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Abstract: Based on the continuum discretized coupled channels(CDCC) theory, and the hypothesis

that the residual nucleus locates not only in bound state but also in a series of excited states, the

contribution of deuteron breakup effect in outgoing proton energy spectra are studied in the present

work. And the results can basically explain the experimental results that a peak structure is ap-

peared in the outgoing proton energy spectra at about half of the incident energy. The results of

present calculation generally agree with those obtained from C. Kalbach’s empirical formulaum.
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1 Introduction

Deuteron is a weakly bound nucleus which can
easily break into proton and neutron in nuclear col-
lisions, and its breakup effects in elastic scattering
angular distributions and reaction cross sections are
systematically studied for many target nuclei in a

L-2)  The contributions f{rom

wide energy region
the closed channels to the total reaction and break-
up cross sections, and angular distributions of elas-
tic scattering are also seriously discussed™!. Some
researches™ *1 point out that for all the nuclei stud-
ied, the proton energy spectra show large deuter-
on-breakup peaks centered at about half of the inci-
dent deuteron energy, however the evaporation
model and exciton model of nuclear reaction cannot
give this peak structure. In order to obtain this
peak structure, C. Kalbach™ 7 introduced transfer
and knock out reaction mechanism in deuteron in-
duced reaction based on exciton model, but this
treatment still cannot produce the peak structure.

In order to reproduce the experimental data, C.

*  Received date: 23 Apr. 2010; Revised date: 4 Jun. 2010

*  Foundation item :

Document code: A

Kalbach adopted an empirical formula of Gaussian
shape in pre-equilibrium process, and used it to de-
scribe the deuteron breakup effect in outgoing pro-
ton or neutron energy spectra.

The purpose of this paper is to research micro-
scopically the phenomenon that the proton energy
spectra show large deuteron-breakup peaks cen-
tered at about half of the incident deuteron energy,
and to provide a theoretical foundation for C. Kal-
bach’ s empirical formula. Based on contimuum
discretized coupled channels (CDCC) theory, for
deuteron stripping reaction, the present work sup-
poses that the residual nucleus is situated not only
in bound state but also in a series of excited states,
and a code CDCCOM (Optical Model in CDCC the-
ory) is written based on this hypothesis.

This paper is arranged as follows. In Section
2, we begin with the introduction of CDCC theory
and the code CDCCOM briefly; we study the tran-
sition matrix element of stripping reaction ex-

pressed by three body wave function in Section 3;
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in Section 4, the transition matrix element is giv-
en; Section 5 is the result, and Section 6 is a sum-

mary.

2 CDCC Theory and Code CDCCOM

The CDCC approach®™ is based on three body
theory. and for deuteron induced reaction, it con-
siders the interactions among p, n and target nu-
cleus. The total energy of this three body system
keeps fixed in the whole reaction process. The code
CDCCOM! * is based on CDCC theory and writ-
ten by present authors to study the deuteron
breakup effects on reaction cross sections etc. and
in CDCCOM, the model space is truncated as [=2
and the number of discretized coupled channels is
ten, where [ is relative orbital angular momentum
quantum number of the p to n, namely, only con-
sidering the contributions of s-wave function and d-

wave function is enough.

3 Transition Matrix Element of Strip-
ping Reaction
For A(d, p)B reaction, the general form of

transition matrix element is

T, p) = (g5 |V, +Upn — U

7). (1D

where @ " is the total wave function of the three
body system, ¢ ’ is the wave function in outgoing
channel, V, is the interaction potential between p

and n, U,y and U ,; are the optical potential of
proton-target and proton-residual nucleus, respec-
tively. When the mass of target nucleus is far lar-

ger than the mass of proton or neutron, we can be-

lieve that U, is equal to U g approximately, then
the residual interaction potential is only V.. Sup-
posing the deuteron incident direction is the for-
ward direction of z axis, and J denotes the total
angular momentum quantum number of the A+2
system, M is the total angular momentum projec-
tion quantum number, L is the orbital angular mo-

mentum quantum number of the p-n pair centre of

mass moving against target nucleus, we know that

1f M#O, YJM(Oa ¢):O; and Ol’lly lf M:()a YJM(Oa
$)=+/(2]+1)/4x. Then the J component of the

transition matrix element of stripping reaction A
(da p)B is
T'(d, p) :J [y () @ gy (rnd] X

Jo

Vi ()¢5 (R, r)dRdr , (2

where R=(r,a+r,n)/2, r=r,—r.u, and the out-

going wave function is:

J+i’ J

[ (ros) & gy (run) o = E Z _C}]f)mk,-ﬁ —m; X

i=11=il m;=—j

* “jm ‘i'*m
E : E : a, mi—p X Cl.%uJ e 1/2, ,L(/z/. %,J+,,. /2, —p X

1=j+1/2 p= +1/2

uy; (TPB)L{[’J" (l’nA> X Y; mi—p (QpB)Y;. 7,,,J+# (\Q,,,A) )
(@)

where ¢y, (r,n) is the bound state of the residual
nucleus B with definite quantum numbers ;" , and
u,; and uy; are the radial wave functions.

The total wave function of the three body sys-

tem @ can be written as

a

(/J<j+> (R, r) :%[¢0(T)Yoo(9,) X

max

YJO(QR)X](PO ’ R) +

JH" NK=10

Z 2 Z pr Ckis Py (Pk, » R) X

'=0.2L=|]-0"| i=1
%

DV CE o Yo (@Y (2] . (D)

n "
m'' = —I

where ¢, (r) is ground state wave function of deu-
teron, ¢,(k;, r) are the continuum discretized state
wave functions of p-n pair with linear momentum
hk; and orbital angular momentum /.

The y are coupled channel wave functions,
they are calculated with P3C5M algorithm in CDC-
COM. The predominance of the code CDCCOM is
that it includes not only the coupling of the contin-
uum states of p-n pair themselves, but also that of
the ground state of deuteron. y, (P, R) expresses
the p-n ¢. m. motion with momentum AP, in the
elastic channel, and X, (Pr s R) expresses the p-n

c. m. motion with momentum #P, in continuum
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discretized breakup channels. The index i denotes
the discretized state number of p-n c. m. moving
against target nucleus in breakup channels. The k&;
and P, satisfy the total energy conservation E =
(hZPil/ZpR)Jr(hzk?/Z/x,,), where pr and p, is the
d-A and p-n reduced mass, respectively. The coef-

ficients in formula (3) and (4) are
azi, =4 /@;é ii[Y/m (kpB) H
Ajg — 47{'/1:111.]on (Ad) )
=1 V2] +1 . (5)

If the V,, (r) is taken as zero range potential,

namely V,,(r) =V?,6(r), then

JYH,;/ 0)dQ, =47 ,00,0 » (6)
and a symbol W9, is introduced as

"max / 2
—V,| e x
0

NK =10

[$0C) + 20 D0 ¢ ks D] dr > W,

1=0,2 i=1

D

According to angular momentum theory of M. E.

[Lose, we obtain:

JYI,O QY- QDY 7 (D) A2 =

QCI+D QI+ Lo
47[(2L+1) “1, 0,0, 0 ’/.mj o s m}.+/L

(&

The C-G coefficients in above formula are not equal
to zero only if the requirements A(l/'L) and [+’
+L =even numbers are satisfied. If the center of
mass of target nucleus is taken as the coordinate
=0 and r=

origin, then r,= r,=0 for zero range

approximation, and then:

:rp+rn_

R 2 =r.;

ro=r, —ry=r,=R;

PR— P— Mmyr, + mara
pB —Fp —/ Fp —F, —
my, =+ ma
mAR

m, + ma

=QR . (D)

According to the above formula we know 2,20,
~0x.

With formula (3), (4), (6), (7), (8), and
finished the integrals with respect to £, and Q.

the formula (2) can be written as:

max

T (d, p =aJOmeJ RdR X

Nk=10

D0 b0 Ckis Py, (P s Roupy (R) X
i=0
I+

E ZC]OM J~*mj Z U (QR) X

i=l=im = 1=j+1/2
2 a/ i ';m;n —us /2, 7 71,{ e 172, —p X
u= £/
(21+1>(21’+1) 7o
CJ+ 1D Cl%. v, Cl! g s g

(10)

Based on the above transition matrix elements

T'(d, p), the differential cross section is:

do _ panpren ks
dQ @2k Ay

DT | an
7
and cross section of stripping reaction is:

da:JEdQ 12

4 Transition Matrix Element in Pres-

ent Hypothesis

For the A(d, p)B stripping reaction, the out-
going wave function(formula (3)) includes ¢; (r,)
which is the proton outgoing wave function moving
against residual nucleus B, and ¢y (r,n) which is
the bound sates wave function of neutron-target
nucleus A. The bound state ¢; (r,n) has its own
total angular momentum, orbital angular momen-
tum and binding energy B,,(usually several
MeV). If this is true, according to energy conser-
vation of p-B system, for a certain deuteron inci-
dent energy E, the outgoing proton energy spectra
only at about E,=E— B, can be calculated. How-
ever, experimental results show that for a target
nucleus the contribution of deuteron breakup
effects in outgoing proton energy spectra exists in

whole energy range.



. 414 - B F Y BT R

% 27 %

In order to study the breakup effects in outgo-
ing proton energy spectra in whole energy range,
we suppose that besides the bound state of neutron
and target, they can also form a series of excited
state with continuous positive energy, then accord-
ing to the energy conservation of p-B system., the
contribution of breakup effect in outgoing proton
energy spectra will be obtained in whole energy
range.

If the excitation energy of residual nucleus (n-
A system) is U, its wave function can be expanded
with different partial wave function wu;; (R). In
normal temperature Fermi parameterized level den-
sity formula, the distribution function of angular

momentum is

RG' . U) =2 + 1/zggexp[f %} .

(13)
It denotes the probability of residual nucleus with

o .
angular momentum quantum number j in which o,

is spin cutoff factor™'"’,

In the code CDCCOM, the angular momen-

tum quantum number j ' of uy; - (rapn) 1s truncated

ifR(GG ', U)/R(G 'w=1/2, U)<< 0. 01. In this
way, for a certain excited energy U, both the con-
tribution of bound state and that of excited state of
n-A system are included in the transition matrix el-
ement 7Y (d, p). Therefore, formula (10) should

be changed as follows

R
Tj(da p) :d,/oW?mJ ) RdR X

0
Nk =10

DT g s Py, (P R X

.
=1 max

DYRGL U D) uy (R X

i'=1ij I'=j'%1/2

I+

J
Jo
D0 20CE . 20w (QR) X
i=1J=il m;=—j I=j+1/2
D0 @l sl vz SOV 12— X
p=+1/2
7
CIEDCRUFD o o
Q]+ 1D 105 s 0 s U =yt

(14

With formula (14), we can get the differential

cross section of stripping reaction at outgoing pro-
ton energy E, = E —U — B,a. Therefore, for the
definite deuteron incident energy. the outgoing
proton energy spectra induced by deuteron breakup

effect can be calculated in whole energy range.

5 Results

For d +® Ni reaction with incident energy of
deuteron 80 MeV, the outgoing proton energy
spectra induced by deuteron breakup effects is cal-
culated by CDCCOM, and the calculated result is
shown in Fig. 1. Our calculated result is plotted as
solid line, and the dash line of Gaussian shape ex-
presses that from C. Kalbach’s empirical formula.
From Fig. 1 we know that, our result calculated
with CDCCOM and that of Kalbach are generally
agree with each other, namely, a peak structure
appears in breakup effect energy spectra at about
half of the incident energy. Our calculated results
prove that the peak structure exists in outgoing
proton energy spectra, and Kalbach’ s empirical

formula is of rationality.

S8}
T

P

do/dE / (mb/MeV)
LIS}
T

—_
T

E / MeV

Fig. 1 The outgoing proton energy spectra induced by deu-
teron breakup effect in d+°* Ni reaction at 80 MeV.
The solid line is the result of present work, and the

dash line is that from C. Kalbach’s empirical formula.

However, there are some differences between
our result and Kalbach’s. Firstly, the energy spec-
tra calculated by Kalbach’s empirical formula is
symmetric, and that of ours is not symmetric,

with more obvious tendency towards higher outgo-
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ing energy. Secondly, the area covered by the
curve of Kalbach’s is larger than that of ours, this
indicates that the contribution of empirical formula
is little larger than our theoretical calculation to
proton energy spectra; Thirdly, the peak value of
Kalbach’s is lower than ours, the energy range of
breakup effects of Kalbach’s empirical formula is

larger than that of ours.

6 Summary

Based on the hypothesis that the residual nu-
cleus locates not only in bound state but also in a
series of excited states, the three body wave func-
tion calculated by CDCC theory, and the transition
matrix element of stripping reaction, the outgoing
proton energy spectra induced by deuteron breakup
effect in d+°*Ni reaction at 80 MeV were studied.
The calculated result shows that a peak structure is
appeared at about half of the incident energy, it

physically indicates that the deuteron breakup

effect in outgoing proton energy spectra, and
proves the reasonability of C. Kalbach’s empirical

formula.
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