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Three-body treatment of the „d, 2He… reaction on the basis of the adiabatic approximation

H. Okamura*
Department of Physics, Saitama University, Urawa, Saitama 338-8570, Japan
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A parameter-free method is proposed for the analysis of the (d, 2He) reaction. The three-body final state is
treated in the adiabatic approximation. The method is successfully applied to the data at 270 MeV on12C
target.@S0556-2813~99!04611-7#

PACS number~s!: 24.50.1g, 25.45.Kk, 24.70.1s
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I. INTRODUCTION
The (d, 2He) reaction at intermediate energies (Ed

.100 MeV/nucleon) has become one of the most powe
probes for the study of spin- and isospin-excitations in nu
@1–6#. It provides information on such modes in the (n,p)
channel with an experimentally much more favorable con
tion than other charge-exchange reactions of the same t
Rich information of polarization observables also makes
reaction notably useful@1,7#. 2He is in reality a pair of pro-
tons coupled to the1S0 state. It is measured by the coinc
dence detection of two protons emitted in close geometr
but under a large background of uncorrelated protons p
duced by the deuteron breakup. This difficulty, which w
serious at lower energies and effectively hampered the
tensive use of the reaction@8#, however, has been overcom
by the use of a magnetic spectrometer as intermediate-en
deuteron beams become available@9#. The simple one-step
reaction mechanism expected at such energies also lea
transparent interpretations of the data.

That the reaction has a three-body final state still gi
rise to difficulties in theoretical treatment, although the
lectivities on transfered angular momenta make the prob
considerably simple to attack. In the previous publicat
@1#, where the data of detailed angular distributions for d
ferential cross sections as well as for vector- and ten
analyzing powers were presented for the first time, an
tempt was made to describe the reaction based on
distorted-wave Born approximation~DWBA! theory. The re-
sult was encouraging, as all the data for low-lying discr
levels of the residual nucleus were reasonably well rep
duced by the one-step DWBA calculations. But the2He op-
tical potential generating the final scattering wave funct
was arbitrarily searched to fit the data, giving rise to am
guities in interpretation of the result. There is no pheno
enological information on the2He-residual-nucleus effectiv
interaction. Besides, the validity for describing the final sc
tering state by a local optical potential, as usually done
two-body reactions, is doubtful@10#.

A parameter-free method to treat such three-body dyn
ics was proposed on the basis of the adiabatic~or also known
as ‘‘sudden’’! approximation@11#. It was successfully ap
plied to the analysis of the (3He,2He) transfer reaction, bu
employing the zero-range approximation to simplify the
teraction with the transfered nucleon. Its extension to
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(d, 2He) reaction should be straightforward in principle, y
it has never been done presumably because the complic
charge-exchange form factor is involved. A purpose of t
article is to present an explicit formulation for the three-bo
treatment of the (d, 2He) reaction and to apply it to the
analysis of the previous data on12C target at 270 MeV.
Since the present method is realistic but acceptably simpl
will hopefully encourage extensive applications of the re
tion.

II. FORMULATION OF THE CALCULATION

Let us consider a description of one-step direct react
with a general form ofA(a,b)B, where a and b are the
bound and scattering states of nucleons 1 and 2, respecti
The spin and isospin ofA(B) and a(b) are denoted by
I A(I B), TA(TB), sa(sb), and ta(tb), respectively.R repre-
sents the relative coordinate between the projectile and
target, r the one between the particles 1 and 2, and th
corresponding asymptotic wave numbers are denoted bK
and k, respectively.m i j 5mimj /(mi1mj ) is the reduced
mass of the particlesi and j. TheT-matrix element is evalu-
ated in a way analogous to Ref.@11#; the charge-exchang
process is treated to first order and the exit-channel w
function is treated in the adiabatic approximation. While p
larization observables are subjects of interest here, the a
batic approximation, as described below, is not capable
include the spin-orbit potential. The incident-channel wa
function is therefore generated using the conventional opt
potential. It is worth noting that the possibility of projectil
breakup, which allows the charge-exchange from the c
tinuum of incident-channel directly to the final scatterin
state, is discussed for the (d, 2He) reaction in Ref.@12#, but
without the spin-orbit potential.

The three-body wave functionC (1) describing the final
scattering state satisfies the Schro¨dinger equation

F2
\2

2mbB
¹R

21 (
i 51,2

ViB~R,r!1H122EGC (1)~Kf ,k;R,r!

50. ~1!

The adiabatic approximation to solve this equation is to
glect the excitation of the particles 1-2 system@13#, i.e., to
replace the sub-HamiltonianH12 by e (5\2k2/2m12), rela-
tive energy between particles 1 and 2. The conditionE@e
for the validity of this approximation is well fulfilled in ex-
periments we are concerned with. Also the interactionViB
between particlesi and B is approximated by the optica
©1999 The American Physical Society02-1
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potentialUiB evaluated at12 (E2e), neglecting its spin-orbit
component. The sum of potentials is then expanded in m
tipoles ofR and r as

U1BS UR1
r

2U D1U2BS UR2
r

2U D
54p(

l
Ul~R,r !@ i lYl~R̂!,i lYl~ r̂!#0

0 , ~2!

where the square bracket means a vector coupling, for
ample, as

@ i LYL~R̂!,i lYl~ r̂!#J
m5 i L1 l(

Mm
^LlMmuJm&YL

M~R̂!Yl
m~ r̂!.

Expressing the wave function of ejectileb by

csbtb

mbnb~k;r!5
4p

kr (
lmsb8

x l~k;r !^ lsb8mmb2musbmb&Yl
m~ k̂!

3@ i lYl~ r̂!,fs
b8
#sb

mbf tb

nb , ~3!

where f
s
b8

mb8 (f tb

nb) is the vector coupling of spin~isospin!

functions of particles 1 and 2, the adiabatic three-body w
function Cad

(1) can be expanded as@14#

Cad
(1)~Kf ,k;R,r!

5
4p

K fR
(

JLlMm
^LlMmuJM1m&^ lsb8mmb2musbmb&

3YL
M* ~K̂f !

4p

kr
x l~k;r !f

s
b8

mb2m
f tb

nb

3(
m8

^ lsb8m8mb2m8usbmb&Yl
m8* ~ k̂!

3 (
l 8L8

xL8 l 8;Ll
J

~K f ;R,r !@ i L8YL8~R̂!,i l 8Yl 8~ r̂!#J
M1m ,

~4!

where K f5@2mbB(E2e)#1/2/\. For 2He, tb51, sb5sb8
50, and accordinglyl 50. Due to the absence of spin-orb
interaction,sb8 remains as a constant. From Eqs.~1!, ~2!, and
~4!, coupled equations whichxL8 l 8;Ll

J should satisfy are de
duced to be@15#

F d2

dR2
1K f

22
L~L11!

R2
2

2mbB

\2
U0~R,r !GxLl ;Ll

J ~K f ;R,r !

5
2mbB

\2
L̂ l̂ (

L8 l 8
i L81 l 82L2 l~2 !L81 l 1J

3xL8 l 8;Ll
J

~K f ;R,r ! (
lÞ0

l̂^Ll00uL80&

3^ ll00u l 80&W~LlL 8l 8;Jl!Ul~R,r !, ~5!
06460
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wherel̂5(2l11)1/2 andW(LlL 8l 8;Jl) is the Racah coef-
ficient. Sincer appears only as a parameter, they are num
cally solved at each givenr with the boundary condition tha

xL8 l 8;Ll
J

~K f ;R,r ! →
R→`

eisLdL8Ld l 8 lFL~K fR!1eisL8TL8 l 8;Ll
J

~r !

3@GL8~K fR!1 iF L8~K fR!#, ~6!

whereFL andGL are Coulomb wave functions andsL is the
Coulomb phase shift.

The incident-channel scattering wave function is e
panded in an ordinary form as

x i
(1)~Ki ;R!csata

mana~r!

5
4p

KiR
(
JLM

xJL~Ki ;R!^LsaMmauJM1ma&

3YL
M* ~K̂i !@ i LYL~R̂!,csa

~r!#J
M1ma . ~7!

The bound state wave function of projectilea is given by

csata

mana~r!5
1

r (
l asa8

ul as
a8
~r !@ i l aYl a

~ r̂!,fs
a8
#sa

maf ta

na , ~8!

where f
s
a8

ma8 (f ta

na) is the vector coupling of spin~isospin!

functions of particles 1 and 2. For the deuteron,ta50, sa

5sa851, andl a50, 2.
The target form factor is defined as

FI BI ATBTA

MBMAnBnA~y!5K I BMBTBnBU(
t,p

VtpUI AMATAnAL , ~9!

wherey5R1r/2 andVtp is the effective interaction betwee
nucleons in target and projectile. Its matrix element w
respect to the coupled spin and isospin of particles 1 an
can be expressed, by analogy with the point-particle sca
ing @16#, as

^f
s
b8

mb8f tb

nbuFI BI ATBTA

MBMAnBnAuf
s
a8

ma8f ta

na&

5~2 !sb82mb8 (
ls8 jmt

^I AjM AMB2MAuI BMB&

3^sa8sb8ma82mb8us8ma82mb8&

3^ ls8mma82mb8u jM B2MA& f ls8 j t~y!i 2 lYl
m* ~ ŷ!,

~10!

wherel, s8, j, andt are the orbital angular momentum, spi
total angular momentum, and isospin transfered to the tar
respectively. In order to carry out the integration overr, the
form factor is expanded in multipoles as
2-2
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f ls8 j t~y!i lYl
m~ ŷ!5 (

L1L2

HL1L2

ls8 j t S R,
r

2D @ i L1YL1
~R̂!,i L2YL2

~ r̂!# l
m . ~11!

The coefficient of expansion is given by@17#

HL1L2

ls8 j t ~r 1 ,r 2!5 i l 2L12L2 (
l 1l 2l

d l 11 l 2 ,l~2 ! l 1L11 l 2~2l11!^ l 1l00uL10&^ l 2l00uL20&W~L1l 1L2l 2 ;l l !r 1
l 1r 2

l 2

3A p~2l 11!!

~2l 1!! ~2l 2!! E f ls8 j t~y8!

y8 l
Pl~cosu!d~cosu!, ~12!

wherey85(r 1
21r 2

212r 1r 2 cosu)1/2.
It will be a good approximation to evaluate theT-matrix element in the prior formalism by usingx i

(1)csata

mana and thel 8

5 l component ofCad
(2) , which is the projection onto the elastic channel of the final scattering state. Although it ap

similar to a simple extension of DWBA, the present method is beyond that asUiB allows the coupling withl 8Þ l channels
through the dependence ofxL8 l 8;Ll

J on r. If sb85sb50, that is the case for2He, theT-matrix element is considerably simplifie
and can be written explicitly as

T~k,Ki ,Kf !5^Cad
(2)~ l 85 l !uFI BI ATBTA

MBMAnBnAux i
(1)csata

mana&

5
4p

kKiK f
(

j
ĵ ^I AjM AMB2MAuI BMB& (

JiLiL f lL 8 l asa8t

^Lisa0mauJima&^L f jM fMB2MAuJima&YL f

M f~K̂f !

3 i Li2L f2L8L̂ f L̂ i L̂8 l̂ ŝa^L fL800uLi0&W~L fL8Jisa ;Li j !W~L8l ajsa8 ; lsa!

3E dr x0~k;r ! ul as
a8
~r !E dRxL f0;L f0

L f ~K f ;R,r !H
L8 l a

lsa8 j t S R,
r

2DxJiLi
~Ki ;R!, ~13!
m
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whereM f5ma1MA2MB . Further restrictions oft51, sa8
51, andl a50, 2 are imposed for the (d, 2He) reaction. It is
worth noting that the DWBA representation is obtained fro
Eq. ~13! by replacingxL f0;L f0

L f (K f ;R,r ) with xJfL f
(K f ;R),

the distorted wave describing the center of mass motion
particles 1 and 2. The difference of the present calcula
from the one given in Ref.@1#, however, lies not only in the
treatment of the final scattering wave function but also in
description of the incident projectile. Contributions from t
deuteronD state @ l a52 component in Eq.~13!# were ne-
glected in Ref.@1#, which further simplified the calculation

Finally, attention must be drawn to the specific treatm
of the (d, 2He) reaction. The triple-differential cross sectio
for the three-body (d,pp) reaction is obtained from

d3s

dVKf
dVkde

@~d,pp!#5
2pmaA

\2Ki

r
1

~2I A11!~2sa11!

3 (
MBMAma

@ uT~k,Ki ,Kf !u2

1uT~2k,Ki ,Kf !u2#, ~14!

wherer is the phase-space distribution with respect toVKf
,

Vk , ande. The summation fork and 2k, which takes the
indistinguishability of two protons into account, results
06460
of
n

e

t

multiplication of a factor of 2 asp-p is assumed to be in the
1S0 state. The two-body cross section of the (d, 2He) reac-
tion is defined in most experimental articles as@8,9#

ds

dV
@~d, 2He!#5

1

2Eemin

emax
deE

4p
dVk

d3s

dVKf
dVkde

@~d,pp!#,

~15!

while analyzing powers are averaged overe weighting with
the cross section. The factor1

2 in Eq. ~15! arises again from
the indistinguishability of two protons, which, in theoretic
calculations, cancels out with the above mentioned facto
The integration limits are chosen in most modern literatu
@1–3# as emin50 and emax51 MeV to keep contributions
from p-p partial waves higher than1S0 negligibly small.
Contributions from higher partial-waves as a function ofe
are discussed in Refs.@18,19#, though only for the
1H(d,pp)n reaction on the basis of the plane-wave impu
approximation~PWIA!. According to their analyses, suc
contributions are of order of a few percent ifemax
51 MeV, but grow to be significant ase increases. In some
literatures for the (d, 2He) reaction, however, the integratio
limits are chosen to be different, e.g.,emax55 MeV in Ref.
@4#, or even not specified@5,6#. One must therefore be carefu
in comparing the magnitude of the cross section betw
different experiments, as well as in discussing the spin-
strength.
2-3
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TABLE I. Optical-potential parameters used for the calculation.

Elab VR r R aR WV WD r I aI VLS r LS aLS r C

~MeV! ~MeV! ~fm! ~fm! ~MeV! ~MeV! ~fm! ~fm! ~MeV! ~fm! ~fm! ~fm! Ref.

d112C 270 27.7 1.22 0.86 40.6 0.0 1.10 0.892 3.81 0.71 0.68 1.3@20#

p112C 134 16.54 1.230 0.784 10.26 0.0 1.313 0.540 1.394@21#
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III. CALCULATIONS AND THE RESULTS

The incident-channel distorted wave is generated by
optical potential with the standard form

U~R!52VRf ~r R ,aR ;R!2 iWVf ~r I ,aI ;R!

1 i4aIWD

d

dR
f ~r I ,aI ;R!12S \

mpcD 2 1

R
VLS

3
d

dR
f ~r LS ,aLS ;R!L•s1UCoul~R!, ~16!

where

f ~r i ,ai ;R!5F11expS R2r iA
1/3

ai
D G21

.

The same form excluding the spin-orbit component is u
for UpB in describing the final-state scattering wave. T
Coulomb part, however, is not expanded in multipoles or
so that the boundary condition@Eq. ~6!# is satisfied at a rea
sonable size ofR. Since the ejectile consists of two proton
the deviation caused by this becomes sizable only in
region of r>2R, where contributions to theT-matrix ele-
ment are very small. Thus the Coulomb interaction is
proximated to act on the center of mass of thep-p system.
The potential parameters used in the present calculation
listed in Table I. It should be noted that the parameters
deuteron have been obtained from the new data on ela
scattering@20# and differ from those used in Ref.@1#. The
proton potential on~excited! 12B target is approximated by
that on 12C target. The adiabatic coupled-channels equati
@Eq. ~5!# are solved taking relative1S and 1D waves into
account.

Both the deuteron and2He wave functions are calculate
by using the Reid softcore potential@22#. The choice of two-
nucleon force, however, has negligibly small influence
the result. The target form factors are calculated by us
ordinary and well established parameters. The effective t
body interaction is taken from the central and tensor part
the t-matrix parametrization at 140 MeV by Franey and Lo
@23#. The effect of the single-nucleon knock-on exchan
~SNKE! is included by a short-range approximation for t
central part@24#. Since only thes5t51 components are
involved in the reaction, the interaction is given in an expli
form as

V~r i j !5@V11
0 ~r i j !si•sj1V11

2 ~r i j !S12#ti•tj , ~17!
06460
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V11
0 ~r !53.5Y~r /1.4!1~257.051132.37i !Y~r /0.4!

2~631.791470.63i !Y~r /0.25!

2~44.3813.53i !d~r !,

V11
2 ~r !5~54.12116.52i !r 2Y~r /0.7!

2~302.11162.0i !r 2Y~r /0.55!

1~1706.91976.4i !r 2Y~r /0.4!

2~9194.115643.6i !r 2Y~r /0.25!,

whereY(x)5e2x/x ands, t, andS12 are the spin, isospin
and tensor operators, respectively. It is expanded in mu
poles to calculatef ls8 j t . The spectroscopic amplitudes a
obtained from the wave functions of Cohen and Kurath@25#
and of Millener and Kurath@26# for the positive- and
negative-parity final states, respectively. Their values
listed in Table II. The single-particle wave functions are c
culated using Woods-Saxon potentials withr 051.25 fm, a
50.65 fm, andVLS56 MeV by varying the well depth so
that the p3/2 proton is bound by 15.96 MeV and thep1/2
neutron by 3.37 MeV.

The amplitude oful as
a8
(r )HL8 l a

ls8 j t(R,r /2), the product of ra-

dial components of the deuteron wave function and the
panded form factor@Eqs.~8! and~12!#, is presented in Fig. 1
for low-lying discrete levels of12B but only for l a50 ~deu-
teronS state! and accordinglyL85 l . Noting thatcsbtb

@Eq.

~3!# is a moderate function ofr in the region of e
,1 MeV, if the range of above function with respect tor is
sufficiently short, the three-body wave functio
xL8 l 8;Ll

J (K;R,r ) may be replaced effectively by a distorte
wavexJL(K;R) dependent only onR, as originally discussed
for the (d,p) reaction by Johnson and Soper@13#. Figure 1

shows that the amplitude ofu0s
a8
Hl0

ls8 j t indeed reaches a

maximum atr;1.5 fm and diminishes with increasingr ir-
respective of both the residual state and the transfered or
angular momentuml, but varying rather slowly in compari
son withK which becomes as large as 4 fm21 at 270 MeV.
Consequently the use of an effective distorted wave for
final state can lead to a poor approximation, besides the
practically no way to deduce such a function. The prese

of HL8 l a

ls8 j t , however, imposes some restrictions on the reac

as described below.
The calculated angular distributions of the cross secti

and the analyzing powers are shown in Figs. 2 and 3, res
tively. They are in reasonably good agreement with the d
previously presented in Ref.@1#. Although an overall nor-
2-4
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TABLE II. Spectroscopic amplitudes in neutron-proton representa

„ ĵ 21^I BTBnBuu@aj 2

† ,ã j 1
# j uuI ATAnA&, ã j m5(2) j 1maj 2m , Edmond’s convention for the reduced matrix el

ments; radial wave functions positive at the origin together with@ i lYl ,fs#
j
… for 12B excited states.

(I B)n
p Ex ~MeV! ( j 1 j 2)

0p3/20p3/2 0p3/20p1/2 0p1/20p3/2 0p1/20p1/2

11
1 0. 0.0825 0.6907 0.3270 0.0733

21
1 0.95 0.0476 0.6884 20.1126

0p3/21s1/2 0p3/20d5/2 0p3/20d3/2 0p1/21s1/2 0p1/20d5/2 0p1/20d3/2

11
2 2.62 0.7285 0.1277 20.0835 20.0924 0.0077

22
2 4.46 20.2481 0.6032 20.0958 20.2788 20.0688

41
2 4.52 0.8129
n

th

th

tri-
e
ach

the
malization factor of 0.7 is required to fit the cross sectio
relative factors for the 21

1 , 22
2 , and 41

2 states with respect to
the ground state are consistent with those obtained in
analyses of intermediate-energy (p,n) reactions@27–29#, in-
dicating that they come from the improper description of
06460
,

e

e

nuclear structure. A notable feature is the very small con
butions from the deuteronD state, which are shown by th
difference between the dashed and solid curves for e
state. Furthermore, effects of coupling withD waves for the
p-p system are exceedingly small. Calculations without
-
m

FIG. 1. Amplitude of the product of the deu
teron wave function and the expanded for

factor uul as
a8
(r )H

L8 l a

l1I B1
(R,r /2)u, for some

12C@01;gnd#→12B@ I B
p# transitions, but only for

l a50 ~deuteronS state! and accordinglyL85 l .
2-5
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H. OKAMURA PHYSICAL REVIEW C 60 064602
coupling, if they are drawn in the figures, are not distingui
able from the solid curves. It is somewhat unexpected si
the D-wave breakup effect is known to be important for t
deuteron elastic scattering@30#. IndeedCad

(1) suffers non-
negligible effects from theD-wave coupling, but mainly a
relatively larger. Those effects are then strongly hindered

the presence of short-range functionHL8 l a

ls8 j t and hardly appea

at least in the forward-angle region where the data are av
able. The situation is similar for the (d,p) reaction where the
D-wave breakup effect was reported to be relatively sm
@31#.

The tensor component of the effective interaction@Eq.
~17!#, on the other hand, plays a definitely important role
in other charge-exchange reactions at similar energies. T
effects are shown by the difference between the dotted
solid curves in the figures. The data, particularly rich str
tures of Ayy and Axx for unnatural-parity states, are nev
reproduced without the tensor interaction. But effects on a
lyzing powers for 21

1 and 11
2 ~natural-parity! states are, in

contrast, very small. This is expected from the considera
in PWIA for 01 targets@7#. Analyzing powers for natural-
parity states wherel 5 j components alone contribute are r
duced to be quotients of simple functions of the interact
because of the strong selectivities of the reaction. Part

FIG. 2. Angular distributions of the cross section for t
12C(d, 2He)12B reaction. The results of calculations are presen
normalized by the factors indicated in the figure. The solid cur
represent the full calculations while the dotted and dashed cu
represent the results without including the tensor interaction and
deuteronD-state, respectively. The sum of 22

2 and 41
2 is shown by

the dot-dashed curve.
06460
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larly Axx becomes totally independent of the two-body inte
action and of the form factor, giving the theoretically max
mum value of11. Likewise, for 02 which exceptionally
allows only l 51, Ayy511 and Axx522. Although the
problem is simplified in PWIA, it is worth noting that, from
the parity conservation,Ayy511 for 02 and Ayy(0°)
5Axx(0°)520.5 for natural-parity states irrespective of th
reaction mechanism.

Figure 4~a! shows the calculated triple-differential cros
sections plotted as a function ofe for the
12C(d,pp@1S0#)12B@11;gnd# reaction at various scatterin
angles. For comparison, the prediction of the Migdal-Wats
formalism @32# and thee dependence solely determined b
the overlap of spatial components of projectile wave fun
tions, u^cbuca&u2r, are presented by dashed and dott
curves, respectively. The shape of spectrum is almost in
pendent of scattering angle atu>15° and is in good agree
ment with the Migdal-Watson formalism. As the scatteri
angle decreases, however, the distribution is relatively
hanced at smalle, becoming close tou^cbuca&u2r at very
forward angles.xLl ;Ll

J (K;R,r ) has little influence on thee
distribution since it depends one only through the energy
conservation. The projectile wave functions therefore m
be primarily responsible for this feature. The behavior oe
distribution is readily understood if the reaction is conside
in the plane-wave limit. The integration overr is separated in
this case, omitting explicit reference to the spin and isosp
to be^cb(k;r)ueiq•ruca(r)&, whereq is the momentum trans
fer. At forward angles whereq;0, it is reduced to be
^cbuca&, while at backward angles, due to cancellation
rapidly oscillatingeiq•r, the cross section reflects thee de-
pendence of short-range part ofcb and accordingly agree
with the Migdal-Watson formalism.

This feature ofe spectrum has not been confirmed expe
mentally since experimental apparatus used at intermed
energies has sensitivity only in smalle region @1–6# except

d
s
es
he

FIG. 3. Angular distributions of the vector- and tensor-analyz
powersAy , Ayy , andAxx , for the 12C(d, 2He)12B reaction. For the
curves, see the caption of Fig. 2.
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for the scintillator array used in Ref.@18#, the tolerance of
which for count rate, however, was too low to allow me
surements on targets other than hydrogen. The situation
ordinary magnetic spectrometers is illustrated in Fig. 4~b!,
where a typicale spectrum atu50° is compared with the
predictions based on the Migdal-Watson formalism~solid
curve! and onu^cbuca&u2r ~dot-dashed curve! taking instru-
mentalp-p detection efficiency into account@9#. The small
difference between them substantially inhibits detailed d
cussion on thee distribution. Besides, contributions from
higher partial-waves which may not be neglected at large
must be taken into consideration.

Still the e dependence of the cross section is a subject
validity of the present method since the adiabatic approxim
tion neglects the excitation ofp-p system while the (d, 2He)
cross section is defined by introducing the integration lim
on e @Eq. ~15!#. For the exit-channel2He scattering, the
coupled descritized continuum channels~CDCC! method
will obviously give a better description which should b

FIG. 4. ~a! Calculatede dependence of the cross section for t
12C(d,pp@1S0#)12B@11

1 ;gnd# reaction at scattering angles with a
interval of 5° ~solid curves!. The amplitudes of the cross section a
normalized at their maximum. The dotted curve represe
u^cbuca&u2r ~see text!, and the dashed curve represents the pre
tion of the Migdal-Watson formalism@32#. ~b! Experimentale de-
pendence of the spectrum atu50°. Predictions of the Migdal-
Watson formalism and ofu^cbuca&u2r are shown normalized to th
data by dot-dashed and solid curves, respectively, takingp-p detec-
tion efficiency of the detector system into account. The ratio
tween the dotted~dashed! and solid~dot-dashed! curves represents
the detection efficiency of this system@9#.
06460
-
or

-
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compared with the present one. Though such a calculatio
beyond the scope of this article, a rough estimate will
obtained from a similar reaction, i.e., the deuteron break
The agreement between the adiabatic approximation
CDCC for the deuteron breakup is known to be good if t
incident energy is sufficiently large (.80 MeV) @30#. Also
the energy produced in the charge exchange process is
pected to be small and have little influence on thee distri-
bution, since the elementary1H(d, 2He)n reaction is well
described up toe58 MeV by the PWIA @18# which also
neglects the excitation inp-p system.

IV. SUMMARY AND DISCUSSION

A treatment of the (d, 2He) reaction describing the three
body final state in the adiabatic approximation has been
sented. Calculations are carried out taking the coupling oS
andD waves of thep-p system as well as contributions from
the deuteronD state into account. Both effects from th
D-wave coupling and the deuteronD state are found to be
very small at least in the forward-angle region, due to
short-range nature of the form factor. Noting that the react
inherently shows steep angular distributions because of
broadly spread projectile wave functions and thus meas
ments are feasible only at forward angles, those effects
safely neglected in analyses of the experimental data, wh
serves to save computing time considerably. The tensor c
ponent of the effective interaction, on the other hand, pl
an important role even in this angular region. Though it
known to give good results for nucleon-induced reactions
this energy region, the treatment of SNKE may be a rema
ing subject; effects for the central interaction are included
the short-range approximation, while those for the tensor
teraction are neglected. It is worth noting that, in Ref.@33#,
both components of SNKE were calculated exactly for
heavy-ion charge exchange reaction and contributions f
the tensor component were found to be negligibly small.

The results of the present calculation are in reasona
good agreement with the data at 270 MeV on the12C target,
though an overall normalization factor of 0.7 is required to
the cross section. Nearly the same normalization factor~0.6!
was needed also in the DWBA calculation given in Ref.@1#,
even after searching for the2He optical potential. While the
absolute value of the cross section is a subject of vari
models introduced in the calculation, the origin of this fac
is most likely to be ascribed to ambiguities in estimation
two-proton tracking efficiency for the detector system@9#. A
systematic study in this direction is in progress with targ
such as6Li, 9Be, 13C and sd-shell self-conjugate nuclei
the transition strengths of which are known fromb decay or
(p,n) reaction as well as shell-model calculations. The d
gree of fit to the experimental data, including analyzing po
ers, is nearly the same as that of the DWBA calculation. B
the advantage of the present method is that the calculatio
performed in a parameter-free manner, i.e., without introd
ing the unphysical2He optical potential. This allows appli
cations to analyses of data for heavier targets with neu
excess, where the role of (n,p)-type reaction becomes reall
important but discrete and known levels are not available
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references to examine the reaction mechanism.
It is of interest to evaluate contributions from higher pa

tial waves than1S0 in p-p relative energy spectra since
has never been done on nuclear~nonhydrogen! targets while
experimental study on such targets is definitely difficult
shown in the previous section. In the present formalism,
culation of 1D2 component is straightforward though it
rather involved than that for1S0 @Eq. ~13!#. Before doing
that, however, contributions from3P waves which should
become important at lowere than 1D2 must be evaluated
This requires inclusion of the spin-orbit component inUpB
and accordingly a reformulation of the present approxim
tion. A treatment of spin-orbit potential in coupled-chann
approach is discussed for the elastic scattering by Tan
and Iseri@34#, and a similar technique may be applied to t
A

et

in

c

er

06460
-

s
l-

-
s
ji

present problem. It will also be possible in this case to tr
the incident-channel wave function in the adiabatic appro
mation and to include effects of the deuteron breakup wh
may be important as discussed in Ref.@12#. The presence of
spin-orbit part inUpB , however, allows transitions to th
spin-singlet states ofp-p system without spin transfer to th
target, which makes the problem much more complicat
Such investigations are therefore reserved for future wor
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