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Agenda of 2/3/93 Muon Meeting 

TO: GEM Muon Group 
FROM: Mike Marx and Frank Taylor 
SUBJECT: 
DATE: 

Short Term Tasks and 2/3/93 Meeting 
1/22/93 

Now that we have recommended that the CSCs be our baseline technology we have 
to concentrate our efforts for R&D and writing the TOR. The following is a list 
of key issues which we should address at the next Muon Group Meeting 2/3/93. 

(1) Presentation of the Recommendation Report: 
- why CSCs are better than RDT/RPC(PWC) [Polychronakos, Taylor] 

(2) Organization of urgent short term R&D: 
[Mitselmakher - coordinator) 

- demonstrate all operating parameters of the CSC (TO, efficiency, and 
resol'n) in one chamber. 

- study chamber performance vs strip width. Will l cm (0.8 cm) strips 
yield our baseline resolution? Can chambers at the TTR or RDS be 
used to make measurements? 

- develop L-angle correction strategy. Do we want to rotate chambers 
in the endcaps? [Vorobyov, Tchernetin) 

- hole in chamber for alignment really works? other solution ? 

(3) Develop a procedure to fix the baseline CSC chamber design. 
The makers of the existent chamber designs should meet before 2/3/93 to 
formulate a plan. [Dubna, PNPI, UH, BU, BNL, .•.. ) 

[coordinator to be determined) 

(4) Decide on the baseline chamber configuration - driven by resolution 
requirements and chamber characteristics and layout. 

[Nimblett, McNeil, Whitaker, Taylor] 

Suggested configuration - [all chambers with projective strips) 
Barrel: 6-6-6 
Endcaps: 8-6-6 in outer angle region [SW conf. h) 

8-8-6 in inner region 

Compute the angle coverage with/without hole in chamber. 

(5) Organization of urgent simulations work for design decisions: 
[McNeil, Golutvin, Wenus, et al.) 

- pattern recognition 
- momentum reconstruction 
- trigger simulation 

(6) TOR progress and organization: 
[Marx) 
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BROOKHAVEN NATIONAL LABORATORY 

February 4, 1993; GEM/CSC 2-93 

DRAFT 
February 4, 1993 

The Interpolating Cathode Strip Chambers of the GEM Muon 
System 

Prototype Development and Performance 

1 Introduction 

'. V.A. Polychronakos 
for the CSC Group 

A series of interpolating Cathode Strip Chamber(CSC) prototypes have been constructed in 
our effort to develop the CSC technology for application to the Muon System for GEM. These 
prototypes include a "full scale" (l.Sxl.2m2) four-layer module (at BNL), a large (1.5xlm2) 

module at Dubna, three Rj0.5x0.5m2, four-gap chambers, one with radial strips (Boston 
U.), one with parallel strips (BNL), and a similar one at PNPI but using a construction 
technique more suitable for mass production. A number of small, specialized chambers to 
study a variety of parameters relevant to the CSC operation were also built at BNL, PNPI, 
and Boston University. In addition a lx0.5m2 prototype using Iarocci-type tubes with a 
cathode strip readout has been constructed by the Houston University group. 

The emphasis, throughout this R&D program, has been on developing and understand
ing all aspects of this technology. An appropriate, nonflammable gas has been identified 
meeting all requirements of the full detector. Single layer spatial resolution better than the 
75µm required by the baseline design has been achieved in both small and large prototypes. 
Efficient bunch crossing timing was demonstrated by identifying the earliest signal arrival 
from 4 or 6 layers using a simple OR circuit. The tagging efficiency ranges from 92% (with 
6 layers and simple time- over-threshold discriminators) to 100% (four layers with constant 
fraction discriminators). Chamber efficiency better than 99% with either anode or cathode 
signals has been achieved. 

The importance of a relatively simple, robust, low cost electronic readout system in 
achieving 1% measurements with a detector with Rj 106 channels was recognized. An ag
gressive, two-prong approach has been followed: 
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• A compact, low cost, highly multiplexed readout system for the prototypes was de
veloped utilizing existing monolithic amplifiers augmented by custom hybrid pream
plifiers. Most of the prototypes are tested fully instrumented. The "small" BNL four 
layer module, for example, has 288 cathode and 32 anode channels. The large four 
layer module will have a total of 704 cathode channels (only two layers have been 
tested todate, the other two are nearing completion and are expected to be delivered 
at the SSC at the end of February). It should be noted that the largest Barrel module 
will have no more than about 1000 channels. 

• In parallel, an effort to develop a custom monolithic front end suitable for the GEM 
muon detector subsystem was launched. Prototype circuits featuring a low noise 
preamplifier, shaper, and sample and hold have already been fabricated and tested. 

Alignment is another crucial factor in achieving the baseline performance. A novel align
ment system is being developed utilizing collimated high energy (36 keV) X-rays which are 
directly detected by the CS Cs providing relative alignment of all layers Of a superlayer and, 
possibly, between superlayers. Promising results were recently achieved by the PNPI group. 

2 Prototype Development 

2.1 Mechanical construction 

Almost all CSC prototypes are built as two-gap modules. The two gaps are formed by three 
flat, rigid panels made of a 23 mm thick sheet of nomex honeycomb and two 1.25 mm thick 
copper-clad FR4 laminates. The 0.5 oz/ft2 copper (17 µm thick) forms the cathodes of the 
two proportional chambers. The panel frames were made of machined zelux (fiberglass re
inforced lexan). They provide the 2.5 mm step for the anode plane of gold-plated tungsten 
wires 30 µm in diameter with a 2.5mm pitch. The frames of the outer panels have a milled 
cavity with enough room for the epoxy beads for the wire attachment as well as the anode 
blocking capacitors. A rubber gasket just outside this cavity provides the gas seal for the 
assembly. In this manner no components under high voltage are outside the seal thus min
imizing the risk of high voltage breakdowns. This technique has been successfully used in 
several chamber designs by the MPS group at BNL. A mechanical drawing of one of these 
panels is shown in Figure 1 with a more detailed view of the frame cross sections in Figure 
2. The sensitive area of this prototype is 45x37 cm2• A drawing of the two-gap assembly 
(for the large trapezoidal prototype) is shown in Figure 3. 

The position sensing cathode strips are lithographically etched on either side of the central 
panel. These cathodes are precisely positioned with respect to each other with the aid of 
locating pins. The strips are oriented at 90° with respect to the anode wires providing the 
precision position measurement in a direction along the wires. 

On one of the continuous cathodes four windows of approximately 4x3 cm2 were cut out. 
Four collimators made of 0.025" half hard brass shim stock were placed in these windows. 
Each collimator has 25 slits 100 µm wide, 1.5 cm long cut every 1 mm. A drawing of one of 
these is shown in Figure 4. A thin layer of mylar glued on the back side of the collimators 
guarantees the integrity of the gas volume. Corresponding windows were opened on the 
outside skin of this panel to allow penetration of the soft X-rays from an 55 Fe source. 
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2.2 Position sensing cathode geometry 

Seen as gaseous detectors the CSCs are l\lultiwire Proportional Chambers with a symmetric 
cell in which the. anode-cathode spacing, h, is equal to the wire pitch, s, which equals 2.5 
mm. The readout pitch, w., is 5 mm.1 Thus the ratio of the readout pitch to anode
cathode spacing is wr/h = 2. Such a high ratio results in significant (>50%) position 
encoding differential non-linearity since the FWHM of the cathode induced charge is about 
l.5h. It has been shown [1],[2],[3] that the condition for negligible (~1%) differential non
linearity is wr/ h ::;; 0.8. This condition would dictate a readout pitch of 2 mm resulting 
in an unacceptably large number of channels. E. Mathieson and G. C. Smith have shown 
that linearity of response can be resto1·ed to near optimum with the use of intermediate 
strips between readout nodes which provide increased charge sampling frequency and are 
capaeitively coupled to the adjacent readout strips.[4) We used an arrangement with two 
intermediate strips which is shown in Figure 5 along with the equivalent electrical circuit. 
For this capacitive interpolation to work the interstrip capacitance, Ci, rrrust be much larger 
than that of a strip to ground, C0 , (Ci/ Co <::_ 10 ). For the present design of the CSCs, 
Ci/Co ~ 10-12. Further optimization results in intermediate strips of a slightly larger width 
than the readout strips.[5] In Figure 6 the expected differential nonlinearity is shown as 
a function of the readout strip width (expressed as fraction of the width this strip would 
have for the case of equal strip widths) and for several ratios CifC0 • For the prototypes 
the gap between strips is 0.250 mm, the readout strip width is 1.1 mm and that of the two 
intermediate strips l.5i mm. It is necessary to provide a high resistance pa.th to ground to 
avoid charge buildup on the intermediate strips. A thin strip of resistive epoxy (conductivity 
6 MOhm per square) was silk screened on the tips of the strips a.t the end of the cathode 
opposite to the amplifiers. 

3 Electronic Readout 

The fine granularity of the CSC detectors results in a large number of channels (of order 106 

for the entire system). In addition, the 1 % charge measurement required in order to achieve 
the single layer resolution of the baseline design makes the readout system the most critical 
component of a CSC based muon detector system. Development of a credible readout system 
has always been a high priority item within the CSC group We adopted an aggressive, two 
pronged approach with the following goals: • 

• To fully equip the prototype modules with an electronic readout cha.in that closely 
resembles the architecture to be eventually used for the detector. 

• To immediately start the development of a. custom monolithic front end integrated 
circuit which will be the basis for a highly multiplexed, compact readout system that 
could be tested at the earliest possible time. 

The following subsections describe the progress on these two fronts. 

1This is true for 3/4 of the area of the detectors. For the remaining the pitch was increased to 7 mm. 
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3.1 Cathode Strip Readout 

The spatial resolution of the CSCs depends linearly on the signal to noise ratio. For a 
given gas gain the lowest possible electronic noise results in optimum resolution. Note that 
one can not arbitrarily increase the gas amplification in order to compensate for poor noise 
performance. It has been shown[6] that for most gases the resolution degrades rapidly for 
anode charge larger than :::::1 pC due, primarily, to photon mediated avalanche fluctuations. 

We have designed a readout system which features a high performance, low noise, hybrid, 
charge integrating preamplifier followed by a 16-channel monolithic shaping amplifier with 
multiplexed output. This CMOS integrated circuit (AMPLEX) [i]was designed at CERN 
for silicon detector applications and hence the need for a different front end.A block diagram 
of the cathode readout is shown in Figure 7 and a schematic diagram of the preamplifier 
is given in Figure 8. It has a JFET front end (Interfet NJ132L) optimized for an input 
electrode capacitance range of 50-150 pf corresponding to cathode strip lengths of 1-3 m. 
The feedback capacitor is 5 pf and the feedback resistor 50 MOhm so "that it contributes 
negligible parallel noise even for long shaping times. A single transistor inverter matches the 
polarities of the two amplifiers and provides an additional gain of :3--4. This compensates for 
a gain loss of about the same factor when the AMPLEX amplifier is coupled to the hybrid 
with a 1.35 pf capacitor. This coupling mode allows the AMPLEX amplifier to operate 
with an effective input capacitive load of only 1.3.5 pf, close to its optimum. Although the 
monolithic AMPLEX still dominates the amplifier noise (:::::1200 equivalent rms electrons) 
the noise slope as a function of input capacitance is now determined by the hybrid and is 
only 7 electrons/pf for the shaping time of 5.50 ns. Had the AMPLEX amplifier been the 
front end this slope would have been 40-80 electrons/pf (depending on the amplifier bias 
current). 

The multiplexed outputs from all amplex chips are buffered and sent to an on-board 
unity gain summing node. Up to 512 multiplexed channels are output on a single cable. 
Two such groups for a total of 1024 channels are read by a single CAMAC module.(8] This 
module digitizes the analog signals with an S-bit flash ADC, subtracts prestored pedestals 
for all channels, suppresses empty channels, and builds a list of the addresses of the strips 
with a signal above an individually adjustable threshold and its corresponding amplitude. It 
results in a compact, low cost readout system with a small number of cables (less than ten 
for our 800 channel prototype). This immensely facilitates the task of effectively shielding 
the modules against electromagnetic interference as well as controlling ground. loops, the 
bane of precision measurements in large systems. 

3.2 Calibration of the Cathode Readout System. 

Knowledge of the relative electronic gains in neighboring channels at the ::51 % level is neces
sary to achieve the design spatial resolution of 75µm. Precision calibration capacitors were 
built into the multilayer readout printed circuit board. The value of these capacitors was 
0.65 pf and their uniformity was measured with a precision bridge to be better than 0.5%. 
Every fourth capacitor was connected to the same calibration line which was terminated into 
50 Ohms. The resulting four calibration lines were fed by the same precision pulser, one at 
a time via a computer controlled wide-band router. The amplitude of the precision pulser as 
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well as its trigger were also computer controlled. At regular intervals calibration data were 
taken by stepping the pulser amplitude through :JO values spanning the whole dynamic range 
in use. A few hundred events were accumulated for every pulser value and the mean values 
and rms deviations calculated for all channels. A third order polynomial was then fitted to 
these values. This was necessary because in order to gain as much dynamic range as possible 
we used the AMPLEX chip in a region well beyond its linear range. Figure 9a shows one 
such calibration curve and corresponds to the response of the AMPLEX. The fit coefficients 
were then recorded and used to correct the amplitudes during data analysis. In order to 
check this calibration procedure a known pulse was injected in all channels. The values read 
back were corrected and are plotted in Figure 9b. The distribution of their variations from 
the nominal is plotted in Figure 9c and has a sigma of 0.55%. 

3.3 Anode Readout 

The anode readout is far less demanding in spite of the fact that fast ~aping is required 
(30 ns) in order to provide trigger Information and bunch crossing tagging. No amplitude 
information is necessary. The anode wires are connect.eel in groups of 20 providing 5 cm 
wide hodoscope elements. We used the bipolar, grounde<l-base amplifier shown in Figure 10 
(BNL Instrumentation Division, I0-3.5-1-2) and a 30 us shaping amplifier shown in Figure 
11 (BNL Instrumentation Division, I0-6:38-01). These a1·e implemented in thin film hybrid 
technology and are mounted on a printed circuit board on the detector. They are followed 
by on-board discriminators which provide a fast 0 R for self-triggering. Thus the module 
is self-sufficient not requiring any additional detectors in order to be tested with sources, 
cosmic rays, or particle beams. The discriminator outputs are available for input into TDCs 
to obtain additional information during the tests although they will not be used in the final 
detector. 

3.4 Development of a Monolithic Front End 

A custom monolithic front end has been designed and prototypes have already been fabri
cated and are currently undergoing tests at BNL. The prototype chips contain 8 channels 
each of which consists of a charge-sensitive, folded cascode preamplifier, a fourth order semi
gaussian shaper with 750 nsec integration time, and a track and hold circuit. The 2µm Orbit 
process was used . Details of the design of this chip can be found elsewhere[9]. ·Figure lla 
shows the noise of the preamplifier as a function of the input capacitance (top), and the 
linearity of response (bottom). Notice that the noise slope is just about 7 equivalent rms 
electrons/pf, a performance that rivals the best discrete component hybrid preamplifiers. 

Work on the anode readout is also in progress although it is not as advanced as the one 
described above. A design has already been completed, however, and is in the process of 
the circuit layout. The bibolar technology (Tektronix quick chip) has been chosen as more 
efficient for the short integration time ( ::::::30nsec) needed for the anode readout. Simulations 
of the circuit show that 7 nsec rise time can be achieved even for electrodes with input 
capacitance as high as 300pf (equivalent to the capacitance of approximately 40 wires). 
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4 Prototype Performance 

4.1 Gas Amplification and Gain Uniformity 

The chamber gas used for all the data discussed in this report was a mixture of 90%Ar 
+ 10%CH4 • This gas is not only readily available in premixed form but also essential for 
meaningful resolution measurements using the .j.9 keV X-rays from an 55 Fe source as will be 
discussed later on. These soft X-rays can not penetrate the honeycomb panels. For studies 
of the gain uniformity we used the 60 keV X-rays from an 241 Am source. Such energetic 
X-rays, however, produce ionization over a large area of the detector making quantitative 
measurements difficult. An unexpected benefit of using copper cathodes is a 8 keV Cu 
fluorescence line quite distinctly visible in our chambers. Using this peak in the.Am spectrum 
we were able to measure the gas gain in the entire chambe1· area. Figure 12a shows the percent 
gain variation from a mean gain at various positions of one of the planes. In Figure 12b a 
histogram of these deviations is shown. All gains are contained within ±20% indicating that 
the cathode flatness (peak to peak variation) was not more that ~ 75µm. 

The absolute gas gain was measured using the 55Fe source illuminating the chamber 
through one of the four collimators. Both the cathode strips and the anode wires were used 
in independent measurements. A QVT was attached to the output of the shaper of one of 
the wire channels since no analog measurement is built-in. For the cathodes the strip with 
the largest pulse height was identified and then the amplitudes of its four nearest neighbors 
were added to that to obtain the total charge. Consistent results were obtained with both 
methods. In both cases the fraction of the charge collected was taken into account in order 
to estimate the true gain. Figure 13 shows the gas amplification as a function of the anode 
voltage. Most of the data discussed he1·e were obtained with a high voltage of 1575 V 
corresponding to a gas gain of 2xl04 • 

4.2 Single Layer Spatial Resolution 

To determine the spatial resolution of the prototypes the 55Fe source was placed at a distance 
of 25 cm from the window of one of the brass collimators to minimize the angular divergence 
of the photons entering the lOOµm wide slits. An additional collimator was placed directly 
on the honeycomb panel restricting the overall illumination to about lcm. The signal from 
the wire plane was used to trigger the data acquisition system. The precision.coordinate 
of the photon absorption position was reconstructed using the following simple algorithm. 
The strip with the highest amplitude was identified and the induced charge centroid was 
calculated using this strip as well as its four nearest neighbors. The calibration constants 
were used to correct the amplitudes for gain rnriations as described earlier. No cuts were 
applied in energy or otherwise. A histogram of the reconstructed coordinate is shown in 
Figure 14a. The image of the collimator slits can be seen. Three of the histograms magnified 
are shown in Figure 14b. The standard deviations of the observed peaks are typically 50-
60µm. They represent convolutions of a square distribution 1001tm wide with a resolution 
function (presumed to be Gaussian). The following simple Monte Carlo method was used 
to unfold this resolution. A uniformly random distribution lOOµm was generated. Each 
point was smeared by a gaussian distribution with a given u. This was repeated with sigmas 
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ranging from 10 to 100 microns. In Figure 15 is shown the width of the composite distribution 
as a function of the width of the couvoh-ing gaussian. One notes that for infinitely good 
resolution the observed width would be :::::::1011111( 100/ /I2). The resolution dominates the 
width for u >== 60 µm. The observed widths of 50-60µ111 correspond to single layer spatial 
resolutions of 40-50 µm. It should be noted that the photoelectron range limits the resolution 
to about 40 microns. Fischer, Radeka, and Smith[6] in an extensive study using a chamber 
designed so that all other limitation to the resolution were small compared to the contribution 
of the photoelectron range, measured a resolution of about 40 microns using the same gas. 

The total capacitive load on each readout node was measured to be 26 pf. Capacitors 
of 100 pf were added to all nodes to simulate 2 .. 5 m long strips. The resolution (without 
increasing the gas gain) degraded to about i-5/tm. 

4.3 Linearity of Response 

The reconstructed versus true 2 positions of the slits are plotted in Fig~re 16a. The solid 
line is a least squares fit of the dat.a to a straight line. It can be seen that the capacitive 
interpolation with the aid of the two floating strips restores the linearity of response in spite 
of the fact that the ratio of the readout pitch to the anode-cathode distance is 2.0. There 
is, however, a residual nonlinearity as can be seen from Figure 15b where the variation of 
the reconstructed positions of the slits from the straight line fit is plotted. Therms position 
error (or rms integral nonlinearity) is 

1 
O'= -

N 

N 

2: (y; - x;J2 = 14.9µm 
•=t 

The differential nonlinearity as plotted in Figure 6 is defined in terms of the detector's 
response function v(y) to uniform irradiation as follows.[10] Let y = f(x) be the track's 
reconstructed position as a function of the true position x. If the detector is subjected to a 
uniform irradiation u{x) = const. then 

1 
v(y) = /'(x) 

is the normalized uniform irradiation response as a function of the reconstructed position y. 
f'(x) is the derivative of the reconstructed position as a function of the true position. The 
differential nonlinearity, DFNL, is then defined as: 

DFN [ = Vma.r - Vmin 

( Vmar + Vmin) /2 
It can be shown that in terms of the nus position error the DFNL can be written as 

DFN L = 4../2:iru/1. 

where I. is the readout node spacing. Applying the above formula we find DFNL=4.8%. 

2The slits of the collimator were meMured t.o be accurately cut every millimeter with a precision of .. ao 
microns. 
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4.4 Choice of the Operating Gas 

Threre are three. basic requirements that need to be met by a chamber gas suitable for a 
CSC·based Muon System . These are: 

• High drift velocity(> 601tm/nsec) 

• Low ( < 10°) Lorentz angle 

• Nonflammable 

Such a gas has been identified and already used for all our tests at the TTR. The composition 
of the gas is 30% Ar, 50% C02 , 20% CF4 • Figure 1i shows the drift velocity as a function 
of electric field for this and two more gases which also meet the requirements. The option 
of using xenon is being considered if the development of the X·ray alignment system proves 
to be viable. Figure 18 shows the Lorentz angle as a function of electrie-field for the same 
gases. We expect that the experiment will use one of these gases. 

4.5 Tests with cosmic rays at the SSC TTR 

Most of the prototypes have been installed at the TTR and have been undergoing tests 
over the past few months. Figure 19 shows schematically the arrangement of the four small 
BNL chambers with parallel strips and a two·layer large module. The TTR scintillators in 
coincidence with a local scintillator and the anode planes are used for triggering. Similar 
arrangements exist for the rest of the prototypes at the TTR. Figure 20( top) shows a typical 
Landau distribution from the cathode strips. At the bottom of Figure 20 is shown a spectrum 
of the highest amplitude of a cluster. The events overflowing the 8·bit FADC are not included 
in the analysis. Figure 21 shows a typical event as seen by the six cathode planes. The single 
layer spatial resolution of the small chambers is determined by using three layers to define 
a track and then histogram the residual of the fourth. Figure 22 shows the distributions of 
all four of these residuals. Figure 23 shows one of them magnified. Average resolutions over 
a ±6° acceptance in phi are of the order of 68 microns. Figure 24 shows the dependence 
of the resolution as a function of phi. For normal incidence the resolution is of the order 
of 45-50 microns. It should be noted that multiple scattering(not subtracted) is estimated 
to contribute about 30 microns in quadrature. Figure 25 shows the resolution obtained by 
the lxl.5 m2 Dubna prototype. Figure 26 shows the resolutions obtained for nearly normal 
incidence at three different high voltage values by the Houston group and the lx0.5 m2 using 
Iarocci-type profiles with cathode strips. 

The resolution of the full scale prototype is also consistent with <iO microns but is diffi
cult to further quantify it until two more similar layers are available at the end of February. 
Figure 2i shows a distribution of the quantity (x5 -x6 - h tan¢) Therms should be divided 
by ../2 to get the single layer resolution. Further the fact that the transverse coordinate is 
not known to better than 5 cm contributes an error estimated at about 70 microns which 
should be subtracted in quadrature. More precise resolution values will be determined when 
all 4 modules become available. Figure 28 shows the efficiency of the PNPI prototypes. 
Essentially 100% efficiencies are measured by all the modules tested at the TTR. Figure 
29shows the distribution of the earliest time of arrival from the four planes in the PNPI 
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test setup using 1.7 GeV /c prot.ons Crom the Gatrhina Synchrocyclotron. Constant fraction 
discriminators were used. It can be S<'en t.hat all <>vents can be contained in a 16 nsec window. 

4.6 Summary 

The tests with X-rays described in this report allow a thorough understanding of the cathode 
strip chambers as well as testing aspects of the technology and our particular design that 
could be difficult or impossible to be performed in a single layer setup either with cosmic 
rays or beam particles. The capacitive interpolation with the floating strips, its effects on 
resolution and differential nonlinearity are examples of the latter. We have demonstrated a. 
compact, low cost, multiplexed readout suitable for systems with large numbers of channels. 
The 288 channels of this prototype represent nearly one third of the maximum number of 
channels anticipated for any GEM superlayer module. Noise levels of 1600 equivalent rms 
electrons for 550 nsec shaping time has been demonstrated. Intercalib_ration of the cath
ode strip channels to the 0.5% level has been achieved. Gas amplification stability and its 
implications to construction tolerances have been thoroughly studied. The capacitive inter
polation with the floating strips has beeu found to perform as designed both in restoring 
linear response and in reducing the capacitive load of the preamplifiers. Finally the achieved 
resolution of ~ 50µm is consistent with the limits imposed by the range of photoelectrons 
indicating no other fundamental limits due to excessive thermal noise etc. Tests with cos
mic rays show single layer resolutiou consistent with the baseline design, demonstrate fully 
efficient bunch crossing tagging, and operation with a safe gas suitable for use in the GEM 
Detector. Noise and calibration issues were demonstrated with a large number of channels. 
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0.95m x 0.1 Bm 
11 tilt, 8.667m rad. 
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... ·' .; .. : .. ·.·· . . ..... . 

5.625° ~ 
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Presentation by: 

A. Korytov 
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February 3, 1993 
A. Korytov 

MIT 

Axial + Projective Alignment 
for the Barrel CSC's. 
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"No Axial Alignment" disadvantages: 

• many projective paths: 
either loss of coverage or fancy chambers; 

• high accuracy, wide range detectors 
are apparently costly; 

Axial Alignment might solve these problems. 
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Axial + Projective Ali2nment: 

+ small number of projective paths; 

+ does NOT contradict to projective ideology: 
Brief analysis made by A.Ostapchuk showed: 
+3 mm requirements on chamber placement; 
-10 µm accuracy requirements for axial alignment; 

+ allows to have -10 µm accuracy 
over 10 mm range 
in both transverse and 'vertical' directions; 

+ systematic errors in alignment detectors/channels 
are relaxed up to -0.5% 

(compare to -0.1% in LED/Lens System); 

+ has NO transfer points: 
ministrips and regular strips are on the same photo mask. 
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-
wire fixture 
is NOT attached to 
strip boards 

axial stretched wire 
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0.5% Preamp+ADC accuracy 
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Extended Range Alignmen~ @ I) 

Schedule 
• CCD alignment 

- Background 

- Procedure 

~I -First results 

•Multiple LED's 

- Plans, Status 

• Activities in the Optics Lab 

- LED/lens, fencepost, proximity sensors 

•Visit from Sokkia reps; "Monomos" demo 

- J. Paradiso 27-Jan-92 
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Application of CCD 
Modification of LED/Lens approach discussed w. Harry VanDerGraff 

Coded Mask 

Light Source 
(LED or xenon flash) 

Lens 

"<·• 
r) • 

ll ~ 
~~ 

Photodetector 
Array (CCD) 

Projected Mask Image 

•Wide dynamic range entails large quad cell or lateral effect photodiode 
·> Expensive ... 

• Image onto 2D CCD array instead of quadrant detector 
• Project "complicated" image instead of simple square 
• Projected image is larger than the sensitive detector area 

- Do pattern recognition; use information from entire CCD surface 
- Can accurately establish detector position within large field 
- Use small, commercial-grade CCD from cheap TV cameras 

• Encode several features in the projected image 
- Less sensitive to ambient light, optical gradients & inhomogeneities 

• • LED with field lens works to efficiently map smooth LED source into 
IGEMl coded image (no need for flash)! 

' ( ( ( ( ( ( • • • • ( 
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Deployed System 

Multiplexer 
I .. , Synchronous 

Frame Grabber H EPROM, etc. 1 ·ncnronlzatlon Sy 

• • • 
Detector sites 
(per hexant) 

µ-computer 

• Minimize hardware at detector sites 

LAN 

Clock ortver I 

II 
CCD 16- VICleO Amp, 

Line driver 

Detector Site 

- Need only one µ-processor, frame-grabber per sector 

Via eo Out 

• Processing is fairly simple; since small image motion expected, 20 
autocorrelation provides offsets (plus correction for rotation, scale 
shift, if necessary)"'"'"' Note: can do simple centroidinglparsing! 
- Star trackers for guidance & control; fast updates attained (but not 

needed here ... ) 
•Must determine best image encoding; dot pattern, ,.._._. .. bar code" .• 

- Since image not too much larger than array, not difficult. •• 
• Other information available from system 

GEM 
- Differential rotation between imager & mask, imager scale shift 

) 
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RS170 Imaging Chips 
C/ocl< ... I 

Power ., mJ I • RS-170 Video 

•Commercial CCD area imagers for miniature cameras. 

• Single chip needs power, clock (== 2 phases?) 

•Outputs composite RS-170 signal for frame grabber. 

=>Simple and cheap!! (circ·a $40./chip; cost of quad cell!) 

=> Cabling is minimal (need power, 75n video out) 

Note: RS-170 chips in development (SONY, etc.), but cheap CCD 
camera cards (<$100. in kilo-quantities) now available! 

•Issues .•• 

ti · Light sensitivity, S/N 

ti? • Neutron background/damage 
11.-----. 

"No Problem• 
M.A., 12/92 

GEM 

..... ' ~t 

Runs in magnetic field? 

Clocked (==3 Mhz) device near pickup strips? 

[No need for distributed clock; synch to composite RS170] 

Trivial to try .•. 

• • • • • • • • • 
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QCHINON 

CX-102 

J0~ Gr ..... c.. 

Soi-'f1.o-01'f~ 

MINIATURE SINGLE BOARD MONOCHROME SOLID STATE CHIP CAMERAS 

• MOS Image Sensor For Long Camera Life 
• Ultra Compact Solid State One Board Camera 
• Automatic Electronic Shutter Adjusts for Lighting Conditions 
• 2 LUX Minimum Illumination 
• Extremely Low Power Consumption 
• Operating Range of DC 7V to 14V 
• Alternate Lens Configwation 
• Small Size Allows for Unique Applications and Installations 

CL·B3 

600109 

600110 

600106 

CL·115 
CX·102/3 
CX·102/4 

ACTUAL SIZE 

CJC.1021c 

CX-102/4, 4mm F1.8 Camera (78' Field of View) 

CX· 102/3, 3mm F1 .8 Camera (110° Field of View) 

CX-102/C, C-Mount: Accepts C-Mount Lenses 

~ ,, Cc..f) 

(U \':Jo o-11-. T 

JS I rd.. - .s:"->lc. i- · 
" 111. - ;).'t - .. ~:'T i ..... ,,,, 

600212 

600211 

600501 

600503 

CX-MH, Housing, Metal: For 4mm and 3mm CX-102 Cameras 

CX-MHC, Housing, Metal: For the CX-102 C·Mount Camera 

CL-83, 8.3mm F1 .8 Lens, (55° Field of View) 

CL-115, 11.5mm F1 .8 Lens (43° Field of View) _______ .., 
10~ 
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20 Barcode Mask 
cg © ® ® @ ® 
• 
I ~• ::: :,i iiiiiiiiiii CD 

•• 

-
I 

-· -·. - .. -· ... -· .... 0 
II Ill 11111111111111 -- -·· - .•• -····-····· lll'JJt. -·. - .. -· ... -· .... w 

II 11111111111 
-· 
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-··. -· ... -· ... . -··. -· ... -· ... . -··I -· ... -· • .. . -··. -· ... -· ... . 0 

• •• • •• ••••••••••••••• 
~ ~ ~ ~ ~ ~ 

• • • • • • 

-

•Take x,y projections & 
separately match to 
code features 

• Converts 20 problem 
Into 2 1 D calculatlonsl 

• Now nonotonlc linear 
code; could 
binary-encode digits or 
use 2-diglt numbers for 
much wider range I 

12x12 
mm 

• Current code 
hand-generated In 
Canvas (PICT oblect 
positions used to 
determine alignment), 
printed on Linotype. 

• Accurate pattern with 
direct postscript! 

• Now on murky negative 

• Inexpensive (-$20.) to 
put precisely on glassl 

~L........:.....-=-~~....:.....---:;_~.....J 

5 
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Panasonic 113" CCD camera: 480 x 512 Grabber: Illumination - IR LED w. field lens 
Imaged over a 9 meter path through 1.5" lens aperture 
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·. Panasonic 113" CCD camera : 480 x 512 Grabber: Illumination~ IR LED w. field lens 
Imaged over a 9 meter path through 1.s· lens aperture 
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Panasonic 113" CCD camera: 480 x 512 Grabber: Illumination= Tungsten bulb w. dllfuser 
Imaged over a 9 meter path through 1.5" lens aperture 
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Pattern Analysis 

-· -·· -··· -····-····· -· -·· -··· -····-····· •• •••••••••••••••••• 
60, 

CCD S.r Code; X Projeclim 

201 

IOI 

J 
! 
1 

1 
I 

0 100 200 300 400 .lOO 600 

P!ult 

70~ CCD Bar Code; X Projec:lions (.lD µm displaa:menlS 
1 

60 ·~ J .. ~r-'.'\ • ;"·'~ • I , iA''··i~ ~ ::',\ -;\,. .,. ~ sot " 11
1 ~- ' • '.;' .• .1. ·• • >. ~ ·:J~ f • -I ::t1 ,~· ·. .• _, :;;; --~1 ,. 
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- 30 • ::I: .1 • , '· ·: ·' 11: .i'' tt,:1 '~"::1r :, ::: ''><cJr.~~ · 
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20~ : • !t. :~ \'· ; .:!,
1
•j ,I .:~:l·.·ff; ~ •V .. ·' · ·. · .~ ... r., iii 

... ,. ···!.l' .. ·'."" .,·'.'·1· ·''.'' .1 ·!: I··;· ·I ·:!!.' ,. :\ I .;,10 
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.. .b ··, -1 ··:,p 

o;;~·~ "'"""· 
200 300 500 600 100 400 

Piul# 

50 µm Steps 

• • • • 

Analysis Sequence: 

• Take x,y projections of 
averaged frames. 

•Find peaks (floating 
threshold) 

• Parse barcode (identify 
cluster of peaks with digit) 

• Centroid all peaks (fit 
quadratic) 

• Fit peak positions in CCD 
projection with their 
expected place in the 
barcode (first linear least 
squares to get slope, then 
just average over offset 
(CCD- Bcode) 

• 

This is quick & easy; correlation 
may be more precise ... 

• • • • 



' 

~ 
0 
Ct:) 

) ) ) ) 

X projection data (9-meter·path) 

2000 CCD Projoction: I: Fnme I 

oO 100 200 300 400 500 600 
Offset -654.6 Slope: 8.5. 73 
Sigml: 0.4411 PW:b 

1500, C?J Projec!!':°: I: -~ 3 

No Codes: 2 

(] ' !~~" f1: 
. , ' . .. ' I i " ! ;; I I I 11 ' 
' 1· I . " ' . 
: '" ! .,jl!j j 

10001 :. li ! .·: / n 1 _I i i ·f · ... ;. ,., I "I /.' 11 '·' 1 \; 1 J \ 11'-~ r IJ '1l1 ;· ., .. '1! 
. , , r . . , I • i . 

500 /! v . ·; 11· " \-_ . '1 \! 
,. 1 I · • . I• I "· .• ,,. 

0[~~/lJ\ 

' 

I • ! 

0 100 200 300 400 500 600 

~= iJ~\ Slope: 8.5.73 Piub No Cadet: 2 

1500 CCD Projection: I: Fnme 2 

i\. ii. .;ii ' t ;'I ~ r, ! I ~. 1 r· ii i I Ii f· J' 
I 

[ : ! • i; i I ii! \ j I ! i 
: .· i i ! \ ; · ! I ; ' 1 I ,. .. , \ i 1000~ ! .. 'N I ) I ' : "·[ ! ' ' I ; I .i- [.I ! ! I . 

'f v 1n·· 11 r l'i
1
I i/ n· 11 111-i1

1 1 
'· 11 I I· .. ·· 1 I . I · 1 J . . I - , ; . ; ;.. .. ' " '. I ';·I 

5001. : ' ' ! ; I i I 'I' I '; . i !! 
.· I ; " .! ' . ' ' I! ' I I ; 1 

I .· j 
11 ij' \[ ! ; !J \! \I ' [ i~' I i; I 1 : ,. v ' '1' I ' v " I· " I ' " I . " . .. . u .. 

.. . /'\! ' ' ~ . ; I l v I 
0 100 200 300 400 500 600 

Offset: -462.S Slope: 8.5.73 
Sigma: 0.4238 Pixels NoCodet: 2 

l400 CCDP\'o~''" I: Fnmo4 
I ~ ... · ' (I ' I . . ~ \ 

1200f ........................................... \ I \ ! I~ , 
I . . I . . I 

IOOOf \. J . i /(1 l ' I "" I '. I I I . I I 
.~ 800j I . ', • f : "'l 

1:1 II\, Ali j 
2oof l J \ ......... I 

o \1 .,,....'-'"""'\ I 
0 100 200 300 400 500 600 

Offsoc 28.5.S Slope: 85.73 
Sigma: 0 Pi•cls NoCados: I 

• 15 Frames averaged over 15 sec. (atmospheric dynamics at Hz-level) 
• Low-pass filter serves as dynamic threshold. 

' 
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Y projection data (9-meter path) 
2000 CCD Projection: 2; Fnme I 

1500~ A (\ ,\ . . 

.~ ' l l ~ A I t ··-' i\ /\ \ J\ '1' J •000r , .. ·r l.L 11 J ·" ·l·( .. 1 .. 1. 
I " .. 1.-1-· I I ....... "l"/ ; 

SOOli/ l/i I \ I !1 \ 
i I 1 ' ... 

00 . -· 100 200 300 400 500 

Ofrset:4S917 Slope: ·106.7 Pixels No Codes: I Sigmo: o.4' II 

::[ 0, ~"'"e•~2; "~ i' 

1200 ljl\ /11\11 

~ I ·"t' ! ' ' .... 1 " " 1 1000 I . i i 
1
: ,.· 1... I 1 : ; -t 

?:- ... .. i , .. · i "' r , I i 
-~ soo I ., i \ f \ !-. 1 .\ J 
- 600 ·r· : .,.! :; i i \ t I ! t . I i• i. .; ; ' '··' .. ' 

; I ! ' i i : ·1 I 1, J 
/ I i'· . j ;J j \. 400 ) l ! •· · ' \I ' " 

~t......... J ~ v v \....= j 
o 100 200 300 400 soo 

Offsc&: 1178 Slope: ·106.7 
Sigma: 0.6492 Pi .. 11 NoCodes:2 

16001 " CCD1.'"'jcclian:2: Fnme2 , 1 I \ ,.,,.,., 
1400 I I r ,A '1 I "1 I. n \ A 
1200 I :' !1 i ) /i I\ I . 

,\ I . ·I /• . , 
1000 I .,! ;1 II ii 1 ,,.J .11 Jr I ii ]. 

>- ' [· I ' . , ' I I ' r. ' ' I I ·2 800 ,· 
1

···1 1 : / 1 q . 1 r , i , 
] t I I I 1'·1·· i .l I! :·1·i..·1····t' +i ! I 

600 I 'JI \!,'I ·1 J•' ;, ..• , I • ., : ., : •• ' ' '1 • i ' I i 
400, : . ., ' . . ' i ... · . ii I ! \ ! I ! ! • 

t" I I \I \! I I I' I) 'J' ii u I 
200; uJvv J \, .1 

ocd° 
0 100 200 300 400 

Offset: 699.6 Slope:· 1116.7 Pixels 
fil~WOO ~~2 

2000 C<D Projcclion: 2; Fnme 4 

1'00 

?:- I 
-~ 1000~ 
.5 ' I 

/\ ("\ 
/ I { ) ~ 
' '1 i I ! I I 
I i .•~- ! ' \ 
' > \ 1 ... '. '\· .,_{ ~ 

I i : I 
t~ ::\ \ \ ·-i_ 

SOOf \ ' , i i i [ · ............... " \ ........................... j v l'- ........ .. 
0o 100 200 300 400 

Offset: 1417 Slope: ·106.7 
Sigm.: 0.9929 Pixels 

No~2 

500 

500 

• 15 Frames averaged over 15 sec. (atmospheric dynamics at Hz-level) 
• Low-pass filter serves as dynamic threshold. 

'· t • • • c • • • • • 
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Scan Test; 100 µm shifts in X 
Measurement vs. Position 

~, 
Position Mcuuremenu 

I 
I 

I 
01 ' I . 

! 
.,, I • ' ·o. I 

I 
-1000 

I 
0 2000 4000 6000 8000 10000 12000 . 14000 

Disp....._ (microns) 

Fit Residuals to Code Template 
Barcode Fit Sigmu 

~~ ~ ; I 
u ~?~ , 

r 7 'Jo 9 4 ~eQ:· b I 

0.6r .:~\~~;~ '.' o,, ;??~\ l>t~ I 
O •~ 9 . •.. .? .; Ct::•:..:.=~ ... ;;.~.; .:!6 l .J : i, .. ,,, C ~ a: ;-u . ., :· -r- ~ 

"' if:o~ ·_~'-Po,:: !!t.%: ,.. ~ too~ec ,, ; I 
1 0.4 '.~ii.~~~ =\{QD.'i:;:\ ~ "o ~ ... 
·a. ~ o =; j~~ o~ : I 

0.3 ~ ,; ~- 1 
:t : ] 

ol . I 
0 2000 4000 6000 8000 10000 12008 14000 

Dilpl-(miCIOlll) 

Average of Detected Bar Codes 

~ 
0 

d 

Man B..:ocic Readout 

4~ ~ --3 --2 • 
~ 

I ... 
0 
0 2000 4000 6000 8000 10000 ·Uii00~-14000 

Dlsplacaoera (m icra1I) 

Calibration; CCD to Bar Code 
86.5 llan:ode Calibmion 

k 
1::.;>e_.,. o 
iQ:C- o;.'2) 
! · . .,C'iY'"a: 

I 

I 
86f•• o o e.., ~~&>o 

~ <fl? ,,,, ..... 

. 85.5 ~ ; ~e9~~ o~0 
•o .. 

~ 

! 
" 

85 

S4.5 0 2000 4000 6000 8000 10000 12000 14000 

Displla:mmt (miaons) 

• 15 Frames averaged for 15 sec. (atmospheric dynamics@ Hz-level) 
•Measurements taken over 14 mm. 

, 
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Scan Test; X Residual 

10 Straight-Line Residual 
0 

()Oi o' \ QO' 

r 0 " 5 ·, > 0 0 :· ~ ·. tt' ~ : 

: . &/ ::~,~ . . ~ '. ":, ~ ,~' 
Oi;. 8 :, ·.; "4?' ;2, %90 '.1 

0 
o@ q, 

-5 t-

· ~' -,: o't. .; ' :o · · , o:"o \ 

' ' ; ~,;· " '\{~~~~ •o o · o 
,; 0 • 

~ :i 
0 -10 I- 0 0 

0 

Escaped to 
MIT for 3 hours; 
test suspended 

0 

. 

-15'--~~~~~~~~~~~~~~~~~~--' 

0 2000 4000 6000 8000 10000 12000 14000 

Displacement (microns) 

Some systematic structure within +1 O µm 
(i.e. film bent, flaws in film transfer, thermal effect) 

True resolution at the 5 µm level? 

• 15 Frames averaged for 15 sec. (atmospheric dynamics@ Hz-level) 
• Measurements taken over 14 mm. 

-· • • • • • • • • 
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Scan Test; 100 µm sh·i~fts in Y 
Measurement vs. Position 

1800 Posidon McumomenlS 

1600 

1400 

1200 

Average of Detected Bar Codes 

:> m -·-- i 
~ 1000 ·;;. ~ 31 :--._ 1 

d 2f- - ' 800 

600 

2000 4000 6000 8000 10000 12000 14000 

Disploccmont (microns) 

Fit Residuals to Code Templat 
Ban:ode Fit Sipnu 

I.' 

·1 ·' I 
If ~;"1! 1 

o.st' c • • 
Q\ . 

-5 0 6 ~~... fl! ~'.; ...,; "" .,., a o :: :e :·,: 
... f rl" .,,, ~ . " 

! . ;,. : P; 
0.4 • . ... hi • ' ~.-i. <\\ ~ 

f 
"'~ • "1, c 0.2 

:f -~ i 
0 2000 4000 6000 8000 1oodo 12000 14000 

Displacement (microns) 

Calibration; CCD to Bar Code 

108 Barcode Calibration 

106 

104 ._ _ ____.. __ __._ __ _..J 

00 2000 4000 6000 8000 10000 12000 14000 0 0. 5 1 1. 5 
Disp1-(miaons> Displacement (microns) x Hf 

• 15 Frames averaged for 15 sec. (atmospheric dynamics@ Hz-level) 
• Measurements taken over 13 mm. GEM 
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Scan Test; Y Residual 

15b 0 

l ' 
10 WO! 

Sttaight-Line Residual 

0 
6. 
: : 

0 

I 
L\ 

-

5
1 ·' 6' 0 :: 
rH i1iP ? . ~o " 

f \;~ .~; r~ Q 0 c i o ; i : 
0 0 ! ,, 0 ' 0 0 0 0 •l 0'' ,'f?, ff 

... Q " • 0 "0 0 .. , 
o~ ~.: ;;,: :o :, oo,o;,'j'' 0 : o dfl, 

~ ~~ ~; ~~ 9 61, ~~ :>'6~;1?6 ·,. ~~ bt 
5 ~ 0 o060 i0 i'o' :~ oO',o,,: ·~>" o 1 

- i: b 1,)0-~ ,' 
0%6 ': 6 b 

0 b l 
0 

-

-10 ~ 
0 2000 4000 6000 8000 10000 12000 14000 

Displacement (microns) 

{No escape this time ... .- test continuous over ==2 hours) 

Some systematic structure within +1 O µm 
(i.e. film bent, flaws in film transfer, thermal effect) 

True resolution under the 5 µm level? 

• 15 Frames averaged for 15 sec. {atmospheric dynamics@ Hz-level) 
• Measurements taken over 14 mm. 

•. c • c • c c • c 
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"' c: 
8 20 
u 
·~ 

:::11 
' () >. ., 

·~ .. -20 -~ 
-40 

- -60 
-60 

-

-40 

Jm.:t1ues Mkrometer Test: 27-Jan-93 

-20 0 

Relative x - Mkrons 

x y 

-14.3819 15.2962 
-49.8926 48.1731 
50.8210 -4 7 .624 7 
15.6086 -14.8726 

20 

Correct!!!! 

115 
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CC~ Improvements 
·Cheap $170. camera arriving soon; will test. 

• Current camera has come thru hell; many image burns, defects •.• 

• Can probably improve pattern-matching with correlation or more 
sophisticated algorithm (present one is quite simple) 

• Much more barcode range from binary encoding and/or pairing digits! 

- Code directly in postscript to minimize nonuniformity . 

- Deposit pattern onto glass 

• Will automate test scan 

·Less time (now takes 2 hours!), thermal effect limited (i.e. no MIT break). 

- More/better frame averaging. 

- Ono-Sokki computer-polled gauge arriving. 

·Packaging!!! 

- Shrink distance between LED & field lens (or use other illumination). 

• Package & fiducialize CCD chip 

- Address magnetic field issues (RS-170 chip?) 

\ ·Electronics for implementation (multiplexer, processor/CSP, etc .•. ) 
GEM 

~t ". • • • • ' • • • 
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LED 
Array 

) ) ) ) ) 

An Alternative Method 

·i~l~T:Jf:~: ti1f1~:%;::~:;· 

dy ~ ......__dx 

Quad 
Photodiode 

'Jif.w;.@:;,.::-&. 

• Replace single LED with matrix of LED's. 

-Available as monolithic or moulded assemblies for displays 

- Wink LED's on/off sequentially, and interpolate between neighbors 

- Could still use quad cell if LED's are close enough 

- Issues are placement, precision, uniformity, light output. 

=> Could use precision lensed LED's in machined mount ... 

• Commercial LED blocks on order from Sharp and others (will test) 
·Fiber bundle will be investigated (slip fibers into capillary spacers & bond) 

GEM 

) 



DOT MATRIX LED UNllS 
Sharp has utilized the very latest oploeloctronic tech
nology to produce LED chips with unusually high 
light emission. suitable for either inlerior or ouldoor 
use. TI11ee colors can be displayed: red. yellow· 
green, and orange (by mixing red and yellow-green). 
The chips are unusually efficient, providing a good 
luminosity level al low current. 
Sharp has been able to achieve a thin. light-weight 
design through its unique high-density design. This 
lels you be extremely flexible in your unit configura
tions. going lo almost any size or shape In addition. 
lhe fasl response lime can interface with lhe outputs 
of personal computers and other communication 
equipment. 

LEO Units 

Features: 
• 16 x 16 dol matrix 
• Active display sizes from 40 lo 320 mm space. 
• Red, yellow-green. and orange color 
• Wide/narrow viewing angle 
• Buill-in shift registers. latch circuits. and LED 

driver ICs 
• Clock frequency of 3 or 4 MHz (depending 

on model) 
• Duly ratio 1/8 in LT1455M/LT1456M units. and 1116 

in LT1450ED/LT1460ED/LTt480ED uni1s 
•Static drive in LTM41M unrts 

OUTLINE NO.OF DOT 
DIMENSIONS DOTS SIZE 

WxH(mml WxH (pcs) (mml 
40x40 16•16 1.8• 

DOT 
PITCH 
(mml 

2.5 -- -·-- --------·· 64x64 16x16 
96x96 16•16 

160x160 16x16 
320x320 16x16 

DOT MATRIX LED UNITS 

Features 

3• 
5f .. 
7.5• 
18• 

• Charac1ers. symbols and graphics capability 
• Display formals of 4 x 4, 8 x B, or t6 x t6 dols 
• Four series of radiation colors: 

- Red (D series) 
- Yellow-green (E series) 
- Sunset orange (S series) 
- Red, yellow-green, and orange 

(dichromatic ED series) 

OUTLIHE DIMENSlONS 

4.0 ----6.0 -----
10.0 -- --·--·--
20.0 

W X H (mm) DOT SIZE DOT PITCH 
8X8 DOTS 16X16 DOTS (mm) (mm) 

l--'"""'-16:..x:..16,."-··--- ---3-2x32 .-- ----,-.-4~.-- ... ----2 -----

20x20 40x40 1.8• 2.5 

-------·- ·--------
32x32 64x64 3f 4 

FOR INDOOR USE FOR OUTDOOR USE 

LT1480ED -
--tfoisoeD - -

LT1450ED l.n455M. LT1456M 
LT1441M, LT1445M --- -- f--------- LT1470M 

MODEL NO. 

8X8DOTS 

LT5017ED 

16X16DOTS 
- ---iJ5014S 

i.isoo5o 
IJ5005E 
LT5005S 

·-iTsooeE --·. -- --;_T~16E_D __ 
LT5008ED 

.__ __ 4_8:.,.x_48 __ _._ ___ 9G~x~9~6---'---~5~•--~--'----6--- ~----- --·U5026ED 

... 

-

-
-

-
... 

-
-

-
... 

... 
) 



Presentation by: 

P. Murat 
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q2 

ID 103 
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0 200 400 600 800 1000 1200 1400 1600 1800 2000 
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