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ABSTRACT 

Monte Carlo code AVALAN was designed to  simulate an electron avalanche development under 
any operating conditions of a proportional counter such as different gas pressures and electric fields. 
I t  allowsto study any tcmporal and space aspects of the avalanche development. Initial simulations 
were perfornied for low pressure cylindrical counter filled with methane gas. Some results from 
these simulations are discussed. 

1 Introduction 

The design of proportional counters and wirc chambers intended for various applications could be 
significantly facilitated by a better understanding of the electron motion in a force field (electric 
and/or magnetic) in various gazes and their miktures. This is especially true in the case of counters 
operating at low gas pressures and high electric fields such as, for example, counters used in 

*Partially supported by the Cummision of European Cummunity (contract F13P-CT920045). 
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microdosirnetry. The region close to  the anode in these counters is characterized by extremely 
high values of E/N (E being the electric field strength and N the number of gas molecules per unit 
volume). In such regions, moving electrons find themselves in the so called ’non-equilibrium state’ 
and the traditional methods used for describing the motion of electron swarms in an electric field, 
and based mainly on the solution of the Boltzmm equation, are not applicable. 

There were attempts to improve these traditional methods and to take the non-equilibrium 
effects into account but only with limited success arid invoking additional and rather unclear as- 
sumptions. See, for example, Segur et a1 [l], [a], [3]. Also, in recent years, several methods have 
been published based on microscopical Monte Carlo modeling of electron motion in gases [4], [5], [6], 
[7], [8]. However, these latter methods eithcr addrcss only few microscopic aspects of the electron 
avalanche development such as the gas gain (c.g. [4], [5]) or make approximations which are only 
valid at small values of E/N ([6], [7], [SI). For example they do not take the magnitude and the 
gradient of the electric field into account when calculating the time step and base it only on the 
niean free path. 

We have developed a Monte Carlo technique suitable for the simulation of electron motion and 
electron avalanche development in counters operating under any operating conditions. This allows 
the study of any aspect (temporal and spatial) of these processes in any level of detail. 

2 Method 

The Monte Carlo program, AVALAN, was developed to simulate the electron motion in a force field 
and all electron interactions with gas molecules. The program starts with a given number of initial 
electrons deposited at chosen space points at time t=O. These electrons are then ’simultaneously’ 
followed in the force field of the counter in given small time steps dts. In every time interval 
( t ,  t + dts),  each individual electron existing at time t is followed from time t to  time t + dts in the 
following way: 

The electron is followed in small and variable length tinic intervals telm which are fractions of 
dts. Before every step, the magnitnde of telm is calculated from the magnitude of the velocity of 
the electron and from the magnitude of the force field and its gradient. The necessary requirement 
in this calculation is that telm must be sufficiently small in order that the rclative change of the 
vector of the electron’s velocity during this time is very small. Also, it  is required that the vector of 
the fm-ce field at the new electron’s position differs only very little from that  at its original position 
(before t e lm) .  Satisfying these requirements means, that in the time interval telm the trajectory 
of the electron can be approximated by a straight line with constant velocity and the force field 
can be considered constant. Before every step telm, the program also decides by random number 
generation whether the electron will interact with a gas molecule before reaching the end of telm. 
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For this purpose the tables of measured total cross-sections for electron-molecule processes for a 
givcn gas (gases) are used. If it turns out that the electron will interact, before reaching the end of 
telmr the time lelm is shortened so that the electron will interact exactly a t  the time t + telm. The 
electron is then 'moved' in time t,~, and its new vector position and velocity are calcnlated. If 
the electron interacts at the end of the time intcrval telmr then first the type of the interaction is 
randomly chosen using the relative values of measured cross-sections for various electron-molecule 
processes and then the interaction is simulated resulting in a changc of the electron's velocity vector. 
The following interactions were taken into consideration: elastic, excitation (rotational excitation, 
vibrational excitation and neutral dissociation) and ionization. At the present time, mainly due to 
the lack of reliable data in the given energy range, angular distributions in all these interactions 
are approximated by isotropic distribution. In nonelastic collisions the electron also loses energy 
and this is taken into account using available data. In ionization collisions a new elcctron is created 
and it shares the energy remaining after the collision with the original electron. This secondary 
electron is also isotropically scattered. 
When the electron finally reaches the time t + dts, then all the new electrons created in the tirnc 
interval ( t ,  t f d t s )  in the ionization collisions arid which are descendants of this electron, are followed 
in the same way until they all rcach the time t + dts. 

At the end of every time step, d t s ,  the positions and velocities of all the electrons existing at 
time t + dts arc recorded. Simulation ends when all electrons are captured by the anode (anodes) 
of the detector. Fig. 1 shows the simulated trajectory of one of the electrons in an avalanche 
projected onto the plane perpendicular to  the anode wire (the little circle at the origin). The 
dots show the positions at which the positive ions were created during the avalanche process. The 
picture demonstrates the level of detail of the simulation. 

3 Preliminary results 

Initial simulations have been performed for a half inch cylindrical proportional counter used in 
microdosimetry (so called TEPC) with a cathode diameter of 1.27 cm and an anode diameter of 
7pm. The counter was assumed to  be filled with pure methane. The latest available cross-section 
data for this gas wcrc collcctcd and used [9]-[19]. Simulations of the avalanche development have 
been performed at various gas pressures between 6.9 and 69 torr and the same anode voltage 
of 760V. The coordinate system of the counter has been chosen such that the anode wire is 
perpendicular to the x, y plane and goes through the origin. In all simulations we started with a 
single clectron released far from the anode wire at (z = 4000pm, y = 0,  z = 0). Fig. 2 and 3 show a 
typical avalanche development in this counter. We have scanned Inany such pict,nrcs to determine 
the important features and also to find out how to quantitatively describe the avalanche so that 
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Figure 1: Simulated trajectory of one of the electrons in an avalanche projected onto the plane 
perpendicular to the anode wire (the little circle at the origin). The dots show the positions at 
which the positive ions were creatcd during the avalanche process. 
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we could then study the avalanche development statistically (using samples of many independent 
avalanches). Based on this scanning, we have introduced a number of so called aoalanche param.eter.9 
which we then use for this purpose. Examples of these parameters are gain, radial or time extent 
of an avalanche etc. Due to the lack of space we cannot discuss these statistical studies here but 
will merely point out some of the more noteworthy results: 
At these pressures, the electron avalanche completely surrounds the anode wire (see Figs. 2 and 3). 
This is a very different situation from the conventional counters (operating usually at latrn) where 
the avalanche is developing and contained on the side of the anode wire from which the primary 
electron is approaching. This effect increases with decreasing gas pressure and is caused by the fact 
that, as the mean free path between the collisions with gas molecules becomes comparable to  the 
diameter of the anode, an clectron has more chance to miss the wire and cause ionizations on the 
other side of the wire. This effect can be quite clearly seen on Fig. 1. 
Also, the avalanche is not 'homogeneous' but consists of many partial avalanches started by what 
we call seeding electrons in the seeding region. The sceding region provides an explanation for the 
nature of the dependence of certain avalanche parameters on gas pressurc. The existence of the 
seeding region can be clearly secn from Fig. 4. In this figure the points are the x coordinates of all 
electrons existing at a given time. Fig. 5 shows a similar picture of the same avalanche zooming 
only on one of the partial avalanches. The squares are space-time points where the positive ions 
were created. Rotation of the electrons around the anode wire is quite clearly apparent. These 
two fignres also demonstrate how various time characteristics of the avalanche development can be 
studied. 

4 Conclusion 

The Monte Carlo code has been developed to simulate the motion of clectrons in a force field of a 
proportional counter and electron's interactions with gas molecules. The method does not make any 
assumptions about thc operating conditions of a counter and works reliably in the most extreme 
situations snch as at  high E/N. The only uncertaintics come from the measured experimental 
data on electron-molecule intcractions. It enables to study all aspects of spacial and temporal 
developnierit of the electron avalanche in proportional counters and wirc chambers and should help 
in their design. 
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Figure 4: The space-time pictiire of a typical avalanche development. Thc points are the z coordi- 
nates (vertical axis) of all electrons existing at  a given time (horizontal axis). 
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Abstract 
The Ceramic Electron Multipliers (CEM) is a compact, robust, linear and fast multi-channel 

electron multiplier. The Multi Layer Ceramic Technique (MLCT) allows to build metallic dynodes 
inside a compact ceramic block. The activation of the metallic dynodes enhances their secondary 
electron emission (SEE). The CEM can be used in multi-channel photomultipliers, multi-channel light 
intensifiers, ion detection, spectroscopy, analysis of time-of-flight events, particle detection or 
Cherenkov imaging detectors. 

L. CQnductive 

Fig. 1 - A principle of the CEM 
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CEM Operating Principle 
The CEM operation principle is the same as a classical photomultiplier. A voltage divider 

establishes voltage between metallic cavities. The metallic walls of the cavities are activated to enhance 
their secondary electron emission (SEE), which changes them to dynodes. Amplification of the dynode 
structure, coupled with a good electron transfer efficiency, creates a large amplification factor. Our 
dynode structure design inhibits the ion feedback, which could damage a photocathode surface. The 
structure does not need the vacuum glass or metal envelope, or socket feedthrough, and allows to build 
very compact sensors. 

, 
1 - 

CEM CHARACTERISTICS 

Jitter on Transit Time 

0 .  + ? . C ,  :,t 

Mechanical Aspect 

ink (to make conductive walls and conductive strips, in order to connect all inner elements to the 
external pads), packaged, and fired to get a compact ceramic block. After that, the cavity walls are 
metalized by the chemical electroplating technique to form metallic dynodes. The ceramic design 
enables a resistance to shocks and vibrations. 

Raw ceramic sheets (0.05 to 0.5 mm thick) are punched (to form cavities), painted with conductive 

The CEM can be sized to a particular application. Up to 20 to 30 ceramic sheets can be packaged to 
build sophisticated structures. The standard dimensions of the MLCT components goes from 10 to 60 
mm2. Larger sizes, up to 200 mm2, can be achieved, if necessary. CEM are produced by a high 
technology mass production industry. Such production allows uniformity, reproducibility, and low 
cost of the components. After the metal coating of the cavities and the operating tests, these 
components are delivered ready-to-use by the ceramist. 

Vacuum & Chemical Aspect 
The alumina and metals, together with a high firing temperature (-lSOO"C), produce very clean 

ceramic surfaces suitable for ultra high vacuum technique. In addition, a chemical stability of alumina 
preserves the physical properties in an alkali atmosphere. 

Dynode Electrical Insulation 

very stable operation. A dynode surface activation with cesium does not affect this stability. 
The resistivity of a 0.25 mm thick inter-dynode-stage is larger than 200 GQ at 200 V, allowing a 

Dynode Activation 
The dynode activation is achieved by a chemical process involving alkali metals plated on the 

electrode, and cesium vapor, creating a very thin and reactive layer with a low work function. The 
secondary emission can be enhanced by a factor of 10 to 20, depending on the nature of the elements 
and the preparation of the metallic surfaces. Several ways exist so that each manufacturer proceeds 
with its own technique to produce efficient emitting dynodes. In our study, a SbCs-layer was formed 
on the dynodes cavities from electro-plated antimony. We achieved a dynode gain of 6-7 per stage 
voltage of 200 V. We obtained a total gain of -1.5 x lo3 using six stages. A very stable operation was 
observed. A larger number of the dynodes can produce a multiplication factor of up to -106. 

Dynamic Characteristics 
We measured a rise time of 1.6 ns for a dynode voltage of a 180 V, using a laser flashes with a 

900 ps duration. When the dynode voltage increased from 60 to 200 V, the transit time decreased from 
7 to 4.5 ns, and the corresponding jitter decreased from 150 to 100 ps. 
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No modification of the electron multiplication was observed during the double-pulse tests when the 
delay between flashes decreased to zero. The absence of a recovery time proves a continuous pixel 
sensitivity and a gain independent of the flash delay. 

Linearity 

voltage of 180 V. 
No saturation affects were detected in the output pulses, up to a charge of 250 pC at a dynode 

2 -  
magnetic sensitivity of unshielded CPM 

for O"< Theta c90° 

" I  

0 100 200 300 400 500 

Magnetic flux density ( Gauss ) 

Fig. 3 Sensitivity of the CEM output on the magnetic field. 

Operation in magnetic field 
The small dimension of the cavities and their compact structure enables to work in a magnetic field 

up to 200 Gauss for CEM channel axis parallel to field H, and up to 360 Gauss when perpendicular 

to field. A symmetrical arrangement of the dynodes preserves the CEM output signal independent of 
Phi rotation around the AnodeLathode axis from 0 to 360'. 

magnetic sensitivity of unshielded CPM 
for O"< Phi e 360° 

90 

I 270 I I V-dynode = 200 V 

Fig. 4 Sensitivity of the CEM output on the magnetic field. 

CEM Applications 
The manufacture of sealed detectors (assembling, activation, sealing) necessitates the use of the 

The CEMs included in open setups require a special dynode coating to assume a convenient 

Equipping the CEM with a glass window bearing the photocathode and a ceramic socket 

Replacing the output socket by a glass bearing phosphorescent pads, produces a multi-pixel light 

Included in the detection group of a mass spectrometer, the CEM allows to make a dynamic 

transfer method in order to preserve the high quality of the activation. 

secondary electron emission level, and to tolerate the break-down of the vacuum. 

including the output pixel pads, produces a compact multi-pixel ceramic photomultiplier. 

intensifier. 

imagery of the ion detection. 
CEM can be also adapted: 
- to build ultra high-vacuum sensors, 
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- to enhance the electronic flux of pulsed photocathode injectors, and 
- to form multi-lens electrostatic structure to guide and to distribute electron flux. THE PRESAMPLER FOR THE FORWARD AND REAR 

CALORIMETER IN THE ZEUS DETECTOR 
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ABSTRACT 

The ZEUS detector at HERA has been supplcnicnted with a pvesampler detector in front of 
the forward and rear calorimeters. It consists of a segmented scintillator array read out with 
wavelength-shifting fibers. We discuss its design, construction and performance. Test beam data 
obtained with a prototype presainpler a.nd the ZEUS prototype calorimcter demonstrate the main 
function of this detector, i.e. the correction for the energy lost by an electron interacting in inactive 
material in front of the calorimeter. 
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1 Introduction 

‘The material situated between the electron-proton interaction point and the front face of the 
uraniuin~scintillator calorimeter within the ZEIIS detector at HERA [I] leads t-o a degradation 

of the calorinietric energy measurement of t,he particles produced in the interaction. We have 
coiistructed a presampler detector, now installed directly in front of the forward and rear ZEUS 
calorimeter sections, with the goal of measuring this energy degradation on an event-by event 
basis. Thc dctcctor consists of a layer of scintillator tiles; wavelength-shifting fibers, cmbedded 
in the scintillator, guidc thc scintillation light to photomultipliers. Particles which shower in the 
material in front of the presampler lead t,o an increased particle multiplicity which is measured 
by the presampler. The conibincd inforimtion from the presampler and the calorimeter allows 
an event-by-event mcasurement of thc cncrgy loss in front of the calorimeter and thus allows to 
recover the energy scale and cncrgy resolution ol  the ZEUS calorimeter. We describe the production 
and performance of the optica.1 components, the assembly of the presampler detector, the rcadout 
system and the calibration system. We summarize results 011 lhe response of the individual tiles 
to cosmic rays and results of a test of a prototype presainpler in combination with the ZEUS 
calorimeter prototype in a CERN test beam. 

2 Scintillator/fiber combination 

The segmentation of the presampler matches that of the ZEUS calorimeter [a] hadronic sections, 
20 x 20 cm’. The scintillation light is read out by wavelenglh-shiftiiig fibers embedded in the scin- 
tillator and taransported by clear fibers to a photoinulliplier. Since the calibration of the presampler 
is performed with minimum-ionising particles (MIP) we require a photoelectron yield of at least 5 
photoelectrons per MIP at the photocathode of the photomultiplier (PMT). 

We have investigated several combinations of scintillator material, fiber material and fiber layout 
to optimize light yicld and response uniformity, resulting in the following choice: 

scintillator material SCSN38 (Kuraray Co. Ltd), 5 nim thick with dimension 203 x 198.5 
mmz; tiles are cut and diamond-polishcd. Six grooves, parallel to the long edge, are machined 
in the tiles with an ordinary saw blade *; the grooves are 1.2 mm widc, 1.5 rnm deep and 
equally spaced over the surface. 

six fibers read out one tile; they are glued t in the grooves in the scintillator 
* r  > I h c  bladc has a diameter of 95 mm and is 1.2 nim thick; the revolution speed was 2000-2500 turns/min and 
progressed with about lOcm/min; as coolant we used a mixture of water and detergent 
t N E  581 Optical Cement with hardener 

WLS fiber material Y11 (Kuraray CO. Ltd) double clad, 1 mm diameter, 23 cm long with a 
sputtered AI mirror at one end. 

a 1 mm diameter double clad transparent polystyrene fiber DCJ,G (Kuraray CO. Ltd) guides 
the light lo the photomultiplier; the fiber is 3 m long and is glued to  the W J S  fiber. 

wrapping of the tile in Tyvek paper (quality Q173-D, DuPont) paper. 

2.1 Fiber production. 

The faces of the fibers were smoothed in steps with sandpaper of various granularities down to a 

grain size of a few microns. For this purpose a mounting support was designed which held 50 fibers 
individually. In this manner the cladding was prevented from cracking and the resulting face was 
perpendicular to the fibre-axis. One face of each WLS-fiber was also polishcd and then aluminized 
by vacuum evaporation in order to prevent light loss through this end. 
For an optimal joint between tlie WLS-fiber and the clear readout-fiber a gluing procedure was 
chosen t .  Steel tubes, with an inner (outer) diameter of 1.1 (1.2) mm, served for good matching 
of the fibers and rcinforcement of the joint. Special care was taken to get a tight, joint by applying 
gentle pressure during hardening. 

All fibers were tested for light trarismission using a monitored UV-lamp. The fibers with lowest 
transniission were discarded (10%) resulting in a spread of 12% for the remaining fibers. 

2.2 Light yield measurement 

The absolute light yield for minimum-ionising particles was measured in a cosmic ray telescopc 
witah an effective area of 12 x 12 cm2. Thc PMT pulse was integrated by a LeCroy 2249A ADC, 
triggered by a threefold coincidence of thc signals from the cosmic triggers. The A D C  gate Icngth 
was 100 ns. Figure 1 shows the respo~~se to cosmic ray particles for the final t,ile/fiber/PMT layout. 

The ratio of triggers with no sigi~al above pedestal recorded in the ADC t,o tlhe t d a l  numbcr ol 
triggers is eqiial to (0.37?~0.03%), taking into account the trigger cfficicncy. From this we obtain 
an absolute light yield of 5 .6f . l  photoelectrons. 

2.3 Uniformity measurement 

The tile uniformity was measured with a collimated losRu source, a computer-controlled x-y scan- 
ning table as scintillator support and an XP2020 photoinultiplier. The ADC was triggered by a. 

~ B I C R O N  B C ~ O O  Optical Ccmcnt 
§The absolute trigger efficiency was deterniincd to he.98.9% 
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Figure 1: Response of a scintillator tile to cosmic muons. The peak around the pedestal value of 45 
ADC counts is due to false triggers and zero response due to photostatistics. 

Figure 2: Scanning table uniformity measurement 

coincidence of two photomultiplier signals reading out a large trigger counter localed underneath 
the tile to be tested (figure 2). To ensure that the lo6Ru source simulates minimum-ionising parti- 
cles, we measured the light yield of the tile also with the cosmic telescope. The pulse height spectra 
of cosmic muons and electrons from the lo6Ru source are very similar in shape, with peak values 
equal within 5%. A 3--mm- diamctcr collimator was used to measure the response over a 20 x 20 
cm2 tile in steps of 2 mm in x and y. The response is uniform within 5%. 

The distribution of the mean values of the measurements for all positions is shown in figure 3. 
The slight bump below 120 channels is an effect occurring ncar the edge of thc tile where some 

particles lea.ve the tile before crossing its full thickncss. 

3 Mechanical layout 

3.1 Tile assembly 

The scintillalor tiles are assembled in cassettes, made of 0.4 mm thick stainless steel; they are 20 cm 
wide and vary in length, containing between 1 and 10 tiles. In order for the readoilt fibers to clear 
the neighboring scintillator tile the 5 mm thick tiles are raised at the readout end, supported by a 

2.5 mm thick rohaccll strip. The total thickness ol the cassette is N 11 mm and rcprcscnts about 
5 o/o of a radiation length (1.2 9% for the scintillator and 4 % for the stainless steel). The length 
of readout fibers is N 300 cm. The six readout. fibers of one tile are glucd togelher in a connector 
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Figure 3: Spread of response over a tile. The response is unij”orm wilhin 5% 
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^*50 , , 

t LL_LI_vLuII 

Figure 4: Front view of the forward (FCAL) and rear calorimeter (RCAL). The 20 x 20 cm2 white 
square an th,e center corresponds to the hole for  the beam pipe.  The coverage of the presampler is  
in,dicated b y  the shaded region. 

which is fixed to the PMT housing. In addition to the six fibcrs a seventh clear fiber is added to 
guide the light from a laser/LED system to the PMT. 

3.2 Detector assembly 

The forward and rear calorimeters are split in two halves, such that they can be withdrawn from the 
beam pipe region during injection of the electrons and protons in HERA. A group of 19 cassettes, 
which covers one half of each calorimet,er face, is glued on a 2 mm thick aluminium plate (0.02 
radiation lengths) of 2 x 4 m2. 

Figure 4 shows the coverage of the calorimeter by the presainpler. Shown is the segmentalion of 
thc clcctromagnetic sections, which is finer in t,he region not slmdowed from the nominal interaction 
point by thc barrel calorimet,er. The 20 x 20 cm2 towers covered by the presarnpler tiles are shaded. 

A 2.5 nixn diamcter tube is glued ovcr the full length on the outside of each cassette, positioned 
at thc ccnter of the tiles. The tube guides a radioactive source for calibrating the light output of 
the individual tiles and the gain of the PMT channels (see section 7.2). 

ICFA I N S T R U M E N T A T I O N  BULLETIN 

4 Photomultiplier tests 

4.1 Performance specifications 

Due to the limited space available in the ZEUS delector it was decided to usc multichannel PMT's. 
The magnetic field amounts to a few hundred Gauss in the area where thc PMT's are lomted 
and therefore adequate shielding is needed. Since we measure pulse heights, the crosstalk between 
adjacent channels in the tube is required to be less than 5%. Another requirement is the size of 
the photocathode for a single channel, which must mat,ch the readout fibers of one scintillator tile. 

The Hamamatsu R4760 16-channel photoniultiplier has been extensively tested for our appli- 
cation (see also (31). This is a 4 x 4 multichannel PMT with a front face of 70 mm diameter. 
Each of the 16 channels has a 10 stage dynode chain, but they all share the same voltage divider. 
The diameter of the photocathode for each channel is 8 mm. Our PMT's fulfill the following 
requirements: 

cathode sensitivity > 45 pA/lm 

rriininium gain at 1000 V: 1 x IO6 

gain spread between channels, within one PMT assernbly, less than a factor of 3 

Thc crosstalk has been measured to be less than 3% 

4.2 HV supply and linearity measurement 

A high voltage system ba.sed on the nse of a Cockcroft-Walton generator has been developed [4]. 
Powcr dissipation is negligible compared to that of a resistive voltage divider. The system can be 
safely operated because of the low voltage input and provides a protection against high currents 
(light leaks); the maximum anode current is 100pA. The HV units consist of a microprocessor board 
and the voltage multiplier boards. The microprocessor performs the HV setting and monitoring. 

The R4760 PMT operat,es in the range 800-12OOV. Tests showed that the optimum linearity 
is obtained (at the cost of a slightly lower gain) if the dynode voltage differences are distributed 
in the proportions 2:1:1:1:1:1:2:2:4:3, starting at the cathode. Since a pulse height measurement 
is required, good knowledge of the relation between input charge and output signal is necessary. 
For the linearity nieasurement we used an LED and a linear neutral density filter. As an example 
wc show in figurc 5 the deviation from linear bchaviour versus anode charge for a HV scttimg of 
IIOOV. The dotted line sliows the linear fit through the firs1 [our points, the dashed line represents 
a polynornial fit lhrough the last four points. At an anode charge of 25 pC the measured values 
are about five percent lower than expected for linear behaviour. These values vary strongly from 
channel to channel and from PMT to PMT. 
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log(onode chorge/pC 

Figure 5: Results on the P M T  nonlinearity. The line shows the linear fit through the  Jirst four 
points. The dashed line represents a polynomial fit  through the last four points. 

setup was about 50 counts/min with about 6 counts/min for a single telescope. An example of 
thc cosmic-test measurement is givcn in figure 1. To compare the light yield of different tiles, all 
16 channels of the PMT wcre calibrated with a reference tile to correct for differences in quantum 
efficiency (QE) and gain between thc 16 PMT channels. Figure 6 shows the mean value for all 
576 tiles normalized to one of them. From the RMS value of the distribution we conclude that the 
responses of all tiles are equal to within 12%. 

5 Readout system 

The readout system is a copy of the existing ZEUS calorimeter readout system with somc minor 
modifications [5]. The PMT pulses are amplified and shaped by a pulse shaper circuit mounted 
at the detector. The shaped pulse is sampled every 96 ns (the bunch crossing rate of thc HERA 
storage ring) and stored in a switched capacit,or analog pipeline. After receipt of a trigger from thc 
ZEUS detector, eight samples are transferred from the PipeliIie to a.n analog buffer and multiplexed 
to ADCs. The data are sent to a location outside the detector where the digitisation and signal 
processing takes place. The modifications consist of upgraded versions of the shaping/amplifier [lo] 
and the digital signal processor and a different mechanical layout of the analog front end cards. 

Figure 6: Average pulse height for cosmic muons normalazed to one after having corrected fo r  the 
gain differences between individual PM'I' channels. 

Figure 7 shows the mean number of photoelectrons for each tile assuming a QE of 8.5% which 
is the minimum value accepted for the presampler PMT's (thc mean QE for all channels is 11.6%). 

6 Results from cosmic ray measurements 

A cosmic ray test was pcrformed to measure the light yield of the 576 tiles ( 264 FCAL and 312 
RCAL tiles) assembled in 76 cassettes. The trigger systein consists of eight cosmic ray tclcscopcs. 
Each of these consists of two scintillator pads, 20 cm apart, with an area of 1'2 x 12 cm2 which 
give, together with a third scintillator countcr of 240 x 1'2 cm', a trigger system with a three-fold 
coincidence. The efficiency of each single telescope was better than 98%. The readout PMT was a 
16-channel I34760 as uscd in the final presampler design. The setup allows the measurement of 16 
channels simultaneously ( e.g. two cassettes with eight tiles each). The trigger rate of the complete 
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Figure 7: Average number ofphotoelectrons per tile per MIP 
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7 Calibration tools 

step motor 

7.1 Minimum-ionising particles in situ 

During the operation of ZEUS, halo ninons arid charged hadrons are used to determine the response 
to single particles for each individual cliaiiiwl. TIw high voltilgc setting common to the sixteen pixels 
of one R.1760 PMT is chosen s i i r l i  t l i i i l  l.li(> pixvl wil.li llie lrast, gain has an averagc response to 
minimum-ionising pwticlcs wliirli is ii l‘iidor 0 1  l . ( ~ i  gr(~iit.cv t,lian the RMS noise level of the analog 
signal-processing front-end c*lrc.t roiiics (0.05 I>(  ’). ’ 1 ’ 1 1 ~  pis& to-pixel gain variation of about a 
factor of three within onc Ph’l‘l’ rcwills i i i  ii. siiiiiliir viiriiit.ioii in the saturation levels. The in situ 
calibration for thc 1995 r u l ~ i ~ i n g  pvriod iiclii(wd ii precision of better than 5% per tile. 

7.2 The radioactive source systein 

We use an LED/laser syst,rm to inonitor I l i c ,  gaii is of the PMYs and a source system to monitor 
the combined response ol’ t,ilc, fiber and I’MT. Thc rcsponsc to a source provides a relative 
calibration and quality cont.rol of the iiidividual channels of the presainpler. The source scans take 
place during shutdowns of HER A and provide iiiforInalion on the long term behavioiir of thc light 
output of the combiiiat,ioii of sciiit,illator and wavelength-shifting fiber. 

i’ optical fibers 

cassette stint. tile \ 

ICFA INSTRUMENTATION BULLETIN 

as a function of the location of the source, The different heights of the maxima are mainly due to 
the different gains of the 16 &ann& of the ~ 4 7 6 0  PMT, all supplied with the same high voltage. 
‘The “co source is not collimated, as can be Seen in the shape of the individual peaks. 

25 50 75 100 125 I50 175 200 

position (cm) 

Figure 9: Responses of the scintillating tiles within one cassette to a “Co so’urce. The step width 
is approximately 2 mm. 

steel wire 
brass tube Co source 

Figure 8: Example of a cassette with 9 scintillating tiles and source tube glued on top, connected to 
source scanning system. 

Brass tubes with 2.5 mm outer diameter and 0.2 mm wall thickncss run over the full length of 
the cassettc, positioned in the middle (figure 8). They guidc thc poiritlike (0.8 mm diameter, 1 mrri 

lcngth, 74 MBq) source. ‘The source is driven in 2 mm steps via a 1.2 mm diameter steel wire by 
a stcpper motor [6] corilrolled by a PC. The PMT currents are integrated with a time constant of 

24 rns and read into a 16-channel 12-bit ADC card. 
Figure 9 shows as an example the superposition of the responses of t,he tiles within one cassette 

-27-  -28- 



ICFA INSTRUMENTATION BULLETIN 

8 Beam test results 

The influence of material in front of the ZEUS calorimeter on its energy measurement has been 
studied previously in several test beam runs with the ZEUS forward calorimeter (FCAL) proto- 
type [7]. The corrections lo the calorimetric measurements that can be derived from presarnpling 
measurements have been studied in subsequent test periods for both hadrons and electrons [8]. In 
the following we summarize the most recent results obtained for electrons with the final presampler 
design [9]. 

presampler 

dead material 

- 80 cm - 
t 
00 0 

8 
4 

/ 15cm 
BEAM 

Figure 10: Experimental setup of the FCAL prototype and presampler in  CERN test beam. The 
presampler is mounted directly on the FCAL frontplate. 

8.1 Overview 

The presampler prototype consists of an array of 4 x 4 scintillator tiles covering an area of 80 x 80 
cm'. As shown in figure 10 it is positioned directly in front of the ZEUS FCAL prototype which 
has the same lateral size. The depth ol the calorimeter is 7 interaction lengths ["I. Beam tests 
were performed in the X5 test beam of the CERN SPS West Area. The prototype presampler 
detector is read out via an R4760 multichannel photomultiplier using the Cockcroft-Walton HV 
system. Furthermore, the final readout electronics was used for both the presampler and the FCAJ, 
prololype modules. 

The uranium radioactivity was used to set the relative gains of the calorimeter phototiibes and 
15 GeV electrons served to set the energy scale. Muons were used to calibrate the presa.mpler. The 
combined response of the presampler and calorimeter was determined for electrons in the energy 
range from 3-50 GeV. The amount of material installed in front of the presampler va.ried between 0 
and 4 radiation lengths (X,) of aluminium. During these studies, the position of both calorimeter 
and prcsampler relative to the beam was fixed. A delay wire chamber allowed the determination 
of the impact point of the beam particles with an accuracy of 0.5 mm. 
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Most of the dala were recorded with a defocussed beam about 10 cm in diameter, facilitating 
studies of uniforrnily and position dependence of the energy correction algorithms. 

8.2 The uniformity of the presampler response to  muons 

Figure 11 shows the mean presampler response lo  75 GeV muons. The position information was 
provided by the delay wire chamber. The presampler signals for the incident muons are normalized 
to lhe response at the center of the tile and averaged over uniformly populated rectangles of 
90 x 5 mm2. The nonuniformity in the sum of the two bordering tiles is a few percent in the regions 
of thc fibers. In the horizontal direction (figure l l b )  the tiles are mounted within one cassette with 
no gaps between them. In the vertical coordinate (figure l l c )  a signal drop is observcd between thc 
cassettes due to the 1.4 mm gap between the scintillator tiles. The nonuniformity averaged over 
the surface of a tile is less than 1%. 

a) A Figure 11: The muon response uniformity of the presampler near tile borders. 
sketch of scanning region, b) a horizontal scan (* represents the response of tile 6, o that of tile 
7 and the sum of both), c) a vertical scan, perpendicular to the embedded fibers. The dashed 
lines indicates the fiber positioiis. The data in  both plots are averaged over a uniformly populated 
rectangle 90 x 5 m,m2 in area with the long side perpendicular to  the scanning direction. 

8.3 

The electron beam used for the energy correction studies was 1 cm wide and 10 cm high, centered 
horizontally within one FCAL module and vertically on one of the 20 x 5 cm' electromagnetic 
sections. The presampler signal (Epres) was obtained by summing all 16 tiles in order to be sure to 
get the entire signal and because the electronic noise contribution was negligible. The signal from 

The presampler response to  electrons 
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Figure 12: Signal distributions in  the calorimeter and presampler for  25 Ge V electrons having 
passed through 0, f, 2, 3, and 4 radiation lengths of aluminiu~n absorber. 

3.5 f 0.4 I 7.9 f 0.2 ~1 5.2 f 0.2 
9.6 f 0.4 7.8 f 0.4 1 20.4 rt 0.5 I 

each tile was normalized to its average responsc to muons, resulting in units we refer to as “MIP”. 
Aluminium plates of 3 cm thickness were used as the absorber material. In the following three such 
plates together are referred to as one radiation length, an approximation which is accuratc to 1%. 

As examples of the calorimeter and presampler signal spect,ra we show in figure 12 thc energy 
distributions measured with the calorimeter (Ecal) and the signal in the presampler for 25 GeV 
electrons for aluminium absorber thicltnesses ranging between 0 and 4 XO. The mean value for fiCai 
decreases by more than 20% but the shapes of the distributions remain approximately gaussiarl. 
‘L’he resolution deteriorates substantially in the presence of more than 2 XO of absorber material. 

3 
4 
1 

Table 1 shows the relative calorimeter signal loss and the avcragc and RMS values of the presaiii- 
pler signal spectra for the full range of electron energies and absorber thicknesscs. The uncertainties 
presented are dominated by the statistical precision. 

17.3 f 0.4 34.9 rt 0.6 13.8 f 0.4 
29.6 f 0.6 46.0 f 0.8 14.6 f 0.6 
2.7 f 0.3 9.8 f 0.2 6.5 f 0.2 

Energy 

3 
(GcY 

5 
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2 

Absorber I Rel. Energy Loss I Presampler Avg 1 Presampler RMS I 

~ 

I I 

5.9 f 0.3 I 26.6 f 0.4 I 12.8 f 0.3 

1 1 7.8 f 1.0 1 5.5 f 0.1 3.7 f 0.1 1 

2 
3 

4.6 f 0.2 I 35.6 f 0.6 I 16.4 f 0.4 
11.5 f 0.5 1 72.7 f 2.1 1 27.7 f 1.5 

3 20.3 dz 0.5 I 27.4 f 0.4 I 10.9 i 0.3 
4 34.6 f 0.7 I 32.7 f 0.6 I 11.3 f 0.4 

3 1  15.4 f 0.3 I 47.3 f 0.5 I 17.9 f 0.4 1 
4 I 24.4 f 0.3 I 66.1 f 0.6 I 20.9 f 0.4 
1 I 1.6 f 0.2 I 12.0 f 0.3 I 7.9 f 0.2 

I I I 
4 I 19.8 f 0.3 I 108.1 f 1.2 I 31.6 f 0.8 1 

Tablc 1: The relative decrease in the calorimeter signal and the average and RMS’ values of the  
presampler signal spectra for  each electron energy and each alvminiu,rn absorber thickness used in  
t h e  test beam studies. The uncertainties shown, are dom,inated by the statistical precision. 
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Figure 13: A comparison of the presampler signal spectra for  5, 15, 25, and 50 GeV electrons to 
that for muons. The smooth curve shows the response to muons. The presampler signal has been 
normalized to the average value of the muon spectrum. Each spectrum contains 2000 entries. 

8.3.1 

The comparison of presampler signal spectra from incident muons with those of incident electrons 
allowed us to estimate the contribution of backscattering from the electromagnetic showers in the 
uranium calorimeter. Figure 13 shows this comparison for 5, 15, 25 and 50 GeV electrons. We 
determine the average relative increase to be 1.45,1.65, 1.80, and 2.16 respectively, to an accuracy of 
2%. By adding absorber upstream of the presampler and displacing both absorber and presampler 
several meters upslrearn to measure thc decreased contribution from backscattering, wc asccrtained 
khat the backscattering contribution is not increased by the presence of the absorber in front of the 
presampler. Thus we can he sure that the backscattering contribution remains at the levelof 1 MIP 
and can be neglected at  the level of 10% of the size of the signals we use for the electromagnetic 
energy correction. We also measured the backscattering contribution from hadronic showers and 
found for 15 and 75 GeV incident pions values for the average relative increase less than 1.5 and 
2.0 respectively. 

Contribution of backscattering t o  the presampler signal 

8.3.2 Electron energy  correction 

Figure 14 shows the correlation between the presampler signal (normalized to the average signal of 
a minimum-ionising particle) and the calorimeter signal for 25 GeV electrons as a function of the 
amount of absorber material. 
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Figure 14: Calorimeter versus presampler response for  25 GeV electrons and absorber material 
ranging from 1 to 4 Xu.  The line represents the j t  to the data according to formula (1). 

We have considered a variety of parametrisations for the relationship between calorimeter and 
presampler responses. In the well-defined environment of a test beam the Correction is straightfor- 
ward and depends on the incident energy and the amount of absorber material, both of which arc 
precisely known. 

In a detector environment the amount of absorber material in front of the calorimeter is not 
uniformly distributed, arising from cables, support structures, etc. One can, however, identify 
regions where the average amount of absorber material is roughly known. For this reason we show 
here the result obtained with one set of correction constants common to the 1 and 2 Xo data set 
and one for the 3 and 4 Xo data set. The relation between the measured mean values of Ecal and 
&.,, has been parametrised in a linear approximation: 

= an + ai Ep,.,, . (1) 

The result for the two data sets for 25 GeV elert.roiis is sliowii iu  figure 14. The parameters 
a, depend on the amount of material and on the clecl.roii I ~ c ~ i i i i ~  c~ic~gg.  This correction algorithm 
allows for a linear energy dependence of the paramr+w ( l a :  t i ,  = 0; + ,(liE:beam. We neglect the de- 
pendence on the amount of absorber material in order lo vstiiiiatc i.he success of the algorithm when 
the amount of absorber varies within the data sample. The parameters ai and are determined 
by minimising the difference of the beam energy and the corrected calorimeter signal, 

The results for the corrected calorimeter response for electrons in the energy range 3-50 GeV, 
are shown in figure 15. This procedure provides a correction accurate to  3% for the energy range 

-34- 



ICFA INSTRUMENTATION BULLETIN ICFA INSTRUMENTATION B U L L E T I N  

0.5 0 5  
0 20 40 

0.9 0.9 

0.5 
0 20 40 0 20 40 

Electron Energy (GeV) 

Figure 15: Average calorimeter response normalized to the electron energy versus the electron energy 
before und after correction. 
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Figure 16: Reconstructed energy distributions for  25 Gel/ electrons for a mixture of the 1-4 X ,  data 
before and after application of the correction algorithm. 

studied here, but for an overcorrection of about 10% for the 3 Xo data points at low energy. For 
electron energies greater than 5 (&v and for absorber thickness less than 2 xn, the values relevant 
to the operation of the ZEUS detector, this correction algorithm yields a systeiiiatic precision 
of 2%. 

The improvement in the energy resolution as well as in the energy scale is shown in figure 16. 
The energy distribution of 25 GeV electrons for a merged 1-4 XO data set is shown before and after 
correction. 

9 Summary and conclusions 

We have designed, built, installed and operated a scintillator-tile presampler for thc forward and rear 
calorimeter of the ZEUS detector. The scintillation light from the tiles is collcctcd by wavelength- 
shifting fibers and guided to multi-anode photomultipliers via clear fibers. The signals are shaped, 
sampled and pipelined in the manner employed for the calorimeter itself, casing the integration of 

thc presampler in t,he ZEUS data acqllisitiou system. Thc performance of the tiles and fiber readout 
were monitored with a cosmic-ray telescope and with collimated sources during production. The 
single-particle dctcction efficiency is greater than 99% and the responsc unilormity over the area 
of each of the 576 20 x 20 cm2 tiles is better than 5%. An LED flasher system and scans with 
radioactive sources have proven useful diagnostic tools since the installation of the presampler. The 
in situ calibration with minimum-ionising particles during the 1995 data--taking period achieved 
a prccision bettcr than 5% per tile. Test beam studies of a presampler prototype with the final 
geometry and readout in combination with a prototype of the ZEUS forward calorinieter verified 
the efficicncy and uniformity results and allowed the determination of backscattering contributions. 
Tests with elcctrons wcrc performed in the energy range 3-50 GeV with 0-4 radiation lcngths of 
aluminium absorber. Thcsc studies have proven the feasibility of an electron energy correction 
accurale to better than 2% in the energy range and for the configuration of inactive material 
relevant to the ZEUS detector. 
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ABSTRACT 

The microdot gas avalanche detector is introduced and experimental 
measurements from the laboratory are described. Two separate batches of 
detectors have been produced and results are presented showing the 
detectors gain dependence on cathode and drift voltage and the 
performance of such detectors to high intensity x-ray fluxes. The energy 
resolution at high rate and gain is also shown along with preliminary 
ageing measurements. Results obtained from single photo electron 
extraction by a UV source from the aluminum support of the drift cathode 
are presented at avalanche gains of up to 30000. 
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1 Introduction 

Experiments at future high intensity colliding beam machines and at high intensity 
synchrotron radiation facilities require a detector which has an intrinsic high rate 
capability, good imaging or spatial resolution, and excellent stability in a high 
radiation environment. Microstrip gas avalanche (MsGC) and microgap (MGAP) 
detectors with 200 micron pitch readout possess some of these properties, hut are 
limited to avalanche gains of < 8 X lo3 by the onset of breakdown. The microdot 
structures,1,2 however, possesses all the above qualities and are in addition able to 
sustain gains of the order of 3 x IO4. 

2 Detector Manufacture 

Microdot (MDOT) detectors of various geometries have been constructed on 4 in. 
diameter silicon wafers using a standard MOS processing line.' Figure 1 shows a 
schematic of one cell from above and in cross section through the substrate. The 
structure has been implemented with an underlying back plane bus enabling the anode 

Anode 

Si02 

Buried &de &adout bus 

Figure 1: Schematic of microdot cell from above and in cross section 

dots to be readout in strings which have been produced with both 100 and 200 micron 
readout pitch. The anode dots are typically 12 to 20 microns in diameter and the 
cathodes are between 20 and 40 microns wide. The anode-cathode gap is of the order 
of 75 microns for a 200 micron pitch and 35 microns for a 100 micron pitch structure. 

The processing steps used in the manufacture of the microdot structures are: 
1. oxide deposit to 2.5 p m  depth, 
2. metal 1 deposition and etch, 0.6 to 1 Frn thick, 
3. second oxide deposition to 2.8pm depth, 

4. ion implantation, 
5. oxide via etch, 
6. metal 2 deposition and etch, 1.5 bm thick. 

The surface of the insulating substrate is doped to a higher conductivity than the hulk 
to reduce charge up effects and the currents flowing in this layer control the field 
gradients across the substrate. 

3 Detector Geometry 

Two separate batches of MDOT detectors have been produced and the main 
differences between the two will be outlined below. During the production of the first 
batch of MDOTs, further electric field simulation4 showed that the anode readout bus 
was significantly distorting the electric field in the gas directly above the surface of 
the bus. The effect of this distortion was to create a potential well for electrons, 
created in the avalanche, into which they can fall and be focused onto the bus lines 
rather than the anode dots. To compensate for the effect a "floating potential" ring 
was added between anode and cathode which serves to restore symmetry to the 
electric field ensuring that the elcctrons focus onto the anode dots. This ring was thus 
incorporated into half of the first batch of the MDOTs, and a schematic of the 
structure is shown in (figure 2a). 

During the testing of the first batch of detectors, it was found by optical inspection 
that the structures were suffering from "punch-through'' breakdown. This manifests 
itself as a short circuit occurring at the cross over point between the anode bus line 
and the cathode, and was found to be developing at sites on the metal 1 layer where 
"hillocks" had formed. These are regions on the aluminum metal 1 layer where a 
movement of grain boundaries has occurred causing a raise in profile at the point. 
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Figure 2: Schematic of the described microdot structures. 

This is a common occurrence in the semiconductor industry and is due to the high 
temperatures used during the deposition of the oxide layer. Thus, for the second batch 
of MDOTs that were produced, the inter-metal oxide layer was increased in thickness 
from 1.8pm to 2.81m. The mask design was also improved to reduce the metalized 
area on the cathode which covers the anode bus line. This serves to reduce capacity 
and improves the reliability from punch-through breakdown between the metal 1 
anode bus and the metal 2 cathode, fig. 2b. In addition to the above changes, two- 
dimensional structures have also been produced, where the anodes are connected in 
strings along the bus lines and the cathodes are connected in strings in an orthogonal 
direction on the metal 2 layer, fig. 2c. 

4 Results 

The absolute gain of the detector was determined in two ways: (1) calibration of the 
electronics chain by the injection of a pulse of known amplitude to the input capacitor 
of an Ortec 142AH preamplifier, and (2) by monitoring the chamber current, 
performed using a Keithley 237 source measure unit (SMU) and the x-ray rate. The 
two methods agree to 10-15% which is consistent with the systematic errors. The 
presented results are obtained from the signal of 14 anode strings, each of length 6 
cm, for the 200 micron pitch structures and 28 strings for the 100 micron pitch 
structures, which are connected together and input to the preamplifier. No passivation 
was applied to the electrode ends. 

4.1 Gain Measurements 

The gas gain dependence of the MDOT structures on cathode voltage has been 
investigated. Figure 3 shows this dependence for a 200pm pitch structure with 
floating rings from the first batch, in various Ar:DME gas mixtures. The results were 
obtained using an Fe55 x-ray source at low rate (-10 counts/mm*/sec). The upper 
limit in each case was defined by a current trip on the SMU of 20 nA. This limit was 
determined from experience with MSGCs and marks the onset of micro-discharges or 
punch-through breakdown. The upper limit of 12000 in the case of a 50:50 Ar:DME 
mixture is typically a factor of 1.4 higher than that obtained with an MSGC on an 
electronic conducting substrate5 and is obtained at a lower value of drift voltage and a 
much reduced value of cathode voltage. The gain for these batch 1 detectors was 
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Figure 3: Gain curves for a 200 micron batch 1 structure with floating rings. 
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Figure 4: Gain curves for a 100 micron batch 2 structure. 

limited by punch through breakdown which was confirmed by optical inspection of 
the detector, manifesting itself as damage to the electrode structure. Figure 4 shows 
the gain curves obtained with a 100pm pitch structure from the second batch of 
MDOTs. Gains of up to 40i)OO have been measured and this coupled to the detectors 
low noise levels allows these devices to be used to detect single photo electrons (See 
below). Results are not presented for the batch 2 (200pm pitch) structures but gains 
in excess of 50000 have been measured. Their behavior is not stable due to surface 
charging caused by a lack of surface current in the implanted layer. This could be 
compensated for by reducing the anode cathode gap or by modification of the 
conducting layer to decrease its resitivity. 

In the case of the second batch of MDOTs, the ratio of gain measured on anodes to 
the cathodes has been investigated and fig. 5 shows this ratio for various applied drift 
voltages, and for various shaping times on an Ortec 571 post amplifier. The applied 
cathode voltage in this case was -400V for the three different values of drift voltage. 
The graph shows that for an applied drift voltage of -IkV, corresponding to a drift 
field of 2kVcm-', and at all values of shaping time that 85% of the anode signal is 
induced on the cathodes. Simulation of the dependence of charge ratio on applied 
drift field and integration time has been found to agree well with the experimental 
results. The change in ratio at integration times below 1.5ps is caused by the slow 

rise time of the preamplifier due to capacitive loading caused by bussing a large 
number of the cathode strings into the preamplifier. When this effect is removed the 
ratio is predicted to stay constant from 2 ps to below 500 ns. 

4.2 Energy and Spatial Resolution 

The energy resolution of the MDOTs is determined using an 8 keV x-ray 
crystallography set, and fig. 6 shows the resulting spectrum obtained at high rate and 
high gain for a 200pm pitch batch 1 structure . A FWHM of 19% was obtained 
which compares well to the 18% achieved with these structures at lower rates. Fig. 7 
shows an 8 keV spectrum taken with a 200ym pitch structure from batch 2 at a gain 
of -1000 and gives a FWHM of 14% which is limited by avalanche fluctuations. 

The spatial resolution of the MDOT structures for minimum ionizing particles has 
been simulated using the MSGCSIM code,6 which gives OX= oy=16 to 18 p m  in the 
case of a 100pm pitch MDOT and ox= oy=32 to 35pm for the case of a 200ym 
pitch structure. In both cases, the simulation gives 0,=6% for the energy resolution 

for 6 keV x-rays. 
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Figure 5: Ratio of anode to cathode gain for a 100 micron pitch batch 2 structure. 
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Figure 7: An 8 keV spectrum taken with batch 2, a 200 micron structure. 

4.3 Photo-electron Spectra 

The fact that the MDOT structures allow gains in excess of 1Ok renders them able to 
detect single photo-electrons and this has been investigated using a 100prn pitch 
MDOT. For the following results, the MDOT was operated between -5 10 and -560V 
with a drift voltage of -13OOV. A UV lamp source was incident at an angle to the 
detector plane in order to extract photo electrons from the edge of the aluminum 
frame supporting the drift cathode. This non-ideal geometry was forced due to the 
lack of a photo sensitive drift cathode. Despite this problem, it was possible to 
measure about 30 pulseslsecond from electrons which diffused into the first row of 
microdots in the fringe field of the detector. The spectra obtained are shown in figure 
8 for three different values of detector gain. The spectra were taken in singles mode 
with a counting time of 20 minutes. Then the electronic noise was background 
subtracted for the Same period of time and the resulting spectra plotted. The 
subtracted background is also shown for comparison. For each value of gain the 

Figure 6: An 8 keV spectrum taken at high rate and high gain. 
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Figure 8: Photo-electron spectra taken with MDOT at indicated values of gain. The 

arrows represent the expected average pulse height. 

expected pulse height, which directly corresponds to the gain, is shown by an arrow 
and was obtained by dividing the Fe55 peak in an x-ray spectrum by 2.35 which is the 
expected number of electrons released by the 5.9 keV x-rays. Polya7 fits to the spectra 
given by 

display a disagreement between the expected gain and the Polya fitted gain. A 
reduction of a factor of 3 is found and can be explained by the detector geometry. The 
Polya fitted gain is smaller, because the electrons are drifting into the detector on the 
fringe of the drift field and arrive at the first row of microdot cells. These cells have a 
smaller gain because they sit in the fringe field of the detector. The calibration, using 
Fe55 x-rays, is however obtained from the 99% of the detector that does not sit in the 
fringe field and therefore has a higher gain. The distorted Polya fits to the pulse 
height spectra show an increasing tail component, defined by the parameter 0,  in the 
spectra at gains higher than 20k. It is clear from the results that by connecting an 
amplifier to each string and by using modern integrated electronics such as Microplex 
or Viking chips (ENC -1000 electrons) that the detector should be very efficient (> 
90%) for the detection of photons at gains between 10 and 20k. 

4.4 High Rate and Ageing Studies 

The detectors response to high fluxes is crucial if considering using such detectors for 
high rate applications. Fig. 9 shows the behavior of a 200pm pitch MDOT from the 
first batch to high fluxes of 8 keV x-rays. The gain is monitored at such high rates by 
using the current drawn from the anode dots. As can be seen in the figure, the detector 
initially charges up by 15% but is stable to further increases in rate. Ion implanted 
MSGCs using the same technology showed a decrease in gain of 33% but were also 
stable to further increase in rate.x This can be understood by considering the 
interaction of the anode fields and the substrate fields. In the case of the MSGC there 
is a mismatch between the natural logarithmic field given by the geometry and the 
surface linear potential divider. Whereas in the case of the MDOT there is better 
matching of the quadratic anode field and the quadratic surface field potential divider. 
This match should be exact but is broken by interaction between the substrate and the 
buried readout bus. 
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Figure 9: Response of batch 1 (200 micron pitch MDOT) structure to high x-ray flux. 
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Figure 10: Ageing curve for 100 micron MDOT structure. 

Preliminary ageing measurements on a 100pm pitch MDOT from the first batch are 
given in fig. 10, at a similar gain to the tests performed with MSGCs and using a 
clean gas supply, but with plastic pipes and chamber materials. No decrease in energy 
resolution was observed up to 25 mC/cm. After irradiation, the detector was scanned 
under a microscope and no spark damage could be observed. However, polymerized 
deposits had formed on the electrodes where the x-ray beam was incident on the 
substrate. Attempts to clean the deposits with propanol and acetone failed, but it 
should be possible to clean and regenerate dirty detectors in a plasma photo-resist 
asher as used in the detector manufacture. This is only possible because the detector 
contains no plastic insulation or passivation material unlike MSGC or MGAP 
detectors. 

5 Pixel Readout 

The silicon wafer on which the detectors are manufactured leads naturally to the 
possibility of integration of detector readout electronics. A very simple system has 
been proposed9 suitable for high rate x-ray images. Figure 11 shows this readout 
scheme, the individual dots are connected to an array of MOS transistors in the 
substrate which can be sequentially addressed and gated on to readout lines. The 
structure is similar to a dynamic RAM where the microdot anode-cathode capacity 
forms the capacitor of the RAM cell, and therefore, no integrated capacitors are 
necessary. The charge loss from the surface leakage channel through the implant is 
very slow taking a few thousand milliseconds, so the dots can be readout cyclically at 
a moderate rate, typically for a 20 MHz clock each dot can be readout every 40 
microseconds on a full 8 inch or 60 microseconds on a 12 inch wafer scale array. The 
device when addressed and readout in a parallel bussed fashion should allow very 
high pixel readout rates of typically 10 Giga pixels per second and is suitable for high 
yield wafer scale integration. 

6 Possible Applications and Conclusions 

The microdot gas avalanche detector is, without further development, suitable for x -  
ray imaging and particle tracking using the two-dimensional capability. It has also 
been shown that the detector is capable of detecting single UV photons. The 
integration of the device on a silicon wafer leads to increased noise due to the large 
capacitance of the cathode. 
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granted for medical imaging applications of pixel array readout 

This renders the cathodes unsuitable for the detection of small pulses from single 
photon avalanches. Simulation has shown that using a quartz rather than silicon 
substrate can reduce the cathode capacity to a level where macroscopic cathode pads 
(up to 20 mm2) can be used. Such a detector should give a high accuracy OX, OY - 
60 pm two-dimensional detector suitable for UV RICH imaging when combined with 
a CsI coated drift cathode. 

Other advantages of the device are that no surface passivation is required and the 
two-dimensional capability enables the detector to be used at a lower gain than in a 
two-dimensional MSGC because of the increased -85% anode-cathode pulse height 
ratio, compared to the -50% achievable in an MSGC with back-plane pickup. 
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Abstract 
We describe operating principles and results obtained with a new detector element, the Gas Electron 

Multiplier (GEM) [l]. Consisting of a thin composite sheet with two metal layers separated by a thin 
insulator, and pierced by a regular matrix of open channels, the GEM electrode, inserted on the path of 
electrons in a gas detector, allows to transfer the charge with an amplification factor approaching ten. 
Uniform response and high rate capability are demonstrated. Coupled to another device, multiwire or 
micro-strip chamber, the GEM electrode permits to obtain higher gains or less critical operation; separation 
of the sensitive (conversion) volume and the detection volume has other advantages: a built-in delay (useful 
for triggering purposes), and the possibility of applying high fields on the photo-cathode of ring imaging 
detectors to improve efficiency. 

Multiple GEM grids in the same gas volume allow to obtain large amplification factors in a succession 
of steps, leading to the realization of an effective gas-filled photomultiplier. 

have demonstrated very high gain and rate capabilities, understood to result from the special properties of 
electron avalanches in very high electric fields. 
The major practical inconvenience of both described detectors lies in the necessity of stretching and 
maintaining parallel meshes with very good accuracy; the presence of strong electrostatic attraction forces 
adds to the problem, particularly for large sizes. This requires heavy support frames, and in the case of 
MICROMEGAS, the introduction in the gap of closely spaced insulating lines or pins with the ensuing 
complication of assembly and loss of efficiency. 

An interesting device recently developed, the CAT (Compteur A Trou [SI), consists of a matrix of holes 
drilled through a cathode foil; with the insertion of an insulating sheet between cathode and buried anodes, 
it allows to guarantee a good gap uniformity and to obtain high gains. 

In the present paper, we describe a novel concept that seems to hold both the simplicity of the MSC 
scheme, and the high field advantages of MICROMEGAS and CAT, however mechanically much simpler 
to implement and more versatile: the Gas Electron Multiplier (GEM). 

11. PRINCIPLE OF OPERATION 
The basic element of the GEM detector is a thin, self-supporting three-layer mesh realized by the 

conventional photo-lithographic methods used to produce multi-layer printed circuits. A thin insulating 
polymer foil metallized on each side is passivated with photo-resist and exposed to light through a mask; 
after curing, the metal is patterned on both sides by wet etching and serves as self-alignment mask for the 
etching of the insulator in the open channels. We have obtained medium size meshes (5 by 5 cm2) with 25 
pm thick polymer sandwiched between 18 pm thick copper electrodes; the etching pattern has rows of 70 
pm wide holes spaced 100 pm (Fig. 1); the fabrication technology, developed by the CERN Surface 
Treatment Service,' can be extended to larger areas. 

I. INTRODUCTION 
Methods for obtaining large, stable proportional gains in gaseous detectors are a continuing subject of 

investigation in the detector's community. Several years ago, Charpak and Sauli [2] introduced the Multi- 
Step Chamber (MSC) as a way to overcome some limitations of gain in Parallel Plate and Multi-Wire 
Proportional Chambers (MWPC); two parallel grid electrodes, mounted in the drift region of a 
conventional gas detector and operated as parallel plate multipliers, allow to pre-amplify drifting electrons 
and transfer them into the main detection element. Operated with a photo-sensitive gas mixture, the MSC 
allows to reach gains large enough for single photon detection in Ring Imaging Cherenkov (RICH) 
detectors [3]. 

More recently, Chapak and Giomataris have developed MICROMEGAS, a high gain gas detector 
using as multiplying element a narrow gap parallel plate avalanche chamber [4]. With gaps in the range 50 
to 100 pm, realized by stretching a thin metal micro-mesh electrode parallel to a read-out plane, the authors 

Fig. 1: Micro-photography of the three-layer (metal-insulator-metal) GEM grid. The distance betwen holes 
is 100 pm. 

I R. De Oliveira, A. Gandi and I,. Mastrostefano. 
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Because of the etching process, holes are conical in shape from both entry sides, probably improving 
the dielectric rigidity (see Fig. 2). Upon application of a suitable difference of potential, the electric field in 
a channel of the GEM grid develops as shown in Fig, 2; for this calculation, the mesh has been inserted 
between two equidistant electrodes at symmetric potentials. From the data reported by the authors of Ref. 
4, we expect to obtain multiplication in the high field in the center of the channel at a difference of potential 
around two hundred volts; for this value, the corresponding field strength along the central line is shown in 
Fig. 3: at the maximum, it reaches 40 kV cm-'. Electrons produced by ionization in the upper gas volume 
drift into the channels, multiply in avalanche in the high field region and leave towards the electrodes in 
lower volume. Most of the ions generated in the avalanche recede along the central field lines, limiting the 
perturbing effects of the insulator charging up. 

Fig. 2: Equipotentials lines in the GEM multiplying channel (VGEM = 200 V). 
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Fig. 3: Electric field along the central field line in the multiplying channel. 

Thanks to the focusing effect of the field, one expects full efficiency for transfer of charge, and the 
dense channel spacing reduces image distortions. For the device to properly function, a good and regular 
insulation between the grid electrodes is required, with no sharp edges, metallic fragments or conducting 
deposits in the channel; this has been obtained by careful optimization of the etching and cleaning 
procedures. The first GEM mesh manufactured on our design had around a quarter million channels 
covering a square grid 50x50 mm2, and was used for the measurements described in what follows. The 
test assembly is schematically shown in Fig. 4: a standard, small size MWPC is modified replacing one 
cathode with a thin printed circuit board holding the GEM mesh in the center; the mesh is pasted to the 
board, taking great care to avoid problems at the outer edge of the print (the metal on one side of the grid 
was removed for a few mm along the edges). Above the GEM electrode, a second cathode (the drift 
electrode) defines the sensitive volume of the detector. 

iV.4 . . . . . . . . . . . . . . . . e .  

0 

Fig. 4 Test assembly with the GEM multiplier mounted within a standard MWPC (drawing not to scale). 

For convenience, the MWPC is operated with the anode wires at positive potentials, the signals being 
picked up through HV deconpling capacitors; this choice allows to maintain the lower electrode of GEM at 
ground potential, and easily increase the multiplying voltage. For ionization produced in the MWPC gaps, 
a regular process of collection and amplification takes place; electrons released in the upper drift region, on 
the contrary, can drift into and through the GEM channels and multiply, depending on potentials. Using a 
collimated X-ray source, one can easily disentangle the operation in the two regions. For most of this 
study, we have used a 5.9 keV 55Fe X-ray source; to measure the rate capability, the detector has been 
exposed to a collimated 8 keV bedm from a generator. 

111. EXPERIMENTAL RESULTS 
A. Charge transfer and pre-amplification 
In order to avoid having to reach excessive potentials across the GEM mesh, we have found convenient 

to operate the detector at low quencher levels; a good choice is a mixture of Argon and Dimethyl-ether 
(DME) in the proportion 90-10, used for all measurements described here. The detector operates however 
well in other mixtures, including some with the level of quencher below the flammability limit (3.5% for 

-55- -56- 



4 DME). The MWPC is powered at a voltage providing a moderate gain (-10 ), keeping VGEM grounded; 

the standard 55Fe spectrum is recorded. With the upper drift electrode at fixed potential (typically -1 kV), 
the negative potential on GEM is progressively increased. At -VGEM- 50 V, a signal begins to appear, 
corresponding to charge transferred from the drift region; at - 140 V the transferred charge equals the 
direct one (100% transparency). Increasing -VGEM further, the pre-amplified charge exceeds the direct 
component. Fig. 5 shows a typical pulse height spectrum, recorded at a pre-amplification factor around 6: 
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Fig. 5: 55Fe pulse height spectrum recorded in the MWPC without (left) and with pre-amplification. 
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The energy resolution of the detector is not affected by the pre-amplification process; from Fig. 5 one 
can infer a resolution of around 11% r.m.s. for the pre-amplified charge, as compared to 12% r.m.s. for 
the direct signal (the apparent improvement is probably due to some non-linearity of the response). 

Fig. 6 shows the measured pre-amplification factor, defined as the ratio of the most probable pulse 
height between transferred and direct spectra for the 5.9 keV line, as a function of the GEM voltage. In this 
particular mesh, the first to be realized, discharges appear at around -230 V; they are however without any 
consequence to the detector. From previous observations [61, we expect that use of a thicker insulator (50 
to 100 pm instead of 25) could lead to higher effective gains. 
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Fig. 6: Pre-amplification factor as a function of the difference of potential on the GEM grid. 

The strength of the field in the drift region does not affect, in a wide range, the collection and transfer 
characteristics and the pre-amplification factor (although it affects other drift properties). We have seen no 
difference in transferred charge, at a pre-amplification factor around 6, varying the drift voltage from -500 
to -2000 V. This can be exploited to tune drift velocity, diffusion, and Lorentz angles according to 
experimental needs. 

B. Uniformity of response 
The uniformity of response of the detector has been measured by displacing the collimated source 

across the active area (50x50 mm2); the gain is remarkably uniform (Fig. 7), with a maximum variation of 
*4% (which includes the possible variations in the MWPC). Because of poor collimation of the source, the 
signal is detected on a slightly wider region than the opening of the grid. 

Fig. 7: Gain uniformity measured across the GEM grid. 
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C. Rate capability 
To investigate possible gain reductions induced by charges deposited on the insulator surfaces within 

the channels, we have exposed the GEM detector to increasing rates of 8 keV X-rays from a generator. 
The irradiated area covered about 3 mm2. It should be noted that the MWPC itself (with 2 mm wire 

spacing) is expected to suffer space charge gain drops at rates exceeding - lo4 In order to be in 
similar conditions, the measurements were realized at constant total gain adjusting the MWPC anode 
potential. The preliminary results, Fig. 8, show no difference in behavior implying the absence of charging 
up processes in the GEM mesh. 
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Fig. 8: Gain as a function of rate measured at equal gain for the MWPC and for the GEM+MWPC 
chamber. 

Coupled to a high-rate detector, such as the MSGC, the rate capability of GEM may be limited by 
charging-up of the insulator in the open channels. If such is the case, it can be envisaged either to use a 
moderate conductivity material for the layer (in the range lolo to 1013 R.cm), or to coat the mesh by 
vacuum deposition or Chemical Vapor Deposition (CVD) with a thin controlled resistivity layer in the 
range 1014 to 10l6 Wq, using technologies developed for MSGCs [7]. 

IV. APPLICATIONS 
A variety of uses can he envisaged for the GEM mesh: self-supporting, the element can be easily 

incorporated in other structures. The added pre-amplification factor, even moderate, can ease the operation 
of any gain-critical detector. 

In Micro-Strip Gas Chambers (MSGC), a serious problem of discharges has been met recently [8,9]. 
When operated close to their maximum gain limit in order to efficiently detect minimum ionizing particles, 
MSGCs can be irreversibly damaged by a discharge initiated by heavily ionizing tracks (recoils produced 
by neutrons, nuclear fragments); the effect is enhanced in presence of a high flux of radiation, and its 
probability depends strongly on the operating voltage [lo]. The use of a GEM grid above the MSGC, with 
even a moderate pre-amplification, would allow to operate the MSGC well below the critical potential for 

discharges. The moderate increase in the spatial extension of the detected charge, with its de-clustering 
effect, should also improve the localization accuracy; the added delay, corresponding to the drift time of 
electrons from GEM to the MSGc plate, 

A second application of the pre-amplification principle, already mentioned, could be in fast RICH 
detectors. Aside for allowing larger gain and therefore easing single photo-electron detection, the Structure 
can be designed to exert a high electric field on the solid photo-cathode side of the detector, thus 
substantially improving its quantum efficiency [I 11. Fig. 9 shows schematically an "improved" fast RICH 
detector with pad read-out on the MWPC cathode. The presence of the GEM mesh between the main 
amplification element and the photo-cathode should also reduce the possibility and the dangerous effects of 
Dhoton feedback. 

exploited for the first level triggering. 
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Fig. 9: Fast RICH detector with pre-amplification. 
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The GEM grid can easily be used as a controlled gate to prevent ions feedback, or to select event 
similarly to the scheme used in pulse-gated Time Projection Chambers; the small value of the gating 
voltage would greatly reduce pick-up problems. 

All described results have been obtained with a rather thin mesh (25 p n )  resulting in a short 
multiplication path for electrons and therefore moderate gains. According to the authors of Refs. 4 and 5, 
in a parallel plate geometry the best results in terms of gain have been obtained for gaps close to 100 pm; if 
thicker GEM meshes provide similar results, one can envisage to replicate the MICROMEGAS and CAT 
high gain performances by simply laying a mesh over the stripped readout electrode; being cheap and self- 
supporting, this geometry should have definite advantages over the quoted designs. 

Perhaps the most original use of GEM would be in a multi-stage gas electron multiplier, as shown in 
Fig. 10. Several composite grids, mounted within the same gas volume, and powered by a suitable resistor 
chain should allow to reach large gains, somewhat in analogy to multi-grid vacuum tubes, but substantially 
simpler and cheaper to manufacture for large areas; readout could be obtained with a terminal MWPC, 
MSGC or directly on a matrix of pads. The multiplier should operate in strong magnetic fields, with only 
some image distortions (Lorenz angle). For large gains, ions feedback and attachment to the insulator may 
become a problem, and should be studied. 
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Fig. 10: A multi-grid GEM multiplier; read-out can be realized directly on strips or pads, or using a 
MWPC, MSGC, or PPC. 

As a final suggestion, one can think of developing non-planar GEM structures for special applications, 
cylindrical for tracking detectors around colliders, and spherical for resolving the well-know parallax error 
aberration in thick layer X-ray detectors, such as those used for crystal diffraction studies. 

V. FURTHER DEVELOPMENTS 
Much of the described applications and developments depend on the elaboration of a suitable, reliable 

technique to produce the GEM grids at low cost. Intrinsically simple, and making use of well established 
printed circuit technologies, manufacturing of the multi-layer grids is nevertheless a delicate enterprise in 
view of the requirements (very good insulation between the two metals). Careful cleaning, not introducing 
any sort of conducting debris or stains, should be used, followed by proper conditioning; we have found 
that baking in vacuum at moderate temperature (- 100 "C) improves the quality of the insulation. With 
CERN installations, good quality prints with 20 cm on the side can be manufactured today; larger sizes 
would require recourse to outside industry. Alternative methods for realizing the GEM structure are being 
investigated; a promising approach makes use of existing polymer high-precision meshes used as filters in 
the chemical industry and vacuum-coated on both sides with a thin layer of metal. 

The influence of the insulator thickness on the maximum gain has to be investigated, as well as the 
possible charging up effects: if relevant, these effects could be controlled by the use of a moderate 
resistivity insulator, or with a thin resistive coating applied by non-directional deposition technologies such 
as Chemical Vapor Deposition in analogy of what is done to solve similar problems in MSGCs. Other 
industrial processes, such as those used to produce the low cost, large size micro-meshed used in the 
electronics industry should be investigated. 

VI. CONCLUSIONS AND SUMMARY 
We have described a novel concept in gas amplification structures, a thin insulating mesh separating two 

metal grids with a dense matrix of holes or channels, typically 50 pm in diameter. Inserted in the path of 
drifting electrons, the Gas Electron Multiplier allows to transfer the charge with an effective amplification; 
pre-amplification factors close to ten have been obtained with GEM grid implemented on a 25 pm thick 
insulator, but higher values can be expected with thicker layers (50 to 100 pn).  The GEM grid is relatively 
easy to manufacture using standard multi-layer printed circuit technology, and large sizes can be 
envisaged. Inserted as pre-amplification element in various types of gas detectors, the GEM amplifier 
should allow to overcome some limitations intrinsic in the use of gaseous devices at high gains. 

All proprietary and other rights related to the information contained in this article are vested in CERN, 
and its use by third parties is subject to prior written approval by CERN. 
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