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1. Introduction

This experiment is a part of the nucleon-nuclcon (NN) program at SATURNE Il
devoted 1o a study of the cnergy and angular dependence of scattering amplitudes. We
present results from single scattering of the polarized proton beam by protons in a small
CH, target. The data were obtained as a by-product of an cxperiment mcasuring the
spin correlation parameter Avenn and the rescattering observables Dopon and Kopye, using
the same beam and the same apparatus, with a polarized proton target (PPT). The
preliminary results of this experiment are listed in Rel. [ 1]. Data were recorded at 18
beam cnergics from 1.98 to 2.80 GeV al angles around 90° CM. Meaurcments were
also carried out at 0.80 GeV at smaller angles.

Another part of the data was provided by the beam-line polarimeter. The polarimeter
arms lor scattered protons were positioned at the fixed forward laboratory angle of 13.9°.
Asymmetrics of p—CHy scattering were mcasurcd at 20 encrgics in the same cnergy
range. From these data the pp clastic scattering asymmetrics were caleulated using the
accurately determined ratio of pp and p—CH, asymmetries {2]. This ratio depends on
the given polarimeter.

The beam polarization at cach energy was determined independently of the present
measurements and was used to calculate the beam analyzing power A for both
measurements.

The formalism for this cxperiment is given in Section 2. Existing pp analyzing power
data are discussed in Scetion 3. The beam and the polarimeter are described in Scction 4,
and the NN experimental setup is discussed in Scction 5. The results are presented in
Section 6. They are compared with predictions of two phasc shift analyses (PSA) [3,4].

2. Determination of the analyzing power

Throughout the paper we use the NN formalism and the four-index notation of
observables given in Ref. [S]. The subscripts of any observable X refer to the
polarization states of the scattered, recoil, beam, and target particles, respectively.

For so-called “pure experiments” the polarizations of the incident beam and target
particles in the laboratory system are oricnted along the basic unit vectors

k. n=lkxk']. s={nxk}. (2.1)

2 Present address: Faculty of Nuclear Sciences and Physical Engineering, Czech Technical University, Bichovi
7. 11519 Prague 1. Crech Republic.
Fpresent address: Computing Center of the Crech Technical University, Zikova 4. 16635 Prague 6, Czech

Republic.

4 Present ad de Physique Nucléaire IN2P3, 91400 Orsay, France.

S Fomail lehar@hep.sac afr. 1ol (433) 1 6908 3065, fax (+33) 1 6908 6428.
& Present address: Centrale Themis, F-066121 Targasonne, France.
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where k and k' arc the beam and scattered particle dircctions, respectively, and n is the
normal to the scattering planc.

The more general case of the present experiment is a single scattering of a polarized
proton beam on a polarized proton target (PPT), where obscrvables with indices p and
¢ arc absent.

The unit vectors (2.1) and beam or target polarization vectors Pg and Pr in the
scattering frame may be cxpressed by azimuthal angle ¢-functions. The vectors (2.1)
in the reference frame (k, v, k) (horizontat perpendicularly to the beam, vertical and
bcam dircction) arc:

s = (cos¢,sing,0), n=(-sing,cos¢,0), k=(0,0,1). (2.2)

The beam and target polarization vectors, arbitrarily oriented, are cxpressed by compo-
nents in the reference frame:

Pg = (Ppn. Pper Pri) Pr = (P, Pr. Pri). (2.3)

It Py and Pr arc oricnted along the vertical direction ( Py, = +|Pgl, and ( Py = £|Prl,
the general scattering formula in Ref. [S] reduces to:

do do
a = y A_ + A>::::ﬁ= + >.x=.:\-.v CC.I.AV
0
+A oo Po Pr nC,ﬁu «b + Avons P Pr v,m=u Avv. (24)

where (der/df2), is the unpolarized differential cross section. The quantitics der/d {2,
(der/d2) o, Avonar Acoons Avonn AN Agagy arc [unctions of scattering angle and cnergy.
Other observables are equal to zero, duc to fundamental laws and to conditions of
cxperiment. The Pauli principle impose Ao = Avoon-

Background is duc to inclastic pp contributions and to scattering of polarized protons
on unpolarized target nuclei. The pp inclastic part is strongly reduced by the clastic
cevent sclection. The latter part is dominant and depends on the beam polarization. The
background can be considered as a dilution d of the proton spin contribution to the
differential cross scction:

(1 =d)|pp — ppl + d [background] . (2.5)

It has been determined cither by measurements with an unpolarized hydrogenless target,
or by a fit over wings of ¢ and ¢ distributions for cach beam polarization dircction.
The background subtraction results in a multiplication of any pp obscrvable in (2.4) by
the factor (I — ) and in an addition of the factor dA(back) to the correeted polarized
beam analyzing power (1 — d) Ay, Here A(back) is the background analyzing power.

The mean ¢-acceptance ol our apparatus is £8° around 0°. The obscrvables for which

cos ~ costdp~ 1, (2.6)

N . - D .
are predominant. The mean value of sin® ¢ is ~0.007.
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On the other hand, a magnetic ficld close to the target may bend particles and disturb
the ¢p-symmetry of the vertical apparatus acceptance. A term e(instr.) sin¢, added in
(2.4) checks this instrumental effect.

For a given energy, Eq. (2.4) provides four rclations for the two opposite dircctions
of Py and Py, respectively. These polarizations are common (0 all scattering angles.

The opposite proton beam  polarizations at SATURNE I for the two ion source
polarized states, were accurately measured in a dedicated experiment discussed in detail
in Ref. 16]. It was found that Pg = |Pg| = [Py |. Only these two stales of the ion
source with large polarizations were used. The two “unpolarized” ion sourcc states are
polarized to £06%.

For the PPT |P}| # [P/ |, but any Pr was measured by the same apparatus and a
possible normalization crror results in a common factor F, which multiply both P/ and
P

11 the absolute valuc of Py or F is unknown, we can solve four relations (2.4) with

different beam and target polarizations for threc quantitics: Pg (or F), Auons = Avoons
and A, and relate Pg and F. For this purposc one imposcs the statistical equality of
Avome () a0 Apon (arr) values, averaged over the same angular range. Either Pp or
I varies. whereas the other quantity is fixed, until the cquality Aume{av) = Agoon(av)
is ubtained. Since the errors of the two averaged observables arc small with respect to
the beam or target polarizations, the crrors of Py and FPr will be of the same order.
Comparison of the beam and target analyzing powcrs {7] was used to determinc Py
at all high cnergies. Additionally a check of £ was made at 0.80 GeV, where the pp
analyzing power is well known,

3. Lxisting pp analyzing power data

Previously our collaboration obtained results at SATURNE I on Agune = Agoon With
the polarized beam and target. Those covered the angular region from 20° to 95°CM
at 1.596. 1.796, 2.096, 2.396, and 2.696 GeV [8]. Closc to these cnergics and angles
Apeno Waas measured simultancously with the polarized beam and with an unpolarized
CH> target [8]. The Apgen data [9] were measured at angles from 19° 1o 52°CM a1 2.16,
2.18.2.20. 2.22. 2.24. 2.26, and 2.28 GeV. They were obtained with an unpolarized beam
and with a PPT in order to study the region close to the aceclerator proton depolarizing
resonance yG = 6 at 2.202 GeV. Apone data at very small angles were obtaincd between
0.94 and 2.44 GeV [ 10]. None of the previously mentioned results needs any corrections
for the recently determined polarizations of the “unpolarized” ion source states [6].

At other accelerators. but within our energy range, there exist the SATURNE I results
al 3 GeV of Rel. [11], the BNL results at 1.63 and 2.24 GeV [12], LBL data at
1.70. 2.85. and 3.50 GeV | 13]. and CERN data at 1.958 GeV [14]. All these data
were measured with a proton beam with a relatively small uncertainty of the cnergy.
Larger energy uncertaintics exist for the ANL-ZGS data at 1,732, 1.967, 2.138, 2.444,
1937, and 3.561 GeV from Ref. [15]. at 1.967 GeV | 16], at 2.205 and 3.170 GeV
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from Ref. [17], and at 2.301 GeV from [18]. Quasiclastic pp data were obtained
with a deuterium target and the ANL-ZGS polarized proton beam at 2.205 {19.20]
and at 3.170 GeV {19]. Finally, A, data below 2.0 GeV were measured at the fixed
laboratory recoil angle of 68° with an internal target during polarized beam acceleration
at KEK {21]. The beam polarization for the latter measurement was fairly small.

The data measured before 1983 were fitted and analyzed in Ref. |22]. In the energy

region under discussion, the authors observed a considerable difference in the absolute

polarization values between the different data scts. Common fits averaging these scts
suggested to normalize the data in Refs. [13,16,18] downward by 10%, 8%, and 8%.
respectively. The data in Refs. [15,19] nceded to be normalized upwards by 15% and
126,. The conclusions based on fits including the SATURNE I data are similar to those
in Rel. [22].

4. Beam polarimeter

The vertical polarization of the extracted proton beam at SATURNE 11 was flipped at
cach accelerator spill. The extracted beam polarization was monitored by the beam line
polarimeter [23], which has two pairs of kinematically conjugate arms in the horizontal
plane and beam intensity monitors in the vertical plane. It measured the left-right (L-
R) scaltcring asymmetry € = PgA, where A is the analyzing power. In the present
experiment the p—CH2 asymmetry was measured at 8, = 13.9° in the laboratory frame
and the pp elastic scattering asymmetry was deduced using the known ratio of the CH;
and the pp asymmetrics for this polarimeter [2]. The polarimeter target was a rectangle
5 mm thick, 2 mm wide, and 15 mm high. Incident protons have a nominal kinetic energy
from the accelerator. The full scattering angle interval 46y, accepted by the polarimeter
definition counters, was £1.9° in the laboratory framec. This provided 30, = £1° of
the half width at the hall maximum for the polarimeter conjugate angle distribution.
The cos ¢-dependence is averaged over the polarimeter counter acceptance. The beam
intensity of 2 x 10% protons/spill allowed the use of this polarimeter simultancously
with the data taking by the following experimental cquipment.

5. NN experimental setup

The beam passed through three thin windows, through the target of the second beam
polarimeter, and entered the Saclay [rozen spin PPT, 35 mm thick, 40 mm wide, and
49 mm high, containing pentanol [24]. The target worked in the frozen spin mode at a
small magnetic holding ficld of 0.33 Tesla.

The proton beam outgoing from the PPT loscs about 8 McV with respeet to the
nominal accelerator energy. A CH, target, 10 mm thick and 15 mm in diameter, was
placed 16 ¢m downstream [rom the PPT.
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- Acono -
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Fig. 1. Results of the A measurement at a fixed laboratory angle of 13.9°. The dashed line represents

the quadratic fit to all existing data (Eq. (6.2)) |33}, The predictions of the energy dependent PSA |3] are
given by the solid line. The present data were not introduced in the latter.

The measurements of pp scattering from the PPT as well as from the additional
CH; target were carried out using the NN experimental setup. This apparatus and the
subsequent analysis of the data were described in detail in Ref. [7]. The setup consisted
of a two-arm spectrometer with an analyzing magnet in the forward arm. Each arm was
equipped with single scintillation counters and counter hodoscopes selecting cvents with
pairs of charged particles. The triggers for events scattering off the PPT and the CH;
target were different. Either once of the triggers gated the cight multi-wire proportional
chambers (MWPC's) with three wirc plancs cach. The acceptance of cach arm in the
laboratory frame was ~ £4.5° vertically and 23° horizontally. The mean ¢ acceptance
of both arms was limited to £8°. The pp-clastic events from both targets were sclected
in the off-linc analysis by kincmatic conditions, bending of scattered protons in the
analyzing magnel, and by time of flight information. The @-dcpendence of events was
taken into account as described by Eq. (2.4).

The aim of the measurcments using simultancously the PPT and an unpolarized target
is a chieck of the normalization of events recorded with two opposite PPT polarizations.
This is due to the fact that the Pr was usually reversed after several hours of data taking,
whereas Pp was flipped cvery spill.

Accurale measurements at 0.80 GeV were undertaken in order to check the PPT
polarization. This is an cnergy where the pp analyzing power is well known, having
heen measured, for example, at SATURNE I, SATURNE I, LAMPE, CERN, Gatchina,
the BNL Cosmotron, and the ANL-ZGS. The majority of these data are listed in com-
pilations [25-27] and ar¢ referenced in Refs. [8,28]. Morcover, the beam polarization
around 0.8 GeV was checked by the deceleration method [29] at SATURNE Il At
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Table 1

The analyZing power Agonn at fly = 13.9° in the pp clastic scattering of polarized protons on the unpolarized
Clly target. The beam-line polarimeter was used and results at the same energy were averaged over different
running periods. Errors of experimental values contain statistical uncertaintics, random-like errors from indi-
vidual tesult dispersions and normalization errors in the determination of the beam polarizations. Total errors
contain systematic errors due 1o the angular bin width eslimated 10 be £5% of the pp analyzing power. The
added in guadrature

CITOrS W

T (GeV) teny (deg) Exp. value Totat error 4
1.980 9.0 127 0.310 £ 0.011 0.019
2.040 94427 0.272 £ 0.008 0.016
2081} 3954 2.7 0.251 £ 0001 0.017
2,100 9.6 £2.7 0.258 £ 0.011 0.017
2120 9.7+27 0.244 + 0.008 0.016
2.140 98127 0.228 £ 0.013 0.016
2.160 39.9 427 0.237 £ 0.007 0.014
2180 40.0 £ 2.7 (1.242 1 0.006 0014
2.220 402128 (1218 £ 0.005 0.012
2230 402428 0.199 + 0.006 0.012
2.240 403+ 28 0.221 £ 0.006 0.013
2.350 40.8 £ 2.8 0.176 £ 0.009 0.012
2.400 41.0+28 0.208 + 0.011 0.015
2450 412 +28 0.179 £ 0.007 0.011
2,500 414 £ 28 0.192 + 0.007 0.012
2.520 415128 0165 & 0.006 0011
2570 41,7 £ 2.8 0.160 £ 0.005 0.010
2.580 41.8 £ 2.8 0.149 £ 0.006 0.010
2.600 418 £ 2.8 0.146 £ 0.008 0.010
2.650 421 +£28 0.155 £ 0.007 0.010

energics above 1.9 GeV the Pr was lixed at the value measured by the polarized target
NMR probe. The Py value was then determined using Gq. (2.4). The by-products of
these measurements, using the scattering of polarized protons in the unpolarized target
(Pr = 0) are listed below.

6. Results and discussion

The results obtained from the polarimeter arce the asymmetries €(p—CH,). In order
(o obtain the pp clastic scattering asymmelry €(pp), measurements with a carbon target
are needed as well, On the other hand the ratio:

R(Tiin. 0h) = €(pp)/e(p—CHz), (6.1)

is independent of the beam polarization Py. Previously these ratios were accurately de-
termined at different scattering angles and energies {2,30-32]. More recent data confirm
the energy dependence of R values, listed in Ref. |2] and based on about 200 measure-
ments with the same polarimeter. These R values were used to deduce the €(pp) values
at 13.9%7ab w all cnergics. The Py values [ 1], independently determined (Section 2),




RRH

Table 2

The analyzing power Aupe in the pp clastic scattering of polarize
The bem polarization was oricnted in the vertical direction. The

degrees for the target center are
in the determination of the absolute Pg value.

was {310 5y
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(relative)

d protons on the unpolarized CHa target.
sam kinetic energy and the CM angles in
listed. The quoted errors include statistical uncertaintics and random-like errors
The systematic normalization error in the beam polarization

Heay Exp. value (RN Exp. vilue them Exp. value
T = 0.792 GeV Tom = 1.972 GeV Tow = 2.032 GeV
S H0.505 + 0.053 734 +0.124 £ 0,018 73.6 +0.135 £ 0.014
.0 +0.455 £ 0.010 77.0 +0.137 £ 0.016 77.0 +0.110 £ 0.010
021 FO442 £ 0008 80.Y +0.072 £ 0.016 809 +0.085 + 0.010
060 +0.394 £ 0008 85.0 4+0.034 £ 0.017 85.1 +0.039 £ 0.012
[GR) 40,365 £ 0.005 89.00 +0.001 £ 0.020 89.0 +0.000 £ 0.011
74.0 40,313 £ 0.000 929 ~0.005 £ 0.07 93.0 —0.025 £ 0.011
779 + 0,260 1+ 0.000 97.0 ~0.062 £ 0.018 97.0 —0.071 £ 0.012
R0 01744 0.007 100.5 —0.065 + 0.020 100.6 —0.126 £ 0.012
NS0 +0L097 1 0.007 10639 —0.148 £ 0.026
885 0001 £ (028
T = 2112 GeV T = 2,152 GeV Tiin = 2.172 GeV
FRYQ FOL40 £ 0,020 74.0 +0.155 £ 0.020 74.0 +0.170 £ 0.023
770 +0.125 £ 0.016 77.0 40,138 £ 0012 77.0 +0.127 £ 0.014
RO +0.088 £ 0.016 810 +0.087 £ 0.012 81.0 +0.122 £ 0.014
850 +0.049 £ 0.017 85.1 +0.061 £0.014 85.0 +0.006 £ 0.016
88.9 +0.004 £0.019 888 +0.020 £ 0.018 8.8 +0.033 £ 0.017
93.0 —0.016 £ 0.020 911 —0.020 £ 0.018 PXN| —0.015 £ 0.017
969 —0.068 £ 0.021 96.9 —10.090 £ 0.1S 96.9 —0.088 £ 0.018
1000 S 9 £ 0024 100.6 —0.136 £ 0015 100.4 0.1 £ 0.03
Tow = 2.212 GeV Tom = 2.222 GeV Tui = 2.232 GeV
741 +0.100 + 0.020 723 +0.166 £ 0.049 74.1 +0.137 £ 0.030
77.0 0126 £ 0011 75.1 +0.153 £0.017 77.1 +0.190 £ 0.015
SO +0.094 4 0.011 79.0 +0.127 £ 0.016 81.0 +0.124 £0.014
N30 +0.048 1 0.012 §2.9 +(L 1M £ 0.107 85.0 +0.073 £ 0.016
890 $+0.001 £ 0012 §7.0 +0.041 £ 0.018 89.0 +0.025 £ 0.016
910 —082 £ 0012 91.0 —0.011 £0.018 93.0 —0.071 £0.017
97.0 0,090 £ 0082 95.0 —0.071 £0.019 97.0 —0.076 £ 0.017
100.6 (40013 99.0 —0.055 £ 0.020 100.6 ~0.166 £ 0.017
1022 —0.065 £ 0.030
Tow = 2.3142 GeV i = 2442 GeV Tin=2.492 GeV
71.2 HL16d £ (020 77.3 40,1589 £ 0.019 71.2 +0.142 £ 0.027
1.0 FOA21 £ 0019 89 +0.163 £ 0.018 80.9 +0.177 £ 0.025
350 0008 £ 0021 R4.9 +0.051 £ 0.019 B4R +0.087 £ 0.028
s0.0 10002 0.0 89.0 +0.054 £ 0.019 89.2 +0.034 £ 0.032
DAY —0.024 1.0.022 93,0 —0.0585 £ 0.021 91.0 —0.061 £0.032
47.0 ~0.089 £ 0.022 97.0 ~0.090 £ 0.020 97.0 ~0.112 £ 0.033
1(X)L8 —0.134 (023 100.5 —0.172 £ 0.024 1004 —0.149 + 0.046
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Table 2 — continued
(o] Exp. value e Exp. value Hem Exp. value
Tiin = 2.512 GeV T = 2.562 GeV han=2.572 GeV
773 +0.157 + 0.018 77.5 +0.168 + 0.029 772 +0.167 £ 0.01Y
R0.Y +0.128 £ 0.016 81.0 +0.136 £ 0.025 810 +0.151 + 0.018
849 +0.075 £ 0.017 84.9 +0.092 £ 0.026 849 +0.079 4 0,019
891 +0.042 £ 0.018 89.0 —-0.016 + 0.028 89.0 +0.010 £ 0.020
93.0 —0.028 £ 0.020 9.0 ~0.063 + 0.028 930 —{.055 £ 0.022
97.0 0118 £ 0.019 96.9 —0.118 £ 0.02%8 97.0 ~0.093 £ 0.023
100.3 —0.147 £ 0.024 100.1 -0.083 £ 0.034
Thin = 2.592 GeV Tain = 2.642 GeV NKn=2.792 GeV
777 +0.175 £ 0.024 77.3 +0.187 1 0.03}
§0.9 +0.137 £ 0.019 81.0 +0.160 £ 0,029 R0.1 +0.141 £ 0.049
%49 +0.091 £ 0.02! 84.9 +0.094 £ 0.032 §3.9 +0.118 £ 0.049
89.1 +0.036 + 0.025 KR.9 +0.112 £ 0.043 879 +(L090 £ 0.055
93.0 —0.007 £ (1.024 928 +0.003 £ 0.043 92.0 +0.014 £ 0.053
7.1 ~0. 148 £ 0.025 v7.0 —0.143 £ 0.051 96.0 ~0.093 £ 0.055
100.3 —0.122 £ 0.035

and e(pp) results from the polarimeter measurements, provided the analyzing power
results at #y = 13.9°, listed in Table 1.

The quadratic fit to the present and previously existing A, data at 8, = 13.9°, as a
[unction of the beam kinetic encrgy Ty =T gives:

Apmo( 13.9° lab) = 0.79849 —~ 0.331 18T + 0.0323277°, (6.2)

where 7 = Tya i in GeV. The fit described 75 contributing points in the cnergy range
from 1.6 1o 3.5 GeV with y? = 87.39 [33].

The present results and the fit of Eq. (6.2) are plotted in Fig. 1 as a function of
the beam kinctic encrgy. In addition, the predictions are shown of the encrgy dependent
PSA |31, carricd out below 2.55 GeV, which do not include the present data.

The data measured with the additional CHa target downstream from the PPT were
analyzed by the standard off-line procedure described in Ref. [7]. The obscrvables
were extracted by the method described in Ref. [34]. Using again the independently
determined Py values, the results of Ay, (pp) are listed in Table 2. As an cxample,
the results at 2.032 and at 2.112 GeV are plotted in Fig. 2a, and the results at 2.342
and at 2.442 GeV are shown in Fig. 2b. The polarimeter results at 2.10 and 2.40 GeV
are added. One observes that the slope of the angular dependence in the vicinity of 90°
change considerably with encrgy. The present data are compared with cxisting results
at 2.096 and 2.396 GeV from Ref. (8] and with predictions of the Saclay-Geneva
PSA |4] and the PSA of Ref. [3] at 2.10 GeV and at 2.40 GeV, respectively. The
present results were introduced in Refl. [4]. but were not included yet in Ref. |3].
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T— 1T T T L 1 [

Aoono
P-P

240 GeV
b) ]

— .
T30 60 90
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> Results awt 2.032 GeV (black dots), ar 2,100 GeV (triangle). and at 2.112 GeV (open circles) are

plotted in (). The resulis at 2,342 GeV (hlack dots). at 2400 GeV (wriangle), and at 2.442 GeV (open

circles) own in (b). The present data are compared with the previous Ieasuremients at 2.096 and
2396 GeV from Ret. |81 (crosses), with the predictions of the Saclay-Geneva PSA |4} (dashed curve) and
I'SA of Ref. | 3] (solid curve) at 210 and 2.40 GeV., respectively. The present results were not included in
Ihe PSA {31, They were introduced in the PSA of Ref. }4] together with the preliminary data of Ref. | 1.

7. Conclusiol

The present results improve the existing database for pp clastic scattering. The results
were obtained in small energy steps and are important for the angular dependence of
this observable at targe CM angles. The additional data taken with the polarimeter will
help to establish the accurate energy dependence of Ao, at small angies needed for the

proton beam polarization measurements.
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