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Abstract

In this paper we discuss new experimental data on the one-proton transfer
reaction 32S(*He, d)**C1* at 9.68 MeV bombarding energy. An enriched 32S
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target and a high-granularity hodoscope were used to obtain data for proton
transfer reactions to bound and unbound states in 3*Cl. Angular distributions
were interpreted by means of finite-range DWBA and coupled-channel calcu-
lations. The obtained spectroscopic factors have been compared with previous
results reported in the literature and with shell model calculations.

Keywords: proton transfer reactions, spectroscopic factors, DWBA and CRC
calculations

(Some figures may appear in colour only in the online journal)
1. Introduction

In the last three decades, the structure of light-to-medium mass nuclei has been the subject
of a renewed interest, especially thanks to the recent development of radioactive beam facil-
ities, (see, e.g. [Cas00]). The occurrence of exotic phenomena in their structure (see, e.g.
[Ots20]), the appearance of molecular effects in light nuclei (see, e.g. [Bij20, Frel8, Lom18])
and their impact on nuclear astrophysics (see, e.g. [Des07, Lom14, HeJ18, Lom19]), stimu-
lated the design of a new generation of particle detectors, particularly well-suited to produce
high-resolution data of nuclear reactions (see, e.g. [Acol6, Dell9, Pas17, Val19]).

Among the various existing experimental tools, one-nucleon transfer reactions are one of the
most powerful ways that can be used to unveil the structure of light-to-medium mass nuclei
(see, e.g. [Han03, Hod71]). In particular, it is possible to benchmark the predictions of sev-
eral shell models obtained using different types of interactions [Tsa05]. In this framework, the
determination of the orbital angular momentum of the single particle levels and the extraction
of spectroscopic factors C2S can be obtained by comparing experimental data with distorted-
wave Born approximation (DWBA) or coupled reaction channels (CRC) calculations, two
well-known theoretical tools that are commonly used in nuclear physics [Aus70, Tho09].

There is another interesting application linked to the estimate of spectroscopic factors. They
can be determined experimentally in a direct way also for particle-unbound states that are very
close to the separation energy threshold. Furthermore, the C?S is linked to the partial width T;
of the unbound state by the simple formula I'; = C’s - %ow [11i01]. Here, p is the reduced
mass of the particle + core system, R is its channel radius, [P, the penetrability (correspond-
ing to a given orbital angular momentum) and 6? is the dimensionless single-particle reduced
width, that can be easily calculated by solving the Schrodinger equation for a potential well
representing the particle + core system [I1i01]. Since all the above mentioned quantities can
be calculated, if one knows experimentally the CS value for a given state, it is possible to
estimate the corresponding partial width I';. This opportunity is particularly interesting for
unbound states that are very close to the particle separation threshold; in this case, in fact, the
estimate of I'; by means of low energy compound nucleus reactions is made difficult by the
huge hindrance of cross section given by the Coulomb barrier, and direct experiments are often
impossible.

Among the various possible physical cases available with stable beams, we fixed our atten-
tion to the 32S(*He, d)**Cl reaction; at bombarding energies slightly above the Coulomb barrier
it is possible to populate states in the proton-rich *3Cl residual nucleus from the ground state
(GS) up to unbound states at = 3 MeV [End77]. Since the 16 protons of *2S fill all the shells
up to the 25y 5, the extra proton transferred with the (*He, d) reaction can probe the single-
particle structure of 3Cl states with respect to the population of the 1d55, 1f7/, and 2p3,
shells [Ing75, Mor70]. In the A ~ 30, Z = 16 region of the Segre chart (the zone of the so
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called sd-nuclei), the universal SD-shell interaction (USD, proposed by Wildenthal in the ’80
[Wil82]) had good success in reproducing the binding energies of such nuclides and some of
the spectroscopic factors for the low-lying excited states (see, e.g. [Ver94]). However, some
other different approaches have been reported in the literature for sd-nuclei. As an example,
the intermediate-coupling vibrational model (ICVM) by Castel et al considers the coupling
between quasi-particles and anharmonic core vibrations [Cas71]. As pointed out in references
[Ing75, Mor70], the USD and ICVM approaches predict quite different CS values for the first
low-lying states in the proton rich-nucleus 3*Cl, and a comparison with experimental values
is necessary to discriminate between the models. Unfortunately, the experimental works aim-
ing at deriving the C*S values from transfer data show quite strong differences, that go from
~ 10% up to a factor ~ 2, as it can be seen in references [Gra66, Ing75, Koz72, Mor70, Ver94].

From the point of view of nuclear astrophysics, proton-unbound states in 3*Cl are populated
in the ¥2S(p,7)*Cl capture reaction, that is involved in the rp-process [11i92]. In particular, it
is shown in reference [I1i92] that the reaction rate at temperatures lower than 0.1 GK is fully
dominated by the resonant contribution due to the 2.352 MeV excited state. Since this state is
unbound by just 75 keV, it is nearly impossible to measure its contribution to the 32S(p,7)**Cl
reaction via direct experiments. However, the reaction rate due to this resonance can be esti-
mated by knowing its strength w-y, that is related to the partial widths I", and I',. The Coulomb
barrier strongly suppresses the I', value, and therefore the I', radiative width is practically
identical to the total width T. On the other side, the ', value can be inferred by using the C*S,
spectroscopic factor, the penetrability and dimensionless proton reduced width, as discussed
at the beginning of the paragraph.

For this case, C*S, values of 0.061 and 0.07 were reported in two different one-proton
transfer experiments [EIb72, Koz72]. Since the transition is weak, the data analysis can be
difficult because of the presence of a large background given by close-lying peaks and/or by the
presence of contaminants in the target; as an example, the natural sulphur itself is contaminated
by 3*S (=~ 4.2%) and, to a lower extent, by >*S (=~ 0.75%). New, higher sensitivity, data on this
transition would be therefore useful to better constrain the reaction rate of radiative proton
capture by sulphur at low temperatures.

In this paper, we describe a new high-resolution measurement of the one-proton trans-
fer on 3>S by means of the **S(*He, d)**Cl reaction at a bombarding energy around
10 MeV. This relatively low energy value allows us to neglect the effect of *He direct break-up
(OQbreak—up =~ —35.5 MeV), which would add a continuum contribution to the deuteron spectrum.
The experiment is performed exploiting a high-purity target and a new generation hodoscope
of silicon detectors, enabling to minimize the effect of undesired contaminant reactions.

The paper is organized as follows. In section 2 we discuss the details of the experimental
apparatus here used and of the manufacturing and testing phases of the targets. In sections 3
and 4 we discuss the data reduction phase and the analysis of angular distributions by means
of the DWBA and CRC nuclear reaction tools. Finally, we discuss the obtained spectroscopic
factors and compare them with previous estimates reported in the literature.

2. Experimental setup

The experiment was performed at the CN van de Graaf accelerator of INFN—Laboratori
Nazionali di Legnaro, Italy. A *He** beam was extracted from an RF source and then accel-
erated up to 9.68 MeV. The beam energy resolution was of the order of 2 keV, and no traces of
contaminants were present after the analysing magnet. The beam was sent to a vacuum cham-
ber of about 35 cm radius, with a vacuum level of the order of 10~° mbar. At the target point,
the beam spot diameter was of ~ 2 mm.
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2.1. Target manufacturing and characterization

Targets used for this experiment were made by a natural carbon foil with evaporation of ZnS
powder, enriched at 99.9% level in *2S to avoid contaminant peaks due to unwanted reactions
on **¥S. Zn nanocrystals were synthesized using the approach described in reference [Pol08].
Zn nanopowder (size of nanoparticles: 40—80 nm) was weighed and mixed with isotopically
enriched sulphur powder in stoichiometric ratio. The procedure was done in a glove box under
nitrogen flowing and low humidity, to avoid the ignition of Zn nanopowder. The mixture was
poured into a steel tube reactor with caps; then the tube was closed tightly and inserted in the
tube furnace. The treatment was performed under nitrogen flow (30 sccm), according to the
following scheme: (1) heating at a rate 10 °C min—"', up to 650 °C; (2) dwell at 650 °C for 2 h;
(3) cooling down at room temperature with a rate of 3 °C min~'. After the reaction, the product
was a white/yellow powder; the SEM-EDS grain analysis shows the presence of only Zn and
S, without traces of oxidization or Fe from the reactor. Furthermore, Zn and S are detected
in 1:1 atomic ratio, as expected from ZnS chemical formula. The crystal size was hundreds
of nanometres and a high-resolution XRD analysis evidenced the successful synthesis of ZnS
with high crystallinity.

To make further characterizations of the ZnS powder, we performed a control deposition
on a silicon substrate, and we analysed it by RBS spectrometry with an alpha beam (2 MeV)
at the AN2000 electrostatic accelerator in Legnaro. The RBS analysis confirmed the 1:1 stoi-
chiometric ratio in the ZnS and the almost complete absence of ***S contaminant isotopes in
the compound. During the control deposition, the ZnS powder was also evaporated on carbon
backings (nominal thickness 15 g cm™2) to form the targets used in the experiment. The RBS
analysis of the control deposition gave us a thickness of the ZnS layer of 53 pg cm~2, and due
to the geometry of the evaporation procedure, this value corresponds also to the thickness of
the deposition on the carbon backing.

2.2. The detection system

In this experiment we used the OSCAR (hOdoscope of silicon for correlations and analysis of
reaction) device. OSCAR is a very compact two-stage hodoscope, which allows the isotopic
identification of very low energy particles thanks to the AE—F telescope technique. The first
detection stage of OSCAR is made by a 20 pm thick single-sided silicon strip detector; it is
followed by a wall of 16 silicon pad detectors, 300 pm thick. Pre-amplifiers were cooled under
vacuum via metallic contact with the walls of the chamber. All the preamplifiers were put in
close connections to the detectors to reduce noise and pick-up; the silicon pad signals were
directly sent to the charge preamplifiers by a plug-in connection through electronic boards. A
complete description of the detector and its performances can be found in reference [Del18].
The OSCAR hodoscope was placed in the vacuum chamber onto a rotating plate (Figure 1),
covering the angles from ~ 20 — 40° in the first angular setting and ~ 40 — 60° in the second
angular setting. Polar angles were measured with an accuracy of 0.1° by means of a precision
theodolite. The good granularity of the detector allows us to obtain detailed angular distribu-
tions with a single set-up of the detector, even in close-geometry experiments. The analysis of
deuteron peaks of ~ 5 MeV obtained in the present experiment points out to an energy reso-
lution of ~ 50 keV FWHM; according to reference [End77] and the successive literature, this
among the best resolution achieved, so far, in the analysis of deuterons emitted in the 3>S(*He,
d)*Cl reaction. In addition to the OSCAR device, two independent AE—E silicon detectors
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Figure 1. The OSCAR device inside the scattering chamber (on the right side of the
beam line). On the left side we see the two independent AE—FE telescopes used for check
purposes.

(20-300 pm) were mounted on the opposite side of the chamber, with the purpose of making
some check of the observed ejectile spectra.

2.3. Energy calibrations

A very important part of the experiment was to make accurate and reliable energy calibra-
tions of both the detection stages. Since the silicon strip detector can show a thickness non-
uniformity (see reference [Dell8]), we performed two independent calibrations of the AE
and E stages in the OSCAR telescopes. First, we calibrated the AE stage by means of elastic
scattering of low energy *He beams on a thin '’ Au target.

The beam energy was varied from 2 MeV to 3.7 MeV in six steps, and six calibration points
were used to calibrate the AE stage. We observed an excellent linearity of calibrations for all
the strips. Subsequently, the beam energy was increased from 6.6 to 9.6 MeV in six steps,
to allow the scattered particles to punch-through the AE stage. Since the energy deposited in
the first stage was known thanks to the previous calibration, we performed the calibration of
the second detection stage (silicon pads) independently of the thickness of the strip detector.
Also in this case, the calibrations were almost perfectly linear. A check with pulsar signals
confirmed the linearity of the electronic response. Great care was put into checking the stability
of calibrations all along the experiment: the variation of the voltage drop on the bias resistor
(due to the increase in the leakage current) was periodically compensated by changing the bias
of the detectors and the position of several reference peaks was continuously monitored to
verify possible drifts in the calibration as a function of time. The observed shifts are very low
(of the order of 2%, maximum during the whole data taking period) and have been corrected
offline.
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Figure 2. A AE-E identification matrix showing the good quality of the p, d, *He
and “He identification for a pseudo-telescope of the OSCAR device. The identification
threshold for deuteron is about 2 MeV.

3. Data reduction and analysis

The minimum sub-unit of the OSCAR detector is called a pseudo-telescope; it is made by
the crossing of a given strip and a pad behind it. For each pseudo-telescope, we performed
graphical cuts on the AE — E matrix to isolate the emission of *He and deuterons (cuts on
protons and “He were also done for calibration check purposes). An example of a AE — E
matrix obtained for a single pseudo-telescope is shown in figure 2.

To optimize the statistics, groups of pseudo-telescopes, having angles within 4+1°, were
summed together to form an angular region. In doing that, we considered the mismatch
between the orthogonal geometry of the device and the polar geometry of the reaction, as
obtained from careful geometrical simulations of the experimental apparatus.

After such data reduction phases, we built a kinematical correlation plot of the emit-
ted deuterons, where we correlated the polar angle of emission to the kinetic energy in the
laboratory frame, as shown in figure 3.

A close inspection of figure 3 allows us to clearly see kinematical lines for the 32S(*He,
d)33Cl reaction, leading to the production of **Cl nucleus in the GS and in the 0.81, 2.352,
2.686 and 2.86 MeV excited states (red dashed lines). We can also see the effect due to the
main reaction contaminants, '2C and 'O, leading to the formation of '*N and '’F nuclei in the
ground and in the first excited state (black dashed lines). The excellent energy resolution of
the detector and its good granularity, coupled with a large angular coverage, allow us also to
see some faint kinematical lines (blue dashed lines) associated with reactions on >>Cl nuclei
present in the salt used as release agent in manufacturing the carbon backing. All these types of
contaminants are commonly present in the targets used to study reactions on 32S, and therefore
their contributions must be carefully considered in the data analysis. To avoid any possible
effect due to contaminant peaks, we considered in the data analysis only the angular region
in which a given kinematical line of the *S(*He, d)**Cl reaction is far from a close-lying
contaminant reaction by at least two standard deviations. An example of deuteron spectrum
obtained at 6, ~ 43.7° is shown in figure 4, together with the multi-gaussian fit used to extract
the number of counts for each peak.
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Figure 3. (Top panel) Kinematical correlation plot for deuterons detected with the
OSCAR setup in the complete angular range of the experiment. The bottom panel shows
a replica of the top panel in grey scale, alongside with the theoretical kinematic lines
expected for: the ¥S(*He, d)*3Cl reactions leading to several *Cl excited states (red
dashed lines), the reactions '>’C(*He, d)'*N on the backing and '*O(*He, d)!"F on oxy-
gen contaminants (black dashed lines), and the reactions ¥ CI(*He, d)3®Ar on chlorine
contamination due to the release agent used for the carbon backing (blue dashed lines).

The estimate of the absolute cross section for *2S(*He, d)*3Cl reactions populating vari-
ous states in 3*Cl was obtained by means of an internal normalization procedure. We verified
that, at our bombarding energy, the elastic scattering of *He on Zn is fully dominated by the
Coulomb component, especially at angles lower than 60° in the laboratory frame. In fact, the
Coulomb barrier for such a system is about 11 MeV. Furthermore, we ran calculations of 3He +
64656671 with the optical model by using the Becchetti—Greenlees global parameters [Bec71],
and by using the Sao-Paulo potential (SPP) [Cha02, Cha07, Gas07]. In both cases the devia-
tion from the Rutherford prediction is smaller than 2% for the most backward angles, and it is
vanishingly small at forward angles.
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Figure 4. Multi-Gaussian fit of the deuteron spectrum obtained at 6, ~ 43.7° with the
OSCAR detector (14 keV bin). The fit concerned both the peaks associated with the
328(3He, d)**Cl reaction and the peaks due to the main contaminants.

Since the elastic scattering cross section on Zn is well known, and considering that we are
able to extract the yield of *He particles elastically scattered by Zn nuclei (see figure 2), we
derived the absolute cross section for the >S(*He, d)**Cl reaction by normalization to the Zn
peak. We knew in fact (see section 2) that the stoichiometric ratio of the ZnS powder here
used was 1:1, and therefore the numeric areal density of *2S nuclei is equal to the Zn one.
The internal normalization procedure allows us to estimate absolute cross sections with the
lowermost errors, provided that the angles of the detectors are, as in our case, known with
good accuracy. Furthermore, this normalization procedure is particularly well suited when strip
detectors are used. In fact, for such type of detectors, it is generally quite difficult to determine,
with good accuracy, the effective detection solid angle, that can also be affected by inter-strip
effects [Gral4]. In figure 5 we show, as full dots, the angular distributions related to the feeding
of the various *3Cl states. The absolute cross section scales and the shapes of the observed
transitions (especially for the GS and the 0.81 MeV transitions) are in reasonable agreement
with the ones reported in reference [Ing75] at similar bombarding energies (10.4 MeV). In the
next section, we will discuss the interpretation of the data by comparisons with finite-range
DWBA and CRC calculations.

4. DWBA and CRC analysis of experimental data

We performed finite-range DWBA and CRC calculations of the 32S(*He, d)*3Cl data at
9.68 MeV bombarding energy using the FRESCO code [Tho88].

The nuclear potential is an important ingredient in the determination of the reaction mech-
anisms during the collision of heavy-ions [Den(09]. In the present work, we have adopted the
SPP interaction to describe both mass partitions involved in the 32S(*He, d)*3Cl transfer reac-
tion: *He + 328 and ?H + *CI. The SPP is a parameter-free model for the real part of the
nuclear interaction. It is based on nonlocal quantum effects, which are related to the exchange
of nucleons between projectile and target. The SPP presents an important predictive power
of cross sections for several nuclear processes, since it is derived from a systematics for the

8
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Figure 5. Angular distributions for the one-proton transfer transitions to the 0 (a), 0.81
(b), 2.352 (c), 2.685 (d) and 2.846 (¢) MeV states in 3*Cl. Black dots: experimental data.
Red solid lines: CRC calculations. Blue dashed lines: DWBA calculations.

nuclear density matter of heavy-ion nuclei [Cha02, Cha07]. In the last two decades, the SPP
has been used in several studies related to nuclear physics and astrophysics [Alv03, Alv19,
Ya06, Zam11].

Following the prescription adopted in reference [Per09], the imaginary potential was
obtained by multiplying the strength of the SPP by a factor 0.6. To guarantee the validity of
the nuclear interaction, we have performed optical model calculations for the following reac-
tions: 2H + 2*Mg at 12.1 MeV [Bro72], >?H + 2’ Al and *H + 28Si at 12.8 MeV [Nie64], *He
+ 2*Mg at 16.0 MeV [Duh70], *He + *S at 15.0 MeV [Zur69], and *He + “°Ca at 12.0 and
18 MeV bombarding energy [Abd86]. In general, the reported elastic scattering angular distri-
butions are well described by the optical model calculations. For the reactions involving 3He,
we have included a spin—orbit term (Wood—Saxon shape with parameters Vo = 4 MeV, ry =
1.06 fm and a = 0.6 fm), while for the systems with >H projectile, a tensorial potential has been
included in the calculations. The shapes of the bound state wavefunctions for both the 3He in
the entrance channel and the *3Cl in the exit channels have also been calculated by using the
SPP. It is worth noting that, within this framework, the mass and charge distribution of 3He are
well reproduced [Angl13]. Regarding the CRC transfer calculations, no couplings to further
excited states have been considered in the first partition (*He -+ 32S). For the final partition
2H + 3Cl, four excited states (apart from the 3/2% g.s.) have been considered in the coupling
scheme: 1/27 at 0.810 MeV, 3/2% at 2.352 MeV, 7/2™ at 2.685 MeV, and 3/2~ at 2.846 MeV.
The last three states are quasi-bound states and are above the proton separation energy (2.276
MeV). In order to take into account them properly in the CRC calculations, considering them

9
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as bound states, a procedure reported in literature was adopted (see, e.g. references [Denl5,
Luk14, Vin69)), i.e. to perform approximate DWBA and CRC calculations for unbound states
assuming that they are bound by just 0.1 MeV. We verified that a variation of 50 keV in the
bound state level did not lead to a sizeable change in the shape of the wavefunction, and there-
fore on the calculated cross sections. It is worth noting that the literature reports also different,
more analytic, approaches to describe the quantum-mechanical properties of resonant states
close to the threshold by using the so-called Berggren representation in the complex plane
[Ber93, Li096]; such approaches could be used in the future for some further refinements of
the proton-transfer calculations here reported concerning to the 3/27 state at 2.352 MeV.

Since the entrance potential was well controlled and no further states were added in the
coupling scheme, the prior representation (with complex remnant) has been employed. The
proton-core nuclear interactions were described by standard real Woods—Saxon potentials
(Vo =50 MeV, rp = 1.2 fm and a = 0.6 fm). The spectroscopic factors for the target over-
laps were obtained from the data fits (we reasonably assumed that the projectile/ejectile GSs
overlap has a spectroscopic amplitude equal to 1).

Taking into account the predictions of the shell model for proton orbitals, in our DWBA and
CRC calculations we considered one-proton transfer to the 1d3 5, 251 /2, 2p3 2 and 1 f7 5 orbitals.
The results of calculations for the transitions to the various states of 3*Cl are reported as red
(CRC) and blue-dashed lines (DWBA) in figure 5. We extracted the spectroscopic factors by
a x?> minimization of the CRC calculations to the experimental data; the DWBA calculations
shown in figure 5 are obtained by using the same spectroscopic factors. If we consider the
variation of the optical model and the bound state parameters within a reasonable range of
physically acceptable values, the uncertainty on the extracted spectroscopic factor amounts to
about 20%. The differences between the predictions of the CRC and DWBA approaches are
quite small (especially at the most forward angles), being of the order of &~ 15% maximum at
backward angles.

4.1. Discussion on the spectroscopy of 33Cl states

Concerning the GS transition (3/27), we suppose a transfer to the 1d; /2 orbital (with £ = 2).
Literature clearly indicates ¢ = 2 as the right orbital angular momentum assignment. The CRC
and DWBA calculations reproduce very well the data, except for the ones at the most forward
angles. A similar effect is seen also in the data of reference [Mos70], at 12 MeV bombarding
energy. A x> minimization procedure leads to a spectroscopic factor C>S » = 0.73 for the GS
of 33Cl. This value is in excellent agreement with the one of reference [Koz72] at 29.7 MeV
(0.70), while deviates up to & 25% with respect to the values reported in references [Ing75]
(0.54) and [Mor70] (0.90). It is interesting to note that our value is not far from the values of
one-neutron spectroscopic factors of the GS of the mirror nucleus *3S reported in the literature
(0.81 and 0.92), as indicated in references [Bob70, Mer71] and in the compilation [End77].
Our value is much closer to the prediction of the IVC model (0.77) rather than the one of the
USD-shell model (0.61) [Ver94].

The population of the 0.81 MeV excited state in **Cl is attributed, with a consensus, to
the proton transfer in the 2s;/, orbital. The £ = 0 nature of this transfer process will make
dominant the emission of deuterons at 0°, as shown in previous works in the literature, e.g.
[Ing75, Koz72]. In our work, figure 5(b), the experimental data points are mainly grouped close
to the second maximum of the angular distribution, that is centred at 0., ~ 40°. Data at angles
smaller than 40° show experimental cross sections larger (by a factor of ~ 2) than the CRC
and DWBA prediction; this trend was seen also in the [Ing75, Koz72] data, possibly indicating
some inadequacy of the theoretical models in the description of the reaction mechanism. The
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Cs » = 0.25 value found here is very close to the findings of references [Gra66, Ing75, Mor70]
and to the predictions of the SDI (0.27) and ICV (0.28) models.

Very few data exist on the 2.352 MeV transition. In reference [Mos70], the author succeeded
to measure the angular distribution (in relative units) for such a transition by using a magnetic
spectrometer. He suggested a tentative £ = 2 orbital angular momentum value; no C>S p value
was reported. To our knowledge, the only existing data leading to an estimate of the C>S p» value
are the 34.5 MeV data of reference [Koz72]. In this work, the peak related to this transition
was seen, in the ejectile spectrum at 30.4°, near a contaminant peak and on the tail of the
huge doublet of peaks due to the 2.685 and 2.846 MeV transitions. This is a clear indication
of the difficulties occurring in the detection of such a weak transition. The zero-range DWBA
analysis of reference [Koz72], made by assuming a 3/27" assignment for the 2.352 MeV state,
led to an estimate of C2S » = 0.061, a value in good agreement with the SDI model calculation
of reference [Wil71] (0.07). This value agrees also with the value (0.07) reported in reference
[Elb72] by studying the 32S(d, n)**Cl reaction at very low energies (4.7 and 5.5 MeV)'3. In
the case of present work, for the first time, we can measure data in a region of the angular
distributions that is free from effects due to close-lying contaminants. The agreement between
our data and both theoretical calculations (assuming ¢ = 2 and J™ = %+ for the 2.352 MeV
state) is not particularly good, as shown in figure 5(c). The experimental data seem to show a
local bump not seen in the calculations. It is still possible (even if unlikely) that some unwanted
reaction on a contaminant present in the target could pollute the small peak associated with this
transition and seen in the ejectile spectrum. Another possibility could be related to the nature
itself of this transition, that could be affected by a non-direct component far larger than the other
ones'?. The x> minimization procedure provides a spectroscopic factor C>S » = 0.073, evenif
the poor agreement between data and calculations in this case leads to a larger uncertainty
(=~ 40%). This value of the spectroscopic factor is similar to the previous estimate (and very
close to the theoretical predictions of the SDI model [Wil71]). Since this value is involved in
the indirect determination of the resonance strength of the 2.352 MeV state populated in the
32S(p, ) reaction [11i92], it would consequently confirm the existing estimates of the reaction
rate at low temperatures (7 < 0.1 GK), which is dominated by such a narrow resonance.

The transition to the 2.685 MeV state is still the subject of some debate. In reference
[Chel 1], two contrasting spin assignments (5/2 and 7/2) have been reported. Considering the
possible angular momentum couplings, both ¢ = 2 and ¢ = 3 are allowed in one-proton trans-
fer reactions. Previous works in the literature ([Ing75, Koz72, Mor70, Mos70]) tend to support
the £ = 3 assignment and thus the one-proton transfer to the 17/, shell.

In our work, the peak associated with this transition is partially merged with a contaminant
peak at the larger polar angles (see figure 3) while it is free from contaminants at the most
forward angles. The ¢ = 3 DWBA and CRC curves reasonably reproduce our experimental
data; on the other hand, we observed that, if we use { =2 and J™ = %Jr assignment in the
calculations, the X2 value we obtain is far larger than in the / = 3 and J™ = %_ case. This
finding would support the previous suggestions reported in the literature. At the same time, it
is difficult to discriminate between the possible J™ = %70r %_ assignments that are associated
to the ¢ = 3 transfer.

181n the review paper [End77], this value was not included in the systematics because of the possible influence of
non-direct processes at the very low bombarding energies used for the experiment.

19 1n this respect, it is interesting to observe that the transition to the close-lying (but sub-threshold) state at 1.99 MeV
was reported to have a non-stripping nature in the analysis of the *2S(d, n)*Cl reaction at low energy reported in
reference [Elb72].
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Table 1. Spectroscopic properties of low-lying states in the proton-rich 33Cl nucleus.
The columns IV—-X show the C2S value reported in the literature (i.e. references [Gra66,
Ing75, Koz72, Mor70, Ver94]) and in this work. The last column reports the unweighted
average of the C2S values and the standard deviation of the sample.

E.in J™ [ [Gra66] [Mor70] [Koz72] [Koz72] [Ing75]  [Ver94] This work Average

301 (12 MeV) (15 MeV) (29.7 MeV) (34.5 MeV) (10.4 MeV) (25 MeV) (9.7 MeV)

(MeV)

0 32+ 2 047 0.90 0.70 0.63 0.54 0.86 0.73  0.69£0.16
081 120 022 029 0.32 0.37 0.22 0.37 025 0.29 +0.06
2352 322 — — — 0.061 — — 0.073 0.07 +0.01
2.685 (727)3 052 0.73 0.50 0.41 0.52 — 044 052 +0.11
2.846 32- 1 074 055 0.50 0.58 0.72 — 028 0.56+0.17

From a qualitative point of view, it seems unrealistic that such a low energy transition would
by-pass the population of the 1f7,, (and also of the 23 ) shell, in favour of the 1 f5 5 shell. Fur-
thermore, the systematics show the presence of a possible analogue state in the mirror nucleus
33S at2.935 MeV, thathasa 2 assignment [Che11]. The C*S,, = 0.44 value that we obtained
(assuming the population of the 1f7/, shell) from the CRC calculations is close to the findings
of [Gra66, Ing75, Koz72].

The 2.846 MeV transition is clearly visible in the kinematical plot of figure 3. A close
lying state at 2.839 MeV (5/27) has been reported in the literature, but its contribution to the
transfer cross section is very small, as reported in references [Gil16, Mor70]. In the present
work we reasonably assume that the kinematical line seen in figure 3 is totally due to the
2.846 MeV state. This state has a 3/2~ assignment, and there is a consensus in the literature that
the transition has ¢ = 1. The DWBA and CRC calculations we performed reproduce reasonably
well the data (see figure 5(e)), especially at the most backward angles. We determined a C>S p =
0.28 value, which is quite smaller than the previous estimates reported in the literature at similar
energies [Ing75]; we mainly attribute this difference to the smaller values of the cross section
here reported.

4.2. Discussion on the C?S values

In table 1, the C2S value for the 3Cl excited states considered in the present study are reported
and compared with those obtained in previous works. The data are shown in a graphical form
in figure 6, upper panel. In such a figure, we include also the values predicted from theoretical
models (MSDI [Wil71], ICVM [Cas71] and USD [Ver94]).

The agreement between the various data sets is qualitative: the band of variation of the C*S
values, shown in yellow, is still quite large: up to a factor of 2 between the maximum and
minimum estimates. Since the absolute C2S values can be influenced by the different choices
of optical model potentials and/or by the use of different potentials in describing the bound
states, it could be useful to calculate relative spectroscopic factors, by normalizing the C2S
values to the GS ones. The result of such a procedure is shown, in graphical form, in figure 6
(lower panel). We can see that the discrepancies between the various data sets are reduced,
especially for the lowermost energy states; anyway, a difference of a factor of ~ 2 is persisting
(and even enhanced) for the excited states at 2.685 and 2.864 MeV and would deserve some
further investigations.

Following the same lines of [End77], we performed an unweighted average of the C?S val-
ues reported in the literature, also including the results of the present work. In fact, even if C2S
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Figure 6. (Upper panel) C2S proton spectroscopic factors for low-lying states in 3*Cl.
Open symbols: experimental data. Asterisks: data from reference [Gra66]. Squares: data
from reference [Mor70]. Triangles: data from reference [Koz72] at 29.7 MeV bombard-
ing energy. Diamonds: data from reference [Koz72] at 34.5 MeV bombarding energy.
Circles: data from reference [Ing75]. Crosses: data from reference [Ver94]. Stars: this
work. (Lower panel) relative C>S proton spectroscopic factors. The C2S values for
excited states in *3Cl have been normalized to the GS value. The legend of symbols
is as before.

values are influenced by the different choice of the adopted potential parameters, their statistical
analysis can give some qualitative guidance in comparisons with theoretical calculations. The
results of this procedure are shown in the last column of table 1. Concerning the bound states,
the average values agree with both the SDI and ICV theoretical predictions while, just for the
2.352 MeV unbound state, the SDI prediction is in excellent agreement with the average value
here reported. All the models, however, can reproduce the quoted spectroscopic factors for the
bound states within about a standard deviation. This point indicates that further experimental
efforts must be done to better discriminate between the different theoretical models.

A possibility would be to make new experiments in the 10-30 MeV bombarding energy
range, preferably by using high resolution magnetic spectrometers and an isotopically pure
H,*S gas target. That is worth the risk, especially concerning a possible improvement in the
estimate of the spectroscopic factor for the astrophysical important 2.352 MeV state, for which
we find a C°S p» value slightly larger than the previously reported ones.
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5. Conclusions

In this paper we discussed the experimental data obtained by studying the 3*S(*He, d)**Cl
one-proton transfer reaction at 9.68 MeV. A compact, high-granularity, low-threshold and high-
resolution silicon hodoscope was used to detect the low energy deuteron ejectiles. A dedicated
target, isotopically enriched in 32-sulphur, was manufactured; its properties were carefully
tested with atomic and nuclear analyses. The large angular coverage of our hodoscope detector
and the excellent energy resolution allowed us to extract the yield of one-proton transfer reac-
tions to 3*Cl in its GS, 0.81, 2.352, 2.685, 2.846 MeV excited states, free from background due
to contaminant reactions. Absolute cross sections were obtained with an internal normalization
procedure; the obtained values are critically compared with previous measurements at similar
energies. Finite-range DWBA and CRC calculations allowed us to extract the spectroscopic
factors for all the transitions; their values were compared with previous findings reported in
the literature, and with some nuclear structure model predictions.

The agreement between the various data sets is qualitative, with some sizeable discrepan-
cies. Even if we average all the data of the spectroscopic factors available in the literature and
obtained here, their standard deviations are still too large to allow a definitive choice between
the main theoretical model (SDI, ICV, USD) predictions considered in this analysis. A slightly
better agreement seems to be obtained with the SDI model predictions. Finally, it is worth
noting that the spectroscopic factor obtained for the close-to-threshold state at 2.352 MeV is
in reasonable agreement with the only previous estimate reported in the literature. Since the
reaction rate of the 32S(p, v)**Cl reaction at low temperatures 7 < 0.1 GK is fully dependent
on such a value, our finding would strengthen the existing reaction rate due to this narrow state.
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