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We calculate the  elastic deu te ron -SSNi  scattering at 80 MeV, 52 MeV and 21.6 MeV in the f ramework of  the  three- 
body model with the adiabatic approximat ion.  The contr ibut ion from the s-wave and d-wave breakup channels  is quite im- 
por tant  and that  from the g-wave breakup channel  is very small. The calculation including these effects is found to give a 
good account  of  the elastic d -S S Ni  scattering at 80 MeV. The agreement  between the calculated and the observed cross 
sections is fairly good at 52 MeV, bu t  becomes poor at 21.6 MeV. 

The effect of the deuteron breakup on the elastic 
deuteron-nucleus scattering is important, since the 
deuteron is a loosely bound system. Investigations of 
the elastic deuteron-nucleus scattering including the 
breakup effect have been performed by many authors 
[ I - 4 ] .  Although the straightforward coupled-channel 
approach has been found applicable to the breakup 
effect, it requires a large amount of numerical work 
and the convergence in the actual calculations is not 
quite clear. This is especially the case if the effect of 
the d-wave breakup channel which has been pointed 
out to be important is taken into account [2,3]. In 
this paper, we will treat the effect of the d-wave and 
g-wave breakup channels as well as the s-wave breakup 
channel in a much simpler way than the previous in- 
vestigations by using the adiabatic approximation [5] ,1. 

In the three-body model, a deuteron-nucleus 
scattering system is assumed to consist of a proton, a 
neutron and an inert target nucleus. The three-body 
wave function ~t'(r, R) satisfies the Schr6dinger equa- 
tion 

,1 We are grateful to Professor R.C. Johnson  for informing 
us of  this reference. 

(Tk +Hpn + V ( r , R )  - e ) q ~ ( , , R )  = O,  (1) 

where r and R are the relative and the center of mass 
coordinates of the p - n  system with respect to the tar- 
get, Hpn = T r + Vpn is the hamiltonian of the p - n  rel- 
ative motion, T R is the kinetic energy operator of the 
center of mass motion and V(r, R )  is given by the sum 
of the proton-target and the neutron-target poten- 
tials evaluated at half the incident energy of the deu- 
teron. The spin-orbit potential is neglected to simpli- 
fy the calculation, and its effect will be briefly dis- 
cussed later. If the deuteron incident energy is suffi- 
ciently high, the p - n  relative motion is slow com- 
pared with the p - n  center of mass motion. The adia- 
batic approximation consists of neglecting the excita- 
tion energy of the p - n  relative motion, and eq. (1) 
becomes 

(T  R + V(r, R )  + e d - E)q~(r, R) = 0 ,  (2) 

where Hpn has been replaced by a constant ed, which 
is the binding energy of the deuteron. The interaction 
V(r, R )  can be expanded, 

V(r, R )  = 4 r r ~  Vx(r , R)(Yx(t* ) • Yx(R)). (3) 
x 
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The total wave function qs(r, R) is written as 

*(r, R) : ILJ ×tLJ (r' R)[Y/(t~)' YL(R)I j " (4) 

We solve the coupled equations for XILJ with a fixed 
and J, and obtain the r-dependent t-matrix TJL,,IL(r). r 

The deuteron wave function contains an intrinsic d- 
state as well as the s-state. In the absence of the spin- 
orbit potential, however, the additional effects due to 
the intrinsic d-state contribute only incoherently and 
are expected to give minor corrections. We theretbre 
consider only the intrinsic s-state. Then, the elastic t- 
matrix T including the breakup effect in the inter- 
mediate stage is given by [5 ], 

T : f T(r)l(Pd(r)l 2r2dr ,  

T(r) : L~(2L + 1)TLL,oL(r)PL(COS 0), (S) 

where ~b d is the ground state deuteron wave function. 
The numerical calculation can easily be performed by 
using the conventional coupled-channel program with 
a slight modification. We calculate the elastic deuteron 
scattering from the 58Ni target. The optical potential 
parameters of nucleon-58Ni are taken from refs. [6] 
and [7], which were obtained by a systematic search. 
For the coupled potential of eq. (3), Vo(r, R), V2(r,R ) 
and V4(r , R) are included. The coupled equations are 
solved with the d-wave (/= 2) and g-wave (I = 4) break- 
up channels as well as the s-wave (l = 0) breakup chan- 
nel by using the coupled-channel code CCSEARCH 
[8] ~2 with a minor modification. The t-matrix is cal- 
culated using eq. (5) where the Hulthen wave function 
is used for 0d(r). 

Figs. 1,2 and 3 show the calculated and observed 
elastic cross sections of the deuteron scattered from 
58Ni at 80 MeV, 52 MeV and 21.6 MeV, respectively. 
In all cases, it is found that the cross sections obtained 
by the present adiabatic method are appreciably dif- 
ferent from those for the Watanabe potential [9] 
(folding potential) which does not contain the effect 
of deuteron breakup. The effect of the d-wave break- 
up channel is found to be fairly large. On the other 
hand, the effect of the g-wave breakup channel which 

~:2 This program is a version of JUPITOR-I wri t ten by T. 
Tamura  modif ied to make automat ic  parameter  search. 
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Fig.l. Elastic cross sections of deuteron scattered from 58Ni 
at 80 MeV. Solid and dashed lines show, respectively, the 
cross sections obtained by the adiabatic method  with the s- 
wave and d-wave breakup channels and with the s-wave break- 
up channel only. The d a s h - d o t  line illustrates the  cross sec- 
tion for the  Watanabe potential.  The experimental  data are 
taken from ref. [10]. 

is not illustrated in the figures is very small. In the 
case of E d = 80 MeV, the cross section calculated by 
the adiabatic method with s-wave and d-wave breakup 
channels (solid line) is found to be in good agreement 
with the experimental data [10]. The cross section ob- 
tained by the Watanabe potential (dashed-dot line) 
is too large except in the forward angle region. Adding 
the breakup channels changes the cross section to- 
wards the experimental data very nicely. Fig. 4 shows 
the elastic scattering matrices at 80 MeV. One finds 
from this figure that the absorption increases as the 
breakup channels are added and that the effect of the 
d-wave breakup channel is small in the inner region 
(L ~< 12), while it is appreciable in the surface region 
(14 ~< L <~ 22). These features of the S-matrices are in- 
tuitively reasonable. In the surface region (14 <~ L ~< 
22), which is the most important region in determin- 
ing the cross section, inclusion of the breakup chan- 
nels changes the S-matrix towards the values calcu- 
lated by the phenomenological optical potential (serie 
1 of ref. [10]), which reproduces the experimental 
cross section quite well. 
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Fig. 2. Elastic cross sections of  deuteron scattered from 58Ni 
at 52 MeV. The experimental data are taken from ref. [ 11 ]. 
See the caption to fig. 1. 
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Fig. 3. Elastic cross sections of  deuteron scattered from S8Ni 
at 21.6 MeV. The experimental data are taken from ref. [12]. 
See the caption to fig. 1. 

In the case o f E  d = 52 MeV, the cross section ob- 
tained by the adiabatic method with s-wave and d- 
wave breakup channels gives better agreement with 
the experimental data [11 ] than that with the 
Watanabe potential in the forward angle region, but 
gives poorer agreement in the large angle region. The 
cross section obtained by the adiabatic method with 
the s-wave breakup channel only, reproduces well the 
experimental data in the large angle region, while the 
inclusion of the d-wave breakup channel gives too 
much reduction of the cross section around 0 = 60 °. 
This seems to suggest that already at this energy the 
adiabatic approximation overestimates the absorption 
due to the breakup effect for the partial wave con- 
tributing to the scattering angle 40 ° ~< 0 <~ 80 °. 

Similar features prevail at lower energy. The cross 
section at 21.6 MeV obtained by the adiabatic method 
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Fig. 4. Elastic S-matrices of  deuteron scattered from SSNi at 
80 MeV. Solid and dashed lines show, respectively, the S- 
matrices obtained by the adiabatic method with the s-wave 
and d-wave breakup channels and with the s-wave channel 
only. Dash -do t  line and full circles illustrate the S-matrices 
for the Watanabe potential and the phenomenological optical 
potential of  ref. [10] (serie 1), respectively. 
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gives a fairly good account of  the experimental data 
[12] in the forward (10 ° ~< 0 ~< 40 °) and backward 
(90 ° ~< 0 ~< 140 °) angle regions but deviates largely 
from the data in the region 40 ° ~< 0 ~< 90 °. The results 
of  other approaches are available at this energy. The 
work by Johnson and Soper [1 ] seems closest in spir- 
it to ours. They used the adiabatic approximation only 
for small values of  r, for which Vpn(r ) was appreciable, 
and used the so-called factorization approximation 
for the transition potential between the ground state 
and the continuum states of  the p - n  relative motion. 
Their result on the effect of  the deuteron breakup is 
qualitatively similar to ours but a detailed cdmparison 
is not possible, since they used a different set of  pa- 
rameters for the neutron-58Ni potential [13]. This 
is also the case for the coupled-channel calculation by 
Rawitscher [2]. A direct comparison is possible be- 
tween a similar calculation by Anders and Lindner 
[3] and the present one. Their result obtained with- 
out the adiabatic approximation gives larger cross 
sections in the region 40 ° <~ 0 ~< 90 ° in better agree- 
ment with the data, although the qualitative features 
of the breakup effect are similar to those of  the pres- 
ent work. This again suggests that the adiabatic ap- 
proximation tends to overestimate the breakup effect. 

All of  the above results are obtained by neglecting 
the spin-orbi t  potential. We include the spin-orbit  
potential into the Watanabe potential to examine its 
effect. The inclusion of  the spin-orbit  potential at 
80 MeV is found to change the cross section only 
slightly in the forward angle region, while the effect 
seems to become more important at large angles. We 
therefore expect that the effect of  the spin-orbi t  po- 
tential will not be very important in the forward 
angle region in the present adiabatic treatment. 
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