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Abstract

We have measured the Og.s. — 2] transition in the neutron rich N = 28 isotope *2Si using
the probes of intermediate energy Coulomb excitation and inelastic proton scattering in inverse
kinematics at the Facility for Rare Isotope Beams with beam particle rates of ~ 5 particles/s. The
results of these two measurements allowed us to determine M, /M, the ratio of the neutron and
proton transition matrix elements for the 0f; — 2] transition. In addition, we have measured the
Ogs' — 2] transition in the isotone #4S using inverse kinematics inelastic proton scattering. By
comparing the #4S proton scattering result with a recent intermediate energy Coulomb excitation
result on the same transition, we were able to determine M,, /M, for the 05, — 2] transition in this
nucleus as well. This work strengthens the evidence that 2Si has a stable quadrupole deformation
in its ground state and that **S does not. Both conclusions are further supported by shell model

calculations carried out with the FSU interaction.

I. INTRODUCTION

While N = 28 is a major shell closure in stable nuclei, Werner et al. [1] predicted in 1996
that the N = 28 shell closure would become less effective in neutron rich nuclei and that
N = 28 isotopes including S would be collective. This prediction fueled an experimental
drive to measure the structure of N = 28 isotones with Z < 20.

Shortly after the prediction of Werner et al. was published, Glasmacher et al. [2] mea-
sured both the energy and the B(E2;0}, — 2{) value of the 2] state in *'S using the
technique of intermediate energy Coulomb excitation, although the B(E2;0}, — 2}) value
was corrected significantly downward more recently [3]. The energy of the 2] state and
B(E2;0/, — 27) value measured by Glasmacher et al. were consistent with collectivity in
this nucleus and seemed to confirm the prediction of Werner et al.. A subsequent measure-
ment of the energy of the 2] state in the N = 28 isotone #2Si [4] implied that this nucleus
is even more collective than #4S. In addition to these early studies, a tremendous amount of
experimental effort has been invested in probing #?Si, S and their neighbors (for example,
see Ref. [5] and references cited therein).

The B(E2;0], — 2) value provides information on the contribution of protons to the

0f,. — 2{ transition (that is, the proton transition matrix element M,). However, it does not

give the neutron contribution, the neutron transition matrix element M,. Knowing both



M, and M,, is important because the ratio M, /M, provides important nuclear structure
information that M, cannot by itself provide. For example, this ratio gives a way of dis-
tinguishing between collective open-shell nuclei and single closed shell nuclei. As Bernstein,
Brown and Madsen [6] pointed out, a nucleus in which the 27 state is a collective vibration
with the proton and neutron fluids oscillating with the same amplitude has M,, /M, = N/Z.
A nucleus with a closed proton shell will have M, /M, > N/Z because valence neutrons
contribute disproportionately to the 05, — 21 transition. Likewise, a nucleus with a closed
neutron shell will have M, /M, < N/Z.

According to Ref. [6], M, for the 0f  — 27 transition can be determined by using a
hadronic probe, such as inelastic proton scattering, to excite the 2] state. The hadronic
probe drives both neutron and proton contributions in the excitation, so a comparison of
the deformation length for a hadronic probe to the M, value taken from an electromagnetic
measurement allows the determination of M, /M,,.

In the present article, we describe in detail the techniques deployed on the two measure-
ments of #2Si, both of which were challenged by low beam rates of less than 10 particles
per second. In addition, we report on an inverse kinematics proton scattering experiment
on the 0f, — 27 excitation in *'S, which together with the intermediate energy Coulomb

excitation measurement reported in Ref. [3] allows a determination of M,,/M,.

II. EXPERIMENTS

The experiments were performed at the Facility for Rare Isotope Beams at Michigan State
University (FRIB) [7]. All secondary beams were produced by fragmentation of a #Ca?0"
primary beam. The production target consisted of an 8-mm thick graphite wheel rotating
at 500 rpm. Each secondary beam was separated in the Advanced Rare Isotope Separator
(ARIS) [8, 9] with an aluminum wedge and a degrader. Details about the production of the
beams (including primary beam energy and power), wedge and degrader thicknesses as well
as the momentum spread, purity, midtarget energy and speed of the secondary beams are
given in Table I.

For the intermediate energy Coulomb excitation measurement, the 2Si secondary beam

was delivered to a 980 mg/cm? 2%Bi reaction target. The beam rate was ~ 3 particles/s

and a total of 1.25 x 10° 2Si nuclei were delivered to the reaction target.



TABLE I. Energy and power of the primary beam and effective thicknesses of the aluminum wedges
and degraders used in ARIS, momentum spreads Ap/p, purities, midtarget energies, velocities
used in Doppler reconstruction of -ray spectra, and total yields of the secondary beams. The
measurements described in the present work were made in two parts: (A) Coulomb excitation and

(B) inverse kinematics proton scattering.

Primary Energy Power|Secondary Wedge Degrader Ap/p Purity Midtarget Energy Doppler
Part (MeV/nucleon) (kW)| Beam  (mm) (mm) (%) (%) (MeV/nucleon)  wv/c

A 217 5 426 3.00 11.64 2.0 65 76.0 0.357
B 225 10 426 3.27 1177 44 22 91.2 0.391
449 1.49 9.69 0.74 93 82.3 0.397

The NSCL/Ursinus College liquid hydrogen target was used for the inverse kinematics
proton scattering measurements. The target consisted of a cylindrical aluminum liquid
hydrogen cell, with 125-um Kapton entrance and exit windows and a nominal thickness
of 30 mm, which was mounted on a cryocooler. The target cell and the cryocooler were
surrounded by a 1-mm-thick aluminum radiation shield with entrance and exit windows
covered by 5-um aluminized Mylar foil. For the *2Si(p, p’) measurement, the *Si beam rate
was ~ 7 particles/s. A total of 1.04 x 10% 42Si nuclei were delivered to the target. The
4S8 beam rate was ~ 5000 particles/s, and a total of 1.89 x 107 #4S nuclei impinged on the

target.

Particle identification was performed upstream of the reaction target to ensure that reac-
tion products from the intermediate energy Coulomb excitation and inelastic proton scatter-
ing reactions could be distinguished from products of proton knockout reactions from other
isotopes in the beam cocktail. To do this, secondary beam particles were identified using
times of flight from plastic scintillator timing detectors located at the final focal plane of
ARIS and at the object of the analysis line of the S800 spectrograph (S800) [10]. Beam-
like reaction products were identified by time of flight from the S800 object scintillator and
energy loss in the S800 ionization chamber. To limit the count rate of triggers, all timing
measurements were started by a plastic scintillator detector in the focal plane of the S800
and stopped by delayed signals from upstream detectors. Particle identification spectra of

the #2Si and **S beams collected in coincidence with incoming particle identification cuts
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FIG. 1. (Color online) Particle identification spectrum of the outgoing beam-like reaction products
from the inverse kinematics proton scattering measurements of 42Si (a) and #4S in coincidence with

incoming particle identification cuts.

appear in Figure 1.

In S, there is a 0% 2.6-us isomer at 1365 keV that decays both by an E0 transition
to the ground state and a 36-keV 7 ray to the 2] state [11]. The branching ratio for the
y-ray decay to the 2] state is 14%. To properly understand the yield of 2] — Og_s_ vy-rays
in the #S(p, p’) measurement, we must understand the population of this isomer in the 1S
beam. A reexamination of the data from the *4S intermediate-energy Coulomb excitation
measurement reported in Ref. [3] provides a means to gain some insight about the isomeric
content of the beam in that experiment [12]. During the experiment of Ref. [3], a hodoscope
in the focal plane of the S800 magnetic spectrograph was used to collect delayed ~-rays.
If 1% of the **S nuclei in the beam were in the isomeric state, then the experimenters
would have expected approximately 2000 2 — Og_s_ 1329 keV ~-ray counts in the hodoscope

spectrum. Such a peak would have been easily discerned in that spectrum. However, no
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FIG. 2. (Color online) (a) Doppler corrected spectrum of ~ rays collected in coincidence with
incoming and outgoing 42Si particles passing through the 29Bi reaction target for the intermediate
energy Coulomb excitation experiment. The solid curve is the best fit obtained with UCGretina [13]
described in the text. (b) The spectrum of residuals between the fit and the measured spectrum.

The shaded region covers + the square root of the sum of the fit and the measured counts in each

bin.

such peak was evident. Therefore, we can conclude that the isomeric content of the S beam
in the experiment of Ref. [3] was less than 1%. The %S beam energy in the experiment
of Ref. [3] was 73 MeV /nucleon, not far from the 82.3 MeV /nucleon *S beam energy in
the present experiment. Therefore, we assume that the isomeric content of the **S in the

present experiment was less than 1%, as it was in the experiment of [3].

During both the intermediate energy Coulomb excitation and inelastic proton scattering
measurements, the GRETINA y-ray tracking array [14, 15] was used. All 12 GRETINA
modules were used during the intermediate energy Coulomb excitation measurement of 2Si.
During that measurement, four modules were centered at 58° and eight modules were cen-
tered at 90° with respect to the beam axis. Figure 2 displays the Doppler reconstructed
~-ray spectrum collected in coincidence with both incoming and outgoing 4?Si particle iden-
tification cuts and a prompt timing cut between GRETINA and a timing scintillator in the

S800 focal plane.
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FIG. 3. (Color online) (a), (b) Same as Fig. 2 but for the 1S inelastic proton scattering experiment.

¢) Spectrum of v rays collected in coincidence with the 21 — 07, transition.
7y ray 1 g.s.

During the inverse kinematics proton scattering measurements, a different configuration
of GRETINA was used to accommodate the NSCL/Ursinus College liquid hydrogen target.
Modules were installed only in the northern hemisphere of the GRETINA mounting shell,
with two modules centered at 58°, four at 90°, and two at 122° with respect to the beam
axis. Figures 3 and 4 show Doppler reconstructed v-ray spectra collected in coincidence
with both incoming and outgoing #*S and #2Si particle identification cuts, respectively, and

a prompt timing cut between GRETINA and a timing scintillator in the S800 focal plane.

III. DATA ANALYSIS
A. *28i

We analyzed the intermediate energy Coulomb excitation data using the distorted

wave Born approximation (DWBA) instead of the conventional Alder-Winther relativis-
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FIG. 4. (Color online) Same as Fig. 2 but for the 42Si inelastic proton scattering experiment.

tic Coulomb excitation analysis [16]. The Alder-Winther analysis requires the identification
of a “safe” angle, corresponding to a minimum impact parameter; that is, the scattering
angle below which we can be confident that the interaction between the *2Si beam nucleus
and the 2Bi target is entirely electromagnetic. In Sec. III B, we present an Alder-Winther
analysis and show that there are insufficient statistics in our measurement to determine
a “safe-angle” empirically and further that the Alder-Winther predicted “safe-angle” cut,
further reduced by the experimental angular resolution, excludes more than half of the

observed statistics.

The proton deformation length ¢, is determined mainly by the inelastic cross section mea-
sured via intermediate energy Coulomb excitation, and the proton scattering deformation
length d(y, is determined mainly by the inelastic proton scattering cross section. However,
there is some “crosstalk” between these analyses. The DWBA analysis of the Coulomb
excitation measurement required knowledge of M, /M, since the calculation involves the
deformation lengths of both the Coulomb and nuclear potentials. The DWBA analysis of
the *2Si(p, p’) measurement also required the B(E2) value to set the deformation length of
the Coulomb potential. Therefore, an iterative process was implemented to simultaneously
analyze the intermediate energy Coulomb excitation and inelastic proton scattering data for

42Gi. We can assess the magnitude of the “crosstalk” between results by comparing DWBA



calculations of the Coulomb excitation with and without the deformed nuclear potentials
and similarly by comparing calculations of the proton scattering with and without the de-
formed Coulomb potential. The nuclear contribution to the calculated inelastic Coulomb
excitation cross section is at the 4% level. For the proton scattering analysis, the nuclear
potentials dominate, and the deformed Coulomb potential affects the calculated inelastic
cross section at a 6% level.

The 42Si v-ray spectra for both intermediate energy Coulomb excitation (Fig. 2) and
inelastic proton scattering (Fig. 4) experiments each have only one apparent ~ ray, the 2] —
Ogs' ~ ray near 740 keV. To assess the potential impact of unobserved feeding, we included a
1430 keV v ray deexciting the ~2170 keV state observed in both two-proton and one-proton
removal reactions [5, 17] in the fit to the inelastic proton scattering spectrum. The resulting
yield was not statistically significant, and the corresponding statistical uncertainty places
an upper limit on the feeding correction of 4%.

We used the GEANT4 [18] simulation program UCGretina [13] to simulate the full response
of GRETINA to v rays emitted by beam-like reaction products excited in the target and
tracked as they traveled downstream. The momentum and position distributions of beam-
like reaction products which emit « rays in flight have significant impacts on y-ray line shapes
in Doppler reconstructed spectra. We varied simulation parameters that determine the
momentum and position distributions of the incoming beam to fit the angular, nondispersive
position, and kinetic energy distributions of outgoing reaction products measured in the
S800 focal plane. These measured and simulated distributions are compared in Fig. 5.
Scattering-angle distributions predicted by the reaction theories used for the intermediate
energy Coulomb excitation and inverse kinematics proton scattering reactions were included
in the simulations used to fit to the measured ~v-ray spectrum. The solid curves shown
in Figures 2 and 4 are linear combinations of double exponentials describing the prompt
background and the best-fit simulations determined by the fitting procedures described
below.

The low energy of the 2] state in **Si and the B(E2; 0}, — 2{) values of isotopes in the
neighborhood of this nucleus [3, 19] suggest that the lifetime of the 2] state may be tens of
picoseconds. If this is the case, then 2 — 0F ~ rays would be emitted in both experiments
not only from inside the targets but also significantly downstream. In turn, this would affect

line shapes and the observed energy centroids in the Doppler reconstructed v-ray spectra.
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FIG. 5. (Color online) Spectra of the (a) dispersive angle, (b) nondispersive angle, (¢) nondispersive
position, and (d) kinetic energy relative to the S800 magnetic rigidity measured in the S800 focal
plane in coincidence with both incoming and outgoing 42Si particle identification cuts. Simulated

spectra are shown as red markers.

This distribution of y-ray emission vertices would also affect the scattering and absorption
of these v rays by the reaction targets.

Because offsets of the targets in both measurements along the beam axes relative to
the center of GRETINA would also affect the energy centroids of the full-energy peaks,
a laser alignment system was used to determine the position of the reaction target along
the beam axis relative to the center of GRETINA in the intermediate energy Coulomb
excitation experiment. The position relative to the center of GRETINA was found to be
z = 1.4(10) mm. We determined the position of the liquid-hydrogen target along the
beam axis relative to the center of GRETINA by fitting simulations to the measured y-ray
spectrum of #4S over a broad range of target z positions. A plot of the minimum x? from the
fits to the #S inelastic proton scattering spectrum in the region of the 1329 keV transition,
which is known to a precision of £0.5 keV [20], appears in Fig. 6, constraining the target
offset along the beam axis to z = —1.6(3) mm. We ran simulations covering the uncertainty
ranges of the target offsets in both measurements of 2Si and included the corresponding
variation as a component of the systematic uncertainties in our 2] state energy, half-life,
and inelastic cross section results.

In addition, the analysis of the proton scattering data for both #2Si and #*S required a

determination of the geometry of the liquid hydrogen target. The Kapton entrance and
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FIG. 6. (Color online) Minimum x? values from fits in the region of the full-energy peak of the
1329 keV ~ ray in #4S plotted for a range of positions of the target along the beam axis during the

proton scattering experiment.

exit windows of the liquid-hydrogen target bulge outwards due to the difference in pressure
between the target cell and the beam line vacuum. The geometry of the bulging was deter-
mined using the **S beam because its rate was much higher than that for #2Si. The bulge
thickness was determined to be 1.5 mm based on the energy loss of the **S beam in the
target by comparison of the kinetic energy distributions, measured in the S800 focal plane,
of the beam passing through the full and empty target cell. The curved windows produce a
target profile presenting a thickness dependent on the trajectory of the beam. A simulation
of the #S beam passing through the target with a 1.5-mm window-bulge thickness and a
realistic beam profile yielded an effective target thickness of 32.8 mm. The pressure and
temperature of the target cell were monitored throughout the experiment and remained in
the ranges 16 < T' < 19 K and 700 < P < 836 Torr. Based on the measured temperature
and pressure, the time-weighted average density of the target was 73.41 mg/cm? [21], giving

an areal target density of 241 mg/cm?.

We assessed the correlation between the energy and half-life of the 2] state in the inter-
mediate energy Coulomb excitation measurement by performing simulations over a broad
range of energies and half-lives and fitting them to the measured Doppler reconstructed
~-ray spectrum. A surface plot of the minimum figure of merit (FOM) from log-likelihood
fits in the energy-half-life space is displayed in Fig. 7. The heavy contours correspond to
70% and 90% confidence regions bounded by figures of merit at 1.2 (70%) and 2.3 (90%)

11
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FIG. 7. (Color online) The minimum figure of merit (FOM) from log-likelihood fits of simulations
to the measured 7-ray spectrum collected following Coulomb excitation of 42Si over a range of
2] -state half-lives and deexcitation y-ray energies. The final result of the fitting process described
in the text is marked with a 4, and the half-life values corresponding to the uncertainty limits of
the B(E2;0;, — 2{) result are marked with dashed horizontal lines.

above the surface minimum [22]. Starting with the energy and half-life at the surface min-
imum, we used an iterative process, determining the excitation cross section, deducing a
B(E2;07, — 2{) value and corresponding half-life, and refitting using the minimum-FOM

’ ¥g.s.

energy with this half-life. This iterative process converged within two cycles.

In the analysis of the inelastic proton scattering data, as in the Coulomb excitation
analysis, we ran simulations of the response of GRETINA to the v ray deexciting the 27
state over a range of 2] -state energies and half-lives, and used them in fits to the measured
spectrum. This process yielded the figure of merit surface in Fig. 8, which shows a similar
energy-half-life correlation to that observed in the Coulomb excitation analysis. We used the
half-life corresponding to the B(E2;0;, — 2{) value determined in that analysis and the

corresponding 27 -state energy along the “valley” in the figure of merit surface to produce

the final fit shown as the solid curve in Fig. 4(a).

The B(E2;2] — 07 ) value that resulted from this process was then used as a starting
point for the iterative DWBA analyses of the data from intermediate energy Coulomb ex-
citation and inelastic proton scattering experiments described in the following paragraphs.
The analysis used the DWBA code FRESCO [23] and macroscopic form factors for both reac-

tions. Global optical model potentials were used for both the reactions. The analysis of the
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FIG. 8. (Color online) The minimum figure of merit (FOM) from log-likelihood fits of simulations
to the measured v-ray spectrum collected following inverse kinematics proton scattering from 42Si
over a range of 2f—state half-lives and deexcitation «-ray energies. The energy and half-life pair
used for the final fit is marked with a +, and the half-life values corresponding to the uncertainty
limits of the B(E2; 0;8' — 27) result are marked with dashed horizontal lines.

intermediate energy Coulomb excitation reaction used a global optical model potential for
heavy-ion scattering [24], while the global potential of Ref. [25] was used for the inelastic
proton scattering reaction. The excited #2Si nuclei were aligned in both reactions, and the
FRESCO analysis provided information on the resulting angular distributions of the v rays.
Accounting for the angular distributions of v rays reduced our cross section results in the
intermediate energy Coulomb excitation experiment by about 14% compared to the results
we obtain if we assume that y-ray emission is isotropic. For the proton scattering experi-
ment, the y-ray angular distributions from alignment parameters generated in the FRESCO
analysis reduced the cross section result by 8%.

The effect of scattering and absorption of v rays in the reaction targets was accounted for
by the inclusion of models of the reaction targets in the GEANT4 simulations used to fit the
measured ~y-ray spectra. This was an 11% effect in the Coulomb excitation measurement
and 15% for the proton-scattering measurements.

To calculate cross sections for a heavy-ion reaction like the one we used for our interme-
diate energy Coulomb excitation study of 2Si, the DWBA code requires two deformation
lengths. The first is the proton (Coulomb) deformation length of the Coulomb component of
the deformed optical potential. This deformation length, d,, is related to B(E2;0F, — 27)

’ Yg.s.
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where r¢ = 1.2 fm is the radius parameter of the Coulomb potential.
The second deformation length is that of the nuclear component of the deformed optical

potential, dy. To specify the relationship between ¢, and o, we start with Eq. (7) in

Ref. [26] to obtain
b
6(F) = <T§_nﬂp Op, (2)
by Z
where 0(F') is the deformation length measured with probe F, M,, /M, is the ratio of neutron
to proton transition matrix elements, and Z—: is the ratio of the sensitivities of the experimen-
tal probe F' to neutrons and protons. For the present purpose, §(F') = dy. For heavy-ion
scattering, we use Z—; =

If we have a proton deformation length 9, and a deformation length from the inelastic

proton scattering reaction, d(,,), a rearrangement of Eq. 2 provides this equation to calculate

M, /M,
M, b, [6(F) N b,
2 _ % 14222
Wi L (7)) <3>

where 0(F) = 0(p,py. We used this relation in the iterative process that led to the
B(E2;0f, — 27), 84,y and M, /M, results reported here.

) Vg.s.

The value of Z—Z for inelastic proton scattering varies with the incident energy of the
proton [6]. At incident energies of 50 MeV and below, g—: =3. At 1 GeV, Z—; = 0.95. For the
inverse kinematics proton scattering reactions reported here, the midtarget beam energies
are 91.2 MeV /nucleon for 42Si and 82.3 MeV /nucleon for 4S. At these energies, we expect
Z—: to be in between the values for 50 MeV and 1 GeV incident energies, but we cannot be
more precise than that. So we adopt ll;_: =241

To evaluate the systematic uncertainties inherent in the analysis described above, the
iterative analysis described above was then repeated using the code ECIS97 [27] for both
intermediate energy Coulomb excitation and proton scattering measurements. Two statis-
tical uncertainties were considered, a 15% contribution from the fit to the v-ray spectrum
and a 5% contribution due to the total variation in cross section corresponding to the 90%
confidence contours in the energy-half-life FOM surface in Fig. 7. Systematic errors from

the uncertainty in the empirically-determined M,, /M, value (5.5%), discrepancies between

14
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FIG. 9. (Color online) B(E2;0/, — 2{) results for *?Si from the (a) DWBA analysis and (b)
Alder-Winther analysis described in the text. The shaded region corresponds to the uncertainty

range of the final result.

FRESCO and ECIS97 results (4%), and uncertainties in UCGretina-simulated ~-ray collec-
tion efficiencies (5%) were combined in quadrature with the statistical uncertainties to arrive

at the uncertainty in the final B(E2;0], — 27) result.

The DWBA results were also evaluated using three other heavy-ion optical model
potentials: one from 2%Pb(170,'"0’) at 84 MeV/nucleon [28] (Barr88), a second from
28Ph(160,16 O') at 49.6 MeV /nucleon [29] (Merm87), and a third from 2Pb(19Ar, 10 Ar')
at 40 MeV /nucleon [30]. The results with these potentials are compared to the results
using the global optical model potential (MGOP) in Fig. 9, which is the final result of
B(E2; 0;5_ — 2) =500(90) €? fm*.

The cross section for exciting the 2] state of *Si in the intermediate energy Coulomb
excitation experiment was determined to be 165(28) mb, giving the B(E2;0;, — 27) =
500(90) e? fm* result from the previous paragraph. The corresponding half-life of the 2
state is 21/ = 25%% ps. For the proton scattering experiment on *2Si, the cross section and
deformation length for exciting the 27 state were o = 21(2) mb and d(, ) = 1.23(7) fm. The
result for M, /M, was 1.34(32). The value of M, /M, expected for a quadrupole deformed
rotor composed of a homogeneous neutron-proton fluid is N/Z, so it is worth noting that

the present M,, /M, result is 0.67(16)(/N/Z), which is significantly below the homogeneous

rotor expectation.

Khan [31] developed a procedure for calculating M,, /M, from the results of one electro-
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FIG. 10. (Color online) (a) Laboratory-frame inelastic partial cross sections in 1 mrad bins cal-
culated with the Alder-Winther formalism [16] and DWBA calculations made with FRESCO using
the global microscopic-basis optical potential (MGOP) [24] with Coulomb and nuclear (C+N),
Coulomb only (C), and nuclear only (N) components of the potential. (b) The differential cross
sections in panel (a) folded with the angular spread of the incoming beam, the angular straggling
in the target, and the angular resolution of the S800. (c) The folded partial cross sections in panel

(b) with a 10 mrad binning compared with measured partial cross sections.

magnetic probe and one hadronic probe that is more general than Eq. 3 in that it includes
separate radius parameters for protons and neutrons and separate diffuseness parameters
for protons and neutrons. If we use the B(E2;0/, — 27) and 4, results obtained here as
inputs into the Khan procedure, the M, /M, result is 1.16(56), which is consistent with our

primary conclusion that M, /M, is significantly different from N/Z, which is 2.00 for **Si.

16



B. Alder-Winther Analysis of intermediate energy Coulomb excitation of *>Si

We implemented a conventional Alder-Winther analysis of the 42Si intermediate energy
Coulomb excitation data for comparison with the results of our DWBA analysis. The
Alder-Winther differential cross section, integrated into 1 mrad partial cross section bins
through a black disk laboratory cutoff angle of 39 mrad, corresponding to the minimum
impact parameter below which nuclear interactions take place in this semiclassical picture,
is shown as the solid curve in Fig. 10(a). In order to accurately assess partial cross sections
in scattering angle cuts applied to measured spectra, the theoretical partial cross section
histograms in Fig. 10(a) have been folded with the 8.0 mrad angular spread of the incoming
beam, the 8.7 mrad angular straggling in the target, and the 2.0 mrad angular resolution
of the S800, added in quadrature, using the method described in detail in Ref. [32] to
produce the partial cross sections in Fig. 10(b). In Fig. 10(c), folded partial cross sections
from reaction theory are compared with measured partial cross sections calculated from the

scattering angle spectrum gated on the 2] — O;;_s' full-energy peak.

It is evident in Fig. 10(b) that the folded Alder-Winther distribution departs from roughly
linear behavior at 27 mrad, due to the smearing of the black disk cutoff by the empirical
scattering angle resolution of the experiment. This scattering angle also marks a departure
of the folded Alder-Winther distribution from the Coulomb-only DWBA distribution. A
27 mrad scattering-angle cut excludes more than half of the total inelastic cross section for
populating the 27 state. In Fig. 9(b), B(E2;0;, — 27) values determined from partial
inelastic cross sections in laboratory frame scattering angle cuts from 25 < 0., < 50 mrad
are shown with error bars representing statistical uncertainties. The cross section for each
scattering angle cut was determined from a fit to the ~-ray spectrum in coincidence with
that cut with a simulation including angular momentum alignment parameters predicted
for that cut by the Alder-Winther reaction theory. The B(E2;07, — 2{) values were then
determined from the cross sections using the Alder-Winther theory. The results in Fig. 9(b)
are all compatible with each other within uncertainty. We do not have sufficient statistics
in the measurement to support a choice of scattering angle cut empirically. However, the
DWBA partial cross sections in Fig. 10 show nuclear contributions even within the restrictive

27 mrad cut, increasing the inelastic cross section at lower scattering angles relative to the

Alder-Winther and Coulomb-only DWBA partial cross sections, leading to the systematic
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discrepancy between the Alder-Winther and DWBA B(E2;07, — 2]) results.

g.s.

C. The energy of the 2f state of 42Si

A high-precision measurement of the v decay of the 2] state of >Si at rest in the lab-
oratory has not yet been reported. The ~25-ps half-life of the 2] state of *?Si presents a
challenge to measuring the energy of the deexcitation 7 ray in fast-beam experiments due
to the correlation between mean lifetime and v-ray energy evident in Figures 7 and 8. The
half-life corresponding to the final B(E2;0/, — 27) result from the present work, based
on the DWBA analysis using the MGOP, is marked with a +, and its uncertainty range
is bounded by two horizontal dashed lines in Figures 7 and 8. Using the part of the 90%
confidence regions falling within these boundaries and including a ~ 1 keV/mm variation
due to uncertainties in the target positions along the beam axis to establish uncertainties, we
find Eyy = 747(7) keV for the Coulomb excitation measurement and Ey+ = 741(4) keV for
the inverse kinematics proton scattering measurement. There are three prior measurements
of the energy of the the 2] state of 42Si via y-ray spectroscopy with fast beams: 770(19) keV
from the **P(Be, X) reaction made with BaF, scintillator detectors [4], 742(8) keV from
the *S(C, X) reaction made with the DALI2 array [33] of Nal(T1) scintillator detectors [17],
and 737(8) keV from the ** P(?Be, X) reaction made with GRETINA [5]. Calculating the
uncertainty-weighted average of these results and the two results from the present work
yields a best value of 742(4) keV. We have used this value in calculating 27 -state half-lives

from measured B(E2) values.

D. *S§

Because a recent intermediate energy Coulomb excitation result [3] is available, to de-
termine M, /M, for the 0f  — 2 transition it was only necessary to measure “S(p,p’) in
inverse kinematics. As we did for **Si(p, p’), we extracted a deformation parameter &,
using FRESCO [23], a macroscopic form factor, and the global optical model parameters of
Ref. [25].

While the «-ray spectra for 42Si showed there was no significant feeding of the 27 state

from higher-lying states, the situation was much different in the *S(p, p’) spectrum, which
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TABLE II. Level energies, spins and parities, and y-ray energies from Ref. [20] and ~-ray energies,

relative intensities, and cross sections from the inverse kinematics proton-scattering measurement

of 43,
Ehevel [keV] J™ [A) E, [keV] E, [keV] L, [%] o [mb]
Ref. [20]

1329 ot 1329.0(5) 1329 100(8) 9.9(8)
2279(2) (21) 952(4) 950(2) 16(2) 2.5(3)
2476(3) (47) 1138(6) 1147(3) 8(2) 1.3(3)
3261(4) (21) 1897(6) 1896(4) 13(2) 2.1(2)
4041(6) 2698(13) 2712(6) 13(2) 2.1(2)

— 3087(7) 11(1)

is shown in Fig. 3. The *!S 7-rays observed in the present (p,p’) experiment are listed
in Table II, and a partial level scheme of **S showing the states populated in the present
measurement is displayed in Fig. 11. As a result, the observed yield, which was already
adjusted for the angular distribution of the -rays (as was done for *Si(p,p’)), also had
to be corrected for feeding. In the end, the inelastic cross section for directly populating
the 2] state was determined to be ¢ = 9.9(8) mb. With FRESCO, we concluded that this
cross section corresponds to a deformation length d(, ) = 0.78(3) fm. The 1o experimental
uncertainty range on the present d(,,/ result does not overlap with the corresponding range
for the previously reported result of ¢,y = 1.07(16) fm [34], although there is overlap at
the 20 level.

The M, /M, result for **S was determined by using Eq. 2 with the present d,, result,
Z—Z = 2=£1 for proton scattering, and the Coulomb deformation length ¢, calculated from the
B(E2;0}, — 27) = 221(28) ¢*fm* result of Ref. [3] using Eq. 1. The result is M, /M, =

’ ¥g.s.

1.36(20) = 0.78(12)(N/Z).

IV. DISCUSSION AND THEORY

The prediction of Werner et al. that the N = 28 shell closure would narrow [1] and the

subsequent measurement of collectivity in 4S [2] sparked a tremendous amount of experi-
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FIG. 11. (Color online) Partial level scheme of 4*S showing states populated in the present work.

Arrow widths are proportional to measured ~-ray intensities.

mental and theoretical work on neutron rich nuclei near N = 28. Grevy et al. [35] deduced
that 42Si is deformed from their study of half-lives of several isotopes at and near N = 28.
Fridmann et al. [36, 37] disagreed with that conclusion on the basis of their study of *2Si
via the two-proton knockout reaction, but shortly afterward Bastin et al. [4] proved that
12Si is collective by identifying the 2 state in #2Si at 770(19) keV. (Of course, this result
has since been revised.) Takeuchi et al. [17] argued that a state in *?Si they identified at
2173(14) keV using the two-proton knockout reaction is the 47 member of the ground state
band. If this were the case, it would provide further evidence for the stable deformation
of 2Si because of the resulting E(4])/E(2]) ratio of 2.9. However, Gade et al. [5] used
their one-proton knockout measurement of #2Si and the reaction model analysis of Tostevin,
Brown and Simpson [38] to argue that the 2173 keV state (measured by Gade et al. to occur
at 2150(13) keV) may be the 03 state instead of the 4] state.

Following the observation of the 2] state of **S by Glasmacher et al. [2], Sohler et al. [39]
extended the #*S level scheme by observing ~ rays from the fragmentation of “Ca. Sohler
et al. concluded that this nucleus exhibits shape coexistence. Force et al. [11] identified the

05 state of 1S less than 50 keV above the 2] state, placing the claim of shape coexistence
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in this nucleus on very firm ground. Santiago-Gonzalez et al. [40] found a third coexisting
shape in *!S in what appeared then to be an isomeric 4] state. Several years later, Parker et
al. [41] measured the lifetime of this 4] state, firmly establishing its isomeric character. The
4" state associated with the ground-state band has not yet been identified experimentally.

A series of theoretical predictions [42-47] agree that #2Si is an oblate deformed rotor.
Furthermore, while they agree in general that 'S is a collective nucleus, they do not agree
on the specific behavior of this isotope. Instead, they predict a range of behaviors from soft
vibrator to stable prolate deformation.

While three coexisting configurations have been observed at low energies in 44S, Utsuno et
al. [48] predicted that four configurations would coexist at low energies in this nucleus. This
prediction arises from the coupling of neutrons with projections of angular momentum of
2 = 1/2 and 7/2 on the nuclear symmetry axis to the X' = 1/2 ground state and the K = 7/2
isomer in *3S. Furthermore, Utsuno et al. concluded on the basis of calculations using the
variation after angular-momentum projection (AM-VAP) beyond mean field method that
the ground state of *4S is triaxial, with a triaxiality parameter v = 33°. In their picture, the
band built on the ground state evolves toward a prolate shape with increasing spin, reaching
v = 13 degrees by J = 6. But the 2] state is still fairly triaxial, with v = 23°.

Longfellow et al. [3] demonstrated that the SDPF-U and SDPF-MU shell model interac-
tions cannot reproduce the experimental B(E2;0}, — 2) values for the N = 28 isotopes

)y Vg.s.

S and “*Ar. Calculations with both of these interactions predict that the B(E2; 0}, — 27)

values in the NV = 28 isotopes of S and Ar are either equal to or larger than (depending on
the effective charges selected) the corresponding quantities in the N = 26 isotopes 2S and
“Ar. However, the experimental results show that for both elements B(E2;0;, — 2) is
significantly smaller in the N = 28 isotope than in the N = 26 isotope.

Figure 12 expands on the theme of the systematics presented by Longfellow et al. [3]
by plotting both M?, which is proportional to B(E2;0f, — 27), and M for the N =
20 — 28 even-even isotopes of S and Si. Given the uncertainties in the measurements, the
most striking feature of this figure is the increase in M for **Si compared to **Si. (No
measurement of B(E2;0f, — 27) for **Si has been reported.) The plot of the S isotopes
suggests that both Mg and M? are lower at N = 28 than in lighter isotopes. In addition,
the M? value for #2Si does not appear to be larger than the values for lighter isotopes.

The present intermediate energy Coulomb excitation result for B(E2; 0}, — 2f) in **Si
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FIG. 12. (Color online) The systematic behavior of M2 and Mg values for 0f; — 2] excitations
in the neutron rich even-even isotopes of S and Si. The Mg values are taken from Refs. [3, 19]
(O) and the present work (@). M?2 values are deduced from Refs. [34, 49, 50] () and the present
work (H).

is more than twice as large as the result for the neighboring isotone #*S, which supports
the predictions that 42Si has a stable quadrupole deformation. However, the M, /M, value
for a rotational excitation in a stably deformed liquid drop composed of a homogeneous
neutron-proton fluid is N/Z, the same value as for an isoscalar vibrational excitation. The
present result for *2Si, M, /M, = 1.34(32) = 0.67(16)(N/Z), differs significantly from this
simple expectation.

The experimental value for B(E2;0f, — 27) in *'S (221(28) €*fm*), which contrasts
sharply with the corresponding #2Si result, favors the soft vibrator picture for this nu-
cleus over the prolate deformed interpretation. However, the M, /M, result of 1.36(20) =
0.78(12)(N/Z) varies significantly from the expected N/Z value for an isoscalar vibrational

excitation.

To gain more insight about the collective behavior of #2Si and #*S, we performed shell-
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model calculations of these two isotopes using the FSU interaction [51-53] with the code
COSMO [53]. The FSU Hamiltonian [51-53] represents a new generation of empirical inter-
actions [54] that effectively has no core and spans the s-p-sd-pf valence space. It performs
equally well across a broad range of nuclei, up to the mass region where contributions from g-
shell configurations become significant. This approach employs a particle-hole hw hierarchy,
allowing for control over spurious center-of-mass excitations. The effects of mixing between
different hw configurations were negligible in this study. Unlike many limited Hamiltonians
designed for specific, narrow regions, the FSU interaction provides binding energies across
the nuclear chart with the same precision as it does excitation energies and spectra for in-
dividual nuclei. Changes in binding energies are among the most important indicators of
shell inversion, deformation, and other collective effects [55]. The FSU Hamiltonian predicts
the binding energy of 42Si relative to 2®Si to be 73.307 MeV, while the experimental value is
73.072 MeV. This exceptional agreement suggests that the underlying physics is well cap-
tured. More generally, calculations with the FSU interaction correctly reproduce the shell
evolution and spectroscopy of sd-pf nuclei.

The present shell-model calculation with the FSU interaction reproduces the experimental
values for both M, /M, and B(E2;0}, — 2{) in **Si. The isoscalar effective charges used
for the transitions are e, = 1.5e and e,, = 0.5e. The calculation gives M,, /M, = 1.41, which
corresponds to 0.70(N/Z), closely matching the experimental value of M, /M, = 1.34(32),
or 0.67(16)(N/Z). The calculated B(E2;0}, — 2{) is 492 €*fm", which is very close to
the experimental result of 500(90) e? fm®*. Moreover, the shell-model calculations provide
additional insights into the nature of both the ground and 2] states in *2Si.

The calculation for *2Si gives a quadrupole moment Q, for the 27 state of 20.40 efm?.
Assuming a rotor model and that this state is part of a rotational band [56], we can extract
an intrinsic quadrupole moment of Qy = (—7/2)Q2 = —71.4 efm?. In the rotor model, an
intrinsic quadrupole moment of this value yields B(E2; 0}, — 27) = 12-Qf = 507 e*fm’,
which is quite close to the shell-model value of 492 e? fm*. The E2 transition strength for
Og.s. — 2] nearly saturates the sum rule, highlighting its collective nature.

Further confirmation of the rotational nature of the calculated states comes from the
quadrupole moment of the 4] state. This value, Q4 = 27.5 e fm?, corresponds to an intrinsic

quadrupole moment in the rotational model of Qy = (—11/4)Q4 = —75.60 efm?. This

is quite close to the Qy value for the 2 state, reinforcing confidence in the rotational

23



interpretation of the 0, 27", and 47 band in **Si, as supported by both the shell-model
calculation and experimental results.

The FSU interaction shell model results, including results for the energies of the 2 and
47 states, are listed and compared to the present experimental results in Table III.

In addition, the table includes results from a shell model calculation we performed with
the SDPF-MU interaction [57] and COSMO that includes Ohw, 2hw and 47w excitations,
with effective charges e, = 1.5 and e, = 0.5. We also ran a calculation with only 0hw
excitations, and another with Ohw and 2Aw excitations. The Ohw + 2hw calculation gave
significantly different results than the Ofw calculation did. For example, the B(E2;05, —
21) value from the Ohw calculation was 875 e€? fm?, while the 0hw + 2hw result was 684
e? fm*. The 0hw + 2hw + 4hw result, 638 €2 fm*, showed that the results were converging and
that computationally intensive 0hw + 2hw + 4hw + 6hw calculation was not necessary. The
SDPF-MU results for the energy of the 2] state vary in a similar way. The 0hiw + 2hw result,
1132 keV, is quite different from the 0Aw result, 821 keV. In contrast, the 0hw + 2hw + 4hw
result, 1232 keV, shows that calculation is converging.

The B(E2;0/, — 27) result from the 07w +2hw 447w SDPF-MU calculation, 638 e*fm*,
is more than one standard deviation above the experimental value but nevertheless supports
a rotational interpretation like the FSU interaction calculation does. As shown in Table III
and as in the case of the calculations with the FSU interaction, the intrinsic quadrupole
moments extracted from the calculated B(E2) and @2 and @4 values in the SDPF-MU cal-
culation are nearly identical, once again supporting a rotational interpretation. In short, the
overarching conclusions of the shell model calculations with the FSU and SDPF-MU inter-
actions are identical, even though there are quantitative differences in the matrix elements
calculated using the two interactions.

Finally, the (M,,/M,)/(N/Z) result from our Ohw + 2hw + 4hw SDPF-MU calculation was
0.77, which is close to the FSU interaction result (0.70) as well as being consistent with the
experimental result of 0.67(16).

The situation in *!S is quite different. The result for B(E2;0}, — 27) calculated with
the FSU interaction, 483 e fm? is much higher than the experimental value of 221(28) e* fm*
reported in Ref. [3]. Neither the experimental nor the theoretical B(E2;0}, — 2) result

for #S supports a rotational interpretation for this nucleus. Theory shows that the intrin-

sic moment of the 2f state is too small compared to the transitional B(E2;0}, — 27),
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TABLE III. Results from shell model calculations on #2Si with FSU and SDPF-MU interactions

compared to present experimental results.

Expt. FSU SDPF-MU
B(E2;0}, — 27) (e* fm*) 500(90) 493 638
(M,,/M,)/(N/Z) 0.67(16) 0.70 0.77
E2]) (keV) 742(4) 1559 1232
E(4]) (keV) n/a 2598 2834
Qo from B(E2) (efm?) 70.9(64) 70.4 80.1
Qo from Qs (efm?) n/a —714 -82.4
Qo from B(E2) (efm?) n/a 69.7 83.0
Qo from Q4 (efm?) n/a —75.6 —83.1

suggesting a mixed configuration.

The present results provide a definitive answer to the question of whether the N =
28 major shell closure still exists in *?Si. The B (B2;0f, — 27) result in this nucleus
demonstrates that it has a significant stable axially symmetric quadrupole deformation in
the ground state. This cannot occur in a nucleus that has a shell closure for either protons
or neutrons. Therefore, the N = 28 major shell closure is quenched in *2Si by the narrowing
of the gap between the fr/» and p3/» neutron orbits. However, the M, /M, result for **Si
shows that the simple picture of a deformed nucleus in which the protons and neutrons are
homogeneously distributed throughout the nucleus does not apply to 42Si. That is, there
are microscopic effects in this nucleus that do not allow such a homogeneous distribution
to occur. The shell model calculations presented here reproduce the experimental result

for M, /M, in *2Si; that is, these calculations provide a quantitative understanding of these

microscopic effects in this deformed nucleus.

V. SUMMARY

In summary, we have reported on measurements of the 0f  — 27 transition in *2Si via
intermediate-energy Coulomb excitation and inelastic proton scattering in inverse kinemat-

ics. The #*Si intermediate-energy Coulomb excitation experiment was performed with a
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beam rate of ~ 3 particles/s, while the proton scattering reaction was measured with a
rate of &~ 7 particles/s. To obtain the highest precision results with the modest numbers of
counts in the 27 — Og.s. ~-ray peaks, the data from the two experiments were analyzed with
the DWBA simultaneously using an iterative process that rapidly converged. The result
for the M, /M, value, 1.34(32) = 0.67(16)(NN/Z), is not consistent with the value of N/Z
expected for a stably deformed rotor consisting of a homogeneous neutron-proton fluid. We
also performed a shell-model calculation for *2Si using the FSU interaction. This calcula-
tion reproduces this experimental result and supports the interpretation of #2Si as an oblate

deformed rotor.

In addition, we measured the 0, — 27 excitation in the isotone *!S via inverse kine-
matics inelastic proton scattering. By comparing the present result with the result of the
intermediate energy Coulomb excitation measurement reported in Ref. [3], we determined
that M, /M, = 1.36(20) = 0.78(12)(/N/Z) for this excitation. While this M, /M, result is
similar to that in **Si, the B(E2; 0}, — 2}") value reported in Ref. [3] for *'S, 221(28) e*fm*,

is less than half the corresponding value reported here for 42Si, 500(90) e*fm?. In addition,

the present shell model calculation does not support a stable axially-symmetric deformation

in *S. We conclude on the basis of both the B(E2;0;, — 2{) value and the shell-model

calculation that %S is not stably deformed.
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