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The Gamma Ray Imager (GRI) mission is a concept that was idtdabby a large international
consortium and proposed to ESA in the framework of the Codfision first announcement of
opportunity in 2007. The aim was simple: to beat the instmt@ebackground in order to get a
sensitivity improvement of at least one order of magnitudkh wespect to existing instruments
in the very difficult hard X-ray / soft gamma domain. The résafl this study was a design
for a focusing telescope based on innovative optics, dgmted multilayer mirrors to cover the
energy range from 20 to 250 keV and a Laue lens to take over2&ikeV up to 1.3 MeV. GRI’s
estimated performance is a continuum sensitiviti & E /2) better than 107 ph/s/cnt/keV for
100 ks exposure time and an angular resolution of the ord8@@frcsec in a 5 arcmin field of
view. In this paper, we go further in the study of the concdptnonstrating that the Laue lens
is fully transparent to polarization, making the telescapperfect instrument for polarimetric
studies since the focal plane is an assembly of finely pigdldetector planes, ideal to perform
Compton scattering polarimetry.
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1. Introduction

The use of Laue lenses is an emerging technique based aacdifn in crystals that allows the
concentration of soft gamma rays. Practically the methodbeaapplied efficiently between about
100 keV and 1.5 MeV. In astrophysics this kind of optics cdelad to the gain of one - or even
two - orders of magnitude in sensitivity over existing instients: knowing that the instrumental
background count rate in detectors is roughly proportiaadheir volume, the decoupling of the
collecting area from the sensitive area allows a dramatiease of the signal to background ratio
and hence enables an unprecedented sensitivity to be tkache

The Gamma Ray Imager (GRI) mission concept has been elabobgta consortium com-
prising a large international community and was proposdei3é in 2007 as an answer to the first
announcement of opportunity of the Cosmic Vision plfn [X]prioposes to cover energies from
20 keV up to 1.3 MeV with unequaled sensitivity, using singdflection depth-graded multilayer
mirrors for the low energy (up to 250 ke\{)] [2], and a Laue lemsrf 220 keV up to 1.3 Me[]3].
The focal length of both focusing optics equals 100 m immgytimo formation flying satellites with
optics carried by one, and the focal plane carried by theroteath optics are co-axial and focus
on a common detector which is composed of a stack of finelylatixeé CZT planeq]4] in order to
take advantage of the imaging capabilities of the opticstaie sensitive to the polarization of the
focused radiation. The estimated continuum sensitivityeiser than 107 ph/cn¥/s/ keV for a 100
ks exposure; the narrow line sensitivity is better than 3 x81gh/cn¥/s for the same integration
time (Figure[ll). GRI can achieve an angular resolution- &0 arcsec within a field of view of 5
arcmin - which represents an important achievement in thenggray domain.

In this paper the accent is put on the inherent polarimetpabiity that a Laue lens tele-
scope presents. The next section describes the main s¢apgicaghat can be addressed by such a
telescope. The third section introduces the Laue lensipténand shows its current development
status. The fourth section deals with the transmission &rjged radiation through Laue lenses,
and emphasizes why such instrument is perfectly suitedrforpe polarimetric studies.

2. Science motivations

Based on INTEGRAL and SWIFT][§] 7] discoveries and achieves)ehere is now a grow-
ing need to perform more focused studies of the observedopmema. Featuring high sensitivity
and high angular resolution, a GRI-class Laue lens telest®perfectly adapted to further our
understanding of high energy processes occurring in atyasfeviolent events. High sensitivity
investigations of point sources such as compact objectsauand galactic nuclei should bring
important insights into the still poorly understood entissimechanisms. For this purpose the
polarization detection capabilities inherent to a Laues leescope in conjunction with its high
angular resolution would be extremely helpful, for ins&me distinguish between various models
of pulsars magnetosphere. Also the link between jet ejecia accretion in black hole and neu-
tron star systems could be clarified by observation of thetsaleproperties and polarization of the
transition state emission.

High sensitivity observations would also be precious fonga-ray lines such as that emitted
during novae {Li at 478 keV) and Type la supernova®Co at 812 keV and 847 keV) to under-
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Figure 1. GRI's continuum(left) and line sensitivityright) for a point source. Evolution of the sensitivity
is shown for the following values of the source off-axis andl”, 30", 60", 90", 120", 150" and 180"

stand the explosion mechanisms and study nucleosynth®siservation of light curves and line
shape evolution will permit to tighter constraints on plkgsiparameters allowing the discrimina-
tion among the numerous models describing these events.ud leas telescope can also greatly
help to solve the mystery of the galactic positrons origifiroligh the observation of the e~
annihililation line at 511 keV, pointed observations on kestion of compact objects such as low
mass X-ray binaries would bring important constraints @dhgin of the emission and eventually
on positron production rate.

3. Lauelensprinciple and state of the art

A Laue lens concentrates gamma-rays using Bragg diffradtidhe volume of a large num-
ber of crystals arranged in concentric rings and accuraténtated in order to diffract radiation
coming from infinity towards a common focus (e.fj. [8]). In #implest design each ring is com-
posed of identical crystals, their axis of symmetry definting line of sight of the lens. Bragg’s
law, 2dni sinBg = nA, links the ray angle of incidence onto reticular plafigsto the diffracted
wavelengthA through the d-spacind,y of reticular planesr(being the order of diffraction).

Since every ring diffracts toward the same point but hasferdifit radius, the Bragg's angle
6z is shifted from one ring to the next one. It produces a shithendiffracted wavelength which is
used to cover broad energy bands. However to obtain a cankincoverage each ring must diffract
a bandpass large enough to overlap with the contributionsofieighbors. That is why perfect
crystals are not suitable, instead mosaic crystals oralg/aaiving curved planes are requirgd]3, 9].

This new approach to a gamma-ray telescope has proved tafbleeand viable on several
occasions. Between 2001 and 2003 a team led by CESR (Frastedl the CLAIRE prototype
made of 556 germanium (Ge) mosaic crystals tiles duringrgtaests and two balloon flights J10].
More recently a team of the Ferrara’s University (Italy) raged to assemble a first lens prototype
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made of 20 copper (Cu) crystals, and a second one is forese09 [I1]. In parallel, detailed
studies started to refine all parameters in order to desitgeteexploitable for astrophysics. This
led to the MAX mission concept that was studied at CNES foryes in phase (12], and more
recently to the GRI. Current R&D activities are divided ugeothree places in Europe: at CESR
as well as in the University of Ferrara methods for accurasembling of crystals are investigated,
while in IASF-Roma a prospective for 'new’ efficient diffiang materials is being conductefd [9].

4. Transmission of polarization by a Laue lens

Since the radiation from celestial sources is diffractethencrystal volume before hitting the
detector, the question is: does the lens affect the potarizaf radiation? and its consequence:
does the polarization of radiation modulate the efficierfagiffraction? In the case of the symmet-
rical transmission geometry (the relevant case for a laug) |ehe dynamical theory of diffraction
gives for the reflectivity integrated over the diffraction profile in a non-absorbiregfect crystal
the following expression (see e.§.][14]):

TT0hki / 7o
o= — Jo(2)d 4.1
Rerystallite 27\ c0sBs Jo b(2)dz, (4.1)
wheret is the thickness of the small perfect crystay, is the extinction length, andy the Bessel
function of zero order. The extinction length is inversetpgortional to the polarization fact@
that expands as

C? = co a cos 265 + sirf a, 4.2)

where0g is the Bragg’s angle and is the angle between the polarization direction and theadiff
tion plané. Thus depending on whether the polarization of the incidente is in the diffraction
plane {r-polarization) or perpendicular to ib¢polarization), the polarization factor takes the form
Chr=cosBgorCy = 1.

In Darwin’s model a mosaic crystal can be seen as an asserhbigapendent tiny perfect
crystals,the crystallites each slightly misaligned with respect to the others. Thigleh is used
to predict the intensity diffracted by a mosaic crystal. slitbiased on the dynamical theory to
describe the diffraction in crystallites. The result is thkowing expression for the reflectivity of
a macroscopic mosaic crystal of thickndss

h 1 T uT
Rmos: E = E [1_ eXp<_2\N(A6) I'-\’crystallite T)] eXp<_ COSQB> ) (4-3)
A8 being the angular deviation between the actual incidengkeari the beam and Bragg’s angle,
W the angular distribution function of crystallites (gerraonsidered as Gaussian) apdthe
linear absorption coefficient.
The angle of polarization of the diffracted beasm,is given by:

1defined as the ratio of the diffracted over the incident beatenisity
2the plane containing the incident and the diffracted rapsmbe mixed up withdiffracting planesthe reticular
planes on which radiations are diffracted
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Figure 2: Effect of the diffraction in a Cu crystal on the 222 reflectamradiations of 50, 100 and 200 keV.
For each energy the thickness of the mosaic crystal is adapterder to maximize the reflectivityLeft
Rotation of the polarization as a function of the angle betwthe diffraction plane and the polarization
direction.Right Effect on the diffracted wave amplitude.

an = arctan HIEMH — arctan It — arctan Rmoso (4.4)
”Eh//” Ih// Rmos

We consider hereafter the example of a Cu crystal diffrgctihthe second order on planes
(111) (reflection 222) at 50 keV, 100 keV and 200 keV. The fotabf the polarizationan — a
is plotted in Figurd]2. Even for 50 keV where Bragg's angleaisffom negligible 6z = 6.82),
the effect of the lens is insignificant. The modulation ofrdifted intensity due to the polarization
is also negligible at the energies of interest, as shownertahle of Figurd]2. Thus we can state
that a Laue lens does not affect the polarization of radiatio its energy range (>50 keV), and
consequently that it allows the possibility to determinatithe focal plane.

The transmission of the beam polarization through diffaacin a Cu crystal has recently been
investigated experimentally at the ESRF (Grenoble, Flaaicenergies between 100 and 750 keV,
confirming the fact that there is no visible effelct][13].

5. Conclusion

Thanks to the efforts of the French, Italian and Europeart&pgencies Laue lens technology
is getting more and more mature allowing hope to have a t@pespeady for celestial observations
on a short timescale. It has been shown that a Laue lens dbaffewi the polarization of radiation
that it diffracts and that consequently it is possible talgtthe polarization of the emission from
celestial objects in the focal plane of a Laue lens telescdfms opens new possibilities for this
emerging field: thanks to the lens that concentrates radiathe signal to background ratio is
enhanced as compared to non-focusing mission conceptshwalibw the measurement of low
polarization fractions.

The requirements on the focal plane instrument are "n&ytiradell suited for polarization
measurements, since to take full advantage of the imagipghilities of the lens as well as to
minimize the instrumental background, the focal plane b&etfinely pixelated. With good timing
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resolution, it becomes possible to perform Compton tragkihthe events. This would allow the
rejection of events whose cone of possible direction ofdecce does not intercept the lens and
the determination of the radiation’s polarization than@stite non-uniformity in the azimuthal
distribution of Compton scattering for a polarized beam.

As aresult, a Laue lens telescope such as GRI, could combithe ihard X / soft gamma ray
domain high sensitivity, polarimetry, timing, and this lvén angular resolution ef 0.5 - 1 arcmin
in a field of view of a few arcmin: a powerful tool for high-eggrastrophysics.
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