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ABSTRACT

The study of the polarization properties of the ganma-ray
bursts is the one renai ni ng unexpl ored avenue of research which may
hel p to answer sone of the fundanental problens regarding the nature
of these nysterious objects. W have designed an instrunent to
measure |linear polarization in cosmc gama-ray bursts at energies
>50 keV. Here we describe the design of this instrunent, which we
call the Gamma- RAy burst Pol arimeter Experinent (GRAPE)

| NTRODUCTI ON

The nature of the gamma-ray burst sources has remained a
mystery ever since their discovery sonme 25 years ago. Even after the
best efforts of scores of researchers, their is no consensus
regarding their origin. The latest results fromthe Conpton Gama-
Ray (bservatory (CGRO have served to heighten the interest in this
probl em wi t hout of fering any fundamental answers as to their origin.

When it conmes to the study of el ectronagnetic radiation, there
are four neasurenments which an observer can nmake (all as a function
of time). |In the context of gamma-ray burst studies, these are: 1)
the source location; 2) the source spectrum (distribution of photon
energies); 3) the source intensity (spectrum nornalization); and 4)
the source polarization. Al studies of gamma-ray bursts to date
have involved the first three types of neasurenents. Since these
data have not yet yielded any clear fundanmental answers as to the
nature of the bursts, we contend that an additional piece of
informati on may be required. The only additional piece of
information which is available to the observer is that of the
pol ari zation of the radiation

A few authors have di scussed pol arization effects in the
context of burst nodels. For exanple, Mtrofanov and Pozanenkol have
di scussed the polarization inherent in cyclotron enmission in a strong
magnetic field; they predict a polarization fraction of ~80% near 100
keV for a typical neutron star environment. Bisnovatyi-Kogan? has
noted that the neasurenment of polarization in the observed spectra
lines would help to determine the exact nature of the line enission
Baring3 has exam ned the polarization produced via magnetic photon
splitting; a maxi num pol ari zation fraction of about 43%is possible
with this mechani sm

At present, there is no gamma-ray experinent that we know of
which is presently in operation or in the planning stages whose ngjor
enphasis is the nmeasurenent of polarization. The COWTEL instrunent
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on GRO*, for exanpl e, has only marginal capabilities for detecting
pol ari zed eni ssion due to an inefficient geonetry (the mgjor drawback
for measuring polarization with traditional Conpton telescopes).

Sone of the proposed concepts (such as TTTS5) i nclude the capability
for polarization neasurenents, but once again, they are not optinized
for that purpose

The prototype GRAPE desi gn has been devel oped within the
context of a long-duration balloon platform However, the nodul ar
nature of this experinment will also facilitate its use as an add-on
experinent for satellite platforns. In addition, the sinplicity of
this design, along with its nmininal pointing and service
requi renents, would nake such an experinment ideally suited for
depl oynent on Space Station Freedom

POLARI METER BASI CS

The neasurenent of |inear polarization at hard x-ray and gamma-
ray energies is based on the fact that the Conpton scattering cross-
section is a function of angle fromthe electric field vector. In
particular, the scattering cross-section is a nmaxi nrum for photons
scattered perpendicular to the electric field vector and it is a
m ni mum for photons scattered parallel to the electric field vector
The ratio between the m ni num and the nmaxi num scattering cross
sections gives a good indication of how effective this approach may
be. Although this ratio is quite high (~65) at 100 keV, the ratio
decreases rapidly at energi es above 500 keV (~5 at 500 keV). This
makes this technique increasingly difficult at MeV energies.

THE POLARI METER MODULE

GRAPE i s designed as a nodul ar experinent, consisting of a
nunber of independent polarineters. The basic principle of the GRAPE
design is to scatter photons froma lowZ plastic scintillator into a
high-Z Nal (TI) scintillator which is capable of absorbing the
remai ni ng photon energy with a high probability. A single
pol ari neter nodul e consists of a ring of individual plastic
scintillators surrounding the Nal (Tl) absorber, as shown in Figure 1.
The Nal (TI) detector is cylindrical, 7.6 cmin dianeter and 7.6 cm
Il ong. Each plastic scattering elenment (in the present design) is 7.6
cmlong and 3 cmthick. A conplete nodule neasures 25 cmx 25 cmin
si ze.

The goal is to neasure the azinuthal distribution of the
photons scattered into the central detector. This distributionis
determ ned by recording the coincidence events between each of the 12
scattering elenents and the central detector. This provides a set of
12 energy-loss spectra which can be used to neasure the polarization
of the incident flux as a function of energy.
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ring of plastic scintillators
whi ch act to scatter incident
photons into the central Nal(Tl)
detector. |In the baseline
design, the Nal (Tl) detector is
7.6 cmin diameter by 7.6 cm

long. The plastic scatttering
elements are 3 cmthick. The
- pl astic detectors are centered on
a radius of 11.3 cm
B plastic [ Nai(T))

We define the neasured polarization in terns of the nodul ation
factor,

‘- Figure 1. Schematic diagram of a
' si ngl e GRAPE nodul e showi ng the

— Snax(Ey’G) - Sﬂin(Ey! 6)
Seax (Ey»0) + Syin(E, . )

where S refers to the effective area of a single Nal(Tl)-plastic
scattering pair at incident energy Ey and incident angle 6. In this
expression, the maxi m um and m ni rum val ues refer to the nmaxi num and
m ni num of the azinuthal variations. The detection properties

i nherent in this expression have been studied in detail with a series
of Monte Carlo sinulations. These sinmulations enployed a nodified
versi on of the CERN GEANT code (nodified to properly handl e pol arized
phot ons) .

P(E,.0)

The results of these sinmulations are shown in Figures 2 and 3.
Figure 2 shows the effect of increasing incident energy on the
measured azi nuthal variations (for an incidence angle of 0°). Figure
3 shows the effect of increasing the incidence angle (for an incident
energy of 100 keV). In all cases, the response both to 100% i nearly
pol ari zed radi ati on and to unpol ari zed radiation is shown. Solid

lines represent a

TABLE |. Monte Carlo Results fit to the data.
Some of these
Energy St(Nal) St(plast) St(coinc) ) results are also
(kev) cn? cn? cé given in Table |
50 6.5 153 21 71% (where ST refers to
T B T 1 I st
200 o 133 3.0 3% si ngl e nodul e) Ve
288 gilg ii? g'é ggz’ concl ude fronwihese
. . 0 . .
simulations that: 1)
?88 gglg iéi g'g i?g’ there is significant
' . 0 . .
efficiency at
900 35.6 93 1.8 33% y

energies up to 500
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keV; and 2) there is a clear polarization signa
thus providing for an effective FOV of
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Figure 2. The nodulation as a
function of incident energy
expressed as effective area per
scattering pair. |In each case,
the response to both 100%

pol ari zed flux (circles) and
unpol ari zed flux (triangles) is
shown. Errors are roughly the
size of the plot symnbols.

even at 30° off-

~1 steradian.

= 100 keV, 6 = 10°

LAV

0.0+ | L I . I !
0 100 200 300

Azimuth Angle (degrees)

Effective Area (sz)

By = 100 keV, 0 = 20°

Effective Area (sz)

0 100 200 300
Azimuth Angle (degrees)

Ey = 100 keV, 0 = 30°

Effective Area (sz)

0 100 200 300
Azimuth Angle (degrees)

Figure 3. The nodulation as a
function of incident angle
expressed as effective area per
scattering pair. |In each case,
the response to both 100%

pol ari zed flux (circles) and
unpol ari zed flux (triangles) is
shown. Errors are roughly the
size of the plot synbols.
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BALLOON PAYLOAD CONCEPT

I n devel oping this concept for a balloon payload, it is
necessary for the detector to have an efficiency which would give
useful scientific results within the tine frame of a typical |ong-
duration balloon flight (typically, 2-3 weeks). This requires an
array of polarinmeter nodules. Qur baseline design is an array of 16
modul es, as shown in Figure 4. As a polarineter, GRAPE would be able
to detect 50% i near
pol ari zati on at >30 in a burst
with a fluence of 5x10°6 ergs
cni2.  (More recent sinulations
appear to suggest that
refinements to this design may
i nprove the detection
efficiency by as nuch as 50%)
Wth a FOV of ~1 steradian, we
woul d expect to see ~1 burst at
this fluence level during a 2-3
week balloon flight. Although
GRAPE is optinized for the
neasur enent of polarization (up
to several hundred keV), the
use of the individual detectors

will also pernmit a significant
&1 meter —>| capability for timing, and
) spectral neasurenents of ganma-
Nal(Tl) - Plastic ray bursts up to several MeV.
The use of corner-nmounted x-ray
Figure 4. A schematic of the full detectors (as in the BATSE
bal | oon prototype, consisting of design) will permt
an array of 16 individual nodul es. | ocal i zation of bursts to

wi thin several degrees; this
woul d be required for a nore accurate deconvol ution of the GRAPE
response (due to its dependence on incidence angle). Finally,
systematic effects within the nodul es would be alleviated by rotation
of the ball oon payl oad.
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