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ABSTRACT. We present the results of our recent studies dimiek Gas Electron Multiplier
(THGEM)-based imaging detector prototype. It coissisf two 100 x 100 mMmTHGEM
electrodes in cascade, coupled to a resistive andue event location is recorded with a 2D
double-sided readout electrode equipped with discdelay-lines and dedicated electronics.
The THGEM electrodes, produced by standard prictexitit board and mechanical drilling
techniques, a 0.4 mm thick with 0.5 mm diameterefio$paced by 1 mm. Localization
resolutions of about 0.7 mm (FWHM) were measurett \80ft x-rays, in a detector operated
with atmospheric-pressure Ar/GHyood linearity and homogeneity were achieved.d&&cribe
the imaging-detector layout, the resistive-anoder@frlout system and the imaging properties.
The THGEM has numerous potential applications teguire large-area imaging detectors,
with high-rate capability, single-electron sensijivand moderate (sub-mm) localization
resolution.

KEYWORDS Charge transport and multiplication in gas; Gasetetectors; Electron multipliers
(gas); X-ray detectors.

" Corresponding author.

© 2007 IOP Publishing Ltd and SISSA http://ww.iop.org/EJjinst/


mailto:neelrajnmc@gmail.com
mailto:marco.cortesi@weizmann.ac.il

Contents

[ 1. Introduction 1
. The imaging detector prototype
The THGEM detect tot 2
B. Thereadout electrode and electronics 4
B.1 Optimization studies of the readout electrode 4
B.2 The readout electronics 9|
K. Results 10
@.1 Gain uniformity and energy resolution 10
/.2 Imaging linearity and homogeneity 11
.3 Spatial resolution and CTF 13
/1.4 Digital noise 1
5. Summary and discussion 17|

1. Introduction

Position-sensitive gaseous detectors are widelylarag in particle physics and numerous
other fields. With these, sub-millimetre localizati properties in the detection of ionizing
radiation, neutrons and soft x-rays are routinalfieved[[1]. Moreover, following the very
successful era of wire chambers, resistive-platemtiers and others, there have been many
attempts to further improve the operational cood#i and performance of gaseous detectors.
Specifically, a variety of micro-pattern detectoymoduced by state-of-the-art industrial
techniques, has been proposed and is already iniruseumerous radiation-detection
fields[[1][[2] One of the most successful of thesehniques is the Gas Electron Multiplier
(GEM) , in which the multiplication occurs withitiny holes. Such hole-multiplication gives
rise to confined avalanches and reduced secondfastse high gains can thus be reached by
cascading several GEM eleme [4], resulting mglstelectron detection sensitivities, as
demonstrated in gaseous photomultipl [5]. Iditamh to high gain, fast response and true
pixelated radiation localization, GEMs have highuting-rate capability, superior to that of
wire chamberk [}].

In this contest, the thick GEM-like gaseous elattmultiplier (THGEM) [[6]H[11],
preceded by the “optimized GEW” [12] and "largeatten multiplier" (LEM)[[13], is one of the
most recent developments in gaseous hole-multiplidfthe THGEM is cost-effectively
fabricated from double-clad G-10 plates, using daaa printed-circuit board (PCB) techniques;
it consists of mechanically drilled holes with chieatly etched rims around each hole. The rim
is crucial to significantly reduce the probabilipf gas breakdowns, resulting in high
gaing|[8],[9]. THGEMs may be fabricated from a kangariety of insulating materials. Due to
their mechanical robustness, such devices may bduped to cover very large areas. The
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Figure 1. Schematic viewof the position sensitive THGEM detector assemiftadiation induce
electrons are multiplied in a cascade within theGE# holes; the resulting charge is collected or
highly-resistive anode. The moving charge in thduition gap induces a localized signal at a pasitio
encoding readout electrode.

operation mechanism and properties of the THGEMtatospheric and at low gas pressures
were described in detall m9]. An electrictpotial applied between the THGEM electrodes
establishes a strong dipole electric field withire tholes, giving rise to efficient focusing of
ionization electrons into the holes and their nplitAtion in a gas avalanche process. The
resulting electron avalanche might be collected amnanode or transferred to successive
multiplier elements. The THGEM can operate in gydavariety of gases; in some of these
multiplication factors of 1Dwith a single THGEM and TOwith a cascaded double THGEM
configuration, were achieved at atmospheric preﬂ@r The avalanche process is fast, with a
typical rise-time of several nanoseconds, anddles capability is in the range of MHz/rﬁ

at gains of 16

2. The THGEM imaging detector prototype

The double-THGEM imaging detector investigatedhia present work is schematically shown in
figure 1. It consists of a metallized-Mylar dritathode foil and two THGEMSs coupled in cascade
to a resistive anode; the latter was made of av¥o graphite lacquer layer sprayed on a G10
substrate. A double-sided strip readout electrsgiéaiced behind the resistive-anode plate.

shows photographs of the THGEM and thelaetelectrodes. The THGEM
electrodes employed in this work have holes of ém0.5 mm arranged in a hexagonal
pattern, with a pitch of 1 mm; the etched rim a@each hole is 0.1 mm. The thickness of the
plate is 0.4 mm. The detector was located withiiainless steel vessel, 20 cm in diameter, that
incorporates a 5@m thick Mylar window. It was operated under conting gas flow, at
1 atmosphere of Ar/CH4, (95:5); the spacers betvedectrodes assured efficient gas exchange
also in the amplification region. The radiation-cersion and drift gap above the first THGEM
multiplier was 10 mm wide, while the transfer amdluction gaps were 2 and 1 mm wide,



Figure 2. The THGEM and the double-sided readout electrodé wad-strips coupled to a discrete-
element delay-line.

respectively; the drift (EDrift), transfer (ETraahd induction fields (EInd) were set at 1, 3.5
and 4.5 kV/cm, respectively. The position readoaswealized by induced signal recording
through the resistive anode onto a dedicated redmmud, using delay-line encodipg [[[41-[1L9].

The resistive anode technique allowed for spreadinipe induced signal on the readout
electrode such that the geometrical size of thedad charge matches the width of the readout-
strip pitch. This readout technique also permits & galvanic decoupling between the
multiplication stage and the readout electrode d¢ho@hus, the resistive anode can be operated
at high voltage while the readout board is maimdiat ground potential. The low-capacitive
coupling between resistive anode and readout balaad protects the readout electronics from
eventual spurious discharges in the detgctol [14].

The induced signals were collected on a doubledsiier readout electrode, structured
with diamond-shape pads printed on both sidesstdiadard 0.5 mm thick printed-circuit-board
(PCB) (figure 2). The pads are interconnected witips running in orthogonal directions (X
and Y) on each of the two board faces, with a pdgtf2 mm. The strips on each side of the
board are coupled to a discrete delay-line cirgfigitire 2)[[14].

The pad electrode and the readout elements arenskohematically i figure]3. The
printed diamond-shaped pads are geometrically dediguch that equal charge is induced on
both PCB sides and they are non-overlapping inrdedeeduce the capacitive coupling.

The avalanche location is derived from the timefed@nce between induced signals
propagating along the discrete LC delay-line citclihe latter is composed of 52 LC cells
(figure 3) with an inductance of L =290 nH and apacitance of C =27 pF per cell; the
corresponding delay is 1.4 ns/mm; the total detayefach coordinate is thus 140 ns and the
nominal impedance is Z = 1@3

The detector was irradiated with 6 and 8keV x-fagm a>°Fe source, as well as an x-ray
generator driven Cu-fluorescence source. Metal magke placed in front of the detector for
the imaging studies. In the localization-resolutioeasurements the distance between the
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Figure 3. Schematic view of the readout electrode and theretis-element LC delay-line circuit.

detector and the x-ray source (1 mm in diameteg Wacm. The mask was positioned about 20
mm away from the drift cathode.

All THGEM electrodes were biased with independdghfvoltage power supplies (CAEN
N471A) through 20 MR serial resistors. The signals from the electrodaish are not at ground
potential were capacitively decoupled from the higltage. Signals from the electrodes of the
second THGEM were fed to charge and current prafierp| providing the integrated charge
signal and a fast common trigger for the positiocgasurements and for coincidence and TOF
experiments. For measurement of the total chalgeekectron multiplication factor (gain) and
the energy resolution, a charge-sensitive preamplffORTEC 124 with a sensitivity of 275
mV/pC) and a shaping amplifier (ORTEC 572A) weredisA current-sensitive preamplifier
(VVv44, MPI Heidelberg) and a shaping amplifier (€rt570) were employed for the pulse-
shape processing of the ‘fast’ component of theagy The pulse-height spectra were analyzed
by means of a multi-channel analyzer (Amptek MCABQD

3. Thereadout electrode and electronics

3.1 Optimization studies of the readout electrode

The position signals of the imaging THGEM detecteere encoded with a pad-structured
readout (R/O) electrode introduced by Eland €28l fand Jagutzki et a]. [31]. In previous
works these electrodes were manufactured on thircl&l Kapton foils. More rigid and

economical R/O boards can be manufactured by émelatd printed circuit (PCB) technique. In
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Figure 4. Example of back (a) and front (b) patterns of aloes test-board with a strip-and area rat
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Figure 5. Measurement setup for optimizing the chaageplitude distribution: a small test detector \
two standard GEMs is irradiated with a collimaté€e source. A Ge resistive anode deposited on
coupled to a readout board, placed at a distandeofa the Ge-film face.

this case, the modified geometry required optinmzabf the readout strip/pad structures to
ensure equal charge sharing and minimal crosdttikeen both sides of the R/O electrodes.

Optimization of theinduced charge amplitudes on the electrode front and back sides.

The optimal geometry for the R/O electrode is the with equal signal amplitudes induced on
its front and back sides (i.e. signal amplitudéoraft front to back: Y/V, = 1). The front side
denotes here the one closer to the resistive afidaecopper structure on the front side causes
partial shielding of the board back side to therghanoving within the induction gap. Hence,
the pads on the front side need to be smaller th@ase on the back side, to allow better signal
transmission.

A systematic experimental study has been perforteedptimize the R/O structure.
Measurements were performed on small (35 x 35)nest boards, produced with different
front-to-back pad- and strip-area ratios {Ay,). shows an example of front- and back-
side patterns with an area ratio of 0.3.

The induced-charge measurements were performed avédmall standard double GEM
detector of 35 x 35 mfnsize, irradiated by a collimated 5.9 keWFe x-ray source. The
experimental setup is schematically showh in fiiire

Unlike the 2 MY/o carbon-sprayed resistive anode of the larger inlpfHGEM detector,
that of the small prototype was made by evaporaBegonto a 1 mm thick float glass with a
surface resistivity of the order of 30Wb. The choice of the resistive layer material isnof
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Figure 6. (a) Readout scheme for the amplitude ratios ofd¢laglout board. (b)ypical signals record:
from both faces of the board (see figure 6a). Thpliudes are indicated on the right side of tigeifé.

importance for these measurements and only a matteonvenience. The carbon lacquer
technique was established as an economical metwogréducing appreciable quantities of
large-area gas detectdrs [[19]. The Ge-layers, enother hand, developed for application in
ultra-high vacuum devices, where high purity of thaterials is mandatofy [41]. As shown in
figure g, the distance (d) of the readout electrmdthe Ge-layer could be varied. The induced
signals on both sides of the readout electrode wecerded with a fast preamplifier; the
amplitudes of the signals were analyzed with ataligiscilloscope (Tektronix TDS 3052A).

Figure a andl figure] 6b respectively show the tided readout board and an example of
signals from its front () and back sides Y. The amplitude ratios (VV,) were obtained by
averaging the measured amplitudes of 20 eventedoh R/O board, interchanging the linear
amplifiers between both sides after each sequeht® measurements, to compensate for their
different gains. The amplitude ratio was measu@daf Ge-anode-to-R/O board distances of
d=1mm.
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Figure 7. Results of measured charge-amplitude ratios, is¢hgp of Fig. 5, as function of the ratios of the
areas covered by the pads and strips on the fignaid back (4) sides of the investigated readout boards.

shows the results for all measured R/Qdspdor d = 1 mm (sele figuré 5). The
optimal value (V/V, = 1) at d = 1 mm was obtained at an area rati(AfA= 0.27. It is not
expected that the amplitude sharing will dependiBaantly on the distance between resistive
anode and R/O board. This was confirmed by a measnt at d = 2.6 mm, in which equal
amplitude sharing was obtained at the valu&\A= 0.27 as well.

Optimization of theradial spread of theinduced charge.

An important factor governing the localization peofes is the avalanche-induced radial charge
spread. A too large spread leads to broadenedlsigbhahe output of the delay lines. This
causes a reduction of the signal-to-noise ratioaaddterioration of the position resolution. On
the other hand, a radial charge spread whose fdthvat half maximum (FWHM) is narrower
than the pitch of the R/O strips causes modulatibthe position response by the discrete
structure of the R/O board. To obtain the highesitppn resolution without such modulation,
the radial spread of the induced charge shouldds® do the pitch of the R/O stri2]. Due
to the highly-localized nature of the avalanchds ttequirement is sometimes difficult to
achieve in GEM detectors with direct charge read®ith the method of induced-charge
readout via a resistive anode, the radial extengibrthe induced charge is principally
determined by the distance between the resistisgl@mnd the R/O board, and can thus be
easily tailored to the needs of the R/O method.

For practical reasons (ease of manufacture, siataoflard surface-mount devices (SMD)
used for delay lines) we have chosen R/O boards aipitch of 2 mm, requiring a similar
FWHM radial charge spread. We have experimentadlyvdd the radial charge distribution on
the R/O board for two resistive film to board distas d = 1 mm and g§= 2.6 mm. The
experimental set-up is the same as used abovedasuring the amplitude ratios (re 5).
The readout method is showne 8. The fiside of the R/O electrode was split; a central
strip was connected to a fast linear preamplif®&kX), the other strips being interconnected and
fed to a second preamplifier (PA2). At the baclesiall strips were interconnected into a third
preamplifier (PA3).



Figure 8. Schematic drawing of the readout circuit for meaguthe radial charge distribution.

Figure 9. Projected radial distribution of the induced chasgmal at a) 1 mm and b) 2.6 mm distance
between resistive anode and RO electrode. The supvesent fits of the experimental data using
Lapington’s model (see text).

A well collimated®Fe x-ray source was displaced, with abouin precision, orthogonal
to the strips; the amplitude of the fast curreghals of PA1 — 3 were recorded in 500 steps
with a fast digital oscilloscope (similar fto figub).

To reduce statistical fluctuations for each soyuasition, the amplitude ratios of 12 events
were measured for each location and averaged. é=igairand figure|9b respectively show the
amplitude ratios (Wai/Veas) Of the central forward-side strip signal to tleathe back side, as
function of the x-ray source location, for distagide= 1, 2.6 mm.

Following Lapington's consideratiojs [23], the mmwsm for charge induction via
capacitive coupling between the localized eventrgdhan the resistive layer and the readout
electrodes, causes the induced charge footpribe tepread in a very well defined manner. The
resulting radial charge distribution is defined by:

s =— 1 _ (3.1)

(v




Figure 10. Schematic view of the DAQ system.

where .is the induced charge at horizontal distance r flloenpoint charge and a is the distance
between the point charge and the pick up electr@te. line in[figure P presents a fit of the
experimental data with the 1-dimensional projeciof this distribution for 2 distances d. The
distance din the fit was used as a free parameter and thdtirey values for dare in good
accordance to the real distance in the experinid.FWHM of the projected radial spread of
the induced charge distribution is 2.0 and 5.6 romaf distance between resistive anode and
pick up electrode of 1.0 and 2.6 mm, respectiviety.a R/O board with strips of 2 mm pitch the
optimum spacing is therefore of the order d = 1 mm.

3.2 Thereadout electronics

shows the scheme of the R/O electronicthe 100 x 100 midouble-THGEM
imaging detector. The data acquisition (DAQ) handwis based on the 8-channel Time-to-
Digital Converter (TDC) chip F1 and the ATMD bo. The system also comprises a
Charge-to-Time Converter (QTC), based on LeCroyRQ800A-chip[[25].

This module also permits measuring the avalanclaegehbehind the last THGEM (after
pulse shaping with a Timing Filter Amplifier (TFA)Events are stored in the PC memory with
the corresponding position and time signals.

The signals from the ends of each delay-line aed‘tbommon start” signal from the last
THGEM cathode were amplified by fast linear ampli§ (VVvV46, MPI-Heidelberg). The
amplified position signals were delayed by 60 nd &d to an ORTEC CF934 Constant
Fraction Discriminator (CFD). The common signal wigscriminated by a Canberra 1428 CFD
and used as common start for the TDC. The slow folitput of the CFD "enabled" the gate of
the ORTEC CFD and allowed valid signals from thiagldines to pass. The outputs of the CFD
were used as "stop" signals for the TDC. The datmiiaition software, a modified version of
CAMDA calculated the position coordinates gmefformed a plausibility check on the
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Figure 11. Absolute effective gain obtained at the centethefdctive area of 10x10 double-THGEM muilti-
pliers, measured with 5.9 keV x-rayHe) in Ar/CH, (95:5) and in Ar/C@(70:30), at atmospheric pressure.

measured timing signals (comparison of time-sumalid data were accumulated in histograms
and/or stored as list-mode files in the PC memory.

The result of the digitalization process is an imad 800 x 800 pixels; each pixel has a
linear extension of 12%um. The images are stored with high dynamic rangeByde
integers/pixel). However, for visualization of tineage on the screen, these high-dynamic-range
images were compressed to 8-bit gray-level images.

4. Results

The performance of the THGEM imaging detector weewracterized through the analysis of the
charge signal, namely gain uniformity and energgolgtion, and the measurements of some
parameters as the integral non-linearity (INL), th@mogeneity and the digital noise. The
characterization of the imaging detector respomsderms of spatial resolution, or more
precisely in terms of spatial frequency responsas womputed by the determination of the
point spread function (PSF) and the contrast teanfsfnction (CTF). From CTF the limiting
spatial resolution was calculated.

4.1 Gain uniformity and energy resolution

The gain uniformity of the cascaded THGEM deteutas investigated with a collimated 5.9 keV
**Fe x-ray source, 1 nfvin diameter. The active area was irradiated inmiB steps in both
directions, for a total of 25 measurement pointsssthe detector. The charge signal was derived
from the cathode of the second THGHM. Figuré 1iwshexamples of gain curves in Ar/GH
(95:5) and in Ar/C®Q(70:30) at atmospheric pressure, obtained atgheecof the active area.

As shown in[figure 12a, for a potential differen@é,,0 of 1220 V applied to both
THGEMSs, the absolute effective gain is rather umifavith an average value of 7 x1 @or
5.9 keV photons this corresponds to an averagaaehé size of the order of 2 x*Hdectrons.
The overall measured gain variation is 10% FWHMtypical energy spectrum of théFe
source is shown ip figure 12b; the energy resatutibthe photo-peak is of the order of 21%
(FWHM), typical for gas avalanche detectors.

-10-
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Figure 12. (a) Gain distribution of a collimated 5.9 k&% e sourcever the sensitive area of the casc
THGEM detector, measured at 25 points acrossets iar Ar/5%CH; Ve = 1220 V for each THGEMb)
Typical pulse-height distribution of the collimatedurce; the energy resolution is 21% (FWHM).

4.2 Imaging linearity and homogeneity

The image linearity and the homogeneity of the iimggystem response were assessed by
investigating the Gaussian fit of some pinholesagm projections] (figure 13b). The pinholes
were of 1 mm diameter, drilled into a 1 mm thiclags mask[(figure ]13a). The detector was
uniformly irradiated by characteristic K-shell fiescence photons from a Cu-target (8 keV),
excited by a well collimated intense bremsstrahigpgctrum from an X-ray generator with a
Mo anode.

The effects induced on the image by distortions lmarcharacterized by the integral non-
linearity (INL). INL is defined as the deviation tife measured holes’ centroid from their real
locations. Geometrical distortions represent aateri from rectilinear projectior (figure JL3c).
They may arise from several effects, such as defactthe grid cathode or signal deformation
as they propagate along the delay line. Specificalteration of the signal shape and its rise
time depend on the amplitude of the signal (SNRYamplifier cross talk, capacitive cross talk
between read-out electrodes and asymmetry of imllsigmal on front and back. We measured
an average INL value lower than 0.1% over theifnfige range of 100 mm.

-11-
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Figure 13. (a) X-ray transmission image of a mask with 1 mmantiter pinholes, recorded with the
THGEM imaging detector. The projection profile dktselected area is shown in figure 13b. (b) Raw
data projections of some of the pinhole images ethik figure 13a.
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Figure 14. (a) A 2D image of a knife-edge obtained with theGEM imaging detector, irradiated with a
broad Cu X-ray beam. (b) The edge spread funciimmgathe x coordinate (blue dots). The red cune is
fit with a suitable model function.

4.3 Spatial resolution and CTF

The point spread function (PSF) of the imaging cletewas obtained by means of the edge
spread function (ESF) technigue [27]. The ESF waasured by irradiating the edge of a 1 mm
thick Aluminium plate (see 2D image fin figure] 14a)d extracting a projection of the edge
profile from the image dat4 (figure|14b).

In order to eliminate fluctuations resulting frohetdigital noise, we fitted the edge profile
with an empirical function which models the ESFhagidequate accuracy. The empirical model
function used is given by the following equatios]j2

ESF(K)= a, + 4 4.1
& oxpta b @) @
wherea, is related to the transmission of the Al platgis the brightness of the full irradiated
sensitive areag, is the steepness of the edge function (relatetigcspatial resolution of the
imaging system) and finallysds the centroid of the edge function (§ee figutb)1

The determination of the PSF was obtained in aigtf@rward way by simply
differentiating the empirical model of the fittedSE. Consequentially, the derived FWHM of

- 13-
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Figure 15. Results of the PSF determination along the ardimate using the differentiation of raw c
(solid line) and the differentiation of the empaienodel results (dashed line).

the resulting PSF, which is a direct manifestatadnthe intrinsic spatial resolution of the
system, is then given by:

FWHM = 3.53

4.2)
&

To check the consistency of our estimate of théiapasolution, the PSF and its FWHM
were determined by two different modalitigs (figa®): from the numerical differentiation of the
measured ESF (blue line), and the differentiatibrihe suggested empirical model (red line).
There is good agreement between the measured REfhearone obtained from the empirical
model calculations. Nevertheless the direct armlgdithe raw data, fitted with a Gaussian
function distribution, has large fluctuations dwethe digital noise[ (figure 15). Therefore, the
related Gaussian fitting and the resultant spegisdlution has a larger uncertainty.

The spatial resolution derived via the “measure@FPfrom raw data analysis, has a
FWHM value of 0.71 + 0.05 mm, while the empiricabael analysis reveal a FWHM value of
0.67 £ 0.02 mm.

The result of imaging masks with a rectangular dnaission profile at different
fundamental frequencies is a frequency-dependerdtican of the modulation depth (Contrast
Transmission) in the imagg]. The CTF approachevalue of 100% at very low spatial
frequencies, corresponding to a wide spacing peand gradually drops with increasing spatial
frequency. In general, 100% contrast representmage of regular periodic structure of white
and black lines, while 0% contrast is manifestedjtay bars that merge into a gray background
of the same intensity. When the contrast valuehesezero, the image becomes uniformly gray
and remains so for all higher spatial frequencies.

The specimen modulation (contrast)( ), for patterns at different frequencies, can be
defined as:

_ I(max)- 1 (min)
- I (max)+1 (min)

M ()

(4.3)

where is the spatial frequency of the grating specimémax) is the maximum intensity
transmitted by a repeating structure (grating) Hmmn) is its minimum intensity. The contrast

—14-



Figure 16. The imaging detector Xay image of a 2D mask, used for the CTF evaluaignand th
related projection of the selected area (b).

Figure 17. The contrast transfer function obtained from thekrienage of figurel6.

transfer function (CTF) is defined as the modulatdepth of the imageM;) divided by the
modulation depth of the stimulubif), as shown in the following equation:

CTF(r)= "\\A"((’;))
0

(4.4)

The CTF is normalized to unity at the lowest spatialjfiency, where the imaging system
transfers the maximal contrast.

We have irradiated a brass mask placed in frorthef THGEM detector, composed of
different frequency periodic line gratings, usitte tCu-fluorescence photon beam. The 2D
mask image is shown [n figure]16a; the projectattibutions of the mask image are shown in
figure 16b. The calculated CTF is showr] in figuie The limiting spatial resolution, defined as
the frequency at which the CTF drops to 10% ofnisximal value, is of the order of 1.25
Ip/mm, corresponding to a wave length of 0.8 mm.

— 15—
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Figure 18. Flat-field image rearded by homogenous detector irradiation (a) amdhistogram of tt
gray-level distribution of the flat-field image (I§ee text.

The image distortions at the extremities of thesigim area of the detector, resulting in a
slight increase of the INL (sde figure] 13c), are da the rather close irradiation geometry.
Notice that the source-to-mask distance was onlgi0in our experiments; the mask had a
step-like profile with 2 cm thickness in the centerd 1 cm at the edge, causing a partial
shadowing effect on the edge of the detector'siteensgrea. Finally, the optical magnification,
defined as the ratio between the apparent siza obgct (in our case the pinhole) and its true
size, is another factor which might have influentiesl performance of the imaging system. The
linear-optical magnification, in the case of a pdike source, depends only on the source-
object distance and object-conversion gap; in @sedhe linear optical magnification effect,
estimated to be of the order of 1.036, is rathalkm

4.4 Digital noise

Electronic imaging, like all imaging techniquesalsvays affected by blur and noise. The noise
essentially arises due to processes which predeeleptoduction, capture, conversion and
interpretation of the real source signal. The dtieation of the noise is crucial for the analysis
and optimization of an imaging systems’ performartear this reason we have determined the
intrinsic signal-to-noise ratio of our imaging st the analysis of a flat-field imade (figurd 18a),
obtained while irradiating the detector with a hgmoeous (“flat”) 8 keV photon beam. The
image was recorded for 300 minutes of irradiatibmeensities around 1 kHz/nfmThe image
appears to be homogeneous across the entire genaitea, which also reflects the gain
homogeneity previously discussed; the small slathé lower part of the image is due to a
defect of the resistive anode.

[Figure 1Bb shows the distribution of the flat imaggel contents. The average pixel
content is A = 175 (gray level) with a standardidgon of = 25, corresponding to an average
spread of about 14% (1 std. dev.). In terms ofaigo-noise ratio:

SNR= 20log, A 16.9 di (4.5)
s
The resulting digital noise is not due to countitatistics (which, by itself, would result in
an average spread of only= 5% per pixel). It is rather due to nonlineastia the delay line

readout (variation of the L's and C’s of the delme, se€]figure |3), cross talk of the readout
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channels and nonlinearities of the TDC. The dig&AIR appears to be uniform across the
sensitive detector area, with a slight degradatmmards the image edge. This effect is

essentially due to distortions of the electricdehear the edge of the THGEM electrodes. Also,
position sensitive gain variations in the detet¢ad to degradation of the general performance
of the imaging system, however, image processinglax@ely correct these defects and restore
image uniformity almost to the quantum noise limit.

5. Summary and discussion

In view of the many possible potential applicatiafsTHGEM-based imaging detectors, we
have extensively studied the localization propsrtied quality of imaging a 2D 10 x 10 Tm
detector prototype, that operates in Ar/5%Gitatmospheric pressure and room temperature.

An energy resolution of 21% FWHM was measured & KeV X-rays with a detector
gain of 6 x 18, The gain uniformity was within ~10% over the aéte’'s 10 x 10 crhsensitive
area. The performance of the imaging system wasméted by invoking the common transfer
theory tools (PSF and CTF), and digital SNR. Far émergy x-rays the average intrinsic width
of the PSF over the entire sensitive area is abaumm (FWHM), using a THGEM electrode
with 0.5 mm hole diameter, 1 mm hole spacing arehdout electrode with a pitch of 2 mm.

The development of large area position-sensitiveaders is motivated in particle physics
by the quest for rare events, to be discriminagairest an extremely high backgrou [1]. In
the case of detecting charged patrticles, a vetty pasition resolution could be achieved, as, for
example, in tracking measurements: b2 localization resolution was achieved with
micromegag [30] and ~4@m with the GEM[[31]]. Although the high granulariof micro-
pattern detectors plays an important role in thagplications, offering excellent position
resolution properties, there still remains a sexipwblem of discharges which cause critical
damage to electrodes. Conversely, THGEM-based teteanay become an attractive
alternative solution for numerous applications, mehiarge-area radiation imaging detectors
with modest (sub-mm) position resoluti[9] ar@uieed. They are robust-element, self-
supporting, and can be economically produced witipke printed-board techniques. They are
capable of reaching single- or few-electron dedectensitivities, even for fluxes approaching
several MHz mrh @ Potential applications are: UV photon detestde.g. with Csl
photocathode]__[]], particle tracking, (e.g. largeaa muon trackers), sampling elements in
calorimetry, x-ray imaging etc. THGEM multipliersupled to solid radiation converters can be
applied to neutron detecti4]. Feasibility sasdof THGEM elements in cryogenic Dark
Matter detectors are in progress, using low-radioi&g material substrat2].
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