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ABSTRACT

A separation of thé transmision coefficient into a part,
Tl, due to absorption in the attractive region and another,
T,, due to absorption under the barrier is made. The signi-
ficance of T2 is assessed within the WKB approkimation and a
condition on the diffusivity of the imaginary part of the
optical potential, ayr 1is imposed to diminish the effect of

T, as recent data require.
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Absorption under the barrier (AUB) was invokedl) to in-
terpret the seemingly sharply rising nuclear S-factor repre-
senting the fuston of 12c+l% Lt E.m S 3.2Mey. Other nuclear
systems studied did not show this anomalous behavior. For
AUB to exist it was necessary to use a rather large diffusi-
vity, a,r Of the imaginary part of the optical model potential
(OMP) . More recent data on 12C+12C fusion, where measurements

were extended to energies E " 2.45MeV2), indicate that

C.M.
what was thought to be a greater rise in S was merely the
begiming of the formation of another of the many peaks seen

in that system. The average S-factor would seem to be not SO
different from what is eéxpected of a barrier penetration phe~
nomenon as exhibited in the other nuclear systems3).

In this note we indicate a way of imposing an upper
limit on a,, by the requirement that AUB be absent in fusion
cross sections at all energies below the Coulomb barrier.

It was argued in 1) that the transmission coefficient, T,
Could have appreciable values in two regions, the attractive
well region and, if a, is large and the C.M. energy below
a certain critical energy Ec' in the barrier region. This can

easily be seen by inspecting the form of T4)
00
2
T = ¢ I|WI Wer) dr (1)
(o]

where ¢ is a constant,*ﬁvis the optical model radial wave
function and\ﬂ(r)is the imaginary part of the optical model
potential (OMP).
2
The integrand N’ (r>| W'Q«) ls seen to exhibit two

extrema in the barrier region. 7Using the WKB approximation
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2
W) ~ exp[z.j;ReKcr')Jr'] where Kr) ts the local
complex wave number a;xd a, is the outer turning point, and

writing for \W(r) ~W, ér/qw, the condition of extrema in
2
|Yem|" Wer)  yields:

2 Re Kepy = ——
Aw (2)

where §

and \,(r) is the real part of the OMP.
The first inequality in (2) corresponds to a maximum at

+ +
r . Inspection of Eq(2) reveals that at low energies rj

o

is larger than the position of the maximum of the barrier R,.
(Note that v (ro) <0 for ro> R, and ¢ is always positive).
The second inequality in (2) corresponds to a minimum which
occurs at r; <Ro'

As the c.m. energy is increased to a value Ec , the maxi-
mum and minimum coalesce resulting in an inflection point
at a distance rg slightly below R . This situation corres-
ponds to the equality in Eg(2). Since W(r) attains its
largest value and becomes almost constant in the well region,
the integrand |v]2W(r) could have a maximum in this region
as the probability density |¥(r)|2 may exhibit a plateau or
a maximum there. Thus for‘E > EC most of the absorption takes
place in the region T < rg i.e. effectively in the attractive

well region.

The above points indicate that T may be written as a

sum of two terms




T - T +—‘—2 (3) ,\e

)

where Ty is due to absorption taking place in the well region ‘
and represents the dominating term for E > E,. T, accounts
for absorption under the barrier.
In the absence of AUB only T; contributes. This situa-
tion is idealized by letting a, 0. As a conseqﬁences of the
constancy of W(r) in the well region one expects for 3§, ~ 0
only incoming waves at a distance iﬁa within the well region as
the ontgoing waves are almost completely damped at Rb . The
above condition will be normally satisfied for absorption
characterized by a W(r) such that exp [2_ Sg}m K(r)o\r] >>12)
By considering the normalization, N, of tﬁé wave function ¥(r)
in the region 0 < r = Ry , in the absence and presence of the .
complex garrier having respectively the values 1 and
exp[- 5;?}<(r) dr ] where a;(a ) is the inner (outer)
turning p;int, one may approximately determine Tl as being

IN|2 . Explicitly written:
a TR
'[;fve.xp{-z ‘i'fr Sdr Vn-E) + W]
a

(4)
cos| & fam v:;i)e:)” ,

wherezu is the reduced mass.

Equation (4) corresponds to the penetration of a complex

barrier. Most of the contribution to T, is due-to absorption

taking place at r; . Thus

T

2

ot S H)('r)\zw(r) dr 5)

barrier




Expanding the integrand around its maximum value at.r; and
using the stationary phase method we obtain

T o= p@ET

+

To
~W/ay  + [ Rexer dr
,Bcs> oL Ay e e a p (6)

where A is a slowly varying function of E. In obtaining
(6) use has been made of eq (4) to estimate T,.

The point r; is determined from eq. (2). Now since
Wwerst +

+
'n ;3 Qo and therefore

Vor, —g X4, fo merbe
determined from the simpler eauation:
- \/
2
AM + —
2, = (VaeH -E) = =W (7)

The critical eneray, E, , is determined from (7), as the c.m.

energy at which r; coincides with the inflection point rg

Approximating V(rg) ~ Eg , the height of the Coulomb barrier,

2, 2
g — B
8 Zyu .ch“, (8)
Michaud and vogt1%8) have been able to fit the original

Pennsylvania data on the 12C+12C system with an optical model

we find

E

C

I

potential which has a, = 0.5 fm. With this value Eq(8)
predicts Ec=3.l8 MeV which is very close to the energy,

E=3.2 MeV, below which the average nuclear S~-factor represent-
ing those data starts to increase above the smooth barrter

penetration value.

At E <<Ec Ty becomes very small due to the large thick-




ness of the barrier. Thus T, dominates at these energies.
In the vicinity of E, both T, and T; may have comparable values.
It is clear that for B8 (E] to exceed unity by a large
amount, as is the case in AUB, the penetration factor,
e_xp[-\-zf P.e. K¢r) dr ] ) must dominate over the
absorption factor CXP[—' —-9-—] This would be the case
if the difference r;-ai attains an optimum value for a given

E . Since @, is basically determined by a the

c.m. v’

diffusivity of the real part of the OMP, the above condition

on rz ~ &; implies a stringent condition on the value of a,

which might be at variance with elastic scattering information.
Setting E =0 in eq. (7) we obtain a critical value for ay,

namely

a. = L | (9)
C Fzzl E%é

Calculation with a, b a, would give rise to a negligible

contribution of T, at all energies and the resulting fusion
cross sections would show no AUB. It is clear from (9) that
a_ would be small for all light ion systems that have been
studied recently e.g. for 12C+12C, ac=0.36 fm. (It should be
noticed that eq. (8) gives a value for a, which is slightly
smaller than the value at which the exact E, vanishes). Need-
less to say values of a_ > a_ may pe needed to describe
absorption due to transfer reactions at energies E > Eg-
Those transfer reactions with optimal Q-values persist at
lower energies with cross sections much larger than fusion7)
thus necessitating the use of'aw > a, even at E < Eq

Therefore even though the W(r) which is used to calculate

total reaction cross sections at low energies may lead to



abgsorption below the barrier due to the optimal Q~-value transfer
reactions, fusiton cross sections at energies well below the
barrier should be calculated etther by an incoming wave boundary

conditiéﬁdmodels)

or by an optical model with a, < a, -
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