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Measuring Linear Polarization

✦ Several techniques : 

• photoelectric effect 
• Compton scattering 
• pair production
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1 keV – 200 MeV
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Compton scattering polarization signature.

All of these techniques rely on 
measuring some asymmetry in 

the scattered/secondary particle 
momenta.
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The Polarization Signature
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The azimuthal distribution of scattered/secondary particle 
momenta contains the polarization signature.

Amplitude defines the level of polarization. 
Minimum phase defines the plane of polarization.
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Photoelectric Polarimetry

✦ Measurement Principle : 

• Photoelectrons tend to be ejected in a direction 
parallel to the incident polarization vector.  

✦ Current Technologies : 

• CCDs – typically thin, low efficiency 

• Gas Pixel Detectors (GPD) 

• Time Projection Chambers (TPC) 

✦ Challenges : 

• Typical photoelectron range (in gas) is < 1000 µm 

• Determine initial direction of photoelectron 

• Scattering of photoelectron makes it hard to 
determine the initial direction. 

• Isotropically emitted Auger electron can also cause 
confusion. 

• Diffusion of the charge cloud can limit the detail.

5

Energy Range ≈ 1-30 keV

110 Exp Astron (2011) 32:101–125

Fig. 3 Example tracks of photoelectrons from 6 keV X-rays. Note that the fainter end of a track
indicates the location of the photoelectric interaction while the brightest pixels reveal the end point
of the electron path

2.2.1 Background rejection

For any solar polarization measurement, it is important to reject background
events from all non-solar X-ray sources. During a large flare, the solar X-ray
flux will far exceed the non-solar X-ray background but the charged particle
fluxes may be an issue at balloon altitudes.

Fig. 4 Reconstructed emission angles for polarized 6.4 keV X-rays (left) and unpolarized 5.9 keV
X-rays (right). The lines are fits to the expected functional form, A + B cos2 φ. The modulation
factor, µ, is a measure of the amplitude of the response. The polarized data show a clear response,
while the unpolarized data are consistent with no detected signal below the 3% level. The gas used
was 83.3% Ne + 8.3% CO2 + 8.3% CS2 at 0.63 atm
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Photoelectric Polarimetry
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Couples a Gas Electron Multiplier (GEM) to amplify 
the ionization track with a finely segmented (2-D) 

pixel readout. Requires small pixel sizes (< 50 µm) 
and a large number of readout channels.

Uses time projection to form a 2-D track image from 
a 1-D strip readout. Geometry gives a diffusion that 

is independent of interaction depth. Can offer 
higher energy response.
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Compton Scatter Polarimetry

✦ Measurement Principle : 

• Photons tend to scatter at right angles to the 
incident polarization vector.  

✦ Current Technologies : 

• Scintillators  

• Solid State Detectors (Si, Ge, CZT) 

• Liquid Xe 

✦ Challenges : 

• Multiple scattering 

• Fine spatial resolution (< 1 mm) 

• Energy resolution 

• Time resolution (nsec) 

• Modulation decreases with energy.
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Energy Range ≈ 5 keV - 30 MeV

Polarization Signature

Simplest form 
of a Compton 
polarimeter
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Compton Scatter Polarimetry
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Paolo Soffitta          The Extreme and Variable High Energy  Sky        Chia Laguna 19-21/09/2011 
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At 90o  of angle of scattering (θ) the modulation factor is 100 % 
since there are not photons diffused along the electric field. 

X-ray polarimetry with Thomson scattering 

θ  is the angle of scattering. 

φ is the azimuthal angle, the angle of 
the scattered photon with respect to 
the electric vector of the incident 
photon. 

At low energies (Thomson 
regime) a passive scattering 

element is used.

At higher energies scattering 
between two active elements 

becomes possible.

More advanced designs permit the tracking of a 
photon through multiple scattering events. At 

higher energies, event reconstruction is required 
to determine polarization from initial scattering 

and to reduce background.

RHESSI

Some Compton polarimeters 
are designed with a large 

FoV to capture GRBs. 
(McConnell et al. 2014)

Energy Range ≈ 5 keV - 30 MeV

MAPMT
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Pair Production Polarimetry

✦ Measurement Principle : 

• The plane of the electron-positron pair is 
related to the incident electric field vector. 

✦ Current Technology : 

• Si tracking (e.g., Fermi) 

• Micro well gas detectors 

✦ Challenges : 

• Determine initial directions of e+ and e- 

• Need low density detector to minimize 
Coulomb scattering and thereby optimize 
angular resolution and polarization sensitivity  

• Triplet production (measurable recoil 
momentum) offers possibility of stronger 
polarization signal.
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30          Exploring Nature’s Highest Energy Processes

efficiency (>99%), excellent position resolution

(<60 µm in this design), large signal:noise (>20:1),

negligible cross-talk, and ease of trigger and readout

with no consumables.  The calorimeter in each tower

consists of eight layers of 12 CsI bars in a hodoscopic

arrangement, read out by photodiodes, for a total

thickness of 10 radiation lengths.  Owing to the

hodoscopic configuration, the calorimeter can measure

the three-dimensional profiles of showers, which

permits corrections for energy leakage and enhances

the capability to discriminate hadronic cosmic rays.

The anticoincidence shield, which covers the array of

towers, employs segmented tiles of scintillator, read

out by wavelength-shifting fibers and miniature

phototubes.  Basic specifications for the LAT are given

in Table 11-1.

The instrument design is based on detailed

computer simulations, validated with tests of prototype

towers at particle accelerators.  A complete software

Figure 11-2  The LAT instrument, exploded to show

the detector layers in a tower, the stacking of the CsI

logs in the calorimeter, and the integration of the

subsystems.

11.1 LARGE AREA TELESCOPE

The primary interaction of photons in the GLAST

energy range with matter is pair conversion.  This

process forms the basis for the underlying measurement

principle by providing a unique signature for gamma

rays, which distinguishes them from charged cosmic

rays whose flux is as much as 105 times larger, and

allowing a determination of the incident photon

directions via the reconstruction of the trajectories of

the resulting e+e- pairs.

This technique is illustrated in Figure 11-1.

Incident radiation first passes through an

anticoincidence shield, which is sensitive to charged

particles, then through thin layers of high-Z material

called conversion foils.  Photon conversions are

facilitated in the field of a heavy nucleus.  After a

conversion, the trajectories of the resulting electron and

positron are measured by particle tracking detectors,

and their energies are then measured by a calorimeter.

The characteristic gamma-ray signature in the LAT is

therefore (1) no signal in the anticoincidence shield,

(2) more than one track starting from the same location

within the volume of the tracker, and (3) an

electromagnetic shower in the calorimeter.

The baseline LAT is modular, consisting of a 4 × 4

array of identical towers (Fig. 11-2).  Each 40 × 40 cm2

tower comprises a tracker, calorimeter and data

acquisition module.  The tracking detector consists of

18 xy layers of silicon strip detectors.  This detector

technology has a long and successful history of

application in accelerator-based high-energy physics.

It is well-matched to the requirements of high detection

Figure 11-1  Principle of a pair conversion telescope.

Modulation factor 
vs. 

Converter Thickness

Energy Range ≈ 30 MeV – 300 GeV
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Imaging Spectropolarimetry

✦ Several polarimeter designs are either large FoV or 
collimated. 

✦ It would be useful to have simultaneous imaging, 
spectroscopy and polarimetry. 

✦ Imaging is not just a means to resolve fine detail, it is 
also a means to reduce background in a measurement 
and to distinguish sources in a crowded field.
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Grazing Incidence Imaging

Laue Lens Imaging

Lenses can be designed for narrow-band 
(ΔE ≈ 100 keV) or broad-band (ΔE ≈ 500 
keV) imaging at energies below 1 MeV, 
but can require very long focal lengths 

(20-100 m).

Current technology can image up to 
~80 keV, but higher energies may 

be possible.

Imaging Spectropolarimetry

Some low-energy designs (e.g., GEMS, X-Calibur)  
place a polarimeter at the focal plane.
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Imaging Spectropolarimetry

✦ In other cases, the imaging 
process itself provides the 
polarization measurement. 

✦ Compton and pair 
production imaging can 
both cover a substantial 
fraction of the sky.
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A design that utilizes both Compton 
Imaging and Pair Production Imaging.
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GRB Polarization Measurements
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Event Mission Energy (keV) Result Reference
GRB 930131 CGRO/BATSE 20 - 1000 (35-100%) Willis et al. (2005)
GRB 960924 CGRO/BATSE 20 - 1000 (50-100%) Willis et al. (2005)
GRB 021206 RHESSI 150 - 2000 80% ± 20% Coburn & Boggs (2003)
GRB 041219a INTEGRAL/SPI 100 - 350 98% ± 33% Kalemci et al. (2007)
GRB 041219a INTEGRAL/SPI 100 - 350 96% ± 40% McGlynn et al. (2007)

GRB 041219a INTEGRAL/IBIS 200 - 800 43% ± 25% 
(variable π)

Götz et al. (2009)

GRB 061122 INTEGRAL/IBIS 250 - 800 > 60% Götz et al. 2013

GRB 100826a IKAROS/GAP 70 - 300 27% ± 11% 
(variable PA)

Yonetoku et al. (2011)

GRB 110301a IKAROS/GAP 70 - 300 70% ± 22% Yonetoku et al. (2012)
GRB 110721a IKAROS/GAP 70 - 300 80% ± 22% Yonetoku et al. (2012)

GRB 140206a INTEGRAL/IBIS 200 - 800 > 48% Götz et al. (2014)

Several results suggest very high polarization 
levels, but all are of limited statistical significance.
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Crab Polarization
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INTEGRAL/SPI (Dean et al. 2008) 
100 keV - 1 MeV

INTEGRAL/IBIS (Forot et al. 2008) 
200 - 800 keV

π = 46(±10)%
off-pulse

off-pulse  
+ bridge

peaks



Future MeV Gamma Ray Science and Missions APS -  April 13, 2015

Cygnus X-1
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π < 20%

π < 67 ± 30%

INTEGRAL / IBIS (Laurent et al. 2011) 
[also INTEGRAL/SPI (Jourdain et al. 2012)]
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Future Outlook
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It is not yet clear what the next major 
step(s) in space-based gamma ray 

astronomy will be. 

Several possibilities have been discussed. 

They are all based on one (or more) of the 
three basic photon interaction 

mechanisms. 

There seems to be general agreement that 
polarimetry is an important piece of any 

future mission.
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