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Abstract. In this paper, we analyse the fusion cross sectig®s), partial-wave fusion

Cross sectior(oé) and mean angular moments of heavy-ion (HI) fusion reactions around

the Coulomb barrier for a number of pairs of colliding nuclei. This is done by first
formulating expressions farg in closed forms. These expressions incorporate only the general
characteristics, namely radius, height and curvature of the s-wave potential barrier. The
formulation is based on our earlier effective fusion barrier (EFB) transmission model. The
values ofof, (r,l: and (/) calculated around the Coulomb barrier using our expressions provide
good fits to the corresponding experimental results in the cases of several HI systems, namely
B4Njj 4 92967 64Njj 4 100\Mo and 160 + 166g,

1. Introduction

The fusion of two nuclei at bombarding energy in the vicinity of the Coulomb barrier is
one of the important mechanisms of heavy-ion collisions (HICs). We find several model
dependent approaches in the literature [1, 2] to estimate the cross section obfustarting
from the simple barrier penetration model (BPM) to more sophisticated approaches such
as coupled-channel (CC) calculations. However, the experimeptdhta for all kinds of
heavy-ion (HI) pairs have not been explained fully by any of these attempts in the whole
energy range starting from the below-barrier to the far-above-barrier region in one go.
Particularly in the sub-barrier region, the experimental resultg-dh the cases of heavier
pairs are underestimated by most of the calculations.

Furthermore, a deeper look at the mechanism of fusion reveals that thetatathe
sum of the contributions from different angular moment(if) trajectories in the reaction
process. This fact indicates that may have a coherent relationship with the corresponding
spin distribution or partial-wave fusion cross sectignobtained for various partial waves
Any model describing fusion should, therefore, explain the cross section and spin involved
in the process consistently. In view of this, information (experimental) about the angular
momenta involved in the fusion process is very important when probing the physical validity
of the concepts incorporated in various models used for the estimate &ri recent times,
along with or, measured data oft and mean spin or average angular momeftafor
nucleus—nucleus fusion have started to become available [3-5]. A most recent review in [6]
and the analysis of Stefanini [5] show that although the standard CC calculations [7, 8] are
successful in reproducing thg and (/) data in the cases of light and/or very asymmetric
heavy pairs of nuclei, they fail to do so in the cases of more heavy and nearly symmetric
systems such a¥Ni + 9297y, ®4Ni 4 1Mo etc. Like the BPM [9] or the Wong [10]
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formulae, the CC calculations are found to give values of hgthand (/) with much
lower values than those obtained by experiments, particularly in the below-barrier region of
energy. Also, it is seen in the literature [5] that the Wong formula [10] needs further drastic
modifications for explaining+ ando data simultaneously in cases suchPdsi + 92%Zr.

In this paper, we discuss this problem of sub-barrier enhancementarfd (/) within
the framework of a macroscopic approach maintaining a consistency between the fusion
cross section and spin distribution.

Generally, the fusion of heavy ions at low bombardment energies is governed by the
guantum mechanical penetration through the Coulomb plus centrifugal barrier. Recently we
have developed [11] a simple formulation for the estimateroin HIC which is consistent
with the concept of one-dimensional BPM and the direct reaction model (DRM) [12] of
fusion. This model has been named as an effective fusion barrier (EFB) transmission model.
The basic idea behind this model can be described as follows. If one accepts the concepts
of the DRM of fusion developed by Udagaved al [12] that fusion takes place due to
absorption in the region

r < Re = re(A7° + 47°)

re being the fusion radius parameter for the colliding nuclei with mass numbgsnd
A,, then within the framework of the BPM picture one can visualize that the fusion of
two interacting nuclei takes place when they penetrate into the sphereRe. That is,
according to this concept, once the colliding nuclei have centre-of-mass separati®p,
fusion takes place. This is also clear from the fact that the wavefunction gets drastically
attenuated for < Rg due to a strong absorptive potential. Thus the transmission into this
sphere is the primary process involved in the fusion mechanism which is consistent with
the observation in [13] regarding fusion. This model is able to explain in a neatoway
around the Coulomb barrier in the cases of several HI pairs [11].

In this paper, we first generalize our previous EFB model formulation and obtain
expressions fofT; at E¢, both below and above the barrier in a unified way following
a neat mathematical procedure given by Farina [14]. We then derive the final expressions
for of in closed form which are found to be different from the corresponding expressions
given by Wong [10]. The formulae for- andot are expressed in terms of the fusion barrier
parameters, namely the radius, height and curvature of the s-wave barrier. In the application
of the present formulae to fit the fusion data for different nucleus—nucleus systems, the only
parameter that needs to be variedRs. In order to make the fusion process consistent
with the scattering process, it is emphasized #ashould be very close t@ >, which
is the position of the s-wave barrier obtained by using the optical model potential (OMP)
parameters which describe scattering data. This is important in view of the fact that for
strong absorption the barrier position has to be reached, in other w§dé? should be
the entry point for the onset of fusion. This is consistent with the fact that in the exterior
regionr > RMP, generally, the contribution to fusion can be expected to be small; and
the relatively weak absorption in the outside region will contribute more to other types of
reactions. This view is reflected in the traditional assumption that the fusion occurs mostly
in a region interior to the Coulomb barrier. Consequently, the introduction of a critical
fusion radius parameter around the barrier position is a common feature of our model, the
DRM [12] and CC calculations [15]. Furthermore, in connection with the onset of fusion at
large distances, mention should be made of the work of Marten aati€i [16] in which
fusion is determined at large distances due to the frictional effects in the entrance channel.

In our earlier works [11], we have calculateg¢ and obtained good fits with the
corresponding experimentat data in the cases of several HI systems, nart@dy+ 27Al,
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160 4 40Caq, 160 4 148152gm 40Cq 4 4044Cq, 40Ar + 122Sn and®8Ni + 58%*Ni around the
Coulomb barrier using the EFB model. Using the present unified version of this model, we
calculateor, of and (l) for the system$*Ni + 92967r, 84Ni 4 1°Mo and °0 + ®°Er for
which the experimental data of bot and (I) are available in the literature at energies
around the Coulomb barrier. Good fits between the respective calculated and measured data
of these quantities are obtained simultaneously.

The paper is organized in the following way. The generalization of the EFB model
and the deduction of closed form expressionsdigroi and (/) are described in section 2.
In section 3, the results of numerical calculationsoef o} and (/) for various nucleus—
nucleus systems are presented and compared with the corresponding results obtained from
experiments and other theoretical approaches. We summarize our findings in section 4.

2. General expressions for7; in the EFB model

In the EFB transmission model elaborated in [11], the effective barrier foltthpartial
wave is assumed to be

Vera(l.r) — WN(r) + Ve(r) + Vi(r) |_f r > Re )

0 if r < Rg

where V; = (B%/2u)[I(I + 1)/r?] with u denoting reduced mas§/x(r) is the real part
of the heavy-ion OMP and/c(r) is the usual form of the nucleus—nucleus electrostatic
potential with radius parameteg. Assuming that the fusion is initiated between the two
nuclei when they penetrate into the sphere of radtgsthe effective barrier described by
equation (1) has to be transmitted (or tunnelled through) iritthpartial wave for the fusion
to take place. Kittl and Testoni [17] have also recognized that a sharp cut-off-type potential
is feasible for describing fusion within some radius. Furthermore, the effect of channel
couplings in the process of fusion can be reproduced by one-channel tunnelling through a
single barrier obtained by considering a large depff) @nd small diffuseness parameter
(ay) in the Woods—Saxon form of the optical model nuclear potential [3, 15]. This would
lead to a steep and thinner effective barrier similar to that considered in the EFB model
represented by equation (1) in the extreme limit. In [11], we have obtained an expression
for the coefficient of the transmitted wav® within the framework of the quasi-classical
approximation (WKB) for a giverd at an incident energfcm > Vig. Let it be denoted as
7% in this above-barrier (AB) situation and expressed as

T(AB) _ 4kK(l, r)
! [k + ., m]2+ [k, r) /2, r)]? | =g,

Em>Vig (2

where
21E 21
k2= _zcm K31, r) = hq[Ecm — Vers(, 1)]. (3
Here
R21(1 + 1)
I 0
Vee = Ves + TRE

is the height of the effective barrier at= Rr in the Ith partial wave withV; being the

corresponding result for the s-wave. Prime denotes differentiation with respect to
When E¢,, < VéB, we expressc(l,r) = —ik(l,r) in the regionRg < r < ry,

where r; denotes the outermost turning point andi[r)]> = —[«(,r)]°>. Following



1486 B Sahu ad C S Shastry

the mathematical procedure given in [14], within the first-order WKB approximation, we
obtain, besides equation (2), tiigbelow the barrier as

B akic (1, r)6?
LT R [RA ) - [RA 1/ @RA )P,

r1 ~

where6 = exp[— fRFK(l,r) dr]. Here SB indicates the sub-barrier situation. It may be
pointed out that the expressions given by (2) and (4) have some structural similarity. These
expressions are deduced using the WKB formulation and hence will not be fully valid for
a few partial waves for whiclE.m =~ V{g due to the fact that both turning points become
very close to each other. At these turning points the WKB wavefunction, as discussed in
detail in [18], substantially deviates from the exact wavefunction, but it is highly accurate
in the region away from the turning points. We refer to this point again in section 3.

Eem < Vig 4)

2.1. Closed formulae fose

The partial-wave expansion fet- is given by
T o0
oF = pg(zulm ®)

whereT; is obtained from equations (2) and (4). Further simplification of equation (5) is
now made, as in [10], by considering the leading terms of the Poisson sum formula to arrive
at a closed formula fosg.

For a given incident energlicm > Vg, the grazing partial wavg is obtained from the
conditionk (I = Iy, r = Rr) = 0 wherex (I, r) is given by equation (3). For the lower set
of partial waves 0< [ < lg, we have an AB situation witlcm > Vig. For the remaining
partial waves > Iy, this comes under an SB situation havifig, < Viz. However, for
Ecm < VS it is an SB situation for alls.

Thus for certainEcn > V%, o of equation (5) can be expressed as

Iy 00
T 4
or= 5 12;(21 + DT + 05 Z(zz + )70 = o 4 o (6)
= 9
T &
of) = 52 @+ 1™ @
1=0
T o0
o? = 2 > @+ 1P (8)
lg

The expression (7) fomrél) is further simplified as follows.

With the assumption that'(, r) ~ 0 atr = Re ~ RCMP, T,*®) given by equation (2)
reduces to
(AB) 4kl( (l, r)
T8~
[k +«(, 7)]?
Using equation (9) in equation (7) and replacing the sum éur integration, we obtain
the following closed expression for-:
o = 8rRY(L+ o) — 2In(L+a) — (L+ )Y Ecm > Vg (10)

wherea = (1 — (V%/Eem)Y? and is real forEcm > V3. It is clear from equation (10)
that for Ecm > V%, « ~ 1 and we have.” ~ 7 R2.

: ©)

V:RF
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In the SB situation7,*® given by equation (4) reduces to
AE
EB

This is obtained by assuming that ®(,r) ~ 0 atr = R ~ RPYY and (ii)
Vs > % + 1)/2uRZ for most of the significants contributing to sub-barrier fusion.
Furthermore, we evaluate the integral in the expressiondfdny considering the total
effective potentialVegrg(l, ) as parabolic and obtain

62 ~ exp[—(Vig — Ecm)/Ac] (12)
where Ae = hwg/m with
2 |:_ 1 d®Vers(l, V)]

wE= w dr2
calculated ai = Rr. The fusion radiusRg and the curvature factapg could be assumed
to be independent dffor potentials in HI systems. Using these assumptions and expression
(11) along with expression (12) in equation (5), we obtain in the SB energy region
(Ecm < V5) the following expressions fose in closed form after integration ovéras
before:

ré,p)

1/2
cm

whereG = 47 R2(Ae)*?/ V%, B = (V& — Ecm)/Ae andI' (3, B) is the incomplete gamma
function.

Using the standard properties B{3, 8), we simplify expression (13) as follows. For
Ecm below but close td/d; such thatg < 1 [19], we have

OF = G Ecm < VI?B (13)

/T pY2
ré,p)~Y- —29883 ~_ + g2exp(—p). 14
A== 315 B P—=A) (14)
With this, equation (13) reduces to
47 RE(Ae)*? [ﬁ B2 ]
op~ 0 | M2 20883 5 4+ gY%exp(—B) <1 15
P e g | 2 aip A ews B (15)
Furthermore, in the region far below the barrier whére 1 [19], one can take
1 2
ré p ~ (1 - 2/3) B2 exp(—B). (16)
Using this in equation (13), we find
A7 RE(Ae)¥? 1
oF =~ % [1+ } BYexp—p) B> 1 (17)
Vs Ech 2
At Ecm = V2% wherep = 0, we find from equation (15) that
Ae\3/2
or = o =2R§<” e) . (18)
Ecm

This situation is similar to the case &y = Vé"B wherely > 0. Hence,aF(z) given by
equation (8) could be expressed as that in equation (18).

Thus, at a given energ¥.m the value of totalor is estimated in the AB situation
(Ecm > V%) by using equations (10) and (18) in equation (6) and in the SB case
(Ecm < V&) by using equations (15) and (17).
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2.2. Spin distribution and average angular momenta

The energy dependence @f determines the spin distribution uniquely. In this regard, we
note that one can use the procedure given in [5] toogdtom o. Then the expression for
ot becomes

[ _
O =

(2] + 1) , dO’F

+ or(Ecm = E,):| (19)
Eem=E'

whereE' = Ecm — Eron, Evot = B?/2)[1(1 + 1)/R?] and k? = (2uEcm)/h?. HereR is the
centre-to-centre mass separation d@ngl stands for rotational energy in a given trajectory
specified by the partial wavie Equation (19) is a convenient formula to fiad. Then the
average angular moment8 at certain energyE.n is given by

_ Ziolaé

oF

(1) (20)

For a given incident energfc, > V3%, one encounters two situations: @# =
(Ecm — Erot) > V3 for 1 < Ig and (i) E' < V% for I > I;. However, forEcn < V3 it is
seen thatt’ < V&, for all Is. Keeping this in view, we derive the spin distributieh and
the average angular momenta from the closed expressions fex deduced earlier and
equations (19) and (20). The results are:

0]
20+1
Ulé(Ecm) = (k2R|%>
AVI?B o / / n\—1 B )
(G2 e + Al e — 2t o) — ey +
(22)
where
E'=(Exm—Eo) > V& Et= (®*/2w)[I( + 1)/ RE]
VO 1/2
o = (1 - ;B> A =87 R? B =2(r Ae)¥?RE.
(if)
L o2+ [TG.B) | EVEEHYE /yo
ot(Ecm) = G ( R ) [2(3)1/2 K, P E'<V (22)

where g’ = (V& — E')/Ae. The incomplete gamma functidﬁ(g, B’) is estimated as in
equations (14) and (16) for the valuesgsfin the two limiting situations. These equations
(21) and (22) provide simple and convenient expressionsfon the basis of equation (19).

Using the above formulations we explain the experimental date,0f. and (I) in the
cases of various nucleus—nucleus systems in the following section.

3. Numerical results and discussion

In this section, we demonstrate the applicability of our above formulation through
simultaneous analysis of the experimental dataoforol and (/) in the cases of several HI
pairs such a8§*Ni + 929%zr, 8Ni 4+ %Mo and ®0 + %%Er over a wide range of energies
around the Coulomb barrier and compare our results with those of CC calculations. We
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Table 1. Systems,Rg, Vs, hwr and ro used in the calculation and the barrier radius
Re = 1.07(A7° + A3%) + 2.72 fm,

hwg Vs ro Re Rs
System (MeV) (MeV) (fm) (fm) (fm)

64Ni + 92zr 4.33 131.7 1.04 1157 11.82
64N 4 967r 4.21 129.2 1.06 11.81 11.89
64Nj + 1900 4.23 1340 107 11.96 11.96
160 4 166y 49 646 1.09 1145 11.29

denote the results afr of the present calculation by°®@and the corresponding results
from experiment by

It is well known that there are a number of OMP parameter sets which can almost
equally fit the same elastic scattering angular distribution data. Therefore, we prefer to use

‘global’ expressions foRg, V3 and we deduced using a global HI potential [20, 21]:

Re = [ro(A7> + AY®) + 2.72] fm (23)
71762 a
Vo = 1— — 24
&= 22 (1- 1) (22
_ Z17:¢%0% (1 2
e = 20T (222 ) 2)
UWRE a R

wherea = 0.63 fm andrg = 1.07 fm [20]. Herepn indicates the reduced mass and
A;, Z;,i = 1,2, denote the mass number and proton number of the colliding nuclei. In
the application of our formula, we slightly vary the radius paramejearound the global
value (1.07 fm) in individual cases for a better fita§”. Thus Rr is the only variable
parameter used in our calculation E@B and wg are expressed in terms & and fixed
a in equations (24) and (25). In view of the success of calculatedrt and (I) values
we believe the use oRr as an adjustable parameter implicitly incorporates the net effect
of the microscopic processes such as coupled channels, barrier distributions etc. Similar
observation regarding shifting of fusion radius to incorporate channel-coupling effects is
pointed out in [22] (also see [3,13,15]). In table 1 we list the nucleus—nucleus systems
studied along with the results dtr, V%, hwe andro used in the present calculation. A
study of this table reveals that:

(i) ro = .07+ 0.03 fm. It is seen that the values & obtained using these values
of ro in the cases of different systems are, in general, close to the respective Coulomb
barrier radii RS"". For example, in the case 6fNi + 1°Mo the barrier is situated at
RPMP = 11.4 fm with heightV{°™P = 1386 MeV which are obtained by using the OMP
parameterdy = 178 MeV,r, = 1.087 27 fm andz, = 0.707 fm [&l Thus, in this case the
value of Rg (= 11.96 fm (see table 1)) used by us is closeﬂ@) ). In the cases of light
HI systems (not included in table 1) is found to be closer to unity givingr < RéOMP).
These results corroborate the general assumption that fusion processes are spatially localized
inside the Coulomb barrier region [2, 15].

(i) Awg ~ 4 MeV. This result is also consistent with the typical values:of for HI
pairs found in the literature [21].

In figures 1-3, we compare the results @9 of present calculation witls>"" at
several E¢,, around the Coulomb barrier for tHéNi + 9296zr (figure 1), 54Ni + 1Mo
(figure 2) and'®0O + °Er (figure 3) systems. In each figusg'®®dis represented by full
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gelimb)

69Ni +%62r

L 1 H i
130 140 150 160

Ecm (Mev)

Figure 1. Variation of fusion cross sectiose as a function ofEcmy for 84Ni 4 9297y systems.

The full curves representt®®of the present calculation. The experimental data and the results

of CC calculations represented by broken curves have been taken from [5]. Measured data are
shown as open circles (ER) and full circles (ER + fission) in the upper part and by full circles
(ER) in the lower part of the figure.

curves. It is seen that the fit @f°s¢dto =" is quite good in general. Coming to the
individual cases we may point out that in the cas&*dli +°Zr in figure 1p) the o " data

(full circles) correspond to only an evaporation residue (ER) cross section [5]. When the
measured fission cross section is added to these ER results, the resultang be expected

to agree with the the results of our calculation (full curve) more closely as in figaje 1(
for ®Ni 4 92Zr. Also in figure 1 we show the results of CC calculations by a broken
curve which underpredicts the cross section below the barrier [5]. A similar problem of
underprediction o> is found in®*Ni + %Mo (figure 2) by CC calculations. However,

our results shown by the full curve systematically remove this problem in all these cases.
Even in the case o0+ 1%Er (figure 3@)), where the CC model is successful, our results

are also equally good.

3.1. Spin distribution and mean spin

We now analyse the data ef and the corresponding) involved in the fusion process.
These data for the systerfiNi + °2Zr and ®*Ni + °6Zr are obtained from the paper [5].
We obtain the corresponding results from our present formulae (20)—(22). In figure 4
the variation ofol with [ at fixed energyE., = 1388 MeV for ®Ni + 92zr and
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Figure 2. Same as figure 1 for t¥Ni 4 1°®Mo system. The full curves represerf©°s®d The
results of CC calculations (broken curve) and experimental data (full circles) are obtained from

31.

Ecm = 1395 MeV for %Ni + %Zr is shown. The full circles represent experimental
results and the full curves represent our calculated results. As pointed out earlier, the WKB
approach adopted by us is not appropriate for those partial waves for ilich- Vig.

Due to thisef. for lg—Ag < | < lg+Ag, Ag ~ 1.5 are evaluated by extrapolation and these
results are shown by a dotted curve in figure 4. This is not unreasonable because the WKB
approach, where applicable, gives a very good approximation to the exact wavefunction on
either side of the turning point and deviation is appreciable only in the close vicinity of
the turning point. This is elaborated in the work of More and Warren [18]. The matching
between our calculated and experimentalresults is found to be quite good. Also the
figure contains the values of (broken curve) obtained by adopting similar procedure for

a modified Wong formula [5]. For the sake of completeness, we give below the Wong
formula for og

AE

oF = TR3—— In[1 + exp((Eem — VB)/AE)]. (26)

cm

Here AE = hwg /27 and Rg, Vg andwg indicate the radius, height and curvature of the s-
wave potential barrier, respectively. In order to obtain the fits (broken curves in figure 4) to
the experimentad! it was found that the above formula needs further modification requiring
the addition of another term expf2E.m — V) /hw,]? inside the log term in equation (26).
However, the physical origin and significance of this term, as stated in [5], is not clear. This
fact brings out clearly the merit and advantage of our approach. We have also successfully
explained thes! against data at different energies given in [3] for tFNi + 1Mo system
using our present formulation. This will be reported in another full paper.

The results of(/) corresponding ta at various energies are analysed 6@ + 156Er
(figure 3p)), *Ni + 929Zr (figure 5) and®Ni + ®Mo (figure 6) systems. Our results
shown by full curves explain the data well throughout the energy region in all these cases.
Particularly in the case of®O + %6Er and®Ni + Mo, the fits are excellent. We may
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Figure 3. (a) Plot of o as a function of laboratory energyjap for the 1604 66Er system. Full

curve forof°%®dand broken curve for CC results. Experimental data (open squares) and CC
results are obtained from [4]b) Variation of (/) as a function ofEjap. The full curve represents

the results of the present calculation. The CC results (broken curve) and experimental data (open
squares) are obtained from [4¥g indicates the Coulomb barrier height.

mention here that the systefiNi + 1Mo has also been studied in [23,24] for, ot

and (/) using a model which considers ion deformations during the tunnelling process
and energy dissipation. In these calculations the resultg afre found to overestimate the
corresponding!) data in the above-barrier energy region. In figure 5 we see that our results
(full curve) are more close to the data than the corresponding values of CC calculations in
the lower energy region, whereas they merge with each other in the higher energy region
with a satisfactory fit to the data, particularly in the casé&“®fi 4+ %Zr (figure 5@)). Here

also the present calculation is successful in explaining the data in the energy region where
there is severe underprediction @f data by the CC calculations. In the case‘% -+ 15%Er

(figure 3p)) both the CC calculation and our model are successful in explaining thiata
remarkably well with a better fit in the latter case in the below-barrier energy region.

The set of expressions fare, o and (/) obtained in this paper using the unified
mathematical approach [14] within the framework of the WKB approximation and EFB
model [11] seem to provide remarkably successful formulae within the macroscopic
approach for the analysis of HI fusion data. In our view, introduction of the concept
of fusion resulting due to the tunnelling into the absorptive sphere R with Rg as
an adjustable parameter around the Coulomb barrier position seems to implicitly take into
account the role of peripheral processes and varying barrier distribution in causing fusion
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Figure 4. Spin distributions for®Ni + °296zr systems. Full curves represent results of
the present calculation with the extrapolated results (see text) shown by dotted curves. The
corresponding data (full circles) and the broken curves representing modified Wong results are

obtained from [5].

[25]. One may note that th@él) given by equation (10) reduces to
87 R2 Ve, 1Y?

— [1- 27
S @
when E¢, >~ V&%. This is significantly different from the two-parametec(, Vg) formula
for o in the [-space sharp-cut-off model given by

Vi

or = RZ (1— B). (28)
Ecm

However, our expression (27) is interesting in the sense that it leads to the following
expression for the second derivative of the functityyor with respect toE., for a single

barrier:

aél) o~

dz(EcmO'F) — ZNRE(VSB)z (29)
dEGn  Ech(Eem— VEp)Y2

This expression clearly shows the peak indicating the fusion barrier. We further note that
there is provision in the present model to take into account the barrier distribution by
suitably constructing the paramet® as as function of the orientation angleof the
colliding nuclei. These properties of our formulation can be used to analyse fusion data
within the concept of ‘distribution of barriers’ as outlined in [21, 25]. In the present set of
numerical calculations we did not find it essential to incorporate this additional degree of
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Figure 5. Variation of (/) as a function ofEcny for 8Ni + 929%7r. The full curves represent
the results of the present calculation. The experimental data (full dots) and the broken curves
representing CC results have been taken from [5].
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Figure 6. Same as figure 5 fd#Ni + 1°Mo. The full curve represents results of the present
calculation. The experimental data (full dots) and the CC results (broken curve) are obtained
from [3].

freedom, even though we do not rule out the necessity of considering this in the other cases
of fusion process involving highly deformed nuclei.
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4. Summary and conclusions

We now summarize the main observations and conclusions of the present paper. Based
on the concept of the EFB model [11] and unified formulae of transmission coefficients
adopting the procedure of [14], general expressions for transmission coeffigjeintshe

Ith partial wave afE., both below and above the Coulomb barrier are derived. The partial-
wave expansion of through thesd; is then integrated ovérto give closed formulae for

o as a function off.,. Subsequently, the results of mean sfiinare obtained from these
expressions obr. The formulation is applied to several nucleus—nucleus systems namely
64N 4- 92967y, 64Nj +190Mo and'®0 + 8%Er involving both heavy and light nuclei. The fits

to the experimentats and (/) data are found to be quite good in general. In particular, in
the cases of*Ni + °296Zr and®*Ni 4 1®Mo, unlike the CC calculations and Wong formula
[5], we find that our results aof, o and(l) explain the corresponding experimental results
reasonably well both in the below- and above-barrier energy region.
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