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Forward-angle elastic pp spin-depolarization and -rotation parameters at 0.8 CreV
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800 MeV elastic p+p spin-depolarization and -rotation parameters D~~, Dss, DI.I., Dsl. , and

DI.s have been measured for the center-of-momentum angular range 4.8'—23.8' (0.26
fm '&q &1.28 fm '). Statistical uncertainties are =+0.01—0.02 and total systematic uncertainty
is & +0.035. The data are in overall agreement with predictions from global phase shift analysis.

I. INTRODUCTION

In recent years a considerable effort has been made to
provide data which allow a complete determination of the

pp elastic phase shifts and amplitudes at energies near 800
MeV. The interest in such work stems from the energy-
dependent structure seen in certain nucleon-nucleon ob-
servables' and from the need for precisely determined
amplitudes required by microscopic models for nuclear
physics applications.

An examination of the pp data base' reveals, how-
ever, that no spin-depolarization and -rotation parameters
have been measured for momentum transfer q & 1 fm ' at
energies near 800 MeV, although precise differential cross
section and analyzing power data do exist. It is important
to have such data in order to check, and possibly improve,
the accuracy of phase shift solutions at small momentum
transfer.

Here we report results of precise measurements (statisti-
cal errors =+0.01—0.02; total systematic error & +0.035)
of the spin-depolarization and -rotation parameters D,J
(Dtttt, Dss, DLL, Dst, and Dts) for 800 MeV p+p elas-
tic scattering over the momentum transfer region 0.26
fm & q &1.28 fm (4.8'&8, &23.8'). The Dtttv,
Dqq, and DLz data at 23.8' are consistent with data mea-
sured by McNaughton et a/. ' near this angle. The data
are in basic agreement with predictions from global phase
shift analysis.

A beam line polarimeter located 10 m upstream of the
HRS scattering chamber determined beam polarization
for the n and s type beams and served as a monitor of the
polarization orientation (i.e., null n and s components) for
the l type beam. Quench ratio' measurements of the
beam polarization magnitude also were made continuous-
ly during the course of the experiment. Beam polarization
was typically 75%. For each type of beam, normal (lg
and reverse (R) directions [n: up (N), down (R); s: left

(N), right (R); l: parallel (N), antiparallel (R) to incident
momentum; see Fig. I] were changed at the ion source
every minute; logic levels from the source were read by
the HRS on-line data acquisition system and used to tag
each recorded event according to beam spin orientation.

Target-scattered protons were momentum analyzed by
the HRS, a missing-mass spectrometer described else-
where, ' and rescattered by the FPP carbon analyzer tar-
get to determine polarization components at the focal
plane. An extra scintillator (SX) was used with the stan-

II. EXPERIMENTAL

The data were obtained at the Los Alamos Clinton P.
Anderson Meson Physics Facility (LAMPF) using the
high resolution spectrometer (HRS) and the HRS focal
plane polarimeter (FPP). During three serial running
periods, beams of 800+2 MeV polarized protons (n, s,
and l type; see Fig. 1 for coordinate system definitions)
bombarded a liquid hydrogen (LH2) target located at the
center of the 1 m radius scattering chamber. The target
flask was a 3.8 cm diameter vertical Mylar cylinder of
0.08 mm wall thickness. Two ion chambers located inside
the scattering chamber 0.75 m downstream of the target
monitored integrated beam current.
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FIG. 1. A schematic drawing of the experimental setup
showing the major components of the HRS FPP system. The
various coordinate systems are consistent with the equations in
the text. Note that the portion of the figure defining P, is a
view of scintillator SI' looking along the optic axis towards the
HRS.
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dard HRS focal plane scintillator system to restrict the fo-
cal plane momentum acceptance to bp/p=+0. 6%. The
basic HRS FPP detector arrangement is shown schemati-
cally in Fig. 1. For on-line data acquisition, an event was
defined as a fourfold coincidence among scintillators Sl,
S2, SX, and SP. For each event the two-dimensional
multiwire drift chambers C12 and C34 provided trajecto-
ry position and angle information at the HRS focal plane,
while the two-dimensional multiwire drift chambers C56
and C78 provided position and angle information for tra-
jectories of protons scattered by the FPP carbon analyzer.
The carbon analyzer thickness was chosen to optimize the
FPP performance (multiple Coulomb scattering and the
cross-section —analyzing-power product must be con-
sidered); this thickness varied between 24—27 crn depend-

ing upon the HRS scattering angle.
The data acquisition system consisted of a buffered

CAMAC system of time-to-digital converters (TDC's)
and analog-to-digital converters (ADC's) interfaced
through a microprogrammable branch driver (MBD) to a
PDP 11/45 computer. For each event, wire chamber tim-
ing information and scintillator time and pulse height in-
formation were written on magnetic tape for off-line
analysis. Fast tests on the FPP raw data (drift chamber
timing information) were made in the MBD to select for
taping only those events which scattered more than =3 in
the FPP carbon analyzer. Typically 50% of the events
were rejected in the MBD. The FPP and associated
hardware are discussed at length elsewhere.

The FPP determines polarization components P„Fp
and P, pp (see Fig. 1), which are orthogonal to the optic
axis of the spectrometer at the focal plane. Since the FPP
is located downstream of the HRS dipoles, spin com-
ponents at the target which are not parallel to the HRS
fields, precess while traversing the spectrometer. This
feature enables measurement of polarization components
which are longitudinal (parallel or antiparallel to the
particles's momenta) at the target.

Using the setup described above, data were obtained at
HRS laboratory scattering angles 2', 3, 6', and 10' for n

and s type beams and at 3', 6', and 10' for the i type
beam. Empty flask runs were made at 2' and 3' to aid in
a better determination of flask generated backgrounds.
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gles in the carbon analyzer, respectively (see Fig. 1); k is a
normalization factor, while (do/dQ), and A, (8, ) are the
p-' C unpolarized inclusive differential cross section and
p-' C inclusive analyzing power, respectively; P„Fp and
P Fp are the n Fp and s Fp polarization components at the
carbon analyzer, respectively; and A(8„$, ) is the instru-
mental acceptance. If A, (8, ) is known and I(8„$,) is
measured, then Fourier analysis or weighted sums tech-
niques allow determination of P„pp and P, pp.

A, (8, ) is a function of the proton energy (766—798
MeV for this experiment) and was calculated from an
empirical energy-dependent parametrization of a global
data base from Tri-University Meson Facility (TRIUMF),
Schweizerisches Institute Fiir Nuklearforschung (SIN),
and LAMPF. During the course of the experiment,
A, (8, ) data were obtained at 733 and 800 MeV and used
to check the accuracy of this parametrization; these data
were obtained by running an s type polarized beam
through the HRS FPP system at 0 HRS laboratory angle.
Figure 2 shows the experimental results obtained using
the HRS-FPP; the predicted carbon analyzing powers
from Ref. 24 are also shown (solid curves).

The 800 MeV HRS A, (8, ) data, using analyzing powers
from the energy-dependent parametrization, yielded an
average carbon analyzing power (averaged over a polar an-

gular range of 4.5'—20') which was 3.8% lower than the
average analyzing power obtained from the HRS data
(averaged in the same manner). This difference in average
analyzing power is somewhat greater than the systematic
uncertainty (2—3 %) quoted for the energy-dependent

III. DATA ANALYSIS
05-

I I

Ac(c)
735 MeV

A. General
0.2-

Ac

Using the method of Besset et al. , the laboratory an-
gular distribution I(8„$,) of protons after scattering in
the FPP carbon analyzer is given by

I(8 P& ) =k [1 +8+' ppA (8 )cosf&
dG'

—~, , „,W, (8, )sing, ]A(8„$,) . (1)

Here, 8, and P, are the polar and azimuthal scattering an-
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FIG. 2. The p-' C inclusive analyzing power data at
E„=733 and 800 MeV obtained using the HRS FPP are com-
pared to the energy dependent parametrization (solid curves) of
Ref. 24. The dashed curves are the corrected (3.8% correction)
analyzing powers used in the analysis (see the text). The angle
0, is measured in the laboratory as shown in Fig. 1.
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parametrization. " However, a more recent unpublished
energy-dependent empirical fit to an expanded A, (8, )

data base is consistent with the 3.8% difference observed
here. The dashed curves in Fig. 2 show the correction
(3.8%%uo) to the parametrization of Ref. 24 that was used in
the off-line analysis of the data.

The n ' and l' components of the target-scattered
proton's spin precess when passing through the HRS di-
poles, while the s ' component does not (to first order).
Thus, in general, the measured polarization component at
the focal plane P„pp is related to both the n ' and l ' po-
larizations at the target. The precession angle g is given
by

X=y ——l n=269y,g
2

(2)

where y is the Lorentz factor, g/2 is the proton magnetic
moment, and a is the bend angle (about 150 for the
HRS). To first order the n ' and l' polarization com-
ponents at the target are given by P„=P„pp/cos(X) and
P~ P„——pp/sin(X).

Using the above information and correcting for out of
plane scattering, to first order the spin-depolarization pa-
rameter (Wolfenstein triple scattering parameter D) is
given by

(P+'pp —P ' pp ) +Pg (n )A cos(g)( P+ pp +P ' pp )
Dnn' DNN

2cos(X )cos (g)Pz (n )

or alternately,

+' FP 'FP
D =D„„=D~~—— ' ' [1—Pg ( n )Ay cos (g)]+Ay,

2cos ( g )cos(X )Pz (n )

(3a)

and the spin-rotation parameters (Wolfenstein triple
scattering parameters R, R', A, and 2') are given by

+Ps', FP Ps', FPR =D„=Dss —— ' ' [1—Ps(s)lysin(g)],
2P&(s)cos (g)

+Pn', FP Pn', FPR'=Dg/ =DsL —— ' ' [1—Pg(s)lysin(g)],2'(s )cos(g)slBX

+Ps', FP Ps', FP3 =DI, ——DLg ——

2P&(l )cos(g)

+Pn', FP Pn', FP—DII =D
2P&(l )sin(X)

tification (PID) scheme identified protons scattered at the
target, and a gate on the missing-mass spectrum (see Fig.
3) selected elastically scattered protons for p+ p. Events
were rejected unless the scattering in the FPP was for a
polar angle 0, such that 4.5'(0, (20'. The upper limit is
a physical constraint of the FPP while the lower limit
eliminated events which fell within the multiple Coulomb
scattering region or which did not scatter in the carbon
analyzer. An additional test on the particle's trajectory
ensured that the scattering took place in the FPP carbon
analyzer and that the distance of closest approach between
the trajectory before and after the carbon scatterer was
reasonable. Typically, 25—35 % of the taped events
passed the various FPP tests; these good I'PP events were
then subjected to two FPP acceptance tests in order to
minimize instrumental (false) asymmetries. These tests,
known as the "P+~" test, and the "cone" test, are dis-

+ +
Here, P„- FP and P,—FP are the measured polarizations in
the n pp and spp directions [the + ( —) indicates normal
(reverse) beam polarization], Pz(n, s, or l) is the incident
beam polarization in the n, s, or l direction, A~ is the
analyzing power, g is the average out-of-plane scattering
angle at the target (horizontal scattering plane; see Fig. 1),
and 7 is the average precession angle. It is assumed that
P~+ (normal) = Ps (reverse) =Pz—and that the sines and
cosines of g and X are averaged over the events. Equa-
tions (4)—(7) show that FPP instrumental asymmetries
cancel to first order when Dzz, DzL, DIL, and DLz are
calculated. Equation (3b) shows that a knowledge of the
p+p analyzing power, A~, allows a determination of
DNN that is independent of FPP instrumental asym-
metries.
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B. Off-line data reduction and results

A pulse height (from scintillator S2 in Fig. 1) versus
time-of-flight (between S2 and SP in Fig. 1) particle iden-
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FIG. 3. The 'H(p, p) missing mass spectrum obtained at 6'.
The vertical scale is arbitrary while the horizontal scale is such
that the peak is about 1 MeV wide (FTHM).
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cussed in detail elsewhere. ' The /+i test requires
that, given the polar and azimuthal scattering angles

(8„$,) in the carbon analyzer, scattering angles

(8„$,+m) must fall within the instrumental acceptance
or the event is rejected. The more restrictive cone test re-
quires that given a polar scattering angle, 8„for the event
to be valid, all azimuthal scattering angles (0(P, (2m)
must lie within the acceptance. These tests were applied
to the data in parallel (i.e., polarizations were computed
for events which passed either test). Typically, 97%
(93%%uo) of the good FPP events passed the P+rr (cone) test.

Corrections were made to the measured polarizations
due to background under the hydrogen elastic peak in the
missing mass spectrum [primarily the straggling tail from
p+' C elastic scattering (2' and 3 runs) and p+' C
quasielastic scattering due to ' C in the Mylar flask]. The
background-corrected polarizations were obtained from

(1+r )P„pp P„-p—p-+ (+)t (+)b

Pn', FP

(1+r )P. ,Fp —P', pp
+ (+)t (+)b

Ps', FP
I"

where P„'-Fp and P,'-Fp are the peak plus background po-(+)i (+)~

larizations, P„'—Fp and P,' —
Fp are background polarizations,

7

and r are the pe—ak to background ratios for the region of
the missing mass spectrum used to determine P„' Fp and
Pz' pp for normal ( + ) and reverse ( —) beam spin direc-
tions, respectively. This technique is dicussed in Refs. 22
and 23.

The background under the 'H(p, p) elastic peak in the
missing mass spectrum varied between 0.5—5.0%%uo for all
data (except for the s type run at 2.0' lab where the back-
ground was 11.8%). A typical missing mass spectrum,
showing the hydrogen elastic peak and the background, is
shown in Fig. 3. Since background polarizations tended
to be very similar to the peak plus background polariza-
tions, the difference between each D;~ obtained with and
without background correction was small (typically be-
tween 0—0.02).
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FIG. 5. The spin-rotation parameter Dz~ for pp at 800
MeV. Also shown are data from Ref. 10 and phase shift solu-
tions from Ref. 26 (see the text).

For the n-type runs, the beam polarization was deter-
mined from the normal-reverse asymmetries measured by
the HRS (2', 3', 6, and 10 ), and the known p + p analyz-
ing powers [pp phase shift solution SM82 (Ref. 26)]. The
beam polarizations obtained in this way allowed an accu-
rate determination of the analyzing power of the beam
line polarimeter. The polarimeter monitored the up-down
and left-nght asymmetrtes for p + CI0H~~ —+p+ p+ X
by detecting the two protons at conjugate angles corre-
sponding to p + p~p + p elastic kinematics at 0, =45'.
The polarimeter analyzing power was determined to be
0.449+ l%%. For the n and s beams, polarizations deter-
mined by the beam line polarimeter agreed with those
determined from the quench ratio measurements at the
level of =+1%. In the final analysis, beam polarizations
given by the beam line polarimeter were used for n and s
type beams while the quench ratio polarizations were used

for the l type beam.
The resulting spin-depolarization and -rotation parame-

ters, obtained using cone test polarizations and Eqs.
(3b)—(7), are shown in Figs. 4—8 and listed in Table I;
differences between these values and those computed us-
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FICz. 4. The spin-depolarization parameter D» for pp at
800 MeV. Also shown are data from Ref. 10 and phase shift
solutions from Ref. 26 (see the text).
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FIG. 6. The spin-rotation parameter Dl.q for pp at 800
MeV. Also shown are data from Ref. 10 and phase shift solu-
tions from Ref. 26 (see the text).
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FIG. 7. The spin-rotation parameter DsL for pp at 800
MeV. Also shown are phase shift solutions from Ref. 26 (see

the text).
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FIG. 8. The spin-rotation parameter DIL for pp at 800
MeV. Also shown are phase shift solutions from Ref. 26 (see
the text).

ing P+m test polarizations are quite small (( 1%), in gen-
eral. The analyzing powers used in Eqs. (3b), (4), and (5)
were taken from the phase shift solution SM82 (Ref. 26)
which accurately reproduces a vast amount of -800 MeV

TABLE I. Elastic spin-depolarization and -rotation parame-
ters for pp at 800 MeV.

analyzing power data. The numerical values are the re-
sults of averaging over the full angular acceptance of the
HRS and are plotted and tabulated at the central angle of
the spectrometer (HRS acceptance -+1,plane of scatter-
ing; =+2', out of plane). Also shown in Figs. 4—8 are
some of the data of McNaughton et al. ' and results from
phase shift analysis to be discussed in Sec. IV.

lab

(deg)

2.0
3.0
6.0

10.0

lab

(deg)

2.0
3.0
6.0

10.0

9lab

(deg)

2.0
3.0
6.0

10.0

glab

(deg)

3.0
6.0

10.0

lab

(deg)

3.0
6.0

10.0

8,
(deg)

4.8
7.2

14.3
23.8

0,
(deg)

4.8
7.2

14.3
23.8

6I,

(deg)

4.8
7.2

14.3
23.8

l9,

(deg)

7.2
14.3
23.8

8,
(deg)

7.2
14.3
23.8

DNN

0.943
0.902
0.888
0.875

0.848
0.828
0.792
0.785

DSL

—0.018
—0.026
—0.019
—0.084

0.000
—0.019

0.031

0.893
0.847
0.768

0.016
0.015
O.O16
0.020

0.012
0.010
0.010
0.010

ADsL

0.018
0.014
0.014
0.012

0.009
0.008
0.011

0.014
0.012
0.014

C. Systematic uncertainties

The assigned errors reflect. statistical uncertainties, un-
certainties in the background determination and subtrac-
tion, the statistical determination of the incident beam po-
larization, and for D~~, Dz~, and Dsl, an uncertainty
in the analyzing power A» of +0.01 [see Eqs. (3b), (4), and
(5)]. Systematic uncertainties not reflected in these errors
are discussed below.

The largest systematic uncertainty relates to the
energy-dependent analyzing powers [A, (8, )] used for the
FPP carbon analyzer. As discussed in Sec. III A, compar-
ison of the event-averaged analyzing power for the 800
MeV p-' C inclusive data obtained with the HRS FPP
with the same quantity using analyzing powers from the
energy-dependent fit to the global data base led to a 3.8%
correction to the focal plane polarizations. Although it
was only possible to perform this check at one energy due
to the lack of accurate data at other energies spanned by
the experiment, p-' C inclusive data obtained using the
HRS FPP at lower energies (300—500 MeV) show that the
energy dependence of the fit is essentially correct. We be-
lieve that the systematic uncertainty of the inclusive car-
bon analyzing power is small ((+2.0%} and introduces
uncertainty into the D j results of &+0.02.

Uncertainty in the absolute beam polarization is anoth-
er source of systematic error not included. This uncer-
tainty is estimated to be +1% based on previous studies-
of the quench ratio technique' ' and beam line
polarirneter-quench monitor consistency. Therefore the
effect on each D,j is &+0.01.

Instrumental asymmetries inherent in the FPP can also
lead to false asymmetries. However, measurement of the
polarizations with normal and reverse incident beam spins
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facilitates computation [Eqs. (3b)—(7)] of the spin-
depolarization and -rotation parameters such that false
asymmetries cancel to first order. However, instrumental
asymmetries do not cancel in the first order expressions
for the induced polarization I'. Comparison of the calcu-
lated I' with the known I' at each angle indicated that
instrumental asymmetries from run to run were typically
&+0.01. A careful examination of the FPP calibration

data obtained at 0' also led to false asymmetries consistent
with zero within statistical determination ( & +0.01).

Systematic effects due to out-of-plane scattering and
misalignment of the incident beam spin orientation have
been investigated in detail in Ref. 22; they are negligible in
this experiment (typically the average out of plane scatter-
ing angle g was 0+0.1', and incident beam spin orienta-
tions were aligned to +2'—3'). Omission of higher order
terms in the expressions for the triple scattering parame-
ters also has an insignificant effect. We believe that the
major systematic effects have been considered and that to-
tal systematic uncertainty is about +0.03S or less.

Since only three of the four parameters obtained with s
and I type beams are independent, an angle-to-angle con-
sistency test was made as an additional check of the data.
This was done using the expression

&sL+-OIs
tan(0), b) =

Ll. SS

where H~,b is the laboratory scattering angle. Dzz is in-
dependent of the other parameters and is unconstrained
by any expression of the above type. Using the values of

Dl.r, ,Dss, and Dl.q obtained from the experiment, DvL
was calculated at 3', 6, and 10' using Eq. (10). Statistical
errors and an overall systematic error of +0.035 were in-
cluded, and the calculated values of D~L, were compared
to the experimental values. The data and calculated
values were found to agree within errors at all angles.

IV. SUMMARY AND CONCLUSIONS

The experiment provided precise 800 MeV elastic

p + p spin-depolarization and -rotation data (Dztv, Dss
DLI, DzL, , and Dlv) for momentum transfers 0.26 fm
(q & 1.28 fm ' (4.8'&8, &23.8') for comparison with

results from global phase shift analysis. The statistical
uncertainties in the D,z are =+0.01—0.02, while the total
systematic uncertainty is believed to be &+0.035. The
data are presented in Figs. 4—8 and Table I. The D&z,
Dss, and Drs data at 23.8' are consistent with the data of
McNaughton et a/. ' near this angle; this consistency is
another indication that the overall systematic error is
small. The solid curves of Figs. 4—8 are from a recent
phase shift solution generated by Amdt et al. ; the data
reported here are included in the fit. Also shown (dashed
curves) are results from a preexisting solution (O'I81).
As seen in the figures, overall agreement between both
phase shift solutions and the new data is good, although
additional data may be required to improve the accuracy
of the phase shift analysis.
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