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1 Introduction

The experimental investigation of spin effects in the Laboratory of High Energies
(LHE) of JINR requires a good knowledge and a continuous monitoring of the vec-
tor polarization of the deuteron beam Pp(d) [1]-[7]. For these purposes a polarime-
ter measuring the asymmetry of the quasi-elastic pp scattering on hydrogen in a
polyethylene (CH,) and carbon targets has been developed and installed in the
LHE experimental hall [8]. No magnetic analysis of outgoing particles has been
performed.

This classical method of the nucleon beam polarization measurement at inter-
mediate energies has been used earlier e.g. at SATURNE II [9]. The comparison of
the elastic and quasi-elastic pp analyzing powers shows no difference between these
quantities in a very large energy range [10]. Using this property, the LHE polarime-
ter measures Pg(d) of deuterons provided by the ion source POLARIS [11]. The
polarizations of protons and neutrons produced by the deuteron breakup reaction
in the forward direction are equal to each other. They are related to the vector
polarization of the deuteron beam, depending on the polarimeter acceptance. The
same polarimeter was used to measure the polarization of proton beam.

The aim of this paper is to summarize the results of the deuteron beam po-
larimeter operation during the last few years, to present the values of the beam
polarization, the effective analyzing power of the target used, and to estimate pos-
sible systematic errors of the measurements.

A Drief description of the on-line beam polarimeter is given in Section 2. Section
3 describes the procedure of the polarimeter calibration. The results of the vector
deuteron beam polarization measurements and of the effective analyzing power are
given in Section 4. The use of the beam polarimeter to determine the polarization of
protons, outgoing from the polarized deuterons fragmentation, is shown in Section
5. The conclusions are drawn in the last section.

2 On-line beam polarimeter

The polarimeter for the measurement of the deuteron beam vector polarization was
installed close to the focal point of the beam line at LHE, JINR. The details of the
polarimeter were discussed in ref.[8]. Here we refer briefly the main items. The
layout of the polarimeter is given in Fig. 1. Here S)_s are the scintillation counters,
IC is an ionization chamber, T is the target.

The polarimeter measures the left-right (L-R) asymmetry of pp quasi-elastic
scattering, detecting both scattered and recoil particles. It consists of two pairs
of arms in the horizontal plane installed at the angles corresponding to pp - elastic
scattering kinematics. Each arm is equipped by two scintillation counters. The four-
fold coincidence of counter signals from each pair of conjugated arms S1 to S4 and
S5 to S8 define L or R scattering events, respectively. The size of the determining
counters is 5 x 5 cm? and their distance from the target center is 188 cm. Therefore
the solid angle subtended by the L or R counters is AQ = 7-107* sr.



An ionization chamber placed
about 2 meters downstream from T l I
the target is used as a beam
intensity monitor. Coincidence
counts of the polarimeter arms
and monitor informations were
recorded for each beam polariza-
tion direction and stored by a PC
data acquisition system after the
end of each beam burst.

The polarization of the ex-
tracted beam was oriented along
the vertical axis (perpendicularly 7
to the beam momentum direc-
tion) and flipped every accelera-
tor spill.

Then the numbers of the pro- Fig.1.
tons scattered to the left and
right are related with the beam
polarization and the analyzing
power as follows

The layout of the pp polarimeter.
S1-s are the scintillation counters, IC is an
ionization chamber and T is the target.
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where N7*° and N correspond to the numbers of particles scattered leftward and
rightward for ” 4+ 7, ” —” and ”0” states of polarization, normalized to monitor
counts; P* are the values of the beam polarization for states ” +” and ” — ”. For
the scattering on a hydrogen target A = Ao is the analyzing power of pp elastic
scattering [12]. If the solid angles and detection efficiencies for the both arms are
the same, then NP = N§. In this case the expression (1) can be rewritten in the
form (8]
N* = N°(1+P.A). (3)
The values of the beam polarization can be easily obtained from asymmetries e*
taking into account the instrumental asymmetry, which is evaluated using unpolar-
ized beam (state 0”):

+ _ Ni/Ng — NY/Ng
N /Ni + Np/NG,

=P*. A (4)

Ton source POLARIS [11] can operate in the vector and tensor modes. The ideal
values of polarization (F,, P,,) are (£2/3,0) and (1/3, +1) for the vector and tensor
modes, respectively.
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In the case of a vector polarized deuteron beam with only two spin states ” +”
and ” —” used in an experiment, the stability of polarization can be checked up by
the calculating of so-called ”up-down” asymmetry

o NiNg—NpNj o)
V" (N{ + Np)(NE + Ng)’

averaged over these beam spin states.

In the case of a tensor polarized deuteron beam, as the spin state of beam
changes, the vector component of polarization does not change its sign. Therefore
the expression for the up-down asymmetry has the following form

€r = NZ.NI-;_NI:N}; (6)
(N} + N )(N# + Ng)

Due to the equality of the proton and neutron polarizations from the breakup
reaction, this polarimeter was successfully used to determine the neutron beam po-
larization during the Aoy (np) transmission experiment [1, 2]. It was also used to
monitor the vector polarization admixture in the tensor polarized deuteron beam
[11], during the measurements of the tensor analyzing power A, in deuteron inclu-
sive breakup at 9 GeV/c [3, 4] and in deuteron inelastic scattering at 4.5 GeV/c [5].
The polarimeter has been used to measure the polarization of free protons obtained
by the fragmentation of the vector polarized deuteron beam [7].

3 Calibration of the polarimeter

Since no magnetic analysis of outgoing particles was used, the recorded events con-
tain contributions from scattering on hydrogen and on carbon. The analyzing power
for scattering on the polyethylene target A(CH,) differs from Agomo(pp). This is
mainly due to the carbon content in CH,. Moreover, the A(CH,) asymmetry de-
pends on a choice of the counter acceptance. At small scattering angles the analyzing
power A(pC) of the reaction

p+C—=p+p+X )

is smaller than A,.ne(pp). Consequently, in our energy and angular region, the
carbon content decreases the measured ¢(CH;) with respect to that for hydrogen.

The Pg(d) value can be obtained from the asymmetry measurements using
both CH, and C targets and the known Aemo(pp) value. Such measurements
have been performed at the vector polarized deuteron beam with the momentum
pa = 2.96 GeV/c (corresponding kinetic energy of protons Tin(p) = 0.81 GeV). The
pp scattering angle of the polarimeter arms was set to g, = 14°.

A preliminary calibration of the polarimeter was made before [13]. Here we
give refined results based on more recent data on analyzing power of the elastic
pp-scattering.



The empirical fit of the pp data available in the database [14] and in refs.[15, 16]
over the energy range 1.3 and 3.25 GeV/c provides the following energy dependence

Of Agono(DD) at O = 14° [17]:

Apono(pp) = 0.6015 — 0.1638 - T — 0.0031 - T2, (8)

where T is the proton kinetic energy. The result of this fit is shown in Fig.2. by the
solid line along with the Aewm.(pp) data [14, 15, 16]. The value Apomo(pp) = 0.466
at T, = 0.8 GeV was taken as the calibration constant. The details can be found in

the paper [17].

In the paper [2] Aoono(PD)
value for this kinematics was
taken from two fixed energy
phase shift analyses (PSA).
The George Washington Uni-
versity and Virginia Polytech-
nic Institute (GW/VPI) PSA
gives Aoomo(pp) = 0.4872 +
0.0034 [18] and the Saclay-
Geneva (SG) PSA provides
0.4821 + 0.0009 [19], with
the unweighted average of
0.4846 + 0.0017 [2].  The
value from ref.[17] is consis-
tent also with the one obtained
from the recent GW/VPI PSA
(Acono(pp) = 0.4760) [20].
Moreover, the systematic er-
ror due to the uncertainy of
the analyzing power Agono(PP)
is about 4%.

The polyethylene (1.0 and
0.5 cm thick) and carbon (0.3
cm) targets have been used to
evaluate the effect from hydro-
gen in CH;. The number of
counts N(pp) corresponding to
pp scattering can be written as

N(pp) = N(CHz) — k- N(C), (9)

]
A L Aof elastic p—p scattering at 9=14°
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Fig.2. The analyzing power Agm.(pp) at
Oeap = 14° [14]-[16]. The solid line is the re-
sult of the quadratic fit [17].

where N(CH,) and N(C) are the number of counts from CH, and C targets, nor-
malized to the monitor numbers, and k is the ratio of the carbon atoms in these two

targets.



The absolute value of the pp asymmetry, averaged over the opposite beam po-
larizations, obtained from the difference of CH, and C targets was e(pp) = 0.273 +
0.008. This value gives the vector polarization of the beam Pg(d) = 0.586 + 0.017.
Asymmetry obtained on the polyethylene target was e(CH,) = 0.2314 + 0.0054,
which provides A(CH,) = 0.395 + 0.008.

Assuming that the present ratio of e(pp)/e(CH,) = 1.18 does not change from
T, = 0.81 up to T, = 0.83 GeV and the mean value of Aymo(pp) = 0.463 at
T, = 0.83 GeV from the expression (8), one can obtain the effective analyzing power
value A(CH,) = 0.393 + 0.008 at T}, = 0.83 GeV.

The measured analyzing power A(CH;) and asymmetry obtained during the
Aoy~ experiment [1], gives the beam polarization value of 0.626 + 0.041. This
value differs slightly from the one given in ref.[8] since we are using now more
accurate calculated value of the effective analyzing power. The further data on the
polarimeter calibration can be found in the paper [17)].

Typical rate from carbon target of 3 mm thick was about 10% of the rates from
the 5 mm polyethylene target, while the rate without target was only ~ 2%. It
could increase up to ~ 20% from the CH, rate under bad operating conditions.

4 Monitoring of the beam polarization
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The deuteron beam polarime-

ter was used to monitor the vec- £
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tor component of the tensor po-
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sults of the measurements at pg le C! oL
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obtained either during the polar- 0 . | .
ization measurements, or mon- 5 10 15 20
itoring the stability of the po- measurement number
larization, respectively.  They

are in good agreement and pro- Fig.3.
vide the values 0.111 +0.007 and
0.1174+0.007 for” +” and ” —”
spin states of the beam, respec-
tively. Taking A(CH,) = 0.393+
0.008, determined above, one ob-
tains PF(d) = 0.282 4 0.018 and ivel
P;(d) = 0.298 + 0.018. tively.

+

The left-right asymmetry at 0.83
GeV /nucleon and at 0, = 14°, at tensor po-
larized deuteron beam. The full and empty
symbols are the asymmetry values obtained
during the polarization measurements and
monitoring the polarization stability, respec-



Fig. 4 demonstrates the sta-
bility of the asymmetries dur-
ing the experiment [3, 4]. The
open and full symbols represent
the values of asymmetries e* ob-
tained at 3.66 GeV and Opp =
8° during the beam polarization
measurements and the data tak-
ing, respectively. The averaged
values of asymmetries obtained
during the test measurements
were 0.033 + 0.004 and 0.035 £
0.004 for ”+” and ”-” polariza-
tion states. The corresponding
averaged values of asymmetries
obtained simultaneously with the
data taking were 0.029+0.004 and
0.031 £+ 0.004. Both results are
in good agreement [4]. If we as-
sume that the polarization of the
deuteron beam was stable dur-
ing the run, one can obtain the
analyzing power A(CH,) of the
scattering of protons in deuterons
with the momentum of a 9 GeV/c
at 8°.

This value was equal to 0.117 which is in agreement with the result obtained in
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Fig.4. The left-right asymmetries e* from
polarimeter. The open and full symbols are
the values of asymmetries e* obtained at ten-
sor polarized deuteron beam during the beam
polarization measurements and the data ac-
quisition, respectively [4].

refs.[1, 8]. The averaged value of A(CH) is 0.123 & 0.006.

Table 1. The renormalized (in comparison with [13]) values of the vector polar-
ization of the deuteron beam from the polarimeter measurements. The experiments
[1, 2] and [3, 6] have been performed using vector and tensor spin modes of POLARIS

[11], respectively.

Dd, Tp, o, | P +dPg Pg +dPg Pg+dPg | year | exp.
GeV/e | GeV/e
3.00 0.83 14 0.626 +0.041 | 1995 | [1]
2.96 0.81 14 | 0.707 +0.022 | —0.465 +0.024 | 0.586 £+ 0.017 | 1997 | [2]
3.00 0.83 14 | 0.2824+0.018 | 0.298+0.018 | 0.290 £0.013 | 1997 | [3]
9.00 3.66 8 |0.275+0.016 | 0.287+0.016 | 0.281+0.011 | 1998 | [6]




The measurements of the
tensor analyzing power A,, in
inclusive breakup and inelastic
scattering of the 9 GeV/c and
4.5 GeV/c deuterons have been
continued [5, 6]. The results
of the left - right asymmetries
at 9 GeV/c and 8° are shown
in Fig. 5. The averaged values
of the asymmetries are 0.0338 £
0.0009 and 0.0353 % 0.0009 for
”+7” and 7 —” states of the beam
polarization, respectively. Using
the value of the analyzing power
determined above A(CH,;) =
0.123 +0.006 one can obtain the
values of the beam polarization
as Pg(d) = 0.275 £+ 0.016 and
Pg(d) = 0.287 + 0.016 which is
in agreement with the values ob-
tained eariler 3, 4].
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Fig.5. The left-right asymmetries e* from
polarimeter [8] obtained at 3.66 GeV and
at g, = 8° with tensor polarized deuteron
beam, during the experiment [5, 6].

The statistical errors are small, however, the systematic error due to CH, — C
substraction is ~ 5 %. The values of polarization and analyzing powers A(CH,)
obtained by polarimeter [8] since 1995 are listed in Tables 1 and 2.

Table 2. The asymmetries € and renormalized values of analyzing powers
A(CH,) from the polarimeter measurements.

Pa, GeV/c | T, GEV | O3y € A(CH,) ref.
2.96 0.81 14 | 0.2314 £0.0054 | 0.395+0.008 | [2]
3.00 0.83 14 | 0.1140 £ 0.0050 | 0.393 & 0.008 | [3, 4]
3.00 0.83 14 | 0.2460 + 0.0160 | 0.393 £ 0.008 | [1, §]
3.84 1.20 14 | 0.2214 £0.0015 | 0.354 +0.024 | [1, §]
4.72 1.60 14 | 0.1680 £ 0.0030 | 0.286 £ 0.009 | [2]
5.14 1.80 14 | 0.1440 £ 0.0040 | 0.246 £ 0.009 | [2]
6.00 2.20 14 | 0.0860 £ 0.0030 | 0.147 £0.007 | [2]
6.64 2.51 8 |0.1434 £+ 0.0015 | 0.229 +0.016 | [1, g]
9.00 3.66 8 | 0.0807 £0.0020 | 0.129 +0.009 | [1, §]
9.00 3.66 8 |0.0339 £0.0020 | 0.117 £+ 0.009 | [3, 4]




The measurements of Aoy,
in mp transmission have been (o |

performed at the deuteron mo- 1.6 GeV
menta of 3.00, 3.84, 6.64 and € | o o
9.0 GeV/c [1] and at 2.96, 180y =
472, 5.14 and 6.0 GeV/c [2]. '

The measurements at 2.96 and 0. 19 |- e 7

3.00 GeV/c have been devoted ‘ -

to obtain the value of the - -
beam polarization. The asym-
metry, averaged over different (4 4

spin states, obtained during ;;% @) h
the measurements of Acy, [2] oS @y |

is shown in Fig. 6 as a func-
tion of time. The measure-
ments of the asymmetry values 0.05 - 7
at pa = 5.14 and 6.0 GeV/c | i

were made twice during the
run, while the measurements 0 20 40 60 80
at pg = 4.72 GeV/c was per- t, hours

formed only once. The dot-
ted lines in Fig.6 are the aver-
aged values of the asymmetries

Fig.6. The asymmetries ¢ from the po-
larimeter, averaged over different spin states,

during the run. The asymme- obtained during Aoy experiment [2] with
tries values and corresponding vector polarized deuteron beam at 1.6, 1.8
analyzing powers A(CH,) at and 2.2 GeV.

pa = 4.72, 5.14 and 6.0 GeV/c
are given in Table 2.

However, if one assume that the beam polarization decreased monotonically, its
time dependence can be approximated by the linear function :

Py(t) = Py(t = 0)[1 — (0.00154 % 0.00013)¢], (10)

where ”t” is in hours. The solid lines in Fig.6 represent the linear decreasing of
the asymmetries values with the time. The possible time-dependence of the asym-
metry values proofs the neccessity of the beam polarization monitoring during the
experiment,.

The Pg(d) values obtained from the pp polarimeter are systematically higher
than the values given by the four-arm magnetic polarimeter ALPHA [21]. The latter
polarimeter measures the dp elastic scattering at 3 GeV/c, where the dp analyzing
power is well known. For instance, the polarization given by the polarimeter ALPHA
[21] equals 0.535 £ 0.009 [2], while pp polarimeter gives P = 0.586 + 0.017. A
difference between Pg(d) values provided by these two polarimeters can be explained
due to the precision of the dp and pp analyzing power data.



A(CH,)
o o
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Fig.7. Effective analyzing power A(CH,) at different initial ener-
gies and at 6 of 14° and 8°. The solid lines are the results of
the Aoono(pp) fit [17, 22]. The dashed lines are the result of recent
GW/VPI PSA [20].

The effective analyzing power of the polarimeter at 14° and 8° is presented versus
incident proton energy in Fig.7 (upper and lower panels). One can see that for both
scattering angles the analyzing power decreases with the increasing incident energy.
The solid lines are the results of the pp analyzing power fit at 14° [17] and 8° [22],
respectively. The following expression for the pp analyzing power at 8 has been
used:

Apono(pp) = 0.5164 — 0.130 - T + 0.009056 - T2, (11)

where T is the proton kinetic energy. The dashed lines are the behaviour of pp
analyzing power predicted by GW/VPI PSA [20]. One can see that the values of
A(CH,) are smaller than the A,.,,(pp) ones for the both angles. Also the both PSA
[20] and empirical fit [17] demonstrate the same energy dependence of Aono(PP)
near calibration point (T, = 0.81 GeV and 6, = 14°).
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The performance of a polarimeter is expressed in terms of the figure of merit, F.
The F is the function of efficiency ef f and analyzing power A. It is defined as

F2 = / eff - A%dQ, (12)

where Q is the solid angle, and integration is over the angular domain of the po-
larimeter. The figure of merit allows one to evaluate the counting rate N;,., needed
for a desired beam polarization accuracy AP

V2

AP ~ ——x
FV/ Nine

(13)

Since the cross section
of pp elastic scattering de- N
creases as a function of scat-
tering angle 6, the polarime-
ter figure of merit F also de-
creases versus angle. There- 50 |-
fore, polarimetry at smaller
angles is more convenient if
the analyzing power varies
smoothly versus angle. It
has been shown in ref.[22] o
that as low as at 2.2 GeV
the measurement of the po- 2 -
larization at 8° is preferable
than that at 14°.

It should also be noted
that the contribution of the
carbon content and inelas- 0 o7 ) S o5 o
tic channels to the effective Asymmetry
analyzing power of the po-
larimeter A(CH,) is non-
negligible at high energies.

60 —

40

Fig.8. Raw asymmetries for different spin states
at 2.51 GeV obtained with the free polarized pro-
ton beam [7].

The ratio A(CHz)/Ap is equal to 0.732 + 0.076 at 8° and 3.66 GeV [22]. This
ratio is significantly smaller than that obtained at ANL [23] and KEK [24], where
magnetic analysis of the scattered protons and suppression of inelastic events was
applied.

5 Measurements of the proton polarization

The polarized proton beam obtained by the deuterons fragmentation on the beryl-
lium target has been used for the measurements of the analyzing power of the

ST



PC — pX reaction at 2.51 GeV [7]. The typical intensity of the polarized proton
beam was 2 + 5 - 107 particles/cycle.

The measurement of the pro-
ton polarization has been per-
formed using the described po-
larimeter. The analyzing power

of the polarimeter A(CH;) was 08 ‘ ‘ ‘ ‘ '

taken as 0.229 + 0.016 (see table P A A D

2.) The left-right asymmetries of 06r X - A A ]

the beam in two spin modes are 04l |

show in Fig.8. These asymme- '

tries are not corrected for the false 0.2k |

asymmetry, which is small. One

can see large values of the asym- 0 | | | | |

metries for both spin modes of the P~

beam. 2_0.2 - i
The stability of the beam po-

larization during the experiment —0.4 | ? o) Q . 7

[7] is demonstrated in Fig.9. The ¥ ¥ 0@ YP

values of the polarization aver- —0.6 |- E

aged over whole duration of the

experiment_are Py = 0621+ -08 5 4 6 3 T

0.009 and Py = —0.446  0.009 measurement number

for 7+” and ”-” spin states, re-

Fig.9. The polarization of the proton beam

spectively. The absolute value of during the experiment [7].

polarization averaged over differ-
ent spin states is therefore Pg =
0.533 £ 0.006.

6 Conclusions

The results of present work are:

The results of the last few years operation of the deuteron beam on-line po-
larimeter are summarized.

It is demonstrated that obtained values of analyzing power of the polarimeter
A(CH,) allow to measure and to monitor the vector polarization of the deuteron
beam over the full domain of Synchrophasotron beam energy (up to 3.66 GeV /nucleon)
with a good precision.

The polarimeter can be also used to measure the polarization of free protons,
produced by the fragmentation of the vector polarized deuterons on beryllium target.

o
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Axrupeii JI. C. u ap. E13-2002-136
IMonspumeTp NpOMEXYTOYHBIX SHEPIUH VIl U3MEPEHHS
NONSApU3aLUY AEHTPOHOB M MPOTOHOB Ha cUHXpodasorpone OWSU

C momouibio pp-NMoigpuMeTpa U3Mepsiach 1 MOHUTOPUPOBAach BEKTOpHas
Hojsipu3auud Mydka JedTpoHoB (2,5 <P;<9,0I'eB/c) cunxpodazorpona OHSIU.
AcuMMeTpusl paccessHUsl MPOTOHOB U3 JCHTPOHOB Ha TOHKOH IMOIMSTUJIEHOBOM
U YITIEpOJHOM MHLIEHSX ObUTa onpejeneHa B MPEANONOXEeH!H, YTO My4OK ACHTPO-
HOB SIBJIA€TCS IYYKOM CNIabOCBS3aHHBIX NPOTOHOB U HEHTPOHOB. [laHO omucaHue
HONIIPUMETPa, a TaKXe NPHBECHBI 3HAUCHUs BEKTOPHOH MONAPU3aLMH ITydKa JeH-
TPOHOB M aHAIM3UPYIOLIEH CIIOCOOHOCTH IONU3THIEHOBON MHUIIEHH.

Pa6ora BbmonHeHa B Jlaboparopuu saepHsix npo6ieM uM. B. I1. [Ixenenosa
u B Jlaboparopuu BbicokuX 3Hepruit OHUSIH.

Mpenpunt O6beANHEHHOrO HHCTHTYTA SAEPHBIX HcciaenoBanuit. IyGHa, 2002

Azhgirey L. S. et al. E13-2002-136
Intermediate-Energy Polarimeter for the Measurement

of the Deuteron and Proton Beam Polarization

at the JINR Synchrophasotron

The vector polarization of the deuteron beam (25<P,;<9.0GeV/c)
of the JINR synchrophasotron was measured and monitored by the pp beam po-
larimeter. Considering the deuteron beam as a beam of weakly bound protons
and neutrons, the asymmetries of scattering of protons from deuterons on thin
polyethylene and carbon targets were determined. The polarimeter is described,
and the values of the vector polarization of the deuteron beam and of the CH , ana-
lyzing power are given.

The investigation has been performed at the Dzhelepov Laboratory of Nuclear
Problems and at the Laboratory of High Energies, JINR.
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