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Angular distributions for the 2’Al(h,d)**Si and 2%Si(4,d)*°P reactions have been mea-
sured at E, =130 MeV in the 9° <., <40° angular range. The data have been analyzed in
terms of the distorted-wave Born approximation theory. Finite-range and nonlocality ef-
fects are found to be significant and are necessary for a good description of the experimen-
tal data. The extracted spectroscopic strengths are G(2s;,,) =0.89+0.18 and
G(1ds,,)=0.22+0.04 for the 2Si(h,d)” P and *’Al(h,d)*’Si reactions, respectively. The
former value agrees well with that predicted by a shell-model calculation performed in a
full 1ds/,-2s,,,-1d3,, basis space; the latter, however, is only about 40% of the predicted

value.

NUCLEAR REACTIONS ?’Al, %8i(h,d,), E =130 MeV; measured
o(E,0). DWBA analysis, deduced spectroscopic strengths. Enriched

I. INTRODUCTION

In the shell model picture, stripping reactions
provide a method of inserting nucleons into avail-
able orbits in a nucleus. For reactions involving a
direct one-nucleon stripping, the cross section for
transition to a specific orbit can be factorized into
two parts, one related to the nuclear structure in-
volved, the other describing the dynamics of the re-
action. The latter is generally described in terms of
the distorted wave Born approximation (DWBA)
and is used to extract nuclear structure information
(spectroscopic strength, see Sec. III) from the exper-
imental data. '

Although, in principle, the spectroscopic strength
should be independent of the reaction type and in-
cident energy, it is found' that the experimentally
extracted quantities often do not show this feature.
In addition, they are not only found to differ among
themselves, but also often are different from those
calculated on the basis of, e.g., the nuclear shell
model® (see Sec. IIIC). For proton stripping by
2TAl and 288i, the presently available information is
given in Sec. IIIC.

We have performed proton stripping experiments
on ?’Al and ?3Si targets through the (h,d) reaction
at E; =130 MeV. In this paper, we report the ex-

26

targets.

perimental results and their analysis for the
ground-state transitions which involve two different
single (Ij) transfers, namely (ds,,) and (s, ) for the
YTANh,dy)*Si and *8Si(h,d,)*P reactions, respec-
tively. For these two experimental angular distribu-
tions, we have studied systematically the dynamical
aspects of the reactions in order to obtain a con-
sistent set of best-fit DWBA parameters. Using
these parameters the spectroscopic information has
been extracted and compared with that available in
the literature (see Sec. IIIC). The DWBA parame-
ters will also be used in the analysis of the transi-
tions leading to the excited states in the residual nu-
clei. The results will be presented in a forthcoming
paper.?

II. EXPERIMENT

The experiment was performed at the isochro-
nous cylcotron JULIC. The extracted & beam
(AE/E ~0.3%) hit the target without prior
momentum analysis. Beam intensities ranging from
a few nA at most forward angles up to ~200 nA at
larger angles were used. The targets 2’Al and 28Si
were self-supporting foils, about 5 mg/cm? thick.
The charged reaction products were detected by two
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FIG. 1. Deuteron spectra from the *’Al(4,d )*Si and
2Si(h,d)*P reactions at Op,p,=9".

AE —E telescopes mounted 3° apart from each oth-
er inside a 1 m diameter scattering chamber. Side-
entry 31 mm-thick Ge(Li) detectors* were used as E
counters. A choice of 1 mm AE counters was made
as a compromise between the particle detection cut-
off at low energies and the good particle separation.
Each telescope was coupled through standard elec-
tronics to two particle identifier units to achieve op-
timal separation for the p-d -t and for the h-a parti-
cle groups. A tantalum collimating system (with an
angular opening A6~0.4°), thick enough to stop
high energy protons, was placed in front of each
telescope. A Ge (Li) monitor detector was situated
at a fixed angle of 6, = —30°. Energy calibration
was accomplished using a CH,-CD,-Au target.
Figure 1 shows the measured d spectra for 2’Al and
283i targets taken at 6, =9°. The overall energy
resolution is about 500 keV. It can be seen that the
peaks corresponding to the ground-state transitions
are well separated. Peak identification follows from
the energy calibration and the Endt and van der
Leun compilation.! The angular distributions for
the transition to the ground states of the 2%Si and

P residual nuclei have been extracted in the
9°<6..m. <40° angular range. The error bar associ-
ated with each of the experimental points (see, e.g.,
Fig. 3) represents the total error which includes
both the relative and the absolute uncertainties.
This total error varies from about +10% to +30%
in the measured angular range.

III. ANALYSIS

The (h,d) reaction is assumed to proceed through
a direct proton stripping. The theoretical cross sec-
tion is calculated in the framework of the DWBA
formalism. Effects of the finite-range are studied
by exact (EFR) and approximate (AFR) methods
employing the computer codes DWUCK5® and
DWUCK4,® respectively. Effects of nonlocality (NL)
corrections are studied using the DWUCK4 program
only since DWUCKS5 does not have this option. The
relation between the experimental (do/dQ)., and
theoretical (do/dQ)pw cross section for a (h,d) re-
action, in the two computer programs, is given by>®

K

(d0/dQ)oy=N3 E " (46 /a0)5y, ,
I j

where

2Jf+1
lj)=
G (nlj) A

C2S(nlj) ,

K;j=2j+1 and N =4.42 for DWUCK4® and K;=1
and N =1 for DWUCKs.> The quantity C? is the
isospin coupling coefficient, S(nlj) is the spectro-
scopic factor, and G(nlj) is the spectroscopic
strength for the proton stripped into the orbit speci-
fied by the principal quantum number 7 and by the
orbital and total angular momentum / and j, respec-
tively. The initial (target) and the final (residual nu-
cleus) spins are denoted by J; and J;, respectively.

The value of G (nlj) is extracted by matching the
theoretical angular distribution to the experimental
one. In the present work the error associated with
G (nlj) is estimated to be about +20%, which re-
flects the error on the data as well as the uncertain-
ty in the curve matching procedure.

A. Input parameters

A list of the optical model potential (OMP) and
DWBA parameters used in the present work is
given in Table I. The radial wave function of the
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0.77 fm.
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Tso
(fm)

Vo

25.0 (Thomas spin-orbit form), 7o
(MeV)

Ay
(fm)
0.643
0.833
0.707
0.886

Tw
(fm)
1.613
1.105
1.466
1.050

(MeV)
21.6
28.4

(MeV)
20.2
19.9

al}
(fm)
0.856
0.860
0.973

0.85 fm™!, B(h)=0.25 fm~!, B(d)=0.54 fm~!, see Ref. 8. Finite-range parameter: R
0.988

(fm)
1.128
1.113

1.084
1.081

(MeV)
111.0
110.0
110.0
110.0

JVSH
JSSH
DVSH
DSSH

Set

TABLE 1. Optical-model and DWBA parameters. In all sets r.=1.3 fm. Proton bound-state parameter: A
0.65 fm. Nonlocality parameter: B(p)
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proton stripped by the 2’Al and %Si targets was

2 8BE generated in a real Woods-Saxon (WS) potential
~ g2 g8 with a Thomas spin-orbit term and including a
& A Coulomb term corresponding to a uniform spherical
charge. The WS-potential depth was automatically
varied in the computer program until the correct
k) § § S8 binding energy was reproduced. ' '
Sgees s No experimental data and the corresponding opti-
cal model analysis of deuteron elastic scattering at
incident energies E; >90 MeV are available so far
228888 for the reactions studied in this work. Therefore,
SE=R=EXR for sets DMSD1 and BSSDI1 (see Table I), the
oo Te parameter values of the deuteron potential in the
exit channel were determined from the target mass
and incident energy dependence of the deuteron po-
Q323888 tential reported by Dachnick et al.’ and Bojowald
- et al.,'® respectively. For both sets, the depth ¥ of
the real part was found to be about 50 MeV. One
should note that the extrapolated V, values seem to
§ g § § § E be too weak and too strong for the DMSDI1 and
ScSscocs oo BSSDI, respectively, compared to V,,~6 MeV
predicted by the folding model'!; this value (~6
MeV) has generally been used in the analyses of
§ g " g % g deute.ron'elastic scattering angul_ar _distribution ‘ancg
e polarization data at lower incident energies.
Furthermore, in set BSSD1, the value of a,, is sig-
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SSunas '§ s ‘2 ‘2 angular distribution at E, =130 MeV using the parame-
ARRARA|SS €8 ters sets DVSH and DSSH (see Table 1), (b) the
o < = Y Al(h,ho)*’Al angular distribution at E, =119 MeV us-
&) EEBB

ing the parameter sets JVSH and JSSH (see Table I).
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FIG. 3. Experimental angular distributions for the 2’Al(h,d)*Si and 2%Si(h,d)*°P reactions at E, =130 MeV. The
curves are DWBA calculations using the parameters specified in the figure (see Table I).

nificantly larger than that found in a comprehen-
sive analysis of Daehnick et al.® The set DMSD2 is
the same as that of DMSDI1 except for V,, which
is fixed at 6 MeV. Similarly BSSD2 differs from
BSSD1 only in the value of V,,=6 MeV. In set
BSSD3, V,,=6 MeV and the spin-orbit geometry is
taken to be that of the real central part. The
BMSD#4 is extrapolated from systematics obtained
recently by Bojowald et al.! The effects of using
each of those deuteron optical model parameter sets
(see Table I) are discussed in the next section.

In previous works,'>! it was found that a good

DWBA description of a direct transfer reaction
(a +x)+B—(B +x)+a or its inverse seems to re-
quire that the relation Vi, )~ V24V, (see Table
D) be satisfied. Here V? represents the depth of the
bound-state potential of the transferred particle x.
In the present work the parameters of the bound-
state geometry are taken to be ry=1.25 fm and
ay=0.65 as used by other authors.!*~!6 The result-
ing WS potential depths V: were found to be 59 and
49 MeV for 2’Al (1ds, orbit) and 28Si (2s, /, orbit),

100 b 27Al (h,d,) 28Si '28$i(r'w,do)2'9P
N En=130MeV 7 10" } En=130MeV -
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FIG. 4. See the caption to Fig. 3.



26 HIGH ENERGY PROTON STRIPPING BY ?’A1 AND %8;j . .. 801

T T T T T T T 0 T T
o 27A1 (h, d,o) 28Si 28Sj (h,do)29P
107 =, . Ep=130MeV 0 - En=130MeV |
N G (1d 5/2) =017 G (2S12)=0.72
h-DSSH h- DSSH
d-BSSD3 d-BSSD3

107+
= _
N
Fe]
E
S 2
N
S ]
he)

103 L-ZR

—— L-EFR ]
————— L- AFR
| 1 1 1 1
0° 20° 4L0° 60°

FIG. 5. See the caption to Fig. 3.

respectively. Combined with V;=50 MeV (see
Table 1), a helion optical potential with a depth of
V ~100—110 MeV is required to satisfy the rela-
tion V,~Vy;+ V}f’. Four sets of helion optical po-
tentials have been used in the present analysis.
They have been derived as follows. The JVSH
(volume absorption) and JSSH (surface absorption)
sets were obtained from optical model analysis of
21Al(h,hy) data of Ref. 17 at E, =119 MeV by
means of the optical model code OPTY.!® A similar
analysis was performed on **Mg(h,h,) data mea-
sured’ previously at E, =130 MeV to give DVSH
(volume absorption) and DSSH (surface absorption)
sets. The resulting fits are shown in Fig. 2.

B. Results

Figure 3 shows four sets of L-ZR (local zero-
range) theoretical curves for 2’Al and Si(h,d,) re-
actions. These curves were calculated using two A-
OMP sets (JSSH and DSSH; see Table I), each in
combination with one of the two d-OMP sets
(BSSD1 and DMSDI; see Table I). For a given d-
OMP set, the resulting theoretical curves for the
two different h-OMP sets have roughly similar
shapes for both target nuclei. Similar results were

obtained using JVSH and DVSH A-OMP sets (not
shown in the figure). In view of this, no significant
changes were expected when the “actual” h-OMP
parameters extracted from 2’Al(h,h,) at E, =130
MeV were used in the calculations. It can be seen
that none of the curves gives a satisfactory descrip-
tion of the experimental data. -

The predicted theoretical angular distributions
calculated using the A-OMP set DSSH in combina-
tion with the other four d-OMP sets (see Table 1)
are shown in Fig. 4. For both ?’Al and 3Si cases,
the use of BMSD4 in the exit channel resulted in
very poor fit quality. For the Daehnick extrapola-
tion the increase of the ¥V, value from 3.0 MeV
(DMSD1) to 6 MeV (DMSD2) does not result in a
good fit. On the other hand, in the Bojowald case,
decreasing the V, value from 12.5 MeV (BSSD1) to
6 MeV (BSSD2) yields a considerable improvement;
however, the overall fit quality is still poor. Similar
conclusions can also be drawn for the set BSSD3
(Vso=6 MeV and the geometry as that of the real
central part). While for the ?’Al case both BSSD2
and BSSD3 give comparable fit quality, for the 28Si
case the latter potential set gives a slightly better
agreement with the experimental data, in particular
for 6., <30°.

Figure 5 shows the results of finite-range (FR)
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calculations performed in an exact (EFR) and an
approximate (AFR) method employing the local
DSSH-BSSD3 potential combination. In addition,
the corresponding L-ZR curve is shown for com-
parison. For both 2’Al and 2Si cases, the shapes of
the L-EFR and L-AFR curves are not very dissimi-
lar. However, the magnitude of the predicted cross
sections differs up to about 30% at certain angles.
In both the *’Al and 2Si cases, the finite range cal-
culations still do not describe the experimental data
satisfactorily. Figure 6 shows the results of includ-
ing nonlocality (NL) corrections using the DWUCK4
code (see Sec. III). It can be seen that neither the
NL nor FR correction alone can reproduce the ex-
perimental data. However, inclusion of both finite-
range and nonlocality corrections gives a satisfacto-
ry description of the 2’Al and 2%Si (h,d,) experi-
mental angular distributions including also the
more forward angle region of the ?’Al(h,d,) data,
which could not be fitted in Figs. 3—5.

For completeness, the effects of including NL
and FR corrections are further investigated using
all four h-OMP sets (see Table I), in combination
with BSSD3. The results are presented in Fig. 7.
In the 2’Al case, all four h-OMP sets give a satisfac-
tory fit quality, particularly DVSH and JVSH. In
the 28Si case, all four h-OMP sets also describe the

data reasonably well, but DSSH and JSSH have a
slight preference. A similar investigation has also
been made using all six d-OMP sets (see Table I) in
combination with the DSSH potential set. For clar-
ity, only the results obtained with four d-OMP sets
are shown in Fig. 8. The use of the DMSD1 or
DMSD?2 potential set results in poor fits to both the
27Al and 28Si data. Similarly, poor results are also
obtained for BSSD1 and BMSD4 (not shown in the
figure). In the 2’Al case, BSSD2 and BSSD3 give
comparable and satisfactory fits. On the other
hand, BSSD3 gives a slightly better fit to the 28Sj
data. In conclusion, the use of the potential set
combination DSSH(4)-BSSD3(d) in the NL-AFR
calculation gives the best description of the experi-
mental data. Consequently, the DSSH-BSSD3 po-
tential combination has been used to extract the
spectroscopic strengths in the present work.

C. Spectroscopic strength

The spectroscopic strengths for the proton
stripped to the ground state of the final nuclei 28Si
and °P extracted in this work, as well as those
available in the literature, are summarized in Table
IL. It can be seen that for the 2°P case, previous ex-

T I T T I T T T T T
- Z7Al (h,do) 28Si 2Si (h, do) 29P
oo by Eh=130MeV 1 Ep=130 MeV
G (1ds/2) =0.22 10" + G (2S12) =089 N
NL- AFR Ny NL- AFR
h- DSSH
1k
_ 10 100 I -~
N
Kol
£
G 2|
20 10"+ s
)
103 102k -
Q° o° 60°

FIG. 8. See the caption to Fig. 3.
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TABLE II. Spectroscopic strengths G (nlj)=(2J;+1)(2J;41)"'C%S (nlj) for proton strip-

ping to the ground states of 2*Si and 2P,

Reaction E;,. MeV) G (nlj) Reference
(h,dy) 37.7 0.44 19
(d,ng) 6 0.25 20
(h,dy) 8 0.49 14
Target: *'Al (a,to) 104 1.0 21
Jr= 5 + (a,tq) 27.2 0.44 22
Ji= 0+ (a,to) 25.2 0.58 23
nl] = lds/z 0.86
0.90
(h,dy) 130 0.22+0.04 Present work
0.53 2
Theory 0.61 25
(d,no) 7.9 1.36 26
(h,dy) 35.3 0.42 24
Target: 28Si (h,do) 38.5 1.02 15
J=0"* (h,dy) 25 1.30 16
=3 (h,dyo) 29 1.08 27
nlj =2s1, (h,dy) 130 0.89+0.18 Present work
1.0 2
Theory 0.90 25

perimental G (2s,,) values show large discrepancies
up to a factor of 3, the lowest and the highest
values being 0.42 and 1.36, respectively. Similarly
for 2’Al, experimental G (1ds,,) values are found to
vary from 0.25 to 1.0. At lower incident energies
these discrepancies might reflect the inadequacy of
the DWBA to describe the reaction mechanism,
since at these energies indirect processes and even
fluctuation in the cross sections may play a signifi-
cant role. Further uncertainties are introduced be-
cause of the subjectivity in normalizing the DWBA
to the experimental angular distribution, particular-
ly when the fit is not good.

In this work the G (2s ;) for the 28Si(h,d,)*P re-
action is found to be 0.89+0.18. This value agrees
well with that obtained (0.90) by a shell model cal-
culation® performed in a full 1ds;-2s,,,-1d;,,
basis space. For the 2’Al(h,d, )*8Si reaction, on the
other hand, the presently extracted G(1ds,,)
=0.22+0.04 differs greatly from G(1ds,) =0.61
predicted by the same shell model calculation.?® The
reason for this discrepancy is not understood at
present, particularly, if one compares the ratio
G(2s,,,)/G(1ds,,) of the presently extracted spec-
troscopic strengths for the two transitions studied
and the one predicted by the shell model. However,
considering the deformation of the >’Al and 2%Si nu-
clei, the neglect of the 1f-2p shell in the above shell
model calculation might not be justified. How far

the inclusion of the 1f-2p shell will affect the
present shell model predictions remains to be seen.

IV. CONCLUSION

Results of differential cross section measure-
ments of *’Al and Si(h,d,) reactions at Ej, =130
MeV incident energy are reported. The shape of the
experimental angular distributions is reproduced
well by the theoretical curves calculated in the
framework of the single-step DWBA formalism, us-
ing V3~50 MeV and ¥V, =110 MeV (see Sec. III
A). The potential combination satisfies the relation
Vd+V:~ Vi, where V}f’ denotes the depth of the
proton bound-state potential. This finding corro-
borates the results obtained previously.'>!® In-
clusion of both finite-range and nonlocality correc-
tions appears to be necessary for a good description
of the present experimental data. For the *Si
(h,d) reaction, the extracted spectroscopic strength
G(2s5,,,)=0.89+0.18 agrees well with that ob-
tained from a shell model calculation performed in
a full 1ds;-2s,,,-1d3,, basis space.® For the
21Al(h,d,), the value G (1ds,,)=0.22+0.04 is only
about 40% of that theoretically predicted.”> The
reason for this discrepancy (see Sec. III C) is not un-
derstood at present. It may be, at least partly, due
to deformation effects.
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