transitions and assigned multipolarity in 36S and 34P.

Eγ Ex Jπi → Jπf Iγ RDCO ∆IPDCO Multipolarity

(keV) (keV) Gate: dipole Gate: quadrupole

36S

185.5 5206.0 5− → 4− 53.9(5.7) 1.29(0.12) M1
760.4 5780.9 14.0(2.5) dipole dipole
827.3 5020.5 4− → 3− 61.4(6.0) 1.08(0.10) −0.16(0.17) M1
902.4 4193.2 3− → 2+ 100 1.04(0.12) 0.06(0.08) E1
1012.8 5206.0 5− → 3− 14.4(2.7) 0.94(0.09) electric E2
3290.8 3290.8 2+ → 0+ > 100 1.93(0.18) 0.11(0.13) E2

34P

429.3 429.3 2+ → 1+ > 155 0.59(0.05) −0.16(0.13) M1
1179.1 1608.4 (1+)→ 2+ 17.1(1.1) dipole (M1)
1875.9 2305.2 4+ → 2+ 100 1.68(0.14) 0.15(0.17) E2
1891.2 2320.5 3− → 2+ 38.5(1.8) 0.89(0.10) 0.16(0.17) E1
2883.0 5188.2 6− → 4+ 16.1(1.1) 0.88(0.09) −0.22(0.11) M2

for the assignment of the spins and parities of the observed
levels.

A polarization matrix was constructed from the data
where the energy recorded in any detector was placed on
one axis, while the other axis corresponded to the energy
scattered in a perpendicular or parallel segment of the
Clover with respect to the beam axis. From the projected
spectra, the number of perpendicular (N⊥) and parallel
(N‖) scatters for a given γ-ray could then be obtained.
The asymmetry parameter ∆IPDCO is defined as

∆IPDCO =
(a(Eγ)N⊥)−N‖

(a(Eγ)N⊥) +N‖
.

The correction parameter, a(Eγ), due to the asymmetry
of the detector configuration has been deduced using ra-
dioactive sources, and is expressed as a function of the
γ-ray energy using the relation:

a(Eγ) = a0 + a1Eγ ,

where, a0 = 1.016(6) and a1 = −1.32(53)× 10−5 (keV)−1.
P. Datta et al. [25] have demonstrated that the dominant
correction factor, a0, is nearly constant up to ∼ 2.7MeV.

A pure electric transition due to its preferential scat-
tering in the perpendicular direction with respect to the
beam axis results in a positive value for ∆IPDCO. Simi-
larly, a pure magnetic transition results in a negative value
for ∆IPDCO due to its preferential scattering along the
parallel direction and a near-zero value for ∆IPDCO is in-
dicative of an admixture.

For example, the 3291 keV (∆J = 2) transition, in 36S,
has a preferential scattering in the perpendicular direc-
tion with respect to the beam axis, a characteristic for an
electric transition. A similar pattern was observed for the
902 keV (∆J = 1) transition in the same nucleus. How-
ever, the 827 keV transition in 36S, has a preferential scat-
tering along the parallel direction with respect to the beam

Fig. 2. Representative experimental γ-ray asymmetry param-
eter, from polarization measurements plotted for γ-ray transi-
tions of 34P, 36S. For comparison, the corresponding values of
a few known transitions belonging to 146Tb, 145,146Gd popu-
lated via the fusion channel are also shown. A positive value
corresponds to an electric transition, while a magnetic transi-
tion results in a negative value. The quoted error encompasses
errors due to background subtraction and fitting. The dotted
line indicates the zero value of ∆IPDCO and has been drawn
to guide the eye.

axis, which is indicative of a magnetic transition. These
assignments are in agreement with the earlier reported
values, which were based only on an angular distribution
analysis. Figure 2 illustrates the asymmetry values of the
observed transitions obtained from the polarization mea-
surements. These results are also summarized in table 1.
As seen from the figure, the results are identical for the nu-
clei populated following fusion-evaporation and those pop-
ulated following few-nucleon transfer reactions. Thus, the
present method, even though qualitative, demonstrates
the feasibility to undertake polarization measurements for
these high-energy transitions where the polarization sen-
sitivity is low.
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Fig. 3. Two-dimensional plot of the asymmetry parameter
∆IPDCO vs. the angular correlation ratio RDCO for nuclei pop-
ulated following the 34S + 115In reaction at an incident beam
energy of 140MeV. The unmarked transitions belong to 146Tb.
The dotted lines parallel to the y-axis correspond to the value
obtained for known dipole and quadrupole transitions, respec-
tively. The dotted line parallel to the x-axis indicates the zero
value of ∆IPDCO. These lines have been drawn to guide the
eye.

The results of the coincidence angular correlation
and polarization measurements are summarized in a two-
dimensional plot illustrated in fig. 3. As seen from the
figure, these results are qualitatively independent of the
reaction mechanism and, hence, could be used to under-
take the multipolarity assignments for the projectile-like
neutron-rich nuclei.

2.1 36S

The level structure of 36
16S20 has been studied by sev-

eral groups in the past [9,10,26–31]. Excited states with
Jπ = 2+, 3−, 4−, 5−, (6+) have been observed. The spins
and parities of the observed levels have been assigned from
the angular distribution analysis for the excited levels
populated mainly with deuteron- and triton-induced reac-
tions [26–30]. The ground state and the first-excited state
are assigned to the π(s1/2)

2 and the π[(d3/2)
1(s1/2)

1] con-
figuration, respectively [26,28]. The negative-parity states
obviously involve nucleon excitations to the next major
shell (pf) across the N = 20 magic shell closure.

In the present experiment, 36S was populated via the
two-neutron pickup process. All the previously reported
transitions [10] (except the 1485 keV (6+) → 5+ transi-
tion) have been observed. Figure 4 shows two represen-
tative γ-ray coincidence spectra with gates on the 3291
(2+ → 0+) and the 827 (4− → 3−) keV transitions be-
longing to 36S. As mentioned earlier, polarization mea-
surements were possible for most of the observed transi-
tions in 36S. The present statistics did not permit us to
undertake a polarization measurement for the 1012 keV
transition.

Spin-parity assignments for the low-lying negative-
parity levels are crucial. They reveal the influence of the

Fig. 4. Representative γ-γ coincidence spectrum with gate on
the 827 and 3291 keV transitions in 36S. The peaks labeled c
are contaminants, either from fusion channel or from unknown
origin.

intruder orbitals belonging to the pf shell on the structure
of these apparently sd shell nuclei, lying close to the “is-
land of inversion”. The present polarization and angular
correlation measurements confirm the Jπ assignments for
the 3−, 4− and 5− levels.

A 760 keV γ-ray transition belonging to 36S has also
been observed in the present study. However, the present
statistics did not permit us to undertake the angular cor-
relation and the polarization measurements for this weak
transition. Hence, the transition is tentatively placed in
the level scheme (fig. 5).

To interpret the observed level structure of 36S, de-
tailed shell-model calculations have been performed using
the cross-shell sdpfmw Hamiltonian with 16O core, avail-
able with the code OXBASH [32].

Calculations were first performed within the full sd
major shell. The ground state was found to be overbound
by about 900 keV, when compared with the experimen-
tal value [5]. The predicted excitation energy of the 2+

level is in excellent agrement with the observed value.
These calculations predict that the 2+ level is dominated
by the (1d5/2)

12 (1d3/2)
5 (1s1/2)

3 configuration. The other
positive-parity states [31] are predicted at much higher ex-
citation energies. This indicates that even at these spins
the sd shell-model space is inadequate to describe these
states. Further, the negative-parity states cannot be gen-
erated within the sd shell, and excitations to the intruder
pf shell have to be considered.

Hence, the model space needs to be expanded to in-
clude orbitals from the pf major shell. The valence space
in this case would encompass the 1d5/2, 1d3/2, 2s1/2 and
1f7/2, 2p3/2, 2p1/2 orbitals. The interaction consisted of
three parts viz the sd and pf shell interactions and the
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Fig. 5. The level scheme of 36S for the levels populated in the
34S + 115In reaction. The experimental excitation energies are
compared with the shell-model calculation.

cross-shell interactions. The cross-shell interaction has to
effectively take into consideration the ∆l = 3 component,
due to the interaction between the f and s orbitals. Usu-
ally, the single-particle energies (SPEs) used in these cal-
culations are devoid of the influence of the cross-shell in-
teractions and have to be re-adjusted to reproduce the ob-
served energy level spectra [31]. Unrestricted shell-model
calculations are not computationally feasible with the full
sdpf shell. Hence, the model space needs to be truncated.
The truncation of the model space leads to the ground
state being less bound. This also requires the adjustment
of the single-particle energies.

The shell-model calculations were carried out using
the [(1d5/2)

12 (1d3/2)
0−8 (2s1/2)

0−4 (1f7/2)
0−2 (2p3/2)

0−2

(2p1/2)
0−2] partitions. These partitions allow the promo-

tion of a pair of nucleons to the 1f7/2, 2p3/2 and 2p1/2

orbitals. It was observed that lowering of the SPEs for the
pf shell by about 4.5MeV resulted in a reasonable agree-
ment between the predicted and the observed excitation
energies. The results are depicted in fig. 5 and the details
are provided in table 2. The comparison is restricted only
to the levels experimentally observed in the present study.

The calculations revealed that, as mentioned earlier,
the ground state is indeed dominated by the configurations
arising due to the excitations of nucleons within the sd
major shell. However, configurations involving nucleons
in the 1f7/2, 2p3/2, 2p1/2 orbitals also contribute to the
wave function. A similar observation also holds good for

the 2+ level. Naturally, the Jπ = 3−, 4−, 5− levels involve
excitation of nucleons into the pf shell (see table 2).

2.2 34P

The level structure of 34P, has been the focus of several
investigations [9,33–37]. β-decay studies [33] identified its
ground state as Jπ = 1+. The ground state and the first-
excited state (Jπ = 2+ at 429 keV) in 34P were suggested
to be the members of a pure (πs1/2, νd3/2)-multiplet. Us-

ing the 34S (t, 3He) 34P reaction, Ajzenberg-Selove et
al. [34] had identified states at Ex = 2225 and 2309 keV.
Such a large energy gap is characteristic of the excitation
of nucleons across a shell closure. Based on the comparison
with the 64Zn(t, 3He)64Cu reaction, where states originat-
ing from the occupation of the 1g9/2 intruder orbital were
observed, they have tentatively assigned these levels as
Jπ = 3− and 4−, respectively. These states would then
correspond to the (πs1/2 × νf7/2)3−,4−-multiplet.

The observation of the level at 2305 keV was further
confirmed by Fornal et al. [9]. They had assigned it a spin
and parity of Jπ = 3− or 4− (see fig. 5 of [12]). They
did not observe the previously reported level at 2225 keV.
In a subsequent Coulomb excitation measurement, Prity-
chenko et al. [37] have identified a level at Ex = 2225 keV
and assigned it a spin and parity of Jπ = 2+.

Asai et al. [11] have reported lifetime measurements
for nano-second isomers in the neutron-rich N ∼ 19 nuclei
produced by heavy-ion deep-inelastic collisions. They had
assigned a limit of 0.3 ≤ t1/2 ≤ 2.5 ns for the isomeric level

at Ex = 2305 keV in 34P. The γ-ray anisotropy analysis
revealed that the 1876 keV transition which de-populated
this level was a stretched quadrupole. Hence, the 1876 keV
transition was assigned an M2 multipolarity, leading to
Jπ = 4− for the level at Ex = 2305 keV.

Recent measurement by Ollier et al. [12] have estab-
lished the yrast and near-yrast excited levels of 34P using
the 36S + 176Yb reaction at an incident beam energy of
230MeV. They have established the level scheme up to
an excitation energy of ∼ 6.2MeV. They have not ob-
served the 2225 keV level reported in the Coulomb excita-
tion measurements [37]. However, they have observed two
close-lying levels at 2305 and 2320 keV. The spin-parity
assignments of these levels (4− and 3−, respectively) are
based on the energy level systematics in the neighboring
nuclei. Ollier et al. [12] have suggested that the states
above an excitation energy of 2305 keV involve intruder
configurations from the pf orbitals.

All the γ-rays reported by Ollier et al. [12], except
the 1046 keV transition, have been observed in the present
study (fig. 6). It is intriguing that the 1046 keV transition,
which was reported to be about 3 times more intense than
the 2883 keV transition [12], could not be observed in the
present investigation. A weak 1179 keV γ-ray has been ob-
served by us which decays from a level at Ex = 1608 keV.
This transition has also been reported in refs. [35,37].

A representative coincidence γ-ray spectrum gated on
the 429 keV transition in 34P is illustrated in fig. 6. Tran-
sitions (though weak) belonging to the target-like nuclei,
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Table 2. Wave function compositions for the levels observed in 36S and 34P. In the Table, the Hamiltonian single parti-
cle states are in the following order: 1d5/2 1d3/2 2s1/2 1f7/2 1f5/2 2p3/2 2p1/2. Partitions used for shell-model calculation:
(1d5/2)

12(1d3/2)
0−8(2s1/2)

0−4(1f7/2)
0−2(2p3/2)

0−2(2p1/2)
0−2.

36S 34P

Jπ Wave function Partitions (%) Jπ Wave function Partitions (%)

0+ 12 4 4 0 0 0 0 (70.27) 1+ 12 3 3 0 0 0 0 (76.52)
12 2 4 2 0 0 0 (9.50) 12 1 3 2 0 0 0 (9.25)
12 6 2 0 0 0 0 (5.93) 12 4 2 0 0 0 0 (3.77)
12 4 2 2 0 0 0 (4.74) 12 2 2 2 0 0 0 (2.92)
12 3 3 1 0 1 0 (3.68) 12 3 1 2 0 0 0 (2.52)
12 2 4 0 0 2 0 (2.06) 12 2 2 1 0 1 0 (2.32)

2+ 12 5 3 0 0 0 0 (61.47) (1+
2 ) 12 4 2 0 0 0 0 (67.55)

12 3 3 2 0 0 0 (18.20) 12 2 2 2 0 0 0 (15.69)
12 4 2 2 0 0 0 (4.45) 12 5 1 0 0 0 0 (7.90)
12 6 2 0 0 0 0 (3.30) 12 3 1 2 0 0 0 (5.07)
12 4 2 1 0 1 0 (2.61)
12 2 4 2 0 0 0 (2.16) 2+ 12 3 3 0 0 0 0 (78.73)

12 1 3 2 0 0 0 (9.89)
3− 12 3 4 0 0 1 0 (68.22) 12 2 2 1 0 1 0 (3.10)

12 4 3 1 0 0 0 (12.26) 12 3 1 2 0 0 0 (2.63)
12 5 2 0 0 1 0 (5.06) 12 2 2 2 0 0 0 (2.48)
12 1 4 2 0 1 0 (4.15)
12 3 2 2 0 1 0 (2.86) 3− 12 2 3 1 0 0 0 (72.00)

12 3 2 1 0 0 0 (13.47)
4− 12 3 4 1 0 0 0 (75.06) 12 3 2 0 0 1 0 (5.31)

12 5 2 1 0 0 0 (8.56) 12 4 1 1 0 0 0 (4.71)
12 4 3 1 0 0 0 (6.55)
12 4 3 0 0 1 0 (4.04) 4+ 12 2 2 2 0 0 0 (42.61)
12 2 3 2 0 1 0 (3.24) 12 1 3 2 0 0 0 (27.33)

12 1 3 1 0 1 0 (11.72)
5− 12 3 4 1 0 0 0 (76.47) 12 2 2 1 0 1 0 (9.00)

12 5 2 1 0 0 0 (9.21) 12 1 3 0 0 2 0 (3.43)
12 4 3 0 0 1 0 (4.44)
12 4 3 1 0 0 0 (4.13) 6− 12 2 3 1 0 0 0 (88.90)
12 2 3 2 0 1 0 (3.31) 12 3 2 1 0 0 0 (5.89)

12 1 2 2 0 1 0 (3.20)

were also identified in coincidence. As seen from the fig-
ure, the present data is similar to the data reported in
ref. [12].

The polarization measurements for the levels in 34P
confirmed the “electric” nature for the 1891 keV transi-
tion. The angular correlation measurements indicated that
this transition involves ∆J = 1 (fig. 1 and table 1). Hence,
the level at Ex = 2320 keV is assigned as Jπ = 3−. This
is in agreement with the tentative assignment of Ollier et
al. [12]. However, for the 1876 keV (∆J = 2) transition,
the polarization measurement indicated an electric nature
(fig. 2). Hence, the level de-populated by this transition
at Ex = 2305 keV is assigned as Jπ = 4+, which is in
contradiction to the earlier Jπ = 4− assignments [11,12].
Further, the measurements confirmed the magnetic nature
for the 2883 keV transition. The previously reported [12]
multipolarity assignment of this transition was based on
the energy level systematics. The level at Ex = 5188 keV is
now assigned as Jπ = 6−. Thus, the polarization measure-
ments have necessitated a few changes in the previously

reported level structure of 34P. The level scheme obtained
in this work is shown in fig. 7. The tentative multipolarity
assignment for the 1179 keV transition is guided by the
predictions of the shell-model calculations and corrobo-
rates the assignment as discussed in refs. [35,37].

To corroborate the linear polarization measurements,
energy level systematics in this region are very crucial.
These are illustrated in fig. 8. As seen from the figure, the
lowest negative-parity level in 36S (Jπ = 3−) occurs at
Ex = 4193 keV [10], however, in 35S, the lowest negative-
parity level (Jπ = 7/2−) is observed at Ex = 1991 keV [9].
A similar feature is also seen in 37Cl [9] and 36Cl [38], and
in 34Si [9] and 33Si [9]. The systematic observations reveal
that the negative-parity sequences commence at a spin
difference of about | 0.5h̄ | between the N = 20 and 19
isotopes.

The systematics indicate that the negative-parity se-
quence in 34P occurs at a lower excitation energy in com-
parison to 35P (N = 20) and the energy difference is
around 2MeV. The negative-parity sequence in 35P com-
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Fig. 6. Part of the γ spectrum obtained from the gate on the
429 keV transition in 34P. As seen from the figure, the 1046 keV
transition reported earlier has not been observed.

Fig. 7. A comparison of the levels in 34P observed in the
present work and that of Ollier et al. with the results of shell-
model calculation. See the text for other shell-model calcula-
tions.

mences at Ex = 4101 keV and a spin of J = 7/2 [9,39]. In
34P (N = 19), the negative-parity sequence would, then,
be expected to commence around Ex ∼ 2MeV, and a spin
of J = 3− when compared with the corresponding level
in 35P and supports the present Jπ = 3− assignment for
the level at Ex = 2320 keV. It is observed that the 4−

level in the neighboring 34Si [9], 36S [10] nuclei, de-excites
via an M1 transition to the 3− level below it. However,
in 34P, the level at 2305 keV is lower in excitation energy
than the 3− level, and de-excites to the 2+ level by an M2
transition, if it is assigned as 4− [11,12]. Thus, the level
energy systematics do not favour the 4− assignment for
the level at 2305 keV.

Further, in 32P [39], the observed 4+ level is lower in
energy compared to the 3− level. The energy difference
is around 170 keV. As seen from the present level scheme

Fig. 8. Energy level systematics for N = 20 and 19 isotones
for Cl, S, P and Si [9,10,38,39], together with the level scheme
of 34P from the present work.

for 34P, the assigned 4+ level is indeed lower in excitation
energy than the 3− level. The marginal energy difference
of about 15 keV could be attributed to the increase in
the neutron number from 32P to 34P. Thus, this energy
systematics would also favour the present 4+ assignment.

Shell-model calculations for 34P were performed within
the sd shell using the sdpfmw Hamiltonian. It was ob-
served that the ground state was over-bound by about
600 keV [5], a feature that was observed in 36S as well.
The 2+ state is predicted at Ex = 363 keV, in reasonable
agreement with the experimental value. The calculations
predict an excited 1+ level around 1408 keV.

The (d5/2)
12 (s1/2d3/2)

6 configurations cannot gener-

ate a 4+ state. For a completely filled d5/2 orbital, the 4+

could only be obtained if pf orbitals are included in the
valence space. As mentioned earlier, these calculations are
computationally prohibitive and hence, the model space
was truncated, using the [(1d5/2)

12 (1d3/2)
0−8 (2s1/2)

0−4

(1f7/2)
0−2 (2p3/2)

0−2 (2p1/2)
0−2] partitions. The SPEs for

the pf orbitals had to be lowered by about 5.0MeV to
obtain a reasonable agreement with the observed level en-
ergies. These calculations reproduced the binding energy
within 500 keV. It is worth mentioning that the lowering
of the SPEs did not affect the predicted excitation energy
for the 2+ and 1+

2 levels. The predicted 1+
2 level occurs

at 1688 keV which is very close to the experimentally ob-
served level at 1608 keV. Therefore, the level at 1608 keV
has been tentatively assigned as Jπ = 1+. The calculated
energy levels are compared with the experimental levels in
fig. 7 and the detailed nucleon configurations are listed in
table 2. The predicted excitation energy for the 4+ level
is higher than the experimental value by about 1.5MeV.
This might be due to the truncation of the model space.

An interesting observation is that a (πs1/2 ×
νf7/2)3−,4−-multiplet occurs at excitation energy around

2MeV, similar to ref. [40]. The calculations predict a 4−

level at an excitation energy of around 2MeV. It may be
tempting to assign the level at 2305 keV as a 4− based on
these calculations. However, as mentioned previously, the
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polarization results are clearly indicative of a 4+ assign-
ment.

A sensitive test for the obtained wave functions is
provided by the comparison between the predicted and
the observed experimental transition probabilities. The
calculated B(E2)’s are sensitive to the nucleon effective
charges used. These calculations were performed using the
effective electric charges reported by Utsuno et al. [7] viz
(ep = 1.3e, en = 0.5e). Pritychenko et al. have reported
their calculations for B(E2; 1+ → 2+

1 ) and B(E2; 1+ →
2+
2 ) in

34P [37]. Hence, the calculations were at first per-
formed for these states. The predicted B(E2; 1+ → 2+

1 )
and B(E2; 1+ → 2+

2 ) values are 0.385 and 9.76 e2fm4, re-
spectively. These are in close agreement with the values of
0.3 and 9.6 e2fm4 as obtained by Pritychenko et al. [37].

Similar calculations have also been carried out for
B(E2; 2+ → 0+) in 36S. The calculated value of
23.20 e2fm4 is in good agreement with the corresponding
experimental result (20.8(5.6) e2fm4) [39]. It was observed
that the set of ep = 1.3e and en = 0.3e also reproduced
well the aforementioned experimental transitional proba-
bility (within the error limit) for 36S and the prediction
of Pritychenko et al. for 34P [37]. This corroborates the
validity of the obtained wave functions and the choice of
the effective charges.

As mentioned earlier, Asai et al. [11] have provided
a limit (0.3 ns < t1/2 < 2.5 ns) for the half-life of the

level at 2305 keV in 34P. Based on these measurements
they have assigned Jπ = 4− to the 2305 keV level. The
limits on the lifetime measurements provide a value of
0.873 ≤ B(M2; 4− → 2+) ≤ 7.274 µ2

N fm2. Using the
present wave functions and the conventional values for the
g-factors, the calculated B(M2) is 8.538 µ2

N fm2. This is
comparable to the upper limit of the corresponding exper-
imental value. On the other hand, for a 4+ assignment to
the 2305 keV level, the experimental transition probabil-
ity would be 0.01 ≤ B(E2; 4+ → 2+) ≤ 0.117 e2fm4. The
predicted transition probabilities are: B(E2; 4+ → 2+) =
0.247 e2fm4 (with ep = 1.30e, en = 0.5e) and B(E2; 4+ →
2+) = 0.110 e2fm4 (with ep = 1.30e, en = 0.3e). Thus, the
reported experimental lifetime limit [11] cannot be used to
unambiguously assign the spin and parity to the 2305 keV
level in 34P.

3 Conclusion

Few-nucleon transfer following the 34S + 115In reaction at
an incident beam energy of 140MeV has allowed the popu-
lation of the neutron-rich N ∼ 20 36S and 34P nuclei. The
spin-parity determination was made possible due to the
use of an array of Clover detectors. These measurements
have provided additional information on the previously
established level structures of these nuclei.

The spin-parity assignments highlight the role of in-
truder orbitals in the structure of the observed levels. The
dominant configurations of the observed levels, obtained
from the shell-model calculations, demonstrate explicitly

the probable importance of the intruder orbitals, even for
generating the low-lying positive-parity levels.
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26. W.S. Gray, T. Wei, J. Jänecke, R.M. Polichar, Phys. Lett.

B 26, 383 (1968).
27. N.G. Puttaswamy, J.L. Yntema, Phys. Rev. 177, 1624

(1969).
28. W.S. Gray, P.J. Ellis, T. Wei, R.M. Polichar, J. Jänecke,
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