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Abstract: Based on the continuum discretized coupled channels (CDCC) theory, with the suitable

initial values and boundary conditions, as well as the P3C5 algorithm to solve the coupled equa-

tions, a new code CDCCOM with higher calculation precision is written to observe the deuteron

breakup effects on elastic scattering angular distributions and reaction cross sections. And the va-

lidity of this code is checked. By comparing with other theories and experimental data, it is found

that the present work is valuable and applicable for large nuclei range below 200 MeV, and the

code is feasible for studying the breakup effect on inelastic channels further.
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1 Introduction

Deuteron is a weakly bound nucleus with a
binding energy of only 2. 225 9 MeV, and it easily
breaks up into proton and neutron in nuclear colli-
sions. Some researches show that for all the nuclei
studied, the proton energy spectra show large deu-
teron-breakup peaks centered at approximately half
of the incident deuteron energy at forward an-
gles'. When the breakup yield is added to the pre-
equilibrium yield, the agreement with experimental
data is achieved for the proton spectra. Kalbach
introduce an empirical formula into pre-equilibrium
process to reproduce the experimental data. And it
is necessary to study this phenomenon. In order to
study more microcosmically the effects of deuteron
breakup on inelastic channel, such as d(A, A")
n(p) cross sections and energy spectra, a new code

based on the continuum discretized coupled chan-
nels (CDCC) theory™ and the P3C5 algorithm™/ is
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written for studying the deuteron breakup effects
on elastic channel primarily. Furthermore, the in-
verse kinematics reactions with deuteron targets
play an important role in investigating the proper-

[5-61 and the radio-

ties of nuclei far from stability
active beam facilities can provide a powerful tool to
the study of these exotic nuclei"”, and generally
speaking, this work is a primary work and is mean-
ingful.

The CDCC approach is based on three body
theory, and has been successful in describing the
nuclear reactions with weakly bound particle as
projectile. For deuteron induced reactions, it con-
siders the interactions among p, n and target nu-
cleus, and two relative motions, namely, the mo-
tion of n relative to p and the motion of the centre
of mass of deuteron against target nucleus. The to-

tal energy of this three body system is the sum of
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these two relative motions and keeps fixed in the
whole reaction process. Beside the ground state of
deuteron, the excited states of n-p pair with certain
angular momentum and continuum linear momen-
tum is included. The continuum model space
should be truncated and discretized in real calcula-
tions, then the elastic channel and discretized con-
tinuum channels are coupled to each other and af-
fect each other.

Because the global optical potential parame-

I can reproduce the experimental data well in

terst®
a wide nucleus and energy range, it is feasible to
compare the results of the CDCC with those from
the global potential parameters. In this way, the
effects of the deuteron breakup process on elastic
scattering angular distributions and reaction cross
sections are more systematically studied for many
target nuclei in a wide energy region. The precision
of the present calculation method is higher than
that of Chau Huu-Tai'®. By comparing the reac-
tion cross sections and elastic scattering angular
distributions derived from this work, Chau Huu-
Tai’s work, global potential theory with experi-
mental values, we find that our results are reason-
able, and by checking the convergence of elastic S-
matrix elements, we conclude that our code is

credible for further study of the breakup effects on

inelastic channels.

2 Theoretical Formalism and Calcula-
tion Method

2.1 CDCC theory

By neglecting the spin of proton, neutron,
target nucleus and the excitation of target, the
Hamiltonian of the (A+p+n) system can be de-
scribed as;

H®R. ED = K+ K, +Up (11 %)Jr

U (s %)JrU”“'(r,)A)ﬁLV,m(r) . D

where R= (r,s +rn)/2, r=r,—ru, and Fig. 1
shows the relative position of this (A+p-+n) sys-

tem.

Proton

Neutron

Target

Fig.1 The relative position coordinates of the (A-+ p-+n)

system.

The operators Kg and K, are the kinetic ener-
gies associated with R and r. U,y and U, are the
nucleon-target optical potentials, and are chosen as
Koning-Delaroche!® (the corresponding spin-orbit
potential is not included). U“" (r,») is the Cou-
lomb potential of proton in deuteron relative to tar-
get nucleus. V,, (r) is the interaction between p
and n, and is chosen as a Gaussian form. This sys-

tem satisfies energy conservation:

ZPZ ZPZ
R
ZluR Z#R
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€k:hk ] (2)
20,

where ¢, and ¢, are the eigenvalues belong to deu-
teron ground state and p-n continuum state with
linear momentum %%k, AP, and AP, are the linear
momentum of center of mass of p-n pair moving
against target nucleus in elastic and continuum
breakup channels, respectively. If | denotes the
total angular momentum, L expresses the orbital
angular momentum of the p-n c. m. moving against
target nucleus, [ represents orbital angular mo-
mentum of the p relative to n, they satisfy the sum
rule ACJLI). In the CDCC theory. the model space
needs to be truncated and discretized, the sum over
[ is truncated as [<{l,.; the % integral as A<k, .;
and setting the asymptotic outgoing wave boundary
condition at R=R,,... With ¢ denotes a discretized %
region A;, we define y=(i,J.l, L) stands for the

coupled channel number with the order 7,/ ,7, L .
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The coupled channels equations can be written as:

¢, LU+ | 2m
[dRerPr e +hsz<R>]x

1 (b R = 30 Y, Ry (PR L (3)

Y Fr
where y, is the radial wave function for the y-th

channel, the matrix elements of coupling potentials

V.,  (R) are obtained by
V,y (R) = (¢, |Urn +Up | ¢, » 4)

where ¢, is the p-n pair radial wave function. The
coupled channel Equations (3) are solved from R,
=0 to Ry with step AR, and y, (P,, R) should
satisfy the following boundary condition at R =
Riax-

2 (P R > 06, [G,(P,. R) —iF,(P,. R)] —

P
/P—’OSWU [G,(P,, R) +iF,(P,, R)]. (5
Y

The elastic S-matrix elements are used to derive

the differential elastic cross section:

ds _ .

1
21P,

e (S) , — D P;(cost) |”. (6)

> @I+ X
J

The reaction cross section can be written as:
or = > @I+ DA~ SL, D . (D
07

The partial breakup cross section is calculated

Wlth,
J+1 Nk
oy = TELED SV SV s (k) 15 (8)
P L=1J—1] i=1

2.2 Calculation method and initial values

2.2.1 P3C5 algorithm

For solving the coupled channel equations,
there are mainly the following algorithms: Stormer
(1907), Numerovt'™, P6 and P3C5 by Clarke™,

(2] The Numerov algorithm has a disad-

B-splines
vantage of requiring a full matrix inversion, and it
needs a long calculation time. By comparing the al-

gorithms of Stormer, P6 and P3C5, Charke™

proved that the P3C5 algorithm offers solutions of
the highest accuracy especially with larger step
lengths. Furthermore, if h denotes the step
length, the error of the P3C5 is of O(h®), Stormer
is of O(h'), and the spline function method adopt-
ed in Ref. [9] is of O(h*). The P3C5 algorithm re-
quires twice as much the matrix multiplications per
step and no matrix inversion is needed in the calcu-
lation process. The P3C5 algorithm is used in our
code for solving the coupled channel equations.
The coupled equations can be written briefly in the
following form:

dz

ke B = DWWk Ry, (ks R) (D)

where y; is the wave function for equation i (:=1
— N¢ and N¢ is the number of coupled equations).
The value of R from 0 to R,.. is divided into N
steps with the effective step hA=AR, and R=nAR.
4

2

is the effective coupling potential. In the fol-
lowing, we omit the index 7, and let y¥ =hA* (d/
dR)?y(R). The P3C5 algorithm is started with the
P1C3 predictor-corrector algorithm and the initial
value of y, and y,, four steps are made using the

P1 predictor:
Yo =2y, — e T35 (10)

at each step the predicted values y?,, are substitu-
ted into Eq. (9) to yield the quantities; y2}. The
C3 corrector is used to obtain a corrected value for

Vat1 s
1 : .
Yut1 — yﬁ+1 Jfﬁ(yﬂrzl) - 2_%(;2) nyf;bl , (1D

after two steps with the P1C3, we get the values of

Nos Vi yEZ)

gorithm. Then for n=3, the full P3C5 algorithm is

(2)

and y{® as starting values for P3C5 al-

implemented using the P3 predictor with:

; 1
yﬁ+l - Zyn T Yn1 +y1(12> E ><

(? =22 + 35 (12)

again y’., is substituted into Eq. (9) to yield y?{}

and then the C5 corrector is used:
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: 1 t
Var1 = 2yip T %(19)/591) -

56.%(:2) + 54:)/7(13)1 — 16:)/7(13)2 — yy(,£>3 (13)

2.2.2 Initial values

As mentioned above, in order to solve the cou-
ple equations with the P3C5 algorithm, it is neces-
sary to give initial values at R=0 and R= AR for
each inner wave function. And in this work we

choose the following initial values for the inner

wave functions with definition tz=AR’""'.

xr.v(P,s R=10) =0
0. y£Y

o (14)
t+it,

%7 7(Pys R = AR) =
y=17

where i is the unit of imaginary number. The above
assumptions mean that, for the initial values at R
=0, all the wave function matrix elements are set
to be zero, and in the case of R= AR, except the
diagonal elements, all the non-diagonal elements as
zero. For a certain incoming channel y,, the inner
wave functions at R=R,,,, are expressed as:

Ne

Xyo.y(Py’ Rmnx) - Za}/o,y/Xy'.y(Py? Rmax) .

b4 1
(15)
With the boundary condition Eq. (5), the wave
functions and their first derivatives in the inner and
outer region should be continuous at matching radi-
us, and we obtain the following 2N¢ equations at R
=Roux:

N

ay,. {xy .+ [G,(Pys R) +iF,(P,, R)] —

y =1

X’}’/»}’I:(}}’(P}” R) +iF,(P,. R) 1= 210,. % *

N¢
Dlay. iy, [Gy(P,s R) —iF,(P,, R)]—
b4 1

, P
v, ., [G,(P,, R) —iF,(P,, R)]}= 2i /P—’Osy, Y% ?
Y
(16)

where Xy , is the first derivative to P, R at R,,.
The above first N¢ equations compose a linear sys-

,» which

tem of equations with N variables a,,.

can be solved for a;(], , » and then the S-matrix ele-
ments can be calculated from the second N¢ equa-
tions. These S-matrix elements are used for fur-
ther calculation of the reaction cross sections, the
breakup cross sections and the elastic scattering

angular distributions.
2.3 Test of the validity of the calculation method

As mentioned above, the model space trunca-
tion is generally composed of three types, namely,
truncation of [, #, R. Some studies in Refs. [13—
17] indicated that £,..,=1.0 fm ', [,..=2 and R,..
=30 fm are sufficient truncations, and because of
the parity conservation, the contribution from the
odd partial wave disappeared. The first two trun-
cations are tested in this work. Fig. 2 shows the
partial breakup cross sections of s-wave (¢{2,) and
d-wave (5{2,) varying with k..., and from it we can

1

find that {2, and ¢, are stable at about 0.9 fm ™',

this means that £,.,=1.0 fm™"' is sufficient.

120
d+¥Ni8OMeV __________
L [=2
o 80 77
g /
~ !
S !
© 4} /1:0
0.0 0.4 0.8 12
k_/fm™

max

Fig. 2 The s-wave and d-wave breakup cross sections vary

with increase of k.

The ratios of o2, o, o2, to the total
breakup cross section g, are shown in Fig. 3, from
it, we can see that with the k., varying from 0. 1
to 1.0 fm ', the 6\, /o, decreases from about 0. 7
to 0. 2; the 6{”, /01, increases from about 0. 2 to
0.7; at the same time, o, /6,, rises gradually,
but is always lower than 0. 1 and only a little larger

than 0. 1 for *Ni at k., =1.0 fm~'. This means

that the contributions to ¢, mainly come from &%,
and {2, , and the contribution of s{”, can be ig-

nored for saving computing time, /., =2 is enough
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when k... =1.0 fm '.

d+*Ni 80 MeV

Fig. 3 With the increase of K,,., the ratios of s-wave, d-
wave and g-wave partial breakup cross sections to the

total breakup cross sections.

The elastic scattering S-matrix elements with
respect to J are shown in Fig. 4, the ImS, is con-
vergent to zero and the ReS; is convergent to one.
These perfect convergences mean that the present

calculation method is valid.

0.4
02 F [ d+*Ni80MeV

ims,

oy
v *®0ecccsssssecccsceed

0.0 [\

02F *% 1 .. 1 N 1 . 1

0.8
0.4

Res,

0.0

70.4 1 1 1 1 1 1 1 1

Fig. 4 The relation of real and imaginary parts of elastic S-

matrix elements varying with the J.

3 Calculating Results and Discussion

The calculated elastic scattering angular distri-
butions and the reaction cross sections of d-+"* Ni
are shown in Fig. 5 and Fig. 6, respectively.

By comparing the results of the global poten-
tial theory, this work and Chau Huu-Tai’s work
with experimental data, from Fig. 5 we can find
that both this work and Chau Huu-Tai’s work can
not agree experimental data as well as the global
potential theory in 30—50 degrees and the results

of this work are distinctly better than those of

Chau Huu-Tai’s work in the angular region larger
than about 50 degree. From Fig. 6 we can see that
the reaction cross sections of this work keep ac-
cordance well with those of the global potential
theory and the experimental values when the inci-
dent energy is lower than about 70 MeV, however,
the results of Chau Huu-Tai’s work are obviously
larger than the experimental values. When the in-
cident energy is larger than about 70 MeV, the re-
sults of this work and Chau Huu-Tai’s work are
closed to each other and lower than those of global

potential theory.

d+5Ni 80 MeV

0 30 60 9 120
6{3“1 / (o)

Fig. 5 For d+*Ni at 80 MeV, the ratio of elastic scattering
angular distributions relative to corresponding Ruther-
ford values. The experimental data are from Ref.
[18]. The results from this work, global deuteron po-
tential and Ref. [ 9] are plotted with solid, dash and

dot lines, respectively.

o, / mb (x10)

oL 1 1

0 40 80 120
E,/MeV

Fig. 6 Comparison of the reaction cross sections. The exper-
imental data are from Refs. [19—22] and for more de-

tails, see the caption of Fig. 5.

For more target nuclei and widely energy
range, the elastic scattering angular distributions
are shown in Fig. 7 and Fig. 8. Totally speaking,
the CDCC results can not fit experimental data as

well as global potentials values. Comparing with
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the lines of global potentials, some fluctuations ap-
pear in angular distributions at 17 MeV in Fig. 7,
and this phenomenon nearly disappeared at about
170 MeV in Fig. 8. Meanwhile, with the increas-

ing of target mass, the fluctuations become weak

gradually.
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Fig. 7 The elastic scattering angular distributions for the
target nuclei ranging from # Al to **Th at 17 MeV.
The experimental data are from Ref. [23]. The results
using this work and global potential are plotted as sol-

id and dash lines.

In order to make clear the possible reasons,
the elastic scattering angular distributions are also
calculated with the folding optical model. The po-
tential of deuteron is folded by that of neutron and
proton in the Koning-Delaroche potentials (same as
the nucleon-target optical potential adopted in this
work). For the sake of studying the influence of
the spin-orbit potential to the elastic scattering an-
gular distribution, both with and without the spin-

orbit potential the calculations are cariced out using

folding model for d +° Ni at 17 MeV and the

results are shown in Fig. 9. From it we can find

10°
10°
10°
100

10°

R 10*1 :

10°

do/dQ/ (mb/sr)

10°

10° 10° £

£ 40
107 S 100 F Ca
10* 10¢ F %140
10° 10! 1 : 208ppy

- —
< =2
L e et T

20 40 60 0 20 40 60
0,/

cm

Fig. 8 The elastic scattering angular distributions at 171 and
140 MeV for the target nuclci from °Li to *®Pb. The
experimental data are from Refs. [24—26] and for

more details, see the caption of Fig. 7.

10° F d+Ni 17 MeV

do/d€Q/ (mb/sr)

0 20 80 120 160
e,/

cm

Fig. 9 Comparison of the elastic scattering angular distribu-
tions using the folding optical model with and without
the spin-orbit potential plotted as solid line and dash

line respectively.

that, compared with the result included spin-orbit
potential, the value calculated without spin-orbit
potential shows some fluctuations about larger

than 40 degree, this means that the spin-orbit po-
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tential affects the structure of the elastic scattering
angular distributions to a certain extent. Since the
spin-orbit part of nucleon-target potential is ig-
nored and no free parameters are included in the
CDCC calculations, and the break-up channels af-
fect elastic channel by coupling more or less, the
fluctuations appeared in CDCC results are accepta-
ble, and by comparing with the experimental data,

the results of CDCC are physically reasonable.

4 Summary

Based on the CDCC theory and the P3C5 algo-
rithm with higher precision, a new code is written
and checked. By comparing the reaction cross sec-
tions and elastic scattering angular distributions
derived from this work, Chau Huu-Tai’s work ,
the global potential theory with experimental val-
ues, we know that the results of this work can
generally fit experimental data, and better than
those of Chau Huu-Tai’s work , then this code can
be used for studying the effects of deuteron break-

up on the inelastic channels in the future.
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