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Abstract A measurement of vector analyzing powers in
elastic deuteron-carbon scattering has been performed at the
Cooler Synchrotron COSY of Forschungszentrum Jiilich,
Germany. Seven kinetic beam energies between 170 and
380 MeV have been used. A vector-polarized beam from a
polarized deuteron source was injected, accelerated to the
final desired energy and stored in COSY. A thin needle-
shaped diamond strip was used as a carbon target, onto which
the beam was slowly steered. Elastically scattered deuterons
were identified in the forward direction using various layers
of scintillators and straw tubes. Where data exist in the lit-

#e-mail: pretz@physik.rwth-aachen.de (corresponding author)

erature (at 200 and 270 MeV), excellent agreement of the
angular shape was found. The beam polarization of the pre-
sented data was deduced by fitting the absolute scale of the
analyzing power to these references. Our results extend the
world data set and are necessary for polarimetry of future
electric dipole moment searches at storage rings. They will
as well serve as an input for theoretical description of polar-
ized hadron-hadron scattering.
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1 Introduction

The main motivation for the measurements arise from plans
to search for electric dipole moments (EDMs) of charged
hadrons in storage rings [1]. The existence of electric dipole
moments is connected to CP-violation and is therefore
closely related to fundamental questions of the dominance
of matter over anti-matter in the universe [2]. A storage ring
EDM measurement is based on the observation of a vertical
polarization build-up of an initially horizontal polarization.
This build-up is proportional to the EDM itself and to the
analyzing power of the scattering process used to determine
the beam polarization. The statistical error of the EDM mea-
surement is inversely proportional the absolute value of the
analyzing power. It is thus important to know the analyzing
power in a wide energy range.

The paper is organized as follows. Section 2 outlines the
theoretical background and gives an overview of existing
data. Section 3 explains the experimental setup. The analysis
and results are presented in Sect. 4.

2 Theoretical background and motivation

The elastic cross section for purely vector polarized deuterons
scattering from a spin O target like carbon is given by [3]:

ot (©, @)
e

— (99O (1134 ©)P, cos(d 1
_<d—Q)(+§ y(©) Py cos( )), (D

where the polar and azimuthal angles of the detected particles
in the laboratory system are denoted by ® and ®, respec-
tively, see Fig. 1.

Fig. 1 Definition of the laboratory coordinate system with the z—axis
along the beam direction. The blue arrow indicates the direction of the
scatterd deuteron

@ Springer

The vector analyzing power Ay (®) is a property of the
elastic scattering 'C(d, d) 12C between the carbon target and
the polarized deuteron beam. The projection of the polariza-
tion vector along the vertical axis is denoted by Py.

Due to azimuthal symmetry, the unpolarized deuteron car-

dop(®)

bon cross section ( 7o) ) depends only on the polar angle

®. The number of detected scattered particles is given by:

dN(@©, D)
Taq L@
doo(©) 3
( USQ ).<1+§Ay(@)Pycos(q>)>,

@

where £ denotes the integrated luminosity and «(®, ®) the
detector acceptance. Equation 2 is the basis for the extraction
of the vector analyzing power as described in Sect. 4.

From previous measurements at 7 = 200 [4] and
270 MeV [5] it is known that the unpolarized differential
cross section of elastic deuteron carbon scattering at a few
hundred MeV has a pronounced diffractive structure with
some minima and maxima in the forward hemisphere. Fur-
thermore, the vector analyzing power of this reaction, Ay,
has a maximum value close to unity. As a result, this reac-
tionis ideally suited for precision polarization measurements.
Therefore, high quality experimental data on the A, ford 2c
elastic scattering in a broad range of kinetic energy and scat-
tering angle of the deuteron are of importance.

Available data on unpolarized differential cross sections
of d 12C elastic scattering can be found at 7 =94 MeV, 125
MeV, 156 MeV [6], at 110 MeV and 120 MeV [7], at 170
MeV [8], 425 MeV [9], and 650 MeV [10]. Theoretical inter-
pretation of this data at high energy of 650 MeV was done
within the Glauber multiple scattering theory for nucleus-
nucleus scattering using the harmonic oscillator shell model
wave functions for the '>C nucleus and using the nucleon-
nucleon data [11], or nucleon-nucleus scattering amplitudes
[12], and deuteron proton scattering data [13] as input. At
lower energies T =94 MeV, 125 MeV, 156 MeV the Glauber
theory was applied to the d '2C elastic scattering in [14].

Experimental data on polarized d'?C elastic scattering
in the considered region of energy are poorer. In reference
[5] the vector Ay and tensor Ay, analyzing powers and the
unpolarized differential cross section were measured in elas-
tic and inelastic d '2C scattering at T = 270 MeV. Data at
T = 200MeV are discussed in reference [4].

The aim of this paper is the measurement of the vector ana-
lyzing power A of d 12C elastic scattering at several kinetic
energies in the region 7 = 170 — 380 MeV in the forward
hemisphere. In addition to the use of this data for polarime-
try in storage EDM experiments, it can be used for a better
understanding of the dynamics of the d '2C elastic scattering
and its connection to the properties of the '2C nucleus and
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Fig. 2 Schematic cross section
of the forward part of the WASA

Straw Tubes:
4 x 4 Layers

detector. It is composed of two
layers of thin plastic scintillators
called FWCI and FWC2
(Forward Window Counter)
whose main purpose together
with the FTH (Forward Trigger
Hodoscope) is to generate the
trigger signal for the data
acquisition system. The four

Beam

0°, 90°, 45°, -45°

Range Hodoscope:

3 x 24 Elements (10 cm)

o /' 2 x 24 Elements (15 cm)
// Pizza Shaped

> z-direction

successively rotated layers of
straw tubes provide the angular
information for each track. The
five layers of thick plastic
scintillators called FRH1 to
FRHS (Forward Range
Hodoscope) are used to obtain
the energy information for each
track

o
7

Carbon Target

Window Counter:
2 x 24 Elements
Pizza Shaped

NN-, dN-, and ]2CN—scattering amplitudes, where N denotes
the proton or neutron.

3 Experimental setup

The measurements were performed at the COSY accelerator
facility at the Forschungszentrum Jiilich in Germany [15].
A pure vector polarized deuteron beam was produced [16],
accelerated and stored in the COSY ring. Seven different
beam energies (180 MeV, 200 MeV, 235 MeV, 270 MeV,
300 MeV, 340 MeV, and 380 MeV) were used. For the extrac-
tion of the vector analyzing power, the beam polarization
was set to cycle through three polarization states: Unpolar-
ized (PY), upwards polarized in the laboratory frame along
the vertical axis (P, = P™1), and downwards polarized along
the vertical axis (Py, = —PY). The absolute polarization
value in the vertical state had to be determined later, see
Sect. 4. For data taking, the beam was slowly steered onto
a thin, needle-shaped diamond target to undergo a scatter-
ing reaction with the carbon nuclei. The detector rate was
kept constant at a level of 60-80 k events/s by sending it
into a feedback loop controlling the strength of the steerers.
The beam intensity was about 10° particles per cycle of 5 min
duration. The angular distribution and energy of the scattered
deuterons were recorded with the forward part of the former
WASA detector (Wide Angle Shower Apparatus) shown in
Fig. 2, which is installed in the COSY storage ring [17]. The
WASA forward detector consists of five thick hodoscope lay-
ers composed of pizza shaped plastic scintillators for energy
measurement. Each scintillator segment was read out by an
individual photomultiplier tube. A four-layer straw tube array
was used to extract the angular information of each deuteron

\

N - L Angular Coverage:
au \ 9:2°-17°
~ ®: 0° - 360°

Trigger Hodoscope:
1 x 48 Elements (5 mm)
Pizza Shaped

track with a resolution of 0.2° in ® and 0.5° (at ® = 2°)
and 2.5° (at ® = 17°) in ®. [17]. An additional set of three
layers of thin plastic scintillators as well as the first forward
range hodoscope was used to generate the trigger signal. The
signals from these four layers were discretized by discrim-
inators for each segment and then fed into an FPGA based
system that provided the trigger signal for the ADC modules.
The trigger requirement was an uninterrupted track from the
very first scintillator layer all the way through the first for-
ward range hodoscope layer. The detector covers a polar (®)
angular range from 2° to 17° and the full azimuthal (®) range.

This detector setup allows one to record events in bins of
®, ® and energy of the scattered particle. The next section
explains how to extract the analyzing power Ay from the
event rates.

4 Analysis method
4.1 Selection of elastic events

In order to select elastically scattered deuterons, a Monte-
Carlo simulation was used to perform an energy calibration
of each detector layer. The multi-layer design of the detec-
tor allowed generating AE,_1 vs. AE, plots for the stop-
ping layer n (last reachable layer for a given energy) and the
layer before (n-1) that could be used for particle identifica-
tion. The elastically scattered deuterons were selected using
graphical cuts on these plots (see Fig. 3). The elastically scat-
tered deuterons were binned in A® = 1° wide bins for the
identification of the elastic events but the final analysis was
performed in 0.5°-bins. The energy resolution of the forward
detector is approximately 5%. This allows to exclude events

@ Springer
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AEZ [GeV]

Fig. 3 Energy loss in the second (FRH2) versus the third (FRH3) layer
of the forward range hodoscope, AE, vs. AE3 for various bins in ®
for a beam energy of 270 MeV. The centers of the 1° wide bins are
indicated in the plots. The data were fitted to a two dimensional normal
distribution. Events within the 1o ellipse indicated in the figure entered

originating from break-up reactions. Note, that the contribu-
tion of the excited state 2+ (4.4 MeV) of the carbon nucleus
cannot be resolved with our detector. According to [5] its
contribution to the cross section at a beam energy of 270
MeV amounts to 1-23% in the angular range 2°-17° with
an analyzing power of similar size compared to the elastic
scattering.

4.2 Extraction of asymmetries

In order to extract the vector analyzing power Ay from this
data, it is useful to define an asymmetry parameter € as fol-
lows:

3
€(©) = ZA,(®)Py. 3)

@ Springer

the analysis. The diagonal areas at the bottom left of the plots originates
from protons produced in a stripping reaction. All histograms were nor-
malised to the their respective maximum number of events in one bin

The classical way to extract € would be to look at a left-
right asymmetry (left corresponds to @ = 0) for two data sets
with opposite vertically polarized beams [3]. This requires
assumptions about acceptance and integration limits in ® not
to dilute the sample with events where cos(®) =~ 0 (up and
down direction).

Here we use a method introduced in ref. [18] which gives
the best statistical accuracy and no assumptions on accep-
tances, except for stability in time between the data sets with
different polarization states, have to be made. The method
essentially consists of weighting every event with cos(®).
This method offers multiple advantages compared to the so
called cross ratio method [3]. It can be shown that by weight-
ing every event i by cos(®;) , the statistical error is given by:

1

J(cosZ ADYN

o(e) ~

“
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Number of Entries

01 02 03 04

Fig. 4 p-value distribution (p = fof F(x2, n)dx?) for all extracted

asymmetries

Fig. 5 Measured asymmetry
for the upwards €' (blue) and
downwards et (black) polarized
beam as a function of the polar
angle in the laboratory. The
asymmetries were fitted to the
reference data (red) by Satou et
al. [5] and Kawabata et al. [4] to
obtain the beam polarization.
The 270 MeV data was
measured in two sets that were
fitted individually
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whereas in the cross ratio method [3] one reaches

1

J(cos A®2N

The gain in statistical error is thus

o)

o(e) ~

(cos? Ad)
- > 1’
(cos AD)Z —

where (. . . ) denotes the acceptance weighted average over .
Due to the weighting procedure the full polar range A ® from
0 to 27 can be used for the asymmetry calculation without
an increase of the statistical error for larger A®. Since the
events at ® ~ +90° are assigned with a very small weight,
they cannot dilute the sample anymore. Further, this method

dC Vector Analyzing Power for 270 MeV Part |

—*— Satou et al.
Fitted '
Fitted €

N llII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
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dC Vector Analyzing Power for 270 MeV Part II
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dC Vector Analyzing Power for 200 MeV
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does not require the detector acceptance « to be flat in @ but
it can even be determined. In addition this method reaches
the Cramer—Rao bound [19] of minimal variance on e.

The analysis was performed in the following way: Cycles
with polarization state up and down were analyzed together
with an unpolarized cycles, and asymmetries €' and e¥
were extracted for every ® bin independently. Dividing
these asymmetries by the corresponding polarization values
Py = P! and Py = —P' yields the analyzing power A,.

The asymmetry determination involves a x> minimiza-
tion, (see [18], eq. 14), here using as input 9 measurements:
For each of the three polarization states (up, down, unpo-
larized) three sums Zl{v:evf“‘s cos(®;)" withn =0, 1, 2 were
computed. In total 8 parameters are extracted: three factors
related to luminosity for the three polarization states, three
factors describing the acceptance in ® and two asymme-
tries €! and €'. Having 9 equations and only 8 parameters
allows one to perform a x2 test with 1 degree of freedom.
Figure 4 shows the corresponding x 2 probability distribution
which looks reasonable flat as expected. Since the asymme-
tries were calculated independently for every ® bin (=28),
and every energy data set (in total 8), the total number of
entries is 8 x 28 = 224,

4.3 Determination of PT and PV

The polarized ion source [20] used to create the polarized
deuteron beam was set to produce the maximum achiev-
able magnitude of 2/3 pure vector polarization for deuterons.
However, it was not possible to state that the desired polariza-
tion magnitude was actually reached. This was due to a fail-
ure in the low energy polarimeter which is located just after
the pre-accelerator stage of COSY and normally measures
the beam polarization before the main acceleration within
COSY takes place.

Moreover, the asymmetry analysis of two data sets of
270 MeV deuteron measured twelve days apart, disclosed
that the beam polarization was not completely stable over
the whole course of the experiment. Two sets of reference
deuteron carbon vector analyzing powers Ay for 200 MeV
[4] and for 270 MeV [5] are available and were used to eval-
uate the polarization value in our experiment.

In order to obtain polarization values P and PV, the
asymmetry parameters €' and eV, calculated as described in
Sect. 4.2 for 200 MeV and 270 MeV, were fitted to the pub-
lished vector analyzing powers at the corresponding energies.
This allowed one to verify that the line-shape of our result
was in agreement with the published data. From the scal-
ing parameter of the fit, the polarization magnitude could be
calculated according to Eq. (3). Figure 5 shows the result
of these fits. Both polarization states were fitted indepen-
dently, resulting in polarization value for each state. The cal-
culated polarization magnitude is given in Table 1. The two

@ Springer

Table 1 Polarization obtained by comparing the asymmetries ' and
€' to published analyzing powers A y- The errors in the first three lines
result from the fit in Fig. 5. The last line is the the average P of the three
measurements. The error was taken from the unbiased estimate of the

standard deviation of the three values \/ Z?:l (P — P)? /(N —1)

Energy P [%] P [%)]
200 MeV 62.5+0.6 41.7+04
270 MeV Part I 53.7+£0.3 36.8+£0.3
270 MeV Part II 49.9+0.3 33.7+0.2
Average 554+£6.5 37.4£40

3 U

+

<>.

@

2

o

o

o

£

N

=

®©

c

<

270 MeV

o=-1.2 o

2 4 6 8 10 12 14 16
O [deg]

Fig. 6 Reconstructed vector analyzing power for deuteron beam ener-
gies of (from top to bottom) 380 MeV, 340 MeV, 300 MeV, 270 MeV,
235 MeV, 200 MeV and 170 MeV. The curves are subsequently offset
by 0.4 for better readability. The statistical errors are indicated by the
vertical error bars on the data points. In most cases they are smaller than
the symbol size. The red regions show the systematic errors, coming
mainly from the uncertainty in the polarization measurement

data sets at 270 MeV were also processed separately. The
line-shapes for both energies and polarization states are in a
good agreement with the published data. The fit result for the
comparison of our 270 MeV data with [5] (see Fig. 5 upper
two plots) resulted in polarization values which differ in the
order of ~10% between the two data sets. In the result for
the vector analyzing power given in [5], the theoretical limit
of AT = 1.0 is slightly (~ 2.5%) exceeded at © ~ 25°,
indicating an overestimation of A,. When this result is used
to calculate the polarization of our beam, according to Equa-
tion (3) this leads to an underestimation of the fitted P,.
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Table 2 Vector analyzing power for all seven beam energies in the format Ay & 0y4,.. The systematic uncertainty amounts to 10%

Angle [°] Energy [MeV]
170 200 235 270 300 340 380

2.45-2.95 0.076 £ 0.001 0.099 £+ 0.001 0.131 £ 0.001 0.167 £ 0.002 0.188 £+ 0.002 0.220 £ 0.002 0.252 £+ 0.002
2.95-3.45 0.074 £+ 0.001 0.100 £ 0.001 0.138 £+ 0.001 0.171 £ 0.001 0.209 £ 0.001 0.243 £+ 0.001 0.274 £+ 0.002
3.45-3.95 0.066 £ 0.001 0.094 £+ 0.001 0.139 £+ 0.001 0.176 £+ 0.001 0.219 £+ 0.001 0.260 £ 0.001 0.309 £ 0.002
3.95-4.45 0.065 £ 0.001 0.100 £ 0.001 0.140 £+ 0.001 0.195 £+ 0.001 0.245 £+ 0.001 0.288 £ 0.001 0.343 £+ 0.002
4.45-4.95 0.064 £ 0.001 0.104 £ 0.001 0.150 £+ 0.001 0.211 £ 0.001 0.270 £+ 0.001 0.324 £+ 0.001 0.386 £ 0.002
4.95-5.45 0.067 £ 0.001 0.103 £ 0.001 0.164 £+ 0.001 0.231 £ 0.001 0.291 £ 0.001 0.359 £ 0.001 0.435 £+ 0.002
5.45-5.95 0.069 +£ 0.001 0.110 £ 0.001 0.176 £+ 0.001 0.256 £ 0.001 0.326 £ 0.001 0.407 £ 0.001 0.490 £ 0.002
5.95-6.45 0.069 +£ 0.001 0.120 £ 0.001 0.197 £ 0.001 0.285 £ 0.001 0.366 £ 0.001 0.454 £ 0.002 0.546 £ 0.002
6.45-6.95 0.071 £ 0.001 0.130 £+ 0.001 0.217 £ 0.001 0.318 £ 0.001 0.409 £ 0.002 0.511 £0.002 0.606 £ 0.002
6.95-7.45 0.077 £ 0.001 0.137 £ 0.001 0.233 £ 0.001 0.350 £ 0.002 0.458 £+ 0.002 0.571 £ 0.002 0.656 £ 0.003
7.45-7.95 0.083 £ 0.001 0.151 £ 0.001 0.259 £ 0.001 0.395 £ 0.002 0.520 £+ 0.002 0.637 £ 0.002 0.710 £+ 0.003
7.95-8.45 0.088 £ 0.001 0.162 £+ 0.001 0.296 £+ 0.002 0.448 £ 0.002 0.580 £+ 0.002 0.688 £ 0.003 0.733 £ 0.004
8.45-8.95 0.097 £ 0.001 0.185 £ 0.001 0.338 £ 0.002 0.509 £ 0.002 0.653 £+ 0.003 0.737 £0.003 0.734 £+ 0.004
8.95-9.45 0.105 £ 0.001 0.208 £ 0.002 0.379 £ 0.002 0.573 £ 0.003 0.709 £ 0.003 0.752 £ 0.004 0.686 £ 0.005
9.45-9.95 0.120 £ 0.002 0.243 £ 0.002 0.440 £ 0.002 0.647 £ 0.003 0.762 £ 0.004 0.731 £ 0.005 0.590 £+ 0.006
9.95-10.45 0.139 £ 0.002 0.283 £ 0.002 0.506 £ 0.003 0.716 £ 0.004 0.776 £ 0.004 0.656 £ 0.005 0.458 £+ 0.007
10.45-10.95 0.163 £ 0.002 0.337 £0.002 0.580 £ 0.003 0.766 £ 0.004 0.753 £0.005 0.535 £ 0.006 0.307 £ 0.008
10.95-11.45 0.196 £ 0.002 0.404 £ 0.003 0.653 £0.003 0.774 £ 0.005 0.684 £ 0.006 0.422 £ 0.007 0.225 £ 0.009
11.45-11.95 0.240 £ 0.003 0.477 £0.003 0.721 £ 0.004 0.749 £ 0.005 0.597 £ 0.006 0.309 £ 0.008 0.164 £0.010
11.95-12.45 0.301 £ 0.003 0.561 £+ 0.003 0.745 £ 0.004 0.688 £+ 0.006 0.506 £+ 0.007 0.258 £ 0.008 0.158 £0.010
12.45-12.95 0.371 £0.003 0.642 £+ 0.004 0.749 £+ 0.005 0.621 £ 0.006 0.434 +0.007 0.231 £ 0.009 0.177 £0.012
12.95-13.45 0.438 £ 0.003 0.688 £+ 0.004 0.724 £+ 0.005 0.558 £+ 0.006 0.405 £+ 0.008 0.252 £+ 0.009 0.262 +£0.012
13.45-13.95 0.515 £ 0.004 0.720 £+ 0.004 0.688 £+ 0.005 0.520 £+ 0.007 0.397 £+ 0.008 0.298 £0.011 0.380 £ 0.013
13.95-14.45 0.556 £+ 0.004 0.715 £ 0.004 0.647 £+ 0.005 0.493 £+ 0.007 0.393 £+ 0.009 0.361 £0.011 0.444 +£0.013
14.45-14.95 0.592 £+ 0.004 0.700 £+ 0.004 0.616 £+ 0.006 0.488 £+ 0.008 0.427 £+ 0.009 0.449 £0.013 0.588 £0.014
14.95-15.45 0.596 £ 0.004 0.673 £ 0.004 0.600 £ 0.006 0.500 £ 0.008 0.469 +£0.010 0.548 £0.015 0.667 £ 0.015
15.45-15.95 0.595 £ 0.004 0.653 £+ 0.005 0.593 £+ 0.006 0.514 £0.010 0.534 +£0.011 0.643 £0.019 0.784 £ 0.016
15.95-16.45 0.563 £+ 0.004 0.625 £+ 0.005 0.588 + 0.006 0.548 £0.013 0.606 = 0.010 0.735 £0.028 0.830 £ 0.016

The fit result of the comparison of our 200 MeV data with
[4] (see lower plot in Fig. 5) yields a polarization magni-
tude that is very close to the limit of pure vector polarization
Pym“x = 2/3. In general, it is not possible to decide which
value of polarization from the three fits should be taken and,
therefore, taking the average of all three results seemed to be
appropriate. The average of all three data sets was found to be
P =554+6.5%and PY = 37.4 + 4.0%, see Table 1. The
error was taken from the unbiased estimate of the standard

deviation of the three values /Y3, (P — P)?/(N — 1).

4.4 Determination of analyzing power A,

These average polarization values were now used for all beam
energies to determine the analyzing power A,. The result is
shown in Fig. 6 and Table 2. The statistical error is indicated
by the vertical error bars on the data points and is in most

cases smaller than the symbol size. The systematic error,
mainly due to the error in the polarization measurement, is
indicated by the red error band. Contributions from other
sources were found to be negligible. For example, fits to the
data allowing for a tensor polarization contribution showed
that Ay changes by less than 1% compared to fitting the
data allowing only for vector polarization. Other systematic
uncertainties, e.g. smearing in ® and &, have also anegligible
contribution.

4.5 Interpretation of results

The measurements show a maximum of Ay in the interval of
the scattering angle ® = 0° — 16° and give some indication
for the presence of a second maximum at larger scattering
angles. One should note that two maxima are found in [5]
at 270 MeV at ® = 13° and 25°, respectively, which were
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fitted by the optical model [5]. With increasing energy the
maximum observed moves to lower scattering angles. The
maximum located at ® & 14° for 200 MeV is shifted to ® =~
9° for 380 MeV. This property is qualitatively reproduced by
the three-body model of [21] formulated on the basis of the
Glauber theory with nucleon-'2C scattering amplitudes used
as input. The maxima appear at the same momentum transfer
g? for all seven energies. This feature is also reproduced by
the three-body model [21] and reflects the key properties of
the Glauber theory which is formulated in terms of the elastic
form factors of colliding nuclei.

5 Conclusion

The measurements performed at the COSY accelerator facil-
ity allowed for the extraction of the vector analyzing power in
elastic deuteron carbon scattering reaction using a polarized
deuteron beam with seven beam energies ranging from 170
to 380 MeV. These results represent a novelty with the excep-
tion of the measurements at 200 MeV [4] and 270 MeV [5]
used as a reference. These results are mandatory inputs for
figure of merit estimations for future polarimetry in the con-
text of deuteron electric dipole moment experiments planned
at storage rings.
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