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ABSTRACT

We have developed a modular design for a hard X-ray and soft gamma-ray polrimeter that we call GRAPE (Gamma
RAy Polarimeter Experiment). Optimized for the energy range of 50-300 keV, the GRAPE design is a Compton
polarimeter based on the use of an array of plastic scintillator scattering elements in conjunction with a centrally
positioned high-Z calorimeter detector. Here we shall review the results from a laboratory model of the baseline GRAPE
design. The baseline design uses a 5-inch diameter position sensitive PMT (PSPMT) for readout of the plastic
scintillator array and a small array of Csl detectors for measurement of the scattered photon. An improved design, based
on the use of large area multi-anode PMTs (MAPMTs), is also discussed along with plans for laboratory testing of a
prototype. An array of GRAPE modules could be used as the basis for a dedicated science mission, either on a long
duration balloon or on an orbital mission. With a large effective FoV, a non-imaging GRAPE mission would be ideal for
studying polarization in transient sources (gamma ray bursts and solar flares). It may also prove useful for studying
periodically varying sources, such as pulsars. An imaging system would improve the sensitivity of the polarization
measurements for transient and periodic sources and may also permit the measurement of polarization in steady-state
sources.
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1. INTRODUCTION

Many emission processes that can generate hard X-ray photons can also result in the linear polarization of those
hard X-ray photons." The level of polarization, however, may depend on the precise emission geometry. In addition, the
energy-dependence of the polarization can provide clues to the emission mechanisms that may be operating. Polarization
measurements therefore have the potential to tell us something about both the mechanisms and source geometries
responsible for the observed emissions. At least four emission mechanisms can lead to linearly polarized emissions at
hard X-ray energies: 1) the various types of magnetobremsstrahlung radiations (cyclotron, synchrotron and curvature
radiation) are all potential sources of linearly polarized emission, depending on the magnetic field configuration; 2)
electron-proton bremsstrahlung emission can produce levels of linear polarization of up to 80%; 3) initially unpolarized
photons can be polarized by Compton scattering, the very same process by which we produce polarized photons in the
laboratory; and 4) magnetic photon splitting y — yy can lead to polarization levels of up to 30%. Below we outline some
specific scenarios for producing linearly polarized hard X-ray and y-ray emissions.

1.1 Gamma-Ray Bursts

In recent years, largely as a result of the observation of several X-ray, optical and radio afterglows, there has
developed a growing consensus that classical y-ray bursts (GRBs) are at cosmological distances. Such great distances
imply that a typical GRB releases 10°' — 10> ergs or more within a time span of several seconds. The general picture
that has emerged is one that describes the GRB phenomenom in terms of a relativistic fireball model.>* According to
this scheme, the y-rays are emitted when an ultra-relativistic energy flow is converted into radiation. The nature of the
“inner engine,, that releases this energy flow is still a subject of speculation. Once released, however, it is believed that
the prompt gamma-ray emission is produced by internal shocks within the outgoing flow. Internal shocks are generated
when one expanding shell overtakes another, slower-moving shell. An external shock arises when the outgoing flow
runs into the local interstellar medium (ISM). The longer wavelength (soft X-ray, optical, radio) afterglow emission is
believed to arise from the external shock.
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A common feature of many GRB models is that the energy release takes the form of jets that are directed along the
rotation axis of the system. Several indirect arguments have been used to argue that such jets are required to explain the
observations. For example, a break in the afterglow light curve from a relatively shallow power-law decay to a steeper
exponential decay can be interpreted as a result of a beam that is laterally expanding with time.*® Since the energy
budget of a given GRB depends heavily on assumptions about the extent to which the flow is jet-like, determining the
reality and nature of jets in GRBs is becoming an important goal of future observations.

The observation of optical polarization (up to ~10%) in several GRB afterglows’” has provided direct evidence for
geometrical beaming of emission related to the external shocks. Several models predict levels of polarization as high as
10 or 20%, depending on the angle between the observer and the jet axis.'""> These optical studies, however, probe
only the external shock region. In the context of the canonical fireball model, measurements of the hard X-ray
polarization during the prompt phase of the GRB promise to provide a similar probe of the internal shock region. Since
the outgoing flow at the internal shock is expected to be more tightly collimated than the flow at the external shock
(resulting from a continuous spreading of the jet as it progresses outward through the fireball), one can expect a
somewhat higher level of hard X-ray polarization (assuming that it arises from synchrotron emission) during the prompt
phase of the GRB. Even higher levels of polarization might be expected if the emission results from inverse Compton,
rather than synchrotron, emission. For example, one model'* proposed that the y-radiation is generated by Compton
scattering off relativistic electrons in the (inner) transient jet, not unlike models proposed for AGN." In this model,
significant levels of polarization of the hard X-ray emission (>20%) are predicted for all bursts with durations between 1
and 30 seconds. Even moderate sensitivity to polarization (20-30%) will help to constrain some of the models. The
recent claim'® of a very high level of polarization (80%) at energies between 150 keV and 2 MeV underscores the
potential for hard X-ray polarization measurements of GRBs. Although there is as yet no consensus on the precise
implications of such a high polarization level, it is clear that magnetic fields must play a crucial role in the GRB
explosion.

The low energy part of the GRB spectrum, which behaves as a power-law, suggests an origin due to synchrotron
emission from relativistic electrons, but a simple synchrotron model cannot explain the entire spectrum.” Models for the
GRB spectrum typically involve both synchrotron and/or inverse Compton emission.'*'” Both mechanisms can lead to
significant polarization, but with different energy-dependences. The uncertainty with regards to the origin of the hard
X-ray spectrum is a problem that can also be attacked, at a fundamental level, using polarization measurements. Both
inverse Compton and synchrotron emission have been proposed as viable emission mechanisms for GRBs. The spectral
signatures of these two processes can be very similar, so it is very difficult to determine the responsible mechanism on
the basis of spectral measurements alone. Energy-dependent polarization measurements, in principle, offer a possible
solution. The degree of linear polarization of synchrotron emission, unlike inverse Compton emission, is independent of
energy. This energy-dependence of the polarization (or lack thereof) may therefore be exploited as a means of
identifying the emission mechanism responsible for the hard X-ray and y-ray emission.

It is widely recognized that the soft y-ray repeaters (SGR) represent a different class of phenomena than the
classical GRBs. SGRs are short duration, soft-spectrum bursts with super-Eddington luminosities. The bulk of the
emission is seen at energies below 100 keV. A total of four, perhaps five, such sources have now been identified."® The
prevailing view is that SGR outbursts involve emission from the vicinity of magnetars, neutron stars with magnetic
fields in excess of 10'* G, with the energy release triggered by massive neutron star crustquakes.'” It has been
suggested”’ that the softness of the events can be attributed to photon splitting (y — yy) in the extremely intense
magnetic fields. The photon splitting process degrades the high energy y-ray photons to hard X-ray energies.”’ One by-
product of photon splitting is that the reprocessed photons would exhibit a polarization level of ~25%.2° Polarization
measurements of the 50-300 keV could therefore provide a test of the importance of photon splitting in SGRs.

1.2 Solar Flares

The study of polarization from solar flares at hard X-ray energies is especially appealing in that the hard X-ray
emission from any bremsstrahlung source (such as a solar flare) will be polarized if the phase-space distribution of the
emitting electrons is anisotropic. Polarization measurements therefore provide a direct handle on the extent to which
the accelerated electrons are beamed, which, in turn, has important implications for particle acceleration models.
Studies of y-ray line data from the SMM Gamma Ray Spectrometer (GRS) suggest that protons and oa-particles are
likely being accelerated in a rather broad angular distribution.”>*® There is no reason to expect, however, that electrons
are being accelerated in a similar fashion.

The first measurements of X-ray polarization from solar flares (at energies of ~15 keV) were made by Soviet
experimenters using polarimeters aboard the Intercosmos satellites. In their initial study, they reported®* an average
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polarization for three small X-ray flares of P = 40(£20)%. This study was followed by an analysis®*° of three flares in

October and November of 1970 that showed polarizations of approximately 20% during the hard impulsive phase.
These reports were met with considerable skepticism, on the grounds that they did not adequately allow for detector
cross-calibration issues and limited photon statistics.”’ Subsequent observations with an instrument on the OSO-7
satellite seemed to confirm the existence and magnitudes of the polarizations (~10%), but these data were compromised
by in-flight gain shifts.” In a later study® using a polarimeter on Intercosmos 11, polarizations of only a few percent
were measured at ~15 keV for two flares in July 1974. This small but finite polarization is consistent with the
predictions for purely thermal emission that contains an admixture of polarized backscattered radiation.® A small
polarimeter was flown on an early shuttle flight (STS-3) and made measurements of eight C- and M-class flares in the
5-20 keV energy range. Upper limits in the range of 2.5% to 12.7% were measured, although contamination of the Li
scattering material invalidated the pre-flight calibration.’'

The most recent effort to measure hard X-ray polarization from solar flares comes from the Ramaty High Energy
Solar Spectroscopic Imager (RHESSI).>** Although designed primarily as a hard X-ray imager and spectrometer, the
Ramaty High Energy Solar Spectroscopic Imager (RHESSI) is also capable of measuring the polarization of hard X-rays
(20-100 keV) from solar flares.’**> This capability arises from the inclusion of a small unobstructed Be scattering
element that is strategically located within the cryostat that houses the array of nine germanium detectors. The Ge
detectors are segmented, with both a front and rear active volume. Low energy photons (below about 100 keV) can
reach a rear segment of a Ge detector only indirectly, by scattering. Low energy photons from the Sun have a direct
path to the Be and have a high probability of Compton scattering into a rear segment of a Ge detector. The azimuthal
distribution of these scattered photons carries with it a signature of the linear polarization of the incident flux.
Sensitivity estimates, based on Monte Carlo simulations and in-flight background measurements, indicated that a
20-100 keV polarization sensitivity of less than a few percent could be achieved for X-class flares. Data from the X4.3
flare of 23-July-2003 has recently provided evidence for 20-40 keV polarization at a level of ~27% from the 23-Jul-
2002 solar flare.’*** However, it is not yet clear whether this modulation results from the linear polarization of the
incident flux or from residual systematic effects.” In principle, the capability of RHESSI to simultaneously image the
hard X-ray emission represents a major advantage over previous efforts to measure hard X-ray polarization, in that
photospherically backscattered photons may be directly imaged by RHESSI as a constraint on the contribution of such
backscattered photons to the primary signal.

1.3 Other Sources

Several other hard X-ray sources may also represent interesting targets for polarization studies.”” Here we review
some of those sources that may be detectable by a balloon borne GRAPE observation. Of particular interest will be
observations of the Crab Nebula. Observations indicate a polarization fraction that increases with energy, from 8.1% at
optical wavelengths® to 19% at soft X-ray energies.”> The consistency in the polarization angle in these data suggests
that a single mechanism, most likely synchrotron radiation, is responsible for the emission. A similar measurement at
higher energies would help determine the extent to which the high-energy emission is related to that at longer
wavelengths.

Accreting black hole sources (both AGN and stellar mass black holes) also present an opportunity for useful
polarization studies. Data from OSO-8 provided evidence™ for small levels of polarization (2-5%) at low energies (<10
keV) from Cyg X-1, but these observations have never been confirmed. Linear polarization is expected from low-
energy photons scattering off hot electrons in an accretion disk.* The degree of polarization depends on the angle of
emission with respect to the disk and the optical depth of the emission region. For optically thin disks, polarization
levels as high as 30-60% are possible. For structured accretion disks, energy-dependent polarization studies may permit
us to probe the details of that structure. Beamed radiation from accreting black hole sources is also a possible source of
polarization (for some of the same reasons that we expect polarization from GRBs). Beams in AGN, for example, are
highly polarized at optical and radio wavelengths, most likely due to synchrotron emission. One model" of the hard X-
ray emission from Cen A redicted high levels of polarization (~60%) up to ~300 keV. Similar models could be
considered for many of the so-called “X-ray novae,, (especially those that exhibit jet features). Some of these sources
can occasionally reach intensities that are comparable to the Crab, at which time they would make excellent candidates
for polarization studies.
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2. THEORY OF COMPTON SCATTER POLARIMETERS

The basic physical process used to measure polarization in the 50-300 keV energy range is Compton scattering. The
Compton scattering cross section (as given by the Klein-Nishina formula) is determined by the frequency (vo) of the
incident photon, the scattering angle (8) of the scattered photon measured from the direction of the incident photon, and
the azimuthal angle (n) of the scattered photon measured from the plane containing the electric vector of the incident
photon. For a given value of 0, the scattering cross section for polarized radiation reaches a minimum at = 0° and a
maximum at )= 90°. In other words, photons tend to be scattered at a right angle with respect to the incident electric
field. In the case of an unpolarized beam of incident photons, there will be no net positive electric field vector and
therefore no preferred azimuthal scattering angle (v); the distribution of scattered photons with respect to n will be
uniform. However, in the polarized case, the incident photons will exhibit a net positive electric field vector and the
distribution in ) will be asymmetric. The magnitude of the asymmetry is largest at low energies (below 100 keV) and is
most pronounced for scatter angles near 6 = 90°.

In general, a Compton scatter polarimeter consists of two
2000 detectors to determine the energies of both the scattered photon and
the scattered electron. One detector, the scattering detector, provides
the medium for the Compton interaction to take place. Ideally, this
detector is designed to maximize the probability of there being a
single Compton interaction with a subsequent escape of the scattered
photon. This requires a low-Z material in order to minimize
photoelectric interactions. The primary purpose of the second
500l - - o detector, the calorimeter, is to absorb the full energy of the scattered
C-min photon. In principle, one can use the same material for both the
scattering elements and the calorimeter elements, in which case the

ol b b e e b b w | .. . . .
0 50 100 150 200 250 300 350 lower limit of the operational energy band is approximately defined
Azimuthal Scatter Angle (degs) by the transition from the Compton to the photoelectric regime of the
detection material.' For example, the optimized lower limits for
plastic, Csl, and CZT are ~100 keV, ~200 keV and ~300 keV,
respectively. Energy thresholds near 50-100 keV can best be
achieved using low-Z plastic scintillator as a scattering element in
conjunction with a high-Z calorimeter."*** Since the energy loss is
dominated by that of the calorimeter, the total energy resolution of

the polarimeter is determined largely by that of the calorimeter.

The accuracy with which the scattering geometry can be measured helps determine the ability to define the
modulation pattern (Fig. 1). This capability has a direct impact on the polarization sensitivity, since the ultimate goal of
a Compton scatter polarimeter is to measure the azimuthal modulation pattern of the scattered photons. The integrated
azimuthal distribution of the scattered photons is given by,

c(n) = Acos(2(n—(p+%)) + B (1)

1500/- - - - -

polarization angle

1000

Counts

Figure 1: The modulation pattern produced by
Compton scattering of polarized radiation.
The minimum of the modulation pattern
defines the plane of polarization of the
incident flux.

where @ is the polarization angle of the incident photons; A and B are constants used to fit the modulation pattern (c.f.,
Figure 1). The quality of the polarization signal is quantified by the polarization modulation factor."** For a given
energy and incidence angle for an incoming photon beam, this can be expressed as,

C m‘x_C min A
u, = _pmax “pmm o _ TP ®)
C +C B

p,max p,min P

where C, uqr and C,, i, refer to the maximum and minimum number of counts registered in the polarimeter, respectively,
with respect to 1; A, and B, refer to the corresponding parameters in equation (1). In this case the ‘p’ subscript denotes
that this refers to the measurement of a beam with unknown polarization. In order to determine the polarization of the
measured beam, we need first to know how the polarimeter would respond to a similar beam, but with 100%
polarization (p;90). This can be done using Monte Carlo simulations. Then we can then use this result, in conjunction
with the observed modulation factor (p), to determine the level of polarization in a measured beam,
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p - (3)

100
where P is the measured polarization. The minimum detectable polarization (MDP) can be expressed as,

2(R,.+R
MDP(%) = — o | Rore * Roga) )
100 Rsrc T

where n, is the significance level (number of sigma), Ry, is the total source counting rate, Ry is the total background
counting rate and T is the total observation time. Improved sensitivity to source polarization can be achieved either by
increasing the modulation factor (t190) or by increasing the effective area of the polarimeter (thereby increasing the
source counting rate, Rg).

3. GRAPE DEVELOPMENT STATUS

We have been working on the development of hard X-ray polarimeters (50-300
keV) for several years. Our initial paper*’ discussed a simple polarimeter design
consisting of a ring of twelve individual scattering detectors (composed of low-Z
plastic scintillator) surrounding a single Nal calorimeter. A prototype of this simple

Incident
Photons

—
-
—
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design was tested in the laboratory, in part to validate the Monte Carlo code.***’ (ST
Since that time, our designs have evolved considerably, although the essential BSRRRX R,
concept remains unchanged. Our designs have focused on two principal means of 525052523 Csl Array
< X Oy

optimizing the performance of a Compton scatter polarimeter: 1) by more precisely 2
measuring the scattering geometry of each event; and 2) by rejecting those events i
that undergo multiple Compton scattering within the scattering elements. A better
geometry definition will serve to more clearly define the modulation pattern of the
incident flux. Improved rejection of multiple scatter events will reduce the
contribution of such events to the unmodulated component of the polarization
response.

Plastic Scintillator Rods

3.1 GRAPE Science Model 1 — A PSPMT-Based Design Positon Sensitive
We developed a modular polarimeter design that places an entire device on the Fhotomuliplier Tube
front end of a single 5" diameter position-sensitive PMT (PSPMT).*** The design,
shown in Fig. 2, incorporates an array of plastic scintillator elements to provide the
necessary spatial resolution in the scattering medium and to allow for the rejection Figure 2: The original GRAPE
of multiple scatter events. Each plastic scintillator element is optically isolated with design showing the layout of the
a cross sectional area of 5 x 5 mm”. The plastic elements are arranged in the form plastic scintillator elements and
of an annulus having an outside diameter of 10 ¢cm (corresponding to the sensitive Csl(Na) elements on the front
area of the Hamamatsu R3292 5" PSPMT). The central portion of the annulus is Surface of a PSPMT. Not shown
large enough to accomodate a 2 x 2 array of 1 cm CsI(Na) scintillators. The here is the 4-element multianode
Csl(Na) scintillators are coupled to their own independent multi-anode PMT gg&al;saer?ayfor readout of the
(Hamamatsu R5900 MAPMT) for the energy measurement and coincidence timing. '
An ideal event is one in which the incident photon Compton scatters in one plastic element and is subsequently absorbed
in one element of the central Csl array.

Monte Carlo simulations were used to characterize this design. The small cross-sectional area of each scintillator
element ensures that practically all multiple-scatter events are identified. The lower energy threshold, particularly in the
scattering elements, has a significant influence on the performance of the polarimeter at low energies. For the
simulations, we have assumed a threshold of 10 keV in the plastic scintillator and 15 keV in the Csl scintillators. The
simulation results are shown in Fig. 3 for the case of a vertically-incident flux on a single GRAPE module with various
detector depths. As one might expect, the effective area (e4) increases with increasing detector depth. (In practice, the
advantage of an increased effective area for a deeper detector must also be offset by the decrease in light collection
efficiency, an effect that is not considered here.) The modulation factor (jt199) can be combined with the effective area to
define a figure-of-merit (FoM). The FoM also takes into account the effect of detector background, which we assume
scales as the volume of the detector (V4e). In particular, the FoM is defined (under the assumption of a background-
dominated measurement) as,
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Figure 3: The effective area, modulation factor and out to fairly large angles. Although there is a significant decrease

figure-of-merit of the PSPMT-based GRAPE design in the modulation factor at large angles, there is still significant

as a function of energy for various detector depths polarization response even at 60° incidence angle. The off-axis

(d). response of this design would be very useful in studies of GRBs,
where a large FoV represents a distinct advantage.

3.2 Development of Science Model 1 (SM1)

We have recently completed testing a GRAPE science model (SM1), based on the design depicted in Fig. 2.* The
plastic scintillator array is composed of 250 individual pieces of Bicron BC-404 scintillator. Each 5 mm x 5 mm x 50
mm scintillator element is individually wrapped in Tyvek®™ to maximize light collection efficiency and to provide optical
isolation. A thin layer of Kapton®™ tape was then used to hold the wrapping in place. A thin aluminum housing encloses
both the PSPMT and the plastic scintillator array. The calorimeter detector assembly is a 2 x 2 array of 1 cm x 1 cm x 5
cm CsI(Na) elements coupled to a MAPMT (Hamamatsu R5900 with a 2 x 2 anode array) and enclosed within its own,
separate light-tight housing. Fig. 4 shows the major components of the device. During operations, the calorimeter
detector assembly is inserted into a central well in the PSPMT / plastic scintillator housing. The configuration makes use
of a charge division network for readout of the PSPMT (Hammamatsu R3292) that provides a weighted average of the
spatial distribution of the measured light output using only four signals (two signals in x and 2 signals in y). The readout
electronics, including a preamplifier for each of the four readout signals, are included in the Hamamatsu assembly.

A source of polarized photons was generated by Compton scattering photons from a radioactive source.*”** The level
of polarization of such a scattered photon beam is dependent on both the initial photon energy and the photon scatter
angle.”””> The scattering of photons from a *’Cs source, for example, generates 288 keV photons with a polarization
fraction of ~55-60%. The use of plastic scintillator as a scattering block to generate the polarized beam permits the
electronic tagging of the scattered (polarized) photons.
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