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Effect of nuclear absorption on nucleon transfer probabilities in heavy-ion reactions
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We perform a classical dynamics study of the proton transfer reactions measured t6€#¥€’Au and
160+1%Au systems. The nuclei are assumed to move along classical trajectories, and the proton transfer
probability is considered as a tunneling process around the point of closest approach. The absorption due to the
imaginary part of the optical potential also is included. At the highest energies considered, several trajectories
contribute to each scattering angle. The contributions associated to the different trajectories are added to obtain
the proton transfer probability. We find that, for a properly selected value of the strength parameter in the
imaginary part of the optical potential, the theoretical results fit adequately the experimentally measured
values.[S0556-28136)04212-4

PACS numbes): 25.70.Hi, 24.10.Ht

I. INTRODUCTION Il. THEORY

L . . We assume that the nuclei move along classical trajecto-
. Heavy-ion induced ”a”SfeF reactlo_ns at Iarge mtern_uclea]ries under the influence of the Coulomb and the real part of
distances have been a subject of interest in the field of,o yclear optical potential. For the latter we use a Woods-

nuclear physics in the last years. One of the features that hag,, o shape with radius and strength calculated as in Ref.
drawn special attention is the behavior of the transfer prob[5]:

abilities as a function of the distance of closest approach,
which shows an exponential falloff when one or two neu- R=R,+R;+0.29 fm 1
trons are involved in the reaction at large distandes3].
The theoretical description has been done in the fram
v_vork of _classical trajecto_ries and tunneling through a po_ter_1- Ri=(1-233%1/3—0-98%_1/3) fm %)
tial barrier around the distance of closest approach. Within
this semiclassical model, the exponential decay constant igng
determined byk=+2uBgs/h, whereu and By are the re- _
duced mass and the effective barrier height to be traversed Vo=167ryRa MeV 3)
by the transferred particle, and is independent of the beam
energy. with
One- and two-proton transfer cross sections in the —Z \[N.—
12C+197Au and %0+ °Au systems were studied recently at y= 0_95{ 1— 1.8( P p) ( P p)
the TANDAR laboratory at bombarding energies ranging Ap Ap
from 56 to 82 MeV and 74 to 110 MeV, respectivdl§]. 4
The data were obtained by grouping events in angular bins
4° wide. At each of these energies, angular distributions of — RyR;
the ejectiles have been measured and the differential transfer R=e 7 R’
cross sections as a function of center-of-mass angles were P
presented as transfer probabilities versus distances of closashere we have taken a diffuseness= 0.7 fm. In this equa-
approach,Dg,, calculated assuming classical Rutherfordtion A,,Z,, andN, are the mass, atomic, and neutron num-
trajectories. In this presentation it can be seen that, for thbers for the projectile, whereds,Z,, andN, are the corre-
higher distances, the slopes decrease when the beam enesponding quantities for the target. In this case the actual
is increased, in contradiction with the semiclassical interpreapsidal distanc® is obtained by evaluating numerically the
tation of the transfer as a tunneling process described aboverbit under the influence of both the nuclear and Coulomb
In this paper we reconcile the semiclassical picture with thepotentials. It is well known that when the nuclear force is
trend of the slopes as a function of the beam energy in théaken into account, there can be more than one trajectory
measurements of Ref4]. which leads to a given scattering angle.

eWith

MeV fm~=2 (4)

®
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FIG. 1. The survival probabilitja,,d?> as a function of the FIG. 2. Deflection function for thé®0+*%7Au collision at the

apsidal distanc® for the %0+ 1%7Au system aE,,= 75, 90, and  beam energy of 110 MeV. The solid line is obtained when both the
110 MeV. The cutoff in the curve & ,,= 75 MeV corresponds to Coulomb and the nuclear interactions are taken into account and the
the distance of closest approach for this energy. dashed line is obtained when only the Coulomb potential is consid-
ered.
We consider the absorption due to the imaginary part of

the nuclear optical potential between the colliding partners. Ro( 2 12
The probability amplitude for survival from absorptien,, SZZJ (7[U(f)+BE] dr. (10
can be calculated g$] R1
—1 (+= In the regionUg+ Bg <0 the potential barrier relevant to the
Aaps exp{ 5 f W(t)dt), (6) transfer process can be approximated by an inverted pa-
o rabola, allowing us the use of the analytic expression of Hill-

Wheeler[ 9] for the tunneling probabilit
whereW is the imaginary part of the nucleus-nucleus poten- 9] gp y

tti)‘;j/lllthFe?rr ;Tgl;;i;?;ll?;%e distanced, can be approximated Pun={1+exg2m/ho(Ug+Bg)] (11)

W) = W(r (1) = WoelR 102, (7 Wi
. ﬁ2 dZU(RB) 1/2

beingW, the strength ofV. To calculatea,, from Eq. (6), ho=| - — (12)
the internuclear distanagt) was approximated by their ex- po o dr?
pansion around the point of closest approach up to second
order in the time, as done in R¢f7], which gives We have taken

~W, [2ma [(R-D) U(r)=Uy(r)+UyD-r), (13

Aaps= EX —eX , (8)
h o a
Ui(r)=Uc,(r)+Uy,(r), (149

wherer  is the acceleration at the point of closest approach.

The bombarding energy dependence of this probability isyhere the subscripts 1 and 2 refer to the donor and acceptor
shown in Fig. 1, wher¢a,pd 6)|? is plotted as a function of cores, respectivelyD is the distance of closest approach
the actual apSidaI distané® for three different energies for between them, and is the Spatia_| coordinate of the trans-
the %0+ "Au system. ferred particle with respect to the donor cotde, is the

The probability for tunneling through the transfer POteN- 4 lomb potential andJy. the nuclear potential generated
tial barrier was determined similarly to R¢8]. Denoting by . P
QY the corei over the particle. For the proton case to be

U(r) the potential which actuates over the transferre idered bel h oo ¢ d

nucleon andRg the position where the potential barrier f;;eSIthieCOUFO%VE, ;\)Agelrﬁizl ta: t?]r:tsggﬂgcrjgtgd Eyé]éa:harge d
hes it i =U(Rg), and beingBg the bind- :

reaches its maximunt)s=U(Rg), and beingBe the bin gphere of radiu®,=1.25(A,— 1)** fm and the nuclear part

ing energy in the donor nucleus for that nucleon, we use th ; . .
WKB approximation wherUg+ Bg>0 as a Saxon-Woods potential with radius parameger1.2
BITETE fm, diffuseness,=0.63 fm, and depths

Piun= |atun|2:(1+es)71 9

Np—Zp+1
Ug,=|51+33——"—| MeV. (15)

in which Ap—1
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FIG. 3. One-proton stripping probability as a function®f,,,  Which thus is employed in the remaining calculations pre-
for (a) the %0+ 197Au collision at beam energies of 75, 90, and 110 sented in this work.
MeV and (b) the >C+1%7Au collision at beam energies of 57, 70,

and 82 MeV. Full circles are the experimental data of R&F.for Il. RESULTS AND DISCUSSION

E.,= 110 MeV (82 MeV), open circles for 92 Me\(70 MeV), and

triangles for 75 MeV(57 MeV) for the %0+ 1%7Au (*2C+197Au) Now we consider the one-proton stripping channel in the
system. Lines are the theoretical results of this work for the corre*%0+1%’Au system, for which the binding energy is
sponding energies. Bg=12.128 MeV. The transfer probabilities are calculated

as described in the preceding paragraph for beam energies of
The proton transfer probability for a certain scattering7s, 90, and 110 MeV. At the beam energy of 75 MeV, which
angle was obtained by adding the contributions associated ig close to the Coulomb barrier in this case, the deflection
the different trajectories which lead to the same angle, i.e.,function is essentially unchanged with respect to that calcu-
) lated by consideration of only the Coulomb potential, but the
i situation is not the same at the highest energies. As an illus-
Pul(0)=| 2 aun( )aad O)e™ ") . 18 tation, we show in Fig. 2 the deflection function for this
system at 110 MeV. We can see that when the nuclear po-
In the expression aboveb(6) stands for the total phase tential is taken into account, this function is very different
(Coulomb plus nuclearassociated to each trajectory. They from the corresponding one in the case of Rutherford scat-
were calculated in the WKB approximation as described intering. Several trajectories can contribute to the same scat-
Ref.[10]. This prescription contrasts with the one employedtering angle, and to each of them corresponds a different
by Kim et al. [11], which does not consider the absorption distance of closest approach. We note that negative angles
due to the imaginary part of the optical potential. cannot be disentangled experimentally from the positive
The interference between the contributing trajectoriesones. The only free parameter in our calculation is the depth
gives rise to an oscillation pattern in the calculated angulaof the imaginary part of the optical potential, which in this
distributions, which depends strongly on the system, bomease took the value diV,=33.89 MeV.
bardment energy, and angular range under consideration. In In Fig. 3 the experimental data of R¢#] for the transfer
the case of thé®0+1%"Au system at 110 MeV, in the angu- probability are plotted as a function Bfg,,, the distance of
lar region where the amplitude of the oscillations is maxi-closest approach calculated for a Rutherford trajectory at the
mum, their period is about 5 deg. At lower energies the osgiven angle for the'®0+7Au and ?C+'%Au systems
cillations become much smaller, and are not noticeabl¢Figs. 3a) and 3b), respectively. In view of the previous
below 85 MeV. When taking into account the width of the considerations about the influence of the nuclear potential in
experimental angular bing deg in our casgthe averaging the trajectory, we have to keep in mind ti2,, is not the
of the theoretical transfer amplitudes almost completelytrue distance of closest approach, it is only a parametrization
obliterates the oscillations, and results in a transfer probabilef the scattering angle. Also shown are the theoretical results
ity that approximately coincides with that obtained from thecalculated as described above and scaled by appropriate fac-

incoherent sum of the contributions, tors. We found that the theoretical expectations are in good
agreement with the experimentally measured. In particular,
we see that the semiclassical calculation can reproduce the

Pu(6)~2 Pu(0)[aand )|, 17

energy dependence of the slopes at the larger distances. A
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similar agreement is found for th€C+ *°’Au system Bg = IV. CONCLUSIONS

15.957 MeV using the prescription for the optical model  The semiclassical model of nucleon transfer reactions can
parameters given in Sec. Il, and the same valu&Vgf see  be reconciled with the energy dependence of the slopes of
Fig. 3b). one-proton transfer probability versbDg,;, measured by To-
This resolution of the apparent discrepancy between thenasiet al. [4]. The fundamental point is that, as a result of
experimental data and the semiclassical model is a conséhe nuclear interaction, the deflection function is very differ-
quence of the modification of the classical trajectories withent from the case of pure Rutherford scattering. Several tra-
respect to the Rutherford orbits due to the nuclear interactioffctories correspond to a given experimental angle, each of
(including absorption This can be seen clearly in Fig. 4, them with a distinct distance of closest approach. Moreover

whereD, the true distance of closest approach, is plotted aghere are some t_rajectpries having _different absorption at the
. X ! . Same actual apsidal distances, which strongly influences the
a function of Dgyy, for the two highest energies considered

b h ies this f o tivalued: aEansfer probabilities. This behavior determines the energy
above. At these energies this function is multivalued; sever ependence of the slopes.

trajectories correspond to each scattering angle. In our calcu- | \would be interesting to perform experiments similar to
lation of the transfer probabilities, only those trajectoriesingse of Ref[4], but with better angular resolution, in order
with D greater than 11 fm contribute to the scattering amplio measure oscillations in the angular distribution. As we
tude. The other three trajectories correspond to a completgave seen in the present work, these oscillations are averaged
absorption of the projectile. out when grouping over large angular bins.

Figure 4 also shows that the true distances of closest ap- According to our estimates, an angular resolution of
proach for the reactions &, = 90 MeV and 110 MeV are ~0.5° (i.e., approximately one-tenth of the calculated pe-
very similar forDgy> 14 fm. This indicates that the tun- riod) should be sufficient to observe these oscillations at en-
neling probabilities are, correspondingly, very similar. How- ergies well above the barrier. The resulting data should pro-
ever, since the absorption depends on the bombarding energide a more stringent test of the models employed to
through the acceleration at the point of closest approacHescribe these reaction processes.

o, Eq.(8), the proton transfer probabiliti®, are different The authors acknowledge financial support from
in these cases. It also should be pointed out that absorption fsepECIBA and the Programa Ciéfito-Tecnolaico
more important in the branch of trajectories for whioh- CONICYT-BID (Uruguay (H.D.M. and R.D), I.C.T.P.
11.5 fm, leading to the paradoxical result that the largestr.D.), and the Brazilian National Research Couri€INPg
transfer probabilities correspond to the largest valueB of (R.D.). Two of us(J.O.F.N. and A.J.lPare members of the
This could explain the slope dependence on the beam energ@yonsejo Nacional de Investigaciones Ciécéis y Tenicas
as it was observed experimentally. (CONICET), Argentina.
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