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ABSTRACT

This paper discusses the latest progress in the development of GRAPE (Gamma-Ray Polarimeter Experiment), a hard X-
ray Compton Polarimeter. The purpose of GRAPE is to measure the polarization of hard X-rays in the 50-300 keV
energy range. We are particularly interested in X-rays that are emitted from solar flares and gamma-ray bursts (GRBs).
Accurately measuring the polarization of the emitted radiation from these sources will lead, to a better understating of
both the emission mechanisms and source geometries. The GRAPE design consists of an array of plastic scintillators
surrounding a central high-Z crystal scintillator. We can monitor individual Compton scatters that occur in the plastics
and determine whether the photon is photo absorbed by the high-Z crystal or not. A Compton scattered photon that is
immediately photo absorbed by the high-Z crystal constitutes a valid event. These valid events provide us with the
interaction locations of each incident photon and ultimately produces a modulation pattern for the Compton scattering of
the polarized radiation. Comparing with Monte Carlo simulations of a 100% polarized beam, the level of polarization of
the measured beam can then be determined. The complete array is mounted on a flat-panel multi-anode photomultiplier
tube (MAPMT) that can measure the deposited energies resulting from the photon interactions. The design of the
detector allows for a large field-of-view (>m steradian), at the same time offering the ability to be close-packed with
multiple modules in order to reduce deadspace. We plan to present in this paper the latest laboratory results obtained
from GRAPE using partially polarized radiation sources.
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1. INTRODUCTION

The purpose of GRAPE is to measure the polarization of hard x-rays in the 50-300 keV energy range. As described here,
the GRAPE design is most suitable for studies of either gamma-ray bursts or solar flares, as part of a long-duration
balloon platform or as part of a satellite platform. There are four properties of the source emitted radiation that can be
measured; energy, intensity, direction, and polarization. Many experiments have been conducted to measure the energy,
intensity and direction of these incoming photons, but measurements of polarization have been lacking largely due to the
lack of instrumentation with sufficient sensitivity. Polarization measurements have become a powerful tool for
astronomers throughout the electromagnetic spectrum. It is believed that by accurately measuring polarization levels
from solar flares and GRBs we will be able to better understand both the emission mechanisms and source geometries
producing the observed radiation."

Mechanisms responsible for the emission of gamma rays are mainly non-thermal and many of which can lead to high
degrees of linear polarization while being dependent on the geometry of the source.' Four such mechanisms are 1)
Magneto-Bremsstrahlung radiation, including (cyclotron, synchrotron, and curvature radiation); 2) Compton Scattering,
which can polarize initially unpolarized photons; 3) electron-proton Bremsstrahlung radiation can produce levels of
linear polarization up to 80%; and 4) Magnetic photon splitting can lead to levels up to 30%. Each of these mechanisms
will emit gamma rays with a known level of polarization at hard X-ray energies. Measuring the polarization levels from
the emissions of solar flares and GRB, among other sources, will help us determine if the particle accelerations are
thermal in nature or closely resemble one of the models suggested.
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A solar flare occurs when the magnetic energy that is built up in the solar atmosphere is suddenly released. Flares
generally occur near sunspots and the two are thought to be closely related. During this energy release, high-energy
subatomic particles, mostly electrons, protons and neutrons are accelerated. The ions can be accelerated up to tens of
GeV and the electrons up to hundreds of MeV. Along with high-energy particles and optical emissions, solar flares also
emit x-rays and gamma rays. The study of polarization of these x-rays and gamma rays emitted from solar flares will
help in determining the mechanisms behind the rapid accelerations of ions and electrons that are currently unknown.
Polarization measurements of solar flares are expected to be useful in determining the extent to which the accelerated
electrons are beamed, which in turn, has important implications for particle acceleration models.” "

Another class of object that will be observed for polarization levels by GRAPE are gamma-ray bursts (GRBs). Being the
brightest source of gamma rays known to date, they are now believed to be located in distant galaxies. These great
distances infer that GRBs emit energies of 10>'-10* ergs or more
over the span of several seconds. The current model of GRBs is one
that describes this release in terms of a relativistic fireball model.
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The mechanism of the “inner engine” is of particular interest. There
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along the rotation axis. Whatever the model it is expected that
accurate polarization measurements will give a clearer picture as to
the energy release mechanism and the source geometry.
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Figure 1: The modulation pattern observed when
Compton scattering polarized radiation.

In this paper we plan to present a brief background in Compton polarimetry followed by a brief history of GRAPE and
results for previous laboratory science models. We then discuss the current data from the third GRAPE science model.
The future of the GRAPE design and possible deployment options are then reviewed.

2. COMPTON POLARIMETRY

Measuring the polarization of X-rays in the 50-300 keV energy range is most easily done by Compton scattering. The
basic design of a Compton polarimeter is one that consists of two detectors."'* The detectors are capable of determining
the energies of the scattered photon and recoil electron along with the location of the Compton interaction site and
direction of the scattered photon. The first, a low-Z (scattering) detector, has a high probability of Compton interactions,
and the second, a high-Z detector (calorimeter) that has a high probability of absorbing the scattered photon. By
analyzing the kinematics of each event we can determine the path of each photon that interacts within the detector. For
an incident photon with frequency v, the Compton scattering differential cross section is given by the Klein-Nishina
formula,
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with v the frequency of the scattered photon. The angle 6 is the scattering angle of the scattered photon measured from
the direction of the incident photon, and n is the azimuthal angle of the scattered photon measured from the plane
containing the electric field vector of the incident photon.

Investigating Equation 1 we can see that for a fixed value of 0 the scattering cross section for polarized photons is a
maximum at 1 = 90° and a minimum at 1 = 0°. This leads to an asymmetry in the number of photons scattered in the
direction parallel and orthogonal to the incident photon electric vector. In other words, photons will tend to scatter 90° to
their incident electric field vector. It is this phenomenon that is utilized in the Compton polarimeter.

The polarization measurement is accomplished by recording the azimuthal modulation pattern of the scattered photons.

We bin each valid scattering event by its corresponding azimuthal angle. This produces a modulation pattern that can be
fit with,

C(n):Acos(Z(n—(p+§))+B 3)

where @ is the polarization angle of the incident photons and A and B are constants used in the fit. With a proper
modulation fit we can use the parameters A and B to find the polarization modulation factor .

iy - Cp,maX - Cp,min _ A (4)
p= =

Cp,max + Cp,min B
C ».max and C p.min TEPTESENt the maximum and minimum number of counts measured in the polarimeter, Fig 1. The

quality of the polarization signature is quantified by the polarization modulation factor."'*

In order to determine the polarization of the incident beam we need to know the response of the detector to a beam of
100% polarized photons. This can be measured experimentally or by performing Monte Carlo simulations for the
particular detector design and structure. The modulation factor for a completely polarized beam ([L;0) can be used to find
the unknown polarization P,

p=_F (5)
H100

To determine the minimum detectable polarization (MDP) of a specific detector design we use,

"o
MDP (%) =
Hy00Rsrc

(6)

where n, is the significance level (number of sigma), Ry is the total source counting rate, Rygq is the total background
counting rate and T is the observation time. In terms of detector development, increasing the modulation factor for 100%
polarized measurement 1,9 or the source count rate Ry, (increasing the effective area of the detector), will decrease the
MDP of the detector.
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