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ABSTRACT

In the frame of the hard X-ray Simbol-X observatayoint CNES-ASI space mission to be flown in 20a prototype
of miniature Cd(Zn)Te camera equipped with 64 Eixehs been designed. The device, called Calistés @& spectro-
imager with high resolution event time-tagging daifiy. Caliste 64 integrates a Cd(Zn)Te semicoridudetector with
segmented electrode and its front-end electronimsenof 64 independent analog readout channels.IThig x 2 cn?
camera, able to detect photons in the range fréweM2up to 250 keV, is an elementary detection junitaposable on its
four sides. Consequently, large detector arraybeamade assembling a mosaic of Caliste 64 unieti®inics readout
module is achieved by stacking four IDeF-X V1.1 8S] perpendicular to the detection plane. We aeligyood noise
performances, with a mean Equivalent Noise Chafg&b electrons rms over the 64 channels. Timeluésa is better
than 70 ns rms for energy deposits greater thakeb0 taking into account electronic noise and tedbgical dispersal,
which enables to reject background by anticoinaidewith very low probability of error. For the firprototypes, we
chose CdTe detectors equipped with Al-Ti-Au Schotblarrier contacts because of their very low daukrent and
excellent spectroscopic performances. So far, tGadiste 64 cameras have been realized and téstieeh the crystal is
cooled down to -10°C, the sum spectrum built with 64 pixels of a Caliste 64 sample results inextsal resolution of
664 eV FWHM at 13.94 keV and 841 eV FWHM at 59.8¥ k
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1. SCIENTIFIC AND TECHNOLOGICAL CONTEXT
1.1 Simbol-X mission

The Simbol-X mission is a hard X-ray space telescdpis currently undergoing a phase B with therfeh and the
Italian space agencies. This telescope will fig tipap between X-ray telescopes with grazing misreficient until
~10 keV (XMM-Newton, Chandra missions) and hard ag-rand gamma-ray instruments using indirect imaging
technique with coded masks to detect higher enerfddTEGRAL, SWIFT missions). Simbol-X will be a 2f@ieter
focal length observatory, achieved by two satallftging in formation. One carries the grazing demce mirror to focus
X-rays until 80 keV. The other satellite carries tthetector payload. This focusing technique impsosensitivity and
angular resolution by two orders of magnitude comgdo the current instruments above 10 keV. Asrssequence, a
wide range of sources can be studied in detaih ssagalactic and extra-galactic compact sourcggraovae remnants,
cluster of galaxies, or young stellar objects. Tlee scientific objectives of Simbol-X are blackldw physics and
particle acceleration mechanisms [1,2].

The detection set consists of three detector iBjtsThe Low Energy Detector is a silicon drift detor with DEPFET
readout, also called “Macro Pixel Detector” [4].dbvers the energy range from 0.5 to 20 keV. ThghHtnergy
Detector (HED) installed below the first detectsrefficient from 8 to 100 keV. The third unit is aative shielding to
reject background (unfocused photons and protong@mporal coincidence.
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1.2 TheHigh energy detector (HED)

The sensors for the HED are Cd(Zn)Te detectors sétimented electrodes. CdTe and CdZnTe are semicions well
suited for X and gamma rays detection, with excel@operties for imaging and spectroscopy. Cowttarsilicon, a
2 mm-thick CdTe detector is still 97% efficientddt keV. Contrary to germanium, it can be procesgigd small pixels
size for imaging and it can be easily operated cainr temperature or moderately cooled. Requiremémtghe
instrument come from both imaging and spectrosaogystraints. A pixel pitch of 625 um is necessaryptoperly
sample the ~3 mm diameter HEW point spread funcfidre 12 arcmin field of view requires a detectoay of 64
cm2. Detector material uniformity is also essentiauarantee high imaging quality. The spectroscpprformance
baseline of 1.2 keV fwhm at 60 keV over all the miels of the HED is driven by the study of supea®vTo build
explosive nucleosynthesis models in young supemoaekey parameter is the abundance of*thieisotope, visible
through the 68 and 78 keV lines emitted in its gexd@in. High resolution spectroscopy is not pdesitithout very low
noise electronics. The HED specifications are surized in the table below.

Table 1: High energy detector specifications

Parameter Requirement

Energy band 8 — 80 keV

Efficiency 100 % at 30 keV
> 90 % at 80 keV

Dimensions & 8 cnf

Pixel size (pitch) 625 um

Detector effective areas >90 %

Timing accuracy

Science 50 us

Anticoincidence 100 ns rms
Energy resolution < 1.2 keV fwhm at 60 keV
Effective HED threshold 4 keV
Duration of observation ~10 ks

1.3 Caliste concept

Imaging requirements leads to a high energy detedth 16384 pixels. Each pixel has its own readthannel. One of

the main technological difficulties is to integrdate front-end electronics. The solution contengalas to put side by

side 64 independent cameras of 256 pixels, witi frant-end electronics below their 1 émetector. Caliste prototypes
are designed to match Simbol-X scientific requirataavhile taking into account this strong constrainintegration.

Front-end electronics is achieved by full-custoneEX ASICs. The solution to integrate the ASICsolaethe detector
is to put the chips perpendicularly to the detecfitane to read out two rows of pixels each. Adl @aliste cameras are
based on this principle of hybridization. The fimbtotype of the collaborative work between CE#/land 3D Plus
company is Caliste 64, with four 16-channel ASI€sdad out independently 64 pixels. The ASICs avented on mini
printed circuits boards. The four PCBs are stacked molded in an epoxy resin, according to 3D Bdaknology [5].
The last step is the mounting of the detector entdip of the electronic block. The whole camemifita 1x 1 x 2 cn?
volume and is juxtaposable on its four sides. Thele/fabrication respects space standards.

2. CALISTE 64 SUB-ASSEMBLIES

Caliste 64 is the hybridization of a 64-pixel CdJZea detector with its front-end electronics. Deteston one hand and
ASICs on the other hand have been deeply studifedebfabricating the camera.
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2.1 Cd(Zn)Tedetector

Crystals for Caliste 64 are Cd(Zn)Te matrixes of 8 pixels of 900 pm side. Gap between pixels is 160 The 64
pixels are surrounded by a 900 um guard ring. Tiask is typically 1 or 2 mm.

CdTe and CdZnTe are very resistive semiconducttdstp 10° Q.cm at room temperature). Their low dark currents
enable to have low electronic noise and, as a cpmesee, potentially good spectroscopic performarn8asples from
different families of detectors were mounted onssidtes; current measurement in each pixel asasgefipectroscopic
measurement were realized at different temperatwi#stwo dedicated test-benchs [6]. Two kinds efettors were
identified as good spectrometers. 2 mm-thick CdZd&tectors processed by Bruker Baltic (Latvia) fraw material
produced by eV-products (USA) have current levetbpA per pixel at-35°C when biased at400V (Figure la). For
one sample, excellent spectra were obtained wih6th pixels (Figure 2a). CdTe detectors with AlALi-anode from
Acrorad (Japan) show very good uniformity [7,8,Blie to the Schottky barrier contact, dark currenvéry low too
[10]. The best spectroscopic results were obtaimigldl 1 mm-thick samples biased 400 V (579 eV fwhm at 13.94
keV and 767 eV fwhm at 59.54 ke¥35°C). We chose to mount CdTe detectors on theGiatiste 64 cameras because
we had obtained excellent results with the 6 sasnpfethis family. Next batch of Caliste 64 will leguipped with
CdznTe detectors.
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Figure 1: Histogram of pixel current of 64-pixel Cd(Zn)Teteetors at-35°C,—-400V. (a) 2 mm-thick CdZnTe detector.
(b) 2 mm-thick Schottky CdTe detector (63/64 pixels)
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Figure 2: Sum spectra of 64-pixel Cd(Zn)Te detectors38°C. (a) 2 mm-thick CdZnTe detector, biased800 V (64/64
pixels). Energy resolution is 0.72 keV at 14 ke &03 keV at 60 keV. (b) 1 mm-thick Schottky Cdiegector,
biased at400 V (63/64 pixels). Energy resolution is 0.58 ka&f\14 keV and 0.77 keV at 60 keV.
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2.2 Front-end electronics

The front-end electronics use full-custom ASICs adniDeF-X 1.1. Each analog channel includes a ehaegsitive

preamplifier (CSA) with a continuous reset systenpole zero cancellation system (PZ) and a varipbbking time

fourth order Sallen & Key type shaping filter (SKfter the filters, the signal is a pulse whose Aiage is proportional

to the incident charge. A stretcher realized wiieak detector plus a storage capacitor storeartipitude, whereas a
discriminator raises a trigger signal when the outp above the low-level threshold. Each stretéb@onnected to the
output buffer through an analog multiplexer, satss channel outputs be read one by one. Each mhisetior output

contributes to the trigger signal output through6ainputs logical OR circuit, so as a trigger sigma sent outside the
circuit as soon as at least a channel reachesithehbld value. The low-level threshold is adjugtamd common to all
channels. A schematic view of the circuit is ilhaged in Figure 3. Noise can be as low as 35 @estrms with neither
capacitance load nor detector current at the clianpet. Power dissipation is 2.8 mW / channel. Btwrer, the circuit

is radiation hard up to 1 MRad, and so, it is cotily@with space applications [11].
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Figure 3: Schematic of the IDeF-X 1.1 circuit

IDeF-X 1.1 is a 16-channel readout chip. As a cqusace, 4 ASICs are integrated in the hybrid corepbto read out
the 64 pixels individually. To connect each chartoeh pixel, ASICs are first stacked in a 200 x 18 mn? block,
perpendicularly to the detection surface. The tbghis block is then prepared by laser ablatiomgéd an 8x 8 pixel

pattern. The 16 pads of each ASIC are connect2daas of 8 pixels.

3. ELECTRONIC PERFORMANCE

3.1 Set-up

Caliste 64 design was first validated without dte¢see Figure
4). Charges generated by the interaction of a phintéhe detector
are simulated by a voltage step through a capastaf 200 fF

integrated in each channel. Since electronic perdoice depends
on the dark current level of the detector, the cevincludes a
tunable current source to produce leakage curretiteainput of

each analog channel.

The acquisition is controlled by a printed circbibard with a
FPGA. The readout sequence mode can be choseiiréiuié, hit
pixels or hit pixels plus their neighbors), as wadl the peaking
time, the low-level thresholds, the frequency amel levels of the
injections. The Caliste 64 sample, the FPGA and dbeaputer
communicate according a Spacewire protocol. Foh exent, the
trigger time is recorded, as well as the pixel namand the
amplitude of the differential output signal. Thageles to perform
imaging and spectroscopy with time tagging.
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Figure 4: Electronic body of Caliste 64. Four
ASICs are stacked inside a module and
connected to the 88 pixel interface.



3.2 Electronic noise without detector

Noise performance is studied at different peak 100
times to know the minimum achievable noise and
associated optimal peaking time. For the shor a0
peaking times, the noise is dominated by the ther
noise of the preamplifier input MOSFET ar
increases linearly with the total capacitance cotet
at the channel input. The noise level for long
peaking times mainly depends on the dark curren
the detector [12]. For a pixel current of aboutA, .
the minimum noise is ~65 e- rms for a peaking til

value of 7.2 us (see Figure 5). This current lase -
typically what is expected with the Schottky Cd’
detectors at -10°C.

The validation of electronics of a Caliste 64 sampl Figure 5: Mean equivalent noise charge of Caliste 64 elaatso
consists in measuring gain and noise for different versus peaking time for a leakage current of ~7Exfor bars
peaking times at room temperature to check that eac correspond to the standard deviation between trahédnels.
of the 64 pixels have nominal performance. Figure 6

illustrates the homogeneity over 64 pixels.
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Figure 6: Electronic performance of a Caliste 64 sampl&@,ais peaking time, for a leakage current of aBquA.
(a) Histogram of the gain of the 64 pixels. (b)tbggam of the equivalent noise charge of the 64lpix
3.3 Timing

Caliste 64 is a spectro-imager with time-taggingatality. To find precisely the time of arrival af particle from the
trigger time, one must correct the timewalk of fignal, taking into account the low-level threshdlte peaking time
value and the collected energy (see Figure 7)rAlfis compensation, some errors, assumed indepgndenain:

- The technological mismatch is responsible for éedi#ince of transfer functions between the chanaeld,as a
result, a difference on trigger times. This eronotedAt ;.

- Noise on the signal (and on the threshold leveljesponsible for variations on the timewalk foriagke
channel. This error is notedty.

- The difference of interaction depth in the Cd(Zn)3amiconductor detector induces different trarisites
(because holes are much slower than electrongpmeible for variations on trigger delay.
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With the Caliste 64 electronic body, we can estithe first two sources of errors. We inject giwnplitude a high
number of times and we register for each pixeldilay between the injections and the triggers. Wtaio for each pixel

a random variabl&@W, modeled as a Gaussian with momemtand . The timewalk correction to apply to the Caliste
64 sample is the mean of thedistribution (see Figure 7b)t.s is the standard deviation of tipe distribution (see
Figure 8a). The typicallylty error of a channel is the mean of thedistribution (see Figure 8b). We can repeat the
experiment for several levels of injections andesalkpeaking times. For 50 keV particles, error ttuenismatch is 33
ns rms and error due to electronic noise is 59mss for the higher peaking time value. That me&as time resolution

is better than 70 ns rms for energies greater Si@akeV, taking into account only the front-end &lexics contribution.

In Simbol-X focal plane, the constraint on timealesion concerns high energy particles for anticaience processing.
Front-end electronics induces an error on timeitagopferior to 50 ns rms for energy deposits gee#tan 150 keV.
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(a) 4tserror due to technological mismatch between thpigdls of the device. (b) Meatflty error due to electronic
noise on each pixel.

4. SPECTROSCOPY

4.1 Operations

After the electronic part of the Caliste 64 canfema been tested and validated, a 64-pixel detectoounted on the top
of the device. A 100 um gold wire is installed de planar cathode to provide the high voltage sufgde Figure 9).
The camera is placed in a thermal enclosure wifan source to perform spectroscopic tests at differemperatures.
The set-up is exactly the same as the one forrel@ctcharacterization. Until now, the minimum amrable temperature
is —15°C at the detector level.
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(b)

Figure 9: Caliste 64 complete camera. (a) The sample witmhick Schottky CdTe detector fits in a1l x 2 cn?

volume. (b) Integration in the thermal enclosura @aliste 64 sample, connected to the high volbgge 100 um gold
wire.

Three complete cameras were tested, with 1 and 2hiuk CdTe Schottky detectors from Acrorad. AllthEm have 64
pixels with good spectroscopic quality.

4.2 Individual performance and Sum spectrum

For a Caliste 64 sample, each pixel is precisel 2°
calibrated to obtain spectra with one channel pe __
10 eV. Individual spectral resolutions are$ .
computed. Figure 10 shows that the 64 pixels ha\f%
very homogenous spectral performances (ener¢z
resolution of ~0.7 keV at 14 keV and 0.85 keV af s
60 keV, when the detector is cooled down tcié
-15°C). Then sum spectra are obtained bz 5
summing the 64 individual calibrated spectre
channel by channel (see Figure 11 and Table 2 ‘
Sometimes, one or two pixels are excluded fron oy e oneon NP
the sum because they have a bit too much curre... FWHM (=) . .
and their spectra are out of global statistics. By Figure 10: Spe(_:tral resolutloq of the 64 pixels of a Cah?tb
coolng_down 10 -30°C, we STOUID IMPIOVe  sog Waaee 5 00, N ey oo & 205
uniformity and include all the pixels in the sum. FWHM at 13.94 keV and 858 eV FV%M at59.54 |.

Table 2: Characteristics of the sum spectra illustrateBigure 11. The number of pixels included in the sare
respectively 63, 64 and 62 in SN3, SN4 and SN5eflet temperature is abott0°C. Energy resolutions correspond
to FWHM. Peak to valley ratio is computed as thraf the counts at 59.54 keV by the counts ak&V.

Sample  Thickness  Biasvoltage  Peakingtime AE @14 keV  AE @60keV Peak tovalley ratio

(59.54/ 57 keV)
SN3 1 mm 400V 6 us 694 eV 851 eV 44
SN4 1 mm 500V 9.6 us 664 eV 841 eV 55
SN5 2 mm 800V 4.8 us 735 eV 905 eV 34
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Sum spectrum of SN3 (63 /64 pixels) Sum spectrum of SN4 (64 /64 pixels) Sum spectrum of SN5 (62/64 pixels)
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Figure 11: Best sum spectra obtained with the three firstsBab4 samples, for CdTe detectors cooled downOtC-1SN3
and SN4 (left and center) are equipped with 1 miokttetectors. SN5 on the right is equipped withram-thick
detector.

4.3 Split events s s

Caliste 64 enables to perform spectroscopy withe tim E 2
resolution. As a consequence, split events can ™ &0
easily studied by selecting events in coincidenc
between neighbor pixels. Split events occur in cdse
charge sharing when a photon interacts in-betwee
pixels and induces signals on several electrodes,
when the first interaction in a pixel with a CdaiTe
atom produces an X-ray fluorescence photon ths
escapes in the neighbor pixel. Figure 12 shows tr
correlation between the energies of any couple ¢
pixels that triggered at the same time. For a 1 mn
thick detector biased at -400V, that double event
correspond to ~10% of the events. The sum of th
energies gives singular constants corresponditigeto
Americium lines. The straight lines indicate thatre T R
is very little charge, even when the photon interat A Y5 BN #0490 E6 6D

the pixel gap. Energy of the main pixel (keV)
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Figure 12: Correlation graph of the energies of any cougle o
pixels that trigger at the same time. The energy is
calibrated for each pixel from its single eventsctpum.
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The spectrum reconstructed from double eventsasvshin Figure 13After summing the energies of the couple pixels, th
main line is centered on 59.23 keV instead of 58&4. As result, we estimate charge loss, at thes@y, as:
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L= 59.54-59.23
59.54

=0.52%

An extra calibration is performed wompensate this little charge loss. We obtainrengy resolution is 1.23 keV at 60 keV
at -10°C. When comparing this resolutid™" with the spectral resolutiadES"® with only single events, we notice
that:

JE double _ \/EAEsingle

This is consistent with the best achievable regmiuafter summing noise of two independent detectibannels.
Moreover, even the resolutions obtained at -109GHe double events are very close to the Simbodglirements, so
that the latter will certainly be met for the exjeet-35°C operation temperature

5. CONCLUSION

Caliste 64 is the new spectro-imager designedgace applications, in particular for large harday-focal planes. Its
high performance meets Simbol-X requirements im$eof spectroscopy and time-tagging accuracy. &geaeisolution
is already excellent at -10°C (~0.85 keV fwhm at589keV). Cooling down the detector to -35°C willagantee
uniformity and energy resolution better than 1.¥ kevhm at 60 keV over all the channels. Contribatiof front-end
electronics on time-tagging error is inferior to B8 rms for energies greater than 150 keV. Takig account the
influence of CdTe detector itself and even errdrgimewalk quantification in the embedded caliboatitables, the
device is likely to fulfil time resolution requireant of 100 ns rms. As a result, background carefeeted from HED
data by temporal anticoincidence with a very lowlability of error. Next challenge is a new profmywith 256 pixels
in the same volume as Caliste 64 to reach theapatolution of 625 um needed for Simbol-X missidhe fabrication
of this micro-camera called Caliste 256 is beingl®d by CEA/Irfu and 3D Plus.
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