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In order to study the physics responsible for a hmitation in angular momentum in heavy-ion
fusion reactions, fusion cross sections for the reactions 2sSi+isSi, '60+~Ca, 3tS+s Si, and
' C+' Cr have been measured at several incident energies covering lower and higher energy regions

by detecting the yields of the fusion-evaporation residues. The limiting angular momenta for fusion
are extracted from the measured fusion cross sections and compared with calculations based upon
several models. Through the systematic study of different entrance channels forming the same com-

pound nucleus, a strong entrance channel effect has been observed for very asymmetric systems.
Our conclusion is that the entrance channel is significant in limiting the fusion cross section in the
higher energy region.

I. INTRODUCTION

In order to understand the gross features of heavy-ion
reaction mechanisms, the study of the fusion reaction is
very crucial since it is not only one of the elemental pro-
cesses by itself, but also is intimately related to many oth-
er reaction mechanisms. ' Although in the last decades
many experimental and theoretical efforts have been
focused on the fusion reaction and various models have
been proposed, ' a good understanding of the fusion
mo:hanism has not yet been achieved. In this situation,
the present study is intentionally focused on several par-
ticular cases of fusion reactions where the predictions of
theoretical models differ appreciably.

The heavy-ion fusion process is generally considered to
account entirely for the process of compound nucleus
(CN) formation, especially at low incident energies, as the
contribution from compound elastic scattering is very
small. Since evaporation is the dominant decay mode for
compound nucleus formation in the case of AcN & 100, it
is sufficient in the present study to measure the cross sec-
tion of evaporation residues to determine the fusion cross
sect&on: o.f„,——crf~ ER.

In a sharp cutoff approximation, the total reaction
cross section cr„„and the fusion cross section or„, are ex-
pressed as follows:
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where p is the reduced mass and E, is the energy in the
center-of-mass system.

Through the systematic study of fusion cross sections,
it has been realized that or„, exhibits a simple dependence
on E, ' and can be divided into three energy regions o t ',
cTfgg and Of'"' as is shown schematically in Fig. 1. In the
low energy region, of„,' exhausts almost the entire total re-
action cross section cr„„ for light-light (LL) systems,
while in the intermediate energy region, trt" starts to de-
viate markedly from o, „and finally at~n" decreases
at high energies.

In region II, og", is usually smaller than o, , and Lt„,
is smaller than I-~,„. Thus, we get Of„"s' as

at~0 =(M/2pE, )(Lt„,+1) (2)
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FIG. 1. Schematic drawing for the fusion cross section and
the total reaction cross section plotted versus the inverse of
E,

There are at least two alternative ideas to explain the
physical origin of the behavior of ot in region II; the en-
trance channel effect ' ' and the compound nucleus
effect."'"

The idea of the entrance channel effect is that the com-
plete fusion cross section is limited by the disappearance
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of an I. pocket, the existence of a limiting trajectory, or
by a critical distance in the entrance channel. Several
models such as the critical distance model, ' the friction
model, " and the Bass model are based on this idea.
On the other hand, the fusion cross section might be lim-
ited by a critical angular momentum (I.„)related to the
yrast line of the compound nucleus, that is, o'r~n' is re-
stricted by properties of the compound nucleus itself. The
statistical yrast line model' and the level density model'
fall into this category.

The experimental data are sometimes equally mell

reproduced by alternative models, and those models are
only partially successful. In order to investigate the phys-
ics of fusion in region II, we have studied the behavior of
fusion cross sections for symmetric and asymmetric sys-
tems forming the same compound nucleus; Si+ Si and
' 0+ Ca leading to the CN Ni, and zS+ Si and
' C+ Cr leading to the CN Zn. It should be men-
tioned that the ratios of projectile to target masses vary
much more markedly than those covered in the previous
studies.

II. EXPERIMENTAL METHOD

The main parts of the experiment ~ere performed at
the Tandem Accelerator Center of the University of
Tsukuba (UTTAC). Measurements for the ' C+ Cr sys-
tem at higher energies ~ere done at the Research Center
for Nuclear Physics at the University of Osaka (RCNP).

Ions of sSi, S, ' 0, and ' C from a sputter ion source
(TUNIS) (Ref. 19) were accelerated by a 12 MV tandem
van de Graaff accelerator The size of the beam spot on
the target was confined to 1.8 mm in diameter by a colli-
mator system in front of the target. The most forward
angle accessible to the measurement of fusion-evaporation
residues was estimated to be about 1.7'.

Thin self-supporting Si02 (150 pg/cmz) and 3OSi02

(100 pg/cm ) targets were used for the fusion cross sec-
tion measurements of the systems Si+ Si and S+ Si,
respectively. Targets of Ca (50 pg/cm ) were evaporat-
ed on carbon foil (10 pg/cm ). To avoid oxidation, ~Ca
targets were treated under argon gas. The oxygen con-
tamination in this target was checked to be less than a few
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FIG. 2. (a} Angular distributions doq /10 of the evapora-
tion residues from the reaction Si+ Si. (b} Angular distribu-
tions dwarf /dQ of the evaporation residues from the reaction
' 0+ Ca. The sohd line is to guide the eye.

FIG. 3. (a} Angular distributions daf /dQ of the evapora-
tion residues from the reaction S+ Si. (b} Angular distribu-
tions dof !dQ of the evaporation residues from the reaction
' C+~Cr. The solid line is to guide the eye. The broken line
and the dotted line are the calculation by the aEcou. program
code.
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percent by elastic scattering. A self-supporting enriched
Cr foil (125 pg/cm ) was used for the measurement of

12C+50( r
Two sets of gas-b, E semiconductor-E counter tele-

scopes ' were used. Isobutane gas was used in a flow
mode and inaintained at a constant pressure (2—15+0.1

Torr). No appreciable gain shift of pulses from the gas
counter was observed during the experiment.

The ' C+ Cr experiment at higher energies was per-
formed at the AVF cyclotron laboratory at RCNP. The
scattering chamber setup was almost identical to that at
UTTAC except for the beam collimator and monitors.
Two monitors were sei at symmetrical positions viewed
from the beam path (8=+5', ((i=3'), in order to detect
the fluctuations of the beam spot on the target. The devi-

ations were small during continuous operation of the ion
source. %e used the same Cr target, gas counters, gas
flow systems, and electronic circuits as those used for the
experiments at UTTAC.

The differential fusion cross section for a particular
system (da/d Q) has been derived from the accumulated
yield of evaporation residues. The yield of elastic scatter-
ing detected by the fixed monitor counter was used for the
relative normalization. The absolute value of the differen-
tial fusion cross section (do/d Q) was determined by nor-
malizing the fusion yield to the elastic scattering mea-
sured simultaneously with the evaporation residues. The
differential angular distributions were extrapolated from
2.5' to 0' by a smooth curve and also extrapolated to back-
ward angles by an exponentially decaying curve. The in-

terpolations between data points were done by a smooth
curve as shown in Figs. 2 and 3. The overall errors for
the Si+ Si S+ Si, ' 0+ Ca, and ' C+ Cr sys-
tems were estimated to be +10%, +10%, +9%, and
+ 16%, respectively.
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FIG. 4. Yield distribution in the hE+E and hE plane for
' 0+~Ca at 9~,b ——O', E&,b ——99 MeV. The projected energy
spectrum of the yield is between the two lines.

III. RESULTS

Typical two-dimensional plots of bE-E measurements
are shown in Figs. 4 and 5. The separation of the eva-
poration residues froin the other yields is sufficient for
clear identification. In the maps for Si+ Si, S+ Si,
and ' 0+ Ca, the data are characterized by three ele-
mental regions. The lowest part is due to elements of the
beams because the position of the rejected elastic scatter-
ing in these maps is just located on this locus. The rniddle
part is due to ejectiles from 0 or C included in the target.
The uppermost parts are due to the evaporation residues
in question. On the other hand, we see only two parts of
yields in the ' C+ Cr case, as the target was a self-
supporting Cr foil. The energy spectra of the evapora-
tion residues extracted from the two-dimensional map are
also shown in Figs. 4 and 5.

Figures 6 and 7 show typical examples for the elastic
cross sections divided by the Rutherford or Mott cross
sections cr(8),i/o'(8)a„, h. These ratios at the most forward
angles are equal to 1 in all systems.

Complete angular distributions (8i,b-=2. 5'—30') for the
evaporation residues were measured at each energy point.
Figures 2 and 3 show typical angular distributions for
each system. The solid lines are guides for the eye. The
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FIG. 5. Yield distribution in the hE+E and dE plane for
' C+ Cr at H~,b ——4', El,b

——73.5 MeV. The projected energy
spectrum of the yield is between the two lines.
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increase in the number of evaporated particles. Conse-
quently the distribution broadens and the multiplication
of der/dQ with sin8 results in a shift of the peak in
do/d8.

The total fusion cross sections deduced from the experi-
ments are listed in Table I and are shown graphically in
Figs. 8 and 9. The slopes of the fusion cross sections for

Si+ Si, ' 0+ Ca, and S+ Si have a bending point
at E, ' =0.020, 0.020, and 0.017, respectively. The
fusion cross section of Si+ Si, ' 0+ Ca, and

S+ Si at this point is about 1100 mb, 1230 mb, and
1050 mb, respectively.

The critical angular momenta (L„)obtained from the
fusion cross sections by using Eqs. (2) are also listed in
Table I and are plotted in the plane of the compound exci-
tation energy (E') vs J(J+1). Figures 10 and 11 show
these results. It appears that the more asymmetric a sys-
tem is the more it deviates from the yrast line.
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FIG. 6. Angular distributions 0,~/0M, « for the elastic scatter-
ing divided by the Mott scattering for 2 Si+~ Si.

angular distribution der/d8 of evaporation residues usual-

ly peaks at very forward angles 8~=4'—10'. The peak,
however, shifts to a more backward angle as the incident
energy increases, which is understood as being due to an
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FIG. 7. Angular distributions cr,~/o~„,h for the elastic scatter-
ing divided by the Rutherford scattering for ' C+ Cr.

FIG. 8. Experimental and theoretical fusion cross sections
for Si+ Si (a) and for ' 0+ Ca (b) vs 1/E, . Closed cir-
cles, results of the present study; open circles from Refs. 22 (a)
and 24 (b); crosses from Ref. 23. For comparison are sholem

theoretical cross sections obtained using various models (long
dashed line from Ref. 16, dashed-short-dashed line from Ref. 6,
dotted line from Ref. 3, and solid line from Ref. 18).
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FIG. 10. Critical angular momenta L„derived from the ex-
perimental fusion cross sections are shown in the plane of the
excitation energy E vs J(J+1),where J denotes the total an-

gular momentum of the compound nucleus ' Ni. The solid line

represents the yrast line of Ni and is calculated with the rigid-

body moment of inertia. The statistical yrast line is shown by
the dashed line.
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The critical distance model introduces a critical dis-
tance R„as a condition for fusion to take place. ' Once
there exists R„ for a given system, then the partial waves

greater than the critical angular momentum L„cannot
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FIG. 9. Experimental and theoretical fusion cross sections
for S+ Sj (a) and for izC+soCr ~b) vs 1/Ec.m. Closed circles,
results of the present study. For comparison are shown theoret-
ical cross sections obtained using various models (long dashed
line from Ref. 16, dashed-short-dashed hne from Ref. 6, dotted
line from Ref. 3, and solid line from Ref. 18).
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IV. DISCUSSION

In this section, we will first describe the theoretical
models which will be frequently used for comparison with
our data: the critical distance model, ' the Bass
model, the statistical yrast line model, ' and a net
critical distance model' for the higher incident energy re-
gion. Then, we discuss specifically the present results for

Si+ Si and ' 0+ Ca, and those of S+ Si and
' C+ Cr, and finally the marked difference found in crt„,
for S+ Si and for ' C+ Cr will be elaborated in de
tail.
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FIG. 11. Critical angular momenta L„derived from the ex-
perimental fusion cross sections are shown in the plane of the
excitation energy E* vs J(J+1),where J denotes the total an-

gular momentum of the compound nucleus Zn. The solid line
represents the yrast line of Zn and is calculated with the rigid-
body moment of inertia. The statistical yrast line is shown by
the dashed line.
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TABLE I. The measured fusion cross section as a function of bombarding energy.

Systems

28S +28S

16O+40Ca

E, (MeU)

66.3
60.5
57.5
55.0
52.5
49.5
48.0
46.5
45.0
44.0
42.5
40.5
38.0
36.0
34.0
32.0
30.0

70.7
62.9
58.6
55.0
52.9
50.0
47.1

42.9

E (MeU)

77.2
71.4
68.4
65.9
63.4
60.4
5S.9
57.4
55.9
54.9
53.4
51.4
48.9
46.9
44.9
42.9
40.9

85.0
77.2
72.9
69.3
67.2
64.3
61.4
57.2

op (mb)

1050%69
1058+45
1064&70
1068+69
1072+70
970+63
938+61
922%60
852%56
828+54
765+36
715+47
562237
446%29
330+22
260+17
115+8

1241%73
1245+74
1250+74
1205+71
1239+74
1183+70
1173+70
1097+65

Lg„, (h)

37.5+1.3
35.9+1.3
35.1+1.2
34.3+1.2
33.6+ 1.2
31.021.0
30.0+1.0
29.2%1.0
27.6%0.9
26.9+0.9
25.3 %0.9
23.9+0.S
20.3+0.8
17.5 %0.6
14.5 %0.5
12.3+0.5
7.6%0.4

38.0%1.2
35.9%1.1
34.7+1.1

33.0+1.0
32.8+1.0
31.1+1.0
30.0+1.0
27.6+1.0

32S +30Si 61.0
58.5
55.7
53.2
50.3
47.9
40.6
36.2

71.7
69.2
66.4
63.9
61.0
58.6
51.3
46.9

1055+69
1051+68
1033+67
915+60
876+90
783+65
622+70
463+30

38.0+1.3
37.0+1.3
35.8+1.2
32.9+1.0
31.2%1.7
28.7+1.3
23.4+ 1.4
18.9+0.7

112.9
96.8
80.6
59.3
56.5
52.4

123.8
107.0
91.5
70.2
67.4
63.3

1062+ 165
1076+165
1059+165
1316+210
1352+210
1313+210

41.0+3.1

38.2+2. 8

34.5+2.5

32.9+2.5

32.7+2.4
30.8+2.4

form the fused system. This condition is

E, = V(R„)+(M!2pR„)L„(L„+1).
Combining Eqs. (2) and (3), or becomes as follows:

of~=nR„[1—V(R„)/E, ~ ] . (4)

(1—x) [(E,m
—E ) ) (1 f )+ (E2 E( )f—]—I.f~ ——

2zf'«z —Ei)

E) (E, (E2,
1 —xI f ——,E,
2

From systematic studies, Galin et a/. have found the
value of r„=1.00+ . 007and for V(R„), Ngo et al.
proposed a suitable formula. The main virtue of this
model is its simplicity and applicability for a certain
range of mass systems.

The Bass model is one of the classical potential models
which is derived from the liquid drop model. This model
explains the limiting angular momentum for fusion as fol-
lows:

where x, y, and f are dimensionless parameters (see Ref.
6). The critical energy E; (i =1,2) is

Z]Z2e 1 —x1+
~i2 2kx

1.35
xR ]2

(k =1 for i =1, k =f for i =2), where Z& is the atomic
number of the projectile, Z2 is the atomic number of the
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target, and R iz is the sum of the half-density matter radii.
At energies below E&, I.f is determined by the condition
that the E, must be equal to the maximum of the cor-
responding potential V(L).

An alternative model suggests that af might be limit-
ed by the properties of the CN. ' ' Lee et al. have pro-
posed the statistical yrast hne model, ' assuming the ex-
istence of a fusion limiting line in the CN. The statistical
yrast line and 0~~ are given by

Esv ——A J(J+1)/2I+bQ,
or„,=(1/)u) [1+(Q—&Q)/E, ],

where Q is the separation energy of the entrance channel
from the compound nucleus. This model can account
rather well for systems up to A =Ai+Az &80, but a
theoretical foundation is not yet given. There is an at-
tempt based on the averaged S-matrix approach. A dif-
ferent approach is based upon a limitation due to the level
density in the CN postulating the condition of
(I «, /D)z & 1 in the CN. '

Matsuse et al. have recently proposed a new concept of
the critical distance in the high energy region. ' In this
model two critical distances which are D»i ——(d ) ' and
Dii ——2' Din are introduced, where (d ) is assumed to
be the mean square distance between the two nuclei A,
and A2, i.e.,

A (r )g A] (» )g i+Az(r')gz+(AiA2/A)(d'), (7)

chain lines in Fig. 8. The agreement between data and
calculations for both systems is fairly good.

The broken lines in Fig. 8 are calculated by the statisti-
cal yrast line model. ' The agreement between the data
and the calculation for Si+ Si is fairly good. In the
case of ' 0+ Ca, however, calculated cross sections are
systematically larger than the experimental values by
about 150 mb.

The solid lines in Fig. 8 are calculated by the new criti-
cal distance model. ' In region II the agreement with
both systems is fairly gixxl. It appears that the entrance
channel effect gives a better account of the of„, limitation
in region II than the compound nucleus one for asym-
metric systems.

The critical angular momenta Lr~ for 2 Si+ zsSi,
' 0+ Ca, and S+ Mg, deduced from the experi-
mental fusion cross sections by the use of Eq. (2), are
shown in Fig. 10. The solid line exhibits the yrast line of
the CN Ni with rp=1.2 fm. The dashed line shows the
statistical yrast line. As can be seen from Fig. 10, Lr
values of Si+ Si follow the statistical yrast line, while
those of S+ Mg show small deviations of E' by about
3 MeV and those of 'sO+ Ca do show larger systematic
deviations of E' by about 8 MeV. When we consider the
magnitude of the error, it is difficult to reach a con-
clusion. However, an entrance channel effect might be

resent. This feature is more obvious in the case of
2S+30Si and 12C+50(

where A =Ai+Az. According to this model, of„, in the
higher energy region can be expressed analogous to Eq. (4)

rrg~=nDg [1—V(DJ )/E, «], j=II and III, (8)

V„(r)=ppidr /2 @cog(d —) —, Q r (Dn, ,
-(r -D&a)/r, —[r —+in ~/rz

=Xone +X2e

(9)

D ~r ~Du ~ (10)

where Pzy=PPi, &Pi=~A ', ri=Dni/fi, rz=Dni/—1/3

2fp f=rp+fiDinF and I =
I
Ai —Az I

/{Ai +A2) ~

P fp and f, are fixed to 0.675, 3.5, and 0.35, respective-
ly.

A. Discussion of the ISi+2ISi and ' 0+~Ca systems

The dotted lines in Fig. 8 are the calculations of or"' by
the critical distance model. The parameter r, is fixed to
be 1.00 fm, as given by Galin et al. , and for V„(R„)the
empirical potential values are used. Although the exper-
imental of" for Si+ Si are well reproduced by the crit-
ical distance model, the 0+ Ca data are not: at
E, =65 MeV the deviation is about 200 mb, well out-
side the experimental error. This discrepancy may come
from the fact that closed shell nuclei like ' 0 and Ca
may affect a critical distance as discussed by Glas and
Mosel.

The calculations by the Bass model are shown with the

where the nuclear part ( V„) of the potential ( V) is given
as follows:

B. Discussion of the ' S+' Si and '2C+'pCr systems

The excitation function of the fusion cross section for
S+ Si is shown in Fig. 9(a) and that for ' C+ pCr in

Fig. 9(b).
The dotted lines in Fig. 9 again are calculated by the

critical distance model with the same set of parameters as
those used for Si+ Si and ' 0+ Ca. Though the
average values of the calculated ar~n agree with the exper-
imental tran' for ' C+ Cr within the limit of errors,
the trend of o'f"' is not well reproduced.

The calculations by the Bass model are shown with
chained lines in Fig. 9. Though the absolute values are
larger, the trend is similar and the agreement with the ex-
perimental values is rather good.

The broken lines in Fig. 9 are calculated by the statisti-
cal yrast line model with the same set of parameters as for
the other systems. It appian that the ~f(II) for 32S+zpsi
does not contradict at least the model prediction. Howev-
er, a striking contrast is to be seen in ~f„",' for ' C+ Cr.
The af~' calculated by the statistical yrast line model at
the top of Fig. 9(b) are much larger than the experimental
data, and the deviations are beyond the experimental er-
rors. This fact clearly indicates that the entrance channel
of '2C+ Cr plays a decisive role in the fusion cross sec-
tion at higher energies. The situation is more clearly
demonstrated if we plot the critical angular momenta of
' C+ Cr and those of S+ Si in the E' vs J(J+1)
plane of the Zn compound nucleus (Fig. 11). The criti-
cal angular momenta of S+ Si are approaching the sta-
tistical yrast line, while those of ' C+ Cr deviate more
and more at higher J (J+ 1).
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In order to explain the entrance channel effect, which is

a striking feature in our present experiment of fusion re-

actions leading to the same compound system, an attempt
has been made by Matsuse et al. , who proposed a new

critical distance model. The solid lines in Fig. 9 are calcu-
lated with their model where the parameters given in Ref.
18 are used. The experimental results are better interpret-
ed in terms of the new critical distance model.

At this stage, we can say that the entrance channel

plays an important role in fusion reactions at higher ener-

gies. The choice of the systems leading to the same com-
pound nucleus with very different entrance channels is
sensitive to so:ing the difference between the alternative
ideas. However, it has been pointed out recently by Mor-
genstern et al. that incomplete fusion reactions contri-
bute strongly at higher incident energies, and that a sys-
tematic dependence on the entrance channel asymmetry is
observed. The yield of deep-inelastic recoil also starts to
mix in .the fusion yield in the backward angular region.
The case of the ' C+ Cr system is the most worrisome
because the energy of the evaporation residues is very low.
The dotted and the broken lines in Fig. 3(b) show the an-

gular distributions calculated using a Monte-Carlo pro-
gram called REcOIL. The energy spectrum and the mul-

tiplicity of neutrons, protons, and a particles which are
estimated by the CASCADE (Ref. 29} program code are
used as input data for RECOIL. It is assumed that the an-
gular distribution of each evaporated particle is isotropic
around the recoiling nucleus. Though the agreement be-
tween the experiment and the calculation is fairly good, a
slight difference remains at backward angles. This
discrepancy may be due to contributions of processes oth-
er than complete fusion. This uncertainty is estimated to
be at most about 6%%uo.

As our data contain both complete and incomplete
fusion components it appears that the reasonable agree-
ment of the total fusion cross sections with a static model
indicates that such a model fails at higher energies, as it
should rather give the complete fusion cross section.

V. CONCLUSION

Heavy-ion fusion reactions have been studied for
several light-light systems by choosing symmetric and
asymmetric systems to form the same compound nucleus.
For the systems Si+ Si and ' 0+ Ca, which form the
compound nucleus Ni, fusion cross sections were mea-
sured in the compound excitation energy range of
E'=40—85 MeV. The fusion cross sections in region II
for Si+ Si are well reproduced by the two alternative
ideas, the critical distance model and the statistical yrast
line model. But those for '60+~Ca are poorly repro-
duced by both models. On the other hand, the new criti-
cal distance model and the Bass model can explain well

err
' for the asymmetric system of ' 0+ Ca.

The same features can be seen more dramatically for
the systems S+ Si and ' C+ Cr, which lead to the
compound nucleus Zn, in the excitation energy range of
E'=47—124 MeV. The results for the very asymmetric
systems such as the ' C+ Cr system have clearly shown
that the entrance channel properties strongly effect the
fusion process.

From the present study we conclude that the entrance
channel effect like the critical distance plays a significant
role in the limitation of fusion cross sections in region II.
It appears that the concept of critical distances fails in re-
gion III, where significant contributions from incomplete
fusion arise.
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