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Abstract. The ability of a cluster of three segmented Ge crystals (“AGATA module”)
acting as a Compton polarimeter to measure the linear polarization of gamma rays has
been investigated at an energy close to 511 keV. Partially polarized gamma rays have been
produced by Coulomb excitation of the first excited state of104Pd a and108Pd.

New generation of large detector arrays of highly segmented germanium crystals are under con-
struction in Europe [1] (AGATA) and US [2] (GRETA) forγ spectroscopy. With the implementation
of Pulse Shape Analysis (PSA) and gamma–ray tracking techniques, the time–ordered sequence of
energy releases (hits) in the germanium medium can be reconstructed for each gamma ray. In partic-
ular, in the Compton scattering process, the azimuthal and polar scattering angles can be determined
from the locations of the first and second hits. Given these quantities, the performance of a highly
segmented HPGe detector used as a Compton polarimeter is expected to be superior to a conventional
one.

Compton polarimetry exploits the dependence of the Klein Nishina cross section (see eq. 1) on
the azimuthal scattering angle. We have investigated the capability of individual AGATA modules,
composed of three segmented Ge counters, to measure the linear polarisation ofγ–rays of energy
close to 511 keV through the azimuthal distribution of their first Compton scattering. To this aim,
a beam of12C ions at an energy of 32 MeV, provided by the XTU Tandem accelerator of LNL, has
been used to Coulomb excite (CE) the first excited 2+ state in104Pd and108Pd, which de-excite by
emission of partially polarizedγ–rays of 558 keV and 434 keV, respectively. Two AGATA modules
of the AGATA Demonstrator, for a total of six Ge counters, have been mounted at angles as close as
possible to 90◦ with respect to the beam direction, where the polarisation reaches its maximum value.
In a separate measurement, a137Cs source has been used, in order to provide the relative efficiency
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Figure 1. Schematic view of the geometry and kinematics of Compton scattering.

of the apparatus as a function of the azimuthal scattering angle. In Figure 1 a schematic view of
the geometry and kinematics of Compton scattering is shown. The linear polarisation of a photon
beam can be described in terms of Stokes parameters P1 and P2. For our specific case of photons
emitted by Coulomb excited nuclei, these parameters are referred to the plane (xy) of a reference
system (xyz) having the z axis along the gamma momentum and the x axis in the plane defined by the
beam direction and the gamma momentum. The parameter P2 vanishes in our case due to the axial
symmetry around the beam direction.

The theoretical expression for the Compton differential cross section for the case of the linear
polarisation of aγ population having Stokes parametersP1 = P andP2 = 0 can be expressed in the
form

σ̄C(θ, ϕ) =
r2
0
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where r0 is the classical electron radius and Eγ and E′γ are the energy of the primary and scattered
photon, respectively. The expected polarisation ofγ rays following CE of104Pd and108Pd has been
calculated by the means of the GOSIA code [3]. This code provides the full set of statistical tensors
ρK,k describing the initial alignment of the Coulomb excited nuclei referred to the beam direction. In
our case,ρK,k = 0 for k , 0 and the linear polarisation of theγ rays emitted at a given angleΘγ
(Fig. 1) is determined by the ratio of statistical tensorsρ20/ρ00 andρ40/ρ00, related to the ratio of the
population of them = ±2 andm = ±1 sub-states to the population of them = 0 substate. As a
first step, the data replay of the signals of the 36 segments and central contact of each Ge crystal has
been performed following the standard AGATA procedure [4] up to the identification of the PSA hits.
Such information has then been treated by the tracking algorithm, to establish, event by event, the
time-ordered sequence of the hits.

To derive the polarisation information from Compton scattering events, several restrictions (cuts)
have been imposed. We limited the values of cosθG, deduced from the position of the first and second
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Figure 2. Examples of rawϕ distributions for gamma rays from137Cs and104Pd (left) and of the symmetrized
distributionRn(ϕ) = (R(ϕ) − R̄)/R̄ (right), whereR̄ is the average value ofR, for gamma rays from CE of104Pd.
The continuous line corresponds to the fit ofRn(φ)by the functionA0 + A2 cos 2ϕ.

hits (i.e. from the geometry), and cosθE , derived from the energy released to the electron in the
first Compton scattering, to the interval| cosθG − cosθE |≤ 0.1. In order to reduce the uncertainty
deriving from the experimental errors on the coordinates of the first and second hits, a cut on the
distance r1,2 has been imposed, namelyr1,2 ≥ 15mm. Finally, the scattering angles have been limited
to | cosθG,E | ≤0.35, in order to exclude the region where (for104Pd and137Cs) an unresolvable
ambiguity exists for the time–order of hits in the two-hit events [6].

Due to the complicate structure of AGATA modules, the detection efficiency is not constant with
respect to the azimuthal angleϕ. Indeed, in Fig. 2 (left panel) the F(ϕ) distribution from an unpolarised
source appears far from being flat. To correct for this effect we considered the ratio R(ϕ) of theϕ
distribution of gammas from CE to the distribution from the137Cs source obtained by applying the
same set of geometric and kinematic cuts. The ratio of the two distributions,R(ϕ) = NCE (ϕ)/NCs(ϕ),
shows indeed a kind of periodic dependence on cos 2ϕ.

Actually, due to the different energy of the primary gammas, the distribution of the polar angle
θ and energy of the scattered photons (hence, their mean free path in the counter) from137Cs differs
from those of CEγ rays. Therefore, to correct for these effects, to each137Cs event is attributed a
weight

w(θ) =
µ(E′CE ) exp(−µ(E′CE ) r12) σ(ECE , θ)

µ(E′Cs) exp(−µ(E′Cs) r12) σ(ECs, θ)
(2)

whereσ is the differential cross section for Compton scattering at the angleθ for the relevant energy
of the primary gamma,E′ is the corresponding energy of the secondary gamma andµ is the linear
attenuation coefficient in germanium at the relevant energy of the secondary gamma.

In a simple Fourier analysis of the ratio R(ϕ), a small first term (∝ cosϕ) appears in addition to
the dominant term (∝ cos 2ϕ). This can be attributed to the fact that edge effects do not compensate
exactly, due to the asymmetric geometry of the AGATA cluster and also to the intensity variation of
impinging gamma rays over the angular range spanned by a single counter. To correct for this effect,
the R(ϕ) distribution for each counter has been symmetrized by substituting R(ϕ) and R(ϕ + π) with
their average value. A typical result for the normalized quantityRn(ϕ) = (R(ϕ) − R̄)/R̄ is shown
in the right panel of Fig. 2. IfRn(ϕ) is fitted with the functionA0 + A2 cos 2ϕ, the ratioA2/A0 can
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Figure 3. Analysing powerAs/P of the six counters for the 555.8 keV and 433.9 keV gamma rays from CE of
104Pd and108Pd, respectively. The last point on the right is the weighted average for the whole set of counters
(see text for details).

be interpreted as an asymmetry coefficientAs while the ratio ofAs to P (the calculated polarisation)
gives the corresponding experimental valueA of the analysing power [5]. The value ofA for each
counter is reported in Fig. 3; the last point on the right is the weighted average over the six counters.
The horizontal line corresponds to the calculated values (practically independent of the counter). The
latter have been obtained from the expression of the analysing power derived from the Klein Nishina
formula corrected by a reduction factor accounting for the finite uncertainty of the coordinates of the
first and second hits.

To summarize, the AGATA modules have been demonstrated to be an excellent tool for the mea-
surement of the linear polarisation for gammas of energy close to 511 keV. This result led us to
perform a second measurement with the AGATA clusters with the aim to determine to high precision
the linear polarisation correlation of two entangled photons produced from the decay of the singlet
state of positronium.

Two AGATA modules have been positioned symmetrically on opposite sides of a22Na source and
coincidences between back-to-back 511 keV gammas from positronium decay have been recorded.
Data have been collected at three different distances from∼ 3 cm up to 3000 cm. For N recorded
events, the linear polarisation correlation of the two entangled photons will be provided by the N true
γ − γ coincidences, while the reference distribution will be provided by the N(N-1) non-correlated
pairs (event mixing technique). The data analysis is in progress.
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