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The level schemes of the neutron-rich 37 ~#2P isotopes are investigated via in-beam ~-ray spec-
troscopy following the fragmentation of a °Cl projectile beam at intermediate beam energies. Infor-
mation on ¥y coincidence relationships complemented by comparisons to shell-model calculations in
the sd-pf model space were used to construct excitation level schemes for these neutron-rich nuclei.
For the odd-mass 3739P isotopes, a level scheme is presented that appears essentially complete at
low energies and exhausts the states predicted by the SDPF-MU shell-model Hamiltonian. Simple
Nilsson configurations are proposed for the low-lying excited states of 33:394%41P from an analysis
of the E2 transition matrix elements and moments calculated within the shell model.

I. INTRODUCTION

Just below the neutron-rich Ca isotopic chain, the
even-Z Si, S, and Ar isotopes beyond neutron number
N = 20 have revealed rapid structural changes mani-
fested in both the evolution of the single-particle struc-
ture as well as the collective degrees of freedom [1-3]. In
fact, the breakdown of N = 28 magic number has been
demonstrated in #2Si and #*S from the low-lying level
schemes and the electromagnetic transition strengths [4—
7). Such discoveries of shell evolution continue to fuel
intense experimental and theoretical efforts worldwide to
understand the nuclear structure at the fringes of the nu-
clear chart. Over the past years, systematic studies along
these even-Z isotopic chains leading up to and crossing
N = 28 [8-15] have served to benchmark nuclear models
that aim to describe this shell evolution in the neutron-
rich regime on a quest for predictive power [2, 16]. The
properties of S and Si isotopes are well described by shell-
model calculations with the SDPF-MU effective interac-
tion which was optimized to model the shape transition
in the sulfur isotopic chain near N = 28 [17, 18] (see, for
example, [12, 14, 18-20]).

The odd-Z isotopes located in between Si, S, and
Ar on the nuclear chart have received less attention as
their spectroscopy and level structure are more com-
plex. While the systematics of the excitation spectra
for Z = 17 Cl were explored in Ref. [21], there had been
no such systematic effort for Z = 15 along the P iso-
topic chain. The phosphorus isotopes are of interest as
they are located in between the S and Si isotopes, both
of which show evidence for a rapid onset of collectivity
and shape as well as configuration coexistence towards
N = 28 [19, 20, 22-25]. Several phosphorus isotopes
in this region have been studied previously in a variety
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of different experiments [6, 22, 26-32], but their level
schemes remained elusive, even at low excitation ener-
gies.

Here, we report on the in-beam ~-ray spectroscopy
study of 37"*2P produced in the fragmentation of an
intermediate-energy *°Cl projectile beam on a C target.
Level schemes, lifetimes of longer-lived excited states (in
the few hundred picoseconds to nanosecond range), and
associated transition strengths are presented and com-
pared to shell-model calculations based on the SDPF-MU
Hamiltonian.

II. EXPERIMENT

The measurements were performed at the Coupled
Cyclotron Facility at the National Superconducting Cy-
clotron Laboratory [33] on the campus of Michigan State
University. The 45Cl projectiles were produced from a
140 MeV /u *8Ca primary beam impinging upon a 1034
mg/cm? °Be production target and separated with a
750 mg/cm? Al degrader in the A1900 fragment separa-
tor [34]. The total momentum acceptance of the A1900
was limited to Ap/p = 1.08%. The secondary projectile
beam interacted with a 149 mg/cm? pyrolytic 12C reac-
tion target placed at the pivot point of the S800 spectro-
graph [35], with a mid-target energy of 62.5 MeV /u. The
projectile-like reaction residues emerging from the target
were identified event-by-event with the focal-plane detec-
tion system of the spectrograph [36] and time-of-flight in-
formation taken between plastic scintillators in the beam
line upstream of the reaction target and in the back of the
S800 focal plane. Two different settings of the S800 mag-
netic rigidity allowed 37 ~40P and 40=42P, respectively, to
enter the focal plane. The particle identification spectra
correlating the energy loss of the reaction residues mea-
sured in the S800 ionization chamber and their time of
flight are shown in Fig. 1; for both settings, the various
P isotopes can be unambiguously separated.

The !2C reaction target was surrounded by the
Gamma Ray Energy Tracking In-beam Nuclear Array
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FIG. 1: Particle identification spectra for the reaction residues
produced in 2C(**C1,X+7)Y with the magnetic rigidity of
the S800 spectrograph centered on “Ar (upper panel) and
453 (lower panel). The energy loss was measured with the
ionization chamber of the S800 focal plane. The time-of-flight
was taken between plastic scintillators in the beam line up-
stream of the target and in the back of the S800 focal plane
(in the plots, the time of flight increases from right to left).
The P isotopes of interest are unambiguously identified and
separated.

(GRETINA) [37], consisting of eleven detector modules,
each containing four 36-fold segmented high-purity ger-
manium crystals. GRETINA was arranged to cover the
forward hemisphere, with four detector modules located
at 58° and seven at 90° with respect to the beam axis.
The spatial coordinates of the ~-ray interaction points
within the GRETINA crystals were deduced from pulse-
shape analysis of the digitized signal traces read out from
each segment. The first interaction point, assumed to
correspond to the coordinate with the largest energy de-
position, was used to calculate the v-ray emission angle
with respect with the fragment’s trajectory, which enters
into the event-by-event Doppler reconstruction of the v
rays emitted in flight by the P isotopes. The parameters
used for the Doppler reconstruction were determined us-
ing known transitions from other nuclei also transmitted
to the focal plane of the S800 spectrograph. We used the
249.2(2)-keV transition in 3P [38], the 1292.02(20)-keV
transition in 388 [39], and the 1351.10(14)-keV transition
in 40S [40] to extract the relevant parameters, such as
the target offset, for this experiment. Much of the v co-
incidence analyses performed in this work employed ad-

dback, a procedure for recovering the full y-ray energy of
events scattered from one crystal into a direct neighbor as
described in Ref. [41]. To determine ~yy coincidence rela-
tionships for the placement of transitions within cascades
in the level schemes, software cuts on y-ray transitions in
~7 coincidence matrices were employed with appropriate
background subtraction.

Spectra were fitted using the results from a GEANT4
simulation [42, 43], with parameters adjusted to re-
produce GRETINA’s response to standard calibration
sources at rest. The fits were used to obtain the relative
~-ray intensities, or branching ratios, from the peak ar-
eas. In some cases, the comparison of Doppler-broadened
lineshapes of y-ray transitions allowed us to deduce ef-
fective mean lifetimes in the range of hundreds to thou-
sands of picoseconds which leave marked imprints on the
Doppler-broadened lineshape. The fitted spectra in the
following are shown without addback as addback has not
been fully benchmarked in GEANT simulation on the
level of spectrum modeling aimed for here.

III. RESULTS AND DISCUSSION

In this section, the results are presented for the spec-
troscopy of 3" ~*2P. The proposed level schemes and tran-
sition strengths, if extracted, are compared to large-scale
shell-model calculations using the SDPF-MU effective in-
teraction [17]. The calculations employ the full sd and fp
model space for protons and neutrons, respectively, and
effective proton and neutron charges of e, = 1.35¢ and
e, = 0.35e and standard spin and orbital proton and neu-
tron g factors. The calculations were carried out with the
code NuShellX [44]. The errors presented with the mea-
sured -ray energies and excited state lifetimes in this
section consist of statistical uncertainties from the fits
and systematic uncertainties associated with the param-
eters used in the Doppler correction, added in quadra-
ture.

A. %P

The neutron-rich 37P isotope has six more neutrons
than the only stable isotope of the Z = 15 chain. Figure
2 shows the Doppler-reconstructed y-ray spectrum over
three energy ranges as measured with GRETINA for the
37P reaction residues. The solid red lines correspond to
the best fit of a linear combination of GEANT4 spec-
tra simulated for the individual «-ray transitions and a
global double-exponential background. Lifetimes are de-
duced from fits by fixing the neighboring peaks and the
background and fitting only the peak of interest with dif-
ferent simulated lifetimes. Delayed components for tran-
sitions from levels fed by longer-lived states are included
in the fit, with the intensities of these components deter-
mined from the measured intensity of the feeder transi-
tion and the literature branching ratios. The dashed blue



lines show a fit using the same technique, but with no
excited-state lifetimes included in the simulations. Fig-
ure 3 shows the fit residuals. The large residuals as-
sociated with the 439(1), 861(1)/869(1), 1182(2), and
1301(2)-keV peaks in the fit without lifetimes demon-
strate the need for their inclusion to achieve a reasonable
description of the spectrum.
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FIG. 2: Doppler-corrected (v/c = 0.340) 7-ray spectrum
for 3P as detected with GRETINA. The red lines corre-
spond to GEANT4 simulations on top of an exponential back-
ground.The dashed blue lines in the top two panels shows the
best fit if no excited-state lifetimes are included for the lev-
els at 2483(2) and 3352(3) keV. The prominent lifetime ef-
fect visible for the 1182(2) and 1301(2)-keV transitions are a
consequence of the feeding of their respective levels from the
long-lived 3352(3)-keV state.

Intense transitions at 439(1), 861(1), 869(1), 1182(2),
1301(2), and 1658(3) keV, as well as a weaker v ray at
1048(4) keV, were observed that can be identified with
previously reported transitions. Also a strong peak at
175(1) keV is visible that appears to have been mislabeled
as a contaminant from 3°P in the previous work by A.
Hodsdon et al. [28]. The coincidence spectra support
the previously reported level schemes for the first five
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FIG. 3: 7P residual spectra for the fits with lifetimes (red)
and without lifetimes (blue) as shown in Figure 2. The large
residuals in the latter fit correspond to the 869(1)-keV tran-
sition from the long-lived 3352(3)-keV state and all of the
transitions from states fed by this state.

transitions mentioned above and offer strong evidence for
new placements of the 1048(4) and 1658(3)-keV +~ rays.
Also, 15 additional transitions are reported here for the
first time, eight of which could be placed in the level
scheme. All 23 observed transitions are characterized in
Table I.

Coincidence spectra for the observed ~-ray lines were
used to inform the placements of transitions within the
level scheme (Fig. 4). Figure 5 shows a selection of five
coincidence spectra at the center of this analysis. Due to
the close proximity of the 861(1) and 869(1)-keV transi-
tions, the coincidences corresponding to these two transi-
tions cannot be resolved separately. The energies of these
two transitions are confirmed through a combination of
their high sensitivity in the fit and energy differences with
other well-known energies in the level scheme. They are
also consistent with all previous measurements, includ-
ing the low-uncertainty measurement by A. Hodsdon et
al. [28].

The previous work by Hodsdon et al. tentatively
placed the 1048(4) and 1658(3)-keV transitions in a cas-
cade on top of the 869(1)-keV transition in the level
scheme [28]. In the present work, the 1658(3)-keV tran-
sition indeed shows a strong coincidence with the 861(1)-
keV line, but not with the other strong transitions that
would be expected from this previous placement higher
up in the level scheme. Accordingly, this transition is
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FIG. 4: (a) Proposed 37TP level scheme containing all placed transitions in the present measurement. Red arrows mark newly-
placed transitions, and dashed arrows indicate tentative placements. (b) Predicted 3P level scheme based on SDPF-MU
shell-model calculations. All predicted levels up to 3553 keV are shown.
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FIG. 5: Selected background-subtracted 7 coincidence spec-
tra for 37P.

placed directly atop the 861(1)-keV state. Coincidence
relationships with the much weaker 1048(4)-keV line are
less compelling, but that transition’s strongest coinci-
dence is with the 1182(2)-keV line and its energy fits into
the level scheme as a decay from the 3528(3)-keV state,
known from the well-defined placement in this work of

the 175(1)-keV transition to the 3352(3)-keV state. The
lack of coincidences with the 861(1)-keV transition is ex-
plained by the low intensity of the 1048(4)-keV transition
in combination with the relatively small branching ratio
of that decay path. The level energies associated with
the new placements of these transitions are consistent
with the excited states at 2570(30) and 3560(30) keV
previously reported by Fifield et al. [27] from particle
spectroscopy. The placement of the 2027(4)-keV transi-
tion is tentative due to limited statistics and difficulty
separating its coincidences from the nearby 2006(3)-keV
line. Seven of the observed transitions cannot be placed
in the level scheme due to a combination of low statistics
and close proximity to more intense peaks, preventing an
unambiguous coincidence analysis.

Table I lists the observed 3"P energy levels together
with their decays and other measured information. Spin-
parity assignments are suggested from comparison with
shell-model calculations using the SDPF-MU effective
interaction. Figure 4 confronts the proposed 37P level
scheme with the predicted one. The theoretical level
scheme shows all of the computed levels up to 3553 keV.
The high level density above this energy makes it dif-
ficult to associate predicted states with measured ones.
Newly placed transitions are marked in red in the level
scheme proposed from the present data. The seven un-
placed v rays observed are not shown but are included in
the table. The experimentally determined level scheme
appears essentially complete up to the 3528(3)-keV level,
aside from the 3/23 state predicted at 2073 keV. Our
new placements of the previously observed 1658(3) and
1048(4)-keV transitions may correspond to the calculated
yrast 7/27 and either the 11/2% or the 13/27 states. The
shell-model calculation predicts only a small energy dif-
ference between the 11/2] and 13/2] levels and a sim-
ilar decay pattern. The 3352(3) and 3528(3)-keV states
are tentatively assigned as (13/27) and (11/2%), respec-
tively, based on predicted transition strengths, described



below.

Furthermore, constraints could be placed on the effec-
tive lifetime of the 3352(3)-keV state in 3P from the ob-
served Doppler line shape in this high-statistics case. The
Doppler-corrected 7-ray line shape of the 869-keV peak,
as well as those of the transitions from states it feeds,
display left tails. To account for these peak shapes, life-
times were included in the GEANT4 simulations of the
GRETINA response. Due to the close proximity of the
861(1) and 869(1)-keV transitions, and with no way to
independently constrain the intensity of the lower-energy
peak, it was not possible to employ the preferred tech-
nique of fixing the background and neighboring peaks to
only allow the lifetime and peak intensity to vary. Be-
cause of these complications, firm lifetimes for the states
involved cannot reasonably be quoted and 7 is then
rather treated as a lifetime-like variable to improve the
fit that indicates the order of magnitude for 7. The best
fit, shown in Fig. 2, was achieved using 7¢;+ = 75 ps for
the 3352(3)-keV state and 7y;; = 3 ps for the 2483(2)-keV
state. The fit also includes the associated delayed compo-
nents for the prompt transitions from levels fed by these
longer-lived states. Fitting without these lifetimes results
in uncertainties on the order of 25% in the peak intensi-
ties. The inclusion of a small lifetime for the 9/27 state
is consistent with the SDPF-MU shell-model predictions.
The 11/2% and 13/2% states have predicted lifetimes of
only 3 and 13 ps, respectively, which are smaller than the
fit variable 75 = 75 ps that may compensate for other
unconstrained effects in the regime of intense neighboring
peaks.

Since the 3352(3)-keV state cannot confidently be as-
signed as either the 11/2] or the 13/2] state from
the level scheme alone, the order of magnitude of the
transition strengths from the lifetime estimate for both
possibilities is considered. If the level is the 13/2]
state, the transition to the 9/2] level must be a pure
E2 transition. Our estimated lifetime would yield a
B(E2;13/2% — 9/2%) values of order 22 e2fm*. The
SDPF-MU shell-model calculations predict the corre-
sponding B(E?2) strength to be 21.7 e2fm*. Alternatively,
if the level was the 11/2;r state, it may decay by either
an M1 or E2 transition to the 9/2%. Using the multipole
mixing ratio of § = —0.04 predicted by the shell-model
calculations gives a B(M1;11/2% — 9/2%) strength of
the order of 0.0012(1) u%, a factor of 20 smaller than the
predicted 0.026 p3%,. This suggests that the 3352(3)-keV
state may be the 13/2] rather than the 11/2] level.

B. *Pp

The odd-odd nucleus 38P isotope is much less stud-
ied than its even-N neighbors. Previous spectroscopy
of this nucleus is limited to a single transition observed
in a projectile fragmentation experiment [30] and three
transitions observed following the selective population of
1T excited states in the 3 decay of 38Si [29]. Figure 6

TABLE I: Energy levels and associated 7-ray transitions ob-
served in 37P. Tentative spin-parity assignments, branching
ratios, and relative intensities of all transitions are given.

Eieper [keV] J7 E, [keV] Branching Intensity
861(1) (3/2%) 861(1) 100 84.5(1.1)
1301(1) (5/2%)  439(1)  32(1) 32.1(0.8)
1301(2)  100(1) 100.0(0.9)
2483(2) (9/27)  1182(2) 100 73.6(1.6)
2519(2) (7/27)  1219(2) 41(3) 5.7(0.4)
1658(3)  100(3) 14.0(0.4)
2666(4) (5/27)  1805(4) 100 6.5(0.4)
2888(4) (5/2%)  2027(4) 100 4.6(0.4)
3352(3) (13/2%)  869(1) 100 30.6(0.9)
3436(4) (3/27)  2135(4) 100 5.3(0.4)
3528(3) (11/2%)  175(1)  100(10) 4.2(0.4)
1048(4)  88(10) 3.7(0.4)
3952(4) - 1433(3)  100(9) 3.5(0.3)
2651(5)  80(11) 2.8(0.4)
4489(4) - 2006(3) 100 6.6(0.4)
4894(4) - 1366(3) 100 4.4(0.4)
- - 517(2) - 1.8(0.3)
- - 79(2) - 2.6(0.3)
- - 814(3) - 2.5(0.3)
- - 1013(1) - 2.9(0.4)
- - 1262(5) - 1.9(0.3)
- - 1342(2) - 2.5(0.3)
- - 1378(5) - 2.2(0.4)

shows the fitted, Doppler-reconstructed y-ray spectrum
measured in coincidence with the 3P reaction residues.
An intense y-ray transition at 380(1) keV is visible and
can be identified with the previously reported v ray from
Chapman et al. [30]. In addition, 20 transitions are re-
ported for the first time. All but two of the observed
transitions were placed in the level scheme. All 21 ob-
served transitions are documented in Table II with the
corresponding excited states characterized.

Although it is not immediately apparent from the
spectrum alone, a doublet of transitions at 380(1) and
384(1) keV is strongly suggested, originating from levels
with rather different excited-state lifetimes. The coinci-
dence spectra for higher-lying states, shown in Fig. 7 and
8, are used to construct the level scheme (Fig. 9) around
these two proposed states. Summing up the energies
associated with various cascades suggests two distinct
states rather than a single one. The 520(1)-keV level
can decay with either a transition directly to the ground
state or with a 136(1)-keV decay, indicating a state at
384 keV. The decays from the 1152(2)-keV level simi-
larly place the state at 385 keV. The 1365(2)-keV state,
however, can decay by a 984(2)-keV transition, suggest-
ing instead a level at 381 keV. The low uncertainties on
these transition energies makes it unlikely that these are
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FIG. 6: Doppler-corrected (v/c = 0.333) «-ray spectrum de-
tected with GRETINA in coincidence with **P as identified
with the S800 spectrograph. The red line represents the
GEANT4 response functions on top of an exponential back-
ground fit to the data. In the top panel, the dashed blue line
shows the best fit if no excited-state lifetimes are included
and the dashed magenta lines shows the best fit including
lifetimes, but excluding the transition at 384 keV.

a single peak, particularly because fitting a single peak
places the best fit energy at 380(1) keV. Fitting two peaks
places the best-fit energies at 380(1) and 384(1) keV, con-
sistent within uncertainty with the cascade energies. Ad-
ditionally, the coincidences for transitions which feed the
380(1)-keV state in our proposed level scheme, shown in
the bottom panel of Fig. 7 and 8, display a narrow peak
in this region, while those for the transitions which feed
the proposed 384(1)-keV state, in the third and fourth
panels of Fig. 8, show a much broader one. This is con-
sistent with the suggested lifetime effect associated with
the latter state, which results in a broadening of its -
ray lineshape compared to the proposed prompt decay
of the 380(1)-keV state. Note that while the doublet at
1578(4)/1581(4) keV is in coincidence with both tran-
sitions, most of its intensity decays to the 380(1)-keV
state, consistent with the narrow peak in its coincidence
spectrum. We also find that a single transition cannot
accurately fit the spectrum in this region, regardless of
the energy or lifetime used. The magenta line in Fig. 6
shows the best fit achievable without the inclusion of a
long-lived 384(1)-keV transition. The underestimation of
the "background” in this fit is the result of the required
long lifetime, 7 = 2670(250) ps, which causes a substan-
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FIG. 7: Background-subtracted v coincidence spectra for
38P, gated on transitions in the structure shown on the left
in Fig. 9.

tial and extended low-energy tail. Coincidences taken
with the region from 280 to 330 keV, which corresponds
to the long tail of the proposed isomeric transition at
384(1) keV, are roughly consistent with the existence of
the doublet and the placement of the two transitions in
the level scheme, although the low signal-to-background
ratio in this region makes a coincidence analysis diffi-
cult. The inclusion of two states is also supported by the
SDPF-MU shell-model calculation for 3P, which predict
both the 37 and 4; states to be at low energies, with
the 4] state calculated to have a lifetime on the order of
hundreds of picoseconds due to the E2 character of its
decay to the 27 ground state. The expected decays and
feeding patterns of these states are also consistent with
our proposal. Furthermore, if the 384(1)-keV state is not
included in our level scheme, no other observed state is
consistent with the predicted 4; level.

The close proximity of the 380(1) and 384(1)-keV tran-
sitions, combined with the latter’s Doppler broadening,
makes resolving coincidence relationships in this region
very difficult. Since both transitions appear to be de-
cays leading to the ground state directly, their feeders
are proposed by examination of energy differences be-
tween the higher-lying transitions in addition to the co-
incidence spectra.

Figure 9 compares the 3%P level scheme with the
SDPF-MU shell-model calculations. The experimental
scheme shows newly placed transitions in red. The ob-
served level scheme has two unlinked structures, consis-
tent with the shell-model predictions. Curiously, within
the shell model, there is no marked difference in the
configurations of the states that belong to the discon-
nected structures and the lack of linking transitions may
be solely rooted in energy and spin differences, suppress-
ing decay branches between them. The state proposed
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FIG. 8: Background-subtracted 7 coincidence spectra for
38p . gated on transitions in the structure on the right in Fig-
ure 9.

at 885 keV has no correspondence in the shell model.
Tentative spin assignments are associated with experi-
mental levels through comparisons of energies, decays,
feeders, branching ratios, and lifetimes with the results
from shell-model calculations. The high predicted level
density above 1500 keV makes suggestions of spin values
for higher-lying states difficult. The observed level en-
ergies and ordering of states for 33P differ from the pre-
dicted values much more than for even-N 37P, which is
not unexpected given that the description of the proton-
neutron couplings in odd-odd nuclei is more demanding
for the Hamiltonian.

We report the peak structure at approximately
1580 keV as a doublet. The coincidence spectra for
this doublet, in Fig. 8, show only the 380(1)/384(1) and
1525(3)-keV transitions. This, combined with the place-
ment of the other transitions in the level scheme, sug-
gests a cascade with the 1525(3) and 384(1)-keV transi-
tions. However, the number of coincidence counts for the
1525(3)-keV transition is roughly a third of what would
be expected in this scenario. Additionally, the narrow
peak at 380 keV suggests that the doublet is coincident
primarily with the fast 380(1)-keV transition, and not
the long-lived 384(1)-keV transition which would show
substantial broadening of the y-ray lineshape.

Assuming two peaks in the fit leads to energies at
1578(4) and 1581(4) keV. Despite their relatively high
intensities, the placements of those two transitions in the
level scheme remain tentative due to the inability to re-
solve their coincidences separately, and the difficulty of
resolving the 380(1) and 384(1)-keV transitions in the
coincidence spectra. A previously observed transition
at 1120(2) keV was tentatively placed as a ground-state
transition from a 17 state by Tripathi et al. [29], with the
spin-parity assignment informed by allowed (-decay se-
lection rules. The 1123(2)-keV transition observed here
is placed as a decay to the 384(1)-keV state based on
the observed coincidence. Low statistics in the previ-
ous measurement may explain the non-observation of the
384(1)-keV transition. However, the 1507(2)-keV level,
from which this transition originates, is most similar to
the predicted 5~ level in the SDPF-MU shell-model cal-
culations (which for 38P includes only negative parity
states within the given model space). Since the § decay
from the 01 ground state of 3®Si to a 5~ state is highly
suppressed, it is likely that the present work and [29]
observe different transitions that happen to have similar
energies. The 1507(3)-keV transition is not placed in the
level scheme despite an observed level at that energy be-
cause this would require the transition to be of M3/E4
multipolarity.

Clear lifetime effects are visible in the y-ray spectra for
the 180-keV transition and, when considering the alter-
native fits in Fig. 6, for the doublet around 380 keV as
well. Excited-state lifetimes are extracted for the corre-
sponding states at 180(1), 380(1), and 384(1) keV, using
the «-ray lineshape analysis technique described previ-
ously. The 180(1)-keV lifetime was determined by fixing
the background and nearby transitions and varying only
the lifetime and peak area. This fit is shown in Fig. 10.

Extracting the lifetimes for the 380(1) and 384(1)-keV
states is more complicated since the two peaks overlap.
The 384(1)-keV transition is broad enough to impact the
spectrum down to about 200 keV. In order to assess the
lifetime, first all other fit components in the region were
fixed. The two prompt peaks in the region of interest,
corresponding to the 245(1) and 355(1)-keV transitions,
were fitted with a free double-exponential background pa-
rameter to account for both the actual background and
the counts from the tail of the long-lived 384(1)-keV tran-
sition. A scalable background template was constructed
by subtracting all fitted peaks from the spectrum of 3P
shown in the next section. This template was then scaled
by fitting it both to the 120-200 and 400-600-keV regions
of the 3®P spectrum. This procedure of fixing the back-
ground only leaves the energies, lifetimes, and intensi-
ties of the two peaks of interest as free parameters and
increased the sensitivity of the fit to the peak shape of
the 384(1)-keV transition. The 380(1)-keV transition en-
ergy has been reported previously with an uncertainty of
1 keV by Chapman et al. [30] and this precise energy was
used here. The 384(1)-keV transition has not previously
been observed, but its energy is tightly constrained by
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its placement in the level scheme. The first instance of
fitting varied the lifetimes, the intensities, and the 384(1)-
keV transition energy while fixing all other parameters.
For any reasonable combination of lifetimes, it was found
that the energy x? fit of the longer-lived state has a sharp
minimum at 384 keV. This then allowed all transition en-
ergies to be fixed and left the two lifetimes and intensities
as the only free parameters.
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FIG. 10: The upper panel shows the fit for the lifetime anal-
ysis of the 180(1) keV transition in 3¥P. The background and
all other transitions were fixed (represented by the blue line)
and only the lifetime and peak area were varied. The total
resulting best fit is shown in red. The lower panel shows the
figure of merit of the fit as a function of the simulated lifetime.
The dashed line corresponds to the 95% confidence interval.
The best fit lifetime is 536(32) ps.

The dramatic broadening of the ~-ray line shape of
the 384(1)-keV transition leads to a large energy range
where the peaks do not overlap despite the similar en-
ergies. As a result, the correlation between the two life-
times is weak. For any reasonable lifetime choice for the
384(1)-keV transition, one finds that the best fit for the
lifetime of the 380(1)-keV line is 22(3) ps. This conve-
niently allows this parameter to be fixed and reduces the
fit to only the two peak intensities and the lifetime of
the 384(1)-keV transition. Once the best-fit lifetimes for
both transitions were obtained, the longer lifetime was
fixed and the energy and lifetime of the 380(1)-keV tran-
sition was varied to confirm the fit energy. Shifting this
transition energy by only 1 keV in either direction re-
sults in a substantially worse fit, supporting our initial
assumption.

From comparison to shell model, the three longer-lived
states at 180(1), 380(1), and 384(1) keV are associated
with the predicted 17, 3;, and 4] levels, respectively.
The SDPF-MU shell-model calculations predict lifetimes
of 464 ps for the 1 state and 39 ps for the 3] state,
which are roughly consistent with our measurements of
536(32) ps and 22(3) ps, respectively. The predicted life-
time for the 4; state is 255 ps, which is an order of mag-
nitude smaller than our measured value of 2670(250) ps.
This discrepancy can possibly be explained by differences
between the predicted and observed energies and branch-
ing ratios. The shell model predicts that this state should
decay to the 3] state 80% of the time, but our observed
states are separated by only 4 keV as opposed to the pre-
dicted 137 keV. This makes a transition between those
two states much less likely, leaving only the decay to the
ground state as a low-multipolarity transition. The shell
model also predicts a lifetime of 140 ps for the 25 state,
but the two transitions originating from this state appear
to be prompt. This discrepancy is at least partially ex-
plained by the much higher energy of the observed state
(426 keV as opposed to 271 keV in the calculation).



Transition strengths are computed from experiment
and compared to shell-model calculations. The decay
from the 384(1)-keV (47) state to the (27) ground state is
a pure E2 transition, giving a B(E2;(47) — (27)) value
of 37(3) e*fm*. The shell-model calculations predict a
B(E2;4= — 27) = 32 e*fm®. The other two longer-lived
states may decay by either M1 or E2 multipolarity, but
the predicted mixing ratios are -0.06 and <0.01 for the
180(1) and 380(1)-keV transitions, respectively, indicat-
ing nearly pure M1 character. Using these mixing ratios
yields B(M1;(17) — (27)) = 0.018(1) pu3 as compared
to the predicted transition strength of 0.031 py for the
decay of the 1~ state. For the 380(1)-keV (37) level we
compute a B(M1;(37) — (27)) value of 0.047(6) u% as
compared to the predicted one of 0.064 y%.

Cc. *p

Figure 11 shows the fitted, Doppler-reconstructed ~-
ray spectrum taken in coincidence with the 3P reaction
residues. Intense y-ray transitions are observed at 355(1),
618(2), 973(1), and 1210(2) keV that can be identified
with previously reported 7 rays from an intermediate-
energy Coulomb excitation experiment [26], a 4°Si B-
decay experiment [29], and a projectile fragmentation ex-
periment [31]. Sixteen additional transitions are reported

TABLE II: Energy levels and associated «y-ray transitions ob-
served in 38P. Tentative spin assignments, branching ratios
and relative intensities of all transitions are given.

Eicyer keV] J™ 7 (ps) E, [keV] Branching Intensity
180(1) (17) 536(32) 180(1) 100 57.5(1.0)
380(1) (37)  22(3) 380(1) 100 40.8(0.5)
384(1) (47) 2670(250) 384(1) 100 100.0(1.6)
426(1) (27) - 245(1)  100(3)  16.0(0.4)

426(1) 61(3)  9.7(0.4)
520(1) (37) - 136(1) 23(2)  10.2(0.7)

520(1)  100(1)  44.0(0.5)
885(1) - - 459(1) 100 6.7(0.3)
1152(1)  (47) - 632(1)  100(3)  19.5(0.5)

767(2) 28(2)  5.4(0.4)
1365(2) - - 939(2)  34(6)  2.3(0.4)

984(2)  100(7)  6.8(0.5)
1507(2)  (57) - 355(1) 35(1)  7.3(0.3)

1123(2)  100(2)  21.1(0.5)
1909(3) - - 1525(3) 100 34.2(0.7)
1958(4) - ~ 1578(4) 100 8.0(1.6)
2468(4) - - 1048(4) 100 6.3(0.5)
3281(4) - - 17T4(4) 100 5.8(0.5)
3490(5) - - 1581(4) 100 4.6(1.6)
; - - 1143(5) - 1.6(0.4)
- - - 1507(3) - 2.6(0.5)
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FIG. 11: Doppler-corrected (v/c = 0.333) 7-ray spectrum
detected with GRETINA in coincidence with 3P as iden-
tified with the S800 spectrograph. The red line represents
the GEANT4 fit to the data. This fit includes delayed com-
ponents for the transitions whose levels are fed by long-
lived states. The dashed blue line shows the best fit if no
excited-state lifetimes are included for the 355(1), 973(1), or
2183(2) keV levels. The insets show the residual spectra for
the fits including (red) and excluding (blue) excited-state life-
time effects. The large residuals in the latter fit correspond
to the 355(1), 973(1), and 1210(2) keV transitions, which we
thus associate with lifetime effects

The coincidence spectra for this nucleus, shown in
Fig. 12, are consistent with the previous placements of
the known transitions and enable placement of ten of the
newly observed transitions as well. Figure 13 compares
the 3P level scheme with the SDPF-MU shell-model cal-
culations. The depicted theoretical scheme includes all
calculated energy levels up to 2496 keV. The levels at
3073 and 3100 keV are also included because they are
the only two calculated levels with similar properties to
the observed state at 3098(2) keV. Based on the pre-
dicted branching ratios, the measured level is more likely
the 11/27 state. The placement of the 944(1)-keV tran-
sition is tentative due to low statistics. The level scheme
proposed from experiment appears complete up to the
2199(3)-keV level; it exhausts all predicted states up to
2496 keV, and the predicted energies, particularly for the
yrast states, are rather similar to the measured ones.

The 973(1)-keV state has been observed in three sep-
arate experiments prior to this work [26, 29, 31]. A rel-
ative branching ratio of 9(1) for the 618(2)-keV transi-
tion from this state is deduced, which is substantially
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39
P.

smaller than the previous measurement by O. Sorlin et
al. [31] of 67. However, our result is consistent with the
non-observation of this transition in two previous exper-
iments that report the ground-state transition from this
state [26, 29]. Our measured branching ratio is also in
agreement with the shell-model prediction of a branching
ratio of 9 for the decay to the 3/27 excited state relative
to the decay 1/2% ground state.

A ~-ray line shape analysis suggests short lifetimes for
the 355(1), 973(1), and 2183(2)-keV states. This analysis
is possible for these short lifetimes due to the combination
of high statistics and low energy uncertainty achieved in
this experiment. The overall fit is substantially improved
by including lifetimes of 77, = 21, 6, and 16 ps, respec-
tively, for these states. If the spectrum is fit without these
lifetimes, the difference in y-ray lineshapes between sim-
ulation and data results in an uncertainty on the order of
50% in the intensity of the 355(1) and 973(1) keV transi-
tions, and on the order of 10% for the 1210(2) keV tran-
sition. The insets in Fig. 11 show the residual spectra
from the fits with and without the lifetime effects. The
large residuals associated with the 355(1), 973(1), and
1210(2)-keV transitions in the fit without lifetime effects
demonstrates the need for the inclusion of lifetimes to
achieve a reasonable fit. We do not report these lifetimes
as actual measurements due to the systematic, uncon-
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trolled uncertainties associated with using this technique
for such short lifetimes and the proximity of other tran-
sitions to the peaks of interest. However, the inclusion
of these lifetimes in the fits is consistent with the SDPF-
MU shell-model calculations, which predict lifetimes of
9, 19, and 7 ps for these levels, respectively. No other
longer-lived states are predicted.

TABLE III: Energy levels and associated «-ray transitions ob-
served in 3°P. Tentative spin assignments, branching ratios,
and relative intensities of all transitions are also given.

Eicver keV]  J™ E, [keV] Branching Intensity
355(1) (3/21)  355(1) 100 73.7(1.7)
973(1) (5/2%)  618(2)  9(1) 9.2(0.6)
973(1)  100(2) 100(2.0)
1601(1) (7/27)  628(1)  42(2) 14.0(0.7)
1246(2)  100(3) 33.1(1.1)
2183(2) (9/27)  582(1)  7(1) 3.9(0.5)
1210(2)  100(2) 52.5(0.9)
2199(3) (5/2+)  1226(3)  64(7) 5.8(0.6)
1844(4)  100(7) 9.1(0.6)
2545(2) - 944(1) 100 6.3(0.6)
3008(2) (11/2%)  916(1)  99(6) 8.1(0.5)
1497(3)  100(7) 8.2(0.6)
3420(4) - 1819(4) 100 6.2(0.6)
3660(3) . 1477(3) 100 11.7(0.7)
- - 200(1) - 2.8(0.4)
- - 600(2) - 4.3(0.5)
; - 819(1) - 4.7(0.5)
; - 995(3) - 1.7(0.6)
- - 1522(4) - 3.1(0.6)
- - 1641(3) - 2.6(0.5)
D. “Pp

Previous spectroscopy of “°P is limited to the selec-
tive population of 17 excited states in the 8 decay of
40Gi [29]. The statistics for “°P are roughly two orders of
magnitude lower than for the lighter phosphorus isotopes
and the information extracted from the present data is
thus more limited. Figure 14 shows the fitted, Doppler-
reconstructed ~-ray spectrum taken in coincidence with
the 40P reaction residues. Eight ~-ray transitions are
observed, none of which have been reported previously.

Five of the observed transitions could be placed in the
level scheme. Figure 15 compares the “°P level scheme
with the SDPF-MU shell-model calculations. The tran-
sition labeled with energy 'x’ in the experimental scheme
represents an unobserved decay that appears to have to
exist from the 289(1)-keV state. Figure 16 shows a clear
coincidence between the 289(1) and 545(1)-keV lines and
no other observed transitions. The 289(1)-keV transition
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FIG. 14: Doppler-corrected (v/c = 0.331) 7-ray spectrum
detected with GRETINA in coincidence with *°P as identi-
fied with the S800 spectrograph. The red line represents a
GEANT4 fit to data. The dashed blue line in the top panel
shows the best fit if no lifetime is included for the 289(1) keV
transition.

is best fit with a mean lifetime of 15 ps, and there is no
evidence of a correspondingly delayed component for the
545(1)-keV transition, indicating that the higher-energy
transition must be the feeder. However, the intensity

of the 545(1)-keV transition is more than four standard
deviations greater than that of the 289(1)-keV transi-
tion. It is thus likely that there is intensity missing in
the decays depopulating the 289(1)-keV state. The low
statistics, combined with both the Doppler broadening
of the y-ray line shape due to the parent state lifetime as
well as the high background at low energies, could lead
to the non-observation of another low-energy decay from
this state. The shell-model calculation also predicts that
the first excited state is longer-lived with an energy of
321 keV and a lifetime of 86 ps. This could be a possible
end point of the transition suspected missing from the
289(1)-keV state.

Coincidence relationships for the 331(1), 599(2), and
633(1)-keV ~ rays suggest a cascade. There are insuf-
ficient statistics to determine placement of the remain-
ing three transitions. Unlike for the other P isotopes
reported here, the predicted level scheme for °P is not
easily comparable to the experimentally observed one.
Therefore, no proposed spin assignments for our mea-
sured levels can be offered from comparison to shell
model.

E. P

As for ‘P, the statistics for *'P are limited as com-
pared to the lighter P isotopes with A = 37 — 39.
Figure 17 shows the fitted, Doppler-reconstructed ~y-ray
spectrum from the 'P reaction residues. Identified are -
ray transitions at 172(1), 443(2), 731(2), 972(4), 1148(4),
and 1420(4) keV that can be associated with previously
reported transitions from two prior fragmentation exper-
iments [6, 32], as well as a new transition at 1405(5) keV.
The experiment by Riley et al. also reported a transition
at 1729(5) keV [32], not seen in this measurement.
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Figure 18 compares the “'P level scheme with the
SDPF-MU shell-model calculations. The coincidence
spectra for the 172(1)-keV transition in Fig. 19 shows
the expected coincidence relationships given the previ-
ously reported level scheme for *'P [6, 32]. Statistics
for the other transitions were insufficient for a coinci-
dence analysis. Bastin et al. placed a 420(22)-keV transi-
tion connecting states at 1574(19) and 1145(17) keV [6].
The 443(2)-keV transition reported here would fit well
into the level scheme as a decay from the 1592(4) to
the 1148(4)-keV state, and the existence of this branch
would be consistent with the shell-model predictions for
the 7/2] level. However, the more recent measurement
by Riley et al. did not observe any evidence for this
transition and concluded that, if it originates from the

TABLE IV: Energy levels and associated ~-ray transitions
observed in *°P. The branching ratio for the 289(1) keV state
is unknown due to missing decay intensity. Branching ratios
and relative intensities of all transitions are given.

Eicver [keV] J"  E, [keV] Branching  Intensity
289(1) - 289(1)  * 75.1(4.6)
599(2) - 509(2) 100 64.5(5.2)
834(1) - 545(1) 100 100.0(5.9)
1232(2) - 633(1) 100 25.1(4.0)
1563(2) - 331(1) 100 22.5(3.4)
- - 315(2) - 21.5(3.3)
- - 1373(5) - 13.5(4.3)
- - 1606(5) - 19.2(4.9)
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FIG. 17: Doppler-corrected (v/c = 0.328) 4-ray spectrum
detected with GRETINA in coincidence with *'P as identi-
fied with the S800 spectrograph. The red line represents the
GEANT4 fit to data. The dashed blue line shows the best

fit if no excited-state lifetime is included for the 172(1) keV
transition.

1592(4)-keV state, it must have a branching ratio of less



13

(@) 2323— 53— (b) 5/
+ 2120—y—
731 7/2°
1778 3/2*
v 725 I 1703
1592
591
5/2" ¢
1304
5/2* Y117 ¥
1148 (5/2°) 1187 572 1846
1420 1504 1429 1703
913 1030
972 1187
1148 1304
A\ 4 3/2+ v v v v
v (3/2*) & T 274
172 274
) 4 172‘ (1/2+) v 1/2+ v v \ 4

FIG. 18: (a) Proposed *'P level scheme containing all placed transitions in the present measurements. (b) Predicted *'P level
scheme based on SDPF-MU shell model calculations. All predicted levels up to 2120 keV are shown.

S30E o
2E §
205

= E

ﬂ E

c 10

>

(e}

u 07 Il L L L

0 400 800 1200 1600 2000
Energy (keV)

FIG. 19: Background-subtracted v coincidence spectrum for
4P, gated on the 172(1)-keV transition. Statistics for the
other transitions are insufficient for coincidence analysis.

TABLE V: Energy levels and associated «y-ray transitions ob-
served in *'P. Branching ratios and relative intensities of all
transitions are also given.

Ejeper [keV] J™ 7 (ps) E, [keV] Branching Intensity
172(1) (3/2%) 652(55) 172(1) 100 100(2.3)
1148(4)  (5/2%) - 972(4)  100(14)  4.4(0.6)

1148(4)  70(14)  3.1(0.6)
1592(4) - - 1420(4) 100 12.1(1.1)
2323(5) - - 731(2) 100 3.9(0.6)
_ ; S 443(2) - 1.6(0.4)
: - - 1405(5) - 12.3(L1)

than 2% [32]. Based on the observed intensities of the
443(2) and 1420(4) keV transitions, a branching ratio
of 12(3)% is deduced if they decay from the same state.
Without sufficient evidence to place the 443(2)-keV tran-
sition anywhere else, it is suggested that it be removed
from its current placement and be considered unplaced.
It was also not possible to place the newly observed tran-

sition at 1405(5) keV in the level scheme.

The properties of the 172(1) and 1148(4)-keV levels
are consistent with the predicted 3/2] and 5/27 states,
as indicated by previous works [6, 32]. The 1592(4)-keV
level most likely corresponds either to the predicted 5/ 2;;
or 7/2} state.

A very pronounced lifetime effect is visible for the
172(1)-keV transition that yields a mean lifetime of
652(55) ps. This is an order of magnitude longer than
the shell-model prediction of 41 ps, but the calculated
energy of the level, at 274 keV, is substantially greater
than the measured value. Our lifetime measurement is
consistent within uncertainty with the previous measure-
ment of 550(70) ps by Riley et al. [45].

The shell-model calculations predict that the 172(1)-
keV transition is nearly pure M1, with a mixing ratio of -
0.07. Using this value yields B(M1;(3/2%) — (1/2%1)) =
0.017(2) p%. The SDPF-MU shell-model calculations
predict a B(M1;3/2f — 1/2]) value of 0.055 n%, a
factor of three larger than observed.

F. *“?p

No previous spectroscopy of *2P has been reported.
Figure 20 shows the fitted, Doppler-reconstructed v-ray
spectrum taken in coincidence with the 4?P reaction
residues. Eight ~-ray transitions are reported for the
first time. Due to low statistics, a coincidence analysis
was not possible and none of these transitions could be
placed within a level scheme. The transition energies and
their relative intensities are reported in Table VI. The
predicted level scheme for 2P is shown in Fig. 21 for
completeness.
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FIG. 20: Doppler-corrected (v/c = 0.325) 7-ray spectrum
taken with GRETINA in coincidence with *?P as identified
with the S800 spectrograph. The red curves represent the
GEANT4 fit to the data.
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FIG. 21: Predicted *?P level scheme based on the SDPF-MU
shell-model calculation. All predicted levels below 2 MeV are
shown.

TABLE VI: Observed ~-ray transitions in **P and their rela-
tive intensities.

E, [keV] Intensity
144(1) 100(12)
291(2) 12(4)
452(2) 15(5)
759(3) 35(7)
1120(7) 18(6)
1310(3) 64(9)
1618(4) 33(7)
1659(8) 28(6)

G. Discussion of quadrupole collective structures

Before large-basis configuration interaction (CI) calcu-
lations were possible, the Nilsson model, for a selected
axial deformation, provided a qualitative interpretation
of the spectra and electromagnetic transitions for a va-
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riety of nuclei. While the SDPF-MU shell-model calcu-
lations in the available configuration space capture the
structure and collectivity well for the neutron-rich P iso-
topes, for heavier nuclei where the CI basis dimensions
becomes large, the Nilsson model may still be one of the
few viable options to interpret collective structures ob-
served in experiments. Thus, it is useful, for our case
of medium mass neutron-rich nuclei, to examine to what
extent the full CI calculation results for complex odd-
even and odd-odd nuclei can be understood in terms of
the Nilsson scheme.

Close to the N = 20 shell gap, 3"P is remarkably
well described by the SDPF-MU shell-model calculations
and displays an excitation scheme without collective fea-
tures. For the more neutron-rich isotopes 3%41P, it is
worthwhile to examine the quadrupole-collective struc-
tures predicted by the shell-model calculations. Fig-
ure 22 shows the E2 map for 3%*P. The networks
show for each (positive-parity) state J a dot with a ra-
dius that scales with the magnitude of the spectroscopic
quadrupole moment and where the color indicates the
sign of the quadrupole moment (blue: negative; red: pos-
itive). The lines connecting the states indicate F2 transi-
tions and the line thickness scales with the magnitude of
the transition matrix element M (F2). For the low-lying
states, band-like structures emerge. For prolate defor-
mations, the lowest proton Nilsson orbitals [N, n,, A]Q"
just above Z = 14 are (a) [211]1/2% (for 8 < 0.3) and
(b) [202]5/2% (for B > 0.3). For 3°P and “!P, the bands
that start with 1/2% could be associated with Nilsson
state (a). The pattern for the higher-energy states is
more complex. In 3°P there is some indication of a 5/2F
that could be associated with Nilsson state (b). The
large positive quadrupole moments could indicate states
that form band heads built on three quasiparticle states,
but definitive associations with the Nilsson model are not
possible.

E (MeV)

[ =

FIG. 22: E2 map for ***'P. The networks show for each
(positive-parity) state J a dot with a radius that scales with
the magnitude of the spectroscopic quadrupole moment and
where the color indicates the sign of @ (blue: negative; red:
positive). The lines connecting the states indicate E2 tran-
sitions and their thickness scales with the magnitude of the
connecting transition matrix element M (E2).



Figure 23 shows the E2 maps for 3%4042P. For pro-
late deformations, the neutron negative-parity Nilsson
orbitals are (c) [321]3/2~ for N = 22 and (d) [312]5/2~
for N = 24. Thus for 38P one may look for bands from
the two-quasiparticle state (a,c) with K™ =1~ and 2™.
The lowest band starting at J™ = 1~ might be associated
with the K™ = 1~ band. For “°P one may expect bands
from the two-quasiparticle state (a, d) with K™ = 2~ and
37. Indeed, the lowest set of states strongly connected
by E2 matrix elements starts at J™ = 27. For both nu-
clei, the higher-lying band structures are too complex to
be easily associated with simple deformed configurations.
The corresponding E2 network for 2P has lost all sim-
plicity but displays positive () moments, signaling oblate
deformation, similar to 42Si.
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FIG. 23: Same as Fig. 22 but for the even-A 310:42p,

IV. SUMMARY

The in-beam ~-ray spectroscopy of neutron-rich phos-
phorus isotopes produced by fragmentation of a 4°Cl pro-
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jectile beam on a '2C target is reported. Fifteen, 20, 16,
8, 1, and 8 new transitions were observed for 3"P, 3%P,
39p, 40p, 41P and 42P, respectively. ~v coincidence rela-
tionships were used to inform the placement of the -ray
transitions into level schemes. The level schemes, partic-
ularly for the even-N isotopes, show a remarkably good
agreement with SDPF-MU shell-model calculations, al-
lowing tentative spin-parity assignments to be proposed
for many of the low-lying levels, and confirming that this
shell-model effective interaction optimized for Si and S
isotopes captures the nuclear structure of the Z = 15
isotopes as well. For the complex level structure of “OP,
spin-parity assignments from comparison to the shell-
model calculations were not possible due to the high level
density; thus more experimental information is needed to
characterize the reported levels. Excited-state lifetimes
in the hundreds of picoseconds to nanosecond range were
obtained for levels in 3¥P and *'P from ~-ray lineshape
analyses aided by GEANT4 simulations. From an analy-
sis of the E'2 transition matrix elements and moments cal-
culated within the shell model, simple Nilsson configura-
tions are suggested for the low-lying states in 3839:40:41p,
The variety of shapes and occurrence of quadrupole col-
lective structures may make the neutron-rich P isotopes
interesting cases for sub-barrier Coulomb excitation mea-
surements to probe the predicted evolution in shape and
collectivity as N = 28 is approached.
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