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Coupled-channels calculations are performed to predict fusion, elastic scattering, and inelastic
scattering cross sections for the 160 + 1521%4gm and '®O + '86W systems at sub- and near-Coulomb
barrier energies, taking into account the lowest rotational states of the target up to I™ = 8% explicitly.
It is shown that experimental data of fusion cross sections taken recently with high precision, partial
fusion cross sections, and also average spin values of compound nuclei formed after fusion are well
reproduced by the calculations using optical potential parameters that can reproduce elastic and
inelastic scattering data. The fusion-barrier distribution, defined as the second derivative of the
fusion cross section d?>(Eo)/dE?, is also calculated and compared with experimental data. Particular
attention is focused on effects of the Y, deformation of the target on various physical quantities.

PACS number(s): 25.70.—z, 24.10.Eq

I. INTRODUCTION

Much attention has been focused in recent years on
heavy-ion-induced reactions at near- and sub-Coulomb
barrier energies [1], the attention being stimulated by a
number of interesting observations made in these reac-
tions, such as enhancement in the fusion cross section
or(E) [2], correlation between the magnitude of op(F)
and the total direct reaction (DR) cross section opr [3],
and the threshold anomaly [4], i.e., a rather striking en-
ergy dependence of the optical potential for elastic scat-
tering in the above energy region. All these observations
hinted at the importance of entrance channel coupling to
DR channels. A number of large scale coupled-channels
(CC) calculations [5-7] have thus been performed. The
simultaneous fits obtained to both fusion and scattering
data, however, have not been satisfactory; the fits ob-
tained have not been as good as those obtained in the
usual CC analyses of the scattering data alone. Very
critical tests of the theoretical calculations have, how-
ever, remained as yet unfinished, mainly because suffi-
cient, accurate experimental data for making such tests
were not available for both fusion and scattering.

Recently, however, very precise measurements of
heavy-ion fusion cross sections op(E) at energies near
and below the Coulomb barrier have been performed
for the %0 + 5Sm and the 60 + !86W systems by
Wei and co-workers [8,9], providing valuable data that
can be used for making a detailed test of the theoret-
ical predictions. The original motivation of the mea-
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surement was to determine reliable values of the so-
called fusion-barrier distribution [10] D(E), defined as
D(E) = d*(Eor(E))/dE? [11]. In Ref. [11], D(E) was
indeed deduced from the measured o (FE) for both 6O
+ 154Sm and 80 + 86W systems. The deduced D(E)
showed a characteristic difference in the energy depen-
dence of the D(E) for the 10 + 54Sm and 60 + 86W
systems. The difference was then explained theoretically
in terms of the difference between the Y, deformations
(B4) of the targets (1**Sm and 86W) involved [9].

The theoretical analysis made in Ref. [9] used an adi-
abatic approximation [12], and perhaps because of this
a rather large diffuseness parameter of a=1.27 fm was
called for in reproducing the experimental or(E) and
D(E). Further, for the case of the 60 + 36W system,
use was required of B; and B4 values which are signifi-
cantly different from those determined from analyses of
inelastic scattering data. The implication is that the po-
tential and deformation parameters assumed in Ref. [9]
may not reproduce the elastic and inelastic scattering
data.

The aim of the present study is to perform an ex-
tended CC analysis [6,13] of the fusion cross sections of
Refs. [8,9], together with elastic and inelastic scattering
data [14-16] for the 0 + !52:154Gm and !0 + 186W
systems. Data of partial fusion cross sections [17] and av-
erage spin of the fused systems [17,18] will also be consid-
ered in the analysis. In the extended CC approach [6,13],
the fusion and other direct reactions (mainly particle-
transfer reactions that are not taken into account ex-
plicitly in the calculations) are described in terms of the
imaginary part of the optical potential; the imaginary
part thus consists of two parts, i.e., the fusion part and
the direct reaction (DR) part. This enables us to treat fu-
sion within the framework of the CC theory. The radius
and diffuseness parameters of the fusion potential (the

761 ©1995 The American Physical Society



762 T. IZUMOTO, T. UDAGAWA, AND B. T. KIM 51

fusion part of the absorptive potential) are fixed from a
fit of the calculated fusion cross sections to the data. As
will be seen, the radius parameter rg of the fusion poten-
tial thus determined turns out to be rg =~ 1.4 fm. The
value is much larger than the value 7y = 1.0 fm assumed
in previous CC calculations performed so far [5-7]. In the
calculations, we also take into account the effect of the
threshold anomaly [4]. The major issue in the present
study is thus whether the CC calculations assuming a
large fusion radius parameter can improve the simulta-
neous fit to the fusion and scattering obtained before in
the CC calculations with a small radius parameter.

In what follows, we shall first briefly describe in Sec. II
the method of our CC calculations. We employ a new
approach for solving the CC equations, which will be
discussed in this section. The results of the numerical
calculations and the comparison with experimental data
are presented in Sec. III. Section IV concludes the paper.

II. THEORY
A. Coupled-channels equations

In the extended CC theory of Refs. [6,13], one performs
usual CC calculations for generating the CC wave func-
tions as described, for instance, in Ref. [19]. The wave
functions may be written as

47 A~
1Ty = _"kr D U Yo ® Br)em=oX{g e (r),  (2.1)

elr

where (illYgl ®®1')em is the channel wave function of the
total angular momentum and its projection (£m), Yo
and ®ps being the spherical harmonics and the intrinsic
wave function of the colliding ions. The Yj,,, of course,
represents the relative orbital angular motion of the two
colliding ions. The radial wave function xEZ},) (r) in Eq.
(2.1) satisfies [19]

(E -T — UO)XS:)I’)I(T) = Z Ul’l“ (T‘)XE;,)I:/N(T), (22)
lll

where

Uper(r) = (i Yo ® B1)e|U| (" Yor ® Bro)e).  (2.3)

In the present study, we take into account for ®j:
the lowest rotational states of the target up to I™ = 8+
explicitly. The projectile excitation is ignored. We also
take into account effects of Coulomb excitations. The
diagonal potential Up in Eq. (2.2) and the coupling po-
tential U; in Eq. (2.3) are generated by following the
usual deformed optical potential prescription [19]:

_ 1

o \/gUg)(m)(r’E), (2.4)
Ur= Y UQEN(r, E)D)Yau(0,4), (2.5)
Ap(A#£0)
where

1
UDED (r. B) = an /0 U(r, E;0')Yxu(0')d(cos 0'), (2.6)

with

U(r,E) = V(r,E) + iW(r, E). (2.7)

The 6’ dependence involved in the potential U(r, E) in
Eq. (2.6) is introduced when the various radii involved
in U(r,E) are deformed [see Eq. (2.18) and Eq. (2.19)
given below], V(r,E) and W(r,E) being the real and
imaginary parts of U(r, E).

The V(r, E) that we use in the present study may be
written as follows:

V(r,E) = V(r) + AV(r, E) + Voou(r), (2-8)

where the sum of the first two terms represents the
nuclear part of the potential, while the third is the
Coulomb part. The nuclear potential consists of the
energy-independent part V(r) and the energy-dependent
part AV (r,E). We fix V(r) at an energy Eg above
the Coulomb barrier, where the scattering cross sections
are more sensitive to the parameters than otherwise.
AV(r,E) is generated from W(r, E) by using the dis-
persion relation [20]. Explicitly, the three terms in Eq.
(2.8) are given as

Vo
Vi) = 1+ exp[(r — Ry)/av]’ (2.9)
P [®  W(r,E)dE
AV (r,E) = ;/ i e S CEL)
Veoul(r; Re) = 355;; / g(f:c;_r'r) dr'. (2.11)

In order to evaluate the fusion cross section, the imag-
inary part W (r, E) is divided into two portions, a direct
reaction part Wrgr and a fusion part Wr [13]. We have
thus

W(T, E) = WF(T', E) + WTR(’I‘). (2.12)

Wrr describes absorption due to direct reactions to all
other channels than those included explicitly in the calcu-
lations, while W describes the absorption due to fusion.
Note that use is made of the suffix TR, instead of DR
for representing the DR part, since the major part comes
from the transfer reactions (TR’s). The detailed forms
of Wg(r, E) and Wrr(r) are

Wrr(r, E) = {1 — &(r, Es)}W (), (2.13)
We(r, E) = &(r, EYW (r), (2.14)
where
Wo
W(r) = ; + exp[(r — Rw)/aw]’ (2.15)
_ exp[(E — E)/ag]

0B = ¥ expl(E - En)/az]}

! (2.16)

x 1+ exp[(r — Rr)/ar]’
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Note that Wrgr(r) is assumed to be energy independent
and is determined at £ = Es. Also note that at £ = FEg,
the sum of Wg(r, E) and Wrgr(r) becomes simply equal
to the energy-independent W (r) defined by Eq. (2.15).
Therefore we have at £ = Eg

U(T‘, Es) = V(’r’) + Vcoul('r) + ZW(T)

The idea is that we take U(r, Es) from the literature
that gives results determined from the usual CC analy-
sis of the elastic and inelastic scattering data. We then
separate W(r) into Wy and Wrgr parts by means of the
radial cutoff factor 1/{1 + exp[(r — Rr)/ar]} in &(r, E),
Rp and ap being the radius and diffuseness parameters.
The additional E-dependent factor involved in the func-
tion &(r, E), i.e., 1/{1 + exp[(E — EB)/ag]}, is designed
to introduce an energy dependence in Wg(r, F) in order
to take into account the fact that the fusion channels
become progressively closed as the incident energy de-
creases (“threshold anomaly” [4]). Note that Ep in the
factor denotes the Coulomb barrier energy and ap is the
the diffuseness.

As remarked, the 6’ dependence of U(r, F) is intro-
duced by deforming all the radii involved in U(r, E):

R; = Ro; (1 + Zﬁ‘”)Ym 0’))

Rc = Roc (1 + Zﬂ(c)YAO(GI)) )

(2.17)

(2.18)

(2.19)

where 1 =V, W, and F, and ﬁiN) and ,Bf\c) are nuclear
and Coulomb deformation parameters, respectively. The
values of the nuclear deformation parameters ﬂf\v ’s are
obtained from the Coulomb deformation parameters 85 ’s
by taking into account the so-called radius correction for
heavy ions [21]:

N _Tc
Br = - (2.20)

3 +1+5§jc BEB7 ¢

rv=roql+é+ g BEBY 4, (2.21)

JZ

where r¢ and 7y are, respectively, the Coulomb and real
nuclear potential radius parameters and C ; is a geomet-
rical factor:

z!z+1 .
8r 0ij if L =0,
L
Cii =19 _1 [irD@+0iG+0Ei+1) (2.22)
P 4r(2L+1)
x (231 — 1|L0)(j00|LO0) otherwise.

The value of § is determined from Eq. (2.21).

B. Fusion and transfer cross sections and average
spin values

Once W(r, E) is separated into two parts, as in Eq.
(2.12), the total reaction cross section o can be given
as

OR =OIN +O0TR + OF, (2.23)

where oy is the total inelastic cross section to the chan-
nels that are taken into account explicitly in the calcula-
tions, while otr and op are contributions coming from
absorption due to, respectively, Wor and Wg. The o;
(j = TR and F) can be given in terms of W; and the CC
wave function ¥(+) [6,13] as

l(ql(+)|W.|\I;(+))

i Z(x(+’l W;)palx5)

=szj(l),
£

g3

(2.24)

where

0= 00 (1)

oo
+)* +
X Z / ngu)lu)le;l”l’ ("')Xgll}:)e (T)dT,
Illllclell
(2.25)

Wene (r) = (i (Yo x ®p0)e|W;i¥ (Yo x ®1:)e). (2.26)

Note that W; includes not only diagonal, but also non-
diagonal coupling terms.

The average kth moment of the spin distribution of
the compound nucleus is calculated by using the partial
cross sections op(L = {) as

(L¥y =" L*or(L)/ > or(L). (2.27)
L L

C. Method of solution of the CC equations

The dimension of the CC equations we solve in the
present study is fairly large; in fact, taking into account
the rotational states of the target up to I™ = 871, it
becomes N = 25. This, together with the inclusion of
Coulomb excitation, makes the numerical calculations
very time consuming. In order to reduce the compu-
tation time, we solve here the CC equations by fol-
lowing a method developed previously for solving con-
tinuum random-phase-approximation equations [22] and
also nonlocal optical potential problems [23]. We give
below a brief description of the method.

The first step is to convert the differential equation [as
given by Eq. (2.2)] into an integral form. For an example,
Eq. (2.2) may be rewritten (in an abbreviated form) as

+ 3 G U |xe), (2.28)
ll

Ixe) = 1x5”)deto

where Ggo) is the optical model Green’s function and is
given by

(2.29)
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We further transform Eq. (2.28) by multiplying both
sides by Uy and summing over £’ into

1Ae) = lpe) + > Upen G| Apn), (2.30)
lll
where
|Ae) = Uwen|xen), (2.31)
ll’
ooy =3 Unen|X0))o0n 2o = Uy IX§0).  (2.32)

lll
Equation (2.30) is our basic equation to be solved. Once
|A¢) is solved, we may easily evaluate |x,) as

xe) = [X¢")0eee + > GLV|As). (2.33)
tl

The above equation follows from the insertion of Egq.
(2.31) into Eq. (2.28).

The merit of considering Eq. (2.30), instead of Eq.
(2.28), is in the fact that the unknown quantities |Ag)
are localized functions, in contrast to |x¢), which are of
course not localized. We may then assume that |[Ag) can
be expressed as a sum of a set of orthonormalized basic
functions {|D;)} (Lanczos method),

N
|A) = Ci|D;). (2.34)
=0
The basic functions are generated as follows:
1
| Do) = mlp), (2.35)

1 i
=LY Jucop. — 1D-
IDisa) = 57— {UGID:) S ay|D;) b, (2.36)

j=0
where o;; is fixed from the orthonormal condition

(D;|D;) = 8. (2.37)

Equation (2.30) is then reduced to the following inhomo-
geneous linear equation for determining the expansion
coeflicients C;(i =1 ~ N):

N
Z(&ji - a,;j)c.,; = Ng(;]'o.

=0

(2.38)

The convergence of the expansion, i.e., whether we have

taken into account enough basic functions in the expan-
sion or not, may be checked, e.g., with ¢ = 1072 as
Cy < €|CN_1|. (2.39)
The essential task of the numerical calculations in-
volved in the above approach lies in evaluation of the
integral for generating the basic functions, i.e., in the
calculations of UG®|D;). Since we include Coulomb ex-
citation effects, the radial integral involved in the calcu-
lation has to be extended to a large distance. We, in
fact, carry out the integration up to ryax = 250 fm. This
makes the calculation very time consuming. In order
to save computation time, we employ the semiclassical
approximation [24,25], particularly in evaluating the in-
tegrals at large distance, say, r > 1/2a, where a is the
classical turning point. There the Coulomb wave func-
tions Héi)(kr) are approximated by WKB wave func-
tions and the rapidly oscillating terms in the integrand
such as Ht(+)(kr)Hl(,+)(k"r) and Hl(_)(kr)Hl(,_)(k'r) are
discarded. Once this approximation is made, one can use
a large mesh size in carrying out the integrals, enabling
us to save considerably on computation time without los-
ing numerical accuracy in the calculations. We take into
account partial waves up to £ = 700. As remarked above,
the solutions of the CC equations are obtained by setting
up a convergence check with e = 1073. N = 55 is set as
the maximum number of iterations. The typical number
N necessary for achieving convergence is N = 20 for the
16Q 4 152,1549m systems, while a somewhat larger num-
ber N is required for the 160 + 86W system. Sometimes,
N = 50 is required for the latter reaction case.

III. ANALYSIS
A. Optical potential parameters

The parameters of the starting optical potential
U(r,Eg) of Eq. (2.17) are taken from Stokstad and
Gross [14] for the %0 + 15%:1%4Gm systems at Fj., =
72 MeV and from Love et al. [26] for the 180 + 184W
system at Ej,, = 90 MeV. Modifications are, however,
introduced to the strength parameters Vy and Wj in
such a way that the resultant elastic and inelastic scat-
tering cross sections fit the data [14,15] as well as pos-
sible. Since scattering data are not available for the
1604186\ system, use was made of the data for the 120
+ 184W system. This procedure fixs the potential pa-
rameters at E),,="72 and 90 MeV for the 160 + 152:154G
and ®O+!88W systems, respectively. The corresponding

TABLE I. Optical potential parameters.

Vo Wo TV rw ay aw rc

System Set (MeV) (MeV) (fm) (fm) (fm) (fm) (fm)
160 4 152,154gy A 20.0 20.0 1.34 1.34 0.57 0.36 1.25
16Q 4 152,154gm B 22.5 13.0 1.34 1.34 0.57 0.36 1.25
16,18 4 186,184yy A 40.0 13.5 1.313 1.313 0.457 0.457 1.10
16,18 4 186,184y B 35.0 18.0 1.313 1.313 0.457 0.457 1.10
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TABLE II. Fusion potential parameters.

TR ap Ep ap
System Set (fm) (fm) (MeV) (MeV)
160 4 152,154gy,, A 1.51 0.30 59.0 3.0
160 4 152,154y, B 1.47 0.30 59.0 3.0
160 4 186w A 1.45 0.30 69.0 3.25
160 4 186w B 1.48 0.30 69.0 3.25

c.m. energies (65 and 83 MeV, respectively) are called
Es values for these two systems. The set A values of the
parameters listed in Table I are those determined in this
way. We shall also perform, however, calculations of o
with another set B in order to study the sensitivity of op
to the choice of the potential. Set B can also reproduce
quite well the scattering data, though the fit obtained is
somewhat worse than that obtained with set A. Set B is
also listed in Table I.

The parameters rr and ar in Wg(r, E) are determined
by demanding that op(E) at the incident energy Egs
(which is above the Coulomb barrier) should be repro-
duced. The values thus determined for the set A and B
potentials are listed in Table II. We note that the val-
ues of 7 = 1.4 fm and ar = 0.3 fm thus fixed are very
much the same as those determined previously in an ex-
tended optical model analysis [27] of the elastic scatter-
ing and fusion data. It is remarkable that the value of
rr is much larger than that used in CC calculations done
before [5-7].

As for the parameters Ep and ap describing the en-
ergy dependence of the fusion potential Wg(r, E), we set
Ep equal to the height of the Coulomb barrier. The dif-
fuseness parameter ap is fixed as given in Table II. (The
parameter ap is not critical in the present calculations.)
We normalized the dispersive term AV (r, E) of the real
part [20] to be zero at E.,, = Egs. In Fig. 1, we show
energy dependence of the real and imaginary parts of the
nuclear optical potential at three radial distances at the
surface region.

B. Elastic and inelastic scattering

Figure 2 shows a comparison of the calculated elas-
tic and inelastic scattering cross sections to the data at
E = FEg. Use is made in the calculations of the set A
optical potential parameters (see Table I) and also of the
Coulomb deformation parameters listed in Table III. The
values of 3¢’s for the 160 + 15215491y systems are taken
from Refs. [14,21], while those for the 20 + !8¢W and
160 + 186W systems are from Refs. [26,28]. The nuclear
deformation parameters are then generated by using Eq.
(2.20). These values are further modified by applying the
radius correction for heavy ions [21]. Note that the signs
of B4 for the Sm isotopes are positive, while those for
the W isotopes are negative. These signs are well estab-
lished from o-particle scattering experiments [21]. The
solid lines shown in Fig. 2 are the final theoretical pre-
dictions, while the dashed lines shown there are 4* cross
sections obtained by artificially reversing the sign of 8.

The overall fit of the calculated cross sections to the
data is very good as expected. We note that in order to
get this good fit, it was important to use a positive 34 for
1529m and a negative B4 for 1¥¢W. This is clearly seen in
the case of the 60 + 52Sm system; the calculated 4+
cross section changes quite dramatically when the sign of
B4 is reversed as demonstrated by the dotted line in the
figure. The change occurs as a consequence of the change
in the interference between the double AL = 2 and single
AL = 4 excitations. The good fit of the calculated 4%
angular distribution with positive 84 to the experimental

10
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Rg=11.03 fm Imag. Part
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— 6 r.” N L---
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()]
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»
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5355575961636567697173
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3 4 ( 11.92
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FIG. 1. Energy dependence of the real and imaginary parts
V(Rs, E) and W(R,, E) of the nuclear optical potential (a)
for the ®0O + !54Sm system (A = 154) and (b) for the *O +
186 W system (A = 186), calculated at three radial distances
R, = 1.40, 1.45, and 1.50 times of (16'/3 + A'/%) fm. Here
the nuclear deformation 3% ’s are set to be zero.
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160 (72 Mev) + 152gm (a)

20 40 60 80 100 120 140

180 (90Mev) + 184w (b)
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L
g 10! .
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FIG. 2. Calculated elastic and inelastic scattering cross sec-
tions (a) for '°0 + '*2Sm at Fjap = 72 MeV and (b) for 20 +
184W at Ejap = 90 MeV in comparison with the experimental
data of Refs. [14] and [15], respectively.

TABLE III. Coulomb deformation parameters.

Bs Bs s
1529m 0.25 0.048 -0.009
1545m 0.27 0.054 -0.014
184wy 0.280 -0.089 0.0
186wy 0.239 -0.090 0.0

data [14] clearly indicates that the sign of 8; for that
system is positive. A similar change is also seen in the 41
cross section of the 80 + 84W system. Unfortunately,
there is no experimental data available at this moment
for this system to test the theoretical prediction. Finally
we note that the change of the sign of 84 affects not only
the 4% cross section but also the cross sections of other
spin states significantly.

Figure 3 shows the results of the calculations for the
160 4 1529m at other energies Ej,p, = 59, 62, 66, and
68 MeV than Fy.;, = 72 MeV considered above and are
compared with the experimental data [16]. The same
optical potential parameter set A is used in the calcula-
tions. The overall fit of the calculated results to the data
is again very good. The fit obtained above is better than
that reported previously in Ref. [16]. This supports the
validity of the optical potential parameter set A.

For the sake of comparison, we included in Fig. 3 by
dashed lines, as was done in Fig. 2, 41 cross sections ob-
tained by artificially reversing the sign of 8. For lower
energies, not much difference is observed in the shapes of
the cross sections obtained with positive and negative (34,
but still appreciable difference is observed in the magni-
tude of the cross sections.

C. Fusion cross section

In Figs. 4 and 5, calculated fusion cross sections op(E)
for the 180 + 152:154Gm and 160 + 186W systems, respec-
tively, are compared with the experimental data [8,9]. It
is seen that the calculation reproduces the experimental
or very well. We are thus able to achieve a simultaneous
fit to both fusion and scattering data. In Figs. 4 and
5, included are calculated or(E), oin(E), and orr(E).
It is remarkable that the calculated orr(E) decreases
much slower than does op(E). Such a feature in org (E)
is indeed observed in the measured org(EF). Some au-
thors [14] assume that W (r, E) = Wg(r, E) without sep-
arating W(r, E) into the F and TR parts. This means
that oF + org is identified as or. As seen, this approx-
imation overestimates o by a large factor, particularly
at lower energies.

In Fig. 6, we study how the calculated fusion cross
sections change if one ignores higher-spin states one by
one. It is seen that almost no change is seen when one
ignores the highest-spin 8+ state. We note, however, that
the change is not completely negligible, particularly in
the barrier distribution D(E) as will be discussed later
in Sec. ITIID.
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[ O (59 MeV) + 152gm 160 (62 Mev) + 152gm
I i
100
£ £ 1
= 10
T T
©
S 3
o ©
jo] T 102 L
1073
30 50 70 90 110 130 150 30 50 70 90 110 130 150
0 ¢.m. (deg) 0 ¢.m. (deg)
? (c) d
: 160 (66 Mev) + 1525m [ 160 (68 MeV) + 1925m (d)
[
100
o
5 10! 3
T
o &
° 8
b ~
T 102 L -8
103 |
E
:
30 50 70 90 110 130 150 30 50 70 a0 110 130 150
0 ¢.m. (deg) 9 ¢.m. (deg)

FIG. 3. Comparison of the elastic and inelastic cross sections of *°0O from *2Sm from the coupled-channels calculation with
the experimental data at Elap, = 59, 62, 66, and 68 MeV [16]. The dashed line shows the prediction for the 4% state by
artificially reversing the sign of B4.
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D. Fusion-barrier distribution

We now turn our attention to the fusion-barrier dis-
tribution D(FE), which is, in practice, approximated by
a finite difference 62(Ec)/6E%. We use the five-point fi-
nite difference formula. In Refs. [8,9], the data of o

3
£
103 | i
_ 102 L -
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E
©
10!k -
100 | .
1 1 n L 1 1 i 1 1 L 1 1 i 1 A 1 A 1 L 1
53 55 57 59 61 63 65 67 69 71 73
o m. (MeV)
108 L |
_. 102 L i
-g E
©
10" £ A
100 | .
[
-
A 1 A a2 1 A 1 i 1 A 1 A 1 i 1 A 1 A 1 A 1

53 55 57 59 61 63 65 67 69 71 73
Eo.m. (MeV)

FIG. 4. Calculated fusion cross sections o for the *O 4+
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Included also are the reaction cross sections or, the inelastic
scattering cross sections oin, and the transfer reaction cross
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FIG. 5. Calculated fusion cross sections or for the 6O
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Included also are the reaction cross sections o g, the inelastic
scattering cross sections o1n, and the transfer reaction cross
sections oTR.

have been taken with a step size of §E = h =0.453 MeV
for the %0 + '34Sm system and h =0.460 MeV for the
180 + 186W gsystem. The barrier distribution is, how-
ever, normally calculated by using § E=4h. Note that
6E=4h =~ 1.8 MeV, which is quite large. The use of
such a large § E=4h is required in order to make the sta-
tistical error of the deduced D(E) reasonably small [9].
With such a large 6 E, we are looking at quite gross fea-
tures of D(E). In the present study, however, we shall
investigate D(E) extracted by using § E=h and § E=2h,
in addition to the case of §E=4h. When necessary, we
shall distinguish these D(FE) obtained by using § E=h,
2h, and 4h as Dy (E), Dap(E), and D4y (E), respectively.
In Figs. 7 and 8, we first show calculated D4x(E) and
D3, (F) by the solid lines in comparison with the corre-
sponding experimental data. The vertical bars indicated
in these figures are estimated from the statistical errors
of the experimental data. It is seen that the calculated
results explain fairly well the experimental data.

It is remarkable that the experimental D(E) of the 6O
+ 154Sm and 80 + %W systems are significantly dif-
ferent from each other, particularly at the lower energies;
D(E) of the %0 + 54Sm system rises rather slowly at
the lower energies while D(E) of the 150 + 186W sys-
tems does rather rapidly. This characteristic difference
is fairly well explained by the calculations. The sign of
B4 played a crucial role in reproducing the difference; if
one changes the sign of 3,, the predicted D(E) becomes
completely different as shown in the figures by the dotted
lines. It should be noted here that a similar explanation
has been given earlier in a study based on the adiabatic
approximation [9].
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It is also remarkable that the peak structure appears
more conspicuously in D(E) for the 160 + 36W system
than for the %0 + %4Sm system. We may ascribe this
to the fact that the absorptive potential for the the 6O
+ 186W system is much weaker by about a factor of 3
at the surface than that for the 0 + !°¢Sm system
(see Fig. 1). The stronger absorption averages out the
structure. Also, a large negative 34 for the 160 4 186W
system plays a crucial role there. This point will further
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FIG. 6. Fusion cross sections calculated with varied num-
ber of excited target states (a) for 0 + '52Sm system and
(b) for *O + '8®W system.

be discussed later when the calculated partial fusion cross
section o (f) is presented.

Also notable is that the structure becomes more re-
markable when §F is decreased from 4h to 2h. The
reason seems to be evident; the structure should appear
more markedly in the D(E) with a smaller 6 F, since the
energy average involved becomes less for the smaller §E.

In Fig. 9, we study how D(FE) changes when the cou-
pling schemes of the calculations are changed. For the
case of the 0 + 54Sm system, two peaks appear when
the 0*-2+ coupling is assumed, while in the 0t-2%-4*
coupling, the number of the peaks increases to 3. How-
ever, even if the 67 and 81 states are added successively,
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FIG. 7. Calculated 6?(Ec)/6E? (solid lines) for the 0 +
1%4Sm system in comparison with the data for (a) 6E = 4h
and (b) 6 E = 2h. The dashed lines shown are the predictions
obtained by reversing the sign of the 84.
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the number of peaks does not increase any more, but
rather the peak structure tends to be smoothed out. For
the case of the 180 + 186W system, the number of peaks
appearing is 3 in the 07-2% coupling case and 4 in 0"-
2%-47% coupling case. We thus have an additional peak
for the 80 4 188W system. This is in accordance with
the tendency seen before that the structure appears more
conspicuously in this system. The weak absorption and
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800 | E
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FIG. 8. Calculated §?(Eo)/SE? (solid lines) for the O +
188W system in comparison with the data for (a) §E = 4h
and (b) 6 F = 2h. The dashed lines shown are the predictions
obtained by reversing the sign of the B4.

a large negative (4 are responsible for the appearance of
the additional peak.

In view of the importance of the absorption effects, we
show in Fig. 10 calculated Doy (E) with the optical po-
tential parameter set B. The set B potential has a weaker
(stronger) absorption for the 160 + 152Sm (160 + 186W)
system than the set A potential has. Comparing with the
D, (E) shown before in Figs. 7 and 8, it is seen that the
structure of D(E) shown in Fig. 10 is more distinct for
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FIG. 9. §*(Eo)/dE? calculated with §E = 2h for varied

number of excited target states (a) for '°0O + '5?Sm system
and (b) for 'O + '86W system.
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the case of the 180 + 1%2Sm system, while the situation
is opposite in the %0 + 86W system. This shows that -
the absorption indeed tends to smooth out the structure 1000 } 160 ., 186y
as it should. | SE=h
Finally, we show in Fig. 11 calculated Dy (E) in com- 800 L
parison with the experimental data, taking, as an exam- < ]
ple, the 160 + 86W system. As seen, the statistical er- ] i !
ror bars are quite large, particularly at the higher-energy Y 600 -
region. It is thus impossible to make any meaningful 3 :
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There we observe a finer structure than that seen before [
in Dap(FE). At this moment, it is still premature to draw : +
any definite conclusion, but nevertheless we might take 25 F 16g ,152gy 7
it as a sign of the possibility that we might observe more [
detailed fine structure in D(FE), if the data become avail- 20t .
able with better accuracy. S [
A [
Ais kb 1
™ [
E. L distribution of fusion cross sections and the 10 _‘
average values
5 F 4
Figure 12 shows partial fusion cross sections or(£) cal-
culated for the 180 4 152Sm system in comparison with 0 e
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the experimental data [17]. The data are again well re-
produced by the calculations.

In Fig. 13, we show two-dimensional plots of the partial
fusion cross sections op (¢, F) as functions of £ and E for
(a) the 0+1%4Sm system and (b) the *0+!8¢W sys-
tem. An interesting aspect here is that a rather striking
double structure develops in op (¢, E) for the 160+186W
system. Such a structure is not seen in D(E) of the
160 +1%4Sm system. We have noticed that the structure
disappears when the absorption becomes stronger and
also the absolute magnitude of the B4 value is reduced.
The structure also disappears when the sign of (3, is re-
versed. These physical effects are exactly the same as
those seen in the appearance of an additional peak in
D(E) of the 180+186W system. This suggests that these
two features have the same physical origin.

In Fig. 14, we present calculated average values of spin
distribution (L) for the 60 + 1521549 systems in com-
parison with the experimental data [17,18]. The calcu-
lated (L) are again in good agreement with the measured
values. In Fig. 15, comparison of the calculated (L?) with
the existing data [17] is made for the 20 + !%2Sm sys-
tem. Again the agreement between the calculated and
experimental values is good.

Finally, we present the calculated (L) for the %0 +
186W system in Fig. 16. Corresponding data are not
available at present for this system.

F. Energy-dependent vs energy-independent
potentials

So far, we have used optical potentials which are en-
ergy dependent. The energy dependence of the real and
imaginary parts satisfies a dispersion relation (dispersive
optical potentials). In Fig. 17, we show the fusion cross
sections obtained when the energy dependence is ignored,
i.e., when use is made of potential parameters fixed at
E = Es (nondispersive potentials). As seen in the fig-
ure, the calculated o with the nondispersive potentials

30
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0 A il i 1 " A " " e ' A L
63 65 67 69 71 73 75 77 79 81 83

Ec.m. (MeV)

FIG. 16. Calculated average spin values (L) for the *O +
186W system. The dashed line shows the predictions obtained
by reversing the sign of (4.

overestimate the experimental o by a factor of 2-3 at
sub- and near-Coulomb barrier energies.

We observe a similar effect on the distribution of par-
tial fusion cross sections as shown in Fig. 18. There op
calculated with the dispersive and nondispersive poten-
tials are shown by the solid and dotted lines, respectively.
When use of the nondispersive potential is made, the
cross section becomes larger. For the 60 4 86W gys-
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FIG. 17. Fusion cross sections for (a) *0O + '5*Sm and
(b)*®0 + '8W systems calculated with nondispersive optical
potential in comparison with the experimental data.
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FIG. 18. Partial fusion cross sections calculated (a) for the *O + '5*Sm system at Ej., = 60, 62.5, 65, 70, and 80 MeV
and (b) for the 160 4 188W system at Ejap = 70, 72.5, 75, 80, and 90 MeV. The dashed lines show the prediction obtained by

neglecting the energy dependence of the optical potential.

tem, the wiggle seen in D(FE) at sub-Coulomb barrier
energies disappears.

IV. CONCLUSION

We have performed extended CC calculations of fusion
and scattering for the heavy-ion systems 160 4 152,154
180 4 184W, and 0 + 86W at sub- and near-Coulomb
barrier energies. Use is made of dispersive optical poten-
tials that satisfy the dispersion relation [20] in order to
take into account the rapid energy dependence (thresh-
old anomaly [4]) of the fusion potential (fusion part of
the imaginary potential). The parameters of the fusion
potential were determined from a fit of the calculated fu-
sion cross sections to the data. The radius parameters
thus fixed turned out to be rather large: 7r ~ 1.4 fm. It
has been shown that calculations using such optical po-
tentials can reproduce both fusion and scattering cross
section data in a quantitative manner. The fusion data
thus reproduced include not only the total fusion cross
section, but also the partial £ distributions and the aver-
age spin ((L)) values of the compound nuclei formed after
fusion. It is remarkable that the fit obtained, particularly
for the elastic and inelastic scattering data, is much bet-
ter than that obtained in previous CC calculations using
a small fusion radius parameter of 7p = 1.0 fm [5-7].

Further the calculations have been able to repro-

duce successfully the characteristic difference in the
fusion-barrier distributions between the *0+!%4Sm and
1604 186W gystems in terms of the difference in the signs
of B4 of the above two heavy-ion systems. Note that a
similar success has been obtained earlier in a study based
on the adiabatic approximation [9].

The calculations have further indicated that the Yy de-
formation plays an important role in explaining charac-
teristic features of other physical quantities, such as the
interference pattern seen in the 471 inelastic scattering
cross section and the enhancement of the average (L)
values in the sub-Coulomb barrier energies observed in
the 160415215481y gystems.

It is remarkable that the 4% cross sections and the
partial fusion cross section op(f) predicted for the
160418W show characteristic destructive interference
patterns. These patterns originate from a large nega-
tive (34 value that is experimentally well established in
the a-particle scattering from %W [21]. At this mo-
ment, experimental data for testing the predictions are
not available. It is desirable that such data will be col-
lected in the future.
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