
PHYSICAL REVIEW C VOLUME 8, NUMBER 5 NOVEMBER 1973

Coupled-Channel-Barn-Approximation Analysis of One-Nucleon Transfer Reactions

to Mg and Al
A. K. Abdallah and T. Udagawa

Center for Nuclear Studies, University of Texas, Austin, Texas 7872Z

T. Tax11ur a
Argonne National I.aboratory, Argonne, Illinois 60439, and Center for Nuclear Studies, University of Texas,

Austin, Texas 7871Z
(Received 6 April 1973)

A simple formulation of the coupled-channel Born approximation is presented, for the case
where the spin-dependent term in the optical potential can be ignored. The formalism is
particularly useful in reducing the computer time required when numerical calculations are
carried out for one-particle transfer reactions.

The formalism is then applied to calcu), ate one-particle pickup and stripping reactions
such as (p, d), (~He, n), (d, t), and (SHe, d), all leading to the 1.61-MeV $+ and the 3.4-Mev

states, together with the && ground states in mass-25 nuclei. It is shown that the ob-
served cross sections are all well reproduced by the Coupled-Channel-Born-approximation
calculations,

1. INTRODUCTION

Much interest has been concentrated on the exci-
tation of the 1.61-MeV ~' states in "Mg and ~'Al

by means of one-particle pickup and stripping re-
actions. ' ' Note that these reactions are almost
completely forbidden on the basis of a direct sin-
gle-step mechanism, since the admixture of the

g„, single-particle state into the initial- and final-
state wave functions is extremely small, ' while
experimentally observed cross sections are almost
two orders of magnitude greater than that resulting
from the above simple theoretical estimate. ' '
Further, the shape of the observed angular dis-
tributions is generally found to disagree with the
distorted-wave Born-approximation (DWBA) pre-
diction with l =4.' '

These experimental facts seem to show that the
—,
"state is primarily excited through processes
other than those of the direct single-step type.
Since the nuclei involved in the reactions are
strongly deformed, it is quite natural to expect
that the multistep processes involving the inelas-
tic scattering in both the incident and exit chan'nels

play an important role. Studies aIong this line
have actually been made recently, in which the
(d, p) reaction data for g~ = 13.5 MeV' and 10.1
MeV' were specifically analyzed in terms of the
coupled-channel Born approximation (CCBA)."
Unfortunately, the conclusions obtained in the two
independent works" contradicted with each other;
in Ref. 7, the observed data (at Z~ =13.5 MeV)
were well reproduced in the calculations, whi4e
in Ref. 8, it was not possible to reproduce the data

(g~ =10.1 and 12.8 MeV). The failure of the later
work, however, could be attributed to the fact that
the deuteron energy with which the author is con-
cerned is not sufficiently high so that the measured
cross sections involve a large contribution from
compound processes. ' Indeed, (d, p) data taken at
small intervals of deuteron energy ranging from
6 to 13 MeV exhibited a rather marked variation
with the incident energy, though the excitation func-
tion became comparatively smooth near 13 MeV."

In or@er to get a clearer answer to the question
of whether the forbidden transition to the —,

"state
is indeed explained in terms of the CCBA, we have
undertaken a systematic analysis of various one-
par'ticle transfer reaction data. ' Experimental
data are available for reactions such as (p, d),
('He, n), (d, t), and ('He, d), ' ' and we analyzed all
of these data. Ger analysis further included anoth-

. ex' forbidden transition, to the —,
"state at 3.4 MeV.

Gee yroblem in the CCBA analysis is that the
calculakien requires a l~ge amount of computer
time, particularly when the particle (the projectile
or the outgoing particle) has a nonzero spin. How-
ever, under circumstances, such as those here,
in which the Spin-orbit part of the optical potential
eaa safely be ignered, one can assume in the ma-
jor part of the calculations that the incoming or
outgoing particle has a vanishing spin, and thus
one can speed up the calculations greatly. In Sec.
5, we thus present the reformulation of CCBA
needed in carrying out this type of calculation.

Numerrical results obtained by using the comput-
er program MARS" are given in Secs. 3 and 4. ln
Sec. 3, the calculations are made of the ground —,

"
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and the 1.61-MeV —,
"cross sections, considering

the 0' and 2' state coupling in the initial channel
and also the —,

"and —,
"state coupling in the exit

channel in generating the coupled-channel (CC)
distorted waves, '4 while in Sec. 4, calculations are
made of —,

"cross sections. Concluding remarks
are given in Sec. 5.

2. FORMULATION OF CALCULATIONS

The reaction that is considered in the present
work may be denoted as

a+A- a+A'- b+B'- b+B,
where the first step, a+A- a+A', describes the
elastic and inelastic scattering processes in the
incident channels, characterized by a mass parti-
tion into the projectile a and the target A. The
notation A' symbolizes excited states of A, though
often where no confusion can arise it is understood
to stand also for the ground state. The second step
in Eq. (I), i.e. , a+A'-5+B', describes the trans-
fer processes and the third, 5 + B' - b +B, the in-
elastic scattering processes in the exit channels
that are characterized by a mass partition into the
outgoing particle b and the residual nucleus B. The
meaning of B' parallels that of A'.

The differential cross section of the above reac-
tion processes can be written with the obvious nota-
tion as

gg =[V.u /(»@')') (& /&.)[I/(2I +I)(».+I)1

!
TGCBA ] 2

bBmbM&, aAmaMAI

mamb MAM3

where T,~ "„,„„is the transition amplitude in

CCBA that we want to evaluate below.
To derive T ", let us first note that it is ob-

tainable from the DWBA amplitude by replacing
the elastically scattered distorted wave by a more
general CC distorted wave, "which includes the
inelastic scattering processes as well as the elas-
tic. We denote such a generalized CC distorted
wave by X'„", which describes the scattering state

O'„"= Q X"! (k, r„)!a'A'm, MA ), (3a)

+'8'= Q x'8;8+8 rs)l&'B'mb MB) ~

at

Note that X'8"8 and X'&,'& are related to one another
through the time reversal relation given by

(sb)

XB',8( O' 8) O', BX-8',-8( 8 8)

where
—( iIg -Ig+ Ng + mb -Mp-mb$, (

(4a)

(4b)

—p = (bB —mb —MB) . (4c)

In order to establish the partial-wave expansion
of the distorted wave, for example y"', , let us
first note that 4'„" can also be rewritten as

Ja laiA'mab

(5)

where !C, ',„;, ,} is the channel wave function
defined with standard notation by

!4,',A', ,) = Q(l, m, , IAMA. !Z,M, )i'

(6)xYl a ™la ' ~ ~A™A'v ~a ma '

We deliberately leave the spin of the incident par-
ticle uncoupled to the orbital angular momentum,
since in the present approximation the spin-depen-
dent term in the optical potential is ignored, and

the spin of the incident particle plays no dynam-
ica1 role during the scattering processes. lt thus
can be neglected in generating the CC distorted
waves. This enables us to reduce the number of
partial waves that are considered in solving the
CC equations.

in the channel o ' = (a'A'm, M„,) produced by the in-
cident wave coming from the channel n = (aAm /VIA).

With this generalized distorted wave, the total
wave functions, 0"' and 0'8', of the incident and
final channels with, respectively, the outgoing and
incoming boundary condition, are given as

Inserting Eq. (6) into Eq. (5), we get

c( cfal a & ml a ~

i"r„(l„m(,ZA MA. !O', M, )X,',A I', ,~, , !a'A'm, MA ).

Now, the partial wave amplitude, g, ',A., in the above equation can further be written as a sum of partial-
wave amplitudes, X, ',„,„, which are those generated by an incident partial wave (l,Am, M„). Thus, one
can write

Xl A' ~ y
la (lbml ~AMA I~aMb}yl w( (~a)X1 A', 1 A xi

laml a
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where I= x)'Bi +1 and the coefficient 4v/k„&l, m, ,IAMA l J,M, &y',*,(5„) in E(I. (8) was introduced so that the
boundary condition for X, ,„«, „becomes simple, as is discussed for instance, in Ref. 14. Inserting Eq.
(8) into E(I. {7)and comparing the resultant expression with E(I. (Sa), one finds

X'I'*m= Q r:"'I. 'X) A ) A&I.m( IAMAIJ. M.&&I. m( IA™AIJ.M.&I') m) (hm)I'), (,(r m).

Jttfgfg «%)dfft)e r

The CCBA transition amplitude can be expressed as

Tcc»A &@(-)
l

Ixl @(+)&

=g Ossss x, x(-' ((-s-)s (s's m;M';Ixlo's'm. Mx)x"', (% s ).
Ct«S'

The interaction matrix element in E(I. (11) can be generally written as"

&f)I«m»MBII'lnrlm Md=+I G("r (r &B)&IAMAym«IIBMB&( )" '&B m s» m»lsm &&Im(sm lcm».

12
Under the zero-range approximation, we have further"

(12)

where D» is the zero-range parameter, n„ the overlap of the spin-isospin wave functions of light projec-
tile a and b, A„", the spectroscopic amplitude, and Il(,"r(r) the form factor, respectively.

Inserting E(ls. (10) and (12) into Eq. (11), and using E(I. (12), one can derive, after sorus manipulations,
the following expression for the transition amplitude;

CCBA f j, J~Jy, Ng yNB l 9 J' J'y

~bBm~NB, eAmeN~ ~ ~ ~ Do+laj ~e+ba~&IIX, &z«A, ', ly «B', ll)B +&y~~&I JzA, 1'«A', ly «B', lyB &

ls) l Eye Jg, 4'l B'ly

(14)

where I" and I are, respectively, the angular momentum coupling coefficient and radial overlay integral
given by

x " ''"'"' ""'" =''' ' i'I 0) Ol)0)(-)" 'i"' s') ( J Z ) I )
1 gA, , l g r A', /g rB', l gB X a' 5« e' 5' e t)2 B" 5'

)

I~ J',

IB' J

-f~
~ ( )((mi-m)/8 (» -

I ) '. { ))»+ «Bm+ i+rB - ++s(m-s(s)m)
(I. I l)i

X&lsOIAMAl JsMA) &J,MA Js —m', -MAl B -m, )

x&s,m, s» —m»l sm, & &I»mIB -MB l J» —m, -M„),

»&r ~a% ~4& + ~y MA, A'O'SI )sA, )s xA', l»~B', t()B I y g X! » 'B', (()B &s +is« (&s)X(s ~A!, ) sA(r s)drs ~

J,(J,) in the above ecluations stands for the total
angular momentum of the orbital angular momen-
tum I,(I,) of the projectiles and the spin I„(IB)of
the nucleus;

J,=I, +IA (J„=1» +IB) .
Since the spin angular momentum of the projec-
tiles is not included in the above total angular mo-
mentum J,(J',), the latter is not conserved during
the transfer processes. Actually, we have

Je Jy+lE»

For the case of s =-'„ this equation xeduces to

A computer program, Nhps, has been written
embodying the present CCBA formalism as a pos-
sible option for saving computer time. MAH, s,
however, can also perform the more general
CCBA calculation, including the spin-deyendent
term in the optical potential. A final expression
of the transition amplitude for such general CCBA
calculations is also given in Ref. 13.



185S ABDALLAH, UDAGAWA, AND TAMURA

3. TRANSITIONS TO 1.61-MeV &' STATE

A. Form Factor and Optical Potential
Parameters

In order to calculate the form factor, use is
made of the Nilsson model. The spectroscopic
amplitude corresponding to the transition from the
initial spin I, to the final spin If state is then given
by"

a" 'f=I-' I '" r

rsvp

f f
lsj

=I~I~
' (I,O j 2 ~ lg 2 ) v 2C;, , (20)

where C&, is the Nilsson coefficient of the K=-,"
[202] orbit, (jl) specifying the basic spherical
single-particle state. The radial wave function of
the single-particle state (jl) then serves as the
form factor of the transfer processes.

As is known, ' "the main component of the [202]
Nilsson orbit is the Od„, state. The mixing of

the Og», and higher-spin states is extremely small.
To illustrate this, we list in Table I the C, ,

' val-

TABLE I. C~f values of the Nilsson [202] E =2 orbit
in 26Mg. The values were calculated by solving the cou-
pled-channel equation with a deformed Woods-Saxon po-
tential. Parameters of the Woods-Saxon potential used
in the calculation are: a =0.60, a»=0.65, r =1.22, Y30
=1.27, V„=6.2 MeV, and P& =0.40; and the depth Vof the
potential needed to reproduce the experimental binding
11.01 MeV was found to be V =60.13 MeV.

(Ej)
c 2

d5/2
0.9788

gv/2
0.0029

A/2
0,0183

In this and the following sections, we discuss
our analysis of experimental data for the follow-
ing reactions: (P, d) with Z~ =20 MeV, ' ('He, n)
with Z„=33 MeV, ' and (d, t) with Z„=21.5 MeV

'
pickup reactions from "Mg target; and also
('He, d) with Z„=20 MeV, ' stripping reactions
from the "Mg target. The cross sections are cal-
culated for the ground —,", the 1.61-MeV —,", and
also the 3.4-MeV —,

' states of the final "Mg or "Al.
These three states are known to be members of
the K =-,"rotational band associated with the [202]
Nilsson single-particle state. " The target "Mg
and "Mg are also known to be well deformed, the
first excited 2' state of these nuclei being the 2'
member of the K =O ground-state band. In the
present section, we are concerned only with the

and —,
' cross sections, considering the coupling

between 0' and 2' states in the initial channel and
and —,

"states in the final channel. The calcula-
tions of the —,

' cross section will be presented in
the next section.

ues calculated by using the computer program
NEPTUNE "which solves the coupled-channel equa-
tion for a nucleon bound in deformed Woods-Saxon
potential. Three single-particle states, d„„g7/2,
and gg/2 are considered in the cal cul ation s, and
as is seen the admixture of the g„, and gg/z states
into the d„, state is indeed extremely small. This
smallness of the mixing is the reason why the di-
rect transitions to the —,

"and —,
"states are essen-

tially forbidden. We thus neglect these small 2
and -', form factors in the major part of the pres-
ent calculations. Estimation of their effects will,
nevertheless, be made later in Sec. 3D.

The optical potential parameters used in the cal-
culations and summarized in Table II were taken
from literature, where the parameters were fixed
from the optical-model analysis of the elastic scat-
tering data (for 'He and t)' "or CC analysis of
both elastic and inelastic scattering data (for p,
d, and n).'" Since we perform CCBA here, the
parameters determined from the optical-model
analysis, neglecting the inelastic coupling, should
be renormalized so that the calculation including
the inelastic coupling reproduces the elastic scat-
tering as well as the inelastic scattering cross sec-
tions. In the present work, however, we used
those parameters without such a renormalization.
As is known, '4 however, the most important re-
normalization is to reduce the strength of the
imaginary potential. We shall thus investigate
later in Sec. 3 E the effect of reducing the imag-
inary potential on the transfer reaction cross sec-
tions, where the effects of the spin-orbit force
which is neglected in the major part of the pres-
ent calculations will also be discussed. In Table
II, deformation parameters are also given, which
are taken from the results of analysis of the in-
elastic scattering. '"" In Table III, we list the
D,' parameters [see Eq. (13)] assumed in the pres-
ent calculations. "

B. Pickup Reactions

The results of the CCBA calculations for the
pickup reactions are presented in Figs. 1(a)-1(c),
and are compared with experiments, For the
ground state, the DWBA cross sections are also
presented. Note that the later (DWBA) cross sec-
tions are calculated by assuming the same optical
potentials as those used in the CCBA calculations.
This implies that though the inelastic couplings
are neglected, the elastic distorting potentials are
still generated from the deformed potential by mak-
ing the Legendre expansion of the potential. " In
each figure, an over-all normal. ization fa,ctor is
introduced, which is fixed in such a way that the
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TABLE II. Optical potential and deformation parameters used in the present calculations.

W WD a ar aD +a +c

p

t
3He

"Mg
25Mg and 25Al

~4Mg

46.0
80.0

142.3
167.1
171.0

0.0 10.0 0.60
0.0 17.0 0.77

23.5 0,0 0.695
20, 5 0.0 0.688
19.0 0.0 0.55

0.80
0.75
0.52

0.64 1.22
0.43 1.25

1.22 1.506
1.10 1.688
1.53 1.53

1.27 1.22
1.67 1.30

1.30
1.40
1.53

0.30
0.40
0.45

calculated CCBA ground-state cross section fits
best the experimental data. The normalization
factors thus determined are summarized in Ta-
ble IV.

It is seen from the results that the observed
cross sections are well reproduced in the calcu-
lations for both the —,

"and -', states. It is particu-
larly remarkable that the —,

"cross section relative
to that of —,

' is well explained in the calculations
for all reactions considered.

The —,
"state may be excited through the inelastic

scattering process in either the incident or the
exit channel. In order to see the effect separate-
ly, we made another CCBA calculation, which in-
cludes only the —,"--,"coupling in the exit channel
(i.e. , neglects the incident 0'-2' coupling in the
incident channel). The resulting cross sections
turned out to be smaller than those of Fig. 1 by
about and only about a factor 2, systematically
for all the reactions considered there. This re-
sult seems to show that the inelastic scattering
effects in both channels are almost equally impor-
tant, and also that both effects contribute coherent-
ly to the —,

"cross section.
It may also be interesting to note that we see in

Fig. 1 rather large difference between the DWBA
and CCBA cross sections for the unforbidden tran-
sition to the —,

"state, particularly in the ('He, n)
reaction. In this case, the CCBA cross section is
larger by almost a factor 2 than that of DWBA.
For other cases, the difference is less remark-
able but still the CCBA cross section is larger,
say, by about 20% than that of DWBA. These re-

suits show that the inelastic scattering processes
can sometimes be very important for the nonfor-
bidden transitions. It should be noted that for a
deformed target with a spin I which is nonvanish-
ing, an additional contribution takes place even if
there is no coupling to other states. More specif-
ically, for afixed value J of the spin of the total
system, several partial waves with total angular
momentum j =J —I are coupled together, which
causes the reorientation of the direction of the
deformation axis in the process of the scattering.
For the case of ('He, n), for example, we made
a calculation in which only the 0' state, was con-
sidered, and thus no coupling was allowed in the
incident channel, while in the exit channel only the

state was considered. Still the CCBA cross sec-
tion differed from the DWBA cross section as much
as factor 2 and was essentially the same as that of
the full CCBA. This is probably a general result
for large deformations.

The normalization factors that were introduced
in Fig. 1 and tabulated in Table IV may be inter-
preted as a correction factor to the spectroscopic
amplitude given in Eq. (20) and will describe the
configuration mixing effects which are not account-
ed in deriving Eq. (20). As is seen, the correction
factors agree with each other within 5%, implying
that CCBA reproduces the absolute magnitude of
the cross sections of various reactions consistent-
ly. On the other hand, in DWBA we get different
values of spectroscopic factor for different types
of reactions as already pointed out in Ref. 1. This
discrepancy has now been removed in CCBA.

Reaction (Me& fm x 104)

TABLE III. D02 parameters used in the present calcu-
lations.

TABLE IV. Normalization factors introduced in ob-
taining the theoretical cross sections in Fig. 1.

(d p)
(p, d)

(3He, G. )

(d, t )
('He, d)

1.58

23.0
3.37
3.14

Reaction

(p, d)
(3He, 0.')
(d t)

Normalization factor

0.80
0.82
0.84
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Ep = 20 MeV
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FIG. 1. (a) Cross sections for the Mg(p, d) Mg reaction populating the -+ ground and the 2+ 1.61-MeV state. The full
curves are the CCBA cross sections and the dotted curve given for the &+ state is the DWBA cross section. The DWBA

2
cross section was calculated by using the same optical parameters as used for the CCBA calculations. The distortion
effect of the optical potential due to the deformation is also included in the DWBA calculations by generating the poten-
tial in exactly the same way as we do in the CCBA. The data are taken from Ref, 4. The figure also includes a CCBA
cross section obtained by taking into account the spin-orbit force of proton (V« ——6.2 MeV, ~« ——1.22 fm, and a«=0.60 fm).
The discussion on the calculated cross section is given in Sec. 3 E. (b) Cross sections for the Mg( He, e) Mg reaction
populating the 2+ ground and the 2+ 1.61-MeU state. Other information is as given for (a), except that the data are
taken from Ref. 1, (c) Cross sections for the Mg(d, t) Mg reaction populating the —ground and the -+ 1.61-MeU state.
Other information is as given for (a), except that the data are taken from Ref. 1.
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C. Stripping Reactions

The results of the calculations for the ('He, d)
stripping reaction are presented in Fig. 2(a) and
are compared with experiment. ' No additional
normalization factor was introduced in this case.
As is seen, both the absolute magnitude and the
shape of the observed cross sections are well ex-
plained by the calculations. It should be noted,
however, that we observe a discrepancy at forward
angles between the calculated and observed cross
sections for the —,

' state; the experimental cross
section increases with decreasing angle while the
calculated cross section decreases. We have tried
calculations with other sets of optical parameters,
but so far we have not been able to reproduce the
increase of the observed cross section at forward
angles.

Besides the ('He, d) data discussed above, (d, p)
reaction data are also available which were, how-
ever, already analyzed" as was mentioned in the
Introduction. We shall thus not repeat the analysis
here. It should, however, be remarked here that
there was an error in our previous calculation in
Ref. 7, an error which fortunately did not affect
seriously the final result. We present here in
Fig. 2(b) the corrected results, together with the
experimental data. "

D. Effects of the ~ State and

g7/2 and g»z Form Factors

So far we have neglected the -,'state in obtaining
the CC distorted wave in the final channel. The
state is, however, coupled directly with the ground
2" state, and thus we expect that the inclusion of
this state affects the calculated cross sections. To

IO.O =

25 (a) 10.0 .
Mg (d, p)

E -13 5M

~ I ~ y

I.O =
1.0—

O. I =
1.0—

Ol—
1P
~

~

O. I .—

O.OI
' I I I I I I

25 50 75 IOO l25 I 50
e (deg)

20 40 60 80 100 120 140 160

FIG. 2. {a) Cross sections for the Mg( IIe,d) SAl reaction populating the -+ ground and the &~+ 1.61-MeV state. Other
information is as given for Fig. 1(a), except that the data are taken from Ref. 3. (b) Cross section for the Mg(d, p) "Mg
reaction populating the T+ ground and the ~' 1.61-MeV state. Other information is as given for Fig. 1(a), except that
the data are taken from Ref. 6. The figure also includes a CCBA cross section obtained by taking into account the spin-
orbit force of proton (V, =6.2 MeV, Vo =1.22 fm, and so =0.60 fm). The discussion on the calculated cross section is
given in Sec. 3 E.
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see the effects, we have actually performed calcu-
lations including the state for two examples of the
reactions, ('He. n) and (p, d). The results obtained
are presented in Figs. 3(a) and 3(b) and are com-
pared with the results already obtained before.
From the comparison, it is seen that the inclu-
sion of the —,

"state does not lead to any apprecia-
ble change in the final cross section.

%'e have also examined the effects of the g7/Q

and g„, form factors by carrying out the calcula-
tions including both of them. The results obtained
showed that the effects are not important for this
case.

E. Effects of the Spin-Orbit Force and

Other Choices of the Optical Parameters

In the calculations presented above we have ig-
nored the spin-orbit force in the optical potential
in order to make the numerical computation prac-
tically feasible, and with the belief that its effect
is weak. As far as the z-particle channel is con-
cerned, this of course does not mean any approx-
imation. The approximation is expected to be good

for the channels of 'He and t, since the spin-orbit
force for these particles is known to be small. The
only cases where the spin-orbit force might pro-
duce an important effect would be those where pro-
tons and deuterons are involved in the reactions;
indeed, in Ref. 8, the effect of the spin-orbit force
was studied in (d, p) reaction case, showing that
the proton spin-orbit force changes to some extent
the angular pattern of the calculated CCBA cross
section, though it does not affect the absolute mag-
nitude. The effect of the deuteron spin-orbit force
w3s also studied and it was found to be very small.

In order to see how significant is the effect of the
spin-orbit force in our case, we also did a few
additional calculations for (p, d) and (d, p) reac-
tions, and the CCBA cross sections calculated by
including the spin-orbit force in the proton chan-
nel are given in Figs. 1(a) and 2(b). As is seen
in Fig. 1(a), the effect is rather small, only about
10%%u~, for the (p, d) reaction. On the other hand,
the effect is more significant for (d, p) reaction;
the —,

"angular distribution is largely affected, the
effect being, in our example, in such a way as to

I 0o0 I i I I I I I I I

"Mg(p, d)"Mg
Ep = 20 MeV

I I I

IO.O =

I.o .—

l. O

O. l =

Ol—
O.I—

(a)
I I I

20
I I I I I I I I I I

40 60 80 l00 l 20
9, (deg)

O. OI
I

IO 20 30 40 50 60

FIG. 3. (a) Comparison of the CCBA cross sections for the -+ and 7+ states of the 6Mg(p, d) ~Mg reaction obtained by
including the 2+ state at 3.4 MeV in the CC calculations in the final channel with those obtained by excluding it. (b) Com-
parison of the CCBA cross sections for the &~+ and 2+ states of the Mg(3He, ~) 5Mg reaction obtained by including the -+

2state at 3.4 MeV in the CC calculations in the final channel with those obtained by excluding it.
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make the agreement with experiment much better
than otherwise. The average absolute magnitude
of the cross section is also slightly reduced (by
about 20%).

As was already noted, use is made of the optical
parameters for 'He and t that were determined
from the analysis neglecting the inelastic coupling.
The use of these elastic parameters may not, how-
ever, be fully justified for the CCBA calculations
which include the inelastic coupling explicitly. The
most important renormalizetion of the parameters
due to the inclusion of the inelastic coupling is a
reduction of the imaginary part of the potential in
the ground-state channel. " Our approximation to
use the elastic parameters may thus be tested by
redoing CCBA calculations by using a reduced
imaginary strength of the potential in the ground
channel, and then by comparing the results with
those obtained previously. In addition to answer-
ing this specific question such calculations may
also be of interest in order to see the sensitivity

of the calculated cross sections on the optical pa-
rameters. With these considerations in mind, we
performed calculations for (p, d) and ( He, o.) reac-
tions by using the imaginary potentials whose
strengths in the ground-state channel of both the
target and residual nuclei were reduced by 20%.

The results of such calculations are given in
Figs. 4(a) and 4(b) in comparison with the original
results in Figs. 1(a) and 1(b). Note that in Fig. 4

we introduced spectroscopic factors which are
smaller, respectively, by 30 and 20%, than those
of Fig. 1 and tabulated in Table IV. This means
that the newly calculated cross sections are larger
by these amounts than those obtained before. Nev-
ertheless, as is seen from the figure, the 2" cross
section relative to that of —,

' state remains almost
unchanged. Similar results were also obtained for
the cases where we reduce the imaginary potential
in the ground channel of only the target or of the
residual nucleus.

Besides the imaginary part of the optical poten-

i I I

Mg(p, d) Mg

Ep= 20 MeV

IO,O-
W

Mg( He, a) Mg
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O.I—
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FIG. 4. (a) Comparison of the CCBA cross sections (broken line) for the Y and TY states of the Mg(p, d)25Mg reac-
tion obtained by reducing the strength of the imaginary part of the optical potential in the ground-state channels of both
the target and residual nuclei by 20/p with those of Fig. 1(a) (full line). (b) Comparison of the CCBA cross sections
(broken line) for the

2
and

2
states of the 6Mg( He, n) Mg reaction obtained by reducing the strength of the imaginary

part of the optical potential in the ground-state channels of both the target and residual nuclei by 20% with those of Fig.
1(b) (full line).
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tial, we also examined the dependence of the cross
section on a few other parameters, and found that
the relative cross sections are quite insensitive,
in general, to the choice of the parameters. We
may thus state rather safely that the conclusions,
we derived above through our CCBA calculation
with a few simplifying assumptions, remain basi-
cally unaffected.

4. TRANSITIONS TO 3.4 NIeV & STATE
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We now extend our analysis to another example
of a forbidden transition, to the 3.4-MeV —,

' state.
Since the actual data are available only for pickup
reactions, the calculations are restricted to these
reactions. The calculations are performed by con-
sidering the —,', —,', and —,

' states in the final chan-
nel, and also the g», and g», form factors, as in
Sec. 3D. For the purpose of comparison, however,
calculations in which the g7/2 and g9/, form factors
are neglected are also made. The results obtained
are summarized in Figs. 5(a)-5(c), together with
the experimental cross sections. The same nor-
malization factors as used in Fig. 1 were also con-
sistently introduced here.

The results show that the observed cross sec-
tions are fairly well reproduced in the calculations.
It is also seen that the calculated cross sections
obtained by including the g, /2 and pg/, form factors
are not much different from those obtained by ne-
glecting them. This implies that the major con-
tribution to the —,

"cross section comes from the
two-step processes, demonstrating again the im-
portance of the inelastic scattering processes.

5. CONCLUDING REMARKS

'/2' --- -- One Form Factor

O. I

II
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FIG. 5. (a) Comparison of the CCBA cross sections
for the &9 state of ~Mg(P, d) ~Mg reaction with experi-
ments. Two CCBA cross sections are given for each
case, which are obtained by including and neglecting the
g&/2 and ga/2 form factors. (b) Comparison of the CCBA
cross sections for the &9 state of 6Mg( He, n) 5Mg reac-
tion with experiments. (c) Comparison of the CCBA
cross sections for the &9 of Mg(d, t) Mg reaction with
experiments.

An expression was derived for the CCBA transi-
tion amplitude, under the assumption that no spin-
dependent term is present in the distorting optical
potential. The derived expression, which allows
to make CCBA calculation rather fast was then
used to study the effects of the inelastic scattering
processes on the forbidden transitions to the 1.61-
MeV —,

"and the 3.4-MeV -,'states in the mass 25
nuclei observed in ('He, o.), (p, d), (d, t), and
('He, d) reactions. It is found that the observed
cross sections to these states are well reproduced
by the CCBA calculations. This shows that the for-
bidden transitions can indeed be explained in terms
of the two-step processes via the inelastic scatter-
ing processes. -Note that this conclusion is un-
changed, as was discussed in Sec. 3E, even when
the spin-orbit interaction is included and thus full
size CCBA calculations are made.

The inelastic scattering processes were found to
play an important role also for some of the allowed
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transitions. This was particularly demonstrated
in the fact that the relative cross sections between
various one-particle pickup reactions can be ex-
plained only when CCBA is used. DWBA does fail
to explain them, as was pointed out earlier. '

Similar forbidden transitions to those discussed
here are also expected to be observed in reactions

involving other nuclei and also other states belong-
ing to different rotational bands. The data would
provide a further test of the CCBA calculations
performed here and thus it would be interesting to
extend the analysis if the data are accumulated. "
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