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The measurement and analysis of the difFerential cross sections for the elastic and inelastic scattering to the
lowest 2+ states of 2 Mg and 2 Si in the scattering of ' C at bombarding energies of 25 and 30 MeV are
reported. In addition, elastic and inelastic scattering for ' 0+ 2'Mg, '~O+ 'Si, and 'IO+' Si, which had
been measured previously, are re(analyzed. The analyses are carried out utilizing a coupled-channels code, and
deformation lengths for "Mg and "Si are determined from the scattering of the diferent projectiles. The
deformation lengths extracted from these analyses are compared with each other and with the results of a
recently reported systematic investigation of deformation lengths in light nuclei.

NUCLEAR HEpcyIpgs 24Mg(f2' f2') 24Mg(i2C i2C) 24Mg+ q 1 37
= 25 and 30 MeV. "Mg("p "Q) "Mg("Q "Q)"Mg* Q = -1 37 Mev, E= 36 MeV.
28si(f2C f2+) 288i(f2C f2C)28si+ @= -1.78 MeV E= 25 and 30 MeV, 28si(18Q 18P)
288i(ieQ)288i+ q 1 78 MeV E 33 36 and 38 MeV, 2881(fSQ f8Q) 288i(f8Q 8Q)
2 Si* Q=-1.78 MeV, 8=36 MeV, measured o (8), ef~=10-70; deduced optical
model parameters and nuclear deformation lengths, compared deformation

lengths with systematics.

I. INTRODUCTION

The inelastic scattering of heavy ions at energies
near the Coulomb barrier can yield information
on interference between nuclear and Coulomb
scattering, ' ' and can therefore be used to inves-
tigate differences between the nuclear potential
and charge distributions. This technique has been
extensively used for rare-earth nuclei to compare
n inelastic scattering' with a-induced Coulomb ex-
citation' and electron inelastic scattering. " How-
ever, it has seldom been applied to light nuc.-
lei.'"'" The available analyses suggest that nuc-
lear potential and charge distributions in nuclei
with A ~ 2S are essentially equal. "

Although the elastic scattering of heavy ions has
been studied in some detail and much systematic
information has been accumulated, '» the inelastic
scattering of heavy ions has received little atten-
tion and, except for Coulomb excitation, no de-
tailed systematic studies have been carried out.
Experimentally, it is difficult to extract the inelas-
tic-scattering peaks in the presence of the domin-
ant elastic scattering. Theoretical difficulties
arise in calculations involving the long-range in-
elastic Coulomb interaction, with the consequent
necessity of including many partial waves. Often,
as here, there is such strong coupling behveen the
elastic and inelastic channels that the distorted-
waves Born approximation (DWBA) is inappropri-

ate, and a coupled-channels (CC) analysis must be
performed, which requires long computing times.

Here we report the measurement and analysis
of differential cross sections. for elastic and in-
elastic scattering to the lowest 2' states of ~Mg

Si in the scattering of C at bombarding energies
of 25 and 30 MeV. The experimental details are
discussed in Sec. II. In addition, elastic and in-
elastic scattering for "0+~Mg, "0+"Si, and
"0+"Si, the measurement of which has been pre-
viously reported, "'"are reanalyzed. As pointed
out by the original authors, the CC analysis did
not properly include Coulomb excitation, so that
the analyses of the forward-angle inelastic cross
sections were inappropriate in some cases. The
CC analysis of the present and previous data, in-
cluding Coulomb excitation correctly, is presented
in Sec. III. In Sec. IV, potential deformation para-
meters for ~Mg and "Si are extracted and their
dependence on bombarding energy and projectile
size is treated. The results of this study are dis-
cussed and summarized in Sec. V.

II. EXPERIMENT

The 25-MeV "C beam was obtained as CN from
a diode ion source using a mixture of CH, and N,
as the source gas." It was accelerated using the
Kansas State University Model EN tandem acceler-
ator, and the '~C(4+ } charge-state component of
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the beam was utilized. The 30-MeV ~C beam
was obtained by direct extraction of a C beam
from the diode source using CO as a source gas, '
and selection of the "C(5+) beam component. Typical
beam currents incidentontarget were 50-150 mh.

The ~Mg targets were made by reducing Mgo
(enriched to 99.5% in ~Mg) with Zr metal and evap-
orating the resulting Mg metal onto 10-pg/cm'
carbon foils." The target thicknesses ranged from
50-120 pg/cm' of MMg. These targets also con-
tained a trace amount of Zr which was used for
relative normalization. The "Si targets consisted
of self-supporting foils of SiO, (enriched to &99.4%
"Si) and ranged from 100 to 150 p, g/cm' in thick-
ness. The Si0, targets were fabricated by evapora-
tion of SiO, from a tungsten (W} boat and thereby
contained a trace amount of W which was useful for
normalization purposes.

The scattered particles were detected using an
array of four 100-p.m Si surface-barrier detec-
tors. The angular distributions were measured in
the laboratory angular range from 12.5' to 65 .
The data were accumulated in singles mode using
standard electronics. A typical channel spectrum
for "C+~Mg scattering shown in Fig. 1 indicates
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good separation of elastic and inelastic peaks, un-
like the channel spectra obtained in the Coulomb-
nuclear interference energy region of a scattering
from rare-earth nuclei, ' in which elastic and in-
elastic scattering are unresolved, and therefore
require special spectrum-shape analyses to sep-
arate inelastic from elastic yields.

By determining the relative yields of the ' C
+ '4Mg elastic and inelastic (Q = -1.3V MeV) scat-
tering to the "C+~Zr elastic scattering, and by
assuming that the ' C+ Zr scattering is pure
Rutherford, the relative ' C+2 Mg elastic and in-
elastic cross sections were obtained. The relative
normalization is accurate to &2% for the elastic
scattering and to &5% for the inelastic scattering.
The absolute normalization was obtained by as-
suming that the "C+"Mg elastic scattering at the
most forward angles is pure Rutherford scatter-
ing, as is justified by optical-model calculations.
The absolute cross sections are estimated to have
an accuracy -10%. The relative and absolute cross
sections for "C+"Si were obtained similarly,
using the scattering of the projectile from the W
impurity present in the Si0~ targets to obtain the
relative normalization of the cross section at the
various angles. The cross section measurements
for "0+~Mg are described in Ref. 15, and those
for "0+"Si and "0+"Si are in Ref. 16. The ex-
perimental cross sections are shown in Figs. 2-6.
Tabulations of the cross sections are obtainable
from Eck.

III. ANALYSIS
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The elastic- and inelastic differential cross
sections were fitted using a deformed optical-mod-
el (OM) potential of a form appropriate to a model
of the target nuclei as axially symmetri. c rotors

V,
1+ exp [(r —R'}/ao)

50 Mg 2
1.57 MeV where

[1+exp[(r-R')/a ]]

0 ~
R' =R,(A)+ 5,(a)r„(e,y) (2)
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FIG. 1, Typical pulse-height spectrum; '2C+24Mg
scattering at a 2C lab bombarding energy E&~= 30 MeV
and a scattering angle 8&~—-40'. The elastic and
inelastic g =-1.37 MeV) scattering peaks are vrell re-
solved, so that the yields are easily extracted. The
+Er scattering was used to obtain relative normaliza-
tions, as discussed in Sec. II.

depends on the polar angles (8, p) between the nuc-
lear symmetry axis and a point on its surface. In
Eq. (2) the undeformed radius R,(h) =r, (A r'~'
+A '~ ), where Ar and A& are target and projectile
mass numbers. The symbol 4 indicates the pro-
jectile size; to lowest order in n/R, both R, and
the quadrupole deformation length 52(b, ) are inde-
pendent of h Refs. V, 13). Also, the nuclear po-
tential deformation P," is obtained from

5,(0) = P,"r,A, ,'~' . (3)
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TABLE I. Coupled-channel parameters and nuclear potential deformations.

Target Projectile
Energy Gab)

{MeV)
Vo +0

{MeV) gm)
eo a~

{fm) {MeV) (fm)

28si

12(

18p
12C

isp
16()
16p
18p

25, 30
36
30
33
36
38
36

36.0
22.0
41.0
18 ~ 0
22.0
23.0
22.0

1.20 0.52
1.31 0.49
1.20 0.52
1.31 0.49
1.31 0.49
1.31 0.49
1.31 0.49

4.0
4.0
4.2
4.0
4.0
4.0
6.0

0.52
0.38
0.52
0.38
0.38
0.38
0.38

0.29
0.23

-0.29
-0.25
—0.23
-0.21
-0.27

The Coulomb potential, Vc(r) in E(l. (1), is gen-
erated from the deformed charge density

where

(4)

(5)

and the charge density is normalized to Ze. The
parametrization of R~ by A~' 3, rather than by
(Ar'~'+A~'I'), has been shown previously" to
give a better description of the double-foMed
Coulomb potential of two heavy iona. ~

For the elastic scattering, no extensive searches
over OM potential parameters were undertaken,
since the main emphasis was to study inelastic
scattering. The fits to the inelastic cross sections
and the extracted deformation lengths are relative-
ly insensitive to OM parameters, provided that
they describe the elastic-scattering cross sections
adequately.

For "C+'4Mg and "C+"Si a four-parameter po-
tential with a =ao was sufficient to describe the
elastic-scattering cross sections. In the ' 0+'~Mg,

-p
OM potential was necessary. The OM parameters
are given in Table I.

The inelastic scattering was analyzed by coupled-
channels calculations for 0'-2' with quadrupole de-
formation only, as indicated in E(ls. (2) and (5).
At the energies used the 2' cross sections are not
very sensitive to hexadecapole (P~) deformations
or to coupling to the 4+ states. 4 For both '~Mg and
2'Si axial symmetry was assumed, the evidence
for axial asymmetry in '~Mg being weak. 2 The
charge deformations p, were chosen to be consis-
tent with B(E24) values which are related to charge
densities by

(B(Z2()]'I' Jp(r, 9}r')' =(9()dr„,
The B(E2t) values used were 420 e' fm4 for "Mg
(Ref 24) and 31.4 e' fm' for "Si (Ref. 25). Equa-

tions (4)-(8) lead to P;=0.498 for "Mg and P;
=0.466 for Si, with the signs chosen consistent
with measurement quadrupole moments" of the 2'
states. The CC calculations used the code ECIS
(Ref. 27) with 80 partial waves and radial integra-
tions carried out to 40 fm to account correctly for
Coulomb excitation. The parameters V, W, and

P,
"were varied respectively from elastic-scatter-

ing and charge values to optimize the fits to the 0'
and 2' cross sections shown in Figs. 2-6. The re-
sulting potentials and deformations are given in
Table I.

IV. RESULTS

12C + 24M

The measured and fitted cross sections for scat-
tering to the ground and lowest 2' (1.37-MeV)
states of ~Mg at "C bombgrdiag energies of 25 and
30 MeV are shown in Fig. 2. The same OM para-
meters and P,

"values (Table 1) yield good fits at
both energies. The best-fit quadrupole deformation
length 5, =1.80 fm is in fair agreement with a pre-
vious measurement at 21 and 24 MeV (Ref. 11),
5, = 1.55 fm, and with systematics from a wide
range of projectiles, "including projectile size
effects, 5,=1.48+0.24 fm. The prediction of the
2' cross section at 30 MeV using this value of 5„
shown dashed in Fig. 2, is clearly inferior to the
best-f it value.

16p + 24M'

The previously measured" cross sections for
scattering to the ground and first-excited 2' (1.37-
MeV) states of »Mg at an "0bombarding energy
of 36 MeV are shown in Fig. 3. The OM paramet-
ers (Table 1) used to describe the elastic scatter-
ing are similar to those in Ref. 15. The paramet-
ers obtained from the present CC analysis, which
includes Coulomb excitation correctly, are given
in Table I. Although good fits to the data were re-
ported previously in Ref. 15, which did not in-
clude Coulomb excitation properly, the extracted
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FIG. 3. Data from Ref. 15 (indicated by dots) and
fits (solid curves) to differential cross sections for
scattering to the ground and lowest 2' states of ~4Mg

by '~O at an ' Q bombarding energy of 36 NeV. The
upper curve is for elastic scattering shown as the ratio
to Rutherford scattering c/0 &. The lower curve shmvs
the inelastic cross section. The CC analysis and the
dashed curve, predicted from systematics, are dis-
cussed in Sec. IV.

FIG. 2. Measured (indicated by dots and triangles) and
fitted (solid curves) differential cross sections for scat-
tering to the ground and lowest 2' (1.37-NeV) states of

Ng at 2C bombarding energies of (a) E&~ 25 NeV and
(b) E&~=30 NeV. The error bars show statistical errors.
The upper curves are the elastic cross sections, given
as the ratio to Rutherford scattering ~/o &, while the
lower curves are the inelastic-scattering cross sections.
The dashed curve is a prediction from systematics, as
discussed in Sec. IV.

with systematics, "including projectile-size ef-
fects, 5, =1.48 +0.24 fm. The predictions of this
value, shown dashed in Fig. 3, give fits to the 2'
cross section which are similar to the best fits.

12C + 28si

5, = 2.20. The reason for this large 5, was that
the nuclear scattering coafribution had to be in-
creased to compensate for the too-small contribu-
tion from Coulomb excitation in order to fit the
experimental cross sections. The best-fit defor-
mation length 5,= 1.63 fm is in good agreement
with the value extracted in the bombarding energy
range E,~=28-33 MeV (Ref. 11), 52=1.55 fm, with
the value from E,~= 20 to 42 MeV (Ref. 4), 5, = 1.83
fm, with the va, lue from a coupled-channels analy-
sis at 42 MeV (Ref. 29}, 6, = 1.69 fm, with an an-
alysis at E,~= 60 MeV (Ref. 28), 6, = 1.18 fm, and

The measured and calculated cross sections for
scattering to the ground and first-excited 2' (1.78-
MeV) states of ~'Si by "C at a bombarding energy
of 30 MeV are shown in Fig. 4. The OM potential
parameters are similar to those used for the "C
+ "Mg scattering. The best-fit deformation length
6, = 1.85 fm, whereas an analysis at E,~=41.4
MeV (Ref. 6) has obtained 6, = -1.34 fm, and sys-
tematics" (with finite-projectile-size corrections}
indicate 5, = -1.43 +0.19 fm. This value predicts
the dashed curve in Fig. 4, which is less than the
data at all angles, typically by 25%, which is of
the order of the difference in 5, values.
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FIG. 4. Measured (indicated by dots and triangles) and
fitted {solid curves) differential cross sections for scat-
tering to the ground and lowest 2' (1.78-MeV) states of

8Si by ~2C at a 2C bombarding energy of 30 MeV. The
upper curve is the elastic scattering cross section
given as the ratio to Butherford scattering fT/a&. The
lower curve shows the inelastic scattering cross sec-
tion. The dashed curve is a CC prediction from syste-
matics of deformation lengths, as discussed in Sec. IV.
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The previously measured" cross sections for"0 scattering at bombarding energies of 33.0,
36.0, and 38.0 MeV to the ground and first-ex-
cited 2' (1.78-MeV) states of "Si are shown in
Fig. 5. The elastic-scattering OM parameters ob-
tained in the present reanalysis are very similar
to those in Ref. 16, and give comparable fits to
those obtained in an energy-independent analysis'0
for E,~= 33-215 MeV. The inelastic cross sec-
tions exhibit strong nuclear-Coulomb interference,
the minimum of which moves to forward angles as
the bombarding energy increases, although Coul-
omb excitation is important at all. angles. The
calculated cross sections reported in Ref. 16 did
not include any contribution from Coulomb excita-
tion. As in the case of "0+~Mg scattering the
extracted 52 in Ref. 16 is too large by 30%. Also,
for the "0+"si scattering reported in Ref. 16,
the noninclusion of Coulomb excitation precludes
fitting the cross sections at forward angles in the
region of strong nuclear-Coulomb interference in
contrast to the fits presented here. Vfe obtain
5, = -1.70+0.15 fm for the mean and standard devi-
ation among the three bombarding energies. Sys-
tematics, "with finite-projectile-size corrections, '
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FIG. 5. Data from Bef. 16 (indicated by dots) and
fitted (solid curves} differential cross sections for
scattering to the ground and lowest 2' {1.78-MeV) of

Si by 'SO at 80 bombarding energies of E&~ = 30, 33,
36, and 38 MeV. In (a), {b), and (c) the upper curve is
the elastic cross section expressed as the ratio to
Rutherford scattering e/cr ~ and the lower curve is the
inelastic scattering cross section. The CC analysis is
discussed in Sec. IV. The dashed curve in (a} is a pre-
diction from systematics.

predict 5, = -1.43 ~0.19 fm, which produces the 2'
cross section at 33 MeV shown dashed in Fig. 5(a).

18p+ 28Sl

Previously measured'6 cross sections for "0
scattering from the ground and first-excited (1.78-
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ISO+ 28SI

state in "0. Therefore, the extracted deformation
length of 5, = -2.0 fm gives an upper limit on the
magnitude of 6,. It is larger than the weighted
mean 0, = -1.VV +0.0V fm obtained from the "C
and "Q bombardments.

I.O V. DISCUSSION AND SUMMARY

~el
~R

05

02

O.I

0.05—

IO.O

5.0 E

0.02— 2.o

O.OI
I

60
I

80
8c.m. (deg)

I

I00
1.0

FIG. 6. Data from Ref. 16 (indicated by dots) and
fitted (solid curves) differential cross sections for
scattering to the ground and lowest 2' states of 2 Si
by ~80 at an ' 0 bombarding energy of 36 MeV. The
upper curve is the elastic scattering cross section ex-
pressed as the ratio to Rutherford scattering 0/0 &.
The lower curve is the inelastic cross section and in-
cludes inelastic scattering to the first-excited state
of ~80. The CC analysis is discussed in Sec. IV.

MeV) states of "Si at a bombarding energy of 36
MeV are shown in Fig. 6. The fit to the inelastic
cross section is much poorer than for the other
data reported here. This is probably due to the
contamination of the inelastic spectrum by scatter-
ing to the lowest 2 (1.98-MeV) state of "Q, which,
with the experimental resolution of 500 keV, is
unresolved from the first-excited state of "Si.
Recent measurements of "0+"0 scattering" at
similar energies indicate strong excitation of this

The potential quadrupole deformation lengths
5, have been extracted for "C and '60 bombard-
ment of '4Mg and "Si at several energies near the
Coulomb barrier. We find average values (with
standard deviations) of 6, =1.72+0.09 fm for ~Mg,
and 5, =-1.VV~0.OV fm for "Si, which are, in mag-
nitude, about one standard deviation greater than
systematics" predict. The errors reported for
the extracted 5, parameters are due to the domin-
ance of Coulomb excitation in the inelastic cross
sections and small changes in 5, do not significant-
ly alter the calculated fits to the measured cross
sections. However, the predictions for '2C and
"0projectiles are essentially extrapolations from
values obtained for A~& 12.

Although the extracted nuclear quadrupole defor-
mation parameters differ from the Coulomb de-
formation parameters, the quadrupole moments
deduced from them are essentially in agreement. "
Remaining discrepancies may be attributed to the
nuclear model assumptions used: (1) The first
two states in ~Mg and Si have been represented
as those of ideal rotational nuclei. (2) The charge
distribution used to calculate the Coulomb excita-
tion has a sharply defined surface rather than a
diffuse edge, which could produce small effects in
the nuclear-Coulomb interference minima. High-
er-order corrections to the coupled-channels anal-
ysis, such as the inclusion of P~ deformations,
would be justified only by including data for the 4'
states, by improving the absolute cross section
measurements, and by extending the data to more
backward angles.
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