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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 approximatiéy=a#00 MeV. Cross
sections and spin observables are expressed in terms of amplitudes for the corresponding nucleon-nucleus
scattering. The calculation is examined for the excitatiot’f to the 2" (2.44 Me\), 3~ (9.64 MeV), and
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 thesfate, suggesting the limitation of the applicability
of the effective interaction. Contributions of the deuteBstate are studied. Relations between the deuteron-
nucleus and proton-nucleus scattering observables are found and are studied against existing data.
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. INTRODUCTION Ko=3kg—K, kn=3kgtk. )
Scattering of a composite projectile of weakly bound con- Recently, elastic scattering of the deuteron has been in-
stituents by nuclei is well described by the adiabatic approxivestigated by this approximation &f=200, 400, and 700
mation at intermediate energigs], since the period of the MeV for “°Ca and®®Ni targets[5], where the scattering am-
internal motion of the projectile is long enough compared toplitude of the deuteron is described in terms of those of the
the projectile-nucleus collision time. This will allow us to proton and the neutron. Calculated cross sections and vector
describe the scattering in the framework of the impulse apanalyzing powers have successfully reproduced measured
proximation which treats the scattering of the projectile asones to support the application of the approximation. This
the individual scattering of the projectile constituents. Forstimulates us to extend the theory for inelastic scattering of
more details, we consider the scattering of a deuteron whicthe deuteron, where experimental data are being accumulated
is a well-known example of such weakly bound projectiles.including a number of spin observablgs—8].
From the above consideration, the deuteron scattering at in- In the conventional distorted-wave impulse approxima-
termediate energies will be described by the scattering of thtéon (DWIA) [9], the distortion of the deuteron wave is con-
constituent nucleons. For such descriptions, it is conveniergidered for the center-of-mass motion of the deuteron by as-
to represent the distorted wave of the deuteron by the dissuming phenomenological optical potentials between the
torted wave of the proton and that of the neutron. Earlier, theleuteron and the nucleus, while the excitation of the target
sudden approximation was developed in this way by the useucleus is microscopically treated by using te\ t matrix
of the adiabatic approximatidi2—4]. In this approximation, between the nucleon of the deuteron and the relevant nucleon
the deuteron distorted wave is represented by of the target nucleus. On the contrary, in the sudden approxi-
mation, the scattering amplitude of the deuteron is composed
of those of the proton and the neutron as in the elastic scat-
s VA, (1)  tering, where the distortions are taken into account for the
(2m) nucleon-nucleus scattering amplitude. Consequently, when
the DWIA amplitudes for the inelastic scattering of the pro-
where 'V, denotes the target nUC|eU$|(<+V)p (¢4')) is the  ton and the neutron are given, the sudden approximation pro-
proton(neutron wave function distorted E)y protémeutron- vides the amplitude for the deuteron inelastic scattering,
nucleus interactions, the symiol- - ] describes the compo- which is a new form of the DWIA amplitude for the deuteron
sition of the deuteron spin of the protons and the neutronsscattering. The specific features of the new DWIA calcula-
anda(k) is the Fourier component of the wave function of tion are as follows. The inputs of the calculation of the deu-
the deuteron internal motion, details of which will be given teron scattering are given as those of the nucleon scattering:
later. Herev's are thez components of spins, arlg, andk, parameters of the nucleon optical potential, the initial and
are momenta related to the incident momentyas final wave functions of the target nucleus, and interactions

\psudden f a(k)[ ¢(k:3p¢(kn+”)n]lvd
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suggests a strong correlation between tgl() scattering
and the p,p") one for the excitation of the same state of the
nucleus. The sudden approximation will be favorable for un-
derstanding such a correlation between the analyzing pow-
ers, since the deuteron scattering amplitude is described in
terms of the protons and the neutrons as was discussed
above. In the present paper, we will examine as an example
] the 12C(d,d’)*C* scattering atE4=400 MeV by the sud-
s den approximation, referring to thep,(p’) one atE,=200
] MeV on the same target.

. As in the elastic scattering, the scattering amplitude of the
! ] deuteron derived by Ed1) consists of two terms, namely,
< 0r 4 1\1 the single-collision term and the double-collision one. In the

[ I 1 ] former, one of the constituent nucleons of the deuteron is
-0.5f o %0 g gaMeV ] scattered by the nucleus and the partner nucleon stays as a
s 2y 3. 74MeV 1 spectator, while in the latter the proton and the neutron are
AN L N L S L LA R scattered successively by the nucleus. The former describes

fit

T

11

1K
L o 0 4 44MeV
A Zpg 1 37MeV
B g 19. 36MeV
b

} , 4 ] the typical impulse approximation scattering and the latter
0.5F 1 ] provides a correction to the approximation. In the elastic
[ i1:1 Ir ;{“ ] scattering, the measured cross section and analyzing powers
t have mostly been explained by the calculations which in-
] clude only the single-collision term. Then, at present, we will
also treat the single-collision term, and the correction due to
double-collision effects is considered in a phenomenological
way. Furthermore in the present calculation, contributions of
2 L (1?m“) the_D—state admixture in the d.euteron intgrnal wave function,
which have been neglected in the elastic-scattering calcula-
FIG. 1. Comparison of vector analyzing powers measured irfion, are taken into account by the use of the recent informa-
(d,d’) scattering aE4=400 MeV with those in p,p’) scattering  tion of the deuteron form factor obtained by analyses of elec-
at E,=200 MeV. The figures are taken from R§L0], where the ~ tron scattering 11].
solid lines represent thep(p’) mean experimental shapes f5€, In the following sections, we will calculate the cross sec-
2Mg, %si, and“°Ca targets. tion o, the vector and tensor analyzing poweks,andA,,
the vector polarization of the emitted deuter®i, and the

for the excitation of the nucleus. Assume the potential papolarization transfer coefficierhtg, and discuss the isoscalar
rameters of the neutron to be the same as those of the protepin-flip signatures}(= 3+ 5A,,—2K}) [6]. For final states
except for the Coulomb interaction. Then, the inputs of theof '°C, we consider, as examples, two natural parity states
calculation are only those of the proton and can be examine@® (4.44 Me\) and 3~ (9.63 Me\) and one unnatural parity

by comparison of calculated quantities with experimentaistate 1" (12.71 Me\). For the calculation of the inelastic-
data for the proton inelastic scattering. Once these details afcattering amplitudes of the proton, we follow the DWIA
the proton scattering are provided, observables of the dewalculation in Ref[12], which provides satisfactory agree-
teron scattering are calculated uniquely in the case of thenents with the measured cross section and vector analyzing
sudden approximation. Therefore, it will be interesting topower atE,=200 MeV. For the proton optical potential,
compare the calculated observables with experimental datsowever, the parameter set taken from Ré&f] is mostly

in the deuteron inelastic scattering for the criticism of theemployed in the present calculation, because it gives better
validity of the physical picture of the theory. On the other agreements to the measurlék,‘l providing similar agreements
hand, such studies of the deuteron scattering will offer addiof o and A, to the previous calculation in thep(p’) scat-
tional tests of the input of the proton scattering. The examitering.

* 12 12, 71WeV
L Mg 9. 83MeV

0 1

nation of tensor analyzing powers ofl,f’) scattering is In the next section, we will derive the formulas of the
particularly valuable since it is not available in thg,0’)  scattering amplitudes and spin observables by the sudden
scattering. approximation. In Sec. Ill, numerical results are presented

It has been emphasizgdO] that the vector analyzing and are compared with experimental data. They are also
powers measured ind(d’) scattering att4=400 MeV on  compared to the calculation by the conventional DWIA. The
light targets, for examplé?C and Mg, are very similar to  last section will be devoted to a summary. The details of the
those in p,p") scattering aE,=200 MeV, for excitations of  derivation of the formula including the deuter@nstate are
the nucleus to 2, 37, and 1" states except for at large given in Appendix A, while the formulas for the spin observ-
momentum transfer, when their angular distributions are deables are given in Appendix B. In Appendix C relations be-
scribed as functions afAY3 with the momentum transfey  tween deuteron-nucleus and nucleon-nucleus spin observ-
and the target mass numbgé; as shown in Fig. 1. This ables are derived within a simple approximation.
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[l. DERIVATIONS OF FORMULAS FOR SCATTERING proton-neutron interaction is frozen while one of the nucle-
AMPLITUDES AND SPIN OBSERVABLES ons interacts with the nucleus.

Following the basic idea given in the previous section, we NO\F’)V vvl_e re_deflnet¢>.k ?19 ﬁs to cotntaln ﬂ:ﬁ ng ;/arlable.
will derive the transition matrix elements and the spin ob-as @ Faull spin matrix which operates on the deuteron spin

servables for the inelastic scattering of the deuteron by usin@ve functionya, . Then Eq.(8) is rewritten as
the sudden approximation. The total Hamiltonian for the

deuteron-nucleus system is given b dk
g geny Pgudden= f E )3¢£;’¢<k:>a<k>xlyd, 9
a

H:Hd+VdA+HA1 VdA:VpA+VnA1 (3)

where the order ofp{") anda(k) is important when the
deuteronD state is considered as in Appendix A. Then, the
scattering matrix becomes

where Hy denotes the Hamiltonian of the deuteron which
includes the deuteron-nucleus relative kinetic enekyy,is
the Hamiltonian of the target nucleus, avig, (V,4) is the
protor(neutron-target interaction, Vo=V, (Vja
=EiA: 1Vhi). The scattering matrix for the inelastic scattering
of the deuteromA(d,d")A* with the total energyE of the

. . dkdk’ Aa A
system is Td(ké’kd):ff(z )Ga(k’)[TpJnJrTan]a(k) (11)
o
Tf|:<‘PA*¢)d’|VdA|‘Pg;)>’ ‘ng&):(l"'DdA)(I)dA (4)

TH 49 (e Ta(kg ke [ X10g)s (10)

with with
Tp=(Var ‘f’k")|VPA| ¢f<:)‘1’A>a jn=<¢kr’1| ¢|(<:)>1 (12

Dya=PyV¥a, Vaas 5)

and T, andJ, are similarly defined. Herd andJ are the
whereW , and¥ »« denote the wave functions of the nucleus operators in the nucleon spin space. The first one of ).
for the initial and final states. The deuteron wave functioncan be transformed by taking account Of,,, the op-
®, is given by tical-potential part ofV,,, for the final-state proton wave
function[14],
Dy(ry.rn)= explikara} ¢, (1), (6) A )
Tom (W 6 IVE 1AW, VET=Vor—Upa,
where g, is the internal wave function with the spin com- P (13)
ponentyy (spin variables are omittedThe coordinates
=(rp+ry,)/2 andr=r,—r, are for the center-of-mass motion which gives the distorted-wave Born approximation
and thep-n relative one, respectively. (DWBA) transition amplitude for thé\(p,p’)A* scattering
To avoid the complicated manipulation, we will develop when calculated on the energy shell.
the theory at present by neglecting thestate component of As the first step of the calculation, we will extract the
the deuteron internal motion. In later numerical calculationsimpulse-approximation term by assuming
the D-state effect is fully included by using the formulas
given in Appendix A. Introducing the Fourier expansion of J,=(2m)35(Ky —kp). (14)
o4 we write
This restricts the transition to the single collision; that is, the
neutrorfproton remains as a spectator while the proton-
Py(rp,rn)= f Wa(k)[¢kpvp(rp)¢’knvn(rn)]1pd, (7) " (neutron interacts with the nucleus. More precise treatments
of J, or J, produce the double-collision terfs]. Later, the
where ¢y, describes the nucleon plane wave with the mo-correction to the approximation by EGL4) will be consid-
mentumk and the spin component In the sudden approxi- ered by tak|.ng account of the effec_t Qf recoil of the neutron-
mation, we take account of the nuclear distortions for eactProton. Using Eq.(14), one can eliminate the integral over
nucleon of the deuteron. We replack(y by wsudden k' in Eq. (11). _ o
:q)guddqu,A, Whereq)auddenis given by . For.further developments, we will fo!low the erescrlAptlon
given in Ref.[5]. We take out the matrix elemeiit, or T,
dk from the integral ovek, replacing the matrix element by the
Psudden J ——ak)[ o) ¢k) 1, (8)  on-energy-shell one &=0, say,T, or T,, which gives the
(2m) P dominant contribution to the integral. Due to this simplifica-
(+) ()1 ) _tion, the deuteron scattering amplitude is described by the
and ¢y, (i) is the distorted wave due to the optical nycleon scattering one, where the incident nucleon energy is
potential U,a(U,4). Equation (8) is consistent with the a half of the deuteron incident one but the momentum trans-
physical picture by the adiabatic approximation where thefer of the nucleon is the same as that of the deuteron. The
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TABLE I. Correspondence of the operators in the deuteron spin - Under the assumption of a genuine isoscalar property of

space and those in the nucleon spin space. the transition, i.e., a similarity of the proton and neutron
— transition matrix elements, the cross terms give an equal con-
P P=P,PP, tribution as do the direct ones as proven in Appendix C. The

1 assumption is rather well satisfied in the present calculation

except at forward angles where Coulomb effects are signifi-
Pi=5 L (onitop)/2(=S) cant. Thus, in this case, the deuteron-nucleus spin observ-
Pij=2(SS+5S) 26  3(0niopj+ onjopi) — 26040, ables can be expressed entirely in terms of the nucleon-
nucleus observables, the details of which are given in
Appendix C. In particular, one can derive a relation between
the vector analyzing power of the deuteron-nucleus scatter-
ing and the analyzing power/polarization of the proton-
nucleus scattering as

Ay(d)=1(q) 7{3A,(p)+ PY(p)},

(Md)zU(P)

P,=(3+0,0,)/4

validity of this simplification will be numerically examined
in the next section. Then we get

Ta=F@ITy+ T, Fa)= [ drigynl?ext—ian2),
(15
whereq=ky—k; is the momentum transfer aré(q) is the f(q)= §(ﬁ) (ﬁ
form factor of the deuteron. 31 ki) 4\ K
We now consider the formulas of spin observables in the
present theory. A general expression for the spin observabl@here i is the reduced mass, amdand p discriminate the
K for the polarized deuteron beam with the unpolarized tarprojectile. The above formula is numerically examined in the
get has the form next section and is found to give the qualitative explanation
of the similarity between the deuteron analyzing power and
K= Tr[i’p’r’fp’]n 0 (16) the proton one experimentally observgdg. 1). As is shown
in Appendix C, one can also derive a relation among the spin
wherel ;=T TT], Tr denotes the trace in the deuteron Spinobservables and the cross sections for the assumption of the

space and summation over the target magnetic substates, ag@scalar scattering amplitudes,

P describes a 33 matrix in the deuteron spin spaft5]. 4 y

Since the present calculation is performed in the nucleon R=[5+ 3A,,(d)—Ky(d)}/f(q)=1, (20
spin space, we will transform Tr into the trace operation in

the nucleon spin space, tr, by introducing the projection opWhich may be used as another test of the validity of the
erator on the spin triplet stat®, = (3+ oy a,)/4 as sudden approximation. This relation, too, will be studied be-
) p™n

low in our calculation and also in the experimental data.

WF(Q)Z, (19

p' Hp

K=t[TPT"P'1/ly, P=P,PP;. 17)
IIl. NUMERICAL RESULTS AND COMPARISON WITH

This relation, derived in Appendix B, can be understood by EXPERIMENTS
noting that the wunity in the deuteron spin space,
2| x1.){x1,|, becomes a projection operatd?; in the
nucleon spin space. Table | shows the correspondence 9
relevant operators in the spin space. Thus, for instance, th&
vector analyzing power of the deuteron is given by

As was discussed in the preceding sections, the observ-
lesinthe d,d’) scattering are described by the amplitudes
the correspondingp,p’) and (h,n’) scattering at the en-
gy half of the deuterons. Then (') amplitudes are ap-
proximated by the§,p’) ones except for the Coulomb con-
tribution. For the p,p’) calculation, we follow the one in
Ref. [12]. In practice, the numerical calculations of the
(p,p’) and (h,n’) scattering amplitudes are performed by
the use of the computer codevBagi [16]. The wave func-

, (18)  tions of *2C are taken from Ref.17] for the positive-parity
states and from Ref18] for the negative-parity ones and the
interactions for the excitation of the nucleus are assumed to
be the effective interactions given in R¢L9]. The interac-

_ Coto
|0Ay:|F(Q)|2tr[(Tp- 1,+ 1p'Tn)¥

3+ o,0,

X (T 1+ 1, T)) 2

where1,(1,) is the unit matrix in the protdmeutron spin
space. The above expression consists of two kinds of termﬁt)ns were presented as the local equivalent of Khdl t

namely, the-d|_rect te@s and the cross ones. The folrmer[hatrix and then the DWBA calculation with such interac-
terms containT, and T, (a=p,n) and are expressed in tijons may effectively give an equivalent of the DWIA calcu-
terms of the spin observables of the nucleon scattering, whilgytion. The interactions between the nucleon 1 of the deu-
the latter terms describe the interference between the protqgron and the nucleon 2 of the target nucleus are given as
amplitudeT, and the neutron on&, and are not expressed

by the nucleon spin observables. The cross terms actually VelT= VSNt vsg+ Viens, (21)
give contributions of a similar size as the direct ones in the
present calculation of deuteron spin observables. where
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TABLE II. Parameter set 1 and set 2 of the optical potentials fordiscrepancies are seen between the calculated and the mea-
protons used in the calculation. sured. The calculations underestimate the cross section at
largerq in the 2" -state and 3-state transitions and overes-

Set £ Set 2 timate that at smalleq in the 1" - state transition. The angu-
Vv —13.4 MeV —4.87 MeV lar distribution of the calculated analyzing power is shifted
o 1.20 fm 1.41 fm toward largerg compared to the data as seen typically in the
a 0.643 fm 0.34 fm 2" -state transition. The calculatét}/(p) will be discussed
w —12.8 MeV —16.5 MeV later together with the calculatedy(d) and S§(d) in the
r’ 1.20 fm 1.05 fm (d,d") scattering.
a’ 0.637 fm 0.68 fm Figures 3, 4, and 5 show the results of the present calcu-
Veo —13.4 MeV —10.68 MeV lation for the @d,d’) scattering to the 2, 3™, and 1" states,
leo 0.93 fm 0.91 fm respectively, where set 2 is employed for the optical-
ag, 0.47 fm 0.52 fm potential parameters. The calculation is performed in two
W, 0 ~11.8 MeV ways—uwith and without the deuterdn state. Both calcula-
oo 0 0.91 fm tions reproduce the essenna! features of the e>.<|'oer|mental
Ao 0 0.52 fm data[9], except for those oA, in the 1" state transition. In
more detail, the calculated cross sections agree with the mea-
*Referencd12]. sured ones for their global shape of the angular distribution,
bReferencd13]. although the magnitude of the cross section for state is
larger than that of the measured one. The calculagd
Vggﬂt: VotV 01 05+ V. 7 1+ V, (00 05) (71 7)) shows similar features to those in th@,p’) scattering
(22) which was discussed above. That is, the angular distributions
of the calculated?, for three states have a tendency to shift
Vi9=(V s+ Vi g7 m)L-S, (23)  toward larger angles compared to the data. The shifdf
enhanced for the *-state transition although the character-
VIE"S= (V14 V.71 7)Sh, (24) istic of the shape of the calculated angular distribution is still

consistent with the general shapeAyf in Fig. 1 which in-
and Sy, is a spin-tensor operator. The form factors of thecludes the data for both of th#C and **Mg targets. Such a
interactions are functions of,, whereVe®"andVs° consist  similarity of the characteristics between thg§') scattering
of sums of Yukawa functions andvt®"s sums of and the @,d") one suggests that some of the discrepancies
r 1,2X Yukawa functions. More details are given in Rgf9].  between the calculated and the measured in the'] scat-
For the proton optical potential, Ref12] used the param- tering will be solved by improving the input of the(p’)
eters, set 1, of Table Il with usual form factors. However, wecalculation so as to fit the data. The agreement with the data
will use the other ones, set 2, in the tapl8] and the results is quite poor in theA,, calculation for the 1-state transi-
are compared with those by the use of set 1 in some casei#on. The use of the effective interaction will be responsible
The comparison of the calculated cross sectioand vector  for this discrepancy, as will be discussed later in detail.
analyzing powerA, with the measured ones for the,p’) In the figures, contributions of the deuterbnstate are
scattering att,=200 MeV is shown in Fig. 2, where the mostly small foro, Ay, andPY but appreciable foA,,. The
angular range is limited by the momentum transferO0  calculatedA,, is decreased in a wide angular range by in-
—2.5 fm %, which corresponds to the angular range treated:luding theD state, remarkably for the 2state and 3-state
in the presentd,d’) scattering. There the parameter sets 1transitions. The quantitieK{ and S} at larger angles are
and 2 give almost similar results with satisfactory agree-affected by theD state. This will be due to the spin flip by
ments with the experimental data. In detail, however, severgkensor interactions associated with hetate. Unfortunately,

0 (degree)
10 20 30 40 10 20 30 40
T T

FIG. 2. Cross sections and vector analyzing
powers in ,p’) scattering atE,=200 MeV.
The solid(dashedl lines are obtained by the po-
tential parameters of set @) in Table Il. The
experimental data are taken from REf2]. For
the abscissa of the figure, the scale is represented
by the scattering anglé on the top and by the
momentum transfeq in the bottom.

o (mb/sr)
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i~
w
~
Eel
E
b
o2 . , . . FIG. 3. Cross section and spin
0'0110 2% 0 5 10 15 20 25 observables fot?C(d,d’)**C(2",
‘ L ' 4.44 Me\) at E4=400 MeV. The
05k Josk P 2 L. E calculated quantities by the sud-
' ' R den approximation with the poten-
0 0 tial parameters of set 2 are com-
T : D pared with the experimental data
0.5 o5k , , e (Ref.[9]). The solid lines include
1 [ A— 10 15 20 25 both theSandD states of the deu-
0sEKY §.--" T teron internal motion. The dashed
0.5F 3 b - lines include only theS state.
0 \
_05 1 1 1 L 0 A 1 1 L "l ]
0 5 10 15 20 % 0 5 10 15 20 25

0 (degree)

experimental data of these quantities are not available atalculations inK}, of the (d,d’) scattering is apparently the
large angles. Attempts at experimental observation of sucheflection of the difference in thep(p’) scattering described
effects will be interesting. above.

The calculations for thed,d’) scattering by the potential Figures 7, 8, and 9 show the correction due to the double-
parameters of set 1 are not displayed in the figures since theyllision effect which is calculated according to the prescrip-
are very similar to those by the parameters of set 2, excepion described in Refl5]. One of the effects of the double-
for Ky and thenS} in the 1"-state transition. The compari- collision is to share the momentum transfer to the nucleus
sons of the calculate®} andKy between sets 1 and 2 in the between the constituents of the deuteron. Although we ne-
1" -state transition are shown in Figgaband Gb), respec- glect the double-collision term discussed in Sec. Il, such
tively, where the differences between the calculations are apharing effects are taken into account by decreasing the mo-
preciable and the calculation is improved by using set 2mentum transfer of the proton or the neutron by small
although by small amounts. In Fig(d, we showK§ calcu- amounts. For the proton for example, the momentum transfer
lated by sets 1 and 2 for th@(p’) scattering to the 1 state, ~ p IS related to that of the deuterapas
where the calculation by set 2 produces better agreement

with the data than that by set 1. The difference between two g=(1-a)qy, (25
T T T T 1 T T T 7 T
= 0.8 F E
§ Josf Sy E
E 0.4 :
b

0.2
0k

0.2k - : : .
0 5 10 15 20 2%
pY R
0.5 E FIG. 4. Cross section and spin
\ observables fot?C(d,d’)**C(3",
0~ S 9.64 Me\) at E4=400 MeV. See
o , , , . 105 , . . R also the caption for Fig. 3.

0 5 10 15 20 % 0 5 10 15 20 25
0 (degree)
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o (mb/sr)

0.01F
0. 001

0.5

FIG. 5. Cross section and spin
observables fot?C(d,d’)*C(1",

12.71 Me\) atE4=400 MeV. See
also the caption for Fig. 3.

0
0 5 10 15 20 25 0 5
0 (degree)

where — aq, is the momentum transfer by the participating

neutron[5]. In the elastic scattering, the choice @ 0.07

Further, in Figs. 10, 11, and 12, we will compare our
results with those by the conventional DWIA calculat{@n,

has produced good agreements with experimental data favhere the nuclear wave functions &iC are taken from the
the cross section and vector analyzing power. Then we adogame source as ours. In the global viewpoint, both calcula-
the same magnitude far, to avoid ambiguities induced by tions have an almost similar quality in the agreement with
arbitrary choices ofv. As seen in the figures, the correction the data for the 2-state and 3-state transitions. However,
due to this effect produces appreciable improvements of ththe differences between the two calculations are quite re-

calculation for most observables of the,{’) scattering.

L A e S B S A L B AL B
1.0f @ 1(12. 7MeV)
S R ]
TR
) SrS— : : :
s | ®
" f
0.5F
of
:/Q\_ i
¥>\
_0.5_
_] 1 1 i 1

2.5
q(fm™
FIG. 6. S}(d) andKj(d) in (d,d’) scattering aE4=400 MeV
and K§(p) in (p,p') scattering aE,=200 MeV. The calculations
by the parameters of set(tlashed lingsand set Asolid lineg are

compared with the experimental datagf(a), K (b) in the (d,d")
scattering, and those N{, in the (p,p’) one(c) for the 1" state.

markable in the 1-state transition. In comparison with the
data, the calculate®Y by the present theory is better than the
one by the conventional calculations, which has the opposite
sign to that of the measured. On the other hand Afgrand

K{, the conventional calculation is successful in reproducing
the data but the present calculation is not at most angles. To
investigate the origin of this difference, we compare both
calculations in the plane-way@W) limit, neglecting the dis-
tortions of the incident and outgoing waves. The comparison
is shown, for example fowr, Ay, andA,, in Fig. 13. There,

the calculated quantities are displayed for thie-ate and

1" -state transitions for the convenience of the comparison
between the natural parity transition and the unnatural parity
one. In the Z-state transition, both calculations, conven-
tional and present, provide almost similar results except for
Ay andA,, at larger angles. In the*Lstate transition, how-
ever, two calculations produce remarkable differences in all
of o, Ay, andA,. In particular,A,, by the present calcu-
lation has large negative values at all angles concerned,
while the conventional one increases with the angle from
small negative values at small angles to small positive ones
up to 6~ 14°. This behavior oA\, of the conventional cal-
culation reproduces the global shape of the angular distribu-
tion of the measuredd,,. The features ofA,, of the
distorted-wave calculations in Fig. 12 will be understood as
the reflection of the above characteristicsAgf, in the PW
calculation. Since in the PW limit the incident and final
waves are described by the free deuteron in both calcula-
tions, the difference between two calculations is only in the
treatment of the interactions for the excitations of the
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o (mb/sr)

0 (degree)

FIG. 7. Cross section and spin observables f@(d,d’)*>C(2", 4.44 Me\) at E4=400 MeV. The solid lines are calculated by the
sudden approximation with the potential parameters in set 2 and the dashed ones include the double-collision effect. The experimental data

are taken from Ref.9].

nucleus. Therefore, the present analysis indicates that thteansition, the observables in thé Jstate transition, particu-
N-N t matrix provides a better description &f, than the larly Ay, will provide a critical examination of the validity
local equivalent interaction in the inelastic scattering to theof the interactions.

1" state. As was discussed in RER0], the defect of the In Figs. 14 and 15, we study the validity of the approxi-
present effective interactions will be related to the procedurénate formula
of the simulation of the empiricall-N t matrix by the local A(d)=F(q) H{3A,(p)+PY(p)}=F(q)A(p), (26)

potentials, particularly for exchange scattering effects. Since
the difference between the calculations by M t matrix ~ which was given in Sec. I, where the last similarity is ob-
and the effective interaction is rather minor in thé-&tate  tained under the assumption

o (mb/sr)

37(9. 64MeV)

0.5 F E
) 0.5
NI
\\\\
_05 ] | L L ‘~-- 0 E . 1 1 1 Il
0 5 10 15 20 25 0 5 10 15 20 25

0 (degree)

FIG. 8. Cross section and spin observables'f@(d,d’)*>C(3™, 9.64 Me\) at E;=400 MeV. See also the caption for Fig. 7.
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0.5 ¢ ; i 3 FIG. 9. Cross section and spin
: - observables fot?C(d,d’)*C(1",
0 = = 12.71 Me\) at E4=400 MeV. See
o . , . . also the caption for Fig. 7.
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K ¥
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0
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PY(p)=Ay(p). (27)  for all transitions. The second relation of Eg6) is exam-
ined in Figs. 1&d), 15(e), and 15f) for the 2", 37, and 1"

The relation, Eq(27), is valid for non-spin-flip transitions transitions, respectively. The right-hand side of the relation is
within the adiabatic approximatiofi21], the validity of a good description of the left-hand side for the former two
which is numerically confirmed in the present case. In Figstransitions, while it is a rather poor one for the -ktate
14(a) and 14b), A,(p) and PY(p) calculated without the transition reflecting the violation of E¢27) for the 1" case.
approximation are shown for the"2state transition and the These will give the understanding as to why the measAred
3" -state one, respectively, where both quantities are almosgin the deuteron scattering resembles that in the proton scat-
overlapped except at smaljl For the spin-flip I state the tering though in less of a grade for thé fransition.
relation (27) is largely violated as shown in Fig. @@}. It is In Fig. 16 the calculated values of the raRagiven by Eg.
noted that the presenti(d’) calculation reproduces this vio- (20) for the 2", 37, and 1" states are compared with the
lation to some extent. In Fig. 18, (d) calculated by the first prediction by the assumption of the isoscalar scattering am-
equality of Eq.(26) is compared with the realistic calculation plitude. The calculation gives for most angles
in Figs. 1%a), 15(b), and 1%c) for the 2", 37, and 1" cases,

respectively, showing the equality to be good approximations R~1 (28
lomd T T T T 1 T T T T
e 0.8FSY E
SN 10 L gee*Veeagal d
\-% 0.6 F E
b 1

Josf //
0.2 £ 3
1" FIG. 10. Comparison between
2° (4. 44MeV) 0 s 3 b

0.01 o L the calculations by the sudden
o 5 10 15 20 2% .0 5 10 15 20 25 approximation and those by
T the conventional DWIA for
PY P 12c(d,d") 2C(2", 4.44 Me\) at
- \ E4=400 MeV. The solid lines are

D calculated by the sudden approxi-
mation with the parameters in set
s L ! 2, including theD state contribu-
tion and the double-collision cor-
rection. The dashed ones are the
conventional DWIA calculation
taken from Ref[9].

_0‘ 5 L 1 L 1 0 los I I 1
0 5 10 15 20 25 0 5 10 15 20 25

0 (degree)
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E 0.8; 4
o 0.6 F E
E 0.4
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0.2

1 0 1 | L L ]
0 5 10 15 20 25 0 5 10 15 20 25

0 (degree)

FIG. 11. Comparison between the calculations by the sudden approximation and those by the conventional D%k for)1?C(3™,
9.64 Me\) at E;=400 MeV. See also the caption for Fig. 10.

and shows that the assumption leading to &%) is well Finally, we will examine the validity of the approximation
satisfied except at forward angles where the Coulomb distoused in Sec. Il to remove the scattering matrix elements out-
tion effect is important. We also pl& obtained by using the side the integral ork. For the matrix element of the proton
empirical data forA,(d) andK3(d), which is very close to  scattering for example, we vary artificially the final proton
1 in agreement with the theoretical prediction for all of the momentum by up to 20%. Such variations produce only very
transitions. This will support the sudden approximation ap-small changes in the magnitude of the matrix element except
proach. In the 1-state transition, each of the calculai&g,  at small scattering angles. Then the off-shell matrix element
and K§ shows considerable deviation from the measured onewill be replaced by the on-shell one in a good approximation.
Then the above result means that significant cancellationsurther, the momentum dependence of the on-shell matrix
occur between the calculatéd,, and K§ in Eq. (20) for the  element is studied. The increase of the incident momentum
transition. This indicates that the relati(20) provides a test of the proton by 10% induces the increase of the magnitude
for the rather inclusive nature of the theory. of the matrix element by about 7% at the maximum. This is

1.2 T T T 1

/g 1S/ 3
E 7 08 PN, 3
~ Jost \
b N
oaf 1t % SN ]
To2f : Hﬂ __j’ E
0 5 10 15 20 25
py FIG. 12. Comparison between
3 3 the calculations by the sudden
1] ¥ ! N ] approximation and those by
__________ - <. E the conventional DWIA for
2Cc(d,d")*%c(1t, 12.71 MeV at
L L ' L E4=400 MeV. See also the cap-
—_— 1 13 20 2 tion for Fig.10.
A K,
05k % { v 3 4
e 0.5
0 e S?) T-Ipiii i\ -----
ngI*IL*I
_05 L 1 i 1 0

20 25
0 (degree)
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B
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0.1k
0.01F ., .
17(12. 71MeV) FIG. 13. Comparison between
0 0010 s 0 5 20 2 calculations by the effective inter-
1 ' ' T ' actions and those by thBl-N t
H A, matrix for 2C(d,d")*?C(2", 4.44
0.5 {{{ } 3 MeV and 1", 12.71 Me\j reac-
N TSy 3 tions at Eq=400 MeV in the
5234 ) .41 plane-wave limit. The solid lines
are for the calculations by the ef-
_05 1 ] 1 1 . 3 .
0 5 10 15 20 25 fective interactions and the dashed
' ' ' ' ones for those by th&-N t ma-
0.5 F { E . .
{{} v trix. The latter calculations are
. TTIIILLiﬁ--- taken from Ref[9].
]
-0.5F s
-0.5 L l Il | E | f | L
0 5 10 15 20 25 0 5 10 15 20 25
0 (degree)
a slow variation compared to the momentum dependence of V. SUMMARY

another factor inside thk& integral, the form factor of the

deuteron. These indicate that the removal of the scatterin

matrix element outside thieintegral will not induce signifi-
cant errors in the calculation.

E (a)

a os5E

B NG ]
- 0 h

:a/_ [ \/:

< -0.5F .

F 27 (4. 44MeV)

A (o), P (p)

A, (), PY(p)

F 17(12. T1MeV)
0 0.5

I2. 5
q(fm™)

FIG. 14. Comparison betweeh, and P¥ for **C(p,p’) atE,
=200 MeV. The solid A,(p)] and dashedP(p)] lines are cal-
culated by the DWIA and are for th@) 2"-, (b) 37-, and (c)
17" -state transitions.

A new DWIA calculation of the §,d") scattering at in-
germediate energies is presented by the use of the sudden
approximation, where the distortions of wave functions are
considered for each proton and neutron of the deuteron. The
transition amplitude of thed,d’) scattering is described in
terms of the p,p’) and (h,n") amplitudes, which explain
the correlation between thel(d’) vector analyzing powers
and the p,p’) ones experimentally observed for light tar-
gets.

The numerical calculations are carried out Bf=400
MeV for the 1°C target, for which the 2 (4.44 Me\), 3~
(9.64 MeV), and 1" (12.71 Me\) states are considered as
the final states. We follow the calculation in REE2] for the
(p,p") amplitudes, for which the effective interactioffE9]
are employed for the excitation of the nucleus. The calcula-
tion describes well most of the measured quantitigsA, ,

PY, Ay, Ky, andSy, and it is found that the characteristics
of the calculatedi, and K§ are the reflection of those of the
corresponding quantities in the,(p’) scattering. The con-
tribution of the D-state component of the deuteron internal
wave function is found to be small far, A,, andPY but
appreciable foR,,, K, and thenS].

The results of the calculation are compared with those by
the conventional DWIA where thB-N t matrix is used for
the excitation of the nucleus. The quality of the agreement
with the data is almost similar for both calculations in the
transitions to the 2 and 3~ states but is different in the
transition to the 1 state. This indicates that some spin ob-
servables in the 1-state transition are sensitive to the details
of the calculation due to the spin structure of the nuclear
wave function.

The results in the PW limit by the present theory and the
conventional one are compared to each other for thetate
and 1"-state transitions. The angular distribution A, in
the 1" -state transition by the present calculation is quite dif-
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37(9. 64MHeV) - E37(9. 64MeV) : S
_05 L Pt | Y L 1 _0'5 - 1 1 L 1
;0 05___ 1 1.5 2 25 10 0s___ 1 1.5 2 2.5
(c) Ay () () . Ay (d)
0.5 f 1°(12. T1MeV) 1 o5 E (2. 71HeV) P
0 E \—//\ o \/ S
_05 1 L L L 1 _05 L ~-.-I--—’ 1 L
0 0.5 1 1.5 2 2.5 0 0.5 1 1.5 2 2.5
q(fm™)

FIG. 15. Validity of the apprpximate formula f@x,(d). (), (b), and(c) plot the quantityf(q)[SAy(p)+ PY(p)1/4 againstA,(d) for the
2%, 37, and 1" states, respectively, whil@), (e), and(f) plot f(q)Ay(p) for the three states in the same manner.

ferent from that by the conventional calculation which is
close to the measured one. This suggests the applicability of
the present effective interaction to be substantially limited.
Furthermore, in general, spin observables in the excitation of

L the 1" state by the deuteron scattering will provide a profit-
. 2* (4. 44NeV) ] able examination of the nucleon-nucleon interaction, which
L5 ’ ] is not available in the proton inelastic scattering. It will also
. o ] be interesting to investigate if similar effects are observed in
& 10— —e ] the excitation of other unnatural parity states.
i ] Finally, it is concluded that the sudden approximation is a
05 F ] useful tool to describe the deuteron distorted wave and then
' ] examinations of the adiabatic approximation in other reac-
LA e e S tions will be valuable. Also experimental investigations at
ol 3 (9. 64MeV) different energies are desired.
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15 L 17(12.71MeV) APPENDIX A: SUDDEN APPROXIMATION INCLUDING
i ] THE D STATE OF THE DEUTERON
= 1.0 ] b el d 3 In this Appendix we give a detailed formula of the sudden
0.5 ] ] approximation including th® state of the deuteron internal
: wave function. The full wave function of the deuteron is
L o written as
o e Dy(1y.,1p) = XPlikara) 6,(r), (A1)
FIG. 16. RatioR for the 2", 37, and 1" states of**C calcu- _1 - o
lated by the sudden approximation and the one obtained by the use Pul)= r {U(r) Yor, (1) +W(r) Yau, (N} = €D X1,
of the experimental data fak,, andK}. (A2)
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|

X‘Pk (I’n)QDk (rp)a (A12)

whereu(r) andw(r) are the standar& and D-state radial

. ~ . dd
wave functions of the deuteron,denotes the angular vari- g en_f
ables for thep-n relative coordinate, and

1 1
EV > A,,M(k)<§1/n§1/p 1v

Van

(2m)®

Yiu(D=2 (IMIv @) Yim(Pxa,,  (A3) - _ o
my where ¢, ’ are the distorted nucleon wave functions with

asymptotic momenturk and spin component. This gives

> EV EV . (Ad) Eqg. (8) in Sec. Il, where now the amplituda(k) involves
X i 12 12°°P XXy S1,(k) coming from theD state. The scattering matrix for the
deuteron inelastic scattering is given by
1 -
g(r)_ \/— r[u(r \/§W(r)512(r)}, (AS) SuddEI(de de) <X1,u |Td(kd kd)|X1,u> (A13)
; - ° = = ’ dk’ NS ’ 3 ’
with 812(_r)=3(anr)(¢r_pr)—(a_nop) for the tensor operator.  Ty(Kg,Kqg) = jf—g sack N Ta(kn kn)Jp(Kp . Kp)
By Fourier transforming the internal wave function we ob- (2m)° (2m)
tain a A
+Jn(kh,kn) Tp(ky kp) tack), (Al4)
J’ drexp(—ikr)¢,(r) whereT ) andJ,, are the same quantities as in Sec. Il. If
we apply the same approximation as in Sec. I, i.e., if we
=a(k) x1,=ao(k)Yq1,.(K)+as(k)Ysq,(k), replacef] by a momentum delta function and replace the
® o 1u
(A6)  variablek in 'T'n(p) by a representative, we finally obtain
k= N dk —
wherek=k/k and szf 5 a a) (ot Tpa(k)
(= — [ (K)+ “=a,(k)S (l‘o] (A7)
alK)=——=1ao 5 a2(K)o12(K) 1 i = =
Vi J8 =f dre "2E(r) (T, + Ty £(r). (A15)
ao(k)=47rf r2drjo(kr)u(r)/r, (A8) Notice that the. mternallvave functiof and the nucleon-
nucleus scattering matriX are not commutable because of

the spin operators involved.

As we are interested in the effect of the deutefbstate
in the spin observables, particularly in the tensor analyzing
power, we extract from EqA15) the parts which are pro-
The total wave function of the deuteron is now written in theportional to the monopole and the quadrupole form factors of

az(k)=—4wJ r2drj(kryw(r)/r. (A9)

form the deuteron:
T,=To+T,+AT,
vt~ [ 53 3 Al c
" To=F(@)(Th+Tp),
1 1
X<§”n§”v 1”> Pyl 1) P, (o) T2=G(A{S1 (T + Tp) +(Ta+ Tp)SiA A},
(A16)
(A10)
with the amplitude where
A, (K ={x1,la(k)|x1,) F(q)EJdrio(qr/2){[u(r))2+[w(r)]z}. (A17)
= > a(k> (Imlv]lu)Yn(k), (A1) 1 1
1=02 m G(q)E—f drj,(qr/2) U(r)—ﬁW(r) w(r)

which includes the coupling effects of the spin and the or- (A18)
bital motions due to the deuterdn state. A

In the sudden approximation, the incident distorted waveare the deuteron form factof22], while AT denotes the part
of the deuteron in the present case is given by which is proportional to the difference between the mono-
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pole (quadrupol¢ form factor and the magnetispin trans-
verse form factor. It is of the orde©(w?) and will be ig- > ) xnl=2 Uxad ) 1o xnl {xpD 10
nored in the calculation. ! v
=13+ 0,0,)=P;. (B4)
APPENDIX B: POLARIZATION OBSERVABLES FOR THE
INELASTIC SCATTERING OF THE DEUTERON IN
THE SUDDEN APPROXIMATION

By explicitly using the vectorx;,) in Tr and using the
above rekition one obtains the relati¢i?) in the text. The
_ _ ~ operatorsP=P, PP, are listed also in Table I.

In this appendix we collect formulas for some of the spin  \we include in the deuteron-nucleus scattering matrix
observables for the deuteron inelastic scattering including thg, o terms proportional to the monopole and the quadrupole
D state. For trle spin observables we adopt the (?ieflnmon. I m factors of the deuteron, i.e‘Al',HTE'AI'OnL'AI'Z defined in
Ref. [15]. Let T be the deuteron-nucleus scattering matrleqS_(A16)_ The results for the spin observabksf Eq. (17)

which is a matrix in the deuteron spin space. It depends oRg|cylated in terms of the scattering matiix have a general
the magnetic quantum numbers of the target initial and finaf

angular momentum states which are implicit. We first define
the quantity | K=t P'T PT"]=[F(q)]*Doo— F(a)G(q) Doy
lo=Tr(TTH, (B1) +[G(q)]°Dyy, (B5)

S . . . where
which is related to the differential cross section by

D00=tr[7;’T77T ],

do [ u 2Ky 1I 82
dQ - 277 ki 3 0 D02: tl’[7;’T—73( 812?1_4'?812) + 7;, (812?"1' ?Slz)ﬁ'r],
whereu is a reduced mass arigl; the relative momenta in Dop=tr[ P (Sp,T+ TS ) P(S,T +T'S;)]  (B6)

the initial and final states. In EdB1), Tr denotes a trace L A
over the deuteron spin states and a summation over the targgith T=T,+ T, and S;,=S;,(q). As noted in Sec. Il, each
initial/final magnetic substates. The spin observables are thesbservable is composed of the direct terms and the crossed

defined as ones. We denote them, respectively, (oy and (), i.e.,D
=D@+ D for each of the contributions in EGB6).
LA=THTP,TH, 1,P=Tr(P,TTh, The direct terms are expressed entirely in terms of the
nucleon-nucleus spin observables which are defined by
— Ty 5D Tt i — T3t = =
LA =TrCTP T, 1oPE=Tr(PyTTY), L =t(TaTh), TnAy=tro(TaoiTh),
LoKI=Tr(P, TP, TT), 1Py =try(oi T T, 1oKhi=tro(oyTooi T} (B7)
" £ Ay i Sy for the neutron matrix elements and, similardly, etc., for
LKG=TrI(ATPyTY,  ToKg=Tr(PyTPTY), the proton matrix elements. The trace ,trin the above
expressions is taken only in the neutron spin space and
|0Kikj|ETr(Pkl?Pij:i—T)' (83)  should not be confused with “tr” which is taken ipoththe

neutron and the proton spin spaces. The average/summation
over the target magnetic states are also implied. For the

wherei,j, etc., denote Cartesian coordinate compong .
J PONeLS ecrossed terms we define

etc. In the following we fix the coordinate system so that th

z axis is taken in the direction of the momentum transfer _

while they axis in the directions perpendicular to the scat- = tr,’](Tn)tr,;(ﬁ),

tering plane. Thus to compare with the experimental polar-

ization data which normally refer to the incoming/outgoing _

directions in the coordinate system, one has to make a coor- L= try(Tao)try(Thaw) (k=X,y,2),

dinate transformation for observables in thend z direc-

tions. The operator® in the deuteron spin space are given in _ _

Table I. A=D [t (Tao )y (TH + (Tt (Thay)],
In the sudden approximation the deuteron-nucleus scatter-

ing observables are expressed in terms of the nucleon- _ .

nucleus scattering matrix elements leading to the same tran- BEiE’ [tr,’](Tncrx)trF’,(ﬁcrz)—tr;(Tnaz)tr,’J(ﬁaX)],

sition in the target. To transform the trace in the deuteron (B8)
spin space into the one in the nucleon spin space one may
use the identity where “tr'” denotes summation only over the nuclespin
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states, while&2’ denotes a summation over the magnetic sub-
states of the target initial/final states.

Below we list expressions foD’s in Eq. (B6) for spin  (5) 1K
observables in thg direction(i.e., perpendicular to the scat-
tering plang. Some of these observables have been recently
measured6—-8J. As is clear from the expression for the ob-
servables, e.g., Eq18) in Sec. Il, the results are symmetric
under the interchange of the neutron and proton amplitudes;
in particular, the direct terms are the sums of neutron and
proton observables. Thus we do not explicitly show the
whole expression but write only the first half of the terms
and suggest the remaining terms by the notatieap or
nep. For instance, the quantitie,, PY, andK!'s appear-
ing in the expression fad(9s, refer to the spin observables
for the neutrornucleus scattering. We also use a simplified
notationK; (i=x,y,z) for the quantityK},

(1) 1o=THTT'],

1

Dig=1n- g 9+2 K| +n=p, (B9)

Dch):L—1 3J+22, L] +nep, (B10)
k

DY =21, (—K,—K,+2K,)+n=p, (B1l)
D{Y=2(—Ly—L,+2L,)+nep, (B12)

DY =1, 2(9+4K,+4K,+7K,) +n=p, (B13)

PHYSICAL REVIEW &4 054605

D{Y=—-2(8J-L,)+nep. (B26)

— t
%_ TPy TPyT'],

DSy =1, 5(K,+4K,+K,) +n=p, (B27)
D =3(33-2L,+L,—2L,) +nep, (B28)
D{Y=21, (5K +2K,~K,)+n=p,  (B29)

=2(33+2L,—L,—4L,)+nep, (B30

D{Y =1, (9+23K,+29%K,+11K,) +n=p, (B31)

D{Y=2(181-2L,+L,~8L,)+nep.  (B32

(6) 10A, =TI 7S, T"],

D{Y=1,- £(3A,+PY)+n=p, (B33
D{Y=1%(2A+B)+nep, (B34)
D§Y=—1,- X3A,+5PY)+n=p, (B35)
D{Y=— L(4A-B)+nep, (B36)
DP=1,-4PY+n=p, (B37)
D{Y=2(A-B)+nsp. (B39

DY =2(123+L,+L,+4L,)+nsp. (Bl (7 1PY=THS,TT"],

(2) 1Ay, =TI TP, T],
D{Y =1, 5(—K+2K,—K,)+n=p, (B15
DY =%(—L,+2L,~L,)+nep, (B16)

D{Y=—1,- 5(9+K,+7K,+7K,)+n=p,
(B17)

D{Y=—(6J—L,+2L,+2L,)+nep, (B1Y)

DY =1, 3(9+13K,+ 19K, +7K,) +n=p,
(B19)

D{Y=(12-L,+2L,~4L,)+nep.  (B20)  (g) 10K
(3) IoPyszr[PnyT].
This observable becomes identical itgA,, in the
sudden approximation.
(4) 10Ky=TIS,7S,T'],

D=1, 3(1+K,)+n=p, (B21)
D{=5(3+L,)+nep, (B22)
DY =—21,-(1+K,)+n=p, (B23)
D{Y=-2(J+L,)+nep, (B24)

DSY=1n $(A,+3PY)+n=p, (B39)
D=1(2A-B)+nep, (B40)
D{Y=—1, 3(5A,+3PY)+n=p, (B41)
D{Y=— 3 (4A+B)+nep, (B42)
D=1, -4AY+n=p, (B43)
DY =2(A+B)+nep. (B44)

Jy= T[S, 7 PyyT'],

D{Y=1,-A,+n=p, (B45)
D{=1(A+B)+nep, (B46)

DY =—1,- (Ay+3PY)+n=p, (B47)
D{Y=—(2A—B)+nep, (B48)

DY =1,-2(—A,+3PY)+n=p, (B49)
DY =2(A-2B)+nsp. (B50)

DY =—1,- (7+9K,+ 7K, +9K,)+n=p, (B25 (9) 1,KY=THP,,7S,T'],
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Dy =1,-PY+n=p, (B51) .
e loja=310 9+ 2 Ki|| [F(@)I?, (c2)
DY =3(A—B)+nep, (B52) b
= y 2
DS%)=—|n'(3Ay+ PY)+n=p, (B53) I0Ay|d |0(3Ay+P )lplF(Q)| ) (C3
LoPY[q=10o(A,+3PY)| ,|F(9)|?, c4
D(()CZ)Z—(ZA-FB)-H’]@F), (B54) 0 |d 0( y )|p| (q)| (C4
LoAyyla=lo( = KX+ 2Ky =K [F(a)[?, C5
D(Zdz)zln'z(‘?’Ay_ py)+n:p, (B55) 0 yyld O( X y z)|p| (Q)| (CH
oK g=21o(1+K)|o|F(q)|?
D(z‘;)=2(A+ZB)+n<:>p. (B56) 0 y|d of y)|p| (CI)| ) (Co)
LoKYyla=410Ay| ol F ()], (€7
APPENDIX C: RELATION BETWEEN DEUTERON-
NUCLEUS AND NUCLEON-NUCLEUS SCATTERING |0K§y|d:4|opy|p|F(Q)|21 (C9
OBSERVABLES
Y| — x Y4 KZ 2
It has been noted10Q] that the analyzing powers in oK yyla=21o(Ki+ 4KG+ K)ol F(a)]*. (C9)

deuteron-nucleus scattering are very similar to those of th%

corr_espondmg nucleon—nuqleus scattering \_/vhe_n pIOttegieuteron—nucleus scattering observables are given in terms of
against momentum transféFig. 1). Our formulation is best those for nucleon-nucleus scattering and the factor

suited for the study of these kinds of relationships. And then

s the quantityl, is related to the cross section, the

we will derive relations between deuteron-nucleus and lo(p) 8 (k| [k [uqg\20(p)
nucleon-nucleus scattering observables within a reasonablé(q)z4m|F(q)|2=§(E) (k_) (—) —d)|F(q)|2.
assumption. o i) g\Ke) p\mp) o
Let us consider the nucleon-nucleus scattering ma- (C10
trix Wh|ch can be expanded in terms of the nucleon SPINtor instance, for the analyzing power we obtain
matrix as
) Ajla=T- 5(3A,+PY)|,=f-Al,, (C1))
NAT @no i=;y,z anioni P) €D where in the last relation we pE’tysz for nucleon-nucleus

scattering. The latter relation is well satisfied for non-spin-
wherea's are the complex parameters depending on the inflip transitions. In the case of spin-flip transitions such as the
teraction and nuclear transition matrix elements. When we *+ excitation this relation is largely violated, which may be
consider the isoscalar excitation in light=Z nuclei probed  traced back to the spin-orbit distortion effect. By combining
by the isoscalar particle, we may assume that these pararfelations given above we can eliminate nucleon spin observ-
eters are charge independent, i, a;,, etc. This approxi-  ables and express the deuteron observables in terms only of
mation is indeed valid except at very forward angles wherehe factor(C10) as
the effect of Coulomb interaction is important. By using this
assumption and inserting the expression into @q), one (%Jr Ay K§)/f=(S§+ K/ =1, (C12
can easily see that the crossed terms in the sudden approxi-
mation formula give an equal contribution as do the directvhich may be used as an examination of the validity of the
ones. As noted in Sec. Il, therefore, the observables for theudden approximation. Note that if one eliminates further the
deuteron-nucleus scattering are entirely expressed in terms tifctor f using the expressiofiC9) for K}, one obtains a
those for the nucleon-nucleus scattering. If we further asrelationS,=0 for the double-spin-flip transition of R€f6],
sume that the deuterdd-state contribution can be omitted which is a natural consequence of the single-collision
we obtain the following relations: calculation.
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