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Abstract

To directly measure the linear polarization of coherent bremsstrahlung (CB) photons with a peak energy of 1GeV at

the Yerevan synchrotron, a simple polarimeter is proposed based on a eþe� pair spectrometer equipped with two

hodoscopes of scintillating counters positioned above and below of the median plane, configured to detect symmetric

pairs produced in an amorphous target. Monte Carlo calculations show that the use of a vertical slit collimator at the

entrance of the magnet improves both the analyzing power and the energy resolution. The values of the analyzing

power for various atomic form factors of the target (the 20mm of aluminum) reach a 0.25–0.28 with expected yields of

useful events on the level of a few Hz at nominal operating intensity.

r 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Linearly polarized coherent bremsstrahlung
(CB) photon beams are widely used in the study
of photonuclear reactions. To carry out experi-
e front matter r 2005 Elsevier B.V. All rights reserve
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ments with CB beams, it is necessary to know the
polarization with high accuracy. In an ideal
experiment, the photon beam linear polarization
can be calculated based upon the theoretical
description of the CB process [1–3]. One estab-
lished technique is to incorporate a number of
known experimental factors into the theoretical
model as free parameters, and then determine their
values by comparing the theoretical and measured
d.
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Fig. 1. Kinematics of the process Zðg; eþe�Þ.
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intensity spectra [4–6]. Thus calibrated the theore-
tical model is then used to predict the beam
polarization.

Direct methods for photon polarimetry in the
1–10GeV range include incoherent eþe� pair
production in an amorphous target [7–10], pair
production in an oriental crystal [1,2], and triplet
production [11]. Of the three methods, the first is
the most efficient in terms of the simplicity of the
experimental setup and sensitivity to systematic
effects. This technique involves measuring the
azimuthal distribution about the beam axis of
eþe� pairs produced in a thin amorphous target.
Applications of this technique in early experi-
ments carried out so far [7–10], exploited an
asymmetrical detector acceptance for the eþe�

pairs, where the kinematics of the eþ were selected
(Eþ, yþ, jþ) and the remaining kinematic
variables (E�, y�) were integrated out, leading to
a relatively low analyzing power of approximately
10%. A general survey of the differential cross-
section, analyzing power and figure of merit for
incoherent pair production is given in Ref. [12].
Based on their analysis, which covered electron
and positron production angles up to 1.5m/E,
the authors recommended a detector configu-
ration that selects non-coplanar pairs, leading to
a high analyzing power but rather low figure of
merit. Ref. [13] presents a concrete design for a
polarimeter following the approach of Ref. [12],
based upon a thin amorphous target, silicon
microstrip detectors for measuring the azimuthal
angles of the two tracks, and a dipole pair
spectrometer for energy analysis. Ref. [14] pro-
posed an alternate set of detection kinematics,
with Eþ ¼ E�, yþ ¼ y�, jþ ¼ j�. These so-called
‘‘wedge and ring’’ kinematics lead to an analyzing
power of 30%, as derived from numerical calcula-
tions based upon the formalism presented in
Ref. [9].

The aim of the present paper is to describe the
pair polarimeter that has been designed for the
1GeV CB photon beam line at the Yerevan
synchrotron. Monte Carlo studies of the polari-
meter performance are presented, together with a
method for calculating the expected polarization
by exploiting the photon spectrum measured with
a multichannel pair spectrometer.
2. Method of incoherent pair production

In Ref. [7] it was proposed for the first time that
the process Zðg; eþe�Þ in an amorphous target be
used to measure the linear polarization of a
photon beam. The azimuthal asymmetry of eþe�

pairs with momenta Peþ and Pe� , polar angles yþ,
y� and azimuthal angles jþ, j� is used to analyze
polarization of a photon with 4 momentum
kðk;EgÞ and polarization vector P, as shown in
Fig. 1. This method exploits the angular correla-
tion between the photon beam polarization plane,
which contains the vectors P and k, and the
production plane of the electron or positron,
which contains the vectors Pþ and k (or P� and
k). The azimuthal asymmetry, or analyzing power,
of a particular experimental arrangement is
defined as

A ¼
sk � s?
sk þ s?

(1)

where s represents the cross-section for production
of pair that falls within the detector acceptance: sk
for an incident photon in the favored polarization
state for the given setup, and s? for the
orthogonal polarization. This ratio has a large
value when j� � jþ�p (coplanar pairs). Max-
imon and Olsen [9] showed that it is possible to
reach large values of the analyzing power by
selecting eþe� pairs over a narrow range Df
around the copolar direction (nearly coplanar
pairs).
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The analyzing power strongly depends on the
experimental geometry. As is shown in Ref. [14] a
high analyzing power may be obtained if sym-
metric eþe� pairs are selected, in combination with
narrow angular ranges in both Df and Dy. Using
this approach, we have developed a polarimeter
design, based upon a magnetic spectrometer,
which has an analyzing power as 0.3 in the vicinity
of 1GeV photon energy.

To calculate the pair production rate for linearly
polarized photons in an amorphous target, we
used the analytical expression for differential
cross-section from Ref. [14] which depends on
the target material through the atomic form factor
F ðqÞ:

d5s ¼
s0
p2

yð1� yÞ
½1� F ðqÞ
2

q4

�ðX unp � x3XpolÞdydu2
�du2

þdj�djþ ð2Þ

where s0 ¼ Z2r2a, Z is the nuclear charge, r is
the classical electron radius, a ¼ 1=137,
y ¼ E�=Eg, u� ¼ E�y�=m, x3 is the Stokes para-
meter indicating whether the polarization vector P
is parallel (þ) or perpendicular (�) to the z-axis
(see Fig. 1), and the remaining quantities are
defined below.

q2 ¼
d2

m2
½1þ ð1� yÞu2

þ þ yu2
�


2

þ u2
þ þ u2

� þ 2uþu� cosðjþ � j�Þ ð3Þ

Xunp ¼ ðxþ � x�Þ
2
þ 1

2
jðyÞxþx�½u

2
þ þ u2

�

þ 2uþu� cosðjþ � j�Þ
 ð4Þ

Xpol ¼ x2þu2
þ cos 2jþ þ x2�u2

� cos 2j�

þ 2xþx�uþu� cosðjþ þ j�Þ ð5Þ

where q2 is the square of momentum transfer in
units of the electron mass squared, jðyÞ ¼ y=
ð1� yÞ þ ð1� yÞ=y, x� ¼ 1=ð1þ u2

�Þ, and d ¼

m2=2Egyð1� yÞ is the minimum momentum trans-
fer for a given value of y. To investigate the
influence of various atomic form factors on the
pair production cross-section, we studied two
choices for the atomic form factor F ðqÞ,

F ðqÞ ¼ 1=½1þ ð111qZ�1=3Þ
2

 (6)
for the case of complete screening [9] and the
Cromer-Waber (CW) form

F ðqÞ ¼
1

Z

X4
i¼1

aie
�biq

2

þ c

 !
(7)

with parameters from Ref. [15].
The CW form is expected to give a more

accurate parameterization of the atomic form
factor [19], while a comparison with the standard
dipole formula provides a means for estimating
sensitivities.
The differential cross-section in terms of

the dimensionless kinematic variables given
in Eq. (2) can be expressed in terms of particle
energy and angles in the laboratory frame using
Eq. (8)

d5s
dydu2

�du2
þdjþdj�

¼
Egm

4

4E2
þE2

�

d5s
dEþdOþdO�

. (8)
3. Yerevan synchrotron experimental conditions

At the beginning of the 1970’s a linearly
polarized photon beam was first obtained at the
Yerevan synchrotron [16] and many polarization
experiments were carried out. To determine the
photon beam polarization several calculational
methods were used based on the measured CB
intensity spectrum [17,18]. With these methods,
systematic errors on the calculated polarization Pg

were estimated to be at the level of 0.01 in the
region of the CB peak, given by
DEg=Epeak

g ¼ 15–20%. A dominant factor in the
systematic error on the calculated polarization
came from the choice of atomic form factor, with
different choices producing a band of width 0.02 in
Pg, within this energy range [19].
The present work proposes a direct measure-

ment which can check the accuracy of the
calculational approach, which is essential if these
methods are to relied upon for future measure-
ments. In doing so, it provides a means to
determine the correct atomic form factor that
applies to the CB process, as well as a check for the
presence of other unanticipated sources of sys-
tematic errors.
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The photon beam linear polarization Pg is
related to a measured asymmetry by

Pg ¼ Aexp=Acal (9)

where Aexp is the experimental asymmetry on some
observable in eþe� pair production, which de-
pends implicitly on the form factor of the target
atoms. Acal is determined by Monte Carlo simula-
tions of the experimental setup, based on the
differential cross-section given in Eq. (2) for pair
production from polarized photons with Pg ¼ 1,
and an assumed form for the target form factor
F ðqÞ [12,13,15].

Aexp is operationally defined as

Aexp ¼ ðN1 � N2Þ=ðN1 þ N2Þ (10)

where N1 and N2 are the number of eþe� pairs
produced by the linearly polarized photon beam
(energy Eg) for the two orthogonal orientations of
the polarization vector. The experimental condi-
tions are arranged to keep the value of Pg the same
for the two polarization settings of the beam.

Under these conditions the uncertainties of the
experimental measurement of the photon beam
linear polarization Pg consist of the statistical
uncertainties on the measured value of Aexp and
the Monte Carlo estimate for Acal, and systematic
uncertainties associated with errors on the spectro-
meter energy calibration and alignment errors
between the beam and acceptance-defining ele-
ments of the polarimeter. The sensitivity of Acal to
the experimental parameters is studied using
Monte Carlo simulations.

A diagram of the CB beam line at the Yerevan
synchrotron, as configured for the polarimetry
measurement, is shown in Fig. 2. The CB photon
beam enters the figure from the left, and passes
through a pair of collimators, K1 and K2, which
limit the angular divergence of the beam to a half-
angle of 0.170mr. Sweeping magnets SM1 and
SM2 remove from the beam any charged particles
created by beam interactions in the collimators.
The collimated beam then passes through a thin
converter C1, made of 10mm of lavsan polyethy-
lene film. Pairs created in C1 are analyzed and
detected in the 30-channel pair spectrometer PS-
30, which provides a continuous monitor of the
photon beam intensity spectrum during the
polarization measurement. The majority of the
photon beam passes through converter C1 without
interaction and reaches a second converter target
C2, comprised of a 20mm aluminum foil. Pairs
created in C2 pass through the acceptance-defining
slit K3, which provides the azimuthal selection
required for polarimetry. Downstream of K3 is a
second pair spectrometer PS-6 (Fig. 3) which is
equipped with counters above and below the
median plane which record coincidences between
electron and positron tracks. The entire path
traversed by the beam and the detected pairs is
inside vacuum up to the respective detector planes.
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The magnetic field of PS-30 effectively removes
from the beam any charged component produced
upstream of C2, so that the PS-6 detectors see only
pairs produced in C2.

For controlling systematic errors during the
polarization measurement, it is necessary to record
simultaneously beam spectra in the PS-30 and the
PS-6 pair spectrometers. Under conditions of
correct alignment, the intensity spectra in
the two spectrometers should be in agreement.
To achieve this, it is required that the relative
placement of the collimator and polarimeter
assembly be controlled with accuracy not
worse than 1mm in the coordinates transverse to
the beam axis. In the energy range
Eg ¼ 900–1100MeV, the accuracy of the polari-
zation measurement with this setup is expected to
be 0.02.

This instrumentation provides the capacity for
two independent determinations of the beam
polarization. The photon intensity spectrum mea-
sured in the PS-30 spectrometer (1.5–2.0% energy
resolution [20]) can be fitted to the expected CB
intensity spectrum, superimposed upon a back-
ground of incoherent bremsstrahlung and folded
with a generic resolution function which takes into
account such effects as beam emittance, energy
spread, and diamond imperfections [19]. The same
model can then be used to predict the polarization
spectral function, including all of the same
experimental resolution effects, assuming some
choice of atomic form factor F ðqÞ. In principle, the
intensity spectra also depend upon the atomic
form factor, but that dependence is difficult to
isolate in the presence of the resolution effects
mentioned above. By contrast, the polarization
asymmetry involves only ratios of intensities,
leading in that case to the cancellation of many
resolution effects.

Simultaneously with the indirect method based
on data from the PS-30 spectrometer, the PS-6
spectrometer provides data for a direct determina-
tion of Pg. The PS-6 detector array is divided into
sections which lie above and below the median
plane of the spectrometer, so that only pairs with
significant transverse momentum with respect to
the beam axis are detected. The presence of the
vertical slit K3 upstream of the PS-6 detector plane
means that only pairs produced within a limited
azimuthal range around the vertical are seen in the
spectrometer. The slits of nominal aperture 2 cm
are located 15.8m downstream of the converter
C2, with the PS-6 detector plane located at 19.9m.
The polarization asymmetry is measured by
alternating the plane of polarization at the source
between the horizontal and vertical directions, and
recording the changes in the coincidence rates in
PS-6. Simultaneous monitoring of the intensity
spectra in PS-30 ensure that the beam properties
other than polarization are constant during the
measurement. Comparison between measured and
calculated polarization spectra allow the extrac-
tion of a measured atomic form factor over the
range in q2 that is accessible with the Yerevan CB
source [21].
4. Monte Carlo simulations

In order to optimize the polarimeter geometry,
including the sizes of hodoscopes counters and
the aperture of collimator K3, Monte Carlo
calculations of luminosity, energy resolution
and analyzing power were carried out. The
calculations took into account all experimental
conditions that were thought to be relevant,
including the shape of CB spectrum, the size and
divergence of the beam in the converters, multiple
scattering and the magnetic field map of the PS-6
dipole. Simulation of eþe� pair production was
carried out using the analytical expression for
the differential cross-section given by Eq. (2),
using Neumann’s method [22]. Tracing of the
eþe�- trajectories in the PS-6 magnetic field
was performed using the standard Runge–Kutta
technique [23].
The simulation included the effects of multiple

scattering [22] and energy loss [24] of the eþe�-
tracks inside the C2 target.
The following Monte Carlo procedure was used.

At the beginning of each simulated event, initial
values were generated for each of the following:

 the energy Eg of primary photon,


 the coordinates ðx; y; zÞ of an interaction point

in converter C2,
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Fig. 4. Dependence of the analyzing power A (curve a) and

Figure of merit F (curve b) on Zmin, the half-height of the gap in

z between the counters above the spectrometer median plane

and those below it. For this study, the form factor given in Eq.

(6) was used, and the energy of the peak in the CB photon

spectrum was set at Epeak
g ¼ 1GeV.

Fig. 5. Dependence of the analyzing power A (curve a) and

Figure of merit F (curve b) on Zmin, the half-height of the gap in

z between the counters above the spectrometer median plane

and those below it. For this study, the form factor given in Eq.

(7) was used, and the energy of the peak in the CB photon

spectrum was set at Epeak
g ¼ 1GeV.
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 the electron momenta Pe� , pair particles polar
ðy�; yþÞ and azimuthal ðj�;jþÞ angles accord-
ing to the differential cross section given in
Eq. (2).

Starting from the initial ðPe� ;Peþ ; y�; yþ;j�;jþÞ

values, the components of the pair ðPxþ� ;Pyþ� ;
Pzþ�Þ momenta were calculated and corrected for
multiple scattering and energy loss in the target, in
order to trace them in the magnetic field of PS-6.
The first goal of these studies was to find the
optimal polarimeter geometry, consistent with the
required energy resolution sEg=Eg and analyzing
power A, as well as acceptable eþe� pair yields.
The first variable to be studied was the vertical
position Zmin of the innermost edge of the detector
arrays, relative to the dipole median plane. This
position corresponds to the lower limit of the
range of polar angles yþ and y� that falls
within the detector acceptance. Figs. 4 and 5
dependence of the analyzing power A (curve a) and
the Figure of merit F (curve b) of Zmin is shown for
complete screening, and for form factor CW,
respectively. As can be seen in the figure, the
optimum choice is Zmin ¼ 1:2 cm, which corre-
sponds to polar angle ðymin ¼ 0:4mradÞ for de-
tected particles in the momentum interval
P ¼ 460–550MeV=c.
As the g-beam energy is continuous, pairs are

widely distributed both in momentum and azi-
muthal angles which means that the magnetic field
mixes energy and direction variations between
events, resulting in poor resolution in any of the
kinematic quantities after magnetic analysis. As an
illustration of this effect, Fig. 6(a) shows the
energy distributions of symmetric eþe� pairs
detected in the PS-6 hodoscope counters with a
width of 2.5 cm over the momentum interval
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P ¼ 460–550MeV=c. The analyzed data are
fitted with Gaussian curves. As it is seen, the
position distributions for mono-energetic tracks
are overlapped and their separation with good
resolution is not possible.
However it was found (see Fig. 6(b)), that

resolution is improved by restricting the pair’s
range of azimuthal angles Dj using a colli-
mator with a vertical slit. Fig. 7(a) shows the
primary angular distribution of eþe� pairs (polar
and azimutal angles) without collimation
(0:4mradoyeþe�o3:8mrad and Dj ¼ �80�). In
the case of collimation (Fig. 7(b)) with a slit width
of jDxjp1 cm, the azimuthal distribution of
the pair is narrower ðDj ¼ �45�Þ and the upper
limit of polar angles is slightly reduced
ð0:4mradoyeþe�o2:5mradÞ. As is seen from
Fig. 6(b), the energy resolution of symmetric
pairs is no worse than sEg=Eg ¼ 1.2%. Thus,
for symmetric pair detection using 3 hodoscope
elements in the eþ and e� arms of the polari-
meter (6 in total), a good energy resolution
(sEg ¼ 12MeV) may be obtained in the photon
energy range Eg ¼ 900–1100MeV. Fig. 6(c)
shows a section view of a collimator of width
2 cm and height 8 cm, optimized for the case of
Epeak

g ¼ 1GeV and DEg=Eg ¼ 20%. The
inside square of dimensions with 1:4� 1:4 cm2

corresponds to g-beam profile at the location
of K3, and the shaded areas ð0:9 cmpjZcjp4 cmÞ

to the acceptance zone for particle tracks
that have a possibility of reaching a PS-6 detec-
tor. Symmetric pairs are detected in alter-
nate quadrants of the pair spectrometer: either
left(up) with right(down) or left(down) with
right(up).
The dependence of the analyzing power A in the

thickness of the aluminum target C2 is shown in
Fig. 8. As shown in the figure, an increase of
Fig. 6. Energy distributions of symmetric eþe� pairs detected

in the hodoscopes of polarimeter PS-6, (a) without a collimator,

(b) and with a collimator slit of DX ¼ 1 cm, for a counter width

of 2.5 cm, in the track momentum interval P ¼ 460–550MeV=c.

Panel (c) shows a sectional view of the slit collimator, showing

the region of the photon beam (open box) and the acceptance

regions for pair tracks (hashed regions above and below the

central box).
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Fig. 7. Polar and azimuthal angular distributions of ðeþe�Þ pairs detected in the PS-6 hodoscopes (a) without a collimator, (b) with a

collimator of DX ¼ 1 cm.
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converter’s thickness from 20 to 50mm leads to a
loss of analyzing power by a factor of approxi-
mately two thirds. At a thickness of 20 mm, Monte
Carlo calculations indicate a pair counting rate of
a few Hz in PS-6 for a total photon beam intensity
of 109g=s.
5. Conclusion

On the basis of Monte Carlo calculations, a
simple CB polarimeter for directly measuring the
linear polarization a photon beam in the energy
range around 1GeV an accuracy of 0.02 has been
developed by the method of incoherent pair
production on an amorphous target. It is shown
that using hodoscopes of scintillating counters
vertically shifted from the polarimeter median
plane and a collimator with a vertical slit leads to a
polarimeter with an analyzing power of 0.25 with
expected yields of useful events on the level of a
few Hz.
Measurements of the beam polarization at the

Yerevan synchrotron CB photon source will
provide an important check of the reliability of
indirect polarimetry methods, and provide a direct
measurement of the atomic form factor that is
relevant to coherent bremsstrahlung.
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Fig. 8. The dependence of the analyzing power (A) on the

converter ðC2Þ thickness in the case an aluminum target.
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