Beyond single photon counting X-ray detectors
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Abstract

Synchrotron radiation applications require detectors wihigh sensitivity and a large dynamic range in order toyshath the
strong and weak features of the samples. Moreover, a higlabpssolution is necessary for imaging anéfidiction studies.
The photon counting technique is currently the best salutidhese requirements but it presents some limitationsiwtan only
be partially overcome by technological improvements he.dount loss at high impinging intensities, due to the raadi@ctronics
shaping time, and the restrictions on the minimum pixel,sizee to the charge flusion in the sensor.
In order to overcome both these limitations a new generatiamarge integrating hybrid detectors with single photensitivity
is being developed. These preserve the advantages of sgutgiectors and at the same time allow a processing of tHecare
information in order to enhance the spatial resolution agrfigpm some spectral analysis.
A comparison between purely counting and analogue reado860fum and 25:m pitch microstrip detectors is presented in terms
of spectral reconstruction capability and spatial resofut
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1. Introduction taneously absorbed by the detector is far beyond the needs of
SR applications, but can successfully be exploited e.ginin s

The Detectors Group of the Swiss Light Source (SLS) is acgle crystal difraction experiments which still fier from the

tive in the development of X-ray detectors satisfying tiest  rate saturationféect of counting detectors on the high intensity

requirements of Synchrotron Radiation (SR) applicatioas i diffraction peaks.

mainly a high sensitivity, a large dynamic range and a goodioreover the low electronic noise of such detectors, opeas t

spatial resolution [1]. Hybrid single photon counting d#te&s  possibility of detecting the charge spread of single phetorer

providing the necessary dynamic range and spatial resaluti more than one channel of the detector with a good Signal-to-

have been developed [2, 3, 4] and are used for a wide rangqoise-Ratio (SNR) thus improving the spatial resolutiorthef

of applications like powder éiraction, protein crystallography, system. This opens the possibility of building systems \sith

small angle scattering and X-ray imaging. These detecters ahijgher segmentation in order to reach spatial resolutidres o

often considered the state-of-the-art thanks to the alesehc few microns, inaccessible to hybrid counting detectors.

noise in the acquired data and to the capability of supprgssi  |n this work measurements acquired with microstrip detec-

the fluorescent light possibly emitted by the samples under € tors with digital and analogue readout are compared and the

amination. feasibility of achieving a spatial resolution of a few mios

However, single photon counting detectors present some ifwhile preserving the single photon sensitivity is proved.
trinsic limitations due to the pure binary information thay-

vide [5]. Firstly, the pile up of the analogue signal resirts

loss of counts at high rates which distort the intensity mems 2. The detectors

ments in the image at high fluxes.

Moreover, the spatial resolution of single photon countieg Microstrip sensors are particularly convenientin ordgeti

tectors is limited by the diusion of the charge produced by the the behavior of detectors withftérent spatial resolution since

X-ray while drifting towards the sensors pads [6]. Thiteet  strip implants of dfferent pitches can be routed to fixed pitch

can in principle be corrected using pixel-to-pixel comnuanai  readout pads by using fan-out on the metal layer of the sensor

tions in case the charge shared between first neighbors butghile for pixel detectors such tests would require a coneplet

extremely challenging when theftlision length is larger than redesign of both the sensor and the readout electronics.

the pixel size and the spread is over many pixels [7]. The MYTHEN single photon counting and the GOTTHARD
The advent of X-ray Free-Electron Lasers (XFEL) is trigger-charge integrating Application Specific Integrated Citsui

ing the development of a new generation of charge integratin(ASIC) have been designed at the Paul Scherrer Institu) (PRSI

detectors with single photon sensitivity and a dynamic eang UMC 0.25um technology. Both are based on the same charge

larger than 1Hat 12 keV [8]. preamplifier and are optimized to read out 320 thick silicon

Their capability of detecting several thousand of photamsis microstrip detectors with 50m pitch and 8 mm strip length.
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Due to this similarities, the two ASICs are optimal candi-

2p
dates to compare the features of binary and analogue readout S, o
MYTHEN and GOTTHARD have both been wirebonded to a < 18¢ 2
320 um thick multi-pitch silicon microstrip sensor. It consists o 16k %.Q
of groups of 2 mm long strips with fferent pitches (10, 15, 20, S 1.45—'0.. Ooo%
25, 30, 35, 40, 45, 5am) routed to the 5Qm pitch readout 8 T,
pads. The readout ASICs were not optimized for the input ca- 32 Ler
pacitance of this sensors which are only used as test stasctu % -
to characterize the behavior of the frontend witietient strip € osb
pitCheS' 2 0 65— Strip pitch
OF kY
F -0-50 pm %
2.1. The photon counting ASIC 04 | o5um
The MYTHEN (Microstrip sYstem for Time rEsolved exper- 0.2
imeNts) detector has been developed for SR powdgnadtion S T T B DU PR R oy
4 6 8 10 12 14 16 18

experiments. The frontend ASIC consists of 128 channels op-
erating in parallel in single photon counting mode [9].

Each channel mainly consists of a charge sensitive prefiempli
AC-coupled to two shaping gain stages and followed by a COMrigyre 1: Threshold scan measurement acquired at 15 ke tr&rMYTHEN
parator. The analogue chain can be tuned in order to achiewetector for 25:m and 5Q:m pitch microstrip sensors.

the noise and speed specifications required by the applisati

Equivalent Noise Charge (ENC) ranging between &9%nd ) _ .
260e corresponding to a shaping time of 65090 ns are noroutput of the channels is read out using a 10 MHz clock and is
mally used. digitized by two 14 bit 80 MHz Analogue to Digital Converters

The comparator threshold can be trimmed on a channel bSADC)' )
channel basis by means of an internal 6 bits Digital to Analog[ Modules with up to 400 channels have been assembled and
Converter (DAC) which adds to the global externally adjbita ested in order to characterize the ASIC. A Peltier system is

threshold. Each comparator output is fed into a 24 bits dgea USed to cool down the detector to about £2n order to reduce
counter. the leakage current of the silicon sensor, to which intéggat

In addition the chip contains the digital logic for configngi  SYS€mS are particularly sensitive. A pedestal subtracgor-

the internal DACs, resetting and reading out the countets se "€Cting for the integrated leakage current, is also appibetie

ally over 4 parallel data output lines. The counters arecetd data.

using a 16 MHz clock and the dynamic range of the counter

can be red_uced in order to decreas_e the readout time.. Frame gpectral reconstruction

rates ranging between 4 kHz (24 bits) and 14 kHz (1 bit) are

achievable. Measurements concerning the spectral capabilities of
Modules with 1280 independent channels have been assemtYTHEN and GOTTHARD have been carried out. Due to

bled and are used for detector characterization and skigenti their relatively large noise, these detectors are not gedrto

Threshold (keV)

measurements. be used in spectroscopy applications, but the possibilitpo
rectly reconstructing the energy of the radiation is imantin
2.2. The chargeintegrating ASIC order to evaluate the functioning of the system. Moreover th

possibility of suppressing the fluorescent light possilmhjteed

GOTTHARD (Gain Optimizing microsTrip sysTem witH . )
( P 9 P sy lby the samples is an important feature for SR detectors.

Analog ReaDout) is a prototype charge integrating ASIC fo
silicon strip sensors compatible with XFEL requirementaci
of the 100 channels of the ASIC consists of a low noise Charg
Sensitive Amplifier (CSA) with dynamic gain switching as de-  Single photon counting detectors return only a binary in-
scribed in [10], two sample and hold capacitors and an analog formation without indication on the signal amplitude. Téer
output bufer. fore, in order to reconstruct the signal spectrum, thresbohns

In this paper only measurements using the highest gaimgsiti have been acquired i.e. measurements scanning the cooparat
which allow the single photon sensitivity, are presentetie T threshold on the energy range. Figure 1 shows the S-curve ac-
two sample and hold capacitors are normally operated in orguired with MYTHEN using 15 keV monochromatic X-rays for
der to perform correlated double sampling measurements i.25um and 5Qum pitches and represent the integral of the spec-
subtract the reset and low frequency noise from the intedrat trum of the signal above the value of the comparator threshol
charge value. The S-curves deviate from the ideal step function around the
In addition the chip contains the digital logic necessargiin  X-ray energy because of the electronics noise, which snsooth
der to configure the gain settings, reset and serially read othe step, and because of the charge sharing between the strip
the voltage from the sample and hold capacitors. The analoguhat adds a decreasing slope on the plateau.

2

g-1. Photon counting threshold scans
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Figure 3: Edge Spread Function measured using the MYTHE&tt®tusing

Figure 2: Spectrum acquired at 25 keV using the GOTTHARD dletefor 25 um and 5Qum pitch microstrip sensors for 15 keV monochromatic X-rays.

25um and 5Qum pitch microstrip sensors. The “pair” curve correspond$i¢o
spectrum reconstructed by summing the charge collecteddtyh&ighbors.

strips is plotted and results very close to the one for au®0

From the plots it is evident that not only the smaller strip'OitCh_Strip although the no?se obviously increases conpee
pitch causes a higher noise (ENC(RM391+ 5 e at 50um; the signal from a single strip (ENC(RMS§40+ 10e™). How-

ENC(RMS)=205+ 18¢- at 25um) because of the higher inter- ever the SNR is still large enough in order to apply a a thriekho

; - L . to the data and operate the detector in counting mode.
strip capacitance, but also the charge sharing is propaitip . :
higher for the smaller strip pitch since the region amongoivhi If operated with a high frame rate the system has the same ad-

the charge is sharedi remains approximately constant for all vantages of single photon counting systems, but allowsthixo

strip pitches. This region has been estimated to be aboutnl 7 sm_1u|taneous d.ete_ct|0n of “?”'“p'e monochromatic photans
for 300um and places thus a limit on the minimum strip pitch using energy binning techniques. The number of photons can

at which the comparator threshold can be unambiguouslyt set Be determ|.ned in case of less than tens of photo.ns per frame pe
half of the photon energy [11]. channel, since for larger fluxes the charge sharing smoaths o

For strip pitches smaller thad in fact the charge is always the energy spectrum and prevents a correct binning of ttee dat

shared between at least three strips with a consequent Iowgpeframe rate represents then the main limitation for aprega

SNR and the impossibility of counting all photons only once. a charge integrating de.tector n photon countllng mode. .
However, because of the steep slope of the S-curve on tH owever the standard integrating readout still has the lm&pa

plateau, also at 2am pitch it is evident that the unavoidable ity of integrating several tens (or up to A@ith dynamic gain

uncertainties in the calibration of the threshold introgllarge switching) of photons detected simultaneously.

fluctuations in the number of counts and the threshold djspe':\/lotredmt/)er thzTnkts to ';he:; !:)OSSt::)Ihty ?f l_sur_?r?mgtthtehagnat col
sion results in large nonuniformities between channels. ected by a cluster of strips, the only imitation 0 € Seqr
tation of charge integrating detectors is given by the SNR re

quired to maintain the single photon sensitivity.
3.2. Analogue readout spectra

The possibility of reading out the analogue value of the, Spatial resolution
charge integrated on the CSA adds further information to the
data, although it is fected by the electronic noise. Figure 2 The charge sharing between neighboring strips afBeces
shows the spectrum of the signal acquired with GOTTHARDthe spatial resolution of the detector. The spatial reguiudf
using 25 keV monochromatic X-rays for 26n and 50um  the microstrip detectors has been evaluated by measusirg th
pitches. The signal is fitted by a gaussian function summeé&dge Spread Function (ESF), which represents the inte§ral o
to a pedestal which takes into account the charge sharing b#ie Point Spread Function (PSF). This has been obtained by
tween neighboring strips. The estimated noise ENC (RMS) iscanning an edge in front of the detector and averaging the re
390+ 5e at 50um and 520+ 10e™ at 25um. sponse of the channels as a function of the relative position
The signal collected by the 28n pitch strips is smaller because the edge from the center of a strip [12].
of the capacitive coupling and charge sharing with the reigh
ing strips. However it is still possible to reconstruct tere ~ 4.1. Photon counting Edge Spread Function
plete charge by summing up the signal from a cluster. Thescurv Ideally the PSF of a single photon counting detector cossist
given by the sum of the signal on two neighboringib pitch  in a box function of width given by the pixel sizg but it is



was higher than half of the ADC value for 25 keV photons i.e.
simulating the ideal behavior of a photon counting ASIC. The
fit with the trapezoidal PSF model as discussed in the previou
section returns an estimate= 7 + 1 um, i.e. identical to the
one acquired with MYTHEN.

The wider information fiered by the analogue readout when
the detector is operated in single photon mode gives tha-poss
bility to obtain a sub-channels spatial resolution [13]si#on
interpolation methods are well known in high energy physics
Modes but had not been fully exploited in X-ray imaging because of
—— Integration the dificulties in achieving either the single photon sensitivity
~»- Counting or the high segmentation.
> Interpolation The results obtained using thealgorithm described in [14]
o correspond to a Gaussian PSF with standard deviatibr: 4
EOI0 30 -20 -10 10 20 30 40 50 0.1 um. Although this result is mainly limited by the relatively

Position ( pum) high electronic noise due to the interstrip capacitancghatvs
the feasibility of developing hybrid X-ray detectors withgle
photon sensitivity and micron resolution for imaging apgati
tions.
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Figure 4. Edge Spread Function measured using the GOTTHA&Bctbr
using25um pitch strip sensors andftérent data analysis modes for 25 keV
monochromatic X-rays.

5. Conclusions and per spectives

deformed in an isosceles trapezoid due to the presence of the
charge sharing and of the electronic noise. The half of the di  Single photon counting detectors cover the need of many SR
ference between the two parallel sides of the trapezoidiis in applications, however since they are not able to support the
cated as\. simultaneous detection of up to “photons they must be re-
Figure 3 shows the ESF measured at 15 keV fo@5and  placed by integrating detectors for XFEL experiments. More
50 um pitch using the MYTHEN detector. The experimental over a purely binary readout places a limit on the maximum
points have been fitted with the model described in [11] with asegmentation and thus on the achievable spatial resolution
resultingA = 8 + 1 um for p=50um andA = 7+ 1 um for It has been shown that charge integrating systems withesing|
p=25um. photon counting sensitivity can overcome this limitations

The spatial resolution of microstrip detectors is highlyyno  For X-ray difraction, photon counting systems still satisfy
uniform but depends on the position of the absorbed photothe experimental requirements, are easy to operate and-are s
with respect to the strip center. Therefore the FWHM of theperior to integrating systems for the capability of suppires
PSF is often not diicient to evaluate the spatial resolution.  the fluorescence light emitted by the sample and for thei lim
In the case of trapezoidal PSF, the FWHM corresponds to thiged sensitivity to the sensor leakage current.
strip pitch p like in the ideal case of the box PSF, but the full On the other hand, imaging experiments still rely mostly on
width of the PSF, i.e. the maximum residue,fis{A) resulting  phosphor-coupled CCD detectors because of their highadpati
in 58 um for p=50um and 32um for p=25um. resolution, but stier from the often limited dynamic range,
Therefore not only the pitch of the detector cannot be reduceSNR and speed. Thanks to the possibility of interpolating be
to less thard=17 um in order to preserve the integrity of the tween channels, the preliminary measurements acquired usi
signal, but also the improvements in the spatial resolutibn the GOTTHARD ASIC with small strip pitches show the pos-
the detector are not following thefferts needed for reducing  sibility of achieving a spatial resolution of a few micronitw

the sensor pitch e.g. in terms of SNR. out compromising the single photon sensitivity and the dyica
_ range.
4.2. Analogue readout Edge Spread Function Simulations taking into account both the spatial distiitnut

Figure 4 shows the ESFs acquired using the GOTTHARDof the energy deposition and the charge transport in silaren
detector with 25:m pitch sensors. All three curves correspondbeing carried out in order to optimize the design paramébers
to the same measurement, but the data have been analyzgd usitharge integrating detectors with single photon sensit{ioth
different methods. strips and pixels) and improved SNR and spatial resolution.

The curve acquired in integration mode represents the ESFurther prototypes of GOTTHARD and a new 2D-detector with
calculated by summing the ADC signal values for each ste small pixel size are being designed at PSl in @uhZechnol-
of the acquisition. The PSF results a gaussian with standaragy in order to fully exploit the capabilities of charge igtat-
deviation 153 + 0.1 um, sufering mostly from the capacitive ing detectors with single photon sensitivity. Particuliog is
coupling between neighboring strip. put in the maximization of the SNR and in the improvement of

The curve in counting mode has been obtained by incrementhe frame rate in order to comply with the high X-ray fluxes
ing a counter for each detector channel in case the ADC valugypical of SR sources.
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