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Abstract X-ray polarimetry can be an important tool for investigating var-
ious physical processes as well as their geometries at the celestial X-ray
sources. However, X-ray polarimetry has not progressed much compared to
the spectroscopy, timing and imaging mainly due to the extremely photon-
hungry nature of X-ray polarimetry leading to severely limited sensitivity of
X-ray polarimeters. The great improvement in sensitivity in spectroscopy and
imaging was possible due to focusing X-ray optics which is effective only at
the soft X-ray energy range. Similar improvement in sensitivity of polarisation
measurement at soft X-ray range is expected in near future with the advent of
GEM based photoelectric polarimeters. However, at energies >10 keV, even
spectroscopic and imaging sensitivities of X-ray detector are limited due to lack
of focusing optics. Thus hard X-ray polarimetry so far has been largely unex-
plored area. On the other hand, typically the polarisation degree is expected
to increase at higher energies as the radiation from non-thermal processes
is dominant fraction. So polarisation measurement in hard X-ray can yield
significant insights into such processes. With the recent availability of hard
X-ray optics (e.g. with upcoming NuSTAR, Astro-H missions) which can focus
X-rays from 5 KeV to 80 KeV, sensitivity of X-ray detectors in hard X-ray
range is expected to improve significantly. In this context we explore feasibility
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of a focal plane hard X-ray polarimeter based on Compton scattering having
a thin plastic scatterer surrounded by cylindrical array scintillator detectors.
We have carried out detailed Geant4 simulation to estimate the modulation
factor for 100 % polarized beam as well as polarimetric efficiency of this
configuration. We have also validated these results with a semi-analytical
approach. Here we present the initial results of polarisation sensitivities of
such focal plane Compton polarimeter coupled with the reflection efficiency
of present era hard X-ray optics.

Keywords Hard X-ray polarimetry · X-ray instrumentation ·
Compton polarimetry · X-ray detectors

1 Introduction

Since the birth of X-ray astronomy in 1960s, X-ray Polarisation has witnessed
almost three decade void while photometry, spectroscopy and imaging have
met with significant advancement. The only successful measurement of polar-
isation in X-ray astronomy dates to 1976 when an X-ray polarimeter onboard
OSO-8 mission, measured ∼19 % polarisation at 2.6 KeV and 5.2 KeV for
the Crab nebula [37]. There were attempts to measure X-ray polarisation,
with same polarimeter as well as few other space-born and balloon-born
experiments [7, 9, 13, 26, 31] but these could yield only upper-limits at best,
due to low sensitivity of these measurements. After these initial efforts, no real
experiments to measure X-ray polarisation from celestial X-ray sources were
carried out for more than three decades. Though there were some attempts to
design and build the X-ray polarimeters (e.g. [1, 33]) and few concept proposals
for space missions (e.g. XPE, [4]; PLEXAS, [23]), only one instrument (SXRP,
[17]) was actually selected for flight on-board Russian mission Spectrum X-
Gamma, but unfortunately this mission could not be materialized. This lack
of X-ray polarisation measurement experiments was mainly due to very low
sensitivity of polarimetry compared to say, spectroscopy, imaging or timing;
which results due to extremely photon hungry nature of the X-ray polarimetry.

However, importance of X-ray polarisation measurement has been well
known as these measurements provide two independent parameters, i.e. de-
gree and angle of polarisation characterizing the incoming radiation from any
X-ray source. These parameters can provide unique opportunity to study the
behavior of matter and radiation under extreme magnetic fields and extreme
gravitational fields [22, 32]. Importance of the X-ray polarimetry can be
understood from the fact that there are many efforts to recover polarimetric
information from the existing data obtained by existing detectors [2, 6, 20].
However, since these detectors are not designed or optimized for polarimetric
observations, such results remain inconclusive [15, 29, 38].

With recent technological developments in detector technology, attempts
are being made by several groups across the globe to develop detectors
specifically designed for X-ray polarimetric observations. Particularly, the
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development of X-ray polarimeter based on principle of photo-electron track-
ing as focal plane detector is highly promising and the upcoming GEMS
mission [14], based on this type of X-ray polarimeter, is expected to provide
orders of magnitude improvement in X-ray polarimetric sensitivity. However,
this improvement will be at soft X-ray energies below 10 keV due to very low
efficiency of these detectors at higher energies.1 For measurement of X-ray
polarisation at energies above 10 keV it is necessary to employ polarimeters
based on Rayleigh/Compton scattering principle [21, 28]. So far scattering
based X-ray polarimeters have mostly been considered as collimated detectors
operating in hard X-rays/soft gamma-rays, where the Compton scattering
based polarimeter has reasonable sensitivity because of their extremely low
background. However, with the availability of hard X-ray optics [11, 19] it is
also possible to consider the Compton scattering based X-ray polarimeter as a
focal plane detector.

Here we investigate a possible implementation of a Compton scattering
based X-ray polarimeter and estimate its sensitivity when coupled with NuS-
TAR type of hard X-ray optics. This work is an offshoot of our earlier work
[35] on X-ray polarimeter based on Rayleigh scattering (POLIX mission,
[28]) in India which is under active consideration by Indian Space Research
Organization (ISRO). As a related experiment in X-ray polarimetry, we are
contemplating the proposed configuration (or an alternative configuration
where both spectroscopy and polarimetry can be attempted) as a hard X-
ray focal plane detector to be proposed to ISRO. The main idea here is to
estimate the sensitivity of the focal plane Compton polarimeter considering
the collecting area of NuSTAR as a benchmark. Though, consideration has
been given to the realization feasibility of the experiment while designing the
geometric configuration, the main objective is not to simulate the actual ex-
periment but rather to estimate the sensitivity of the technique. The geometry
we have considered is the most optimum geometry for a focal plane Compton
polarimeter and thus the sensitivity results presented here are the best possible
results one can achieve with the assumed collecting area. In other words, the
only other way to increase sensitivity of a Compton polarimeter would be to
increase collecting area. Having these sensitivity results as a benchmark would
be useful for quantitative comparison of sensitivity of any other configuration
of a Compton polarimeter e.g. using different scatterer for additional spec-
troscopic sensitivity (which is under consideration in our group). Any such
deviation from the proposed ‘almost ideal’ configuration would compromise
polarimetric sensitivity but this would have to be weighed against additional
advantage. Therefore it is important to know the best possible sensitivity
for a Compton polarimeter with given collecting area, which is presented
here. In the next section we briefly outline the scientific basis for hard

1According to recent news GEMS mission has been cancelled.
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X-ray polarimetry followed by discussion on basic principles of the Compton
polarimetry. In Section 4 we discuss the proposed experimental configuration
and the simulations with Geant4. Section 5 discusses the validation of the
simulated modulation factor and efficiency with semi-analytical calculations.
Finally we conclude with discussion on our estimation of sensitivity of a
Compton X-ray polarimeter as a focal plane detector.

2 Scientific rationale for hard X-ray polarimetry

The X-ray emission in hard X-ray range is typically dominated by non-thermal
processes and it is generally accepted that non-thermal processes provide
higher degree of polarisation. Thus, in general higher degree of polarisation
from X-ray sources is expected at higher energies. Krawczynski et al. [18] have
extensively discussed the scientific importance of hard X-ray polarimetry, so
here we provide only a brief outline of various classes of X-ray sources for
which X-ray polarimetric observations can provide significant insights.

Binary black hole systems For binary black holes, at lower energy the flux
is dominated by the thermal radiation, which may be polarised via Thomson
scattering in the disk atmosphere. If the GR effect is included, the photons
move in curved space time and this causes the polarisation fraction to decrease
[3]. This effect is dominant for the photons emitted closer to the black hole,
for high spin of black hole. Since closer to the black hole temperature of the
disk is higher, GR effect is large for high energy and small for low energy
flux. This causes the polarisation to be energy dependent. At lower energies
(E ≤ 0.1 KeV) the degree of polarisation is almost same as that for flat
space time, but with the increase in energy polarisation degree decreases.
Polarimetric data therefore can constrain parameters like black hole spin, disk
inclination.

However at energies greater than 10 KeV, the flux is dominated by the coro-
nal emission. Polarimetry in low hard state can give vital information about
the corona structure. Schnittman and Krolik [30] investigated the polarimetric
results for various corona geometries. For a homogeneous sandwich corona,
at higher inclination the photons move through the disk and are vertically
polarised with respect to disk plane. While moving parallel to the disk, they are
multiple inverse Compton scattered and boosted upto very high energies. This
causes the energy dependent polarisation. At 100 KeV, the expected degree
of polarisation is about 10 % at high inclination, for lower inclination, the
value decreases. On the other hand for an inhomogeneous clumpy corona,
the polarisation decreases to 3–4 % for the same energy, because the photons
after being inverse Compton scattered multiple times in one spherical clumpy
corona, emerge in all directions, consequently net polarisation decreases. For
a simple spherical corona geometry, the expected polarisation fraction is about
4 % at 100 KeV but almost independent of the inclination because of the
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spherical symmetry. Therefore the polarisation in low high state can tell a lot
about the coronal geometry.

Blazars Hard X-ray polarimetry is believed to give information on emission
mechanisms in AGN jets. For low energy peaked blazars, the low energy peak
occurs at optical regime and high energy peak around MeV. Synchrotron Self
Compton model (SSC model) tells that low energy peak is due to synchrotron
radiation of the relativistic electrons and high energy peak is due to the inverse
Compton scattering of the synchrotron photons off the relativistic electrons
itself. Polarisation fraction for synchrotron radiation is higher (>60 %, for
uniform magnetic field) compared to the SSC radiation (>30 %) for a par-
ticular spectral index of the electron energy distribution and they vary in same
manner with the spectral index. However in External Compton model where
it is believed that for high energy peak the seed photons are the accretion disk
photons or the emission from broad line region or from dusty molecular torus
etc. instead of the synchrotron photons the polarisation fraction is below 5 %
[24]. Multiwavelength polarimetric observations can test these two models.

For high energy peaked blazars low energy flux peaks in X-ray band
whereas the high energy peak occurs in GeV to TeV range. Polarisation
measurement of Synchrotron X-ray radiation can indicate the structure of the
magnetic field close to the base of jet. High degree of polarisation close to the
theoretical values will lead to the presence of uniform magnetic field. On the
other hand presence of swing in polarisation will lead to the presence of helical
magnetic field in the jet [18]. Therefore broadband polarisation measurement
can give vital information about the magnetic field structure in the jet.

Gamma ray bursts Origin of magnetic field in GRBs is a debatable issue till
now. Both prompt and afterglow emission polarimetry can draw an end to this
mystery. The afterglow (appears in X-ray, optical, IR and radio wavebands
successively) is believed to be synchrotron radiation from relativistic electrons
gyrating in the magnetic field. In standard fireball afterglow model the mag-
netic field is generated in the shock front and is random. So a small polarisation
fraction is expected. Temporal variation of polarisation fraction is connected
to the evolution of afterglow phase with maximum polarisation found near the
jet break associated with a 90◦ flip in polarisation angle. Another model, where
the outflow is believed to be poynting flux dominated, tells that magnetic
field is coherent in large scale and therefore a large degree of polarisation is
expected [8]. However the polarisation angle remains constant with time in
prompt and afterglow emission and evolution of polarisation fraction is not
related to the jet break.

Neutron stars X-ray polarimetry can lead us to a better understanding in
pulsars, accreting pulsars, magnetars and the QED effects in strong magnetic
fields. The details of emissions and emission sites for pulsars have been a sub-
ject of debate. The models like polar cap model, outer gap describing different
emission sites, correspond to very high polarisation fraction. However both
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the models predict quite distinct phase dependent polarisation properties [36].
Phase resolved polarimetry can test the models and help in understanding
the emission sites and emission mechanisms. Via X-ray polarimetry, it is also
possible to observationally verify the QED effect—vacuum birefringence that
arises due to presence of very strong magnetic field. It may give rise to energy
dependent polarisation signals in X-rays.

In case of magnetars the magnetic is extremely high (1014−15 G). Radiation
emitted in such strong field should be highly polarised. Magnetar’s persistent
emission is faint in soft X-ray; however, there is a bright hard X-ray tail
(20–100 KeV). This range is promising for hard X-ray polarimetry as it will be
helpful in understanding the nature of magnetars and the physical processes in
extremely strong magnetic fields.

Many accretion-powered pulsars have been found to exhibit cyclotron
features in energy range 15–50 KeV. Near cyclotron resonance the polarisation
fraction is expected to oscillate with pulse phase. Phase resolved polarisation
near cyclotron resonance energies can be used to determine the beam shape
of pulsar; for example for pencil beam the oscillations in polarisation fraction
are expected to be out of phase with pulse phase, whereas for a fan beam,
the opposite case is expected [25]. It will in turn help in understanding the
accretion flow to the magnetic poles of the pulsars.

3 Compton X-ray polarimetry

The three basic techniques to extract polarisation information of sources
are Bragg reflection, Compton scattering and photoelectron imaging. Bragg
reflection, despite of achieving high modulation factor, work only at discrete
energies which results in low sensitivity. Photoelectron tracking polarimeters
(GPD, TPC) are sensitive but can operate mostly in soft X-rays. Polarimeters
based on Compton scattering work in hard X-ray with broad energy response.
One of the major advantages for Compton polarimeters is very low back-
ground compared to the Thomson based polarimeters.

In Compton scattering, the photon is scattered off an electron and imparts
a small energy to the electron. The differential cross-section for Compton
scattering of a polarized X-ray beam is given by Klein-Nishina formula,
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Where ν0, and ν ′ and energies of incident and scattered photons respectively,
given by,

ν ′
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(2)

and r0 is the classical electron radius, m is the mass of electron, θ is the polar
scattering angle, and η is the azimuthal scattering angle i.e. the angle between
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the electric vector of the incident photon and the scattering plane as shown in
the Fig. 1.

The cos2η distribution of scattered photons can be fit by the following
function,

C (ϕ) = A cos
(
2

(
ϕ − ϕ0 + π

/
2
)) + B (3)

Where, C (ϕ) is the number of events or counts at azimuthal angle ϕ, ϕ0 is the
polarisation angle, A, B are constants used for fit. Values of A, B, and ϕ0 are
found from fitting.

This modulation pattern gives the information about the polarisation of the
beam. Higher the degree of polarisation, higher will be the modulation of the
curve. Modulation factor (μ) is defined as

μ = Cmax − Cmin

Cmax + Cmin
= A

B
(4)

The degree of polarisation of the source is defined as

P = μ

μ100
(5)

Where μ100 is the modulation factor for 100 % polarized beam which is
calculated using simulation and P is the degree of polarisation of the incident
beam.

Sensitivity of the polarisation measurement is given by minimum detectable
polarisation (MDP)

MDP (%) = nσ

μ100Rsrc

√2
(
Rsrc + Rbkg

)
T

(6)

Fig. 1 Compton scattering in
spherical polar co-ordinates.
θ is the polar angle and η is
the azimuthal angle of
scattering. Polarisation is
considered to be along Y axis
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Where nσ is the significance level (number of sigma), Rsrc is the rate of
source counts, Rbkg is the background count rate, T is the integration time.
To maximize the sensitivity (i.e. to achieve lowest MDP), it is necessary to
maximize both modulation factor as well as the overall detection efficiency.

An important feature of the Compton polarimetry is the extremely low
background which is achieved due to the requirement of on simultaneous
detection of both, the primary Compton scattering event in the scatterer as well
as the secondary detection of the scattered photon by surrounding detector.
The energy transferred to electron in the scattering event is typically a small
fraction of the incident photon energy. Therefore, the lowest energy up to
which Compton polarimetry can be extended depends on the lowest energy
threshold of the scatterer. The deposited energy is given by

Edep = (hν0)
2 (1 − cosθ)

mc2 + hν0 (1 − cosθ)
(7)

Figure 2 shows that deposited photon energy is a strong function of scattering
angle. The deposited energy does not depend on the scatterer material. To
maximize sensitivity it is important to increase the source counts which can be

Fig. 2 Recoil energy of photon as function of scattering angle and incident photon energy. The
curves from bottom to top are showing the electron energy for 5 KeV, 10 KeV, 20 KeV. . . 100 KeV
respectively
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implemented in two ways: one by lowering down the threshold in scatterer
and second by expanding the scattering angle range which depends on the
scattering geometry. For example assuming scattering angle range between
50◦–150◦ we see from Fig. 2 that 2 KeV threshold will allow lowest energy
cut off to be about 25 KeV, whereas 1 KeV threshold sets the cut off at about
18 KeV; however for 0.5 KeV threshold the lower limit goes down further to
12 KeV. Therefore sensitivity of instrument significantly depends on scattering
geometry and energy threshold in scatterer.

4 Proposed detector configuration

As discussed in the previous section, it is necessary to maximize both the
modulation factor and the detection efficiency in order to maximize the polari-
metric sensitivity. These two parameters are influenced by the type and shape
of the scattering element used and must either be measured experimentally
or must be determined by means of simulations [35]. The scattering element
to be used must be made up of lowest possible Z material to obtain high
efficiency (because the cross-section of the competing photoelectric interac-
tion is proportional to Z5) and it must be designed such that the incident
photon sees a larger depth while passing through the volume (to have a
significant probability for Compton interaction) and the scattered photon sees
a smaller depth in the direction perpendicular to the direction of the incident
photon (to minimize multiple interactions within the scattering volume itself).
A narrow tube scatterer surrounded by a cylindrical array of detectors would
satisfy the above criteria but for its small collecting area.

Here we consider a Compton polarimeter based on this configuration as
a focal plane detector for a hard X-ray optics. For the purpose of present
simulations, we assume optics effective area similar to that of upcoming
NuSTAR optics. The configuration has a low Z thin scatterer (plastic scin-
tillator) surrounded by cylindrical array of 32 CsI scintillators to record the
azimuthal dependence of scattered X-ray photons. The plastic scintillator is
used because of its low Z constituents (C and H) so that the photoelectric
absorption is relatively low compared to Compton interaction probability. CsI
has very high efficiency to photoelectrically absorb the scattered photons. The
plastic scatterer is in cylindrical form of radius 5 mm and length 100 mm.
Dimension of the absorbers is 5 mm × 5 mm × 150 mm each with total 32
elements in cylindrical array. The modeled configuration is shown in Fig. 3
and also include, additional housing structures (assumed to be made up of
thin Al) as would be required for a real detector. This configuration is very
close to the ideal Compton polarimeter with very thin active scatterer (to
scatter the incident photons) surrounded by a cylindrical detector (to detect
scattered photons) and thus expected to have the best possible sensitivity to
measure polarisation of the incident X-rays. The exact specifications for the
configuration are given in Table 1.
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Fig. 3 View of scattering
geometry from the top.
The pink colour cylindrical
bar refers to the plastic
scatterer (5 mm diameter and
100 mm length) and the green
bars are the surrounding
32 CsI scintillators (5 mm
5 mm 150 mm). The gaps
between the scintillators are
also seen, these are filled with
0.2 mm Al

4.1 Comparison with other contemporary hard x-ray polarimeters

Many groups worldwide are working for development of Compton hard X-ray
polarimeter and some of them are likely to have actual testing/measurement
with balloon-born experiment e.g. X-Calibur [10], POLAR [27], PoGOLite
[16] etc. Among these, POLAR is an open GRB detector and hence cannot be
directly comparable. The PoGOLite is a large area, collimated detector. This
type of non-focusing detector, due to much larger detector area, is susceptible

Table 1 Exact dimensions of the scattering geometries implemented in the application code

Scatterer
Shape and material Cylindrical, plastic
Height 100 mm
Diameter 5 mm
Scattering cover Al with diameter 5 mm and height 5 mm

Absorber
Shape and material Cylindrical array of 32 CsI scintillators
Dimension 5 mm × 5 mm × 150 mm
Dead space between scintillators Al with 0.2 mm width
Distance between center of scatterer 26.5 mm

and front of scintillator
Thickness of Al cylinder in between 0.5 mm

scatterer and absorbers
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to large background which severely limits the polarimetric sensitivity and
hence it is not expected to match sensitivities of a small sized detector at the
focal plane of focussing optics proposed here. X-Calibur is a hard X-ray focal
plane Compton polarimeter, whose configuration is conceptually identical to
the one proposed here. It consists of a thin scintillator rod surrounded by
2.5 mm × 2.5 mm pixelated CZT detectors from four sides. Thus the only
difference between the two configurations is that the surrounding detector
is square rather than cylindrical as proposed here. However, the square sur-
rounding detector has inherent preferred plane for the azimuthal distribution
and thus is likely to introduce artificial modulation when the polarisation
direction of the incident X-rays has a particular alignment with respect to the
detector. Further, this would typically result in different modulation factors for
the cases when incident polarisation plane is parallel to the detector plane or is
at 45◦. This limitation can be overcome by rotating the polarimeter with respect
to the optical axis, however, this requirement of rotation adds additional com-
plication in the realization of the instrument. On the other hand, the cylindrical
detector proposed here can avoid this additional requirement. Also due to
the intrinsic symmetry, it is expected to have better and stable modulation
factor without any preference to polarisation direction of incident X-rays. The
pixelated CZT detectors proposed for X-Calibur will have two-dimensional
position sensitivity, however, position sensitivity along the length of the plastic
scatterer cannot be used to determine the polar scattering angle because
exact interaction position in the plastic scatterer cannot be determined. Thus
two dimensional position sensitivity of CZT detector only adds additional
complexity in electronics in terms of much larger number of readout pixels
which can be avoided by simple cylindrical array of scintillators as proposed
here. CZT detectors are expected to have better energy resolution; however,
again energy resolution of the surrounding detector is not very critical because
of very poor energy resolution of the central plastic scatterer in the first place.
Thus we think that the proposed configuration is better alternative in terms of
feasibility.

4.2 Simulation and data analysis

We use Geant4 toolkit [5] to estimate the modulation factor for 100 %
polarised beam and efficiency of the instrument. Since we are mainly
concerned with interaction of polarized X-ray photons up to energy of
∼100 keV, we employ the low-energy electromagnetic process. Specifi-
cally we use G4LowEnPolarizedPhotoElectric, G4LowEnPolarizedRayleigh,
G4LowEnPolarizedCompton, G4LowEnBremss and G4LowEnIonization.
For each of the energies, we carry out simulation for 1000000 photons incident
on the scatterer and store the output for each photon detected in the CsI
scintillators. A valid event should be defined as one Compton scattering in
scatterer and photoabsorption of that scattered photon in absorber. However
in real life there is no way to recognize events involving multiple scattering
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in scatterer and events where photons suffer scattering in Al cylinder before
being absorbed in absorber. Therefore only those events which satisfy the
energy cuts in plastic and absorber and simultaneity between them have been
declared valid and analysed further. Since it is a focal plane instrument, the
photons are made to be incident within a very small perpendicular area of
radius 2 mm in the scatterer. The output of each simulation run is stored in the
form of event list. It should be noted that, though the event list has much more
information, for further analysis, which is carried out separately using IDL, we
consider only the information which would be available in the real detector
such as deposited energy and CsI crystal number.

Each event line contains the location of interaction in the plastic scatterer
and the surrounding CsI scintillators. There are both Compton and Rayleigh
scattering events (at lower energies) in the scatterer. We have to ignore the
Rayleigh events and consider only the Compton events. The exact location of
photon interaction in each scintillator is not possible. In the current design,
there are 32 CsI scintillators surrounding the plastic scintillator; thus 32 bins
for the azimuthal scattering angle. At each energy simulation code is run for
1 million photons. In Section 3 we discussed that sensitivity of instrument
increases if we decrease the threshold in scatterer. We have assumed energy
threshold of 1 KeV and 2 KeV. With this assumption first the azimuthal
scattering angle is estimated for every valid event. Fitting the histograms of

Fig. 4 Azimuthal distribution of scattered photons at 30 KeV
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the azimuthal scattering angles, the modulation factors and polarisation angles
are calculated for each of the energies. Figure 4 shows one of such modulation
curves at 30 KeV. This particular plot is for 1 KeV energy threshold. Efficiency
at each energy is calculated by summing over all the valid Compton events
and then dividing it by total incident photons which in our case is 1 million.
Estimated modulation factor, efficiency and figure of merit of the polarimeter
have been shown in Fig. 6 as discrete points. Black and red are used to
denote 1 KeV and 2 KeV threshold respectively. Modulation factor is low
at lower energies; since the photons scatter at angles greater than 90◦. As
energy increases, value of modulation factor increases as now more and more
photons are scattered at 90◦ and reaches maximum. Then the curve almost
flattens at higher energies. Efficiency of the polarimeter increases with the
energy as expected. Figure of merit is defined as modulation factor multiplied
by square root of the efficiency and is inversely proportional to the minimum
detectable polarisation if we neglect the source characteristics, time of observa-
tion etc.

5 Semi-analytic calculation of modulation factor and efficiency

Here we present a semi-analytical treatment to evaluate modulation factors
and efficiencies at different energies for the scattering geometry to compare
the results with the simulation results to see whether both the results are
consistent or not. Advantage of this semi-analytic formulation is that it can
be used for quick checking of some geometric variation of the configuration
such as length of scatterer, diameter of the surrounding detector, length of the
surrounding detector without running full simulation. Thus multiple simulation
runs can be avoided for minor changes of the geometrical configurations.

We have divided the scatterer into large number of segments (S). Idea
is to calculate Cmax and Cmin in each segment starting from top to bottom
and ultimately add them individually to calculate modulation factor. We also
considered the transmission probability of the photons from one segment to

another in the scatterer which is exp
(
−μtρ

10
S

)
. First step is to calculate the

total number of photons scattered at polar angle θ by the scatterer in each
segment for azimuthal angle ϕ = π/2 and ϕ = 0 separately.
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Cmin (i, θ) = N exp
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Where, i signifies each slice and goes from 0 to (S−1), N is number of incident
photons, μc is the mass absorption coefficient of Compton scattering for plastic
in cm2/gm. unit at energy E, μt is the mass absorption coefficient of total
interaction for plastic in cm2/gm. unit at energy E, ρ is the density of plastic
in gm/cc unit. 10

S is the thickness of each segment. σt is the total Compton
scattering cross-section i.e.

σt =
∫ π

0

r2
0

2

(
ν ′

ν0

)2 (
ν ′

ν0
+ ν0

ν ′ − (sin θ)2

)
2π sin θ dθ (10)

The ratio of two cross-sections (1) and (10) gives the fraction of photons
scattered at angle θ.

Since only those photons which are scattered at a particular angle range will
be absorbed by the CsI scintillators, so the next step is to integrate the equation
over the θ range covered by the surrounding scintillators for each segment.
This angle range (θmin to θmax) depends on the geometry and energy deposition
during scattering in plastic scintillator and the segment from where scattering
takes place. Here we assume 100 % detection efficiency of the CsI detectors.
For each slice, θmin and θmax are to be calculated properly (see Fig. 5). From
Figure we see

θmax = sin−1 x + 5√
(x + 5)2 + (2.65 + 0.5)2

θmin = sin−1 2.65 + 0.5√
(10 − x)2 + (2.65 + 0.5)2

For high energy photons the scattering mainly takes place in the forward
direction. The minimum scattering angle depends on the threshold energy in

the scatterer and is equal to cos−1

(
1 − Ethresmec2

E
(
E−Ethres

)
)

where Ethres is the energy

threshold in scatterer and E is energy of the incident photons. To make sure
that only those photons scattered towards the CsI scintillators are counted,
we have to take either Sin or Cos whichever is maximum as lower limit of
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Fig. 5 View of scattering geometry. θmin is the minimum scattering angle and θmax is the
maximum angle of scattering

integration. In the last step the contributions from all the segments are summed
over and we get

Cmax =
i=S−1∑

i=0

N exp

(
−μtρi

10

S

) (
μc

μt

) (
1 − exp

(
−μtρ

10

S

))

×
⎛
⎜⎝

∫θmax

θmin

(
dσ

d�

)
ϕ=π/2

Sinθ dθ dϕ

σt

⎞
⎟⎠ (11)

Cmin =
i=S−1∑

i=0

N exp

(
−μtρi

10

S

) (
μc

μt

)(
1 − exp

(
−μtρ

10

S

))

×
⎛
⎜⎝

∫θmax

θmin

(
dσ

d�

)
ϕ=0

Sinθ dθ dϕ

σt

⎞
⎟⎠ (12)
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Modulation factor can be obtained from (11) and (12)

μ (E) = Cmax − Cmin

Cmax − Cmin
(13)

Efficiency calculation is similar. Assuming 100 % efficiency of the CsI detec-
tors in the energy range of operation, we estimate the polarimetric efficiency
by calculating the total number of photons scattered by all the segments in
the plastic scatterer towards the surrounding CsI scintillators. Using the same
approach, the efficiency comes out to be:

ε =
i=S−1∑

i=0

N exp

(
−μtρi

10

S

) (
μc

μt

) (
1 − exp

(
−μtρ

10

S

))

×
⎛
⎝∫θmax

θmin

(
dσ

d�

)
2π Sinθ dθ

σt

⎞
⎠ (14)

To take care of the dead spaces in between the CsI detectors a factor(
1 − 32×0.02

2π×2.65

)
is multiplied with the above equation.

Fig. 6 Modulation factor, polarimeter efficiency and figure of merit as a function of energy.
Black triangles and black solid line represent simulation and analytical results respectively for
1 KeV threshold. Red asterisks and red solid line represent the simulation and analytical results
respectively for 2 KeV threshold
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Results of these calculations are shown in Fig. 6 as continuous line. It can
be seen that the semi-analytical results for modulation factor agree well with
the simulation results for most of the energy range, though there is slight
discrepancy at lower energies. In case of efficiency, the simulated efficiency is
slightly lower than the calculated one. However, it should be noted that in this
analytic calculation, we have ignored some of the second order effects such as
the multiscattering in surrounding scintillators and the scatterer itself, escape
of photons from the CsI detectors, the absorption of scattered photons within
the Al in between the scatterer and surrounding scintillators. These factors are
not significant for modulation factor, particularly when the number of detected
photons is very large. Modulation factor will depend on the angle range mainly,
that is why we see good agreement in the results of analytical and simulation
results. However these factors are critical for efficiency calculation and as a
result analytical model gives slightly higher values of efficiency.

6 Sensitivity estimation

Sensitivity of polarimeter (see (6)) depends on energy integrated modulation
factor in the energy range of operation for 100 % polarised beam, exposure
time, background and rate at which source photons are detected by the
instrument which in turn depends on efficiency of polarimeter, source intensity
and effective area of the mirror used to focus the X-rays. For MDP calculation
we have used the NuSTAR optics effective area [12]. NuSTAR can focus
photons from 5 KeV to 80 KeV. If the threshold is 2 KeV, polarimeter can start
working from 26 KeV whereas for 1 KeV threshold lower cut off is 18 KeV.
First the average modulation factor is estimated in the working energy range
(26 KeV–80 KeV and 18 KeV–80 KeV) which for 1 KeV and 2 KeV threshold
is around 60.5 % and 60 % respectively which proves the excellent polarimetric
performance of this focal plane polarimeter. Source count rate is calculated as
follows

Rsrc =
E2∫

E1

Aeff (E) I (E) ε (E) dE (15)

Where Aeff (E) is the effective area of NuSTAR, I (E) is the source intensity
for Crab like spectrum, ε (E) is the polarimeter efficiency at energy E. Value
of E1 depends on threshold in scatterer and E2 is 80 KeV as we are considering
NuSTAR optics. We have considered 100 ks and 1 Ms exposure for sensitivity
estimation. Background calculation is discussed in detail below.

6.1 Spurious events calculation

Background for a focal plane Compton polarimeter is generally very small.
The only source of spurious events in Compton polarimeters is the chance
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coincidence between the random background events in the scatterer and in
the absorbers within the coincidence time window. Using Poisson’s statistics
in the coincidence window one obtains the rate of spurious events due to the
chance coincidence,

Nsp = (1 − exp (−NScattererδT)) Nabsorber (16)

Where Nscatterer (= N1 + N2) is the sum of rate of random background
events in the scatterer (N1) and the cosmic X-ray background rate (N2) in
scatterer. Nabsorber is the rate of random instrumental background events in
the absorbers. Rate at which the cosmic X-ray photons are detected in the
scatterer has been calculated using cosmic X-ray background spectrum [34].
Since the FOV of focal plane detector is very small, this value is very small.
The cosmic X-ray photons coming from the sky within the detector field of
view may be scattered by the scatterer and absorbed by the absorbers. This
may also lead to spurious Compton events (Nsky). Therefore the rate of total
spurious events in the polarimeter can be written as

Nsp = (1 − exp (−NScattererδT)) Nabsorber + Nsky (17)

Since the value of Nsky is very small due to narrow FOV, the random particle
events will dominate the background. Since the actual instrumental back-
ground generally depend on the variety of factors such as spacecraft, orbit, time
etc. which cannot be estimated at present, we assumed a range of instrumental
background rate from 0.5 cnt-cc−1-s−1 as a typical condition and 5 cnt-cc−1-s−1

as extreme condition. We calculated the spurious events rates corresponding to
these two limiting instrumental background rates keeping the time coincidence
window of 10 μs, which is then used for calculating MDP values.

7 Results and discussions

With the method discussed in previous section we estimated MDP for different
Crab intensities which are shown in Fig. 7. We see for 100 mCrab source the
MDP is 0.9% with 3σ confidence level with one million seconds of exposure
time (black solid lines, asterisks), which qualifies this focal plane polarimeter
as a sensitive instrument. However for 100 ks exposure, the sensitivity de-
creases to 3 %. We have also analysed the simulation data by selecting only
valid/ideal Compton events and find that the results are almost identical, which
suggests that this configuration is very close to the ideal Compton polarimeter
configuration. MDP values have been calculated for random instrumental
background rate of 0.5 cnt-cc−1-s−1 (thin lines) and in extreme condition of
5 cnt-cc−1-s−1 (thick lines); however there is not much change in MDP with
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Fig. 7 MDP as a function of Crab intensity. Solid lines represent results for single NuSTAR area.
Dashed lines refer to 5 times larger NuSTAR area. 1 Ms and 100 ks exposure time are denoted by
triangles and asterisks respectively. The background considered here is 0.5 cnt-cc−1-s−1 (thin lines)
and 5 cnt-cc−1-s−1 (thick lines)

background beyond 100 mCrab. In Fig. 7 we have shown that sensitivity can
be increased significantly using next generation of hard X-ray focusing optics
with collecting area 5 times larger than that of NuSTAR area (dashed lines).
With this configuration MDP for 100 mCrab decreases to 0.4 % for one million
seconds exposure and 1.3 % for 100 ks exposure. Figure 7 clearly suggests
that sensitivity of the polarimeter is improved for 1 KeV energy threshold in
scatterer instead of 2 KeV. In Fig. 8, we have shown that energy dependent
polarisation measurement is possible via this focal plane polarimeter which
is very useful to study the X-ray objects. Assuming energy resolution about
10 KeV FWHM, estimated MDP for 100 mCrab and 1Crab have been shown in
Figure (triangle and asterisks) for 1 Ms exposure. The dashed lines correspond
to the 5 times larger NuSTAR area. The slight difference in sensitivity at
lower energies for 1 KeV (black) and 2 KeV (red) threshold is due to higher
modulation factor and efficiency for 1 Kev threshold compared to 2 KeV
threshold. A particular energy corresponds to almost same amount of flux.
As energy increases, modulation factor for 2 KeV threshold exceeds that
for 1 keV threshold, however due to low efficiency the MDP values remain
almost same.
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Fig. 8 Energy dependent MDP of the Compton Polarimeter. Triangle and asterisks are used to
denote 100 mCrab and 1Crab intensity. Red and black stand for 2 KeV and 1 KeV threshold.
Dashed lines represent 5 times larger NuSTAR area. The exposure time taken here is 1 Ms and
background is 0.5 cnt-cc−1-s−1

8 Conclusions

Hard X-ray polarimetry is an important tool for understanding various X-ray
sources. Here we described a Compton polarimeter as a focal plane detector
for a hard X-ray optics. Geant 4 simulations suggest that we can achieve 1 %
MDP at 100 mCrab with this instrument with 1 Ms exposure. In Section 2
polarimetric aspects of different sources have been discussed. To measure
polarisation from those sources we need this kind of sensitivity. However with
next generation of hard X-ray focussing optics we can achieve better sensitivity
with this kind of focal plane polarimeter. We are building a prototype of
the instrument. As simulation results suggests energy threshold is the key
parameter which will decide the sensitivity of the instrument. Therefore it is
important to measure the threshold in plastic first and lower it down as much as
possible before integrating the whole system to measure sensitivity by shining
it with a 100 % polarised beam. The results of the prototype of the instrument
will be reported in near future.
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