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Total fusion cross sections for ' 0+ 'Mg, ' 0 + '
Mg, and "0+"Mg have been measured in the

energy range 18 MeV( E, (5Q MeV by detection of the evaporation residues. In addition, elastic
scattering angular distributions have been measured and analyzed with the optical model. The fusion cross
section for "0+"Mg saturates at -11QQ mb, while that for "0+"Mg and "0 + "Mg reaches —12QQ

mb. The fusion cross section excitation functions can be well described by the model of Glas and Mosel
using reasonable parameters; the model of Bass reproduces the data well above E, -25 MeV but
overpredicts the cross section below this energy.

NUCLEAR REACTIONS 0+ Mg, El~= 30-81 MeV; 0+ Mg, El~= 29.4-81
MeV; ' 0+ Mg, El~=32—72 MeV; measured afggjpn measured 0(g) elastic scat-

tering; deduced optical-model parameters.

I. INTRODUCTION

The systematics of heavy-ion-induced fusion
reactions exhibit a number of interesting charac-
teristics which deserve further experimental in-
vestigation. We have undertaken a study of "'"0
+' ' 'Mg complete fusion reactions because these
systems provide tests for several possible gener-
alizations about the behavior of the heavy-ion
fusion process.

Pronounced oscillations have been observed'"'
in the fusion cross sections (o,„,) for the "C+"C,
"C+"0, and "0+"0 reactions as a function of
incident energy. "0+ Mg is another member of
this sequence of systems, whose mass and charge
numbers are multiples of those of the n particle.
The determination of whether structure is present
in o,„,(E) for the "0+"Mg system indicates how
widespread this phenomenon is and aids in under-
standing the nature of the process.

The maximum fusion cross section, o,„,, ob-
served for the ' C+' C, C+'4N, and ' C+' 0 sys-
tems is =950 mb (Refs. 1, 2, and 6) while that for
many other systems" including "|+"0, ' C+"F,
and "0+~Ca lies between 1100 and 1200 mb. Al-
though there is one counterexample"' (i.e., "C
+ "N) to the interpretation of this difference as a
shell effect, ' the maximum fusion cross section
for targets near the middle of the 2s-1d shell (such
as Mg) is of interest. Since the magnitude and shape
of o,„,(E)are so different'for the "C+ ' 0, and "C
+ "0reactions, it is of interest to determine what
differences in af exist between the "0+"Mg and
"0+'~Mg reactions. Furthermore, a comparison

with the ' 0+ ' Mg reaction provides a test of iso-
topic differences not involving a shell crossing.

Another aspect of nuclear structure which mo-
tivated the study of the ' 0+' Mg reaction is the
large deformation" (6 =0.40) and strong collectivity
of "Mg, which could potentially influence ef„,in
two ways: (1) Increasing deformation increases
the size of the low-density nuclear surface where
low-energy heavy-ion reactions take place. This
could increase the critical radius" for fusion and
lead to a larger fusion cross section. (2) A strong
coupling to the collective degrees of freedom may
provide a more efficient mechanism for transfer
of kinetic energy to internal excitation and in-
fluence of„,. It is possible that the very large
value of o,„,(i.e., 14TO+ 200 mb) reported" for the
"C+' Ne reaction is evidence for such an effect,
since ' Ne is also very deformed and collective.
The 0+ Mg fusion reaction provides a test of
this hypothesis.

The fusion cross sections for the reactions "0
+ 2 Mg 60+ 2 Mg and 80+ Mg have been mea
sured at a number of laboratory energies between
30 and 81 MeV. The fusion products were identi-
fied by their differential energy loss in a gas-ion-
ization counter and all particles with Z ~ 14 were
counted as evaporation residues. Symmetric fission
is not expected to compete with particle evaporation
from the compound system for these light systems
and no evidence for fission products was seen.

IL EXPERIMENTAL TECHNIQUE

Self-supporting Mg and Mg targets of =200
pg/cm' areal density were used in the measure-
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FIG. 1. Contour plot of the ~—g counter telescope
data for '6Q+ Mg at 72 MeV incident energy at (9j~= 6'.
The evaporation residues are encircled.

90% Ar) was -300 p, g/cm'.
An example of the particle identification obtained

from this telescope is shown in Fig. 1; b E pulse
height is displayed along the x axis and the re-
maining energy, E, along the y axis. The data
were stored as a 128 &&256 channel array in the
PDP-11 memory. The region in d E-E space out-
lined in Fig. 1 was integrated to determine the
yield of fusion products. It extends from Z =14 to
20. Identification of the fusion products poses no
difficulty if the target is free of contaminants, ex-
cept at very low energies where the evaporation
residues merge with the oxygen group. However,
there is not much fusion yield in the region of
overlap and it represents a small uncertainty
which amounts to about 5% in the most unfavorable
cases at low bombarding energies.

III. ELASTIC SCATTERING

ments. The position and angle of the 6Q and Q
beams on target were. held constant by the tight
collimation system of the Argonne 60-in. scatter-
ing chamber. Forward-angle elastic-scattering
measurements on both sides of the beam were used
to determine the 0' position of each detector arm
to &0.02'.

Very little oxygen contamination was observed
on the targets. During most of the measurements
the target was surrounded by a liquid-nitrogen-
chilled shroud which virtually eliminated carbon
buildup. When the cold trap was not in use, a
fresh target was substituted whenever appreciable
carbon buildup was observed in the monitor spec-
tra.

A system of 3 surface-barrier detectors was
used to monitor the beam intensity in addition to
the current integrator. Detectors were placed on
each side of the beam at 8=10 to monitor any
beam shift as well as the product of target thick-
ness times beam flux. When the cold shroud was
not used, this detector pair was raised about 10
above beam height to avoid being blocked by other
detectors. It was necessary to place all detectors
at the beam height when using the target shroud.
The third monitor detector was located on the op-
posite side of the beam from the counter telescope
at angles of 15 to 20'. It was also used in mea-
surements of elastic scattering angular distribu-
tions.

Evaporation residues were detected with a count-
er telescope using a gas-ionization 4F. counter,
similar to that described by Fowler and Jared, "
and a conventional silicon surface-barrier E de-
tector. The E detector was placed within the gas
volume so that only one window (-50 iLg/cm of
VYNS) was used. The gas thickness (10%%uo CH, and

I I I

ELASTIC SCATTERING
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FlG. 2. Elastic scattering angular distributions. Un-
certainties are smaller than the dots except where in-
dicated. The solid lines are optical-model fits.

The elastic '" Q yield was measured simulta-
neously with that of the evaporation residues in
the gas-counter telescope. In several cases elas-
tic-scattering angular distributions were also
measured with the movable monitor detector. Ex-
amples of the angular distributions are shown in
Fig. 2.

Optical-model (OM) analyses of the elastic-scat-
tering data were performed to determine total re-



2138 TABOR, GEESAMAN, HKNNING, KO VAR, REHM, AND PROSSER

TABLE I. Energy-independent optical-model parame-
ters as obtained in a fit to elastic scattering data at 4 en-
ergies between 32 MeV~Ehb —72 MeV. Four parameters
(&0„,a„,&01, al) were varied; the potential depths Vo and

~0 were kept constant. The nuclear optical potential is
given by

~ 600
E

l6 24

V(rI =
(1 + exp [(r —R„)/a ]j ~ (1 +

exp�

((r —Rq) /al) j
with 8„=&0„(Af +A ) &p = &Op(A) +A2 ) .

&P &0„&. ~'0 ~io

System (Me V) (fm) (fm) (Me V7 (frn) (fm)

c 400

Cg

200

~60+ 24Mg

i6P+ 26Mg

"O+'4Mg
6O+ 28S

10
10
10
10

1.452 0.345
1.390 0.473
1.421 0.356
1.350 0.618

23
23
23
23.4

1.272 0.376
1.200 0.528
1.200 0.524
1.230 0.552

'Reference 15.

action cross sections and were used to normalize
the fusion data. For each of the three systems
studied, elastic angular distributions at 4 different
incident energies were fitted using the heavy-ion
program, PTOLEMY, of Qloeckner, Macfarlane, and
Pieper. ' All 4 energies were fitted simultaneous-
ly.

As starting parameters we took those of the en-
ergy-independent potential of framer et al. ,"
w. .~h describes "0+ 'Si elastic scattering over a
large range of energies, including the center-of-
mass (c.m. ) energy range of the systems studied
here. Following the authors of Ref. 15, the real
and imaginary potential depths were fixed at values
of Vo= 10 MeV and W'0=23 and only the geometry of
the potentials was allomed to vary. The potential
parameters obtained in the fits are listed in Table
I. Some sample comparisons of the optical-model
fits with the data are shown in Fig. 2. To test how
well the total reaction cross section (ox) is deter-
mined by the data, independent 6-parameter fits
were also made at each energy. The differences
in o~ indicate that its uncertainty could be as high
as ~10%a.

0 o0 IO 20
eL

FIG. 3. Angular distributions of the ' 0+ Mg fusion
cross sections at the indicated incident energies.
(&0/dg)sine is graphed so that the area under the curves
is the angle-integrated cross section.

TABLE II. Cross sections for the complete fusion of
16P and 24Mg.

events was observed, but the acceptance windows
were drawn to include them. As was mentioned
previously, the number of very low energy resi-
dues which cannot be distinguished from low ener-
gy "9particles is estimated to be less than 5%.
Further testing was made at low bombarding en-
ergies where the residues have low recoil veloci-
ties and are most difficult to detect. The yield of
eveporation residues was observed to remain con-
stant when the gas pressure in the chamber (and
hence AE detector thickness) was varied over a
range from ~ to twice the normal value.

Angular distributions of the evaporation residue
yields were measured in order to determine the
total fusion cross section. The relative normaliza-
tion for the angular distribution measurements was

IV. FUSION CROSS SECTIONS

All particles observed in the counter telescope
mith 14- Z ~ 20 were treated as evaporation resi-
dues. No evidence for fission products (Z- 10)
was observed, so the evaporation residue yields
were taken as a measure of the complete fusion
yields. Several precautions were taken to ensure
that essentially all the evaporation residues were
detected. Particles which enter the detector tele-
scope but fail to reach the E detector because of
multiple scattering in the gas volume mill lie along
the x axis of Fig. 1. Only a small number of such

Ec.m.

18.0
19.5
21.6
24.0
26.4
28.8
31.2
33.6
36.6
39.6
43.2
48.6

Of„,(mb)

258*18
411~29
613 +40
754+ 30
885 + 54
972 +39

1037 + 62
1036+ 41
1070 + 43
1074+65
1101~44
1116+45
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TABLE III. Cross sections for the complete fusion of
"0 and 26Mg.

TABLE IV. Cross sections for the complete fusion of
"0 and '4Mg.

af„,- (mb) Ec.m. Ofus (mb)

18.2
20.0
22.2
25.0
26.7
28.6
30.8
33.3
36.4
38.1
40.0
44 5
50.1

221 +20
416 -~ 29
603 ~48
817 +33
910 ~55
971 +58

1 052 +63
1 124 +67
1148~69
1 181 &47
1177+71
1 196 -48
1177~50

18.3
20.0
22.9
25.7
28.6
31.4
34.3
36.0
38.3
41.1

386 ~39
468 &37
665 -27
813 +49
920 + 55

1058 +63
1090 +65
1137~45
1179~71
1 210 ~48

50 40
l

Ec~ (MeV}

30 25
I I

I6 240+ Mg

20
I

provided by the monitor detectors. The yield of
elastically scattered ions detected simultaneously
with the evaporation residues was used to establish
the absolute normalization of 0,„,. Since the uncer-
tainty in the elastic scattering cross section due to

beam shifts and to other effects increases rapidly
at forward angles, generally only the elastic scat-
tering data at angles greater than 6 were used for
normalization. At lower energies, there is a sig-
nificant angular region beyond 6' where 0„is equal.
to the Rutherford cross section, which is conven-
ient for normalization. At higher energies O, y

was
compared to OM predictions over a range of angles
for normalization. Uncertainty in determination of
the absolute normalization appears to be the larg-
est contribution to the uncertainty in 0,„,.

In Fig. 3 some examples of the angular distribu-
tions observed for the evaporation residues are
shown. Measurements were made as far forward

Ll
E fu
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50 40
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l6( 26M
g
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I
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I ~ I

0.03 0.04
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0.05 0.06
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b

FIG. 4. The ' 0+ 4Mg fusion cross section as a func-
tion of inverse center-of-mass energy. The solid cir-
cles are the values of 0&~ obtained from angular distri-
butions while the single angle points are plotted as open
circles. The solid line through the 0&~ points is a fit
obtained from the model of Glas and Mosel (Ref. 11).
The dashed line and the 2 dotted lines represent predic-
tions from the model of Bass (Ref. 23). The squares in-
dicate the energies at which optical-model fits were
made to the elastic scattering data and the line through
these squares represents the OM total reaction cross
section.

500—

I

0.02
I

0.04
I/E (MeV )

I

0.03
I

0.05 0.06

FIG. 5. Fusion and total reaction cross sections for
the ' 0+ Mg reaction. Details of the figure are the
same as those discussed in the caption of Fig. 4.
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I 500—
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FIG. 6. Fusion and total reaction cross sections for
the ' 0+ ~Mg reaction. Details of the figure are the
same as those discussed in the caption of Fig. 4.

as 2' in most cases. 0,„,was determined by nu-

merically integrating these angular distributions.
It can be seen in Fig. 3 that the shape of the angu-
lar distributions changes rather slowly with beam
energy. Consequently, excitation curves at 8,~
=6' (the approximate peak of do,„,/dfj) were mea-
sured to supplement the angular distribution mea-
surements. The conversion of do',„,(6 )/dQ to o',„,
was interpolated between the energies at which
angular distributions were measured. As a result,
the single angle points are estimated to have a
somewhat higher uncertainty. The resulting fusion
cross sections are listed in Tables II, III, and IV
and are graphed in Figs. 4-6 for the three systems
studied. In these figures 0,„,is shown as a func-
tion of 1/E, to facilitate comparison with models
to be discussed later. Also plotted in Figs. 4-6
are the total reaction cross sections predicted by
the optical-model parameters of Table I.

I500 50 4,0
E, (Mev)

50 25
I I

20

!000—
Xh

6

I t ~III:1

"0+~Ca (Ref. 7) reactions, but are significantly
smaller than the value reported" for the "C+' Ne

system. Hence the deformed, collective nature of
24Mg apparently does not strongly affect the maxi-
mum fusion cross section and suggests that defor-
mation is not the cause of the large value of a,„,
observed for the "C+"Ne system.

(2) There is no evidence for oscillations in o,„,
(E) for "0+"Mg with amplitude &5%. The com-
binations of '2C and ' 0 remain the only colliding
systems known to exhibit oscillatory fusion cross
sections. Since o,„,(E) oscillates for "0+"0 but
not for "Q+"Mg, it would now be very interesting
to investigate "0+' Ne which lies between these
systems.

(3) The fusion cross sections for "0+"Mg and
' 0+"Mg rise parallel to the total reaction cross
section o„with increasing incident energy up to
about 30 MeV and then saturate. o,„,exhausts a
large fraction of oz below 30 MeV. &r,„,(E) for "0
+ "Mg rises less rapidly than a~ and the data do
not extend to high enough energies to verify wheth-
er o,„,has reached saturation.

The fusion cross section behavior for these sys-
tems is compared in Fig. 7. With the exception of
the lowest energy "0+"Mg point, a,„,is identical
within errors for all 3 systems up to -30 MeV.
Above 30 MeV the fusion cross sections for the
"0+ Mg and ~'0+' Mg systems continue to rise
together until the data for "0 ends, while afgg for
"0+24Mg remains somewhat lower. As a result,
the systems with a neutron excess reach a maxi-
mum fusion cross section -100+ 50 mb higher.

V. DISCUSSION

A. Phenomenology

500—

I 6 240+ Mg

60+26M'

~ "o "Mg

Several noteworthy features of the fusion data
are apparent in Figs. 4-6:

(1) o,„,reaches maximum values of 1100 to 1200
mb for the 6~1 0+ 4Mg and 0+ Mg sys
These values are comparable to the maximum
fusion cross sections observed for other systems
involving 2s-id nuclei, including the "0+"C (Ref.
2), "C+27Al (Ref. 16), "0+"Al (Refs. 17, 18), and

0
0 002

I I

0.05 0.04
I/E ( )

I

0.05 0.06

FIG. 7. A comparison of af for p+ 24Mg &Sp+ 26Mg
and 0+ Mg plotted as function of inverse center-of-is 24

mass energy.
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With the available data it is not possible to con-
clude whether 0, for "0+"Mg and "0+"Mg are
converging at high energy or remain -100 mb

apart. Measurements at higher energies are
needed to answer this question.

Eisen et a/. have observed that 0,„,at constant
E, increases with projectile mass in the

O Al systems. 9 The O O difference
is -VO + 40 mb in the 17-26-MeV energy range
which they studied. Such a difference is not seen
for ' ' 'O+ Mg except possibly below 20 MeV.

B. Glas-Mosel model

The model of Glas and Mosel" assumes that the
colliding ions must reach a certain critical dis-
tance Rc before fusion can occur. At high incident
energies their expression for the fusion cross sec-
tion becomes approximately

o,„,(E}= vR'[I - V(R)/E],

where R =Rc ("critical" radius). At low energies
fusion is limited by the interaction barrier, which
Glas and Mosel treat in a parabolic barrier ap-
proximation. Their formula also reduces to Eq.
(1) at low energies with R =Re, the interaction
barrier radius. The model has 5 parameters: the
two radii Rc and R~, the real nuclear plus Coulomb
ion-ion potentials at those points V(Rc) and V(Rs),
and a barrier width parameter h~.

One approach to the comparison of model and
data is to search for the parameters which yield
optimum fits to each data set individually. The
stability and trends of the derived parameters then
serve to define the applicability of the model. Be-
cause the present data are not sufficient to deter-
mine 5 parameters, we have fixed 2 parameters in
the Glas-Mosel formula and allowed the other 3 to
vary. The barrier width h~ was fixed at 5 MeV
and V(Rc), the slope of the high-energy curve, was
fixed at 0 MeV, corresponding to a constant v,„,
(E} for large E.

The resulting Glas-Mosel fits are shown in Figs.
4-6 and the parameters are listed in Table V. It
is obvious that the fits are excellent, indicating
that the data are at least consistent with the model.
It might be argued that the "0+"Mg data imply a
slowly rising 0,„,at high energy, but the data are
also completely consistent with the assumption of
constant 0,„,. Measurements at higher energies
are needed to determine V(Rc}. In fact, the "O
+"Mg data do not extend beyond the region domi-
nated by the interaction barrier. Recent measure-
ments of the '0+~Mg reaction at higher ener-
gies indicate that a, (E) remains constant or de-
creases slightly with increasing energy in the re-
gion 40 MeV~E, ~ 70 MeV.

TABLE V. A comparison of Glas-Mosel parameters
for the present data with those of other light systems.
The error bars for r~{R~) and V~ are approximately +3%
for our data; for the systems quoted from literature the
uncertainties range from 1 to 3%. Since Vc was set to a
fixed value due to the lack of high-energy data in most
cases, no meaningful error bars can be extracted for Vc
and consequently for &c(Rc): &z,c= &z, c(A& +22 ' ).&/3 ii8

System
Rg

(fm) (fm) ( Me V)
c ~c tc

(fm) {fm) (Me V)

f8p+12C &

~F+ &2C ~

i6p+ 24Mg

P+ Mg
"P+,'4Mg
16p+ 27Al b

C

16p+ 40 ca d

+24Mg e

1.60 7.86
1.54 7.64
1.57 8.48
1.59 8.72
1.42 7.82
1.44 7.95
1.48 8.19
1.46 8.67
1.44 8.72

7.5 1.04
8.1 1.03

16.0 1.08
16.6 1.12
14.8 1.15
16.1 0.79
15.7
22.6 1.02
28.3 0.97

5.11 -10
5.11 —10
5.84 0
6.14 0
6.33 0
4.36 -46.3

6.06
5.88

Reference 2.
Reference 18.
Reference 19.

Reference 7.
Reference 25.

At low bombarding energies r,„,is the radius of
the interaction barrier which must be overcome
in order to reach the radius, Rc, where fusion
occurs ix, m"23 Specifically, rf„,is taken to be the

Included in Table V for comparison are Glas-
Mosel parameters for a number of lighter and heavier
systems. ""'"'' It canbe seen that the parame-
ters vary rather consistently although fluctuations
as large as 10% can be noted. As expected, the
interaction barrier height V~ increases consider-
ably with ZyZ2 while the reduced barrier r~ de-
creases slowly. More interesting is that the re-
duced critical radius for fusion, rc, remains con-
stant within 10% over the rather wide range of col-
liding systems except for "O+"Al." However, as
pointed out in Ref. 18, the values of rc(Rc) a,nd Vc
have large error bars due to systematic uncertain-
ties in the original data. Since simple size effects
are accounted for through the reduced radii, the
fact that rc does not change significantly suggests
that the critical distance for fusion depends on a
critical nuclear density overlap.

C. Bass model

In a recent letter, ' Bass presented a classical
analysis of fusion cross section data in which an
empirical nucleus-nucleus potential was extracted.
In this analysis it was assumed that the fusion
cross section is given by the mell-known relation-
ship,

o,„.(E) =mr,„,' V(r,„.)
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classical turning point of the limiting trajectory; i.e. ,

r,„,which in general depends on energy is defined

by the condition that the quantity r'[E —V(r)] is
minimized for some r ~ R~. At higher bombarding
energies, where the centrifugal plus Coulomb po-
tentials for the largest partial waves prevent the
two nuclei from reaching Rc, the value for r,„,is
taken to be equal to Rc. In Bass's analysis cor-
responding pairs r,„„V(r,„,) were deduced from
fusion data by graphical techniques and used to
establish an average nucleus-nucleus potential.

Shown in Figs. 4-6 as dashed curves are the
predicted fusion cross section behaviors obtained
using Bass's empirical potential. Above E,
= 40 MeV the predicted fusion cross section is de-
termined by the choice of Rc. The two dotted
curves in each figure represent different choices
for R~. The upper dotted curve corresponds to Rc
set equal to the value of r,„,obtained (=6.5-6.9 fm)
at the highest bombarding energy (E, =40 MeV)
before the disappearance of a minimum in the
quantity r [E —V(x)]. The lower dotted curve cor-
responds to R~ set equal to the sum of half density
radii (=5.2-5.4 fm) as calculated with the para, -
metrization given by Bass.

When comparing the Bass and Glas-Mosel curves
in Figs. 4-6, it should be remembered that the
latter were fitted to each data set, while the form-
er represent a global search not including these
data. It is clear that the Bass model overpredicts
the fusion cross section at low energies but con-
verges to the data at 25-30 MeV. In fact, the
model predicts 0,„,very well at about 40 MeV and
even reproduces the difference between "P+' Mg

and the neutron-excess systems. At still higher
energies it is obvious that a choice of r,„,between
those values used to calculate the dotted lines
would reproduce the data nicely.

The difference between the Bass prediction at
low energies and the 0+ Mg data is the largest that
has been observed for light systems. '4 It is not yet
clear whether this discrepancy represents a weak-
ness in the model, a difference between fusion in
the present systems and the ones fit by Bass, or a
region of V(Q which could be adjusted to fit 0+Mg
without materially worsening the other fits.

VI. CONCLUSION

The general behavior of + for the ~6, ~8O+24Mg

and &60+ Mg reactions is similar to that of most
other systems between "0+"C and "0+"Ca. At
low energies o,„,is -70-90Vo of o~ (OM) but at
higher energies a,„,saturates at 1100-1200 mb.
a,„,for "O+"Mg and "0+"Mg behaves quite sim-
ilarly and rises about 100 mb higher than for "0
+'4Mg in the saturation region.

The fusion cross section for these systems is
consistent with the Glas-Mosel model using rea-
sonable parameters. The Bass model, which was
fitted globally to a number of other systems, over-
predicts o,„,at low energies but converges to the
data at higher energies. Both models have in com-
mon the concept that the ion-ion distance is the
most important parameter in the fusion process.
All of these classical pictures of the fusion reac-
tions appear accurate to +100 mb, the level at
which details of nuclear structure presumably be-
come important.
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omy, University of Maryland, College park, Maryland
20742.
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