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Coupled-channels analysis of®Ni+ 12%Sn reactions
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Measurements of multineutron transfer reactions®iNi+'2/Sn collisions are analyzed in a simplified
coupled-channels model. Successive one-neutron and direct two-neutron transfer couplings are included ex-
plicitly, together with 2° and 3~ excitations of projectile and target. Capture reactions, i.e., fusion and
deep-inelastic reactions, are described by ingoing-wave boundary conditions. Quasielastic charged-particle
transfer reactions are not treated explicitly but are simulated by a weak imaginary potential. The model
provides a comprehensive description of the measured reaction and elastic scattering data, from far below to
well above the Coulomb barrier. We find that subbarrier capture rates are enhanced by couplings to neutron
transfer channels but the enhancement is not as large as caused by couplings to low-lying surface modes.
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I. INTRODUCTION data that were measured lafa2].
The two-neutron transfer data that now have become
Complete measurements of all reaction channels ivailable for the syster®®Ni+12Sn[8] allow us to calibrate
heavy-ion collisions over a wide range of beam energiesthe direct two-neutron transfer coupling more accurately, and
from far below to well above the Coulomb barrier, are avail-the issue concerning the influence of transfer reactions on
able only for a few systems. One example®f#i+'2%Sn.  subbarrier fusion, which has often been debated in the litera-
Here measurements of fusion-evaporation resid{igs ture(see, for example, Ref6]), can therefore be addressed
fusion-fission[2,3], and deep-inelastic reactiof8] have  With some confidence.
been available for some time. Single-neutron transfer data In the next section we present the assumptions made for
exist down to energies far below the Coulomb barfgb].  our coupled-channels calculations and discuss how the pair-
One- and two-neutron transfers, as well as elastic scatteringiansfer coupling is calibrated. Detailed comparisons to neu-
and charged-particle transfers, have also been measured wpn transfer data are presented in Sec. lIl. Elastic scattering
above the Coulomb barri¢6,7]. Recently, multinucleon, in and absorption cross sections are discussed in Sec. IV. Fi-
particular multineutron, transfer data have become availablgally, we discuss in Sec. V the enhancement of subbarrier
at energies close to the Coulomb barfig. fusion that our model predicts.
All these data present a challenge to theory, and it is of

interest to try to develop a model that can account for the Il. SIMPLIFIED COUPLED-CHANNELS APPROACH
data in a single, consistent calculation. This is quite difficult .
in a coupled-channels approach because of the large number-r::e framefwork (cj)f'thg coulgleg—_chznne_lls. calt;ljJOIat|IC)qs that
of channels that are involved, not only with respect to th We have performed Is described in detall in R: . Itis

eaased on the rotating frame approximation which allows us

number of mass partitions but alse with respect to the broa 0 reduce the number of channels for each inelastic excitation

Q-value distributions that have been observed for each ma%%r single-nucleon transfgof multipolarity A, from A +1 to

partition[8]. . :
One model that has been applied successfully to hean2"€ effective channel. Here we include the four channels

ion reactions at energies well above the Coulomb barrier igssomated with .the excitation of the Iowe_ét dnd 3 states

based on semiclassical thed§j. The model has, however, in the two reacting nuclei. In our calculations of fusion pre-
some difficulties at energies near and below the COU'°m§i2;§$£s§ec' V we also include two-phonon and mutual
barrier, where quantal tunneling plays an important role for Lo .
the fusion of the two systems. In this paper we adopt %The excitation of the 2 and 3~ states is generated by

coupled-channels approach. To make it feasible we have %l]m?l_rﬂb and lrjucletar wt:;atlonalbcouhplmg? as cée;crtlﬁed In
restrict the number of channels that can be included and lim - /e coupling strengths can be characterized by the am-

these to~ 20 plitudeso,, = B.R/V4m, and the values we have used are
The mode.l we use was developed earlier to analyze fusio uoted in Table I. The Coulomb excitation is calculated to
data for different nickel isotopdd0]. These fusion datiL 1] irst order in these amplitudes, whereas the nuclear couplings

exhibit an isotope anomaly with an unexpected large en?'® calculated to second ordeee Appendix A of Ref.13)).

hancement for the®Ni+Ni system, which could only be
explained by postulating a direct two-neutron transfer cou-
pling [10]. The model that was developed reproduced the The ion-ion potential that we use is given by
one-neutron transfer and the inclusive elastic scattering data
that had been measured slightly above the Coulomb barrier.
It also predicted surprisingly well the pure elastic scattering

A. lon-ion potential and absorption

~ 1+exp[(r—Rp)/a]’

u(r) @
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TABLE |. Excitation energies and coupling strengtirs, for TABLE Il. Spectroscopic informatiofl6,17] for the reaction
the Coulomb(Cou) and nuclearnuc) excitation of the lowest 2 1245 (%8N, 5°Ni) 12%Sn used to calculate the form fact$fs], which
and 3~ states. The Coulomb coupling strengths have been detecontain the normalization factos: N. The neutron separation en-
mined from knownB(E\) values. The nuclear coupling strengths ergies of'?Sn and®Ni are 8.488 and 9.000 MeV, respectively.
for 58Ni are from Ref[14], whereas those fot?’Sn have been set

equal to the Coulomb coupling strengths. AZ (M) E* (MeV) S AN
12

Nucleus A™ AE,, (MeV) B(E\) (€2 b") o5 (fm) ol (fm). %Sn h11/ 0.000 4.50 13.6
dap 0.020 3.00 14.9
BNi 27 1.45 0.068 0.24 0.28 Si 0.139 1.90 15.6
3" 4.47 0.019 0.27 0.27 dsys 1.325 6.00 13.8
125n  2* 1.13 0.166 0.16 0.16 59N P32 0.000 0.59 10.5
3" 2.61 0.073 0.18 0.18 for 0.339 0.71 9.2
P12 0.465 0.52 10.3

P32 0.878 0.10 10.5

whereV,= —84.35 MeV,a=0.687 fm, andRy=10.59 fm.
This is close to the empirical interaction of R¢L5] [see
their Eqs.(40),(41) and(44),(45) in Chap. 111.1] but the total that the total absorption cross section, generated by this
radius R, has been increased by 0.14 fm so that we get &maginary potential and by the ingoing-wave boundary con-
realistic description of the measured subbarrier fugimee  ditions, reproduces the sum of the measured fusion, deep-
Sec. \). The Coulomb barrier height produced by this poten_inelastic, and quasielastic, charged-particle transfer cross
tial is Vcg=158.5 MeV. It is noted that this barrier height is Sections. In Sec. IV we show that this is achieved\iy=
slightly lower than the 160.2 MeV obtained from the real —7 MeV. It is noted that this imaginary potential is much
part of the optical potential which was used in Rgf] to ~ Weaker than the one used in REg]. The main reason is that
describe the elastic scattering BINi+ 24sn. we employ ingoing-wave boundary conditions, which ac-
Ideally, we would like to include couplings to all excita- count for m_uch of the absorption, whereas.the calculations
tion and transfer channels that are populated in the experRerformed in Ref.[8] were based on solutions that have
ments. One set of reactions that it would be difficult to in-regular boundary conditions at the origin.
clude is deep-inelastic reactions because they involve We shall always include this imaginary potential in our
multiple excitations and transfers. In a semiclassical picturecalculations, except when calculating capture cross sections;
they originate from trajectories that overcome the barrier ifhe imaginary potential is then set equal to zero, in order to
the entrance channel but somehow manage to escape befésglate the capture rate from the total absorption.
a compound nucleus is formed. A simple way to include S
them in a coupled-channels calculation, which is based on a B. Successive single-neutron transfers
restricted number of channels, is to consider them, together The single-neutron transfers considered here include tran-
with fusion reactions, as a part of a capture cross section. Weitions from the four lowesh;;,, ds/, S, andds, hole
adopt this view and simulate the capture processes bytates in'?%Sn to the four lowespay,, s, P12, andpas,
ingoing-wave boundary conditions. These boundary condiparticle states ir®°Ni. The spectroscopic factors forSn
tions are applied to all channels that are included explicitlywere taken from§,d) measurements ot?*Sn[16], whereas
and they are impOSEd at the local minimum of the Coulomhhose associated W|tF]9N| were taken from d,p) measure-
plus nuclear potential inside the Coulomb barrier. ments on®Ni [17]. We use the simple parametrization of
Our coupled-channels calculations include explicitly thegne-neutron transfer form factors developed by Quesada
excitation of the lowest 2 and 3" states in projectile and et al.[18]. All that is required to generate them are the spec-
target, and up to three-neutron transfer channels as describgdscopic factors, the single-particle binding energies in the
in more detail in the next subsection. We ignore couplings tanitial or final states, and the normalization fact@¥sN of

charged-particle transfer channels, partly because of limitahe associated wave functions. The relevant values are
tions on the number of channels that we can handle, anguoted in Table II.

partly because these channels are considerably weaker thana|| of these one-neutron transfer processes generate a
the neutron transfer channels. o  Q-value distribution that is reasonably narrow and located
It is useful, however, to have a realistic total reactionciose toQ~0. This was confirmed by coupled-channels cal-
cross section when calculating observables like angular digzyjations performed in the rotating frame approximation
tributions for elastic scattering and for one- and two-neutro 1), including all 16 transfer channels associated with the
transfer. In such calculations we shall therefore employ, iy initial and four final states mentioned above. B,
addition to the ingoing-wave boundary condition, a weak— 150 Mev, the averag® value was—0.3 MeV, with a

imaginary potential of the form spread of 0.7 MeV. The small spread in the calculated one-
) neutron transfeiQ values allows us to combine all these
W(r)= I Wo @) transfers into one effective channel with tQevalueQ,, =

~ 1+exp[(r—Rp)/al’

Here we use for simplicity the same radius and diffuseness as Fin(r)=Fey /% |Fm(r)|2. 3)

used in the ion-ion potential. The strendth, is adjusted so

—0.3 MeV and the effective form factor
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HereF g, (r) are the form factors for the 16 individual trans-
fer channels 8) mentioned above, with different multipo-
larities A. Only a slight scaling of this form factok ., = I

—
0.955, was required to reproduce the more detailed calcula- g
tion which included all 16 transfer channels. — § -—>
B e
—>

In order to describe multineutron transfers as a successivez ot
process, we need to specify the effective form factors@nd — 2"
values for the successive steps of single-neutron transfers3 o 0"
Here we assume for simplicity that the radial form of these =
form factors is the same as in the first step. Moreover, we &
truncate the calculations at the three-neutron)(&ansfer
channel and set th® values for the & and 3 channels
equal to the— 0.3 MeV that we adopted for thenlchannel. 51 ———-Qgq
To fix the strength of the effective coupling between the 1 ———-Qg
and 2 channels and between the& 2nd 3 channels, we
use the emplrlcal results of Refi19] Whlc.h show that the FIG. 1. Schematic illustration of the channels and couplings that
cross section for one-neutron transfer is determined by a . : ; . )

S . are included in the coupled-channels calculations discussed in Sec.
Gaussian integral over tf@-value window, from the ground

Il B. Excitation and single-neutron transfer are assumed to be inde-
stateQ value Qg4 to —. We therefore expect that thenl pendent processes. Each mass partitiom)( (i.e., 58"*Ni

transfer cross section _ ifPNi+*2%Sn  collisions qu: ~ +1%Xgn, withx=0,1,2 and B has five states which are coupled
+5.44 Me\) is about twice the @ transfer cross section in  py yibrational couplings as illustrated by the wiggly lines. Succes-
*8Ni+12%Sn collisions Qgy= +0.51 MeV). We can simulate  sjve one-neutron transfer couplings between similar states in neigh-
this expectation in our coupled channels calculations fohoring mass partitions are illustrated by double-headed arrows. The
8N+ 124sn by adopting the effective coupling dashed lines show the ground st@evaluesQq .

AYAYAY \Va¥) VaVaVaVal
ANAPNAANNANN

On in 2n 3n

Fonn(r)= V2% Fin(r) (4) The one- and two-neutron transfer data obtained in Ref.
[8] at the four energiek, ,,= 150, 153, 157, and 160.6 MeV
between the i and 2n transfer channels. The form factor are all plotted in this way both in Figs(@ and Zb). It is
that couples the 12 and 3 transfer channels is more uncer- seen that the data cluster around a common curve, onefor 1
tain and we have made the somewhat arbitrary choice transfer and a somewhat steeper curve fort@nsfer. The
two figures also show the results of calculations, which were
Fanzn(1) = V3/2X F1n(r). (5 performed at the same four energies as discussed below, and
In the comparison to data we shall therefore emphasize ththey are seen to exhibit the same feature. This way of plqt-
results for the B and h transfers t?ng'the data is therefore quite useful when testing or cali-
A schematic diagram of the c.oupling scheme we use isbratmg_the transfer form factors. ; ;
In Fig. 2(@) we show the results of calculations which

shown in Fig. 1'. We assume that inelastic excitation anq cluded the successive neutron transfer couplings described
transfer are two independent degrees of freedom and adoéLove and also couplings to thé 2nd 3~ states. To repro-

fche same set of excited states z_a_nd coupling strerigfiuen duce the 1 transfer data it was necessary to readjust the
in Table ) for each mass partition. We also assume tha

single-neutron transfer can take place from any excited stat%a“b ration factor in Eq(3) to e, = 0.81. We do not quite

in a given mass partition to the same excited state in th nderstand why this reduction is necessary, except that it
. . " may reflect a model dependence of the spectroscopic factors.
neighboring mass partitions.

A useful way to present the angular distributions for theWe note that such a reduction was not needed in the analysis

various multineutron transfer channetsr,,,/d(}, is to plot of th? neutron _transfer I1Ni+*Ni collisions[10].
. . . . " With this adjustment of the one-neutron transfer form fac-
them relative to the inclusive elastic scatteridg/d(}

S i . . ) tor, there appears to be a fairly good agreement with the 1
(which includes the elastic and inelastic scattexing transfer data, except at the smallest distances, where absorp-

do do’ tion starts to play an important role. While the 2ransfer
Pen=—" / — (6)  data also exhibit an exponential falloff at large distances, the
dQ d€ slope is clearly less steep than predicted by the calculations.

We take this as evidence for a direct pair-transfer coupling.
Another hint that pair transfer may play a role is the fact that
the measured 2 transfer cross sections are always enhanced
compared to the average exponential dependence of neutron
. (6") transfer cross sections on the number of transferred neutrons;
cf. Fig. 7 of Ref.[8].

This ratio represents, to some extent, a transfer probability. If
the transfer is a direct process, the falloff at large distances
will primarily be determined by the square of the associated A simple way to fix the above discrepancy for the two-
form factor. We shall not pursue the exact relationship heraeutron transfer is to include in addition a direct pair-transfer
but refer to Ref[5]. coupling of the form

as function of the distance of closest approabh,in pure
Coulomb scattering,

Z,7Z,€% 1
D= +—
2Ecm. sin (6¢.m/2)

C. Direct pair-transfer coupling



2404 H. ESBENSEN, C. L. JIANG, AND K. E. REHM

3 T T T T 3
: CE
1l T
0F 3
o= 10 g 3
of ]
4| l I L ]

10 >
12 13 14 15 16 12 13 14 15 16 17

D (fm)

FIG. 2. Probabilities, as defined in E@), for the transfer of one neutrqpen circley and two neutrongsquarey as functions of the
distance of closest approach in pure Coulomb scattering. The data points are from four different meas(8&raehts, = 150, 153, 157,
and 160.6 MeV. The curves are the results of calculations performed at the same four energies, including excitatioisanfd® atates
and successive neutron transfer couplif@sand including in addition the direct pair-transfer coupliftg.

-1
O :|
It has a form that is similar to a nuclear excitation form

factor, as proposed in the model by Dassal.[20]. TheV,
andR, are here the same as in the ion-ion poter(tla| but

est center-of-mass energigb0 and 160.6 MeYare shown
in Figs. 3a) and 3b), respectively.

The angular distributions shown in FigaB peak at 180°
as expected, since the energy is below the predicted Cou-
lomb barrierVcg=158.5 MeV. The h data point at 180° is
from Refs.[4,5], and it is seen to be consistent with the

the strengthw,,, and the diffusenesa,, will be adjusted. measurements of R€i8], which cover the angular range of
We include this coupling between the @nd 2 channels  98°—160°. At the highest energyFig. 3(b)] absorption
and also between thenland 3 channels. This is done simi- Plays an important role and reduces the cross sections for
larly to the way we included the the one-neutron transfehead-on collisions. In fact, the absorption aldine., from
couplings, namely, by assuming that pair-transfer and vibrathe imaginary potential2) combined with ingoing-wave
tional excitations are two independent degrees of freedom. Aoundary conditionsreduces the angular distributions sub-

r-R

d
an(r)=a2nvom 1+exp (7)

2n

reasonable fit to the data can be achievedafgy = 0.04 fm
and a,, = 1.1 fm. The result is shown in Fig.(®). The

stantially at 180°. This is illustrated in Fig. 4, where the
couplings to the 2 and 3~ states were turned off. When the

uncertainty in the fit with respect to the diffuseness is aboutouplings to inelastic excitations are turned on, as illustrated

10%. By comparing Figs. (@) and Zb) it is seen that the

in Fig. 3(b), this reduction is weakened and smeared out.

calculated one-neutron transfer probability is insensitive to The calculated curves shown in FiggaBand 3b) are
the additional pair-transfer coupling, except at the smallesgeen to trace therfand n transfer data quite well. The
distances. calculated 3 transfer is higher than the data at the highest
In the following we shall always include this pair-transfer energy, in spite of the fact that the data also include the
coupling in our calculations. It is actually a fairly weak cou- measured 8, 5n, and @ transfers. We shall not try to fix
pling, since the strength,, is much smaller that the corre- this discrepancy because the modeling of such higher-order
sponding nuclear coupling strength§\°, which are shown processes is very uncertain in a restricted coupled-channels
in Table I. However, the larger diffuseness makes it possibléreatment.
to generate a significant cross section. It is noted that the A comparison to the angle-integrated cross sections is
diffuseness,,= 1.1 fm is surprisingly large compared to the shown in Fig. 5. The dashed curves do not include the effect
value of 0.85 fm that one would estimate from the two-of couplings to inelastic excitations whereas the solid curves
neutron separation energy 6fSn. do. It is seen that the solid curves make a smoother transition
from below to above the Coulomb barrier, at least for the 2
and 3 transfers.
The solid points in Fig. 5 are the transfer data that were

IlI. COMPARISON TO NEUTRON TRANSFER DATA

Having calibrated the ion-ion potential, Eq4) and (2),
the single-neutron transfer form factors, E¢R)—(5) with
F.a=0.81, and the pair-transfer form factor, E@), we now

measured at energies well below the Coulomb bafdes].
These cross sections were actually extracted from 180° scat-
tering measurements by making a distorted-wave Born ap-

present a more conventional comparison to the data of Reproximation (DWBA) analysis[4,5]. The extracted cross

[8]. Since we truncate our calculations at the 8ansfer
channel, we compare the calculated results for thecl3an-
nel to the sum of the measurements of the 8n, 5n, and

section at 150 MeV is 25% below the measurement of Ref.
[8], performed at almost the same energy. This is somewhat
surprising because the 180° measurenidrH] is consistent

6n transfers. The results obtained at the lowest and the highwith the angular distribution measured in REf], as illus-



57 COUPLED-CHANNELS ANALYSIS OF%®Ni+1%%sn . .. 2405

10 T T T | 3 T T T T
@ 1 (b)

10

do,,/dQ (mb/sr)
Ll IIIIII

| ] | ] ] | ]
80 100 120 140 160 80 100 120 140 160 180

Om. (deg)

FIG. 3. Measured angular distributiofis decreasing orderfor 1n, 2n, and the sum of 8 up to 6n transfer reaction§8] are shown at
150 MeV (a), and at 160.6 Me\(b). The curves are the corresponding calculated distributions. The data péatan180° is from Refs.
[4.5]

trated in Fig. 8a), and both measurements are reproducediata points were generated from the Gaussian fit parameters
quite well by our calculated angular distribution. The dis-that were published. The agreement with our calculations is
crepancy is possibly due to the DWBA analygis5], which  surprisingly good, considering the limited number of chan-
may not simulate the actual absorption so well at this parnels we include in our coupled-channels calculations. The
ticular center-of-mass energy. behavior at forward angles is difficult to judge because the
The extracted f cross sections shown in Fig. 5 are also actual measurements would show a rise due to deep-inelastic
smaller than calculated at energies far below the Coulomiscattering[7]. The figure also shows that the elastic scatter-
barrier. Since the absorption should become insignificaning data are consistent with our model calculation.
here, a DWBA analysis should also become much more re-
liable. The differential cross sections that we calculate for
180° scattering are shown in Fig. 6, and they are in better
agreement with the data. These features reflect the fact that The inclusive elastic scattering d4i@| (i.e., elastic plus
the rotating frame approximation, which we make use of, isnelastic events with excitation energies up to 6 Mekat
quite accurate at 180° but the total cross section is too |al’gﬂ/ere measured at four beam energies near the Coulomb bar-

when theQ value is small(cf. Fig. 1 in Ref.[10]). rier are show in Fig. 8. The dashed curves are the results we
The calculated cross sections shown in Fig. 5 stay fairly

constant above the Coulomb barrier and they are in reason- 3
able agreement with measurementsEat, =168 MeV [6] 10
and 225 MeV[7]. A comparison to the A4 and 2h angular

distributions measured at 225 MeV is shown in Fig. 7. The

y{{o—J-_ 2
2
10 | | | T .

IV. ELASTIC SCATTERING AND ABSORPTION

/L
T I T I 77

: E g —o-7

[ ] c ]

- - bx 7]
510 - -
o 3 ]
E : -
a 1 ]
3 .
s -]
g 1 140 160 200 250

E m, (MeV)
FIG. 5. Total In, 2n, and 3 cross sections are showim de-
10—1 creasing orderas functions of the center-of-mass energy. The
80 100 120 140 160 180 dashed curves were obtained without any couplings to surface ex-

04 m. (deg) citations, whereas the solid curves include the effect of these cou-
plings. The low-energy i data(solid points are from Refs[4,5],
FIG. 4. Similar to Fig. 8) but without the effect of couplings and data at 168 and 225 MeV are from Rd#®,7], respectively.
to the 2" and 3~ excited states. The data between 150 and 160.6 MeV are fii@&h
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FIG. 6. Differential cross section fornltransfer at 180°, as a B¢.m. (deg)
function of the center-of-mass energy. The data are from Refs. ) . . . .
[4,5]. The dashed curve was obtained without any couplings to FIG. 8. The inclusive elastic scattering datalative to Ruther-

surface modes, whereas the solid curve includes the effect of theggrd scattering measured aEc, = 150 anc_i 160_'6 MeV[8] are
couplings. compared to the results of the full calculatiofs®lid curve$. The

dashed curves show the elastic scattering cross sections obtained

) ) . when the couplings to the*2and 3~ states are neglected.
obtain when we include only the couplings to the neutron

transfer channels in our coupled-channels calculations. Thgt large scattering angldsompare Figs. ®) and 4. The
solid curves are the inclusive elastic scattering diStribUtion%iscrepancy in Fig. 8 between the data énd the solid curve at
. ; o " .
\év? otbt?m yvhen .Wet.?lso |(rjlctlude ;[hTe_heXCItatlon of t:le:?nd i the highest beam energy may therefore partly be due to the
states in projectiie and target. 1hey are seen 1o trace ht%ct that we have neglected certain excitations in our calcu-

data quite well, except at the highest beam energy, where tr]gtions, such as two-phonon and mutual excitations of the 2

fgiﬁ;litﬁgled;smbu“on is below the data at the largest SCa%nd 3 states. We shall see in the next section that such

The solid and dashed curves in Fig. 8 are almost idemicag}xcnatlons have a significant influence on the subbarrier cap-

) . . o . ture rate.
at the lowest beam energies but inelastic excitations, whic The absorption cross section that our model produces
are included in the solid curves, are seen to enhance th&
n

inclusive elasti ttering at the highest beam enerai om the imaginary potential combined with the ingoing-
clusive elastic scattering at the nighest beam energies ang,, o boundary conditionds shown by the solid curve in

largest scattering angles. A similar trend was seen in th%ig. 9, as a function of the center-of-mass energy. It is to be

calculated distributions for neutron transfer, where COUp”ng%ompared as discussed in Sec. II. to the sum of the measured
to the 2" and 3~ states clearly enhanced the cross sections ' Y

s T T T 1 =
108 1 10°F 3
§ , 3 r ]
= 10 i T
£ 3 102 E
e} 4 E 3
210 4 = F 3
£ E E 3 H b
S ] 610 ¢ | E
‘ E - ]
3 o ]
] L ]
[ o 1 1 ! -
) E | 3
3 1 r ! ]
< 107 L ]
'g 10'1 | ) | 1 ] 1 | 1
-2 140 160 180 200 220 240
10
20 30 40 50 60 70 80 Eg . (MeV)

6c.m.(deg)
FIG. 9. Cross sections of fusion plus deep-inelastic scattering
FIG. 7. Angular distributions for therl (open circley and 2n (open diamonds, from RefEl,3,7]) are compared to the calculated
transfer(squaresreactions measured at 225 M¢Y]. Also shown  capture cross sectiofdashed curve The solid points, which in-
is the elastic scattering relative to the Rutherford cross sectiorlude in addition the measured quasielastic, charged-particle trans-
(solid points. The solid curves are the results of our coupled-fer cross sectionf7,8], are compared to the calculated absorption
channels calculations. cross sectiorfsolid curve.
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10° cross section obtained from the penetration of the one-
dimensional barrier, which is produced by the Coulomb re-
pulsion and the nuclear potentid)) and has a barrier height
of 158.5 MeV. The nextsolid) curve shows the result one
obtains by including all of the neutron transfer couplings
discussed in Sec. Il. It is seen that these couplings do have an
effect on subbarrier fusion, or rather capture. The next curve
shows the effect of couplings to one-phonon excitations of
the 2" and 3~ states in projectile and target. Here the en-
hancement is much larger. The highest solid curve shows the
combined effect of couplings to neutron transfer channels
; ; and to one-phonon excitations. The combined effect on the
?/' energy shift of the subbarrier capture rate is obviously not

1 "' L additive but somewhat weaker.

Finally, the highest dotted curve was obtained by further
including couplings to the mutual excitations of the low-
lying surface modes and to the two-phonon excitations of the

FIG. 10. Calculated capture cross sections are compared to the, This is ab he b lculati K
data for evaporation residufk| (open circley, fusion[3] (squarey states. This Is a OUt.t e best calcu _atlon We can make at
present. In fact, the radius for the ion-ion potential that we

and fusion plus deep-inelastic reactidB8$ (diamonds. The lowest . h M .
dashed curve is the result of the one-dimensional barrier penetrdl@ve used in all of our calculations was originally adjusted,
tion. The three solid curves show in increasing order the separa@S mentioned in Sec. Il A, so that the calculated capture cross

effects of couplings to neutron transfer channels and to the lowS€Ction was in reasonable agreement with the measurements.
lying 2* and 3 states in projectile and target, and finally the The same calculation has already been illustrated in Fig. 9
combined effect of these two sets of couplings. The upper dashe@ver the full range of energies, and it appears to reproduce
curve includes, in addition, the effect of mutual excitations 6f 2 the capture data quite well. There are, of course, uncertain-
and 3~ states and two-phonon excitations of the &tates. ties both in the datéfor example a 1 MeV uncertainty in the
center-of-mass enerd®]) as well as in the calculations due

fusion, deep-inelastic, and quasielastic, charged-particle0 model assumptions. Quasielastic, charged-particle trans-
transfer cross sections, which is shown by the solid points ifer. for example, may have some effect but it is expected to
Fig. 9. The depth of the imaginary potential was, in fact,pe smaller than the effect of neutron transfer.

adjusted to reproduce this sum at 160.6 MeV. This calibra-
tion is seen to make a very good prediction at 225 MeV,
where the measured quasielastic, charged-particle transfer
cross section was 38664 mb, and the fusion and deep-  Our coupled-channels calculations provide a comprehen-
inelastic cross sections were estimated to be 700 and 360 mgjye and fairly consistent description of many of the reaction
respectively{ 7]. and scattering data that have been measuretiNin+12‘Sn

The dashed curve in Fig. 9 is the calculated capture crosgollisions. They describe fairly well not only the one- and
section. It represents our most ambitious calculation which i$wo-neutron transfer data and tkiaclusive elastic scatter-
discussed in the next section. It simulates, as discussed eafig data, but they also reproduce the sum of the measured
lier, the sum of the measured fusion and deep-inelastic crogssion and deep-inelastic scattering cross sections that have
sectiong 1,3], which is indicated by the open symbols. been measured previously.

Our model calculations have still several shortcomings.
They are not consistent with the experimental observations
that the centroids of th@-value distributions move to higher

Since our model describes fairly well many of the reac-excitation energies and the widths increase with increasing
tion data that have been obtained®iNi+ 12Sn collisions, it number of neutrons being transferrgg. Neither do they
is now interesting to see the effects of the various couplings¢reat explicitly the deep-inelastic reactions that have been
on the subbarrier fusiofior captureé enhancement and, in observed. However, it would be very difficult to include
particular, to compare the effects of inelastic excitations andhese aspects in a realistic way in the coupled-channels ap-
neutron transfers. proach.

The results of various capture calculations are shown in Some of the quasielastic, charged-particle transfer reac-
Fig. 10. They were performed by setting the imaginary potions, which we have simulated by a weak imaginary poten-
tential (2) equal to zero. The data shown are the evaporatiotial, could in principle be included the same way we included
residue cross sectiolispen circleg[1], the fusion cross sec- the neutron transfer channels. That would be attractive in
tion (squaresobtained by adding the measured fission crossome respects. One could then avoid the uncertainty of em-
sections[3], and finally the capture cross sectiofdia-  ploying the imaginary potential and achieve a more consis-
monds obtained by also including the deep-inelastic crosgent description of all reaction channels, in particular of elas-
sectiond 3]. Here we only highlight energies near and belowtic scattering and capture reactions. The required number of
the Coulomb barrier, where the coupled-channels effects arghannels would become much larger but we do not expect
largest. that the qualitative features of our calculations would change

The lowest dashed curve in Fig. 10 shows the capturenuch by such an improvement.
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Our calculations show, in particular, that the couplings toeffect of the two sets of couplings on the energy shift of the
the neutron transfer channels do enhance the subbarrier cagbbarrier capture rate is not additive but somewhat weaker.

ture rates significantly in®®Ni+'2Sn collisions. The en- This work was support by the U. S. Department of En-

hancement is, however, not as strong as the effect of coysrgy, Nuclear Physics Division, under Contract No. W-31-
plings to low-lying surface modes. Moreover, the combined109-ENG-38.
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