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W. Krzemień · T. Kozik · E. Kubicz ·
M. Mohammed · Sz. Niedźwiecki ·
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Abstract J-PET is the first positron-emission tomograph (PET) constructed
from plastic scintillators. It was optimized for the detection of photons from
electron-positron annihilation. Such photons, having an energy of 511 keV, in-
teract with electrons in plastic scintillators predominantly via the Compton effect.
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Poland

ar
X

iv
:1

90
1.

06
20

4v
1 

 [
ph

ys
ic

s.
in

s-
de

t]
  1

8 
Ja

n 
20

19



2 N. Krawczyk et al.

Compton scattering is at most probable at an angle orthogonal to the electric field
vector of the interacting photon. Thus registration of multiple photon scatterings
with J-PET enables to determine the polarization of the annihilation photons. In
this contribution we present estimates on the physical limitation in the accuracy
of the polarization determination of 511 keV photons with the J-PET detector.
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1 Introduction

J-PET is a multipurpose detector designed for the development of medical imag-
ing [1,2,3,4], for studies of discrete symmetries in decays of positronium atoms [5],
as well as for investigations of multipartite quantum entanglement of photons orig-
inating from positronium annihilation [6,7]. J-PET is built from 192 plastic scin-
tillator strips arranged axially in three cylindrical layers [8]. The cross section of
the detector is shown in the left panel of Fig. 1.

Fig. 1: Left: Cross section of the J-PET detector. Superimposed arrows indicate
primary and scattered momenta of photons originating from para-positronium
decaying in the center of the detector. Present J-PET tomograph is built from
plastic scintillators strips arranged axially in three rings with radii of 425 mm,
467.5 mm and 575 mm. Right: Klein-Nishina differential cross section (eq. 1) as a
function of η and θ angles (see text).

Photons from the e+e− annihilation interact in plastic scintillators predomi-
nantly via the Compton effect and in the J-PET detector a few percent of them
undergo secondary scatterings. Events with multiple scatterings may be used to
estimate the linear polarization of the initial photon at the moment of its interac-
tion. Taking into account that the scattering is most likely at an angle orthogonal
to the polarization we may estimate polarization direction by [5]: ε̂ = k̂×k̂′ where k̂
and k̂′ denotes the momentum versors of the photon before and after the Compton
scattering, respectively. Access to the polarization degree of freedom in the case of
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measurements of photons from the decays of positronium opens new perspectives
for studies of the discrete symmetries [5,9] and multipartite quantum entangle-
ment [6,10]. In this article, we discuss the physical limits of the accuracy for the
polarization determination of annihilation photons via Compton scattering.

2 Compton scattering and Klein-Nishina formula

Angular distribution of a scattered radiation of a linear polarized incoming photon
can be described by the Klein-Nishina formula [11,12]:
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where E is the energy of initial photon, E′ is the energy of photon after scattering,
θ is the Compton scattering angle and η is the angle between scattering and
polarization planes. The expression V(θ, E) quantifies the interference contrast,
the a priori visibility [13]. It is a typical quantity showing up in any double-slit-like
scenario. Particularly, it has been shown of the Mott scattering, namely Rutherford
scattering with identical particles and in the decay of neutral mesons, which are
superpositions of particle and antiparticle states [13]. Obviously, if the visibility
is close to zero, the oscillation due to the polarization degree of freedom are not
observable. In this case no information on the polarization degree of freedom can
be deduced. For 511 keV photons the maximum of the visibility is obtained for a
scattering angle of θ = 81.67◦ and the minimum of the visibility is obtained for
small and large scattering angles θ, independent of the energy.

The right panel of Fig. 1 shows the double differential cross section for Compton
scattering of 511 keV photons, as a function of η and θ angles. As expected, for
θ around 82◦ a most pronounced modulation of the cross section as a function of
the η angle is observed. The amplitude of modulations decreases towards higher
and lower values of θ. A quantitative comparison of this dependence is shown for
three chosen angles in the left panel of Fig. 2.
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Fig. 2: Left: Klein-Nishina differential cross section (1) for photons with initial
energy E = 511keV presented as a function of angle η. Dashed-, solid-, and dot-
and-dashed-line show results for scattering at angles θ = 10◦, θ = 81.67◦, and θ =
170◦, respectively. Right: Uncertainty (=standard deviation) of the determination
of the polarization direction for 511keV photons (solid line) and 100keV photons
(dashed line) via Compton scattering [5]. For definition of θ and η angles see text.

The distributions shown in the left panel of Fig. 2 may be interpreted as a
resolution function for the determination of the polarization direction by ε̂. The
σ values of these resolution functions obtained by the fit of the Gaussian in the
scattering angle range between 0◦ and 180◦ is indicated for the 511 keV photons
by the solid line in the right panel of Fig. 2. The dashed line shows the results for
the energy of 100 keV. It demonstrates that the lower the photon energy the better
the direction of photon polarization may be estimated. This indicates that in the
positronium decay into three photons, with photons energies less than 511 keV
the visibility improves with respect to the decay into two photons.

3 Summary

The J-PET tomograph built from plastic scintillators enables measurements of
the polarization of photons at an event-by-event basis. In this article it was shown
that the physical limitations for the accuracy of the estimation of the linear po-
larization direction of the 511 keV photons, due to the nature of the Compton
scattering, is equal to 40◦ (σ) for θ ≈ 82◦ and it worsens towards smaller and
larger scatterings angles. As a result we have shown that studies of entanglement
and discrete symmetries in positronium decays involving polarization should be
concentrated for scattering angles around 82◦ while for the forward and backward
scatterings the information about polarization direction is not attainable.
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