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Spin-flip probability angular distributions for proton scattering from the 2+1 level of
Mg have been determined between 25 and 165' (in steps of 10 ) at 15 incident energies

between 14.5 and 35.5 MeV and, to obtain a more detailed energy dependence at back-
ward angles, spin-flip probabilites have also been measured between 115' and 165' at ten
additional energies. In order to extend the study of spin-flip probabilities also to other
nuclei and to complement previous angular distributions, further backward angle data
have been taken at 13 energies for S and near 40 MeV for ' C and Si. The experimen-
tal results have been compared with coupled-channel calculations based on the rotational
model and, for Mg, also with the predictions of microscopic antisymmetrized distorted
wave calculations including two-step contributions. The collective analysis proves that
spin-flip probabilities are particularly sensitive to the sign of the quadrupole deformation.

NUCLEAR REACTIONS Mg{p,p'y), E~ =14.5 —41.1 MeV;

"S(p,p'y), E,=15.5 —40.9 MeV; "C(p,p y}, F.,=41.1 Mev; "Si
{p,p'y), E~ =35.3, 40.9 MeV; measured o(E~ 0~, , $&——90') for the 2~

level; microscopic CC analysis; deduced sign of quadrupole deforma-
tion parameters; microscopic ADWBA analysis including two-step GR
contributions for Mg. ' Mg enriched target. ' C, 'Si, and S natur-

I
al targets.

I. INTRODUCTION

Macroscopic model predictions for elastic and
inelastic scattering of light particles are known to
be sensitive to the shape of target nuclei. This is
particularly true for analyses based on the
coupled-channels (CC) formalism so that these
have been used to determine the sign and magni-
tude of quadrupole deformations from proton, '
deuteron, and a-particle" scattering in Oz+, —+2&

transitions in even-even nuclei. The determination
of quadrupole deformations allows, moreover, a
test of the nuclear model used by a comparison
with values derived from electromagnetic transition
rates or Coulomb excitation data. While usually
only difFerential cross sections and, less frequently,
asymmetry data are considered, another observable,

the spin-flip probability (SFP), determined by
measuring the angular correlation function between
the scattered nucleon and the ensuing y ray, '

can add useful information. However, the data on
SFP's available up to now, due to their scarcity,
have not permitted drawing conclusions about nu-

clear shapes or even the capability of the model in
reproducing the experimental results. This failure
should also partly be abscribed to the high sensi-
tivity of SFP's to the details of the model ' and to
the presence of strong efFects due to semidirect
contributions. Evidence for two-step processes via
a giant resonance (GR) has recently been found. '

In this paper we present the results of new SFP
measurements for transitions to the first 2+ levels
of ' C, Mg, Si, and S at incident proton ener-

gies between 15 and 41 MeV. These data, together
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with other collected in previous experiments ' on
' C and Si, constitute a set of systematic SFP
values spanning diAerent target masses and ener-
gies.

The results of the analysis, described in the fol-
lowing sections, provide further evidence for the
presence of semidirect contributions over sizeable
incident energy regions and support, at the same
time, the usefulness of SFP data, in the energy re-
gions where direct contributions are dominant, for
obtaining information on the shape and on the col-
lective features of the nuclei.

II. EXPERIMENTAL METHOD AND RESULTS
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The SFP of a nucleon inelastically scattered
from an even-even nucleus undergoing a
0+, ~2+—+0+, transition can be determined by
measuring the angular correlation function between
the inelastically scattered nucleon and the resulting

y ray. %hen detected in a direction perpendicular
to the reaction plane, the latter identifies the deex-
citation of the M =+1 substates of the 2+ level.
The Bohr" theorem shows that these substates are
excited only by nucleons flipping their spin in the
scattering process. This technique has been used
here to measure the SFP.

The experimental setup and the data collection
and reduction have been described elsewhere. '

The targets used consisted of an enriched (99.9%%uo)

Mg self-supporting foil, 5.73 mg/cm thick, and
of a deposit, about 1 mg/cm thick, of natural sul-

phur on a gold backing. As a check of previous
results some additional data have been collected on
' C and Si. A graphite foil and a natural silicon
slice, both about 4 mg jcm2 thick, have been used
for these latter measurements. SFP angular distri-
butions for proton scattering to the 2+ (1.37 MeV)
state of Mg have been measured from 25 to 165'
in steps of 10, at 15 energies between 14.5 and
35.5 MeV. These angular distributions are report-
ed in Fig. 1. The experimental errors aA'ecting the
SFP, pratically due to the statistical indeterminacy
only, are larger at high energies due to the in-
creased background y yield and are indicated with
vertical bars.

To study the energy dependence in more detail,
further data have been taken, at 10 additional in-
cident energies between 27.5 and 41.1 MeV, in the
range between 115' and 165'. The SFP, averaged
over six scattering angles (115', 125, 135', 145',
155, and 165 laboratory angles), is plotted, as
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FIG. 1. Angular distributions of the spin-flip proba-
bility in proton scattering to the 2~ level of Mg.
Dashed curves represent the result of symmetric rota-
tional model CC calculations. Full lines are the result of
microscopic ADWBA calculations (see Sec. III B) in-
cluding two-step GR contributions.

(SFP), against incident energy in Fig. 2. These
six angles allow exploring the angular region con-
taining the backward maximum which is the most
prominent structure in the SFP angular distribu-
tions. The (SFP) excitation functions for the oth-
er nuclei are also given in Fig. 2. The data for S
(2+ state at 2.33 MeV) have been collected at 14
incident energies between 15.5 and 40.9 MeV. For
this nucleus the angular distribution' reported in
Fig. 7 has also been considered. The excitation of
the lowest 2+ state in ' C (2+ state at 4.43 MeV)
and Si (2+ state at 1.78 MeV) has been derived
from previous studies. ' Additional data have
been taken in the present experiment at 41.1 MeV
for ' C and at 35.3 and 40.9 MeV for Si. Most of
the above SFP numerical data, together with the
cross sections for elastic and inelastic 2+ transi-
tions, measured in the same experiments, have been
published elsewhere. '
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III. DATA ANALYSIS

A. Coupled-channels analysis
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FIG. 2. Spin-flip probabilities to 2+& levels averaged
over six scattering angles (115'—165'). The curves are
the result of symmetric rotational model CC calculations
with the OM parameters of Table I and Pz & 0, A, = 1

(dotted line); Pq & 0, l(, =2 (dotted and dashed line);

Pq &0, A, = 1 (full line); P& &0, A, =2 (dashed line).

All the excitation functions of the (SFP), given
in Fig. 2, show strong energy variations. For C
and Mg they are present over a wide energy
range extending up to 35—40 MeV, while they are
mostly confjned below 22 MeV for Sj and S.
As will be discussed in the next section, these vari-
ations can be ascribed to the interfering contribu-
tions of higher order processes.

The presence of these processes does not obscure,
however, the main features of the direct corn-

ponent, especially at the higher energies. Because
of the collective properties of the nuclei considered,
which are generally described with the rotational
model, this has been evaluated in the framework of
CC calculations using the code ECIs. ' This code
permits an automatic search on the values of the
parameters, the use of a fully deformed Thomas
spin-orbit term and of different values of the de-

formation for the different terms (real central, ima-

ginary central, and spin-orbit) of the interaction.
The parameters of the optical potentials used for
the different nuclei are reported in Table I. These
have been taken from previous analyses ' ' and
have linearly energy dependent depths with fixed
geometrical parameters. Some modifications have
been required only for the depth of the imaginary
terms in order to take into account the channels

explicitly considered in the CC calculations. The

( SFP ) excitation functions calculated on the basis
of the symmetric rotational model and for two
values of the ratio (A, =gq'/gz) of the deformations
of the spin orbit and of the central terms are given
in Fig. 2. The deformation parameters obtained

averaging the best-fit values at the single energies

are given in Table II. With A, =2 the deformation

g must be reduced slightly to compensate for the
increase in the cross sections due to the larger gz'

value. The excitation functions corresponding to
the choice of the opposite sign for Pz are also given

in Fig. 2.
It should be noted that both the sign of Pt and

the ratio A, seem to affect the calculated SFP in a
very appreciable way. The effect of A, on SFP an-

gular distributions had been previously tested. As
seen in Fig. 2 a better fit to the energy dependence
of the (SFP) for "Mg and S is obtained with

Pz y 0, in agreement with the prolate shape of these
two nuclei. A ratio A, =2 seems also to lead to
better agreement at higher energies; an indication
of a preference for A, =2 for 2s-1d shell nuclei, far
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TABLE I. Energy averaged parameters of CC calculations (potential depths in MeV; lengths in fm).

Nucleus V V„ aso

12C 67.4—0.4E 1.064 0.623 0 4+0.1E'
0.11E+ 1.99

0.600 6.4 1.00 0.600

Mg 56.7—0.314E 1.118 0.670 Ob

0.19E—3
3.3+0.05E'
7—0. 12E

1.336 0.610 5.69 1.00 0.660

28S) 54.9—0.31E 1.170 0.673 0"
0.32E —8

6.3'
11.8 —0.25E

1.330 0.575 6.0 1.07 0.780

32S 56 —0.32E 1.150 0.718 0'
0.15E—3

6a

7.6—0.08E
1.252 0.678 5.6 1.01 0.600

'E &20 MeV.
bE (16 MeV.
'E & 21.8 MeV.

dE (25 MeV.
'E & 22 MeV.

from shell closures, has already been obtained. '

The (SFP) values for Si are better fitted with

P2 & 0, in agreement with its oblate shape, and
A, =1. This ratio could be the result of the closure
of the dsy2 shell

As a test of the sensitivity of these calculations
to the different collective models and to their
parameters, some further comparisons are given in
Fig. 3. The quantity is again the (SFP) at back-
ward angles. A parameter particularly critical in
determining the SFP, and not well determined by
the cross sections, is the spin-orbit depth V„. The
effect produced, for Mg, varying it by +0.5 MeV
with respect to the value of Table I, as shown in
the upper part of Fig. 3, is small above about 30
MeV. The larger effect at low energies is reduced
when the other optical parameters are readjusted in
order to restore the fit to the cross section data.

In the lower part of Fig. 3 the (SFP) predicted
for S by the vibrational model is compared with
that given by the rotational model for the prolate
and oblate deformations. It is seen that the first

Mg
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TABLE II. Quadrupole deformation for the real cen-
tral terms. The deformation for the imaginary terms
has been taken as (Ro/R )Pz in order to keep constant
the scattering length, that for the spin-orbit term as
(Ro/R„)iLp2.
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FIG. 3. Predictions for the average spin-flip probabil-

ity (upper part) for V„of Table I (dotted and dashed
line). V„+0.5 MeV (full line); V„—0.5 MeV (dashed
line). Shape parameters are P2 ——0.428 and A, =2. Pre-
dictions (lower part) of CC calculations with A, =2 for
different models; rotational model and pi& 0 (dotted
and dashed line); rotational model and P2 & 0 (dashed
line); vibrational model (two dots and dashed line).
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FIG. 4. Dependence of the average spin-flip probabil-
ityin l&il

model, also suggested (see literature cited in Ref.
16}for the description of S, would require even

larger values of A, . From the comparisons in Fig. 3
it is clear that the unavoidable ambiguities in the
optical parameters cannot obscure the larger depen-
dence of the (SFP ) on the collective parameters
and on the various models.

It is worthwhile to note that, for all the nuclei,
the rotational model with prolate deformation

(Pq& 0) gives, over the all angular range, SFP's
which are larger than those obtained with oblate
deformation.

The dependence of the (SFP) on the value of Pz
for the two kinds of deformation is show in Fig. 4.
The calculations have been performed for a hy-
pothetical nucleus with the optical model parame-
ters of Mg and A, =2. Surface imaginary depths
have been varied in order to maintain approximate-

ly constant the value of the reaction cross section.
The splitting scen in Fig. 4 is due to the "reorien-
tation term, " present only in the rotational model,
which couples the level to itself producing a con-
structive or destructive interference to the SFP,
depending on whether Pq is positive or negative.
The Pq dependence given by the second order vi-

brational model is also shown for comparison. It
is not dependent on the sign of Pi and gives results
which are practically coincident with those of the
DWBA.

This large difference between the values of the
SFP calculated for prolate and oblate deformations
seems to persist, even if of smaller size, also when
all the optical model parameters are readjusted in -a

fit with the "wrong" sign of Pz. This has been
confirmed for Si at 30 MeV in best fit tests of all
the data available, including the asymmetry' for
the transitions to the 2+& and 4+i levels, which gave
(SFP) of 28 and 17%, respectively, for Pz &0 and

Pp (0.

A sizeable increment of the (SFP ) is obtained
for all the nuclei by increasing A, from 1 to 2 (see
Fig. 2). This change generally gives SFP angular
distributions with more evident oscillations at for-
ward angles.

The fits to the angular distributions of the SFP
confirm the values for the P and y parameters ob-
tained from the analysis of the (SFP ) excitation
functions. The calculated angular distributions for
the SFP in Mg obtained with the parameters of
Table I and for prolate and oblate deformations
and A, =1,2 are given in Fig. 5. At 21.6 MeV
higher order effects contribute strongly, lowering
the SFP at backward angles and causing an ap-
parent better fit with Pz & 0 and A, =2. At still
lower energies these effects decrease and at 14.5
MeV a better agreement is again obtained with the
values of the parameters deduced from the excita-
tion function and the angular distribution at 35.4
MeV. The CC predictions with P&0 and A, =2 are
given in Fig. 1 for all the measured energies.

Since Mg is known to be best described as pro-
late triaxial rotor, the SFP angular distribution at
35.4 MeV has been refitted in a more detailed
analysis on the basis of the asymmetric rotational
model by readjusting both the depth of the optical
potential terms agd the shape parameters. Cross
sections' to the 0+,2+, and 4+ states of the
ground state band and to the 2+ state of the E =2
y-vibrational band have been included in the
analysis. With A, = 1 a value of Pz ——0.5, larger
than the mean value of Table II, is obtained. Ac-
cording to the method of Clement et al., it corre-
sponds to a B(E2,2+i~Vi ) of 18.6 Weisskopf
single-particle units obtained using an equivalent
charge radius R„=3.808 fm. This value is in
good agreement with that of 20.5+0.6 derived
from lifetime measurements. The difference be-
tween this value of Pz and the one reported in
Table II is due to the inclusion in the CC analysis
of the 4+i level and not to the use of the asym-
metric rotor model. The increase of k to 1.8, as
seen in Fig. 6, improves both the 2+ cross section
and the SFP predictions in agreement with the ex-
citation function results. The value of Pz is slight-
ly reduced to 0.47. The hexadecapole deformation
P4 is subject to rather large uncertainties; the
values obtained for Pq ———0.55 and for the asym-
metry parameter y=20' agree, within the error,
with those derived in previous proton and a-
particle scattering experiments, ' and are scarce-
ly influenced by the y value.

A still lower value of the 7 for the SFP is ob-
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FIG. 6. Experimental cross section and spin-flip proba-
bility for the transition to the 2+& level of Mg at 35.2
MeV compared with CC best fitted calculations based
on the asymmetric rotational model and A, =1 (dashed

line); A, =l.8 (dotted line); A, =1.8 and (2~ ~~Q ~~2~ ) in-

creased by a factor 1.8 (see Sec. III A) (full line).

0
120

FIG. 5. Rotational model CC predictions for spin-flip
probabilities compared with experimental angular distri-
butions for Mg at various energies. The curves are
drawn with the same conventions as in Fig. 2.

tained leaving the quadrupole mass transition am-

plitude (2+&
~ (Q ( ~Zt ), corresponding to the static

quadrupole moment Qz, , free to vary and therefore

to change the effect of the "reorientation term. "
The best fit value gives, again according to Ref. 3,
eQz ———26.6 (e fm ), in agreement with those

ranging from —24 to —27 (efm ) derived from
Coulomb reorientation measurements. The value
given by the rotational model with Pz ——0.5 is
—17.7 (e fm ).
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The SFP angular distributions obtained with the
parameters of Table I for ' C, Si, and S are
given in Fig. 7 for only one value of the incident
energy. They generally confirm also for these nu-

clei the indications obtained from the excitation
functions. The indications for ' C are less straight-
forward since the energy variations seem to extend
to nearly all the energy interval investigated. On
the basis of the excitation function (Fig. 2) negative
values of pz seem to be favored at lower energies,
while practically equivalent agreement is obtained
with P2 & 0 and A, =2 or P2 & 0 and A, = 1 around 40
MeV. However, at high incident energies the SFP
at forward and intermediate angles (Fig. 7) is in
better agreement with the p2& 0 and A, = 1 curve.

In the energy interval of the present analysis, as
can be seen from Figs. 6, 8, and 9, calculated cross
sections practically do not depend on the value of

The sign of p2 affects only slightly the absolute
value of the cross sections, so that deformations
differing by 10% are required, but leaves practical-
ly unaltered the shape of the angular distributions.
Asymmetries are instead affected to a substantial
degree by the same parameters but not in a way as
simple as SFP's (see Figs. 8 and 9). They change
differently in different angular ranges and for dif-
ferent nuclei so that the effect of changing the sign
of Pz is more easily masked by the ambiguities in
the optical-model parameters.

It seems possible to conclude that CC analyses,
in spite of the presence of higher order effects at
lower energies, describe reasonably well the body of
data with physically acceptable optical and collec-
tive parameters and are able to distinguish between
prolate and oblate deformations.
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FIG. 7. Comparison of CC predictions with experi-
mental spin-flip probability angular distributions. The
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FIG. 8. Experimental differential cross section, and
analyzing power for the transition to the Zt level of '2C

compared with CC predictions. The curves are drawn
with the same conventions as in Fig. 2. Curves with
k=2 for the cross sections practically coincide with
those for y=1.
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B. Higher order processes

FIG. 9. Experimental differential cross section and
analyzing power for the transition to the 2+& level of Si
compared with CC predictions. The curves are drawn
with the same conventions as in Fig. 2.

The effect of the sign of the quadrupole deforma-
tion on SFP values for transitions in higher mass
nuclei has been calculated for the Ni data of Ref.
6 and the" Cd data of Schneider et al. The CC
curves calculated for the SFP in the transition to
the 2+& level of Ni at 20 MeV for the rotational
model with both signs of P and for the vibrational
model are given in the upper part of Fig. 10. The
optical potentials and the ratio A, =2 of the analysis
of Ref. 6 have been used. It is seen that the calcu-
lations confirm the vibrational nature of this nu-

cleus. The SFP angular distributions for "Cd for
different models and deformations have been calcu-
lated using the parameter sets given in Table 1 of
Ref. 2 (first three lines) and obtained in CC best fit
analyses. The author's conclusion that oblate de-
formation should be ruled out is clearly confirmed.

As already noted in Sec. III A, all the (SFP) ex-

citation functions show strong variations with in-
cident energy over a large part of the energy range.
These deviations from the characteristic direct-
reaction behavior cannot be due to compound nu-

cleus contributions which are negligible for the
transitions considered here, even at low incident
energies. As an aid in recognizing the origin of the
higher order processes involved, it can be interest-
ing to compare this energy dependence with that of
the cross sections for transitions to the lowest un-

natural parity states, which are J =3+ states, ex-

cept that of ' C, which is a J =1+ state. In these
transitions, in fact, angular momentum and parity
conservation rules require a spin flip (b S= I) of the
proton. Moreover, as the amplitude for the direct
processes is strongly reduced by the absence of the
ES =0 component, higher order processes are ex-
pected to be relatively large. For ' C and Si it
has been already pointed out ' that the energy
dependence of the SFP and that of the cross sec-
tions of the unnatural parity state are related, in
the sense that both can be reproduced by a calcula-
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tion in which the antisymmetrized distorted wave
Born approximation (ADWBA) amplitude is sup-
plemented by the same resonant contributions.
These, in the reaction model given by von Geramb
et al., ' are interpreted as due to two-step
processes via GR states. Since a detailed descrip-
tion of these calculations has been given by the au-

thors, ' only the main features are reported here.
The transition amplitude is given as a coherent
sum of single particle amplitudes weighted through
a spectroscopic factor specified by the nuclear
structure of the levels involved. It contains both
"valence" and "core polarization" parts and the
respective exchange contributions. The valence
terms are calculated using an interaction derived
from an effective nucleon-nucleon potential; a de-

formed collective potential has been used for the
calculation of the core polarization terms. It is the
exchange core polarization term that formally
describes a two-step process via intermediate
resonant states. Both E1, E2, and E3 resonances
can be included. The complex coupling constants
representing the respective strength distributions
are derived from the analysis; the inverse pro-
cedure, i.e., the use of experimentally determined
multipole strengths distributions in the inelastic
scattering calculations, generally is not possible be-

cause of lack of the phases of the relevant two-step
amplitudes.

The above ADWBA analysis, including the
two-step contributions, has already been per-
formed' for the 3+ (5.2 MeV) state in Mg and

has been repeated here for the 2+ state using the
same OM parameters and the spectroscopic ampli-
tudes obtained by Wildenthal, and taking into ac-
count the present SFP data. The calculations have
been performed readjusting the E 1, E2, and E3
strengths. Typical results for the SFP's are shown
in Fig. 11 for two incident energies. At 23.6 MeV,
the g procedure used in fitting the 2+ data is
dominated by the SFP's. In fact, the SFP predic-
tions without the inclusion of the two-step contri-
butions clearly overestimate the data. This dis-

agreement is not removed by the inclusion, accord-
ing to the prescription of Satchler, of an ima-

ginary coupling potential in the valence terms.
The two-step contributions required are relatively

large, particularly for the E2, and their inclusion
leads to a significantly improved fit which is more
satisfactory. than that given by CC calculations.
At the lower energy, 16.5 MeV, the SFP prediction
without the inclusion of the two-step contributions
is less unsatisfactory and smaller GR contributions

10-

E

0 0 1 16.5 MeV'a 'U

60—
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p I
I

40-
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00 120 180
cm.

FIG. 11. Effect of the inclusion of the exchange core
polarization term of the amplitude in ADWBA calcula-
tions: complete calculations (full line), valence and
direct core polarization only (dotted lines). The dashed
lines represent the results of macroscopic CC calcula-
tions as in Fig. 1.

are needed; in this case the final fit is of the same
quality of that produced by the CC calculations.
The inclusion of the resonant contributions general-

ly improves the fits to the differential cross section
at backward angles with some worsening at for-
ward angles where the fitting is dominated by the
SFP's. The average quality of the fits remains,
however, substantially unvaried and lower than
that given by CC calculations.

The results obtained at all the energies for the
SFP angular distributions are given in Fig. 1 as
continuous lines. The improvement, with respect
to CC calculations, is particularly evident in the re-

gion around 24 MeV where the (SFP) oscillates
strongly with the energy and the strengths obtained
for the various resonances, as given by the ampli-
tude of the coupling constants shown in Fig. 12,
are relatively large. It should be stressed that, ow-

ing to the fitting procedure used, the trend of these
strengths is mainly determined by the energy
dependence of the SFP data. The strengths ob-
tained from electroexcitation are also displayed
for comparison. An overall agreement is obtained
and, in particular, the well known fragmenta-
tion ' of the GR in Mg is approximately repro-
duced. This agreement, together with the fact that
the variations of the SFP for the higher mass nu-

clei Si and S are confined to energies lower than
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FIG. 12. Energy dependence of the amplitude of the
GR coupling constants for E1+E2+E3 (full points)
determined by fitting the data of Fig. 1. Crosses have
been taken from Ref. 17. The lines represent the distri-
bution of GR strength from electroexcitation (Ref. 27);
the normalization is the same for the three multipolari-
ties.

22 MeV, again the agreement with the experimen-
tal QR strength distributions, ' supports the
validity of the hypothesis of the importance of
two-step contributions in the prediction of SFP s.

IV. CONCLUSIONS

The spin-flip probability (SFP) in proton scatter-
ing to 2+~ levels of light nuclei in the 15—45 MeV
incident energy range cannot be interpreted as only
a pure one-step direct reaction mechanism. Contri-
butions from two-step processes via giant resonance
states are, in fact, present over energy ranges
characteristic of each nucleus as evidenced by the
energy dependence of the integral of the SFP over
the pronounced backward maximum. In spite of
these contributions it is nevertheless possible to
compare usefully the SFP data with direct reaction
model predictions and to discriminate between dif-
ferent macroscopic models. For the nuclei here
considered, which are known to be permanently de-
formed, a simple DWBA calculation is not ap-
propriate and CC calculations, with collective cou-
plings derived from the rotational model, are need-
ed. These analyses prove that SFP's are particular-
ly sensitive to the sign of the quadrupole deforma-
tion and can therefore be used to distinguish be-
tween prolate and oblate deformations. The SFP's
are also sensitive to the relative value of the spin-
orbit deformation and to the static quadrupole mo-
ment Qz+ for the 2& state.
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