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ABSTRACT

) It is suggested that the inclusien of the virtual
excitation of the soft glant dipole {pygmy! rescnance 1 the
calculation of the cross-section. for very neutron-rich radioact jve
beam~induced fusion reactiong ®ay. enhance the format ion probability

-
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INTRODUCTION

Recently, it has  been suggested!’ that the beams of
neutron-rich radloactive. nucletf offer z rather unique Possibility

for synthesizing both the Superheavy nuclet. lying around the magic-

heutron and proton ‘humbers: N = 184 and z = 444 and the heavy
isotopes with N = 160 of new elements, Owing to the la.rgerr-.N/Z
ratio of thege exotic’ nuclei the effective Coulomb ba.r-r-ierl is
basically lowered, permitting. the appreciable formation of not so
excited compoung nuclel at low energies.. These cold. compound
huclel bhave 1gwer. fission probabiifty, (hug incf:easmgr. the
possibility of observing them: -

done using the. mé.cr_*oscopic: Rodel . of extra-extra, push: of-
Swlatecki-.a)‘-. Substanti_al lb_ueping of the effeqtl_ve,,f‘lssil-ity -and,

In the present: Paper,. we address. .purselves_-: to';_.afnother,_

dynamical effect involving neutron-pick . nuclel. ;- It hasi been .

thecretically: established . that nucled in the. ra.eut'rfo_n-' drip: re'g_igft

exhibit appreciable collective. at quite: lb_ﬁ'--_gxc'iité.t_;on. _ene_fgi_eé_'.
In.pa.pticulaf. ‘the soft giant dipote resonance,. in nuci_ei,_ such. as
11Li, is pr-*_edicted._ to be sttuated in thé:: 12 MeV'enérgy;._r_egfip_n..

exhausting about 12% of. tpe classical dipole: suz pryje and’ this

accounting: for about. 90%;, op the. . observed . fﬁagn;e_ntgﬁion. :

cr‘os".s..—sec;_.tion'l’s's).' We:'shall demonstrate. here, that__the_s_e--,“pygmy
resonanceg" could enhanc-e the fusion pProbablltty of neutron-rich
nuclel by as much as %, We base oup discussion op .knqwn facts
about My and make reasonable extrapclations to the Fe Isotopes

induced fusiog considered in reference 1).
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2. THE PYGMY: RESONANCE
In nuclel such as uLi. it has: been suggested that the
w0 -neutrons. in the. Pi/z level, form a "halc; , and as such 1ls very
distanced: from the. QL'.i' core. When discursing the collective dipole
xcltatlon of such a. loosely bound system, one 1z bound to conslder
. two: types: of, such vibr-ations the: usual (E ~ 20 MeV)} isovector

protcm vs. neutron vibration: in the core. with the- ha.l'o néutrons

taken: as’ wer-e specta.tors. and the osclnatlon of the whole: core’

nucleus. agains the:halo: neutrons {the: pygmy resona.nce) - In- this

" latter case ‘the: rather ext.ende 1stribution oi‘ ‘the halo: result.s in

ntly & 10\: excltaj;ion energy of"

ing force, ,an consaque

ther: pyemy:
resonance} .

soft gla.nt dipole

Recent mlcrosco'picj:;éa{i‘culatio'x_:?m'f'_ of - the structure. of

'neutron—rich nuclel clear! c_oni‘.irmed- the . above qualttatwe-
picture. For: the- purpose o he present paper, however we shall

wodellng guided with

use macroscopia,

' .tb-_ discuss: the. pygmy TesSOnance. in
nergy. of -the:. PYENY; r_escmance, using the

(1)

-.r-‘ei-'er:s to the neul‘.r‘on number of the

U and Z; are the neutron a.nd proton.’ qumbers of the whole

' sotgpes with & .= 56, ,70, we have:
s This shows that in ~ Fe, the
.pygm,v resonance éccurs ab: 5 Me\" This value could well be lower

ifthe separation energy of the  excess neutron is small as e.g- the

jzuki, Tkeds: and Sato’) predicted

excitation energy of t.he ysual: glant dipele

case in uL'1. - The pygmy'r-esoha.nc_e in this 'latter'n-v'.lcleus'- jg found

to occur at ® 2 Me‘\-f5 m

A pure cluster model supplles s}.ightly different results
from those of reference 7). Within this model, the dipole strength
ig distributed according tom

ap(E1) _ anle? Zan ye(£ e . @
d.E' nz Mc EY : 2

when AN refers to the excess neutrons' treated as a cluster and £ is
the binding energy {separation energy) of this 'excess. neutron

clusters. The position of the maximum of dB(E‘.E) ig just the energy
dE
of the pygmy resonance and 1s easily calculated to be

. :
-2, L (3)

thus' the smaller g ig the 1ouer E wlll be. In "a.'nu_éié:ﬁ's:_ 's.uch as
Fe,. & could very well be In the few. keV reglon. Of course an
ambiguity remains as: to. what should. be the core. Howéver. equations
(1) and (2) should serve our purposes of supplying: estimates:

From the above discusslon one may safely assume that the
pygmy Tesonance may occur in the 0.2-2 MeV excitation energy region
in the Fe 1lsotopes.

In dlscussing the energy. welghted . sum Tule for
peutron-rich nuclel one may consider the usual classical sum rule

which reads
S(ED) = 12.8 12 [Hev. fue’] o _ : 4y

and the dipele cluster sum rule for the core plus excess neutron

i Systemg}.

|
l
i
;
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. sc - (Ei)= S(E1}- - Sclustez_‘_(E'i) - Sexcnss(El )

/_G}I:Me.‘{.fmzea}g (5)

It is: usually found that the pygmy: resanance:exhausts about 10% of

Né':

- theb; classical rule and 804 0L t he cluster sum rule,

3. THE EUSIO_!{;:OF."AFE-__*--- g':’E"P_ia: -

Aside fron the sta.t.lc. : barrier penetration effects
ccms-idered in reference (1]. there are: dynamic effects. arising from
_the virtual excltatiun of:: gian resona.nces Here we: consider the
: . :It has: been: shown: in the: last few
fusicm. cross sect‘.l.on at low energies is. appreciably

‘ffect. in. the i‘uslon of hea.vy lons
or a simple two ¢ha.nne1 model that
: lng Hd__f\i’u } t,he entrance channel
esofance channél Hamtitonian, v
o _h.e Q—value of the pygmy resonance

) = Ef (6)
ST . AT ST T ]
e . A PR pPE.. pR_ .

From- the previous . discussion we know that QPR is. small

and We neglect it in what follows (the C.m. energy is much. lar-ger
than Q ) Further H +V describes.. the relative motion' of the. -
excited Ape nucleus with respect to ¥¥pp, We are safe in. ta.king
this Hamiltonian to be equal to HD+VG.. We thus ha\re _

ey -
(Ho + Vo + Vca‘x)w. = Ep o N
where v, is a Paull spin matrix which is introduced here for
notationa.l convenience, Fuslon with no coupling is accounted for-bs

the complex . bare optical potentlal Vd._‘ Th_é_: . corresponding
cross-section. is - L

e o= K gty TIE I :
= E q';n | ImYOIWG 5 _.kg’Z'[aeﬂ]-Te o _.(3)

Taking intg . accou.nt the caupllng intera.ctlon to all
orders amounts to replacing u'F above.. by

LA9)

wher"e_ qb( s the splnor A a-pﬂ‘ is the. angle integrat.ed

r\' the. direct: transition 0.~ pR..  The
fusion cross-section o-‘__, ca.fx ‘be written; 1n closed form after
performing a convenlent tra.nsfor‘mation that diagonullzes c.. The
result of o is

eF.=;[a[chwa[-'-vJ][[ R

inelastic cross sect ton j; fo

where L (V )} is the total reactlon cross.- section obtained from the.

Hamiltonlan H +V +V and " [-V )} from: H A SV Hes shoulct stress,
that in all our discusslon above we ha.ve disregarded. the angular.‘ :
morentum (1)} of the. pygmy resenance,. which  is. quite valld:
considering the great values. of the orbital: .angular- ‘moment Ui
involved. Equathn (10).: has. been previous_ly, derived in. a slightly




different manner, by Lindsay and Rowley'). _
In calculating the ‘enhancement of Tpr we use the Wong

f‘ormula’z’ , whiph reads

. . 'an: E - V.
op = o'P__L\f;;=0):= == &![1 * exp[ W ]J . (11)

where: iw. is: measures the curvature of the Coulomb barrler and VB is

.Here: the. Coulomb barrier is obtained from
a.ndthe Coquﬁb interaction i’s‘. contained in Vo.'

e‘#hémemei_lt factor E(V ) as’

m 1+egp[[”—“mv‘i]]} . m{mxp[[%]]}

. — (12}
sofen| ]}
oA s E =V, one has ° -
E_(_V;‘}._ = ‘: — : (12) -

28n2;

Writing, i

L 'egf.strue_ture.- of Vc (again fgroring the 17 nature of
the pygny: resonance), guided with the results for stable nuciei

suppl Ied._.'bx:;,:tiie collective ﬁ:odel
\.rc [B (El]} E(r) + vooulom (14)

vwhere CI_' in‘._;.a:i_s'trength__ whichk may be calculated within the Tassle
model, . Ffr). is the. radial form. factor given by

Coulomb

J%,p ﬁr'}:p ('r'—r')dr"', and V_

whlch is: also propertional to (B [Ell))v2

Thus

15. the  Coulomb plece of Vc-

V= Fle)(B (E1)'F S sy

In Egs. (14) and (15) B (El) is: - the. B(El) value of the pygmy,
r-esona.nce. which 1n a. cluster model: (core + excess neutro
written as (by integra;tlng Eq. (2) over:.

respect to. the core., It 15 obvious

factor in the degree of.' enha.ncement of v.w-r '1. .

where E 15 expected tcr be ver;y‘ sma:l

values . e T
i 'fa;;:t-'-"'ifr,:_-:.-as' refepence';.“'wé; take. for the fac':t‘sp-. :
'IE('R-}'-'.-' R :
o B 151‘1 % 28N
.K = o 12811 M the value E
E ( Fe = (%Fe) t.hen E6- Fe)

cm:. : :
D 2 MeV and lgnoring the variatlon of R wlth AN we get

E( %e) = 100
22
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We: should- stress that the above value of. 1E(7UFeJ was obtained at
E = Vé._ At lower c.m. energies, one may obtaln much larger
enhancement.

Before presenting: our concluding. remarks, we warn the

reader that our formula For E, equation (17) was derived in the .
" sudden. limit . {Q -o) and. using the cluster model for the pygmy

resonance " The- validity of the -sudden approximation becomes suspect

g for small AN: and’ one: has..to conslder equation- (17) as a great

averestimtlon In fget,: inguch cases, na.mely large values of E .

Z: more: .valld approximation 1s to simulate:the excltation of the PR'

through:  an:: attractive., lacal energy-independent. polarization
potentlal—_:l_:_*_l;‘ As. far as- the. cluster model of the PR 1s concernesd

it has: recently been demonstrated that this, model overestimates the -

11

Coulomb f‘ragmentation cross section. of: Li Pb at E = '800.
ey 4218 and: greatly:-overestimates: the. cross-section at lower

energies.lf However the. a.ualytic -simplicity of the cluster madel
Justifiles: its: use ‘here: for: the.—-,obtent:_ion, of the simple estimate for
E . 7 . :

In. _conclu_si__qn.' wé:.—;;have. considered  in this paper the
influence. of i_;i_‘xe excitation. .6F, the s_ofi;.. glant dipole resonance on
the fusion .of neutr'on—ric!i- nuclei’ with heavy targets. The
enhancement ones the static .fusion calculation, . exemplified by Eq.
17; shows. clearly.that - the: determining. factor 1s the smallness of

t_.he... exci,tat_i_gn-.gngrgy Epﬂ. or, more precisely the large value of

- BlE¥) . as the number E 'is-increased' Any static fusion calculation

of/ - the: .type- dlscussed in reference. 1 mustbeammended by the
multip}.lcation withi E of . Eq: (17)..0or, even better, by a detailed

coupled cha.nnel -calculatlons:

L of course several questions have to be answered before a

- deflnite concluslon concer-ning the- value of E can be reached. The
. most: importa.nt of these questions 1s the pr-ecise value of B (El)
and F(r), which.can only be. settled through detatled measurement i

and a.nalysis of the elastle scattering and break-up of these exotic

" neutren-rich nuclei.
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