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Abstract
New techniques for position encoding in very high rate particle and photon
detectors will be required in experiments planned for future particle accelerators such
as the Superconducting Super Collider and new, high intensity, synchrotron sources.
Studies of two interpolating cathode 'pad' readout systems are described in
this thesis. They are well suited for high multiplicity, two dimensional unambiguous
position sensitive detection of minimum ionizing particles and heavy ions as well as
detection of x-rays at high counting rates. One of the readout systems uses subdivided rows of pads interconnected by resistive strips as the cathode of a multiwire
proportional chamber (MWPC). A position resolution of less than 100/im rms, for
5.4keV x-rays, and differential non-linearity of 12% have been achieved. Low mass
(~0.6% of a radiation length) detector construction techniques have been developed.
The second readout system uses rows of chevron shaped cathode pads to perform
geometrical charge division. Position resolution (FWHM) of about 1% of the readout
spacing and differential non-linearity of 10% for 5.4 keV x-rays have been achieved.
A review of other interpolating methods is included. Low mass cathode construction techniques are described. In conclusion, applications and future developments are discussed.
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Chapter 1.
Introduction
1.1. Background
Since the introduction of the Multiwire Proportional Chamber (MWPC) in
1968, it has been widely used in the detection of energetic charged particles as well
as energetic photons. A typical structure of an MWPC is illustrated in Fig. 1.1.1.
Because of the simplicity of such devices, the ease of construction, the capability to
realize a large active area, and good position resolution, it soon became one of the
most popular tracking devices in the field of experimental high energy physics.

Cathode planes

Anode wires

Figure 1.1.1: Structure of a typical MWPC

A single plane of MWPC as shown in Fig. 1.1.1 can give position information
of an incident particle only in one direction (perpendicular to the arode wires). A
second plane of MWPC (with anode wires running in the direction orthogonal to that
of the first one) is needed to give a coordinate in the second direction. However, for
events with more than one simultaneous incident particle, it cannot provide unambiguous coordinates for all tracks. As illustrated in Fig. 1.1.2, "ghosts"—false particle
positions, are created along with the real particle positions. The only solution to this
problem is to add additional planes of MWPCs with different anode wire orientations

Introduction

(a)

X2

Figure 1.1.2: Ambiguity in a projective geometry. Solid circles represent real hits, hollow
circles represent "ghosts." (a) Two layers of MWPC cannot resolve two hits; (b) with a
third layer, two hits can be resolved; (c) three layers of MWPC cannot resolve three hits.

to resolve the ambiguities of the system. According to a study on spark chambers
(which is equally applicable to MWPCs) [1], for a detector with only two orthogonal
anode wire planes, a quality factor Q, which quantifies the ambiguities, is denned:
number of candidate points
Q = number of incident particles
(1.1.1)
n

for n/N «C 1,

where N is the number of wires iu an MWPC plane; n is the number of incident
particles. Adding two more MWPC planes to the system improves the quality factor
Q to:

Q = 1+

(1.1.2)
n

This expression is plotted in Fig. 1.1.3.
For higher multiplicities and particle densities, more planes are needed and
each plane needs to have a large number of wires. The pattern recognition quickly
becomes prohibitively complicated. For a given chamber, the pattern recognition fails
rapidly with the increase of track multiplicity..
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aM

0

10

20

Number of incident particles
Figure 1.1.3: Quality factor of a multiwiie spark chamber system consisting of 4 planes
of wires. N is the number of sense wires in each plane.

In high, energy physics, for example, experiments at heavy ion colliders, such
as the Relativistic Heavy Ion Collider (RHIC) and hadron colliders, such as the Superconducting Super Collider (SSC) will require accurate tracking detectors capable
of resolving track multiplicities in the range of 10 /steradian.
Another important requirement which is common to position sensitive detector
applications in many fields, is a high counting rate capability. In synchrotron radiation
experiments, the next generation of synchrotron sources will increase the maximum
photon flux beyond the capabilities of many present position encoding methods.
It is obvious that a new type of detector is needed to resolve high multiplicity
events in today's large high energy experiments, one that provides unambiguous twodimensional information with good efficiency. This thesis will focus on two types of
detector developed at Brookhaven National Laboratory.
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Introduction

1.2. Scope of This Thesis
This thesis describes the R&D work on two types of interpolating cathode
pad readout system used in MWPCs. One of the readout systems uses subdivided
rows of resistively coupled cathode pads underneath each anode wire to perform
charge division. A position resolution of less than 100/im rms, for 5.4 keV x-rays,
and differential non-linearity of 12% have been achieved. The second readout system
uses rows of chevron shaped cathode pads to perform geometrical charge division.
Position resolution (FWHM) of about 1% of the readout spacing and differential
non-linearity of 10% for 5.4 keV x-rays have been achieved. All the work described
was performed at Brookhaven National Laboratory between 1986 and 1991.
The thesis is divided into seven chapters. A review of the principles of operation of the MWPC detector, and previous pioneering works related to the present
research are given in Chapters 2 and 3. Experimental results for both detector systems
are described in Chapters 4 and 5. Construction procedures are given in Chapter 6.
Conclusions and future developments of these systems are discussed in Chapter 7.
Some of the results in Chapter 4 were published in Refs. [2-4]. Some results
in Chapter 5 were published in Ref. [5].
In some of the computer simulations described in the text, the chamber geometries are based upon a conceptual design of a proposed tracking chamber in an
SSC experiment. However, many results are shown in a normalized manner in order
to be used for general purposes.
The coordinate system used throughout this thesis is denned as follows (see
Fig. 1.1.1):
• x coordinate is the direction parallel to the anode wires.
• y coordinate is the direction perpendicular to the anode wires but within
the wire plane.
• z coordinate is the direction perpendicular to the anode wire plane.

Principles of .Operation in an MWPC
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Chapter 2.
Principles of Operation in an MWPC
This chapter describes some of the major physical processes inside an MWPC.
Some parameters characterizing a detector's performance are also discussed.

2.1. Energy Loss Mechanism
When an energetic charged particle passes through a gas, it undergoes a series
of inelastic Coulomb collisions with the electrons of the gas molecules. As a result,
the particle loses its energy by excitation and ionization of the gas molecules, leaving
a trail of electron-ion pairs along its trajectory. This is the signature that an MWPC
detects.
The theory for ionization loss is given by the Bethe-Bloch formula:

dE_

Z p [ / 2mev

\

2]

a»i\lb«V

,

>

where me is the electron mass, /? = v/c, z and v are the charge and velocity of the
particle, NQ is Avogadro's number, Z and A are the atomic number and mass number
of the atoms (or molecules) of the medium, x is the path length in the medium, and I is
an effective ionization potential averaged over all electrons (J w 10/JeV). Eq. (2.1.1)
shows that dE/dx is independent of the particle mass M. It varies as l/v2 at nonrelativistic velocities, reaches a minimum for E ~ 3MC2, increases logarithmically
with 7 = B/Mc 2 = ( 1 - 0 1 ) - 1 ! 2 (called relativistic rise). GeneraUy, {dE/dx^

~1-

2

1.5MeVcm /g for most media.
Fig. 2.1.1 shows the energy loss in Argon for different particles, and the energy
loss of protons in various gases [6].
A classical description of the energy loss distribution in a thin absorber (in
which the energy loss is negligible compared with the total energy of the particle) due
to Landau, is written as:
*(A+~A)'

(2L2)

Principka of Operation in an MWPC
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103
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Figure 2.1.1: (a) Energy loss of various particles in argon (b) Energy loss of protons in
various gases [6].
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where A represents the normalized deviation from the most probable energy loss

A="T",

t = K^%.

(2.1.3)

The energy loss distribution calculated from the above expression is narrower
than the experimental results from an MWPC. Other models which include corrections from atomic shell structures are given in Refs. [7-8].
The energy range of photons of interest in this work is a few keV. Photons
interact with detector gas mainly by the photoelectric effect. It is a single localized
e\eni. 4 simplified process can be described as the following:
The absorption of an x-ray photon of energy Ef by a gas molecule with a
skell energy of Ei (Ei < Ey) results in the emission of a photoelectron with energy
Ee = E-f — Ei. The excited molecule (ion) with a vacancy in its inner shell returns
to its ground state mainly through either of the following processes:
i. Fluorescence: an outer shell electron with binding energy Ej fills the inner
shell vacancy, emitting a photon of energy Ei — Ej.
ii. Auger effect: an internal rearrangement involving several outer shell electrons,
results in the filling of the inner shell vacancy by an outer shell electron (with
binding energy Ej) and emission of an outer shell electron with energy Ei—2Ej.
The fluorescent photon has a relatively long range and it can escape from the
detector gas volume, resulting in a deficit in the deposited energy (an escape peak in
the energy spectrum). Fig. 2.1.2 shows the energy spectrum obtained from a detector
with 5.9 keV x-rays and argon gas mixture.

2.2. Ionization of Gas, Anode Avalanche
The electric field of a typical MWPC geometry used in this work is shown in
Fig. 2.2.1 (generated using the program GARFIELD [9] from the CERN Program
Library). The ionization caused by the incident charged particles or photons results
in a collection of electrons and positive ions. Under the influence of the electric field
in the chamber, the electrons drift toward the anode wire and positive ions toward
the cathodes. It is the electrons drifting toward the anode wire which are of most

Principles of Operation in an MWPC
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6

10

Energy [keV]
Figure 2.1.3: Energy spectrum of 5.9 keV x-rays in an argon filled MWPC.

importance in the MWPC operation. The positive ions are about a factor of 1000
slower in drift velocity than the electrons.
With the increase of the electric field near the anode wire, an electron gains
more and more energy between collisions. When its kinetic energy is greater than
the ionization potential of the gas molecules, it can ionize a gas molecule upon collision and create an electron-ion pair. Subsequently, the newly created electrons,
together with the original electrons, will gain enough energy to ionize other neutral
gas molecules. An avalanche of ionization is therefore formed. The process of ionization by collision is the basis of the avalanche multiplication in a proportional chamber.
The typical proportional chamber has a cylindrical electric field near the anode wire.
The avalanche takes place within several wire diameters above the anode wire surface.
The slow moving positive ions created by the avalanche process drift away
from the anode wire. Compared with the speed of the drifting electrons, they can
be considered stationary. For avalanches which create a large number of electron-ion
pairs, the presence of the positive ions surrounding the anode wire can form a "shell"
which effectively reduces the electric field strength inside, resulting in a reduced gas
amplification factor. This is commonly called the space charge effect. It occurs most

Principles of Operation in an MWPC

Figure 2.2.1: Electric field lines (solid line) and equi-potential lines (dashed line) in a
chamber geometry used in this work.

likely in chambers with thin anode wires, large gas gain, and at high counting rates.
In the detectors described in Chapter 4, this effect is deliberately used to reduce the
dynamic range required for the readout electronics.

2.3. Induced Charge on Electrodes
The movement of the electrons and positive ions from an avalanche induces
charge on the surrounding electrodes. The signal detected by the readout electronics
connected to either anode or cathode is due to this induced charge. An understanding
of the time development and spatial distribution of the induced charge is crucial to
the design and application of the readout electronics and electrode structure.

10
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Figure 2.3.1: A simple electrode configuration

2.3.1

Green's Theorem of Reciprocity
Green's theorem of reciprocity states that if charges Q\, Q%, ... , Qn

on

the

conductors of a system give rise to potentials Vi, V2, ..., Vn and if charges Q\, Q'^,
... , Q'n on the conductors of a system give rise to potentials V[, V2', ..., Vn, then:
i.
«=i

(2.3.1)

t=i

We consider a simple system with three conductors: A, C and / as shown in
Fig. 2.3.1. According to Eq. (2.3.1):
QAVA

+ QcV'c + QiV[ =

Q'AVA + Q'cVc +

tyVj

Let the initial state be: Qj = 0, VA = 1 and Vc = 0, and let the final state be:
Q'j = g0, VA = 1 and V'c = 0. Then we have:

which yields:
Q'A ~QA

= -QOVL

(2.3.2)

Q\ — QA is the induced charge on conductor A due to the presence of charge
qo on conductor /, and Vj is the potential at the location of conductor I for the initial
state.

Principles of Operation in on MWPC
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Now let conductor A be the anode, C be the cathode and I be the positive
ion cloud created from the avalanche. Then the charge induced on the anode wires
is simply — qoVj, in which go is the charge of the ion cloud and Vi is the potential
at the ion location with the anode raised to unit potential and the cathode at zero
potential. Similarly, the induced charge on the cathode C can be found to be

2.3.2

Time Development of Induced Charge
Now we consider a cylindrical wire chamber geometry. Let r o , rc be the radii

of the anode and cathode respectively. Let Va be the anode voltage and let Vc = 0.
The electric field at a distance r from the center of the anode E(r) can be described
as:

and the potential V(r) can be expressed as:

$&]

(234)

--

Assume the avalanche process creates two point charges: <£. and —go, where go
is the charge of the positively charged ions and —go is the charge due to the electrons.
Because of the geometry of the chamber, most of the multiplication process occurs al
ro, which is very close to the anode wire (almost half of the total avalanche charge is
created in the last mean free path above the anode surface). Assume that the positive
ions move towards the cathode under the influence of the electric field, with a velocity
defined as: v(r) = [iE(r), where /i is the positive ion mobility which is considered to
be independent of E. Assume the electrons arrive at the anode wire surface after a
very short time Ai because of the fast drift velocity and short distance of travel of
the electrons.
The charge induced on the anode wire due to the positive ions is, according
to Eq. (2.3.2): Qi — —goV£, and similarly, the charge induced by the electrons on the
anode is Qe = qaVe. Assume that the time At is short enough that we can consider
the ions to be stationary during that period. Then the net induced charge on the

12
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anode wire can be described by the following:

QA

- 90^1 {TO) + ?oVi (TO) = 0

t=0

- qoVi (r 0 ) + g o - l

t = At
(2.3.5)

=
r)

t > At

- q0 • 0 = 0

t > tc

where tc is the time when the positive ions arrive at the cathode strrface, and V\ =
1——-—r^-r is the potential at the ion location with the anode raised to unit potential
while the cathode is at zero potential.
In a MWPC, it is normally considered that the electrons are very close to the
anode surface (most of them are within a few mean free paths of ionizing collision).
*
*
For most applications, the induced charge due to the motion of electrons can be
ignored (this results in less than 5% error in the total signal charge) [10]. However,
the contribution of electrons to the anode signal cannot be ignored in cases where
very fast readout electronics are used. Eq. (2.3.5) can then be rewritten in terms of
the induced current:
while:
—r— = —E\ (r) = —-—-—-—dr
rln(rc/ra)

(2.3.7a)

From Eq. (2.3.7b) one obtains:

rdr =

fa
In (Tc/Ta)

integrate Eq. (2.3.8):

f

ra) Jo

and

it.

(2.3.8)
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ra

where Ea = — . a —- is the electric field strength on the anode surface. <o deterraIn(rc/ra)
mines the time scale of the ion motion and of the induced signal.
Substitute r = ra^/l + t/t0 into Eq. (2.3.7a) and Eq. (2.3.7b), we can write
Eq. (2.3.6) as:
.

_

fiVa

. .. J]

1
2

1

r\ l + t/t0

1
= 30;2\n(r /r )t l
c a Q

1

while the signal current in the anode readout electronics is:
(2312)

and the signal current in the cathode readout is:
i

i

(2.3.13)

(r c /r a )£ 0 1
Note that the relationship ic = —ia is only valid for a two electrode system. In systems

with multiple electrodes, the induced charge is distributed among many electrodes,
and the time development of the signal may vary from electrode to electrode.
For an arbitrary electrode configuration, the Weighting-Field concept developed by Radeka [11] is more convenient to use for calculating the induced charge.

2.3.3

Anode Avalanche Angular Distribution
The avalanche process is not uniformly distributed around the circumference

of the anode wire. As illustrated in Fig. 2.3.2, it is concentrated towards the direction
where the primary ionization takes place. This asymmetry results in the angularly
localized positive ion distribution, which in turn results in asymmetry in the cathode
induced charge distribution. The avalanche angular distribution is dependent on the
anode wire diameter, avalanche size, gas mixture and type of radiation.
Fig. 2.3.3 shows some results [12] on the angular distribution of the avalanche
around the anode wire in an argon-methane mixture with different anode wire diameters. The measurements were performed with an azimuthally segmented cylindrical
proportional counter.
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(b)

Figure 2.3.2: Illustration of the avalanche process leading to the angular distribution
of avalanche, and the shift of induced charge distribution, (a) A photon traversing the
chamber ionizes gas molecules and creates electron-ion pairs. The electrons drifts towards
the anode wire along the electric field line.
(b) Avalanche takes place and the angular
charge density of the electron or ion is non-uniformly distributed around the anode wire in
most cases. (c) Positive ions drift away from the anode wire along the electric field lines.
The angular charge density of the ion is more concentrated in the direction of the primary
ionization. The motion of the positive ion induces charge on both cathode planes. The
asymmetry in the ion distribution causes changes in the centroid and width of the induced
charge distribution on the cathodes.
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Figure 2.3.3: FWHM of the angular distribution of the avalanche as a function of
avalanche size for 5.9 keV x-rays in 90% argon 10% methane mixture.
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Induced Charge Distribution on the Cathode
The induced charge density distribution on the cathode plane due to the an-

ode avalanche has been described in several publications [13-17]. The results are
summarized here.

cathode

j
h

anodes
O-

/*
&

cathode

Figure 2.3.4: Cell geometry and parameters of an MWPC

A simple model to calculate the induced charge distribution is to use the image
charge method [IS]. Ignoring the presence of the wires, the system can be considered
to consist of only two infinite parallel conducting planes. The charge created by the
anode avalanche is located in between the two planes. We assume that the charge is
pointlike and is located midway between the two planes separated by 2ft. The image
charges are an infinite series of point charges at intervals 2ft along a line perpendicular
to the cathode planes with alternating polarities. The induced charge distribution
is proportional to the induced electric field at the surface of the cathode plane of
interest. It can be described by a simple expression:

2
where Qx is the avalanche size.
The charge distribution along any one dimension can be derived by integrating
Eq. (2.3.14) over the other dimension:
p{x) - I
J—oo

p(x,y)dy
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tft

(2.3.15)

£.11

The integral of the above expression is:

L

p (i) i s = - — farctan (e TS ' 2& ) 1 **
7T

L

V

for

0 < xx < x2

(2.3.16)

/ Ixi

A three parameter empirical formula was developed by Gatti et a!., [13] for
the induced charge distribution along the anode direction. Mathieson et al., [14,16]
calculated the exact one dimensional distribution for the direction along and perpendicular to the anode wires. They also developed a single parameter empirical
expression based on the Gatti formula [15,17]. It was found that the difference between the induced charge distribution along the anode wire direction (pi) and the
distribution perpendicular to the wires (p2) is negligible for all practical purposes.
The single parameter formula is given, as a function of a normalized coordinate A
(A = —), as the following:
h

PM-zr.

l-tanh 2 (!C 2 A)

where:
4 arctan \JK%

K% is a parameter whose value depends on the geometry of the chamber. The values
of interest in this work are shown in Fig. 2.3.5. The integral of Eq. (2.3.17) is:

f ^J

QA
QA

arctan L^tanM/faA)] •

(2.3.18)

Naturally, when h/s = 0, the geometry degenerates into two parallel plates. Under
this condition, K3 = 1 and Eq. (2.3.17) becomes identical to Eq. (2.3.15).
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Figure 2.3.5: Values of K3 in Eq. (2.3.17) as a function of chamber parameter h/s and
rjs [17].

2.4. Signal Processing
2.4.1

Preamplifier
The amount of charge collected by the anode or the cathode in a gas propor-

tional chamber is sufficiently small to require the use of low noise front end electronics.
The preamplifier is the first stage of amplification for the signal from the detector
electrode. The most commonly used type is the charge sensitive preamplifier, which
converts the amount of charge from the input to a voltage output. It is an inverting amplifier with a feedback loop through a capacitor. The output voltage of the
preamplifier is proportional to the input signal charge. Its gain is determined by
the feedback capacitor. One of the low noise, high performance preamplifiers used
throughout this work is BNL-IO-454-4, designed by Stephani of BNL. Fig. 2.4.1 is
a photograph of the preamplifier and its circuit diagram.
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Figure 2.4.1: Photograph and the circuit diagram of the "triple preamplifier" used in the
detectors.
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Shaping Amplifier
The output of a preamplifier normally has a rather long decay time (10-100 /JS

typically). To reduce the duration of the signal pulse and to limit the bandwidth for
the reduction of noise, shaping amplifiers are used to process the preamplifier output.
Shaping amplifiers can consist of delay line clipping, or R-C, C-R networks.

2.4.3 Final Stage of Analog Signal Processing
The final stage of analog signal processing differs, depending on the application
of the MWPC. The simplest process is to discriminate the signal from shaping amplifiers, which results in an output logic pulse when the input exceeds certain threshold.
The discriminator output can be used to determine whether a particular channel has
a hit. For applications where the avalanche size is of interest, the shaping amplifier outputs are connected to analog to digital converters (ADCs) which convert the
analog signal into digital information to be used for computer analysis. The shaping
amplifier outputs can also be sent to analog processing devices such as a Pulse Height
Analyzer (PHA) or other application specific devices. An analog centroid finding
system has been used throughout this work. Its operating principle is described in
Appendix A [19],

2.5. Measures of Detector Performance
As a position sensitive detector, position resolution and position linearity are
two of the most important measures of a detector's performance.

20

Principles of Operation in an MWPC

20II»U :

200n«$

Figure 2.4.2: (a) Photograph of a 200 ns shaping ampUfier. (b) Photograph of the cathode
signal waveform of the shaping amplifier. Radiation was 15 GeV proton.
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Position Resolution
Position resolution is denned as the standard deviation a or the full width

at half maximum (FWHM) of the reconstructed position distribution for a given
incident particle or photon beam whose position distribution is a ^-function. The
position resolution of a detector system is determined by many factors, such as the
signal to noise ratio of the readout electronics, the physical spread of the primary
ionization, the physical spread of the avalanche and the width and incident angle of
the radiation.

2.5.2

Linearity and Uniform Irradiation Response
Assume a track's reconstructed position y is a function of the true position x:

y = /(x), as plotted in Fig. 2.5.1. Assume that a section (x\—X2) of the chamber is
under uniform irradiation from a source whose spatial distribution is: u(x) = const.
Consider a small segment 81 along the y = f(x) curve, whose slope is f'(x).

Its

projection on the z axis is Sx and on the y axis is Sy. Now all the flux from the
uniform irradiation within the segment Sx will be mapped to a response function v(y)
along the y axis within the segment of Sy. (The effect of finite position resolution of
the detector is neglected.) Therefore:
Sx •. u (x) = Sy • v (y)
or, if we normalize u(x) — 1, rewrite v(y), we have:
l \

V{y)

Sx

=

-5y-

Let 81 =$• 0, we then have

v(y) is a normalized uniform irradiation response (UIR) as a function of the reconstructed position y, and f(x)

is the derivative of the reconstructed position as a

function of the true position. In an ideal position sensing detector, f'(x) = 1.
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Figure 2.5.1: Principle of the Uniform Irradiation Response (UIR). y = f(x) is the
detector response function. u(x) is the detector input function (uniform irradiation), and
v(y) is the detector response to such an input function.
For a position encoding system with good linearity, i.e. f(x)

— 1 <C 1, we can

ignore the diiference between v(y) and v(x) and use the latter for convenience. Then:
/ ' (*) = l/v (x)

f (x) =xx + — ? — r Ifv (x1) dx'
12 - Xl

(2.5.2)

Jx.

In most of the position encoding systems discussed here, the position nonlinearity has a periodic form. As a simple example, assume the periodic form is a
sinusoidal function:
f(x) = x + Asm(^)

(2.5.3)

where n is the frequency of modulation within a readout spacing la, A is the amplitude
of the modulation {2mrA < la). The UIR function can be written as:

/''
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(2.5.4)

'a

\

'a

/

One of the commonly used measures of non-linearity is the differential nonlinearity (DFNL), which is denned as:
D F N L

=

*W-*i

Apply the expression from Eq. (2.5.4):
DFNL = ^

• 1A

(2.5.6)

'a

The above expression reveals the relationship between DFNL and the maximum reconstructed position error.
DFNL is a very stringent measure of the linearity of the detector encoding
system because its value is derived from the maximum and minimum of the UIR
spectrum. In some cases, a large DFNL could be caused simply by a "kink" in the
response function y = f(x) over a very small distance, or a large spatial frequency of
modulation re, even though the actual position error could be quite small.
In many of the computer simulations on the linearity studies, a quantity "normalized rms position error" is used to evaluate the average response of a detector.
Denoted by <TJJ, it is denned as:
N

Eto"1*)2

(2.5.7)

t=i

where x{ and yi are the true position and reconstructed position of a sample point,
respectively, N is the total number of sample points. All the sample points are
unifornuy distributed within a range which is equal to the readout spacing la.
If the DFNL of a detector system is small, and the position error y — x is a
near sinusoidal function of x, it can be easily proven that:
DFNL = 4\/27r7i<rN.

(2.5.8)

Review of Interpolating Methods in MWPCa

25

Chapter 3.
Review of Interpolating Methods in MWPCs
A single plane of a conventional MWPC gives positional information of the
incident particle in one direction, and the position resolution is given by the anode
wire pitch (<r = s/yfl2). An interpolating method is one in which signals from a few
readouts can be processed to obtain position information much liner than the readout
spacing.
Interpolating methods have been used in many charged particle or photon
detectors. They can be roughly divided into three categories: resistive charge division,
capacitive charge division and geometrical charge division.

3.1. Resistive Charge Division
In a proportional gas chamber, an avalanche creates signals on both the anode
and cathode. One or both of the two signals can be used for position measurement. A
detector using resistive charge division has finite resistances in its readout electrodes.
The charge created by the avalanche is collected by more than one readout. Using
the fact that the amount of signal collected by the readout is inversely proportional
to the resistance between the signal source and the readout node, the position of the
avalanche can be determined.

3.1.1

Charge Division with Resistive Anode Wire
Resistive electrodes have been used in many forms in radiation detectors. For

instance, they were used by Schottky in 1930 with photodetectors, used in semiconductor detectors by Louterjung et al., and in spark chambers by Charpak et al. in
1963 [20].
The most commonly used position sensitive detectors with resistive electrodes
use the charge division method. Reference [21] describes a single wire proportional
counter using resistive anode charge division. Reference [22] describes a two dimensional MWPC with resistive charge division on both anode wires and cathode grids.
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Reference [23] describes a large scale MWPC system using the resistive charge division method (see Fig. 3.1.1). In this system, a position resolution (<r) of 0.4% of
the anode wire length (1.2 m long) was achieved. The charge division with resistive
electrodes is independent of the capacitance and resistance of the electrode. It can
be easily adapted in various applications.

x=

QA+B

A+B

Figure 3.1.1: Schematics of a large scale MWPC with resistive charge division

The theoretical analysis of such systems is described in Refs. [24] and [25].
Several readout configurations were discussed in Ref. [25].
3.1.2

Resistively Coupled Cathode Strips and Wires
Another charge division scheme was introduced by Radeka et al., [19]. This

method utilizes the induced charge on the cathode of an MWPC. As illustrated
in Fig. 3.1.2, one or both cathode planes were divided into strips interconnected
by resistors. Certain strips at regular intervals were connected to charge sensitive
preamplifiers. The centroid of the induced charge on the cathode (in the direction
across the strips) can be calculated by using signals from only a few readout channels.
This method equally applies to the special cases of cathode strips—individual or group
of interconnected cathode wires.
The position resolution of such a system is primarily determined by the signal
to noise ratio and the readout spacing. An optimal performance in position resolution with a minimum number of electronic signal channels can be achieved with this
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Figure 3.1.2: Schematic structure of an MWPC with resistively coupled cathode strips
"subdivided" resistive charge division method. Typically, no more than three readout
channels are used to perform centroid computation to minimize the noise contribution from preamplifiers. The position linearity of the system is determined by the
uniformity of the resistance, the width of the individual strip and the matching of
time constants of the electrode and the electronics [19]. Because the centroid finning
is performed locally, the position resolution is independent of the dimension of the
detector. Application of this readout system has been reported in Refs. [26-27].

3.2. Geometrical Charge Division
As discussed in Chapter 2, the induced charge on the cathode plane from an
avalanche is spread over a localized area. The other type of interpolating position
sensing MWPCs uses specially shaped electrodes to sample the avalanche charge. The
amount of charge induced on the electrodes varies with the position of the avalanche.
The position of the avalanche therefore can be determined with good accuracy.
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3.2.1

Strip Cathode
The simplest geometry uses cathode strips side by side with strip widths

slightly less than the anode-cathode spacing to sample the induced charge. Each
of the strips can be directly connected to a preamplifier [28]. In fact, the best position resolution from a gas proportional chamber was obtained in a detector with this
type of strip cathode [29]. Closely spaced cathode wires can also be used for this
purpose. The optimum width of the strips is discussed in Ref. [13].

3.2.2

Wedge and Strip Cathode
The Wedge and Strip electrode is a classical example of the geometrical charge

division method. Introduced around mid 1960s by Anger [30] to be used as the anode
of a photomultiplier tube, it became a very popular two dimensional position sensing
method, and it has evolved into several other variations [31].
The original wedge and strip electrode is shown in Fig. 3.2.1: Electrodes A
and B are wedge shaped. Their width varies linearly along the y direction. Therefore
the y coordinate of an event centroid can be determined from the ratio: 4 z 5
A,

or

g, where A and B are the electric charge signals collected on electrodes A and

B respectively. Along the x direction, the width of electrode C increases while that
of electrode D decreases. Therefore the x coordinate of an event can be determined
by the ratio: %^j or ^JJ-

It is obvious that the position linearity of the system

depends critically on the footprint of the induced charge. That is, the spread of the
induced charge must cover several groups of the wedges and strips in order to achieve
a good position linearity. Fig. 3.2.1b&c show two variations of the wedge and strip
electrode pattern.
Wedge and strip electrode has also been used as the cathode plane of MWPCs.
Reference [32] describes both microchannel plate detector systems and MWPC systems using wedge and strip electrodes. The electrode pattern used in the MWPC is
the same as shown in Fig. 3.2.1b. It is important to keep the spacing between anode
plane and the wedge and strip cathode plane larger than the period of the wedge
and strip pattern, so that the footprint of the charge induced on the cathode plane
is spread over several wedge and strip patterns.
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A+B+C

Figure 3.2.1: (a) The original wedge and strip electrode developed by Anger, (b, c)
Variations of the wedge and strip pattern.
This is a true two-dimensional interpolating method. However, the reconstructed position in the direction across the anode wires suffers large modulations at
a period of the anode wire spacing. This is due to the nature of the MWPC, in which
avalanches are localized to near the anode wire's. This limits the position resolution
of an MWPC to the anode pitch in the direction across the anode wires.
The large electrode capacitance limits the maximum dimension of these electrodes, due to the electronic noise. The minimum size of such electrodes is limited
by the etching technique.
3.2.3

Backgammon Cathode
Allemand and Thomas [33] developed this new method of position encoding

in an MWPC. Fig. 3.2.2 shows the pattern of their Backgammon Cathode and the
detector structure.
As in the case of the Wedge and Strip electrode, ihe period of the zigzag
pattern must be maintained at a fraction of the anode-cathode spacing to avoid nonlinearity due to too coarse sampling of the induced charge. The large capacitance of
the electrodes is not suited for high resolution and large area applications.
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A+B
Figure 3.2.2: Backgammon Cathode and its application in an MWPC

3.2.4

Graded Density Cathode
Mathieson et al. [34] introduced a new "progressive geometry" position encod-

ing method (see Fig. 3.2.3). It uses a plane of cathode wires with constant pitch which
are electrically connected into two groups in such a manner that the linear density
of each group changes linearly with distance. The centroid of induced charge on the
cathode plane is shared by the two wire groups according to their local wire densities.
Further improvements were made by subdividing the graded density cathode [35-36]
and with tailored coupling capacitances and non-linear grouping of wires [37].
This interpolating method can be realized by conventional MWPC construction technique. However, it does require a large wire density to achieve a good position
linearity. The special tailoring technique is somehow difficult to apply for arbitrary
geometries.
3.2.5

Wedge or Diamond Shaped Cathode Pads, Vernier Method
Two similar types of cathode readout system (wedge shaped pads [38] and

diamond shaped pads [39] were introduced in 1984 and 1985. Fig. 3.2.4 shows both
cathode structures. In both methods, a pair of specially shaped electrodes are placed
under and along an anode wire. Charge division is performed on the two electrodes to
give position information witliin the period of the wedge or diamond pattern (vernier
method). In both methods, additional position information is required to determine
within which period the avalanche is located. This is typically done by using charge
division with resistive anode wires. Both methods would exhibit large non-linearities
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Figure 3.2.3: Graded Density Cathode

Figure 3.2.4: (a) Wedge shaped cathode; (b) Diamond shaped pad cathode.
near the vertices of the wedge or diamond pads. In the diamond pad method, another
pair of electrodes (displaced along the wire direction by 1/4 of the diamond period)
was placed on the other side of the anode wire to improve the system linearity.
3.2.6

Zigzag Strip Cathode
The zigzag shaped pad cathode was first described in Ref. [40]. A more detailed

study was carried out by Mathieson and Smith [42]. As shown in Fig. 3.2.5, this
cathode pattern is a combination of the strip cathode and the backgammon cathode.
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Figure 3.2.5: Zigzag strip cathode. The anode wire positions are indicated by the dashed
lines.

This is a very versatile one dimensional interpolating method. It can be used
in many areas of applications. The readout spacing is no longer restricted to be less
than the anode-cathode spacing as in the case of straight cathode strips. However,
its inter-strip capacitance is much larger than that of conventional straight strips,
which will add noise to the electronics. Its maximum dimension is limited by the
capacitance of the strip, while the minimum is determined by the etching technique
of printed circuit board. Due tb its close relationship with the interpolating method
described in chapter 5, some of its properties are discussed there.

3.3. Capacitive Charge Division
Similar to the principle of resistive charge division, Smith et al. [41-42] introduced this charge division scheme, utilizing the intrinsic capacitive coupling among
cathode strips. Schematics of two cathode layouts are shown in Fig. 3.3.1. In the "single intermediate strip" cathode, for example, the charge induced on the intermediate
strip is coupled to the two neighboring strips via the inter-strip capacitance C\. A
fraction of the induced charge is lost to the ground due to the capacitance to ground
C2, which causes the non-linearity in the charge division. The position non-linearity
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Anode wire

Cathode strips

Figure 3.3.1: Examples of the capacitive charge division method, (a) Single Intermediate

Strip method; (b) Two Intermediate Strip method.
is negligible if C\ > Ci. In the case of the "two intermediate strip" cathode, the C[
can be tailored to achieve a optimized position linearity.
Due to the presence of the capacitance between strip and ground, it is impossible to achieve perfect charge division. However, by minimizing the strip-to-ground
capacitance and increasing the inter-strip capacitance, the differential non-linearity
of such a system can be reduced to negligible level.
One of the advantages of the capacitive charge division method is the reduction
of the capacitive load of the preamplifiers. In the case of the "single intermediate
strip" cathode, the capacitance of the readout strip as seen by the preamplifier is
nearly halved. The capacitive load of a "two intermediate strip" cathode strip has
about 1/3 of the load of a conventional cathode strip. This reduction will improve
the signal to noise ratio of the system.
One limitation of this capacitive strip cathode is that the readout spacing is
limited to no more than about 2.5/»., because the width of each strip has to be less
than 0.8h to maintain a good linearity [19,41]. However, it is possible to overcome
this limitation by using the zigzag strips described in the previous section. The width
of each zigzag strip is not limited by the anode-cathode spacing. The large inter-strip
capacitance of zigzag strip will enhance the capacitive coupling.
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Chapter 4.
Pad Chamber with Resistive Charge Division
4.1. Principle of Operation
The resistive pad chamber is a natural extension of the early designs of resistive
cathode strip chambers. As shown in Fig. 4.1.1a, rows of rectangular conductor pads
lie underneath the anode wires. A resistive strip with uniform resistance interconnects
all the pads under an anode wire. Certain pads at regular intervals along a pad row
are connected to the readout electronics. These pads are often referred to as readout
nodes. The spacing between the readout nodes is denoted by la.
Fig. 4.1.1c illustrates the principle of charge division on such a cathode. When
a charged particle or photon traverses the chamber, it ionizes the gas molecules and
generates an avalanche near the anode wire. The charge (<2») induced on each pad
(at position Xi) under the anode wire is equal to the integral of the cathode charge
density over the area of the pad. The charge is collected by the nearest two preamplifiers tapped at positions (zfc-i,Zfc) along the pad row. The amount of charge that
goes to either side of the preamplifiers {Qi,k-uQi,k) is inversely proportional to the
resistance values from this pad to the readout pads. It can be easily proved that (see
Appendix B) the centroid of the induced charge distribution xc, which is denned as:

/ xp (z) dx
=44
/ p(x)dx

(4.1.1)

can be calculated from the information obtained from the readout nodes:

provided that the length of the pad along the wire direction is kept below O.Sh.
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Figure 4.1.1: (a) A "3-D" view of a pad chamber structure, (b) A cross section of the pad
chamber showing the cell geometry, (c) Principle of resistive charge division
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4.2. Detector System Overview
Two chambers with resistive pad readout have been built at BNL. The detailed
constructions of both chambers are discussed in Chapter 6.

The following is a

summary of their major parameters.
A prototype chamber was first built to study the performance and construction
of such a detector system. It has 525 readout channels, which cover a sensitive area
of 20 cm x 10 cm. The readout node spacing (la) is 1 cm. Each pad is 0.6 mm long
(along the wire direction) and 2 mm wide. There are 10 pads per readout node. A
wire plane consists of alternating anode and field wires is placed 2 mm above the
cathode pad plane. There are 25 anode wires and 26 field wires. The diameter of the
anode wire is 17.5 /an and that of the field wire is 125 fim. The spacing between the
anode wire and the field wire is 2 mm. Another 2 mm above the wire plane is the
cathode window. The cathode window and the field wires were at ground potential
during operation. Argon (90%) and methane (10%) mixture (a.k.a. P-10) was used
in this chamber.
A full-size chamber was designed and built for the heavy ion experiment
(E-814) at the Alternating Gradient Synchrotron (AGS) of BNL. Some of its parameters are:
• 1016 readout channels; 26 cm x 16 cm active area; 40 anode wires, 41 field
wires; The pad size is 0.8 mm in x by 2 mm in y;
• Wire plane to window spacing is 4 mm to get a larger primary ionization
from particle tracks. The wire plane to cathode spacing is 2 mm.
• The readout spacing is 6 mm in the center of the active area, 15 mm at
one end and 12 mm for the rest of the active area. This arrangement was
to accommodate the anticipated track density of the experiment in order
to maintain a good double track resolution.
• The gas mixture used was 50% argon and 50% ethane during most of the
tests.
There were basically two types of readout system used in the pad chamber
studies:

38

Pad Chamber with Resistive Charge Division

During the lab test, an analog centroid finding system [19] was used. The
schematic diagram of the electronics is shown in Fig. 4.2.1. The
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Fe source which

generates 5.9 keV x-rays and a chromium anode source which generates 5.4 keV xrays were used throughout the tests. The outputs of several on-board preamplifiers
(maximum 15, due to the available electronics) connected to a row of pads were sent to
the sample-and-hold module. They were shaped by a trapezoidal filter with a response
about 1.4 fis wide and sampled. The sequential switch module sent the sampled signals
to the centroid finding filter. Fig. 4.2.2 is a photograph of the sequential switch output.
The anode signal was collected by a charge sensitive preamplifier and the output sent
to a shaping amplifier. The output of the shaping amplifier was used by the centroid
finding system as a trigger signal. This trigger signal, synchronized with the internal
clock of the centroid finding system, was also used as the start signal of a time to
amplitude converter at a later stage. Upon arrival of the trigger signal, the output
from the sequential switch was convoluted with the centroid finding filter. A timing
signal corresponding to the zero crossing time of the convoluted signal was generated
and used as the stop signal in the time to amplitude convertor. The output of the
time to amplitude convertor was analyzed by a pulse height analyzer.
As shown in Fig. 4.2.3, the chromium x-ray source was mounted on a stepping
motor controlled x-y stage. The motion of the x-ray source can be controlled by a
computer to an accuracy of 1 /jm. The x-ray source can be used as a diffused source
of uniform irradiation over an area of about 10 cm by 10 cm, or as a collimated beam
with an aperture down to 13 /xm by 500 /tin. A monochromator can also be used to
obtain mono-energetic x-rays.
The second readout system was employed in the heavy ion experiment. The
schematic of this system is shown in Fig. 4.2.4. The cathode signals were processed
by the on board preamplifiers. Transformers were used at the output for isolation
purposes as well as impedance matching. Their outputs were sent through 50 m
of individually shielded twisted pair ribbon cables to shaping amplifiers and then
digitized by charge sensing ADCs. The digital information was stored on magnetic
tape for off-line analysis.
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Figure 4.2.1: Schematic diagram of the electronic setup during x-ray lab tests.

(a)

Figure 4.2.2: Photographs of two sequential switch output waveforms on an oscilloscope.
The one on the left shows the waveform when the x-ray beam is located over a readout
node. The one on the right shows the waveform when the x-ray beam is located midway
between two nodes. The waveforms are convoluted by a specially designed bipolar filter
response to give the centroid position.
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Figure 4.2.3: The x-ray source used during detector lab tests. The white vertical cylinder
at the right hand side of the photo is the x-ray source. It houses an x-ray vacuum tube
with a chromium anode and a cathode filament. The threshold voltage differential, between
anode and cathode, for generating x-rays is 5.4 keV, and the intensity of the x-ray beam
can be adjusted by controlling the voltage and current through the cathode filament. A
monochromator with a collimator is mounted on the front side of the x-ray tube. The x-ray
source is mounted on an x-y stage controlled by a pair of stepping motors, shown to the right
of the x-ray source. The stepping motor can be moved in 1 /on increments in either axis, and
has a total span of about 25 cm. The detector shown here is for an x-ray imaging study. A
platform is mounted with ball bearings on a pair of stainless steel rails. Detectors mounted
on the platform can be moved along the x-ray beam direction. For tests with uniform x-ray
irradiation, the detector is moved to the left end of the rails, and the mono-chromator and
collimator are removed. The whole system is enclosed in a radiation proof box.
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Figure 4.2.4: Schematic diagram of the electronics chain used in an experiment at the
AGS of BNL

During the course of the experiment, particle beams such as proton, oxygen
and silicon were used. Some data from the heavy ion running is presented in Appendix E.

4.3. Design Considerations
For detectors of this type, the dimensions of the active area are obviously
defined by the application. The limitations on the size of the detector are based
mostly upon mechanical considerations. Some of the mechanical difficulties, such
as wire tension, flatness of the cathode plane, size of available printed circuit board
materials, and location of readout electronics are discussed in Chapter 6.
The area each readout channel covers is primarily determined by the incident
particle density and the occupancy of the detector. It is often a compromise between
the double track resolution and the permissible number of readout channels. The centroid finding method is used only along the anode wire direction, while the coordinate
in the other direction is given by the wire spacing. Therefore a small wire spacing is
desired for applications where good position resolution in the direction across anode
wires is required. This usually leads to a small anode to cathode spacing, for the
following reasons:
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i. It is preferable to have a square cell structure, i.e. the boundary of one anode
cell is a square. This implies that the anode wire pitch a is equal to twice
the anode to cathode spacing h. It is preferable to put ground or negatively
biased field wires between anode wires for field shaping to enhance the charge
collection efficiency.
ii. The induced charge distribution has a FWHM about l.Qh. H the anode wire
pitch is small while the anode-cathode spacing is large, the induced charge
from one anode will be spread over rows of pads under other anode wires. The
signal level on the primary pad row will be less, resulting in a lower signal
te noise ratio. In many cases, the charge shared to other pad rows could
complicate the pattern recognition along those pads and degrade the accuracy
of the centroid reconstruction.
However, the tolerances of mechanical construction place a strong restriction

on the anode-cathode spacing, especially for detectors with large active areas. It
is a well known fact that improperly tensioned anode wires will deflect under the
influence of the electrostatic force of the operating high voltages [43]. Small anodecathode spacing may also cause high voltage breakdown. The variation in flatness of
the cathode plane will result in large gas gain variation if not breakdown. In addition,
since the ionization of gas molecules by a charged particle or a photon is a statistical
process, its fluctuation in a thin detector is relatively large. Sometimes the energy
deposition is insufficient to be detected, resulting in a reduction of detection efficiency.
This problem can be solved, though, by using an asymmetrical cell structure, i.e. by
increasing the spacing between the anode wire plane and the cathode window, while
maintaining the spacing between the anode wire plane and the cathode pad plane.
Cares have to be taken in such an arrangement to optimize the voltage setting of all
electrodes for optimum detector operation.
As described in Chapter 2, the cathode charge distribution has a FWHM
of approximately 1.6h for the cell geometry of this detector.

Clearly the length

of the pad along the wire direction will play a role in the linearity of the system.
Calculations [19,41] on the performance of resistive cathode strip readout systems
show that the differential non-linearity of the system is negligible if the width of the
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Figure 4.3.1: Computer simulation on the effect of pad size on the position linearity.
The anode to cathode spacing is 2 mm. The maximum position error and differential
non-linearity does not depend on the readout spacing la.
strip is kept less than 0.8ft. This rule is equally applicable to the choice of the pad size
in a pad cathode. Fig. 4.3.1 shows the results of a computer simulation on the DFNL
and maximum position deviation as a function of the pad size. Readout node spacings
of 6 mm, 10 mm, 12 mm and 15 mm were calculated for both DFNLs and maximum
position errors. However, the readout spacing does not affect the dependences in
either case. This is because the non-linearity is due to the averaging of the induced
charge over each discrete pad, as compared to a linear weighting over the width of
the pad in the ideal situation (see Appendix B).
One also has to consider the fact that a certain minimum gap has to be maintained between pads for the deposition of resistive strip. Because only limited resistivity values of the resistive material are available, one needs to adjust the width and
length (the gap between pads) of the resistor to reach a given resistance.
In the direction across the wires, a guard strip can be used between two adjacent pad rows. The primary function of the guard strip is to reduce the amount of

44

Pad Chamber with Resistive Charge Division

charge induced on adjacent pad rows. By doing this, however, the guard strip will
take away a certain fraction of the signal charge. The width of the guard strips used
in our detectors is 1/4 of the anode pitch [2].
The capacitance of the pad electrodes to ground is determined essentially by
the cell dimension and readout node spacing. The resistance between the pads can
then be determined by the following relationship:
TF^RrtCn

(4.3.1)

where rp is the effective integration time of the shaping amplifier, Rn and Cn are the
resistance and capacitance of the pad electrodes per readout node. This will result
in a fast signal resolving time while maintaining the optimal signal to noise ratio and
position linearity.
The preamplifier used in this type of electrode has to be AC-coupled through
a capacitor Cj, so that the resistance between readout nodes will not affect the bias
of the preamplifier. However, the value of the capacitor C\, has to be large enough
such that [25]:

where Rn is the resistance between readout nodes. If the time constant C\,Rn is small
compared to the time constant of the readout electronics, the induced charge will be
equally shared by the readout nodes instead of being shared according to the resistive
values. Since all the preamplifiers are AC-coupled, one or two resistors per resistive
pad chain of pads are needed to provide the bias of the cathode pad electrode.
The design considerations on this type of electrode are discussed in detail in
Ref. [25], some computer simulations are reported in Ref. [44].
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4.4. Detector Performance

4.4.1

Calibration
Two calibration systems were built into both detectors, as shown in Fig. 4.4.1.

Since there is no calibration input on the preamplifier, an alternative method was
used to inject a pulser signal into the preamplifiers. On the prototype chamber, a
copper strip 2.5 mm wide was etched on a ground plane 380/xm above the leads
connecting the pads to the preamplifiers. The capacitance between the strip and the
readout leads is approximately 0.1 pF. The capacitive coupling between the strips
and the signal leads enable a known amount of charge to be injected into the input
of the preamplifiers. However, there was some variation in the capacitance values for
different channels. It is believed that the variation in the capacitance is due to a small
variation in the spacing between the two planes, variation in the width of the readout
leads, and the strip's close proximity to the preamplifiers. The results obtained from
pulsing the cathode strip were primarily used for calibrating the linearity of the ADC
system.

to HV supply
Anode wire

to pulser

Figure 4.4.1: Calibration system for the pad chamber
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The full-size chamber has wider calibration strips (1.27 cm) to increase the
capacitance in order to accommodate the higher dynamic range of the ADC system.
The second calibration method was to pulse the anode wire, inducing charge on
the cathode pads directly underneath. The anode wires were connected into several
groups in such a way that neighboxing anode wires were connected into different
groups. Details of the anode wire plane are described in Chapter 6. The variation
in capacitance between the anode wire and the pads is much smaller than that of
the embedded strips. Because the variation is a reflection of the variation of induced
charge on the readout pads, pulsing the anode wires is a more realistic and accurate
way of calibrating the electronics gain.
The ADC system (LeCroy 1885F) used in the experiment requires calibrations
at two separate input signal ranges. The capacitance between the anode and the pads
is too small to be used to calibrate the high range of the ADC system. Two sets of
calibration were performed. The first calibration was pulsing the strips on the readout
board. Two sets of slopes (S = dNxnc/dQpukei) were obtained for each channel in
both ranges: S'^^ and S[ori. The second calibration was pulsing the anode plane. A
set of slopes was obtained for the low range S\oyr. The slope for the high range is then
extrapolated by:
ct

q
_ q
high
'•'high — "low qi
^low

The noise in the electronics chain was measured by injecting known amounts
of charge on the calibration strip and it was found to be equivalent to 1500 electrons
nns.
4.4.2

Gas Gain of t h e Chamber
The energy spectra of 5.9 keV x-rays and 14.5 GeV protons are shown in

Fig. 4.4.2. The energy resolution for 5.9 keV x-rays was 18% in the full-size chamber
at optimum voltage settings (see Chapter 6 for more details on the voltage settings).
The diameter of the anode wires used in both detectors is 18 /xm. Studies [45]
have indicated that by using anode wires with diameters in this range, space charge
saturation will occur at large anode avalanche sizes. This is desired in our case,
because of the large dynamic range in ionization seen by the chamber. As described
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Figure 4.4.2: Energy spectra of 15 GeV protons and 5.9 keV x-rays from the full-size
chamber. The vertical scales for both spectra are arbitrary. Gas used was 50% argon and
50% methane. The depth of the chamber gas volume is 6 mm.
in Chapter 2, the energy deposited in the detector volume by a charged particle is
proportional to Z 2 , where Z is the atomic number of the incident particle. So the
primary ionization caused by a silicon ion is therefore a factor of 200 larger than that
of a minimum ionizing particle. Simultaneous detection of both particles will require
readout electronics with a very high dynamic range. It was the intention to utilize
the space charge saturation effect of thin anode wires to reduce the dynamic range
required to detect both minimum ionizing particles and heavy ions.
Fig. 4.4.3 shows the results of a series measurements on the anode signal charge
as a function of the anode voltage for different radiation sources. The ratio in signal
sizes between silicon ions and protons is about 50-100. The gas mixture used in
the full-size chamber was 50% argon and 50% ethane. Compared with the P-10 gas
mixture used in the prototype chamber, this gas has a faster electron drift velocity,
but requires roughly 300 V higher anode voltage to obtain the same gas gain.

Pad Chamber with Resistive Charge Division

48

10

Silicon —i
VW=-300V
\

U
Q.

6
"3
Proton
Vw=400V

0.01
1000

1200

1400

1600

Anode voltage [V]

Figure 4.4.3: Anode avalanche charge as a function of high voltage. The results of the
full-size chamber are shown here. The gas mixture used was 50% argon and 50% ethane.
Anode charges were measured with a 200 ns shaping time. The window voltage settings are
indicated on the graph. The depth of the chamber gas volume is 6 mm.

Pad Chamber with Resistive Charge Division

4.4.3

49

Linearity of the Chamber
The most important function of a position-sensitive detector is the ability to

provide position information for an incident particle. Position linearity is one of the
most important properties in determining the quality of a detector.
DFNL can be obtained from a position spectrum for uniform irradiation. Measurements have been made by obtaining a uniform irradiation response, with 5.4 keV
x-rays, from a section of the pad cathode. For this measurement, the analog centroid
fending system was used. The ADC system available during lab tests (LeCroy 2249A)
has 10 bit resolution, which did not have enough dynamic range to give a realistic
response.
For the uniform irradiation test, the pad chamber was mounted vertically at
the far end of the x-ray box. The collimator of the x-ray source was removed. The
preamplifier signals were fed to the centroid finding system and the resulting position
signals analyzed with a pulse height analyzer. Fig. 4.4.4a shows the UIR across
eight readout nodes of the DCl prototype. The locations of the readout nodes, are
indicated by tick marks on the abscissa. Differential non-linearity is better than 12%.
The absolute position error as a function of x-ray position is shown in Fig. 4.4.4b.
The position error is derived by evaluating the UIR spectrum. The reconstructed
position can be derived from this equation:

1
y (x) = a +

/
b-a

fx

r+°°
J-cc

v (y) dy /

l
—-dy

(4.4.1)

J-co v (y)

where x is the true position, assuming the irradiation is uniform and is limited to
a < x < b. 3/ is the reconstructed position. v(y) is the counts from the UIR spectrum
obtained on a pulse height analyzer.
If the differential non-linearity is small, one can consider the UIR spectrum as
a function of the true position u instead of reconstructed position y. This results in
the following approximation:
y(x)zza

1
Fh
fx 1
+/ v{u)du
—r-rdu
o-aja
Ja v(u)

(4.4.2)

The position error curve shown in Fig. 4.4.4b was derived using this expression.
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Figure 4.4.4: (a) Uniform irradiation response of 5.4 keV x-rays from the prototype pad
chamber, (b) Absolute position error derived from the above spectrum
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Position Resolution and Anode Charge
The position resolution from electronic noise alone for pad detectors with

resistive charge division is determined as [19]:

FWHM » 3af±

±-J-f^kTCn

(4.4.3)

Ha V Ml

where af is a constant factor ( 2 < a,f < 3), Q3 is the amount of charge of the cathode
signal, T is the absolute temperature, k is the Boltzmann constant, rp is the shaping
time of the electronics, and Tn = RnCn is the RC time constant of one readout node.
A shorter shaping time will improve the resolution. However, if rp < rn, the position
linearity will be degraded because the cathode signals are not completely collected
by the readout electronics. The optimum choice is to make rp « r n . Under this
condition, the position resolution given from the equation above is independent of
the resistance between readout nodes [19].
A measurement of the" position resolution was performed by using the 5.4 keV
x-ray source with the monochromator and a collimator with a 15 /im wide aperture.
At a fixed x-ray beam position, a large number of events were processed by the
centroid finding filter and recorded with a pulse height analyzer. The width of the
reconstructed position distribution was calculated as the position resolution of the
detector.
Fig. 4.4.5 shows the position resolution as a function of the anode charge level
for the prototype detector. The gas mixture used was 90% argon and 10% methane.
The anode charge was measured with a 200 ns shaping time. The readout spacing in
this detector is 1 cm. The measurements were made when the x-ray beam was located
at approximately midway between two readout nodes. It will be shown later that the
position resolution depends upon the location of the measurement as well.
The observed dependence of the resolution on the signal level was typical
for a gas chamber operated under such conditions. At low charge levels, electronic
noise, which is a constant, is the dominant limiting factor. Therefore the position
resolution improves according to the signal to noise ratio (1/QA relationship). For
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Figure 4.4.5: Position resolution as a function of the anode charge for 5.4 keV x-ray.
la = 1 cm. Gas mixture was 90% argon and 10% methane. Anode signal was measured
with 200 us shaping time.

QA above 0.2 pC, however, the position resolution improves more slowly than 1/QA
because of the increased influence of phenomena such as electron range and diffusion.
A minimum value of about 70/uu (rms) was attained for QA ~ 1.5 pC. At higher
charge levels, the position resolution starts to deteriorate due to the spreading of the
avalanche along the anode wire.

4.4.5

Charge Ratio Method and Double Track Resolution
Fig. 4.4.6 shows one of the characteristics of this type of detector. By choosing

signals from three adjacent readout nodes such that the one in the middle has maximum signal Qmax, and plotting the ratio of the signal from the node on the left Qie{t
to Qmax, versus the ratio of Qrigllt to Qmax, one produces this charge ratio plot [46].
The width of the band is a direct measure of the signal to noise ratio and therefore
the position resolution. The data for Fig. 4.4.6 were taken from the full-size chamber
during a proton beam test at the AGS with an ADC system. The anode charge level
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center

Figure 4.4.6: Charge ratio plot of the full-size chamber with readout spacing of 6 mm.
Data was taken from a proton beam test. The charge level was about 0.15 pC. The position
resolution was estimated to be about 120 /on.

was approximately 0.15 pC. The position resolution estimated from the width of the
band is about 120 /zm (rms) with a readout spacing of 6 mm.
This is a very simple and straightforward technique to estimate the detector's
position resolution, since it does not require a well defined beam, neither does it
require other auxiliary detectors to define the location of the incident tracks.
This method has also been used to calculate the position of the anode avalanche,
as an alternative to the charge centroid method. It was reported that for certain detector configurations, it gives better results than the centroid method [46]. This is not
due to any intrinsic property of the charge ratio method compared to the centroid
method, since the charge ratio method is equivalent to the centroid method using
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three nodes.* However, if the relation between the incident beam (or track) position
and the two charge ratios is known, either by means of experimental measurements or
calculations, the charge ratio method will give better results for detectors with poor
linearities. It is equivalent to using a centroid finding formula modified to compensate
for the non-linearity of a particular detector. The shape of the charge ratio curve depends on the detector geometries, such as the readout spacing, anode-cathode spacing
and the type of electrode.
In addition, if the induced charge distribution spreads over more than three
readout nodes, but the position encoding system is limited to analyze only three
signal channels, using the charge ratio method will give better accuracy.
The shape of the band of the charge ratio plot can be used as a confirmation of the theoretical model of the cathode charge distribution. Sometimes a simple
empirical expression is more convenient to use than the more accurate, yet complicated expression. Functional forms such as gaussian or hyperbolic secant have been
used in many simulation programs. Their parameters can be optimized by fitting the
simulated charge ratio curve to the experimental data.
Fig. 4.4.7 shows a series of simulated charge ratio curves using the expression
developed by Mathieson et al.. In this case, the readout spacing is normalized to unity.
The series of solid lines represent the results with different anode to cathode spacings.
As the anode to cathode spacing increases, the curve moves further away from the
origin. However, when the anode cathode spacing becomes too large compared with
the readout spacing, say h > 0.6/o, the induced charge will spread over more than 3
nodes, which results in degradation of the position resolution due to the increase of
noise charge from the large number of nodes. The dashed lines indicate the avalanche
locations with respect to the center node for various h/la values. The dashed lines
converge at (1,1) which is the extreme case when h/la is so large that all three nodes

* Let: u = §£, ^ d v
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Figure 4.4.7: Computer simulated charge ratio plot with different h/la ratios.
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collect the same amount of signal. In the other direction they point to (—0.5, —0.5),
which can be obtained from the expression:
v-u
xc =

QA

,

u + v +1

QC

where : u = pr-, v = — .
QB

QB

The above expression is only accurate when the induced charge spreads no more than
three nodes, which is adequate for cases where h < 0Ala.
Perhaps the most important application of the charge ratio method is to perform double track identification and separation. As can be seen in Fig. 4.4.7, for a
certain detector geometry the h/la ratio is fixed. So for any given particle hit, its
position on the charge ratio plot must lie close to only one of the curves. Any deviation from that curve indicates an abnormal induced charge distribution. The cause
of such abnormality can be the crosstalk between readout channels, non-uniform gain
in the electronics ..., and the most important one—multiple hits.
In interpo'ative readout systems such as the resistive and geometric charge
division detectors described here, the ability to record multiple hits along a single
anode wire is a very important. It is trivial to resolve two hits whose separation is
larger than 2~3 la. But what is the lower limit of the double track resolution?
A computer simulation was performed to understand the system response for
double hits. It is based on a simple model: for each event, two hits are generated with
certain separation between them. The induced charge distribution for each hit follows
the Mathieson formula and the amount of induced charge for both hits is the same.
There is no noise present. Fig. 4.4.8 demonstrates the results. The solid lines represent
the charge ratio curve for certain double hit separations. The dashed lines represent
the average position of the two hits. It seems obvious from the figure, that there is
enough information to separate the double tracks even if their separation is below
0.5Za- The family of the charge ratio curves has a shape close to a hyperbola. For
example, the curve with Sx = la fits fairly well with the function: (u + 0.7)(v + 0.7) =
const, while the curve with Sx = 0.4/tt fits well to (u + 0.01)(v + 0.01) = const. The
average centroid of the two hits can be calculated simply from the centroid formula.
As a first order estimation of the double hit separation, the quantity uv is sufficient.
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Figure 4.4.8: Simulations of the charge ratio curves for different double track separations.
/, = 2h for all cases. This model assumes equal amount of signals from both hits. No noise
is included.

The model used above is a very simple one. In reality, it is unlikely that both
hits generate the same amount of signal. Further simulations included some pulse
height distributions c! the incident particles. Fig. 4.4.9 shows the results from hits
with a wide Landau type pulse height distribution (data were taken from a proton
test, see Fig. 4.4.2), and 1% noise to single-hit-signal ratio. The six bands represent
the data from single hits and double hits with separation of 20%k, 40%/o, 60%Jo,
80%/o and 100%Za respectively. Even though the data points have a much wider
spread, it is still possible to identify double hits and estimate their separation for
cases where Sx > 0Ala.

If the signal charge is collected by only three nodes, it

is impossible to reconstruct the two hits precisely, because the number of unknown
variables in this case is 4: two pulse heights, and two hit positions (the width of
the distribution of each hit is a known quantity determined by the cell geometry).
Additional information is needed in order to resolve the two hits. This usually can
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Figure 4.4.9: Charge ratio plots of events with double hits. Energy loss distribution is
based on the full-size pad chamber with 15 GeV proton beam. Noise level of 1% of signal
level is used.
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be done by using information from other tracking detectors. For the cases where four
or more adjacent nodes have signal, the two tracks can theoretically be reconstructed
by using an appropriate algorithm to fit the data.

4.4.6

Position Linearity and Resistance Uniformity
For detectors with this type of resistive charge division, it is obvious that the

position linearity is dominated by the uniformity of the resistance values of individual
resistors between pads.
Fig. 4.4.10a is a plot of the measured resistance value and location of each
individual resistor from a section of a pad chamber. The nominal value is about
10 ki2. Their values have a long range non-uniformity. The short range differences
are small, with one exception indicated by an arrow on the graph where one of the
resistors has a value 70% higher than the rest. The dots in Fig. 4.4.10b are from
a UIR spectrum measured in the same section of the chamber. The effect of the
abnormal resistor is obvious. The solid line in Fig. 4.4.10b is the result of a computer
simulation. The simulation was based on the information of the measured resistance
values and the cell geometry of the chamber. The simulated result closely resembles
the experimental results. From the same simulation, the position error caused by the
resistor was calculated. Fig. 4.4.10c shows the reconstructed position error along the
length of the chamber. The position error caused by this large resistor deviation is
about 500 fim.
In principle one can use the measured values of the resistors to simulate the response of the detector, and therefore maintain a database to correct the experimental
data. For a small detector, a high degree of linearity can be achieved by using some
correction. However, it may not be practical or feasible to measure every resistor on
a large detector (there are 5000-7000 resistors on our chambers).
Clearly, a better way of improving linearity is to control the resistance values within a tolerable range. Some results from computer simulations are shown in
Fig. 4.4.11 through Fig. 4.4.13. The simulation shows that a ±10% variation in resistance values will result in a ±100 fim position error (with la - 6 mm). The precision
of silk screening resistors is no better than ±10%. The possibility of trimming the
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Figure 4.4.10: Effect of a resistor with an incorrect value on the linearity of the detector
(a) Resistance of the resistors in a section of the full-size chamber (b) Experimental x-ray
UIR spectrum (dots) and simulated spectrum (line) (c) Simulated Position error
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resistors has been investigated. One of the printed circuit boards for the full-size
chamber was abrasively trimmed by a commercial facility. The non-uniformity was
±5%. This can be translated into a ±5% differential non-linearity across the whole
detector. The position error is more sensitive to local non-uniformity (within readout
node spacing) in resistance value rather than to global non-uniformity.
The simulation results indicate that the linearity of the system is directly
related to the variation of resistance values. It also depends on the location of the
abnormal resistors. The local uniformity of the resistance value is more crucial than
the global uniformity.

4.4.7

Charge Sharing Across the Wire Direction
Due to the relatively large spread of the induced charge on the cathode plane,

some charge is shared by the pads under the two neighboring anode wires. As described in Chapter 2, the induced charge distribution across the anode direction is
not necessarily symmetrical with respect to the anode wire. Due to the effect of the
avalanche angular localization, particles or photons striking at positions some distance away from the anode wire will induce charge with centers of gravity towards
the side of wire where the particle or photon passes. This is a small but measurable
effect, especially if the charge collection time of the electronics is long.
To study the charge sharing from one pad row to its neighbor, a collimated
15 //m wide beam of x-rays was used to scan the chamber from one cell boundary to
the next at a fixed position along the x axis. The beam was placed over a readout
node. The signal from the main anode wire and its neighbor were recorded as well as
signals from the three pads directly underneath the main anode, and those from two
more pads on the rows directly above and below.
Fig. 4.4.14a shows the ratios of charge shared to the next pad row as a function
of the y position of the x-ray beam. The pad row associated with the anode wire below
the main wire receives an average 1.5 to 2% of the charge and the pad row associated
with the anode wire above barely receives 1% of the charge. The asymmetry can be
explained by the main wire's not being placed exactly in the center of the pad row.
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Figure 4.4.11: Computer simulated results for a resistive pad chamber. la — 12 mm.
There are 8 pads per readout, h = 2mm. (a) Resistive values of the resistors as a function
of their locations. Single resistor with 110% of the nominal value is positioned at various
locations with respect to the readout node. The readout node positions are indicated by the
tick marks, (b) Uniform irradiation response of the system with the above resistive values,
(c) Reconstructed position error as a function of the true position.
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Figure 4.4.12: Effect of global changes in resistance. The detector parameters are the
same as the previous plot (la = 12 nun), (a) Resistive values of the resistors as a function of
their locations. In one case, every resistor is 1% higher than its neighbor to its left (black
line). In another case, the resistance for each resistor follows a sinusoidal form, with an
amplitude of ±50% (shown in shaded line), (b) Reconstructed position error as a function
of the true position. The absolute position error in this case is about the same as that of a
10% change of a single resistor.

Pad Chamber with. Resistive Charge Division

64

1.2
rt

>

^^J^y-fA^/^VVA^^r^^y^^
0.8

2
35
u

20

10

(a)
.- 200

£ ioo
a
o

A/Y.

e -100
.2 -200

« 1-2
> 0.8

/\

5
10
15
Position Along Anode Wire [cm]

20

/ A/

^ \I^M^

>

'v> 0.4
10

15

20

(b)

o -400
-600

5

10
15
Position Along Anode Wire [cm]

20

Figure 4.4.13: Another example of the effect of a set of randomly distributed resistors.
All the parameters are the same as the previous plot (i a =12mm). (a) A set of resistors
whose distribution of the resistance value follows a gaussian with a a 5% of its mean. The
reconstructed position error as a function of the true position is also shown, (b) Resistors
with 10% rms errors.

Pad Chamber with Resistive Charge Division

-

1

0

65

1

X-ray beam position in y [mm]

o

<3

_•?

-1

0
1
X-ray beam position in y [mm]
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shift in y direction as a function of the x-ray position in y. Data was based on the results
above.
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Fig. 4.4.14b shows the centroid of signals in the y direction as a function of the y
coordinate of the x-ray beam.
For systems with a longer shaping time, the centroid position will have a larger
swing across the anode wire, since position ions produced in the avalanche will move
farther from the anode wire. This information can be used to improve the position
resolution of the detector in the direction across the anode wires. Applications using
similar principles have been used in MWPCs and drift chambers to improve position
resolution and to aid in resolving left-right ambiguities [47-48].

4.4.8

Effect of Non-uniform Electronics Gain
One advantage of this resistive charge division readout is that it is relatively

insensitive to global non-uniformity of the electronics gain. Because each of the readout nodes is well defined in position, it is in fact self-calibrating. As long as the
electronics gain within the near neighboring nodes remains fairly equal, the reconstructed position will not suffer large deviation. Of cause, one should put every effort
to ensure the uniformity of the gas gain in order to maintain stable chamber operation
against voltage breakdown as well as to maintain a high detection efficiency. One can
also use the pulse height information as a measure of ionization if the gain is uniform.
To demonstrate the effect of electronics gain non-uniformity on the position
accuracy of the system, results of some computer simulations are shown in Fig. 4.4.15.
It can be clearly seen that the error in encoded position is determined by the difference
in channel to channel gain, not by the absolute change in gain.
Variations in gas gain of the detector will not affect the position linearity.
However, it may affect the position resolution due to the variation in the signal to
noise level.
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69

Pad Chamber with Geometrical Charge Division

Chapter 5.
Pad Chamber with Geometrical Charge Division

5.1. Introduction
Following the evolution of many geometrical charge division methods as described in Chapter 3, a new type of two dimensional pad readout system has been
developed. It can be considered as a hybrid of the Zigzag Strip cathode [42] described
in Chapter 3 and the resistive pad cathode described in Chapter 4.

(a)

2mm

2mm

Window

2mm
.

2mm

O

Anode Wire
Field Wire
• Guard Strip
Cathode Pad

Window

Anode /Field
Wire

Guard Strip
Cathode Pad

Figure 5.1.1: (a) Side view of the detector showing the cell structure (b) Exploded view
(centered single chevrons used)

As shown in Fig. 5.1.1, replacing rows of rectangular pads and resistive strips,
specially shaped cathode pads are used to perform charge division geometrically. Each
of the pads is connected to a readout channel. The simplest and the first geometry
used looks like a chevron, hence the name "Chevron Pad" was used for all these
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(b)

(c)

(d)

(e)

Figure 5.1.2: Patterns of (a) centered single chevron (b) displaced single chevron (c)
centered one & a half chevron (d) displaced one & a half chevron (e) centered double
chevron (f) displaced double chevron. Dashed line indicates anode wire position.
geometries. It should be pointed out that the chevron cathode has close relationship
to the zigzag strip cathode, and they bear many functional similarities.
As the convention of this work, chevrons patterns are named by their "types,"
which refer to the number of the "chevron" periods in one pad. The simplest and the
first pattern tested is called "single chevron" pattern, as shown, in Fig. 5.1.2a, since
each pad consists of one complete chevron. Subsequently, "one and a half chevron"
(Fig. 5.1.2 c k, d) and "double chevron" (Fig. 5.1.2 e k f) patterns were tested. The
zigzag strip cathode [42] can be considered as a continuous chevron pattern.
Each type of chevron pattern, is further labeled with two "versi :ns" based on
the relative location of the zigzag apices with respect to the anode wire. In Fig. 5.1.2,
(a), (c) and (e) are "centered" versions because the chevron patterns are symmetrical
with respect to the anode wire, while (b), (d) and (f) are "displaced" versions because
the anode wire is placed midway between two adjacent apices.
As in the case of the resistive pad chamber, we define the readout spacing,
which is also the pitch of the pad along the x direction, to be la. The depth of the
chevron pattern is theD defined to be fxla,

where fx is a form factor defining the

amount of overlap of the chevron tips. The fx factor is explained in Fig. 5.1.3, which
illustrates the effect of different fx values on the double chevron pattern. A quantity
io, used in some computer simulations, is defined as the width of one complete chevron
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fx=O
fx

=0.5

fx

=1-0

fx =1.5

Figure 5.1.3: Examples of double chevron pattern with different fx values. Note that la
and w are the same for all cases.
(zigzag) pattern, see Fig. 5.1.3. Note that w is not necessarily the physical width of
the chevron pad.

5.2. Previous Work
The first study on the property of chevron shaped cathode pads was performed
by Chase [49] with a scaled up model (40 to 1) of a chamber. The measurement of
the charge sharing was simulated by capacitance measurements.
The test setup is shown in Fig. 5.2.1a. The chevron cathode is placed over
a ground plane, separated by G-10 sheet with various thicknesses. A stainless steel
tube (representing the anode wire) is placed 8 cm above the cathode plane. A 4 mm
band, wrapped around the tube, is connected by a coaxial cable to a capacitance
bridge to simulate the anode charge. Another ground plane is placed 16 cm over the
chevron plane. Three chevroi electrodes can be connected to the bridge sequentially.
Capacitance values were measured between each chevron pad to the "signal source"
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Figure 5.2.1: Scaled up simulation of the first chevron cathode by Chase [49]. (a) Test
setup, (b) A section of one chevron cathode, (c) Capacitance measurements and the calculated centroid.
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at different locations. Fig. 5.2.1c shows the relationship between the capacitance
values from chevron pad A, B and C. The dashed line shows the computed values of
A+B+C> whidi is a measure of the source position.
Three chevron planes were tested with the following parameters: chevron gap
40 fim, guard gap 40 fim; chevron gap 125 fim, guard gap 125 fim; chevron gap 125 fim,
guard gap 500 fim. The expression ^ j ^ g was evaluated for each position of the "signal source" and fitted to a straight line using the Least Squares method. Table 5.2.1
summarizes the results.
Table 5.2.1: Some results of the scaled-up simulation
Chevron
Gap

Guard
Gap

40 fim

40 fim

125 fim

G10
Thickness

<TN

M'JC. Deviation
from Straight Line

40 fim

0.0112

2.0%

125 fim

40 fim

0.0086

1.0%

125 fim

500 fim

40 fim

0.0135

125 fim

500 fim

200 fim

0.0162

2.0%
2.5%

5.3. Detector Performance
5.3.1

Apparatus
A small test detector, whose basic dimensions were based on the resistive pad

chambers described in the previous chapter, has been constructed for investigation
of the performance of vinous chevron geometries. Details about its construction are
described in chapter 6. Some of the highlights are g m n here.
The cell geometry is the same as in the prototype resistive pad chamber. The
anode-cathode spacing h is 2 mm, and anode wire spacing is 4 mm, (diameter 18 fim).
There are field wires (diameter 125 fim), also with spacing of 4mm, between anode
wires. The window, or upper cathode, is 25 fim thick aluminized mylar.
The cathode pad plane is made from a three-layer printed circuit board. The
first layer is the cathode pads, the third is the leads connecting the cathode pads
via plated-through holes. A ground plane lies in between these two layers to isolate
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the readout leads from the cathode pads, thereby reducing the cross-talk between a
chevron pad and the leads running underneath. The width of the pads is 3.05 mm,
which is approximately 3/4 of the anode-anode pitch. Each cathode board contains
three active pad rows. Typically, each row of chevron pads has a different fx value.
The design of the test detector assures that the cathode board can be easily replaced
by another with different chevron patterns. Nearly 30 of the readout boards with
various readout patterns have been fabricated and tested.
Each row of cathode pads is separated from its neighboring row by a guard
strip of width 0 9C j m , whose main purpose is to reduce the amount of charge induced
on the neighboring row. The presence of the guard strip is not crucial to the operation
of the chamber.
Two types of readout electronics were used for the testing, (see Fig. 5.3.1):
i. Each pad in one row is connected to a charge sensitive preamplifier and shaping amplifier; a ce-troid is then determined by the analog centroid finding
electronic system, as was used in the tests of the resistive pad chamber [19].
Most of the measurements were carried out with tlrs configuration,in which
signal shaping times of 1.4/isec and 500nsec were used.
ii. Each pad in one row is connected to a delay line whose signal timing characteristics allow an accurate center of gravity of the anode avalanche to be
determined [26]. This configuration allowed us to reduce the signal shaping
time to 100 nsec.

5.3.2

Position Resolution
The cathode board is fabricated on a three layer printed circuit board 0.75 mm

thick. The pads themselves are on the first layer The middle layer is a continuous
ground plane to minimize coupling between readout lines and the chevron pads. Each
pad, therefore, has quite a large capacitance to ground, of order 20 pF. In spite of
this, using the centroid finding electronics [19], with a spacing of only 12 mm between
readout nodes, minimum position resolution is not limited by electronic noise.
Position resolution was measured by using a pencil beam of 5.4keV x-rays.
It is shown as a function of anode charge in Fig. 5.3.2. All the chevron patterns

75

Pad Chamber with Geometrical Charge Division

Sequential Switch

|

Timing
SCA

IT

Centroid Finding Filter
Zero crossing

Start

Stop

Gate

Pulse
Height
Analyser

Time to
Pulse Height
Converter

(b)

91

91

Double Delay Line
Filter & Amplifier

Double Delay Line
Filter & Amplifier
i

T
Zero Crossing
Detector

Start Time to
Stop
Pulse Height
Converter

Delay

ZeroC rossing
Detect

Pulse Height
Analyser

Figure 5.3.1: Schematic diagrams of the electronic readout systems used for the chevron
test, (a) Centroid finding system (b) Delay line system
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Figure 5.3.2: Position resolution vs anode charge. Results were measured from a 12
single chevron cathode, using centroid finding electronics

exhibit similar position resolution characteristics. At low anode charge, less than
about 0.08 pC, the resolution is electronic noise limited, but at higher charge levels it
gradually reaches a plateau level of about 110 pm (FWHM), which is consistent with
the limit of resolution due to photoelectron and Auger electron range [28j. Compared
with the resistive pad chambers described in the previous chapter, these chevron pad
chambers have a better position resolution, due to their lack of resistors as noise
sources.
Another phenomenon affecting position resolution is the ava. ache angular
localization. It is discussed in detail below.

5.3.3

Position Linearity
Nearly exact calculations of non-linearity can be carried out using the sin-

gle parameter empirical distribution of cathode charge [15,17]. It was found that a
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gaussian distribution, whose FWHM is adjusted to give a best fit to the calculations
using the empirical distribution, yielded results which were very close to those from
the correct distribution, and were easier to compute [50]. Thus, all the computer
simulations included in this chapter have been calculated with the best fit gaussian
induced charge distribution. The following simulation assumes there were no gaps
between adjacent chevron pads.
The continuous lines in Figs. 5.3.3(a)-(f) show the predicted behavior of differential non-linearity (DFNL), as a function of fx, for the six chevron patterns illustrated in Fig. 5.1.2. There is a trend common to all six curves, namely that DFNL has
a minimum at, or very close to, fx = 1.0. Displaced versions of a particular chevron
type always yield a better DFNL than the centered counterpart. This advantage is
especially significant for the single, and one & a half chevron types. However, the
effects of avalanche angular localization, which are discussed below, can cause undesirable effects which are more significant for the displaced chevron than for the
centered chevron. Therefore the choice of a particular chevron pattern should not be
based on DFNL alone. As one might.expect, the performance of zigzag cathodes [42]
also showed that minimum DFNL was attained when the anode wires passed between
the apices of the pattern.
Experimental measurements of DFNL have been performed by uniformly irradiating the test chamber with a broad beam of x-rays. The resulting uniform
irradiation response was obtained by analyzing signals from the position encoding
electronics with a pulse height analyzer. Values of experimental DFNL are shown as
the hollow circles in Fig. 5.3.3. There is, in general, quite a good agreement between
prediction and measurement, save for the fact that the curve through the measurements is displaced by about fx = +0.05 in the abscissa, relative to the predictions.
This discrepancy is indicated in Fig. 5.3.3 with the dotted lines for each set of measurements. The dotted lines were drawn with a displacement of fx = —0.05. A similar
phenomenon was also observed with zigzag cathodes [42].
The shift in the optimum /,; values for each geometry is believed to be caused
primarily by the finite gap between the chevron pads. Fig. 5.3.4(a) illustrates this
point by magnifying the part of the design artwork for the displaced one & a half
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(b) Displaced single chevron

(a) Centered single chevron
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Figure 5.3.3: Differential non-linearity (DFNL) versus / , for (a) centered single chevron
(b) displaced single chevron (c) centered one & a half chevron (d) displaced one & a half
chevrcu (e) centered double chevron (f) displaced double chevron. The continuous lines
in Figs. 5.3.3(a)-(f) show the predicted behavior of differential non-linearity. The dashed
lines with circles are experimental measurements. The dotted lines are the experimental
results shifted by fx — —0.05.
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(b)

(a)

Figure 5.3.4: Enlarged view of chevron apices on displaced one & a half chevron pattern,
/* = 1.0. (a) Design drawing, the gap width is exaggerated, (b) Photograph of same area
of actual cathode (black circle is a plated-through hole).

chevron. The dashed lines represent the assumed boundaries between adjacent pads
on which the theoretical prediction was based, and the shaded area is the part that is
assumed to be etched away. As shown by the vertical dotted line, the chevron apices
and bases should all be in line for this configuration with fx = 1.0, but the etched gap
pulls the apices away from each other. Fig. 5.3.4(b) shows a photograph of the same
area of the actual cathode; with our best print and etch techniques we can presently
achieve, with uniformity and reliability, a gap of about 60 fan. For this particular
catho ie, the apices of the chevrons are separated, in the axis of the anode wire, by
about 1.5 mm, or 12% of the pad spacing /„. It appears that a value of 0.88 for the fx
would be more accurate. However, the experimental results show that the DFNL of
this chevron pattern lies in the vicinity of 0.95, which implies that a certain amount
of charge which would have been induced on the area of the gap is shared by the two
electrodes.
In comparing theory with experiment, the shape of the UIR is as important as
the value of DFNL. Using the displaced one & a half chevron as an example, Fig. 5.3.5
illustrates the predicted and experimental UIRs for this pattern. Fig. 5.3.5(a) shows
predicted UIRs for fz = 0.95, 1.0 and 1.05, while Fig. 5.3.5(b) shows e:cperimental
UIRs for fx = 1.0, 1.05 and 1.1. The offset of 0.05 in these comparisons is intentional,
in order to further illustrate the effect described earlier in this section. It can be
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dearly seen that there is good agreement between the shape of the predicted and
experimental spectra.
The DFNL increases with the readout spacing la for a given geometry. The
relationship is outlined in Fig. 5.3.6.

5.3.4

Gap Between Chevron Pads and fx
Experimental results indicate that the DFNL increases with the gap width

between chevron pads. In some preliminary tests we performed on single chevrons,
the DFNL more than doubled when the gap width was increased by two. Test results
also show that there exists an optimum value of fx for a given geometry and a
given gap width. The simulated results shown in Fig. 5.3.7 are attempts to evaluate
quantitatively the relationship between the gap width and the fx factor. A Gaussian
was used for the cathode induced charge density. The simulation assumes that the
charge is simply lost over the area sustained by the gap, and that there is no distortion
in the partition of charge at the gap between adjacent pads. Please note that these
results are based on a simplified model and there is little experimental information
to verify it. From the limited experimental results obtained so far, it seems that the
simulated optimum fx is larger than the real optimum. The real optimum must lie
between this simulation and the simulation without using the gaps.
Fig. 5.3.7 is a contour plot of the normalized rms position error as a function
of the gap width g and the fx factor for a zigzag cathode. The presence of a "valley"
diagonally across the graph is obvious.

5.3.5

Avalanche Angular Localization
X-rays, unlike particle tracks, produce almost point-like deposits of primary

ionization which, at low to moderate avalanche size, will create an anode avalanche
which is localized to a small part of the anode wire circumference, depending along
which field lines the primary ionization has drifted. In very simple terms, we can
distinguish between four types of events. The first are due to x-rays which have been
absorbed between the anode wire and the cathode pad plane, and the second to those
absorbed between the anode wire and the window; these are referred to as "pad-side"
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Figure 5.3.5: Uniform irradiation response of the displaced one & a half chevron pattern,
(a)-(c) are theoretical predictions, (d)-(f) are experimental results.

Pad Chamber with Geometrical Charge Division

82

100

„

10

g
Q

•
o
Q

•
+

single chevron, centered
one & a half chevron, displaced
double chevron, centered
double chevron, displaced
experimental results of single chevron

0.1
5

6

8

10

lalh
Figure 5.3.6: Computer simulated DFNL as a function of /„ for four different chevron
geometries. The anode-cathode spacing h is normalized to unity. The widths of the chevron
pads are 1.5/i as in the test detectors. fx -- 1.0 was used for all simulations. Experimental
data were from single chevron patterns with fx = 1.1.

and "window-side" events, respectively. The third are due to x-rays absorbed between
the anode wire and its neighboring left side field wire, say, and the fourth are due to
x-rays absorbed between the anode and its neighboring right side field wire (viewed
along the anode wire direction with pad cathode at the bottom). AH four types of
event have their signatures in the position response of a chevron pad chamber.
A. Pad-side and Window-side Events
In contrast to resistive charge division systems, any position encoding scheme
which relies upon geometric charge division will have an increase in non-linearity of the
encoded position as the footprint of sampled charge becomes smaller. In particular,
x-ray pad-side events have a narrower induced charge distribution than the windowside events. This is because the majority of positive ions created by the avalanche
of a pad-side event are moving towards the pads. The opposite is true for windowside events. As a consequence, window-side events are analyzed more linearly than
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Normalized RMS Position Error
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Figure 5.3.7: Contour plot of normalized nns position error as a function of gap width
and fx. Displaced one & a half chevron pattern is used. The anode-cathode spacing h is
normalized to 1. /„ = 5, w = 1. The gap width is normalized with respect to h.
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pad-side events, and this effect can cause a serious degradation in position resolution.
Fig. 5.3.8 demonstrates ihe significance of this effect.
Certain characteristics of cathode signal shapes allow a determination to be
made on which side of the anode plane an x-ray was absorbed [51-52]. The signal
induced on the window, which is complementary to the signal on the cathode, has two
distinct pulse heights for the two types of events. Window side events are about 50%
larger for a 1 fis shaping time. In addition, if the window signal is fed to a shaping
amplifier with a bipolar response, the zero crossing time of the two types of events are
different—window-side events have a later zero crossing time. With a long shaping
time, one can cleanly separate the two types of events by discriminating either the
amplitude or the zero crossing time. This electronic selection technique was used to
measure, separately, the position linearity of pad-side and window-side events.
Fig. 5.3.9 shows the absolute position error for the three chevron types used in
this investigation, using the fx values which gave minimum differential non-linearity.
For the single chevron there is a maximum position error of about ±600 fixn. but,
perhaps more seriously, there is a separation in position between pad-side and windowside events which reaches a maximum of about 300 /xm. For both the one & a half
and double chevron patterns the maximum position error is less than ±100/im, and
there is virtually no separation between two types of event.
Since the position resolution of a pad chamber is primarily determined by the
signal to noise ratio, the larger signal size of pad side events gives a better position
resolution. However, due to its smaller footprint in induced charge distribution, padside events generally exhibit larger differential non-linearity than window-side events.
B. Centroid shift due to avalanche angular localization
The "left side" and "right side" events cause the centroid of the induced charge
distribution to shift in the y direction. The amount of shift depends on the shaping
time of the readout electronics. Fig. 5.3.10 shows the y coordinates of the centroid
of induced charge as a function of x-ray beam positions in y direction. The setup
is the following: A displaced double chevron cathode with guard strips was used.
Three adjacent pads in the middle of the detector were connected together as a single
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Figure 5.3.8: Effect of avalanche angular localization on the position response of a single
chevron pattern (/ a =6mm). Each of the three spectra is the reconstructed position distribution at several locations in the detector. A collimated x-ray beam was stepped at lmm
intervals along the wire. The leftmost and the rightmost positions are "over a node", where
one readout node receives the Trm-rimnm charge and its two adjacent nodes receive equal
and TniniTmiTn amount of charge.
in this case was 6mm. (a)
g The readout spacing
pg
() Results
of the chamber with symmetrical cell, i.e. 2 mm between anode and cathode pad plane as
well as 2mm between the window and anode wire plane, (b) Results of the chamber with
asymmetrical cell, i.e. 4 mm between anode plane and window. Due to the 100% increase
in the anode-window spacing, the proportion of window-side events is doubled, (c) Using
an event filtering technique!, single position peaks were obtained for both types of events.
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Figure 5.3.9: Position error of pad-side (squares) and window-side (circles) events vs.
position along anode wire, (a) centered single chevron, fx = 1.05 (b) displaced one & a half
chevron, fx = 1.05 (c) centered double chevron, fx = 1.05. Integration time as 1.4 fts.
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Figure 5.3.10: Centroid of the induced charge distribution in y direction as a function of
the x-ray beam position in. y. The hollow circles represent results directly calculated from
the centroid finding formula. The shaded line represents result of the calculated centroid
positions with correction of the non-linearity. Integration time « 1.4/u.

channel. Three such channels from three pad rows were connected to the analog
centroid finding system. The centroid from the three chatjaals represents the centroid
position of the induced charge in y direction.
The shift in the centroid of induced charge distribution in y direction is normally of little concern, because it is not in the direction of great interest. Nevertheless,
the information can be used to improve the position resolution of a chamber in y direction, beyond the limit of anode wire spacing. However, for some geometrical charge
division methods such as chevrons, it can cause a position encoding error in the x
direction, in other words, centroid shift in x. This can be easily understood by the
illustration in Fig. 5.3.11.
An absolute measurement of centroid shift was made by scanning a pencil
beam of photons in 200 /an. steps in the y direction, across one cell of the detector,
i.e. from directly over one field wire to directly over the next field wire, while keeping
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Figure 5.3.11: Effect of shift of induced charge distribution on its encoded z position.
The shaded circle represents the spread of induced charge over two one & a half chevron
pads. If the centroid of induced charge is centered over the anode wire, equal amount of
charge is induced on both pads. If the centroid of induced charge moves in the y direction
away from, the wire, different amount of charge will be induced on the pads, which will give
a different reconstructed position in x. Nevertheless, if the width of the chevron pattern w
is narrower than the spread of the induced charge, the shift in encoded z position can be
largely eliminated. Shown here is the "between nodes" position.

the z coordinate fixed. The results for the displaced one & a half chevron are shown
in Fig. 5.3.12. The scan in Fig. 5.3.12(a) was taken over the node position of the
chevron pattern (very close to the chevron apices) and that in Fig. 5.3.12(b) was taken
midway between nodes. The centroid shift is the worst when the x-ray beam is located
between nodes, representing movements of about ±120 ^m at 1.4/tsec. However, the
magnitude decreases as the time constant is reduced, because the positive ion cloud
from the avalanche has moved a smaller distance away from the side of the anode
wire. At lOOnsec, the centroid shift is reduced to about ±30/«n.
Over a node, the centroid shift is of the order ±30/im or less, and is not
really a serious problem at any of the time constants. The centroid shift for the
displaced single chevron was about a factor of five larger than the data shown in
Fig. 5.3.12. Thus, although the displaced single chevron exhibits differential nonlinearity only marginally worse than the one k a half chevron, its significant centroid
shift represents a major disadvantage. The centroid shift for the displaced double
chevron was very similar to that for the displaced one & a half chevron.
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Figure 5.3.12: (a) Centroid shift for displaced one & a half chevron, fx = 1.05, over a
node. (+ 1.4/xsec, A 500 ns, o 100 ns) (b) Same for between nodes
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It should be noted that Fig. 5.3.12 illustrates a centroid shift which is an odd
function of y position of the x-ray beam; this is because the chevron pattern is antisymmetric about the anode wire. Centered chevron patterns, on the other hand,
exhibit an even function of centroid shift because the chevron pattern is a mirror
image about the anode wire (see Figs.5.1.1(a),(c) and (e)).

5.3.6

Effect of Anode Wire Position
Due to the special geometry of the chevron cathode, the interpolated centroid

position in x is dependent on the location of the anode wire. For the same reason,
zigzag strip cathodes axe also sensitive to the wire position [42].
Because of the lack of information on the exact field and charge distributions
near the gap between the chevron cathodes, a simplified model is used in a computer
simulation. It is assumed that the gap width is zero. Therefore no charge is lost and
there is no distortion in the partition of charge. The results are discussed below.
A. DFNL and Anode Wire Position
It has been mentioned that for a given chevron (or zigzag) geometry, a displaced anode wire position gives the best DFNL. Fig. 5.3.13 shows some computer
simulated results for a centered single chevron pattern. The DFNL decreases as the
anode wires are displaced from their nominal positions. It reaches its minimum when
the wire displacement is 25% of tu, which is the wire position of a displaced chevron
pattern. On the contrary, displaced chevron patterns have an increase in DFNL when
their wire positions are displaced from their nominal positions.
B. Offset in Reconstructed Position
For a centered single chevron geometry, the reconstructed position of any event
has a constant offset in addition to the modulation due to the non-linearity discussed
earlier, even if the anode wire is accurately placed at its nominal position. Of course
the absolute shift depends on where the reference position point is denned on the
chevron pad. If the point at which the edge of the chevron pad intercepts the anode
wire is denned as the reference point (i.e. integer of Zo), the amount of offset is about
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Figure 5.3.13: DFNL vs. anode wire displacement from their nominal position. Centered
single chevron pattern was used, w = 1.5A.
5% of la for a centered single chevron pattern (assuming w = 1.5/i). There is also
a slight offset in the centered double chevron pattern, which is about 0.9% of la
(assuming w — 0.75A). Note that there is no such oifset to the displaced version of
chevron patterns due to their anti-symmetric patterns.
When the anode wire is not located at its nominal position, there will be a
different amount of offset in the reconstructed position for all chevron geometries, as
well as the zigzag strips. Offsets for a "displaced" zigzag pattern as a function of the
anode wire displacement is shown in Fig. 5.3.14. Note that the centroid shifts are
even functions of wire displacement for centered versions and odd functions for the
displaced version.
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Figure 5.3.14: Offset of reconstructed position as a function of the anode wire position in
a zigzag cathode. The anode to cathode spacing h is normalized to unity, w — 2, /„ = 2.

5.4. Choice of Chevron Patterns
Nearly 30 chevron pad cathodes have been tested to study their performances.
Some of the findings in the design of a chevron pattern are summarized below:
a) The displaced versions of the three main chevron types (single, one & a half,
and double chevron) exhibit significantly less differential non-linearity than
the centered version (see Fig. 5.3.3).
b) For x-rays, the angular localization causes a displacement in recorded position
for pad-side and window-side events. For the centered single chevron, this displacement has a maximum which is larger than the position resolution (with
1.4 [is shaping time and 2 mm anode-cathode spacing). This will result in severe degradation in the position resolution, if no event filtering is used. In one
k, a half, and double chevrons, the effect is small compared with the position
resolution, and should not be a concern. For events with ionizing particles,
the ionization created by the charged particle is randomly distributed along a
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track. For particles with near normal incidence, there will be little distinction
between window-side and pad-side events. It is believed that measured displacements in particle tracks will not be as great as those of x-rays, but it is
to be experimentally confirmed. Note that with shorter shaping time and (or)
larger anode-cathode spacing, the amount of displacement will be reduced.
c) The centroid shift is an odd function of the y position of the incident beam for
displaced chevrons, and an even function for centered chevrons. For the single
chevron, the centroid shift is significant at all time constants. For the one & a
half chevron, the centroid shift is significant at 1.4 /is (of order ±100 /xm), but
falls to negligible levels at 100 nsec. Therefore, it is not a problem for detectors
with short shaping times. Similar to the item b) above, a larger anode-cathode
spacing will reduce the amount of ceutroid shift. Note that the centroid shift
exists for both x-ray and charged particle events.
d) In fabricating chevron pads on a printed circuit board, it is essential to keep
the gap between adjacent pads as small as possible, because an increase in
differential non-linearity will otherwise occur. A ground plane between the
cathode pad plane and the readout leads can effectively shield the readout
leads from crosstalk. However, it does add significant capacitance to the input
of the preamplifiers.
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Chapter 6.
Detector Construction

6.1. Construction of the Resistive Pad Chambers
Two chambers with resistive charge division were built in the Instrumentation
Division of BNL. The first one is a prototype for testing of the charge division scheme
as well as the low mass structure of the detector.
The detectors were designed as tracking chambers used in a fixed target heavy
ion experiment (£-814) in the AGS of BNL. In this experiment, particles from the
heavy ion beam pass trough the active area. Therefore it is very important to
maintain as little material as possible in the detector's active area. This led to the
development of several detector cathode manufacturing techniques.

6.1.1

Construction of the Cathode Board
One of the challenging parts of this project has been the manufacture of the

cathode pad planes. There are two main constraints on this type of cathode plane,
i. The material in the active area must be less than 1% of a radiation length.
This is to minimize multiple scattering of the particle as well as to reduce the
number of 5 electrons generated by the heavy ions.
ii. In order to maintain uniform detection efficiency throughout the detector, and
to aid in particle identification through a measurement of ionization density,
it was required that the detector gas gain variation throughout the chamber
be less than about ±10%. This translates into the requirement of keeping
the spacing between anode and cathode constant to within about ±2%, or
±40/im [2].
Fig. 6.1.1 is a photograph of the finished prototype chamber. Some basic
parameters of this detector are: active area 20 cm x 10 cm; readout spacing 1 cm;
total number of readout channels 525 ( 21 nodes per anode wire, 25 anode wires);
pad size is 0.6 mm in x and 2 mm in y. The detector mother board is 44.5 cm x 47 cm.

Detector Construction

Figure 6.1.1: A photograph of the prototype pad chamber. The detector mother board is
mounted on an aluminum plate. The cut-out of one side of the plate is to avoid obstruction
to other detectors behind it in the experiment. The active area is in the center, surrounded
by an aluminum spacer which defines the spacing between the wire plane and the cathode
pad plane. The wire frame and the window frame have been removed for the purpose of
this photograph. Several preamplifiers are plugged into their sockets. The circuitry at the
upper right corner of the detector is a filter for the preamplifier power input. See text for
detailed descriptions.
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Figure 6.1.2: A partial cross section of the prototype pad chamber showing some dimensions of the detector.

The cathode plane was built using multilayer printed circuit board techniques
(Fig. 6.1.2). The first step was to make a three layer board. The pads and guard
strips were etched on the first layer. All the "readout leads were etched on the third
layer and connected to the pads on the first layer by plated-through holes. The second
(middle) layer is a ground, plane to shield the pads from the readout leads. It also
helps to reduce the crosstalk between adjacent leads. To minimize the amount of
material, the thickness of the copper on each layer is about 5 fim. The total thickness
of this board is about 0.76 mm.
The second step was to make a three layer board with the active area cut
out. This board carries the power and ground busses needed by the preamplifiers.
The thickness of this board is 3.8 mm. The next step was to fill the cut out area of
the second board with a sheet of HEXCELL polyimide honeycomb, and then glue
together (under high pressure and temperature) these two boards plus a thin sheet of
fiberglass as the back cover. The honeycomb provides the structural rigidity necessary
to maintain the required flatness of the cathode plane.
A layer of resistive polymer ink was applied over the pads on the finished cathode pad plane using a silk screening technique. It was found that the resistive ink
does not protect the copper pads from oxidizing, which would make the contact resistance to the pad unpredictable. In order to make a good electrical contact with the
resistive ink, the cathode pads were plated with a layer of gold 0.25 fim in thickness.
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The choice of resistive value between pads is such that the total resistance between
readout nodes, Rn, and the cathode pad capacitance per readout node, Cn, satisfies:
rn =
In our case, Tp = 200 ns, Cn = 2.7 pF; therefore we chose Rn = 80kfi, which means
8 kO between pads.
The resistive strips on each pad row extended beyond the last pads to a copper
strip which is grounded. This arrangement was to ensure that the pad electrodes were
properly biased, so that the charge collected on the pads could be drained quickly.
The resistive ink was manufactured by Minico/Asahi Chemical of America.
The available resistivity of the inks were 20, 100, Ik, 10k, 100k and 1M ft/square.
The resistive ink requires a curing process at 250° C for 30 minutes in a convection
type oven or at 250°C for 4 minutes in an infra-red oven. This temperature can \>a.
damaging to certain types of printed circuit board materials. The thickness of the
cured resistive strip is 15 pm.
Fig. 6.1.3 shows an enlarged view of one of the test pad cathodes. Two rows of
pads are shown in the photo. Both resistive strips were printed on the printed circuit
board using a silk screening technique. The tolerance in resistive value obtained
from this technique is about ±5%. The resistive strip on the bottom of the picture
was abrasively trimmed to a predefined value. The precision of trimming can be
expected to be ±2%. Resistor trimming is a standard procedure for hybrid electronics
manufacturing. However, the area of trimming is relatively small. None of the pad
cathodes used on the detectors was trimmed because their dimensions were too large
for the trimming machine.
Fig. 6.1.4 is the art work of the readout layer of the printed circuit board.
The readout leads connecting the readout nodes were fanned out to both sides of the
active area, where two rows of preamplifier sockets were mounted. The preamplifier
used is a three channel charge sensing hybrid type, (3NL-IO-454-4, see Fig. 2.4.1). A
copper strip 2.5 mm wide was etched on the second layer of the motherboard (ground
plane) across all the readout leads (which are 250 fim. below) near the input of the
preamplifier. The strips provided a means of calibrating the readout electronics.
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Figure 6.1.3: Enlarged view of one of the test pad cathode. Two rows of rectangular
copper pads are shown in the picture with two resistive strips (black colored). The resistive
strip on the bottom, was abrasively trimmed to achieve a better uniformity. The two platedthrough holes connect the pads to readout leads on the back of the cathode board.

The leads connecting the outputs of the preamplifiers were fanned out to two
groups of ribbon cable connectors on both ends of the motherboard. Beside each
connector, there is a row of resistors for termination of the cable.
The second detector is a full sized chamber. It has a similar cell geometry
to the prototype, except that the anode wires to cathode window spacing is 4 mm.
The primary ionization for particle tracks therefore increases by 50% due to the
increase of the volume. This allows the chamber to operate at a lower gas gain while
maintaining the same signal level as in the prototype. There are 40 anode wires and
41 field wires. The cathode pads are 0.9 mm in x and 2 mm in y. The pad pitch is
1.5 mm. This detector has an active area of 26 cm by 16 cm, with a total of 1016
readout channels. Since this detector is designed for use in a fixed target experiment
where the track density varies across its active area, different readout densities are
used in order to maintain good double track resolution. In the central region where
we expect maximum track density, the readout spacing is 6 mm (4 pads per readout).
In the outer region, readout separations of 12 mm (8 pads per readout) and 15 c m
(10 pads per readout) are used.
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Figure 6.1.4: Axt work of the readout layer of the prototype chamber
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Figure 6.1.5: A partial cross section of the full-size pad chamber

The construction of this chamber is different from the prototype. As mentioned
earlier, the resistive ink has to be cured by baking the printed circuit board at a
temperature of 250°C for 30 minutes. Under this condition, the bonding between the
printed circuit board material and the honeycomb filling becomes unstable. Several
test boards fell apart during the baking process. In addition, the readout leads of
over 1000 channels have to be fanned out to a much longer distance to match the
preamplifier density. Due to the density of the readout, the width of the copper leads
has to be narrower than 150 ^tm. With present technology, it is extremely difficult to
make a large printed circuit board which has very narrow traces without there being
some open or short circuits.
Therefore, another structure was developed for this detector. Fig. 6.1.5 illustrates a part of its cross section. A set of three printed circuit boards were made
instead of a single board. One is the cathode board, the other two are the preamplifier boards. The cathode printed circuit board has three layers, which contain pads,
ground and readout leads, respectively. Its thickness is 0.76 mm. The pads were
plated with gold, applied with resistive ink and cured under infra-red lights. After
the resistive strips had been applied, the cathode board and a thin sheet of fiberglass
were glued on to both sides of a sheet of fiberglass honeycomb 6.35 mm thick. This
assembly was then held on a flat surface for the epoxy to cure. The flatness variation
on the active area was measured to be within
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Figure 6.1.6: Photograph of the full-size pad chamber with window and wire frame removed. This photograph was taken with the detector lying sideways, held down by the
two vises shown on the left. The active area is in the center, surrounded by two fiberglass
spacers, The spacers maintain the correct spacing between the wire plane and the cathode
plane, and retain the O-ring for gas seal. Two preamplifier mother board are plugged into
the cathode board through rows of connectors. The bank of preamplifier sockets is half
filled on the bottom board. A small piece of the fiberglass honeycomb used on the back of
the cathode board is shown on the left-hand side of the photograph.
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One potential problem associated with this technique is that the cathode board
may not be gas tight. The plated-through holes for the readout connection need to
be properly handled. They could be plated shut at the time of the through plating
process. They could also be sealed by adding a thin film between the honeycomb and
the printed circuit board. The method we used was adding an additional layer of
epoxy around the perimeter of the honeycomb, since the gas leak was found after the
chamber was assembled. There would be some air trapped in the honeycomb cells
which requires a longer time to purge.
The readout leads from the active area were fanned out to both sides of the
cathode board and connected to rows of sockets. On the preamplifier boards, connectors were mounted at corresponding positions. The readout leads on the preamplifier
boards were further fanned out from the connectors to the preamplifiers sockets.
The preamplifier boards were plugged into the cathode board and held on by several
aluminum bars. The connections through the connector for the readout leads were
surprisingly good, even with over 1000 channels. Fig. 6.1.7 shows the layers containing the readout leads of the cathode boards. Fig. 6.1.8 shows the readout leads of
one preamplifier mother board.
The total material in the active area is about 0.5% XQ for the prototype and
0.6% XQ for the full-size detector, in which XQ is the radiation length for the material.
It is worth mentioning one of the interesting aspects of this type of readout.
If one of the readout channels is disconnected, i.e. one node along the pad row is
floating, the position information is not lost. One can still obtain the information
from the other two neighboring nodes. Effectively, the section of the chamber has a
readout spacing twice as long as the rest of the chamber. Of course one has to modify
the centroid finding formula to accommodate the change of the readout spacing for
those two nodes. However, if one node is shorted to the ground, the result is much
worse—the section of the chamber with a length of twice the readout spacing becomes
insensitive. So in practice, if any readout channel is found to be dead, simply disconnecting the readout electronics from the readout pad will maintain the sensitivity of
the chamber.
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Figure 6.1.7: Readout layer of the pad cathode board.
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Figure 6.1.8: The readout layer of one of the two preamplifier mother boards
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6.1.2

Detector Construction

Wire Frame Construction
The anode wires used in both detectors are gold plated tungsten with a diam-

eter of 18 Jim. The field wires are 125 /im stainless steel wire. Wires for the prototype
were laid down manually on a pitch bar and then glued on a wire frame with epoxy.
Wires for the full-size chamber were laid down on a transfer frame by a winding machine and then transferred to the wire frame. The tension of the anode wires was 30
grams and that of field wires 100 grams. Electrical connection to the wires was made
by conductive epoxy to pads on the wire frame.
Both wire frames were made of multilayer printed circuit boards. All the field
wires were connected together by a bus. The anode wires were interconnected into
several groups. Each group can be individually read out or pulsed by an external
test pulser. By sending a test pulse signal through the anode wires while monitoring
the response of the cathode pads underneath the wire, one can calibrate the complete
electronics chain. This is a more realistic measure of the system, since it resembles the
mechanism of the induced charge from the anode to the cathode pads. Wires in each
group are physically separated by several wires such that the pads under one wire
will not be affected by the other wires. This scheme could also offer some estimate of
the charge sharing between pads under neighboring wires. Fig. 6.1.10 illustrates the
electrical connection for the anode wires.
The prototype chamber uses aluminized mylar as the cathode window. It
was placed 2 mm above the wire plane. The window was held at ground potential.
A second window was used as the gas barrier to ensure the flatness of the cathode
window against pressure differential.
The cathode window for the full-size chamber was placed 4 mm above the wire
plane. Because of this asymmetrical cell geometry, however, a negative bias potential
has to be applied to the window in order to obtain a near symmetrical field on both
sides of the anode wires. The cathode window was made of 13 /im mylar film. It
was stretched and glued to an aluminum frame, and then a layer of aluminum was
vacuum deposited. A small clearance between the aluminum coating and the edge of
the aluminum window frame was maintained.
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Figure 6.1.9: Photograph of the wire frame of the full-size pad chamber. It has 40 anode
wires (18 ^m diameter), which are too thin to be see on the photograph, and 41 field wires
(125 fim. diameter). The two slots on the upper left and lower right corner of the wire
frame allows the circulation of gas. The window is a sheet of mylar with a layer of vacuum
deposited aluminum. A layer of bee's wax covers the surface of the printed circuit board
which is exposed to the air, in order to prevent moisture from seeping through the fiberglass.
All the electrical components on the other side of the wire frame are abo covered with wax.
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Figure 6.1.10: Electrical connections on the wire frame of the full-size pad chamber. AH
resistors are lOMfi to limit the current to the anode wires. All capacitors are 1000 pF. Note
that this is a 4 layer printed circuit board. All the traces shown are.on inner layers.

One special feature of this wire frame is the ability to supply different high
voltage to four anode wires located in the middle of the active area. During the
experiment, the heavy ion particle beam passed through the center of the chamber.
In order to be sensitive to the minimum ionizing particles while maintaining a safe
anode charge level for heavy ion particles, a lower voltage was supplied to the center
four wires.
The voltage settings for the window and the field wires were selected based
on the energy resolution of the chamber for x-rays. A series of 5.9 keV x-ray energy
spectra were collected by setting the voltages on the anode wires, field wires and the
window while maintaining the anode charge at a constant level. Fig. 6.1.11 shows
some of the energy spectra of the detector at various voltage settings. A voltage
setting with the window biased at about 1/4 of the anode voltage and field wires
biased at 0-1/4 of the anode voltage gives fairly good energy resolution.
The gas gain uniformity of both detectors was measured. The prototype detector had 5% peak to peak variation throughout the entire active area. This can
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Figure 6.1.11: Energy spectra of the full-size pad chamber for 5.9 keV x-rays in P-10 gas.
The anode charge level was maintained at 0.5 pC (200 ns shaping time) at all the voltage
settings. The energy resolution for each voltage setting is shown in the graph.
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Figure 6.1.12: Gas gain non-uniformity of the full-size chamber. The wire frame with
loose wires was used in this measurement. Gas gain was measured with 5.9 keV x-rays at
2.54 cm x 2.54 cm grid points. The gain unit3 are arbitrary.

be attributed to the excellent flatness of the cathode plane. The full-size chamber
showed greater variation. Fig. 6.1.12 shows the gas gain versus the position of measurement at 1" (2.54 cm) grid. The absolute variation was about ±15%. This could
be due to several factors such as the flatness of the cathode board, the tension of the
wires and spacing between wires.
It was found that several anode wires on the original wire frame did not have
enough tension to remain straight when high voltage was applied. This was discovered
during a calibration of the centroid finding system. A pulser signal was sent to the
anode plane, while the preamplifier outputs of a column of pad readouts under several
anode wires ( one pad per wire) were monitored on an oscilloscope. The electronic
gain was adjusted so that the outputs from each pad displayed the same amplitude
without high voltage on the anode wires. After putting high voltage on the anode
wire plane, the amplitudes of some of the channels increased. This was an indication
that the coupling between an anode wire and the pad underneath it had increased.
The only explanation is that the anode wire had moved under the electrostatic force,
towards the pad plane. The asymmetrical cell structure worsened the problem.
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Fig. 6.1.13 is a set of photographs of the pulser response from 15 pads under
15 anode wires. The first picture is the response without high voltage, where the
electronics gain of all the channels had been equalized. The second photo is the
response of same channels with 1400 V on the anode plane. Higher pulse heights
indicated larger capacitive coupling between the anode and the pad. If one assumes
a linear function between the anode-pad capacitance and distance as the first order
approximation, then the resultant maximum displacement of the anode wire was of the
order of 250 /an. The sagging of the wires could be decreased by biasing the window
at a negative voltage. The third photo of Fig. 6.1.13 shows the results of applying
—500 V to the window. The displacement of the loose wires was greatly reduced.
This wire frame was later on replaced by another one with properly tensioned wires.

6.2. Construction of the Chevron Pad Chamber
The major components of the chevron test chamber are shown in Fig. 6.2.1.
It consists of a fiberglass back plate, the cathode board, a wire frame, a cathode
window frame, and an outer window frame. The 6.35 mm thick back plate has two
holes drilled through with an O-ring seal for gas intake and exhaust. On the wire
frame, there are five anode wires made of 18 (im gold plated tungsten, and six field
wires made of 125 /im stainless steel. All the field wires are connected together to
a high voltage supply, and through a capacitor to a preamplifier if so desired. Only
three of the five anode wires are sensitive. Any combination of the three can be
connected to a preamplifier while the rest are coupled to ground through capacitors.
The cathode window is made of double sided aluminized mylar and glued to one side
of a 2 mm thick fiberglass frame. Both sides of the aluminum coating were connected
to a high voltage power supply. This window frame can be mounted either face up or
face down, so that the anode-window spacing can be either 2 mm or 4 mm. Through
an isolating high voltage capacitor, one can also read out the signal induced on the
window. Another 6.35mm thick fiberglass frame carries the second windows for the
gas seal, so that there is no pressure differential on the cathode window.
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Figure 6.1.13: Photographs of the cathode pad responses while pulsing the anode wires,
(a) Signal output from 15 pads under 15 anode wires of the full-size chamber. The electronics
gains were equalized before high voltage was applied on the anode wires, (b) Response from
the same channels when 1400 V was applied on the anode wires, (c) While maintaining the
140C V on the anode wires, -500 V was applied on the cathode window. At this bias voltage,
the displacements of the anode wires were greatly reduced.
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Figure 6.2.1: Components of the chevron test detector

114

Detector Construction

The cathode board is a three layer printed circuit board with a total thickness
of 0.8 mm. Fig. 6.2.2 shows the two outside layers of one of the cathode board. Three
rows of chevron patterns are etched on the top layer. Normally, all three rows have
the same "type" and "version" of chevron pattern, but each row differs in the fx
value (see Fig. 5.1.3). The width of the chevron pads are 3.05 mm (0.120"). The rest
of 0.95 mm is taken by a guard strip as shown in P.g. 6.2.2 to separate chevron rows.
The primary function of the guard strip is to reduce the quantity of charge induced
on the neighboring row. For all the tests in present work, the guard strips are directly
connected to ground. The presence of the guard strip is not essential to the operation
of the chamber.
The design of this test detector assures that the cathode board can be easily
replaced by another with different chevron patterns. Nearly 30 of the readout boards
with various readout patterns have been fabricated and tested so far.
Two large wire chambers with chevron pad planes combined with conventional
drift layers were constructed at the same time as the the full-size resistive pad chamber. One has an active area of 81 cm x 30 cm (32" x 12"). The other has an active
area of 203 cm x 51cm (80" x 20"). A centered single chevron pattern was used for
both cathode planes. The mechanical structures of the cathode plane are similar to
that of the full-size resistive pad chamber. The largest chevron pad on the larger
chamber has a 25.4 cm readout spacing. The results of their operation were reported
in Ref. [4].
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Figure 6.2.2: The art works used to make the printed circuit board for the cathode
plane. The top is the first layer, showing three rows of one & a half chevron patterns. The
bottom is the third layer, showing the readout leads connecting the chevron pads and rows
of connectors.
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Chapter 7.
Conclusions and Future Developments
7.1. Conclusions
The two types of position sensitive MWPC can be used in many applications ranging from particle tracking to x-ray imaging. It has been demonstrated in
the heavy ion experiment E-814 that both types of chamber can deliver satisfactory
results. Their ability to handle high particle multiplicity and provide unambiguous
two-dimensional position information affords a very powerful detector technique. The
following is a summary of some major features of both types of readout.
Position Resolution
Along the anode wire direction, both types of detector have position resolutions down to about 1% of the readout spacing. The position resolution is mainly
determined by the signal to noise ratio of the electronics, and the readout spacing.
There will be some degradation in chambers with the single chevron pattern, especially in x-ray measurements.
The position resolutions in the direction perpendicular to the anode wires are
mainly determined by the anode-anode spacing (ay ~ s/-\/T2). However, it is possible
to make use of the charge sharing across neighboring wires to improve the position
resolution between wires. The charge sharing is more pronounced in detectors with
small anode-cathode spacing and long shaping time constant.
It is estimated that the double track resolutions of both types of detector are
about the same as the readout spacing.
Position Linearity
The position linearity of a detector with resistive pad readout is mainly determined by the uniformity of the resistors. The measured DFNL with untrimmed
resistors in this work is about 12%. By using laser or abrasive trimming of resistors, one can expect to reduce the differential non-linearity down to the 2% level.
Automated equipment for trimming resistors over a large area has to be developed.
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Detectors of a similar type with discrete resistors mounted on the back of the cathode
plane have been studied at CERN [53].
The shaping time of the readout electronics may also affect the position linearity. If the shaping time is shorter than the RC time constant of the cathode pads,
systematic loss of the signal charge will result in position non-linearity. It is very
difficult to correct the non-linearity of the detector without knowing the values of
each individual resistors.
In a chevron pad chamber, the position linearity is very sensitive to the cathode
pad pattern. The best measured differential non-linearity so far is about 10% on a
cathode with one & a half chevron pattern, fx = 1.05 and a 60 /im gap between
pads. However, the position non-linearity in a particular pad geometry has a highly
periodic form, which can be easily corrected.
Detector Dimensions
Due to the complexity in fabricating the cathode plane of a resistive pad
chamber, especially in silk screening, curing and trimming of the resistive strips, the
resistive pad cathode is perhaps most suited for detectors with small to medium sizes,.
or large detectors with subdivided smaller cathode modules.
Chevron pad cathode is relatively easy to fabricate. The limitations on its size
depend mostly on the printed circuit board techniques. The tolerances in the etching
process may prevent the use of very small pad sizes.
The amount of material in the active area in both types of detector is well
below 1% of a radiation length with present cathode structures, see Appendix F.
Electronics
In both types of detector, the charge induced on the cathode pads is less than
1/3 of the anode charge, while the centroid finding needs typically 3 readout channels.
Low noise, high dynamic range electronics are essential. For a system with ADCs, 8
bit or higher dynamic range is needed, base on results from computer simulations, to
achieve a resolution 1% of the readout spacing.
The shaping time of the shaping amplifiers has to match the RC time constant
of the resistive pad cathode. This is important in maintain good position resolution
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and position linearity [25,19]. So a resistive pad chamber is always optimized for a
certain time constant.
Compared with the resistive pad chamber, chevron pad readout does not have
the restrictions on the shaping time constant. However, the capacitance for a chevron
pad is typically much larger than that of the capacitance per channel of a resistive pad
chamber. Matching the input capacitance of the preamplifier therefore is important
to achieve low noise performance.
Studies have been carried out in the design of a central tracking detector system
to be used in the GEM experiment at the SSC. This design uses a multiple chevron
pattern to perform charge division. The required position resolution is 50 /an with a
5 mm readout spacing. Designs using chevron pad readout in a ring imaging Cherekov
detector, and in a transition radiation detector, has been proposed for an experiment
at the Relativistic Heavy Ion Collider. These two interpolating pad cathodes can also
be used in Time Projection Chambers (TPCs), replacing the conventional rectangular
pads, to achieve better position linearities.

7.2. Future Developments
7.2.1

Readout Electronics
One major task for applying these two dimensional readout systems in high

energy physics experiments is to develop a new type of readout electronics. The
current method, as described in Chapter 6, uses hybrid preamplifiers and shaping
amplifiers for each readout channel. The presently available density of preamplifiers
and readout leads greatly limits the density and dimension of the active detector area.
The full-size chamber in this work has probably reached the practical limit in readout
area and density using this "conventional" readout scheme.
The R&D work on the next generation of readout system has already been
started, which takes advantage of today's VLSI technology. In such a readout system,
many channels of readout electronics, such as preamplifier, shaping amplifier etc., are
integrated into a single IC chip. These chips will be mounted directly on the back of
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the cathode plane of a pad chamber. This scheme is necessary if the readout density
and the detector area is very large. However, it may add more material to the cathode
plane. Cooling of the electronics is another potential problem.
For a large detector system in which the cathode plane can be subdivided into
smaller modules, it may still be possible to mount the readout electronics on the
periphery of the chamber. This method will add capacitance of readout leads to the
electronics, but nevertheless is simpler to realize.

7.2.2

Variations of the Chevron Patterns
The single chevron is the simplest pattern to use for a large detector with a

relaxed position, linearity requirement. It is possible to improve its position linearity
by using tailored shape—one whose edges are curves instead of straight lines. Preliminary studies have indicated improvements in position linearity in such a design.
Similar to the Graded Density electrode [34] one can also use the "Graded
Density Pads" as shown in Fig. 7.2.1 for charge division. The linearity of this electrode
can be controlled by adjusting the relative widths and number of the complementary
"fingers." The centroid shift of the encoded x position due to the anode avalanche
angular localization is expected to be reduced. Like the chevron patterns, this pattern
also requires etching of fine lines on the printed circuit board. The disadvantage of this
geometry is that the inter-pad capacitance is large due to the longer interface between
pads. However, this can be solved by applying the capacitive charge division scheme
described in Refs. [41,37]—connecting every other or every third pad to a preamplifier
(intermediate pad cathode). The large inter-pad capacitance will enhance the charge
division among pads. With this configuration, the inter-node capacitance is reduced.
Using this method, readout spacing can be greatly increased while maintaining a good
sampling of induced charge. Compared with chevron pad cathode, this intermediate
graded density pad cathode is perhaps more reliable with large readout spacings.
The intermediate strip method [41] can also be used on the zigzag strip cathodes. It can reduce the inter-strip capacitance, therefore reducing electronic noise. It
can also increase the readout spacing without using zigzag patterns with very sharp
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Figure 7.2.1: Two examples of the Graded Density Pad patterns. The circles represent
the readout point. One complete pad is shaded in each pattern.

Figure 7.2.2: An arrangement of the chevron cathode pattern to improve position reso
lution across the anode wire direction. A centered double chevron pattern is shown here.
The dashed lines represent the anode wires.

vertices. The position linearity can be optimized with appropriate fx values cf the
zigzag pattern.
One disadvantage of the chevron pad readout is that the position resolution
across anode wire direction is limited by the anode wire spacing. The arrangement
illustrated in Fig. 7.2.2 can effectively half the position resolution across anode wires
without adding additional readout electronics. The number of anode wires is doubled
in this configuration. An avalanche created near the anode wire between pad rows
will induce charge on both rows of pads. Centroid finding can be performed with 4~6
nodes. The major drawback is that the signal to noise ratio is lower, due to the large
number of readout nodes used for centroid finding.
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Figure 7.2.3: A cathode pattern using a combination of resistive pads and graded density
pads. One of the complete pads is shaded. Resistive strips interconnect columns of pads.
Position interpolation along both axes can be realized.

Fig. 7.2.3 illustrates another cathode configuration for position interpolation
in both x and y directions. It is a combination of the graded density pads and
resistive pads cathode. Charge division along the horizontal direction is performed
by geometrical charge division with the graded density pads, while along the vertical
direction is done by resistive charge division. Centroid finding is performed with
several nodes in a cluster.
7.2.3

Outstanding Problems
One puzzling phenomenon is the disagreement between calculated and mea-

sured centroid shift in the one &: a half chevron due to the displacement of the
positive ions in the y direction (see Fig. 5.3.12). Information of the ion mobility or
measured displacement in the centroid of induced charge (see Fig. 5.3.10) indicate
that at a 1.4 (is shaping time, the centroid of the cathode induced charge is about
250-300 mum away from the anode wire (in the geometry of the chevron test chamber). However, calculations similar to the one used in the wire displacement study (see
Fig. 5.3.14) give results which are less than 1/2 of the experimental measurements.
Further investigations are needed to resolve this problem.
Experimental data are needed to confirm or correct the simulated result of the
differential non-linearity as a function of fx and the chevron gap width (see Fig. 5.3.7).
Knowledge of their relationship is important in optimizing various chevron geometries.
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Finally, a simple and efHcient method to calculate the centroids of double hits
from 4 to 5 readout nodes is needed for pattern recognition in high multiplicity events.
Experimental results are needed to determine the double track resolutions of these
interpolating readout systems.
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Appendix A. Analog Centroid Finding System
The analog centroid finding system was developed by Radeka et al. [19] at
BNL. It has been used throughout the testing of the detectors described in the main
text. It has also been used in many detector systems ranging from x-ray imaging to
neutron detection.
Its principle of operation is unique in that it applies the centroid finding formula in the time domain, by means of convoluting the input signals with a linear
weighting function. It performs the centroid finding using only a few local readout
channels which have signal, therefore eliminating the noise contribution from other
channels.
Fig. A.I is a schematic diagram of the centroid finding system [19]. The induced signals on the cathode pads (or scrips) are processed by preamplifiers connected
to each readout node. Each preamplifier is connected to a Sample & Hold Filter where
the signal is shaped at a user selectable shaping time. The shaping time used in most
of the measurements is 1.4 /*s. The shaped signal is then sampled and sequentially
switched to the input of the centroid finding filter. The rate at which each channel is
switched is controlled by a clock. The clock frequency used in this work is 4 MHz, or
250 ns per channel. The waveforms of the sequential switch are shown in Fig. 4.2.2.
The clock frequency also determines the number of readout nodes being convoluted
by the centroid finding filter. The anode signal is processed by a shaping amplifier
and synchronized with the clock cycle to generate a timing marker. The centroid
finding filter has an impulse response in a shape as shown in Fig. A.I. The output
waveform from the filter is also shown in Fig. A.I, which is a convolution of the input
waveform and the filter impulse response. The zero crossing time of the filter output
is a linear function of the centroid of the avalanche position.
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Figure A . I : Analog centroid finding system: Schematic diagram and signal wavefonns
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Appendix B. Centroid Finding Formula

Figure B.I: Resistive charge division in a pad chamber

Fig. B.I illustrates the principle of charge division on such a cathode. Each
pad (at position X{) under the anode wire is induced an amount of charge (Qi), which
equals the integral of the cathode charge distribution over the area of the pad. These
charges are collected by the nearest two preamplifiers at positions Z&-1 a n d Zfc along
the pad row. The amount of charge that goes to either side of the preamplifiers
{Qi,k-\iQi,k) is inversely proportional to the resistance values from this pad to the
readout pads. So, we have:
Qi,k-\ __
Qi,k

for

(B.I)

ifc_i < Xi <

(B.2)

<,.<

where a uniform resistive chain is assumed. Rewriting Eq. (B.I) and Eq. (B.2), one
can get:
Qi,k) = *k-\Qi,k-\

for

zjk-i < xi < xk (B.3)

for

xk < xi < xk+i

(BA)
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Knowing that

Qk-i = Yl Qi'k~l

for Xfe 1

- - Xi -Xk

i

Qk = J ^ Qi,k

^

x

k-i

<xi<

for xk<xi<xk+1
Qi = Qi,k-i + Qi,k

for

2fc-i < »i < Zfc

Sun Eq. (B.3) and Eq. (B.4) over all pads between x^i and
^2 xiQi = xk-iQk-i + XkQk +
The centroid of the charge distribution is defined as:

r

xp(x) dx

J — 00
OQ

(B.5)

Xr, = J—

(x)dx

for discrete pads, it can be approximated as:

with an error:
rXi+d/2
rX

2J /

[xi-x)p{x)dx

Jxj-d/2

where d is the length of the pads along the wire direction. The error term is determined by the width of the pads d and the distribution of the induced charge. It is
independent of the readout spacing la. Provided that the charge induced on nodes
other then k — 1, k, fc + 1 is negligible, and the size of the cathode pads is small
enough (d < Q.8h), the centroid position can be evaluated by:
_

Qfc-i + Qk +
Similarly, one can derive that in general
x

_
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Appendix C. Position Resolution as a Function of Position
It was found that the position resolution of the detectors using the centroid
finding method displays a periodic variation (see Fig. C.I). In other words, the
position resolution depends on the location of the measurement. Detailed discussion
on this subject can be found in ref. [25]. A simple model is given here to explain the
phenomenon.
Let's start with the general case: signals are collected by three' readout nodes
at locations XA, XB and xc- Their signal charges are denoted by QA, QB and Qc,
and they are separated by la- Let QB be the maximum of the three, and XB = 0
(which implies — Za/2 < xe < U/2, and XA = —la, xc = la)- Assuming that the noise
from all three channels is not correlated. The centroid position is determined as:
Xc —

XAQA

+ XBQB + xcQc

QA + QB + QC
QC-QA
QA + QB + QC

=/

QC-QA
QT

where QT = QA + QB + Qc- The position error is then:
Sxe = ^ - [SQc - SQA - xc (SQA + 6QB + SQC)\
QT

- xe) - SQA (1 + xe) - SQBxc)

(Cl)

Assuming SQA = SQB = SQc = AQ, then

It can be seen that the position resolution is detennined by the combination of the
signal-to-noise ratio and the factor yji + Zx\. The maximum value (~ 1.66) occurs
when xc = la/2 (midway between two nodes), and the minimum value (~ 1.41) occurs
when xc = 0 (over one node).
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Figure C.I: Experimental measurements of position resolution versus position. The readout spacing is 10 mm.
Using a similar argument, one can find that for the case of centroid finding
using two nodes, Sxc/la = ~pr~y^ "" ^Xc + %xci *^e minimum value lies midway beQT

V

tween the two nodes. For the case of four nodes, 8xc/la — 77^ V
6 — 4s c + 4x2', and
V
the minim:im lies midway between the two inner nodes.

QT

This behavior of the position resolution is intrinsic to the centroid finding
formula and it is always true if the noise is uncorrelated and a fixed number of
readout nodes are used to perform the centroid calculation.
It should be noted that the variation in position resolution as a function of
position is independent of the variation in position sensitivity. In chambers which
have locations that display position non-linearity, the local position sensitivity will
change. This will give a distorted position resolution measurement. For example,
suppose the UIR spectrum of a detector has a spike at certain location. The position
sensitivity there will be lower than elsewhere. The position resolution measured from
the system will be smaller than the real resolution.
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Appendix D. Effect of Inclined Particle Tracks
All the results shown in previous sections ate based on particles or photons
with normal incidence. However, in a real experiment, particles may have different
incident angles. It is important to understand the behavior of the detector system
under such conditions.
A. 'Monochromatic Photons
As described in Chapter 2, a photon deposits its energy in a single transaction.
It leaves a point like ionization in the detector gas volume. For a thin detector,
where the thickness of the gas volume is smaller than the absorption length of the
photon in that gas mixture, the probability of an ionization event in the gas volume is
uniformly distributed along the path of the incident photon. Neglecting the variation
in deposited energy for each photon, the resolution of the track position is:
a = —~=d tana

\/l2

where a is the angle between the z axis and the photon beam projected on the x-z
plane.
B. Particle Tracks
It is difficult to describe accurately the position resolution for inclined particle
tracks, because of the large variation in energy deposition and distribution. Nevertheless, results of a simplified computer simulation are given here as an estimate.
A number of clusters are generated according to a Poisson distribution. The
cluster size is then generated by a distribution given by H. Fischle et al. [54] (shown
in Fig. D.lb). Each electron within a cluster is drifted (projected) to the anode wire,
and multiplied by a gas gain factor with an exponential distribution. The pulse height
spectrum is shown in Fig. D.lc. The centroid of all the electrons in a particle track
is calculated. The standard deviation of the centroid distribution for a large number
of tracks is shown in Fig. D.la as a function of the incident track angle.
Detectors used in many colliding beam experiments have to operate in magnetic fields. If the magnetic field has a non-zero component in the direction perpendicular to the direction of the anode wire, the electrons created by the ionization of
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Figure D . I : (a) Computer simulated results of position resolution as a function of track
angle, (b) Cluster size distribution used in the simulation. Data was based on Argon gas
from [54]. (c) The energy spectrum by convoluting the cluster size distribution and poisson
distribution. The depth of the chamber is 5 mm
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the particle will drift under the influence of the Lorentz Force. There will be a finite
angle (Lorentz Angle) between the drift direction •xaA the electrical field. The net
result is to some extent similar to the case of inclined particle tracks. However, a
3-0 model is needed to simulate this situation. This effect can be greatly reduced by
rotating the chamber at an angle so that the incident particle track is at the Lorentz
Angle with respect to the chamber. The electron clusters will then drift towards the
anode wire with the Lorentz Angle, that is, along the particle track.
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Appendix E. Heavy Ion Detection
The full-size pad chamber has been used in the heavy ion experiment at the
AGS. There were several problems discovered during its operation.
A. Sustained high leakage current on the anode wires
The gas used in the detector was originally 50% argon and 50% ethane mixture.
It was found that if the anode charge levels exceeded more than 1.5-2 pC, the anode
leakage current started to increase dramatically. The current would reach a level
around several microamps, and that current would then be maintained even though
there was no longer radiation incident on the chamber. A power down was required
to eliminate the current. On the anode wire frame, resistors of 10 Mil were used
to limit the current, thereby protecting anode wires from damage in case of a high
voltage breakdown. The voltage drop on the anode wire due to the large leakage
current could significantly reduce the gas gain.
The problem was solved by flowing gas through alcohol which was maintained
at 0°C.
B. Negative" pedestal
The complete readout system including ADCs was carefully calibrated before
and during the experiment. However, it was found that the average ADC count for
heavy ion events was negative. A close look revealed that there was some correlation
between the negative background and the positive signal from each event. Fig. B.I
shows these results, where the sum of all positive ADC counts for each event is plotted
against the sum of all negative ADC counts.
This correlation is an indication of some sort of crosstalk. It could come from
two major sources: one was the readout electronics, the other was the anode wire
plane. The electronics system was tested against crosstalk at an early stage of the
experiment. It was unlikely that crosstalk of this amplitude could be due to the
electronics. It was believed that the large avalanche signal on a few anode wires
momentarily changed the bias of the wire frame, and the cathode pads picked up the
fluctuation in the anode wire voltage.
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Figure E.I: Sum of all negative channels versus sum of all positive channels
It was also found that a similar problem was more pronounced on some anode
wires. This can be see in Fig. E.2, which illustrates an event display from the pad
chamber. Pads with positive signal are represented by squares and pads with negative
signal are represented by circles. The area of the square or circle is proportional to
the amount of charge. Notice that almost all pads under one anode wire had negative
signals. It is suspected that there was a poor connection between the anode wire and
the isolating capacitor, which provided an AC ground.
C. 8 rays inside the chamber
S rays are known to be associated with heavy ion particles. Their presence
is very clear from some of the event displays that captured the trajectory of the
S electrons, see, for example, Fig. E.3. Pattern recognition of minimum ionizing
particles was made very difficult by 6 rays.
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Figure E.2: Event display of the pad chamber showing the negative pedestal under one
wire.
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Figure E.3: Two 8 electrons originating from the heavy ion beam spot.
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Appendix F. Position Resolution and the Dynamic Range
ofADCs
In the design of a detector system using ADCs, the most common problem
is what dynamic range of the ADC, or the number of bits, is needed to achieve the
desired position resolution. Of course the larger the dynamic range, the better the
position resolution (provided that the electronic noise is negligible). However, the
bandwidth of the data acquisition system, the speed of digitization and, for the case
of flash ADCs, the power dissipation and the amount of electronics are just some of
the limiting factors restricting the use of high dynamic range ADCs. Optimization of
the number of ADC bits, as well as the ADC levels, are needed to achieve the desired
position resolution with minimum ADC bits.
It is a well known fact that a MWPC with a 1 bit ADC, which simply gives a
"yes" or ttno" answer, has a position resolution of 3/\/l2, & being the anode wire pitch.
It is interesting to note that the position resolution of a detector using a centroid
finding scheme and a 1 bit ADC will give a position resolution better than / a / \ / l 2
(Za being the readout spacing). This is due to the fact that more than one readout
channel provides the position information. For example, an optimized centroid finding
system will use 2 to 3 channels for the centroid calculation. If the signals from one
channel exceeds the threshold, the centroid position will be at the node position of
that channel. If the signals from two adjacent channels exceed the threshold, the
centroid will be in the middle of the two nodes. If the threshold of the discriminator
is set at such a level that the probability of an event having two channels that exceed
threshold equals the probability of an event having one channel that exceeds threshold,
the position resolution can be a factor of two better (Q.5la/y/l2). The factor of two
can only be realized if the signal sizes are the same for all events, in other words, the
energy spectrum is a 5 function. Using more channels for centroid evaluation will not
improve the resolution beyond this factor of two.
In applications where position resolution of 0.5 la/V^

is adequate, the choice

of the discriminator threshold can be optimized based on the geometry of the chamber.
For example, on a cathode whose readout spacing, la, is 3 times the anode-cathode
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spacing fe, the threshold should be set at around 30% of the total cathode charge
level. If la = 5h, then a level of 25% of the total will give the best position resolution.
Computer simulations were performed to study the dependence of position
resolution on the number of ADC bits. Some of the results are shown in Fig. F.I.
One set of data is from events with an 8 function—just as a reference. One set of data
is from events with a gaussian energy spectrum whose a is 10% of the mean. This is
to simulate events for several keV x-rays in a MWPC. One set of data is from events
with a Landau type energy spectrum (see Fig. 4.4.2). The ADC levels are assumed
to be uniformly spaced.
These simulations also indicated an interesting result that non-linear ADC
levels may improve the position resolution slightly. This was studied only with a
small number of ADC levels ( 2 to 4 bits). Fig. F.2 shows three sets of ADC values
that give better position resolution than optimized linear settings. To understand
this, let's recall the discussion in Appendix 3 on the position resolution as a function
of position. We have:
5x W

^

(SQc

(1

~

Xc)

~ 8®A ^ + Xc> ~ 5< 2B*C) (Eq- (C.I))

It can be seen that the contributions from the three error sources SQA, SQQ
and SQc have different weights to the position resolution. Fig. F.3 plots their relative
weights as a function of the centroid position. Clearly, 8QA and SQc have higher
weights than 8QB. Note that for -0.5 < x < 0.5, QB is larger than QA and QCThis means that it is more important to maintain accurate measurements on the
smaller signals. Therefore, a set of non-linear ADC levels with "condensed" levels
towards the low end will give better position resolution.
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