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A set of proton spin observables has been measured for the inelastic transitions to the 3~
(3.73 MeV) and 5~ (4.48 MeV) states in the *Ca(p,p’)*Ca reaction and for the 3~ (2.61 MeV)
. state in the 298Pb(p,p’)298Pb reaction at 497 MeV. The interval of laboratory scattering angles
was 6 to 20° for “°Ca and 2.5 to 14° for 208Pb. Comparison of these observables reveals that

they satisfy relations analogous to those valid in the elastic scattering of spin -;- and spin 0 ob-
jects. The origin of these observed relations is explained.

NUCLEAR REACTIONS Relations between spin observables in
4Ca(p,p')*Ca and 2Pb(p,p')298Pb at 500 MeV.

Until recently, experiments on nuclear scattering of
protons at intermediate energies' have been limited
to the measurement of two observables, the differen-
tial cross section and the analyzing power. These
measurements do not provide the complete informa-
tion on the collision matrix describing a given pro-
cess. Already the elastic scattering of protons from a
spin zero nucleus is described by two complex ampli-
tudes, and the measurement of a third observable,
the spin rotation function? Q, is needed to determine
the collision matrix up to a phase factor. The first
such measurements were reported recently for the
elastic scattering of protons from “*Ca and 2*Pb at
500 MeV.>*

Measurements of the proton spin observables in
(p,p’) reactions could provide rich information on
the structure of excited nuclear states.” In contrast to
elastic scattering of protons from a spin zero target,
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where only three independent observables exist, for a
given (p,p’) reaction eight independent spin observ-
ables can be measured if the target spins are not
analyzed. These are the differential cross section and
seven components of the proton depolarization ten-
sor: DON,(P)’ DNO(Ay), DLS,(A)’ DSLI(Rl), DSS’(R)’
D,, (4'), and D, (D).57 (The alternate names of
these parameters suggested by Wolfenstein are given
in parentheses.) The latter observables relate the
components of the polarization of the incident proton
beam: ps, pn, pr, and those of the scattered beam:
Dgry Dyts Dy s through

pg=[Dyps+D, p.1/(1+pyDyo) (1a)

Py =I[Dyypy+D ,/1/(1+pyDyo) , (1b)

py= [DLsrPs +D,,p1/(1+pyDyo) . (1c)
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Here the indices S, N, L and S’, N, L' refer to the
axes of two right-handed Cartesian frames with L and
L’ pointing along the incident k; and final k; proton
laboratory momenta, respectively, and the axis

N =N’ is parallel to E,- X E,. The functions Dmm, are

D _.=Ti(Fonf'c )/Te(FFY) @

where o, and o, are the components of the proton

Pauli matrix with respect to S, N, L and §', N', L’
axes, and F is the collision operator for the transition.
We present here the first results of the measure-

ment of the observables DLS,, DSL,, Dss” DLL,, and

D, for the (p,p’) transitions to the 37(3.73 MeV)

and 57(4.48 MeV) states in “°Ca and to the 37(2.61
MeV) state in 2°°Pb at 497 MeV. The experiment
was performed using the high resolution spectrometer
and a newly installed focal plane polarimeter?® at the
Clinton P. Anderson Meson Physics Facility. The ex-
perimental details have been described previously.3
The main purpose of this Communication is to report
that for inelastic scattering the measured values of
these observables obey relationships known to hold
for elastic scattering, and to interpret this result.

As a consequence of the parity invariance of the
interaction, the following relations are valid for the
elastic scattering of a spin % projectile from a spin
zero object:

D, =-Dg, (equivalently 4 =—R') , (3a)

L

D, =D, (P=4,), (3b)
DSS’=DLL’ (R =A’) s (30)
D=1 (D=1) . Ga)

The data from our previous experiment on elastic
scattering®® are quite consistent with the above equa-
tions.

The analogous comparisons between the D Ls' and

DSL,, as well as between Dss’ and DLL, for the three

inelastic transitions discussed here, reveal that Egs.
(3a) and (3c) are also well satisfied, as shown in
Figs. 1 and 2. A comparison, not presented here,
shows that our data for the polarization is in agree-
ment with the data for the analyzing power for the 3~
and 5~ transitions in “°Ca,!° so that Eq. (3b) is also
well satisfied.

The proper understanding of the origin of these
observed relations between the proton spin observ-
ables is of considerable importance. In particular,
from among Egs. (3a)—(3d), one should distinguish
between those relations which are related to the gen-
eral symmetries of the reaction theory and those
which are specific to the excitation mechanism of a
given transition.

In order to connect the relations (3) with the prop-
erties of the components of the collision matrix Fwe
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FIG. 1. Comparison between the observables DL s’ (trian-
gles) and — D ~ (circles). Originally the data were taken at

the same angles. In figures the triangles are shifted with
respect to the circles to make the drawings more transparent.

shall follow the approach of Ref. 5 and express Fina
general form consistent with rotational invariance as

a scalar product of two tensor operators acting in the

projectile and target spin spaces:

ﬁ=ﬁoao+ﬁxax+ﬁyo—y+ﬁ,az . )

Here oro=i and o, 0y, and o, are the components
of the proton Pauli matrix in the right_:han_c}ed coordi-
nate frame with the z axis parallel to k; + k, and the
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FIG. 2. Same as in Fig. 1 but for the observables D
and D

y axis parallel to E, X E,; and I:",,, are matrices con-
necting the spin spaces of the initial and excited nu-
cleus. [In the particular case of the elastic scattering
of a spin % projectile from a spin zero nucleus, Eq.

l

(J".M,T|Fol0%0,0,) = Aar(@)efp (JT| M () 10%0) + dyr ()it (ST T (g)[10%0)

(JmM,T|F,]0%0,0) =0 ,
(J".M,T|F,|0%0,0)

=iA‘)’T(lI)CJgt(P(J"T”MJT(q)I’0+0)+1A3T(Q)CJM)<J"T” mass(q)”0+0) ,
(J".M,T|F,|0%,0,0) = A er(q)cy (J7T 1| ()| [0*0) .
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(4) reduces to the familiar form F =F oo+ Fyo,,

where Fj and F, are the central and spin orbit com-
ponents of the collnsnon matrix £.] From the defini-
tions of the observables D, [Eq. (2)] and Eq. (4),

it follows, after somewhat lengthy algebra, that the
quantities of interest are

D, +Dg  =4Re(hg) , (5a)

D\ —Dno=41Im(hg) , (5b)

Dei=D, 1 =2hg—hg) , (5¢)

1-D,, . =2(hg+hz) . (5d)
Here Ay, hz, and h, are the functions

Bn (K, Kf) =Tr' (Fo B/ TH(EFY) | (6)

and Tr’ denotes the trace with respect to the nuclear
spin projections. The structure of Egs. (5a)—(5d) is
such that the relations (3a) and (3b) will be satisfied
provided that

he=0 , @)
in other words, if there iAs no in}erference between
the matrix elements of F, and F,. On the other
hand, our finding that Eq. (3c) is approximately valid
means that elther F and F are both very small
(compared to Fo and F y) or that the functions h,, and
hy; are approximately equal

A simple general condition has recently been found
under which Eq. (7) and consequently Eqs. (3a) and
(3b) are valid for (p,p’) reactions.!! The only as-
sumption (apart from the parity, time reversal, and
rotational invariance) needed in any reaction theory
to get h,, =0 is adiabaticity (target excitation energy
is small compared to the incident projectile energy).
Thus the relations (3a) and (3b) have a general char-
acter and do not provide any information on the
structure of the excited states. They hold for all (na-
tural and unnatural parity) transitions at high ener-
gies to the extent that the adiabatic approximation is
valid.

On the other hand, the relation (3¢) turns out to
be valid only approximately for the natural parity
transitions discussed here. Its origin can be explained
by the analysns of the matrix elements of the opera-
tors F 0 Fx, Fy, and F,, which is discussed in detail in
Ref. 5. In the single collision (impulse) approx1ma-
tion, the matrix elements of the operators F,,,,

m =0,x,y,z, between the initial |J,=0, M;=0, T;=0)
and final |J;=J, M;=M, T,=T) nuclear states are

(8a)
(8b)
(80)
(8d)
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Here A is the target mass number, and ar, 87, ¥,
and e7 are the conventional isoscalar components of
the NN amplitude.

The constants c,ﬁ‘}'), a=0, +, and —, are given by

eAd = i'l4m (27 + 112y (w/2)
AP = 2i'l4m (2 + D1Vl (7/2) gy (m/2)]

where d;m, are the Wigner rotation matrices, and

—R(Dlerl/Uarl*+lyrl?)

(J*T 1M (q)110*,0) and (J7T||757*’(0*0) are
the reduced matrix elements of the Coulombic and
axial transverse magnetic multipole operators, de-
fined as in Ref. 12, and J, M, and T denote the spin,
spin projection, and isospin of the excited nuclear
state. Thus, in the single collision approximation,!?

hxx=0 ’ (9)

and from the above equations we find that

Dy, ~D,, ~—2h;

where
- A mags 2
R(q)=i <J T”TJAT (q)”0+0) an
2 (J"THMJT(Q)(|0+0)

Thus the approximate equality between Dss, and
Du.’ can be understood as a consequence of the fact

that f’, qf the collision matrix is small compared with
Fyand F,. From Egs. (8) it is seen that the matrix
elements of ﬁ, are proportional to the product of

the spin-spin interaction component er(q) of the NN
amplitude and the axial multipole magnetic form fac-
tor, while the matrix elements of F o and f’, contain
terms proportional to the products of the Coulombic
form factor and the central ar(g) and the spin orbit
v7(q) components of the NN amplitude. From Eq.
(10) we see that the quantity Dss’ —DLL, is propor-

tional to the ratio R (g) of the two relevant form fac-
tors (which is expected to be small for the collective
natural parity transitions) and the ratio

|€T(¢I)|2
lar() |2+ |y r()]?

which is small in the interval of momentum transfers
considered here at 500 MeV.!4

TT+R @ Uyr P+ 1B+ ler/(arlP+ ly71D)

, (10)

I
More accurate determination of the parameters
Dss’ and DLL, might reveal some deviations from the

equality (3¢c). Also, precise determination of the
quantity DNN,, which was not measured in our exper-

iment, should provide additional information on the
strength of the axial magnetic transition density.

In summary, the data exhibited for *°Ca and 2°*Pb
follow the relations (3a), (3b), and (3c). We have
shown that the relations (3a) and (3b) are true, in
general, for both natural and unnatural parity inelas-
tic transitions, whenever the adiabatic approximation
is valid. (Note, however, that knock-on exchange
contributions may violate this approximation.) The
relation (3c), on the other hand, is specific to the
transitions measured here. It depends on the small
relative strength of the spin dependent excitations in
natural parity transitions and on the relative weak-
ness of the spin-spin force. It should be mentioned
finally that, due to the vanishing of the f’,, com-
ponent of the collision matrix for natural parity tran-
sitions, relations (3a) and (3b) are more trivial for
natural parity transition§ than for the unnatural parity
transitions where both F, and 17", are important.’
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