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The VA1(~He, He') Al and 27Al(3He, t) Si reactions have been studied at an incident-beam
energy of 18 MeV. Angular distributions were measured for many low-lying states. The
transitions to states below 3.00 MeV excitation in the two reactions were compared using
the macroscopic-interaction model of the distorted-wave Born approximation, using a gen-
eralized isospin-dependent optical-model potential. The observed L =4 strength in the
(3He, t) reaction is inconsistent with both the inelastic scattering results of this work and
other measurements of the hexadecapole deformation in this region, indicating that the in-
elastic scattering and charge-exchange processes may be microscopically more distinct
than is suggested by the macroscopic model. Angular distributions for states in 2~8i above
3 MeV excitation are also presented and discussed. The (3He, t) study also showed that the
27Si state of E„=4.46 MeV is an unresolved doublet, confirming other recent work.

I. INTRODUCTION

The formal similarity of the charge-exchange
and inelastic scattering processes has long been
recognized. In particular, many methods of in-
terpretation and analysis originally developed for
inelastic scattering have been successfully applied
to charge-exchange reactions; these include the
method of coupled channels, ' the distorted-wave
Born approximation (DWBA) using both micro-
scopic' and macroscopic' 4 models of the effec-
tive interaction, and the diffraction model. '

The microscopic distorted-wave model of in-
elastic scattering and charge exchange requires
detailed knowledge of the shell-model structure
of the initial and final nuclear states. The nuclei
"Si and "Al are believed to be somewhat de-
formed, although the description of the mass-27
system has been quite controversial. In view of
the uncertainties concerning the microscopic de-
scription of the nuclei "Si and "Al, in the present
work the analysis has been performed using the
collective or macroscopic model.

In the collective distorted-wave model of in-
elastic scattering the projectile -target interaction
is expressed as a nonspherical optical potential.
The deformed shape of this interaction potential
is taken to be identical with that of the mass dis-
tribution in the target nucleus. The interaction
excites target-collective excitations of angular
momentum L with an amplitude directly propor-
tional to P~, the deformation amplitude of multi-
pole order L.'

Thus measurements of inelastic scattering
cross sections can yield (reaction model-depen-
dent) values of these deformations. The propor
tionality holds whether P~ represents permanent

deviations from sphericity in the body-fixed sys-
tem (rotational excitations) or the average value
of dynamic deviations from sphericity in the
space-fixed system (vibrational excitations).

It should be noted that this reaction model al-
lows only direct one-step processes regardless
of multipole order L. In some cases, however,
specific inelastic channels are strongly coupled
to the entrance channel. These can often be
treated using the coupled-channels formalism'
where the scattering wave functions in a limited
number of inelastic reaction channels are com-
puted together, taking into account the couplings
among these channels. Again, values of P~ can
be extracted from the calculations; these are in
general different from those derived from the
DWBA calculations. If, however, the couplings
between a given channel and the remaining chan-
nels are all weak, and all excited-state channels
have amplitudes small compared to the elastic
scattering channel, the two reaction models yield
quite similar results. The deviations from spher-
icity PJ. can also be measured by means of electro-
magnetic interactions; comparison of these values
with those derived from inelastic scattering can
thus provide a measure of the validity of the model
used.

The DWBA inelastic scattering formalism can
be applied to charge-exchange reactions by in-
cluding an isospin-dependent term in the general-
ized optical-model potential'

U(r) = Uo(r) + —U,(r)7 To, (l)

where t and T, are the projectile and target iso-
spin vectors, respectively, A is the target mass
number, and U, (r) and U,(r) are in general dif-

6ii



612 HOLDE N, BALAM UTH, FORTUNE, AND ZURMUHL E

ferent functions of the vector displacement r be-
tween the projectile and target centers of mass.
Charge-exchange reactions proceed by virtue of
the off-diagonal matrix elements of the operator
t T, in isospin space. Charge-exchange transi-
tions to the isobaric analog of the target ground
states (analog transitions} have been success-
fully treated in the DWBA using the second term
in Eq. (1) as a perturbation on elastic scattering, ' '
and in the coupled-channels formalism, coupling
the analog transition to the elastic scattering chan-
nel by means of the interaction (1).' Nonanalog
transitions can be accommodated by allowing the
interaction potential U,(r) to be deformed.

It is these nonanalog charge-exchange transi-
tions that hre of primary interest in the present
study. Previous collective -model studies' ~ of
nonanalog charge -exchange transitions have been
carried out principally for even-A targets in the
1f7&, shell. The results of these studies have been
summarized and discussed by Satchler. The
strength of the interaction U, is yielded by fitting
the analog-transition data, using a complex sur-
face-peaked interaction. The part of the interac-
tion with the larger radius, usually taken as the
imaginary part, dominates the interaction and is
responsible for essentially all the charge-ex-
change cross section. If this interaction is then
used to calculate nonanalog quadrupole transi-
tions in the DWBA using the first-order collective
model, the experimental angular -distribution
shapes are well reproduced. The question of
agreement between theoretical and experimental
magnitudes of the cross sections is somewhat
less clear. The strengths U, of Eq. (1) yielded by
analog transitions are known to be very sensitive
to the geometry of the effective interaction' and to
the incident-projectile energy. In addition, the
deformation amplitudes P yielded by the nonanalog
transitions are not in general equal to those mea-
sured in inelastic scattering, and are sometimes
found to be even two or three times larger. 4

Kunz et al.4 point out that the nonanalog transi-
tions are sensitive to the neutron-excess deforma-
tion only, which can in general be quite different
from that of the whole nucleus. Finally, it should
be noted that higher-order processes may influ-
ence this measurement of the neutron-excess de-
formation. The isoscalar part of the potential
U(r) can effect inelastic scattering either before
or after a charge-exchange analog transition,
reaching the same final state as the one-step non-
analog transition. Frahn' has shown that these
two-step processes are expected to be of compar-
able strength as the one-step process. Thus they
could account for large experimental values of P.
Population of the final state by compound-nuclear

processes would of course have similar effects.
The situation is here further investigated by the

study and comparison of the 27AlPHe, 'He')"Al and
the "Al('He, t)27Si reactions at an incident energy
of 18 MeV. The assumption that the low-lying
states of "Al and 'Si have large parentage in the
low-lying collective excitations of "Si provides
an interpretation of the inelastic scattering and
charge-exchange reactions in terms of the col-
lective -model DWBA. This interpretation is de-
scribed in detail in Sec. III.

II. EXPERIMENTAL PROCEDURE
ANP RESULTS

The "Al('He, 'He')"Al and "Al('He, t)"Si reac-
tions were studied using a beam of 18-MeV 'He"
ions from the University of Pennsylvania tandem
accelerator. Self-supporting aluminum foils of
70-p, g/cm' thickness were placed in the center of
a 61-cm-diam scattering chamber. Emerging
particles were detected in a system of silicon
surface -barrier detector telescopes; 4g and E
detector thicknesses were 100 p. m and 2 mm, re-
spectively. Energy signals were digitized and
processed in a ND-3300/PDP-9 analyzer-compu-
ter system. Digital particle identification was
performed on line using the range-energy rela-
tionship of charged particles in silicon as sug-
gested by Goulding et al."

For each event the quantity P = (E +~}""-E"'
was computed, where 4E is the energy loss in the
front detector, and E is the energy loss in the
rear detector. This quantity has a characteristic
value for each particle type. The required ex-
ponentiation was performed using a table lookup
technique. During the acquisition of the data all
events having values of I' corresponding to tritons
or 'He were written onto magnetic tape. The re-
quirement was set to ensure that no triton or 'He
events were missed; some deuteron or a events
were consequently stored as well. After the ex-
periment the magnetic tapes were analyzed using
the same PDP-9 computer. In this final data re-
duction the value of P was set to accept either all
triton or all 'He events. Separate spectra for
each reaction were thus obtained at each angle.

The spectra at different angles were normalized
using the number of elastic scattering events re-
corded in a monitor detector. Absolute cross
sections were obtained by assuming that the elas-
tic scattering cross section of 'He on "Al at for-
ward angles is correctly given by the optical
model, with the parameters given in Table I. The
relative solid angles of the counter telescopes
and the monitor detector were measured using an
' 'Am a source. The uncertainty assigned to the
absolute cross-section measurements is +30%.
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Typical triton and 'He energy spectra are shown
in Fig. 1. The '7Al elastic scattering peak is ab-
sent from the 'He spectrum because elastic
events were rejected during data accumulation
using a single-channel analyzer which set an up-
per limit on the total particle energy. The cal-
culated mean centroid of the unresolved 2.98-3.00-
MeV doublet in the inelastic scattering data is
3.00 MeV and thus this peak is taken to be domi-
nated by the 3.00-MeV J"=—', level. Figure 2
shows triton spectra at three angles for the re-
gion of excitation near 4.40 MeV. The fact that
the peak labeled 4.46 MeV is consistently wider
than that of the nearby 4.30-MeV level is indi. ea-
tive of the presence of a new state in "Si very
near the previously known state at 4.46 MeV.
This observation substantiates that of Barker
et al. ,

"who recently reported exciting both mem-
bers of the doublet in the ('He, u) reaction

Angular distributions for thirteen levels in ' Si
were meRsured in 5' steps from 10 to 75'labo-
ratory angle. Angular distributions for five lev-
els in "Al were measured in 5' steps from 20 to
75' laboratory angle. The levels above 3.0 MeV
in "Al were excited only weakly relative to the
low-lying states.

III. METHODS OF ANALYSIS

A. Distorted-V4ve Theory of Inelastic Scat tering

The collective-model distorted-wave theory of
inelastic scattering has been described by Bassel
et al, , ' and will be only summarized here. The
projectile-target interaction is expressed in
terms of a nonspherical optical potential U(x- R).
The deformed shape of this potential is taken to
be identical to that of the target-mass distribu-
tion, expressed by the following multipole expan-
sion of the nuclear radius:

R(6, y)=R, +OR(8, y)=R, +R, P o.,„F,„(6,y) .

(2)

The optical potential is expanded in a Taylor se-
ries in powers of the displacement 6R(8, y); the
usual DWBA formalism then yields for the transi-
tion amplitude for the excitation of a state J by

angular momentum transfer l:

T I~ =(21 +1)"'i'I,„(Z,M, Im~ZgMg)

RoUP,
(2I+ IP'(2S, + IP"

where

(21+I)"'i'I,„= ' )(' '*(kz r)F(r-R )

(3)

B. Extension to Charge-Exchange Transitions

If the optical potential U(r -R) is generalized to
include an isospin-dependent terme

x I I'*(I')X"&(k„r)d'~ .
X~ ~(kz, r) and )(~'~(k, , r) are distorted waves ap-
propriate to the exit and entrance channels, re-
spectively. 8, is the intrinsic spin of the projec-
tile' lt has been R88umed that the dlstor'ted waves
have been calculated without spin-dependent
forces. The quantity P, is the deformation ampli-
tude described in the Introduction, and is related
to the quantities o. , of Eq. (2). The physical in-
terpretations of P, in the various collective struc-
tural models are presented in Ref. 6. The strength
U and the radial function F(r -R,) in Eqs. (3) and
(4) represent the strength and radial dependence
of the part of the total optical-model interaction
appropriate to the transition. For quadrupole in-
elastic scattering, they conventionally correspond
to the first derivative of the real part of the opti-
cal-model potential. ' Although there is increasing
evidence that the interaction for quadrupole inelas-
tic scattering of 'He may include an imaginary
part, "inelastic scattering at the energy and angu-
lar range of this study is not very sensitive to this
distinction.

Reference 6 includes a discussion of the limits
of validity of thi. s model; limits based on multistep
processes have already been discussed in the In-
troduction. The validity of the u8e of the DWBA is
based, of course, on the strength of the inelastic
transitions relative to elastic scattering. For
quadrupole inelastic scattering, P, values up to
about 0.25 are usually assumed to imply a suf-
ficiently weak process to warrant use of the
DWBA. '

TABLE I. 3He and f optica1-mode1 parameters for A =. 27.

+v +c

0.0 1,602 0.0
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U(r —8 r —It ') = U (y J—t) + t ~ TUi (r f-t ')

then the distorted-wave theory of inelastic scatter-
ing can be extended to include charge-exchange
transitions. The quantities t and T, are the pro-
jectile and target isospin vectors, respectively,
and A. is the target mass number. The use of the
function It '(8, y) permits the deformation of the
isospin-dependent term to be different in general
from that of the isospin-independent term.
Charge-exchange transitions arise from the off-
diagonal matrix elements of the isospin-dependent
term in isospin space. For the case of 'He inci-
dent on an "Al target, the relevant matrix ele-
ment is

&To-. ~03=-sf, =alt T.I&.=r& =2t. = 2)-

(6)
where N and Z are the target neutrons and proton
numbex's, respectively. The spherical part of
[U,(r -8')/4] t T, thus effects direct single-step
tx'RQs1t1ons to the isobRx'1c analog of the tRx'get
ground state. In exact correspondence to the col-

lective model of inelastic scattering, the deformed
part of this same interaction causes direct single-
step transitions to the analogs of the target col-
lective excitations.

For the analog transition the product UE(r -R,)
of Eqs. (3) and (4) is taken to be complex and sur-
face peaked; the geometric parameters of the real
and imaginary parts are conventionally set equal
to those of the optical-model potential 3'4 The in-
teraction for nonanalog transitions is the deriva-
tive of this interaction. The strengths and radial
form factors used in all calculations are listed in
Table II.

C. Odd-A Targets in the Neak-Couphng Model

The weak coupling of a single-particle state of
angular momentum j to a collective excitation of
angular momentum I results in a multiplet of lev-
els of angular momentum J'z where I I, -j I

- Jz & I,
+j. The DWBA formalism of Sec. IIIA can be ex-
tended to include the inelastic excitation of this
multiplet. The interaction U(r) does not depend
explicitly on the single-particle coordinates of the
weakly coupled particle; thus the presence of the
weRkly coupled pax'tlcle ente1's into the formRU, sm
only through angular momentum coupling and spin
statistical factors. If the even-A collective ex-
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FIG. l. Representative energy spectra from the Al(SHe, He')27Al and 2 Al(3He, t)2~Bi reactions,
Energy levels are labeled in MeV.
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D. Calculations

The optical-model parameters used in all calcu-
lations are shown in Table I. These values were
used unchanged for both the 'He and t scattering
channels. The calculations were carried out using
the DWBA code DWUCK"; the collective-model
option was employed. For all inelastic scattering
calculations the form factor was specified as the
derivative of the real part of the entrance-channel
optical potential. This corresponds to a surface-
pe.aked interaction with the parameters shown in
Table II. For the charge-exchange analog transi-
tion, a complex surface-peaked form was assumed
for the interaction U, (r). The geometric parame-
ters of the real and imaginary parts were those
of the real and imaginary parts of the optical po-
tential. The strength U, was determined by visual-
ly normalizing the calculation to the data. The
interaction used for transitions to the excited
states was the derivative of the interaction V,(r),
using the magnitude fixed by the analog transition.
The various interactions used are summarized in
Table II. Fits to the data were made visually; in
the cases of I. mixture, the mixtures were ob-

4.30 4.30 4.30

60-

I-

O
C3

8= 30' ~8=20
4.46 o

1 4.46

ll30-
fl ~

840 880 835 875 820 860
CHANNEL NUMBER

4.46 ~

P 'e

FIG. 2. Detail of ~~Al(3He, t)~~Si spectra showing the
4.46-MeV doublet, together with the 4.30-MeV level.

citation is excited with the cross section o» then
the states of spin Jf share this excitation strength
according to

(
gg 2Jf +1
dA ~~ (2j+1)(2I +1)f

The sum over J& of these cross sections is equal
to o~. Thus the validity of the weak coupling pic-
ture can be tested by comparing the sum of the
cross sections for the odd-A multiplet with that of
the even-A collective excitation.

tained by a least-squares-fitting procedure.
The entire procedure was checked for consis-

tency with the existing literature by fitting the
data presented in Refs. 3 and 4 with our procedure,
and comparing the results with those obtained in
these references. We fitted the ('He, t) transitions
to the analog of the target ground states, using the
optical potentials given; a visual fit to the data of
Refs. 3 and 4 yielded values for the transition
strength U, in agreement with those found by those
authors. With these values of U, the transitions
presented in Befs. 3 and 4 to the excited 2' states
were fitted; the deformations obtained agreed with
the original results. We were thus assured that
we are using the same prescription as given in
Befs. 3 and 4.

The sensitivity of the ('He, t) calculations to
changes in optical-model parameters was investi-
gated by varying the distorting potentials but keep-
ing the form factor fixed. Qalculations were per-
formed for two parameter sets other than those of
Set 1, listed in Table I. These were Set 2: V=130
MeV, 8'=21.1 MeV, r„=1.31 fm, r„=1.602 fm,
a„=0.724 fm, and a =0.770 fm, and Set 3: V=155
MeV, 5'=20.1 MeV, r„=1.14 fm, r =1.60 fm,
a„=0.75 fm, and a„=0.71 fm. Potential Set 2 is
related to Set 1 through the Vr„' ambiguity. Set 3
has previously been used in a description of the
"Si('He, t)"P reaction. " All three potential sets
give similar predictions for 'He elastic scattering.
The shapes of the calculated angular distributions
in the first 60' are virtually identical for the three
different potentials, for all L values. However,
the predicted magnitudes of the cross section do
depend on the potential. For the analog ' Al( He, f)
"Si (g.s.) transition, the predicted cross section
at 0' is 2(P/q larger for potential 3 than for poten-
tial 1. For Set 2, the 0' cross section is 30%
smaller than that calculated with Set 1. Thus,
since the cross section is proportional to U,',
these results indicate that uncertainties in the
distorting potentials may lead to uncertainties
of ~15~$ in the extracted values of U, . This un-
certainty is small compared with uncertainties
arising from other effects, e.g., incomplete
knowledge of the form factor. The deformation
parameters P extracted from the nonanalog tran-
sitions are even less sensitive to changes in the
optical potentials than are the extracted values
of U, .

IV. DISCUSSION AND CONCLUSIONS

A. Al( He, He') Al Reaction

The five levels excited in the ('He, 'He') reaction
were assumed to be the five members of the multi-
plet of levels resulting from the weak coupling of
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FIG. 3. Angular distributions of inelastically scat-
tered particles leading to the low-lying states of 2~A1.

Also shown are DWBA fits as discussed in the text.

a 1d,~, proton hole to the J"= 2' collective state
at 1.78 MeV excitation in "Si. This model has
been reasonably successful in interpreting (P, P'),"
(d, d'), "and previous ('He, 'He')" inelastic scat-
tering reactions on '7A1. It is mell known that this
structural model fails to predict many of the elec-
tromagnetic properties of these states; the model
was chosen here primarily because it provided a
simple consistent means of comparing the inelas-
tic and charge-exchange reactions. Since "Al
and "Si are known to be good mirrors, differ-
ences in the reaction processes due to structural
effects alone are not expected.

The results for the collective-model DWBA cal-
culations for the inelastic scattering are shown in
Fig. 3 and Tabl.e III. The P, values for the —,

' ', ~',
and ~" levels are seen to be very similar, and in
a,ddition a,re similar to that of "Si." The small
value of P, for the 2.73-MeV level is in good agree-
ment with that of other inelastic scattering stud-
ies."'" This small value has been attributed"

I I I I I

50 60 90 0
I I I I

30 60 90

ec m &deg~

FIG. 4. Angular distributions of tritone from the 2~A1-

(3He, k)278i reaction leading to 1ow-lying states of 2~Bi,

along with DWBA fits.

to mixture into this state of the 3~Al "ground-state"
structure, that is, a 146&2 proton hole coupled to
the ground state of "Si. Crawley and Garvey"
discovered that this mixture explained the proton
inelastic scattering cross sections leading to these
levels using an essentially constant value of P, .
This mixture also provides a possible explanation
of the poor quality of the L = 2 fit for the 2.73-MeV
level. With mixing, L =0 and 4 transfer are per-
mitted; an I =4 mixture is seen in Fig. 3 to im-
prove the fit to this level considerably. The large
value of P, for the —,

' ' 2.2i-MeV level is not con-
sistent with previous investigations, and has no
simple explanation within the framework of the-

weak-coupling structural model. It is interesting
to point out in this connection that if the low-lying
states of 3'Al are described in terms of a ground-
state rotational band, the transition to the $' level
is favored by angular momentum coupling factors.

TABLE D. Description of radial form factors for all calculations.

Final states Radii1 shape

Real interaction
t

Q

7) (fm)

Imaginary interaction
U-

fO

(MeV) {fm) a~

27Al excited
states

~~Bi ground
state

~78i excited
states

1st derivative
%'oods-Saxon

1st derivative
Woods-Saxon

2nd derivative
Woods-Saxon

1.14

1.14

0.724

0.724

0,724

164

164

0.74

0.74
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TABLE IQ. Resu)ts of the collective-model calcu)a-
tions for the 2~Al(3He, 3He')27Al reaction.

3.00

0.87x 10-2

1.86x10 2

8.36x10 2

0.64x 10-2

4.31x10 2

0.56

0.36

8. A)( He, t} Si Reaction

The lom-lying states of "Si, by analogy with the
mirror nucleus "Al, mere assumed to consist
mainly of a 1d„, neutron hole weakly coupled to
the 2' collective level at 1.78 MeV in "Si. The
corresponding D%BA calculations mere performed,
using the second term in Eq. (5) as the effective
interaction. Again the deformation P mas treated
as a parameter; the interaction strength U, was
derived from the ground-state analog transition.
The analog-transition calculation mas performed
using a complex surface-peaked interaction with
the geometric parameters of the real and imagi-
nary parts equal to those of the entrance-channel
optical potential. The strengths of the real and
imaginary parts were taken to be identical. The
fit shown in Fig. 4 corresponds to U, = 164 MeV.
This value mas used in all the subsequent I=2 and
4 calculations for the excited levels.

Pure I =2 calculations mere seen to give a poor
fit to the excited-state data. The strong maximum
near 25' is predicted by the calculations, but the
experimental maximum is ih general broader than
the theoretical one. In addition, the theoretical
cross sections diminish at backward angles con-

IO

100 c
Ex 3.80 MeV ~ Ex 4.46 MeV (doublet)

-L 4

10

100,—
x 4E 70 MeV

'tttt tttttt

siderably faster than do the experimental ones.
An exception to both of these observations is theJ' = ~' state at 0.78 MeV. In that case the poor-
ness of the fit seems to be due to a uniform angu-
lar shift of the predicted angular distribution; if
the calculated distribution is shifted uniformly 5'
tomards larger angles, the width of the maximum
and the rate of diminishing are both mell repro-
duced. The same angular shift can be seen for
the (~He, SHe') data to the 4" = ~i+ level at 0.84 MeV
in "Al, shown in Fig. 3, although the shift is
somewhat smaller in that case. Thus, although
the pure I =2 calculation fails to fit any of the lom-
lying levels, there seems to be a distinction be-
tmeen the J = Y' level and the remainder of the
levels.

Incoherent mixtures of collective-model DVfBA
predictions for L =4 were found to improve the
fits to the data considerably in all eases. It is
important to note that this hexadecapole transition
strength cannot be explained by the first-order
macroscopic D%BA. The possibility of large par-
entage of these states in the J"=4' collective state
at 4.61 MeV in "Si is ruled out by the weakness of
the I = 4 component in the inelastic scattering tran-
sitions to the corresponding mirror levels. The
final analysis of these excited-state data mas thus
carried out without attempting to remain consis-
tent mith the simple model employed for the in-
elastic scattering. The quantities P, and P, der-
ived from the analysis are simply parameters
which indicate the relative importance of the parts
of the total transition amplitude mhich have quad-

TABLE Dr. Results of the co)lective-model calcu-
lations for the 2~A)(3He, f)2~8i reaction.

fpl' Ip I'
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b Jci
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100;
Ex' 5.00 MeV

Ls4
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j+
2
9+
2
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0.43

0.69 0.69

lo=

t l I l

0 30 60 90 0

ec~ (deg)

30 60 90

~ Calculated from best pure 1.=2 fit.
b Calculated from best mixture of L =2 and 4 predictions,

FIG. 5. Angular distributions of tritons leading to
states in 27Si above 2.91 Me& excitation. Also shown
are DNBA fits.
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rupole Rnd hexRdecRpole tx'Rnsformation px'opex'-
ties. Figure 4 and Table IV show the results of
the final calculations.

C. Higher-Lying Levels

The "Al('He, 'He') 'Al reaction populated the lev-
els above 3.00 NeV excitation only very weakly
relative to the low-lying states. However, the in-
elastic scattering cross sections to the low-lying
states are considerably larger than those for the
('He, t) reaction to the mirror states. Inelastic
cx'oss sections whose magnitudes are comparable
to the ('He, t) cross sections could easily be ob-
scured by the continuum resulting from slit-scat-
tered elastic particles. In the 27AI(~He, t)~'Si re-
action, however, angular distributions were ex-
tracted for six levels ranging from 3.80 to 5.00
MeV excitation. The six angular distributions ob-
tained axe shown in Pig. 5. A previously known
level at 3.54 MeV excitation" was populated too
weakly for the extraction of an angular distribu-
tion.

The level at 3.80 MeV is known to have spin $,
with the parity unknown. " The electromagnetic
properties of this and nearby levels" suggest
that it is the mirror of the 3.96-MeV level in ~~Al,

which has spin and parity J' = $'." It is therefore
interesting to note that the shape of the angular
distribution for this state is best fitted with an
X. =4 DWBA curve as can be seen in Fig. 5. This
x'esult is simllax' to R px'evioQsly 1eport8d CRse
in "Mg, where a &' to $' ('He, f) transition was
discovered to be dominated by L = 4 transfer. "

With the assumption of a direct reaction mech-
anism, the forward data points for the 4.14-MeV
level are characteristic of low angular momentum
transfer. Comparison of the y decay of this level
with that of the 4.05-MeV 1evel in "Al strongly
suggests that these are mirror states, with J"

(~ )." The solid line in Fig. 5 is an inco-
herent mixture of collective-model D%BA calcu-
lations for I =1 and 3.

Angular-correlation studies for this laboratory
have assigned spin ~s to the 4.30-MeV level, and
have suggested positive parity on the basis of the
strong similarity of the decay scheme of this lev-
el to that of the 4.41-MeV level in 7A1.2 The
solid line in Fig. 5 is the result of collective-mod-
el D%BA calculations assuming an incoherent
mixture of I = 2 and 4. The mixture yielding the
best fit corresponds to considerable I = 4 admix-
ture.

The angular distribution of the unresolved dou-
blet near 4.46 MeV is shown in Fig. 5. It has been
suggested"'~~ that these levels are the analogs of
the 4.51- and 4.58-MeV levels of "Al. The solid
curve in Fig. 5 is an incoherent mixture of col-

lective-model DWBA predictions for L =2 and 4.
The large L =4 component can conceivably cor-
respond to the excitation of the J"= ~' analog of
the "Al 4.51-MeV level.

The angular distribution for the 4.70-MeV level
is very unusual and could not be fitted with any
D%BA predictions. The level at 5.00 MeV exci-
tation was populated very weakly. The general
trend of the data seems to correspond to high angu-
lar momentum transfer. The solid curve in Pig. 5

is the result of a collective-model D%BA calcula-
tion for 1.=4.

0. Conclusions

The inelastic scattering of 'He from "Al at 18-
MeV incident energy is reasonably well described
by the collective-model D%'BA. In agreement with

(p, p'), (&, &'), and previous (~He, 'He') investiga-
tions, the relative populations of the low-1ying
states are well reproduced by the assumption of
weak coupling. The selectivity of final states ex-
cited by the {'He, 'He') reaction also is consistent
with this stx'Qctux'al plctux'8. The weak-coupling
picture, although considered in general to be in-
adequate, still provides a convenient formalism
for reduction of the inelastic scattering data to a
few simple parameters which then provide easy
comparison with the charge-exchange reaction
leading to the mirror nucleus.

The over-all quality of the fits, including a mild
Q-value dependence of the angular-distribution
shape, indicates that the assumption of pure I =2
transfer is quite good, except in the case of the Z'
= ~' level at 2.73 MeV. The P, values yielded by
the calculation ax'e very close to the known value
of P~ for 'asi'8; their large magnitudes, accord-
ing to the criterion of Bassel et a/. ,' indicate that
greater accuracy could probably be obtained using
the coupled-channels formalism.

The analog transition to the "Si ground state
was quite well xeproduced by the collective-model
DKBA using the symmetry potential as described
in Sec. III8. The strength of the interaction po-
tential U, was determined to be 164 MeV. This is
consistent with the trend suggested in Ref. 9 that

U, increases with decreasing bombarding enex gy.
However, caution should be used in drawing any
conclusion from the absolute value of tI, because
it does depend sensitively on the geometry of the
form factox used.

The ('He, t) transitions to excited levels in "Si
were observed to be dissimilar from the inelastic
scattering in three primary respects. First, the
(~He, f) cross sections to low-lying states are only
about 6-I{V/0 of the inelastic cross sections to the
mirror states. This result is qualitatively under-
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stood in the macroscopic model; the symmetry
term in the optical potential is considerably small-
er than the real potential. Second, the (SHe, t) re-
actions imply a quadrupole deformation which is
about twice as large as that yielded by the inelas-
tic scattering or by electromagnetic measure-
ments. This large value is in agreement with
previous observations'; various explanations have
been proposed and have been discussed in the
Introduction. Finally, the reactions mere observed
to be dissimilar in that the angular-distribution
shapes for the ('He, t) transitions to low-lying
states were not well fitted by pure I =2 calcula-
tions; mixture of I- =4 contributions improved
the fits considerably for the excited states. These
L = 4 contributions have not been observed in px e-
vious investigations; they have no simple explana-
tion in the single-step macroscopic DRBA inter-
pretation of these transitions. It is important to

note that the calculations in which I.=2 and 4 are
considered are not based on a structural model:
The quantities P~ are simply parameters express-
ing the strengths of the L =4 contributions. Thus,
it is not surprising that the values of P, obtained
in the present study are very large relative to the
hexadecapole deformations recently measured
for "Si using the inelastic scattering of 104-MeV
a particles. " Perhaps the most reasonable ex-
planation for the I- =4 contributions to the angular
distributions lies in the microscopic configura-
tions of the states. Certainly, charge exchange
on a d,&, nucleon can give L = 4 contributions.
Such L =4 terms would, of course, also be pres-
ent in a microscopic description of the inelastic
scattering process. However, since the collective
inelastic cross section is larger by a factor of
10-20, such contributions could easily go unde-
tected in the inelastic scattering.
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