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23 p-d elastic scattering spin observables, most of them in linear combinations of two observables,
were measured at 794 MeV over a range of four-momentum transfer t from —0.257 to —0.630 (GeV/c) .
By changing the beam polarization between S, N, and L type and by alternating the target vector polar-
ization between negative and positive, six independent combinations of beam and target polarization
were obtained. The target was dynamically polarized deuterated ammonia. An average target polariza-
tion of 30% was achieved. Transverse polarization components of the scattered protons (S and N type)
were measured directly by using a polarimeter. The longitudinal polarization component (L type) was
measured after precessing it to N type. Typical uncertainties for two-spin coefficients were 0.02 and for
three-spin coefficients 0.1—0.2. The data are compared with the theoretical predictions calculated by
fitting the previously available data to a relativistic multiple-scattering model with derivative couplings.
Although relativistic impulse approximation calculations do not predict the data well, they are also in-

cluded in the comparisons.

PACS number(s): 25.40.Cm, 24.70.+s, 25.10.+s, 29.25.Pj

I. INTRODUCTION

It has been argued that the measurement of p-d elastic
scattering in the angular interval where single and double
scattering are thought to predominate provides a unique
testing ground for various N-N models. Studying p-d
elastic scattering could lead to a better understanding of
the processes contributing to nucleon-nucleus scattering.
This is particularly true at larger angles where off-mass-

Present address: Rice University, Houston, TX 77251.
fPerrnanent address: DPhPE, CEN Saclay, 91191 Gif-sur-

Yvette CEDEX, France.
&Present address: Los Alamos National Laboratory, Los

Alamos, NM 87545.
&Present address: Physics Department, Thomas More College,

Crestview Hills, KY 41017.

shell e8'ects and three-body interactions become impor-
tant. Thus it is important to increase the p-d elastic-
scattering data and to improve the statistical accuracy at
larger angles.

At 800 MeV (nominal proton-beam energy), consider-
able progress has been made toward obtaining a complete
set of measurements (at least 23 observables) with
sufficiently small error bars over the single- and double-
scattering regions to provide a stringent test of theoreti-
cal models. Measurement of more spin observables than
the required minimum (23) have been at least partially
completed. Among them Czo oo and CpN oo (S X, and L
in the Ann Arbor convention [1]; see Sec. III for the
definitions) have been measured several times [2—8] Rah-
bar et al. [3], Sun et al. [9], and Igo et al. [10] measured
the spin observables Cso, L.O CLo, so Cso, so CL, o, L.O

and

Czo &0. Haji-Saied et al. [5] measured the tensor spin ob-

servables Co~~ oo and Co+~ 00 using a 1600-MeV deute-
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ron beam, which yields the same center-of-mass energy as
an 800-MeV proton. In a recent experiment at Saclay
(Ghazikhanian et al. [7,8)), these two tensor spin observ-
ables were measured in addition to CN&zoo, CNssoo,
CpsL, pp, CNsL, po, CL. sNpp, CL,spp, Cpssp, Cusp, CpNNp

Cg~ oo, C~~ ~o, Coss~NO CN ss~xp, Co NN, wo~ CN NN~Np

Cowsso, and CwNsso. This experiment also utilized a
1600-MeV deuteron beam. Recently published works
[6,11] report more spin-observable measurements from
The High Resolution Spectrometer (HRS) Facility at Los
Alamos, including CsL„oo CL,L„oo CxL,L.,oo CoI.,so, CpL Lp,

CsL, ~p, C~L, sp, CNI. L,p, CL,L, Np, C~~oo, Co~No, C~~Np
CsN sp, Cs~ L,p, Cl.~ sp, and CI.~ I.p. The unpolarized
elastic-scattering differential cross section has been mea-
sured by Irom et al. [4], Winkelmann et al. [2], and,
most recently, by Giilmez et al. [12].

The number of spin observables listed above exceeds
the minimum number of observables necessary to deter-
mine the elastic-scattering amplitudes. Since the deute-
ron has spin 1, the p-d elastic scattering could be
represented by 12 complex amplitudes or 23 independent
real quantities (spin observables) with an overall phase
factor. On the other hand, an examination of the data
sets mentioned above would reveal that some data sets do
not extend to large four-momentum-transfer regions
[ t )0.—3—0.4 (GeV/c ) ], which is important for the in-
vestigation of off-mass-shell effects. Also, some of the ob-
servables have large errors, causing relatively small
weighting factors in any kind of fitting scheme. The data
set of this work improves the coverage in a significant
portion of the region where double scattering is believed
to be predominant [ t )0.3——0.4 (GeV/c ) ].

II. EXPERIMENTAL METHOD

The data reported here were taken at the EPB-N ex-
perimental area at the Los Alamos Clinton P. Anderson
Meson Physics Facility (LAMPF experiment 818). The
experiment was designed for the purpose of obtaining
data mostly in the double-scattering region to comple-
ment previous measurements. All three orientations of
beam polarization, S, N, and L (in the Ann Arbor con-
vention [1]), were used. The target polarization was in
the S-L plane with a small N component. The
configuration of the polarized target magnet was the
reason for such a complicated target polarization, instead
of a target polarization completely in one direction.

The protons and coincident deuterons were detected in
a two-arm detector system (Fig. 1). The data were taken
at four different angular settings of the proton arm (p
arm). Weighted averages of the scattering angle for each
angle setting were 21.60, 24.25, 28.35, and 32.61 [or

t=0.282, 0.348,—0.471, and 0.592 (GeV/c) ]. For
analyzing-power measurements, each of these angle set-
tings was further divided into three bins, covering a
four-momentum-transfer region from 0.257 to 0.630
(GeV/c) . Each angular setting covered about 3' in
scattering and azimuthal angles.

A. Polarized proton beam

A polarized 798-MeV proton beam was produced by a
Lamb-shift ion source (the effective beam energy at the

Beam

FIG. 1. Schematic layout of the experiment to measure spin

observables in p-d elastic scattering. The spectrometer bend an-

gle was about 28' upward in the first phase using the SCYLLA
magnet. A 10' bend toward the beam line in the horizontal
plane was obtained using the VARTOLLA magnet in the
second phase of the experiment.

center of the target was 794 MeV due to the energy losses
in the target and surrounding material). Three orthogo-
nal orientations of the proton polarization vector in the
scattering frame of reference were obtained by a com-
bination of solenoid and bending magnets upstream of
the target. Incoming spins were precessed such that the
additional precession due to the fields of the final bending
magnet between the beam-line polarimeters and the po-
larized target magnet would produce the desired orienta-
tion of the polarization vector at the scattering p1ane.
Polarization of the beam particles were monitored during
the experiment by a system of two beam-line polarimeters
with a bending magnet between them. The bend angle
for 798-MeV protons was 29'. Combining two sets of N
and S components of the beam polarization measured by
the two beam-line polarimeters and taking into account
the magnetic field of the bending magnet and the polar-
ized target magnet, the beam polarization vector at the
target was obtained. Typical polarization along the
desired direction (S, N, or L) in the scattering reference
frame was 70—75% with a 10—20%%uo component in the
other directions. The magnitude of the beam polariza-
tion was also measured by comparing the beam intensi-
ties of polarized and quenched states. These two
methods consistently agreed throughout the experiment.
The direction of the beam polarization vector was re-
versed every 2 min to reduce the systematic errors by
canceling some of the instrumental effects. Beam intensi-
ty was monitored with an ion chamber upstream of the
target and also with the beam-line polarimeters. Typical-
ly, the average beam intensity was kept below 5—6 pA be-
cause of the wire-chamber limitations.



24 E. GULMEZ et al. 45

B. Polarized deuteron target

Deuterated (99%%uo) ammonia (ND&) was selected as the
target material because its deuteron content is greater
than that of commonly used alcohols. Furthermore, the
radiation resistivity of ND3 material is better than that of
any alcohol-type target material [13]. The ND3 material
was in the form of small crystals (average size, 2 mm). In
Ref. [14], the preparation of the material is described in
detail.

The ND3 material was placed in a 1.8-cm-diameter and
3-cm-long perforated cylindrical TeAon cell. The areal
thickness of the target was 1.56X10 deuteron/mb.
The packing fraction was 0.6. The cell was in the mixing
chamber of the dilution refrigerator operated just below
the He/ He phase boundary. The cylindrical axis of the
target cell was parallel to the 2.5-T field of the Hera
split-coil (Helmholtz-type) superconducting magnet. The
magnet/cryostat system together with pumps and gas
cart were rotated about the target center on the Aoor to
accommodate the requirement of the scattering angles.
The target magnetic field and temperature were main-
tained at 2.5 T and 0.45 K, respectively.

Two different methods were used to analyze the target
polarization data. These were the thermal equilibrium
(TE) method and fitting the deuteron magnetic resonance
(DMR) absorption signal.

The TE method is based on the fact that the vector
component of the polarization is proportional to the area
of the absorption part of the DMR signal. In principle,
the DMR signal can be determined by first measuring the
base-line signal off resonance, then making a measure-
ment on resonance. The DMR signal is extracted by sub-
tracting the base-line signal. In our case, the simple sub-
traction of the base line did not eliminate the base-line
component totally [see Fig. 2(a)]. It was found to be
necessary to fit the residual base line with a third-order
polynomial. This suggests that the residual base line is
mainly due to noise in the system, since there was no
correlation between adjacent third-order polynomial fits.
Thermal calibrations were done several times during the
experiment. While collecting scattering data, a polariza-
tion value was calculated with a tentative TE calibration
every 8 sec and the enhanced DMR signals were recorded
every 5 min [15].

An independent measurement of the target polariza-
tion was to fit the DMR signal. This is possible because
the deuteron quadrupole moment interacts with the
molecular electric field gradient and this interaction splits
the Zeeman states. The vector and tensor polarizations
of the deuteron target could be extracted from the mea-
sured DMR spectrum by fitting to a theoretical curve
[Fig. 2(b)]. Details of this fitting procedure are given in
Refs. [14] and [16]. The advantage of this second method
is that it is not dependent on the TE measurements. An
underlying assumption is that an equilibrium spin tem-
perature has been established in the deuteron spin ensem-
ble (Ref. [14]). This assumption of equal spin tempera-
ture (EST) provides the following useful relationship be-
tween the vector and tensor polarizations:

PT=2 —Q4 —3P~,
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FIG. 2. Deuteron magnetic resonance (DMR) signals for (a)
the target material at thermal equilibrium (TE) and (b) the
dynamically enhanced deuteron polarization signal. The DMR
signal in (a) is the signal measured at the resonance minus the
signal (base line) measured out of the resonance. The smooth
curve in (a) is the third-order polynomial representing the ran-

dom background mentioned in the text. The coefticients of the
third-order polynomial were obtained by fitting the wings of this
difference signal. The polarization value obtained from the
Boltzmann statistics for the signal shown is 0.051% for 1.016 K
and 2.5 T. The dashed curve in part (b) is the theoretical DMR
signal obtained by fitting the actual DMR signal (solid curve).
The vector polarization value for this DMR signal is 34% (the
fitting gives 35.7%).

where PT and Pv are the tensor and vector polarizations
in the cylindrically symmetric target reference frame, re-
spectively. It is important to note that the EST assump-
tion is essential in treating the DMR fitting method and
the TE method as being independent. Otherwise both
must be used to determine the values of P~ and PT. In
our data analysis, EST was assumed to be established.
Thus Eq. (1) was used to calculate PT

The polarization of the target changed rapidly when
the polarization direction was reversed or the polariza-
tion was enhanced from the unpolarized state. The EST
assumption, hence the relationship between the vector
and tensor polarizations [Eq. (1)], was not valid during
these rapid changes in the polarization [14]. The tensor
polarization during this kind of transition period could
still be determined by using both the DMR fitting
method and the TE method. The latter gives the vector
polarization and then, using this vector polarization, the
tensor polarization could be extracted from the line-

shape fitting. Changes in the polarization direction were
infrequent. Runs with polarization significantly lower
than the average polarization were not included in the
analysis. Figure 3 displays the vector polarization of the
target as a function of time during the experiment. The
polarization values shown in Fig. 3 are those derived by
the TE method. These were corrected by a factor (1.02
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FIG. 3. The target and vector polarizations as a function of
time is displayed (a) for the first and (bj for the second phase of
the experiment. The angular settings of the spectrometer are in-

dicated in the figures. The statistical errors are smaller than the
size of the points. Systematic uncertainties of the order of 5%
are not included in the figures.

part of the JANUS polarimeter [17]. Using carbon
blocks (total thickness, 25.4 cm) in the middle of the po-
larimeter as the analyzer, the S and N components of the
polarization vector (in the polarimeter reference frame) of
the scattered protons could be measured.

There were four MWDLDC's in the deuteron arm (d
arm) to determine the trajectory of the particles scattered
to the left (see Fig. 1). The split-coil polarizing magnet
was oriented, for each scattering-angle setting, such that
the particles scattered to the left in coincidence with the
particles detected in the p arm would pass through a sep-
aration (22 cm) between the two coils. Utilization of the
four chambers to obtain three sets of coordinates of the
recoil particle's trajectory resulted in high overall
chamber eSciency in the d arm ( —80%). The combined
chamber efficiency for the proton and deuteron arms was
about 40%.

A coincidence between two scintillator planes (SF, SB)
and a single ended scintillator (Sl) (Fig. 1) provided the
p-arm trigger. A coincidence signal produced with an ap-
propriate delay between the p-arm trigger and the trigger
signal from the detector SD in the d-arm was used as the
master trigger for the data-acquisition system.

or 1.05 depending on the case) obtained by comparing the
results of the second method with the corresponding
values obtained using the TE method for a sample of sig-
nals. The average of these independent measurements
was used to obtain the correction factor.

C. Detectors

The determination of the trajectories of the scattered
proton and deuteron was crucial in selecting out p-d
elastic-scattering events from the much larger number of
p-p quasielastic events produced. The proton arm (Fig. 1)
consisted of two sets of chambers, one upstream of the
momentum analyzer inagnet (SCYLLA or VARTOLLA)
and another, downstream of it. Three multiwire propor-
tional chambers (MWPC's) determined the trajectory of
the scattered protons upstream of the momentum
analyzer magnet. Typical combined efficiency of these
MWPC's was -50%. Three multiwire delay-line drift
chambers (MWDLDC's or MWDC's) downstream of the
analyzer magnet determined the trajectory of the protons
deflected by the magnet. The analyzer magnet SCYLLA
( VARTOLLA) was set for a nominal vertical (horizon-
tal) bend angle of approximately 28 (10').

During the first phase of the experiment, the beam po-
larization was of the X type. The target polarization was

mainly in the S-L plane and had comparable components
in both S and L directions. Parity conservation excludes
an X-type component of polarization for the outgoing
proton in three-spin observables in this set of cir-
cumstances. This was the reason for bending the protons
upward by 28, i.e., precessing the L component of the
polarization of the elastically scattered protons through
90 to N type, which made it possible to measure the lon-
gitudinal component of the polarization vector. All six of
the MWDLDC's, including those discussed above, were

III. FORMALISM

The spin observables C; kI are defined by the expres-
sion

tr(P&;JJP &kJi)

tr(FP )
(2)

pin pppd .

The density matrices p and pd are

p (1+ps~s+pN~N+pL~L )

and

pd =
3 [ + ', v( s+~ ~+& —L)+ ,' T[( ' )")Jss-—

+ 2Pr [(~' r')Js-s-
+2+PJSN +2~y Jsl. + (13 y )JNA'

+2&1'JNI. ) ]

(4)

(5)

where

where i,j,k, I are the polarization directions of the proton
and deuteron before and after the scattering, respectively.
The spin observables C;~ kI may not necessarily be the
same as those defined by the Ann Arbor convention [1].
In this experiment, the polarization of the outgoing
deuteron is not measured, thus the notation is reduced to
C; k. The deuteron in the target may have polarization j
of the vector and tensor type. The quantities F, o', and J
are the elastic-scattering matrix, the spin- —,', and the
spin-1 matrices, respectively. These coefficients can be
further simplified when k does not enter and will be
called, A,",analyzing powers.

The polarized cross section Y can be formulated as

Y=tr(Fp;„F ), (3)

where p;„ is the combined density matrix and
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a =sin8, cosg,

P= —sin8, sing,

f =cosOt

(7)

0, is the angle between the target polarization direction
(parallel with the magnetic field direction of the target,
which is the z direction in the laboratory frame of refer-
ence) and the beam direction (laboratory frame of refer-
ence). Pv and PT are the vector and tensor components
of the deuteron polarization and P is the azimuthal angle
between the scattering plane and the target plane. the
scattering plane is defined by the incoming and outgoing
proton momentum vectors and the target plane is defined

I

by the incoming proton momentum and the target polar-
ization vector. In the scattering reference frame, the z
direction (L) points downstream along the beam direc-
tion, the y direction (X) points down, and the x direction
points to the right of the beam direction.

A. Two-spin observables

A useful quantity is the experimental asymmetry:

Y(p) —Y( —p)
Y(p)+ Y( —p)

'

where Y is a measured yield with beam polarization p. e
may be expressed as

a=ps[ U, + ,'Pv U2]—+',pr P—v U3+pN [ AN0+ 2Pv~ANN+ ,'PT[(—a y) A—
N ss+2ay U4+(P y) A—

N NN ] j

[ +2 v~A0N+ , T[(a-y)A—oss+2ay AosL+(13 y)A—oNN]j (9)

where

U~ = Asp U2 =a Ass +FAsL

U3=aALs+y AII, U4= A~sL .

Equation (9) is valid if small terms proportional to PTf3
are neglected. The asymmetry Aso must be zero due to
parity conservation. It was left in the expression to check
for systematic errors. By fitting the six independent mea-
surements (alluded to earlier in this paper) of the asym-
metry e to the above expression, it was possible to extract
the combinations of spin observables U, to U4.

B. Three-spin observables

Three-spin observables required the measurement of
the components of the polarization vector of the scat-
tered proton, using the JANUS polarimeter. Twenty-
four quantities were measured, including S- and ¹ype
components (in the polarimeter reference frame) of the

polarization of the outgoing protons for normal and re-
verse cycles of the beam polarization for all combinations
of beam and target polarization orientations. The polar-
ization components of the scattered protons can be for-
mulated in terms of the scattering matrix F and the densi-
ty matrix p;„as

tr(Fp;„F os)
tr(Fp;„F )

where X is any one of the polarization directions: S, N,
or L. However, these polarization components refer to
the scattering reference frame, whereas the measured po-
larization components Pz and Ps' are in the reference
frame of the JANUS polarimeter. In order to fit the mea-
sured values, the above expressions have to be
transformed into the JANUS polarimeter reference
frame, taking into account the precessions in the field of
the polarizing magnet and bending magnet. The final ex-
pressions for S"-and X"- type spins are

Ps f(P)bPv[RssU, +Rsr U2+PSRSN U3+PN(RSSU4+Rsr U5 )+Pr RSN U6]

+PS(RSS U7+RSL U8 )+PNRSNU9+PL(RSSU10+RSL Ull ) SN 12 j

PN=f(p)hPv[RNSU1+RNL 2+PSRNN 3+PN(RNS 4+ NLU5)+PLRNN 6]

+PS(RNS U7+ NL U8 )+PNRNNU9+PL( NS 10+RNL U11)+RNNU12 j

(12)

(13)

where f(p) is Yo/6Y for normal or reversed states of the beam polarization. The quantities Rrr are the components of
the precession and rotation matrix, P~ =RgyPy. Yo and Yare given as

Yo=tr(N ),
Y=tr(Fp;„F )

(14)

+—Pv~AoN+ [(a —y )Aoss+2ayAosL+(~ —y )AoNN]
6 2

,'PsPv(a Ass—+y sL )+PN ANo+ —,'Pv&ANN+ [(a' y') AN ss+ ay—AN SL+(&' y'}AN NN ]—
+ ,'PLPv«Ars+ y Ar—r», (15)



45 ELASTIC SCAl I'BRING OF N-, L-, AND S-TYPE. . .

and the quantities U„are defined as

oss+'Y oLs 2
= os L +'Y oLL

U3 =aCss N+'V CSL N, U4=aCNs s+yCNL, S

Us=aCNS, L+yCNL L, U6=aCLs, N+yCLL N,

U7 CSO, S+XSA,S CSO, S~ U8 CSO, L +XSA,L CSO, L

(16)

U9 =
CNO N+XNA N CNO, N& 1O LO, S +XLA, S LO, S

U11=CLO, L+XLA, L CLO, L, U12 —
COO N+XOA, N =COO

where

X ~,J
= PvPC;—z, +

2
[(a —)' }C ss,) + &)'C sL,

+(P 7 )CONN, j]
P~ and PT are averaged quantities over the whole experi-
ment (0.30 and 0.069, respectively). In addition to drop-
ping terms proportional to PrP, some terms proportional
to Pz or P were also neglected. This is justified because
of the dominating statistical uncertainty. Pz, P, and PTP
are always less than 0.1 and typical uncertainties in the
three-spin observables reported here are 0.1-0.2. A de-
tailed account of the formalism in more general terms is
given in Ref. [8].

IV. ANALYSIS OF THE SCATTERING DATA

The feasibility of the experiment and the soundness of
the method to identify and separate the p-d elastic-
scattering events from a large background of p-p
quasielastic-scattering events was established in a test
run. The test run was performed under similar condi-
tions except that an unpolarized deuteron target (CDz)
was used. During the test run, a momentum analyzing
magnet was located at the end of the d arm. It was found
not to be necessary in the procedure adopted to identify
the valid deuterons and thus was not included in the final
experimental setup.

A VAX750 computer with an associated CAMAC
data-acquisition system was employed. Most p-p elastic-
scattering events were rejected by a combination of
hardware and software tests before the data were written
on tape. The hardware filtering was achieved by using
the p-arm trigger signal (coincidence of Sl.SF SB) to
define the master-trigger timing and by adjusting the rela-
tive timing of the p-arm and d-arm (SD} trigger signals
with an appropriate width for the d-arm trigger signal.
Any event that had a relative time of flight between the
two arms outside a specific interval was rejected. This
hardware cut did not eliminate many p-p quasielastic
events, because the time interval was fairly wide in order
to include all p-d elastic events. Tighter limits were set
on the time-of-flight spectrum through the microbranch
driver (MBD} processor in the data-acquisition system.
An MBD test rejected a significant portion of the p-p
quasielastic-scattering events. A small sample of the total
events were written to the data tapes regardless of the

I

MBD test results to monitor possible asymmetries intro-
duced by this test.

More restrictive gates were set on several histograms
accumulated during the replay. These include the rela-
tive time of fiight, the energy loss in the d-arm scintillator
(SD), the difference between the scattering angle mea-
sured by the p-arm chambers and the same angle calcu-
lated from the deuteron scattering angle (68}, the co-
planarity, the tracebacks to the target position from the
chambers in each arm, and the requirements for a valid
chamber event. Somewhat similar tests were used during
data acquisition to monitor the experiment.

As seen in Fig. 4, the relative times of flight for protons
and deuterons in the d arm were resolved fairly well. In
fact the gates on the histogram of this relative time of
flight eliminated almost all of the p-p quasielastic events
except those in the p-p quasielastic tail inside the gate
and under the p-d elastic peak, which were eliminated
with the other tests.

The pulse heights of the signals coming from the SD
scintillator in the d arm were proportional to the energy

200
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150 - (b)
~ 100-

u 50-

0
0 200 400 600

Energy Loss (channel)
FIG. 4. (a) The distribution of the events as a function of the

relative time difference between the two arms (TOF). (b) The
distribution of the energy losses of the particles passing through
the SD scintillator. Events selected as being good p-d elastic
scattering events are also presented (dashed curves). In (a) and
(b), the solid curve is scaled down by a factor of 15. For all the
distributions displayed here only those events that were record-
ed regardless of the MBD test results were used.
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loss (which is proportional to the velocity) of the particles
in this arm. Since the velocities of the proton and deute-
ron differ by approximately a factor of 2, there was good
separation of p-d elastic and p-p quasielastic events [Fig.
4(b)]. Although there was a large overlap of events re-
jected by the energy loss and time of flight, some of the
events not rejected by the time-of-flight test were elim-
inated by the energy-loss tests.

After the time-of-flight and energy-loss tests, there
were not many p-p quasielastic-scattering events remain-
ing. The exceptions were the events that were both in the
time-of-flight gate and in the Landau tail of the proton
distribution in the energy-loss histogram, the random
events, and the events not originating from the target.
Random events and the remaining p-p quasielastic events
were eliminated by the kinematical quantities 68 and co-
planarity (Fig. 5). b,e is the difference between the rnea-
sured scattering angle in the proton arm and this angle
calculated from the measured angle of the particle in the
deuteron arm through p-d kinematics. The coplanarity
test requires that both scattered particles be in the same
plane (the scattering plane). The angles measured in both
arms were first corrected for the deflection caused by the
field of the polarizing magnet. Events originating from
points other than the target and also some of the random
events were rejected by selecting the events whose trajec-
tories trace back to the target position. Target trace-
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FIG. 5. (a) The quantity 60 (defined in text) for all events
(solid curve) scaled down by a factor of 5 and for the good p-d
elastic-scattering events (dashed curve). (b) The coplanarity
distribution g(() for all events (solid curve) scaled down by a
factor of 5 and for the good p-d elastic-scattering events (dashed
curve). The events used are those for which the MBD test was

skipped.

TABLE I. Analyzing powers.

~target

(deg)

22

22

22

25

25

25

29

29

29

33

33

33

~lab

(deg)

20.55

21.37

22.31

23.40

24.20

25.00

27.36

28.64

29.68

31.55

32.66

33.82

(deg)

—9.00

—8.65

—8.27

—6.79

—6.39

—6.02

—6.33

—5.33

—5.23

—5.16

(GeV/c )'

0.257

0.276

0.299

0.326

0.347

0.369

0.433

0.471

0.503

0.559

0.594

0.630

a Ass+@ AsL

—0.135
+0.019+0.008
—0.161
+0.019%0.004
—0.171
+0.01720.004
—0.197
+0.023+0.005
—0.237
+0.024+0.005
—0.263
+0.024+0.009
—0.189
.+0.017+0.004
—0.149
+0.020+0.005
—0.185
+0.022+0.005
—0.147
+0.020+0.005
—0.142
+0.020+0.005
—0.136
+0.019+0.004

+ALS+7 ALL

—0.088
+0.021+0.005
—0.098
+0.018+0.008
—0.120
+0.016+0.009
—0.124
+0.020+0.016
—0.069
+0.020+0.016
—0.038
+0.020+0.014
0.015
+0.015+0.004
0.042
+0.017+0.005
0.038
+0.019+0.008
0.050
+0.015+0.008
0.052
+0.016+0.004
0.070
+0.015+0.008

AN SL

—0.521
+0.708+0.258
—1.243
+0.501+0.274
—0.833
+0.746+0.439
—0.169
+0.262+0. 545
0.598

+0.233+0.455
0.814
+0.470+0. 150
0.378
+0.198+0.159
0.334
+0.234+0. 134
0.361
+0.312+0.115
0.832
+0.207+0. 125
0.666
+0.199+0.129
0.634
+0.251+0.137

a and P are defined in Eq. (7). The uncertainties listed in each column are the statistical and systematical uncertainties. The uncer-
tainties reported for the previous measurements and the overall systematic uncertainty of the target polarization measurement are the
main contributors to the systematic uncertainty listed in each column. The systematic uncertainties in the beam ( —1% [19]) and
scattered particle's ( -2'%%uo [20]) polarization measurements are not included (see text).
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backs were calculated from all three chamber systems, d-
arm MWDLDC's, MWPC's, and the front JANUS
chambers. However, the tracebacks from the MWPC's
were not used in these tests because of the low efficiencies
of these chambers (a valid trajectory through each
chamber system that supplied any histogram used in the
tests discussed above was a prerequisite). On the other
hand, the MWPC's were used to calibrate the p-arm
geometry and monitor the actual bend in the bending
magnet. The measured bend angle from the MWPC's
was not used because of the low efficiency. However, this
limitation was overcome using the tracebacks from the
JANUS front chambers, which included the bend-angle
information indirectly. A trajectory tracking back to the
target position meant that the bend angle, and hence the
momentum of the proton, was correct.

After all these tests, a 2—10 % background still
remained. The correction for the remaining background
events was obtained by placing gates on both sides of the
p-d elastic-scattering peak in the 58 histogram and accu-
mulating background events that passed all the other
tests for p-d elastic scattering and these background gates
in the 58 histogram. Then the yield for each angle bin
was corrected by subtracting the background yields from
the total yield. About 5% of the total events written to
tape were p-d elastic-scattering events.

In addition to these tests for selecting the p-d elastic
events, additional tests were required to make sure that
the instrumental asymmetries were minimal in the
JANUS polarimeter [17,18]. Any event whose alternate
(p+~) trajectory missed the back scintillator plane (SB)
was rejected for both analyzing-power and spin-transfer
coefficient measurements. An alternate trajectory is ob-
tained by rotating the trajectory of the proton after the
carbon analyzer by 180' around the trajectory before the
scattering, i.e., the z direction for the carbon scattering.
It was shown that this reduces instrumental asymmetries
inherent in the system since SB was part of the master
trigger [18]. Additional tests, used only for spin-transfer
parameter measurements, were tests to define the accep-
tance of the polarimeter for the scattering in the carbon
and to eliminate the protons that underwent multiple
scatterings and forward scattering in the carbon. The
analyzing power of carbon at forward scattering angles is
too small to be useful. These additional tests lowered the
useful fraction of events to 0.5 —1.0% of the total events
recorded on tape.

Yields for each beam and target spin combination
states were also corrected for live time (typically
70—80%), overall chamber efficiencies, beam intensity,
and MBD cuts. Typical asyrnmetries introduced by the
MBD cuts were between 1% and 8%%uo, which were
corrected for during the data analysis. The statistical un-
certainties in live time, beam intensity, chamber
efficiencies, and MBD cuts were included in the statistical
uncertainties reported in Tables I—III.
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the six asymmetries from each case of beam and target
polarization combinations by Eq. (9). Four standard spin
observables or combinations of standard spin observables
were variables in this fitting. The results of these fits at
each angular setting are displayed in Fig. 6 and tabulated
in Table I [Aso is presented in Fig. 6(b) only]. Even
though A+0 should be zero according to parity conserva-
tion it was still treated as a nonzero quantity in the fits as
a way of checking the systematic problems in the whole
method, experiment, analysis, and final fitting. The data
points [Fig. 6(b)] are consistent with zero. Measuring

Azo as zero does not completely rule out all possible
problems but it gives more confidence in the results. In
fitting the asymmetries by Eq. (9), some of the previously
measured analyzing-power values were used in the asym-
metry expression [Eq. (9)]. These were Azo from Winkel-
mann et al. [2] and A~~ A~ss A~~~ Ao~ AQss

AosL, and Ao&N from Ghazikhanian et al. [7,8]. The
uncertainties in these previously measured quantities and
the overall uncertainty in the target polarization ( —5% )

are included in the systematical uncertainties reported in
Tables I-III. However, the systematical uncertainties in
the beam polarization measurement [19] ( —1%) and the
scattered particle's polarization measurement [20]
(-2%) are not included in the values given in Tables
I—III. These should be added to the total uncertainty.
The average y per degree of freedom, y /D. F., was
about 1.3.

The uncertainties in all other two —spin-observable

V. RESULTS AND CONCLUSION

Two kinds of spin observables were extracted from the
data. One set of spin observables was obtained by fitting

FIG. 6. Analyzing powers resulting from fitting the six asym-

metries obtained from the experiment. The predictions ob-

tained by using the RIA (dashed curve) and by using an interac-

tion with derivative coupling (solid curve) are also shown.
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combinations measured are small compared to the uncer-
tainty of AzzL. A&&L is sensitive to the tensor polariza-
tion and to sing (P is the azimuthal angle between the tar-
get and the scattering reference frames as explained in
Sec. III). The large uncertainty in ANsi [Fig. 6(a)] arises
because both of those are small. The average tensor po-
larization of the target was about 6.9% and sometimes as
low as 4%%uo. A comparison of the A&zL measured by
Ghazikhanian et al. [7,8] and the results obtained in this
experiment [Fig. 6(a)] shows reasonable agreement be-
tween the two data sets except at three points around—t-0.35. However, the large error bars prevent any
definite conclusion one way or another. In fact, the tar-
get tensor polarization value for one of the N-type spin
cases corresponding to these three data points was even
smaller than the average value. Another complication
that occurred during this low target polarization case was
that the target polarization was slowly increasing, which
means that the EST assumption used may not be valid.
As expressed above, the tensor polarization was calculat-
ed with Eq. (1), which assumes that an EST has been es-
tablished. If this equilibrium state does not exist, the ten-
sor polarization cannot be calculated reliably from the
vector polarization. Since the determination of A&&1 is
very sensitive to the tensor polarization, any problems in
that may effect the final results drastically.

The N- and S-type polarization components of the

scattered proton measured by the JANUS polarimeter
were fit to the expressions given in Eqs. (12) and (13) to
give a second set of results. There were 24 measurements
[two polarization components X three beam
polarizationsXtwo beam states (normal, reverse)Xtwo
target states (plus, minus)]. The fitting results were exam-
ined in two groups, the spin-transfer coefficients (Fig. 7)
and the spin rotation parameters including the polariza-
tion (Fig. 8). Even though the spin rotation parameters
and the polarization were measured in an earlier experi-
ment, they were also extracted in our fitting. The uncer-
tainties in the spin rotation parameters obtained in this
measurement are much larger than those of the previous-
ly reported measurements. However, as seen in Fig. 8,
the spin rotation parameters obtained in this experiment
do not disagree with the previous measurements even
though the spin rotation parameters extracted in this ex-
periment include an additional small factor [X;„Js in

Eq. (15)] which seems to be negligible compared to the
spin rotation parameters. In fact, the magnitude of this
additional factor is smaller than the total uncertainty.
For the sake of completeness, the values of the spin rota-
tion parameters are also tabulated in addition to the
spin-transfer coefficients. The average y /D. F. for the
fits to obtain these 12 coefficients was about 1.73.

Finally, the experimental results are compared with
calculations based on multiple-scattering models. In this
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FIG. 7. Combinations of spin-transfer coefficients obtained by fitting the 24 polarization vector components (N and S components
in the polarimeter reference frame) measured with the JANUS polarimeter. The predictions obtained by using the RIA (dashed
curve) and by using an interaction with derivative coupling (solid curve) are also shown.
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FIG. 8. Spin rotation coeScients obtained by fitting data from the 24 polarization vector components measured with the JANUS
polarimeter. The predictions obtained by using the RIA (dashed curve) and by using an interaction with derivative coupling (solid
curve) are shown. Data from Refs. [3) and [9] are also displayed.

approach the amplitude for p-d scattering is evaluated as
a sum of single- and double-scattering terms, involving
proton scattering off one and both target nucleons, re-
spectively. The single-scattering contribution involves
only the physical N Nscattering a-mplitude (known from
partial-wave analysis), and the deuteron wave function,
whose properties are also well established. The double-
scattering term, however, requires additional information
on the off-mass-shell behavior of the N-N amplitudes, re-
lated to the fact that the projectile nucleon propagates
between the two scattering events. In this sense, the
double-scattering amplitude is model dependent. In par-
ticular, the relativistic impulse approximation (RIA [21])
(which has been successful in describing polarized proton
scattering on heavy- and medium-weight nuclei) assumes
that relativistic N-N scattering amplitudes, both on and
off mass shell, can be represented as combinations of the
usual five Fermi covariants involving no momentum fac-
tors, and multiplied by invariant amplitudes depending
only on the invariant energy and rnomenturn transfers.

Significantly better agreement with the p-d scattering
experiments can be obtained, however, by allowing for an
additional off-mass-shell dependence of the N-N scatter-
ing amplitude. Physically, this dependence is expected to
arise from the composite nature of nucleons [22], and
from derivative meson-nucleon couplings [23]. The NN-
scattering amplitude is then expressed as

F(p', p ) = g g 1+/,'
a=s, v, T, w, t t=o, i

' 2M

XK,Pt A, (p', p )

X 1+/,
2M

where p and p' are the initial and final projectile nucleon
momenta, the A, are invariant amplitudes (assumed to
depend only on the energy and momentum-transfer in-
variants), and the Pt are isospin operators projecting on
states of isospin I in the exchange (t) channel. The spin
operators K„acting in the projectile- and target-nucleon
spinor spaces, are the Fermi covariants: scalar (S), vector
( V), tensor (7), axial (A), and pseudoscalar (P). This ex-
pression reduces to the standard representation of the
physical N-N scattering amplitude on the mass shell. In
general, nonzero coefficients g generate a nontrivial off-
mass-shell dependence, which is expected to arise (in the
sense of the low-energy derivative expansion) from
derivative meson-nucleon couplings and from nucleon
compositeness [23].

The coefficients g are treated as phenomenological pa-
rameters to be adjusted, in reasonable limits, to fit the ex-
perimental observables. Such phenomenological fits to a11

measured spin observables at 800 MeV, including the un-
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polarized cross section, have been performed [12] (includ-
ing the results of the current experiment which is in pro-
gress). This calculation employed the physical on-rnass-
shell amplitudes obtained from the recent solution SM89
to the 1V' N-phase-shift analysis [24], and the deuteron
wave functions based on the Reid soft-core potential [25].
The calculated observables were used to form the com-
binations that can be compared with quantities measured
in this experiment.

The measured spin-observable combinations depend on
the azimuthal angle P and the polarized target angle 8„
which was approximated as 0&,b+0.55' to give better
agreement with the average scattering angle for each set-
ting. An empirical parametrization of the azimuthal an-

gle as a function of the scattering angle was obtained,
based on the facts that the magnetic field direction was
roughly along the direction of the outgoing protons and
the scattered deuterons were moving approximately per-
pendicular to the magnetic field. A least-squares fit of the
azimuthal angles by the function derived from a simple
magnetic field model gave

0.079—0.0255/cos0&, b
sin(b =

sin 0]a
(19)

where O„b and P are the scattering polar and azimuthal
angles in the laboratory frame. Values for the azimuthal
angle and polarized target angle for each bin are given in
all the tables. The spin observables calculated with the
values of the parameters listed above and combined in the
way denoted by Eqs. (10), (16), and (19) are shown in
Figs. 6, 7, and 8 as solid curves.

For comparison, results obtained with the RIAN-N
off-mass-shell amplitudes [26] are displayed by dashed
lines in Figs. 6, 7, and 8. As in the full multiple-
scattering-model calculation, the SM89 partial-wave solu-
tion and the Reid soft-core deuteron wave function were
used. It is apparent that the spin observables are not
reproduced correctly by the RIA assumption. The
disagreement between the RIA results and the spin ob-

servables becomes particularly pronounced at larger an-
gles, where double scattering and associated off-mass-
shell effects are significant. This is especially true for spin
observables Cso s and CLO I .

There is general agreement between the theoretical
predictions displayed by the solid lines and the data. For
spin observables whose magnitude are close to zero, such
as Css, x coupled with CsL, x and Cl.s, w coupled with

CII ~, the predictions are also close to zero and agree
with the data reasonably well within the error bars. It
should be kept in mind that the derivative-coupling pa-
rameters g were obtained by a fit to all the available spin-
observable data measured earlier [3,9], but not to the data
of the present experiment. Therefore, there is, in general,
a better agreement with the previously measured observ-
ables.

The results of the measurements presented here are ex-
pected to further constrain the phenomenological param-
eters g, and thus provide additional information on the
off-mass-shell N-N amplitudes and on the dynamics of
the three-nucleon system.

There are plans to reduce the experimental uncertain-
ties, particularly in the case of the three-spin observables
and to extend the measurement of the spin observables to
larger angles. New experiments of this type are planned
using a deuteron beam at Saclay with a scintillating fiber
array instead of wire chambers for faster data acquisition.
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