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Measurements of the tensor and vector spin observables C(0,NN,0,0), C(0,SS,0,0), and
C(0,N,0,0), in p-d elastic scattering at 600, 800, and 1000 MeV equivalent proton bombarding en-
ergy, are reported. The data were taken in the range 0.1 < —t < 1.2 (GeV/c)>. The experiment
employed a polarized deuteron beam with tensor and vector components of +0.75 and +0.25, re-
spectively, a liquid hydrogen target, and a single arm magnetic spectrometer. The tensor and vec-
tor spin parameters C(0,N,0,0) and C(0,NN,0,0) were extracted from the data with beam polar-
ization normal to the scattering plane. The observable C(0,SS,0,0) was obtained by precessing
the deuteron polarization into the scattering plane. Comparison of the data with the predictions

of a relativistic multiple scattering theory is made.

1. INTRODUCTION

A considerable amount of proton-deuteron -elastic
scattering data at intermediate energies has been accu-
mulated by now.!~> A principal objective of these mea-
surements’>* is to obtain complete information on the
collision matrix describing this fundamental three-
nucleon reaction. Detailed information on the 12 spin
amplitudes® describing p-d elastic scattering will be help-
ful in studies of various theoretical aspects of medium
energy nuclear reactions. An interesting application of
the data is to establish to what extent p-d elastic scatter-
ing data can be explained in terms of the multiple
scattering theory employing only two-body NN interac-
tions. An analysis of this type may be carried out in the
near future, in view of recent progress made in the mea-
surements of the spin dependence of the nucleon-nucleon
(NN) cross sections, and in the amplitude analysis of this
data. At the present time, phase shifts for both proton-
proton and proton-neutron scattering appear to be well
established up to ~500 MeV laboratory kinetic ener-
gy.”~® Therefore, the role of proton-deuteron scattering
is now not so much to provide information on NN
scattering, but rather to study phenomena specific to
few- and many-nucleon systems. Indeed, important in-
formation on these phenomena can be extracted from
spin observables in p-d elastic scattering at sufficiently
large momentum transfers for which multiple scattering
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dominates.!® Calculations of spin-observables in p-d elas-
tic scattering presented in Refs. 10 and 1 were made
within the framework of a new multiple scattering model
based on the insight into the physical mechanism under-
lying the nuclear relativistic phenomena.!! The results of
these calculations indicate that good agreement between
experimental data and the theoretical predictions can be
obtained by introducing additional effective contact in-
teractions, which can be interpreted as. three-nucleon
forces.!® Previous and planned experiments in p-d elas-
tic scattering at several energies in the range 500-1000
MeV will be used in the future in establishing con-
straints on these contact interactions.

In the present paper we report on measurements of
the deuteron vector, C(O,N,O,O)EP},, and tensor,
C(O,NN,O,O)EPW and C(0,SS,0,0)S =P,,, spin observ-
ables for 600, 800, and 1000 MeV equivalent proton lab-
oratory energy at momentum transfers squared in the
range 0.1 < —t < 1.2 (GeV/c)®>. The alternate notation
of spin observables in terms of parameters P,
i =y,xx,yy, is defined in Ref. 6, and has been used in
previous short communications>* in which the data at
800 and 1000 MeV were reported together with the
theoretical interpretation based on the approach of Ref.
6.

The experiment has been performed at the Argonne
National Laboratory at the Zero-Gradient Synchrotron
(ZGS) facility. The experimental equipment available
made it possible t. measure tensor and vector spin ob-
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FIG. 1. A schematic view of the beam line, showing the locations of the beam monitors, superconducting solenoids, beam line

magnets, beam polarimeter, and liquid hydrogen target.

servables with relatively high precision.!?*

In Sec. II of this paper we report that the experimen-
tal method used to measure the tensor and vector
analyzing powers; in Sec. III the data obtained at deute-
ron beam energies of 1.2,1.6, and 2.0 GeV; and, in Sec.
IV, comparison of the data with the theoretical predic-
tions based on the recently developed relativistic multi-
ple scattering model! is described.

II. EXPERIMENTAL SETUP

The experiment used polarized deuteron beams with
momenta py=23.43, 2.93, and 2.43 GeV/c. These were
produced at the Argonne ZGS with tensor and vector
components oriented along the § axis in our coordinate
system, normal to the scattering plane. Following the
Madison convention'’> we use the Cartesian frame of
reference formed by three orthogonal directions (S=X,
N=y, L=%). Here L is along the direction of the in-
cident beam momentum k;, N is normal to the scatter-
ing plane k; Xk, k; being the scattered beam momen-

tum, and S axis completes a right-handed Cartesian
coordinate system. By utilizing a pair of superconduct-
ing. solenoids in the beam line (see Fig. 1), these com-
ponents could be precessed into the scattering plane
along the X axis normal to the beam direction (Z axis).
In either case a four pulse sequence [rate ~(3.5s)”! and
width ~1 s] with the polarization components
(=py, +py)s (=Pys+py)s (D5 —=Py), (—=Py, —Py,)
along the y axis were used in the experiment. Here p, is
the magnitude of the vector polarization, and p,, is the
magnitude of the tensor polarization of the deuteron.
With the superconducing solenoids in the beam line on,
the same pattern could be reproduced in the xz plane.
The beam intensity varied between 10® and 3 10° deute-
rons per pulse. The target was a 10 cm flask containing
liquid hydrogen. The direction, position, and emittance
of the incident beam were monitored by two x-y and two
x multiwire proportional counters read out in an in-
tegrated mode (see Figs. 1 and 2). These chambers had a
wire spacing of 2 mm. The four position measurements
fixed the beam trajectory independently of the bend an-
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FIG. 2. A schematic view of the spectrometer, showing locations of the various detectors, wire chambers (C,-C,), scintillator
counters (S,-S,), and the spectrometer dipoles, quadrupoles and the liquid hydrogen target.
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gle in magnet X5B1. The data from the proportional
chambers were used to correct the nominal scattering
angle. The relative beam intensity was monitored, in-
dependent of the spin orientation by three ion chambers,
IC1, IC2, and IC3 (see Fig. 1), located just upstream of
the magnet X5B1. These tracked to within 3% during
the experiment. The intensity of the incident beam was
also monitored by a three-scintillation counter telescope
located in the vertical plane. This telescope, called the
gate monitor, accepted particles scattered from a thin
polyethylene target, much larger in dimension than the
beam, which was located about 5 m upstream of the
liquid hydrogen target. A similar telescope was located
vertically under the liquid hydrogen target and is called
the target monitor. The spectrometer used in this exper-
iment is shown in Fig. 2. In the first stage, four dipole
magnets provide momentum dispersion and bent the
spectrometer axis away from the primary beam line;
three quadrupole magnets created a spatial focus about
15 m downstream of the target. The second stage used a
2 m dipole with a 7° bend and two pairs of quadrupoles
with equal gradients in each member of the pair to form
a second focus. In order to achieve the large laboratory
scattering angles, the incident beam was bent by dipole
magnet X5B1 by as much as 28.7° from its nominal axis
to increase the angle between the incident beam and the
scattered particles entering the spectrometer. The liquid
hydrogen target was moved under remote control to in-
tercept the beam in its new position. The scattered
deuterons were steered down the spectrometer axis by
septum magnet X5SB1, which was also remotely mov-
able. At the smallest laboratory scattering angle (about
3.57°), dipole magnet X5B1 was off, the hydrogen target
was on the nominal deuteron beam line, and dipole mag-
net X5SB1 was bending deuteron trajectories to the left,
looking downstream. At the largest angles, X5B1 and
XtSB1 were both bending to the right and the target was
farther to the right of the nominal beam line, all direc-
tions looking downstream. In the spectrometer deute-
rons were detected by two scintillator counters, called S,
and S,, and two multiwire, position-sensitive, gas pro-
portional chambers labeled C; and C, at the first focus
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and by two other scintillator counters, called S; and S,,
and the two chambers similar to C| and C,, labeled C,
and C4, near the second focus. The entire length of the
spectrometer was evacuated, except for the regions
where the counters and chambers were situated. The
data from S counters (S, S,, S3, S4) were used to deter-
mine the number of scattered deuterons and to calculate
the time of flight which gave information as to particle
type. Particle trajectory, scattering angle, and momenta
were provided by the four chambers C;, C,, C;, and C,.
These chambers were two dimensional with the anode
and cathode wires in the same direction but in two
parallel planes with a separation of 8 mm and an offset
of 4 mm. The construction of these chambers allows
them to be used as drift chambers or delay line readout
chambers. In this experiment the higher resolution
afforded by the drift chamber options was not needed.
The chambers were operated with a gas mixture of 20%
isobutane, 0.2% freon, and about 80% argon bubbled
through isopropyl alcohol. The absolute value of the
tensor alignment of the beam was measured using the
nuclear reaction *H(d,n)*He at the source.'*

In order to measure the polarization of the deuteron
beam, deuterons are accelerated to an energy approxi-
mately 55 keV. Then they impinge on a thick titanium
tritide target."* Two scintillator detectors oriented at 0°
and 90° with respect to the spin quantization axis were
used to measure the anisotropy of the neutrons produced
in the d-t reactions. The measured anisotropy was used
to calculate the tensor alignment. This parameter was
measured frequently over the course of the experiment; a
total of eleven times. At the beginning the magnitude
was 0.8410.03, but at the time of the data taking the
value of tensor alignment was 0.75+0.03 and was equal
for positive and negative values within the uncertainty
(£0.03) and remained so throughout the rest of the ex-
periment. From the source dynamics the absolute value
of the vector polarization was also established at the
value of 0.25 with the same fractional uncertainty. Rela-
tive values of the beam vector polarization were deter-
mined with an uncertainty of +4% by utilizing a thin
CH, target polarimeter located at the point at which the
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FIG. 3. A typical set of measurements of a quantity proportional to (P,, —P,,) from the beam polarimeter at py=3.43 GeV/c
and 6,,,=9°. Circles and triangles represent the measurements during two different periods of running time at the same energy.
The solid lines display the X fits assuming a linear relation to the data.
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deuterons were extracted from the ZGS. Relative values
of the tensor alignment of the beam were measured in
another polarimeter, also utilizing a CH, target, located
upstream of the dipole magnet X5B1 (see Fig. 1). The
polarimeter has arms in both the horizontal and vertical
planes and left, right, up, and down forward-recoil tele-
scopes identified d-p elastic events. This polarimeter al-
lowed us to measure the asymmetry of the deuteron
beam when the beam was polarized perpendicularly to
the scattering plane (solenoid off) or when the deuterons
were precessed with polarization axis in the scattering
plane (solenoid on). The coincidence rates were particu-
larly sensitive to P,,(P,,) and allowed us to measure a
numerically large quantity, proportional to (P,, —P,,),
and thus check the relative beam polarization accurate-
ly. Some results of these measurements are shown in
Fig. 3. In this figure the circles and triangles represent
data taken at the beginning and late in the data taking
period. In between the polarimeter was readjusted for
other energies. Then the data are fitted by straight lines
separately with reduced X? of 1.26 and 1.73, respectively.
No depolarization resonances were passed through in
the process of the acceleration to the momenta used in
this experiment.!® Depolarization effects are generally
expected to be negligible since the deuteron’s magnetic
moment is one-third as large as that of the proton. No
depolarization of the proton beam was found in earlier
experiments.'® !’

III. DATA COLLECTION AND ANALYSIS

The data collection at each incident energy required
3-4 d. Measurements were done in the order 2.0, 1.2,
1.6, 2.0, and 1.2 GeV. At each incident energy, the an-
gular settings were selected in a somewhat random or-
der; in general, adjacent angles were measured at
different times. Events collected at each angle setting of
the spectrometer were binned in one or two parts.
Chamber data and time-of-flight information from the S
counters were written event by event on magnetic tape.
Other information, i.e., counts recorded by monitor tele-
scopes and chamber beam polarimeter, and the number
of (S,%S,*S;%S,) coincidents, were also recorded after
each beam pulse. In addition, (S,*S,*S;%S,) coin-
cidences and digitized integrated charge from ion
chambers were recorded on visual scalers during the last
half of the experiment. Data were also accumulated at
selected angles with the target empty. The final data
analysis was done off line with the software completely
independent of the software used to write data tapes.
Some of the analysis had to be done without magnetic
tapes (2.0 and 1.6 GeV data) due to tape drive failure.
Data obtained in this mode were treated on a pulse to
pulse rather than event by event basis. We determined
the number of elastically scattered deuterons which
passed through the spectrometer for each polarity (Y ,,
Y, Y,, Y ) and the intensity (I,,, I, I,, I,,) for
each beam pulse [see text below and Eq. (3.2) for
definition of notation]. When the magnetic tape unit
was operative the scattering angle was reconstructed for
each event, using the output of the delay line chambers
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and the optical parameters of the spectrometer.'® These
were histogrammed separately for events collected with
different incident deuteron polarity. The areas of these
histograms were denoted as Y,,, Y ,, Y, ,and Y. For
small angle data, it was desirable to divide the data into
two angular bins in order to obtain adequate angular
resolution in the sharply falling part of the small angle
elastic scattering angular distribution.

In this experiment, a polarized deuteron beam is in-
cident on an unpolarized hydrogen target. The corre-
sponding deuteron spin density matrix p;, representing
the beam polarized perpendicular to the scattering plane,
is

pi=(1t3p,P,tip P, ), (3.1)

where ﬁy and ﬁyy are the deuteron spin and quadrupole
moment operators. The differential cross section for the
angular distribution of scattered deuterons is

do __do
dQT(l),l(T) dﬂunpol

(1£2p, Py + 3Py Pyy) 3.2)

where the upward (downward) pointing arrow (first sub-
script) indicates the upward (downward) direction of the
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FIG. 4. (a)—(c) Experimental results for the spin observables
C(0,5,0,0)=P, at (a) 600 MeV EPBE, (b) 800 MeV EPBE,
and (c) 1000 MeV EPBE, which are consistent with zero.
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vector polarization and gives rise to plus and minus
signs, respectively, for the term proportional to the mag-
nitude, P, on the right-hand side, and do /d Q,;, is the
differential cross section which would be measured with
an unpolarized deuteron beam. The direction of the ar-
row in the second subscript indicates the direction of the
tensor alignment and is related to the plus and minus
signs in the term proportional to P,,. The differential
cross section with the solenoid on is, with notation simi-
lar to Eq. (3.2), given by

do __do
d‘QT(l),l(r) d‘Q’unpol

(1439, Py + 1px P ) - (3.3)

In Egs. (3.1)-(3.3), py, p,,, and p,, are the com-
ponents of the beam’s polarization, and P,, Py, P,,, and
P, are the Cartesian components of the induced vector
and tensor analyzing powers, respectively.® Since p, is
in the scattering plane, P, will vanish due to parity in-
variance. Thus the measurements obtained for P, [see
Fig. 4(a)-4(c)], which are consistent with zero, provide a
check on the data. The tensor and vector observables
may be expressed in terms of the quantities 4, B, C, and
D, where 4=Y,,/1,,, B=Y,,/I,,, C=Y,, /I, and
D=Y, /I, are extracted from the measured yields
(Y, Y,, Y, , Y, ) and beam fluxes (I, I, I,,I,,).
In terms of A, B, C, and D the deuteron tensor to ob-
servables are

i, p _{A+B)—(C+D)
Pt = 4B —(C+D)
(4 +C)—(B +D)

i, P — 34
PP = c_B+D) (3.4b)

with the solenoid off, and

i p_—\A+B)=(C+D)
WX T (A 4+B)—(C+D)’
(A +C)—(B+D)
(A4+C)—(B+D)”’

with the solenoid on. The deuterons scattered from the
empty target flask and surrounding environment contrib-
ute to the measured asymmetries. The background con-
tribution to the measured asymmetries was calculated
for those runs which had corresponding target empty
runs. There were numerous enough and representative
enough so that they could be used to evaluate and
correct the effect of the target flask and surrounding en-
vironment for all measurements. The results are
presented in Figs. 4—7. The errors include background
as well as statistical sources of error. Additional sources
of error due to systematics are believed to be small rela-
tive to the statistical errors because of the ratio method
employed to calculate the asymmetries and because the
method used to obtain the data [sequential pulses with
systematically varying polarization direction tend to
average out long term (>12 s) drifts in chamber
efficiences, electronic drifts, deteriorating beam polariza-
tion, etc.]. The induced vector polarization P, and ten-
sor components P,, and P,,, extracted from the asym-
metry measurements at 2 GeV (3.43 GeV/c, 1 GeV
EPBE), at 1.6 GeV (2.93 GeV/c, 0.8 GeV EPBE), and at

(3.4a)

(3.4¢)

(3.4d)

1ipx P =

1.2 GeV (2.43 GeV/c, 0.6 GeV EPBE) are shown in
Figs. 5-7. The notation EPBE means “equivalent pro-
ton bombarding energy.”

IV. THEORETICAL ANALYSIS

We have chosen to compare our data with the theoret-
ical predictions of the recently developed relativistic
multiple scattering model of Ref. 1. Within the frame-
work of this approach the p-d scattering amplitude is as-
sumed, analogously as in the Glauber theory, to be given

1.0 C(O, N, 0,0)

T,4p=600MeV

1.0{ €(0,Ss,0,0)

-20 L 1 1 1 J
0 0.4 0.8
-t (Gev/c)?
FIG. 5. Experimental results for the spin observables

C(0,N,0,0), C(O,NN,0,0), and C(0,SS,0,0) at 600 MeV
EPBE. The solid and dashed lines represent theoretical calcu-
lations described in the text.



as a sum of subamplitudes F; and F; representing single
and double collision processes,

de=FS+Fd . (41)

The subamplitudes F; and F,; are then expressed in
terms of fully-spin-dependent amplitudes describing
projectile—target neutron and projectile—target proton
interactions, and in terms of the S- and D-wave com-
ponents of the deuteron wave function. The method of
calculating the single collision amplitude F; is identical

1.0f C(O,N,0,0)

TI‘Jb =800 MeV

(=)
y
o
S
[%2]
w
o
o
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FIG. 6. Experimental results for the spin observables

C(0,N,0,0), C(0,NN,0,0), and C(0,SS,0,0) at 800 MeV
EPBE. The solid and dashed lines represent theoretical calcu-
lations described in the text.
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with that of Ref. 6. The double collision term, however,
is obtained by using a relativistic representation of the
NN scattering amplitudes and the relativistic Dirac
propagator of the projectile. With these assumptions the
transition amplitude for the double collision process in-
volves the integral over the proton three momentum p in
the intermediate state of the expression:

[ + (7T F ki [ ———[F&x + (73 1)F e ]

4.2)

1o C(0.N,0,0) T\, 1000 Mev

1
0 0.4 0.8 1.2

o
T

C(0, SS,0,0)

-2.0 1 L 1 1 1 1 J
0 0.4 0.8 1.2
-t (GeV/c)®
FIG. 7. Experimental results for the spin observables

C(0,N,0,0), C(0O,NN,0,0), and C(0,SS,0,0) at 1000 MeV
EPBE. The solid and dashed lines represent theoretical calcu-
lations described in the text.
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where 7, 7|, and 7, are the isospin operators of the pro-
jectile and two target nucleons, respectively. The iso-
scalar FLR0 and isovector FLN' components of the rela-

tivistic NN amplitude is parametrized as'

5
Fin(p,p)= 3

j=1

(g —m

1+§j7 OijI(S,t)

X 1+§§£’2—_mm , 4.3)

p and p’ being the initial and final projectile nucleon mo-
menta. Here O, j =1,5, are linearly independent opera-
tors acting in the four dimensional Dirac spaces of the
projectile (nucleon 1) and the target nucleon (nucleon 2).
By following the commonly used representation'®?® we
have chosen them as scalar, vector, tensor, pseudoscalar,
and axial operators: O;=1, y(1)-y(2), o(1),,0(2)",
v (1)sy(1),7(2)sy(2), and y(1)sy(2)s.

The subamplitudes FjI, j=1,...,5, are functions of
the usual Lorentz scalars, ¢t and s. The on-mass-shell
parts of the amplitudes F J-I can be determined (up to an
arbitrary phase factor) by requiring consistency with a
phase shift analysis of NN scattering data. Terms in-
volving §f do not contribute to the on-mass-shell NN
scattering, but do contribute to the double collision term
in which the integration over the intermediate projectile
momentum covers all (on-mass-shell and off-mass-shell)
values. Each term é‘;(ﬁ—-m) entering into the expres-
sion for F{y generates in the double scattering ampli-
tude [see Eq. (4.2)] a nonpole term which can be inter-
preted as a three-body contact interaction.! Physically,
contact interactions represent effects of nucleon compos-
iteness and of nonlocal meson-nucleon couplings.!' The
projectile is treated as a relativistic spin-1 Dirac particle,
while the motions of the target nucleons are assumed to
be sufficiently slow to be described by nonrelativistic
wave functions. More precisely, in Eq. (4.3) we keep
only the zeroth and first order terms in the g /m expan-
sion of the NN amplitude and the target wave function.
Here g is the momentum transfer and m is the nucleon
mass. In order to carry out calculations with a nonrela-
tivistic target wave function, the relativistic nucleon-
nucleon F{, amplitudes have been reduced to a nonrela-
tivistic 2 X 2 matrix form in the space of states of the tar-
get nucleons. This two component reduction of Fi{y has

v
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been carried out by evaluating the matrix element of the
operators F! between the positive energy Dirac spinors
of the target nucleon in the target nucleon Breit frame.!
The target wave function was parametrized in terms of
the nonrelativistic Reid soft core potential.>! The on-
mass-shell NN amplitudes have been obtained from a re-
cent phase shift analysis (solution sMs6). 3

The solid curves and the dashed curves displayed in
Figs. 5-7 correspond to two different ways of including
contact interactions. The dashed curves were obtained
by setting the parameters of the isoscalar part of the am-
plitude of Eq. (4.3), §?=O. The isovector parameters §jl
were taken as El=El=El=£'=0 and £!=1. This
prescription corresponds to the relativistic impulse ap-
proximation of Ref. 19. We note that in the case of elas-
tic scattering of protons from spin zero nuclei only three
[(1) isoscalar-scalar, (2) isoscalar-vector, and (3)
isoscalar-tensor] out of ten components of the amplitude
(4.3) contribute. In our case all ten components contrib-
ute. The choice of the parameter £l=1 is consistent
with the notion that the component of the NN ampli-
tude associated with this parameter is dominated by a
1 —7 exchange mechanism. This choice is equivalent to
the replacement of the pseudoscalar coupling with the
axial coupling. The solid curves at all energies were ob-
tained by adjusting the parameters §}- in order to obtain
a best fit to the complete data set. In the fitting process
for the 800 MeV case other data for the polarized p-d
elastic scattering at 800 MeV were included. These re-
sults demonstrate that it is possible to achieve quite good
agreement between the theoretical calculations and the
data by being consistent with the on-mass-shell NN am-
plitudes following from a given phase shift analysis. The
agreement can be obtained by varying the strengths of
the contact interaction terms. However, we should men-
tion that our analysis of the contributions from the con-
tact interactions should be repeated in the future after a
unique set of NN phase shift amplitudes are determined.
Currently we find quite substantial differences between
the parameters of the contact interactions obtained, by
using alternate phase shift analysis solutions (Sp82 of
Arndt,® and that of Bystricky et al.’). A detailed
description of the calculations presented in this paper
will be published elsewhere
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