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ABSTRACT

Fusion. cross sections ha.ve been; measured for the N, 0+4+%°Co systems at

_ bomba.rdmg energles from. 32 MeV 036 MeV. Total transfer cross sections to excited

sta.tes were sxmuita.neously measured for the strlppmg of one proton and stripping of
one neutron channels i the uN mduced reactaons a.nd theu' upper linpits for other
transfer channefs could be. estxmated The elashc sca.ttenng a.ngular distribution was
mea.sured at E'I,b = 40 MeV for: the 16O+59Co system The eﬁ'ects of collective
propertles of the nucle:, mcludecl in: tlm Wong model or. the alternative approach of

couphng meiastm moclels were found to: be. too small.to explam the large sub: barrier

- fusion'cross section: euhancement- In order to perform s:rnphﬁed coupled channel

calculatxons mvolvmg transfer. channels a semnclassmal formahsrn was. used to derive
the transfer form: fa.ctors W1thm the: uncertamtles of the caleulations, the behavior

of the sub barrler fusmn could he: understood in terms: of the coupllng of charged

part:cle transfer chann.els, parttcula.rly the. stripping of multl nucleons, Wthh act as

doorways to fusion, An alternatwe approach the hqu:d drop model wh1ch ax:counts

_ for the neck formatlon, also leads to satxsfactory and compatlble results

PACS:. 20.25.70.7}, 20.25.70.Cd, 20.24.10.Eg
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) 1.11iitrod'uc'tio§1'.; o

rit: of thie. fision Cross. sectmns at sub bamer energles relatlve to

B the, predlctlons _o umd:mens:onal ba.rner penetratlon models is: well estabhshedlw

%3, doorwa.y-t fusmn, the a.vmlable en gy 0 the system, rela.twe to the Coulornb_-

ba.rner, wi creased a.nd the fusmn_ cmss sectlon. may

be shown that cha.nnels w1th negatlve

section. | Thy 'fox:e, th couphng of. transfer chamels, w]:nch can: be consuiered 2

mjci'dscoplc vie eck formatmn, has the same: net eﬁect of sphttlng and

lowering: the Coulornb ba.rner a5 does=the couphng of 1nelast1c channels

esults; e the st.udy f the 5’“ﬂNz-%-“‘ S4N;
a ge tra.nsfer cross sectmns have Iarge stib-

when rela.tmg fusmn and tra_nsfer

€ross: sectlens _because they. may: take plac at 1fferent chstances and be senmtne
to: the forrn of potent:als and forrn factors at reglons where they are qmte dlﬂ:'ex.enb
Dependmg on the relatmns between the average transfer dlstance and the distarice
where fusmn starts to occcur, the transfer mecha,msm ma.y contnbute to the qumn
enha.ncement or in adr. opposlte way, a.bsorb pa,rt -of the fux whmh would go to the
fusion channel ‘In'a rmcroscoplc viewy the neck formanon process Increases the

dxstance of ne. return from fuslon L

One has also to study the rolé: played by ground state transfer. Q Values {Qgg) and

: potentla.ls OF: emp:r:caily deterrmned nucleus-n_ ¢
‘_enhanced Itican ;

rvalues may alsa; en.ha.nce i:he fusion cross

: approxnma.tmns a.nd sxmpie assumptmn .as3i]

effective Q-valués:(Q51) on the fusion process: -Quyy” is definied s~ -2
ch,,’ = Qgg+AEc . . {1

where. AE." is the variation of the Coulowh barrier between the entrance and the

" exit channels.of a transfer process which acts as a doorway to fusion.

A suitable approach: to:investigate the influence of transfer channels on the fusion

cross.section. is the coupled:channel treatment, which has, however, many associated

~ difficulties: Ina tomplete ca._[‘.c'nl"ation ma'n}.,r tnelasiic couplings should be included, as

well as all the-:infpoctant'* reaction channels, whicl are very difficult to predict. The

g.na,lysg.i’s-i,_\r_theréfore;- "quite'lor_lg:a.nd the problem_ca_n not be fully solved since some

E trunca.tibn'hes to be assnined‘ The're'- ;ré el:se'ti‘ncer__t.ainties coming from the folding

uspotent:a.lsueed which may have

asyrnptohc va.lues qu1te dxﬁ'erent from those when f.he nuclei overlap. Another critical
source of: uncel:_taznty,_gn_:tl_le_-_treatment- is: thie: _value_:-_of. the transfer. coupling strength

torbe: used

o In the stud.},r of the fusxon roblem-—: cntii;féd.-ﬁchann'é_l‘fa'pproach the use of

the .CFUS ¢ode® 8 ig widespread.

Thxs code is very smlple a.nd. a.ttraczwe because it; glves at least a good qualitative

idea: of the fnfluence of d:fferent couplmg chiannels on the fusion process, and it has

-given good results-for e_large- Ya.rlety of systems to which it has been applied.

Another epﬁroach to.the 's_t_udy_j of the sub-barrier fusion enhancement is the search

for degreee- of freedom whlch fnéy influence the fusion mechanism by splitting and

_iowenng the Coulormb: bamer “sixch. as the deformatmn of the nuclei, their surface

vibrations a.nd the neck forma.tlon process The uncertainties from the potentials
to be used are ‘also present. as Well as the dlfﬁcult:es in isolating the effecis of the
d1ﬁ'erent degrees of freedom o

Most of the: systems stud:ed so far are concerned with medium and hea,vy nuclel.

where the sub-barrier. fusion enha.ncements are remarkable In order to investigate
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the influence. of t.r:'zf.n.sﬂé'ri che.nnels-ou-the'-fusioxl'- of light;h'eavy- ion:systems, we have

.performed expenments w1th “\T and:; 160 pro‘lectlles on & *%Co target, which has

a rmssmg fﬁz proton to complete the shell w:th 7= 28 For the ‘N’ induced

rea.ct.mns the:e ‘ares chaamels=w1th osﬂ'.we Qgg-va.lues whereas a,ll t.ra.nsfers of one'

2 E_E_:pe;;;n;ﬁt;-.: 'a;la;aefsuit;-.._i

The expenments Were_ petformed al the; S Pa.ulo Pelletron acceIerabor Land; the_:.

& ra.nge of the 1

tran'sfer reactmns.

-,The angulax disr.mhutmn of;the elastm scattermg thh 1‘30 was

'_a.nd ey beams WAS, from 32 to oG \rle\’ for the. fuslon and -

;i The, beem;_ex_l_e)rgy :_peSQlutgqn was _.O_f

2.1. FUSION AND TRANSFER

The fusion and fransfer ¢ross sections were determined by the in-beam and off-

~ beam gemm’a‘-ra.y-spectroscopy methods, described. in details else\vherell, which al-

low the 51multa.neous Ineasurernent of fusxon transfer channels and inelastic scattering

cross sections. The transfer: £Toss sectmns determmed are a lower limit of the to-

. bal transfer yield; since: they corresponcl to transfer processes leadmg to the-excited

states from which gamma tra,nsmons are . detected

. The-targetS'_ conelsi‘.ed— of pure,metal_:c _(_:o_balt', with t]:ﬂcknesses in the range 200 -

4(}0:._#3‘-[ cm?; evaporated on Pb-;_-._b'e.okings thick enough to stop the beam, in order to

a_void.DopQ;er-__ehiftS:_of the « lines:: For each bombarding e'nergy.a different target

was.used, .avoiding undesirabi‘e contributions. to the. spectra coming from: the decay

-of previ ious 1rrad1at10ns The. meam bea.m energy: [oss 1n the target was. typma.l[y of

the order of 0 3 - 0.4 MeV.
Fusmn CTOSS, sectxons were obtamed by addmg up., to 13 evaporatdon cha.nnels in
the MN mduced reactlon, aud up to. 9 channels. in the 16O case. Evaporatwn

channels of two, three and. four. partxcles were Jdenhﬁed The cha.n.nels with, }ngher

" .cross SECthIlS were P, p2n 2pn fer nearly the entu:e energy range a.nd x{or 2p2n),

o pn N p2n and a2p. ar. the Eughest energms These z:esult.s are in: agreement wﬂ:h
the pred1ct1ons of the evaporatxon code PACEI‘) T_he_eva.p_oranon cmes sections
determmed.by the off-beam method correspond to the pn, 2pn, a.nd cx.r'z channels

for 0 and p2n and epn. for the “N case.. TableQShows the measured fusion

cross sectmns for the 14\ and’ 16O md.uced react:ons

The e 11nes of the 5900 nucleus, correspondmg to mela.stlc exc1ta,t10ns, were
found to be of very small intensities’ and/or: not: resolved from transﬂ:mns of the

evapora.tmn cha!mels (1098 keV and 1190 !\eV) or strong background hnes (1460 keV

from "°K} As a consequence, the meiast:c scattermg cross: secnons were: not deter-

- mmed in this work.




'I‘wo transfel: channels were 1dent1fied and had their cross sections meastred for _

cross sectxon swas determined by the line of 133‘? !\eV eorrespondmg to the: 2+ — 0+'

energy regrou of the: detected ¥ rays and: therefore we could nofisay:: anythmg about.._

ensfer chamle[s i, both ‘4N and 1‘30 mduced

its: cross sectron For all the other;

, he pper lumt for thexr Cross sectlons
could be estlmated from the analysxs of the. gamma—ray spectra tos he in the. ra.nge
o from 2.0t 5. 0 mb a& energres close. to the baIrlers The: measured transfer cross

-sectlons to .excrted sta.tes are presentec[ i table 2.

2.2; ELASTIC SCAT’I‘ERING '

detectors
to be neghgrble as. already observed mth the T method Two other detectors were
placed at’ :I:25° and ‘were used as momtors The elast:c scattermg of th:s system
has been prevmusly sf'.udled by Tannous et al 13 at bomba,rdmg energres from 36 to
56 MeV w:th angular steps larger than in: thls work The a.ngular d1stnbut10ns af
. Elab = 40 1'\/EeV of both works agree very well

e —1p. channel wa,s ldentlﬁed by 3 transxtlons of the 6"Nx nucleus, and its

mh el gy resolutxon of 500 keV The me[astsc scattermg peak was found-

3. Analysis of the Fusion Excitation Function by Barrier Penetration
Models

3.1, UNIDIMENSIONAL PENETRATION MODELS

‘As a preliminary analysis of the fusion excitation functions, only the data cor-

Tesponding to’ ¢ross sections’ above 50 mb were considered, in order to derive the

barrier pa.ramefers- Vs, R'B-.'aﬁd“uﬁw 'the height, raLd.ius and curvature of the barrier,

) _respectrvely, by the use of umd:mensronal barner penetration models {UBPM). Cal-
.cula.tlons were performed w;th the nuclea.r potent:a_ls of Krappe-Nix-Sierk (]E{NS)14
“and: the pro:nmlty potentral of B10ck115 The va!ues obtained are shown in table 3.

" The free pa.rameter Ar 1s the va.rxatron of the radius of each nucleus, needed to

reproduce the data at hlgh euergles The mean- values of the barrier parameters

'obté,ined from a 'systematic stridy of Vaz et al. 16 for Vg and Rp, and Reisdorf
et al.; 17 for . hw “are given in table 3 . From the tabie one can see that the barrier

- parameters are’ uot very sens1twe to the partrcula.r form of -potent:al used

For the 16(}+5QCo system, Where there are fus:on data at sufﬁcrently low. energy,

'one can determme tlie asymptotic. energy Shlft ADexp deﬁned a.slS the energy shift,

at very low. energles ‘needed in the- UBPM calcula.tlon to force agreement wzth the

‘expenmental data. A value of: ADexp = 1._25 iO.IU '\erV was found-.' 'le,ls quantlty

can be. used’ as & measure of- the fusioh"cross section enharicermént; 'a systematic

19

study shows that it mcreases w1th t.he s1ze of the sysf:em The" analy51s of the

. quant_lty_ = A-Déxp[%- can-_be,- h_owever, e.- m_ore-_ _smtable:way.: of ‘measuring the

relative itaportance of the fusion..cross section énhancement.  For the - $04+%9Cq"
system, n = 4.1%; which is a iarge'value,_eve_n_ when corﬁparedwit_h”mueh' heavier

systems. .



e

3.2. ADDITIONAL DEGREES OF FREEDOM
'The. first: éﬁpfoach. used to- tryﬁ'.t'o'e.xpia.in the: sub-barrier. fusion cross. section

O, whiere the dynaxmcs of the

enha.ncement.iva;s‘ the. "Noﬁg model‘-lwith' 'déforfnatibn
system-is.considered: through an eﬁ'ectwe deforma.txon of: the colhdmg, nuclel whlch
accounts for the surface vlbra.twn of the- nuclex {dynammal deforma.tmn) and changmg

onenta.tlon (statw deformatlon) For sphenca[ pro_]ectxles there are four pa,ra.meters

in this model the: three

Coulomb"ba.rr r; 7_ I'o .

ftee parameter the:

the. targe& nucleus ,ngong .
a.llowmg sma]l vana.tions i the pre—deterrm

Powong: The value: of ﬂzwong obtmned from the best ﬁt must then be compared

with: the: pred.tctxons from other methocls such : ',-_Coulomh excltatmn and: sca.ttermg,_._

of hght. pa.tf.lcles- . For botl: systems studled the denved values of 52w°ng were .

1dent1cal thhm the error bam‘ 1 266 :I:O 025 a.nd 0 263 o 017 for 150 and: “N

induced: rea.ctlons respectwely

. The deforma,tlon of the 5900 nucleu.s was dermed from: the e:q:»ressxon21

(mr/sk)‘”(Qam

where. Qi is the intrinsic qua.drupole moment and Rﬂ_ =1 2A‘/ 3. From the value

of: (QO/Z) RD 8.8 1@'2 22 one obtmns Bz (59Co) = 0 116; whmh is much smaller

_than the va.iue Bg\fv.m5 needed” to ﬁt the data One canw conclude that the Wong

model does not:give. s reasonabie (iescmptlon of" the fusxon da.ta for the systems, as

.can be seen’ Etom ﬁgure ;'where’ the:large. dashed lines are- the predzctmns of this

- model” when: one. uses---the-deformatlon'value ,82" (“960} The Associated, aSVmptOtIC

energy shift for the- 180459Co system- is ADW(,“S =0.25 MeV much smaller than'
the expenmenr.al one.

- Another: degreeof-.fre_edom'muet',..ther'éfc')re,__'_con_trib'ute to:the enﬁa.nt_:e'r_hent_ of the

' s.ub«barrier:._f#sion cross-section” . We, Heve.:_applie_d-- the 'liqm_d- drop: model 'epp:oech,_

9

: rier shapr para,meters obta.med from the da.ta a.bove the.
ective :qua.drupole deformatlon OE '
The ﬁt-o the: fu exc:tatxon"_ unctlou iis. performed bV :

.barner parameters, and w1th the f]:ee

e

developed by Aguiar et al.}¥ where the neck formation is considered. with the net
effect. of decreasing the fusion barrier by an amount AB. In this model a neck
coordinet_e is introduced and it is shown that the system finds no barrier for a motion
a;l_ong.'the-neck when it has enough energy to reach a certain critical separation which
is leré;er tl_ﬁm the fusion barrier. The authors suggest that this effect describes the
background behavior associated with the bulk properties of nuclear matter, and that
it ,d_e.peo_e_is on the size of the éyst_ero. Stroo_g_ collective eoupli_ngs would be responsible
for_, soroe extra enhancement.of the fusioﬁ.cross.secti.on. _ From a systematic study
of hea\_ry. syst en}élg they. associate :t_he quantity. AB- with the general trend of the

E:;:;')erimental asymptotic energy shift -ADexp ‘and parametrize AB by the expression

AB=0006C%"MeV: o Ty

' 'v_vher.e' ¢ is.a measure of the size of tl-'fe system....

As the effects of the nuclea.t structure of the CO].llS.lOIl nuc1e1 for 160'{'5900 did
not:. .appear to be 1mpox:tant one should expect from the Ilquld drop. model, that

ADB,‘lJ would be a value close to, that predn:t.ed by expressmn (3) . Actually, for

this. system C = 13 8 a,nd the va,Iue of, AB whlch will be called ADneck in this

paper, is 1. 13 MeV whlch is-very ciose $0 ADyp = 1. 25i0 10 MeV The dynamical
deformatlon of the nucle1 contnbutes with & sma]l energy. shlft ADV\:,,,,E =0.25 MeV.

Therefore, one; can. conclude. that for this light system: the neck- forma.twn is the
rﬁam reason for-the sub: ba.rner fusion. enhancement.. -

In.t-he_ n_extrstep. of the analysis-we perform coupled channel.calculations, with the

_ aim of _uﬁders_.tar;ding_ the fusion process by a more microscopic approach, and trying

to. show the equivalences of the Wong m_odel._and-. neck formation, process with the

coupling of inelastic and transfer channels, respectively.

10




- ' '4., Cqupled;'glr_annel.Calculations

' 4 l COUPLING OF INELASTIC CHANNELS

hen ne coup[es 1nela.st1c channels Wlthm this

ndent barner The C C treatment has

: 'a.nd he 'ﬁrst; four xc1ted states of the 0o target “The B(EZ) and B(E3) values

M

the uéualf refatiéns

.expressmns " The. smgle couphng which gwes the [argest fusmn enhancement is the

the couphng strengths wére a.lso obtamed from the usual

- _9/2 state of the 59Co nucleus, at E = 1190 keV whsch has a relatrvely strong E2
. .tran31t1on (ﬁ: =10 1054 from ref 26) .

Figure 2 also shows the results of the coupled channel calcula,tmns for. both sys-

.'tems The asymptotn: shifts . AD,H were fou.nd to be, O 078 and 0. 058 MeV for.
the ‘160 and 1‘*N induced: reactions, respect:vely When one couples only the'i in- .
: 'elastlc channels_ cr_)rrespond-mg to. the exc1tat1ons of targ_et, thh_ the strqng_e_st- B(_E2) :

values; the calculatfqns lead essentially to the same-reeults; showing that. there is no

need to couple too many: weak channels: One ca,nfsee't_hat,- as in the. Wong model,

1L

the coupling of inelastic channels underestimates: the experimental fasion eross sec
tions, and that transfer channels should also be .coupled in order to try to fit the
data. As expected both approaches lead to similar results. within the Binitations
and; a,pprommat]ons usedl, _

The failure of the coupling of melastlc channels and the Wong niodel to predict tl.
exp_erl_men_tal fusion cross sections are consistent with the observation of very small
in‘elastic'cross sections .which are both caused by the small collectivity, of the **(C'o
nucleus, glvtng rise to weaI\ tra.nsxtlon probabilities B(E2). The neck formation. or
a]ternatwely, the couphng of tra.nsfex channels, should he, in this situation, the nrain

reason for the fusmn cross sectlon enhancement

4 2 DETERMI\TATION OF TRANSFER FORM FACTORS-
The main uncertmntles in the ‘coirpled channel treatment Whlch includes trans-
fer channels; are the transfer form factors which should be used. In the following

we use a sunphﬁed -serruclass_lcal-formahs'm, suggested by Corradi-et al.2% and im-

proved by Winkelman et a1.2‘5" to extract, a.pproximateljr, the form factor for different

transfer ‘channels which had thieir cross sect1ons measu.red or upper limits estimated,

Additional mforma.tmn commg from XD mental a.ngula.r distributions of elastic

scattenng, Wh.rch are; aval!a.ble for ne of the systems studled are also used.

- Witle sermclassmal cond1t10ns fulﬁlled (Sommerfe[d parameters arcund 20), one
can: c0n51der loca.hzed classxcal tra;ectones and as the orbits remain outside the

range of niiclear forces, Rutherford orblts e be assumeci although corrections due

' ‘to: the tail of the: nuclear potentlal are a.lso mtroduced As a consequence, only the

‘exponential tails. of; t_l_l_e fcrrr__x fector_s_ a_re r_e[evant to.:the following analysis. At low

energ_ies.,.not_toe_.mnch a_bcve.the Cdulbmb._ba.rri_er,_the following ansatz for the form
factor is'made:. _. ’

F(T) = Fu(tp(r /'")exp(~0(r -D )) , NG

where D= d (.4.1"’3 +. A %}:is a’ core paramieter, o is ‘the slope parameter. Fy is

the form fa.ctor constant and’ go(r} isa smooth functzon which limits F(r) . towards

C 12

3



_ factor :

:The ca.lculatrons were. performed by_ he

a maximum close to- the Coulomb b'arrier' The va.lue of F.;. is deﬁned when one
norma.hzes the transfer cross sectlons predlcted by thxs formallsm to. the mea5u1ed

ones. In the followmg we. descube brreﬁy the procedure used. to extract the form

: BTRAI\:S code27

In & general sxtuation one: deﬁnes the absorphmn probabrlrty as:

. -'_P;(G).‘.'

This: proba.bmty depends on: the dlstam:e of CIosest approac.h D{G) a.nd 1t can be

parametmzed neglectmg rambow eﬁ'ects as :

(.D D). E P(D)_o

(6)
(D: <D <D) a(D)=1—((D Dc)/(D De))**(ow Dn

where D; —,d (All 3 + AI/ 3) is the absorptmn d]Stﬂche parameter and s is the

absorpt:on slope at D The para.meters d" and: & can be derwed from the

d : The.‘value of. d‘n; =] 74 fm is: extracted dlrectly from the ﬁgure Two dlﬂ'erent

fits were: made (1) followmg the prescnptlons of references 24 and 95 -the value of
de = 1.40 fm was kept fixed, because thls is the value found for: several other systems,
the—-ﬁt leads to: .8 = 0 66/fm : (n) d

‘_:was set as: free pa.rameter, when the values
ok de = 1425 fm and s=0 61/fm were found:; Both ﬁts are sumlar, within the

exper:mental EITOLS. Runnmg she: SBTRANS for. both sets of values .the ﬁnal fesults

for the form fa.ctors were found to.be: almost unaffected as.could be e\pected since. .

most: of the transfer events occurs at dist‘.ances much Earger tharr D, . The first set

was. used in the following; analysxs

’\/Iore general and detmled descnptmns a.re found. it references ‘?4 and 25,

: __:f'dJelf.d?'B‘-mh- T B (5) -

The slope parameters of the form factors are calculated from the binding energies
Eg, through the expression oy, = (2mEg)'/?/h. These values are corrected, to take
into accourrt. the dependence on the excitation energies, by averaging the values of
. at the initial and final reaction ch‘murels. Excitation energies up to 10-MeV were
considered and a simple weight function: p(F;) = 1/MeV was used. The corrections
lead to.average o which are typically of the order of 5% smaller than the ground
state value gy For charged pj_articletransfer cha,nnele, corrections ar’e made to the

binding energies, in order to take into account the Coulomb barrier and the Coulomb

_. ﬁeid of the: appmachmg; nuc[e1

Thls treatrnent is. vahd only for smgle step transfer processes. ) HoWeveL it. has
already been shown"s that when, projectile and. target are not deformed a‘sequential

transfer of two single nucleons. obey_.-the_ relat:on @opual = 2G1mel. As' ne1ther of

the nuclei involved in this work is 'deforrﬁed, we have used this relation todetermine

the. slopes. for transfer. of two protons. and two neutrons. For the tra.nsfer.- of pn

“we have c0n31dered two. different. situations:. a sequential tra.nsfer, where the. slope

- is defined as ﬂ‘pn = oyt oy, ‘and:‘the. transfer of one deuteron where the binding -

energv has been corrected as, BE(d) = BE'(pn) —2.2 NIeV The d1ﬁ'erences were not; -

) pronounced and in the followmg analy31s, the direct transfer is assumed For the

transfer of one alpha particle, a. dzrect tra.nsfer was conmdered w1th the correction
of the bmchng energy as BE(a) BE(?p‘?n) — 28. MeV.
The value_ of y is obt_amed from the valies of the experimental cross:sections.

for th_e_ channels which have been measured, or their upper limits estizated from the

_ background analysis of the 7 spectra, for the other channels. The .calc;ul_ation.s were

performed at Fl., = 34 MeV and 40 MeV, for the N and %0 induced reactions,
respectively, energies close to the Coulomb barriers.  The estimated upper limits for
the._trar_rsfer- cross sections to excited states were in the range from 2.to 5 b for the

different channels considered.
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- transfer 'er )

In order to take into.account the contributions of the transfer cross sections which
feed directly-the nuclei ,gromd_ states, a.correction factor f was introduced. As
an example; for the: ®Ni4588N; systems, transfer cross sections were measured by

29

both gamma “and: partu:le7 detectmn, and: f was found: to be as large as 2.0 .

_74 3 COUPLING OF TRANSFER CHANNELS

)15 +59Co system ‘ _
From table 1 one can see. tha.t all the transfer channels con51dered have large
' 'negatzve; Q‘gg.-,\ra.lues,__but. that: thére: are: two channels, —« and —p, which have
. positl-ve: Q,_,.— Jx-va.lues (4 865 and. 0:28 MeV/ res'pectively) From the experimental

.'spectra. no: trausfer cha.nnel ‘could be- ldentlﬁed and only estxmates of upper lmuts

- could be nade:; Wlth the initial value of 25, mb for the: cross sect1ons of. all the

transfer channels con31dered onl_v for four strxppmg channe!s (—a —1p; —"IJa —d)

the SBTRANS code founclva.lues of Fo which we. could accept as reahstlc {F(rb) > i0.
were:- re;ected where F (rb) Is. the form factor at. the barner) Runmng ‘the’ CCFUSB .

code the very wea.k Jnﬁuenoe of the twor chan.nels thh negat:ve Qi _f-values ( 2p .

and:- ——d’) om: the fusmn Cross: sect]on came out and therefore only the —o a.nd —p

_ chanmnels wer cons1dered in the followmg analysls Calculations were performed for

1on in, the ra.nge frorn 2 5 ('.cr 5.0 mb correspondmg to a correction

factorof 1. .<. 2.0 : It is mterest 'g_to note that' the transfer of smg[e nucleons

(-i—p, +n) do not mﬂuence mg;mﬁcantly tl‘le fus1on cross sectlon for this system
In order to havean idea about the role of the couplmg of each cha:unel on the fusion
process, calculs.tlons have been perforr_ne_d-,mth the coupl:ng of 1nelast1c channeis and
' eacli of. these transfer channels ' For' th'e o, the average. transfer distancé was
: denved as (dt) '=1.59. fn, the slope of ‘the form factor as. {a) = 1-.o5/fm and_the
asymptotic shift _of_the;fusm_n cross section as AD(—a) = 2114 MeV for f : 2.0,
_corresponding to-a form: factor at the barrler of F (rb).'¥.~ 0.54 M_e_l_f. This value

of AD:: is.quite large when cor.upahred_:'rvith the one obtained: only with inelastic
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couplings (ADy, = 0.078 MeV).” For the —p channel the vahies obtained were
(di} = 1.67 fm, (&) = 0.675/fm, F . ry) = 0.17 \lr"\f' 4anri AD, l'ﬂpl = 0,105 MeV,
When botk transfer channels are coupled one chtains AD, = 2,135 ) if f=
and 1.673 MeV if f = 1. The two dashed curves in figure 4 correspond to the
results of such couplings for f =10 and 2.0. respecti\'el:r.

b) HN45Co system

For this system we should not be able to follow the same procedure of
analysis because there are neither elastic scattering nor low energy fusion data avail-
able.. However; there should be no problem in using the same absorption paraimneters
obtained from a sm’ular system due to the fact that small variations do not have
a large effect on the determination of the form factors. Moreover, in this case,

two transfer channels were ideritified experimentelly-, the ~1p and —1n, and there

" are four chianmels with -posltiVe'Q'gy'- and Qef f-values'(see table 1). Therefore, it is

worthwlule to denve the. transfer form factors and to study the predictions of the role
play ed by those cha,nnels i the fuslon cross sectlon by coupled channel calculations.
Runmng the: SBTRANS code “seven transfer cha.n.nels were selected: —1p, —1n,
—d —a, +ln +1p, +d Runmng the CCFUSB for each of the channels separatel}!
only three of them cammie out as responsxble for a reasonable enhancement of the sub-
barrxer £usxon eross sect1ou Mlp, -—a! +d Actually, when these three channels are
coupled to tl’!e fuston, the results are essentlally the same as when one introduces the
seven channels ORI .
The “in- ‘channel,'rueasurecl :e)r'perl-:uent'auy-does not ola}-' ‘an important role on

l'uslon at sub-batrier 'energies" ' It-ha's a le.r'ge average transfer distance. of the order

Cof. d =1.72 fm, a smal.l slope para,meter (a} =0. 50/fm, and a negatne Q(fr value.
—3.0 '\/[eV ' : '

The single channel r__esponsible for the largest eont_ribution to the fusion enhance-
ment is the d (AD& =433 MeV. _ for Fre= 2), which has the largest ngf-value

(+7.9 MeV), a relatively .s'hort-'average transfer distance ({di} = 1.65 fm) and a steep
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L=

- xmporta.nt doorways to fuston, and as: for the

N 5. Suml‘nary émf Com:lusmns

form factor. (o) =1. 24/fm). At the barsier its form factor i F(ry) =.0.426 MeV.

o :_Secondly comes: the' +d channel thh the same transfer d1stance, Q,_, £ f = +2 9. MeV .

2, The ? j

Fxgure 4 also shows the =

fo m'quahtatwe undex:standm" of the process The tra.nsfer of

one deute:ou, 1ead1ng to mtermeclmte pro_[ectxlesr 3as and 4 are predlcted to be

proton als6. pla.ys some; role 011 the fusmn, el

Fusmn exclf:a;tmn Eunctlons were mea.surec{ fo:: the N :_

near, barner energ1 and for the: latte also, at sub barne:: energles Slmulta.neously,

_ t.ra.nsfer cmss sectlons to exc:ted states of the —lp and —1‘11. channels were measured =

of theu: cross sectlons est.una.ted Elastxc Sca.t.termg for the _ 16O-P"’;Co system _

iscussion. w1ll be focused on, the 160-{-5960

system:: ; The ﬁrst y mportant fa,ct 1o mentlon is: that, the: sub ba.rnex fusmn CTOSS

sectlon enhancement for th!s hgh('. system was fou.nd t.o be as Jmportant as for heavy—

.ones, as ewdenced by the iarge value of i (the relatwe lowermg of the Coulomb. .

ba:ner needed to- ﬁf. the expenmental da.ta) T :

The predmted enhancement of the i'usxo cross secmou for a 5pher1ca1 PI'OJECtJ.Ie‘ .

- and a target w1th small coIlectwn.y wheu one; ta.kes mto account the dynemu:al defor-

_ couphng o Vthe mela.stxc channels-andrthe _-—d +d —Ip transfelr_

O ‘ot the fusmn eross sectmn As there .

160 pro.lech[e the stnppmg of. one

‘(’)+5900 systems at

i -__.ea.ctlons and other transfer cha.nnels had the upper limits -

- mation of the nuclei (Wong model) or the alternative approach of coupling of inelastic

channels are similar and very small.. Nevertheless. a large fusion enhancement may
arise from the neck formation process, or, from a microscopic view, the coupling of
transier. channels.

" In order to.understand the role played by transfer channels on the fusion, several

parafn_eters must. be considered, as the effective (-value of the reaction, the average

distance at which the transfers occur and the strength and slope of the form factors.

For both systems studied in this. work, the transfer of charged particles acting as

" doorways to fusion seems to be the main process responsible for the fusion enhance-

.. ment, especially the stripping of multi-f}uc_leox1s in which the form factors rise steeply

at small dis;ances and the effective Coulomb. barrier is considerably lowered.
It is interesting to. try to understand the whole reaction process in terms of dis-
tance parameters: for this system the Coulomb barrier is at 7, = 1.48 fm; absorption

starts toloccur ab: d, = 1.74 fm; the everege_ transfer distance for the —a channel is

{dy} = 1,59 fm; fusion starts to oceur a.t.,.'T_f a.s_far_ as 1.52 fm (from reference 9). The

stripp_.ing,of one alpha par.t.icle from the 4o projectile, a._f relatixlzely short distances
is, therefore an Jmporta.nt doorway to fusmn
The hquld drop approach to the neck formatton and the coupling of transfer

channels are shown to be equ:valent as well 2s the Wong model and the coupling of

1ne1a.st1c channels

The _'f:o_nclumons obtained by the pr_esent .analysis are in agreement with the ones

'ebtaiﬁed..by the alternative forma.lisrﬁ.of.direct reactions developed by Udagawa and

. .collebo_ratorsw where it was found? that, for the 80+%Co system, the part of the

imaginary potential which accounts for the fusion is of long range, of the order of the

_ Coulomb, barrier.. . The. additional attraction in the incident channel, giving rise to
“the sub—_b_arrief_fus_ion. cross section enhancement can be understood as a consequence
* of strong absarption leading. to. fusion under or even outside the Coulomb barsier.

~ During the multi-step.fusion process a neck is formed.
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FigHF‘%-Gapti.onS- B Table Captions

F1gure 1 - Reduced fusmn excltatlon functions for the “N+%Co  system, taken as Table 1 - Ground state transfer Q-values (Qyy ) ond effective transfer Q-values (QGejr=

16(y4. 59 1 I
) reference and for the 150 +%Co; “The solid line Sho_ws Fhe prediction of the Qe + AE.) for transfer channels of one and two nucleons and one alpla

. KNS n‘.lodei.. IR G o . ' particle for the N, '80.1%Co systems. " Stripping Teactions are iidicated

' C Ce T ‘ o by () and pick up reactions by (+).
o Fxgure 2 Predml:mns from the uncuupled calcuja.hons (sohd lines), inelastic channels
‘ COU-PI’DE; calculatlons (sma.ll dashed linesyand the Wong model (large dashed Table 2 - Fusion and transfer cross sections measured for the N, 160+"’§C0 systeimns.

hnes) for the 16C)~4—°9Co and’ ”N+59Co systems 4 _ =
i Table 3 - Barrier parameters obtained from the fusion data above the Coulomb barrier

FLgure 3 Elastic over Rutherford dxfEerenf.xa}, Cross: {Sections as a. funct.:ou of the reduced by different unidimensional barrier penetration models, and values cbtained
d.lStElI!.CE of closest: a.pproach for, the 16O+59Co system at Eu, =40 MeV. from the svstematics.

The open squaxe da.ta a.re ta.ken from reference 13

Figure 4= Céﬁple& channel'ca.lculationsfer"the 160 and MN4+%Co. systems. The full
"+ curves: are, the resu.lts thhout,couplmg The dashed curves are the results

of the couplmg of melastu: and transfer channels, as described in the text.

93 ‘ ' 94"




o

Table 2

 Tahle.1

YN 4 #Co. %0 + ¥Co _
Qoo I+ Qs (A7 Qers

MeV . MeV MeV MeV
—1n — 3.06 - 290 .. - 817 —~ 8.32
—1p .+ 198 a0 | - 239 - 028
“la | - 583 +025 | - 138 + 486
~2n. . | -13.800° | o —13.45 —12.07 ~12.39
~2p | i85 | o 440 | - 800 108
—pn ;4:_{_4._8\65- ol 775 561 ~ 289
i | to0ss | oo - 631 | —617
g | — 007 [ 281 -673 | -~ s8I0
e _-'_2.531_- RS Y E -9 a3
R Y T P — 684 - 6.58

- .+2p. U125 L1776 —14.79 -19.67
+pn + 5.55 + 2.95 — 7.66 - 9.07

Ba*| Eosr | o/(%0) | o0*N) | eul 3N} | au(LHN)
MeV MeV ‘mb mh mb mb
32| 2530 ' 75+ 4.5 5111 | 12404
3¢ | 2630 | 0.5+0.1
27.02 103+ 12 7014 | 41410
35 27.10 | 3.8+0.6 '
36.5. | 20.06 299 + 40 0+2 | 70%L5
40 31.00 88 +14 . _
31.90 558 4 68 WE2 | 6518
45 | 3596 130475 043 | 100£25
48 1 3840 | 901 + 80 21 4 4 110425
50 | 39.00°| 527+63 | | -
51 | 40.83 9614 80 %44 | Utd
56 | 44.90 11134113 W44

*Not corrected by the energy loss in the target.
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Table 3

huw

MeV

CSystem | Potential |V
MeV

80 + ¥Co | KNS | 3054
! Proximity 30.56

J Systematics 30.39

UN 4+ %Co | KNS ' | 26.09
Proximity | 26.13
Systematics ! 26.57

e

3.41

'3.63

3.32
3.50
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