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Abstract. POLAR is a compact instrument devoted
to measure the linear polarization of the gammaray bursts (GRBs) prompt emission. The position
of the detected GRB with respect to the POLAR
coordinates is needed to determine its level of polarization. Using dedicated GEANT4 simulations we
have developed a method by which, despite of the
polarimeter incapability of taking images, GRBs
can be roughly localized using POLAR alone. For
this purpose scalers are attached to the output of
the 25 multi-anode photomultipliers (MAPMs) that
collect the light from the POLAR scintillator target.
Simulations show that the relative outputs of the
25 scalers depend on the GRB position. A database
of very strong GRBs simulated at 10201 positions
has been produced. When a GRB is detected, its
location is calculated searching the minimum of
the χ2 obtained in the comparison between the
measured scaler pattern and the database. This GRB
localization technique brings enough accuracy so that
the error transmitted to the 100% modulation factor
is kept below 10% for GRBs with fluence Ftot ≥ 10−5
erg cm−2 . The POLAR localization capability will be
useful for those cases where no other instruments are
simultaneously observing the same field of view.
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I. I NTRODUCTION
Gamma-ray bursts (GRBs) are short flashes of γ-rays
appearing at random positions in the sky, and considered
to be the most violent explosions in the Universe.
Their prompt emission presents a great variability of
lightcurves and its spectrum follows a broken power law
function, often described using the Band model [1]:
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The Band model fits the spectrum using four parameters:
an amplitude (A), the low- and high-energy spectral
indexes (α and β, respectively), and the peak energy
(Epeak ) of the power density spectrum νFν , which
represents the total energy flux per energy band.
Precise polarimetry measurements of the GRB prompt
emission can distinguish between different theoretical
models, offering unique information on the emission
mechanism of the GRBs and on the composition and
geometric structure of their jets [2], [3]. To date, only a
few measurements of the prompt GRB polarization have
been performed, all of them with instruments that had
not been designed for this purpose and lacked in many
cases a good characterization of their systematic effects,
enough effective area, or good background rejection
mechanisms for polarimetry. In view of the power and
the lack of precise polarization studies of GRBs, several
X- and γ-ray polarimeters have been proposed and are
under development. Some examples are POLAR [5],
GRAPE (Gamma-Ray Polarimeter Experiment [6]),
POET (Polarimeters for Energetic Transients, [7]),
CIPHER (Coded Imager and Polarimeter for High
Energy Radiation, [8]), PHENEX (Polarimetry for High
ENErgy X rays, [9]), XPOL [10] and POLARIX [11].
II. POLAR I NSTRUMENT
POLAR [5], see figure 1, is a small and compact
instrument designed to determine the level of linear
polarization of the 50 – 500 keV photons arriving from
the prompt emission of GRBs. POLAR consists of a
target divided into 25 modules, each consisting of 64
plastic scintillator bars, optically coupled to one multianode photomultiplier (MAPM), and its corresponding
front-end electronics, all together enclosed in a thin
carbon fiber socket. The whole target, together with the
central computer, the power supplies and the rest of
the electronics, is further enclosed in a container box
and mounted onto a satellite. A flight opportunity for
POLAR on the future Chinese Tian-Gong Space Station
is currently under consideration.
Hard X-ray photons arriving from a GRB have a high
probability of experiencing Compton scattering in the
target, generating a signal in more than one channel.
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If the γ-ray emission from the GRB is not polarized,
the modulation curve, i.e. the azimuthal distribution of
the ensemble of photons that scatter inside POLAR
target, is flat. Otherwise it follows a sinusoidal curve
whose amplitude is the so-called modulation factor, and
whose phase indicates the angle of linear polarization
of the GRB photons [12], [13]. The modulation factor
(µ), divided by the response of the detector to a 100%
polarized flux (µ100 ), is the polarization level (Π) of the
incoming photons: Π = µ/µ100 . This principle allows
POLAR to measure the level of polarization of the
prompt emission of GRBs.
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position of the bars fired, the energy deposited at each
bar, etc.
Totally dedicated to polarimetry, the large field of
view (∼1/3 of the sky) of POLAR and its lack of
imaging capability would in principle force the detector
to rely on other instruments to provide the location of
the observed GRBs. Such a limitation would reduce the
number of GRBs to be measured by POLAR depending
on whether another GRB detector would be observing
the same portion of the sky or not. To minimize this
drawback we have developed a method to roughly
localize GRBs using only POLAR. For this purpose,
scalers are to be attached to the output of the 25 MAPMs
that collect the light from POLAR target. Each scaler
is incremented if at least one energy deposition greater
than 50 keV has occured in the corresponding MAPM.
When accumulating the scaler output for all photons or
other background energy deposition produced during a
GRB one obtains 25 numbers corresponding roughly
to the number of photons above the 50 keV threshold.
The counting pattern is sensitive to the direction
of incoming photons since the size of the target
corresponds to several absorption lengths. GEANT4
simulations demonstrate that the relative output of those
scalers, accumulated over the duration of a GRB, can
be used to determine the source position above POLAR.

MAPM
Front-end
electronics

Fig. 1: Scheme of POLAR detector. Left: Exploded view
of one module from POLAR target. Right: Complete
POLAR target, i.e., the assembly of 25 modules, with
its approximate dimensions.
An important part of the POLAR design and the
evaluation of its polarimetric capabilities is performed
using GEANT4 [14] simulations. The 1600 scintillator
bars of the target have been simulated with their actual
6×6×200 mm3 dimensions and wrapped with a 50 µm
thick aluminum foil. The target is further placed inside
an aluminum box of 1 mm thickness that serves as a
shield from low-energy charged particles and represents
the outer enclosure of the detector. The incoming direction, the spectrum, and the type of particles to be
used are generated following the user instructions. A
specific routine has been developed to produce hard Xray photons following the Band model spectrum [1] and
its parameters. The standard physical processes that photons can undergo in the detector are taken into account,
including polarized Compton scattering, photoelectric
effect, and pair production, among others. The photon
energy transfer into scintillation and the subsequent
optical optical light collection processes have not been
considered. The simulation generates a ROOT [15] file
containing all the necessary data for the subsequent
analysis: the incoming photon energy, the number and

III. GRB L OCALIZATION M ETHOD
Using the POLAR simulation package we created a
database containing the scalers output, normalized to
their number of entries, produced by very strong nonpolarized GRBs located at numerous positions in the sky
(figure 2 shows two normalized scaler outputs extracted
from the database). The database consists of a grid of
10201 nodes that represent the same amount of GRB
locations, uniformly distributed in the sky. The analysis
has been performed in Cartesian coordinates to avoid
numerical problems related to the indetermination of φγ
close to the zenith:
x = (1 − cos θγ ) · cos φγ
y = (1 − cos θγ ) · sin φγ

(2)

where θγ and φγ are the polar and azimuthal incoming
angles from the GRB photons. The selection of this
coordinate system guarantees a uniform grid where all
points are equally distant from each other and the center
of the coordinate system corresponds to the zenith of the
detector.
When a GRB is observed, the output of the scaler is
recorded and compared with the database by calculating
the Pearson χ2 at each point of the grid (see figure 3).
The minimum of this 2-dimensional χ2 distribution is
found by fitting two parabolas, in the x and y directions,
around the lowest node of the grid. The minimum
of those parabolas gives the value of the coordinates
where the GRB was located. The error associated to the
found location is calculated from the points where the
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Fig. 2: Graphical representation of two of the normalized
scaler output (NSO) patterns that constitute the database.
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modify the performance of the GRB localization
When a GRB is detected by POLAR its level of technique. We have studied the most important ones:
polarization (Π) is determined from the amplitude (µ) of asymmetries produced by GRB polarization, diffuse
the modulation curve and the 100% modulation factor γ-ray background, GRB spectral variations, satellite
(µ100 ) using: Π = µ/µ100 . Since µ100 varies with the backscattering, fluctuations in light-collection efficiency,
burst position and spectral shape, Π must be calculated and MAPM non-uniform sensitivity. We found that
using a µ100 derived from simulations of a GRB with the the degree of polarization of the GRBs, the presence
same spectrum and position in the sky as the observed of a satellite behind POLAR, the fluctuations in
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Fig. 5: Distribution of 100% modulation factor (µ100 ) vs.
x and y, calculated for a strong GRB of total fluence
Ftot ≈ 10−5 erg cm−2 and same spectral shape as
the database. To facilitate the visualization only one
quadrant of the sky (x > 0 and y > 0) is shown.
The empty area at the right of the image corresponds
to positions where the GRB would be below POLAR.
In such a situation the presence of the satellite is be a
very important factor than would probably preventing
us from measuring polarization. Therefore we did not
consider this case in the analysis.

light-collection efficiency, and the MAPM non-uniform
sensitivity do not modify the performance of the
localization method. Regarding the diffuse γ-ray
background, its spectrum was simulated according to
the analytical expression presented in [16], but with a
10% increase in its absolute normalization factor, as
suggested by [17]. It was found that in the case of
strong short GRBs the diffuse γ-ray can be neglected,
but for long GRBs the estimation must not differ from
the real background level by more than 8%. When
the background is not strongly variable, it is sufficient
to average two background measurements one taken
immediately before and the other immediately after
the GRB. If the total time span measured outside the
GRB is equal to the burst duration, one obtains the
level of background with r.m.s. equal to ∼7% of its
absolute value. Finally, it was seen that variations on
the GRB spectral shape produced a strong bias in the
reconstructed burst position when the scalers threshold
was kept very low (5 keV). To mitigate the problem we
raised the energy threshold of the scaler to 50 keV. In
this way we largely reduce the sensitivity of the method
to spectral variations, so that the error inflicted into
µ100 due to the uncertainty in the localization method
is below 10% for GRBs of a total fluence Ftot = 10−5
erg cm−2 .

Systematic Effect
GRB polarization
Background (8% accuracy subtraction)
Variations GRB spectral shape
Satellite backscattering
Statistical fluctuations in light collection
Nonuniform sensitivity of MAPMs

Impact
None
σµ100 /µ100 < 10%
σµ100 /µ100 ≤ 10%
None
None
None

TABLE I: Impact of several systematic effects in the
POLAR GRB localization method.

IV. C ONCLUSIONS
The GRB localization technique will provide enough
accuracy to allow for the measurement of the GRBs
polarization level with only a small increase on its error.
For a GRB of total fluence Ftot = 10−5 erg cm−2 ,
the added error is negligible at low polarization levels,
compared with the one from the measured modulation
factor itself. At large polarization levels the error from
the localization is larger than the one from the measured
modulation factor, but all together reaching no more than
15% of the measured polarization.
The method here presented can be experimentally
tested when flat and uniformly illuminating the complete
POLAR target with a radioactive source to be placed at
various locations. Such a kind of test will be performed
when the POLAR engineering qualification model will
be ready. In flight, if other instrument can provide the
position of one or several GRBs detected by POLAR,
a direct comparison with the output of the localization
method can be done. In general, the precision in the
localization provided by instruments with imaging capabilities will be better than that of POLAR alone, and
preferred to it. The Interplanetary Network (IPN)[18] is
able to localize GRBs with very good precision, and
its extension in time is currently under discussion. The
POLAR localization capability will be useful for those
cases where no other instruments are simultaneously
observing the same field of view.
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