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The Gamma Cube

1. I ntroduction

Continuous gamma-ray emission in the 5-100 MeV diomesults largely from high-energy particles
interactions with matter {dremsstrahlungg®, inverse Compton) or with magnetic fields throwgyim-
chrotron emission. Particles are cosmic-rays or areelerated locally in electric fields (pulsars),
shocks (SNRs, stellar winds, GRBs) or are channielgets (AGNSs). If the magnetic field is highly-or
dered (pulsar, AGN jets, GRBs), the synchrotronssion is polarized. Flashes of continuous emission
are produced in the earth atmosphere above stargigns where electrons are accelerated to at1€8st
MeV. Line emission is also expected in solar flasesrom the low energy CR interactions with the-ca
bon and oxygen nuclei of the ISM. The search ah ljgmma-ray energies for emission resulting from
dark matter annihilation has been yet unsuccessfifing more appealing a search at lower energies.

Such a rich domain has been only glimpsed with COEIH1] and Fermi[2], the former being highly
limited in sensitivity and the latter with no palaetric capability and hampered by its angular hesm
below 100 MeV. There is therefore a strong needafpolarimetric experiment offering both a good an-
gular resolution and a high sensitivity in the D1eV range.

Since the emergence of grazing incidence mirracs Xray CCDs, X-ray astronomy underwent a fast
and spectacular development leading to the pregeldaten situation where the Chandra and XMM-
Newton missions are successfully operating simeltasly since more than a decade. High energy gam-
ma-ray astronomy with first the spark chambers (@s8as-2, Cos-B, Egret) and then the Si stripped
detectors (Agile, Fermi) made similar progressesa assult of the improvement in the particle tragki
technique. At hard X-ray energies, the use of catledks (Hexte, Granat, Integral, and Swift) allowed
imaging but at moderate sensitivity even with theeat of room temperature semiconductor detectors.
Above a few MeV only COMPTEL, the sole Compton sel@pe onboard a satellite (CGRO), provided
significant results albeit with an SED sensitivity behind its spectral neighbors. With the setectf
Athena, a large X-ray mission as the next ESA astoee, and the advent of the next generation of
ground basederenkov telescopes the contrast with the Compteditseity will be outstanding.

The poorer sensitivity of the MeV experiments imparison to its neighbors is largely due to insieam
tal difficulties specific to the domain. The lacka mirror to form images on a large field of viend
focus on a small radiation detector is probablywieest handicap. Above a few 10 MeV, pair creai®n

a very specific signature of a photon and providasediate information about its incident directiax.
lower energies, however, Compton scattering takes and the corresponding signature in the detector
can be confused with charged particle interactiovfsle reconstructing the incident direction beceame
harder. In addition, the interaction of photonshwitatter attains its minimum near 1 MeV so thattphs

at that energy are particularly difficult to detdeinally, MeV is the domain of nuclegsray lines, which
makes it extremely interesting but gives it a sromstrumental background due to the activationraf
diated materials in space.

Compared to the pair telescope experiments, thepBomntelescopes sensitivity is hampered by the ab-
sence of a real electron tracking capability; tmeadion of a gamma-ray photon being only restddtea
thick circle on the celestial sphere. The use lafsi DSSDs with low noise preamplifiers to getaaicu-
rate measurement of the energy deposits is expéztetprove the sensitivity by a factor 30 or sbefle

is probably no way to go significantly beyond tipatint without an accurate tracking of the Compton
recoil electron.

A Compton telescope with electron tracking is apezimentalist dream difficult to realize. The gamma
ray detection efficiency requires significant amisuof matter along the path of the photons butelke-
tron tracking requires as little material as pdssih between two successive electron position oreas
ments. For example in a Compton telescope forméldl avstack of Si DSSDs, the total Si length should
be of the order of 15 cm to ensure a good Comptattes efficiency at 5 MeV. On the other hand the
thickness of a Si DSSD should not exceed 300 mictorensure that the average scattering anglesof a
MeV electron does not exceed 7°. Together thesaregents imply a stack of 500 layers of DSSDs! If
not excluded for excessive power consumption, dessipation or large fraction of dead materialisit
certainly not reasonable from the cost point ofwie

In the pair creation regime, the efficiency of #ageriment is given by the converters. In theseselen
materials (lead, tungsten) the electrons suffey Veravy scatters that limit the angular resolutonl
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preclude the use of the pair-creation plane foapwletric studies. Gas TPC with their low densitiyim
mizing the electron scattering may be very effitielectron trackers. Here also the dead materialiis
side the detection volume. However, for a reas@nghbk pressure (< 2 at), a good conversion eftigien

requires large dimensions ( ~1 m) and the drifetfior a reasonable high voltage (< 10 kV) is anddor
such a large TPC.

Clearly in both Compton and pair creation regiméstns missing the most is an accurate measurement
of the electron tracks before significant scatigimthe matter washes out their initial direction.

2. Gamma Cube: the concept

A relativistic electron ionizes the matter along irack. The subsequent recombination may be
accompanied by light emission (fluorescence). Tinection of these fluorescence photons contains the
information on the positions of the emitting atorns, the electron track. A proper optical systesuold
form an image of the track that a very sensitivager could record.

y-ray Optical
device Imager

!

Scintillator

Electron
tracks

Figure 1: Schematic diagram illustrating the Gan@nae: a scintillation tracker. A difficulty of theptical
system is illustrated. If the optics focus the imad the first Compton electron track, it cannathat
same time focus as well the image of the secondpBamelectron track.

Figure 1 illustrates the principle; a gamma-raytphoof ~10 MeV undergoes two Compton scatterings,
ejecting few MeV electrons, each of them produdnfiuorescent track. A “lens” projects an image of
these tracks on an imager. In the following, we aéle that the detector part seems quite straigtefal
while there is interplay between the optical systemd the imager readout and a tradeoff has to be
performed to ensure the feasibility with interegtperformance.

2.1 The detector

A proper electron tracking requires a material riffig the lowest possible radiation length, i.e.ow |
density material with low Z. Such a requiremergxactly opposite to that for photoelectric absanpidr

pair creation, it implies a domination of the Comptscattering interaction and large dimensions to
ensure a good efficiency. Fluorescence photonsgbtia information carriers, we need as many as
possible i.e. a scintillator offering a high ligyield. However, not only a high light yield is rempd but

the large dimensions require also a very transpdedrthe fluorescence wavelength) medium to ensure
the carriers reach the detector edges. The lowitgeasd transparency requirements point to plastic
scintillators. The light yield is not very high bsiiould be enough above 1 MeV. A plastic scintilauch

as BC 408 (produced by Saint-Gobain) has the fatigwharacteristics:

* Made of light elements (polyvinyltolueneghd).
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» lIts light yield is about 10 photons per keV witlvavelength of the emitted light around 420 um
and an absorption length around 4 m.

» ltis available in large dimensions (meters) ancdst is moderate.

e ltis a very fast scintillator (2 ns).

e ltis robust, durable and can sustain space radiati

* Itis non-hygroscopic (no envelope needed) andeashaped relatively easily.

For a Compton telescope, the spectral resolutionfiprime importance as it governs the angular
resolution and in the end the sensitivity. The matielight yield of plastic hampers its use at kemergy.
Nevertheless a good light collection should allase-percent spectral performance above a few MeV if
the 6 faces of the cube are similarly equipped wjitics and imagers. For a large detector, thedastof
the plastic is a significant advantage to limit thead time induced by the mandatory anticoincidence
system. lIts relatively low optical index should e#se light collection.

For a proper efficiency at 20 MeV, the size of phastic cube should be around 60 cm. We will use

that dimension in the following for sizing the exipeent.

22 The optics

The main requirements on the optical system aeggeldepth of field, to properly image any parthaf
detector as well as a maximal photon collectioralbge of weak luminosity of scintillation light. TFest
requirement is due to the impossibility to knowraop where the track will be located and becalmrd
will be several simultaneous tracks at differerpttie as illustrated on figure 1. Such requiremeatsm
inaccessible to regular optics.

A camera able to focus a posteriori, at any chalistance, exists. It is called a plenoptic cam&d][
and allows performing digital light field photogtap(i.e. we measure both position and directioplad-
tons reaching the imager). It features an arragnicfo-lenses, placed behind a simple large lenshEa
micro-lens produces a small image of a part offigld on a large imager. The small images can be re
combined to form images focused at various distance

We investigate here a slightly simpler system fag gamma Cube using a single lens arrays placed on
each side of the cube. Such a system allows aureea$ the position and direction of scintillatipho-
tons reaching the surface of the cube. It is simidlaa Shack-Hartmann beam analyzer.

The light produced by a track in the detector wél focused by lenses of the array on each sidehwhic
will result in an array of track images on the ira¢fFig 2a,b). The imaging process is then a twpsst
process: first determine the periods in the diatidn of photons on the imager and then fold theéoves
images produced with that period to obtain combimeglges (Fig 2d). This technique can be applied to
the 3 pairs of sides of the cube to obtain a d=ta88D reconstruction of the event in the detector.

The size of the lenses, their focal lengthf, and the imager distance from the cube fabgdetermine
completely the optical properties of the system anut be chosen carefully. The error on the lomlgitu
nal position goes liks, favoring large lenses, but one has to have a serffiy large number of images
to determine the period on the imager and to kefqea to diameter ratio large enough to limit aber
tion effects. Similarly, a good lateral positiorteastruction is obtained when the imager distas@ich
that the focus is made at % of the cube depth.tyfhieal resolution (separation power) achieved imith
the cube is around or beldw of the lens diameter and localization accuracy ¢ha easily go below the
mm for energy deposits are the MeV level. We haumd that lens size around or below the centimeter
to be a good compromise.

With the capability to locate interactions dowrtlie MeV level, the setup will have a low energyetir-

old of a few MeV for gamma-rays. The high energyitiwill come from confusion: if the size of the
track image exceeds the lens field of view, thegesaproduced by neighboring lenses will start nmeygi

A possible way to improve on this is to use a fydlgnoptic system made of two lens arrays (a macro-
scopic and microscopic one).
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Figure 2

a) (top left) Geometry of the setup: A point sourdeniinates the lens array of square mesh which pro-
duces an array of images on the imager. The perisdlirectly connected to the lens array period s
and the depth of the point source in the cube

b) (top right) The surface density of photons produaetihe centre of the cube and focused by the lens
array on one side of the cube. The period p iglgleésible

c) (bottom right) To obtain the period one can studypower spectrum density of X and Y positions of
photons detected on the imager. Here we show thedogram, i.e. the power spectrum density as a
function of the depth in the cube for a point lémission at the centre of the cube releasing ay man
photons as a 1 MeV energy deposit. The peak ghesibst probable position.

d) (bottom left) Once the period p is known one cdd fbe large image to obtain an image of the event
inside the cube along the transverse directioneliteshown an example of such a phasogram for the
same event.

2.3 Theimager

The requirements for the imager are the capahifityetecting every fluorescence photon, a spatidip

sion sufficient to preserve the accuracy providgdhe optics and a limited dark count rate (DCR). |
principle, there are two possible regimes, one wiliee average number of events per pixel (the photo
density) exceeds unity and the other where thegohdénsity is significantly lower than one. In floe-
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mer case, the number of photons per pixel has tmémsured by pulse height, in the latter case e on
need to register the addresses of the hit pixelsePheight measurement is so power consumingitthat
seems hardly applicable to a space experimentavtihge number of channels. For that reason only the
latter case was investigated here.

A Single-Photon Avalanche Diodes (SPAD) is an erily sensitive photo sensor, a photodiode operat-
ed in Geiger mode. Geiger mode provides internal ga large as ﬁ)carriers/photon, with very low

power consumption (few 10 pW/n?n)q Indeed, a unique electron-hole pair generatethbyabsorption

of a single photon leads to one million carrierbisThuge multiplication is due to a self-sustainav@g-
lanche process: successive impact ionizations roiecs accelerated by an electric field, abovelreak-
down threshold. So, the diode reverse current tises few mA in a few ns as it may occur across a
switch going from OFF to ON state. Such a non-lifiéaary regime allows a “digital” detection of gie
photon. The increasing current also crosses a guancircuit (Fig. 3) placed in series with the tage
biasing, lowering the electric field effectively@i@d to the SPAD below the breakdown thresholdatTh
turns OFF the avalanche process in a few 10 nst(tese). Without self-sustaining avalanche process
and until there is a new incoming photon, the ardrops below 1 pA (leakage current) and the SPAD
electric field is restored above the breakdownshotd. After this current pulse, SPAD is ready &bedt

a new photon.

A high-resolution - few 10 pm - imager sensitiveat@ingle photon is actually developed by using an
array of SPADs with a standard CMOS micro-electaeichnology (AMS Opto CMOS 0.35 pum) [5].
Summation of Single Photon Avalanche photo Diodayasignals allow efficient calorimetry and are
known under the name of SiPM (Silicon Photo-Mulgpl. However, imaging requires many readout
channels, possibly as much as the number of SP&Bsfor a SPAD imager, a multiplexing technique
must be considered. Analog multiplexing techniqaeld be considered [6]. However the linear circuits
used for analog multiplexing are power consuming s not compatible for space applications. Hence
it may be preferable to convert the SPAD deteatiba photon [7] to digital signal in order to intigate

a digital multiplexing/coding made by low power somption CMOS circuitry. Based on such consid-
eration, the pixel is composed of a single SPAR &w of them (the photon density must be significa

ly lower than one), high voltage sources (HV = fB0W), a “quenching” circuitry and a 1-bit Analog to

Quenching circuit

= (a)
Figure 3

a) (left) Elementary cell (pixel) of a digital readdBPAD array.

b) (right) Layout of the cell demonstrator developedaoBiCMOS technology with coding circuit. On the top
of the layout, the quenching circuit is a MOS tistts allowing an adjustment of the quenching tesise
for the purpose of this demonstrator. On the rajhthe layout, 5 triggers act as “1 bit” ADC addiagsa 5
wires bus used for coding the address of each.pixel

Digital Converter (ADC). The quenching circuit cdide a simple resistor or a MOS transistor in ohmic
regime used to find the optimum quenching resigtafour prototype. The 1-bit ADC is obtained using
a simple comparator (a MOS transistor). It detectéecreasing of the voltage across the photo-diode.
Using this single pixel scheme, coding of a sulaasystem could be achieved. The output of the ADC
of each pixel is copied on a digital bus followimgtandard binary code as shown in each line ofdiga
(top). Indeed, the binary code obtained at the adfrttie line provides the address of the hit pixalydf
there is only one pixel hit at one time. So, a $@ahy must be considered to “statistically” aveithul-
taneous events. For a low photon flux applicattbis could still correspond to more than one huddre
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pixels. So, an array of SPAD could quickly image tlash of light produced in a fast scintillatorttack
particle interactions. However, a SPAD is not amiggered by incident photons. Even without anyi-opt
cal event, some thermally generated carriers pm@ilsp current pulses. The rate of these “darkhesve
(DCR) increases with the temperature and with fi@ied electric field. For this reason the SPADagr

is passively cooled-down below 0 °C. Moreover, mcdence (“Coinc” in Fig. 4a) detection correlated
events allows to drastically reduce the impacthef dark count rate on the dead time and the dams-tr
mission rate. This coincidence could be obtainedrmsiog or digital summation of each SPAD signal as
is schematically represented in figure 4a. Ind¢leel,address of the hit pixel is only taken intocast
and propagated if a coincidence (real event — ak)ds detected by several sub-arrays.
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Figure 4

a) (Top) Representation of a SPAD array composed ofitw@s of 15 SPADs sub-array. The “Coinc” signal
allows reading only simultaneous-event addresses.

b) (Bottom) Layout of a part of a prototype SPAD arfaljowing the discussed 4 bit digital coding + atiin
dence signal.

A 30 x 30 SPAD array demonstrator has been devdlopth 13 pm pixels and a digital coding. This

prototype has been developed to characterize SABoss on this 0.35 um Opto BiCMOS AMS tech-
nology. Indeed, many geometries and topologiesR#3 have been designed. Moreover, A SPAD array
with coding circuit would demonstrate the multighex capability achievable on such a technology.

A small pixel size is desirable to avoid losing gaaaccuracy and the DCR per unit area decreashs wit
the pixel size. However, the relative dead areeeames when the pixel size decreases and the sihalle
pixel, the larger is the pixel address and the dong the readout. For an expected trigger ratgewéral
thousand per second, the readout time should bebedpwv 10 ps to avoid significant dead time. la th
end, a pixel size as large as 100um could appsaseasonable tradeoff.

3. Physics and event reconstruction

The tracks in 3D have first to be reconstructedimefiny attempt to retrieve the incident gammaptay
ton properties (energy, direction, polarizationd. §tudy this reconstruction we have performed smul
tions using the optical module of GEANT 4 to simelthe effect of a simple micro-lens array.
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Figure 5

Layout of a part of the 30x30 SPAD array demonetrakhis array is composed of 15 pixels sub-arrays,
which addresses a 4 bits bus. A latch registersnfgumation of each hit pixel address. Data offillear-
ray is readout through a series output stream. Mestywehicles are placed all around the main doay
characterize this technology: “AMS CMOS opto 0.35um”

These simulations have shown that about 70% opltedons emerge from the cube and around 35% are
detected and can be used for calorimetry. Only 2884detected and properly focused.

3.1 tracksreconstructionin 3D

Each element of the micro-lens arrays producesar cut image of an emitting point inside the cube.
each of the 6 faces, a square mesh of images duped. The photon density over the cube face is-max
mal at the projected position of the source. Thatg distribution over each imager provides amesst

of the source position with an accuracy at thellefehe lens element size. Near the projectedtiposi
where optical conditions are optimal, the mestyisase and its size is equal to the lens-array elésiee
times 1 +n h/d, whereh is the distance between the imager and the m@rs-arrayd is the source dis-
tance from the micro-lens array amds the refractive index of the array (which iswased to be identical

to that of the scintillator cube). The mesh is #fiere a measure of the source longitudinal distaho®

2-D Fourier transform of the image easily providleis mesh with a remarkable accuracy even at low
energy where photons are scarce. Alternativelyh Wiss demanding computing resources, the power
spectra of two 1-D transforms can be summed andges the same result (see Fig. 2c).

Once the mesh is known, the global image is folde@veal the source image as would be produced by
central lens but with very high statistics (Fig.2ih) principle, the 6 images should be processeullta-
neously since the mesh of one image is linkedeqtttern center of 2 other images.

3.2 Efficiency and photon reconstruction from tracks

A gamma-ray photon can undergo a large numberaifess and not even lose all its energy sinceeén th
Thompson regime (E < gf) the average loss per interaction is very low.sTikiillustrated in Figure 6
where a few long tracks (red and blue) are cleadiple while in most scatterings the energy defpissi
not visible.

These small energy losses are invisible since ktaegily exceed a few tens of keV. Images in the Cube
would be limited to the red and blue tracks. Pcatly the reconstruction of an interaction requiredi-
vidual energy deposits greater than about 200 k&l/aatotal energy deposition greater than 90% @f th
incident energy (given by the calorimetry). Thigugement limits strongly the efficiency at low ege
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Figure 6

Tracks produced in the Gamma Cube by two gammae@ying from the left, a 10 MeV photon undergoing 2
Compton scatterings (Left) and a 50 MeV photon angad pair (Right). Photon paths are in green tedec
tracks are in red and positron tracks are in blue.

and acts as an implicit low threshold. With thiguigement and adding the need of at least 2 intierac
for a Compton scattering, one can compute theieffay of the cube with GEANT 4 simulations that is
illustrated in figure 9 in [8].

4. Orbitsand background
4.1 Orbit meritsand Background

The performance of an experiment such as the GaGuba depends strongly on the chosen orbit. On the
one hand, an equatorial Low Earth Orbit (LEO) affthe lowest internal background but on the other
hand the atmospheric gamma-ray emission may corafeensd the field of view is reduced compared to
a Highly Eccentric Orbit (HEO). Moreover, on a LE@e available power is less, the thermal control is
more complicated and the telemetry may be an isspecially if the experiment must generate alarts
real time (e.g. GRBS). If one considers placing@samma Cube at L2, the background and the field of
view are the same as for an HEO but the telemetyyires the use of an expensive pointing antemm. |
therefore necessary to address carefully all tipesets. This cannot be done here but at least we ca
focus on the background issue and in so doing,ssarae the L2 case is covered by the HEO study.

4.2 Gamma Cube background simulations

The background of the Gamma Cube has been simulgitadthe MEGAIib software toolkit. In this
model, the telescope is composed of a cubic plastittillator (GH,) of 60 cm by side, placed upon an
aluminium satellite platform. Aluminium density hbsen adjusted to have a 500 kg platform. Two orbit
types have been considered, LEO and HEO. The LEQwipical equatorial low-Earth orbit at an altiéud

of 550 km; the main background contributions int ttesse are the Earth albedo, the Cosmic Gamma-ray
Background (CGB), and the radioactivity induced Highest energy protons able to pass through the
Earth magnetosphere. HEO is an orbit placed wetivakthe radiation belts; in that case, the main
contributions are the CGB and the radioactivityuoed by cosmic protons. The result is shown inrfigu
10 in [8], where we can see the background spéttitze two cases; we could see also the background
a LEO, when we can discriminate and remove allbthekground induced by the Earth albedo. In this
optimistic case, the background count rate aboMeY is reduced from 2350sdown to 400 §. From

the background point of view a LEO is clearly thefprable orbit since the HEO background rate is
about 5000 $ and cannot be reduced. LEO background is highlgnidated by the Earth albedo
contribution whereas the HEO one is dominated leyitidluced radioactivity, mostly coming from the
1C, #Na, **Na and?®Al isotopes created in the cube and platform retiymly. Induced radioactivity is
lower in LEO due to the geomagnetic cut-off.
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conclusions

In principle, the Gamma Cube presents many conaéptlvantages over other Compton or pair creation
telescopes. It allows the imaging of electron tsaakd the determination of the electron directidragg
peak). With this, ordering the gamma-ray interawdics much easier. There is no passive materidimwit
the detection volume where electrons or photons imi@yact without notice resulting in wrong gamma-
ray reconstruction. The spatial resolution can depéed to the needs by appropriately tuning the&espt
and the imager resolution. The number of readoahéls is proportional to the detector area rathean

its volume and since there is no A/D conversion,ghwer consumption per pixel is of the order V¥
with no heat dissipated in the detector.

A good fraction of these advantages should tramsfdd an exceptional performance since the effinye
should be an order of magnitude better than COMP{f&lLa weight an order of magnitude lower), the
background rejection is expected to be far supaiorthe angular resolution should be mostly lichlg

the electron scattering that in a plastic scirttllds nearly minimal. All these should result inery good
sensitivity in the 5-100 MeV range. In fact, then@®aa Cube is fully compliant with the seven aspects
given as guidelines for the next generation of Cmmpelescopes|[9].

However before this becomes a reality serious shaee to be tackled. First of all, a large SPARar
has to be realized with the ad hoc readout sch&me.main difficulty comes from the large size oé th
imagers that must be read in about 10 microsecohasther difficulty here is the pixel dead zonettha
should be kept to a minimum. Also cooling will @y be necessary to maintain the SPAD dark xate t
an acceptable level. The optical system desendeep study based first on simulations. A systenedbas
on a single micro-lens array falls short in promglthe requested dynamical range. A more complex sy
tem using several plenoptic cameras looks promisirtchas not yet been studied in detail. The 3bBktra
reconstruction is feasible on ground but it mightdifferent to perform it in less than a millisedoor so
with a space qualified processor.

None of these difficulties appears as a hard gminthey all require a lot of work that is justdi®y the
outstanding advantages and expected performance.
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