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. Abstract

The cross—sections for the fusion of uE; with 2°3Pbland., 238U are caleulated at
near-barrier energies. The coupling of the entrance channel to the soft giant dipole
resc;zzance in ML is. taken into account together with the coupling to the break—up channel

Li 20", The deformation of *#Y i3 also considered. The cross—section is found 1o

exhibit important structure around the barrier,
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Recently, the low energy fusion of radioactive beams, such as '“Li, with heavy target

nuclei has been discussed’™. The principal motivation is twofold: i) the _enhanéement of

the fusion cross—section oy that arises from the existence of the halo neutrons can be used

' to further understand these exotic nuclei, ii) the potenﬁial pro&u'ction of supcrheaﬁy_ cold:'

“compound nucIei; with a reasonably measurable cross—sections. - _ ' |
In the calculations made so far, two features of the halo are taken into a‘ccount: the

“lowering of the static Coulomb barrier and the coupling of the entrance cbannel to _thglq“"

llying'soft giémt dipole resonance {the pygmy resonance). ‘Botﬁ"of theéc effects lead to an |

enhanced fusmn cross—section. ' : -

R

The emstence of the pygmy resonance at about 1.2 MeV has recently been ﬁrmlv '
established though the study of the double charge exchange reaction ”B( =7 L °) . One
. ant1c1pates, on general ground, that this state has_a large width due to ther very Iow;
binding energy of the dineutron (~ 0.2 MeV). Thus it is of great. importance in any fusion’
. -caiculatlon to consider the finite lifetime of the - ‘pygmy resonance. This leads 1o an

-enhancement of o; reduced with respect to that already seported. “*The pufposc of this

letter is to consider the above effect by 'coupling the pygmy resonance to the break—up

channel in the calcu!ation of the fusion croqs—section

In a coupled channel description of a heavy—ion reaction, the fusion cross—sectlon

can be calculated from the total reaction cross—sect:on ass) -

%= %% S ' -

- where o[, is the direct reaction cross—section and dp 18 given by

. -. . - §<@£+)|_I¥.V 1 w£+)>' . - | (2)

. optical potential that generate

to/from the barrier hcight

where <? (+)> is the wave funct:on tha.t describes the elastlc scattering and V is the

\Ii(‘”) It can be showns) that the cross—scctlon ot

(Eq.{1)) can be written in the form o _ S _
2<w(+)| Im\'? I\If(+)> . @
“imre {’fi is lhe bare opuca! poteutml in channel i (no channel couplmg ) and I \I'(+)> is

the exact scattermg wave: functmn in that channel. Eq. (3) has been uqod by se\ual

. authors to. calculate oy using coupled channeis codes ) Other modols based on this

' ,cquatlon but with the furthcr assumpuon of mﬁmte absorpuon once the bamcr is

penetrated have also been developed™. 8) .Here we generalize the sccond class of modcls by.

mcqrporat_mg the effect of the break—up_ channel (mcluded in [ WS'”) )..

To be more :pec:ﬁc we deal here wnh a case mvolvmg the couphng of the elastic

channel 10 a resonant state in the pro.]ecule If this resonant state is approxlmated by an

'excued state w hose width is very small, then o; can be wntten as (1gnormg the excitation

energy of. the state)

o = %[3,(}1’4‘)4- 3;(—1?)] e | : (4_)

“here cr,- is the one—channe! fus:on cross—sections and F is the channel coupling

potenual evaluated at the barner radms The +/- sign md:cates addmon/suhtract:on




To include the break—up channel coupling e_ffeét, in Eq. (4), namely the non—zero
width of ‘the. excitated state, it is convenient first to express the cross—_séctipn as a sum of

partial wave contributions

o = !}52 (2t+1) TS . o (3)
= P -
‘ WA(6+1) o
£ _ 27 1 ] )
Ty = [1+exp o Vgt » ;., E““'JH

In the above R, and V arethe Coulomb barrier radius and hewht Tespoctively. When

- mcorporatmg the breal-.—up channel couplmﬂ effect the partaal fusxon probab:htv 'I’[, has
_to be multiplied by the break—up survival probability, (1 — T?“) ~ Thus

Ls+]

= EEE(Q£+ 1)(.1"—Tg")-'r§ . : o {6)

And therefore we have finally - : , _ e

1 o

L5 1Y en-Ty THE) + Y e81)(-T5) TY-F)
=

o
It

I

1f ob - ob
. 5 [ 7¢(+F) + o(-F) ]
. 7 3
Here the Coulomb break-up does not contribute since it is significant only at ¢ larger

than those for which fusion is relevant. The nuclear break—up transmission factor, LA

has been recently calculated for several radioactive systemsg'w).- The major conclusion of

these studies is that the dynamic polarization potential which enters in the evaluation of

' T_‘;“ via

: ©  Im V,,/E :
. _T't’“ = lf—exp -2 poll_‘c.m. dp : {8)
2 o 2p_ L4
0 J Yooy

is very sensitive to the binding energy of the break—up cluster. Int Eq. (8) n is the
Sommerfeld parameter and g, is the distance of closest approach, muiliplied by the wave
numbcr k, obtamed from I—Qr;/po—»(f-t-l)/l) =90. A closed form expression for ‘1"&“

was den\cd in Rcf 10 and it reads

4F5 R . - o
Ty = 1-exp Bos)| )
where 7y is 2 coupling strength factor, which was found to be 4.859 MeV  for
L + 208py 'S“)l is the modulus of the elastic S—matrix in the Dreak~up channel and
1 ((r), ) 'is a Coulomb radial integral evaluated and discussed in Ref. 10. The scnsitivy of

\po, and T‘{’“ to the binding energy of the dincutron in “Li res»dcs in the f—lependence

: of 1{ns}. o !

In the following, we use the fusion calculation of Takigawa and Sagaua’l) as_a

background for the study of the effect of the coupling to the break—up channel. We took

the height of the Coulomb barrier | (V = 26 MeV) its radius (R = 11.1 fin} and

curvatuie {hw =3 MeV} from F 1gureI of Ref. 4 and used these in our H;]l—\\’hr‘olor

transmission coefficients of Eq. (_5) The strength F was adJusted to. reproduce the valucs

n




“of o of Ref.4. We found F~+3.0 MeV. The break—up effect was then -investigated,
throdgh the modified fusion cross—section, Eq. (7), with the help of Eq (9) and taking
]ngl) l = [l —ng (Ec -{. 2)] /2 | The result of our caleulation is shown in Figure 1. It

. is clear that the inclusion of the break—up coupling and thus the life-time of the pygmy

resonance, reduces the erhancement of op by as much as.a factor of 100 at energics

slightly below the barrier. More important is the fact that the break—up of the projectile

renders the fusion cross—section Jower than the one—dimensional calculation at energies.

: e.\tenchng from above the barrier (26 MeV <E, . <45 MeV) to slightly below the barrier .

(24 MeV < B <26 MeV). At energies less hhan 24 MeV the énl}éncem‘gm sets’in. The
" increase of the enhancement with increasing: E! ‘ is, however, much slower than the case
without brea}\—up, Eq. {4). Only at energies VE m. S 10 MeV', does the break—up effect

.subside cornplete[y, letting the pygmy resonance acts.2s a complete vibrational enhancer

Frgurez exhibits more clearly the above features through the behaviour of the

ehhancenient factor, e, defined as the ratio of the fusion cross—section to the -

one—dimensional barrier penetration cross—section. The break~up effect is contained in the
interval 10 MeV < B m, <45 MeV . Further there is a sharp dip at the barrier. This dip

" is easily understood. At energies above the barrier, the nuclear break—up process inhibits

fusion. This inhibition becomes less effective as the energy approac;hés the barrier, which

acts as a natural threshold. At sub—barriers energies, the increase in the distance of closest

. approach leads to a further reduction in the break—up effects. These striking features-

arising from the halo should be easy to verify experimentally. The saturation value of ¢ is
. 230 aﬁd it represents. simply the value of 1/2exp (‘2:‘/f1-u F) (see Eq.(4)), which is

. 'attained at much lower energies (~ 10 MeV) than predicted by Takigawa ard Sawawa”. Y

- We have repeated the above calculation for the deformed nucleus 2380 . Here the

enhancement of o; anses bot.h from the coupling to the pygmy resonance of the projectile '

7

T(RB) = 3.3 MeV .

and the coupling to the states of the target rotor. Taking only the 0* and 2+ states of

80 into consideration, the fusion formula readsS) (the sudden limit is assumed)

o=} { 0.562 [ 5 (P + 0.73 5, f(Ry)) + & (-F +0.73 4, f(RB))] +

| | | (10)
= +0.318 [ o (F—1.37 B {(Ry)) + & (-F ~1.37 , f(RB))‘” |
where f(RB) is the rotational coupling form factor given approximately by
1 L N I :
fR) = — V¥ 1—-3 . 11
e BEI; 51‘{;}”_ | | (').

In “Egs. (10) and ( II) R, is the rad:us of 238U {74 fn) and ﬂz is the defarnnt:on

parameter (3, ~027), and we attmate VB to be about 29 MeV, so that

In Figure 3 we present the result of our caleulation of o}, aceording to Fq. {5)
(ong—dimensional barrier penetration model), Eq. (10} (pygmy resonance vibration.and
target rotation eoup]ing model} and 'w_ith the inclusion of the break—up survivat.probal)ility
in. Eq. (1.0), obtained by replacing 3f by glf) (full curve). We find here a fusion behaviour

similar to that of the "Li+ *Pb system except that the enhancement js a factor of 11

“larger. The corresponding enhancement factors are shown in Figure 4, which shows very

similar behaviour as Figure 2. The saturation value of & is‘IGOG, which is attained at
about E ., =13MeV. Again orie sees the sharp dip of e at the barrier {2 9 MeV).
“In conc]u‘:lon we ha\e calcula(ed the' mﬂuence of the non—zero width of the pygmy

fesonance - on Lhe fuczqn of MLi- v.lth heavy sphencal and “deformed nmuclei at -

) close—lo-—barr:er energies. Thxs is accomplished by taking into account in the

muln—d:mensmnal fucaon calculation, the ef{cct of the break—up chanmel ULj - 9Ll + 2n.




* The usoal vibrational and vibrational + target rotational enhancement of the sub—barrier °
fusion cross—section is appreciably reduced. Further, the enhancement factor € is found

to exhibit non—trivial structure around the barrier. This is clca‘rly- related to the halo -

" neutrons in ™Li and should be easily verified experimentally.
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Figure Caﬁtioné

Figure 1.

Figure 2.

Figure 3.

Figure 4. -

Excitation function for the fusion cross—section of MLi + 2Pb . The dotted

curve is the one—dimensional Hill-Wheeler cross—section {Eq. {3)), the

dashed curve is the pygmy resonance enhanced cross—section (Eq. {4}} and -

the full curve represents the result with inclusion of the break—up coupling

(Eq. (7)) (see text for details). 7
The énhancement factor € vs. E, for MLi + Pb- Tﬁe dashed cuﬁ'e is
Eg. {6)/Eq. (5) while the full curve represents Eq. (7) /Eq. (‘1); -

Same as Fig. 1 for !Li+ %Y (dotied curve), The dashed curve is the

- pygmy resonance + target rotation enhanced cross—section-{Eq. (18)). "_l"he

full curve includes the effect of the 'ILi ‘break—up on Eq. {10).

The enhancement factor € vs. E_- for 111§ + 233y ] The dashed curve is

o Eq. (10)/Eq. (4) while the full curve includes the brea.k—ﬁp effect. See text

for details. ' ' B " -
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