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New distorted-wave impulse approximation calculation for inelastic scattering of deuterons
at intermediate energies with the sudden approximation approach
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We perform a distorted-wave impulse approximation calculation of inelastic scattering of deuterons by
nuclei using effective interactions in the framework of the sudden approximation atEd5400 MeV. Cross
sections and spin observables are expressed in terms of amplitudes for the corresponding nucleon-nucleus
scattering. The calculation is examined for the excitation of12C to the 21 ~2.44 MeV!, 32 ~9.64 MeV!, and
1 1 ~12.71 MeV! states and is found to give a reasonable description for most of the observables. Some
discrepancies are found for the transition leading to the 11 state, suggesting the limitation of the applicability
of the effective interaction. Contributions of the deuteronD state are studied. Relations between the deuteron-
nucleus and proton-nucleus scattering observables are found and are studied against existing data.
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I. INTRODUCTION

Scattering of a composite projectile of weakly bound co
stituents by nuclei is well described by the adiabatic appro
mation at intermediate energies@1#, since the period of the
internal motion of the projectile is long enough compared
the projectile-nucleus collision time. This will allow us t
describe the scattering in the framework of the impulse
proximation which treats the scattering of the projectile
the individual scattering of the projectile constituents. F
more details, we consider the scattering of a deuteron wh
is a well-known example of such weakly bound projectile
From the above consideration, the deuteron scattering a
termediate energies will be described by the scattering of
constituent nucleons. For such descriptions, it is conven
to represent the distorted wave of the deuteron by the
torted wave of the proton and that of the neutron. Earlier,
sudden approximation was developed in this way by the
of the adiabatic approximation@2–4#. In this approximation,
the deuteron distorted wave is represented by

Csudden5E a~k!@fkpnp

(1) fknnn

(1) #1nd

dk

~2p!3
CA , ~1!

where CA denotes the target nucleus,fkpnp

(1) (fknnn

(1) ) is the
proton~neutron! wave function distorted by proton~neutron!-
nucleus interactions, the symbol@•••# describes the compo
sition of the deuteron spin of the protons and the neutro
and a(k) is the Fourier component of the wave function
the deuteron internal motion, details of which will be give
later. Heren ’s are thez components of spins, andkp andkn
are momenta related to the incident momentumkd as
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2 kd1k. ~2!

Recently, elastic scattering of the deuteron has been
vestigated by this approximation atEd5200, 400, and 700
MeV for 40Ca and58Ni targets@5#, where the scattering am
plitude of the deuteron is described in terms of those of
proton and the neutron. Calculated cross sections and ve
analyzing powers have successfully reproduced meas
ones to support the application of the approximation. T
stimulates us to extend the theory for inelastic scattering
the deuteron, where experimental data are being accumu
including a number of spin observables@6–8#.

In the conventional distorted-wave impulse approxim
tion ~DWIA ! @9#, the distortion of the deuteron wave is co
sidered for the center-of-mass motion of the deuteron by
suming phenomenological optical potentials between
deuteron and the nucleus, while the excitation of the tar
nucleus is microscopically treated by using theN-N t matrix
between the nucleon of the deuteron and the relevant nuc
of the target nucleus. On the contrary, in the sudden appr
mation, the scattering amplitude of the deuteron is compo
of those of the proton and the neutron as in the elastic s
tering, where the distortions are taken into account for
nucleon-nucleus scattering amplitude. Consequently, w
the DWIA amplitudes for the inelastic scattering of the pr
ton and the neutron are given, the sudden approximation
vides the amplitude for the deuteron inelastic scatteri
which is a new form of the DWIA amplitude for the deutero
scattering. The specific features of the new DWIA calcu
tion are as follows. The inputs of the calculation of the de
teron scattering are given as those of the nucleon scatte
parameters of the nucleon optical potential, the initial a
final wave functions of the target nucleus, and interactio
©2001 The American Physical Society05-1
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for the excitation of the nucleus. Assume the potential
rameters of the neutron to be the same as those of the pr
except for the Coulomb interaction. Then, the inputs of
calculation are only those of the proton and can be exam
by comparison of calculated quantities with experimen
data for the proton inelastic scattering. Once these detai
the proton scattering are provided, observables of the d
teron scattering are calculated uniquely in the case of
sudden approximation. Therefore, it will be interesting
compare the calculated observables with experimental
in the deuteron inelastic scattering for the criticism of t
validity of the physical picture of the theory. On the oth
hand, such studies of the deuteron scattering will offer ad
tional tests of the input of the proton scattering. The exa
nation of tensor analyzing powers of (d,d8) scattering is
particularly valuable since it is not available in the (p,p8)
scattering.

It has been emphasized@10# that the vector analyzing
powers measured in (d,d8) scattering atEd5400 MeV on
light targets, for example12C and 24Mg, are very similar to
those in (p,p8) scattering atEp5200 MeV, for excitations of
the nucleus to 21, 32, and 11 states except for at larg
momentum transfer, when their angular distributions are
scribed as functions ofqA1/3 with the momentum transferq
and the target mass numberA, as shown in Fig. 1. This

FIG. 1. Comparison of vector analyzing powers measured
(d,d8) scattering atEd5400 MeV with those in (p,p8) scattering
at Ep5200 MeV. The figures are taken from Ref.@10#, where the
solid lines represent the (p,p8) mean experimental shapes for12C,
24Mg, 28Si, and 40Ca targets.
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suggests a strong correlation between the (d,d8) scattering
and the (p,p8) one for the excitation of the same state of t
nucleus. The sudden approximation will be favorable for u
derstanding such a correlation between the analyzing p
ers, since the deuteron scattering amplitude is describe
terms of the protons and the neutrons as was discu
above. In the present paper, we will examine as an exam
the 12C(d,d8)12C* scattering atEd5400 MeV by the sud-
den approximation, referring to the (p,p8) one atEp5200
MeV on the same target.

As in the elastic scattering, the scattering amplitude of
deuteron derived by Eq.~1! consists of two terms, namely
the single-collision term and the double-collision one. In t
former, one of the constituent nucleons of the deuteron
scattered by the nucleus and the partner nucleon stays
spectator, while in the latter the proton and the neutron
scattered successively by the nucleus. The former descr
the typical impulse approximation scattering and the la
provides a correction to the approximation. In the elas
scattering, the measured cross section and analyzing po
have mostly been explained by the calculations which
clude only the single-collision term. Then, at present, we w
also treat the single-collision term, and the correction due
double-collision effects is considered in a phenomenolog
way. Furthermore in the present calculation, contributions
theD-state admixture in the deuteron internal wave functio
which have been neglected in the elastic-scattering calc
tion, are taken into account by the use of the recent inform
tion of the deuteron form factor obtained by analyses of el
tron scattering@11#.

In the following sections, we will calculate the cross se
tion s, the vector and tensor analyzing powers,Ay andAyy ,
the vector polarization of the emitted deuteronPy, and the
polarization transfer coefficientKy

y , and discuss the isoscala
spin-flip signatureSd

y(5 4
3 1 2

3 Ayy22Ky
y) @6#. For final states

of 12C, we consider, as examples, two natural parity sta
21 (4.44 MeV! and 32 (9.63 MeV! and one unnatural parity
state 11 (12.71 MeV!. For the calculation of the inelastic
scattering amplitudes of the proton, we follow the DWI
calculation in Ref.@12#, which provides satisfactory agree
ments with the measured cross section and vector analy
power at Ep5200 MeV. For the proton optical potentia
however, the parameter set taken from Ref.@13# is mostly
employed in the present calculation, because it gives be
agreements to the measuredKy

y providing similar agreements
of s and Ay to the previous calculation in the (p,p8) scat-
tering.

In the next section, we will derive the formulas of th
scattering amplitudes and spin observables by the sud
approximation. In Sec. III, numerical results are presen
and are compared with experimental data. They are a
compared to the calculation by the conventional DWIA. T
last section will be devoted to a summary. The details of
derivation of the formula including the deuteronD state are
given in Appendix A, while the formulas for the spin obser
ables are given in Appendix B. In Appendix C relations b
tween deuteron-nucleus and nucleon-nucleus spin obs
ables are derived within a simple approximation.
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II. DERIVATIONS OF FORMULAS FOR SCATTERING
AMPLITUDES AND SPIN OBSERVABLES

Following the basic idea given in the previous section,
will derive the transition matrix elements and the spin o
servables for the inelastic scattering of the deuteron by u
the sudden approximation. The total Hamiltonian for t
deuteron-nucleus system is given by

H5Hd1VdA1HA , VdA5VpA1VnA , ~3!

where Hd denotes the Hamiltonian of the deuteron whi
includes the deuteron-nucleus relative kinetic energy,HA is
the Hamiltonian of the target nucleus, andVpA (VnA) is the
proton~neutron!-target interaction, VpA5( i 51

A Vpi (VnA

5( i 51
A Vni). The scattering matrix for the inelastic scatteri

of the deuteronA(d,d8)A* with the total energyE of the
system is

Tf i5^CA* Fd8uVdAuCdA
(1)&, CdA

(1)5~11DdA!FdA ~4!

with

FdA5FdCA , DdA5
1

E2H1 ih
VdA , ~5!

whereCA andCA* denote the wave functions of the nucle
for the initial and final states. The deuteron wave funct
Fd is given by

Fd~rp ,rn!5 exp$ ikdrd%fnd
~r!, ~6!

wherefnd
is the internal wave function with the spin com

ponentnd ~spin variables are omitted!. The coordinatesrd
5(rp1rn)/2 andr5rn2rp are for the center-of-mass motio
and thep-n relative one, respectively.

To avoid the complicated manipulation, we will develo
the theory at present by neglecting theD-state component o
the deuteron internal motion. In later numerical calculatio
the D-state effect is fully included by using the formula
given in Appendix A. Introducing the Fourier expansion
Fd we write

Fd~rp ,rn!5E dk

~2p!3
a~k!@fkpnp

~rp!fknnn
~rn!#1nd

, ~7!

wherefkn describes the nucleon plane wave with the m
mentumk and the spin componentn. In the sudden approxi
mation, we take account of the nuclear distortions for e
nucleon of the deuteron. We replaceCdA

(1) by Csudden

5Fd
suddenCA , whereFd

sudden is given by

Fd
sudden5E dk

~2p!3
a~k!@fkpnp

(1) fknnn

(1) #1nd
, ~8!

and fkpnp

(1) (fknnn

(1) ) is the distorted wave due to the optic

potential UpA(UnA). Equation ~8! is consistent with the
physical picture by the adiabatic approximation where
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proton-neutron interaction is frozen while one of the nuc
ons interacts with the nucleus.

Now we redefinefk
(1) so as to contain the spin variab

as a Pauli spin matrix which operates on the deuteron s
wave functionx1nd

. Then Eq.~8! is rewritten as

Fd
sudden5E dk

~2p!3
fkp

(1)fkn

(1)a~k!x1nd
, ~9!

where the order offk
(1) and a(k) is important when the

deuteronD state is considered as in Appendix A. Then, t
scattering matrix becomes

Tf i
sudden5^x1n

d8
uT̂d~kd8 ,kd!ux1nd

&, ~10!

T̂d~kd8 ,kd!5E E dkdk8

~2p!6
a~k8!@ T̂pĴn1T̂nĴp#a~k! ~11!

with

T̂p5^CA* fk
p8
uVpAufkp

(1)CA&, Ĵn5^fk
n8
ufkn

(1)&, ~12!

and T̂n and Ĵp are similarly defined. HereT̂ and Ĵ are the
operators in the nucleon spin space. The first one of Eq.~12!
can be transformed by taking account ofUpA , the op-
tical-potential part ofVpA , for the final-state proton wave
function @14#,

T̂p5^CA* fk
p8

(2)uVp
e f fufkp

(1)CA&, Vp
e f f5VpA2UpA ,

~13!

which gives the distorted-wave Born approximatio
~DWBA! transition amplitude for theA(p,p8)A* scattering
when calculated on the energy shell.

As the first step of the calculation, we will extract th
impulse-approximation term by assuming

Ĵn5~2p!3d~kn82kn!. ~14!

This restricts the transition to the single collision; that is, t
neutron~proton! remains as a spectator while the proto
~neutron! interacts with the nucleus. More precise treatme
of Ĵn or Ĵp produce the double-collision term@5#. Later, the
correction to the approximation by Eq.~14! will be consid-
ered by taking account of the effect of recoil of the neutro
~proton!. Using Eq.~14!, one can eliminate the integral ove
k8 in Eq. ~11!.

For further developments, we will follow the prescriptio
given in Ref.@5#. We take out the matrix elementT̂p or T̂n
from the integral overk, replacing the matrix element by th
on-energy-shell one atk50, say,T̄p or T̄n , which gives the
dominant contribution to the integral. Due to this simplific
tion, the deuteron scattering amplitude is described by
nucleon scattering one, where the incident nucleon energ
a half of the deuteron incident one but the momentum tra
fer of the nucleon is the same as that of the deuteron.
5-3
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validity of this simplification will be numerically examine
in the next section. Then we get

T̂d5F~q!@ T̄p1T̄n#, F~q!5E drufd~r!u2 exp$2 iqr/2%,

~15!

whereq5kd2kd8 is the momentum transfer andF(q) is the
form factor of the deuteron.

We now consider the formulas of spin observables in
present theory. A general expression for the spin observ
K for the polarized deuteron beam with the unpolarized
get has the form

K5Tr@ T̂PT̂†P 8#/I 0 , ~16!

whereI 05Tr@ T̂T̂†#, Tr denotes the trace in the deuteron sp
space and summation over the target magnetic substates
P describes a 333 matrix in the deuteron spin space@15#.
Since the present calculation is performed in the nucl
spin space, we will transform Tr into the trace operation
the nucleon spin space, tr, by introducing the projection
erator on the spin triplet state,P15(31spsn)/4 as

K5tr@ T̂P̄T̂†P̄8#/I 0 , P̄5P1PP1 . ~17!

This relation, derived in Appendix B, can be understood
noting that the unity in the deuteron spin spac
(ux1m&^x1mu, becomes a projection operatorP1 in the
nucleon spin space. Table I shows the correspondenc
relevant operators in the spin space. Thus, for instance
vector analyzing power of the deuteron is given by

I 0Ay5uF~q!u2trF ~ T̄p•1n11p•T̄n!
spy1sny

2

3~ T̄p
†
•1n11p•T̄n

†!
31spsn

4 G , ~18!

where1p(1n) is the unit matrix in the proton~neutron! spin
space. The above expression consists of two kinds of te
namely, the direct terms and the cross ones. The for
terms containT̄a and T̄a

† (a5p,n) and are expressed i
terms of the spin observables of the nucleon scattering, w
the latter terms describe the interference between the pr
amplitudeT̄p and the neutron oneT̄n and are not expresse
by the nucleon spin observables. The cross terms actu
give contributions of a similar size as the direct ones in
present calculation of deuteron spin observables.

TABLE I. Correspondence of the operators in the deuteron s
space and those in the nucleon spin space.

P P̄5P1PP1

1 P15(31snsp)/4
Pi5Si (sni1spi)/2(5Si)
Pi j 5

3
2 (SiSj1SjSi)2

1
2 d i j

3
4 (snisp j1sn jspi)2

1
2 d i j snsp
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Under the assumption of a genuine isoscalar property
the transition, i.e., a similarity of the proton and neutr
transition matrix elements, the cross terms give an equal c
tribution as do the direct ones as proven in Appendix C. T
assumption is rather well satisfied in the present calcula
except at forward angles where Coulomb effects are sign
cant. Thus, in this case, the deuteron-nucleus spin obs
ables can be expressed entirely in terms of the nucle
nucleus observables, the details of which are given
Appendix C. In particular, one can derive a relation betwe
the vector analyzing power of the deuteron-nucleus sca
ing and the analyzing power/polarization of the proto
nucleus scattering as

Ay~d!5 f ~q! 1
4 $3Ay~p!1Py~p!%,

f ~q![
8

3 S kf

ki
D

d
S ki

kf
D

p
S md

mp
D 2s~p!

s~d!
F~q!2, ~19!

wherem is the reduced mass, andd and p discriminate the
projectile. The above formula is numerically examined in t
next section and is found to give the qualitative explanat
of the similarity between the deuteron analyzing power a
the proton one experimentally observed~Fig. 1!. As is shown
in Appendix C, one can also derive a relation among the s
observables and the cross sections for the assumption o
isoscalar scattering amplitudes,

R[@ 4
3 1 2

3 Ayy~d!2Ky
y~d!#/ f ~q!51, ~20!

which may be used as another test of the validity of
sudden approximation. This relation, too, will be studied b
low in our calculation and also in the experimental data.

III. NUMERICAL RESULTS AND COMPARISON WITH
EXPERIMENTS

As was discussed in the preceding sections, the obs
ables in the (d,d8) scattering are described by the amplitud
of the corresponding (p,p8) and (n,n8) scattering at the en
ergy half of the deuterons. The (n,n8) amplitudes are ap-
proximated by the (p,p8) ones except for the Coulomb con
tribution. For the (p,p8) calculation, we follow the one in
Ref. @12#. In practice, the numerical calculations of th
(p,p8) and (n,n8) scattering amplitudes are performed b
the use of the computer codeDWBA91 @16#. The wave func-
tions of 12C are taken from Ref.@17# for the positive-parity
states and from Ref.@18# for the negative-parity ones and th
interactions for the excitation of the nucleus are assume
be the effective interactions given in Ref.@19#. The interac-
tions were presented as the local equivalent of theN-N t
matrix and then the DWBA calculation with such intera
tions may effectively give an equivalent of the DWIA calc
lation. The interactions between the nucleon 1 of the d
teron and the nucleon 2 of the target nucleus are given a

V12
e f f5V12

cent1V12
so1V12

tens, ~21!

where

in
5-4
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V12
cent5V01Vss1•s21Vtt1•t21Vst~s1•s2!~t1•t2!,

~22!

V12
so5~VLS1VLStt1•t2!L•S, ~23!

V12
tens5~VT1VTtt1•t2!S12, ~24!

and S12 is a spin-tensor operator. The form factors of t
interactions are functions ofr 12, whereVcent andVso consist
of sums of Yukawa functions andVtens sums of
r 12

23Yukawa functions. More details are given in Ref.@19#.
For the proton optical potential, Ref.@12# used the param
eters, set 1, of Table II with usual form factors. However,
will use the other ones, set 2, in the table@13# and the results
are compared with those by the use of set 1 in some ca
The comparison of the calculated cross sections and vector
analyzing powerAy with the measured ones for the (p,p8)
scattering atEp5200 MeV is shown in Fig. 2, where th
angular range is limited by the momentum transferq50
22.5 fm21, which corresponds to the angular range trea
in the present (d,d8) scattering. There the parameter sets
and 2 give almost similar results with satisfactory agr
ments with the experimental data. In detail, however, sev

TABLE II. Parameter set 1 and set 2 of the optical potentials
protons used in the calculation.

Set 1a Set 2b

V 213.4 MeV 24.87 MeV
r 0 1.20 fm 1.41 fm
a 0.643 fm 0.34 fm
W 212.8 MeV 216.5 MeV
r 8 1.20 fm 1.05 fm
a8 0.637 fm 0.68 fm
Vso 213.4 MeV 210.68 MeV
r so 0.93 fm 0.91 fm
aso 0.47 fm 0.52 fm
Wso 0 211.8 MeV
r wso 0 0.91 fm
awso 0 0.52 fm

aReference@12#.
bReference@13#.
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discrepancies are seen between the calculated and the
sured. The calculations underestimate the cross sectio
largerq in the 21-state and 32-state transitions and overes
timate that at smallerq in the 11- state transition. The angu
lar distribution of the calculated analyzing power is shift
toward largerq compared to the data as seen typically in t
21-state transition. The calculatedKy

y(p) will be discussed
later together with the calculatedKy

y(d) and Sd
y(d) in the

(d,d 8) scattering.
Figures 3, 4, and 5 show the results of the present ca

lation for the (d,d8) scattering to the 21, 32, and 11 states,
respectively, where set 2 is employed for the optic
potential parameters. The calculation is performed in t
ways—with and without the deuteronD state. Both calcula-
tions reproduce the essential features of the experime
data@9#, except for those ofAyy in the 11 state transition. In
more detail, the calculated cross sections agree with the m
sured ones for their global shape of the angular distributi
although the magnitude of the cross section for 11 state is
larger than that of the measured one. The calculatedAy
shows similar features to those in the (p,p8) scattering
which was discussed above. That is, the angular distribut
of the calculatedAy for three states have a tendency to sh
toward larger angles compared to the data. The shift ofAy is
enhanced for the 11-state transition although the characte
istic of the shape of the calculated angular distribution is s
consistent with the general shape ofAy in Fig. 1 which in-
cludes the data for both of the12C and 24Mg targets. Such a
similarity of the characteristics between the (p,p8) scattering
and the (d,d8) one suggests that some of the discrepanc
between the calculated and the measured in the (d,d8) scat-
tering will be solved by improving the input of the (p,p8)
calculation so as to fit the data. The agreement with the d
is quite poor in theAyy calculation for the 11-state transi-
tion. The use of the effective interaction will be responsib
for this discrepancy, as will be discussed later in detail.

In the figures, contributions of the deuteronD state are
mostly small fors, Ay, andPy but appreciable forAyy . The
calculatedAyy is decreased in a wide angular range by
cluding theD state, remarkably for the 21-state and 32-state
transitions. The quantitiesKy

y and Sd
y at larger angles are

affected by theD state. This will be due to the spin flip b
tensor interactions associated with theD state. Unfortunately,

r

ng

-

ted
FIG. 2. Cross sections and vector analyzi
powers in (p,p8) scattering atEp5200 MeV.
The solid~dashed! lines are obtained by the po
tential parameters of set 1~2! in Table II. The
experimental data are taken from Ref.@12#. For
the abscissa of the figure, the scale is represen
by the scattering angleu on the top and by the
momentum transferq in the bottom.
5-5
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FIG. 3. Cross section and spi
observables for12C(d,d8)12C(21,
4.44 MeV! at Ed5400 MeV. The
calculated quantities by the sud
den approximation with the poten
tial parameters of set 2 are com
pared with the experimental dat
~Ref. @9#!. The solid lines include
both theSandD states of the deu-
teron internal motion. The dashe
lines include only theS state.
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experimental data of these quantities are not available
large angles. Attempts at experimental observation of s
effects will be interesting.

The calculations for the (d,d8) scattering by the potentia
parameters of set 1 are not displayed in the figures since
are very similar to those by the parameters of set 2, exc
for Ky

y and thenSd
y in the 11-state transition. The compar

sons of the calculatedSd
y andKy

y between sets 1 and 2 in th
11-state transition are shown in Figs. 6~a! and 6~b!, respec-
tively, where the differences between the calculations are
preciable and the calculation is improved by using set
although by small amounts. In Fig. 6~c!, we showKy

y calcu-
lated by sets 1 and 2 for the (p,p8) scattering to the 11 state,
where the calculation by set 2 produces better agreem
with the data than that by set 1. The difference between
05460
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calculations inKy
y of the (d,d8) scattering is apparently th

reflection of the difference in the (p,p8) scattering described
above.

Figures 7, 8, and 9 show the correction due to the dou
collision effect which is calculated according to the prescr
tion described in Ref.@5#. One of the effects of the double
collision is to share the momentum transfer to the nucl
between the constituents of the deuteron. Although we
glect the double-collision term discussed in Sec. II, su
sharing effects are taken into account by decreasing the
mentum transfer of the proton or the neutron by sm
amounts. For the proton for example, the momentum tran
qp is related to that of the deuteronq as

q5~12a!qp , ~25!
n
FIG. 4. Cross section and spi
observables for12C(d,d8)12C(32,
9.64 MeV! at Ed5400 MeV. See
also the caption for Fig. 3.
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FIG. 5. Cross section and spi
observables for12C(d,d8)12C(11,
12.71 MeV! at Ed5400 MeV. See
also the caption for Fig. 3.
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where2aqp is the momentum transfer by the participatin
neutron@5#. In the elastic scattering, the choice ofa50.07
has produced good agreements with experimental data
the cross section and vector analyzing power. Then we a
the same magnitude fora, to avoid ambiguities induced b
arbitrary choices ofa. As seen in the figures, the correctio
due to this effect produces appreciable improvements of
calculation for most observables of the (d,d8) scattering.

FIG. 6. Sd
y(d) andKy

y(d) in (d,d8) scattering atEd5400 MeV
andKy

y(p) in (p,p8) scattering atEp5200 MeV. The calculations
by the parameters of set 1~dashed lines! and set 2~solid lines! are
compared with the experimental data ofSd

y ~a!, Ky
y ~b! in the (d,d8)

scattering, and those ofKy
y in the (p,p8) one ~c! for the 11 state.
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Further, in Figs. 10, 11, and 12, we will compare o
results with those by the conventional DWIA calculation@9#,
where the nuclear wave functions of12C are taken from the
same source as ours. In the global viewpoint, both calc
tions have an almost similar quality in the agreement w
the data for the 21-state and 32-state transitions. However
the differences between the two calculations are quite
markable in the 11-state transition. In comparison with th
data, the calculatedPy by the present theory is better than th
one by the conventional calculations, which has the oppo
sign to that of the measured. On the other hand, forAyy and
Ky

y , the conventional calculation is successful in reproduc
the data but the present calculation is not at most angles
investigate the origin of this difference, we compare bo
calculations in the plane-wave~PW! limit, neglecting the dis-
tortions of the incident and outgoing waves. The comparis
is shown, for example fors, Ay, andAyy , in Fig. 13. There,
the calculated quantities are displayed for the 21-state and
11-state transitions for the convenience of the compari
between the natural parity transition and the unnatural pa
one. In the 21-state transition, both calculations, conve
tional and present, provide almost similar results except
Ay andAyy at larger angles. In the 11-state transition, how-
ever, two calculations produce remarkable differences in
of s, Ay , andAyy . In particular,Ayy by the present calcu
lation has large negative values at all angles concern
while the conventional one increases with the angle fr
small negative values at small angles to small positive o
up to u'14°. This behavior ofAyy of the conventional cal-
culation reproduces the global shape of the angular distr
tion of the measuredAyy . The features ofAyy of the
distorted-wave calculations in Fig. 12 will be understood
the reflection of the above characteristics ofAyy in the PW
calculation. Since in the PW limit the incident and fin
waves are described by the free deuteron in both calc
tions, the difference between two calculations is only in t
treatment of the interactions for the excitations of t
5-7
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FIG. 7. Cross section and spin observables for12C(d,d8)12C(21, 4.44 MeV! at Ed5400 MeV. The solid lines are calculated by th
sudden approximation with the potential parameters in set 2 and the dashed ones include the double-collision effect. The experim
are taken from Ref.@9#.
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b-
nucleus. Therefore, the present analysis indicates that
N-N t matrix provides a better description ofAyy than the
local equivalent interaction in the inelastic scattering to
11 state. As was discussed in Ref.@20#, the defect of the
present effective interactions will be related to the proced
of the simulation of the empiricalN-N t matrix by the local
potentials, particularly for exchange scattering effects. Si
the difference between the calculations by theN-N t matrix
and the effective interaction is rather minor in the 21-state
05460
he

e

e

e

transition, the observables in the 11-state transition, particu-
larly Ayy , will provide a critical examination of the validity
of the interactions.

In Figs. 14 and 15, we study the validity of the approx
mate formula

Ay~d!. f ~q! 1
4 $3Ay~p!1Py~p!%. f ~q!Ay~p!, ~26!

which was given in Sec. II, where the last similarity is o
tained under the assumption
FIG. 8. Cross section and spin observables for12C(d,d8)12C(32, 9.64 MeV! at Ed5400 MeV. See also the caption for Fig. 7.
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FIG. 9. Cross section and spi
observables for12C(d,d8)12C(11,
12.71 MeV! at Ed5400 MeV. See
also the caption for Fig. 7.
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Py~p!5Ay~p!. ~27!

The relation, Eq.~27!, is valid for non-spin-flip transitions
within the adiabatic approximation@21#, the validity of
which is numerically confirmed in the present case. In Fi
14~a! and 14~b!, Ay(p) and Py(p) calculated without the
approximation are shown for the 21-state transition and the
32-state one, respectively, where both quantities are alm
overlapped except at smallq. For the spin-flip 11 state the
relation ~27! is largely violated as shown in Fig. 14~c!. It is
noted that the present (d,d8) calculation reproduces this vio
lation to some extent. In Fig. 15,Ay(d) calculated by the first
equality of Eq.~26! is compared with the realistic calculatio
in Figs. 15~a!, 15~b!, and 15~c! for the 21, 32, and 11 cases,
respectively, showing the equality to be good approximati
05460
.

st

s

for all transitions. The second relation of Eq.~26! is exam-
ined in Figs. 15~d!, 15~e!, and 15~f! for the 21, 32, and 11

transitions, respectively. The right-hand side of the relation
a good description of the left-hand side for the former tw
transitions, while it is a rather poor one for the 11-state
transition reflecting the violation of Eq.~27! for the 11 case.
These will give the understanding as to why the measuredAy
in the deuteron scattering resembles that in the proton s
tering though in less of a grade for the 11 transition.

In Fig. 16 the calculated values of the ratioR given by Eq.
~20! for the 21, 32, and 11 states are compared with th
prediction by the assumption of the isoscalar scattering
plitude. The calculation gives for most angles

R'1 ~28!
n
n

i-
t

-
e

FIG. 10. Comparison betwee
the calculations by the sudde
approximation and those by
the conventional DWIA for
12C(d,d8) 12C(21, 4.44 MeV! at
Ed5400 MeV. The solid lines are
calculated by the sudden approx
mation with the parameters in se
2, including theD state contribu-
tion and the double-collision cor
rection. The dashed ones are th
conventional DWIA calculation
taken from Ref.@9#.
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FIG. 11. Comparison between the calculations by the sudden approximation and those by the conventional DWIA for12C(d,d8)12C(32,
9.64 MeV! at Ed5400 MeV. See also the caption for Fig. 10.
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and shows that the assumption leading to Eq.~20! is well
satisfied except at forward angles where the Coulomb dis
tion effect is important. We also plotR obtained by using the
empirical data forAyy(d) andKy

y(d), which is very close to
1 in agreement with the theoretical prediction for all of t
transitions. This will support the sudden approximation a
proach. In the 11-state transition, each of the calculatedAyy

andKy
y shows considerable deviation from the measured o

Then the above result means that significant cancellat
occur between the calculatedAyy andKy

y in Eq. ~20! for the
transition. This indicates that the relation~20! provides a test
for the rather inclusive nature of the theory.
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Finally, we will examine the validity of the approximatio
used in Sec. II to remove the scattering matrix elements o
side the integral onk. For the matrix element of the proto
scattering for example, we vary artificially the final proto
momentum by up to 20%. Such variations produce only v
small changes in the magnitude of the matrix element exc
at small scattering angles. Then the off-shell matrix elem
will be replaced by the on-shell one in a good approximati
Further, the momentum dependence of the on-shell ma
element is studied. The increase of the incident momen
of the proton by 10% induces the increase of the magnit
of the matrix element by about 7% at the maximum. This
n
n

-

FIG. 12. Comparison betwee
the calculations by the sudde
approximation and those by
the conventional DWIA for
12C(d,d8)12C(11, 12.71 MeV! at
Ed5400 MeV. See also the cap
tion for Fig.10.
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FIG. 13. Comparison betwee
calculations by the effective inter
actions and those by theN-N t
matrix for 12C(d,d8)12C(21, 4.44
MeV and 11, 12.71 MeV! reac-
tions at Ed5400 MeV in the
plane-wave limit. The solid lines
are for the calculations by the ef
fective interactions and the dashe
ones for those by theN-N t ma-
trix. The latter calculations are
taken from Ref.@9#.
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a slow variation compared to the momentum dependenc
another factor inside thek integral, the form factor of the
deuteron. These indicate that the removal of the scatte
matrix element outside thek integral will not induce signifi-
cant errors in the calculation.

FIG. 14. Comparison betweenAy and Py for 12C(p,p8) at Ep

5200 MeV. The solid@Ay(p)# and dashed@Py(p)# lines are cal-
culated by the DWIA and are for the~a! 21-, ~b! 32-, and ~c!
11-state transitions.
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IV. SUMMARY

A new DWIA calculation of the (d,d8) scattering at in-
termediate energies is presented by the use of the su
approximation, where the distortions of wave functions a
considered for each proton and neutron of the deuteron.
transition amplitude of the (d,d8) scattering is described in
terms of the (p,p8) and (n,n8) amplitudes, which explain
the correlation between the (d,d8) vector analyzing powers
and the (p,p8) ones experimentally observed for light ta
gets.

The numerical calculations are carried out atEd5400
MeV for the 12C target, for which the 21 ~4.44 MeV!, 32

~9.64 MeV!, and 11 ~12.71 MeV! states are considered a
the final states. We follow the calculation in Ref.@12# for the
(p,p8) amplitudes, for which the effective interactions@19#
are employed for the excitation of the nucleus. The calcu
tion describes well most of the measured quantities,s, Ay ,
Py, Ayy , Ky

y , andSd
y , and it is found that the characteristic

of the calculatedAy andKy
y are the reflection of those of th

corresponding quantities in the (p,p8) scattering. The con-
tribution of theD-state component of the deuteron intern
wave function is found to be small fors, Ay , and Py but
appreciable forAyy , Ky

y , and thenSy
d .

The results of the calculation are compared with those
the conventional DWIA where theN-N t matrix is used for
the excitation of the nucleus. The quality of the agreem
with the data is almost similar for both calculations in t
transitions to the 21 and 32 states but is different in the
transition to the 11 state. This indicates that some spin o
servables in the 11-state transition are sensitive to the deta
of the calculation due to the spin structure of the nucl
wave function.

The results in the PW limit by the present theory and
conventional one are compared to each other for the 21-state
and 11-state transitions. The angular distribution ofAyy in
the 11-state transition by the present calculation is quite d
5-11
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FIG. 15. Validity of the approximate formula forAy(d). ~a!, ~b!, and~c! plot the quantityf (q)@3Ay(p)1Py(p)#/4 againstAy(d) for the
21, 32, and 11 states, respectively, while~d!, ~e!, and~f! plot f (q)Ay(p) for the three states in the same manner.
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FIG. 16. RatioR for the 21, 32, and 11 states of12C calcu-

lated by the sudden approximation and the one obtained by the
of the experimental data forAyy andKy

y .
05460
ferent from that by the conventional calculation which
close to the measured one. This suggests the applicabilit
the present effective interaction to be substantially limite
Furthermore, in general, spin observables in the excitatio
the 11 state by the deuteron scattering will provide a pro
able examination of the nucleon-nucleon interaction, wh
is not available in the proton inelastic scattering. It will al
be interesting to investigate if similar effects are observed
the excitation of other unnatural parity states.

Finally, it is concluded that the sudden approximation i
useful tool to describe the deuteron distorted wave and t
examinations of the adiabatic approximation in other re
tions will be valuable. Also experimental investigations
different energies are desired.
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APPENDIX A: SUDDEN APPROXIMATION INCLUDING
THE D STATE OF THE DEUTERON

In this Appendix we give a detailed formula of the sudd
approximation including theD state of the deuteron interna
wave function. The full wave function of the deuteron
written as

Fd~rn ,rp!5 exp~ ikdrd!fm~r!, ~A1!

fm~r!5
1

r
$u~r !Y01m~ r̂!1w~r !Y21m~ r̂!%5j~r!x1m ,

~A2!
se
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whereu(r ) andw(r ) are the standardS- andD-state radial
wave functions of the deuteron,r̂ denotes the angular var
ables for thep-n relative coordinate, and

Yllm~ r̂!5(
mn

^ lm1nulm&Ylm~ r̂!x1n , ~A3!

x1n5 (
nnnp

K 1

2
nn

1

2
npU1n L xnn

xnp
, ~A4!

j~r!5
1

A4p

1

r H u~r !1
1

A8
w~r !S12~ r̂!J , ~A5!

with S12( r̂)53(snr̂)(spr̂)2(snsp) for the tensor operator
By Fourier transforming the internal wave function we o
tain

E dr exp~2 ikr!fm~r!

5a~k!x1m5a0~k!Y01m~ k̂!1a2~k!Y21m~ k̂!,

~A6!

wherek̂5k/k and

a~k!5
1

A4p
H a0~k!1

1

A8
a2~k!S12~ k̂!J , ~A7!

a0~k!54pE r 2dr j 0~kr !u~r !/r , ~A8!

a2~k!524pE r 2dr j 2~kr !w~r !/r . ~A9!

The total wave function of the deuteron is now written in t
form

Fd~rn ,rp!5E dk

~2p!3 (
n

(
nnnp

Anm~k!

3K 1

2
nn

1

2
npU1n L wknnn

~rn!wkpnp
~rp!

~A10!

with the amplitude

Anm~k![^x1nua~k!ux1m&

5 (
l 50,2

al~k!(
m

^ lm1nu1m&Ylm~ k̂!, ~A11!

which includes the coupling effects of the spin and the
bital motions due to the deuteronD state.

In the sudden approximation, the incident distorted wa
of the deuteron in the present case is given by
05460
-

e

Fd
sudden[E dk

~2p!3 (
n

(
nnnp

Anm~k!K 1

2
nn

1

2
npU1n L

3wknnn

(1) ~rn!wkpnp

(1) ~rp!, ~A12!

where wkn
(1) are the distorted nucleon wave functions wi

asymptotic momentumk and spin componentn. This gives
Eq. ~8! in Sec. II, where now the amplitudea(k) involves
S12( k̂) coming from theD state. The scattering matrix for th
deuteron inelastic scattering is given by

Tf i
sudden~kd8m8,kdm!5^x1m8uT̂d~kd8 ,kd!ux1m&, ~A13!

T̂d~kd8 ,kd!5EE dk8

~2p!3

dk

~2p!3
a~k8!$T̂n~kn8 ,kn!Ĵp~kp8 ,kp!

1 Ĵn~kn8 ,kn!T̂p~kp8 ,kp!%a~k!, ~A14!

whereT̂n(p) andĴn(p) are the same quantities as in Sec. II.
we apply the same approximation as in Sec. II, i.e., if
replace Ĵ by a momentum delta function and replace t
variablek in T̂n(p) by a representative, we finally obtain

T̂d5E dk

~2p!3
aS k2

1

2
qD ~ T̄n1T̄p!a~k!

5E dre2 iqr/2j~r!~ T̄n1T̄p!j~r!. ~A15!

Notice that the internal wave functionj and the nucleon-
nucleus scattering matrixT̄ are not commutable because
the spin operators involved.

As we are interested in the effect of the deuteronD state
in the spin observables, particularly in the tensor analyz
power, we extract from Eq.~A15! the parts which are pro
portional to the monopole and the quadrupole form factors
the deuteron:

T̂d5T̂01T̂21DT̂,

T̂05F~q!~ T̄n1T̄p!,

T̂25G~q!$S12~ q̂!~ T̄n1T̄p!1~ T̄n1T̄p!S12~ q̂!%,
~A16!

where

F~q![E dr j 0~qr/2!$@u~r !!21@w~r !#2%, ~A17!

G~q![
21

2A2
E dr j 2~qr/2!H u~r !2

1

A8
w~r !J w~r !

~A18!

are the deuteron form factors@22#, while DT̂ denotes the par
which is proportional to the difference between the mon
5-13
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pole ~quadrupole! form factor and the magnetic~spin trans-
verse! form factor. It is of the orderO(w2) and will be ig-
nored in the calculation.

APPENDIX B: POLARIZATION OBSERVABLES FOR THE
INELASTIC SCATTERING OF THE DEUTERON IN

THE SUDDEN APPROXIMATION

In this appendix we collect formulas for some of the sp
observables for the deuteron inelastic scattering including
D state. For the spin observables we adopt the definitio
Ref. @15#. Let T̂ be the deuteron-nucleus scattering mat
which is a matrix in the deuteron spin space. It depends
the magnetic quantum numbers of the target initial and fi
angular momentum states which are implicit. We first defi
the quantity

I 0[Tr~ T̂T̂†!, ~B1!

which is related to the differential cross section by

ds

dV
5S m

2p D 2kf

ki

1

3
I 0 , ~B2!

wherem is a reduced mass andki , f the relative momenta in
the initial and final states. In Eq.~B1!, Tr denotes a trace
over the deuteron spin states and a summation over the t
initial/final magnetic substates. The spin observables are
defined as

I 0Ai[Tr~ T̂P i T̂
†!, I 0Pi[Tr~P i T̂T̂†!,

I 0Ai j [Tr~ T̂P i j T̂
†!, I 0Pi j [Tr~P i j T̂T̂†!,

I 0Ki
j[Tr~Pj T̂P i T̂

†!,

I 0Ki j
k [Tr~PkT̂P i j T̂

†!, I 0Kk
i j [Tr~Pi j T̂P kT̂

†!,

I 0Ki j
kl[Tr~PklT̂P i j T̂

†!, ~B3!

wherei , j , etc., denote Cartesian coordinate componentsx,y,
etc. In the following we fix the coordinate system so that
z axis is taken in the direction of the momentum transferq,
while the y axis in the directions perpendicular to the sc
tering plane. Thus to compare with the experimental po
ization data which normally refer to the incoming/outgoi
directions in the coordinate system, one has to make a c
dinate transformation for observables in thex and z direc-
tions. The operatorsP in the deuteron spin space are given
Table I.

In the sudden approximation the deuteron-nucleus sca
ing observables are expressed in terms of the nucle
nucleus scattering matrix elements leading to the same t
sition in the target. To transform the trace in the deute
spin space into the one in the nucleon spin space one
use the identity
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r-

r-
n-
n-
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ay

(
n

ux1n&^x1nu5(
n

~ uxn&uxp&)1n~^xnu^xpu!1n

5 1
4 ~31snsp!5P1 . ~B4!

By explicitly using the vectorux1n& in Tr and using the
above relation one obtains the relation~17! in the text. The
operatorsP̄[P1PP1 are listed also in Table I.

We include in the deuteron-nucleus scattering matrixT̂
the terms proportional to the monopole and the quadrup
form factors of the deuteron, i.e.,T̂→T[T̂01T̂2 defined in
Eqs.~A16!. The results for the spin observablesK of Eq. ~17!
calculated in terms of the scattering matrixT have a genera
form

I 0K5tr@P̄8T P̄T †#5@F~q!#2D002F~q!G~q!D02

1@G~q!#2D22, ~B5!

where

D005tr@P̄8T̄P̄T̄†#,

D025tr@P̄8T̄P̄~S12T̄
†1T̄†S12!1P̄8~S12T̄1T̄S12!P̄T̄†#,

D225tr@P̄8~S12T̄1T̄S12!P̄~S12T̄
†1T̄†S12!# ~B6!

with T̄[T̄n1T̄p andS125S12(q̂). As noted in Sec. II, each
observable is composed of the direct terms and the cro
ones. We denote them, respectively, by~d! and (c), i.e., D
5D (d)1D (c) for each of the contributions in Eq.~B6!.

The direct terms are expressed entirely in terms of
nucleon-nucleus spin observables which are defined by

I n[trn~ T̄nT̄n
†!, I nAni[trn~ T̄ns i T̄n

†!,

I nPn
i [trn~s i T̄nT̄n

†!, I nKni
j [trn~s j T̄ns i T̄n

†! ~B7!

for the neutron matrix elements and, similarly,I p , etc., for
the proton matrix elements. The trace ‘‘trn’’ in the above
expressions is taken only in the neutron spin space
should not be confused with ‘‘tr’’ which is taken inboth the
neutron and the proton spin spaces. The average/summ
over the target magnetic states are also implied. For
crossed terms we define

J[( 8 trn8~ T̄n!trp8~ T̄p
†!,

Lk[( 8 trn8~ T̄nsk!trp8~ T̄p
†sk! ~k5x,y,z!,

A[( 8 @ trn8~ T̄nsy!trp8~ T̄p
†!1trn8~ T̄n!tr8~ T̄p

†sy!#,

B[ i( 8 @ trn8~ T̄nsx!trp8~ T̄p
†sz!2trn8~ T̄nsz!trp8~ T̄p

†sx!#,

~B8!

where ‘‘tr8’’ denotes summation only over the nucleonspin
5-14
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states, while(8 denotes a summation over the magnetic s
states of the target initial/final states.

Below we list expressions forD ’s in Eq. ~B6! for spin
observables in they direction~i.e., perpendicular to the sca
tering plane!. Some of these observables have been rece
measured@6–8#. As is clear from the expression for the o
servables, e.g., Eq.~18! in Sec. II, the results are symmetr
under the interchange of the neutron and proton amplitu
in particular, the direct terms are the sums of neutron
proton observables. Thus we do not explicitly show t
whole expression but write only the first half of the term
and suggest the remaining terms by the notationn⇒p or
n⇔p. For instance, the quantitiesAy , Py, andKi

j ’s appear-
ing in the expression forD (d)’s, refer to the spin observable
for the neutron-nucleus scattering. We also use a simplifi
notationKi ( i 5x,y,z) for the quantityKni

i .

~1! I 05Tr@T T †#,

D00
(d)5I n•

1

8 S 91(
k

KkD 1n⇒p, ~B9!

D00
(c)5

1

4 S 3J12(
k

LkD 1n⇔p, ~B10!

D02
(d)52I n•~2Kx2Ky12Kz!1n⇒p, ~B11!

D02
(c)52~2Lx2Ly12Lz!1n⇔p, ~B12!

D22
(d)5I n•2~914Kx14Ky17Kz!1n⇒p, ~B13!

D22
(c)52~12J1Lx1Ly14Lz!1n⇔p. ~B14!

~2! I 0Ayy5Tr@T PyyT †#,

D00
(d)5I n•

1
4 ~2Kx12Ky2Kz!1n⇒p, ~B15!

D00
(c)5 1

4 ~2Lx12Ly2Lz!1n⇔p, ~B16!

D02
(d)52I n•

1
2 ~91Kx17Ky17Kz!1n⇒p,

~B17!

D02
(c)52~6J2Lx12Ly12Lz!1n⇔p, ~B18!

D22
(d)5I n•

1
2 ~9113Kx119Ky17Kz!1n⇒p,

~B19!

D22
(c)5~12J2Lx12Ly24Lz!1n⇔p. ~B20!

~3! I 0Pyy5Tr@PyyT T †#.
This observable becomes identical toI 0Ayy in the

sudden approximation.
~4! I 0Ky

y5Tr@SyT SyT †#,

D00
(d)5I n•

1
2 ~11Ky!1n⇒p, ~B21!

D00
(c)5 1

2 ~J1Ly!1n⇔p, ~B22!

D02
(d)522I n•~11Ky!1n⇒p, ~B23!

D02
(c)522~J1Ly!1n⇔p, ~B24!

D22
(d)52I n•~719Kx17Ky19Kz!1n⇒p, ~B25!
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D22
(c)522~8J2Ly!1n⇔p. ~B26!

~5! I 0Kyy
yy5Tr@PyyT PyyT †#,

D00
(d)5I n•

1
2 ~Kx14Ky1Kz!1n⇒p, ~B27!

D00
(c)5 1

2 ~3J22Lx1Ly22Lz!1n⇔p, ~B28!

D02
(d)52I n•~5Kx12Ky2Kz!1n⇒p, ~B29!

D02
(c)52~3J12Lx2Ly24Lz!1n⇔p, ~B30!

D22
(d)5I n•~9123Kx129Ky111Kz!1n⇒p, ~B31!

D22
(c)52~18J22Lx1Ly28Lz!1n⇔p. ~B32!

~6! I 0Ay5Tr@T SyT †#,

D00
(d)5I n•

1
4 ~3Ay1Py!1n⇒p, ~B33!

D00
(c)5 1

4 ~2A1B!1n⇔p, ~B34!

D02
(d)52I n•

1
2~3Ay15Py!1n⇒p, ~B35!

D02
(c)52 1

2 ~4A2B!1n⇔p, ~B36!

D22
(d)5I n•4Py1n⇒p, ~B37!

D22
(c)52~A2B!1n⇔p. ~B38!

~7! I 0Py5Tr@SyT T †#,

D00
(d)5I n•

1
4 ~Ay13Py!1n⇒p, ~B39!

D00
(c)5 1

4 ~2A2B!1n⇔p, ~B40!

D02
(d)52I n•

1
2 ~5Ay13Py!1n⇒p, ~B41!

D02
(c)52 1

2 ~4A1B!1n⇔p, ~B42!

D22
(d)5I n•4Ay1n⇒p, ~B43!

D22
(c)52~A1B!1n⇔p. ~B44!

~8! I 0Kyy
y 5Tr@SyT PyyT †#,

D00
(d)5I n•Ay1n⇒p, ~B45!

D00
(c)5 1

2 ~A1B!1n⇔p, ~B46!

D02
(d)52I n•~Ay13Py!1n⇒p, ~B47!

D02
(c)52~2A2B!1n⇔p, ~B48!

D22
(d)5I n•2~2Ay13Py!1n⇒p, ~B49!

D22
(c)52~A22B!1n⇔p. ~B50!

~9! I 0Ky
yy5Tr@PyyT SyT †#,
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D00
(d)5I n•Py1n⇒p, ~B51!

D00
(c)5 1

2 ~A2B!1n⇔p, ~B52!

D02
(d)52I n•~3Ay1Py!1n⇒p, ~B53!

D02
(c)52~2A1B!1n⇔p, ~B54!

D22
(d)5I n•2~3Ay2Py!1n⇒p, ~B55!

D22
(c)52~A12B!1n⇔p. ~B56!

APPENDIX C: RELATION BETWEEN DEUTERON-
NUCLEUS AND NUCLEON-NUCLEUS SCATTERING

OBSERVABLES

It has been noted@10# that the analyzing powers in
deuteron-nucleus scattering are very similar to those of
corresponding nucleon-nucleus scattering when plo
against momentum transfer~Fig. 1!. Our formulation is best
suited for the study of these kinds of relationships. And th
we will derive relations between deuteron-nucleus a
nucleon-nucleus scattering observables within a reason
assumption.

Let us consider the nucleon-nucleus scattering m
trix which can be expanded in terms of the nucleon s
matrix as

T̂NA5aN01 (
i 5x,y,z

aNisNi ~N5n,p!, ~C1!

wherea ’s are the complex parameters depending on the
teraction and nuclear transition matrix elements. When
consider the isoscalar excitation in lightN5Z nuclei probed
by the isoscalar particle, we may assume that these pa
eters are charge independent, i.e.,an5ap , etc. This approxi-
mation is indeed valid except at very forward angles wh
the effect of Coulomb interaction is important. By using th
assumption and inserting the expression into Eq.~17!, one
can easily see that the crossed terms in the sudden app
mation formula give an equal contribution as do the dir
ones. As noted in Sec. II, therefore, the observables for
deuteron-nucleus scattering are entirely expressed in term
those for the nucleon-nucleus scattering. If we further
sume that the deuteronD-state contribution can be omitte
we obtain the following relations:
ev
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n
at

05460
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d

n
d
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-
n

-
e

m-

e

xi-
t
e
of
-

I 0Ud5
1

2
I 0S 91(

i
Ki

i DU
p

uF~q!u2, ~C2!

I 0Ayud5I 0~3Ay1Py!upuF~q!u2, ~C3!

I 0Pyud5I 0~Ay13Py!upuF~q!u2, ~C4!

I 0Ayyud5I 0~2Kx
x12Ky

y2Kz
z!upuF~q!u2, ~C5!

I 0Ky
yud52I 0~11Ky

y!upuF~q!u2, ~C6!

I 0Kyy
y ud54I 0AyupuF~q!u2, ~C7!

I 0Ky
yyud54I 0PyupuF~q!u2, ~C8!

I 0Kyy
yyud52I 0~Kx

x14Ky
y1Kz

z!upuF~q!u2. ~C9!

As the quantity I 0 is related to the cross section, th
deuteron-nucleus scattering observables are given in term
those for nucleon-nucleus scattering and the factor

f ~q![4
I 0~p!

I 0~d!
uF~q!u25

8

3 S kf

ki
D

d
S ki

kf
D

p
S md

mp
D 2s~p!

s~d!
uF~q!u2.

~C10!

For instance, for the analyzing power we obtain

Ayud5 f • 1
4 ~3Ay1Py!up. f •Ayup , ~C11!

where in the last relation we putPy.Ay for nucleon-nucleus
scattering. The latter relation is well satisfied for non-sp
flip transitions. In the case of spin-flip transitions such as
11 excitation this relation is largely violated, which may b
traced back to the spin-orbit distortion effect. By combini
relations given above we can eliminate nucleon spin obs
ables and express the deuteron observables in terms on
the factor~C10! as

~ 4
3 1 2

3 Ayy2Ky
y! / f 5~Sd

y1Ky
y!/ f 51, ~C12!

which may be used as an examination of the validity of
sudden approximation. Note that if one eliminates further
factor f using the expression~C9! for Kyy

yy , one obtains a
relationS250 for the double-spin-flip transition of Ref.@6#,
which is a natural consequence of the single-collis
calculation.
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