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Quasielastic processes in the Si+ Pb reaction at 8 Mev per nucleon
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Quasielastic yields have been measured for the ~sSi+20sPb reaction at E&,b( sSi) =225 MeV. The
inelastic scattering is dominated by excitation of the first 2+ level in 'Si. The angular distribution
for this state is found to contain insufficient information to determine accurately the quadrupole de-
formation parameter once the possibility of hexadecapole deformation is admitted. The ambiguity
is resolved by requiring a simultaneous fit to the angular distribution of the first 4+ state in Si. A
large fraction of the total reaction cross section is found to be contained in quasielastic neutron
transfer, and transfer of a single proton. It is shown that these large quasielastic yields are con-
sistent with the expectations from distorted-wave Born approximation calculations.

I. INTRODUCTION

Recently, it has been observed' that quasielastic neutron
pickup contributes a large fraction of the total reaction
cross section in the interaction of moderately heavy ions
(Cl, Ti, and Ni) with Pb at incident energies of about
1.25—1.5 times the Coulomb barrier. The corresponding
total kinetic energy losses are of the order of 5 MeV. Sys-
tematic studies of reactions induced by lighter projectiles
such as ' 0 have shown that quasielastic transfer can
contribute significantly to the reaction cross section near
the Coulomb barrier, but the relative importance of such
processes decreases rather rapidly with incident beam en-
ergy. In the present experiment, we have investigated the
quasielastic transfer yields for the Si+ Pb reaction at
an energy corresponding to 1.6 times the Coulomb barrier
in an attempt to add to the systematics of these observa-
tions. In the process, we have also measured the elastic
and inelastic scattering, which are of interest since Si is
strongly deformed (Pq- —0.4). In principle, the present
data can provide detailed information concerning the stat-
ic and dynamic shape parameters for Si, which can be
compared with the results from experiments with lighter
ions. The effect of introducing hexadecapole deformation
into the analysis is emphasized.

II. EXPERIMENTAL METHOD

The experiment was performed using a beam of 225
MeV Si ions, of intensity up to 2 particle nA, obtained
from the Argonne superconducting linac. The targets
consisted of 50 pg/cm of isotopically enriched (99.86%)

Pb evaporated onto 15 pg/cm C foils. The reaction
products were momentum analyzed in an Enge split-pole
spectrograph, and detected in the focal plane using a
position-sensitive ionization chamber. The position,
dE/dx, total energy, and angle of incidence were mea-
sured for each ion, so that mass and Z identification
could be obtained. Energy resolutions of =400 keV

III. ELASTIC AND INELASTIC SCATTERING

The Si+ Pb system presents an interesting chal-
lenge due to the fact that, even at 8 MeV per nucleon (cor-
responding to 1.6 times the Coulomb barrier), the inelastic
scattering is dominated by Coulomb excitation of the
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FIG. 1. Specti um of charge 13+ Si ions from the
Pb+ SSi reaction at 225 MeV, taken at a c.m. scattering angle

of 50'.

(FWHM) were observed. A typical spectrum of outgoing
Si ions is shown in Fig. 1. Absolute cross sections were

obtained from the elastic scattering data under the as-
sumption that o,&„,/crR„, h 1.00——for 8, &25'. Three
charge states were simultaneously measured at each angle,
representing more than 80% of the total charge-state dis-
tribution. The estimated error in the absolute yield is
+5%. Angular distributions obtained for the elastic, in-
elastic, and transfer channels studied are shown in Figs. 2
and 3.
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FIG. 3. Angular distributions for one- and two-neutron pick-
up and one-proton stripping from the present experiment. The
solid curves are the results of the D%'BA calculation discussed
in the text.
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FIG. 2. Angular distributions for elastic scattering and for
inelastic scattering to the first 2+ state in Si, the first 3 state
in Pb, the multiplet at E„=-4.5 MeV, and to all states above
4.5 MeV as obtained in the present experiment. The solid
curves are the result of the RGT3 coupled-channels calculation
discussed in the text.

1.778-MeV level in Si. The corresponding strong pertur-
bation of the elastic scattering (Fig. 2) implies that a
coupled-channels (CC) treatment is essential. The analysis
was performed with the coupled-channels version of the
program PTOLEMY.

As a first step, we reproduced the results of Christensen
et ah. who analyzed the scattering of Si from Pb at
210 MeV. The optical-model potential was initially taken
to be the four-parameter, large diffuseness VIB2 potential
of Ref. 7. However, in order to achieve a good fit to the
present data set it was necessary to slightly increase both
the radius and the imaginary well depth, resulting in the
potential VIB2' of Table I. (The definition of the optical-

TABLE I. Optical-model potentials used in the analysis.

Potential

VIB2'
ROT2'
RQT3

V
(MeV)

40.
40.
40.

ro
(fm)

1.252
1.246
1.238

(fm)

0.65
0.65
0.65

8
(MeV)

28.67
28.74
28.80

(fm)

1.32
1.32
1.32

model parameters is as in Ref. 4.) With these changes, an
excellent fit was obtained to the elastic and Si (2+) an-
gular distributions, equal in quality to that shown in Fig.
2. The "rotational model" calculation described in Ref. 7
was also reproduced. In this model, the deformed
optical-model potential is expanded to all orders in spheri-
cal harmonics and the quadrupole part is then projected
out. This is probably a reasonable description of the reac-
tion since Si is known to have a large static quadrupole
moment which is essentially equal to the rotational value
deduced from the measured 8(E2). The optical-model
potential obtained is given as ROT2 in Table I. Again,
an excellent simultaneous fit to the elastic and 2+ angular
distributions was obtained.

To go beyond the calculations presented in Ref 7, we.
note that Si is known to have large positive hexade-
capole deformation. ' Calculations were performed us-
ing this information, and restricting the treatment of Si
to the more realistic rotational model while vibrational
coupling was used for the 0+~3 and 0+~2+ transi-
tions in Pb. The initial calculations of this kind
demonstrated that the Si 2+ angular distribution is most
strongly perturbed by the addition of F4 deformation in
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the region of the grazing angle, in this case near
8, =50'. This effect has previously been reported by
Gross et al. ' in their analysis of Ne+ Pb scattering.
However, it was also found that excellent simultaneous
fits to the elastic and 2+ inelastic angular distributions
could be obtained with a wide variety of hexadecapole de-
formation parameters P4 ranging between 0—0.2, provided
only that Pi was also allowed to vary from —0.28 to
—0.40. Thus, the 2+ angular distribution by itself does
not contain enough information to accurately determine
either the quadrupole or the hexadecapole deformation in
the absence of other information.

Fortunately, additional information is available in the
angular distribution to the multiplet at E =4.5 MeV,
which contains transitions to the 4.08 MeV 2+ level in
o Pb and the 4.62 MeV 4+ level in Si, as well as a level

at 4.40 MeV corresponding to mutual excitation of the
first 2+ state in Si and the 3 state in Pb. The first
of these was resolved in the data of Ref. 7. The 4+ and
mutual-excitation levels, however, were not analyzed. In
the present experiment, we were not able to resolve any of
these transitions and so a composite angular distribution
(Fig. 4) was obtained. The curves in Fig. 4 illustrate the
decomposition of this angular distribution into its
separate components according to the calculation dis-
cussed below. It can be seen that the predicted behavior
in the 50 —60 angular range is strongly dependent on the
magnitude of the Si 4+ yield. For comparison, we also
show in Fig. 4 the prediction for P4 ——0, in which case the

population of the 4+ state occurs primarily by the
0+—+2+—+4+ route with only a small amount of direct
0+~4+ excitation coming from the Y& projection of the
deformed potential.

In the final coupled-channels calculation, the 0+~2+,
0+~4+, and 2++-+4+ transitions in Si were included,
along with the 0+~3 and 0+~2+ transitions in Pb.
The corresponding electromagnetic matrix elements, given
in Table II, were taken from the literature ' and are the
same as those used in Ref. 7. (The direct E4 transition
matrix element for the 4+ state of Si was, however,
determined by requiring that the Coulomb and nuclear F4
deformation lengths be equal. This leads to the prediction
that the ground-state branching ratio for the electromag-
netic decay of the 4+ state is 1.6)&10 . ) These matrix
elements affect predominantly the forward-angle
(8, &40') behavior of the inelastic angular distributions
for the appropriate states. It can be seen (Fig. 2) that cal-
culations employing the literature values are adequate to
account for the present data. Mutual excitation of the 2+
state in Si and the 3 state in SPb was allowed to occur
through the 0++-+2++-+mutual and 0+~3 ~mutual mul-
tistep routes, as well as directly via the simultaneous exci-
tation of the two states. No other couplings between
states in SSi and states in Pb were included. Reorienta-
tion of the 2+ state in Si via I =2 and 4 coupling was al-
lowed. An intrinsic quadrupole moment Qo = —58 e fm,
taken from the literature, was assumed. A calculation
using Qo ——0 showed that the reorientation effect was im-
portant, but that the present data could not provide a
better estimate than the literature value. Reorientation ef-
fmts in all other states were ignored, since (i) the static
quadrupole moment of Pb is small, (ii) the back cou-
pling of reorientation in the 4+ state of Si on the 2+ an-
gular distribution is of higher order, and (iii) the effect of
reorientation on the 4+ angular distribution is expected to
be smaller than the error due to neglect of coupling to
other states in Si, particularly the 6+ state. The com-
plete coupling scheme is illustrated in Fig. 5, and the re-
sults of the calculation with Pz ———0.36, P4 ——+0.15 for
zsSi, and P(3 )=0.09, P(2+)=0.06 for Pb are shown
in Fig. 2. It can be seen that excellent simultaneous fits
are obtained to all angular distributions, after slight ad-
justment of the optical-model potential to obtain the set
ROT3 in Table I. The need for such an adjustment was
anticipated due to the fact that more states are explicitly
coupled in this scheme.

1
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FIG. 4. Angular distribution for inelastic scattering to the
multiplet at E„=4.5 MeV obtained in the present experiment.
The solid curves illustrate the result of the ROT3 calculation for
Pq ——0.15 (upper} and Pz ——0 {lower) with electromagnetic matrix
elements as given in Table II. The dashed curves are the com-
puted decomposition of the multiplet into individual angular
distributions in the two cases. The dot-dashed curve is the
predicted angular distribution for the 2+ state in 'Pb, the short
dashed curve is that for the 4+ state in Si, and the long-dashed
curve corresponds to the mutual excitation angular distribution.

States

2'Si (2+-0+)
"Si (4+-0+)
8Si (4+-2+)

208Pb ( 3—0+ )
208Pb (2+ 0+)

' Reference 7.
For A, =2.

(e fm~)

—18.06
140.

—25.
816.
55.

VIB2'

0.56(8)
0.43(6)

5q (fm)
Present work

0.64(10)
0.43

TABLE II. Electromagnetic matrix elements and deforma-
tion lengths for Pb transitions.
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+ (4.62)
(o.oo)

(o.oe),
TABLE IV. Deformation lengths of Si according to the

rolling model.

(I.78)

Probe

2o8Pb

(a,a')
(p p')

52

(fm)

—1.70(19)
—1.65(5)
—1.48

54
(fm)

0.82(27)
0.50(7)
1.24(41)

56'
(fm)

—0.25
—0.30
—0.23

, (o.o) „
8S' MUTUAL

„(o.o) o,
208' b

'Generated from the rolling model under the assumption that
the observed value of 56 was zero.

FIG. 5. Complete coupling scheme for the ROT3 calculation.
All states, transitions, and reorientation couplings included in
the calculation are illustrated. The excitation energy of each
state in MeV is given in parentheses.

The deformation parameter P=0.09 obtained for the
3 state in Pb corresponds to a deformation length
53=0.64 fm (where 5=PA„, with R„being the radius of
the nucleus involved). This is slightly larger than the
value of 0.56 fm given in Ref. 7. The primary effect of
this change in 53 was to improve the agreement with the
experimental data in the region from 0, =SS' to 65'.
The deformation length for the 2+ state in Pb was tak-
en to be identical to that given in Ref. 7 (52——0.43 fm).
No independent measure of this parameter could be ob-
tained because of the fact that the 2+ state was unresolved
in the present experiment.

The deformation parameters for Si obtained in several
different experiments are given in Table III. The assigned
errors on these quantities from the present experiment re-
flect the range over which an acceptable fit could be ob-
tained to the composite angular distribution of the multi-
plet at E„=4.5 MeV, as well as an estimate of the effect
of coupling to states not included in the present calcula-
tion (such as the 6+ state in Si), and of the reorientation
of the 4+ state in Si. In comparison with the results
quoted by Christensen et al. , note that inclusion of hexa-

decapole distortion forces the quadrupole deformation pa-
rameters toward larger absolute value (more oblate shape)
so that the inferred deformation length is greater than or
equal to that measured in an a-scattering experiment (Ref.
11). Furthermore, the I'& deformation length as deduced
from the present experiment is also greater than or equal
to the (a,a') value. As has been emphasized by Hen-
drie, ' however, the comparison of deformation lengths
results in only a first order correction of effects due to the
finite size of the target or projectile. Intrinsic deforma-
tions for Si deduced within the context of the "rolling
model" (Ref. 16) are compared in Table IV. It can be seen
that, within experimental error, the corrected deformation
lengths agree.

IV. TRANSFER PROCESSES

One of the more interesting results of the present exper-
iment is the observation that few-neutron transfer process-
es exhaust a significant fraction of the total reaction cross
section for Si+ Pb at this energy. For example, the
excitation-energy-integrated angular distribution for one
neutron pickup (Fig. 3) corresponds to a total yield of
214+2 mb. Similarly, the two-neutron pickup cross sec-
tion is 60+10 mb, and the single-proton stripping yield is
80+2 mb. These may be compared with a total reaction
cross section (defined to exclude the largely Coulomb-
excited yield of the Si first 2+ state) of 2260 mb from

TABLE III. Deformation parameters for 'Si.

Probe

208Pba
208Pbc
58Ni

(a,a')
(a,a')
(p,p')'
(e,e')

—0.36(4)
—0.28(4)
—0.38
—0.32{1)
—0.39(I)

(—)0.34
—0.39

52

(fm)

—1.37(15)
—1.O6(16)
—1.37
—1.20(4)
—1.42(4)

(—)1.28
—1.47

+ 0.15(5)

+ 0.08(1)
+ 0.27(3)
+ 0.25(8)
+ 0.10

64
(fm)

+ 0.6{2)

+ 0.30(4)
+ O.98{11)
+ 0.9(3)
+ 0.4

Qo
(efm )

—58b
—58b
—58
—52
—56

( —)54
—64(3)

Ref.

Present work
7

15
11
12
10
9

'ROT3 calculation. Values given in parentheses indicate assigned errors in the least significant digit(s).
See the text for further discussion of the assigned errors in the present experiment.

Value (magnitude and sign) taken from the literature (Ref. 8).' VIB2 parameter set.
Folding-model analysis of the data in Ref. 11 (see previous line). Note the large increases in the mag-

nitudes of 52 and 54 from this analysis.
'Parentheses around the sign indicate an assumed phase.
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the coupled-channels analysis or 2178 mb from the
"sum-of-differences" (SOD) method' ' (Fig. 6). The
latter is a purely empirical procedure for obtaining the re-
action cross section from the difference b,(8) between
Rutherford scattering and the observed elastic cross sec-
tion. In the present case, because the strong Coulomb ex-
citation of the Si(2+) state causes large deviations from
Rutherford scattering even at angles far below the grazing
peak, we found it expedient to add the elastic and 2+ in-
elastic yields prior to calculating 6(8). The resulting
SOD integrand [2m sin8b, (8)], shown in Fig. 6, is assumed
to be zero below the angle 0;„, and its integral gives
directly the total reaction cross section minus the 2+
yield. In either case, the summed yield of the above
transfer channels is found to contribute 16% of the total
reaction cross section. Furthermore, the bell-shaped an-
gular distribution (Fig. 3) and relatively low excitation en-
ergies in the residual system (Fig. 7) suggest a peripheral
quasielastic reaction mechanism. By way of comparison,
the nuclear part of the inelastic scattering to the states
considered in the CC calculation discussed above is only
78 mb, i.e., 3.5% of the total reaction cross section. The
integrated yield to inelastic states above E„=4.5 MeV
(Fig. 1) is 100+5 mb, but part of this cross section possi-
bly results from Coulomb excitation or from neutron
transfer followed by evaporation. Thus, we estimate that
nuclear inelastic scattering accounts for 7+2% of the to-
tal reaction cross section at this energy, and that this
channel is only about 75% as strong as the ln transfer
process.

It would clearly be of interest to perform a CC calcula-
tion in which the observed strong quasielastic transfer
channels are explicitly taken into account, together with
the inelastic routes discussed above. Unfortunately, this is
not possible with current finite-range CC codes, so that
one must resort to the DWBA instead. One important
question then becomes the choice of the optical-model po-
tential to be used. In the standard DWBA calculation, the
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FIG. 7. Excitation-energy distribution of the transfer
strengths at the grazing angle. The shaded curve is the result of
the ROT3 calculation. The experimental energy resolution of
400 keV (FWHM) has been folded into this calculation.
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FIG. 6. Sum-of-differences (Refs. 17 and 18) integrand deter-
mined from the sum of the elastic plus Si (2+) inelastic angu-
lar distributions. The solid curve corresponds to the Rutherford
cross section multiplied by sinO. Integration of this data from
O;„to 180 yields a total reaction cross section of 2178 mb.

parameters of this potential are determined from fits to
the elastic scattering data. Because coupling to the Si
first 2+ state strongly perturbs the elastic angular distri-
bution, this prescription cannot be followed in the present
case. Instead, we use' the "reference potential" ROT3
which resulted from the CC analysis. The same potential
is used in both the entrance and exit channels, although it
is known that the deformation parameters change rather
rapidly with neutron and proton number in this mass re-
gion. It should also be noted that, at least for Si, the
exit channel is strongly coupled ' to the first 2+ state in
28S~

Single-neutron and single-proton transfer form factors
were obtained by binding the appropriate particles at the
correct separation energies for the target and projectile, in
a spherical Woods-Saxon well with radius parameter
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TABLE V. Shell-model states and spectroscopic factors used in the DWBA calculations.

Nuclide

29S1

"Si
"Si
"Si
29S1

State

2$1/2
1 d3/2
1 d5/2
1 d5/2

1f7n

0.0
1.273
2.032
3.069
3.623

CS
0.32
0.69
0.16
0.12
0.45

8,20
8,20
8,20
8,20
8,20

Nuclide

207Pb

207Pb

207Pb

207Pb

207Pb

207Pb

3pi/2
2f5n
3p3/2
1&i3

2f7n
1 h9/2

0.0
0.570
0.890
1.633
2.340
3.413

2.14
6.80
4.00

14.5
7.10
9.8

22
22
22
22
22
22

Al
Al
Al
Al
Al
Al
Al
Al

1 d5/2
2$1/2
1 d3/2
1 d5/2
1 d3/2
1pl/2
1 d5/2

1p3/

0.0
0.843
1.013
2.732
2.980
4.055
4.409
5.155

3.39
0.79
0.48
0.41
0.53
1.51
0.29
1.36

209B1

209B1

209B1

209B1

209B1

209B1

209B1

1 h9/2

2f7n
1t ~3/2

2f5n
3p3/2
3pi/2
2f7m

0.0
0.896
1.608
2.822
3.118
4.421
4.447

1.00
1.04
1.01
0.91
0.90
0.46
0.16

23
23
23
23
23
23
23

ro 1.2——0 fm, diffuseness a =0.65 fm, and spin-orbit well
depth V„=7 MeV. The single particle states considered
in the analysis, together with their excitation energies and
spectroscopic factors as determined from light-ion
transfer experiments, ' ' are given in Table V. In both
cases, these states include all known levels with large spec-
troscopic factor [C S & 0. 1 or C S & 0.1(2j+ 1)j in the
region from 0—5 MeV of excitation in either nucleus.

The angular distribution for single-neutron pickup from
the calculation described above is shown in Fig. 3, where
the predicted yield has been multiplied by a factor of 3 to
allow comparison with the experimental angular distribu-
tion. The bell shape is nicely reproduced. The absolute
yield is much smaller than experimentally observed, but
transfer to states at high excitation having small or poorly
determined spectroscopic strengths has not been included.
Comparing the predicted and observed excitation-energy
distribution of transfer strength (Fig. 7), it can be seen
that a good part of the discrepancy can be traced to such
states. Confining the comparison to configurations within
the first 5 MeV of excitation, the ratio of experiment to
theory is 1.5. Furthermore, the predicted and observed
transfer-strength distributions in this energy region (Fig.
7) bear a striking resemblance to one another. (The
theoretical prediction in this figure was obtained by
Gaussian folding of the strength distribution for the 30
states considered between 0—7 MeV of excitation, using
the experimental energy resolution of 400 keV. ) We con-
clude that the DWBA calculation, despite its limitations,
does a reasonably good job of accounting for the observed
large quasielastic neutron transfer yield.

In relating these neutron transfer data to the results of
Ref. 1, we note that o.i„/o „„=0.098 and cr„/o „„
=0.126, values which are similar to those observed for
Cl+ Pb at E/Vc, „t 1.4 (0.088 and 0.1——39, respective-

ly) and substantially greater than the corresponding ratios
for ' 0+ Pb at E/Vc, „~——1.7 (0.046 for both). Taking
into account the ground-state Q values, the ln and 2n
transfer centroids in the present experiment correspond to
total kinetic energy losses of 4 and 6 MeV, respectively,
essentially identical to the effective Q value of —5 MeV

300—

200—
b

IOO—

40—

30~
C3'~ Zo~

IO—

I I

AI AI

l T
50S. 31S.

FICx. 8. Experimental and predicted optimum Q values for
IleutloIl pickup aIld proton-str1pp1ng Ieact1ons obselved ln th1s
experiment. The solid curve reproduces the trend of the experi-
mental data, the dash-dot curve is the semiclassical result, and
the dashed curve is a DWBA prediction. See the text for a fur-
ther discussion. Also illustrated are the experimental widths of
the "Q window" for each of the reactions.

obtained' for Ni-induced reactions on Pb. The experi-
mental optimum Q values for several of the particle
transfer channels measured in the present work are shown
in Fig. 8, together with their associated "Q window"
widths. The dot-dash curve in this figure corresponds to
the prediction of a semiclassical model based on the
matching of Coulomb trajectories and including the effect
of "recoil," i.e., the shift in the center of mass of the two
nuclei at the instant of transfer. The observed total kinet-
ic energy losses are substantially underpredicted in this
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model. Also illustrated in Fig. 8 (dashed curve) is the re-
sult of a DWBA calculation with parameters as described
above, and for transferred angular momentum I. =0—5A'.

No dependence of Q,~, on L was observed for this range
of angular momentum. It can be seen that discrepancies
remain, though reduced in magnitude from the semiclassi-
cal estimates. Similar results have been obtained by Hen-
ning et al. , among others. Finally, we observe that the
DWBA calculations for ln transfer are in reasonable ac-
cord with the experimental data at low excitation energy,
as in Ref. 1. The energy resolution obtained in the present
work, however, allows a more detailed comparison of ex-
periment and theory to be made.

The predicted differential cross section for single-
proton stripping (Fig. 3) is substantially smaller than the
experimental yield at angles below grazing. Note also that
the calculation has here been multiplied by a factor of 8

rather than 3 as in the neutron-transfer case. On the oth-
er hand, considering only the first 5 MeV of excitation
where all the relevant states have been included in the cal-
culation, the ratio of experiment to theory is 1.6, i.e., ap-
proximately equal to that observed for single-neutron
pickup.

The centroid of the single-proton-transfer strength cor-
responds to a total kinetic energy loss of 17.5 MeV, con-
siderably greater than the 5 MeV deduced from the neu-
tron transfer data. However, in the case of charge
transfer the dominant effect on the optimum Q value
comes from the Coulomb potential, and we estimate

Q,~, = —(8—10) MeV (Fig. 8). The difference in op-
timum Q value explains the fact that 52% of the neutron
transfer strength at the grazing angle is observed below 5
MeV of excitation, whereas the corresponding value for
proton transfer is only 22%. With regard to other
transfer channels, the mass spectra for Z =Q =12—14,
where Q is the charge state of the ion, are shown in Fig. 9.
(Note, however, that there is a hM =4 ambiguity due to
the fact that 'Si in the 14+ charge state has a very simi-
lar Q /M ratio to that of Si in the 13+ charge state, for
example. Thus, the highest-mass peak for each Z in Fig.
9 has some contributions from ions of a different mass
and charge state. ) Considering first the mass distribution
of Si isotopes, note that neutron pickup is strongly pre-
ferred over neutron stripping, consistent with the fact that
the pickup Q value is more positive by 14 MeV. In the
case of proton transfer, the proton stripping channel

( Al) is relatively strong, whereas we observed virtually
no proton pickup ( P) yield
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In this case, the predicted Q,~, for proton pickup is 8—10
MeV, but the ground-state Q value is —5.3 MeV. Final-
ly, the relatively large yields of Al and Mg are of some
interest, since these nuclides (most likely predominantly
produced via proton and a-particle evaporation from
highly excited states in Si) provide an indication of the
importance of sequential processes. There appears to be
little evidence for large, direct a-particle transfer cross
sections.

V. SUMMARY AND CONCLUSIONS
I
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FIG. 9. Mass spectra for Si, Al, and Mg ions at 0, =50', as
obtained in the present experiment.

Quasielastic yields have been measured for the
Si+ Pb reaction at E~,b( Si) =225 MeV, correspond-

ing to 1.6 times the Coulomb barrier for this system.
Analysis of the inelastic scattering to the first 2+ state in

Si, in the context of the CC, has shown that this angular
distribution by itself does not contain enough information
to accurately deterrmne either the quadrupole or the hexa-
decapole deformation in the absence of other information.
Specifically, the elastic and 2+ inelastic data can be simul-
taneously fit with a wide range of hexadecapole deforma-
tions, provided only that the quadrupole deformation pa-
rameter is allowed to vary within reasonable limits. Our
analysis indicates that this ambiguity can be resolved by
also requiring a simultaneous fit to the 4+ state in Si.
The magnitude of the resulting quadrupole deformation
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length is 40% greater than that deduced under the as-
sumption of zero Y4 deformation. It is also similar to
the value obtained from inelastic proton' and a-particle"
scattering, and the F4 deformation length is also similar
to the corresponding (a,a') value. In the context of the
rolling model of Hendrie, corrected 'Si deformation
lengths appear to agree within experimental error for data
taken with a wide variety of hadronic probes.

With regard to a further extension of this work, it
would certainly be of interest to obtain sufficient experi-
mental resolution to completely separate the crucial 4+
state from other nearby states. Another possibility would
be to try a different class of optical model potential, other
than the 40-MeV deep, large diffuseness Woods-Saxon
well used. It has been noted, however, that this potential
is very close to the folding-model potential derived to fit
lower-energy Si+ Pb data. Finally, it would be of
some interest to investigate the effect of coupling of the
inelastic states to the strong quasielastic transfer channels,
especially since it is known ' that several of the states in

Si have large parentage from single neutrons coupled to
the first 2+ excitation in Si. This effect, if 1arge, would
have clear implications for experiments designed to mea-
sure deformation parameters by inelastic heavy-ion
scattering, particularly since strong quasielastic neutron
transfer appears to be a rather general feature in reactions
induced by moderately heavy ions.

In the present experiment, we have found that ln, 2n,
and lp quasielastic transfer channels contribute 16% of
the total reaction cross section for Si+ Pb at 8 MeV

per nucleon. A further 7% is contained in the nuclear
part of the inelastic scattering yield. The large neutron
pickup cross sections are consistent with the observations
made in Ref. 1, while large quasielastic proton stripping
yields have apparently not been reported previously for
medium-mass heavy-ion reactions. Distorted. -wave Born
approximation calculations were found to reproduce the
single-particle transfer cross sections to states at low exci-
tation ((S MeV) to within a factor of 1,S, and the ob-
served distribution of transfer strength to these states is
also well reproduced. The 1n and 2n transfer centroids
correspond to tota& kinetic energy losses of 4 and 6 MeV,
respectively, as compared to 5 MeV obtained for Ni-
induced reactions on Pb. The centroid of the 1p
transfer strength corresponds to the much larger value of
17.S MeV, as expected for a charge-transfer reaction. The
comparisons with DWBA calculations show that large
quasielastic yields are not unexpected, at least for 1n and
lp transfers to the excitation-energy region (0—S MeV)
for which relatively complete calculations were possible.
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