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A suitable set of observables, a few of which have already been measured, is suggested. Using

these, the p-d elastic scattering amplitudes may be completely reconstructed.

The study of spin observables in elastic scattering of
protons on deuterons, being the simplest of few-body col-
lisions, is expected to provide insight into several dynami-
cal aspects. To list' a few: (i) The deuteron vector
analyzing power seems to show sensitivity to the p-wave
N Ninter-action, while (ii) the tensor analyzing power
has a dominant contribution from the tensor force. (iii)
Information on the Coulomb interaction could be ob-
tained by studying the proton analyzing power. 2 3 (iv)
The spin rotation parameters provide an additional test
for noneikonal multiple scattering' theories apart from
the deuteron asymmetries, which detect any deviations
from the eikonal approximation. Lastly (v) spin correla-
tion parameters like Cyy QQ help in the understanding of
off-shell effects.

Spin observables have been studied theoretically ' and
experimentally at low and at intermediate ener-
gies, ' ' ' and data are now available on the deuteron
vector and tensor analyzing powers, " the nucleon
analyzing power, ' and the proton spin rotation parame-
ters. ' Recently' a set of triple spin correlation parame-
ters (SCP's) has also been measured which, indeed, is
essential in view of the fact that one would obtain as
many as 2" sets of solutions for the scattering amplitudes
(due to discrete ambiguities) if the measurements were to
be restricted to double SCP's only. A complete
knowledge of the twelve independent p-d scattering am-
plitudes would provide grounds for testing various
theoretical models. To that end a systematic study of the
spin observables in p-d elastic scattering is presented in
this paper, and an appropriate set of SCP's (at a given en-

ergy and angle) is suggested using which the scattering
amplitudes could be reconstructed without any ambigui-
ties. In suggesting the set, care has been taken to include
as many measured SCP's as possible.

The analysis is carried out in the special transverse
frame' (STF) which is defined by two Cartesian coordi-
nate systems (X,Y,Z) corresponding to the initial and
final p dsystems; X is -chosen along the initial (final) pro-
ton momentum directions p, (pf ) and Z chosen normal
to the reaction plane, along p,- Xpf. The twelve invariant
p-d scattering amplitudes may alternatively be expressed
in terms of twelve independent [see Eq. (1)] transverse
amplitudes (TA's),
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due to time reversal invariance. Since some of the TA's
vanish due to parity conservation, the analysis becomes
much simpler' in this frame. The TA's may then be
represented by a block diagonal symmetric matrix,
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The Cartesian coordinate systems (X,Y,Z) defining the
STF may conveniently be identified with the right-handed
coordinate systems, (L, S,N), used by experimentalists. '

The SCP's C, „. , are defined' in this frame as

C, „. ,=Tr(Vo, S„Po S,, )/Y0, (4)

where YQ= Tr(22 ); cr, are the spin- —,
' operators and S„

are the spin-1 operators with @=i denoting the vector
components and p =ij the tensor components;
i,j =L,S,N Recall (Madison .convention) that the tensor
operators are given by

S,i=3(S,S +S S, )/2 —25,

mb(mb )

being the spin projections of the initial (final) proton and
deuteron, respectively. They satisfy the constraints'
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(6)

in doing which we absorb all multiplicative factors in the
I

For purposes of solving for the TA's it is preferable to re-
scale the spin parameters as

CCi,p;j, v
=

gi, p;j,vCi, p;j, v s

parameters g; „. . As a first step towards the determina-
tion of TA's, consider the SCP s Cs s .o o wh'ch ma y
written in terms of the real part of the bilinear amplitudes
using Eqs. (2) and (4) as

p

a ' mb' —1/2, mb m, mb, 1/2, mb + 1 m~, mb, 1/2, mb m~, mb '
—1 /2, mb +

Explicitly,
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We therefore need a set of at least twelve independent
combinations of the above bilinears (real parts) in order
to determine each of them. Indeed, the set of SCP's

S,S;00& L, L;P0& S, S;N, p& L,L;N, O &

Css. p ~, Cg g.p ~, Css~. p p, Cg L~. p p

S,SN;Np& L, LN;Np& S,SN;0 N& L LN 0NI'
is one such combination. In %, Cs s.p p CL L.p p,

Cs s.x o, and CI L.x o have already been measured. '

Note that the SCP's with p=LN (SN) correspond to the
initial deuteron being tensor polarized with the only
nonzero component being LN (SN). We postpone the
discussion on the possible means of extracting these ob-
servables from experimental measurements to the end.
Interchanging S+ L and SN~LN in the component p in
each of the SCP's C; „. „we obtain a complement set, 2
of spin observables, the measurement of which would
determine the imaginary part of each of the bilinears in
Eq. (6). The observables in 2, viz. , Cs, L.00 or AsL and
CSL.Np have also been measured. Thus %+i 2 deter-
mines the complex bilinears in Eq. (6) completely (See
Table I). Notice, however, that the TA's belonging to the
matrices A and S in Eq. (1) form, respectively, two
nonintersecting sets in the sense that no bilinear in Eq. (6)
connects an amplitude from A to an amplitude belonging
to S. This would lead to undetermined relative phases
between TA's EA and TA's EX. This problem is, how-
ever, solved by measuring

I CS,O;S 0& CL, O;L, p& CS,O;L, p &

CS,NN;S, o& CL, NN;L, 0& CS,NN;L, OI

Y=Y0 1++Ps„C;„ (12)

where C; „. „are the SCP's defined in Eq. (2) with j,v=O
and P, and s„are, respectively, proportional to the pro-
ton and deuteron polarization parameters. Let the pro-
ton be polarized, say along L and the deuteron be polar-
ized by applying a magnetic field, its direction defined by
8=80, 0& 00 & Ir/2 and y=O with resPect to the normal
N (remember, N coincides with the Z axis in our choice).
Parity restricts the sum of the number of S plus the num-
ber of L components in C; „. to be even only and g =0
implies that p =S,SN do not contribute. Therefore the
yield, say, Y„is given by

Yi = Yo(1+PLSL CL,L;o,o+PLSLNCI, LN;o, o) . .(13)

where the spin rotation parameters have already been
measured. ' Thus we have determined the twelve com-
plex bilinears in Eq. (6) apart from f„ff . Finally
measuring the unpolarized differential cross section Yp,
the analyzing powers" '

A~p or C~ p. p p and A pzz or
Cp ~~.~, the spin rotation parameter, ' C~ p.~ p and the4, 15

SCP's CN, NN;0, 0 and CO, NN;N 0 If4 I
can be evaluated to

be

lf4l'=( Yp+4CNO;0, 0 4CO, NN;0, 0+3CNO;No

—2CN NN Op 2CO. NN Np )/24 ..

Choosing f4 to be real and positive (an overall phase be-

ing arbitrary), the complex TA's, viz. , f», f6, and fs, get
determined since f» f4, f6f4, and f4fs are known. Ex-
tending the argument to the rest of the bilinears the
remaining amplitudes may similarly be determined
without any ambiguities. Of course, many more
equivalent sets of observables exist, which may be used
for determining the TA's depending on the experimental
feasibility.

Lastly we discuss how the spin parameters C, „. with

p =SN or LN may be measured by using magnetic fields
to polarize the deuteron. When both the initial proton
and deuteron are polarized, the yield Y is given by

since

ef»f4 =( Cso;s, o+CL, O;L, o

Retaining the proton polarization along L and reversing
the magnetic field direction (applied to the deuteron) to
8=m —

Op, and y =m, the yield Y2 is obtained as

and

CS, NN;S, o CL, NN;L, p)/6

Imf &~f4 =(2 s, C; ,0LOCS, NN;L, o CL NN;so)/6, (10),

Y2 Yp( 1 PLSL CL, L;0,0+PL sLN CL, LN;0, 0)

Using Eqs. (13) and (14), we therefore obtain

PLsLNCL LN 00=( Y)+ Y2)/2YO —. 1

(14)

(15)
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and

PLsLCL„L, pp-=( Y, —Y2)/2Yp .

(n.—Hp, 3m/2), 0&Op&m/2, for the magnetic field direc-
tion (in order to polarize the deuteron) will yield the
SCP's C; „. with p=S,SN.

On the other hand, with the initial polarization being
prepared as previously described, if the X component of
the proton polarization is measured, SCP's CL L.NO and

CL L~.&0 are obtained. Similarly measurement of the X
component of the final deuteron vector polarization with
the same initial preparations would give the observables
CL L .p ~ and CL Lx).p ~. Finally the choices (ep, n /2) and
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