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Reactions Between Medium-Mass Nuclei at Subbarrier Energies

H. J. Kim

Oak RSdge Na tionM Laboratory,* Oak Ridge, Tennessee 37831-6372, U.S.A.

" 0A number of dav_rse theories can account, to a similar extent, for experimentally observed
D large enhancements in subbarrier fusion cross sections. For example, coupled-channels, 1 neck-
, formation, 2 distributed-basTier, 3 and direct absorption 4,5 theories have been used with comparable

degrees of success to analyze the enhancement in _8Ni+SSNi fusion cross sections at subbarrier
energies. This example illustrates that, although necessary, fusion cross sections alone are not
sufficient to assess what really is the underlying enhancement mechanism.

Although their details vary, these theories share a reliance on interactions between the inci-
dent and one or more outgoing reaction channels to produce the enhancement. Being microscopic,
the coupled-channels approach requires interactions with specific individual exit channels, such
as inelastic and nucleon transfer. On the other hand, being macroscopic in nature, the r_eck-
formation and distributed-barrier theories treat the interactions in a more global way. Thus, in
addition to fusion, detailed studies of exit channels in general at subbarrier energies are very
much needed in order to develop a good theoretical understanding of how the enhancement really
comes about. However, only limited experimental data of this kind exist.

We present results from our study of transfer reactions between 5°Ti and 93Nb that pertain
to the subbarrier neck. Since the experimental arrangement used is the same as that of our
previous study, 6 only a brief description is given. Target and target-like ejectiles emitted forward
from the bombardment of thin (--, 30 t_g/cm 2) 5°Ti targets by 9aNb beams were first magnetically
analyzed and then detected by a hybrid position-sensitive gas detector system, which was placed
at the nominal focal plane of the magnet; ejectiles emitted at 10° _< 0 _< 20° angular range
were investigated at bombarding energies of 283.1,291.2, 273.2, 302.0, and 306.9 MeV. The c.m.
angular range and energies are 140 ° _<0 _<160 ° (for elastics) and 99.0, 101.8, 103.9, 105.6, and

I, 107.3 MeV. For reference, the potential barrier (Coulomb + centrifugal barriers) ranges from
108.0 MeV (at E = 99.0 MeV and 0 = 160°) to 111.2 MeV (at E = 107.3 MeV and 0 = 140°).

Only the products from the (5°Ti,tgTi), (5°Ti,5_Ti), and(5°Ti,5_V) single-nucleon-transfer
reactions were observed in the reaction-product spectra at E_._. = 103.9 MeV. Having a single
peak, which is centered around the optimum transfer Q-v,'due, the energy spectra for these single-
nucleon-tran_er reactions are normal at low energies. A drastic change occurs in the reaction
product spectra at higher energies. This is illustrated in Fig. 1, where a reaction product spectrum
at a slightly higher energy is shown. In addition to the abovenoted single-nucleon-transfer prod-
ucts, seven new products are seen in Fig. 1. Note that these new products result from channels
requiring transfer of two or more nucleons, here_ffter termed multinucleon tran'ffer. Typical energy
(or Q-vahm) spectra of the exit channels are ,dlown in Figs. 2-4. Tlle vertical lixie shown in eacll
spectrum gives the l)osition of tlm g.s.g.s, transitioil (O,_u). Noteworthy featllres of these spectra
are: (1)siIlgle skewed peak witll l(_w-_'nergy sll()ld_ler t)_lt c,'llt,ered or II_,arly centerc(1 aroun(1 Quv
dominat,_s the incidem, ai1_1ttl_, t,tlr_;,, siligle-mlcl_,()ll-traIlsfer ,oIlai_nelspectra; (2) a 1)r_a_l t)t_mp,
locat(_'(1away fro,,l Qv:_ t)y as ,,l,l('t, _ts_ 10 M,'V, claaract.,:riz,!s ali ,,,,,lti,aa,cl(.(,,a-t,,a,_sf,.r ('l,_,,,,_(qs;
a_(1 (3) t.ll¢'¢liff_'r_'I_('_,t_,.tw,',.,, tta,, ;tv,'rag,' a,,¢l g.s.g.s. Q-val,m g,',i,'rally i,_¢'r,.a._'s wit,ta _,,,_ab_'r
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For tile present considera-
tion, reaction probabilities and

_' apsid,xl dist,'mces (internuclear

52" _" '2 L ! _ dist,'races at the classical turrl-

, s3 ing point) are more appropri-
ate thaaa differential cross sec-

2 / tions, energies, and angles. Ac-

J cordingly, measured differential
_! cross sections are converted to

,_-

' 5_ corresponding transfer proba-

s,' Ec._'_07.aM,v bilities. (A det,'filed discus-

, _ _0 lo. 11.8,ml sion' of this transformation can
be found in Ref. 6.) Trans-
fer probability P vs apsidM dis-

' 1 _ 1_ _ I tance D plots for representa-

_" ,-,8-_, _ _' five reacticns are shown in Figs.
,0o 5 and 6. The straight lines

51 and (5°Ti,5]V) single-nucleon-

10 transfer results give the theo-

reticM slopes (semi-log plots) asI [ . I [ 1,1 given by the low-energy trans-
100 1_ 2oo 2_ _o0 _ _ lcr theory, namely the tun-

-_-q_c_,,,f_ nelling theory (see Ref. 6, for
example). Overall, expcrimcn-

Fig. 1. Reaction product spectra. Numbers accompanying peaks tal results do increase expo-

identify Cr (top panel), V (center panel), and Ti (bottom panel) isotopes ncntially with decreasing D in
for most probable charge state q. Primed numbers are for adjacent q's. a manner characteris*Ac of the

tunnelling process. Transfcr

probabilites for multinucleon-transfer channels are too small, and products from them were not

. observed for D larger than about 12.8 fm. This is illustrated by the (5°Ti,54Cr) case in Fig. 6.

However, the probability for all the multinuclcon-_ransfcr channels shown in Fig. 2 suddenly

becomes large and products from these channels become observable beginning at about D ==12.7

fm, as illustrated in Fig. 6 for the (5°Ti,_4Cr) c_Lsc. The magnitude of P for these channels are
ali similar for D < 12.5 fm.

The sudden appearmlcc of a multitude of reaction products with comparable intensities is

contrary to the tunnelling mechanisin, i.e., based on observed lp- and lh-transfer intensities, the

probability for transferring tbrec or more nucleons is less 0.03% in the entire D range according

to the tunnelling theory. One "night argue that, if, for example, populated by cluster tunnelling

(rather than by successive tunnelling), the probability for a particular channel can bc _ large

as the observed wdue, since such an alternative transfer process is not related to single-nucleon-

trmlsfer proces_scs. Ew:n so, it is highly unlikely that ali seven observed m_lltinucleon-transfer

cllannels happen to be' t)()i)lfia.t_:d by Sllcll mechanism. Nor is it likely that the' magnitude ()f
the r_'sultant I)robal)iliti¢_s for scve_ diii'credit ('taa:iamls w(n_l(l l)e si_ilar, _'ve_ if tlm a.lt_:rnative

me¢:t_a._fis_n did prevail. Fux't,l_w_ore, tlm' aw'r_g_,. Q-wd_es are _ch t,o() negatiw_' relatiw_ to Q:_:_

Tt,_ bi_xary xiat_lr_, a]_,_ tta_, va ri_,ty (,f _'xit cl_a_H_,,l:st_(,l)all_:t,_,(1a.]_l t,tl_' (Im_lI)i]]g i_a t,li,r ki_wt, ic

rea(:t.i()_ls (s_'.,'.\Vil('zy]lski, 7 fl_r _'x_._I_h'). I_l ;,. t.yl_i('al (l_'_'l)-i_l_'la._t,ic r_a(:t,i(_,, t.li,, f()r_lati()n ()f _

(laa*tsi-_l_,l_'c_h,-lik_ ' c_,_fig_r;_ti(,_ fl_ll,)ws t.l_,, i_itial l_r_l c(,_t.;tct, 1,_,t,w_,_,_it,lx_,.i_ci_l_,_t _l_ch'i; a._,l
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, it is the subsequent decay of this configuration, which favors channels where some nucleon, energy

and aalgular momentum were transferred, that populates binary exit channels. Tile kinetic energy

is damped by the friction that .'mecmpanies tile nucleon transfer while in the quasi-molecuhLr

configuration.
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• Fig. 2. Energy spectra for the incident and single- Fig. 3. Energy spectra of vanadium isotopes at
nucleon-transfer channels at Ec.m. = 107.3 MeV and Ec.m. = 107.3 MeV and OL = 14 ° .

0 L _- 14 °. The heavy vel:tical lines show the positions

OI Qgg.

Based on these close parallels between the present and the deep-inelastic reactions just

noted, it is very tempting to associate the onset of tlm multinucleon-transfer reactions with t,he

beginning, or early pha.se, of deep-inela.stic reactions. There are, however, outstmlding differ-
enc_:s in circumstmlees of these reactions which counter or weaken this a.ssociation. Foremost

among these circumstances m-v. the elmrgy regime and the angular range. Deep-inelastic reactions

typically occur at above-barrie- energies, lint the pr(.sent reactions were observed at sllbbarrier

energies; products from deeI)-in(:lastic ro.actio:.s are confined to a narrow angular range near tlm

grazing angle, b_lt the I)r(:sellt ()l)s(:rwtti(nls w('.re restricted to large back m lgles. The diff('r-

enc(" in en('rgy r(;ginms inll)li('.s a llard c()zlta.ct and a relativ('ly small internuclear set)aration f()r

(l(,el)-iimlastic r(.'a(:ti(nls vs ;t, s¢,ft('_rt(,l('ll a.}l(t larg(_r s('.I)aratioxl for the sld)barri('r r(,actions; tll('
(tiff(,.r(,11(:.oin anglflar ia.llg(' I)(',i't;dxls t();_, l)(,x-it)l_(_ral vs ;1.in()re ('(uitra l c()llisi(nl.

A silllI)le IIm('tlallisi11 t.llat, _iv(,s a (lllalit.ativ(' a(,(:()lllat ()f t,lfis as W('.llas tl._' fllsi()ll a ('Xl)('x'iI_w}lt

('a_ I)(. f(.lxa(1 i_ l()w-.,xl('x'/_y _,,{'k f(_r_l_ati(,_ t l.,()x'i(,s. '_,r' I_ th(,so tt_('()ri('s, a i_('(:k f()r_}ls (t_trix_g a,

lwad-()x_ ('()llisiox_ 1)('tw(;(u_ twavy i(.ls _lt, s_ll)l)_tx'ri('r cx}(,rgi('s, say, t.l_x'()_gla liq_fi(1-(h'()l) (,troct, s, as

t.l.' c.,)llisi(n_ i)art_wrs at)l)X-()a(q_t,l_,_t,_z,liz}g t)()ix}t wlwr(' t,l.'y ,_,z'('s('t);trat_'(l t)y ;t (',,rta,iz} critical
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distmlce. But tile neck configuration eventually either coalesces or reseparates since it is not
stable. Coalescence enha,nces fusion; reseparation enhmlces binary reactions, As for the case
of deep-inelmstic reactions, kinetic energies are damped by the friction encountered during the
transfer process while in the neck-formed configuration.

A vital link connecting the above-.
described neck formation to qua.si-elastic rcac-

10] tions was frst sugge:;ted in Ref. 8. In

t 54Cr
8 Refs. 8 and 3, Stelson analyzed fusion cross-

section data for projectiles ranging from 1_0
• 6 to 64Ni wit,h the distributed-barrier model,

4 where the fusion barrier is a distributed quan-

2 tity with a well-defined threshold and metal,
and found that the threshold energy required

0 is closely correlated to the separation cn-53Cr
8 ergy of the least-bound neutron of the pro-

_- jectile or target. From this finding, he sug-
z 6

gested that neutron-transfer reactions precip-
o 4 itate the neck formation as follows. The mech-

2 anism for transferring the least-bound neu-

0 I1 tron switches from tunnelling to free flow be-
ginning at the internuclear distance where52Cr

8 the tunnelling probability first becomes 100%
and thus saturates. The overlap of (neutron-

6 in_j_J_il nucleus) potentiMs becomes sufficient at this

4 dist_mce, and the tunnelling barrier vanishes
2 for the neutron, permitting its free flow.

The fusion threshold determined from
0 , T

200 220 240 260 280 300 measured cross sections for the present sys-
ENERGY(MeV) tem is 102.4 MeV, and the correspond-

ing distance where the neutron free flow
• Fig. 4. Lnergy spectra of chromium isotopes at begins is 12.6 fm. As cml be seen in

Ec.,,,. = 107.3MeV and 0L = 14° Fig. 5, the onset of multinuch.on-transfer reac-
tions occurs ne_ this distance also. The

proximity of t.hese distances is coIlsisteng with the neck formation being the underlying CRUSeof
enhancing, or boosting, multinucleon-transfer and filsion reactions aIld supports the sllggestion
that the ne_tron-transfer process is the catalytic reaction. In this connection, we note, in passing,
that experimental results (fusion cross sections and the sum of transfer probabilities) indicate the
neck coIdlguration is a.s likely to reseparate as coalesce near the onset, or threshold.

Altho_lgh a c()lnplete ml(t,_rstanding of reactions rei)orted here may be rts yet unrealized,
certai_l filldings uncow_re(t in this study can be exploited advantageously. As an examl)le, consider
tlle sllap_.' of s4C,r mid sgy mlclei at tlm moxne,nt of reseI)aration at a sllbbarrier eimrgy. Tllc
_tverage kilmt,i(" eIlergy c_f this exit channel is h;ss than that of the incident cllmmel, a.ltho_@l
tlm C(nlh_llfl_ relmlsi()n is stroliger, hl order for tllis t,(_t_aI)I)en, the iz_tcrmmh,'ar (tista_ce at t,h(_
_a()_(,_t, ()f S(,l)_trat,it)n ,_._',t, l_ave ])ee_ larger tl_a,z_tl_(',ai)si(la.1 (list,mace. wlmi'e t,l_'__wck f()I']_m(l.

Tl_is i_crc_.s,; i_ (lista_ce z_'c¢'.ssm'ilv,iznplies float ozm or b,,tl_ of the _'xiti_g nuclei ,t_''e. ve.ry nm(:l_
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