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Abstract. It is shown that the method of coupled discretized continuum
channels (CDCC) based on the three-body model for direct reactions is
very successful in explaining the following, recently developed
experiments using deuteron, GLi and 7Li projectiles whose breakup
threshold energies are very low: (i) Precise measurement of all the
possible analyzing powers in elastic scattering of polarized deuteron at
56 MeV, (ii) scattering of polarized deuteron at intermediate energies,
(iii) deuteron projectile breakup at 56 MeV, (iv) scattering of
polarized 7Li at 20 and 44 MeV and (v) projectile breakup of 6Li at 178
MeV and 7Li at 70 MeV. The CDCC analyses of those data are made
transparently with no adjustable parameters.

1. Introduction

Breakup processes of deuteron, 3He and light heavy-ion projectiles are of
current interest from the viewpoint of the three-body model for nuclear
direct reactions. Among the various theoretical approaches based on the
three-body model, the method of coupled discretized continuum channels
(CDCC) (Johnson and Soper 1970, Rawitscher 1974, Farrel et al 1976, Yahiro
et al 1982) has been recognized as a useful and practical tool for non-
Faddeev theoretical studies of scattering and breakup of the d, 3He, GLi,
7 Li and I 2C projectles (c.f., for example, review talks of Kamimura et al
1983, 1984, 1985; references therein).

In this paper we further apply the method of CDCC to the scattering of
d+ 5 8Ni, 2 0 8Pb at 56 MeV, <f+58Ni at 400 MeV and the scattering of 7£i+ I 2C
at 21 MeV and 7LJf+l20Sn at 44 MeV. We shall discuss the effects of the
virtual excitation and breakup of the projectile on the polarization
observables as well as the cross sections with emphasis placed on the
effective spin-dependent interactions induced dynamically by those effects.
The method of CDCC is known to be useful in describing the elastic-breakup
of light ions such as (d,pn) and (3He, dp) reactions (Yahiro et al 1984,
Kamimura et al 1984, Yahiro 1985, Iseri 1985). It is further tested here
for the elastic breakup of light heavy-ions in the reactions of
12C,208Pb(6Li,ad) at 178 MeV and ' 2C,' 20Sn(7Li,at) at 70 MeV.

^Invited talk given at the IUPAP Nuclear Physics Conference, Harrogate,
August 25-30, 1986
Presented by M. Kamimura
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2. Method of CDCC

We briefly sketch the method of CDCC taking the case of deuteron projectile
as an example. The hamiltonian of the p+n+A system may be given by

H " hd + TR + V + UnA ' (1>
Here h. (= Tj. + V ) is the internal tiamiltonian of the projectile nucleus,
and u . and U . are assumed to be the p-A and n-A optical potentials at
E =E =EP.72. The11 total wave function is expanded in terms of the complete
set of eigen-functions of the internal Hamiltonian h.. In order to avoid
the difficulty of solving the continuum-state coupled-channel equations, we
truncate and discretize the p-n continuum states as follows. The relative
angular and linear+momenta, a and k respectively, are restricted to £=0 and
2 (hence, I =1, 2, 3 ) and 0<k<1.0 fm . The k-continuum of each (£, I) is
discretized into a finite number of bins; four bins are quite satisfactory
for the CDCC calculation of elastic scattering, while eight bins for
breakup reactions (Yahiro et al 1982, 1984). The exact p-n wave function
is averaged within each bin. The averaged wave function is assumed to be
the wave function of the discretized breakup states corresponding to that
bin.

The form factors are calculated by folding U . and U into the discretized
states of the p-n system. It is top be stressed that there is
no freely adjustable parameter. We then solve the coupled-channel
equations which are similar to those for the elastic and the inelastic
scattering to projectile discrete states, and obtain discrete S-matrix
elements. Convergence of the elastic and breakup S-matrix elements was
examined successfully with respect to increasing 9. and k and
narrowing &k (Yahiro et al 1982). m a x m a x

Continuous S-matrix elements for the breakup into the continuum states may
be given, as a function of k, by smoothly interpolating the discrete S-
matrix elements with respect to k. The continuous S-matrix elements
immediately give the elastic breakup cross sections for (d, pn> reactions.
Observed breakup cross sections of '• 2C, s ' V,' ' 8Sn(d, pn) reactions were well
explained by the CDCC calculation (Yahiro et al 1984). The same treatment
has been applied to the projectile breakup of 3He (Iseri 1985), 6Li and 7Li
(Sakuragi, 1985, 1986, Sakuragi et al 1986c); it is assumed that the
projectile nuclei are composed of the d+p, ct+d and a+t clusters,
respectively.

Since the coupling to the rearrangement channels are known to be enough
weak for E >40 MeV (Kawai 1982, Kawai et al 1986), the rearrangement cross
sections may be calculated by Born approximation using the CDCC wave
functions (Iseri et al 1983, Iseri 1985 for (d,p) and (p,d) cross
sections).

3. Scattering of polarized deuteron at 56 MeV and 400 MeV

Matsuoka et al (1986) precisely measured the cross sections and the vector
and tensor analyzing powers of deuteron scattering at 56 MeV from several
targets. Their data for 58Ni and 2 0 8Pb targets are shown in Figs. 1 and 2.
In the hamiltonian (1), the optical potentials U . and U . are taken from
those at E =E =28 MeV (Becchetti and Greenlees 1969?. The proton potential
at 30.3 MeV reproduces very well the observed cross sections and vector
analyzing powers of p+58Ni and^+ 2 0 8Pb at the energy, ^ s mentioned ab^ve,
we consider the deuteron breakup states of S wave (S ) and D wave (D ).



The deuteron ground state is assumed to be composed of S wave (So) and D
wave (Do) which are determined by using the Reid soft-core potential.

As for the 58Ni target case. Our CDCC calculation (Iseri et al 1986) gives
the solid curves in Figfcl which well reproduce the cross section and A ,
A ' A and X. (except 6^ 2100* of A ) and explain the gross structure5^
A . Tne dasned curves are given by a single-channel (folding model)
calculation in which all the deuteron breakup states are ignored. In the
dotted curves, the D-wave component of the deuteron ground state is further
omitted from the calculation of the dashed curves. The difference between
the solid curve and dashed one nay be identified as the effect of the

1 r

itfr

102

103

: i i | i

r « /

r tf W H

i
: >

• i t i

1 1 •

• • • S o

C i

' 1 •

n
Do

Do+S*

56k

• • ( I

Ed=56MeV

V

z

-.

-.

/A

Fig. 1. Observed (Matsuoka
et al 1986) and calculated
(Iseri et al 1986) cross
section and vector and
tensor analyzing powers for
dV°Ca at 56 MeV.

-0.5
0° 60* 120* ecm 180' -0.5

Q



- 4 -

o-
tJ D :

1 t

101

10'r

10"

: ' '
i i

 
i 

i

! \

r i'

r

1 • • i

2 0 8Pbld\

i

i | . i

d)2 0 8Pb

Ed =56 MeV

• —

If Hi «*

i

I . I ,

. . . c
So

— So<
So-<

•JA**. N

\

i ' • i •

D̂o
^Do+SH+C

\_̂

1 ;

\

;

•
-:

/
/-

Fig. 2. Observed (Matsuoka
et al 1986) and calculated
(Iseri et al 1986) cross
sections and vector and
tensor analyzing powers for
d+ 2 0 8Pb at 56 MeV.

0° 60° 120° ecm 180°

10

0.5
f A y i ,4

-0.5

,,208Pb(d,d)208Pb ]
I ft /" , Ed=56MeV h\\

Will Ai
0.5

0

-0.5

0.5

0
\\

0.3

0

-0.5

• T - 1 f • 1

Axx

hf
: Axz

ft
x 2

:*»

;i

I*

-i—p-i—>• | - T - i i i i :

208Pb(d,d)203Pb -1

Ed = 5 6 MeV jf

So
V D o
So-Do'S"'

' ' • i l l '

:1f

. / / ^

v

j .

0° 60° 120° ecm 180°



breakup channels, while the difference between the dashed curve and the
dotted one as the effect of the deuteron D-wave component. The breakup
effect is very large in the cross section, significant in A and rather
small in the tensor analyzing powers. The D-wave component in the deuteron
ground state is important in all the tensor analyzing powers at forward
angles (0° >60").

An absolutely important role of the breakup channels on the analyzing
powers is seen in the case of d*+Z08Pb at 56 Mev in Fig. 2. A characteristic
feature of this case is the very rapid oscillation in the angular
distribution of the analyzing powers. The CDCC calculation (solid
curves) reproduces satisfactorily well the experimental data of the cross
section and vector and tensor analyzing powers. The breakup effect is
absolutely necessary to reproduce the rapid oscillation in the angular
dependence of the analyzing powers. This oscillation is found (Iseri et al
1986) to come from a strong interference between the near-side and far-side
scattering; the deuteron breakup effect gives rise to an additional
repulsive potential in the surface region, which makes the near-side and
far-side contributions come closer much in this scattering. The breakup

in attenuating A
xz.

and Xo toward
it

theeffect is also seen evidently
observed strength at 0° <70°.

The deuteron breakup effect is expected to become less important as the
incident energy increases. In the elastic scattering of ar+"8Ni at 400 MeV
we examine the effect as well as the validity of the three-body model at
intermediate energies. The proton potential U . is determined (Yahiro et
al 1985) so as to fit the 200-MeV proton scattering (a and A ), and U . =U
is assumed except the Coulomb part. The U . employed is a wine-bottle
type, which is derived from the Dirac optical model in its effective
Schro'dinger equation form.
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Fig. 3. Observed (van Sen et al 1985) and calculated
(Yahiro et al 198S,1986) cross sections and analyzing
powers for d+S8Ni at 400 MeV.
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Calculated (Yahiro et al 1985, 1986 with Schrodinger equation with the
relativistic kinematics correction) and observed (van Sen et al 1985) cross
sections and analyzing powers for the <f+S8Ni at 400 MeV are shown in Fig. 3.
Even in the single-channel calculation without the breakup channel (solid
curve), the agreement with the data is satisfactory. The difference
between the solid curve and the dotted curve (CDCC calculation) is
identified as the effect of the deuteron virtual breakup. For 0°m>2O", the
breakup effect enhances the cross section almost to account for the
observed one. In contrast, the effect is very small in the cross section
at forward angles up to ~15" and in A and A up to ~25*.

It is found (Yahiro et al 1985) that, in the deuteron scattering at 400
MeV, U , of the wine-bottle type is superior to that of the best-fit Woods-
Saxon "Type (dashed curve in Fig. 3), though both potentials reproduce
equally well the proton scattering at 200 MeV.

4. Scattering of polarized 7Li much above the Coulomb barrier

A lot of investigations both experimental and theoretical have recently
been concentrated on scattering of polarized 6Li and 7Li by nuclei (Johnson
1985, Moroz 1985, Kamimura et al 1985, further references therein). Among
various theoretical approaches, the three-body coupled-channel ICC) studies
with folding models of projectile-target interactions have provided a
successful understanding of the experimental data of cross sections and
vector and second-rank tensor analyzing powers for both of elastic and
projectile-inelastic scattering of 6Li and 7Lt from seNi at E. h-14 and 20
MeV (Ohnishi et al 1984, Nishioka et al 1984).

In the CC studies, the projectile 7Li is assumed to consist of an a-
particle and a triton, and a-target and t-target optical potentials at
E ^4/7-E. . and E.^3/7;E, . respectively are folded Jnto the 3/2 ground
s?ate, the 1/2 bound state at E =0.478 MeV and the 7/2 and 5/2 resonance
states at E =4.63 and 6.68 MeV (without non-resonant breakup continuum
states in fig.7). Four-channel CC calculations were performed with no
adjustable parameter.

At 14 and 20 MeV, less than and comparable to the Coulomb-barrier height,
most of the vector analyzing powers of elastic scattering were explained by
effective spin-orbit interactions from both of the projectile virtual
excitations and higher orders of the ground-state tensor potential, while
the tensor analyzing powers were mainly explained by the tensor potential
itself, and the virtual-excitation effects are very small. In this case
the spin-orbit potential obtained by the folding has little effects in both
the analyzing powers.

It may be expected that, at incident energies much higher than the Coulomb
barrier, details of interactions and reaction mechanisms concerned are
effectively reflected in the calculated observables, and as the result the
role of each spin-dependent interactions is generally different from that
at the energies comparable to or below the barrier. This is the case for
7Li+i2C at 21 MeV and 7L,!+l20Sn at 44 MeV.

In the scattering of 7Li+ l 2C at 21 MeV, the folding spin-orbit potential
(FSOP) almost produces the magnitude of the observed vector analyzing
powers as long as the projectile excitations are switched off. However,
when they are switched on once, FSOP hardly contributes to the analyzing
power and the observed analyzing power is attributed to the effective spin-
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Fig. 4. Observed (Tungate 1985, Moroz et al 1985) and
calculated (Kamimura et ai 1985, Sakuragi et al 1988b) cross
sections and vector, second- and third-rank tensor analyzing
powers for 7L?+ 1 2 0Sn at 44 Me_V; elastic scattering (left) and
the projectile-inelastic (1/2 ) scattering (right).
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orbit interaction induced by the projectile virtual excitations and the
higher order of the tensor potential; this mechanism is further dicussed by
Kamimura et al 1985 and Sakuragi et al 1986a. The tensor analyzing powers
in this scattering are remarkably affected by the projectile excitations
contrary to the case of the 58Ni target (Sakuragi et al 1985).

In the scattering of 7L,T+120Sn at 44 MeV, the role of FSOP becomes evident.
In Fig. 4, the result of the CC calculation (Kamimura et al 1985, Sakuragi
et al 1986b) with the same framework as above is compared with the observed
data (Tungate 1984, Moroz 1985). The solid and dashed curves are the
results of the four-channel CC calculation with and without FSOP,
respectively. Since the calculation includes no adjustable parameter, it,
is surprising that a satisfactory agreement is obtained simultaneously in
so many obsevables for the elastic and projectile-inelastic scattering
including the first-observed third-rank tensor analyzing powers. The
dotted curve for iT, i(elastic) shows the pure contribution of FSOP given by
the single-channel (3/2 ) calculation with the ground-state tensor
potential switched off; it is rather large in contrast with the negligible
role of FSOP in 'Iti+58Ni at 20 MeV. The contribution of the tensor
interactions to iT,I in the four-channel calculation without FSOP is shown
by the dashed curve. The solid curve for iT,, shows that the coherent
contribution is nearly the sum of the dotted and dashed curves. We thus
note that in 7L,T+120Sn at 44 MeV the role of FSOP is evident and is not
attenuated by the projectile-excitation effect in contrast with the case of
7Ci+ 1 2C at 21 MeV. A deep insight of the effects of the spin-dependent
interactions is given by an theoretical analysis (Sakuragi et ai 1986b)
based on the invariant amplitude method.

5. Breakup of 6Li and 7Li projectiles

A number of observed cross sections for elastic scattering of 6Li and 7Li
at E. ^50^170 MeV have beautifully been reproduced with the microscopic
CDCC method (Sakuragi et al 1983, Kamimura et al 1983,1984, Sakuragi 1985).
The totally antisymmetrized wave functions of the relevant states of the
projectile are described by the resonating group method for the a+d (a+t)
cluster system, and the resonant and non-resonant continuum states are
discretized properly. The real part of the projectile-target interaction
is constructed by doubly folding the so-called M3Y inter-nucleon
interaction (modified with knock-on-type exchange effects) into those
projectile states and the target ground state. In order to introduce an
absorption effect, the imaginary part with the factor iN. and the same
shape as the real part is added to this interaction, where R. is the only
flexible parameter and is determined by fitting the calculated elastic-
scattering cross section to the measured.

Therefore, the cross sections for the projectile-inelastic scattering and
projectile breakup reactions are automatically predicted by the
calculation. This type of prediction is examined in this section. All the
CDCC calculations shown below are given by Sakuragi (1985,1986) and
Sakuragi et al (1986c).

Figure 5 illustrates the truncation and the discretization of the breakup
continuum of 6Li employed in the microscopic CDCC calculation. Observed
cross sections of elastic scattering of 6Li at 156 MeV from I 2C and 2 0 8Pb
are well reproduced by the CDCC calculations; the only adjustable parameter
N. is chosen to be 0.47 and 0.60 for 1 2C and 2 0 8Pb, respectively. The
value of N. at 156 MeV is also used at 178 MeV since the elastic cross
sections at 178 MeV from 1 2C and 2 0 8Pb are not measured and the energy



dependence of N. for the 6Li scattering is known to be very weak at the
energies. The breakup cross sections are then absolutely predicted by the

CDCC calculation.
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1986, Sakuragi et al 1986) cross sections for the elastic breakup
of 6Li projectile from 1 2C and Z O 8Pb at 178 MeV.

The elastic breakup cross sections for 12C(6Li,od) and 208Pb(BLi,ad) at 178
MeV were measured (Shimoda et al 1986) for breakup from the a-d continuum
at 0<£<1.0 MeV (region I) and at 1.0<£<4.0 MeV (region II) with the
integration over £ in each region, z being the energy of the or-d relative
motion. In Fig. 6, the agreement between the calculated (solid curves) and
observed cross sections for the regions I and II is satisfactory. In the
region I the contribution of the breakup from the 3 resonance (dashed
curves) is much larger (by about one order) than that from the non-resonant
states (dotted curves), while in the region II the non-resonant
contribution (dashed curves) is comparable with the 2 resonance
contribution (dotted curves) for12C target and even exceeds the latter for
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2 0 8Pb. It is found that the coupling between the resonant and non-resonant
states is strong and woilis to reduce the cross section for breakup from the
resonant states by a factor of two to three; this suggests that a DWBA
calculation of the breakup cross sections seems dangerous.

Figure 7 illustrates the truncation and the discretization of the breakup
continuum of 7Li employed in the microscopic CDCC calculation. Since there
exists no data for elastic scattering at E. . =70 MeV, we have determined
the value of N. (=0.45) by averaging the valuis which are fixed by fitting
the elastic scattering cross sections (Fig.8) at E. .=63 MeV (N,=0.40) and
at 78.7 MeV_ (N =0.50). In the figure the projectile-inelastic cross
section (1/2 ) is well reproduced, which suggests a reliability of the
following CDCC calculation for the projectile breakup. As for the 7Li
scattering from I Z 0Ca. no data has been reported at ~70 MeV, but we employ
N,=0.65 since elastic scattering from some other heavy targets are well
explained with N.~0.6.
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dotted curves are the results of
the CDCC calculation and the
single-channel calculation.
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In Fig. 9 the calculated result for the elastic breakup of 7Li is compared
with the measured cross sections {Shotter et: al 1981, 1984) for breakup
from the 7/2 resonance at E =4.63 MeV (6=2.1G with respect to the a-t
breakup threshold) and from the non-resonant continuum at 0. 29<£<3.0 MeV.
In the case of 1 2 0Sn target, the observed cross sections for breakup from
the 7/2 resonance and from the non-resonant states are comparable in
magnitude, and they are reproduced satisfactorily well by the CDCC
calculation.

For 1 2C target, the observed breakup from the 7/2~ resonance was fairly
well reproduced by the calculation, whereas the breakup from the non-
resonant continuum is negligible in the experiment but, in the calculation,
it is comparable to the breakup from the 7/2~ resonance; this discrepancy
is to be invstigated in future. In the calculation of this section,
breakup form factors due to the Coulomb interaction are not included, and
therefore in the case of low bombarding energies fee heavy targets the
breakup due to the Coulomb interaction is a future subject of the CDCC
calculation (a preliminary calculation has been done by Sakuragi et al
1986c).

6. Concluding remarks

We have shown that the CDCC approach based on the three-body model for
direct reactions works well in understanding the scattering and breakup of
deuteron, 6Li and 7Li projectiles which have very low threshold energies
for breakup into the constituent clusters. Since the approach treats the
projectile breakup channels explicitly, it has ueen precisely investigated
that the projectile virtual breakup affects significantly not only on cross
sections but also on spin observables of elastic scattering; the virtual
breakup has been found to induce effectively not only a central potential
but also a spin-dependent one with substantial strengths.

Further application of CDCC to new data for 7Li breakup by Edinburgh group
(contributions to this conference, C215-C217, and private communications)
will be interesting.
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In a (d, p) reaction at E.=80 MeV.. the neutron transfer via the deuteron
breakup channels is known to contribute substantially to the (d, p) cross
section (Iseri et al 1983). Applications of the CDCC method to transfer
reactions in a wide range of the projectile nass and the bombarding energy
will be of particular interest.
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