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A set of proton spin observables D¢, £ =0, x, y, and z, is described which provides selec-
tive information on the tensor components of the collision matrix describing the (p,p’) reac-
tion. These D are related linearly to the experimentally determined components of the
depolarization tensor. Simple relations are derived between the D and both the spin com-
ponents of the nucleon-nucleon amplitudes and the nuclear multipole form factors. For un-
natural parity transitions the observable D, is related to the axial longitudinal form factor
which does not enter in the (e,e’) transition amplitudes for the one photon exchange

mechanism.

NUCLEAR REACTIONS New polarization parameters in (p,p’) reac-

I. INTRODUCTION

With the recent developments in polarized proton
beams and in high resolution spectrometers with fo-
cal plane polarimeters for intermediate energy (~ 1
GeV) proton-nucleus reaction studies, it has become
possible to study experimentally elastic and inelastic
scattering processes in which proton beams polar-
ized in an arbitrary orientation are utilized and in
which all the components of the polarization for the
scattered protons are determined.! One of the
motivations for the growing interest in these studies
is that the theoretical description of the proton-
nucleus interaction simplifies considerably at these
energies since the projectile wavelength is small
compared to the nuclear size. The interaction of
the projectile with the target can therefore be
described in terms of sequences of collisions with
individual target nucleons. In particular, the
Glauber multiple scattering theory,”> as well as its
extended version corrected for finite energy effects,’
provides a transparent, parameter-free prescription
for the construction of the transition amplitudes in
terms of the (free) nucleon-nucleon (NN) amplitudes
and the nuclear elastic or inelastic transition densi-
ties. Considerable efforts have also been made to
develop the distorted-wave impulse approximation
treatment in terms of potentials related to the free
NN amplitudes.*

Until quite recently little attention has been given
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tions.

to the investigation of what new information on the
reaction mechanism and on the structure of the nu-
clear states involved can be extracted from measure-
ments of the spin observables in double scattering
experiments at intermediate energies. The only
theoretical studies have been concerned with polari-
zation observables in the elastic scattering of pro-
tons from spin zero nuclei’ and from deuterium?
and two related experiments have already been
completed.”’

In the experimental conditions where the incident
and the scattered proton polarizations can be deter-
mined the maximum information on the scattering
matrix describing the (p,p ') reaction can be ob-
tained by measuring all the Wolfenstein parame-
ters.? However, although the Wolfenstein parame-
ters are related in a direct way to the experimental
measurements, they are not related in a transparent
way to the (p,p’) collision matrix. The purpose of
this paper is to discuss a different parametrization
of the experimental results, alternative to the con-
ventional Wolfenstein parameters. We introduce a
particular convenient set of observables Dy, Dy, D,,
and D, which depend separately on the specific ten-
sor components of the (p,p’) collision matrix. These
observables can be expressed in terms of linear com-
binations of the Wolfenstein parameters. As will be
discussed below, the advantage of using this
parametrization is that it displays clearly the sensi-
tivity of the (B,p ') reaction to the different in-
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gredients in the reaction theory since the individual
Dy are related to particular components of the NN
amplitude and to particular nuclear multipole form
factors. In particular, the observable D, is related
to the longitudinal part of the axial form factor
which does not enter either into (e,e’) transitions
proceeding via the one photon exchange mechanism
nor in (7,7") reactions.

In Sec. II the D observables are defined in terms
of components of the general collision matrix and
in terms of the experimental Wolfenstein parame-
ters. In Sec. III expressions are derived for the D
observables in the single collision approximation
which display the dependence of the individual Dg
on particular components of the NN amplitude and
on particular nuclear form factors. Specific exam-
ples of the usefulness of the D observables are
described and discussed in Sec. IV. Some of the re-
sults discussed here have already been reported in
an abbreviated form.’

II. THE D OBSERVABLES

Let us consider the scattering process

PV +AT ) —>p(3)+4*(Tf) 2.1)

where p is a spin % projectile (a proton in the exam-
ples we will be discussing in this paper) and 4 and
A* are the initial and final states of the target nu-
cleus with spins (parities) J;(;) and J¢(m), respec-
tively. By using rotational invariance the general
expression for the collision matrix of this reaction
may be written as

F=Fy0y+F,0,+F,0,+F,0,, (2.2)

where 0p=1 and o¢, §=x, y, and z, are the Pauli
spin matrices for the proton in the right-handed
Cartesian frame where the X, Vs and Z axes are
parallel to (kf—k ), k ><kf, and K; +kf, respec-
tively, k and ks being the initial and final momen-
ta of the projectile in the center of mass (c.m.)
frame. The F; are (2Jp+1)X(2J;+1) matrices
connecting the spin spaces of the initial and final
target states with elements

(Fgwym, = IrMy | Fg | TiM;) (2.3)

where ﬁg is a transition operator in the space of nu-
clear coordinates. Up to an arbitrary phase the
complete determination of all the amplitudes can be
achieved by performing a sufficient number of po-
larization measurements. Some of these measure-
ments would require the determination of spin
alignments for the nuclear target; and the requisite
experiments are in general very difficult. Therefore

we focus our attention here on the experimentally
feasible scattering measurements, those in which
one can analyze the spin projections of the incident
and scattered proton, averaging over the magnetic
substates of the target. In other words we analyze
those reaction processes where a proton of known
polarization scatters from an unpolarized target nu-
cleus and the polarization of the scattered proton is
measured.

In the situation described above, the components
of the polarization vectors P’ and P/ for the respec-
tive incident and scattered protons are related
through the equations:

[1+4Dy,P}1P{=D,,P. +D,,P!, (2.4a)
[1+Dy, P 1P{=D,+D,,Pi , (2.4b)
[14-Dg,P}1Pf=D, Pi+D,P!, (2.4¢)
where t
RN Tr(Fo,,F'o,)
Dy (K K p) = —— 2.5)

Tr(FF)

The trace in Eq. (2.5) is taken over the spin projec-
tions of both the projectile and the target. From the
conservation of parity it follows that the only non-
vanishing functions D,, are the following:
Dy =1, Dy, (analyzing power), D, (polarization),
Dy, Dy, D,;, Dy, and D,,. The differential cross
section, I, for the scattering of an unpolarized pro-
ton beam is given by:
TrFF!

IO_2(2J,-+1) . (2.6)
Now if we insert Eq. (2.2) into Egs. (2.5) and (2.6)
and evaluate exphcltly the trace over the projections
of the spin-5 projectile proton we obtain expres-
sions for the D,,, and I in terms of linear com-
binations of the functions

Tr'(FF)) 2.7)
where the trace (primed symbol) is now taken over
the spin projections of the target nucleus alone. In
particular for I, Dy, D,,, and D,, we then obtain:

Ip= Tr'(FoF) +F,F}

1
(2J;+1)
+F,F +F,F), (28a)

1

- ’ t T
@401, | ¥ FoFo+FF;

xx —

—F,F]—F,F}), (2.8b)
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Tr'(FoFy—F,F]

1
D,=|——
» !(Z.Ii+l)lo

+F,F/—F,F)),

(2.8¢)
1

TFF
@+ 01, | ¥ FoFo—FiFy

=

—F,F|+F,F)).
(2.8d)

Since the observables in Egs. (2.8) are expressed in
terms of functions [Eq. (2.7)] where £ =7 it is both
natural and useful to define the observables D; by:

1

’ T
—  |TY(F.F
2+ 11, | Feke)

1
(2J; 4+ 11,

X 3 | (JpMy|Fe |0M;) |2, 2.9)
M~,Mf

where £ =0, x, y, and z.
Using Eqgs. (2.8) and (2.9) we can express the Dg
in terms of Dy, Dy, and D,;:

Do=75[14Dyg 4Dy, + D], (2.102)
D,=+[14D,—D,,—D,], (2.10b)
D,=+[1—Dy+D,,—D,], (2.10¢)
D,=+[1-Dy—D,,+D,,] . (2.10d)

From their definition [Egs. (2.9)] it follows that the
Dy are not independent:

Dy+Dy+Dy,+D,=1; (2.11)
and that the Dg are non-negative:

0<D<1. (2.12)

—)—»,)

In the usual experimental setup for (7,p
scattering the quantities D,,, D,,, and D,, are not
measured directly. The components of the polariza-
tion vector for the incident proton beam are ex-
pressed in terms of the directions S, N, and L
where Lis along the incident beam direction, K,,
and N is along the direction K ><Kf K and Kf
are the laboratory momenta of the incident and
scattered proton, respectively. The components of
the polarization vector for the scattered proton are
measured along the directions S N’ , and L
where L' is along the scattered beam direction, Kf,

and N' is along the direction I_{i xl_{f. (S,N,L) and
(S',N',L') represent right-handed Cartesian frames.
The geometrical relation between these frames and
the (x,y,z) frame used in our discussion is shown in
Fig. 1. For simplicity we use here the approximate
relations 8 =0y,,=0. ,, which are strictly valid in
the limits (projectile mass)/(target mass)—0, and
(target excitation energy)/(projectile kinetic ener-
gy)—0. e L

In terms of the (S,N,L) and (S',N’,L’) frames
the relations between the components of the polari-
zation vectors P and B’ for the incident and scat-
tered protons are given by:

[1+DnoPy]Ps:=DssPs+DysPp, , (2.13a)
[1+DN0PN ]PN' :DON +DNN'PN s (2.13b)
[1+DNOPN]PL'=DSL'PS +DLL'PL . (2130)

In the usual (7,p ') experiment the measured depo-
larization parameters are Dgg(R), Dyy(D),
D;;(A4"), Dys(A), and Dg; (R'), where the symbols
in parentheses are the conventional Wolfenstein
parameters.® Equations (2.4) and (2.13) and the
geometrical relations represented by Fig. 1 can be
used to express the Dg defined by Eq. (2.9) in terms
of the experimentally measured depolarization
parameters:

Dy= %[ 1+Dyp'+(Dgg'+Dyy)cosd

—(Dps:—Dg; )sinf] , (2.14a)
Dy=+[14Dss—Dyy—Dp1 ],

(2.14b)

FIG. 1. Geometrical relation between the coordinate
frames (S,N,L), (S',N',L’), and (x,y,z) for the case
where (projectile ~ mass)/(target mass)—0, or
92913b=9c.m.' NENIEy'
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Dy = %[ 1 +DNN'_(DSS' +DLL')C()59

+(DLS'—DSL')Sin6] N (214C)

D,=+[1—Dsg—Dyy+Dpr] - (2.14d)

The selective dependence of the observables Dg
on the components F; of the collision matrix F can
be very useful in the theoretical interpretation of the
cross section and polarization data. Suppose, for
example, that the reaction theory correctly predicts
the three components Fy, F,, and F,, but fails to
describe the F, component. As a consequence the
experimental cross section and Wolfenstein parame-
ter data would be incorrectly predicted and it would
be a difficult task to track down the error in the re-
action theory. On the other hand, if one would
compare the quantities 75PDg*? with the predictions
of the reaction theory, then, in our hypothetical ex-
ample, the theoretical difficulties could be easily
traced to the miscalculation of F,. Also, as we
shall discuss, each D; depends on different com-
ponents of the NN amplitudes and on different nu-
clear multipole form factors which enter into the re-
action theory calculation.

III. THE D; OBSERVABLES
IN THE SINGLE COLLISION
APPROXIMATION

In order to gain some simple physical insight into
the dependence of the parameters D; on the NN
amplitudes and the nuclear wave functions, it is in-
structive to derive expressions for the component
matrices Fy of the general scattering matrix F [Eq.
(2.2)] in the case where only the single collision
term in the Glauber multiple scattering series is
evaluated. These particular matrices will be denot-
ed by Fé”, £=0, x, y, and z. The transition ampli-
tude between two nuclear states |i) and |f) can
be written in the single collision approximation as:

(FIFV|iy=A(f |’ Tiyw(@ i), (.1

where fyy(g) is the NN collision operator, T is the
coordinate of a target nucleon (the nuclear wave
functions are antisymmetrized), q is the momentum

_

= CLM-//{LM(‘])
LM

2 SN Z @),
M

(—)Admag5s (+)
2 ciar Toat (@) +eriy
LM

transferred, E,-—Ef, and A is the number of nu-
cleons in the target nucleus. To derive the com-
ponent matrices F(” F,(c1 , ”, and Fm of Eq.
(2.2) the NN scattering operator is decomposed in
terms of the projectile spin operators

Fan(@=Fo(@oo+Fr(@lo,

+5 @0, +Fi(qa, (3.2)

where
folg)=a(q)oh+iP(g)al, (3.3a)
Fxl@=8lg)o% (3.3b)
Hl@=iP(goh+Bgd’ (3.3c)
Fflg=eg)at . (3.3d)

The 05 are target nucleon spin operators; and the
alq), B(q) P(q), S(q) and €(q) are the convention-
al components of the NN collision matrix. These
components can be further decomposed in terms of
isoscalar and isovector contributions; for example,

al@)=ayg@l+a(g)7 7, (3.4)

where 7 and 7' are the isospin operators for the
projectile and target nucleon, respectively, with
similar expressions for Blg), 7(q), S(q) and €(q).
For simplicity we will suppress the isospin indices
in the following dlscussmn By using Eq. (3.3) we
can express the Fg ! operators as

gl)(q)zAfd3rp re’d” rfg(q)
§=O) X, Y, and z ) (3.5)

" where p(T) is the single particle density operator.

At this stage it is convenient to 1perform a mul-
tipole expansion of the operators Fg in the manner
analogous to the treatment of the operators entering
into the Hamiltonians describing semileptonic and
weak interactions in nuclei.'®!! By using the ex-
pans1ons for the plane waves e/ 97, gleld T,
a;,e’q , and ole ’4°T in the Cartesian frame of
reference defined in Sec. II (see the Appendix), the
following expressions are obtained for the Fourier
transforms of the density, p(T), and spin density,

(r)a operators entering in the formulas for the
F (q)

(3.6a)

(3.6b)

T8 (9], (3.6¢)
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[ e’ o0t =3 (et TIE @ + et i @] - (3.6d)
LM

A A A\ 5 Y 15 . . . .
In the above formulas %[y, Z1a°, Tiat > and T[p are the Coulomb, axial longitudinal, axial transverse
magnetic, and axial transverse electric multipole operators.'®!! These are:

@)= [ & pEIDPL(g,T) (3.7a)
,%LMS(q)zi [ &% pE) (Vo PLylg, D) - 5, (3.7b)
Fmass () — ; [ d pENTX T Draglg, D) - 5 (3.70)
i[L(L+41]? !
A, 1 —
Tin(@)=—————7 [ &% PO VX (TX V)DL (g, 7)) - ", (3.7d)
mM\q lq[L(L+1)]1/2f P [ T T m\q } .
where
The constants ¢,%), @ =0, +, and —, in Egs. (3.6) are given by:
Sy =i [4r 2L + D] 2dio (7 /2) , (3.9a)
el =it 4m QL + D1V*{di (m /2)+diy _ (1 /2)} /2 (3.9b)
r
where the dij, are components of the matrices while the unnatural parity transitions corresponding
describing rotations about the y axis. to the transfer L, M are described by the operators
Since the nuclear states have definite parity and A1) _ ~els
the operators .# and 7™ have parity (—1)E while (Fo (@)} w=7(g)MeLii Tin(9) , (3.11a)
15 A
the parity of the operators T and .#° is (—.)L (FV(@)} e =—8(q)AcS Zin®(@),  (3.110)
at most only a pair of these operators will enter into R
a nuclear transition matrix element with given L, M. { F}(,”(q)} = —iB(g)Acti T (@),  (3.11¢)
By inserting Egs. (3.6) into Eq. (3.5) we find that A Aels
the natural parity transitions corresponding to the {(Fz (@))m= e(g)eri Tin(q) - (3.11d)

transfer L,M are described by the operators The matrix elements of the operators I’g‘é n £=0,

{FOI)(q)}LM =a(q)Ac\Sy 1 y(q) x, y, and z, between two nuclear states can now be

Amags expressed in terms of the reduced matrix elements

+7(QAci ' THE (@), (3.102) of the multipole operators of Egs. (3.7). As an ex-

PO =0, (3.10b) ample let us calculate the transition amplitudes and
@) the D functions for the transition

{ﬁ;”(q)}LM =i?’(q)AC£(1)l)4~/}/LM(q)

|0%,0)— |J™,T) (3.12)
—iB(q)Aci i TFE(q),  (3.100)

in the single collision approximation. For the na-

{ﬁzm(q)}LM =e(q)AcLy mags(q) (3.10d) tural parity transitions we have
|

(J™M,T | FV|0%,0,0) =Aar(q)esi{J™T||.# 1(¢)]||070)

+Ayr(@)e (JIT| | THE()||010) (3.13a)
(J™M,T | FV|0%,0,0)=0, (3.13b)
(J™,M,T | V| 0%,0,0) =idyr(@)cfs} (J™T || # ;(q)||070)

—idBr(q)csiy (T || T3%(g)| |07 0) (3.13¢)

(J™M,T | FV|0%,0,0) =Aer(q)esi (I™T|| T (g)|[070) (3.13d)
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while for the unnatural parity transitions we have

(J™,M,T | F" | 0%0,0, y=4yr(g) Jesit (JTT || Tsi(g)|j0T0) | (3.14a)
("M, T | F"|0%,0,0) = — 48 1(q)c\QI™T|| 2 1r%(9)] [0+0) (3.14b)
(J™.M,T | F,"[0+,0,0) = —iBr(q)Acfi (J™T|| T57(g)||0%0) (3.14c)
(J7,M,T | E{V|0%,0,0) =er(q)Acy (J™T| | Tsr(q)|[010) (3.14d)
T
where the symbol (|| ||) denotes the matrix ele- where
ments reduced with respect to the isospin and spin sl | ASmags +
. J'T||T 0
projections. Now if we insert Egs. (3.13) and (3.14) RM( ):l ¢ I L l(q)H 0) (3.17)
into Egs. (2.8) and (2 9) and use the normalization 2| {J™T| |4 yr(q)||070)
properties of the c % coefficients and

S S |2=4m(2T +1), (3.15a)

S e |12=2m (27 +1), (3.15b)

expressions may be obtained for the D, observables
in the single collision approximation. For the
natural parity transitions

RY 2
DI(g)= lar(q) | +N'T(q)|7/T(q)’ . (3.160)
IT (q)
D,(g)=0, (3.16b)
R
DyT(q)= lyr(q)|*+ T(q”ﬂT(4| . (3.160)
I¥'(q)
RN 2
D,T(q)=—T—(~q—)N',€T(—q)|- , (3.16d)
IT (q)
where
JTT||T5285(4)[[0+0
Rig= L [Tl [ (3.17)
2| (IT|| % r(9)][070)
and

IY(@)=|ar(@ |*+ | yr(q) | 2+ RMq)
X {1 vr(@) |2+ | Br(g) | 2+ |er(@) |},

3.18
while for the unnatural parity transitions: G.18)
(q)]*
D{(q)zﬁgﬁq——'— : (3.19)
Ir" (q)
UN 5 2
Dlig=1 q)}l Al (3.19b)
(q)
| Br(q)|*
Dlg)=——r2 (3.19¢)
y (@) 17Y'g)
. ler(q)|?
Dlg)=——, (3.19d)
21¢ I7(q)

Y@= yr(@|*+ | Brig)|?
+ |er(q) | 2+RFMg) | 84(g) | 2.
(3.21)

Equations (3.16) and (3.19) demonstrate the sensi-
tivity of the Dg(g) observables to specific com-
ponents of the NN amplitude and to specific nu-
clear form factors under the single collision approx-
imation. In particular, for unnatural parity transi-
tions a given Dg(q) is dependent (to within an
overall normalization factor) on only one com-
ponent of the complete NN amplitude. Also, for
unnatural parity transitions the dependence of the
observable D, (g) on the axial longitudinal form fac-
tor should be especially noted. Because of the
transverse nature of electromagnetic waves the axial
longitudinal form factor does not enter either into
(e,e’) transition matrix elements in the one photon
exchange mechanism as well as in (7,7’) reactions.
Thus the (§,p ') reaction offers a rather unique
means of studying nuclear transition densities corre-
sponding to the matrix elements of the opera-
tor .Z 5.

IV. SPECIFIC EXAMPLES
AND DISCUSSION

As an illustration of the usefulness of the D¢ ob-
servables let us consider the (p,p’) excitation of the
J7=1" states in "C at 12.71 MeV (I'=0) and
15.11 MeV (T =1), which can be well described in
terms of the single particle-hole excitation mechan-
ism. In the single scattering approximation it can
be seen from Egs. (3.14) that each of the elements in
the matrices F¢ (331 matrices in this case) is pro-
portional to the product of a single isoscalar (7" =0
excitation) or isovector (T'=1 excitation) com-
ponent of the NN amplitude and a single nuclear
multipole form factor. The nonzero matrix ele-
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ments (Fg )y M, 2re the following:
(Fo=(F§)_10
=iVrAyr(q)
x (1+,T||T(q)||0+,0) , (4.1a)
(Fy)i0=—(F¢)_10
=—iV2mw Ad1(q)
X {1%,T||.Z %g)||0%,0) , (4.1b)
(FN10=F))_1,0
=iV ABr(q)
X{1+,T||T%(g)||0",0),  (4.1c)
(F])o,0=iV2m Aer(q)
X (11,T(|T%()||0%,0) . (4.1d)
Thus from Egs. (2.8), (2.9), and (4.1) we obtain

| vrig)|?
Dig)=—"—", (4.2a)
olq I:(q) a
Ry(q)|87(g)|?
plig =@ @ (4.2b)
IT(q)
|BT(¢I)|2
Dlg)=——"7—, (4.2¢)
y \q I:(q) C
IGT(QHZ
Dl(gy=—, 4.2d)
1 Ir(q)
where
Ir=|vr(@) | *+ | Br(@) | *+ | erl@) |
+Rr(q)|87() |, 4.3)
+ o5 + 2
Ry(q)=2 | LLTUZ ()] [0%,0) @4

(1%,T||T%(g)|0+,0) | ’
[Rr(g)—1 as g—0] .

The ratio Rr(g) can be calculated from the model
of the nuclear structure involved; for example, by
assuming that the 1% states represent pure
P3/2—D1 2 transitions from a closed p;,, shell 2C
ground state!? or by using the wave functions of
Cohen and Kurath.!?

It should be mentioned that since in our example
we assume the local form of the NN amplitude, we
do not take into account the nostatic (exchange) in-
teractions. These, in general, may lead to transi-
tions which give negligible contributions at energies
of our interest.*

In Fig. 2 we present the quantities Dy(q), D,(q),

D,(q), and D,(q) calculated for the (p,p’) excitation
of the 12.71 MeV (T =0) and 15.11 MeV (T =1)
levels in '?C at a bombarding energy of 500 MeV.
The dashed lines represent the predictions of the
single collision approximation [Egs. (4.2)] while the
solid lines represent the prediction of the full multi-
ple scattering expansion in the Glauber theory. The
NN amplitudes for these calculations were taken
from phase shift analyses."* As can be seen from
Fig. 2 it is an important feature of the D; observ-
ables that they depend rather weakly on the multi-
ple scattering corrections at small momentum
transfers (g <0.6 fm~"). Since Eqgs. (4.2) show that,
in the single scattering approximation, each of the
observables Dy, Dy, Dy, and D, is proportional to a
single component (isoscalar or isovector) of the NN
amplitude squared, this selectivity, taken together
with the reasonable validity of the single scattering
approximation at low momentum transfers, may be
useful in resolving recently observed discrepancies
between the data for polarization observables in
proton-nucleus elastic scattering and the predictions
of multiple scattering theory calculations based on
free NN amplitudes.! As an experimental aside, it
should be noted that it is in the region of low g
where it is reasonably easy to measure the D
parameters for the (p,p’) excitation of the well
known 17 states in '2C. The cross section for the
excitation of these 17 states are peaking at g,;,(0°);
and at small angles (low g) these states stand out
above the background of broad natural parity tran-
sitions.

Another interesting aspect of studying the ob-
servables Dy is that their determination may be use-
ful in resolving discrepancies between the experi-
mental data and the reaction theory which can be
enigmatic when only data on the unpolarized cross
section are available. The unpolarized differential
cross section I, may be written as

I.— |49 do | | |do do
T lde |, |de |, |de |, " |de |’
4.5)
where
do | _p.1,=Tr(F.F! 4.6
Eﬁ—g—go-—-r(gg). ()

Note that no interference terms between the Fg
enter into the expression for the differential cross
section. Now, if each of the contributions
(do/dQ); possesses a diffractive structure with
maxima and minima positions occurring at dif-
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TI =500 MeV
ab

ZC(p,p) %C (1271 Mev, 17 T=0) ' (p,p) %C (15.11 Mev, i T=1)

1.0 1.0

10 1.0
D o, e R
y y — ~.
-7 ~
// \\
0.5 o5k .~
0.0 t t o 00 t + : ' 1
1.0 10
D D
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FIG. 2. The observables D¢, £ =0, x, y, and z, calculated for the '’C(p,p’) reaction at an incident proton energy of 500
MeV for the excitations of the 12.71 MeV (T'=0) and 15.11 MeV (T'=1) 17 levels of '*)C. The dashed and solid curves
represent Glauber theory predictions. The dashed curves correspond to the predictions of the single scattering approxi-
mation while the solid curves correspond to the full multiple scattering expansion. In these calculations the nuclear wave
functions were those of Cohen and Kurath (Ref. 13), while the NN amplitudes were taken from the Arndt compilation

(Ref. 14).

ferent values of ¢, the summed cross section in Eq.
(4.5) may exhibit very little structure. In particular,
for the excitation of the '>C 17 states which have
been considered above, the contribution due to F,
will have a different momentum dependence than
the contributions due to Fy, F,, and F,, since F, de-
pends on the longitudinal axial form factor while
Fy, F,, and F, depend on the transverse axial form
factor [Egs. (3.14)], and these two form factors have
a different g dependence. The latter effect is illus-

trated in Fig. 3 where the predictions of a Glauber
theory are compared with the experimental data'® !¢
for the excitation of the 15.11 MeV T =1 17 level
in 12C at 800 MeV. The Glauber calculation used
the 800 MeV NN amplitudes of Arndt'* and form
factors calculated from the wave functions of
Cohen and Kurath.!> The solid curve represents the
predicted total cross section while the dashed curves
represent the individual contributions of the four
terms in Eq. (4.5). Note that the kink in I, at
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FIG. 3. Differential cross sections for the (p,p’) excita-
tion at 800 MeV incident energy of the 15.11 MeV
(T'=1) 1% level of >)C. The data are taken from Refs. 15
and 16. The dashed curves represent Glauber theory pre-
dictions for the contributions (do/dQ )¢, £ =0, x, y, and
z, described in the text, while the solid curve represents
the sum (incoherent) of these individual contributions. In
these calculations the nuclear wave functions were those
of Cohen and Kurath (Ref. 13), while the NN amplitudes
were taken from the Arndt compilation (Ref. 14).

Ocm =4 (g=0.55 fm™!) can be traced to the
minimum in the contribution from (do/dQ}),. The
fact that the experimental data do not show the
minimum at 6., =12° (¢g=1.35 fm~!) predicted
by the Glauber theory could be due to the incorrect
momentum transfer dependence of the axial longi-
tudinal form factor, which, as has been mentioned
above, cannot be measured in the (e,e’) or (7m’) re-
actions. Thus the determination of the observable
D¢ should provide a rather sensitive test of the reac-
tion theory, because it allows one to study specific

components of the general collision matrix F. This
interplay of the transverse and longitudinal form
factors in the (p,p’) differential cross section is
somewhat related to the D-state effect in the unpo-
larized differential cross section for p-d elastic
scattering, where the lack of a minimum in the an-
gular distribution is related to the different momen-
tum transfer behavior of the components of the
elastic p-d collision matrix which depend upon the
spherical and quadrupole deuteron form factors.!”

For unnatural parity transitions the measurement
of the observable D, allows one to separate the con-
tributions to the unpolarized differential cross sec-
tion from the longitudinal and transverse parts of
the spin transition density. Equation (4.5) can be
written as

do do
= |—= — | , 4.7
fo=1a0 |, |an |, @D
where
do '
— | =IyD
dQ L 0“x
=+1y(1—Dyy+Dsy—Dy1) (4.8)
and
do
— | =Iy,(1—-D
dQ |, of x)
Z%IO(3+DNN'—DSS'+DLL') . (4.9)

This separation therefore requires four measure-
ments: Iy, Dyy, Dss, and Dy;.. The measurement
of (do/dQ); has particular interest since this quan-
tity depends directly on the longitudinal part of the
spin transition density, and this part does not con-
tribute to (e,e’) scattering in the one photon ex-
change reaction mechanism.

Finally, the extraction of the observables D, may
be interesting with regard to the question of the sen-
sitivity of unnatural parity (p,p’) excitation process-
es to pion condensation effects.'®!° These effects, if
present at all, should contribute mainly to the am-
plitude F, and consequently to the observable D,.’

In view of the above discussion the study of the
proton polarization observables in the context of
(p,p") reactions should deserve more attention in the
future, both with regard to theory and experiment.
We have suggested a new way of describing the ex-
perimental results in terms of the parameters Dy,
D,, D,, and D, which are related in a simple and
useful way to the amplitudes describing the (p,p’)
reaction.
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APPENDIX

In deriving Egs. (3.6) we made use of expansions
of the functions e’ 9" ’, xeld ‘,ye’ q ,and 22! 9" ‘
where X, 9, and Z are unit vectors in the Cartesmn
frame of reference with the axes x|[|(K f—k ),
yH(k xkf and zH(k +kf) The general expan-
sion of /9T in terms of spherical harmonics is
given by

SN o M=+L
e T=4r Y Y itj(qr)

L=0M=—L

XYLM( DY (7). (A1)

e' = CLMV—>‘I)(q,1")
q9im
feldT=_3 1 e+ etV X
S LWL+ D] q '
20T T = > S i + "’CLM
SrilL(L +1)]'? q

In the frame of reference (x,,2z) we have
Yiu@)=[Q2L + 1) /471 d}io(7/2),  (A2)

where djiyo is the Wigner d function for rotations
about the y axis. The expansion of e’9'T in Eq.
(A1) then becomes

s w M=+L

1= % P gD, (A3)
L=0M=—L

where ®;,,(q,7) and ¢}%; are defined by Egs. (3.8)

and (3.9), respectlvely Expansmns of the products

of the unit vectors £, 7, £, and ¢ 9°T can be derived

in the analogous way as, for example, in Ref. 10 or
Ref. 20. One obtains

(?X V?)Q)LM((],Y:) , (A4)

(rxv—*)q)LM(q, ) 9

where the coefficients ¢}, and ¢}, are defined by Eq. (3.8). In Ref. 10 the z axis is taken along q, while in
our case ( is along the negative x axis. Our choice for the quantization axis is more convenient in the actual

calculations of the Glauber multiple scattering series.
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