
PHYSICAL REVIEW C VOLUME 25, NUMBER 3 MARCH 1982

Fusion cross section behavior for ' C+ Mg and ' C+ Mg
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Total fusion cross section excitation functions for the ' C+ Mg and ' C+ Mg sys-

tems have been measured in the energy range 20&E&,b &60 MeV by detection of the eva-

poration residues. The excitation function for ' C+ Mg is found to show evidence of os-

cillatory structures with peak to valley difference of -5—10% while that for ' C+ Mg
is relatively smooth. The maximum fusion cross section for ' C+ Mg is observed to be
—1180 mb compared to —1280 mb for '2C+ 26Mg. The cross sections for '2C+ 2 Mg

show evidence of a change in behavior at a bombarding energy significantly below the ener-

gy at which the cross section saturates. The results are discussed in the context of previous

measurements and predictions of macroscopic and microscopic fusion models.

NUCLEAR REACTIONS Fusion measurement, crf„,(E): ' C+ Mg,
20 &E&,& & 63 MeV; "C+ "Mg, 20 &E&,& & 56 MeV; measured

0'e]astjc( 0)s cd ' ( 0) at E~,b ——20, .24, 30, 41, 48, 56, and 60 MeV for
' C+ Mg, and at 20, 30, 42, and 56 MeV for ' C+ Mg.

I. INTRODUCTION

Over the last few years significant experimental
and theoretical attention has been focused on the
question of what role the detailed properties of the
nuclei involved play in the fusion process. Oberva-
tions of resonancelike structures in the total fusion
cross section excitation function, ot„,(E),' and
variations in the maximum fusion cross section,
0 t„;",' for light-heavy-ion systems (10
&A v«, „,s & 18) have been interpreted as indications
of such dependences. Particularly striking is the
observation that the resonance structures appear
prominently, as 10—20% deviations from the aver-

age behavior, in systems involving "a nuclei" (i.e.,
12C + 12C 12C.+ 16O and 16O + 16O)

relatively damped or completely absent in neighbor-
ing systems. The exception to this are systems in-
volving ' C where strong structures have recently
been observed in several exit channels. These gross
structures have almost regular spacings of -3—5
MeV in the center of mass system and are found to

be primarily present in the a-evaporating channels
which are associated with high spin states in the
compound nucleus and with large partial waves in
the entrance channel.

One has generally interpreted the gross structures
to be associated with shape resonances produced in
the surface transparent potential required to fit the
elastic scattering. This type of potential reflects the
availability of only a few reaction channels for the
incoming grazing partial waves. As one goes to
heavier systems one might expect the condition to
no longer be fulfilled and the potential describing
the entrance channel to be strongly absorbing.
However, recent studies have shown that the elastic
and inelastic scattering for ' C and ' 0 projectiles
on heavier "a-nucleus" targets (e.g., Mg, Si, and

S) display unexpectedly large strengths at back an-

gles. ' This could be interpreted as evidence for a
much more surface transparent potential than had
been believed. Furthermore, the excitation func-
tions for the elastic and inelastic scattering cross
sections at 180' show prominent resonancelike
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structures very reminiscent of that observed for the
lighter systems. These behaviors are not understood
at present and information regarding other exit
channels, in particular the fusion channel, would be
of great interest in helping to reveal the nature of
these phenomena.

While a number of fusion cross section measure-
ments have been reported for systems involving ' C
and ' 0 projectiles on target nuclei within the sd
shell, ' the focus of the investigations has not in
general been on the question of whether structure is
present in the excitation function. Evidence for
possible structure has been reported for
12C + 20Ne 10 12C + 24Mg 11 and 12C + 28Si 12 while
negative results are reported for all systems involv-

ing ' O." ' The present paper reports the results
of total fusion cross section measurements for the
' C+ Mg and ' C+ Mg systems While the
primary motivation was to establish whether reso-
nancelike structures exist in the excitation func-
tions, the study of the two Mg isotopes also allows
investigation of whether significant differences are
present in the average cross section behaviors indi-
cative of a target-projectile dependence.

The experimental technique and results will be
presented in Secs. II and III, respectively. The com-
parison with other experimental results accumulat-
ed on similar mass systems and the prediction of
theoretical models will be discussed in Sec. IV. In
Sec. V, a summary and conclusion will be given.

II. EXPERIMENTAL DETAILS

The experiments were performed using ' C beams
from the Argonne National Laboratory FN tandem
accelerator. The experimental setup and techniques
used were similar to those used in previous studies.
The beams were tightly collimated at the entrance
to the 178 c.m. scattering chamber in which the fu-
sion measurements were performed, and monitored
by two silicon detectors placed at +,11' of the beam
axis. In the scattering chamber a third similar
detector was used for measuring the elastic scatter-
ing at relatively back angles and served as an alter-
native means of'normalizing the fusion yields. The
absolute angle of the fusion detector was established
by measuring the elastic scattering on either side of
the beam direction (+6') and is believed to be deter-
mined to +0.05 . An electropolished tantalum slit
of 0.8 mm diameter was used to define the solid an-
gle of the fusion detector (located at distances
25&d &50 cm).

The Mg and 6Mg targets were isotopically en-

riched (99.4% and 95.6% respectively) self-sup-
porting foils of thickness 75 —125 pg/cm. The
targets were stored and transferred under vacuum
to minimize oxidation. During the measurements a
liquid nitrogen-cooled shroud surrounded the target
to prevent carbon buildup. The fusion cross sec-
tions were established by measurement of the eva-
poration residues using a hE-E gas ionization
counter-silicon detector system similar to that of
Fowler and Jared. .' An example of the spectrum
obtained for the ' C+ Mg reaction is shown in
Fig. 1. The yields at large AE can clearly be identi-
fied as evaporation residues, although, as can be
seen, the yields of the various Z's are not separated.
A portion of the tail extending to lower b.E was
identified to be evaporation residues based on the
shape of the energy spectrum. The integrated yields
in this region were not more than -2—3% of that
in the main body of yield at large b,E.

III. RESULTS AND ANALYSIS

A. Elastic scattering

As can be observed in Fig. 1, the fusion detector
allowed simultaneous measurement of elastic
scattering and evaporation residues. The elastic
scattering angular distributions were established at
the forward angles (i.e., 8',b ——3'—25') using the
hE-E detector, and at larger angles using a silicon
detector with somewhat larger solid angle. Exam-
ples of' the elastic scattering angular distributions
measured are shown in Figs. 2 and 3. The dashed
lines in these figures are the results of a simultane-
ous fit of the elastic scattering angular distribution
at all energies using the code pTQLEMY. The
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FIG. 1. The EE vs E spectrum for the ' C+ Mg
reaction at E1,b ——60 MeV and 81,b ——6'.
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B. Fusion cross sections

FIG. 2. Elastic scattering angular distributions mea-

sured for ' C+ Mg. The dashed curves represent opti-

cal model calculations obtained from the energy in-

dependent potential described in Table I.

analysis was performed to establish the total reac-
tion cross sections and for use in normalizing the
fusion data. Individual fits at each energy were also
performed in which it was found that, while some-
what better fits could be obtained, the total reaction
cross sections were in agreement with that found in
the simultaneous fit of the data at all energies. The
results of the fits for ' C+ "Mg and ' C+ Mg
are summarized in Tables I and II, respectively.

Angular distributions for the fusion products
were measured in the angular range 3'(H~,q(35'.
Typical angular distributions obtained for
' C+ Mg and ' C+ 6Mg are, shown jn Figs. 4
and 5. As can be seen, these angular distributions
are forward peaked and approximately fall exponen-
tially as function of angle. The shapes of the angu-
lar distributions at forward angles vary slowly with
energy. The change in slope at back angles is main-

ly due to evaporation of alpha particles which par-
ticularly affect the distribution at the lowest bom-
barding energy.

The absolute normalization of the fusion cross
sections was established at small angles where the
elastic scattering is Rutherford. Optical model fits
to elastic data were used to facilitate this procedure.
This method of normalization is very good at low
energies and is estimated to contribute no more than
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TABLE II. Optical model parameters for ' C + Mg. See Table I for explanation of parameters.

E~,b (MeV) V (MeV) ro (fm) a (fm) 8' (MeV) roI (fm) ar (fm) r~ (fm) ~react {mb) Fit

20.0

30.0

42.0

56.0

10.0

10.0
19.2
10.0
21.7
10.0
15.1

1.32

1.32
1.42
1.32
1.46
1.32
1.26

0.64

0.64
0.40
0.64
0.30
0.64
0.67

20.0

20.0
86.46
20.0
36.62
20.0
27.00

1.24

1.24
1.35
1.24
1.43
1.24
1.20

0.50

0.50
0.21
0.50
0.20
0.50
0.50

1.25

1.25
1.25
1.25
1.25
1.25
1.25

5.10

3.78
2.63
2.41
1.34
4.30
3.28

506

982
1002
1309
1338
1452
1492

A
BS

A

B
A

B
A

B

'Data insufficient to obtain meaningful parameters.

=3% uncertainty at higher energies. The total fu-
sion cross section was established by integrating the
differential cross section angular distribution. To
do so, smooth extrapolations were made into angu-
lar regions not measured because of experimental
difficulties. Extrapolations into the angular regions

o~,b&3' and O~,b& 35' are shown in Figs. 4 and 5.
This procedure is estimated to contribute no more
than =2% uncertainty to the absolute cross section.
Tables III and IV summarize the results determined
from the fusion angular distribution measurements.

The excitation function for evaporation residues
was measured in much finer energy steps at a fixed
angle near the maximum in (5o/5Q)s sin8. This
corresponds to -8' in the laboratory system over
the entire energy range studied, as can be seen in
Figs. 4 and 5. The differential cross sections were
obtained from the yields using the beam current in-

tegrator. Normalization using the elastic scattering
yields in the monitor gave results in agreement with
that obtained using the integrator. The or„,(E) was
obtained from the single angle measurements by es-

tablishing the ratio of the total fusion cross section
to the differential cross section, (do/dQ (Hi,b ——g') ),
at those energies where the angular distributions
were measured. This ratio was found to have a
linear behavior as function of energy and provided
the factor for obtaining the total fusion cross sec-
tion from the single angle yield. This procedure is
estimated to contribute (2%%uo to the uncertainty in
the absolute cross section.

In Fig. 6 the of»(E) obtained for the ' C + 2~Mg

and ' C+ Mg systems are shown plotted versus

E, . The solid lines represent the total reaction
cross section determined from the optical model fits
to the elastic scattering. The solid data points
represent the fusion cross sections obtained from
the single angle measurements and the open circles

represent those obtained from the angular distribu-
tion measurements. The circles shown in Fig. 6 in-

dicate the relative uncertainties which are
-2—3%. The absolute errors on the total fusion

cross sections (which are of the order of 6—7%)
are shown in Figs. 7 and 8, where total fusion is
plotted as a function of 1/E, . Since the energy
lost in the target was small, the energy values used
here are those of the beam at the front of target
(i.e., the energies at the center of target are estimat-
ed to be —100 and 25 keV smaller at the lowest and
highest bombarding energies, respectively).

IV. DISCUSSION

A. Oscillatory behavior in crf„,(E)

The excitation function for ' C+ Mg is ob-
served to display structures with peak-to-valley
variation of 50—100 mb (i.e., 5 —10%), while that
for ' C+ Mg is found to behave rather smoothly.
Because of the small magnitude of the effects, a
number of checks were made to ensure the struc-
tures were real. Among these were the use of dif-
ferent normalization procedures and repetition of
measurement using different targets. Perhaps most
convincing were the consecutive measurements of
' C+ Mg and ' C+ Mg reactions using the
same experimental configuration and beam condi-
tions. This latter procedure, in particular, argues
for the presence of structures for ' C+ Mg, and
also for the observation of =100 mb difference in
the o.f,',

" for the two systems.
Having established the presence of structures in

the yields defined as evaporation residue, there is
still the question of what uncertainties exist in the
identification. A possible source of error is inclu-
sion of small yields from other reactions, known to
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FIG. 5. Angular distribution of the fusion cross sec-
tions observed at various energies for the i2C+ Mg
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(doffed Q) esin8hb for the lowest and highest bombard-
ing energies.

show structures in their excitation function. Poten-
tial reactions for such misidentification are
' C+ ' C and ' C+ ' 0, where both ' C and ' 0
are possible target contaminants. As discussed pre-
viously, efforts were made to minimize target oxi-
dation and carbon buildup. The measurements
show that fusion products from the above two reac-
tions contribute negligible yields in the hE-E region
of the ' C+ Mg evaporation residues and are
hence not responsible for the structures observed.

Other potential sources of such yields are those re-
sulting from other ' C+ Mg exit channels. At
question is whether, for example, the heavy recoils
resulting from back angle elastic and inelastic
scattering of ' C (which are known to shown struc-
tures in their excitation function ' ) fall into the
b E Eregion identifie-d as evaporation residue
yields. Recent measurements for the ' C+ Ne
(Ref. 18) and ' 0+ Al (Ref. 19) systems indicate
that at higher energies such processes may become
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TABLE III. The total fusion cross section for
' C+ Mg. These cross sections are determined by in-
tegrating the area under the angular distribution for the
fusion products. These results are compared to the total
reaction cross sections which are established by optical
model fits to elastic scattering. 1000—

X ~

pe
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RE.ACT
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20.0
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30.0
41.0
48.0
56.0
60.0

O.g„, (mb)
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significant. In the energy region of the present
study such processes are expected to be small, and,
in fact, no evidence for such processes can be seen
in those energy regions in hE-E space where they
would be clearly resolved from the evaporation resi-
dues. Our observations are consistent with the find-
ing of Novotny et al. who, in an investigation of
binary processes in the ' C+ Mg reaction, found
angular distribution behaviors that imply a small
cross section for heavy recoils in the angular region
of our measurements.

Further evidence that the structure observed is
present in the fusion cross section comes from y-ray
measurements of Freeman et al. ,

"who find struc-
tures present in the excitation functions for yields
associated with transitions in 'P and Si; nuclei in-
terpreted as resulting from (ap) and (2a) evapora-
tion of the compound nucleus, Ar. In the energy
range studied (i.e., 15(E, (23.7 MeV), struc-
tures with maxima located at E, =20 and 22.5

TABLE IV. The total fusion cross section for
' C+ Mg. These crpss sections are determined by in-
tegrating the area under the angular distribution for the
fusion products. These results are compared to the total
reaction cross sections which are established by optical
model fits to the elastic scattering.
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FIG. 6. Tptal fusipn crpss sections fpr i2C+ 24Mg

and ' C+ Mg are plotted as a function of center of
mass energy. The solid dots are the results of single an-
gle measurement. The open circles are determined from
full angular distributions. The solid curves are the opti-
cal model predictions of total reaction cross section.

Ei.b (MeV)

20.0
30.0
42.0
56.0
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FIG. 7. The total fusion cross sections for ' C+ Mg
are shown plotted as a function of 1/E, . The solid
curve is a fit of the expression 0 (E)
=~R& (1—V&/E, ) to the low energy data (see text).
The dashed curve is the prediction of the Bass model, and
the dotted line has been hand drawn through the TDHF
calculated cross section values.



25 FUSION CROSS SECTION BEHAVIOR FOR. . . 1349

1500—

12 26C+ Mg

C
O
1/l

LLJ

I
'

I
'

I
'

I
'

I
' I' '

I
'

/
'

I

1~C +~4Mg

t~ I)
1000—

E

O
rf)

b 500

1,0—
FORD et ol.

0,5-

0,1—
yl P p4

Mg(2 )

0 I I I I I I

0.02 0.05 0.04 0.05 0.06 0.07 0.08 0.09

I/Ec m

FIG. 8. The total fusion cross sections for
' C+ Mg are shown plotted as a function of 1/E, m

The solid curve is a fit of the expression 0(E)
=aRg2(1 —V~/E, ) to the energy data (see text). The
dashed curve is the prediction of the Bass model, and

the dotted line has been hand drawn through the TDHF
calculated cross section values.

MeV were observed which are consistent with those
observed in the present charged-particle measure-
ments (see Fig. 9). In addition, y-ray measurements
performed at Argonne ' show that structures con-
tinue to be present in the excitation functions at
higher energies and that these structures are in rea-
sonable agreement with those that have been seen in
the charged-particle measurements. These con-
siderations lead us to conclude that the structures
observed in the present measurements are, in fact,
associated with the fusion cross sections.

The observation of structures for the ' C+ Mg
systems and not for the ' C+ Mg systems, of
gross structures of widths -2 MeV, and of struc-
tures in the a-evaporating channels" ' are very
similar to those observed for the lighter systems in-

volving C and 0 isotopes. ' In the case of these
latter systems, prominent structures in the fusion
cross sections are observed for systems involving a

12C + 12C 12C + 160 and 160 + 160)

but not for others. For the identical systems, '2C

+ ' C and ' + ' 0, the spacing of the gross struc-
tures is consistent with the spacing of consecutive
grazing (even) partial waves supporting the interpre-
tation that the structures are associated with shape
resonances of the ion-ion potential. ' For
' C+ ' 0, however, the observed spacings are still
those expected in identical particle systems (i.e.,
where only the even partial waves can contribute),

g.s. 0
52—

I

Mg(2 ).o-g
MERMAZ t, a I.

1l

5-t t x1/10

0 I i I I i ~ j ~I i I i I J i 1 i I, 1

12 14 16 18 20 22 24 26 28 30 32 34 36

"M ('cl'c)'4M

E, (Mev)

FIG. 9. The deviation function for the total fusion
cross section of ' C+ Mg is compared with the elastic
and inelastic back angle scattering excitation functions
of Refs. 17 and 24.

a(E)=
& (E)&

and hence is difficult to understand in terms of sim-

ple shape resonances. Further evidence for a more
complicated mechanism for '2C+ '60 comes from
the observed fragmentation of the gross structures
into sharper structures which show lack of correla-
tion between the various channels. In the present
case of ' C + Mg, the structure is not impressively
periodic over the energy range studied. At lower
energies the structures appear to be spaced roughly
at every second grazing partial wave, while at
higher energies the structures appear to be roughly
at consecutive grazing waves. In regard to the ques-
tion of whether the gross structure is fragmented,
the present data are insufficient to allow one to
draw any conclusions. A display of the deviation
function for ' C+ Mg fusion using the following
relation,
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where (o(E)) is averaged over 4 MeV laboratory
energy, is shown in Fig. 9. In this figure one can
observe more clearly the presence of structures. at
lower energies, and the overall character of spacings
and widths.

Other reaction channels for ' C+ Mg have
been investigated and evidence for structures report-
ed. Notably, Cindro et al. have reported measure-
ments for the Mg(' C,a) S (g.s., 2+) reactions
over the energy range 27.5&Ei,b &35.5 MeV, and
Ford et al. and Mermaz et al. ' have reported re-
sults of investigations of elastic and inelastic
scattering at back angles. While a more detailed
discussion of the comparison of structure in direct
and fusion channels will be made in our y-ray publi-
cation, ' several interesting features can be noted
here. In Fig. 9 the elastic and inelastic scattering
excitation functions of Mermaz et al. ' and Ford
et al. are compared with that observed in the fu-
sion yields. The elastic and inelastic cross sections'
show definite evidence of narrow intermediate
structures of width & 500 keV which, if present in
the fusion cross section, could account for the char-
acter of the structures observed. A second observa-
tion is that there is no obvious correlation between
the structure in the fusion and that in the elastic
and inelastic scattering functions. A final comment
is that additional fine energy step elastic and inelas-
tic scattering excitation functions, such as those of
Mermaz at higher bombarding energy, would be of
great interest. At E, =24 MeV the final cross
section behavior appears to qualitatively change in
character both in terms of the structure observed
and in the average cross section behavior (as will be
discussed in the next subsection). A comparison
with direct channel behavior in this energy region
would perhaps provide some insight into the nature
of these phenomena.

B. Average cross section behavior

The general features of the fusion cross section
behavior in the energy range under consideration
here (i.e., from —1 to 2.5 times the Coulomb barrier
energy) have been well established in numerous
measurements performed over the last few years. '

As a function of bombarding energy the fusion
cross section increases roughly linearly versus
1/E, until reaching a maximum, cr~„',", and then
remains basically constant. This behavior for
' C+ Mg and ' C+ Mg can be seen in Figs.
6—8, where the fusion cross section for both sys-

tems reach maximum at E, =34 MeV. In Fig. 6
the fusion cross sections are plotted versus E,
and the total reaction cross sections as obtained
from optical model fits to the elastic scattering are
indicated by solid lines. In these plots one can see
that the distribution of reaction strength for the two
systems differs significantly. It is interesting to
note that for the ' C+ Mg system, for which no
structure is observed, the fusion cross sections ac-
count for a greater fraction of the total reaction
strength. It is also interesting to note that there is
an apparent change in the slope of the fusion excita-
tion function for ' C+ Mg at E, =22 MeV.
This is better observed in Fig. 8 where the deviation
of the fusion cross section from a linear 1/E,
behavior, as indicated by the solid lines, can be seen.

Such a 1/E, cross section behavior is expected
in the phenomenological model of Glas and Mosel
in which it is assumed that the colliding ions must
reach a certain critical distance before fusion oc-
curs. At energies near and above the Coulomb bar-
rier the behavior of the fusion cross section is dom-
inated by the interaction barrier which must be sur-
passed in order to come into contact, and is predict-
ed, in the classical limit to have the energy depen-
dence,

Vg
crt„,(E)=CHIR g 1— (2)

where R~ and Vz are the barrier radius and height,
respectively. Previous studies have shown that the
fusion cross section behavior for other systems in
this mass range can be well represented using Eq.
(2), and that there apparently exists an isotopic ef-
fect for systems involving different isotopes of the
same element (i.e., the cross section at any specific
E, is larger for the larger or more massive iso-
tope). ' ' The solid lines shown in Figs. 7 and 8 are
fits to the low energy data (E, &22 MeV) by Eq.
(2) and correspond to values of Rs ——7.73 fm and
V~ ——11.62 MeV for the ' C+ Mg system, and
Rg ——8.14 fm and Vg ——11.10 MeV for the
' C+ Mg system. These parameters reflect the
observation of almost identical slopes for the two
systems, but with =100 mb larger magnitude for

C + Mg. This magnitude, indicated by the
difference in R~ cannot be understood as arising
only from a size difference. If one assumes Rz
=(A i' +Aq'~ ) then one would expect an =1.5%
difference as opposed to the 5.3% effect observed in
the extracted radii. (Electron scattering results in
fact indicate that the charge radii of Mg and Mg
differ by only =0.5%.) Hence, while an "isotopic
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effect" is expected, the magnitude appears to be
larger than can be easily understood in the present
treatment. Nor, as noted previously, can the obser-
vation of the departure from a 1/E, behavior at
such a low bombarding energy for ' C+ Mg be
easily understood.

For a more realistic treatment of fusion, one
must choose some nuclear potential in order to
better describe the properties of the interaction bar-
rier. Studies involving various types of potentials
have been reported. ' ' In general, these macro-
scopic models are unable to reproduce differences
such as noted for the present system. Shown in
Figs. 7 and 8 as dashed curves are the predictions of
the Bass model which utilizes an empirical poten-
tial established by fitting the fusion cross section
behaviors for a number of systems. It is interesting
to note that while the differences in magnitude are
not reproduced (i.e., the prediction overestimates
the cross section for ' C + "Mg and underestimates
that for ' C + Mg), the observed departure from a
1/E, behavior for ' C+ Mg does appear to be
predicted. In this case it is ' C+ Mg which
displays a 1/E, behavior to a much higher ener-

gy that is at greater variance with the predicted
trend, even though there appears to be a better fit to
the data.

Finally, we have obtained theoretical values for
the fusion cross sections by performing fully mi-

croscopic, time-dependent Hartree-Fock (TDHF)
calculations. The calculations have been effected in
the two-dimensional, axially symmetric, rigid
clutching approximation, and have utilized the
finite range, nonlocal Skyrme potential SII, as
described in Ref. 31, with a residual pairing interac-
tion included within the constant 6 model. The
initial target and projectile wave functions have
been calculated using the imaginary time step
method. The value 6=0.64 MeV has been used

for the constant strength of the pairing interaction
for neutrons and for protons, in both the static cal-

culations of the initial wave functions, and in subse-

quent dynamical calculations.
The calculated binding energies and rms radii for

the projectile and for the target nuclei are compared
with the values derived from experiment in Table V.
Also given are the ratios of the calculated values of
the electric quadrupole moment, Qqo

——(2z —x
—y )~««„„ to Zr, . As indicated in the table, the
binding energies are reproduced rather well, with
the carbon projectile and magnesium targets under-
bound by but 6.3%, 3.4%, and 1%, respectively.
The charge radii of the magnesium isotopes are
equally well reproduced, in that they exceed the ex-
perimental values of the radii by but 2.3% and
3.6%, respectively. The charge radius of the carbon
nucleus, however, exceeds the experimental value by
8.5%. Nevertheless, the ' C wave function is signi-
ficantly improved as compared to a previous ver-

sion, calculated using the filling approximation
and a local version of the Skyrme potential. The
last column of Table V in which values of the ratio

Q2O /Zr, 2 are listed, indicates that all of the cal-

culated densities exhibit well established deforma-
tions. As we shall discuss below, the interpreta-
tion of the fusion cross sections is complicated by
the presence of the deformations.

The calculated ' C+ Mg and ' C+ Mg fu-

sion cross sections are compared with the experi-

mentally derived cross sections in Figs. 7 and 8.
The cross sections have been calculated in the sharp

cutoff approximation, which has been fully dis-

cussed in Ref. 40. The uncertainties in the calculat-

ed cross sections are due entirely to uncertainties in

the determination of the values of angular momen-

tum for which the nuclei fuse. These uncertainties

may be made arbitrarily small by performing addi-

tional calculations. However, we have here chosen

to determine the values of angular momentum for
which fusion occurs at a given energy only within

two units of fi. The TDHF cross sections are plot-
ted versus 1/E, in Figs. 7 and 8, and, as may be

TABLE V. Static properties of the HF densities of the projectile and target nuclei.

Nucleus
Binding energy (MeV)

Th Exp'
r, {fm)

Th Exp
Qzo/Zr

Th

12C

Mg
Mg

86.4
191.6
214.6

92.2
198.3
216.7

2.67
3.15
3.17

2.46"
3.08'
3.06'

—0.47
0.56
0.58

'Reference 34.
Reference 35.

'Reference 36.
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observed, are fairly well fitted by straight lines of
the same slope as the experimental cross sections.
Although the TDHF cross sections are consistently
too high, they scale with the experimental cross sec-
tions in that the ' C+ Mg cross section exceeds
that for the ' C+ Mg reaction by some 100 mb.
As noted in the discussion of the macroscopic
models, this difference in cross section is attribut-
able to dynamic rather than geometric effects.
Indeed, referring to the data in Table V, we note
that there is but a 2 % difference in the charge radii

of Mg and Mg, with the experimental radius of
Mg in fact exceeding that of Mg. In addition,

the calculated value of the Mg neutron radius
exceeds that of the Mg neutron radius by only
3.5%. Thus, on the basis of geometry alone, one
would expect the difference in cross sections to be
on the order of 2X 3 5%=7%, whereas the experi-
mental cross sections differ by approximately 25/o
at the lowest energies studied.

That the resonant structure exhibited by the
' C+ Mg fusion cross section is not reproduced

by the TDHF calculation is not surprising. As pre-
viously discussed, the resonant structure may be
traced to the alpha evaporation channels, and the
TDHF calculations which, at best, reproduce the
average behavior of the system, are not expected to
fit structure due to specific exit channels. Both in
the present calculations, and in calculations of the
system ' C+' 0, the TDHF cross section is a
smooth function of the energy.

It is tempting to ascribe the gross difference in
the TDHF and experimental cross sections to the
inadequacies of the ' C wave function, which gives
a charge radius 8.5% larger than the measured
value. Indeed, on the basis of geometry, this error
leads to 17% overestimation of the cross section
(approximately 150 mb at E, =20 MeV). How-

ever, the cross sections plotted have been calculated
for the case of oblate ' C projectiles incident upon

Mg targets, which are prolate about the same
axis of symmetry. Since the density overlap, and
hence the energy of the interaction, depend ' upon
the relative orientation of the nuclei, the cross sec-
tion should be obtained by averaging over relative
orientation. Although we have not effected such an
average, we have calculated the cross sections for
prolate ' C projectiles incident upon Mg targets,
which, as before, are prolate about the same axis of
symmetry. The impact of this change is to uni-
formly increase the calculated cross section by ap-
proximately 350 mb. While this certainly is a
dramatic increase, it should be noted that the pro-

late ' C wave function is extremely poor, and gives
rise to a nuclear binding energy of but 74 MeV, a
value more than 12 MeV less than that of the oblate
solution, and over 18 MeV less than the experimen-
tal binding. Thus, for averaging purposes it would
have been far superior to rotate the oblate ' C wave
function on the mesh, rather than effecting the
present calculation, which more or less represents a
collison between a highly excited' C nucleus and
Mg. Nevertheless, the large effect suggest that even
with a more compact ' C wave function, suitable
averaging of the cross section will result in a fusion
cross section larger than found experimentally.

In the case of the ' C+ Mg reaction, the sa-
turation of the fusion cross section at high energy
appears to be reproduced well by the TDHF calcu-
lation. The saturation may be understood in terms
of the liquid drop model by stating that there exists
a maximum angular momentum which the com-
pound nucleus formed in the reaction can sustain
without breaking apart. Once this angular momen-
turn has been realized, the cross section can then
only decrease as the bombarding energy is in-
creased, due to the kinematical factor 1/E, in the
cross section. At the highest energies studied, the
TDHF calculations result in fusion for angular mo-
menta less than or equal to 25A' for an oblate ' C in-
cident upon a prolate Mg target, and less than or
equal to 30A' for a prolate ' C projectile incident
upon a prolate Mg target. %e sim. ply note that
these values of the saturation value of the angular
momentum are not in disagreement with the liquid
drop limit of approximately 30A' for the com-
pound nucleus Ar.

Returning to the results of the experiment, the
present data indicate that the C + Mg and
' C+ Mg systems have or„;"of 1160+50 mb, and
1280+70 mb, respectively. Variations of this mag-
nitude for this range have been reported previous-
ly ' and shown jn Fjg. 10 are results fpr C and
' 0 projectiles on various sd-shell nu-
clei." ' ' All the systems shown have cr~„',

"
pf =1200 mb, wjth exceptjpn pf C+ Sj wjth
crf„',"=1000 mb. In the case of ' O+ Si, two
values of crP„;" are reported; O.r„;"=1050mb (Ref.
12) and 1200 mb. 6 Comparison of the present
measurements to those for ' 0 + Mg and
' 0+ Mg (Ref. 13) shows that for both projectiles
the Mg nucleus is associated with = 100 mb larger
Or„;" than that of the Mg nucleus, and that for
both Mg isotopes the reactions ivolving ' C have
O.f„',

" that are somewhat larger than those associated
with ' O. In the case of the differences observed for
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Mg and Mg, the direction and magnitudes of the
differences are roughly consistent with those
predicted by entrance channel models. In the case
of the differences observed for systems involving
' C and ' 0, the present results are anomalous in
that for the other systems studied (e.g., ' C and ' 0
on Al and OSi), the systems involving ' 0 are
observed to have larger o f '".

V. SUMMARY AND CONCLUSION

In the present study the total fusion cross sec-
tions for the ' C+ Mg and ' C+ Mg systems

FIG. 10. Comparison of of '" observed for ' C and
'60 projectiles on various sd-shell nuclei. The values are
from the present study and Refs. 1, 12—14, and 43 —48.
The half bar indicates two measurements for the same
reaction which differ significantly.

have been established by measurements of evapora-
tion residues. The fusion cross section excitation
function for ' C+ Mg is found to exhibit struc-
tures with peak-to-valley variation of 5 —10%,
while that for ' C + Mg behaves relatively
smoothly. The structures observed in the present
measurement are consistent with those reported in
y-ray studies in the energy range in which there is
overlap. Comparison with the excitation function
for elastic and inelastic scattering at back angles
shows that the structures observed are qualitatively
similar, but no firm evidence for correlations is no-
ted. Comparison of the average fusion cross section
behavior for the C+ Mg and C+ Mg sys-
tems reveals similar 1/E, energy dependence at
the lower energies (E, &22 MeV) and an =100
mb larger magnitude for the ' C+ Mg system.
At higher energies the ' C+ Mg system shows
evidence for anomalous departure from the 1/E,
behavior at an energy significantly lower than
where the cross section is observed to saturate. The
observed o~„',

" for ' C+ Mg is =100 mb larger
than that observed for ' C+ Mg, and the or„;"as-
sociated with '2C+ Mg( 6Mg) is larger than that
for ' 0+ Mg( Mg). These differences cannot be
easily understood in the framework of the models
discussed.
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