The spectroscopy of neutron-rich 343536:37.38p populated in binary grazing reactions
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The neutron-rich nuclei 3+3%36:37:38P were populated in binary grazing reactions initiated by a
beam of 3°S ions at 215 MeV incident on a thin 2°®Pb target. The combination of the PRISMA
magnetic spectrometer and the CLARA array of escape-suppressed Ge detectors was used to
detect v rays in coincidence with projectile-like nuclear species. Further evidence to support the
observed ~ decay of excited states of the populated phosphorus isotopes is provided by v — v
coincidence measurements based on the results of an earlier thick-target deep-inelastic experiment.
Level schemes for 34:3%36:37:38p 416 presented and discussed within the context of state-of-the-art
shell-model calculations. In particular, new spin and parity assignments are proposed for a number
of excited states of 3P. The evolution with neutron number of the energy difference of the low-lying
J™ = 3/2% and 1/2" states in the odd-A isotopes of phosphorus, and the relationship to nuclear
collectivity, is discussed. The evolution with neutron number of the shell-model wave functions
of the first J™ = 1/2%, 3/2", and 5/2" states of the odd-A phosphorus isotopes and of the first
JT =37,47, and 5~ states of the even-A isotopes is also explored.

PACS numbers: 23.20.Lv, 25.70.Lm, 27.30.+t

I. INTRODUCTION the J™ = 3/2] and 1/2] (ground) states with increasing
neutron number for N = 20 — 28 [1]. The increase in
binding of the 1ds/; proton with respect to the 2s; /o
proton with increasing occupation of the 1f7,5 neutron
shell has been attributed to the monopole component

of the tensor interaction, which results in an attractive

Neutron-rich phosphorus isotopes, with N=20 to
28, are ideal candidates for studying the evolution of
single-particle states as the f7/, neutron shell is being

filled. For example, it has been shown experimentally
that, in the odd-mass potassium (Z = 19), chlorine
(Z = 17) and phosphorus (Z = 15) isotopic chains, there
is a reduction in the difference in excitation energy of
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force between neutrons in the j. fr/2 orbital and
protons in the j< 1dsz/, orbital [2]. The energy difference
of the 1/21 and 3/2] states is well reproduced in the
isotopes of K, Cl, and P in 0w shell-model calculations
which use the latest SDPF-U interaction [3]. In N = 20
35P, the binding energy gap, E(1/2]) - E(3/2]), is
approximately 2.5 MeV [4], while in 37P it has decreased
to 0.86 MeV [5]. For the isotopes of potassium, where



the energy spacing has been measured using proton
pickup reactions [6, 7], the total monopole shift between
ld3 and 2s;/, proton binding is about 350 keV per
1f7,2 neutron [8]. Eventually, with increasing neutron
number, there is an inversion of the J™ = 3/2% and
1/2% states, and this was first observed in the potassium
isotopes [9] as long ago as 1967. The reasons for the
inversion were not understood at that time. Inversion
of the J™ = 3/2f and 1/2] states was first observed in
the isotopes of Cl by Liang et al. [10]. No such inversion
has so far been reported in the phosphorus isotopes for
N <2811, 11].

The role of intruder states in the structure of nuclei
within the so-called ”island of inversion” near neutron
number 20 has been the subject of much experimental
work since the observation of increased binding ener-
gies of the ground states of 31:32Na [12]. More direct
experimental evidence of strong deformation in this
tightly circumscribed region of the nuclear landscape
was based on the low excitation energy of the first
2+ state [13, 14] and the large B(E2; 0] —27) value
[15-17] for 3>Mg. Within a shell-model context, these
effects have been described in terms of two-particle
two-hole intruder configurations [18, 19], intrinsically
deformed. The tensor nucleon-nucleon force between
protons in the j» 1ds/p orbital and neutrons in the j<
1d3/y orbital is believed to play a role in the reduction
of the N = 20 shell gap [2]. Nevertheless, the presence
of such intruder states at low excitations in neutron-rich
nuclei continues to challenge theoretical understanding.
It is thus important to study the structure of nuclei and,
in particular, intruder states, not only within the island
of inversion, but also for those nuclei which lie on the
periphery of this region.

Another common feature in the odd-mass phosphorus
nuclei, which is supported by comparisons with the
results of shell-model calculations, is the observation
that higher lying states, above the first excited state,
may be described in terms of a single proton coupled to
excitations of the core. Thus, the good agreement found
with the results of shell-model calculations suggests that
the excited states of 37P, observed in binary grazing
reactions [5], may be described in terms of the coupling
of a 2515 or 1dg/, proton to the J™ = 2%, 47, 6T states
of 36Si [20]. More recently, Bastin et al. [21] proposed
that a 2s,,;, or 1ds/, proton coupled to the 2] states in
40:42Gi may explain the observed excited states at about
1 MeV in V43P, respectively. We are unable to access
such neutron-rich phosphorus isotopes in the present
work. In general, however, the study of the odd-mass
phosphorus isotopes with 20 < N < 28 has, to date,
been limited to the population of relatively low spin
states, and in some cases only a few excited states are
known. In the present work, we attempt to address this
deficiency.

The present work forms one of several studies of
neutron-rich nuclei in the sdp f-shell which are based on
results from the same experiment. To date, we have re-
ported on the structure of 36Si [20], 37P [5], 49S [22],
38C1 [23], 33Si [24] and #'S [25]. Earlier related studies of
neutron-rich nuclei populated in deep-inelastic collisions
with thick targets have focused on the structure of 3P
[26], 36S [27] and “4'C1 [10, 28]. These published works
are mainly concerned with the role of negative-parity in-
truder orbitals in the structure of neutron-rich nuclei on
the periphery of the island of inversion.

In this paper, we present results on the odd-odd
nuclei, 3%3638P  and on the odd-A nuclei, 3%37P.
The yrast states of 3P were discussed in an earlier
publication [5] and are revisited here in order to com-
pare the level structure with the results of a more
recent shell-model calculation. The (0+1) hw states
in the phosphorus isotopes with A = 34, 35, and 36
are described with the PSDPF interaction and the
0 hw states in the isotopes with A = 37 and 38 are
studied with the SDPF-U interaction. Details of these
interactions will be given later. The shell-model calcu-
lations were performed using the NATHAN code [29, 30].

II. EXPERIMENTAL METHOD

Excited states of neutron-rich Si, P, S, Cl, and Ar
species, including the isotopes of P with A = 32 — 38,
were populated in binary grazing reactions using a beam
of 36S ions at 215 MeV delivered onto a thin 2°8Pb target
using the combination of XTU tandem Van de Graaff
accelerator and ALPI superconducting linear accelerator
at the INFN Legnaro National Laboratory, Italy. The
stable isotope of P is N = 16 3'P; in the present work
we have studied the spectroscopy of the P isotopes up to
7 neutrons from stability. The experiment, which ran for
a period of 6 days, involved the use of a beam of 3659+
ions of average current 7 pnA. The 2°8Pb target had
a thickness of 300 ug cm™2, was isotopically enriched
to 99.7 %, and had a carbon backing of thickness 20
pg ecm~2.  The PRISMA magnetic spectrometer was
used in conjunction with the CLARA Ge multi-detector
array to detect and identify the projectile-like species
produced in multinucleon binary grazing reactions, in
coincidence with their associated v rays. lIon position
information, measured at the entrance and exit to the
magnetic elements, allowed the path of each ion through
the PRISMA spectrometer to be reconstructed. This,
together with time of flight measurements, enabled
the velocity vector of the projectile-like species at the
208PY target to be determined for each ion which passed
through the spectrometer, thus allowing the Doppler
correction of v-ray energies to be performed on an
event-by-event basis.

PRISMA is a large acceptance magnetic spectrometer



and consists of a quadrupole singlet followed by a dipole
magnet [31]. A micro-channel plate [32], positioned at
the entrance to the spectrometer, is used to obtain the x
and y coordinates and time information of each ion which
enters the spectrometer. A focal plane detector system
at the exit to the spectrometer consists of a multi-wire
parallel-plate avalanche chamber (MWPPAC), followed
downstream by an ionization chamber. The MWPPAC
[33] provides x, y and time information of each ion
after it has passed through the magnetic dipole, whilst
the ionization chamber, divided into 10 x 4 sections,
measures AE and E [33]. Measurements taken with the
PRISMA magnetic spectrometer enable a determination
of the atomic number Z, the mass number A, the ionic
charge state, and the absolute velocity vector of each
ion that reaches the detector system at the focal plane.
PRISMA has a solid angle of 80 msr, a momentum
acceptance of +£10%, and a mass resolution of 1/300
via time of flight measurements. In this experiment,
PRISMA was set at angle of 56° with respect to the
incident 365 beam direction, and this is near to the
laboratory grazing angle of 58°.

CLARA [34] is a high granularity ~-ray array, con-
sisting of 25 EUROBALL escape-suppressed hyperpure
Ge clover detectors mounted in a hemispherical shaped
frame; twenty-two detectors were available during
the experiment. The CLARA array has a photopeak
efficiency of about 3%, a peak-to-total ratio of 0.45 for
60Co 1332-keV v rays, and covers an azimuthal angular
range of § = 104° to 180° with respect to the entrance
aperture of the PRISMA magnetic spectrometer. Fol-
lowing Doppler-shift energy correction of ~ rays from
projectile-like species, the FWHM of ~-ray photopeaks
is approximately 0.7% in energy. A relative photopeak
efficiency calibration for the CLARA array was carried
out using radioactive sources of 1°2Eu, ?3Ba, and *¢Co.
The measurement of ~ rays in time coincidence with
projectile-like species detected and identified at the focal
plane of PRISMA leads to an unambiguous association
of y-ray transitions with a nucleus of specific Z and A.

IIT. RESULTS AND DISCUSSION

The mass spectrum of Fig. 1 shows that the phos-
phorus isotopes with mass numbers 32 < A < 38, i.e.
up to seven neutrons from stability, were successfully
populated in the present work. 3%P was weakly popu-
lated and the corresponding mass peak is not labelled.
The measured mass resolution is 1/140. A mass gate
of suitable location and width is used to produce a
one dimensional v-ray spectrum corresponding to the
particular isotope of interest.

The odd-odd nuclei, 34:36:38P, and the odd-A nuclei,
3537P  are discussed here. As noted earlier, the yrast
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FIG. 1: A mass spectrum showing the isotopes of phosphorus
populated in the present work.

states of 3"P were discussed in an earlier publication [5].
Level schemes were constructed in the present work from
a consideration of y-ray energy-sum relationships, y-ray
relative intensities, the population characteristics of
multi-nucleon transfer reactions, and results from pub-
lished experimental work. The multipolarities of ~y-ray
transitions were not determined; consequently the spins
and parities of the states populated in the present work
could not be explicitly established. The spin and parity
assignments in the level schemes presented here come
from published work, and are included for completeness.
Where new spin and parity assignments are tentatively
proposed here, these are based on three considerations,
namely the observation that multinucleon transfer
reactions preferentially populate yrast and near-yrast
states [10, 35-38], on the observed ~-ray feeding and
decay of the state, and, finally, on comparisons with
the results of shell-model calculations, also presented
here. Unfortunately, the relatively low statistics of the
present experiment preclude the measurement of ~y-ray
coincidences.

To confirm earlier assignments and to strengthen the
evidence for the placement of previously unobserved
~v-ray transitions within the phosphorus level schemes,
triples ~-ray data from an earlier deep-inelastic ex-
periment [39], which studied the nuclear structure of
projectile- and target-like species resulting from the
interaction of 230 MeV 36S ions with a thick target of
176YD, were revisited.

A. P

Figs. 2 and 3 show sections of an energy spectrum of
~ rays observed in coincidence with Z = 15 A = 34 re-
action products, detected and identified at the PRISMA
focal plane. In this, and in all subsequent figures of y-ray
spectra, the peaks labelled “x” are Pb x rays, while
those labelled “t” are incorrectly Doppler-corrected
rays associated with the unobserved slower-moving com-
plementary target-like fragments, namely the isotopes
of g3Bi. The energies of v rays associated with the
de-excitation of 3P excited states have uncertainties



of about +1 keV and are listed, together with their
associated measured relative intensities, in Table I.
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FIG. 2: A section of an energy spectrum of + rays measured
in time coincidence with Z = 15 A = 34 reaction products
detected at the PRISMA focal plane.
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FIG. 3: A section of an energy spectrum of + rays measured
in time coincidence with Z = 15 A = 34 reaction products
detected at the PRISMA focal plane.

TABLE I: The measured relative intensities of 3*P ~-ray pho-
topeaks presented in order of increasing v-ray energy. (*see
discussion in text in relation to the measured photopeak cen-
troid).

E, I,
(keV)|(relative units)
429 | 100.0(13)
1046 | 9.60(66)
1178 | 10.23(74)
1607 | 6.12(65)

1645 | 6.96(66)
1876%|  24.4(11)
1891 | 7.13(60)
2253 | 5.76(61)
2682 | 4.63(57)

The publication of Ollier et al. [26] summarised the
experimental situation in relation to the study of the
states of 3P prior to the more recent works of Bender et
al. [40, 41] and of Chakrabarti et al. [42]. The lifetime
of the J* = 47 intruder state at an excitation energy
of 2305 keV has also recently been measured by Mason
et al. [43]. These recent investigations employed the

180 (180, pn) fusion-evaporation reaction to study the
nuclear structure of 3P. In the present work, seven pre-
viously observed [26, 37, 40-42, 44, 45] y-ray transitions
at energies of 429, 1046, 1178, 1607, 1645, 1876 and 1891
keV, and two previously unreported transitions at ener-
gies of 2253 and 2682 keV have been identified. In the
most recent work by Bender et al. [41], many hitherto
unobserved transitions were identified. Neutron-rich
34P  while three neutrons from the stable 3'P isotope, is
accessible to study by fusion evaporation reactions which
have, in general, larger cross sections than multinucleon
transfer reactions; consequently, detailed spectroscopy
is possible when large arrays of escape-suppressed
germanium detectors are employed to detect the ~ rays
from the decay of populated excited states. Under these
conditions, measurements of ~-ray coincidences, 7y-ray
angular distributions, and ~-ray linear polarisation,
essential for the unambiguous construction of decay
schemes and assignments of J™ values, are possible.
The transitions at energies of 2403 (tentative) and 2885
keV, first observed in the thick-target deep inelastic
experiment of Ollier et al. [26], were not seen in the
present work, but have been observed by Bender et al.
[40, 41]; the 2885-keV transition, but not that at 2403
keV, was observed in the work of Chakrabarti et al. [42].
The ~-ray angular distribution measurements of Bender
et al. [40] are consistent with the J™ values of 37, 57,
and 71 proposed by Ollier et al. for the excited states
at 2320, 3351, and 6236 keV, respectively.

Figure 4 shows the 3P level scheme based on the
present work together with level schemes from earlier
works [26, 41, 44-46]. The level scheme proposed here
is consistent with the work of Ollier et al. [26], which
is based on the population of projectile-like species in
deep-inelastic reactions induced by 230-MeV 36S ions
incident on a thick target of 1"°Yb and with the more
recent work of Bender et al. [41] which, as noted earlier,
involved the fusion-evaporation reaction 80 (180, pn).
The 1645-keV transition, which was observed in the
work of Bender et al. [40, 41], and assigned to a J™ = 5~
to 4~ transition, but was not reported by Ollier et al.,
has also been identified in the present work. In support
of this assignment, Fig. 5 shows double-gated ~v-ray
spectra from a 7y data cube, referred to above. Fig.
5c shows the y-ray spectrum corresponding to a double
~-ray coincidence gate placed on the 429- and 1876-keV
transitions; there is clearly a strong photopeak at 1046
keV, as earlier reported by Ollier et al, but there is also
a much weaker photopeak at 1645 keV, indicating that
both the 1046- and 1645-keV v rays are in coincidence
with the y-ray transitions at 429 and 1876 keV. The
double-gated v-ray coincidence spectra in Fig. 5a and
5b, corresponding to the first gate set on the 429-keV
~ ray and the second on the 1645- and 1046-keV ~-ray
peaks, respectively, show that, while the 1645- and
1046-keV ~ rays are in coincidence with the 429- and
1876-keV transitions, they are not in coincidence with



each other. The 1645-keV ~-ray transition has therefore
been assigned to the depopulation of an excited state in
34P at 3950 keV, in agreement with the published level
schemes of Bender et al. [40, 41]. The present results
are also consistent with the earlier observation of the
depopulation of the 34P 1607-keV excited state by the
emission of 1178- and 1607-keV ~ rays, first observed
by Nathan et al. [44] in a 34Si B-decay study. The
measured relative intensities of v rays depopulating the
1607-keV excited state are also in good agreement with
the (B-decay measurements of Nathan et al. and with
the results of Bender et al. [40, 41]. In the latter work,
two unresolved transitions of energy 1608 keV were
identified. The second, previously unobserved, member
of the doublet was assigned to the decay of the 6236-keV
J7 = (TT) state to the 4629-keVJ™ = 6~ state. The
observation that the branching ratio of the 1607-keV
excited state measured in the present work is consistent,
within experimental errors, with the value quoted by
Bender et al. would strongly indicate that the (71) state
at 6236 keV does not receive any significant population
in the present work; in addition, none of the associated
decay ~y rays is observed in the spectrum of Fig. 3. In
the published v-ray spectrum (Fig.1) of Ollier et al. [26],
there are two unlabelled y-ray photopeaks at energies of
1606 keV and 1645 keV which are in coincidence with
the double gate on the 429- and 1876-keV transitions;
this is consistent with the level scheme of Bender et al.
[40, 41] and, in particular, with their observation of an
unresolved doublet at 1607 keV.

The two previously unreported ~ rays at energies of
2253 and 2682 keV differ in energy by 429 keV; con-
sequently, it is very tentatively proposed here that the
transitions correspond to the decay of a previously un-
known 34P state at 2682 keV to the first excited state at
429 keV and to the ground state, respectively.

From a ~-ray coincidence analysis of data collected in
a deep-inelastic study, which involved the interaction of
a beam of 37Cl ions at 167 MeV with a target of 15°Gd,
Fornal et al. [37] identified an 1876-keV ~ ray associated
with the de-excitation of an excited state of 3*P at 2305
keV. This observation was later confirmed by Ollier et
al. [26], by Krishichayan et al. [45], and by Bender
et al. [40]. The v-ray photopeak labelled at 1876 keV
(see Fig. 3) has an unusually large width which may
be accounted for by the lifetime of the decaying state.
Asai et al. [47] determined the half life of the 2305-keV
excited state to be 0.3 < t;/2 < 2.5ns. More recently,
the half life has been measured by Mason et al. [43] as
2.0 + 0.1 ns. In the present work, Doppler correction is
undertaken with the assumption that v rays are emitted
from the target position. However, for a nanosecond
isomeric state in a nucleus moving with approximately
10% of the velocity of light, this assumption is no longer
a good approximation and, in this case, the applied
Doppler correction leads to a broadening in energy of
the photopeak and a shift in the peak centroid. On

this basis, the broad photopeak at about 1876 keV is
assumed to correspond to the isomeric 1876-keV ~v-ray
transition.

As noted earlier, the 2885-keV « ray, which depopu-
lates the J™ = (7%) state [26] was not observed in the
present work; its expected location in the 3*P ~-ray spec-
trum of Fig. 3 is indicated by the label “*”. The relative
intensities of the 1046- and 2885-keV ~ rays measured
by Ollier et al. [26] would suggest that the intensity of
the 2885-keV ~ ray in the present work is much smaller
than those of the weak photopeaks at 2253 and 2682 keV.

In the context of the simple shell model, the ground
state of 34P is expected to have a J™ value of 11 or 21,
resulting from the unpaired 2s;,, proton coupled to a
1ds /o neutron hole. The results of shell-model calcula-
tions carried out using the 1 fiw PSDPF interaction [48]
show that these configurations represent 71 % and 75 %
of the wave functions of the 1 and 2% states, respec-
tively. This shell-model calculation has a “He core and
uses the full p-sd-pf model space; it is built on exist-
ing interactions for the major shells with adjustments of
the cross-shell parameters. The positive parity states are
essentially obtained using the USDB Hamiltonian, devel-
oped by Brown and Richter [49], which is included in the
p-sd-pf interaction. Excitation of one nucleon is allowed
across a major shell, from the sd-shell to the pf-shell, in
the present case.

The 2305-, 3351-, and 6236-keV excited states, iden-
tified by Ollier et al. [26], using triples ~-ray measure-
ments, were tentatively assigned by these authors to have
J™ values of 4=, 57, and 7T respectively, corresponding
to the m(2s1/2) ® v(1f7/2), m(1dss2)' @ v(1f7,2)", and
m(1f7/2)" @ v(1f72)" stretched configurations. These
proposed assignments which, as noted earlier, are in
agreement with the recent assignments of Bender et al.
[40], were based on systematics and on the observation
of a linear dependence of the np separation energies on
mass number for the J* = 47, 57, and 7+ stretched
states in the odd-odd P isotopes [26]. The previously ob-
served J™ = 3~ state [46] is believed to be the other
member of the doublet arising from the configuration
m(2512)" ® v(1f7/2)'. In the PSDPF shell-model cal-
culations performed here, the above suggested configu-
rations of the J™ = 37, 47, and 5~ states correspond
to the largest components, 33%, 36%, and 30 %, respec-
tively, of the wave functions. The experimental yrast J™
= 7T state is not reproduced in the shell-model calcula-
tion, since it lies outside the model space. Within the re-
stricted basis of the present shell-model calculations, the
yrast 7T sd-state lies at a much higher excitation energy
0f 10.711 MeV and has, as the dominant configuration (89
% of the wave function), m(1ds/2) ?(1ds/2)' @ v(1ds5)>.
The wave functions of the J™ = 37, 47, and 5~ states of
the isotopic sequence for 15 < N < 23 will be discussed
later in the paper.

The results of 1 hw shell-model calculations based on
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FIG. 4: Experimental level schemes of 3*P from Refs. [26, 41, 44-46], and from the present work. Also shown are results from
the shell model using the 1 iw PSDPF interaction. See text for details.

the PSDPF interaction are presented in column 7 of
Fig. 4. Only the first two states of a given J™ value
are presented. There is excellent overall agreement with
the published experimental level schemes; observed lev-
els have a close-lying shell-model counterpart. The rms
deviation between the published level scheme and the
results of shell-model calculations is 70 keV. The first
three states are positive parity states of Op-Oh configura-
tion; higher lying positive parity intruder states of 2p-2h
configuration cannot be described within the context of
the 0 and 1 Aiw PSDPF interaction. The proposed new
state observed here at 2682 keV, with suggested J™ value
of (37,37), has a possible shell-model counterpart at an
excitation energy of 2761 keV with J™ value of 3. The
experimental level scheme suggests that the first 1-ph
state of 34P lies at an excitation energy of 2305 keV and
the first 2-ph state at 6236 keV.

°P

Figs. 6 and 7 show sections of a spectrum of vy rays
detected in coincidence with the Z = 15, A = 35 reac-
tion products identified at the focal plane of PRISMA.
~-ray transitions observed in the present work have an
uncertainty in energy of about +1 keV and are listed in
Table IT together with measured relative intensities.

Previous investigations of the level structure of 3°P
include a study of the (d, *He) reaction, first by Thorn
et al. [50] and later by Khan et al. [4]. In the (d, 3He)
experiment of Khan et al., 52-MeV vector polarized
deuterons were used in a determination of the [-values
and spectroscopic factors for direct proton pickup from
the 36S ground state to states of 3°P. To establish the
j-value (js or j<) of the transferred proton, polarization
measurements were also performed. The authors [4]
reported that the excited states, previously observed by
Thorn et al. [50], all have J™ values of 5/2%, indicating
that the m (2s1/2)%(1d5/2)"" proton two-particle-one-
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FIG. 5: Double-gated -y coincidence spectra from an earlier
deep-inelastic experiment, corresponding to transitions in 3*P.
See text for details of the gating conditions.
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FIG. 6: A spectrum of v rays detected in coincidence with
Z = 15 A = 35 reaction products detected at the PRISMA
focal plane.

hole strength is fragmented in 3°P. Experimentally, the
summed spectroscopic strength for proton ds;, pickup
from the ground state of 36S is ¥C?S = 5.35, which is
close to the sum-rule limit of 6. More than half of the
strength (2.9) is located in the first 5/2% state at 3857
keV. A J™ = 3/2" state at 2386 keV was also identified
by Khan et al., in addition to two further states at 4474
and 7520 keV, for which no J™ assignments were made.
The observation of d3/, proton pickup strength indicates
that there is a 2p — 2h component, 7 (1ds/2)? (251/2) 2,
in the 36S ground state wave function, corresponding to
approximately 8 % of full occupancy of the proton 1ds,
shell model state. Within the uncertainties associated
with a DWBA analysis of single-nucleon transfer, this is
not inconsistent with an occupation of the 2s; /o proton

Counts per Channel

FIG. 7: A section of the v-ray spectrum of Figure 6, showing
more clearly the vy-ray photopeaks between 750 keV and 2.2
MeV.

TABLE II: The measured relative intensities of 3P ~ rays
observed in the present work, shown in order of increasing

y-ray energy.

E, I,
(keV) | (relative units)
127 5.2(6)
241 32.6(9)
273 12.9(8)
323 12.9(8)

392 24.9(11)
469 16.8(11)

633 10.4(9)
665 17.8(10)
861 9.8(12)

1353 | 9.2(11)

1474 | 16.4(14)
1592 7.7(10)

1994 | 14.2(12)
2386 | 99.2(28)
3860 | 100.0(32)
4101 | 34.6(34)

shell-model state in the 3¢S ground state of about 80 %,
a value based on the proton pickup strength measured
by Khan et al. [4].

Following the work of Khan et al., Dufour et al. [51]
reported the measured 7-ray energies and intensities of
transitions in 3°P, following the 3 decay of 3°Si. The
transitions were later presented in a proposed level
scheme by Orr et al. [52], see Fig. 8.

The recent work of Wiedeking et al. [53] is currently
the most comprehensive published spectroscopic y-ray
study of 3°P. These authors used the one-proton transfer
reaction, 298Pb (3¢S, 3°P), at a beam energy of 230 MeV,
to populate the final nucleus. Binary reaction products
were detected in coincidence in CHICO, a heavy-ion
parallel-plate avalanche counter array, and coincident
~v rays were detected using the Gammasphere array of
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FIG. 8 The *P level scheme constructed from the present work together with those produced from previous work [4, 39, 51-53].
The results of a 1 Aw shell-model calculation based on the PSDPF interaction are also presented. A level scheme of 34Si is also

included in the first column [55]. See text for details.

escape-suppressed Ge detectors. A second experiment,
with the same nucleon-transfer process, made use of a
thick target of 2°8Pb, and « rays were also detected
using Gammasphere.

The 3°P level scheme of the present work is shown
in Fig. 8. It was constructed by identifying possible
~v-ray energy sum relationships, from a consideration
of measured relative transition intensities, and from
a re-analysis of 77 triples coincidence data from an
earlier thick-target experiment [39], which studied the
nuclear structure of projectile- and target-like species
resulting from the interaction of 230-MeV 36S ions with
176Yh. Previous experimental work [4, 39, 52, 53] was
also used as a guide. Typical examples of double-gated
~v-ray spectra obtained from the vy data cube are
shown in Fig. 9. Fig. 9a shows a v-ray spectrum

which results from a double gate placed on the 127- and
469-keV transitions; ~y-ray photopeaks of energy 241,
392 and 633 keV are observed, as expected. In addition,
there are no 7-ray photopeaks at energies of 273, 323
and 665 keV, in accordance with the level scheme of Fig.
8. Fig. 9b shows a v-ray spectrum which results from a
double gate placed on the 241- and 469-keV transitions;
~-ray photopeaks at 127 and 392 keV are clearly visible,
indicating that both transitions are in coincidence with
those at 241 and 469 keV and this is again consistent
with the level scheme of Fig. 8. Additional confirmation
is provided by the «-ray spectra of Figs. 9¢ and d, where
the double gate placed on the 323- and 392-keV transi-
tions indicates that the v rays at energies of 241 and 273
keV are in coincidence with these two transitions, whilst
the double gate placed on the 241- and 665-keV tran-
sitions shows a single photopeak at an energy of 323 keV.
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FIG. 9: Double gated 7-v spectra from the v+ data cube,
which was constructed in an earlier deep-inelastic experiment.
The spectra show the ~-ray coincidence relationships. See
text for details.

35P level schemes from previous published studies are
shown in Fig. 8 together with the 3°P level scheme of
the present work and the results of p-sd-pf shell-model
calculations. It can be seen from Fig. 8 that the present
level scheme is in agreement with the earlier level
schemes and, in particular, with that of the most recent
study by Wiedeking et al. [53]. With the exception of
three ~y-ray transitions at energies of 1353, 1592, and
1994 keV, which we have been unable to place within
the level scheme, all of the ~-ray transitions observed
here have previously been observed by Wiedeking et al.
[53]. In addition, Wiedeking et al. observed a number
of transitions, mainly decaying to states of excitation
energy above about 4.1 MeV, and these transitions have
not been observed in this or in other published works.
In the work of Ollier et al. [39], transitions of energy
1296 keV and 2630 keV were observed and placed in the
35P level scheme (see Fig. 8); these transitions have not
been observed in this or in other published work. In
the present work, the non-observation of the 1715-keV
transition in the decay of the 4101-keV state may be
explained by reference to Fig. 7, which shows the 3°P
~-ray spectrum for v rays of energies from 750 keV to
2200 keV. The structure in Fig. 7 between 1.6 and 1.8

MeV is dominated by incorrectly Doppler-corrected ~
rays associated with the slower moving complementary
target-like fragment. Comparing the relative intensities
of transitions observed both in the work of Dufour et al.
[51] and those of the present work, it may be inferred
that the broad structure in Fig. 7 is obstructing the
observation of the 1715-keV ~-ray photopeak.

As noted earlier, we have been unable to place the
1994-keV v ray within the level scheme. The proposed
placement of this transition by Orr et al. [52], corre-
sponding to feeding the 4493-keV excited state, causes
an intensity inbalance in the present work, suggesting
that the 1994-keV ~ ray in the 3°P level scheme of
Orr et al. is incorrectly placed, if it corresponds to
a single transition. Based on intensity balance argu-
ments, the levels fed by the 1994-keV ~-ray transition,
are probably those at 2386 or 3860 keV. Wiedek-
ing et al. [53] have assigned the 1994-keV transition
to the decay of a state at 4381 keV to the 2386-keV state.

Fig. 8 also shows the results of p-sd-pf shell-model
calculations, which use the PSDPF interaction [48]. The
first two levels of a given spin between 1/2 and 15/2 are
included in the figure. The results of the shell-model
calculations predict the first excited J™ = 3/27 state at
about 2.6 MeV, followed by a 1.5 MeV gap in excitation
energy and a densely packed cluster of states spread
over an energy of about 1 MeV, which is in overall good
agreement with experiment. In terms of the single-
particle shell model, the first J© = 1/2%, 3/2%, and
5/27" states of P are expected to correspond to 2sq /s
and 1dsz/» proton states and a 1ds/o proton-hole state,
respectively, with subsequent high-lying negative parity
states formed from the promotion of the unpaired proton
across the Z=20 shell gap. At N=20, the Z=20 shell gap
is about 7 MeV while the N=20 gap at Z = 14 is about 5
MeV. The shell-model calculations indeed show that the
J™ = 1/2% ground state is a relatively pure (90%) proton
251 /9 state, while the 2386 keV J™ = 3/27 state also has
a relatively pure (91%) 1ds/2 proton configuration. The
J™ = 5/2% state at 3860 keV corresponds, as expected,
to the proton configuration (ds/2)® (s1/2)? (89%). For
these first two excited states, agreement between shell
model and experiment, in relation to the reproduction
of excitation energies, is good. Higher lying positive
parity states are intruder states of 2p-2h configuration
and cannot be described with the 0 and 1 hw PSDPF
interaction. Later in the paper, the structure of the first
J7™=1/2%,3/2%, and 5/2% states will be discussed for
the odd-A phosphorus isotopes with neutron numbers
in the range 20 < N < 28. The J™ = (7/27) state at
an excitation energy of 4102 keV is the lowest lying
intruder state of 3°P observed experimentally. The
shell-model counterpart is at an excitation energy of
4186 keV. For this state, the component of the wave
function corresponding to a closed neutron shell and
promotion of the odd proton from the 2s;,5 to 1f7/2



shell-model orbits corresponds to only about 20% of
the wave function. The largest component (34%)
corresponds to the configuration m(1ds/2)%(2s1/2)" ®
v(1ds/2)%(2s1/2)?(1d32)(1f7/2)", in which the neutron
core is broken. The overall neutron occupancy of the
1f7/2 shell is 0.58. The second J™ = 7/27 state, at
a predicted excitation energy of 4754 keV, is the first
state with essentially single-neutron occupancy (0.95)
of the 1f7/, shell. For the second J™ = 7/27 state,
there is a large component (65%) of the wave function
corresponding to the J™ = 4~ neutron core coupled to
protons with J™ = 1/2%. The high-spin states predicted
in the PSDPF shell-model calculation, with 9/27 <J~
< 19/27 have wave functions corresponding, to a good
approximation, to single neutron occupancy of the
1f7/2 shell. In an earlier discussion of the phosphorus
isotopes (A = 30 to 35) with the results of shell-model
calculations based on the PSDPF interaction, Bouhelal
et al. [54] suggested that the states observed in 3°P at
4766 and 4959 keV have a J™ value of 9/27, while the
states observed at 5086 and 6221 keV have a J™ value of
11/27. These states, within the shell-model description,
correspond to the coupling of an odd proton in the 2s; /;
and 1ds/, shells to negative parity states of the 34Gi
core. Thus, the major contribution to the configuration
of the 5.241-MeV shell-model state with J™ = 11/2~
and that at 5.089 MeV with J™ = 9/2~ corresponds
(72% and 66% respectively) to the coupling of protons to
spin 1/2% and neutrons to spin 5~. For the shell-model
states at excitation energies of 6.108 MeV (J™ = 11/27)
and at 4.892 MeV (J™ = 9/27) neutrons with spin 4~
are coupled to protons with spin 3/2% and 1/2% (54%
and 68%, respectively).

Following on from the above discussion of the 9/2~
and 11/27 states, it is tempting to suggest that the
dense cluster of states observed experimentally between
approximately 4 and 6 MeV, predicted to be largely
composed of negative parity states, corresponds to the
coupling of a single 2s;/, proton to excited states of
the (34Si) neutron core. A single 2s; /5 proton coupled
to the J™ = 3~ of 3*Si at 4255 keV [55], for example,
would yield two states of 3°P with J™ values of 5/2~
and 7/27. Fig. 8 shows additional negative parity states
of 31Si, identified by Wang et al. [55], at 4380 and 4971
keV, which lie within the excitation energy range of
the cluster of states observed in 3°P. Coupling these
negative parity states of **Si to a 2s;/5 proton would
yield states in 3°P with J™ values between 3/2~ and
11/27. This coupling mechanism may represents a more
energetically favourable alternative to the promotion of
a nucleon across the Z = 20 or N = 20 shell gaps. The
results of the PSDPF shell-model calculations do indeed
show that such a coupling takes place, with a proton in
the 2s; /5 shell coupled to negative-parity states of the
core accounting for approximately 40-70 % of the wave
function. It has also been proposed earlier that excited
states of 37P, observed in binary grazing reactions, may
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be described in terms of the coupling of a 2s; /5 or 1ds /o
proton to the J™= 2% 4% 6T states of 36Si [5]; in this
particular case the core-coupled components correspond
to 25-80 % of the total wave function. More recently,
as also noted earlier, it has been proposed by Bastin
et al. [21] that the coupling of either a 25,5 or 1ds/,
proton to the 2IL state in 4042Si produces states in their
41,43P jsotones, which further supports evidence for the
disappearance of the N = 28 spherical gap in this region.

Cc. *p

Figs. 10 and 11 show sections of a spectrum of -y
rays detected in coincidence with the Z = 15 A = 36
reaction products detected at the PRISMA focal plane.
The observed v rays associated with the de-excitation
of states of 36P have an uncertainty in 7-ray energy of
about +1 keV and are listed in Table III together with
their measured relative intensities. The construction of
a level scheme for 3P was informed by 7-ray energy
sums and intensities and by the results of previous
experimental studies [51, 52, 56-58].
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FIG. 10: A spectrum of v rays, in the energy range to 1 MeV,
detected in coincidence with the Z = 15 A = 36 reaction
products identified at the PRISMA focal plane.
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FIG. 11: A spectrum of v rays, in the energy range from 1
MeV to 3.4 MeV, detected in coincidence with the Z = 15
A = 36 reaction products at the PRISMA focal plane.

Fig. 12 shows the 3P level scheme of the present work
together with those from previously published work
[52, 56] and from the compilation and evaluations of
Endt [57, 58]. A recent Nuclear Data Sheets for A = 36
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FIG. 12: 3¢P level schemes of previous work [62, 56-58] and the present work. Also shown are the results shell-model calculations
of the negative parity states for this nucleus based on the PSDPF interaction.

TABLE III: The measured relative intensities of 3P ~ rays
observed in the present work, shown in order of increasing

y-ray energy.

E, I,
(keV)|(relative units)
152 | 2.73(61)
174 18.8(9)
249 | 100.0(38)
423 | 8.41(91)
471 | 5.86(92)
614 | 12.1(13)
921 | 13.4(14)
(20)
(17)

2030 36.2(20
3182 18.6(17

[59] also summarises the currently available information
on the level structure. The results for the negative parity
states of this N=21 isotone, obtained using the PSDPF
shell-model interaction, are also presented. Nine ~ rays
associated with the de-excitation of 36P were observed in

the present work. Four of these were previously reported
[51, 57] from a [-decay study of 26Si. Gamma-ray
transitions of energy 878.2, 934.7, 977.9, 1053.2, and
1856.0 keV, observed by Dufour et al [51, 57], have not
been observed in the present work. This is perhaps not
surprising, since these transitions depopulate states with
J™ assignments of 17; as mentioned earlier, quasielastic
binary transfer reactions preferentially populate yrast
and near-yrast states of the final nucleus. None of
the 3P ~ rays observed in the present work could be
identified in the y-ray triples data from the 3¢S on 176Yb
deep-inelastic experiment [39], to which reference has
been made earlier. It is interesting to note that for the N
= 21 isotones, 38C1 [23] and 37S [55, 60], which were also
studied in the same PRISMA plus CLARA experiment,
the observed 7 rays could also not be identified in the
thick-target y-ray triples data. This may be related to
the lifetimes of the decaying states; in deep-inelastic
measurements with thick targets, transitions are gen-
erally observed only when the effective lifetime of the
decaying state is longer than the slowing-down time of
the recoiling nucleus in the thick target (=~ 1ps). As
discussed below, we have tentatively assigned three of
the five previously unreported transitions to the 36P



level scheme.

From a p-decay study of 3°P, the ground state J™
value has been determined to be 4~ [58]; in terms of the
simple shell model, this corresponds to the coupling of
the unpaired 2s; /o proton to the unpaired 1f7,5 neutron.
The first excited state of 3P at 249 keV is strongly
populated in the present work. Drumm et al. [61], and
subsequently Fifield et al. [56], have proposed that this
state has a J™ value of 37; it most likely corresponds to
the second member of the 7(2s1/2) ® v(1f7/2) doublet,
since it is populated in the charge exchange reaction
36S("Li, "Be)*SP [56, 61], and the 3¢S ground state,
on a simple shell-model basis, has two protons in the
2517 shell and a vacant 1f7/o neutron shell. Indeed,
it is expected that the low-lying levels of 3P will be
described in terms of a weak-coupling model in which
the odd proton in the 2s;,; or 1ldz,p shells will be
coupled to the odd neutron, either in the 1f7/5 shell
or in the 2p3/5 shell. The extent to which this simple
description is valid will be examined later in the paper
when the shell-model wave functions are discussed. The
423-keV state was assigned a J™ value of 1T by Endt
[57], but this is in disagreement with the work of Fifield
et al. [56] in which a J™ value of 2~ was proposed. The
present work supports the assignment of Fifield. If the
423-keV state has a J™ value of 17, it will decay to
the ground state by an E3 ~-ray transition and to the
249-keV state by an M2 transition. On this basis, the
lifetime of the state would be so long that, in the present
experiment, the excited 3P nuclei would have exited
the PRISMA scattering chamber and the de-excitation
~ rays would not be observed experimentally. The
1344-keV excited state was previously reported by Endt
[67]; no J™ assignment was proposed. On the basis of
an association with the shell-model state at 1552 keV
(discussed later), we very tentatively propose a J™ value
of 1.

Intensity-balance arguments indicate that the 2030-
keV ~-ray transition is too intense to be assigned to the
direct feeding of either the 423- or 1344-keV excited
states. On the other hand, it is unlikely that this
transition feeds directly into the first excited state at
249 keV; this would require the observation of an excited
state at about 2280 keV. Endt [57] reported the obser-
vation of an excited state at 2281 keV; however, none of
the ~ rays reported [57] to decay from this state were
observed in the present work. It is therefore tentatively
proposed here that the 2030-keV v-ray transition feeds
directly to the ground state. This proposed assignment
is consistent, within experimental uncertainties, with the
work of Orr et al. [52], in which an excited state of 3P
was observed at 2000 keV in a multi-nucleon transfer
reaction,3"C1(13C, *0)35P, with an energy resolution of
230 keV (FWHM). Comparison with the results of an
0hw shell-model calculation suggested that the state is
the J™ = 5~ member of the m(d3/2) ® v(f7/2) multiplet.
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The previously unobserved 614- and 3182-keV ~-ray
transitions have been tentatively assigned to the feeding
of the 2030-keV excited state. The 614-keV transition
may be attributed to the de-excitation of the previously
reported [52] 2640(30)-keV excited state, measured here
at 2644 keV, whilst the 3182-keV ~ ray may correspond
to the decay of a 5212-keV (J™ = TT) stretched state
with configuration 7(1f7/2) ® v(1f7/2), predicted by
Ollier et al. [26], from the systematics of J™ =47, 57,
and 7T states in even-A phosphorus isotopes, to be at
an energy of approximately 4.8 MeV. Since the state
corresponds to the promotion of the odd proton across
the Z = 20 shell gap, it lies outside the configuration
space of the present Ohw shell-model calculations. No
spin assignments have previously been proposed for the
2644-keV state; here, on the basis of the y-ray decay to
the 2030-keV J™ = (57 ) state, the feeding characteristics
of binary grazing reactions, and comparison with the
results of shell-model calculations (see below), we very
tentatively propose a J™ value of (47).

Shell-model calculations, based on the PSDPF inter-
action, indeed show that the J™ = 4~ and 3= members
of the doublet (ground state and 249-keV excited state)
have a configuration dominated, (~ 75%) and (~ 70%)
respectively, by the coupling of the unpaired 2s;/,
proton to the unpaired 1f7/5 neutron. The J™ =2~ and
1~ states at predicted excitation energies of 282 and
1552 keV, respectively, correspond to the coupling of a
2513 proton and a 2p3/, neutron, with contributions of
56% and 75%, respectively, to the total wave function
of the states. We propose here that the experimental
counterpart of the 282-keV state is that at 423 keV,
while the state observed at 1344 keV is the counter-
part of the 1552-keV shell-model state. In a simple
shell-model picture, the coupling of an unpaired 1ds/o
proton to an unpaired 1f7/5 neutron gives rise to four
states, including those with J™ values of 5~ and 4.
This coupling appears as the dominant component in
the wave function, 79% and 70% respectively, in the
shell-model states at 1817 keV (J™ = 57) and 2687 keV
(J™ = 47). The states at 2030 and 2644 keV are the
experimental counterparts. The shell-model states at
1923 keV (J™ = 07) and at 2443 keV (J™ = 17) have
significant components in their wave functions (59%
and 38%, respectively) corresponding to the coupling
of a 2515 proton and a 2p; /3 neutron; no experimental
counterparts have so far been reported. The coupling
of a 1dg/; proton and a 2ps/; neutron results in the
cluster of shell-model states at excitation energies of
3050 (J™ =17), 3165 (J™ =07), 3351 (J™ =27), and
3762 keV (J™ = 37); this configuration contributes in
the range (38-66%) to the total wave function. None of
these states has, to date, been observed.

We now compare the experimental and shell-model
level schemes, see Fig. 12. The J™ = 17 states at



excitation energies of 1303 keV and 2281 keV are not
a 0 hw states and are therefore not included in the
present shell-model calculations; they presumably have
configurations such as m(2s1/2)" ® v(lds)® (1f7/2)2.
The structure of all states observed in the present work
has been discussed above. It has been proposed above
that the 5212-keV state may correspond to the 7r(1f7/2)1
@ v(Lf72)' (J™ = 7T) stretched state. The J™ = 4~
ground state and the 2030-keV J™ = (57) state, as
noted above, also correspond to stretched configurations
in which the unpaired 1f7,2 neutron is coupled to the
251/ and 1dzs, protons, respectively. As expected,
these stretched states are the most strongly bound of
the corresponding multiplet of states as a consequence
of the larger spatial overlap of the wave functions. The
overall agreement between shell model and experiment
is good, although it should be borne in mind that the
spin assignments made here are tentative.

D. %p

As noted earlier, a 37P level scheme from the present
experiment has been published previously by Hodsdon
et al. [5] and this remains the most recent information
on 37P. The shell-model results presented by Hodsdon
correspond to the SDPF-NR effective interaction, first
used in the work Nummela et al. [62]. For completeness,
the 37P level scheme is presented here again in Fig. 13
and compared with the results of shell-model calculations
based on an improved version of this interaction, namely
the SDPF-U interaction of Nowacki and Poves [3]. The
SDPF-U effective interaction is composed of three blocks,
sd-sd, sd-pf, and pf-pf; the full sd(pf) valence space has
been used for protons (neutrons) above an 160 core. The
overall agreement between experiment and shell model is
very good.

It is of interest to understand the extent to which
the low-lying levels correspond to single-particle states,
i.e. the occupancy of the 2s;,, and 1dz/, proton
shell-model states coupled to an inert neutron core.
This is particularly important within the context of
discussions of changes to shell structure related to the
tensor force. Such discussions normally assume that the
states concerned are single-particle states. In reality, the
centroid of the single-particle strength is normally not
known experimentally. For the J™ = 1/ ot ground state,
the configuration 7 (1ds,2)® (251/2)" (1d3/2)° ® v(1ds/2)°
(2s1/2)? (1d3s2)* (1f7/2)? contributes 55% to the total
wave function while the configuration 7 (1d5/2)° (251/2)"
(1ds3/2)° @ v(0T) contributes 75%. In the latter case,
there are configurations of the form 7(1ds/2)® (2s1/2)"
(1ds/2)° @ v(1ds2)® (251/2)* (Ldss2)* (1f7/2)° (2p3)2)?,
which involve changes to the configuration of the neutron
core. For the J™ = 3/2;r state, there is a significant
component in its wave function, 46%, corresponding
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to the configuration 7(2s1/2)' ® v(2%), and this state
cannot be regarded as a pure single-particle state.
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FIG. 13: The 37P level scheme from the present work, and
the results of shell-model calculations based on the SDPF-U
interaction [3].

E. *®¥PpP

38P is the most neutron-rich phosphorus isotope
populated in the present work, and is seven neutrons
from stability. There is no information available in the



literature on the level structure of this nucleus.

Fig. 14 shows the v-ray spectrum for 3P from the
present work. There is a single v-ray photopeak at
an energy of 380 keV. Another, more weakly defined,
photopeak-like structure can be seen at an energy of
about 520 keV. However, due to the low statistics
recorded here, it is difficult to conclude that it corre-
sponds to a 38P ~-ray transition. It is proposed here
that the 380-keV v ray corresponds to the depopulation
of a low-lying yrast state of 3*P.

Counts per Channel

FIG. 14: A spectrum of « rays detected in coincidence with
the Z = 15, A = 38 reaction products at the PRISMA focal
plane.

Although the 38P ground-state spin and parity have
not been experimentally determined, a limit on its value
may be obtained from the results of a 3®P B-decay
study [51]. The observed feeding of the 1292-keV J™
= 2% state of 38S at 1292 keV in the 8 decay of 3*P
indicates that the ground state of 3®P has possible J™
values of 07, 17, 27, 37, or 47. In terms of the simple
shell model, 38P is expected to have a ground-state J™
value of 4= or 3~ corresponding to the coupling of the
unpaired 2s;,5 proton with an unpaired 1f7/, neutron.
A comparison with 36P, which has as a ground-state
J7 value of 47, corresponding to the same proton and
neutron coupling, would suggest that the ground and
first excited states of 38P have J™ values of 4~ and 37,
respectively.

Figure 15 shows the results of shell-model calcula-
tions for this nucleus using an SDPF-U interaction,
in which the neutrons up to N = 20 are treated as
a closed shell and the valence protons and neutrons
are confined to the sd and fp shells respectively. The
shell model surprisingly predicts a 38P ground state J™
value of 27. The dominant components of the wave
function correspond to w(1ds2)t @ v(1f7/2)* (~ 22%)
and w(2s1/2)' @ v(1f7/2)® (~ 21%). In the ground
state of 3%P, the three neutrons which occupy the
1f7/2 shell-model orbital couple to J™ values of 3/27,
5/27, and 7/27, with probabilities of ~ 29%, ~ 39%,
and ~ 26%, respectively. The wave function of the
ground state is therefore quite mixed. In the ground
states of the N=23 isotones, 3°S and 37Si, it has been
proposed that the three 1f;,, neutrons are coupled
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to total angular momentum values of (7/2)~ [63] and
7/27 [64], respectively; however it should be noted that
neither spin assignment has been unambiguously made
on the basis of experimental measurement. Shell-model
calculations based on the SDPF-U interaction give a J™
value of 7/27 for the ground state of 3°S; while ~ 62%
of the wave function corresponds to neutrons with spin
and parity of 7/2~ coupled to protons with a J™ value
of 0T, in only ~ 28% of the wave function are three
neutrons in the 1f7/5 shell coupled to protons with the
closed-shell configuration m(1ds/2)%(2s1/2)?. For 37Si,
the shell-model calculations give a ground-state J™ value
of 5/27 and a first excited state at an excitation energy
of 170 keV with J™ value of 7/27. For the ground state,
the largest component (~ 38%) of the wave function
corresponds to three 1f7/, neutrons coupled to an inert
(1d5,2)® proton core.

The lowest-lying J™ = 3~ and 4~ states, which one
might naively expect to correspond to the doublet
which results from the coupling of a 1f7/, neutron with
the unpaired 2s;,, proton, have, within the context
of the current shell-model calculations, a structure
quite different from such expectations. For the 3~
state, only ~ 1% of the wave function corresponds to
neutrons with J™ = 7/27 coupled to protons with J~
= 1/2*. Although the largest component (~ 36%)
of the wave function corresponds to the configuration
7r(251/2)1 ® u(1f7/2)3, the three 1f7/2 neutrons are
coupled mainly to spin 5/2. On the other hand, for
the 4~ state, ~ 63% of the wave function corresponds
to neutrons with J™ = 7/27 coupled to protons with
J™ = 1/2%. Thus, these two states, which in 36P
have very similar structures, are quite dissimilar in 3*P
and certainly cannot be considered members of a doublet.

We would expect yrast states of P to be populated
in the present -1p + 3n four-nucleon transfer reaction.
In relation to the shell-model level scheme of Fig. 15,
the experimental counterpart of the J™ = 4~ state at an
excitation energy of 363 keV is the lowest-lying excited
state which we would expect to be significantly popu-
lated. This state will decay to the ground state by an E2
transition and here we propose that this corresponds to
the observed transition at an energy of 380 keV, see Fig.
15.

F. Structure of first-excited J™ = 1/2", 3/2", and
5/2" states of the odd-A P isotopes

It is of interest to examine the shell-model wave func-
tions of the lowest J™ = 1/2%, 3/2%, and 5/27 states in
the sequence of odd-A phosphorus isotopes correspond-
ing to the filling of the neutron 1f7 /5 shell. For this range
of isotopes, the ground-state J™ value is 1/2+, the first
excited state has a J™ value of 3/2" and, for the second
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FIG. 15: The %¥P level scheme from the present work, and
the results of shell-model calculations, based on the SDPF-U
interaction.

excited state, J™ is 5/2". Within the context of the sim-
ple shell model, the lowest lying J™ = 1/2% and 3/2+
states correspond to the coupling of a single unpaired
proton in the 2s;,5 and 1dgz/, orbitals, respectively, to
an inert even-even 145i core, while the lowest lying J™
=5/ 2" state corresponds to a proton two-particle one
hole configuration, m(2s1/2)? 7(1ds/2) ™", coupled to the
neutron core. Fig. 16 presents the results of shell-model
calculations of the main components of the wave function
of the J" =1/ 2" ground states of the odd-A phosphorus
isotopes. For 3°P, the J™ = 1/ 2% ground state is essen-
tially a pure single-proton state, in which an odd 2s,,
proton is coupled to a 34Si ground-state core. This is not
unexpected, since 34Si has a closed shell of neutrons and a
closed 1ds/5 proton shell. With increasing neutron num-

ber, the wave function of the 1/2" state becomes more
complicated with significant components (12-39%) corre-
sponding to protons coupled to J™ = 3/ 2" and neutrons
to 27, see Fig. 16. For protons with J™ = 1/27 coupled
toa J™ = 0% inert neutron core the contribution from the
proton configuration 7(1ds/2)%(2s1/2)" becomes as small
as 37% for N=28 43P, reflecting a more complex coupling
of protons to total spin 1/ 27 There is a similar situation
in relation to the first 3/2" state (see Fig. 17); it is a
relatively pure single-particle state only for 3°P. The con-
figuration in which protons with J™ = 1/ 2" are coupled
to neutrons with total spin value 2% accounts for 10-46%
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of the wave function. For neutron number 28, there is
a significant difference in the contributions to the wave
function from the configurations 7(1ds»)' @v(0") (30%)
and 7(3/27) @ v(01) (59%), again reflecting a more com-
plex coupling of proton angular momentum to 3/ 2", For
the first 5/2+ state, see Fig. 18, only 3°P has a pure
proton two-particle one-hole configuration, as expected.
Configurations in which protons are coupled to angular
momentum 1/ 2" and neutrons to angular momentum 2+
contribute up to 68% of the wave function (3’P). Cou-
pling to neutrons with J™ = 4*makes a small (<25%)
contribution to the wave function of the first 5/27 state.
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FIG. 16: Main wave-function components of ground state of
odd-A phosphorus isotopes

G. Evolution of E(3/2:%) - E(1/211) energy
spacing for the even-A P isotopes with 20 < N < 28
and the associated nuclear collectivity

Fig. 19 presents the experimental (red) energy dif-
ference, E(3/2:7) - E(1/2;7), as a function of neutron
number for the odd-A isotopes of phosphorus for neutron
numbers in the range from 20 to 28. The energy differ-
ences from the results of shell-model calculations (blue),
based on the SDPF-U interaction, except for 3°P, where
the energy difference is calculated using the PSDPF in-
teraction, are also presented. The agreement between ex-
periment and shell model is good. As has been noted in
earlier publications e.g. [1], the energy gap between the
first 3/ 2% and 1 / 27" states decreases with increasing neu-
tron number and, for the isotopes of K [9] and C1 [10], an
inversion takes place. As also noted earlier, the increase
in binding of the 1dsz/, proton with respect to the 2s; /o
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FIG. 18: Main wave-function components of first 5/2" state
of odd-A phosphorus isotopes

proton with increasing occupation of the 1f7,, neutron
shell has been attributed to the monopole component of
the tensor interaction. The decrease in energy between
the states leads to a pseudo-SU3 symmetry [65] which,
in turn, leads to the onset of quadrupole deformation in
the adjacent even-A isotopes of S [66, 67]. In addition,
as neutrons are added to the 1f7/5 shell, there is a ten-
dency for the nucleus to adopt a quadrupole deformation
in order to remove the degeneracy associated with the
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increasing occupancy of the 1f7/5 shell. This is the nu-
clear analogue of the Jahn-Teller effect [68, 69]; this effect
was first discussed in 1937 in relation to the stability of
polyatomic molecules in degenerate electronic states [70].
Fig. 19 also presents B(E2;2t — 07) values (black) for
the even-A isotopes of sulphur, from the work of Scheit
et al. [66] and of Glasmacher et al. [67]. It can be seen
that there is an increase in collectivity with increasing
neutron number. The collectivity reaches a maximum at
N=26 42S. The drop in B(E2) value at N=28 is related to
neutron shell-closure effects; it is also known that there
is shape coexistence in the neutron-rich sulphur isotope,
448 171, 72]. Shell-model B(E2) values corresponding to
the transition 3/ 2t 51 /27 between the two lowest states
of the isotopes of phosphorus are also presented in Fig.
19. In the calculation of E2 electromagnetic transition
probabilities, effective charges of e.s¢(p) = 1.36e and
eerr(n) = 0.45e were used [73]. It is interesting to note
that the dependence of B(E2) values on neutron number
is very similar to that of the experimental B(E2;2+ — 0T)
values for the even-A isotopes of sulphur. It would also be
instructive to compare the B(E2) values with those of the
even-A Si isotones, since one may consider, as discussed
earlier, the odd-A phosphorus isotopes to correspond to
an odd proton coupled to an even-A silicon core. How-
ever, the B(E2; 2+ — 0%) values for the neutron-rich
even-A silicon isotopes have been measured only for neu-
tron numbers up to 24 [74]. There has been one mea-
surement of B(E2; 3/27 — 1/27) for the odd-A isotopes
of phosphorus, namely that of Ibbotson et al. [75] for
39P, The experimental value, B(E2; 3/2% —1/21) = 49
+15e? fm* agrees very well with the shell-model value of
58 e? fm*. Confirmation, or otherwise, of agreement be-
tween experimental and shell-model B(E2) values for the
other even-A isotopes of phosphorus, presented in Fig.
19, would be instructive.

H. The negative parity, J™ = 37,47, and 5~ states
of the even-A P isotopes

In an earlier publication [26], intruder states with
stretched configurations 7(2s1/2) ® v(1f72), m(lds/2)
® v(1f7/2), and w(1f7/2) ® v(1f7/2) were discussed
within the context of the Bansall-French model [76]
and a linear dependence of np-separation energy, S(np),
for the states with J7 values of 4=, 5=, and 7T, was
observed as a function of mass number, in the range
from A=30 to 36. Here, the excitation energies and wave
functions of these states will be discussed within the
context of state-of-the-art shell-model calculations. The
model space used here does not allow a discussion of the
7T state, since this involves the promotion of a proton
across the N=20 shell gap. However, the discussion
will include the J™ = 3~ state which, within a simple
shell-model picture, is the non-stretched member of the
7T(251/2) X V(1f7/2) doublet.
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FIG. 19: Experimental (red) and shell-model (blue) energy
difference E(3/2,7) - E(1/2, "), as a function of neutron num-
ber for the odd-A isotopes of phosphorus. Shell-model B(E2)
values corresponding to the transition 3/2% —1/2% (green)
and experimental B(E2) values in Weisskopf units for the 2"
—0% transitions in the even-A sulphur isotones (black) are
also shown. See text for details.

Fig. 20 presents the excitation energies of the yrast
37, 47, and 5~ states as a function of neutron number
in the range 15 < N < 23. Both experimental and
shell-model energies are shown. As may be seen, there is
excellent agreement between experiment and shell model.

5,000 - . 8

4,000 |-

3,000 -

2,000 -

Excitation energy keV

1,000

neutron number

FIG. 20: Experimental (triangles, full lines) and shell-model
(squares, dashed lines) excitation energies of the yrast 3~
(blue), 47 (red), and 5~ (green) states of the even-A phos-
phorus isotopes as a function of neutron number. (See text
for details.)

Fig. 21 presents the main components of the wave
functions of the first J™ = 37, 47, and 5~ states in the
even-A phosphorus isotopes for 15 < N < 23. In contrast
to the simple shell-model description of these states, it is
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only for the N=21, closed-shell plus one-neutron isotope,
36P, that the wave functions have, as the dominant
component (70-80%), m(2s1/2) ® v(1f7/2) for the J7
= 37 and 4 states and 7(1dg/;) ® v(1f7/5) for the
5~ state. The evolution of the wave functions with
increasing neutron number is very similar for the J™ =
37, 4=, and 5~ states in that the contribution of the
component 7(2s1/2) ® v(1f7/2) to the total wave func-
tion for the 37 and 4~ states (and 7(1dg/) ® v(1f75)
for the 5~ state) increases from a few % at N= 15 to
about 70-80% at N=21. For the N=23 isotone, **P, the
largest wave-function component (63%) of the J™ = 3~
state corresponds to v(5/27) coupled to w(1/2%). Tt is
interesting to note again that the ground-state J™ value
for the N=23 isotone 37Si is predicted, in shell-model
calculations based on the SDPF-U effective interaction,
to be 5/27. For the N=23 isotone, 3°S, the first excited



state, with a predicted J™ value of 5/2" lies only 72keV
above the 7/27 ground state. The lowering of the
(-1)-state relative to the j-state in j® configurations
was discussed within the context of effective interactions
by Talmi [77] in 1962. It is perhaps surprising that,
with the rapidly changing contributions to the wave
functions of the simple shell-model configuration of core
plus extra-core v — 7 pair, the systematic behaviour of
np separation energy as a function of neutron number,
illustrated in the work of Ollier et al. [26], holds so
remarkably well.

IV. SUMMARY

The neutron-rich nuclei 34:35:36:37:38 P were successfully
populated via binary grazing reactions using a beam
of 363 ions at 215 MeV on a thin 2°%Pb target. The
PRISMA magnetic spectrometer in conjunction with
the CLARA Ge array at the INFN Legnaro Laboratory,
Italy were used to identify the isotope and its associated
de-excitation 7 rays. Level schemes for these nuclei were
constructed using a combination of «-ray energy sums
and relative intensity measurements and, where possible,
these decay schemes are supported by ~-v coincidence
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measurements using data obtained in an early thick-
target deep-inelastic experiment. The level schemes have
been compared with the results of the state-of-the-art
shell-model calculations and good agreement is obtained.
For the N=21 nucleus, 3P, a number of proposed new
spin and parity assignments have been made. The
evolution of the energy spacing of the first J™ = 1/2+
and 3/ 2" states of the even-A isotopes of phosphorus,
and its relationship to the associated nuclear collectivity
is also discussed. Finally, the evolution with neutron
number of the wave functions of the J™ = 1/2%, 3/2%,
and 5/2% states of the odd-A P isotopes and the first
J™ = 37,47, and 5~ states of the even-A P isotopes is
discussed.
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