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We have developed a formulation of the theory of multichannel nuclear reactions which per-
mits practical and realistic numerical calculations in which a number of different reaction
channels are coupled, assuming a zero-range approximation for the effective coupling and
neglecting effects arising from the non-orthogonality of different reaction channels. A com-
puter program, JUPITER-4, has been written embodying this coupled-reaction-channel for-
mulation, and as a specific application we present analyses of the (2,a)-(x,t) or pickup-
stripping contributions to (%, t) reactions, for the specific cases of Ca(k, t)**Sc and “Ar-
(h, t)4K. We pay particular attention to the interplay and interference of direct and pickup-
stripping amplitudes, and try to identify general tendencies. Finally, we give simple sum
rules which aid in predicting the nature of the interference for specific spins of intermediate

and final nuclear states.

1. INTRODUCTION

The reactions (%, ) and (p, n) at reasonable en-
ergies have customarily been interpreted as oc-
curring through a direct, one-step charge-ex-
change process.'™® Evidence for this mechanism
is the strong population of isobaric analog reso-
nances by such reactions. However, much re-
cent experimental evidence suggests that a simple
direct-reaction process is not necessarily the
dominant reaction mechanism, particularly for
(%, t) and that the usual distorted-wave Born ap-
proximation (DWBA) is inadequate.®>~*! (The sym-
bol % stands for the helion, the nucleus of the
mass-3 helium atom.)

For example, the angular distributions for (, #)
population of the J ™ =0* antianalog state in a
variety of nuclei do not have an =0 pattern, but
can be fitted in shape by an /=1 DWBA calcula-
tion.® A persistent shift, to backward angles, of
the experimental angular distributions relative
to DWBA calculations has been observed generally
for residual 7. states of any J.°® A serious
anomaly in magnitude is observed, such that (, t)
cross sections for 4* and 6* T, states have mag-
nitudes 1 or 2 orders greater than expected on
the basis of DWBA calculations, using microscopic
form factors.® These discrepancies are not re-
moved by more sophisticated DWBA approaches
including a tensor force, exchange terms, ete.’
Further, a strong energy dependence is noted in
the microscopic or macroscopic form factor when
angular distributions are fitted at several ener-
gies.!® Finally, it is noted that arbitrarily intro-
ducing a complex part to the microscopic form
factor often improves the calculated DWBA angu-
lar distribution in shape, relative to the data.!

All such observations point to a multistep mech-
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anism for (%, £)."*~** Toyama,'® and the present
authors™ have investigated the effect of the pickup-
stripping mechanism for (%, £), namely, (4, a),

(o, £) processes. Toyama calculated cross sec-
tions for *®Ca(h, £)**Sc leading to the (f;,," 1 0),

0* to 6" states in **Sc, assuming a pure (z, @),

(a, f) mechanism. He was able to account for the
relative magnitudes of all four states, as well as
to obtain excellent shape fits to the available data
at two incident energies. He also found a negligible
contribution from (4, d), (d, f). We have previously
shown that to explain the angular shift in the *°Ar-
(n, £*°K 0*-antianalog-state angular distribution,
and the relative magnitudes of 0*-analog-state

and 0*-antianalog-state cross sections, one has

to assume both direct and pickup-stripping mech-
anisms, with careful treatment of the interference
between them.™

The (&, t) cross sections are generally 1 or 2
orders of magnitude smaller than typical inelastic
scattering cross sections for population of collec-
tive states, and typical single-nucleon-transfer-
reaction cross sections. It is then not surprising
if two-step processes can play an important role
in (&, £). Important contributions from inelastic
processes in entrance and exit channels have pre-
viously been found for (p, f) reactions, which have
cross sections comparable in magnitude to (&, £)
reactions.!® The possibility of successive single-
nucleon-transfer mechanisms for two-nucleon-
transfer reactions has not to date been studied,
though (p, #) and (d, @) reactions could have im-
portant contributions from such mechanisms.

It is of great interest to investigate in a systema-
tic way the contributions of successive specific
nuclear reactions to a given reaction. We have
developed a program JUPITER 4 which solves a
set of coupled radial Schrédinger equations for
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different reaction channels and system mass
partitions.®*"*® The purpose of the present work
is to present the multichannel formulation on
which the program is based, and to present a
specific application to the analysis of “°Ar(z, £)*K
and **Ca(, #)**Sc reaction data.

In Sec. II we give the coupled-reaction-channels
(CRC) formalism, which is reduced to easily cal-
culable form®® by neglecting non-orthogonality of
different channels and making a zero-range ap-
proximation for the effective channel-coupling po-
tentials, as in DWBA.! In Sec. IIIl we summarize
the effective channel-coupling potentials, or form
factors, needed for one-particle transfer, in-
elastic scattering, and charge exchange. Careful
attention is paid to relative phases, without de-
tailed knowledge of which a correct treatment of
competing mechanisms is impossible.

In Sec. IV, we study the **Ca(r, £)*®Sc reaction,?°
extending work of Toyama to include both direct -
and two-step mechanisms. Since the antianalog
0* state is not observed in the **Ca data, we also
have analyzed *°Ar(, £)*°K data.® Finally, general
and specific conclusions which can be drawn from
the analyses are summarized inSec. V.

II. FORMULATION

A. Coupled-Reaction-Channels Formalism

The sort of reaction process considered in this
paper may be symbolized by a+A-b+B-c+C...
where each step of the process, for instance
a+A-b+ B, can be any nuclear reaction, such
as one- or many-nucleon transfer, inelastic scat-
tering, etc. To follow the process from initial
state, through intermediate states, to a given
final state we introduce the label a={l,j,s,; ad}
denoting the set of the usual channel quantum num-
bers /,j,s,, as well as the particular mass parti-
tion, a+A, involved. No confusion will arise if
a label such as A is also used to specify the set
of internal quantum numbers of nucleus A.

The total state function for the system may be
written as

v =D alr)ed, (1)
a

where x4 () is the partial distorted-wave func-
tion and ®7” is the channel state function conven-
tionally defined as

8 = [Y14037, 0 ® D 4 Jru - (2)

Here ¥, is the spin-angle function,

aSaia
= ; 1
Yigsaiamja _E<lam1a SaMg |-7amja>Z ¢ Ytam,a Xsqmg *

(3)

As usual, Y, m,, is a spherical harmonic and

1155

Xsgm, 18 the spin state function of the projectile
a. Also, ¢,and ¢, (or ¢,,) in Eq. (2) are, re-
spectively, the spatial and isospin parts of the
internal state function of the projectile ¢ and the
internal state function of the nucleus A.

If one now introduces the product of the internal
state functions x,.m, ¢, and ¢,, namely

Vo = XsgmyPaPa - (4a)
Then y , satisfies
Hydpo=€atda (4b)

where H, may be called the intrinsic Hamiltonian
of the channel a.

The equation for the radial distorted-wave func-
tion, x%(r,), is derived from the Schrédinger
equation for the total wave function ¥®);

HY® =E¥™ | (5)

where H is the total Hamiltonian of the system,
which may be rewritten

H=H,+T,+V4
=Ho+Tqo+ Ua'+ (Vo=Uy). (6)

Here, T, is the kinetic energy of the relative
motion between g and A, and V, is the interac-
tion potential between them. In the second line

in Eq. (6), the distorting one-body optical poten-
tial, U, has also been introduced. Inserting Eqgs.
(6) and (1) into (5), we get

(Ho+To+Ug=E) X7y x5(rg) 05"
7B

=-(Voc - Ua)J_Zg/rB—lxg(rB)‘bé,M .
(7

The equation for x%, is then obtained by project-
ing out a given component &), by multiplying it on
the left-hand side of the above equation and per-
forming an integration over all the internal vari-
ables in the channel @. A complication can arise
if effects due to the non-orthogonality of the chan-~
nel wave functions &7 are important — one will not
then be able to project out a single term in the
sum over J, 3. Inthe present work, however,
we neglect the non-orthogonality of the basis
states and simply set

(@Y |Hy+ T + Uy = E| W)

~(Ty + Ug ""Ea)”a-lx'crx("’a)’
(8)

with E, =E - €,. Using this approximation, one
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=3

gets A more rigorous derivation of the coupled-
_ g channel equation, taking into account non-orthog-
(Ta+Ua=Ealra™xalra) onality, has been given by Omura et ql.,'® and also

= SO | Ve = Ua |85)75 x5 (rs) - by Takeuchi-Goldfarb.'” A numerical estimate of
B the effects of non-orthogonality in pertinent cases
) has also been given in Ref. 17, where it is indi-
cated that the effects are rather small.
This is the CRC equation for the distorted waves, To put Eq. (9) into a more convenient form for
x%, and has exactly the same form as obtained numerical calculations, we introduce the usual
for the coupled-channel equations for inelastic zero-range approximation,! with Vg=Vy—Ug, in
scattering.'® the spirit of direct-reaction theory. In the zero-

range approximation, one can write!

TP o Xsymy Pty 5| Vol GaXomg Py i)
. N = Ao . - .
= lzaz lAfg?Fﬁ?(Va)Yrml(Va)(s(re_Eru> (JAMA]mleBMQ(_)s” mb<samasb-mb|ms><lmtgnslfmj>’
s

(10)

where J is the Jacobian of the transformation of the final channel coordinates to those in the initial chan-
nel, and /, s, and j are the transferred orbital, spin, and total angular momenta, respectively. Further
APS and FP are, respectively, the spectroscopic amplitude and the form factor. Inserting (10) into (9),
after a little algebra, one can show that

Da(pg)x{;(pﬁ)=Zy}’0{37(py)x§(p7), (11)
where
_ R d® L(,+1)
Dy =g (g3 20T )= Ust)+ B (12)

The coordinate p, is a convenient choice because of the zero-range assumption. It is given by pg = (A/B)r,
py = (A/C)r, etc. Note that here A is used to denote specifically the mass of the target nucleus in the in-
cident channel. Also,

03, = Z (B/CYALG Allys, s, leSejcdcs Lsj N Fig(r), (13)
S
where
ABS= JpABS, J=(20+1) (14)
and

A(LSyisd gy LeScied c; Usid) = (dm) "2 (=)ic* T c=Tjte* sl
NAmaan le s¢ je
X 161G jn S JCLOLO [ IOW ey ¢ Ip3 5N 1y Sy b |- (15)
Il s j

A more explicit form for the spectroscopic amplitude, /Tfsf , and the form factor, Fﬂg will be given in the
next section for the one-nucleon-transfer, inelastic, and charge-exchange reactions.

B. Transition Amplitude and Cross Section

The transition amplitude for the reaction can be given in terms of the C matrix C% .,'® which is deter-
mined from the asymptotic form of the partial wave x‘é:

X‘é,oc = x5 zneiolaFlaclalbéjajbéA,B +ib[ka/kb][va/vb] Uzeiclbc}g,a(cx,ﬁ inb) ’ (16)
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where xg is denoted by x"B ,o in order to express explicitly the boundary condition of an incoming wave in
the channel a. F, and G, are the regular and irregular Coulomb functions, % is the channel wave number,

and o, is the Coulomb phase shift.

With the C matrix, the transition amplitude can be given as'®

TbambMB, aAm M 4 =12 Ci(g‘ﬂllLMB. aAmaMAPI ]m, | (COSG) ’

where

(1)

C;g‘n’:;MB,aAmaMA =2 (1/k,)(21+ 1)e?io1(=)m* Ime D 72[(1— [my [)1/(1+ |m,])1]*72
Ty

X< jymy, IaM g | IMXIm,s,my |1, ) 3 (105,150 ) jamad sM 4| TM)CF o .

The cross section is then written as

%:[(ZJA+1)(ZS¢,+ Nt X

mg M gmy Mp

C. First- and Second-Order Solutions

The lowest-order approximate solution of the
CRC equations is obtained if they are solved by
iteration and the iteration is stopped after the
first. For a one-step direct reaction a+A ~ b+ B,
this first-order solution gives a transition ampli-
tude equivalent to that of the usual DWBA. For a
two-step process, a+A~c+C~-b+ B, the first-
order solution gives a transition amplitude cor-
responding to the second DWBA (second-order
DWBA), and so on.

An alternate way to generate such a first-order
solution is to solve the coupled equations exactly,
but to include only couplings such as Vy, and V3,,
ignoring the “backward” transitions induced by
V7, and V5, [see Eq. (11)].

Both methods of obtaining the first-order solu-
tion have been used in our calculations. We have
also, of course, solved the coupled equations ex-
actly to all orders for certain cases. We have
constructed a CRC program using a compact ver-
sion of Tamura’s JUPITER-12! as a starting point.
Our CRC program, JUPITER-4, contains, however,
the additional iterative method as an option, un-
like JUPITER-1.

In the sections to follow we apply the CRC for-
malism to the (%, {) reaction. The intermediate
channels considered in the (%, f) are those reached
by (%, a) and depopulated by (a, #) processes. As
we will demonstrate in Sec. 5, the second DWBA
is found to give results in good agreement with
exact CRC calculations, and many of the calcula-
tions reported here were made in second DWBA
to save computation time.

,TmebMB,aAmaMA

aja

(18)

(19)

III. FORM FACTORS AND SPECTROSCOPIC
AMPLITUDES

It will already have been noticed from Eq. (10)
that the zero-range channel-coupling potential is
identical to the effective transition potential of
the familiar DWBA amplitude, so that the form
factor and spectroscopic amplitude have their
usual meaning. Methods of computing such form
factors and spectroscopic amplitudes have been
discussed by many authors, for one-nucleon or
many-nucleon stripping and pickup reactions, in-
elastic scattering, and charge-exchange reac-
tions.!™® The only new feature is that now, in
CRC, one must pay careful attention to phases
and signs of these quantities, which have common-
ly been ignored. In CRC, interference effects are
tremendously important.

For purposes of the numerical calculations pre-
sented here and elsewhere, we have paid particu-
lar attention to the spin-isospin-state-function
overlap integrals which occur in Eq. (10) and we
show an explicit calculation here. To have a fixed
phase convention, we have consistently used for
all reactions the following spin-isospin state
functions:

L
3 f
,M=C;ulo)! V=3__z_ fg:;ly (zoa')
|@) =G0l 0) (20D)
1 for ¢
m=sl,la), ve] Fr L, (20c)
1
'0‘):[5[@;0&110]0000,@ ’ (20d)
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TABLE I. D(ab) factor for various one-particle-
transfer processes. In columns 2 and 3, the values of
D, and the spectroscopic overlap integral are also shown.

D, D y(ab)
@, b) (10* MeVfm¥?) §-s, || {T}s,) (102 MeVim3’2)
@, p) -1.257 e -1.540
(b, d) @ -1.540
d,n) -1.257 —(312 +1.540
(n,d) (%_)1/2 -1.540
(t, d) -1.836 —(3)1/2 42,249
@, t) 2 -2.249
(h, d) -1.728 - (312 +2.117
@, h) —(3)12 +2.117
(a, k) —4.796 -1 +4,769
(h, ) 1 —4.,769
(ay t) —4.796 1 —4.769
(t, @) 1 —4.769
where

1 t
G.;rm'ry =T/_2‘_Z;<%m1%m2 I m)(%”l%”z I TU>C;1ylcm2y2 9

(21)

brTw =(_)1/2+m+1/2+uc_m-u X (22)

Here, c,’:,,, is the creation operator of a particle
with spin and isospin projection» and v. Thus,
Egs. (20a)~(20d) give the spin and isospin wave
function of the nucleon (N), deuteron (d), triton
and helion (7), and the o particle ().

A. One-Particle Stripping
and Pickup Reactions

The form factor F appropriate to the one-nucleon
pickup and stripping reactions can be given in
terms of a single-particle bound-state wave func-
tion ¢,;. We write this as’

¢44(7) (for stripping)

<1_Cg>s4’”<%y> (for pickup),

(23)

Fﬂf(r) =8 -lpo(bc)

TABLE II. Values of the spectroscopic overlap in-
tegrals for inelastic and charge-exchange processes,

Reaction 7-15-1 (s, T @& 15474)
(p,n) 1

d,d’) 79 [4(s +3)(2 —s)]112
(hyt) 45ro‘sso"(‘)”s

(@, a’) 265009

where D ,(bc) is the product of the overlap integral
between the spin-isospin wave functions of the
projectiles, and the zero-range constant D, i.e.,

3(0:51? % s°> ' @4)

Using the spin-isospin wave function given in Eq.
(20), we have calculated Dy(bc) parameters and
the results are summarized in Table I, together
with the D, values assumed. The spectroscopic
amplitude A2S can then be obtained from

lsj

~se et

a5l 19
Cisit

where ¢;mry, and Cygjmr, are the single-particle

creation and annihilation operators of the single-

particle state (Isj7 =3%) and

Dy(bc) = Do<sc

crsmrs ==Y TNV g mr ey (26)

B. Inelastic and Charge-Exchange Reaction

We assume the effective two-body force given
schematically by

V=V(R, vMay, (G « )T+ D)+ ay(F + &)+ aoy(F + ) + ago}
(27

for constructing the form factor for inelastic and
charge-exchange reactions. Since the calculation

T T T T T T T T T

0ok *8ca(h,1)*®sc 0* 15 |
E, =23 MeV ]
Second Born Approx.-

-——= Full CRC

(mb/sr)
o
A

do
do

-2

L A i A i i I A " " n 1

10 20 30 40 50 60
Oc.m.(deq)

FIG. 1. A comparison of the results of a test calcula-
tion solving the coupled-reaction-channels (CRC) equa-
tions exactly (dashed line), with results of a calculation
using the same parameters and the second Born approxi-
mation, as discussed in Sec. II (solid line).
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of the form factor has already been shown in detail in Ref. 3, we only summarize here the necessary re-

lations for numerical calculations. The produce of

ABC and FBS(y) can be written as

1s§

Aﬂ?Fﬁ?(’}’) =2V2 Z) asr(_)-y<%V1%V2 l T)(=)%"% f-1§-1<sb7b “(B.;"T “ S¢Te)

TVUiVg

X ()T ToveTy = vy | TV 25 £ (r)g
jii2

where
(B:m'ruE Zx%”h%mz ,SM)(%V,_%VZ , 7V>C;1y16‘rﬁ2172 ’
(29)

(B;rm(jdz) = 22 Gamy jammy ljm>c;rlm1,,10f2ﬁ2,72 .
(30)

In Eq. (29) we only include the spin-isospin part of
the wave function, while in Eq. (30) also the radial
part is included. Finally, g;?(R) and g}2, are the
radial and spin-angle parts of the single-particle
matrix element, defined, respectively, by

g:Z(R) =<j1|V1(R, 7) l ]Q s
(31)
VR, 7)= f V(R, F)P,(cosd)d(cos6) ,

and
‘ﬁii =<j1 ” G IYlas)j” o) (32)

The reduced matrix element (s,7,/|®] | s,7,) with
respect to the projectiles were calculated, again
using the wave functions given by Eq. (20). The
results are contained in Table II.

1V. RESULTS OF THE (%, t) ANALYSES

The CRC formulation of Sec. II. embodied in the
program JUPITER-4, has been used to study the
two-step process via a-particle channels [i.e.,
the pickup-stripping (%, @), (o, ) mechanism] as
it contributes to the *°Ar(x, £)*°K and “®Ca(n, £)**Sc
reactions. Angular-distribution data are available
at 35-MeV incident helion energy for the 0* analog

state (IAS) (4.38 MeV) and 0* antianalog state (AAS)

(1.65 MeV) in “°K,® and at 23-MeV incident helion
energy for the 0* analog state (6.67 MeV), and the
2* (1.14-MeV), 4* (0.25-MeV), and 6* (ground)
states in *%Sc.?°

The *°Ar(n, 1)*K analysis is discussed in an
earlier note!® and relevant features will only be
summarized here. A **Ca(z, £)**Sc analysis using
the second Born approximation and assuming the
mechanism is entirely (i, @), (a, #) has also been
made previously by Toyama.!®

We first want to comment upon the accuracy of
the second Born approximation, which was used
by Toyama'® and also is used in the majority of

KI5 l18] (G ga) 1T (28)

r

the calculations described here. We have carried
out a fully coupled reaction channel calculation
for the *®Ca(n, £)**Sc reaction to the 0* analog state.
The result is compared with that obtained by
using the second Born approximation in Fig. 1.

It is seen that the calculated cross section given
by the second Born approximation is not much
different from that given by the exact calculation.
This implies that the second Born approximation
is indeed a very good approximation for calcula-
tion of the two-step processes considered in the
present work.

The most important aspect of the problem when
two or more reaction mechanisms contribute is
the interference between them. No investigation,
excepting ours in Ref. 14, has so far been made
of this effect. Thus the main interest of the pres-
ent calculation is to study this interference.

A. “Ar(h, H*K

Turning to the specific case of *°Ar(z, £)*°K (0*,
IAS, 4.38 MeV and 0%, AAS, 1.65 MeV), we con-
sider four intermediate states in **Ar. These are
the f,,, ground state and three d,, two-particle~
three-hole states. The first of these d;,, states
is taken as the d;,, state at 1.52 MeV, the second
is taken to have an excitation of 3.9 MeV, roughly
the centroid of the higher d;,, hole strength in
%9Ar,% and the third, with 7=%, is assumed to lie
at around 9.0 MeV in excitation, in the continuum.
Spectroscopic amplitudes for the (%, @) transitions
to, and (a, #) transitions from these states are
given in Ref. 14. The uppermost 3* state cannot
contribute by stripping to the AAS, and the small
stripping contribution of the 3.9-MeV £* state to
the IAS was neglected. The separation-energy
procedure was used to compute the form factors
appropriate to these transitions, and also those
considered in **Ca(, #)**Sc.

Results of the calculations, for “°Ar(z, £)*K
using % and { optical parameters from the survey
by Bechetti and Greenless®® and the higher-energy
a potential adopted by Toyama,'® are presented in
Fig. 2. The data are those of Hinrichs et al.,° at
35 MeV. In Fig. 2(a) are shown the conventional
DWBA calculations (as dashed lines) and the pure
pickup-stripping calculations, in second DWBA
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(as solid lines). The microscopic form factor for
the conventional DWBA calculations used a Gauss-
ian two-body interaction with V=3 MeV and B
=3.0 fm, and included configuration mixing.'

The D, value for (i, @) and (o, #) is based upon
that suggested by Stock et al.,?* namely D,=-~4.8
x10%2 MeV fm®”2, It will be noted that the pickup-
stripping calculation is the only one agreeing with
the shape of the 0% AAS angular distribution.

On the other hand, the relative magnitudes of
conventional DWBA and second DWBA are quite
different and the AAS/IAS ratios for the pickup-
stripping cross sections are much too small. One
would expect, a priori, that both the simple direct
and the pickup-stripping mechanisms (among
others) contribute to the observed angular distri-
butions. Figure 2(b) shows the result of a summa-
tion of the amplitudes for both processes. In these
calculations, D, was reduced to —3.9 x10* MeV fm®”
for (h, @) and (@, £), while V, for the microscopic
(n, ¢) form factors, was reduced to 1.2 MeV. The
resulting cross sections have magnitude agreeing
well with the experimental cross sections.

TN T T T ] T T T T T T :
F\ 3smev, 07 1as | F b 35 Mev, 0*AAS
N\ —P-sx1.0 Y\ — P-S(x1.0)
- -~ DWBA(x0.16) 1,521 ll' -~ DWBA(xL.O)4
= otk 1 F A 1
& L ! . | ” \ ! i
3 i l, ] v ++‘l
E [ o TR
z T SRR YAN
2oZp ol g 1t oV
9 ot Jo% O
u RN 1 1] “ IS
L ;ll " oo ! 4 v ‘i
» N oo \/
[} T WO T L W B | IR RS T S T B4
2 0 20 30 40 50 60 10 20 30 40 50 60
© C T L T T — T T T
F\ 35 Mev, 0° 1aS [ 35Mev, 0°AAS
_<J - -
Z i To2F
w - - -
g 107 ]
b F 1t
= 103F .
S 1 ]
-2} - L J
10°F :
; RN a3 3

1 1 1 1 1 1 1 1 1 1 1 1
10 20 30 40 50 60 10 20 30 40 50 60
O¢c.m.(deg)

FIG. 2. The Ar(x, t)4K (0*, 4.38-MeV IAS and 0%,
1.65-MeV AAS) cross sections at 35 MeV. The experi-
mental data are taken from Ref. 6. The calculated
curves in the upper half of the figure are the results
of direct (dashed line) and pickup-stripping (full line)
calculations, as discussed in the text. The lower half
of the figure shows the result (solid line) of taking both
processes into account simultaneously. See also Ref. 14.

=3

B. *!Ca(h, 1)**sc

For the two-step process in the **Ca(h, t)**Sc
reaction we take into account only the ground state
of ¥'Ca as the single intermediate state in the o
channel. It is assumed that the final and the inter-
mediate states are pure (fq,2"%, f1) and f,~" con-
figurations, respectively. The target state is also
assumed tobe aclosed-shell core. The spectroscop-
ic amplitude, {(J;[{L}||J), for the (2, @) and (a, £)
processes are then éasily calculated and the re-
sults are summarized in Table III. The form fac-
tor for the direct process was calculated by using
the procedure summarized in Sec. III. The spec-
troscopic overlap integrals required, (J||®%[J,),
were evaluated from the wave functions of the pure
fq,2 particle-hole configurations and are given for
*8Ca(n, £)**Sc also in Table III.

The sets of optical-potential parameters used
in the present “®Ca and **Sc calculations are listed
in Table IV. The parameters for % and ¢ channels
are taken from the work of Bechetti and Greenlees,?®
but the strengths of the imaginary parts of the po-
tentials are reduced for **Ca and **Sc so that the
calculated cross sections, including only the two-
step processes, agree with the observed magnitude
of the experimental (%, ) cross sections. The pa-
rameters used for the a-particle channels are
taken from Stock et al.**

The calculated cross sections for the 0%, 2%,

4* and 6" states are shown in Figs. 3 and 4. For
each case, three theoretical curves are drawn,
which are obtained, respectively, by taking into
account: (i) the two-step process only (full line),
(ii) the direct process only (dot-dashed line),

(iii) and both processes simultaneously (dotted
line). The parameters used in calculation of the
two-step process are given in Table IV and the
strength of the two-body interaction for the direct
reaction is taken as V=5.8 MeV (with 8=2.3 fm).
These parameters are chosen so that either the
two-step process or the direct reaction alone can
explain the magnitude of the experimental 0* cross
section. Therefore, the direct-plus-two-step cal-
culations also shown in Figs. 3 and 4 are not ex~-
pected to fit the experimental data, but are in-

TABLE III. Values of the spectroscopic amplitudes
for the direct and the pickup-stripping processes in 4Ca-
(h, t)48Sc reaction,

Process Spectroscopic amplitude
#BCa 0t —~*Ca § V8
fica §—%8BscJ* -(2d +1)1/2
8ca 0* —8gc J* 1
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FIG. 3 Cross sections for *8Ca(h, t)%Sc reactions at I6 . 2' By e
23 MeV, populating the 0* (6.67-MeV, IAS) and 2* (.14~ 0 930 ( dto) 50 €0
MeV) levels. Experimental data are taken from Ref. 20. c.m.tdeg

Theoretical predictions are shown for the direct process
(dashed curve), the pure pickup-stripping process (dot-
dashed curve), and for both processes simultaneously
(full curve). The parameters are those given in Tables
I-1V, with a direct interaction strength of V=5.8 MeV.

FIG. 4. The interpretation is as in Fig. 3, except that
the experimental cross sections and calculations for the
4* (0.25-MeV) and 6* (ground) states are shown.
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tended to illustrate the trends of the interference
between the direct and two-step process for this

case. As is seen, the interference is destructive
for all four final states.

A pure (#, a), (@, t) process has previously been
assumed in second Born-approximation calcula-
tions by Toyama'? for the same reaction as we
consider here. Our calculation confirms the re-
sult of Toyama, that the two-step process can
explain both the relative magnitude and shape of
the cross sections for 0%, 2%, 4%, 6* states. How-
ever, the parameters used by Toyama are not
strictly compatible with existing data at E,=15
MeV for the **Ca(h, @)*"Ca reaction.?® In Fig. 5
we have plotted the absolute “®Ca(, a)*’Ca cross
section for the ground state, calculated with the
optical-model parameters used by Toyama,® in
comparison with experiment. It is seen that the
theoretical result is larger than the experimental
data by about a factor of 1.7. Therefore if one
readjusts, for instance, the D, parameter so that
the (n, @) cross section is reproduced, the theoret-
ical (7, #) cross sections are reduced by a factor
1.72=2.9, which destroys the agreement in mag-
nitude obtained by Toyama.?® One can also re-
produce the (%, o) data by increasing the strength
of the imaginary parts of the optical potentials. In
this case, one obtains roughly the same amount
of reduction of the (%, {) reaction cross sections.

One might therefore consider that a better ex-

T T T T T T T T T T T T T

I 48ca(h,a)*”Ca 72"

Enh =15 MeV
10°F E
. Cal .
L N me--- Cal x /1.7 .

{mb/sr)

do
dQ

Oc.m.(deg)

FIG. 5. Comparison of the experimental cross section
for ¥Ca(h,a)"Ca (ground state), at 15 MeV, with the
predictions of DWBA using the optical parameters of
Toyama, Ref. 13. Data are from Ref. 25.

planation of all the experimental data would be
obtained if both the direct and indirect processes
are taken into account simultaneously as in the
4°Ar(n, £)*K case. This is indeed possible, at
least for the 0* cross section. If one assumes a
direct process about 2.5 times as strong as before,
the experimental cross section can actually be
reproduced as is indicated in Fig. 6. Assuming
the stronger direct process is equivalent to as-
suming V =14,5 MeV for the effective force. To
assume such a large V, however, leads to a 2*
cross section about 1.5 times larger than experi-
ment, as seen in Fig. 7. The shape of the 2" curve
is, however, considerably improved, illustrating
the importance of the interference between direct
and two-step processes.

The interference effects for the 4* and 6* states,
on the other hand, are less important as a con-
sequence of the fact that the direct transition
amplitudes for these states are much smaller
than those of the two-step processes as seen in
Fig. 4. Even if the direct amplitude is doubled,
the dominant process is still the two-step process.
The effect of interference, however, is not com-
pletely negligible, particularly for the 4* cross
sections. When V is increased to 14.5 the cross
section changes by a factor of 1.5, and therefore
the direct process is important for the purpose

48Cq(h,1)48Ca O* IAS 1
. Ep, = 23 MeV ]

¢ V =14.5 MeV .

™7 7TTT

(mb/sr)

do
do

0 20 30 40 50 60
6c.m.(deg)

FIG. 6. Cross sections for the #Ca(, t)*8Sc reaction
populating the 0% (6.67-MeV, IAS) state, the data being
from Ref. 20 and the calculation a direct plus pickup-
stripping CRC calculation, with the direct interaction
strength V=14.5 MeV.
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of quantitative discussions.

It should be remarked, also, that in the pres-
ent “®Ca(z, £)**Sc calculations we as well as
Toyama®® neglected configuration mixing in the
nuclear states involved in the reaction. In this
respect it is interesting to consider the effect of
configuration mixing in the *°Ar(#, £)*K calcula-
tions, due to the fact that the analog and antiana-
log states are a linear combination of two com-
ponents. This in turn leads to the necessity to
consider three intermediate states. In Fig. 8
we show, for example, the two-step cross section
for the 0* AAS if the 3°Ar ground state only is in-
cluded as the intermediate state. It is seen that
the calculated cross section is completely changed
both in shape and magnitude. We thus conclude
that the interference of intermediate paths is very
important in the two-step processes.

An analogous effect can be expected in the **Ca-
(n, t)**Sc reaction. Consider, for example, the 2*
state. It is well known that in many nuclei configu-
ration mixing of particle-hole states with 77=0 leads
to low-lying 2* states, which carry most of the tran-
sition strength, and which are strongly excited in
inelastic scattering. Similarly in the (&, ) reaction
the final states are particle-hole states with 7=1,
but because the 7=1 force is repulsive, the collec-
tive 2*, T'=1 state is expected to have higher en-
ergy. Therefore, the transition strength to low-
lying 2%, T'=1 states should be strongly reduced,
as actually observed for the T=1 dipole transi-

T T T T T T T T T T

*BCa(h,t)*8sc 2t

I Ep =23 MeV *
V=14.5 MeV
------ V=116 MeV

S |

(mb/sr)

bIS

'UUIO_

FIG. 7. As in Fig. 6, but for the cross section to the
2* (1.14-MeV) state in *8Sc.
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tions.>” This reduction is brought about by de-
structive interference due to configuration mixing.
A possibility thus exists that we can further im-
prove the fit to the *®Cal(r, £)**Se, 2* cross sections
by considering configuration mixing effects, and
such a calculation is in progress.

V. CONCLUDING REMARKS

Using the CRC formalism of Sec. II and the form-
factor conventions of Sec. III we presented in Sec.
IV a study of the two-step (%, @), (@, t) contribu-
tion to (%, #), and particularly the interference of
this reaction mode with the familiar direct (%, #)
process. In both reactions studied, *°Ar(, {)*°K
and “Ca(z, t)**Sc, the interference is destructive,

~except if the final state is the 0* AAS.

Two ingredients are crucial in determining the
nature of the interference: the distorted wave
functions for the intermediate a-particle channels;
and, the relative phase of the dynamic spectros-
copic amplitude of the direct process, (J5|®][J,),
with respect to that of the product of the ampli-
tudes for the pickup-stripping process, (Jz | c], |70
elles, 1.

The first of these ingredients arise in a very
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FIG. 8. Cross section for the 4°Ar(%, £)4%K reaction to
the 0* (1.65-MeV, AAS) state, as in Fig. 2. The dashed
curve is the pickup-stripping calculation, also shown in
Fig. 2, with three intermediate 3%Ar states. The full
curve is a similar calculation in which the only inter-
mediate state included is the ground state of 3%Ar.
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TABLE IV. Optical and binding potential parameters
used in the present analysis of ¥Ca(#, t)%¥Sc. The
strengths of the binding potentials were adjusted to re-
produce the experimental separation energies.

Projectile  V w a a; r 7y Yo
h 156.2 26.8 0.72 0.88 1.2 14 13
¢ 161.5 21.8 0.72 0.84 12 14 13
e! 183.7 26.0 0.56 0.56 1.4 1.48 14
n 0.65 1.25
b 0.65 1.25 1.25

complicated way. But the distorted waves are
relatively insensitive to target mass and channel
energy, so that the character of the interference
is a slow function of mass and energy. Thus we
feel that the similarity to, or difference of, our
present results and similar analyses applied to
other nuclei can generally be understood by a
study of the spectroscopic amplitudes involved.

Without specifying the amplitudes explicitly it
is possible to ascertain the nature of the inter-
ference with the help of a sum rule,

jB-I<Ja ”CB,T(]}» jn) ”JA =0)

=5.. (=Yiptiy=i 7 =17 =1
8;45(=)2"n JECGJ,JCJC Jp

x¢Tslc] 1T Icles 174=0),

(33)

where the left-hand side is the spectroscopic
amplitude for the direct charge-exchange process,
ju—Jp, multiplied by a factor J™. The right-
hand side of the equation is essentially the sum

of the products of the spectroscopic amplitudes

of the successive pickup (of a neutron in a j, orbit)

and stripping (of a proton to the Jjp orbit) processes.

Note that the relation (33) was derived assuming
explicitly that the spin of the target nucleus is
zero (J,=0).

The usefulness of the relation (33) may be seen
by applying it to the (4, {) reaction populating the
IAS. Since Jz=0 for this case, the relation re-
duces to

(1AS |85 (5, o) 110)
=_jp-161pj” JE(IAS ” CJTP "JC =jn><Jc ” Cin ” 0).
c

(34)

Very often, we have the situation where only one
intermediate state is allowed for the two-step
process [as in the case of **Ca(r, #)*®*Sc considered

here]. Then, the relation is further simplified, to
(1AS 18§ () 10y ==7,720;,5, CTAS | el |l 5. X Gnll 5, 10) .
(35)
If we define
R=(Ipll&] 170/l cf, I TeXelles, 1940,
(36)

it is seen from Eq. (35) that R is neéative, irre-
spective of the orbit j, (=j,) and the nucleus in-
volved. Thus we will observe a very similar in-
terference between the direct and the two-step
processes, for all the possible j,—j,, transitions
contributing to the excitation of the IAS in any
nucleus. This conclusion does not change, even
if more than one intermediate state is contributing,
since the relation holds for the net contribution.
Summarizing the preceding arguments, one may
conclude that for the IAS, we will observe de-
structive interference over a wide range of nuclei
and intermediate a-particle energies. In a simi-
lar way, one may use the sum rule (33) to dis-
cuss the character of the interference in other
cases.

In interpreting some of the experimental data,
as for instance the *°Ar(%, #)*°K reaction leading
to the AAS and the **Ca(k, £)**Sc, 2* cross section,
it is important to include realistically the con-
figuration mixing in the nuclear states involved
in the reaction. It is generally much easier to
predict the effects of configuration mixing for
the direct process, than for the two-step process.
In this connection, it is interesting to note that
the sum rule also gives us some information on
this point. For instance, consider the excitation
of the 2* state in the **Ca(r, £)**Sc reaction, and
suppose that the f,,, " p;,, state is mixed into the
final 2* state consisting mainly of the £, ",
configuration. The 2* state can then be excited
either though the f,,, - f,,, transition or though
the f,/,— Dy, transition. From Eq. (33), it is
easy to see that the values of R for both cases
are the same. This implies that the nature of the
interference between the direct and the two-step
process is the same in both cases: If one ob-
serves destructive interference between them
for the f,,, -~ f,, transition, one also observes
destructive interference for the f;,, - ps, tran-
sition.

It would be desirable to conclude with some
very general statements concerning the importance
of two-step-transfer processes in charge-ex-
change reactions. However, we do not feel that
this is presently possible, and instead we want to
stress the theoretical ambiguities inherent in the
present, and earlier, calculations for both the
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direct and two-step process. The effective force
which is responsible for the direct process is
obviously not well known, because it is usually
obtained from experiment without taking two-step
processes into consideration, and clearly these
may not be neglected in general. On the other
hand, the way to calculate the two-step process
is far from established. The neglect of non-
orthogonality corrections between channels with
different mass partitions, as well as the use of
the zero-range approximation, could well intro-
duce considerable error. Also, the zero-range
parameters D, for the (7, @) and (a, {) reactions
are not well known, nor does one know the syste-
matic behavior of optical potentials in the % and ¢
channels. At the present stage we are not yet

able to separate clearly the influence of these
various possible sources of ambiguity, especially
because in many cases the angular distributions
for the direct and two-step processes have the
same shape (see e.g., Fig. 3). A search of avail-
able data for reactions presenting a more crucial
test of the two-step mechanism, or new experi-
ments constituting such a test, will be needed to
clarify many of the thorny issues we have en-
countered in the present work.

Note added in proof: A study of interference be-
tween direct and multistep processes has also
been made recently by Toyama and co-workers.
We are indebted to Dr. Toyama for his kind com-
munication of prepublication results.
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