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Differential cross sections for proton scattering from the six lowest states of "Si have been measured at 30
incident energies in the range 14—40 MeV. Differential spin-flip probabilities for proton scattering from
"Si 2+{1.78 MeV) state have been determined at ten incident energies in the range 16-22 MeV. Elastic data
have been analyzed by means of the optical model. Compound nucleus contributions present at low energies

in experimental data have been evaluated by means of the Hauser-Feshbach statistical model. Coupled-

channels calculations and a macroscopic model have been used to analyze transitions to natural parity states.
An anomalous behavior of the deduced deformation parameters has been obtained at low energies. The
experimental data related to the 2+ level and to the 3+ unnatural parity state have been compared with the

prediction of a microscopic antisymmetrized distorted wave calculation in which a direct reaction mechanism

is supplemented by a two-step resonance contribution corresponding to the virtual excitation of giant
resonance states of "Si. These contributions, essential to fully explain the data, have made the evaluation of
the E1, E2, and E3 giant resonance strengths in 'Si possible.

NUCLEAR REACTIONS ' Si(p,p' p}, E~ =14-40 MeV; measured o (E&, 8&.} for
the six lowest states and o (E&, 8p ~, 8„=90') for the first 2' level; deduced OM
and deformation parameters and El, E2, and E3 GB strengths of ~~Si. Natural tar-

gets.

I. INTRODUCTION

Proton inelastic scattering from low-lying ex-
cited states of low-medium mass nuclei has for a
long time been considered as a typical direct pro-
cess. Recently it has been realized that, even at
incident energies large enough to avoid sizeable
compound nucleus contribution, features of the
process such as excitation functions and angular
distributions are not correctly described by direct
reaction theories and that additional scattering
mechanisms must be taken into account. ' '

A s a consequence, semidirect effects and in par-
ticular two-step processes via a giant resonance
(GR) have been introduced in the analyses of in-
elastic scattering experiments at medium incident
energies. ~'4 The GH contributions normally yield
cross sections with magnitude in the range of 0.1
to 1 mb/sr, which constitute a significant contri-
bution to all inelastic channels.

In strong inelastic transitions, currently ex-
plained by macroscopic collective models, the con-
tributions coming from GH ean, for instance,
manifest themselves in an energy dependence of the
deformation parameters used in the calculation, or
with discrepancies between calculated and experi-
mental angular distributions. ' The difficulty of

'

having to unfold direct and semidirect contributions
is offset in. the case of inelastic transitions to
states having non-normal spin-parity combinations,
since the direct excitation of these states is
strongly hindered. "' In this case the study of in-
elast;ic scattering to low-lying states may consti-
tute a valid way to explore the properties of the
intermediate state, which for appropriate choices
of the incident energy can be identified as a giant
resonance.

In this work we investigate the inelastic scatter-
ing of protons from ' Si for transitions to low-lying
states up to 7 MeV of excitation at incident ener-
gies between 3.4 and 40 MeV. Qur aim is to make
evident the importance of two-step processes and
possibly to deduce the strength distribution of GR
excited in the intermediate state. Valid tools to
this end are represented by spin dependent data,
owing to their sensitivity to reaction mechanism
details. ' Such data are given in the present experi-
ment by the proton spin-flip. probability (SFP) in
the scattering from the first 2' (1.78 MeV) level
and by the cross section for the unnatural parity
state 3' (6.27 MeV) since both data require a spin
momentum transfer ~S=1 by the incoming proton.

Following the predictions of collective models
the chosen energy interval should contain GR cen-
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troids of different multipolarities. The giant dipole
resonance (GDR) of 2'Si has been clearly evidenced
by photonuclear reactions', however, a large inde-
terminacy still exists for other GR multipolarities.
The giant quadrupole resonance (GQR), whose cen-
troid is predicted at about 20 MeV, at present
seems to be spread out from 15 to 30 MeV, as in-
dicated by the bumps. in the continuous spectra of
the inelastically scattered n particles. '

In Sec. II the details of the experiment are given,
while the result of our optical model analysis of
the elastic scattering, of compound nucleus. con-
tribution evaluation and macroscopic model predic-

tion for 2', 4', and 3 levels are reported, re-
spectively, in Secs. III, IV, and V. Section VI is
devoted to the analysis of the data relative to the
transitions to 2' and 3' states with a microscopic
distorted-wave Born approximation (DWBA) sup-
plemented by the inclusion of a two-step mechan-
ism. The conclusions are summarized in Sec. VII.

II. THE EXPERIMENTAL METHOD AND RESULTS

The analyzed proton beam from the Milan AVF
cyclotron was focussed onto a target at the center
of a 60 cm diameter scattering chamber. Natural

TABLE L Optical model parameters of 2 Si. The potentials listed are of the form U (v)
= —Vf (x„)+i 4'(d jdxtN, f (x&)-Wf (x~) (Elm-„c) $ V f (x„)+ V~, where f (X~) is a
Saxon-Vfoods form factor, . x& = (r-r&A. ~~3) and V~ is the Coulomb potential of a uniformly
charged sphere of radius 8 = 1.2A. ~3fm. The following geometrical parameters have been
used: r„= 1.17, g„=0.673, r„=1.33, a~ = 0.575, r~ = 1.07, and a~ = 0.78 fm.

Set
Ep

{MeV) {MeV) {MeV)
V

{Mev)
b

Xg

14.26
15.34
15.83
16.30
16.80
17.24
17.67
18.18
18.73
19.27
19.70
20.17
21.32
22.70
23.60
24.24
25.44
26.34
27.30
28,70
29.47
30.5
31.50
32.40
33.70
34.70
35.97
37.21
38.60
40.21

55.5
45.9
54.2
50.5
49.5
48.7
48.6
49.7
48.3
49.1
48.1
47.7
46.9
48.0
46.6
48.5
47.8
46.5
46.6
45.3
45.2
44.6
44.7
45.0
45.1
44,4
43.5
42.6
42.9
43.0

4.47
4.94
8.63
2.88
6.95
4.43
5.74
3.15
2.63
4.00
1.70
0.96
0.0
0.0
1.16
0.12
0.25

. 0.0
0.39
1.87
1.76
2.24
2.73
3.55
4.06
4.61
4.62
4.58
3.71
4.89

1.61
1.80
0.0
5.11
1.12
2.91
1.33
4.33
4.11
3 77
5.00
5.41
6.-29

6.04
4.91
6.35
5.77
5.69
5.57
4.42
4.28
3.81
3.60
3.16
2.89
2.56
2.36
2.22
2.65
2.17

5.65
5.97
6.97
5.79
5.81
7.49
7.61
6.94
8.77
7.86
6.54
6.21
5.08
6.01
5.34
9.15
8.49
8.71
7.99
7.58
7.00
6.49
5.96
5.45
5.47
5.58
5.41
5.42
5.14
4.88

6.2
2.5
4.2
3.0
1.9
5.2
1.2
1.2
1.2
1.1
1.8
1.8
4.6
4.1
1.4
4.8
2.3
2.5
2.9
2.9
1.9
2.1
1.2
0.9
0.7
0,7
0.7
1.1
1.5
1,8

13,0
10.1
16.0
10.5
9.1

10.0
9.1
3.5
5.0
5.0
2.2
2.1
6.6
4.1
5.6
5.5
5.1
6.7
4.5
3.3
1.9
2.0
1.1
1.0
1.0
1.0
1.1
2.2
3.8
7.9

E 5.9-0.32E 11.8-0.25@ '
0.32E-8.0

6.0 2.27 5.3

~At energies lower than 22 MeV the value S'z = 6.3 was used.
bThe X values given in the Table have been calculated assuming a 10 Vo constant error of

2 2the experimental points. The number listed as X& are X values obtained by searching on
potential depths, while X 2 have been obtained by using the average set 2 at each incident
energy.
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Si targets were used owing to the high and well
known 2'Si content. In a first set of measurements
a 4.47 mg/cm' thick target was used. Differential
cross sections were measured at the 30 incident
energies listed in Table I for the transitions to the
following final states: g.s. (0'), 1.78 MeV (2'),
4.62 MeV (4'), 4.98 MeV (0;), 6.28 MeV (3'), and
the unresolved doublet 6.88 MeV (3 ) —6.89 MeV
(4'). In a second set of measurements the spin-flip
probabilities for the transition to the first 2' ex-
cited state were obtained by counting protons in
coincidence with the deexcitation y rays emitted
perpendicularly to the scattering plane. The SFP
were measured at the following incident energies:
16.30, 17.24, 17.67, 18.18, 18.73, 19.23, 19.70,
20.17, 21.35, and 22.70 MeV. In the latter experi-
ment a 11.2 mg/cm' thick target was used. The
energy loss in the target was taken into account in
both experiments in determining the average ef-
fective incident energy.

The scattered protons were detected by 3 coun-
ters made up by totally depleted surface barrier
detectors; measurements requiring thicknesses
larger than 5 mm were performed by stacking two
or three transmission detectors. Proton counters
were mounted on a movable plate inside the scat-
tering chamber. y rays were detected by means of
a 5 cm &&5 cm NaI (Tl) cylindrical crystal position-
ed 30 cm away from the target outside the scatter-
ing chamber. The angular resolution was 2'-3'
and 4', respectively for proton and y detectors. .

Typical spectra for thin and thick targets are given
in Fig. 1.

A more detailed description of the experimental
apparatus, data collection and reduction, especial-
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FIG. 1. Example of proton spectra for thin cleft side)
and thick (right side) Si target taken at E&= 33.7 MeV,
8&=45' and at E&=18.73 MeV, e&~=27, respectively.

ly for what concerns SFP measurements, has been
reported elsewhere. 5

The experimenta1. errors affecting our data are
indicated in the figures for only SFP measurements
and they essentially represent statistical indeter-
minacy. Cross section overall uncertainties are
5% except for the 3' and 0; levels where the statis-
tical errors and the background subtraction pro-
cess increase this value to 1(F/~ and 1F/~. , respec-
tively.

III. OPTICAL MODEL ANALYSIS OF ELASTIC
SCATTERING DATA

As direct reaction models generally use distorted
waves for the incoming and outgoing channels, op-
tical model (OM) potentials are needed for all the
energies investigated in this work.

Recently it has been ascertained that elastic
scattering from medium-light nuclei at these ener-
gies suffers from resonant effects. ' In pre-
vious analyses, ' to avoid resonance influence in
deriving OM parameters, experimental cross sec-
tion data were employed only at forward angles.
For 2'Si, proton elastic scattering data between 15'
and 55' were found' still affected by an energy de-
pendence between 17 and 29 MeV. This evidence
induced us to consider the whole angular distribu-
tion; so to avoid resonant effects, we searched for
OM parameters with constant geometries at all
measured energies and with regular energy well
depth behaviors.

The computer code MERCY, " including a least
squares routine and a standardOMpotential of the
form given in Table I, was used. For a better de-
termination of the spin-orbit term the published
data on polarization" at 20.3, 25.25, and 30.5 were
also considered.

The energy independent OM geometry, reported
in the footnote (a) of Table I, causing the overall
minimum y, was obtained by a multistep grid im-
posed on each geometric parameter and by leaving
the potential depths free to vary. This geometry
caused the well depth values reported as set 1 in
Table I; the fits obtained are displayed, at some
energies only, in Fig. 2 with dashed 1ines, while
the relative y' are reported as y', in Table I. The
fit agreement results better at forward angles and
at higher energies where nondirect effects are ex-
pected to be negligible in respect to direct contri-
butions.

The well depth fluctuations observed in the set 1

are not confined to a particular parameter and en-
ergy region as previous works ' "have found but
appear numerous, of small entity, and uncorre-
lated among themselves; consequently the energy
averaged OM depth set, labeled 2 in Table I, was
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10 V. EVALUATION OF COMPOUND NUCLEUS
CONTRIBUTIONS
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FIG. 2. Proton elastic cross section data together
with OM fits obtained using parameters in Table I (set
1 dashed lines, set 2 full lines).

obtained by averaging set 1 depths with a constant
value for the spin-orbit term and with a linear en-
ergy dependence for the real and imaginary depths.
Except for a few cases in the low energy region the
fits (full lines in Fig. 2} and the }I' (}I,'in Table I)
result very close to those of set 1.

It must be noted that the potential labeled set 2
presents geometries and energy dependences very
similar to those found by Becchetti and Greenlees"
for heavier nuclei.

A wide interval of incident energies has been in-
vestigated in this work to find out the range in
which two-step processes are relevant. As re-
gards the lowest limit, measurements below 14
MeV are senseless due to the closing of many re-
action channels and to the consequent dominant
presence of compound nucleus (CN} contributions.
These contributions might be, however, not neg-
ligible also above 14 MeV.

"Si(p,p') excitation functions have been mea-
sured by Kemper et a$.'4 between 16 and 18 MeV
and by Shotter et a$."between 12 and 15 MeV.
Correlated fluctuations with widths of 300 keV, not
interpretable in terms of Ericson statistica'1 fluctu-
ations, ' have been found in many (p, p') transi-
tions, indicating the presence of both CN and door-
way state contributions in the reaction mechanism.

In absence of any quantitative determination of
door-way state contributions, the CN evaluated
cross sections, summed up with direct contribu-
tions, are expected to be always lower than the
experimental points averaged over an appropriate
energy interval to smooth out Ericson fluctuations.

CN contributions have been evaluated using the
Hauser-Feshbach (HF) statistical model. " The
(p, p'), (p, n), (p, d), and (p, n) channels have been
considered in the CN decay. The OM parameters
used to describe the channels considered are given
in Table II. The proton potential, taken from Sec.
III, reproduces the experimental total reaction
cross sections e within 5%%u~. The level densities for
residual nuclei have been evaluated using the
Fermi-gas model formula ' with the back shift of
Ref. 22 for the energy scale; the pairing energies
have been taken from Ref. 23.

Calculated elastic and inelastic cross sections
along with experimental data are shown in Figs. 3
and 4. The calculations for the inelastic scattering
include collective DWBA contributions with deform-
ation parameters obtained from the higher energy
data (see Sec. V} in addition to the HF calculation.
Because of uncertainties in the parameters used

TABLE II. Optical model parameters used to evaluate compound nucleus contributions.

Channel V

neutron
proton
alpha
deuteron

47.01-0.267 E-0.00188
54.9-0.32E
190.8
101.3

1.3 0.66
1.17 0.673
1.43 0.608
1.05 0.86

9.52-0.053E
6.3
9.91

23.6

1.257
1.33
1.78
1.43

0.48 7 00 b

0.6 5.4
0.39 0.0
0.62 7.0

1.2
1.4
1.3

18
present work
18
18

r~ and a fixed at r„and g„values, respectively.
Estimated from Ref. 19.
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in the latter calculation, one cannot rely on the
accuracy of the magnitude of the CN estimate.
Since in some cases the sum of CN and DWBA cal-
culations exceeds the data, in particular it exceeds
the ones of Ref. 15 averaged over an interval of
500 keV (Fig. 4), we have arbitra. rily reduced the
CN contribution by the factor —', . The resulting
cross sections have then been simply subtracted
from the data. Qwing to the rapid energy depen-
dence of statistical effects, CN contributions are
significant only below 17 MeV and for transitions
to high angular momentum states.

V. MACROSCOPIC INTERPRETATION OF NATURAL

PARITY TRANSITIONS

In this section the experimental data, with the
exception of those concerning the 3' and 0; states,
are analyzed with a direct reaction mechanism
and a collective description of the nucleus. The

principal aim is to evidence nondirect processes
by means of the anomalous energy dependence of
some parameters used in the calculation.

The coupled channel (CC) program Eels by,

Raynal 4 including a search routine on QM param-
eters and deformations, has been used. This. pro-
gram contains the full Thomas form for the spin-
orbit deformation ' and permits the spin-orbit and
central potentials to be deformed in a separate way
by using different deformation parameters (P",
g'"&, respectively).

Several runs of the program performed on the
X"=0' rotational band ascertained that (a) in CC
calculations, the imaginary term of QM potentials
deduced from elastic data analysis must be de-
creased of 0.5 MeV since it no longer accounts for
some inelastic channels, (b) no appreciable differ-
ence is evident in the fits or in the deformation
parameters deduced using the two sets of QM pa-
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. FIG. 4. Integral cross sections averaged over an in-
cident proton energy interval of 500 KeV {points) for the
reaction 28Si{p,p') on the two excited levels quoted. The
curves have the same meaning of the ones in Fig. 3;
moreover an additional point-dashed line has been drawn
in which only the 3 of the estimated HF contribution has
been added to the direct one.

The experimental data. of the doublet (3,4') have
been analyzed assuming a dominant 3 contribu-
tion. In fact a hexadecapole deformation with a
reasonable P, value, for example 0.15, accounts
for only a small percentage of the experimental
data. The results of this analysis are shown in
Fig. 6 at only some energies, while the extracted
P, values are reported in Fig. 7. The P, behavior
is similar to the P4 one also for what concerns the
subtraction of CN contributions.

It must be noted that in the above analysis, the
resonance or nondirect effect height has been com-
pletely parametrized in terms of P value incre-
ments. These increments have been found very
large for P, and P, and less evident for P, ; they
definitely vanish at energies greater than 26 MeV
where, however, good fits have been obtained for
the 2' angula, r distributions only. Above 26 MeV
and at large angles, discrepancies between experi-
mental and evaluated data do exist both for the 2'
spin-dependent data and for the other cross sec-
tions.

Thus nondirect effects are evident in all the in-
elastic data influencing the 14-26 and 26-40 MeV
ranges to different extents. In particular, below
26 MeV, all angular distributions are influenced
both in shape and in absolute value, while, with the
exception of the 2' cross sections, at larger ener-
gies only their shapes are modified.

rameters of Table I, (c) SFP data, shown in Fig.
5 together with measurements at 29.7 and 40.0
MeV taken from Ref. 26, a,re very sensitive, both
in shape and in absolute value, to the ratio P, /P2'"'

(see curves drawn in Fig. 5), and quite insensitive
to their absolute values.

Some results of a three parameter (Wn, P„P,) fit
are displayed in Fig. 6. In these fits the constraint
P""'=P has been used. The values obtained for the
free parameters are marked with points in Fig. 7,
where the bars attached to P values represent cor-
relation errors, related to the number of fit free
parameters and to their interdependence.

Values obtained for P, and P, are energy depen-
dent; in fact, at low energies, they show an en-
hancement, particularly large for g, . The sub-
traction from experimental data of CN contribu-
tions modifies P values at low energies; however,
while this correction accounts for most of the P,
enhancement, it does not restore the P~ values
found between 30 and 40 MeV. This happens also
when the reduction of the factor —'„ imposed on sta-
tistical contributions in Sec. IV, is disregarded.
The P values obtained at high energies are in good
agreement with previous evaluation. ' ' ~ The P4
increase at low energies may be interpreted as an
estimate of nondirect contributions.

VI. MICROSCOPK ANALYSIS AND EXCHANGE
PROCESSES

In case of transitions to non-natural parity
states, where the direct process is lowered by
angular momentum-parity conservation rules, one
expects relatively large contributions coming from
two-step processes. In fact, as a spin-flip (~S =1)
is required, only a part of the nucleon-nucleon in-
teraction can act in the process.

It has recently been shown that other spin depen-
dent data, such as asymmetries and SFP associated
with the excitation of natural parity states, can
constitute an excellent tool to study semidirect
processes. ~'

In this section the data relative to the 2' and 3'
levels are analyzed with MEpHISTQ, ' a code for a
microscopic antisymmetrized distorted wave cal-
culation, in which the direct reaction mechanism
is supplemented by a two-step contribution a.ssoci-
ated with the excitation of GR. As a detailed de-
scription of this calculation has been published
elsewhere, '*4 only relevant features are reported
here.

The amplitude for inelastic scattering is given as
a coherent sum of single particle amplitudes:
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where y' are distorted waves described by optical
model wave functions (set 2 of Table I has been
used). The bound states orbitals pz, p& are har-
monic oscillator states with an oscillator strength
fixed at 10.6 MeV. The number of single particle
transitions ( j,-j2) is specified bII the spectroscopII
assumed for the considered (JI -J&) process. For
both neutron and proton orbits each transition is
weighted by its spectroscopic amplitude '.

S(~„j„J„Z,, I)= &Z, ll&s,'. n, j'II~I&.

In the previous formula I is the total angular mo-
mentum transferred and g&, a& are destruction and

1 2

creation operators. Spectroscopic amplitudes for
analyzed transitions have been obtained from a re-
cent evaluation by WildenthaPa (Table III).

The interaction operator t(0, 1) can be given as
the sum: V(0, 1)+Vcpn(0, 1). The first term rep-
resents an effective nucleon-nucleon interaction
and is given as a mixture of -central, tensor, and
spin-orbit components, each with a Gaussian type'
finite range form factor. For the central part,
this interaction is equivalent to the long range part of
the Hamada- Johnston potential. The noncentral
components are based on the Eikemaier and
Hackenbroich" force. Only the strength of the
spin-orbit term, V„s, has not yet been well estab-
lished, so it is often empirically adjusted. The
term V(0, 1) averaged over the appropriate wave
functions and weighed by the assumed spectro-
scopic factors, gives the one-step process origin-
ated by transitions of valence nucleons.
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TABLE DI. Spectroscopic amplitudes for the 0+-2+

(1.78 NeV) and 0+-3+ (6.28 MeV) transitions in Si.

+g&ii ~ +2&2& 2

1d5/2
1d )/2
1d5/ 2

2 s1/2
2s&/
1d3/2
1d3/2
1d3/2

ldll/2
2 Si/2
1d3/2
1ds/2
1d3/2
1d5/2
2 S~/2
1d3/2

0.4943
0.9325

-0.5907
0.6383

-0.2484
0.4867
0.1437
0.3093
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-0.5728

0.3619
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The V cpD(0 1)'term corresponds to the direct
core polarization, accounting for the contributions
omitted in the evaluation of valence transitions.
The selection rules on spin, isospin, and angular
momentum" cancel the core direct polarization
term when a spin-flip occurs, as in the excitation
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FIG. 8. Experimental angular distributions for the
2' and 3' transitions at E&=40.0 MeV. The curves rep-
resent the results of the total valence plus the direct
core part of a microscopic calculation performed with
the LS two body force strength fixed at 0.5 {full lines)
and at 0.25 (dashed lines).
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FIG. 9. Differential cross sections for the inelastic
proton scattering to the 2' state of 28Si. The curves
represent the results of the microscopic ADWBA cal-
culation in which the valence and core, direct, and ex-
change parts have been included. The full lines refer to
the inclusion of three intermediate resonances with mul-
tipolarities A, =1,2, 3 in the core exchange part and with
complex strengths shown in Fig. 13. The dashed lines
refer to two multipolarities A, =1,2 only.

of the non-natural parity state 3', and restrict the
contribution to only the quadrupole term in a 0'
—2' excitation. In such a case the coupling
strength of the core direct polarization is fixed
from the polarization charge required by the spec-
troscopy used to give the experimental B(E2) val-
ue. The Wildenthal wave functions for "Si exact a
polarization charge ep '& 0 5e, accounting for an
experimental B(E2) value of 66 e' fm'.

The approach, outlined in Ref. 4, requires multi-
pole form factors, whose normalization is deter-
mined by coupling parameters Y~(Q). For the 0'
-2' transition and polarization charge 0.5 e, the
coupling parameter Ycp proves to be equal to
0.0023 MeV '.

The second part of Eq. (6.1) describes the two-
step resonance contribution. The amplitude repre-
sents a process whereby the projectile is captured
by the target into a bound orbital (P& ) transferring

2
energy, momentum, and isospin to the nucleus. In

FIG. 10. As Fig. 9 for the 3' state of Si. Relative
complex strengths for the core exchange part are shown
in Fig. 14 for the three multipolarity search.

the second step the nucleus deexcites itself trans-
ferring energy, momentum, spin, and isospin to
one of the valence nucleons and ejecting it into the
continuum.

To evaluate the two-step resonance amplitudes
a collective model representation is used. Each
multipole in the sum of Eq. (6.1) is identified as a
giant resonance of centroid energy ku z and of
width I'z. In principle all multipoles can contri-
bute to the process, each with a complex coupling
constant'.

M&(g) = Y,(0 )e "&'"

1
(Q-hag+-'il'~) '.

2z+1 (6.2)

Q is the sum of the projectile energy and of the
spectator binding energy: Q =E~(cm) —e, , P~ is
the usual collective model deformation parameter
measuring the total transition strength to form the
GB of multipolarity )(, from the ground state. In our
version the calculation does not depend on the iso-
spin of the resonances. The values allowed for Pz
are constrained by the energy weighted sum rules"
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=87L(L+1)R '(Wau, ) '

and for isovector dipole excitation

P
' =1044(1+0.8x)R (Akw ) ',

(6.3)

(6.4)

The meaning of x may be deduced from Ref. 33.
It is, however, equal to zero for the Z & 20 nuclei.

For most of the nuclei, the GR strength distribu-
tions are not well known yet. Thus together with
their relative phases p~(Q), they are treated as
adjustable parameters in a search process for fit-
ting data. Generally a small number of terms is

(EWSR) which, for isoscalar transitions exhausting
all the EWSR, in- N=Z nuclei, impose the condition

P:=L(L 1)
2 8 3A

4g 1

retained and where possible the strengths are con-
strained to the EWSR restriction and to the energy
positions chosen following the QR known mass-en-
ergy variation. "

To deduce the normalization factor of the spin-
orbit strength V &s several tests have been per-
formed. The 0.5 value has been used by Eikemaier
and Hackenbroich" and 0.25 by Shaffer and Raynal. '
In Fig. 8 the direct reaction part of the calculations
performed with these two values is compared with
experimental data at 40.0 Mev. Curves with V„~
=0.5 are in good agreement with aB the spin-de-
pendent data while they exceed the 2' cross sec-
tion; an inverse agreement occurs using V„S=0.25.
In order to fit at the same time all the 2' data
available, the value 0.35 has been chosen for this
level, while the 0.5 one has been used for the 3'
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FIG. 14. Variation with the incident (E&) and excita-
tion (Q) energies of the core exchange A, =1,2, 3 com-
plex coupling constants determined fitting the experi-
mental data in Fig. 10. The full lines on Yl and Y2
represent, respectively, the dipolar and all the iso-
scalar GR strengths.
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cross sections. So the V„s has been treated as an
effective level dependent interaction.

At 40.0 MeV the agreement for the 2' cross sec-
tion is good (see Fig. 8); this denotes the validity
of the spectroscopy assumed. The agreement,
however, is poor for spin-dependent data in the
same way as it is in macroscopic calculations. The
ratio between the 2' integrated experimental and
the direct microscopic cross sections thus evalu-
ated, remains constant and nearly one above 20
MeV; it increases to 1.5 at 1ower energies, repro-
ducing the energy dependence of P5 found in macro-
scopic analysis. For the 3' transition the same
ratio is highly energy dependent and increases
from the value of 1.3 at 40 MeV to the one of 57 at
15.3 MeV; so nondirect contributions are impor-
tant to fit, in all the energy range, the shapes and
the absolute values of the 3' cross sections.

Two complete microscopic calculations, includ-
ing resonance contributions, have been performed
on each 1evel. The first calculation searched for
the dipolar and the quadrupolar complex coupling
constants M(Q); in the second calculation the
search was extended to the octupalar resonance.
The inclusion of the hexadecapole resonance was
tested, but no noticeable improvement of the fits
was noted.

Figures 9-12 contain the fits both for the two
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(dashed lines) and for the three (full lines) reso-
nance searches, whereas Figs. 13-14 show the
complex coupling constants found in the second
analysis. The different reaction mechanism con-
tributions to the 2' and 3' cross sections are shown

at two energies in Fig. 15.
Between 30 and 40 MeV the strength distributions

in Figs. 13-14 appear small and smoothly decreas-
ing but, at the lowest measured energies they show
no clear-cut decrease. Moreover the strengths in

Figs. 13-14 are similar both in shape and in mag-
nitude, denoting the independence of the obtained
information upon the excited level from which scat-
tering is observed. The curves drawn on E1 and

E2 points in Figs. 13-14 represent, respectively,
the isovector dipolar GR as deduced from photo-
nuclear reactions, "and the contributions of all
isoscalar GR with a dominant quadrupolar term,
extracted from the nuclear continuum of a
"Si(n, o. ') reaction. ' The agreement between the
two curves and the deduced points proves that virt-
ual excited intermediate levels represent GR
states of "Si.

In the present analysis the coupling constant

10 I I I I I I I I I I I I I ~ I I I I I I i I I I I I I I I I I
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FIG. 15. Central and tensor (C+ T) valence, LS val-
ence (LS), core direct polarization (CDP) and core
exchange P, =1,2, 3) contributions to the microscopic
ADWBA calculations shown in Figs. 10 and 11 related
to the 2' and 3' cross sections, at E&=15.3 and 40.2
MeV (points). The core exchange contributions have
been arbitrarily normalized. The CN contribution (HF)
for the 3' cross section at E& =15.3 MeV is also shown.

However, a rough estimate of the EWSR fraction
I

present in the GR states may be performed using
the method reported by Perrin et al. "which sup-
poses the strength distributions formed by several
discrete resonances each with its own position,
strength, and width. Assuming a uniform mass
distribution in the 2eSi, 2(P/~ of the EWSR is found
in the E1 strengths and 4(P/e in the E3, presumed
to be all isoscalar in character. The E2 exhausts
all the isoscalar EWSR limit; therefore, also ih
consequence of the P, (Q) behavior which is split in

two separatedbranches in all the searches, the ex-
istence of an isovector quadrupolar GR contribution
may be hypothesized.

The E%'SR percentages reported are affected by
great uncertainty since they strongly depend upon
fit procedure, spectroscopy uncertainty, and the
model used to evaluate the direct contribution.

VII. CONCLUSIONS

The study of proton scattering from low-lying
states of "Si in the 14-40 MeV range cannot be
correctly interpreted only by a pure one-step di-
rect reaction mechanism.

The CC method can describe the 0', 2', 4', 3
cross section absolute values, but it cannot always
account for their angular shapes. The transition
strengths, moreover, must be thought of as energy
dependent and greatly increased at low energies;
SFP result largely not fitted.

A microscopic DWBA calculation fails to account
for all spin-dependent data. This is more evident
for the 3' cross sections at low energies where ex-
perimental points exceed the calculated values by
at least one order of magnitude.

To explain these failures we have added compon-
ents due to two-step processes via GR intermediate
states in the reaction mechanism, and in this way,
we have fully interpreted the 2' and 3' level data.

The "SiEl, E2, and E3 GR strength distribu-
tions have been deduced treating the coupling
strengths of the intermediate states as free pa-
rameters. The QR information extracted has been
shown to be essentially nondependent upon the in-
elastic channel investigated and in good agreement
with the results from photonuclear and n inelastic
scattering reactions.

A comparison between Figs. 5 and 11 shows the
most significant result of this work: the resonance
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contribution makes a large qualitative difference
in the SFP calculations and greatly improves their
agreement with experiment, The resonant contri-
bution is essential to explain the SFP and the 3'
cross sections; otherwise it is of minor impor-

tance.

We acknowledge Mr. P. Tempesta, Dr. M. Tar-
antino and the staff of the cyclotron of Milan for
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