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Abstract
The gas electron multiplier (GEM) is a novel charge amplification element for use in
gaseous particle detectors. Because of their high gain (- 105 when cascaded) and
ability to withstand harsh radiation conditions, GEMs have been selected for use in
the time projection chambers of the latest high-energy experiments, including COM-
PASS, STAR, and the planned ILC. Foil quality has been found to be critical for
optimal GEM performance. If an irregularity in just one of the roughly 600,000 am-
plification holes of a 10 x 10 cm GEM induces a spark discharge, the entire GEM is
useless. Computer simulations have also shown that amplification behavior is strongly
dependent on hole diameter and shape. To improve foil quality control, an automated
scanner has been constructed to optically examine every hole in a GEM. The ma-
chine can measure each hole's outer copper diameter and inner Kapton diameter and
locate and geometrically classify any foil imperfections. The scanner has been used
to characterize GEMs recently manufactured by Tech-Etch. These scans indicate a
general absence of etching defects, but measured diameter inhomogeneity may result
in gain variations as large as i20% over the active foil area.

Thesis Supervisor: Ulrich J. Becker
Title: Professor, Department of Physics
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Chapter 1

Motivation

This chapter provides an overview of the gas electron multiplier (GEM), its current

role in high-energy physics experiments, the problem of producing consistent high

quality GEMs, and the need to implement automated quality control.

1.1 Overview of the GEM

GEMs were first developed in the mid-1990's by Fabio Sauli at CERN [1]. A GEM

is a laminate foil product consisting of a dielectric sheet clad on both sides with a

thin layer of copper. The copper-clad sheet is photo-lithographically etched on both

sides to create a high-density array of holes. Dielectric thicknesses of 50 um, copper

thicknesses of 5 m, and hole diameters and spacings of order 100 m are typical.

An image of one of the early GEMs produced at CERN is shown in Figure 1-1.

When a high voltage (on the order of hundreds of volts) is applied between the

copper layers, an enormous electric field (on the order of 105 V/cm) develops within

the holes. Placed within a gaseous particle detector, the GEM can serve as a highly ef-

fective charge amplification element. Details of GEM electrostatics and amplification

are addressed in Chapter 3.
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Figure 1-1: Microphotograph of early CERN GEM. Image reproduced from Ref. [1].

1.2 Physics Applications of GEMs

The use of GEM-based detectors is enabling the exploration of several new realms of

physics. The goal of this section is both to present a brief description of this physics

and to motivate the need to produce large numbers of high-quality GEMs. The COM-

PASS and STAR experiments as well as the planned International Linear Collider are

discussed. GEMs have also generated interest outside the high-energy physics com-

munity. Section 1.2.4 describes the use of GEMs for medical and astronomical x-ray

imaging.

1.2.1 COMPASS

The COmmon Muon and Proton Apparatus for Structure and Spectroscopy (COM-

PASS) [2] is a new experiment at CERN studying collisions between high-energy

muons and fixed target nuclei

+A + X. (11)
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The experiment uses a high-intensity beam of muons at 160 GeV/c from CERN's

Super Proton Synchrotron (SPS) to probe the quark-gluon structure of nucleons. It

also hopes to solve the mystery of how three spin-1/2 quarks and numerous spin-1

gluons combine to form nucleons known to have spin-1/2 at all times [3].

The experimental apparatus (shown schematically in Figure 1-2) includes 20 large

(31 x 31 cm) triple GEM detectors positioned normal to the beam [4, 5]. These de-

tectors are used both to measure the profile of the muon beam and to track protons

(or mesons) produced in the near-beam (small-angle) region. As the first large ex-

periment to rely entirely on GEMs for tracking in this region, COMPASS also serves

as a proof of concept for this new technology.

Figure 1-2: Schematic of COMPASS apparatus at CERN. Illustration reproduced
from Ref. [4].

Early GEM detectors experienced damaging spark discharges when exposed to

heavily ionizing particles. A GEM's discharge probability is higher for larger voltages

and also increases with the presence of any local hole imperfections (e.g. etching

defects or pieces of conductive debris). The COMPASS group solved this problem by

testing the high-voltage stability of the GEM foils in dry nitrogen (only GEMs with

leakage currents below 5 nA at 550 V were deemed acceptable) and by using triple

17



GEMs instead of single GEMs. By cascading three GEMs, ionization tracks could

be amplified by a factor of 8000 at much lower voltages than needed to produce

similar amplification with a single GEM.

1.2.2 STAR

The Solenoidal Tracker at RHIC (STAR) [6, and references therein] is being used at

the Relativistic Heavy Ion Collider (RHIC) at Brookhaven National Lab (BNL) to

study collisions between gold nuclei

Au + Au - 200-4000 particles. (1.2)

The primary goal of the experiment is to find signs of the formation of the quark-

gluon plasma (QGP) among the hundreds of tracks of the resulting particles (see

Figure 1-3). This extremely dense state of matter, consisting of deconfined quarks

and gluons, is predicted by QCD and is believed to have existed shortly after the Big

Bang [7].

Figure 1-3: Reconstruction of particle tracks in STAR time projection chamber (TPC)
from Au-Au collision. Image reproduced from Ref. [6].

The STAR apparatus is depicted schematically in Figure 1-4(a). B. Surrow and

associates [8] plan to improve tracking in the forward region by installing an array

of triple GEM detectors projecting ionization tracks onto fine-grain pad planes. This

Forward GEM Tracker is illustrated in Figure 1-4(b). In the extremely harsh radiation

18



environment of STAR, spark discharges could pose a serious problem. For each of

the tracker's several hundred GEMs to operate flawlessly, quality control at a level

exceeding anything previously attempted will have to be implemented. The scanner

described in Chapters 4 and 5 will initially be used for this purpose.

Silicon Vertex
Coils Magnet /l-racker /

/ / / / 

>I-1~,/~- aForward lime Projection Chamber./,/

(a) (b)

Figure 1-4: Schematic of STAR apparatus (a) with detail of Forward GEM Tracker
upgrade (b). Illustrations reproduced from Ref. [8]j.

1.2.3 IIJC

The International Linear Collider (ILC) [9, 10, 11], planned to be built over the

coming decade, will study the most fundamental of physical processes, the creation of

mass. According to the Standard Model, the masses of the W and Z bosons, quarks,

and leptons are generated through interactions with the field carried by the Higgs

boson. Undeniable proof of the existence of the Higgs has yet to be obtained, though

a possible Higgs signal at CERN's Large Electron and Positron (LEP) collider places

the Higgs mass at AH 115 GeV with a 2a upper bound of - 200 GeV, well within

the planned TeV range of the ILC. A Standard Model Higgs Ho is expected to be

produced at the ILC primarily through the Higgs-strahlung process

e+e- ZH. (1.3)

19
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The Standard Model prediction of the decay products of the Higgs depends on MH.

Decays into pairs of fermions ff dominate for MH < 140 GeV, while decays into

WW* pairs dominate for MH > 140 GeV.

Measurements of the momenta of the resulting particles will be obtained by recon-

structing the ionization tracks through a large (38 m3 gas volume) cylindrical time

projection chamber (TPC) in a strong (4 T) magnetic field. Achieving the desired

momentum resolution of 6 (1/pt) < 2 x 10 - 4 (GeV/c)-l will require sub-millimeter

track reconstruction accuracy. GEMs are considered the optimal readout technology

for this task. The high hole density permits good track projection resolution, and the

ability to cascade several GEMs allows significant suppression of ion feedback. In tra-

ditional wire-chamber TPCs, positive ions created in an avalanche near a sense wire

and slowly migrating toward the cathode disturb the otherwise uniform electric field

in the large volume. R&D with triple GEMs in conditions similar to those planned

for the ILC TPC has produced measurements of the fractional ion feedback (defined

as the ratio of positive charge collected at the drift electrode to electron charge col-

lected at the readout anode) as low as 2.5% [12]. New foil geometries may reduce ion

feedback even further. The scanner of Chapters 4 and 5 will aid in the development

of such GEMs at MIT.

1.2.4 X-Ray Imaging

Several groups are pursuing GEM-based medical imaging devices [13, 14]. Low inten-

sity x-rays can be stopped in high-Z gases such as Xe and Kr. Since GEMs can be

used to generate a measurable signal from the relatively small number of ionization

electrons produced by a single photon, diagnostic images could be created with x-ray

doses several orders of magnitude smaller than with traditional film-based imagers.

H. Bradt and R. Remillard [15] have proposed using 31 double GEM detectors

to build a space-based all-sky x-ray monitor for observing short-duration explosive

phenomena in the universe. A schematic of one of the 31 cameras for this Advanced X-

Ray Monitor (AXM) is shown in Figure 1-5. Extensive quality control would obviously

be needed to ensure reliable operation of these GEMs in an orbiting system.

20
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Figure 1-5: Schematic of AXM camera assembly (a) with detail of double GEI
detector (b). Illustrations reproduced from Ref. r11.
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1.3 Performance Variation Among GEMs of Dif-

ferent Manufacturers

Though CERN developed the first GEMs and has successfully produced and installed

GEMs in detectors for the COMPASS experiment, CERN remains a research institu-

tion, and Sauli and others do not manufacture GEMs on a large scale. Development

of a domestic source of GEMs has been initiated by U. Becker with Tech-Etch. A

trial run has also been completed at 3M [16].

B. Azmoun et al. [17] have performed a systematic comparison of triple GEM

detectors built with GEMs from the each of the three current suppliers. For a given

foil potential, they found that the effective detector gain (defined as the ratio of total

collected charge to primary ionization charge) for 3M GEMs was larger than that for

CERN GEMs by roughly an order of magnitude, and the gain for Tech-Etch GEMs lay

between the gains for the other two foil types. While foil thickness and hole spacing

were the same for all three types, the hole diameters varied. As Chapters 2 and 3 will

explore in detail, GEM performance depends critically on the geometry of the foil.

The observed variations in the performance of GEMs from different manufacturers is

likely due, in large part, to differences in the diameters and cross-sectional shapes of

the GEM holes.

1.4 Need for Automated Quality Control

Meeting the growing demand for large numbers of GEMs capable of performing reli-

ably in high luminosity conditions requires stringent quality control.

As was suggested in the previous section, the effective gain of a GEM is strongly

dependent on the foil's hole geometry. Figure 1-6, which shows measurements by

J. Benlloch et al. [18] of detectors built with CERN GEMs of several different hole

diameters, illustrates the dependence of effective gain on diameter. Ensuring the

consistency of gain among foils as well as gain homogeneity over the area of a single

'Tech-Etch, Inc., Plymouth, MA, www.tech-etch.com.
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foil requires careful regulation of the manufactured hole diameters.

· .. X : d 4 A 
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Metal Hole Diameter (m)

Figure 1-6: Measured effective gains of CERN GEMs as function of hole diameter.
Plot reproduced from Ref. [18].

A 100 cm2 GEM with a 140 m pitch hexagonal hole pattern contains roughly

600, 000 holes, and an irregularity in just one of these holes can render the entire GEM

useless. A piece of copper debris within a GEM hole can induce a spark discharge

between the foil's copper layers. The energy of such a discharge is

Wdi s = 1CGEM(AIVGEM), (1.4)

where CGEM is the foil capacitance (4.8 nF for a 100 cm2 Tech-Etch GEM), and

AVGEM is the potential applied between the GEM's copper surfaces. For a typical

foil potential AVGEM = 500 V, the discharge energy is Wdis = 6.0 x 10 - 4 J. Such

energy has been found sufficient to burn away copper and Kapton between GEM

holes at the sparking sites.

To ensure gain homogeneity and to limit the probability of damaging discharges,

one would like to measure the diameter of each hole and locate every etching defect

and piece of debris which could lead to premature foil failure. Manual spot-checking of

GEMs under an optical microscope can be used to measure hole diameters and provide

a rough idea of the density of etching defects but is extremely labor-intensive, and an

operator is unlikely to locate every flaw among the 600, 000 holes.
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An automated scanner capable of optically inspecting every hole would provide

the requisite level of quality control with minimal operator input. Such a device has

been constructed. Details of its development are the topic of Chapter 4, and the

results of scans performed on recently-manufactured Tech-Etch GEMs are described

in Chapter 5.
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Chapter 2

Function and Geometry

This chapter begins with a brief discussion of the function of a GEM in a gaseous

particle detector such as a TPC. A detailed description of GEM geometry follows.

This material provides the background needed for the discussion of the physics of

GEM operation in Chapter 3.

2.1 Basic Function

A gas-filled drift chamber such as a TPC can be used to reconstruct the trajectories

and measure the energies of particles produced in a high-energy experiment. A possi-

ble TPC configuration using a single GEM is illustrated schematically in Figure 2-1.

Such chambers are typically filled with a gas mixture, containing primarily Ar with

CH4 or CO 2 added as a quencher, near atmospheric pressure.

A charged particle or photon entering the detector window ionizes gas atoms along

its trajectory. The liberated electrons move in a drift field of magnitude ED toward

the upper surface of the GEM. A voltage AVGEM (on the order of 500 V) applied

between the upper and lower surfaces of the GEM creates a strong electric field (on

the order of AVGEM/T = 500 V/50 m = 105 V/cm) within the GEM holes. In this

field, the primary electrons acquire enough energy between random collisions with gas

atoms to cause secondary ionization. An electron avalanche results, and secondary

electrons exiting the GEM holes move through an induction field of magnitude El

25



V
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GEM

Pad Array

IVGEM

YGEM

Figure 2-1: Schematic illustration of GEM as element of TPC.

toward a two-dimensional array of pads. Charge collected on each of these pads

produces a pulse of current. In a TPC the coordinates of the pads producing finite

signals can be combined with the times at which the signals were observed as well

as pre-existing electron drift velocity measurements to reconstruct the particle's path

in three dimensions. If Ein c is the initial energy of the incident particle and W the

energy required for that particle to produce a single electron-ion pair, then the total

charge produced along the particle's track is No Ein¢/W. The sum of the integrals

of the pad signals should be proportional to Einc.

The role of the GEM is to amplify the small number No of electrons in the charge

cluster produced by an initial ionization event into a measurable signal. The most

important characteristic of a GEM, therefore, is its "effective gain"

Gff_ number of electrons in signal (2.1)
No

This parameter links the actual ionization events to the magnitudes of the measured

signals. It depends upon but is not the same as the multiplicative hole gain

G -=number of secondary electrons exiting hole (2.2)
number of primary electrons entering hole

As will be discussed in Section 3.2.3, this distinction exists because not all primaries
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enter holes, and not all secondaries reach the pad plane. Effective gains on the order

of 102-103 have been observed experimentally with typical foil geometries [191. Even

greater gains (approaching 105) can be obtained by cascading two or three foils to

form double or triple GEMs [17].

2.2 Geometry

GEM geometry is defined by the pattern in which the holes are distributed, the hole

cross-sectional shape, and the hole diameter. The geometric parameters are shown

schematically for the most widely used hexagonal double-conical design in Figure 2-2.

A cross-sectional view is drawn above a planar view looking in a direction normal to

the GEM surface. For Tech-Etch GEMs, these parameters typically have the following

values: P == 140 pm, D = 80 pm, d = 50 pm, T = 50 pm, and t = 5 um.

Figure 2-2: Illustration of hexagonal double-conical GEM geometry.
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2.2.1 Hole Pattern

Holes can be distributed in either a square or hexagonal pattern with a pitch, or

separation between holes, of size P. The earliest GEMs, like that shown in Figure 1-

1, used a square hole pattern, while more recent foils have used a hexagonal pattern

as shown in Figure 2-2. The choice of pattern and pitch affects the GEM's optical

transparency -, the ratio of hole area to total copper area. Expressions for this

quantity

D2
'sq =_ - )

Trhex =- ()' (2.3)

where D is the copper hole diameter, indicate that Thex is larger than Tsq by about 15%.

The advantage of a larger optical transparency will be made clear in Section 3.2.3.

2.2.2 Hole Shape

The cross-sectional shape of a GEM hole can be one of three primary types:

* Double-Conical: An hour-glass-shaped hole with diameters D at the two

copper surfaces larger than the diameter d in the middle of the Kapton. Diam-

eters D and d will be referred to as copper and Kapton diameters respectively for

the remainder of this thesis. This shape results from the manufacturing process

in which the copper surfaces are photo-lithographically etched with acid, and

the dielectric core exposed between the newly-formed copper holes is dissolved

with a Kapton-specific solvent.

* Cylindrical: A hole with straight sides and a constant diameter through the

entire foil thickness. GEMs with this hole shape were found to be superior to

double-conical GEMs in terms of gain stability under irradiation (lacking an

initial rise seen in the latter type due to charging of the dielectric) but often

suffered from over and under-etching of the Kapton [19].
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* Single-Conical: A cone-shaped hole with a wide diameter on one copper sur-

face and a narrow diameter on the other. The GEM can either be oriented

with the wide side or the narrow side toward the source of irradiation. Both

variations have been produced and studied at CERN [19].

The results of simulations by O. Bouianov [20] indicate that the charge transfer

processes, and hence the effective GEM gains, are very different for foils with different

hole shapes. Because the double-conical shape is currently the most widely used,

however, the rest of this chapter and all of Chapter 3 will assume this shape.

2.2.3 Hole Diameter

Both the copper and Kapton diameters of a double-conical GEM can be selected to

optimize detector performance.

The choice of copper diameter influences the effective gain Geff through two mecha-

nisms. Firstly as indicated in Eq. 2.3, optical transparency - is an increasing function

of D. Secondly, the electric field in the hole is a decreasing function of D. As will be

shown in Section 3.2, Geff is strongly dependent upon both optical transparency and

the magnitude of the field within the hole.

As was suggested in the discussion of cylindrical geometry, the Kapton diameter

should be made as close to the copper diameter as possible. Kapton in a double-

conical hole experiences a "charging-up" effect under irradiation [21]. Initial gain

instability of double-conical GEMs (not observed in conical GEMs) has been at-

tributed to this effect [19]. The optimal Kapton diameter, therefore, would seem to

be one as close to the copper diameter as can be reliably manufactured.
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Chapter 3

Physics of GEM Operation

This chapter describes the physical principles inherent in GEM operation. It includes

a discussion of electrostatics followed by a description of the physical mechanism of

charge amplification.

3.1 Electrostatics

The electric field through a hole of a GEM with voltage AVGEM applied between its

copper surfaces can be understood on the basis of simple electrostatic considerations.

A GEM is essentially a perforated parallel plate capacitor with separation T. By the

superposition principle, the field of such a capacitor is just the sum of the field of an

unperforated capacitor and the fields of pairs of parallel hole-sized conductive disks

centered at each hole location. This idea is illustrated schematically in Figure 3-1.

Note that the field of a pair of oppositely charged disks should be approximately

dipole at distance r>D, and, therefore, the field in each GEM hole must have a

dipole form.

The magnitude of the field at the center of a hole can be readily estimated. It

must be lower than the parallel plate value of AVGEM/T, since the field between

the disks is directed opposite the parallel-plate field as illustrated in Figure 3-1.

One should expect this magnitude to be a decreasing function of hole diameter, ap-

proaching AVGEM/T in the zero-diameter limit. Assuming a constant charge density
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Figure 3-1: Illustration of electrostatic field in GEM hole as superposition of parallel-
plate and parallel-disk fields.

= oAVGEM/T (ignoring the dielectric), the field of the two disks along the line join-

ing the disks' centers can be calculated analytically and added to the parallel-plate

field to give an expression for the electric field at the center of the hole

=So [ z (T- z)

-2 V/z2 + (D/2)2 + V/(T_ z)2 + (D/2)2 , (3.1)

where E = AVGEM/T is the magnitude of the parallel-plate field. The diameter

dependence of E/Eo at a point halfway between the upper and lower GEM surfaces

(z = T/2) is plotted for T = 50 pm in Figure 3-2(a). The z dependence of E/Eo is

plotted for several diameters and the same value of T in Figure 3-2(b). Note that the

dashed vertical lines mark the positions of the upper and lower GEM surfaces.

The results of numerous calculations of the hole field using the finite-element

analysis program Maxwell 3D1 have been published [20, 21, 22, 23, 24, 25]. These

calculations have incorporated the effects of the hour-glass-shaped Kapton core ig-

nored in the previous estimates. The electric field through a double-conical GEM

hole as computed by Bachmann et al. [23] is plotted in Figure 3-3. This calculation

assumed the following GEM dimensions: P = 140 m, D = 70 m, d = 55 m,

T = 50 pm, and t = 5 pm. As indicated in the figure, a foil voltage of 500 V was

used, and the effects of a 2 kV/cm drift field and a 6 kV/cm induction field were also

included. The plot confirms the intuitive estimate of a dipole field. The Bachmann

group [23] also recorded maximum values of the of the field at the centers of holes of

various diameters that were within about 5% of the estimates of Figure 3-2(b).

1Ansoft, Pittsburgh, PA, www.ansoft.com.
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Figure 3-3: Simulated electric field through GEM hole for typical experimental con-
ditions. Plot reproduced from Ref. [23].
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3.2 Physical Mechanism of Amplification

The large field within a GEM hole allows electrons which have drifted to the upper

surface of the GEM to acquire enough energy between collisions with gas atoms to

cause secondary ionization. One secondary electron ionizes another gas atom, and a

cascade of secondary ionization ensues through the hole.

This section begins with an estimate of the multiplicative hole gain G followed by

a description of the dependence of G on the field within the GEM holes. Section 3.2.3

relates G to the the effective gain Geff based on insights provided by computer simu-

lations.

3.2.1 Estimate

One can form a rough, idealized estimate of G based on the value of an electron's

mean free path A, the characteristic distance traveled by an electron between elastic

collisions with gas atoms [26]. The mean free path is a function of both the electron

energy and the choice of gas and has an approximate value of 5 m for typical noble

gases at 1 atm. There exists a certain critical value of the hole field EC at which an

electron traversing a distance A through the hole can acquire just enough energy W

to ionize a gas atom. This value is simply

W
e= (3.2)

where W, the average energy required to produce an electron-ion pair, is a function

of drift gas and has an experimentally-determined value of 26.3 eV for electrons in

pure argon [27, Table 1.3]. For argon then, one would expect EC = 26.3 V/5 Am =

53 kV/cm. If the average hole field exceeds Ec, one can make the assumption that

each new "generation" of secondary ionization requires the parent electrons to travel

a distance of A through the hole. The gain can thus be approximated as

2T/ = 250/5= 1024 (3.3)
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for a GEM of thickness T = 50 ym.

3.2.2 Dependence on Field Within Holes

The actual amount of ionization produced over a given distance depends on the elec-

tric field and is characterized by the first Townsend coefficient a [27]. The Townsend

coefficient is defined such that

dN = Nads, (3.4)

where N is the total ionization charge, and dN is the increase in ionization charge

produced over distance ds. The value of a varies among gas mixtures and can only

be found through experiment or simulation. a is proportional to gas density and

increases with electric field. Its functional dependence can be expressed as

a= f ) (3.5)

where P is pressure and E electric field. The multiplicative hole gain can be computed

by integrating Eq. 3.4 along a path from point s on the upper side of the GEM to

point s on the lower side

N fS
G = N- = exp a(E(s))ds, (3.6)

0

where N is the number of secondary electrons exiting the hole, and No is the number

of primary electrons entering. Since a(E) is an increasing function of E, G must

increase exponentially with E.

The exponential dependence of Geff on AVGEM is illustrated in Figure 3-4. These

measurements of Geff for a triple Tech-Etch GEM were obtained by U. Becker [28] for

P10 (Ar-CH4 90-10) at 1 atm. The primary charge cluster sizes were taken to be

No=0.9 (E) +0.1 ( ) (3.7)

where WAr = 26.3 eV and WCH4 = 27.1 eV are the average energies required to pro-
where W 26.3 eV and WCH4 -27.1 eV are the average energies required to pro-

35



duce single electron-ion pairs in Ar and CH4 [27, Table 1.3], and E.., is the energy of

the incident photon. For the 5.9 keV and 14.4 keV photons used in these measure-

ments, Eq. 3.7 yields values of 224 ± 15 and 546 + 24 respectively (with uncertainties

of +v/(N 0 ) based on Poisson statistics). A high voltage source supplied power to

the electrodes through a resistor network. Equal potentials AVGEM were applied

across each of the three GEMs, while the following values were used for the the drift,

transfer,2 and induction fields (in V/cm): ED = 3 OAVGEM, ET = 5.6 AVGEM, and

El = 11.1AVGEM.

v2929(0 300 310 320 330 340 350 360 370
AVGEM

380

Figure 3-4: Measured effective gain of Tech-Etch triple GEM as
tential (equal for each of three GEMs).

function of foil po-

As can be seen in Figure 3-4, the gain curves for 5.9 keV and 14.4 keV nearly

overlap. The signals are clearly proportional to the incident photon energy over this

range.

3.2.3 Simulation Results

0. Bouianov has performed an extensive computer simulation study of GEM ampli-

fication processes [20, 21, 29]. The previous discussion has ignored the diffusion of

2In double and triple GEM structures, the electric field between the lower surface of one GEM
and the upper surface of another is typically called a transfer field with magnitude ET.
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electrons between ionizing collisions. Bouianov has modeled diffusion effects in his

simulations. As can be seen in the plot of simulated electron trajectories through a

triple GEM shown in Figure 3-5, the effect of diffusion on the lateral extent of the

avalanche can be significant. Largely because of diffusion, not all primary electrons

enter the amplification holes, and not all secondaries enter the induction region.

Figure 3-5: Simulated electron trajectories through triple GEM. Plot reproduced from
Ref. [29].

Following Bouianov's approach [21], one can express the effective GEM gain Geff

as the product of four factors

Geff = EprGEscCv (3.8)

where each term is defined as follows:

* Primary electron transparency Epr: Fraction of primary electrons that

actually enter the GEM holes. Epr is an increasing function of both optical

transparency T and GEM voltage AVGEM. While Figure 3-3 shows all field lines
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in the drift region entering the hole, diffusion causes a fraction of the primaries

to be lost to the upper surface of the GEM.

* Multiplicative hole gain G: Ratio defined in Eq. 2.2.

* Secondary electron collection efficiency Esc: Fraction of secondary elec-

trons produced in GEM holes that travel through induction field. Some secon-

daries are lost to either the dielectric or the lower copper surface.

* Induced charge factor C: Besides the secondary electron charge itself, the

total current produced on a readout anode includes an additional approximately

equal induced component due to the movement of the secondaries through the

induction field. Thus, C 2.

Eq. 3.8 also yields a simple relation between the effective gain of a single GEM Geff

and the effective gain of a triple GEM (Geff)triple

(Geff)triple 2 ) , (3.9)

using the assumption C = 2.
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Chapter 4

Scanner for Quality Control

This chapter details the development of an automated GEM scanner. The scanner

is essentially a dedicated microscope with automated video image capture and stage

positioning capability combined with feature measurement and flaw detection soft-

ware (GEMScan) programmed in MATLAB.1 The system's hardware and software

were designed specifically for the automated quality control of GEMs.

A single scan takes less than 30 minutes to examine more than 600,000 holes. The

machine can measure either the inner Kapton or outer copper diameters of every hole

in a GEM. It simultaneously locates and geometrically classifies potential foil defects

by identifying areas of the GEM with hole pattern irregularities.2 At the conclusion

of a scan, the software automatically generates a GEM quality report containing hole

diameter and pitch histograms and plots of diameter homogeneity and the spatial

distribution of defects. A graphical interface permits a user to review images of

problem areas.

The chapter begins with a description of the scanner motion control and imaging

hardware, followed by a summary of the key features of the data acquisition and

processing software and a description of techniques for calibrating the apparatus.

1The MathWorks, Inc., Natick, MA, www.mathworks.com.
2 The scanner has been programmed to handle both hexagonal and square hole patterns. A scan

of the outer copper diameters of a segmented GEM would require a modification of the current
software.
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4.1 Hardware

The primary hardware components can be seen in the photograph and the schematic

in Figures 4-1 and 4-2 respectively. As illustrated in the schematic, a GEM is secured

between two 1/4" sheets of glass which are pressed together by a pair of aluminum

frames. This glass platform sits atop a pair of servo-driven linear stages. A long zoom

macro lens with attached video camera is suspended above the stages and platform

by an aluminum support bridge. A set of rails and a 1/4-28 lead screw mounted to

the bridge permit coarse focus adjustments of the lens. A white LED ring light is

secured at the base of the lens to provide front illumination of the GEM. A white

LED backlight for rear illumination is held by a cantilever support bracket beneath the

glass platform. During a scan, the platform-mounted GEM moves, while the imaging

components (camera, lens, and lights) remain stationary. The entire apparatus is

bolted to a 1/2" aluminum plate and placed on a solid steel 1-ton lift table to limit

mechanical vibration.

4.1.1 Motion Control

The selection of stages to position a GEM beneath the camera was guided by the

following constraints:

* Encoder Resolution: A scan consists of numerous overlapping images. To

accurately measure the distance between features in adjacent image frames, the

encoder resolution had to be small relative to the hole pitch. For a typical pitch

of 140 jzm, a resolution well under 10 m would be needed.

* Positioning Repeatability: An open-loop design using stepper motors or

even a closed-loop design using servos with rotary encoders would accumulate

significant error over the scan path due to lead screw backlash and other me-

chanical imperfections. Linear encoders, however, would provide a measure of

the actual stage positions regardless of backlash or motor over/undershoot.

* Operating Envelope: A Tech-Etch GEM is 10 x 10 cm. The travel of each
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Figure 4-1: Photograph of scanner apparatus.
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FireWire
Video Camera

Figure 4-2: Schematic of scanner apparatus.

stage had to exceed 10 cm.

Two linear servo-driven stages with glass-scale linear encoders were ultimately

chosen. Both stages were manufactured by Newport3 and feature encoders produced

by Heidenhain.4 The 150 mm TS150DC, with a 0.5 pm resolution LIF12R encoder

mounted along the center of the underside of the moving platform, is used for the

x-axis. The 300 mm TS300DC, with a 1.0 ,pm resolution LS473 encoder mounted

along the side of the moving platform, is used for the y-axis.

The stages are controlled by combination servo driver/controller cards manufac-

tured by J.R. Kerr.5 Two PIC-Servo Motion Control Boards, daisy-chained together

and connected to a Z232-485 Serial Port Converter Board, are housed in a custom

case. A regulated variable power supply set to roughly 30 VDC provides power to

the stage servos, and an unregulated 9 VDC wall adaptor supplies logic power. The
3Newport Corporation, Irvine, CA, www. newport. corn.
4Heidenhain Corporation, Schaumburg, IL, www. heidenhain. corn.
5Jeffrey Kerr, LLC, Flagstaff, AZ, www. jrkerr.com.
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controller is linked to the stages with a pair of custom multi-conductor cables and

communicates with the PC through a serial connection.

The driver/controller receives positioning commands from the PC and drives each

stage servo with a pulse-width-modulated (PWM) voltage regulated by a position-

integral-derivative (PID) control loop. A dynamic link library (DLL) provided by the

manufacturer is loaded into MATLAB to access the functions needed to specify goal

positions; read out encoder positions; and tune the servo velocities, accelerations, and

control loop gains.

Positioning error can be characterized by both the absolute accuracy of the en-

coders and the positioning repeatability of the stages. Calibration data from the

manufacturer indicates an absolute uncertainty of ±1.5 /tm over the full 150 mm

range of stage-x and an absolute uncertainty of ±2 /im over the full 300 mm range

of stage-y. A measure of the positioning repeatability of the stages was obtained by

using the GEMScan individual feature measurement tool to see how the apparent

position of a single hole in the upper-left corner of a GEM varied with accumulated

stage travel. The centroid of the hole was measured and then remeasured following a

20 cm round trip of stage-x or stage-y. This process was repeated 15 times for each

stage. The results plotted in Figure 4-3 indicate that both stages maintained their

positions within 1 to 2 encoder increments over 300 cm of accumulated travel.

4.1.2 Imaging

The scanner imaging system consists of a video camera, a zoom macro lens, a ring

light, and a backlight.

Images are captured using a FireWire video camera. The DFK 21F04 from The

Imaging Source6 is based on the Sony ICX098BQ, a 1/4" color CCD with a resolution

of 640 x 480 pixels. A FireWire connects the camera to the computer's FireWire port.

The camera attaches to the lens via standard C-mount threads.

Magnification is provided by the 12X Zoom from Navitar. 7 The scanner uses a

6 The Imaging Source, Charlotte, NC, www. theimagingsource. corn.
7 Navitar, Inc., Rochester, NY, www.navitar. corn.
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Figure 4-3: Deviation in measured position of GEM corner hole versus accumulated
travel of stage-x (a) and stage-y (b).

variant (1-50486) of the standard model that includes 12 mm of fine focus at the base

of the lens barrel. A C-Mount Coupler (1-6010) and a 2X Adaptor (1-6030) connect

the lens to the camera. High-contrast images can be produced for magnifications in

the range of 1-4 um/pixel.

An LED ring light provides even illumination of the front of a GEM during a

copper hole scan. Because the copper surface is much more reflective than the Kapton

core, holes under front lighting appear black against a light copper background. The

RL1424-WHI100M, from Advanced Illumination,8 features white LEDs. The light is

powered by the Advanced Illumination CS100-IC Variable Current Supply.

An LED backlight shines through the underside of a GEM during a Kapton hole

scan. The backlit holes appear white against the black background of the unlit front

copper surface. The BL5420-WHI20, also from Advanced Illumination, produces a

20 mm spot of white LED light. Because Kapton diameter measurements are very

sensitive to variations in backlight intensity, an intensity controller with a computer

control interface was selected to improve measurement repeatability. The Advanced

Illumination S4000 Signatech Controller allows the backlight current to be adjusted

8Advanced Illumination, Rochester, VT, www.advancedillumination.com.
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using a software interface which communicates with the controller through the com-

puter's serial port.

4.2 Software

To permit rapid prototyping and implementation of data processing algorithms, the

software was written entirely in MATLAB.9 The final version of the software, called

GEMScan, regulates all aspects of the scanning procedure including scanner setup

and calibration, data acquisition, data processing, foil violation review, and automatic

quality report generation.

This section begins with an overview of the sequence of events that takes place

each time GEMScan performs a scan. The software interface is then briefly described.

Summaries of the data acquisition and data processing techniques follow.

4.2.1 Operation Sequence

An overview of the sequence of events needed to scan and process a GEM is useful

before discussing the algorithms of a particular operation in any detail. A complete

characterization of a GEM requires the repetition of each of the following steps (with

the exception of setup and calibration) four times, one scan of copper holes (using

the ring light) and one scan of Kapton holes (using the backlight) on each side of the

GEM:

1. Scanner Setup and Calibration: Before a scan can begin, the apparatus

must be calibrated. The relation between camera pixels and stage positions

must be established, the boundaries of the current scan region must be set,

and the camera and lights must be adjusted to permit accurate hole diameter

measurements. These calibrations are described in Section 4.3.

2. Data Acquisition: Hole positions and diameters are recorded as the stages

9MATLAB 7.0.1 with the Image Acquisition Toolbox 1.7 and the Image Processing Toolbox 5.0.1
were used in the final software implementation.
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scan the GEM under the camera. At each stage position, a still image is cap-

tured, and the data for each hole (or any other high-contrast feature) in the

image is recorded. Section 4.2.3 presents the details of the data acquisition

procedure.

3. Data Processing: The position and diameter data at this point exists only as

vectors with at least as many elements as the GEM has holes.10 GEMScan uses

a number of very simple yet robust algorithms to extract from these vectors the

nature and location of possible foil defects. Section 4.2.4 describes the essential

details of these algorithms.

4. Report Generation: As soon as the data has been processed, GEMScan

automatically generates a GEM quality report. This report consists of hole di-

ameter and pitch histograms and plots of diameter homogeneity and the spatial

distribution of defects.

5. Violation Image Capture: While the information contained in the quality

report provides a fairly good measure of the quality of the GEM, a user with a

little more time to spend on each GEM can opt to actually view each foil defect.

GEMScan moves the stages back to each region of the GEM containing a flaw

and captures a digital image.

6. Violation Review: At any time after image capture, a user can load the scan

data and violation images for review. The images are displayed one at a time in

the GEMScan user interface with all violations highlighted. A user can classify

each violation according to cause (e.g. a piece of dust or an incomplete etch).

A table of classified violations is automatically generated upon completion of

the review.
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4.2.2 User Interface

A user accesses the many functions of GEMScan through the graphical user interface

pictured in Figure 4-4. As can be seen in this screen shot, an image from the camera

occupies the bulk of the window. The current stage position is displayed in the

upper-left corner. A graphical joystick just below the position display permits manual

positioning of the stages. Below the joystick are controls to calibrate the apparatus

and to set the boundaries of the current scan. Below the camera image (the area

appears ghosted in Figure 4-4) are controls for violation review. Various user-settable

parameters as well as utility functions for measuring individual features, saving single

images, and controlling the image display are accessible through the menus visible at

the top of the window.

10Due to overlap between image frames, some holes are captured in multiple frames.
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4.2.3 Data Acquisition

The data acquisition process consists of measuring the positions and diameters of all

the holes of a GEM. This step consumes the majority of the total scan time, roughly

25 minutes for a typical magnification setting of 3.5 /um/pixel.

4.2.3.1 Scan Technique

A GEM is scanned by incrementally moving the stages back and forth along a zig-zag

trajectory as illustrated schematically in Figure 4-5. Each rectangular box in the

illustration represents a position at which the stages momentarily stop so that the

camera can acquire a still grayscale image." A pause of about 80 ms between stopping

the stages and capturing an image has been found to be necessary to prevent any

image blurring introduced by mechanical vibrations induced by the rapid deceleration

of the stages. The number of frames required obviously varies with magnification

setting, but a 100 cm2 GEM at 3.5 m/pixel requires roughly 2200 images.

Figure 4-5: Schematic illustration of image acquisition technique.

To ensure that each hole is entirely captured within at least one frame, a finite

overlap between adjacent frames is required. This overlap is represented by the darker

shaded regions in Figure 4-5. Figure 4-6 shows a two-frame-wide area of a GEM
1iThough the camera can capture color images, the camera is operated in grayscale mode to

reduce image acquisition time.
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overlaid with heavy lines indicating the extent of each frame. As can be seen in

this illustration, a number of holes along the border of each frame are only partially

visible. To avoid confusing these partially-visible holes with misshapen holes or other

etching imperfections, an "ignore border" (denoted by the outermost dashed boxes in

Figure 4-6) is defined such that any feature with a centroid lying outside this border

is ignored within the current frame.12

Figure 4-6: Illustration of typical overlap between frames.

The dashed boxes ust inside the "ignore borders"' define "duplication borders."

Any feature with a centroid lying between the duplication border and the ignore

border is likely to be captured in multiple image frames ("duplicated" in the data

set). Such features are tagged as possible duplicates during image acquisition. These

features are then filtered during data processing, and duplicate features are eliminated

from the data set. The filtering procedure is described in Section 4.2.4. Tagging

potential duplicates at the acquisition stage speeds up processing by reducing the

pool of duplicate candidates from the entire data set to a much smaller subset.

The nominal hole diameter (call it D) constrains the width of the ignore border

WI, the width of the overlap Wo, and the width of the duplication border WD (defined

as the distance between the ignore border and the duplication border). If the stages

could be perfectly positioned and no hole diarneter exceeded DA then these widths

12 The MATLAB linage Processing Toolbox function clearborder eliminates features connected
to the border of a binary image. The procedure described here was found to be much faster than
using clearborder on each image.
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could be set to

WI = D/2

Wo = 2WI (4.1)

WD = 

so that no hole would be captured in more than one frame.

In practice, the stages cannot be perfectly positioned, and some hole diameters

do exceed D. To accommodate these non-idealities, the widths must be selected such

that

WI > D/2

W > 2W (4.2)

WD > (Wo-WI)/2

For simplicity the nominal copper hole diameter is usually treated as D for both

copper and Kapton diameter scans. If D = 100 m, then widths of 75 am, 155 m,

and 10 am might be chosen for WI, Wo, and WD respectively.

4.2.3.2 Feature Extraction

The centroids and diameters of every hole (or other high-contrast feature) in each

frame must be extracted from the initial grayscale image. While edge-detection might

seem an obvious means of extracting this data, early attempts at such an implemen-

tation were found to be much too slow (on the order of a few seconds per frame at

3.5 m/pixel). The method ultimately employed in GEMScan first converts each

image to binary form (so that each pixel is either pure black or pure white) and then

computes the centroids and diameters1 3 of the clusters of white pixels.

Figure 4-7 illustrates the progression from grayscale images to binary images to

13 The computed diameter is actually an "equivalent diameter" based on the area of the pixel
cluster.
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centroid and diameter data. The upper three sub-figures depict this progression for

backlit Kapton holes, while the lower three do the same for copper holes under front

illumination. Note that holes near the frame perimeter have been ignored and do not

appear in the rightmost sub-figures.

(a) Grayscale image of Kapton
holes.

t i t * ja:*:E
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(d) Grayscale image of copper
holes.

(b) Binary image of Kapton
holes.

(e) Binary image of copper
holes.
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(c) Centroid and diameter
data of Kapton holes.

(f) Centroid and diameter data
of copper holes

Figure 4-7: Progression from grayscale images to binary images to centroid and di-
ameter data for Kapton and copper holes.

The MATLAB Image Processing Toolbox contains built-in functions designed

specifically to implement this type of feature extraction. The data can be obtained

using the following command sequence:

binaryImage = im2bw(grayscalelmage , grayThreshold);
labelMatrix = bwlabel(binaryImage);

featureData = regionprops(labelMatrix, 'Centroid', ...

'EquivDiameter');

In this code segment, grayscaleImage is the initial image acquired by the camera,

and grayThreshold is the fractional intensity value a pixel must exceed to be con-

sidered white. The selection of threshold values is discussed in Section 4.3.3.

The code listed above works fine for images of Kapton holes, but two minor
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additions are necessary for images of copper holes. As can be seen in Figure 4-

7(d), copper holes appear black against a lighter background. The label matrix must

therefore be formed from the logical inverse of the binary image. Additionally, small

copper discolorations can appear as black specks (perhaps only a few pixels in area)

against the light gray of the normal copper surface. To prevent these very small

discolorations from being treated as foil defects during processing, a user-settable

minimum feature size parameter can be set to a nonzero value to instruct GEMScan

to ignore all high-contrast features smaller than the specified size.

4.2.4 Data Processing

After acquisition the data consists of just three vectors (X coordinates, Y coordinates,

and diameters) each roughly 600,000 elements long. The vector elements are in the

order in which the data was acquired. Making sense of all this information to locate

foil defects requires the processing algorithms described in this section.

4.2.4.1 Centroid Triangulation

Several possible approaches for locating defects were considered before developing

the extremely simple but robust method that was ultimately selected. It is useful to

consider these other possible techniques to understand the advantages of the one that

was actually implemented.

One obvious method would involve completely predefining the expected hole pat-

tern and comparing the actual acquired feature centroids with the expected hole

coordinates. This approach is unsatisfactory for two reasons. Firstly, it requires de-

tailed knowledge of the hole layout to be input into the software. The user must know

exactly how many rows of holes are in the foil, the precise hole pitch, whether the

first hole of the second row is to the left or right of the first hole of the first row, etc.

Even if this information is well known for one particular foil, a user may not know

such details about a foil from a different manufacturer. Secondly, this method is not

robust to thermal expansion/contraction or stretching of the foil. A 10 cm wide GEM
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with a nominal hole pitch of 140 Lm contains more than 800 rows of more than 700

holes each. A deviation from the expected hole pitch of just 0.1 im would cause holes

on the edge of the GEM opposite the pattern origin to lie 70 ,im (half the nominal

pitch) from where they were expected. Thousands of false pattern violations would

result.

A pattern-matching technique is another possibility. MATLAB provides a number

of functions which could be used to implement a matching algorithm perhaps based

on cross correlations or even neural networks. Such algorithms are routinely used in

character recognition applications. Since the GEM hole pattern is so simple, however,

the computational overhead of these very robust methods seemed excessive.

The approach ultimately used for the GEM scanner exploits the extreme regularity

of the GEM hole pattern. A Delaunay triangulation of the centroids is computed.

Such a triangulation is defined such that the circumscribed circle of each triangle

formed from the input set of coordinates encloses no data points [30]. The actual

computation is performed using the MATLAB built-in function delaunay.

Triangles associated with defects are very different from triangles associated with

regions free of defects. Figure 4-8 illustrates the differences between the Delaunay

triangulations of a region of a hexagonal GEM that contains no defects and a region

that contains multiple defects. As can be seen in Figure 4-8(a), every Delaunay

triangle in a region without defects is equilateral with side length equal to the hole

pitch. The boxed area labeled A in Figure 4-8(b) is missing 3 holes, while the areas

labeled B and C contain high-contrast material between holes. The area labeled D

contains 2 smaller features at a location where a hole should appear. This type of

defect might be caused by a piece of debris partially filling a hole. In all of the boxed

regions in this figure, the pattern of equilateral triangles is broken. Foil defects due to

pattern violations can thus be located simply by finding triangles that have at least

one side length that deviates from the designed hole pitch beyond some tolerance.14

This simple property of Delaunay triangulations forms the basis of GEMScan's

14 Though this discussion has assumed a hexagonal pattern, the same technique can be applied to
a square pattern. The Delaunay triangles are then isosceles. The scanner software was programmed
to handle GEMs with either hexagonal or square hole patterns.
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(a) Triangulation of region free of violations.

(b) Triangulation of region containing multiple violations.

Figure 4-8: Illustration of differences between triangulations of GEM regions with
and without violations.
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defect localization algorithm, which can be summarized by the following sequence of

steps:

1. Filtering Duplicate Data Points: As was discussed in Section 4.2.3.1, the

finite overlap between image frames results in multiple occurrences of some fea-

tures in the data set. Possible duplicate features were tagged during acquisition.

The user defines a coincidence radius re, typically on the order of a few microns.

If a set of tagged features has centroids that can be enclosed by a circle of radius

rc, then that set of features is removed from the data set and is replaced by a

single feature with a centroid and a diameter equal to the mean centroid and

the mean diameter of the original set.

2. Computing the Triangulation: The Delaunay triangulation of the filtered

centroids is computed. MATLAB stores the triangulation as a 3-column matrix

in which each row contains indices into the centroid X and Y coordinate vectors

corresponding to a single triangle's vertices.

3. Filtering Border Triangles: Triangles with all three vertices belonging to

holes on the border of the GEM deviate from the equilateral pattern. These

triangles must be filtered from the triangle matrix to prevent them from being

treated as the results of actual foil defects.

4. Identifying Violation Triangles: A list of all "violation triangles" associated

with hole pattern irregularities is generated. The user defines the designed hole

pitch P and a corresponding tolerance up. Any triangle with side lengths a, b,

and c that do not satisfy

(a p)2 + (b- p)2 + (C_ p)2 < 2 (4.3)

is considered a violation triangle. Additionally, a triangle which satisfies Eq. 4.3

but shares all three of its vertices with triangles that do not satisfy Eq. 4.3 is

also considered a violation triangle.
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5. Clustering Violation Triangles: As can be seen in Figure 4-8(b), violation

triangles usually occur in groups. GEMScan sorts the full list of violation trian-

gles into clusters of adjacent triangles (where adjacent is defined as the sharing

of a side). Each hole pattern irregularity is then associated with a single region

bounded by the vertices of the outermost triangles of the associated cluster.

4.2.4.2 Violation Classification

The final stage of data processing is the generation of a list of hole size and pattern

violations classified on the basis of the geometry of the violations.1 5 The goal of

this classification is to associate every location where a well-formed hole is expected

but not found with a single violation of a particular type. Features located between

expected hole locations are also classified. It should be emphasized that this clas-

sification cannot automatically discern the underlying cause of a violation (e.g. a

piece of dust or an incomplete etch). This method can, however, tell the user how

many hole locations are affected by abnormalities, and some geometrical categories

are closely correlated with certain underlying causes.

Each violation is placed in one of six geometrical categories. The category defi-

nitions require a number of variables. Let the designed hole diameter and pitch be

given by D and P with corresponding tolerances given by (eD and up. Let the centroid

coordinates and the diameter of the ith captured feature be given by xi, yi, and di.

Missing Hole: Absence of a hole at a location where one is expected based on

the hole pattern. 1 6 A hole at the expected location (xe, ye) is missing only if

di D +D
/(Xe- xi)2 + (Ye -yi) 2 > D (4.4)

2 2

1 5 While pattern violations are, by construction, associated with clusters of violation triangles,
hole size violations (holes with diameters above or below a user-settable value beyond a specified
tolerance) can occur anywhere on the GEM.

16 This discussion of "expected" hole locations might give the impression that a predefined pattern
like that described at the beginning of Section 4.2.4 is being used. GEMScan actually computes
global pattern parameters (both pitch and pattern rotation angle) by averaging over the acquired
centroid data. A small patch of an ideal hole pattern with these parameters is then fit through the
centroids of holes along the perimeter of a particular cluster of violation triangles. The "expected"
hole locations are thus only locally defined, and the problems of a fully predefined pattern are
avoided.
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for all i. That is, a missing hole occurs when the captured feature nearest an

expected hole location extends beyond a circular region of diameter D + aD

centered at the expected point.

* Non-Hole: Any feature located between expected hole locations or an over-

size feature located near a shifted, split, or normal hole. For feature i to be

considered a non-hole, the inequality in Eq. 4.4 must hold for all expected hole

positions (e, Ye). Feature i must also satisfy one of the following conditions:

- The distance between feature i and the nearest expected hole location is

greater than ap.

- The distance between feature i and the nearest shifted, split, or normal

hole is less than up.

* Oversize Hole: Hole found at an expected location but having an oversize

diameter. Feature i is oversize if its diameter satisfies

di - D > D. (4.5)

* Shifted Hole: Hole of the correct diameter but displaced from the expected

location. Feature i is a shifted hole if

X)2 (Yeyi) 2 < UD + _ di< -~, + y- <U< <e2 2

and di-DI < D, (4.6)

where (Xe, Ye) is the expected hole location nearest feature i.

* Split Hole: Multiple features located in an area a hole is expected to occupy.

At least two features must satisfy

dY-)2 + i < D + UD
- xi) 2 + (Ye Yi 2 2 (4-7)
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where the expected hole location (xe,ye) is that expected location which is

nearest the centroids of all constituent features. A split hole typically occurs

when debris partially fills a hole and creates the appearance of multiple high-

contrast features.

* Undersize Hole: Hole found at an expected location but having an undersize

diameter. Feature i is undersize if its diameter satisfies

D-di > D. (4.8)

4.3 Scanner Setup and Calibration

Before a GEM can be scanned, the apparatus must be set up and calibrated. This

section describes the calibration of the camera-stage alignment, the selection of scan

region boundaries, and the adjustment of the imaging components for optimal diam-

eter measurement accuracy and repeatability. The section concludes with a summary

of measurement errors.

4.3.1 Camera-Stage Alignment

The stage-x and stage-y coordinates define a global coordinate system for the scan-

ner. The centroid of a hole in an image captured by the video camera is known in

terms of vertical and horizontal pixel coordinates. Relating pixel coordinates to stage

coordinates requires knowledge of two parameters: a linear scaling factor A in units

of m/pixel and a rotation angle 0 between the camera axes and the stage axes. Both

parameters are determined through the following two point calibration (the geometry

is shown schematically in Figure 4-9):

1. The stages are positioned to place a prominent GEM feature (usually a corner

hole) in one quadrant of the camera's field of view.

2. Using the mouse to define a rectangular region on the GEMScan image display,
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Figure 4-9: Schematic of camera-stage alignment geometry.

the user selects the feature. That portion of the image is converted to binary,

and the centroid of the feature is computed.

3. Both the current stage position (X1, Y1) and the pixel coordinates of the selected

feature's centroid (xl, Yi) are saved to memory.

4. The stages are repositioned to place the same GEM feature in the diagonally

opposite quadrant of the camera's field of view.

5. Again, the user selects the feature, and its centroid is computed.

6. Both the new stage position (X2, Y2) and the new pixel coordinates of the

selected feature's centroid (x2, Y2) are saved to memory.

7. With the assumption that the camera axes and stage axes are nearly aligned,

0 can be approximated as a small angle and the following expressions for A and

0 can be found:

AYAy - AXAx
(AX)2 + (y) 2

0 AAy - AY0 A x (4.9)
where X = -X 1 , and Y, x, and Ay are defined similarly.

where AX = X2 - X1, and AY, Ax, and Ay are defined similarly.
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The entire calibration procedure takes only a few seconds for the user to perform.

The software does all calculations internally, so that the user need only twice position

the stages and select a feature as described. Once the calibration is completed, all

measurements in the current scan session use the coordinate transformation defined

by the calculated values of A and 0.

The uncertainty in hole positions and diameters introduced by this calibration is

very small as long as the positions of the prominent GEM feature in Steps 1 and 4 are

as close as possible to two diagonally opposite corners of the camera's field of view. For

a nominal magnification of 3.5 m/pixel, the uncertainty in A is i0.0014 m/pixel.

The uncertainties in a 140 /am pitch and a 100 m diameter are then 0.06 m

and ±0.04 tm respectively. Such uncertainties are insignificant relative to the other

sources of error described later in this section.

4.3.2 Scan Boundary Selection

GEMScan requires a user to select the boundary of the region of the GEM to be

scanned (usually the GEM's entire active area). The user simply positions the GEM

so that its upper-left corner is in the camera's field of view as shown in Figure 4-

10. Using the mouse the user selects the a point on the GEMScan image display

roughly at the intersection of a line joining the upper row of holes and a line joining

the leftmost column of holes. GEMScan fits the centroids of holes in the upper row

(between the two dashed horizontal lines in the figure) to one line (the solid, roughly

horizontal line in the figure) and performs a similar fit for holes in the leftmost column

to find another line (the solid, roughly vertical line in the figure). The intersection

of these fitted lines is set as the upper-left corner of the scan boundary. The user

repeats this process for the lower-left and lower-right corners, and GEMScan infers

the upper-right corner coordinates from symmetry.
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Figure 4-10: Illustration of upper left boundary point selection.

4.3.3 Hole Diameter Calibration

Measuring the diameter of any backlit hole is complicated by diffraction of light

around the hole's perimeter. Figure 4-11 shows the variation in the measured Kap-

ton diameter of a single GEM hole as a function of backlight intensity. To avoid a

systematic overestimate of Kapton diameters, the backlight must be dimmed to the

lowest intensity at which features can still be reliably extracted.

Measurements of both Kapton and copper holes are also affected by changes in

the camera exposure, contrast, and gain settings as well as the gray threshold (for

grayscale-to-binary image conversion). With so many degrees of freedom, the follow-

ing systematic calibration method is necessary to obtain accurate, repeatable diameter

measurements:

1. The zoom is set for a magnification 3-4 tinmes the level typically used for scan-

ning, and the light intensity and camera settings are adjusted to produce a

Kapton hole image of adequate contrast.

2. A best estimate of the actual Kapton diameters of a few prominent GEM holes

(usually at the corners) is obtained at high magnification. The GEMScan in-
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Figure 4-11: Measured Kapton diameter of GEM corner hole as function of backlight
intensity.

dividual feature measurement tool displays a highlight box with side lengths

equal to the measured diameter at the centroid of the feature being measured.

The user adjusts the gray threshold until this highlight box coincides with the

apparent perimeter of the hole as seen in the grayscale image in the GEMScan

display.

The dependence of both Kapton and copper diameter measurements upon the

gray threshold is plotted in Figure 4-12. In each plot, the points lying between

the vertical dashed lines correspond to thresholds for which the measure tool

highlight box and the apparent perimeter of the hole were visually indistin-

guishable. As can be seen from these plots, the uncertainty in the diameters is

roughly +2 /pm.

3. Steps 1 and 2 are repeated for copper holes.

4. The magnification is returned to the normal level (roughly 3.5 pum/pixel), and

the light intensity and camera settings are again adjusted to produce a Kapton

hole image of adequate contrast.

5. The same set of holes measured in Step 2 are remeasured at normal magnifica-
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Figure 4-12: Measured Kapton (a) and copper (b) diameters of GEM corner hole as
functions of gray threshold.

tion for a range of gray threshold values.

6. For each hole, the threshold at which the low magnification diameter equals the

high magnification diameter (interpolating between data points) is recorded.

The mean of these values is taken as the optimal gray threshold.

7. Steps 4-6 are repeated for copper holes.

This calibration is admittedly tedious, but it need not be performed before every

scan. Recalibration should not be necessary as long as the lighting intensities are

stable, the zoom setting is not changed, and the overall coloration of the foils being

scanned is constant (i.e. the copper of different GEMs does not show varying degrees

of oxidation).

4.3.4 Error Analysis

Knowledge of the scanner components and calibration procedures permits an estimate

of the systematic and random errors in measured hole diameters and positions.

The systematic diameter error is due to imperfection in both the camera-stage
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alignment calibration and the hole diameter calibration. The camera-stage alignment

component is only +0.04 um for a nominally 100 um diameter. The hole diameter

calibration component of ±2 /am can thus be treated as the total systematic diameter

error.

A significant source of random diameter error is the finite resolution of the camera.

As was mentioned in Section 4.2.3.2, diameters are actually calculated from the areas

of white pixel clusters in binary images. For a magnification of 3.5 m/pixel, the area

of a single pixel is AA = 12.25 /m 2. The corresponding diameter resolution is

Ad d '2AA (4.10)
7rd

for a hole of nominal diameter d. Ad is 0.16 m and 0.08 m for diameters of 50 m

and 100 m respectively.

Small variations in lighting intensity over the camera's field of view as well as any

uncertainty in the camera-stage alignment parameter 0 introduce quasi-random error

into the diameter measurements. That is, these non-idealities cause the measured

diameter of a particular hole to vary with the hole's relative position in the camera's

field of view.

Table 4.1: Variation over image frame in measured diameter and position of GEM
corner hole.

Kapton Copper
d [um] x [/um] y [m] d [um] x [m] y [m]

C 71.0 0.0 0.0 97.8 0.0 0.0
UL 70.7 0.5 -0.5 98.5 0.3 0.3
LL 70.5 -0.2 1.2 98.4 -0.3 0.1
LR 71.0 -0.1 0.3 98.1 0.0 0.3
UR 70.3 -0.5 0.1 98.5 0.5 0.1

StDev 0.3 0.4 0.6 0.3 0.3 0.1

Table 4.1 shows the variation in diameter and position measurements of a single

GEM hole taken at different locations in the camera's field of view with the scanner

operating in either Kapton or copper hole mode. C indicates the center of the field,
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UL indicates the upper-left corner, and the remaining abbreviations indicate the other

three corners. The position coordinates were normalized to the center field values. As

shown in the table, the standard deviation of these diameter measurements is 0.3 Am.

This value includes contributions from the finite camera resolution, lighting intensity

variation, and uncertainty in 0 and provides a reasonable estimate of the total random

diameter error.

While the absolute error in positions of the GEM holes is not critical, random

error in relative feature positions is important, since pattern violations are identified

primarily on the basis of the distances between adjacent features. This error is due to

both the finite camera resolution as well as the limited stage encoder resolutions

(0.5 m and 1.0 /tm for stage-x and stage-y respectively). Table 4.1 suggests a

random position error on the order of 0.5 /tm. Hole pitch measurements are used

in Section 5.1.3 to improve this estimate.
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Chapter 5

Scan Results

This chapter serves the dual purpose of both demonstrating the capabilities of the

quality control scanner described in the previous chapter and quantifying the quality

and variation of Tech-Etch GEMs.

Two Tech-Etch GEMs were selected for complete characterization using the scan-

ner. These particular GEMs were classified as "good" based on macroscopic testing

by S. Hertel [31]. Both foils (labeled B12 and B15) were manufactured in November

of 2004 and. were stretched prior to scanning. A high voltage was applied across each

foil in a dry nitrogen atmosphere and the leakage currents were measured. For an

applied voltage of 500 V, currents of 1.2 nA and 6.1 nA were recorded for B12 and

B15 respectively.

The first section of this chapter describes the results of geometry measurements

and estimates of the impact of diameter variations on gain, and the second shows the

nature and extent of pattern and hole-size violations located by the scanner.

5.1 Geometry Measurements

This section presents diameter and pitch measurements in the same graphical format

automatically generated by GEMScan. The estimated effect of diameter inhomogene-

ity on effective GEM gain is also calculated. Note that throughout this chapter to

save page area, only plots of measurements from one side of B12 and one side of B15
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will be shown. Very similar results were obtained for each foil's opposite side.

5.1.1 Hole Diameter

Histograms of Kapton and copper hole diameters for both GEMs are shown in Fig-

ure 5-1. As indicated in these plots, the Kapton diameters averaged roughly 50 ,um,

while the copper diameters averaged about 80 ,um. The mean Kapton and copper

diameters for B15 were 4 m larger than the corresponding diameters for B12. Recall

from Section 4.3.4, that these diameter measurements have systematic and random

errors of ±2 m and ±0.3 m respectively.

Color plots indicating the spatial homogeneity of Kapton and copper hole diam-

eters are shown for both GEMs in Figures 5-2 and 5-3. Each colored square patch

in the plots represents a 2 x 2 m region of the respective GEM. The color of the

square patch indicates the average Kapton or copper hole diameter within the region.

Two interesting characteristics are visible in these plots. Firstly, the small stan-

dard deviations of approximately 2 m observed in the global diameter distributions

(Figure 5-1) obscure the considerably larger local diameter variations among various

regions of the GEMs. The contributions of these variations to gain inhomogeneity is

discussed in Section 5.1.2. Secondly, the spatial distribution of diameters for B12 is

very different from the distribution for B15. While larger holes in B15 occur along

the GEM's perimeter, larger and smaller holes in B12 are distributed more randomly.

This variation might be caused by differences in acid agitation during etching.

5.1.2 Gain Effects

As discussed in Chapter 2, the effective GEM gain Geff is very sensitive to changes

in hole diameter. The impact of local copper diameter variations (apparent in Fig-

ures 5-2(b) and 5-3(b)) on gain can be estimated from measurements of the effective

gains of CERN GEMs published by J. Benlloch et al. [18]. The authors plotted the

measured gains (at AVGEM = 500 V in Ar-CO 2 70-30) of detectors built with nine dif-

ferent double-conical GEMs with copper diameters D ranging from 45 Am to 140 Atm
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(see Figure 1-6). This plot showed that Geff increased exponentially with decreasing

copper diameter until saturating for D < 70 Mm. Measurements for D>70 /m in the

published plot were fit to the equation,

log Geff = -(0.022 + 0.003)D + (4.1 ± 0.3). (5.1)

Figures 5-2 and 5-3 show that some areas of each Tech-Etch foil have local mean

diameters more than 2a above or below the global mean. The measured global mean

copper diameter D as well as D + 2 aD for B12 and B15 were substituted into Eq. 5.1

to find the estimated variation in effective gain listed in Table 5.1. It should be noted

that the roughly 10% uncertainties in the fitted parameters in Eq. 5.1 lead to absolute

gain uncertainties of the same order as the gains themselves. This error is primarily

due to the Benlloch group's small sample size and diameter uncertainties of +5 m.

Only relative gain variations, however, are of interest here.

Table 5.1: Estimated effect of diameter variation on effective gain of two Tech-Etch
GEMs.

B12 B15
D [m] Gff D [m] Gff

D - 2 D 77.0 252 80.0 216
D 80.8 207 84.6 171
D + 2D 84.6 171 89.2 135

Table 5.1 suggests local gain variations for the two Tech-Etch GEMs of about +20%.

5.1.3 Hole Pitch

While hole pitch does not critically affect gain, a measurement of pitch requires no

additional scan time and provides a simple way of placing an upper limit on the ran-

dom error in the scanner's position measurements. Histograms of hole pitch for both

GEMs are shown in Figure 5-4. The mean pitch indicated in both plots lies within a

fraction of a micron from the designed value of 140 gm. These histograms are almost

perfectly Gaussian due to the extremely large sample sizes (600,000 holes correspond

72



to more than 1,000,000 pitch measurements). Additionally, pitch is defined during

manufacture by the photo-resist mask. Unlike the case of hole diameters, one does

not expect pitch to vary systematically over the GEM surface assuming even foil

stretching and proper mask production. The standard deviations meas of the pitch

measurements incorporate the random positioning errors of both the scanner Uscan

and the foil manufacturing process O'manufAmeas = 2 + o2-meas --:: gscan manuf· (5.2)

Even without knowing O'manuf, the scanner's random positioning error must be less

than 0.6 um, in agreement with the estimate in Section 4.3.4.
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Figure 5-4: Histograms of hole pitch for two Tech-Etch GEMs.

5.2 Foil Defects

Despite the promising indications of the macroscopic measurements, a number of de-

fects were found in each GEM. Because these scans were not conducted in a clean

room, a large portion of the hole size and pattern violations located by the scanner

were due to dust and debris. The spatial distributions of violations are plotted ac-
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cording to geometric classification for Kapton and copper hole scans in Figure 5-5.

As is readily visible in these plots, the most common violation types in Kapton hole

scans are not the same as those in copper hole scans. With a GEM illuminated with

the backlight, only defects that occur within a hole can be imaged. Pieces of debris on

either side of the GEM, for instance, cause numerous missing, shifted, and split hole

violations. With a GEM illuminated with the ring light, however, defects between

the holes are visible. Pieces of debris on the front side of the GEM can overlap one

or more holes and create the appearance of large, misshapen high-contrast features,

which GEMScan classifies as missing holes and non-hole violations.

Images of typical violations located by the scanner are shown in Figure 5-6. For

illustrative purposes, these microphotographs were taken at roughly four times the

normal scan magnification. The small piece of dust in the hole in Figure 5-6(a) would

cause a split hole violation during a backlight scan, while the larger fibrous debris

in Figure 5-6(b) would cause multiple missing holes and non-hole violations during

a front-light scan. The copper discoloration seen around the hole in Figure 5-6(c) is

typical of foil defects found to affect more than 100 holes on each side of B12 and B15.

These discolorations, which might be due to incomplete removal of the acid etchant

during manufacture or even unnoticed sparks during leakage current measurement,

can only be recognized during front-light scans and cause missing hole, non-hole,

and oversize hole violations. Figure 5-6(d) shows several holes around which copper

has been removed, possibly by etchant seeping beneath the surrounding mask during

manufacture. The dark regions are exposed Kapton. This defect could result in

multiple oversize or shifted hole violations during a backlight scan as well as missing

holes and non-hole violations during a front-light scan. Figures 5-6(e)-5-6(h) show

varying degrees of incomplete etching. These defects would cause undersize and

missing hole violations during backlight and front-light scans.

Full violation reviews were performed on both sides of B12 and B15. Table 5.2

summarizes the number of holes affected by various foil defects (sorted into the same

categories illustrated in Figure 5-6) in each of the two GEMs. Each column corre-

sponds to a single scan of either copper or Kapton holes on a particular side of a GEM.
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Figure 5-5: Spatial distribution of front-light-scan and backlight-scan feature viola-
tions for two Tech-Etch GEMs.
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(a) Hole-size debris.

(d) Excess etching. (e) Incomplete copper etching. (f) Incomplete Kapton etch-
ing.

(g) Unetched copper. (h) Unetched Kapton.

Figure 5-6: Microphotographs of typical foil defects located during scanning.
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While many holes were affected by debris or showed neighboring copper discoloration,

only a handful suffered from any degree of incomplete etching.

Table 5.2: Number of hole
GEMs.

violations due to various foil defects in two Tech-Etch

B12 B15
Side 1 Side 2 Side 1 Side 2

Cu Kap Cu Kap Cu Kap Cu Kap
Debris 64 280 120 277 46 144 51 143
Discoloration 100 0 242 0 179 0 80 0
Excess Etching 8 0 98 0 6 1 3 1
Incomplete Copper Etch 5 3 5 2 3 1 7 4
Incomplete Kapton Etch 0 1 0 0 0 1 0 3
Unetched Copper 1 1 2 2 0 0 0 0

Unetched Kapton 0 4 0 2 0 1 0 1
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Chapter 6

Gain Measurement

This chapter describes a preliminary measurement of the gain of a triple GEM detector

built with Tech-Etch foils.

Power from a single high voltage supply was distributed to the detector electrodes

through a resistor network. Equal potentials AVGEM were applied across each of the

three GEMs, while the following values were used for the drift, transfer, and induction

fields (in V/cm): ED = 3 .OAVGEM, ET = 5.6 AVGEM, and E = 11-.lAVGEM.
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Figure 6-1: 5 7Fe spectrum.

The detector was filled with PO10 (Ar-CH4 90-10) at 1 atm. Ionization tracks
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were produced in the gas volume by x-rays from an 57Fe source. The spectrum of

57Fe (measured by S. Hertel [32]) is shown for illustrative purposes in Figure 6-1.

Prominent peaks occur at 6.4 keV and 14.4 keV.

For several values of A\VGEM, the peak signal voltage as well as the oscilloscope

trigger rate were measured over a range of oscilloscope trigger threshold settings. This

data is plotted in Figure 6-2. For clarity, error bars have been suppressed. From this

data the dependence of the peak signal voltage on AVGEM was calculated for several

constant values of the trigger rate (each corresponding to a narrow range of energies

in the 57Fe spectrum). The results are plotted on a log-linear scale in Figure 6-3. The

curves clearly show the expected exponential dependence of gain on AVGEM.
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Figure 6-2: Oscilloscope measurements.
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Figure 6-3: Interpolated peak signal voltage as function of AVGEM for several trigger
rates.
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Chapter 7

Conclusions

GEMs are being used in the detectors of a number of new large-scale high-energy

experiments and will also be used in the TPC of the future TeV-range ILC. The

R&D group of U. Becker in collaboration with Tech-Etch has succeeded in developing

quality GEMs. An automated scanner for GEM quality control has been constructed

and successfully tested on Tech-Etch GEMs. The machine is capable of measuring

hole diameters and locating foil imperfections and debris while examining each of

roughly 600,000 holes in a single 30 minute scan. Scans of Tech-Etch GEMs have

shown the foils to be largely free of etching defects, but hole diameter variations in

a given GEM may be large enough to create a gain inhomogeneity of approximately

i20%. The machine is planned to be used to help achieve the stringent quality control

needed for the foils of the STAR Forward GEM Tracker upgrade and to assist in the

development of GEMs with other hole geometries (besides double-conical) at MIT.
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