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We investigate the importance of gamma-ray correlations in nucleon-nucleus scattering. Coin-
cidence observables can give information about the scattering amplitude that is not accessible in
noncoincident (p,p’) experiments and can provide sensitive tests of different theoretical models. We
have performed relativistic and nonrelativistic calculations with special emphasis on observables
sensitive to composite spin-convection current amplitudes. We present calculations of coincidence
cross sections as well as longitudinal and sideways analyzing powers using the 07 — 17 excitation as
an example. We have compared our results with coincidence cross section data for the first 17,
T=1 state in '>C. The experimental results seem to indicate a clear preference for the relativistic

predictions.

I. INTRODUCTION

Nucleon-nucleus scattering at intermediate energies
has always been regarded as an important testing ground
for our understanding of nuclear structure and/or medi-
um modifications to the elementary nucleon-nucleon
(NN) interaction. The fact that at these energies the in-
teraction between the incident nucleon and a nucleon
bound in the nucleus closely resembles their interaction
in free space makes intermediate energy physics poten-
tially useful in our understanding of nuclear structure
effects. Alternatively, by using a priori knowledge of nu-
clear structure these reactions might reveal interesting
medium modifications to the elementary NN interaction.
The use of the free NN interaction (impulse approxima-
tion) together with nuclear charge densities determined
from electron-scattering experiments lead to a successful
nonrelativistic, parameter-free description of elastic-
scattering cross section. With the advent of better exper-
imental facilities, spin observable data have become avail-
able providing a real challenge to theories of nucleon-
nucleus scattering. At this date parameter-free calcula-
tions of elastic analyzing power and spin rotation param-
eters within a nonrelativistic impulse approximation for-
malism cannot account for the experimental data. This
fact has stimulated researchers to try to understand the
failure of the impulse approximation' and at the same
time to look for alternative theoretical descriptions of
nucleon-nucleus scattering.>> At present, the most suc-
cessful theory of elastic nucleon-nucleus scattering is the
relativistic impulse approximation.* Good parameter-free
descriptions of elastic-scattering cross section and spin
observables have been obtained by solving the Dirac
equation in the presence of an optical potential deter-
mined from NN data and either empirically or self-
consistently determined nuclear charge densities.’

Since measurement of elastic-scattering observables
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can at most determine three independent quantities it is
natural to investigate inelastic excitations. For these re-
actions, it is possible to determine up to eight indepen-
dent quantities if one uses a polarized proton beam and
detects the polarization of the scattered proton. Unfor-
tunately, a complete measurement of all eight spin
transfer coefficients it is not an easy task. Six of the eight
spin transfer coefficients can only be determined after
performing double-scattering experiments. Furthermore,
knowledge of the inelastic-scattering amplitude would
not be complete even after measuring all eight spin ob-
servables. For a parity-conserving 0—J excitation there
are 8J +3 independent quantities to determine. It is only
for J =0 excitations that the spin transfer coefficients are
enough to determine the scattering amplitude and such
excitations are seldom easy to measure.

Experiments in which the magnetic substate of the tar-
get becomes restricted, through measurement of p-y
correlations, can uncover the full richness contained in
inelastic transitions.*’ By measuring coincidence observ-
ables one can address some interesting issues in a way
that is sometimes simpler and in some cases even inacces-
sible in noncoincident, or ‘singles”, measurements.
Furthermore, theoretical calculations of coincidence ob-
servables do not require much more effort than the calcu-
lation of singles spin observables. In fact, by using an
empirically determined quantity, namely, the branching
ratio for the electromagnetic decay, all coincidence ob-
servables can be expressed in terms of the singles scatter-
ing amplitude. More importantly, the additional infor-
mation available in coincidence measurements may pro-
vide stringent tests on different theoretical models of
nucleon-nucleus scattering and may shed some light into
the physics underlying these reactions.

We organize our paper in the following way. In Sec. II
we present a brief discussion of the hadronic part of the
amplitude. We discuss the structure of the inelastic-
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scattering amplitude and of the spin transfer coefficients.
In Sec. III we briefly review the well-known structure of
the electromagnetic decay amplitude. In Sec. IV we com-
bine our earlier results to construct the (p,p'y) coin-
cidence amplitude which we subsequently use in Sec. V to
discuss properties of the coincidence observables. Final-
ly, Sec. VI contains results of relativistic and nonrelativis-
tic calculations together with our conclusions. We end
each section by discussing the particular example of the
0" —1% excitation. This reaction is of current experi-
mental interest®® and from a theoretical perspective sim-
ple enough to highlight the main features of the coin-
cidence reaction.

II. THE (p,p’') SCATTERING AMPLITUDE

The inelastic-scattering amplitude for the 0% (p,p')J"
reaction can be written in the following way:

Tp.p)= 3 Thu(p,p)2,0,,
M

(2.1)

where p(p’) is the initial (final) momentum of the proton,
T%)4 is the transition amplitude from the ground state to
a nuclear state of spin-parity J” and spin projection M,
and

3 - T +
$,., =M,

is the polarization operator of the target. A convenient
right-handed Cartesian coordinate system for this reac-
tion is defined in terms of the initial and final projectile

momenta, |
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n=pXp'; K=p+p’;q=nXK, 2.2)

where n is a vector perpendicular to the scattering plane,
K is along the direction of the average momentum, and
in the limit of a zero Q value for the reaction, q would be
in the direction of the momentum transfer p'—p. If the
final polarization of the nuclear state is undetected, the
experimentally measurable quantities are customarily
chosen to be the spin transfer coefficients defined by

do
aQ,

D s=Trlo D20, T /T T2TE"]

Apispt
=1Te[TFT7'],
(2.3)

where a, B=0, n, K, g,and 0y=1.

The form of the (p,p’) transition amplitude is restrict-
ed by the requirements of invariance under rotations, and
space inversion (parity). Since the polarization operator
of the target, s sy transforms as an irreducible tensor of
rank J and parity 7, T4, must transform contragradient-
lyto $ ;7 and have the same parity in order for the nu-

clear transition amplitude to transform as a scalar. A
clear example is provided by the 0" —17 transition. In
this case the nuclear polarization operator,

SM=|1*"M)(0"|

transforms as a tensor of rank one and positive parity,
i.e., an axial vector. Consequently, the most general rota-
tional and parity invariant amplitude that one can write
for the 07 — 1" transition is given by'°

TP(p,p')= Aol E8)+ A, (28)0 D)+ Ag (2K )0 K+ A4, (2-K)N0-G)+ 4,420 0 K)+ 4,24 (0-),

or in a more compact way,

(p,p)=3 4,80, i=nK,q; p=0,n,K,q, (2.5
ip

where the individual amplitudes are scalar functions of

(2.4)

f

the energy and momentum transfer. From the twelve
possible amplitudes, 4, present in a 0" (p,p’)1 reaction,
only half of them contribute to the 17 excitation. Parity
invariance splits these twelve amplitudes into two com-
plementary sets of six with each set driving a different

TABLE 1. Spin observables for the 0*(p,p’)1 " reaction.

do
dQ
dap

dQ
dap

Dnn:’An012+1Ann|2_|AKKtz_|Aquz'—'lAqKIZ_‘A

=[ Aol +1 Ay P4 [ Agk P+ Ay P+ Ao 1P+ 1 4,2

|2
99

—DKK:|AnO’Z—lAnn|2+|AKK|2_|AKq|2+|Ainz_‘Aqu

Doy =|Anol* = A2y — | Agx P+ 1 Ay 1P = A |+ 4,, 7
Do, =2[Re( Ay A)+Im( Agg Af,+ A A)]

D,o=2[Re( A o Am)+1Im( Ag, Agx + A,y A%)]

=T Dy, =2[Im( A,, A %) +Re( Agg A¥,+ A A2)]

=D =2[Im( A0 A% )+Re( Agx AZ,+ A A%)]
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parity state. The spin-transfer coefficients can now be
written in a model-independent way in terms of these in-
dividual amplitudes,

dQ T "‘ ’
=3 A, A55Tr[o,0 aﬁav]/z IA,,‘I , (2.6)
ipv
where we have used the identity
Tr((2€) 2% 1=Tr[(£€)1(2%))]

Because of the form of the amplitude imposed by parity
and rotational invariance, only eight of the spin transfer
coefficients are nonzero: viz., do/dQ},, Dy, = A, (the
analyzing power), D,,=P (the polarization), D,,, Dgg,
Dy, Dg,, and D . These eight quantities constitute all
of the independent observables that can be measured
without restricting the magnetic substate of the target.
In Table I we show all spin observables for the
0*(p,p')17" reaction. Clearly, the information contained
in these eight observables is not sufficient to determine
the six complex amplitudes driving the 0" — 17" transi-
tion. In particular, Eq. (2.6) shows that the relative phase
between individual amplitudes with i#j (e.g., Axx and
Agx), becomes impossible to determine whenever the
magnetic substate of the target is unrestricted.

III. THE ELECTROMAGNETIC
DECAY AMPLITUDE

The electromagnetic transition amplitude for the

J™—0" gamma-ray deexcitation is given by
T7,( 2 Tha (02,
(3.1)

Th(k)={0"|J,(K)|J™M) ,

where k is the momentum of the gamma ray, A=x=1 its
polarization, and J,(k) a transverse component of the

electromagnetic current operator,
Tk = [ dxe ~**3(x) 8 (k) . (3.2)

After an angular momentum decomposition, the elec-
tromagnetic current operator,

LK== S (—V2r(2T + 1D}, (k)
M
X[ATHae(k)— Tk, (k)] , (3.3)
is written in terms of unnatural parity magnetic, Tj378(k),

and natural-parity electric, TS, (k),

tors, !

ThiEk)= [ dxj,(kx)Y}$(%)-J(x)

multipole opera-

e (k) ——fdeX[]J(kx)Y” %)]JI(x (3.4)

where Dy, are Wigner D functions, j,(kx) is a spherical
Bessel function of order J, and YJ/(X) are vector spheri-
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cal harmonics defined by,

YHR)=Z (JimplIM)Y,, (X%, (3.5)
my
The preceding set of equations together with the

Wigner-Eckart theorem enables one to write the elec-
tromagnetic amplitude in the following simple way:

TYi (K)=TH(K)DY_ (k) , (3.6)
where
T} (k)=i'V2m (Ot | AT (k) - T K)|J™) . (3.7

The angular, as well as the magnetic substate, depen-
dence of the gamma-ray amplitude is fully contained in
the Wigner-D function. The nuclear structure informa-
tion, on the other hand, is contained in the reduced ma-
trix element.

As in the case of the (p,p’) amplitude, the electromag-
netic transition amplitude takes a very simple form for
the 1* —0% deexcitation. By using the identity,

DI (k)=8% %, (k) ,

the electromagnetic amplitude can be reduced to the fol-
lowing simple form:

TLR)=T{(K[ 3 @4 2,)e_, k)]
M

=T{(K[Ee_, (&)1 . (3.8)

which vanishes whenever the polarization of the nuclear
state is orthogonal to the plane of polarization of the
gamma ray; i.e., whenever the nuclear polarization is col-
inear with the gamma ray momentum k.

IV. THE (p,p’y ) REACTION

We now consider the 0" (p,p’)J ™ transition followed by
a J™—0" gamma-ray deexcitation. The transition am-
plitude for this two-step process is given by the product
of the strong and electromagnetic transition amplitudes
already discussed, i.e.,

T8 (p,psk)="T}, (k)T4(p,p")

=T} (K)S Th(p,p ) Di_(X) . @1
M

In analogy to the noncoincidence, or singles, observables

defined in Eq. (2.3), we can define the coincidence spin-

transfer coefficients by,

2
d(fdn _lzTr[ 1T

; 4.2)
k)=2Tr[0 ‘”\ Uﬂ p‘y ]/ZTr[
A

vperty

In particular, the coincidence cross section is, up to a
normalization factor to be determined, given by
d%o

L T} PSS DRI
dQl’dQY : A MM’ MM

A

(4.3)

where
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P =3Tel Ty Thip 1 4.4
is the density matrix!? describing the polarization of the
excited nuclear state, and we have used the fact that
[T}, | is independent of A.

A simple way to evaluate the overall normalization of
the cross section can be established by the following con-
siderations. We assume that the gamma-ray lifetime is
short enough so that, if a gamma decay occurs, it can
unambiguously be identified with its associated inelastic-
scattering event. This is an excellent assumption for
many realistic experimental situations. In that case, if
one detects gamma-ray coincidences throughout its entire
solid angle one should recover the singles cross section
times the gamma-ray branching ratio R. Therefore, in-
tegrating Eq. (4.3) over the entire gamma-ray solid angle,
we obtain

d’o do _ J
da,aq, Y =R e, =Ny 2P
_ 87 do
=Nsriidn, @9

where W is a normalization constant and we have used
the equation,
[ kD, RD R = =378, 8- - (4.6)
M M 2] +1 0WOmm
We then find the normalized coincidence cross section to
be given by

d’c  _ 2J+1 .
dQ,d0, 8r RE ZPMM:D - (K)D7,0(k)

4.7)

We conclude this section by writing the coincidence
amplitude and spin transfer coefficients for the J7=1%
excitation. Using Egs. (2.5) and (3.8) for the strong and
electromagnetic part of the amplitude respectively, we
obtain

1(k)T?(p,p’)

(2,001 4,[5%10,
in

=Tk S 4,,[¢%_ k)], (4.8)

ip

Consequently, the coincidence spin observables for the

J™=1" excitation can be written entirely in terms of the

individual amplitudes for the (p,p’) reaction,

dZO' A~
dQ,dq, 87r 2 A Aty %)

A~ A

aB (k)= 2 Alp jv ij (k)
ijuv
X1Trl0,0,050,1/ 3, A,MAth(k)
iju
(4.9)

where we have used the identity,
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i— (k&) ke, (4.10)

The preceding formula closely resembles the expression
for the singles spin observables given in Eq. (2.6). The
singles spin transfer coefficients are obtained by simply
replacing t; (k) by 8;;. Even though this seems like a
minor modiﬁcation, it has some interesting consequences.
For example, this result shows that while measuring rela-
tive phases of amplitudes with i~ is impossible in a sin-
gles experiment, it becomes possible in a coincidence
measurement provided the gamma-ray momentum has a
nonvanishing component along the two basis vectors
spanning the i-j plane. In addition, spin observables that
should in principle be simple to measure, but vanish in a
(p,p') reaction, e.g., longitudinal and sideways analyzing
powers, are now nonzero and contain unique and possible
interesting information. We therefore conclude that the
added freedom contained in coincidence observables
might have important consequences in our understanding
of the nucleon-nucleus reaction.

V. PROPERTIES OF THE (p,p’y ) OBSERVABLES

In this section we consider the relationship between
specific coincidence and singles spin observables. We be-
gin by considering out-of-plane (k=1) coincidence mea-
surements for the specific case of J7=1" excitations.
For this case the only nonvanishing elements of the trans-
verse photon polarization tensor #;;(k) are

tgg (D) =1, (R)=1. (5.1

As a consequence, terms in the (p,p’) amplitude involv-
ing a target polarization along k=, specifically the out-
of-plane amplitudes 4,, and 4,,, do not contribute to
the transition. This is a reflection of the fact that, for a
gamma decay to a spin-zero final state, the helicity of the
photon must have a nonzero component along the polar-
ization of the excited nuclear state, [see Eq. (3.8)]. Since
the photon is a spin-1 particle and transverse, only trans-
verse target polarizations contribute to the reaction.
Furthermore, from the structure of the scattermg ampli-
tude, Eq (2.4), we observe that o - Kando- q are the only
remaining operators in the projectile’s spin space. Thus,
out-of-plane measurements select only those processes in-
volving a projectile spin flip with respect to the @i direc-
tion. With the help of equations (2.6) and (4.9) we can
now derive useful relationships between the singles and
out-of-plane coincidence observables,

d’s _ 3R do |17 D
dQ,dQ, 87 dQ, 2 ’
D,,(n)=—1

(5.2)

A A P_Ay

P(n)=—4,(n)= i—p, |’
. DKq-i-D

DKq(n): qK(n)= l_Dnn N
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DKK '_D

AN AN — 99
Dy (R)=—Dy(B)= |— "%

nn

These relations indicate that, for this example, out-of-
plane gamma-ray coincidences do not provide informa-
tion that is not already accessible, at least in principle, in
singles measurements. In practice, however, coincidence
measurements often provide a simpler way of obtaining
this kind of information. In the work of Kovash et al.,"
for example, the singles quantity P- A, has been obtained
from '2C(p,p'y)'*C* (15.11 MeV, 17 T=1) analyzing
power measurements at T),, =150 MeV.

We now examine the properties of in-plane coincidence
observables, by which we mean that the photon momen-
tum lies in the /(\p,p') scattering plane, ie., k-i=0,
k-K=sinf,, and k-G=cosf,. The in-plane coincidence
cross section can now be derived straightforwardly from
Eq. (4.2) and we obtain

?u;i—::zfﬁ; =A(6,)+B(6,)c0s20,+C(6,)5in26, ,  (5.3)
where
%’;—A=uno|2+|,4,m|2
1 Agg P+ A, P+ A P+ 14,171,
BT B L Ak P+ | Agy = | 41— 1 4,11,
3R 2 q q. q9q

8T

qq 1 -

The in-plane coincidence cross section consists of an iso-
tropic term A, a term Bcos26 that is symmetric about
the direction of G, and an antisymmetric term Csin20.
The isotropic piece can be expressed in terms of singles
observables,

3+D,,
4

do
aQ, ’

L3R

e (5.5)

and does not yield new information not accessible in sin-
gles measurements. In contrast the 8 and €@ terms do
yield new information. In fact, it can be shown that, by
measuring a complete set of observables in singles and at
a single in-plane coincidence angle, it is possible to over-
determine the full 0" —1" amplitude apart from an
overall (unphysical) phase and the relative phases between
out-of-plane and in-plane amplitudes. These latter
phases, however, can be determined by measuring longi-
tudinal or sideways analyzing power as we will show in
the following.

In a direct only, relativistic plane-wave impulse ap-
proximation assuming zero Q value, the amplitudes A4,
and A, are proportional to the composite spin-
convection current amplitudes (o XJ) and (o-J), re-
spectively.*!® In standard nonrelativistic treatments
these amplitudes arise exclusively from nonlocal process-
es like knock-on exchange.'® Experimental information
about these amplitudes would be of great interest in test-
ing reaction models as well as nuclear structure. With
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this goal in mind, there have been efforts to measure
the singles polarization-analyzing power difference
(P-4, ),/’~1 since it vanishes whenever Ak, and A4k are
zero. Equation (5.4) shows that complementary informa-
tion is accessible through the antisymmetric in-plane ob-
servable € which also vanishes when dg, = A4, =0.

Longitudinal and sideways analyzing powers vanish in
a singles experiment due to parity invariance. In a coin-
cidence experiment these observables are no longer zero
provided the photon polarization tensor, ¢;;(k), has nega-
tive parity. This condition implies that longitudinal and
sideways analyzing powers must be proportional to the
pseudoscalar components of the photon polarization ten-
sor, viz.,

K)

>

t=— (kA
and

1y, =—(k-f)(k-Q) .

Longitudinal, D, (k), and sideways, Dos(ﬁ), analyzing
powers,

~

Do (k)
Dy, (k)

Dy (k)

k cosb,x sinb,
Ds(k)

—sinb,x cosf,k

, (5.6)

are written in terms of the angle between the incoming

beamAdirection g\nd the average momentum, GPK, and
Dk (k) and D, (k) given respectively by
87 d’o a
3R dQ,dQ, Do (k)
=2[Re( 4,0 Ax)—Im( A4,, A% ]t,x (k)
+2[Re( 4,045 )—Im(4,, 4], k), (5.7
87 d%o ~
3R d(zpdayD"q(k)
=2[Re( 4,042, +1m( 4, Ak )1tx (k)
+2[Re( A,04.5)+Im( 4,, A5, (k) . (5.8)

We first observe that measurement of longitudinal and
sideways analyzing powers is enough to determine the
relative phase between the out-of-plane amplitudes,
(A,0 Apy ), and the in-plane (Agg, Ag,, Ay, Agg ), am-
plitudes. Furthermore, since these observables are pro-
portional to 7,x, and ¢,,, they vanish for out-of-plane as
well as in-plane measurements. Therefore, it is only by
performing part out-of-plane measurements that the
0" —1" amplitude can be completely determined.

VI. RESULTS AND CONCLUSIONS

We now show relativistic impulse approximation and
nonrelativistic impulse approximation calculations of
coincidence observables for the 15.11 MeV, 1T T=1 state
in '2C at an incident proton energy of T, =400 MeV.
Cohen and Kurath?® nuclear structure amplitudes were
used in both cases and knock-on exchange processes were
treated explicitly using the nonrelativistic code DW81
(Ref. 21) and its relativistic counterpart DREX.?> The ele-
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2e(p,p'y) 17 T=1; Ty, =400 MeV
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F 0, =67 ]
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o 0.05 — —]
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C.r 0.20 T I T T 1 | T T 1T ] T T T ! TT T T
% C o 1
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A
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OOO :l I - | | I - ! I ' I 111 I:
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6,(deg)

250 300

0.20 _I l T 11T T T 17T I T T 17T l T T 17T

0.15 — Bem =887 1
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o5 : Ocm=13.3° ]

Illll

IIII(‘IIII]

L

l||lll]lllllllll|llll

100 150 200 250 300
0,(deg)

FIG. 1. Ratio of the in-plane coincidence to singles cros section as a function of the photon angle in the laboratory frame for the
15.11 MeV, 17T =1 state in '2C at an incident proton energy of T),, =400 MeV. The solid (dashed) lines are result of relativistic
(nonrelativistic) calculations that are described in the text. Data is from Ref. 8.

mentary NN ¢t matrix used in the claculations were based
on nonrelativistic?? and relativistic’* parametrizations of
the NN interaction with parameters constrained by Arndt
phase-shift solutions.? In both cases distortions were cal-
culated from the same NN interaction driving the transi-

A(}Lb/Sl"z)

6 8 10 12 14
0 m(deg)

FIG. 2. Isotropic coefficient A for the in-plane coincidence
cross section as a function of the center-of-mass scattering angle
for the 15.11 MeV, 17 T=1 state in '’C at an incident proton
energy of T),, =400 MeV. The solid (dashed) lines are result of
relativistic (nonrelativistic) calculations that are described in the
text. Data is from Ref. 8.

tion. The individual Cartesian amplitudes in Eq. (2.4)
were extracted from the helicity representation ampli-
tudes calculated by the codes DW81 and DREX. In effect,
then, the Cartesian amplitudes are simply a reexpression
of the helicity amplitudes in a different coordinate sys-
tem, namely the one defined in Eq. (2.2). However, the
effects of distortions and nonzero Q values introduce am-
biguities in the definition of the Cartesian coordinate sys-
tem. These ambiguities contribute to differences between
Cartesian and helicity observables. In this case it is the
original helicity results that should be compared with ex-
periment. The value, then, of the Cartesian formulation
presented in this paper is the ease with which particular
nuclear structure quantities can be identified with specific
observables. For example, in connection with Egs. (5.3)
and (5.4), our Cartesian analysis shows that the antisym-
metric, in-plane coincidence observable € should be max-
imally sensitive to composite currents. Such maximal
sensitivity is also observed in the corresponding helicity
observable. It is true in general that sensitivities suggest-
ed by the Cartesian expressions presented here survive in
the helicity calculations even though the Cartesian and
helicity observables are not identical.

In Fig. 1 we show the ratio of the in-plane coincidence
to singles cross section as a function of the photon angle
in the laboratory frame. (Note that the calculations
shown here employ Cartesian amplitudes and as already
discussed differ somewhat from the helicity results
presented in Ref. 8.) From the cross section one can ex-
tract the isotropic, symmetric and antisymmetric terms
of Eq. (5.3). The isotropic part of the cross section,
shown in Fig. 2, is related to the singles D,,, Eq. (5.5),
and yields no new information. More interesting, howev-
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2e(p,p'y)1*t T=1; T,,, =400 MeV

Symmetric in—plane Antisymmetric in—plane
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FIG. 3. Symmetric B/A and antisymmetric € /A coefficients for the in-plane coincidence cross section as a function of the
center-of-mass scattering angle for the 15.11 MeV, 17 T=1 state in '2C at an incident proton energy of T,, =400 MeV. The solid
(dashed) lines are result of relativistic (nonrelativistic) calculations that are described in the text. Data is from Ref. 8.

er, are the deviations from isotropy seen in Fig. 3. In the  coincidence cross-section data is seen to change sign as
nonrelativistic case (dashed lines) these deviations are  one goes from 6., =6.7° to 6., =13.3°. This behavior
seen to be small and do not reproduce the general trends  is not reproduced by the nonrelativistic calculation and
of the data. In particular, the antisymmetric part of the = may indicate some deficiency in the calculation of the

BC(p,py)1* T=1; Ty, =400 MeV

Longitudinal Analyzing Power Sideways Analyzing Power
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FIG. 4. Longitudinal and sideways analyzing powers as a function of center-of-mass scattering angle for the 15.11 MeV, 1*'T=1
state in '2C at an incident proton energy of T, =400 MeV. The y-ray angle is located in the n-K plane at an angle 6, =6,x =45°.
The solid (dashed) lines are result of relativistic (nonrelativistic) calculations.



2284

J. PIEKAREWICZ, E. ROST, AND J. R. SHEPARD 41

2C(p,py)1* T=1; T1,, =400 MeV

Longitudinal Analyzing Power
06 llllllrr?[lel[!Yl’T

6,,=45°
0,q=45°

L4 41

TTT T

0.4

0.2

:AL

IIVY}IT‘IT

DOL

0.0

Iz l |
ISR U N T Y T T O S Y B B

|

o

oo
IYIIIYIII

. l 111 I 1111 1 1
0 5 10 15 20
6cm (deg)

Sideways Analyzing Power

O 6 rTrryrrrrJrr1rrrJ1rrrr
L | I I 4
i 0,,=45° -
L 8,q=45° |
,
04 — S
I I
- / .
=3 - I
w02
o

00

1111.‘\LL'11111|1\1

0 5 10 15 20
0. m (deg)

-0.2

FIG. 5. Longitudinal and sideways analyzing powers as a function of center-of-mass scattering angle for the 15.11 MeV, 17 T=1
state in '>C at an incident proton energy of T, =400 MeV. The y-ray angle is located in the n-g plane at an angle 6,, =0,,=45".
The solid (dashed) lines are result of relativistic (nonrelativistic) calculations.

composite spin-current amplitudes Ay, and 4. These
features are also apparent in the helicity calculations of
Ref. 8. Based only on these limited set of experimental
results we must conclude that the data shows a clear
preference for the relativistic predictions. In Figs. 4 and
5 we show longitudinal and sideways analyzing power ob-
servables for a photon momentum in the n —K plane
(6,,=0,x=45), and in the n —q plane (6,, =6,,=45°),
respectively. As mentioned before, part out-of-plane
measurements are essential to determine the relative
phase between the in-plane and out-of-plane amplitudes.
From these figures one again observes large differences in
the predictions of the two models. Experimental infor-
mation about these as yet unmeasured analyzing powers
would be of great interest.

In conclusion, we have examined the utility of coin-
cidence (p,p’y) measurements. We have seen that some
parts of the scattering amplitudes are difficult, and in
some cases impossible, to determine in a conventional
singles experiment. Coincidence measurements may then
provide the only practical way to completely determine

the scattering amplitude and therefore isolate those quan-
tities that are particularly sensitive to differences between
various theoretical models. We have shown, at least for
the 0* — 17 excitation, how a simple modification in the
formal structure of the singles spin observables yields the
coincidence observables. This simple change has impor-
tant consequences. For example, some unique properties
of the scattering amplitude become accessible through
the measurement of longitudinal and sideways analyzing
powers. Many interesting issues can therefore be ad-
dressed by (p,p'y) experiments without having to detect
the polarization of the scattered proton. Experimental
information about these observables would provide
unique information that is likely to shed some light on
the physics underlying these reactions.
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