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Angular distribution of the longitudinal 55 spin correlation parameter A,, at 197.4 MeV
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A polarized proton beam with a large longitudinal polarization component of 6:8485(96% of the total
polarizatior) was prepared in a storage rifig CF—Coolej. This was achieved by means of spin precession
solenoids in two of the six straight sections of the ring. A polarized hydrogen storage cell target internal to the
ring was used to measure the longitudinal spin correlation coeffidigntn pp elastic scattering over the
laboratory angular range 5.5°-43.5%9.(,=11.5°-90°) with statistical errors of typically 0.025. The abso-
lute normalization was determined to an accuracy of 2.0% by use of the idéglityA,,—A,=1 at 6,
=90°. The identity also allows a reduction of the scale factor uncertainty of the previously published analyzing
powers and spin correlation coefficients. The results are compared to pgreartial wave analyses adiN
potential models.

PACS numbdps): 24.70+s, 13.88+e, 13.75.Cs, 25.40.Cm

I. INTRODUCTION and spin correlation parametAt,.
The measurements with horizontal and vertical target po-
In recent papers we reported measurements of analyzirigrization are used to determine the product of longitudinal
powerA, and spin correlation parameteks,, Ay, andA,, beam polari_zatiorPZ and transverse target poI_arizatio@a
in pp elastic scattering at eight energies between 197.4 an@nd Q,. This makes use of the spin correlation parameter
448.9 MeV[1,2]. The remaining independent spin correla- Axz=Azx, Which is known from our previous measurement
tion parameteA,, can only be measured with both beam and@t the same beam enerfyy]. Under the assumption that the

target polarized in the beam directiglongitudina). Here target polarization for the three different holding field orien-

we report on the development of longitudinal beam polarizal@tions is the same, this determines the prody€, which

tion in the proton storage ring‘Cooler”) at the Indiana 'S ne_eded to extract the angular distribution of the spin cor-
University Cyclotron Facility. This polarized 197.4 MeV rel?ﬁ%na%asrca:]titiﬁzrzrh alization of our previous spin correla-
beam was used in conjunction with a polarized hydrogeqiO P p

storage cell targdt3] to measure the spin correlation param- n data, as well as the normalization of the presép
9e | gqw] ) pin cc P measurement ultimately depend on a measurement of the
eterA,, in pp elastic scattering as a function of laboratory

; > . X analyzing powerA, in pp scattering at 183.1 MeV4]. An
scattering angles between 5.5° and 43.5°. Two spin preceﬁiteresting check of the absolute normalization is offered by

sion solenqd; were mtroduce_d mto the storage ring to Prege model independent relationstig, — Ay, — A, =1 [5] at
pare 'Iongltudlnal beam polarization at the location of theecngoo_ Here this relation is exploited to check the cor-
polarized hydrogen target. rectness of the previous calibration and to improve its abso-
The experimental apparatus and methods, includingyte normalization accuracy.
analysis and study of systematic effects, are very similar to  The preparation of longitudinal beam polarization will be
those described in Reff1], and thus will not be discussed in discussed in Sec. II. Section Il contains an overview of the
detail. Measurements obp elastic scattering were taken experimental apparatus. The extraction of the spin correla-
with vertical, horizontal, and longitudinal target polarization. tion parameted,, from the measured yields is discussed in
The measurements with longitudinal target polarization al-Sec. IV. Section V presents the final absolute calibration of
low determination of the produd?,Q,A,, of longitudinal  the pp spin correlation parameter. A short discussion of cor-
beam polarizatiorP,, longitudinal target polarizatio®,, rections and systematic effects is given in Sec. VI. The re-
sults for the angular distribution &,, and a comparison to
theoretical predictions is given in Sec. VII. This is followed
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A. Polarization of a stored proton beam
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the magnetic moments of all particles in the ensemble. Spin-
1/2 beam polarization in a storage ring is thus fully deter-
mined by the polarization of the injected beam and the mo-
tion of the magnetic moments of the stored particles.

As a proton progresses along the closed orbit, its magnetic
moment precesses around the prevailing magnetic field di-
rection. The general, relativistic equation of the motion of
the direction of a magnetic dipole travelling through electro-
magnetic fields is known as the BMT equati@}. From this
equation we can derive the action of the two basic field ele-
ments which we need for the present purpose:

The first element we need to understand is the vertigal
field of a bending magnet which deflects the beam in the
horizontal k-z) plane by an angl#, while it precesses the
magnetic moment of beam particlém their rest framg
around they axis by an angl€g(6), where

FIG. 1. The magnet lattice of the IUCF Cooler. The target is
— (A — _ located in theA region. Bending magnets are marked with the bend-
0)= 1)0y=1.792 847 396)6y. 2.1
¢s(0)=(9=1)6y %) 0y @1 ing angle in degrees. The spin precession solenoids i dued C
region are shown to illustrate their position with respect to the

Here, v is the usual relativistic kinematic parameter, and bending magnets.

the g factor of the proton.
The second field element is a solenoid with an mtegrated

field B=[B,dz along the beam direction which precesses

the magnetic moment around the longitudigzl direction

by an anglets(B), where

verages to zero. To carry out an experiment with longitudi-
nal beam polarization one has to provide spin rotators in the
ring lattice that cause the spin closed orbit at the target

ﬁ(sta,ge) to point along the beam direction. For energies be-
low a few GeV, it is best to use solenoid fields to rotate the

cgB
é4(B)= % =0. 89235’7 (2.2 spin. In the next section we describe how this was done in
Y the IUCF Cooler.
Here, ¢ is the speed of light in m/sn the proton mass in _ o o
eV/c?, B the usual relativistic kinematic parameter, aBd B. Preparation of longitudinal beam polarization
the longitudinal field integral in Tesla metefEm). The IUCF Cooler storage ring is a six-sided synchrotron

We now study a particle which completes a single turnwith a polarized hydrogen target in th& region straight
around the ring, starting and ending at a paihtsomewhere  section, as shown in Fig. 1. This figure also shows the two
on the stored orbit. As a consequence of the precession of thgjin-rotation solenoids in th€ and T region which were
magnetic moment by the magnetic elements in the ring latused to prepare longitudinal polarization at the target. The
tice, there will be a “one-turn” net rotatioR(s*) between placement and strength of the solenoid fields is governed by
the initial and final direction of the moment. This rotation the task of achieving the desired spin closed orbit, but in
can be calculated easily by concatenating the individual ropractice is also constrained by space requirements and by the
tations around the verticalR,[é5(6)]} and longitudinal fact that solenoids also focus the beam and thus have an
{R[ &s(B)]} directions due to bends and solenoids, startingmpact on the ring optics.
at s* and proceeding against the beam directisee Eq. The C-region solenoidThe electron beam which is used
(2.3)]. These rotations may be described by 3 matrices, for phase space cooling is transversely confined by a sole-
but in practice it is more elegant and more convenient tmoidal field. In normal operation, the effect of this field on
adapt the spinor formalism from quantum mechanics inthe spin closed orbit is compensated by two additional sole-
which rotations are expressed as complex2matriced7].  noids with opposite field, immediately upstream and down-

The one-turn rotatioR(s*) is characterized by a rotation stream of the cooling region. For the present experiment we
axisn(s*), and a rotation angl& which is independent of Operate these compensating solenoids with reversed current
the choice o&* . The unit vectoﬁ(s*) which is given by the such that the field direction is the same for all three sole-

eigenvector oR(s*) is called the “spin closed orbit,” and N0ids. In this mode, a longitudinal field integral &c
W/27 is known as the “spin tune.” It is obvious that the =0.877 Tm is achieved, limited by the maximum allowed

component Of,u (and thus the polarization vect®) which pov_l\_/ﬁ(ra d‘ll'srség?ctylr?r;(;TeT;dSAOISESS(Iadrionduct|ng solenoid was

is parallel ton(s*) is preserved. The component perpendicu- placed in theT region (see Fig. 1 The coil of this solenoid

lar to n(s*) precesses around it and over many orbits averhas an inner diameter of 17.5 cm and a length of 30 cm. The

ages to zero. Thus, the direction of the beam polarization itnsertion length of the device is 58 cm with a clear bore of

given by the spin closed orbit. 10.8 cm. The field integral of this magnet is 1.10 Tm.
Normally, in a storage ring the spin closed orbit is vertical ~ With these elements present in the ring, one obtains for

for all s*, since the effect from transverse focusing fieldsthe one-turn rotation starting at the target
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R(Starged = Ry[ £8(123°) IR, [ £5(B1) IRy [ £5(117°)]
XR[&s(Bc) IR,[ £5(120°)], (2.3

where the deflection angles 123°, 117°, and 120° are the net
deflections betweeA, T, andC regions(see Fig. 1 Evalu-
ating the eigenvector of this matrix, normalized to 1, yields

the spin closed orbit at the target(Sipge) = (0.250,
0.125, 0.960), where the three numbers denote horizontal
(x), vertical (y), and longitudinal(z components. The fact
that the polarization is not purely longitudinal is caused by
the limit on the thermal load of th€ solenoids. The field tector stack consists of two scintillation counteis,K) and two

integral required for longitudinal beam polarization at theWire chambers XY,UV) with two planes each. Recoil protons are

target is roughly 1.1 Tm in each solenoid. As will be dis- detected by eight silicon microstrip detectors surrounding the target

cussed in Sec. IV, the angle of 16.3° of the polarizationee|| (r1-g. Large angle detectorS1-4 detect particles close to
direction with the beam direction is taken into account in they  — 450,

analysis of the data. Aside from a small reduction in statis-

tical accuracy(compared to pure Iongitudinal polar-izat)on the event is provided by two wire chambei$Y and UV)

the measurement of the spin correlation paramifeis not  for the forward scattered proton, and the micro strip position
affected. _ o , for the recoil.

The spin closed orbit at the injection point can be_ evglu- Type Il events, covering the angular range df,= 30°
ated analogously. The one-turn rotation in this case is given gge gre detected as coincidence between two of four scin-
by tillators (S1-4, mounted between the two wire chambers at

_ R o azimuthal anglest45° and+135°. For these events, both
R(Sinjection) = Ry[ £8(60°) IR £5(Be) IR,[ £5(243)] protons pass the first wire chambexY), allowing recon-
X R &5(BT) IR [£5(57°)]. (2.4)  struction of angles and origin of the event.
Both event types are subjected to a kinematic fit to deter-

The corresponding spin closed orbit follows @&Siyecio) ~ Mine scattering anglé, azimuthal anglep, and vertex po-
=(0.252, 0.953, 0.157). Its direction is almost vertical. In-Sition zassuming the event originates on the beam axis and
jection of vertically polarized beam loses about 5% of thefollows pp elastic scattering kinematigsee Ref[1]). To
injected polarization, but eliminates the technical complica-avoid sensitivity to the physical boundaries of roughly
tion of having to make use of precession solenoids in the=20° around the nominal azimuthal center positions

FIG. 2. Schematic view of the detector setup. The forward de-

beam line from the cyclotron to the Cooler. (+45°, =135°) of the recoilR1-8 and scintillation detec-
tors (S1-S4, only events within+18.5° are accepted. For
IIl. EXPERIMENTAL ARRANGEMENT AND EVENT event type | an additional cut on the correlation between
IDENTIEICATION energy loss in the recoil detectors and scattering angle is

applied(see Ref[1]).

The experiment was carried out in the IUCF Cooler stor- For a more detailed description of target, detector system
age ring at the Indiana University Cyclotron Facility. The and event selection the reader is referred to REef. The
polarized target is located in theregion of the ring, which measurement was organized in cycles consisting of 3 min
has low dispersion and sma#t function and thus is best injection of polarized beam at 197.4 MeV and 3 min data
suited for internal storage cell targets. Polarized hydrogeiaking. At the end of a cycle, the beam remaining in the ring
atoms for the target are produced by an atomic beam sourceias discarded, and the next cycle begins with injection of
The polarized atomic beam is injected intd&haped, thin  new beam. Approximately every 30 min, the polarization
walled storage cell, located on the axis of the storage ringdirection of the injected beam was reversed at the ion source.
The orientation of the target polarization is defined by three The data acquisition was subdivided into 12 s subcycles,
sets of guide field coils, and can be changed in less than 1 which the target polarization direction was cycled in 2 s
ms between the longitudinak), vertical (y), and horizontal intervals through the 6 possible statesx, *y, *z). The
(x) direction. current of the stored beam ranged from 50 to 18 with

Figure 2 shows a three-dimensional representation of theeam lifetimes of 2000—3000 s. A total of approximately 3
detector setup used to detect coincidences between two pre«10° pp elastic scattering events in 12 spin combinations
tons frompp elastic scattering in the target. Two typespgf ~ were acquired in 6 days.
elastic scattering events are detected. Type | events, covering
an angular range ob,,=5—35°, are detected as coinci- |, PETERMINATION OF THE SPIN CORRELATION
dence between forward scintillators and recoil detectors. The PARAMETER A
forward scintillators are two plastic scintillator& (and K) “
and recoil detectors are eight silicon micro strip detectors For all orientations of the target holding field,(y, or z),
(R1—-8) mounted at azimuthal angles45° and =135°  vyieldsY;(#) are measured as a function of scattering angle.
around the storage cell. Position and angle information foiThe experiment uses four different ranges of azimuthal
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angles ¢; centered at¢=+45° and =135° and four
different combination of beam and target polarization k
(++,+—,—+,——). Thus for each orientation of the tar-
get guide field, the yields;, are represented by a>xd4
matrix. These yields can be related to the elastic scatter-

ing cross section by factors that contain detector efficiencies
on one hand, and luminositigtarget thickness, number of
incident protonsfor the different beam and target polariza-
tion combinations on the other hand. Multiplication of the TR«
rowsi of Y;, by suitable efficiency factors; and multipli- 0 10 20 30 40
cation of the columns by luminosity factokg yields a ma- O (deg)
trix X;x= €Y \y. Efficiency factors compensate for differ-
ences in the detector efficiencies, while luminosity factor
normalize the luminosities such that for unpolarized bea
and targetx{""™=1 for all i,k. The X;, are related to the
cross section by,= o /oy where o is the unpolarized
differential cross section ana;, the spin dependent cross

section for the specific beam polarizatiﬁF(Px,Py,Pz)

and target polarization@:(Qx,Qy,QZ). The method used (P, Oy Ay Kooy AlM)2
to determine théX;, from the measured yield¥;, is known 2=y Xy xz WY
as diagonal scaling and described in detail in R8f. For 0 [ PZQX(y)AXZ)er(kX(y)(S 2]
each scattering angle, the experiment yields 48 values of

Xi (6 target spin directions, two beam spin directions, fourgjnce the analysis uses data over a wide range of angles
azimuthal anglés which are used to determine experimental s 5o (4 43 5°); the final results are of high statistical accu-
quantities of the for.m(p_olarlzatlor) X (analy;mg POWEr acy. Best agreement withA", is obtained for P,Q,

Ay), anc_i(beam polarizationx (target polarizationx (_spm =0.4267£0.0051 for target polarization alongand P,Q,,
correlation parametess;) (se_e Ref[8]). All datg are simul- _ g 4555 0.0055 when the target polarization is along
taneously analyzed as described in Ref, allowing for pos-  rpq \yeighted meaR ,Q=0.4248+0.0037(or 0.9% relative
sible differences in polarization when the sign of beam an ncertainty was usezd to determing,(6). The absolute
target polarization is reversed, as well as small deviations o alibration of the resultings, (), whicﬁzultimately depends

the target polarizations from thg ideal erentatlor]. on theA, calibration point4] which was used in the deter-
However, for the purpose of illustration, we discuss here . .
has an overall uncertainty of 2.66%. This

i i in
the case of longitudinal beam polarization with neg|igib|eumr:2:ﬁ't‘;ri‘nfy”2§r; be reduced further as will be explained in
transverse componentB (= P, =0). For purely longitudinal Sec. V. The final results fo,, are shown in Fig. 3.

beam polarization, thi are given by The absolute normalization @,,(6) depends on the as-
sumption thatPQ with target polarization along is the

s FIG. 3. Angular distribution of the spin correlation parameter
A,,. The solid line is the prediction from the partial wave analysis
193.

minimize they? between the present results B5Q,A,( 6)
[or P,Q,A,(6)] and the scaled\}:

(4.2

Xik=1+Ay(Qy sin ¢+ Q, cos ¢) same as for target polarization alorgry. The beam polar-
. ization P can be assumed independent of thel( mT)
+AGPAQy sin ¢+ Qy cos ¢) +A;PQ;. guide field over the target since the polarization lifetime of

(4.1  the stored beam is very long>(l h[9]) compared to the
rapid (6 s sequence of target polarization states. In an earlier
] o o experiment with transverse beam polarization, independence
Measurements with longitudinal beam polarizatiBp and  of p on guide field direction was confirmed by direct mea-
longitudinal target polarizatio, (with Q,=Qy=0) deter-  syrement to better than 0.5¢ee Table 1 in Ref1]).
mine the angular distributior,(6) within a scale factor We now discuss the assumption that the magnitude of the
given by P,Q,. target polarization does not depend on orientation. Change in
Neither P, nor Q, can be measured directly since the the target polarization direction is accomplished by changing
longitudinal analyzing poweA, vanishes by parity conser- the guide field in the target region, which is provided by
vation. The method to determine, and Q, used here is three sets of coils external to the vacuum sysf&in Infor-
based on the assumptiddiscussed belowthat the target mation on the uniformity and accuracy of the guide field
polarizationQ is independent of orientation of the target spin direction over the target, and effects of the guide field on the
(Q=0Q,=Qy=Q,). Part of this assumptionQx=Qy) has  proton closed orbit is given in Rdf3]. The absolute value of
been explicitly verified in Refl.3]. SinceA,, is known from  the polarization of the gas target is independent of the orien-
previous measurement8,Q, andP,Q, can be determined tation and sign of the guide field because between the exit of
from the measurements with transverse target polarizationhe last sixpole magnet of the atomic beam source and the
which yield values ofA,(6)P,Q, andA,,(6)P,Q,. Using  target cell the spin of the atoms follow the magnetic field
the known values oA}, from Ref.[1] as input, the product direction adiabatically: from an initially inhomogeneous field
Ky(yy=PQx(y) of beam and target polarization is varied to in the sixpole, as the atoms travel into the homogeneous field
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at the target, the magnetic moments follow the field direc-
tion, no matter what the orientation of the guide field is.

The condition of adiabaticity requires that along the tra-
jectory of the atoms the field direction changes experienced
by the atoms are slow compared to the Larmor precession
rate of the atom in that field. That this condition is easily met

Ayy—Axx—Azz

is evident from the many polarized ion sources based on the 2'5 353540 35 2’5 253535 35
atomic beam method, that provide large polarization without O (deg) O (deg)
making special provisions to assure adiabaticity. However, if ¢1.02 - ' 1.02 ' '
there is a point between atomic beam source and target, g : ¥
where the magnetic field is both small in magnitudiev 1.00 ¢ SpARRANARRARNESE 1.00 bt gs
Larmor frequency and changing rapidly in field direction, s Il "1 0.98 .
loss of polarization arises. This loss may depend on the di- = 1 %w
rection of the guide field over the target, because fringe fields "< g 5N 0.5 h
of the guide field coils may under some conditions nearly 0 0

SR 20 25 O 5 70 15 20 25

cancel the ambient field. Consequently, careful field mea- number of points Aumber of points

surements were made along the atomic beam axis for each of
the six different target guide field conditions. The rate of FIG. 4. Examples of parabolic and fourth order fits to the angu-
change in the field direction compared to the Larmor precesar distribution of Ajy—A,,—A,, used in the determination of the
sion rate was found to be less thaw 50" ¢ and satisfies the value atf.,=90° (6,,,=43.57). The top two panels show the
adiabaticity condition of being<1. data points and polynomial fitparabolic: left, fourth order: right
The second concern is the possibility that the transitiorihe bottom panels show the COFfeSpOﬂdlng valueAgf— A,
unit [medium-field transitio(MFT)], which is used in the —Az,atf.m=90° (left scale, pointsand x* of the fits(right scale,
atomic beam source to select a single hyperfine state of hﬁolld line). The dashed lines indicate the selected value and its
drogen atoms, may be affected by the fringe field of the!ncertainty.
guide field coils. While it is found that the resonance region
shifts slightly when thex guide field is reversed, the reso- responding laboratory angle d,,=43.57° so that only
nance region is wide enouglee Ref[10]) that a working even terms with extrema at this laboratory angle were used
point exists for which the transition works properly for all as fitting functions.
guide field orientations. Figure 4 shows examples for parabolic fits and fits includ-
Finally, the expectation that the product of beam and taring a second and fourth order term. The extracted valu&s of
get polarization is independent of guide field can be checkedre insensitive to the number of data points used as long as
directly for guide fields along andy. No statistically sig-  the x? (degree of freedojnof the fits is close to its mimi-
nificant difference has been observed, neither in this experimum (see bottom panels in Fig,).4For 10—-20 data points
ment, nor in previous experiments with transverse beam padncluded in the fits, the extracted values vary #0.005,
larization[1,3]. which is taken into account as an interpolation uncertainty.
To test the accuracy of the above procedure, simulated
data were produced from predictions for thg from partial
V. ABSOLUTE NORMALIZATION wave analyses for the laboratory angular range 23° to 43.5°
(corresponding to 20 data point§he values forS differed
from the correct valu&=1 by less than 10°.
The result for the sung is taken from the parabolic fit
with 14 data points

The absolute normalization of the pres@ni data and the
previously reported values dk,,, A,,, andA,, [1,3] all
depend on thé\, calibration point reported in Ref4]. The
calibration can be checked and the accuracy of the calibra-

tion can be improved by use of the identity S= (Ago Ago A%) = 0.996+0.011 (5.2
> =0. .011, .

Ayy—An—A =1, (5.1)  where the uncertainty contains statistical and interpolation
uncertainties added in quadrature. The final values for the
angular distribution ofA,, were determined by dividing the

which applies to spin correlation coefficients in elastic scat-A,, obtained in Sec. IV, which were normalized to thg,
tering of spin 1/2 particles at a center of mass angle of 90°from [1] by S=0.996 in order to satisfy the identity Eq.
The relation follows directly from symmetry relations be- (5.1). The results are given in Table I.
tween the five helicity amplitudes at that scattering angle The absolute normalization uncertainty of the spin corre-
To improve the statistical accuracy of the experimentallation coefficients is affected by two factors: the 1.1% error
value of S=A —A— A, at 0., =90° (6,,=43.57°), @ in Sand the relative uncertainty in the determinatiorPgQ
polynomial fit of the angular distribution o&,,—A,,—A,,  which is given as 0.9% in Sec. IV. The error analysis must
was performed in the vicinity of,,,=43.57°. Because the take into account that changing,Q by 0.9% requires a
spin correlation coefficients are symmetric aroufid,,  change inA,, and a change il —A,, if the identity Eq.
=90°, the angular distribution has an extremum at the cor{5.1) is to be maintained. Numerical calculations show that

054002-5



B. LORENTZ et al. PHYSICAL REVIEW C 61 054002

TABLE |. Final results for the angular distribution of the spin 3 ‘
correlation parametek,,, using the relatiolA,,— A,,—A,,=1 for A
the normalization. The absolute normalization uncertainty is 2.0%. 0.1
Oiap (deg) Azz 6A;, Oap (deg) Azz 6A;; 0.075 ‘ "
5.5 0.267 0.078 255 0.793 0.021 ‘ _
6.5 0.063  0.041 26.5 0.835 0.022 0.05 11l
7.5 —0.056 0.033 275 0.854  0.023 ‘
8.5 —0.032 0.027 28.5 0.840 0.024 0.025 ||‘
9.5 —0.037 0.024 295 0.897 0.026 ‘
10.5 0.014 0.023 30.5 0.888 0.028 0
115 0.067 0.022 315 0.855 0.027 0 30 100 150 200 250 300 350 400
12.5 0.130 0.021 325 0.932 0.026 Ca“l(l/s)
135 0.200  0.020 335 0.887  0.024 FIG. 5. Typical plot of the probability,,ss Of losing an event
14.5 0.298  0.019 34.5 0.923  0.023  pecause of deadtime versus the rate of accefpextessedevents
15.5 0.341  0.019 35.5 0.887  0.023 ¢, The solid line is a linear fit. The slope determines the dead-
16.5 0.412 0.018 36.5 0.883 0.022 time per eventr.
17.5 0.464 0.018 37.5 0.913 0.021 i i . .
185 0.497  0.018 38.5 0928  0.020 s_pectlvely. Before executing the polarization analysis, the
195 0554 0018 395 0855  0.020 ylelds are C(_)rref:ted for the number of lost events. The dead-
20.5 0612 0018 40.5 0.906 0.019 time correction increases the v'alue,tlnzfZ by about 0.014, or

' : ' : ' : 2/3 of the statistical error. This is by far the largest correction
21.5 0.663 0.019 41.5 0.924 0.019 that needed to be applied.
225 0.689 0.019 42.5 0.883 0.018
235 0.734  0.020 435 0.890  0.024 B. Finite 6-bin correction
24.5 0.786  0.021

The angular distribution of the spin correlation coefficient
A,, is reported at the center of 16,,, angle bins and the
entire analysis was executed with this binning. Since both
cross section and polarization observables depend on angle,
the values at the center of the bin may differ slightly from
the measured mean over the bin.

The measured angular distributions of the spin correlation

The present results suggest that the values oRee- 5 ameters , used for normalization and,, are corrected
ported in Ref[1] should be divided bys=0.996 and should  ¢5 this effect. The correction té,, is typically 0.001. For
be asagngd a scale unce;rtalnty of .1.4%. Since the measurgngles below 10°, where the acceptance of the detector sys-
ment ofA, in Ref.[1] only involves either a beam or atarget tem s angle dependent, the correction changes to about
polarization, the values should be divided $$=0.998 and  0.006 and becomes comparable with the statistical error for
assigned a 0.7% uncertainty. the two smallest angle bins. The effect on the normalization
was found to be less than 0.07% and is neglected, as the
overall norm error is 2.0%.

an increase oP,Q by 0.9% reduce#\,, by 1.6% and in-
creasesd\,,— A, by 0.8%. Adding the statistical error &fin
guadrature yields a final scale uncertainty of 2.0% forAhge
in Table I.

VI. CORRECTIONS

In this section a summary of small corrections applied to C. Correction for nonuniform ¢ acceptance
the final results will be given. As the methods used to deter-
mine these corrections are discussed elsewfiEeonly a
brief overview is given here.

In the polarization analysis we assume that the acceptance
of the detector system as a function of the azimuthal aggle

is uniform. However, the data show that tifeacceptance
depends slightly on the scattering ang|g, and is in general

A. Deadtime not uniform.

Deadtime of the data acquisition system is of concer The term containing the spin correlation parametgy
q Y "has no¢ dependence, thus there is no effect on the angular
because the total event rate changes by some 40% betwegn

parallel and antiparallel beam and target helicities. The fracf;‘:’::llblrjéggirggp‘;z'C;?:(Ij\éir’oihg%gle Tgrlﬁzn;gsgmg A;ZO "

tional dead time was determined by using fast scalers t?n Iiz’ tion ofA.. Thi rrecti n.i well below the absolut

count the number of events presented to the data acquisition"’l ation ofA;,. This correction 1S well belo € absolute.

computer compared to the number of processed event§or of the norm and the treatment as a small correction is
. Ustified.

These scalers were read once a second. The loss rate is fouhid

to be a linear function of the rate of accepted evéhig. 5).

From the slope a deadtime per processed event of 232

+7 wsis found. The average loss probability is about 3 and  Although the storage cell wall is made of thin Teflon

5% for parallel and antiparallel beam and target spins, refoils, it is still about 18 times more massive than the polar-

D. Background
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TABLE II. Table with x? per datapoint for the comparison of 0.1 . 0.1

the data to potential models and partial wave analyses. The secon

column contains they? between the preserk,, results and the 0.05F 0.05 ¢

predictions. Columns three and four contain the and scaling ot oL

factor ks by which theA,, data need to be multiplied to yield the 7

best agreement between prediction and data. Column five gives the N—0.05F |7 -0.05F |7

overall x* per degree of freedom foh, and all spin correlation < ' ’

parametersyy, Ay, Axz, Az). TheA, andA;, are multiplied by | 0997656 30 30 9070 20 30 40

factorsk, andk.?, respectively, adjusted for best agreement with 0.1 . o1

each calculation. The data féy, andA,,, Ay, A,, are from Ref. <

[1], to which the small correction described in Sec. V was applied. 0.05F * ++*— 0.05r ++ ++++++ + }
A, A,, A, and allA, or Pl 0

scaled scaled _0.05F TR 1 o5k BT ]

Prediction X2 X2 Ks X2 ke e CDBOAN ‘

AV18 403 150 0975 165  0.988 ®107710 2059 4% 31 0 10 20 30 40

REID93 209 070 0981 124  0.991 o (deg)

CDBonn 8.27 1.32 0.978 144 0.989 FIG. 6. Comparison betweek,, and partial wave analysé®p)

Paris80 456 101 0970 4.27 0.986  and predictions from potential modesottom). The data and pre-

Ni93 200 072 0978 131 0.991  dictions are plotted as difference to the reference NI93. The left two

NI97 2.24 0.77 0.980 1.12 0.989  panels show predictions divided by the scaling factors giving best

SM94 5.29 441 0.985 5.41 0.997  agreement with the predictions and thg, data(column 4 of Table

WI96 5.76 3.36 0.976 3.39 0.996 I). The right two panels use the factdes from scalingA, and all

SM97 234 092 0981 1.97 0.990 Ay (column 6 of Table II.

SP99 1.92 0.79 0.983 151 0.990

were compared to current partial wave analysBSVA)
(Nijmegen group: Ni93[11], Ni97 [12]; Virginia group:
ized hydrogen gas stored inside, so that interaction of th&M94, SM97[13]) and to a number of potential model cal-
beam halo with the cell wall presents a potential source otulations(Reid93[14,12, Argonne potential AV1§15,16,
background. In previous experiments with the present setuigD-Bonn[17,13, Paris8018,13). In Table Il, the columns
different methods for investigation of possible background|abe|edx2 shows the quality of agreement for some of these
events were explored. It was found that the tightest limit oncajculations, as well as for the most recent VPI analysis
background events entering the fingbp elastic data is ob- gpgg[13], which already includes the current results for
tained if the polarized hydrogen data is compared with datg, ~ Best agreement)@ per point~2) is found for the
taken when Nis admitted to the target. Background events, ijmegen PWA analyse&Ni93, Ni97) which is based on a

such as reactions on the C and F nuclei in the Teflon ce it to NN data in the energy range 0—350 MeV, and the most
yvalls as well as with B arein general lacking the coplanar- ecent VPI analyse€SM97, SP99 which analyéed data up
ity of pp elastic scattering. Noncoplanar events recordec[o 2500 MeV. Similar quality of agreement is observed for

with the polarized hydrogen target can bg used to estimat e updated Reid potentialReid93 constructed by the
the number of coplanar events not originating from the targe iimegen group

gas that enter the final yields. For details see RHEf. : : .
The limit on the fractional background in the final data is . The agreement betweeh,, and various calculations is
found to be<0.5%. As the normalization is based on mea_lmproved i one allpws th_e no_rmahzatmn to float. If beam
surements witr;( anﬂ orientation of the holding field. and and target polarization calibration are each reduced by a fac-
Jxancy : : g ’ tor k, the spin correlation coefficients multiply Bs?. The
the angular distribution foA,, is determined from the mea- . . 7
surement with thez orientation, only a dependence of the _columns labeled A, scaled” (Table 1) show significant
background on the holding field orientation would affect the'crglirol\;féndzm ghzrethnec:gzzzgeg;(b? ?r3e0 /redlic(()a cg%rSthoer
results. Within the 0.1% statistical uncertainty in the deter- 2—L(j) 970 Z.Z( )h' h ! h by Iu | 9k5_ - . '
mination of the fractional background no dependence on thgs_ -970), in which case the best calculations yie esaer
holding field direction was found. degree of freedom near 1. The values for the scaling factors
The effect of the background on the final results gt ks are not incompatible with the uncertainty of 2.0% of the
was estimated from a simulation of yields with and without@°SOluté normalization. .
added background, and the effect was found to be less than Comparison between data aridcaled calculations is

10% of the statistical errors. No correction to the results waghoWn on the left hand side of Fig. 6. Izor presentation in the
applied. figures, the data are rebinned in 2° bins by taking the

weighted mean of neighboring 1° bins. As was done in Ref.
ref H
VII. COMPARISON TO THEORY [1], reference valueA}, (calculated from the Ni93 P_V\/)A
were subtracted from the measur&g, and all calculations
In Ref. [1], angular distributions of the analyzing power in order to display small differences more clearly. For con-
A, and three spin correlation coefficientd,(, Ay, Ay, venience, we plot théunscaled A,, data points and instead
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scale the calculations by the appropriate factors, since th&eak guide field over the target. Longitudinal target polar-
scaled data points would be different for each calculationization allowed the determination of the spin correlation pa-
The figure shows that the most recent phase shift analyses, emmeterA,,. Elastically scattered protons were detected in
well as the Nijmegen version of the Reid potential, are incoincidence in silicon-strip recoil detectors and in scintilla-
excellent agreement with the measurements, when the scalers and wire chambers in forward direction. The effect of
factors listed in Table Il are applied. background events was investigated and found negligible.
The analysis was repeated to include the previous[ddta The only significant correction was for deadtime losses,
onA, andA;, at the same energy. In accordance with Sec. Vwhich are spin dependent because of count rate changes be-
the published values oA, and A, were divided by 0.998 tween parallel and antiparallel beam and target spins.
and 0.996, respectively. The last two columns of Table Il  Measurements oA,, were obtained for laboratory angles
give the overally? per degree of freedomy(?) if the mea- between 5.5° and 43.5°{ ,=11.5°-90°) in 1° intervals
suredA, and all A, are multiplied by factors; and k.2, with a statistical error of about 0.02. Except for a limited
respectively. Good overall agreement is found for the Reid9®mount of data at 305 MeY19] in a narrow angular range
potential (y,?=1.24) and for the most recent phase shiftnear 6., =90° this is the onlyA,, data inpp scattering
analyses Ni97 ¢.2=1.12) and SP99y(,?=1.51), where the P&low the pion threshold. , ,
new SP99 analysis by the GW/VPI group already took ad- 1 he identityA,,—A,,—A;,=1 at . n=90° is exploited
vantage of the preser,, data. For SP99 in particular, the to check the absolute calibration of earller spin correlation
agreement with the preseAt, data is excellent. The agree- Measurements by our grofip] and to provide an improved
ment of these calculations with tha,, reported here is absolute calibration of the datg. In_ordgr to relate the produpt
shown on the right hand side of Fig. 6. According to TablePQ of beam and target pplanzaﬂon n _the_present experi-
Il, the scale correction for thé,, is around 2% for Reidg3 Ment to thePQ calibration in the determination d,, and
and Ni97 and SP99, which is compatible with the experi-Ayy In Ref.[1], measurements here were taken at the same

mental scale uncertainty for th&, of [1] of 1.4% and the UM€ with transverse target polarization. This allowed relat-
A, of 2% (Sec. ing the calibration in the two experiments via the common
zz - V).

It should be mentioned that the above comparisons havB'€asurement of the spin correlation paramétgr. The re-
the defect that the same scale factor was appliesl,jcand sult determmed _the absolute calibration of the pregent
to the A, of [1], while indeed it was pointed out in Sec. V angular distribution to an accuracy a¢f2.0%. The above

that the component of the scale uncertainty that arises frorifgentity also allows a recalibration of the ab_solut_e normaliza-
the A,, comparison is different foA,, and the otheA, . tion .for the results of Ref[1]. The new callbrat-lonlwould
multiply the A, by 1.002 and thé\;, by 1.004, which is well

within the uncertainties reported in RéL.].

In addition to the inherent interest in measuriAg, to

A beam of polarized protons whose polarization in thecomplete the entire set of independent spin correlation pa-
target region is along the beam direction was developed aameters imp elastic scattering at 197.4 MeV, the measure-
the IUCF Cooler synchrotron. Since the spin precesses in thments have particular significance since they strengthen the
bending magnets, stable longitudinal polarization in the tarabsolute polarization calibration over the entire energy range
get straight section required the introduction of solenoidsfrom 200 to 450 MeV|[20], which was based on exporting
Limitations of the available solenoid strength caused a dethe 200 MeV calibration to the higher energies.
viation from the ideal longitudinal polarization, but the re-
maining transverse beam pol_anzatlon components are s_maII ACKNOWLEDGMENTS
and easily taken into account in the data analysis. We believe
this is the first time that stable longitudinal beam polarization We are grateful for the efforts of the accelerator operation
has been used for a nuclear physics measurement in a protgnoup at IUCF, in particular D. Friesel and T. Sloan. This
storage ring. work was supported in part by the National Science Founda-

The 197.4 MeV beam was incident on a polarized H gagion and the Department of Energy. One of (BsR) would
target, whose polarization was changed?i s intervals be- also like to thank the Alexander von Humboldt Foundation
tween six different orientationst(x, =y, £z) by changing a for their generous support.
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