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Lifetimes of excited states of the phosphorus isotopes 33,34,35,36
15P have been measured by using the differential

recoil-distance method. The isotopes of phosphorus were populated in binary grazing reactions initiated by
a beam of 36S ions of energy 225 MeV incident on a thin 208Pb target mounted in the Cologne plunger
apparatus. The combination of the PRISMA magnetic spectrometer and an early implementation of the AGATA
γ -ray tracking array was used to detect γ rays in coincidence with projectile-like nuclear species. Lifetime
measurements of populated states were made within the range from about 1 to 100 ps. The number of states for
which lifetime measurements were possible was limited by statistics. For 33P, lifetime limits were determined
for the first 3/2+ and 5/2+ states at 1431 and 1848 keV, respectively; the results are compared with previous
published lifetime values. The lifetime of the first 2+ state of 34P at 429 keV was determined and compared
with earlier measurements. For 35P, the states for which lifetimes, or lifetime limits, were determined were
those at 2386, 3860, 4101, and 4493 keV, with Jπ values of 3/2+, 5/2+, 7/2−

1 , and 7/2−
2 , respectively.

There have been no previous published lifetimes for states in this nucleus. A lifetime was measured for the
stretched π (1 f7/2) ⊗ ν(1 f7/2) Jπ = (7+) state of 36P at 5212 keV and a lifetime limit was established for the
stretched π (1d3/2) ⊗ ν(1 f7/2) Jπ = (5−) state at 2030 keV. There are no previously published lifetimes for states
of 36P. Measured lifetime values were compared with the results of state-of-the-art shell-model calculations
based on the PSDPF effective interaction. In addition, measured branching ratios, published mixing ratios, and
electromagnetic transition rates, where available, have been compared with shell-model values. In general, there
is good agreement between experiment and the shell model; however there is evidence that the shell-model
values of the M1 transition rates for the 3/2+

1 → 1/2+ (ground state) and 5/2+
1 → 3/2+

1 transitions in 33P
underestimate the experimental values by a factor between 5 and 10. In 35P there are some disagreements between
experimental and shell-model values of branching ratios for the first and second excited 7/2− states. In particular,
there is a serious disagreement for the decay characteristics of the second 7/2− state at 4493 keV, for which the
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shell-model counterpart lies at 4754 keV. In this case, the shell-model competing electromagnetic decay branches
are dominated by E1 and M1 transitions.

DOI: 10.1103/PhysRevC.100.064308

I. INTRODUCTION

The present paper is concerned with the measurement of
lifetimes of excited states of nuclei in the sd-shell near the
N = 20 shell closure using the differential recoil-distance
method [1–3]. The nuclei of interest were populated in binary
grazing reactions initiated by the interaction of 225-MeV
36S ions with a thin target of 208Pb. The nuclear species
observed in the reaction have previously been studied in an
experiment carried out at the INFN Legnaro National Lab-
oratory using the same beam-target combination at a beam
energy of 215 MeV. The earlier work used the combination of
PRISMA [4,5], a large-solid-angle magnetic spectrometer to
identify the projectile-like nuclear species, and CLARA [6],
an array of escape-suppressed Ge γ -ray detectors to measure
the γ -ray decay of the populated levels. The previous pub-
lished works from the experiment have involved studies of the
neutron-rich isotopes 33Si [7], 36Si [8], 34P [9], 35P [9], 36P [9],
37P [9,10], 38P [9], 37S [11], 39S [12], 40S [13], 41S [14], and
38Cl [15]. In addition, the level structures of other populated
isotopes of silicon [16], phosphorus [17], sulphur [16], and
chlorine [18] were investigated. The studies were mainly
concerned with the role of negative-parity intruder orbitals in
the structure of neutron-rich nuclei on the periphery of the
island of inversion, which is centered on 32Mg, and on the
description of such nuclei using state-of-the-art shell-model
calculations [19]. Binary grazing and deep-inelastic reactions
have been used extensively over the last few decades to study
the structure of neutron-rich nuclei over a wide range of
nuclear masses. The coupling of large-solid-angle magnetic
spectrometers to arrays of escape-suppressed Ge detectors in
studies of this type (see e.g., Refs. [20–22]) has represented
a very significant experimental advance in relation to earlier
techniques which exploited large arrays of escape-suppressed
Ge γ -ray detectors but no particle identification; see e.g.,
Broda et al. [23], Fornal et al. [24], and Lee et al. [25]. Here,
we extend the study of the nuclear structure of a few of the
previously studied sd-shell nuclei through the measurement of
nuclear lifetimes and a comparison is made with the results of
state-of-the art shell-model calculations based on the PSDPF
effective interaction [26], also presented here. Shell-model
calculations of the electromagnetic transition probabilities of
excited states strongly depend on, and are sensitive to, the
details of the wave functions of the two states involved in
the transition. The assumed configuration space used in such
calculations, the shell-model interaction, and the effective
nucleon charges will also have a direct effect on the calculated
values.

Here, lifetimes of populated states were measured using
a differential plunger [1] in combination with the PRISMA
magnetic spectrometer [4,5] and an early implementation of
the AGATA γ -ray tracking array [27]. The number of states
for which lifetime measurements, or lifetime limits, have
been made has been severely limited by the statistics of the

experiment. Nuclei for which the experimental data allow the
measurements of lifetimes to be made lie close to neutron
number 20. In particular, the isotopes of phosphorus for
which lifetimes of excited states, or lifetime limits, have been
established are 33P, 34P, 35P, and 36P with neutron numbers
N = 18–21, respectively. Lifetime measurements from the
same experiment for the isotopes of sulfur with mass numbers
A = 35–38, and the isotopes of Si with A = 32–34 will be
presented in future publications [28,29].

II. EXPERIMENT

Yrast and near-yrast states of the final nuclei were pop-
ulated using binary grazing reactions produced in the in-
teraction of a 225-MeV (6 MeV/u) beam of 36S9+

ions of
average current 1 pnA, delivered by the Tandem-ALPI ac-
celerator complex at the INFN Legnaro National Laboratory,
Italy, with a thin 208Pb target. The stretched Pb target of
thickness 1 mg cm−2, and isotopically enriched to 99.7% in
208Pb, was deposited onto a 1 mg cm−2 Nb backing foil and
mounted onto the Köln differential plunger [1,2], with the
niobium backing facing the incident beam. The beam energy
at the center of the Pb target was 215 MeV, the same energy
as that which was used in the earlier experiment, to which
reference has been made above. The degrader foil, used in
the differential plunger apparatus to reduce the velocity of
projectile-like nuclei after they leave the Pb target, consisted
of a 3 mg cm−2 Nb foil mounted at a short distance down-
stream from the target. The distance between the Pb target and
degrader foil was adjusted and controlled by a piezo-electric
feedback system developed at the University of Cologne [30].
As the recoiling projectile-like nucleus moves through the
plunger towards the entrance to PRISMA, the probability of
γ -ray emission before or after passage through the degrader
foil depends on the distance between target and degrader foils,
the effective lifetime of the decaying state, and the velocity
of the emitting nucleus. If the lifetime is comparable to the
flight time of the nucleus between the Pb target and degrader,
two photopeak components are observed in the γ -ray energy
spectrum for each γ -ray transition, corresponding to the dif-
ferent Doppler shifts associated with recoil velocities before
and after passage through the degrader. For the exit channel
corresponding to one proton transfer (35P as the final nucleus),
for example, the v/c values of the recoiling nucleus before
and after passage through the degrader are 10.0% and 9.4%,
respectively. With the present experimental setup, lifetime
measurements from about 1 ps to about 100 ps are possible.

The plunger device was placed in the reaction chamber of
PRISMA [4,5] with its axis at 14◦ with respect to the PRISMA
optical axis. Projectile-like fragments, produced in binary
grazing reactions, pass through the degrader foil and into the
PRISMA magnetic spectrometer where they are detected and
identified. PRISMA was positioned at 56◦ with respect to the
beam axis, covering a range of angles including the grazing
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angle of the reaction. The PRISMA spectrometer consists
of a quadrupole singlet and a dipole magnet separated by
60 cm. The (x, y) coordinates and time information of an
ion entering the spectrometer are measured using a position-
sensitive microchannel plate (MCP) detector [31] placed at
25 cm from the target. Following the passage of each ion
through the magnetic elements, the coordinates of the tra-
jectory and time information are measured again at the focal
plane of the spectrometer by using a ten-element 100-cm-long
multiwire parallel-plate avalanche counter (MWPPAC) [32].
The position resolution of the MCP and MWPPAC is 1 mm in
the horizontal (dispersive) direction and the time resolution of
the MCP and MWPPAC combination is about 300 ps. Finally,
the ions are stopped in a 10 × 4 element ionization chamber
(IC) used for energy-loss measurements, �E , and total energy
E measurements [31,32]. For each ion detected in PRISMA,
the above measurements enable a determination of the atomic
number Z , the mass number A, the ion charge state, and the
time of flight, thereby allowing an unambiguous identification
of each detected projectile-like nucleus. 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.
Reconstruction of the trajectory of each ion through the
spectrometer together with the time-of-flight measurement
was used to establish the velocity vector of each ion on
an event-by-event basis, essential for lifetime measurements
by the differential recoil-distance technique, which relies on
an accurate knowledge of the velocity of the projectile-like
nucleus and the distance between target and degrader foils.

The associated deexcitation γ rays emitted by the recoiling
nuclei were detected by the AGATA demonstrator array [33].
This new state-of-the-art germanium detector array was com-
posed of five triple-cluster modules positioned 18 cm from
the reaction target and covering backward angles from 135◦ to
175◦. The corresponding simulated full-absorption efficiency
for γ rays of energy 1 MeV is about 7%. Digitized signal
pulses from the 36-fold segmented germanium crystals were
compared with a data base of simulated detector responses
using a pulse-shape analysis algorithm [34] to determine
the loci of γ -ray interactions in the detector crystals. The
resulting position resolution is better than 5 mm full width at
half maximum (FWHM). The application of a γ -ray tracking
algorithm [35] resulted in the energies of individual γ rays.
Energies and interaction positions of γ rays were stored in
list mode with a time stamp, which permitted a correlation
to be established between γ -ray events and the associated
projectile-like reaction products identified at the focal plane
of PRISMA. To reduce the counting rate from 208Pb x rays, a
lead absorber of thickness 2 mm was placed between AGATA
and the reaction chamber. In total, five different distances,
7, 20, 35, 65, and 120 μm, between the target and the
degrader foils of the Köln differential plunger were used
during the experiment. The experiment ran for nine days,
with between one and two days of data accumulated for each
distance. The data-acquisition trigger was provided by timing
signals from the large area multiwire parallel plate avalanche
counter (MWPPAC) at the focal plane of PRISMA. Doppler
correction of γ -ray energies was performed on an event-by-
event basis. A relative photopeak efficiency calibration for the

FIG. 1. The mass spectrum of phosphorus ions detected at the
focal plane of the PRISMA spectrometer in coincidence with γ rays.

AGATA array was carried out using radioactive sources of
152Eu and 133Ba.

In summary, lifetime measurements using the recoil-
distance method have exploited the powerful combination of
a large-acceptance magnetic spectrometer, PRISMA, and a
high-efficiency γ -ray tracking array, AGATA, which results
in good reaction-channel selection and precise Doppler cor-
rection of γ -ray energy spectra.

III. RESULTS AND DISCUSSION

In the present experiment, a wide range of nuclear species,
from Mg (Z = 12) to Ca (Z = 20), was identified at the
focal plane of PRISMA. Here, we focus on a discussion of
those isotopes of phosphorus for which reaction yields were
sufficiently large for the measurement of nuclear lifetimes to
be made using the present experimental setup.

A. The isotopes of phosphorus

The mass spectrum of Fig. 1 shows that the phosphorus
isotopes with mass numbers 33 � A � 37, i.e., up to six neu-
trons from stability, were successfully populated in the present
work. The measured mass resolution is 1/140. There is weak
population of phosphorus isotopes outside this mass range and
the consequent poor statistics do not allow γ -ray spectroscopy
measurements to be performed for these isotopes. The most
strongly populated isotope is 35P, corresponding to one proton
transfer. For the isotope 37P, the yield was not sufficient for
lifetime measurements to be made. A mass gate of suitable
location and width was used to produce a one-dimensional
γ -ray spectrum corresponding to the particular isotope of in-
terest. Experimental results for the isotopes of phosphorus for
which lifetimes, or lifetime limits, have been established here;
namely 33P, 34P, 35P, and 36P will now be presented together
with the results of state-of-the-art shell-model calculations
of the electromagnetic decay properties of the nuclear states
involved. Where previous lifetimes have been reported, they
will be compared with the results of the present work. In
those cases for which the accuracy of the published lifetime
value is significantly better than that from the present exper-
iment, the results of the current work, including the results
of shell-model calculations, will nevertheless be presented in
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the interests of completeness. The (0 + 1)h̄ω states in the
phosphorus isotopes with A = 33–36 are described here with
the PSDPF interaction [26]. This shell-model calculation has
a 4He core and uses the full p-sd-p f model space; it is built
on existing interactions for the major shells with adjustments
of the cross-shell parameters. The positive-parity states are
essentially obtained using the USDB Hamiltonian, developed
by Brown and Richter [36], which is included in the PSDPF
interaction. Excitation of one nucleon is allowed across a
major shell, from the sd-shell to the p f -shell in the present
case. In the calculation of E2 and E3 electromagnetic tran-
sition probabilities, effective charges of eeff (p) = 1.36e and
eeff (n) = 0.45e were used while, for the calculation of B(M1)
and B(M2) transition probabilities, the effective spin and
orbital g-factors of geff

νs = −3.55, geff
ν� = −0.09, geff

πs = 5.150,
and geff

π� = 1.159 were adopted [37]. Shell-model calculations
were performed using the NATHAN code [19,38,39].

B. Lifetimes in 33P

Within the context of the simple shell model, the ground
state of 33P, with Z = 15 and N = 18, has the configuration
π (1d5/2)6(2s1/2)1 ⊗ ν(1d5/2)6(2s1/2)2(1d3/2)2. The ground-
state Jπ value is therefore expected to be 1/2+. The experi-
mental ground state Jπ value of 1/2+ is based on the results
of an experiment which studied the two-neutron transfer
reaction, 31P(t, p)33P [40]. Low-lying Jπ = 3/2+ and 5/2+
excited states correspond to the promotion of the odd proton
to the 1d3/2 orbital and to the promotion of a 1d5/2 proton to
the 2s1/2 orbital, respectively. The Jπ values of the two states
at excitation energies of 1435(6) and 1843(4) keV, respec-
tively, were established by using the proton-pickup reaction
34S(d,3He)33P [41], with a polarized deuteron beam. The pop-
ulation of the 3/2+ state in proton pickup from the 34S ground
state, with a spectroscopic factor of C2S = 0.63, indicates that
the proton 1d3/2 orbital in the ground state of 34S is not empty,
as would be expected in a simple shell-model picture. Higher-
lying negative-parity states correspond to the promotion of
a nucleon into the f p shell. The first negative-parity state is
at an excitation energy of 4226 keV [42]. Shell-model wave
functions of the states for which lifetimes have been measured
will be discussed later. Lifetime measurements of the first two
excited states of 33P were made by Currie et al. [43] in the
late 1960s. The 30Si(α, pγ )33P reaction was used to populate
excited states of the final nucleus; lifetimes were determined
by using the Doppler-shift attenuation method, with NaI(Tl)
γ -ray detectors. Experiments carried out in the early 1970s by
Poletti et al. [44] and Wagner et al. [45] used the 31P(t, pγ )33P
two-neutron transfer reaction, and the γ decay of populated
states was studied with Ge(Li) detectors; the work resulted
in a more precise determination of energies and lifetimes of
excited states of 33P.

The γ -ray spectrum measured in coincidence with 33P ions
detected and identified at the focal plane of the PRISMA
spectrometer is shown in Fig. 2. All of the labeled γ -ray
peaks were previously identified in the earlier experiment
carried out at the INFN Legnaro National Laboratory, referred
to above [9,17]. Figure 3 presents the level scheme of 33P
from that study. In the present work, lifetime measurements
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FIG. 2. γ -ray-singles energy spectrum observed in coincidence
with 33P ions detected at the focal plane of PRISMA. The target-
like photopeaks correspond to γ rays emitted from 209–211Bi. The
photopeaks separately labeled with the symbol � correspond to γ

rays from the complementary unobserved fragment, 209Bi.

have been made for the first two excited states at 1431 and
1848 keV, with Jπ values of 3/2+ and 5/2+, respectively.

C. Lifetime of the first-excited Jπ = 3/2+ state
of 33P at 1431 keV

Figure 4 presents a section of the measured γ -ray spectra
for target-degrader distances of 7 and 120 μm and shows the
two components of the photopeak which correspond to the
1431 keV 3/2+ to 1/2+ (ground-state) transition. Gaussian
fits to the two components of the photopeak are also presented.
The statistics are poor and the resulting lifetime has a large as-
sociated statistical uncertainty. The lifetime of the 3626-keV
feeding state has been measured as τ = 0.11 ± 0.02 ps [45],
which is less than the shortest lifetime that can be measured
with the present experimental setup. Feeding from the 7/2+

1
state, although of a significant intensity, is therefore expected
to have little effect on the measured lifetime of the 3/2+

1 state.
The relative intensity of the 2195- and 1431-keV transitions
is Iγ (2195 keV)/Iγ (1431 keV) = 0.33(3) [17]. When the
417-keV 5/2+

1 to 3/2+
1 branch, unobserved in the present

work, is taken into account [42], the feeding of the 3/2+
1

state from above, through the 2195- and 417-keV transitions,
accounts for 44% of the intensity of the 1431-keV transition.
The statistical uncertainty in the value of lifetime based on
the present data is large and, consequently, only an upper
limit to the lifetime of <2 ps is given in Table I. As noted
earlier, the lifetime of the first 3/2+ state has previously
been measured using the Doppler-shift attenuation method by
Currie et al. [43], Poletti et al. [44], and Wagner et al. [45].
The three independent values of 0.79 ± 0.23, 0.70 ± 0.15,
and 0.6 ± 0.1 ps, respectively, are consistent within the quoted
errors. The accepted value of lifetime is 0.62 ± 0.10 ps [42].
The present lifetime limit is consistent with the published
lifetime value; it is included here for completeness and
to allow the presentation of a lifetime calculated with a
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FIG. 3. Level scheme of 33P from the earlier 36S + 208Pb experi-
ment [17].

state-of-the-art shell-model interaction (PSDPF), discussed
earlier, and its comparison with the best available lifetime
value. The measurement here of an upper limit to the lifetime,
which is both short and in agreement with the previously
measured value, is consistent with a small contribution to
the measured lifetime of the state from the unobserved side
feeding. However, as will be explained later, the analysis
method used for the states studied here will result in the
suppression of contributions to the measured lifetime from
both known feeding transitions and unobserved side-feeding
transitions. Table I presents a summary of the experimental

TABLE I. Experimental and shell-model values of excitation
energies and lifetimes of states in 33P. Adopted lifetimes are from
Ref. [42].

E (expt.) E (SM) τ (present) τ (adopted) τ (SM)
Jπ (keV) (keV) (ps) (ps) (ps)

3/2+ 1431 1441 <2 0.62(10) 1.97
5/2+ 1848 1905 <2 1.11(16) 1.04
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FIG. 4. Section of the measured γ -ray spectra for target-degrader
distances of 7 and 120 μm which shows the two components of the
1431-keV photopeak corresponding to the 3/2+

1 to 1/2+ (ground-
state) transition in 33P. The black curve corresponds to a fit to the data
(Gaussian peaks plus linear background). Background-subtracted
photopeaks are shown in green (corresponding to γ -ray emission
between the target and absorber) and in blue (corresponding to γ -ray
emission after the decaying nucleus has passed through the degrader
foil).

and shell-model energies and lifetimes for the two states of
interest here in 33P. For the first 3/2+ state, there is excellent
agreement between experimental (1431 keV) and shell-model
(1441 keV) level energies. Although the shell-model lifetime
(1.97 ps) lies outside the previously published experimental
values, it is of the same order of magnitude and is consistent
with the lifetime limit established in the present work. In the
calculation of shell-model lifetimes, experimental transition
energies have been used rather than those from shell-model
calculations, and this practice will be adopted throughout the
paper.

Table II presents the other electromagnetic decay proper-
ties of the 3/2+

1 state. The 1431-keV 3/2+
1 → 1/2+ transi-

tion is a mixed M1/E2 transition with a measured mixing
ratio [δ2 = λ(E2)/λ(M1), where λ is the electromagnetic
decay probability] of δ = −0.62 ± 0.15 [42]. However, the
M1 transition, when it proceeds by a proton moving from
the 1d3/2 to the 2s1/2 orbital, is �� forbidden [46]. The ex-
perimental B(M1; 3/2+

1 → 1/2+) value corresponding to the
accepted lifetime quoted above is 0.013 ± 0.003 W.u. and the
B(E2; 3/2+

1 → 1/2+) value is 10 ± 4 W.u. The small B(M1)
value is consistent with the transition being �� forbidden.

The first 1/2+ and 3/2+ states do not have a pure single-
proton wave function and this is especially so for the 3/2+

1
state. As expected, the ground-state wave function of 33P
has, as the largest component (52%) in its wave function, the
configuration

π (1d5/2)6(2s1/2)1 ⊗ ν(1d5/2)6(2s1/2)2(1d3/2)2,

in which the odd proton occupies the 2s1/2 shell-model orbital.
The 1431-keV Jπ = 3/2+

1 state has, as the main component
(33%), the configuration

π (1d5/2)6(2s1/2)0(1d3/2)1 ⊗ ν(1d5/2)6(2s1/2)2(1d3/2)2.

Shell-model calculations based on the PSDPF interac-
tion were used to predict the electromagnetic decay proper-
ties of the 3/2+

1 state, see Table II. The calculated values
are B(M1; 3/2+

1 → 1/2+) = 0.0041μ2
N (0.0023 W.u.) and
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TABLE II. Experimental and shell-model values of electromagnetic decay properties of states in 33P. The experimental values are those of
the Nuclear Data Sheets evaluation of Chen and Singh [42].

E (expt.) Ef , Jπ
f BR (expt.) BR (SM) B(M1) (expt.) B(M1) (SM) B(E2) (expt.) B(E2) (SM)

Jπ (keV) (keV) (%) (%) δ (expt.) |δ| (SM) (W.u.) (W.u.) (W.u.) (W.u.)

3/2+ 1431 0, 1/2+ 100 100 −0.62(15) 1.14 0.013(3) 0.0023 10(4) 6.1
5/2+ 1848 0, 1/2+ 93.6(9) 99.4 −0.03(3) 5.1(8) 5.6

1432, 3/2+ 6.4(6) 0.6 0.09(18) 0.12 0.025(5) 0.0027 5+19
−5 0.83

B(E2; 3/2+
1 → 1/2+) = 38.2 e2 fm4 (6.1 W.u.). The shell-

model value of the mixing ratio is |δ| = 1.14, whereas the
experimental value is −0.62 ± 0.15 [42]. In the shell-model
calculations, only the magnitude of the mixing ratio can be
determined. In relation to the electromagnetic decay prop-
erties of the 3/2+

1 state of 33P, the disagreement between
experimental and shell-model lifetimes would appear to be
related to the M1 component of the transition to the 1/2+
ground state. The experimental M1 transition rate (0.013 ±
0.003 W.u.) is in disagreement with that calculated in the
present shell-model calculation, based on the PSDPF inter-
action; namely, 0.0023 W.u., as is the mixing ratio. Since
the M1 transition is �� forbidden, it would seem likely that
the transition proceeds through several smaller wave-function
components in the initial and final states. In recent studies of
the electromagnetic decay properties of states in 35S [42] and
33S [47], B(M1; 3/2+

1 → 1/2+
g ) values were determined from

previously measured lifetimes and compared with the results
of shell-model calculations. For the 3/2+

1 → 1/2+
g transition

in 33S, the shell-model calculations based on the USD and
PSDPF interactions underestimate the experimental value by
a factor of about two, whereas in 35S the shell model based on
the same interactions overestimates the measured value by a
factor of about five.

D. Lifetime of second-excited Jπ = 5/2+
1 state of 33P at 1848 keV

The Jπ = 5/2+
1 state of 33P at 1848 keV decays to the

ground state by an 1848-keV mixed E2/M3 transition and
to the first-excited 3/2+ state at 1431 keV by a 417-keV
mixed M1/E2 transition. The measured branching ratio,
Iγ (5/2+

1 → 3/2+
1 )/Iγ (5/2+

1 → 1/2+), is 0.068 ± 0.006 [42].
In the present work, the 1848-keV transition was clearly ob-
served in the γ -ray spectrum (see Fig. 2); however, the much
weaker 417-keV γ -ray photopeak appears in a region of the
spectrum dominated by peaks which correspond to the decay
of target-like binary reaction products, the isotopes of Bi, and
was consequently not observed. The 1848-keV state is fed by
γ rays of energy 1643 and 2378 keV, which originate from
the Jπ = 5/2+

2 state at 3491 keV and from the Jπ = 7/2−
1

state at 4226 keV, respectively. In the work of Hodsdon [17],
which employed the same beam-target combination and the
same beam energy, the measured relative intensities of the
1848-, 1643-, and 2378-keV γ -ray transitions were 100 ± 4,
16.0 ± 2.0, and 33.9 ± 2.4, respectively. Consideration there-
fore needs to be given to the effect of the feeding from these
higher-lying states on the measured lifetime of the 1848-keV
state. The lifetime of the Jπ = 5/2+

2 state has been measured

as 0.09 ± 0.02 ps [44] and 0.11 ± 0.02 ps [45], while that of
the Jπ = 7/2−

1 state has been measured to be 0.52 ± 0.10 ps
[44] and 0.39 ± 0.10 ps [45]. The values adopted in a recent
evaluation [42] are 84 ± 17 fs for the 5/2+

2 state and 0.46 ±
0.10 ps for the 7/2−

1 state. The lifetime of the 5/2+
2 state is too

short to have any effect on the observed decay characteristics
of the 5/2+

1 state. The 7/2−
1 state is fed by a 9/2−

1 state at
5451 keV with a measured lifetime of 35 ± 7 ps [48]. The
relative intensity of the 1225-keV transition which feeds the
7/2−

1 state from the 5451-keV Jπ = 9/2−
1 state is, in relation

to the intensities quoted earlier, 14.6 ± 2.1 units. Feeding
from this state will therefore have an impact on the measured
lifetime of the 5/2+

1 state.
To minimize the effects of feeding of the state of inter-

est from higher-lying states, the 7/2−
1 state at 4228 keV in

this particular case, and from the unobserved side-feeding
transitions, an energy condition was applied to the PRISMA
focal-plane Q value, generated from the measurement of
ejectile energy. The robustness of the method was validated
by reproducing known lifetimes in the present work and in
lifetime measurements for the isotopes of sulfur from the
same experimental data [28]. In particular, other than the good
agreement between the present and adopted values of the
lifetime of the first-excited 2+ state of 34P, discussed below,
the measured lifetime of the 1/2+ state of 35S at 1572 keV;
namely 3.3(2) ps [28], is in excellent agreement with the
adopted value of 3.3(5) ps [49]. Similarly, the measured
lifetime of the 3− state of 36S at 4193 keV, 0.84(24) ps [28],
is in very good agreement with the most recent published
value of 0.9(1) ps [50]. This procedure will henceforth be
referred to as corresponding to the application of a “Q
gate.” An example of a measured Q-value spectrum and its
effect on the corresponding γ -ray spectrum will be given
later, when the lifetime of the first 2+ state of 34P is being
discussed.

Figure 5 shows a section of a γ -ray spectrum from 1800
to 2400 keV. The spectrum in blue corresponds to no Q gate
while that in red corresponds to the application of a Q gate;
it can be seen that the intensity of the 2378-keV photopeak
is reduced in the gated spectrum in relation to that of the
1848-keV photopeak. Sections of a γ -ray spectrum for the
1848-keV transition corresponding to target-degrader dis-
tances of 7 and 120 μm are shown, with Gaussian fits to the
two photopeaks, in Fig. 6. The statistics are poor; neverthe-
less, it can be seen that the ratios of the two components of the
1848-keV photopeak are very different at the two distances.
As a result of the poor statistics, it is only possible to give
a lifetime limit here, <2 ps, and this is consistent with the
accepted value of 1.11 ± 0.16 ps [42].
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FIG. 5. Section of a 33P γ -ray energy spectrum. The spectrum
in blue corresponds to no Q gate while that in red corresponds to
a Q gate (Q> − 35 MeV) which results in the suppression of the
2378-keV γ -ray photopeak.

Shell-model calculations based on the PSDPF interac-
tion [26] give the main component (24%) of the wave function
of the 5/2+

1 state as

π (1d5/2)5(2s1/2)2 ⊗ ν(1d5/2)6(2s1/2)2(1d3/2)2.

Table I presents a summary of the experimental and shell-
model energies and lifetimes of the 5/2+

1 state. The level
energy is well reproduced in the calculations. The lifetime
limit from the present experiment and the previously adopted
value from the 2011 evaluation of Chen et al. [42] are given.
The shell-model lifetime (1.04 ps) is in very good agreement
with the experimental value. There are other experimental
electromagnetic decay properties of the state for which com-
parison can be made with the results of shell-model calcu-
lations. In Table II such a comparison is made for branch-
ing ratios, mixing ratios, and for B(M1) and B(E2) values.
Experimental values were taken from the evaluation of Chen
et al. [42]. The 5/2+ → 1/2+ transition is a mixed E2/M3
transition with a mixing ratio of δ = −0.03 ± 0.03 [42]
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FIG. 6. Section of the measured γ -ray spectra for target-degrader
distances of 7 and 120 μm corresponding to the 1848-keV 5/2+ to
1/2+ (ground-state) transition of 33P. A Q gate has been applied to
the γ -ray spectra (see text).

[δ2 = λ(M3)/λ(E2)]; the decay is therefore dominated by
E2 radiation, as expected. The B(E2; 5/2+

1 → 1/2+) value
corresponding to the adopted lifetime is 5.1 ± 0.8 W.u. The
corresponding shell-model value of 35.4 e2 fm4 (5.6 W.u.)
is in excellent agreement with experiment. The branching
ratio has been measured as Iγ (5/2+

1 → 1/2+) = 93.6% and
Iγ (5/2+

1 → 3/2+
1 ) = 6.4% [42] and the corresponding values

based on the results of shell-model calculations are 99.4%
and 0.6%, which are not in good agreement with observa-
tion. The transition from the 5/2+

1 state at 1848 keV to the
1431-keV Jπ = 3/2+

1 state has an experimental mixing ratio
[δ2 = λ(E2)/λ(M1)] of δ = 0.09 ± 0.18 [42] and the shell-
model value is 0.12; the transition is therefore dominated
by the M1 component. The large experimental uncertainty
associated with the B(E2; 5/2+

1 → 3/2+
1 ) value makes a

comparison with the shell model of very limited value. It
would appear that the poor agreement with the measured
branching ratio can be attributed to an underestimation of the
magnitude of the M1 transition probability B(M1; 5/2+

1 →
3/2+

1 ) in the shell-model calculations; the shell-model value
underestimates the measured value by a factor of about ten;
see Table II. However, it should be noted, as in the case of
the decay of the 3/2+

1 state, that the B(M1) values where
there is disagreement are very small. The good agreement of
shell-model and experimental lifetimes is largely unaffected
by the M1 transition rate from the 5/2+

1 state to the 3/2+
1 state,

since the decay of the first 5/2+ state is dominated by the
5/2+

1 → 1/2+ E2 branch. For the 5/2+
1 → 3/2+

1 transition in
33S [47], the shell-model (PSDPF interaction) underestimates
the measured B(M1) value by a factor of about three, whereas
for the same transition in 35S [51], the agreement between
experiment and shell model is very good.

In an investigation of sd-shell observables for the USD,
USDA, and USDB Hamiltonians, Richter et al. [37] noted that
the two-body matrix elements (TBMEs) involving both 1d5/2

and 1d3/2 orbitals are relatively poorly determined by fits
to energy data, because the 6–7 MeV single-particle energy
splitting makes the contribution of these TBMEs to the ener-
gies of the low-lying states relatively small. The effect on the
calculation of M1 transition rates in 5/2+ → 3/2+ transitions
is particularly adversely affected because the matrix element
of the M1 spin operator is large between 1d3/2 and 1d5/2

configurations. Throughout the present work, it will be seen,
as for the above M1 transition rates in 33P (Table II), that
there are significant disagreements between experimental and
shell-model values of B(M1).

It is emphasized that the inclusion of the 3/2+ and 5/2+
states of 33P in the present paper is justified mainly by the
presentation of the first detailed shell-model analysis of the
electromagnetic decay properties of the two states which has,
in turn, resulted in the above significant conclusions.

E. Lifetimes in 34P

The recent publication of Chapman et al. [9] summarizes
the current experimental situation in relation to the study of
the states of 34P. The γ -ray spectrum measured in coincidence
with 34P ions is shown in Fig. 7. All of the labeled γ -ray peaks
were previously identified in the earlier experiment [9,17].
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FIG. 7. γ -ray singles energy spectrum observed in coincidence
with 34P ions detected at the focal plane of PRISMA. The photo-
peaks labeled with � and • correspond to γ -ray emission from the
associated target-like fragments, 208Bi and 209Bi, respectively.

The level scheme based on the results of the earlier work is
presented in Fig. 8. Here, the lifetime of the first-excited 2+
state at 429 keV has been determined.

F. Lifetime of first-excited Jπ = 2+ state of 34P at 429 keV

The photopeak at 429 keV dominates the γ -ray spectrum
of Fig. 7. The lifetime of this state has most recently been
measured to be 1.9+0.9

−0.5 ps [53]. The evaluation by Nica
and Singh [52], which includes the recent value of Bender
et al. [53], cites a lifetime value of 1.9+0.9

−0.4 ps. The 2+ state is
fed by the 1+ state at 1607 keV, the 3− state at 2320 keV, and
the 4− state at 2305 keV (via the 1178-, 1891-, and 1876-keV
transitions, respectively), with γ -ray intensities relative to that

FIG. 8. Level scheme of 34P from the earlier 36S + 208Pb experi-
ment [9].

FIG. 9. The decay curve corresponding to the 2+ → 1+(ground-
state) transition in 34P with no correction for feeding of the state from
higher-lying states. See text for details.

of the 429-keV transition, of 10.2 ± 0.7%, 7.1 ± 0.6%, and
24.4 ± 0.9%, respectively [17]. The measured lifetimes of the
feeding states have been measured as 0.75+0.65

−0.20 ps, >10 ps,
and 2.90 ± 0.15 ns, respectively [53].

An analysis of the two components of the γ -ray photopeak
corresponding to the 429-keV transition, without any cor-
rection being made for feeding from the higher-lying states,
yields the decay curve of Fig. 9, with a corresponding lifetime
of 1.8 ± 0.5 ps, in good agreement with the published value.
In Fig. 9, It is the intensity of γ rays emitted from recoil-
ing 34P nuclei during their passage from target to degrader,
while Id is the intensity of γ rays emitted after the recoiling
nuclei have passed through the degrader foil. In this, and
in all subsequent decay curves presented here, the natural
logarithm of the ratio Id/(Id + It ) is shown as a function
of the target-to-degrader distance. A further analysis was
performed in which a Q gate was applied to select the γ -ray
photopeak of interest and remove both the feeding 1876- and
1891-keV transitions and also the unobserved side-feeding
transitions. In the present work, the main contribution to the
quoted uncertainties in the measured lifetimes comes from the
statistical uncertainty in the number of counts in the γ -ray
photopeaks.

Figure 10 shows γ -ray spectra corresponding to no Q
gate (spectrum in blue) and with a Q gate (spectrum in red);
the application of a Q gate greatly reduces the intensities
of the 1876- and 1891-keV photopeaks. The figure also shows
the gating condition which was applied to the PRISMA Q-
value spectrum. Gaussian fits were then made to the two
photopeak components corresponding to the 429-keV tran-
sition for each of the target-degrader distances. Figure 11
shows the two photopeak components for target-degrader
distances of 7 and 120 μm, the shortest and longest distances.
Finally, Fig. 12 presents the measured data together with the
corresponding decay curve; a lifetime of 1.5 ± 0.5 ps has been
obtained for the 2+

1 state, which is in agreement, within the
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FIG. 10. (a) Q-value spectrum with the Q gate shown in red,
and (b) a section of the measured γ -ray spectrum, which includes
the 1876- and 1891-keV photopeaks, corresponding to no Q gate
(spectrum in blue) and to a Q gate (spectrum in red). See text for
details.

quoted experimental errors, with the value obtained with no
Q gate applied, and in reasonably good agreement with the
previously accepted value of 1.9+0.9

−0.4 ps.
In the context of the simple shell model, the ground state

and first-excited state of 34P are expected to result from the
coupling of an unpaired 2s1/2 proton and a 1d3/2 neutron hole.
The results of shell-model calculations performed using the
1h̄ω PSDPF interaction [26] show that this configuration rep-
resents 71% and 75% of the wave functions of the 1+ and 2+
states, respectively. Tables III and IV summarize the available
experimental data in relation to the electromagnetic decay
properties of the state. The shell-model excitation energy of
382 keV is in good agreement with the experimental value
of 429 keV. The shell-model lifetime of 1.41 ps (Table III)
is in very good agreement with the present measurement of
1.5(5) ps. The measured value of the M1/E2 mixing ratio for
the 429-keV transition (Table IV) has a very large associated
experimental uncertainty [52] and, consequently, comparison
with the shell-model value of δ = 0.0024 does not lead to
any conclusion other than that the two values are consistent
within experimental error. The consequent large experimental
uncertainty in the B(E2; 2+ → 1+) value (Table IV) does not
allow any meaningful conclusions to be made about the ability
of the shell-model to reproduce the experimental value. The
2+ → 1+(ground-state) transition is essentially a pure M1
transition and, in contrast with the situation for 33P, the shell
model is able to reproduce the transition rate.
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FIG. 11. Section of the measured γ -ray spectra for target-
degrader distances of 7 and 120 μm corresponding to the 429-keV
2+ to 1+ (ground-state) transition in 34P.

FIG. 12. The decay curve corresponding to the 2+ →
1+(ground-state) transition in 34P with the removal of feeding
through the application of a Q gate. See text for details.

G. Lifetimes in 35P

The level structure of 35P has been studied by a number
of authors. The recent publication of Chapman et al. [9]
summarizes the current experimental situation in relation to
the study of the states of 35P and their description within the
context of p − sd − p f shell-model calculations which used
the PSDPF interaction [26]. The γ -ray spectrum measured
in coincidence with 35P ions is shown in Fig. 13. All of the
labeled γ -ray peaks were previously identified in the earlier
experiment carried out at INFN LNL [9,17]. The level scheme
based on the results of the earlier experiment is presented
in Fig. 14. In addition, the 35P results of Ref. [9] have been
revisited and, as a consequence, Jπ values of 9/2−, 9/2−, and
11/2− have been assigned to the states at excitation energies
of 4766, 4962, and 5089 keV, respectively [54]. It is noted here
that these are the Jπ values suggested by Bouhelal et al. [55]
in a shell-model description of phosphorus isotopes with
A = 30–35. In the present work, lifetimes, or lifetime limits,
have been established for the four states at 2386 keV with
Jπ = 3/2+

1 , at 3860 keV with Jπ = 5/2+
1 , at 4101 keV with

Jπ = 7/2−
1 , and at 4493 keV with Jπ = 7/2−

2 . No lifetimes
of excited states of 35P have previously been reported in the
literature.

H. Lifetime of first-excited Jπ = 3/2+
1 state of 35P at 2386 keV

The first-excited state of 35P is fed by a 1474-keV transition
from the higher-lying Jπ = 5/2+

1 state at 3860 keV. The

TABLE III. Experimental and shell-model values of excitation
energy and lifetime of the 2+

1 state of 34P. The adopted lifetime is
from Ref. [52].

E (expt.) E (SM) τ (present) τ (adopted) τ (SM)
Jπ (keV) (keV) (ps) (ps) (ps)

2+ 429 382 1.5(5) 1.9 +0.9
−0.4 1.41
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TABLE IV. Experimental and shell-model values of excitation energy and electromagnetic decay properties of the 2+
1 state of 34P.

Experimental values are those from the Nuclear Data Sheets evaluation of Nica and Singh [52].

E (expt.) Ef , Jπ
f B(M1) (expt.) B(M1) (SM) B(E2) (expt.) B(E2) (SM)

Jπ (keV) (keV) δ (expt.) |δ| (SM) (W.u.) (W.u.) (W.u.) (W.u.)

2+ 429 0, 1+ +0.11+0.13
−0.12 0.0024 0.21+0.05

−0.10 0.28 50+130
−50 0.035

intensity of the 1474-keV γ -ray transition in relation to that of
the 2386-keV transition is 16.0 ± 0.1% [9,17]. The statistics
for the 1474-keV γ -ray photopeak are poor; the stronger
component of the peak in the energy spectrum corresponds
to γ -ray emission before the recoiling nucleus reaches the
degrader for all target-degrader distances, which implies that
the effective lifetime of the state (which includes the effects
of feeding from higher-lying states) is short. A Q gate was
applied in order to reduce the effects of the feeding of the
3/2+

1 state from the 5/2+
1 state and the states which feed into

the 5/2+
1 state. The effects of the unobserved side-feeding

transitions were also minimized by this procedure. Figure 15
shows the two photopeak components in the γ -ray spectrum
corresponding to the 2386-keV transition for target-degrader
distances of 7, 65, and 120 μm. It can be concluded that the
lifetime of the state is too short for a definitive measurement
to be made here; consequently, a limit of <1 ps is estimated
for the lifetime.

The shell-model wave function of the first 3/2+ state is
dominated (91%) by the component

π (1d5/2)6(2s1/2)0(1d3/2)1 ⊗ ν(1d5/2)6(2s1/2)2(1d3/2)4,

whereas, for the ground-state, the component

π (1d5/2)6(2s1/2)1 ⊗ ν(1d5/2)6(2s1/2)2(1d3/2)4

is the dominant one (90%). The electromagnetic transition
between the two states therefore corresponds, to a very good

FIG. 13. γ -ray singles energy spectrum observed in coincidence
with 35P ions detected at the focal plane of PRISMA. Photopeaks
labeled with the symbol ◦ correspond to γ rays emitted from the
associated target-like nucleus, 209Bi, while those labeled with the
symbol � correspond to γ -ray emission from 208Bi.

approximation, to a proton making the transition from the
1d3/2 orbital to the 2s1/2 orbital and this is a mixed M1/E2
transition in which the M1 component is �� forbidden.
Table V presents a summary of the experimental and shell-
model energies and lifetimes for the states of interest here in
35P. For the first 3/2+ state, the experimental level energy,
2386 keV, is well reproduced in the calculation (2553 keV)
and the shell-model value of lifetime, 0.22 ps, is consistent
with the present lifetime limit. Table VI presents the shell-
model value of M1/E2 mixing ratio; unfortunately there is
no published experimental value. The shell-model value of
B(M1; 3/2+

1 → 1/2+) = 0.0089μ2
N (0.005 W.u.) is consistent

with typical hindrance factors associated with ��-forbidden
M1 transitions [46]. The shell-model B(E2; 3/2+

1 → 1/2+)
value is 24.6 e2 fm4 (3.61 W.u.).

I. Lifetime of second-excited Jπ = 5/2+ state of 35P at 3860 keV

The 3860-keV photopeak in the spectrum of Fig. 13 corre-
sponds to the transition from the Jπ = 5/2+

1 state at 3860 keV
to the ground state. The photopeak corresponding to the
1474-keV branch (branching ratio 15 ± 2% [49]) can also be
seen in the γ -ray spectrum; the intensity of the weaker branch
is too small here for a lifetime measurement to be made. The
3860-keV state is fed directly from the states at 4101 keV
and 4493 keV through transitions of energy 241 and 633 keV,

FIG. 14. Level scheme of 35P observed in the earlier 36S + 208Pb
experiment [9]. See text for details of the Jπ values of the 4766-,
4962-, and 5089-keV states.
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FIG. 15. Section of the measured γ -ray spectra for target-
degrader distances of 7, 65, and 120 μm corresponding to the 2386-
keV 3/2+

1 to 1/2+ (ground-state) transition of 35P.

respectively. The intensities of the feeding transitions, relative
to that of energy 3860 keV, have been measured as 32.6(4.3)%
and 10.4(9.3)%, respectively [9,17]. In order to minimize
the effects on the measured lifetime of feeding from these
states and from the unobserved side-feeding states, a Q gate
was applied. The resultant γ -ray spectrum, corresponding to
all measured target-degrader distances, shows that the com-
ponent of the 3860-keV photopeak corresponding to γ -ray
emission occurring after the recoiling excited 35P nucleus has
passed through the degrader can no longer be observed; see
Fig. 16. This implies that the lifetime of the 3860-keV state is
short (<1 ps). In the ungated γ -ray spectrum of Fig. 13, it can
be seen that both components are present, indicating that the
higher-lying feeding states, both observed and unobserved,
have an effective lifetime of a few ps.

The shell model predicts the first 5/2+ state to lie at
3976 keV, in good agreement with experiment (Table V). The
predicted lifetime of the state, 29 fs, is also consistent with
observation. The main component of the wave function (89%)
of the 5/2+

1 state corresponds, as expected, to the proton-hole
configuration

π (1d5/2)5(2s1/2)2(1d3/2)0 ⊗ ν(1d5/2)6(2s1/2)2(1d3/2)4.

Table VI presents the shell-model electromagnetic decay
properties of the state. The electromagnetic transition to the
ground state, a pure E2 transition, corresponds to a proton
in the 2s1/2 orbital transferring to the 1d5/2 orbital. The
B(E2; 5/2+

1 → 1/2+) value from the shell-model calculation
is 27.9 e2 fm4 (4.10 W.u.). The 5/2+

1 state also decays by
a mixed M1/E2 transition to the first-excited 3/2+ state at
2386 keV. There have been no experimental measurements
of the mixing ratio reported in the literature. The very small
shell-model mixing ratio, |δ| = 0.0052, indicates that M1
electromagnetic decay dominates. The shell-model value of
B(E2; 5/2+

1 → 3/2+
1 ), 0.013 e2 fm4 (1.91 × 10−3 W.u.), is

TABLE V. Experimental and shell-model values of excitation
energies and lifetimes of states in 35P.

E (expt.) E (SM) τ (present) τ (SM)
Jπ (keV) (keV) (ps) (ps)

3/2+
1 2386 2553 <1 0.22

5/2+
1 3860 3976 <1 0.029

7/2−
1 4101 4185 >100 30

7/2−
2 4493 4754 3.3(7) 4.87

thus very small. The B(M1; 5/2+
1 → 3/2+

1 ) value is 0.072μ2
N

(4.00 × 10−2 W.u.). Finally, the shell-model branching ratio
Iγ (5/2+

1 → 3/2+
1 )/Iγ (5/2+

1 → 1/2+) of 0.14 is in excellent
agreement with observation, 0.15 ± 0.02 [49].

J. Lifetime of Jπ = (7/2−
1 ) state of 35P at 4101 keV

The most recent compilation [49] gives the Jπ value of the
4101-keV state of 35P as (7/2−), the lowest-lying negative-
parity state. The corresponding shell-model state is that at
4185 keV with Jπ = 7/2−. The dominant components of the
wave function are

π (1d5/2)6(2s1/2)1(1d3/2)0

⊗ ν(1d5/2)6(2s1/2)2(1d3/2)3(1 f7/2)1 (34%)

and

π (1d5/2)6(2s1/2)0(1d3/2)0(1 f7/2)1

⊗ ν(1d5/2)6(2s1/2)2(1d3/2)4 (21%).

The second wave-function component above corresponds
to the promotion of a proton in the ground state of 35P from
the 2s1/2 orbital to the 1 f7/2 orbital, with an undisturbed
neutron configuration; this corresponds to a simple shell-
model picture of the 7/2− state. However, there is also a
significant wave-function component (34%) corresponding to
the excitation of a neutron from the 1d3/2 orbital across the
shell gap into the 1 f7/2 orbital.

The photopeak at 4101 keV in the γ -ray spectrum of
Fig. 13 corresponds to the ground-state decay of the 4101-keV
state (52% branch) [56]. The state also decays to the 3860-keV
Jπ = 5/2+

1 state by the emission of a 241-keV γ ray (39%
branch) and to the 2386-keV Jπ = 3/2+

1 state (9% branch)
through the emission of a 1714.8-keV γ ray. The photopeak
corresponding to the latter transition is not observed here.
The “shifted” component in the photopeak corresponding to
the 4101-keV transition (γ -ray emission before the excited
35P nucleus has passed through the degrader) is very weak,
which implies that the effective lifetime is long; see Fig. 17.
The 4101-keV state is populated directly from higher-lying
states of energy 4493 (Jπ = 7/2−

2 ), 4766 (Jπ = 9/2−
1 ), and

4962 keV (Jπ = 9/2−
2 ); the corresponding γ -ray transitions

of energy 392, 665, and 861 keV have intensities, relative
to that of the 4101-keV transition, of 72(11)%, 51(11)%,
and 28(15)% [9,17]. The long lifetime does not appear to be
associated with feeding from higher-lying states. The 861-
keV, (9/2−

2 ) → (7/2−
1 ), γ -ray photopeak is not observed in

the spectrum of Fig. 13. Note that the shell-model lifetime of
the 9/2−

2 state is 5.5 ps. The photopeak corresponding to the
665-keV (9/2−

1 ) → (7/2−
1 ) transition has two components,

which implies that the effective lifetime is of the order of a
few ps; the shell-model value of lifetime is 0.13 ps. Finally,
the lifetime of the (7/2−

2 ) state at 4493 keV, which feeds the
4101-keV state through a 392-keV transition, has a measured
lifetime, in the present work, of 3.3(7) ps, which is short com-
pared with the lifetime of the 7/2−

1 state. It can therefore be
concluded that the measured long lifetime of the (7/2−

1 ) state
is not associated with its feeding from higher-lying states,
although this conclusion is to some extent model dependent.
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TABLE VI. Experimental and shell-model values of electromagnetic decay properties of states in 35P. Experimental values of branching
ratio are those from Refs. [49], [56], and [9] for the 5/2+

1 , 7/2−
1 , and 7/2−

2 states, respectively. See text for details.

E (expt.) Ef , Jπ
f BR (expt.) BR (SM) Mλ, B(Mλ) (SM) Eλ, B(Eλ) (SM)

Jπ (keV) (keV) (%) (%) |δ| (SM) (W.u.) (W.u.)

3/2+
1 2386 0, 1/2+ 100 100 1.05 M1, 0.005 E2, 3.61

5/2+
1 3860 0, 1/2+ 87 88 E2, 4.10

2386, 3/2+ 13(2) 12 0.0052 M1, 0.040 E2, 0.0019
7/2−

1 4101 0, 1/2+ 52(4) 27 E3, 10.5
2386, 3/2+ 9(2) 16 0.031 M2, 1.41 E3, 2.61
3860, 5/2+ 39(2) 57 E1, 0.0012

7/2−
2 4493 3860, 5/2+ 15(3) 73 E1, 0.00054

4101, 7/2− 85(4) 27 0.0067 M1, 0.028 E2, 0.032

Figure 18 shows the photopeak corresponding to the 4101-
keV transition for three of the five measured target-degrader
distances. It can be seen that the component corresponding
to γ -ray emission after the degrader is the only component
observed. It can therefore be concluded that the lifetime of the
(7/2−

1 ) state is greater than about 100 ps.
Of the two main wave-function components given above

for the 7/2−
1 state, the second, with an admixture of 21%,

is expected to play a significant role in the electromag-
netic decay process to the ground state; when this particular
component is involved in the γ -ray emission process, the
E3 transition corresponds to the unpaired proton making
the � j = �� = 3 transition π (1 f7/2) → π (2s1/2). The shell-
model value of the lifetime is 30 ps, which is not inconsistent
with the long-lifetime limit associated with the experimental
measurement here; see Table V. The first 7/2− state decays
to the 1/2+ ground state by an E3 transition, to the first 3/2+
state at 2386 keV by a mixed M2/E3 transition, and to the
first 5/2+ state at 3860 keV by an E1 transition. Table VI
presents the shell-model electromagnetic decay properties of
the state. The shell-model values of branching ratios, 57%,
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FIG. 16. Sections of γ -ray spectra which show the two com-
ponents of the 3860-keV γ -ray photopeak with a Q gate (Q >

−17 MeV) (spectrum in red) and without a gate (in blue). See text
for details.

16%, and 27% to the 5/2+
1 , 3/2+

1 , and 1/2+
1 states, respec-

tively, are not in good agreement with the corresponding
measured values of 39(2)%, 9(2)%, and 52 (4)% [56]. It is
noted that the experimental branching ratios of the first 7/2−
state, given in the Nuclear Data Sheets evaluation [49], are
not in agreement with those of Dufour et al. [56] and of
Chapman et al. [9,17], which are consistent within experi-
mental errors. Consequently, in Table VI, the quoted values
are those of Dufour et al. [56]. Reduced electromagnetic tran-
sition rates predicted by the shell model are B(E3; 7/2−

1 →
1/2+

1 ) = 761 e2 fm6 (10.5 W.u.), B(E3; 7/2−
1 → 3/2+

1 ) =
190 e2 fm6 (2.61 W.u.), B(M2; 7/2−

1 → 3/2+
1 ) = 25.0μ2

N fm2

(1.41 W.u.), and B(E1; 7/2−
1 → 5/2+

1 ) = 0.00081 e2 fm2

(1.2 × 10−3 W.u.). For the 7/2−
1 → 1/2+

1 transition, the shell-
model value of the E3 transition rate (10.5 W.u.) is large, as
expected for a � j = �� = 3 transition.

K. Lifetime of Jπ = (7/2−
2 ) state of 35P at 4493 keV

The Jπ value of the 4493-keV state is given as (7/2−) in
the latest evaluation of A = 35 isotopes [49]. The state decays
to the Jπ = (7/2−

1 ) state at 4101 keV by the emission of a
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FIG. 17. Section of a γ -ray spectrum which show the 4101-keV
γ -ray photopeak. The spectrum corresponds to the sum of γ -ray
spectra at all five target-degrader distances. See text for details.
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FIG. 18. Section of the measured γ -ray spectra for target-
degrader distances of 7, 65, and 120 μm corresponding to the 4101-
keV (7/2−

1 ) → 1/2+ (ground-state) transition of 35P.

392-keV γ ray; the corresponding photopeak is observed in
the spectrum of Fig. 13. The γ -ray photopeak corresponding
to the 633.7-keV branch to the 3860-keV state (15%) [49]
is not observed in the present work as a consequence of its
low intensity and the nearby presence of broad target-like
photopeak structures. The 4493-keV state is fed directly from
above by the 9/2−

1 state at 4766 keV and by the 9/2−
2 state

at 4962 keV. The intensities of the corresponding transitions,
at 273 and 469 keV, relative to the 392-keV transition, are
52(4)% and 67(5)%, respectively [9,17]. The statistics in
the present experiment for the corresponding photopeaks are
poor; nevertheless, a Q gate was applied in order to reduce
the effects of the feeding transitions, both observed and un-
observed. Figure 19 shows the effect of the application of
a Q gate on the γ -ray spectrum; the intensities of the 273-
and 469-keV feeding transitions are reduced in the gated
spectrum, although it has not been possible to remove the
469-keV peak completely. In shell-model calculations based
on the PSDPF interaction, the lifetime of the 9/2−

1 state is
short; namely, 0.13 ps, and, on this basis, the contribution
to the measured lifetime of the 7/2−

2 state can be neglected.
As noted earlier, the shell-model lifetime of the 9/2−

2 state is
5.5 ps. The two components of the 392-keV γ -ray photopeak,
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FIG. 19. Sections of γ -ray spectra which show the two compo-
nents of the 392-keV γ -ray photopeak and the feeding transitions
at 273 and 469 keV with (spectrum in red) a Q gate and (in blue)
without a Q gate. See text for details.
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FIG. 20. Sections of the measured γ -ray spectra for target-
degrader distances of 7 and 120 μm corresponding to the 392-keV
(7/2−

2 ) to (7/2−
1 ) transition of 35P.

together with Gaussian fits, corresponding to target-degrader
distances of 7 and 120 μm are shown in Fig. 20. Figure 21
presents the corresponding decay curve. The measured life-
time is 3.3 ± 0.7 ps.

p-sd-p f shell-model calculations based on the PSDPF
residual interaction predict that the second 7/2− state lies at an
excitation energy of 4754 keV, about 260 keV higher in energy
than the observed state; see Table V. The wave function has,
as its main component (49%), the configuration

π (1d5/2)6(2s1/2)1 ⊗ ν(1d5/2)6(2s1/2)2(1d3/2)3(1 f7/2)1,

which corresponds to the promotion of a neutron across the
N = 20 shell gap from the 1d3/2 orbital in the 35P ground
state to the 1 f7/2 orbital. The shell-model value of lifetime,
4.87 ps, is in good agreement with the result of the present
measurement; namely, 3.3 ± 0.7 ps; see Table V. The (7/2−

2 )
state decays to the 5/2+

1 state at 3860 keV by an E1 transition
and to the 7/2−

1 state by a mixed M1/E2 transition. The
experimental and shell-model branching ratios (see Table VI)

FIG. 21. The decay curve corresponding to the (7/2−
2 ) →

(7/2−
1 ) transition in 35P.
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FIG. 22. γ -ray singles energy spectrum observed in coincidence
with 36P ions detected at the focal plane of PRISMA. Photopeaks
labeled with the symbol • correspond to γ -ray emission from 207Bi,
while those labeled with the symbol � correspond to emission from
208Bi.

are in very poor agreement. The values of branching ratio
given in the evaluation of Chen et al. [49], which are based on
the work of Wiedeking et al. [57] (private communication),

FIG. 23. Level scheme of 36P observed in the earlier 36S + 208Pb
experiment [9,17].

FIG. 24. Section of the measured 36P γ -ray spectrum which
shows the two components of the 2030-keV photopeak, labeled
with the symbol •, and corresponding to the (5−) to 4− transition.
Spectra at all measured target-degrader distances have been summed
to produce the γ -ray spectrum.

are not in agreement with those of Dufour et al. [56] and
of Chapman et al. [9]. Consequently, in Table VI the values
which are quoted are those of Chapman et al. [9], which
are in excellent agreement with the values of Dufour et al.
The three independent measurements of branching ratio agree
that the decay to the 7/2−

1 state is much stronger than to
the 5/2+

1 state. Why the shell model is unable to reproduce the
decay characteristics of the state is not understood at the
present time. The very small value of shell-model mixing
ratio for the transition 7/2−

2 → 7/2−
1 , |δ| = 0.0067, implies

that this decay branch is dominated by M1 radiation. Thus,
how the 7/2−

2 decays to the lower lying 7/2−
1 and 5/2+

1 states
is determined by the strengths of the competing M1 and E1
radiation, and here the results from the shell model are in stark
disagreement with observation. This would appear to be con-
sistent with earlier conclusions here with reference to shell-
model values of B(M1) being underestimated. It is also noted
here that shell-model values of B(E1) using the PSDPF inter-
action are too small compared with experimental values [58].
Reduced electromagnetic transition probabilities calculated
using the shell model (see Table VI) are B(E1; 7/2−

2 →
5/2+

1 ) = 0.00037 e2 fm2 (5.4 × 10−4 W.u.), B(M1; 7/2−
2 →

7/2−
1 ) = 0.051μ2

N (2.8 × 10−2 W.u.), and B(E2; 7/2−
2 →

7/2−
1 ) = 0.21 e2 fm4 (3.2 × 10−2 W.u.). Although there is
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FIG. 25. Section of the measured γ -ray spectra for target-
degrader distances of 7, 65, and 120 μm corresponding to the 2030-
keV (5−) to 4− transition of 36P.
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TABLE VII. Experimental and shell-model values of excitation
energies and lifetimes of states in 36P.

E (expt.) E (SM) τ (present) τ (SM)
Jπ (keV) (keV) (ps) (ps)

(5−) 2030 1817 <1 0.29
(7+) 5212 2.7(6)

good agreement between experiment and the shell model
for the excitation energy and lifetime, the disagreement with
branching ratios might indicate that there has been an in-
correct association of experimental and shell-model states.
The Jπ value of the 4493-keV state is tentative; a definitive
measurement would be helpful.

L. Lifetimes in 36P

The recent publication of Chapman et al. [9] summarizes
the current experimental situation in relation to the study of
the states of 36P. The γ -ray spectrum measured in coincidence
with 36P ions is shown in Fig. 22. The statistics are quite poor.
All of the labeled γ -ray peaks were previously identified in
the earlier experiment [9,17]. The level scheme based on the
results of that experiment is presented in Fig. 23. In the present
work, the lifetimes of the (5−) level at 2030 keV and that
at 5212 keV with Jπ = (7+) have been measured. Unfortu-
nately, it has not been possible to measure the lifetimes of
the low-lying states; however, a discussion of the shell-model
electromagnetic decay properties of the (3−) and (1−) states
will be included here for completeness.

M. Lifetime of Jπ = (5−
1 ) state of 36P at 2030 keV

The proposed Jπ = (5−) state at 2030 keV has recently
been discussed by Chapman et al. [9]. The stretched state is
one in which, in this case, a 1d3/2 proton is coupled to the
odd-neutron in the 1 f7/2 orbital. The shell-model counterpart
of the state, based on the PSDPF interaction, is at 1817 keV
with the above component accounting for 79% of the total
wave function [9]. The 2030-keV photopeak, corresponding
to decay of the state to the ground state, may be seen in the
γ -ray spectrum of Fig. 22. That the observed decay of the
state, which includes the effect of feeding from the higher-
lying (7+) and (4−) states, lies in the appropriate range for
measurement in the present experiment is demonstrated in
the spectrum of Fig. 24; both photopeak components are
observed although, again, the statistics are poor. Figure 25
shows Gaussian fits to the two components of the 2030-keV

FIG. 26. The decay curve corresponding to the (5−) → 4− tran-
sition in 36P.

photopeak corresponding to target-degrader distances of 7, 65,
and 120 μm and Fig. 26 presents the decay curve. It can be
concluded that the lifetime of the (5−) state is no larger than
1.6 ± 0.9 ps. Because of the poor statistics, it is difficult to
satisfactorily apply a Q gate in order to remove the effects of
the feeding of the (5−) state by the (7+) and (4−) states and by
direct side feeding from unobserved transitions. The intensity
of the 3182-keV transition [(7+) → (5−)] is 51(5)% of that of
the 2030-keV transition, while that of the 614-keV transition
[(4−) → (5−)] is 34(4)% [9,17]. When a Q gate is applied, the
two components of the 2030-keV photopeak are visible only
for the shortest three target-to-degrader distances; at the two
longest distances of 65 and 120 μm, only the Doppler-shifted
component is present. This observation leads to an estimated
state lifetime of <1 ps.

Tables VII and VIII summarize the experimental and shell-
model decay properties of the first 5− state. The decay to the
4− ground state is of mixed M1/E2 multipolarity, while decay
to the first 3− state is through the emission of E2 radiation.
The shell-model lifetime of the 5− state is 0.29 ps (Table VII),
which is consistent with the experimental limit based on the
current work. For the 2030-keV transition, the shell-model
value of the mixing ratio is 0.24; see Table VIII. The shell-
model values of B(M1; 5− → 4−) and of B(E2; 5− → 4−)
are also given in the table. For the hitherto unobserved
1781-keV 5− → 3− transition, the B(E2) value is calculated
to be 23.7 e2 fm4 (3.35 W.u.) and the branching of the state,
Iγ (5− → 4−) = 85%, is consistent with the nonobservation
of the 5− → 3− transition in previous experimental work [9].

TABLE VIII. Experimental and shell-model values of electromagnetic decay properties of states in 36P.

E (expt.) Ef , Jπ
f BR (expt.) BR (SM) B(M1) (expt.) B(M1) (SM) B(E2) (expt.) B(E2) (SM)

Jπ (keV) (keV) (%) (%) δ (expt.) |δ| (SM) (W.u.) (W.u.) (W.u.) (W.u.)

3− 249 0, 4− 100 100 0.0023 0.87 0.26
5− 2030 0, 4− 100 85 0.24 0.010 0.51

249, 3− 0 15 3.35
7+ 5212 2030, (5−)
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FIG. 27. Section of the measured 36P γ -ray spectrum which
shows the two components of the 3182-keV (7+) to (5−

1 ) transition,
indicated with the symbol •. Spectra at all measured target-degrader
distances have been summed to produce the γ -ray spectrum.

N. Lifetime of Jπ = (7+) state of 36P at 5212 keV

The weak photopeak at 3182 keV in the spectrum of
Fig. 22 corresponds to the transition from the Jπ = (7+)
state to the 2030-keV state with Jπ = (5−). The state has
earlier been discussed in terms of the stretch configuration
ν(1 f7/2) ⊗ π (1 f7/2) [9]. Such states have been observed in
the even-A isotopes of phosphorus with A = 30, 32, 34, and
36 and, for these states, the np separation energy S(np) shows
a linear relationship with mass number [59], an effect first
discussed within the context of the Bansal-French [60] model.
While the statistics for the 3182-keV photopeak in the present
experiment are poor, an attempt has nevertheless been made
to extract a lifetime for the (7+) state. Since there is no
observed feeding from higher-lying states, the lifetime has
been extracted by using the measured intensities of the two
components of the 3182-keV photopeak at the various target-
degrader distances. Figure 27 shows the two components
of the 3182-keV photopeak using the full statistics of the
experiment, i.e., a spectrum corresponding to all measured
target-degrader distances. Although the statistics are poor,
it is clear that there are two components to the photopeak,
corresponding to decay before and after passage of recoiling
excited 36P nuclei through the degrader foil. Figure 28 shows
the two components of the 3182-keV photopeak for target-
degrader distances of 7, 65, and 120 μm and the correspond-
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FIG. 28. Sections of the measured γ -ray spectra for target-
degrader distances of 7, 65, and 120 μm corresponding to the 3182-
keV (7+) to (5−

1 ) transition of 36P.

FIG. 29. The decay curve corresponding to the (7+) → (5−)
transition in 36P.

ing decay curve is shown in Fig. 29. The measured lifetime
is τ = 2.7 ± 0.6 ps. The shell model, based on the PSDPF
interaction is not able to calculate the properties of the 7+
state, since its wave function involves the occupation of the
1 f7/2 shell-model state by one proton and one neutron and
this lies outside the configuration space of the model.

O. The first-excited Jπ = (3−) and (1−) states of 36P

The first-excited state of 36P at an excitation energy of
249 keV has been tentatively assigned a Jπ value of (3−) [9].
The shell model predicts a first-excited state at 238 keV with a
Jπ value of 3− and lifetime 2.3 ps. Table VIII summarizes the
shell-model decay properties of the 3− state. Electromagnetic
decay to the 4− ground state takes place via a mixed M1/E2
transition. The shell-model value of M1 transition strength,
B(M1; 3− → 4−) = 1.56μ2

N (0.87 W.u.), is very strong; see
Table VIII. The first 3− and 4− (ground) states correspond to
the two possible couplings of the unpaired 2s1/2 proton and the
unpaired 1 f7/2 neutron. These configurations contribute 70%
and 75% to the total shell-model wave functions of the 3−
and 4− states, respectively [9]. The M1 transition is therefore
essentially a pure spin-flip transition, which accounts for the
large M1 transition strength. It would be very interesting to
confirm the large strength experimentally.

Coupling of an odd 2s1/2 proton with the unpaired 2p3/2

neutron leads to states with Jπ values of 1− and 2− at pre-
dicted excitation energies of 1552 and 282 keV with contribu-
tions of 75% and 56%, respectively, to the total wave function
of the states. The proposed experimental counterparts are at
excitation energies of 1344 and 423 keV, respectively [9].
The shell-model value of B(M1; 1− → 2−); namely, 1.41μ2

N
(0.79 W.u.), corresponding once again to a spin-flip
transition, is very large. The electromagnetic decay properties
of the two states have been discussed here for completeness,
and especially since the predicted M1 transition rates are
high.
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IV. CONCLUSIONS

Lifetimes of excited states of the phosphorus isotopes
33,34,35,36P, populated in binary grazing reactions, were
measured using the differential recoil-distance method. The
statistics of the γ -ray spectra corresponding to the different
target-to-degrader distances are poor; nevertheless, a few
lifetime measurements and lifetime limits have been deter-
mined. The resulting lifetimes are in good agreement with
earlier measurements, where available, which confirms the
robustness of the present measurements. For 35P and 36P, there
are no previous published lifetime values. Lifetimes, mixing
ratios, where available from published work, branching ratios,
and electromagnetic transition rates have been compared with
the results of shell-model calculations based on the PSDPF
effective interaction. In general, there is good agreement
between experiment and shell model. However, there is
evidence that shell-model values of M1 transition rates for the
3/2+

1 → 1/2+
1 (ground state) and 5/2+

1 → 3/2+
1 transitions

in 33P underestimate the experimental values by a factor of
between 5 and 10. The two-body matrix elements which
involve both 1d5/2 and 1d3/2 orbitals are relatively poorly
defined in the USDB interaction and this may contribute to
the observed differences between experiment and the shell
model in this case. In 35P, there is poor agreement between

experiment and the shell model for the branching ratio of the
7/2−

2 state at an experimental excitation energy of 4493 keV;
in this case, the competing electromagnetic decay branches
are dominated by E1 and M1 transitions. The reasons for this
discrepancy are not understood at the present time. Further
measurements of electromagnetic decay properties in this
region of the nuclear chart would be helpful in refining the
shell-model effective interactions.
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A. M. Stefanini, S. Beghini, B. R. Behera, E. Fioretto, A. Gadea,
B. Guiot, A. Latina, P. Mason, G. Montagnoli, F. Scarlassara,
M. Trotta, G. de Angelis, F. DellaVedova, E. Farnea, F. Haas, S.
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