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ANALYSIS OF THE **Si(p, v)*’P REACTION DATA IN THE
REGION OF THE SUBBARRIER SINGLE PARTICLE
RESONANCES?*
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The ?#Si(p, v)?°P reaction data have been analysed in terms of a modified direct-semi-
direct capture model which accounts for the presence of broad shape (single-particle) reso-
nances in the entrance channel. Values of the spectroscopic factors for the ground state
and 1.65 MeV and 2.88 MeV resonances in 2°P nuclei were extracted and found to be con-
sistent with those obtained in other experiments. The modified theoretical analysis scheme
was found to provide a convenient tool for analysing the radiative capture reaction data.

PACS numbers: 25.40.-h

1. Introduction

Direct radiative proton capture reaction has proved in the past its usefulness as a tool
of nuclear spectroscopy at low incident energies [1-5]. In an ideal case, when all non-
-direct reaction channels can be disregarded, the ratio of the measured radiative capture
reaction cross section to the theoretical one is equal to the proton spectroscopic factor
of the final state, a physical quantity of paramount importance. Unfortunately, in most
cases it is not possible to avoid other reaction mechanisms, extraction of spectroscopic
factors becomes a real problem and analysis schemes must be devised which take those
other mechanisms into account as well.

A modification of the theoretical analysis scheme of the dipole radiative proton capture
reaction data has been proposed recently [6] which offers a relatively simple way of over-
coming the most severe problems of the data analysis caused by the presence of broad
shape resonances and the non-negligible semidirect amplitudes. The new analysis scheme
treats the direct capture and the capture via those broad resonances on equal basis in the
framework of the direct-semidirect capture model. This results not only in a noticeable
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simplification with respect to the conventional combined direct-semidirect plus R-matrix
analysis scheme but supposedly allows also to avoid some major ambiguities of the latter.
The main novelty of the new scheme consists in using a special energy-dependent single-
-particle potential for generating the relative motion wave function in the entrance channel
i.e. the scattering wave function. This potential allows to generate scattering state wave
functions with correct phase shifts in the region of isolated resonances and thus accounts
for effects of coupling of single-particle continuum states with the more complex structured
states — the bound states embedded into the continuum (BSEC). The coupling of the
incoming wave with states having large El widths (and thus contributing to the observ-
ed gamma yield via the semidirect amplitude) is accounted for by renormalizing appro-
priately the dipole effective charge.

In the present paper the existing experimental data on the excitation functions and
angular distributions of the 28Si(p, v)?°P reaction in the proton energy range of 1,5-3.0 MeV
[5, 7] are reanalysed in terms of the new analysis scheme. This serves two goals. First of
all, the applicability of the new approach is being tested and its possible limitations are
studied and secondly, the spectroscopic information concerning the ground and first
excited state as well as the shape resonances in the phosphorus nuclei is being reassessed.

A preliminary report on this analysis was presented in [8].

2. Analysis and results

The proposed analysis scheme is based on the formula for the direct proton capture
cross section derived in [1]:

o = const (phase space factor) S|<u(r)|Og (Nedr) }x(r)>§2, (N

where S denotes the spectroscopic factor of the final state, y(r) denotes the relative wave
function of the proton-target system in the entrance (continuum) channel, u(r) is the proton
bound state wave function in the final nucleus, Oy, is the electric dipole operator, e de-
notes proton effective dipole charge.

In this formula special attention has been paid to two quantities — the continuum
wave function y(r) which might be made responsible for the resonant behaviour of the
reaction amplitude and the effective charge e, which has to account for the presence
of the semidirect 1eaction path.

The 28Si(p, y) reaction excitation function exhibits two broad resonances in the proton
energy range of 1.5-3.0 MeV — one at 1.65MeV (J = 3/2-,T = 52keV) and other
at 2.88 MeV (J = 1/2-, I = 400 keV). Those resonances can be regarded as the two
spin components of the 2p proton wave shape resonance and accordingly they could be
used to determine the single-particle potential depth and the strength of the spin-orbit
force in the reaction entrance channel (see Fig. 1).

The fact that those resonances are not pure single-particle ones becomes clear when
comparing their measured widths with the theoretical single-particle widths and it has
an explanation in the coupling of pure single-particle continuum states with the BSEC.
In order to account for the effects of this coupling in the present analysis the energy depend-
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Fig. 1. Energies of the p-wave single particle resonances as functions of the depth of the real potential

well and the strength of the spin-orbit interaction. The tilted dashed line corresponds to the no-spin-orbit

case and thus predicts the position of the centroid of the p,;, and ps;. resonances as a function of the real

well depth. The two solid lines illustrate the spin-orbit splitting as a function of the strength of the LS poten-
tial at the fixed real potential depth

ent effective potential approach from [9] has been employed. As it was shown in [9],

a variation of the single particle potential depth accordingly to the formula:
N

U E) = Ug+ » - @
E—¢
i=1
results in splitting a single particle resonance into N+ 1 resonances while preserving the
total single particle strength. Widths and positions of those N+ 1 resonances are functions
of the parameters Uy, 7/ and &; which are treated as adjustable ones.
The effect of the energy dependence (2) can be understood from Fig. 2 which is borrow-
ed from [9] and which assumes N = 1. The almost straight line in Fig. 2b labelled U, (F)
describes the dependence of the energy of a hypothetic single-particle resonance for a par-
ticular partial wave on the well depth. Variation of the well depth with the particle energy
(Fig. 2b) produces shape resonances at two different energies (Fig. 2¢) at which the effective
potential depth and the resonance-adjusted depth are equal to each other, i.e. there, where
Uy E) = U, (F). Clearly the relative motion wave functions in those two resonances
have equal numbers of nodes and thus represent fragments of one pure single-particle
resonance from Fig. 2a. In [9] it has been shown that in such a fragmentation the total
single-particle strength is conserved.
Insertion of the single-particle wave function generated by applying the effective
potential approach into the standard formula (1) for the direct radiative capture amplitude
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Fig. 2. Excitation function for the (p, y) reaction on a hypothetic 4 = 28 Z = 14 nucleus generated by
using in the entrance channel a constant depth potential (upper section) and the energy dependent effective
potential with U.g(E) shown in the middle section (lower section). The Ures(E) line in the middle section
represents the dependence of the single-particle resonance energy on the well depth for a particular well
geometry

allows to treat the capture via single-particle resonances on equal footing with the direct
capture. The obtained amplitude represents the sum over these two ways of capture and
thus there is no longer need to resort to the R-matrix calculus as far as the (broad) single-
-particle resonances are concerned. On the other hand, as far as the narrow compound
nucleus resonances are concerned, their contribution to the measured yield can be made
negligible, when the incident energy is appropriately chosen. As a consequence, the use
of the R-matrix approach can in many cases be avoided at all.

In the present analysis of the radiative capture reaction data also the semidirect mech-
anism [10-—12] has been accounted for. This was done by renormalizing appropriately
the effective dipole charge of the proton:

eeff(r) = e+5epol(r)7 (3)

where e is the absolute value of proton charge. The polarization charge was assumed to
be composed of two parts:

Sepo(r) = —0.5e+eq(E)f(r). C))
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The first term merely accounts for the recoil of the 4 = 2Z target nucleus. The second one
accounts for the coupling of the entrance channel wave function to the GDR of the final
nucleus (built on the state being studied). Its energy dependence is determined by the GDR
strength function and was assumed to be given by the simple formula ¢(E) = goI Gpr/2
X [(E'/"EGDR)Z+réDR/4]—1/2'

As far as the radial dependence of the polarization charge is concerned two different
types of formfactors have been tested — the Saxon-Woods one and the surface peaked
one. None of them was here, however, found as being more favorable than the other
one. It is worth pointing out that the polarization charge (4) affects only weakly the reso-
nance width which is clearly helpful when carrying out the theoretical analysis. On the
other hand its effect on the magnitude of the cross section is significant and may lead to
errors in extracted values of the spectroscopic factors when the energy range covered by
the experiment is not sufficiently large.

Theoretical fits to the 28Si(p, v,) and to the 28Si(p, y,) reaction excitation functions
and angular distributions have yielded the following energy dependent potential para-
meters: Uy, = —57.60 MeV, V, = 406 MeV, r, = 1.3fm, ¢ = 0.5fm as the common
values for both 3/2~ and 1/2- components and ¢,(3/27) = 3.31 MeV, y3(3/2") = 1.29 MeV,
£,(1/27) = 3.46 MeV, y1(1/27) = 0.581 MeV. The last four parameters are to be inter-
preted as the positions and appropriate coupling strengths of the BSEC which couple
to the two dominant pattial waves in the entrance channel.

In the case of the 2¥Si(p, y,) reaction, experimental data cover a sufficiently large
energy range to allow simultaneous determination of both the spectroscopic factor and
effective charge parameters. The fits shown in Fig. 3 correspond to § = 0.36, Egpg = 19.0
MeV, I'gpr = 3.8 MeV (see [13]), g0(3/27) = 7.1 and g4(1/27) == 8.9. The extracted value
of the spectroscopic factor, the uncertainty of which we estimate on 209, agrees well
with the data from other experiments (sece Table 1).

TABLE

Spectroscopic factors for the ground and first excited states of the 2°P nucleus

Ex = 0 MeV (1/2*) i E. = 1.383 MeV (3/2%) i Reaction Reference
0.50 0.59 theory [14]

0.36 | 28Si(p, v) this work
0.36 0.50 ; *%Si(p, Y) (3]
0.45 *%8i(p, v) 171
0.45 0.23 28Si(3He, d) [15)
0.52-0.60 0.41-0.59 28Si(He, d) [16]
0.54 0.78 288i(°He, d) 17}
0.46 0.64 288i(*He, d) (18]
0.65 0.88 28Si(*He, d) [19]
0.51 0.90 288i(°He, d) [201
0.21 0.21 288i(3He, d) 211
0.15 288i(°He, d) ) [21}
0.50 288i(®He, d) 21}
0.50 0.71 288i(*He, d) 22}
0.59 0.37 288z, 1) ‘ [23]
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In the case of the 23Si(p, v,) reaction, the quality of the available experimental data
(relatively large statistical errors combined with the narrow width of the covered energy
range) is too low to allow the simultaneous determination of all the parameters involved
with an acceptable accuracy. Therefore in this case we renounce from an independent
extraction of the spectroscopic factor, assuming for it the value of 0.5 consistent with
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Fig. 3. Comparison of the experimental excitation functions of the 288i(p, v,)*°P reaction with theoretical

predictions (solid lines) for the El capture from the p;;; and py,, states. Resonance seen at 2.1 MeV has

J = 1/2* and thus is not taken into account in the calculations (M1 transition). Note that this resonance
produces interference yield at 0° but not at 90° as expected for El end M1 transitions

other experimental data (see Table I). With this value of 0.5, the effective charge parameter
go which characterizes the coupling strength to the GDR built on the first excited state
of the *°P nucleus is found to assume values ¢,(3/27) = 17.9 and g,(1/2-) = 23.7. The
resulting fits to the experimental data are shown in Fig. 4 by solid lines. In the same figure
dashed lines present best fits obtained when both the spectroscopic factor and the effective
charge parameters were allowed to vary. These fits correspond to a considerably lower
value of the spectroscopic factor S = 0.1 which suggests that the quality of experimental
data is here indeed inadequate for simultaneous and accurate determination of all the
parameters involved.
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Fig. 4. Comparison of the experimental excitation functions of the 23Si(p, v;)*°P reaction with theoretical
predictions. Solid lines correspond to the fixed value of the spectroscopic factor § = 0.5, while the dashed
lines represent th best fits obtained when also the S-value was allowed to vary

Theoretical fits to the excitation functions at 0° and 90° shown in Figs. 3 and 4 corre-
spond to the spectroscopic factors for the observed 3/2- and 1/2- shape resonances
S5,(3/27) = 0.85 and S,(1/27) = 0.66.

3. Discussion

The new analysis scheme for the radiative capture reaction data proved here to be
a convenient tool for extracting the spectroscopic information both on bound and resonant
states of nuclei. Depending on the quality of the experimental data two different approaches
have to be adopted. In cases, when the experimental data have an adequate quality, a self-
-contained analysis is possible which yields the values of the spectroscopic factors and of
the effective charge parameters involved. In cases, when the quality of the experimental
data is rather poor, the results of the simple fitting have large uncertainties. In such cases
some parameters have to be fixed based on other experimental results. It is worth pointing
out that this should not be considered as a deficiency of the new analysis scheme as com-
pared to the conventional one which sets requirements to the quality of the experimental
data as well.
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The fact that the new scheme allows us to fit the experimental data in a broad energy
range, makes it especially suitable for predicting — by extrapolating theoretically from
experiments at higher energies — the capture yields at the astrophysical energies where
the experiments are difficult to carry out.

We want to thank Professor Z. Wilhelmi for his kind interest and continuous support
of this work.
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