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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 subdi-

vided rows of pads interconnected by resistive strips as the cathode of a multiwire

proportional chamber (MWPC). A position resolution of less than 100 #m 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 con-

struction techniques are described. In conclusion, applications and future develop-

ments are discussed.

io,
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Introduction 1

Chapter 1.
Introduction

1.1. Background

" Since the introduction of the Multiwire Proportional Chamber (MWPC) in

1968, i_ has been widely used in the detection of energetic charged particles as well

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,

Cathodeplanes

)

FigureI.I.i:Structureofa typicalMWPC

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 anode 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 unam-

biguous coordinates for all tracks. As illustrated in Fig. 1.1.2, "ghosts'mfalse 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
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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 orfly two orthogonal

anode wire planes, a quality factor Q, which quantifies the ambiguities, is defined:

number of candidate pointsQ-
number of incident particles

=
"",_n for n/N << 1,

where N is the number of wires in an MWPC plane; n is the number of incident

particles. Adding two more MWPC planes to the system improves the quality factor

Q to:

[( ) ]N 1-e -'_/N 2-n/N

Q = t + . (_.1.2) .
n

This expression is plotted in Fig. 1.1.3. '6

For higher multiplicities and particle densities, more planes are needed attd

each plane needs to have a large number of wires. The pattern recognition quickly

becomes prolfibitively complicated. For a given chamber, the pattern recognition fails

rapidly with the increase of track multiplicity.
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Figure 1.1.3: Quality factor of a multiwire 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 Su-

perconducting Super Collider (SSC) will require accurate tracking detectors capable

= of resolving track multiplicities in the range of 103/ste1,.dian.

Another important requirement wkich 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 ueeded to resolve high multiplicity

- events in today's large high energy experiments, one that pre'¢ides unambiguous two-

dimensional information with good efficiency. This thesis will focus oa two types of

. " detector developed at Brookhaven National Laboratory.



4 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 #mrms, for 5.4keV x-rays,

and differential non-llnearity 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-lineaxity of 10% for 5.4 keV x-rays have bcen achieved. Ali 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 oper-

ation of the MWPC detector, and previous pioneering works related to the pre_ent

research are given in Chapters 2 and 3. Experimental. results for both detector systems

axe 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 ge-

ometries 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 defined 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.
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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 performanceare 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 _2K__ p [lh( 2mev' )_ft,] K = 2_rNoz2e4 (2.1.1)d-_= _ X(1- _) ' _2

where me is the electron mass, _ = v/c, z and v are the charge and velocity of the

particle, No is Avogadro's number, Z and A are the atomic number and mass number

of the atoms (or molecules) of the medium, z is the path length in the medium, and I is

an effective ionization potential averaged over ali electrons (I _ 10ZeV). Eq. (2.1.1)

shows that dE/dz is independent of the particle mass M. It varies as 1/v 2 at non-

" relativistic velocities, reaches a minimum for E __3Mc 2, increases logarithmically

with 3' = El Mc2 = (1-/32) -_/2 (called relativistic rise). Generally, (dE/dz)m:m _-1-

1.5 MeVcm2/g for most media.,t

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:

,(_+.-_)1 e-_ , (2.1.2)/(_) = _



6 Principles of Opera_ion in an MWPC

10-' (a)
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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

AEMp:
Z pz

A = AE--_/kEMp , _ = K 2 fl---_. (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 correc-

" tions from atomic shell structures are given in Refs. [7-8].

The energy range of photons of interest in tlfis work is a few keV. Photons

interact with detector gas mainly by the photoelectric effect. It is a single localized

event. A simplified process can be described as the following:

The absorption of an x-ray photon of energy E. r by a gas molecule with a

shell energy of Ei (Ei _ E.r) results in the emission of a photoelectron with energy

Ee = E v - 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 E i fills the inner

shell vacancy, emitting a photon of energy L_ - E i.

ii. Auger effect: an internal rearrangement involving several outer shell electrons,

results in the filling of the inner _hell 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 tile incident charged particles or photons results

in a collection of electrons and positive ions. Under tile 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
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Figure 2.1.2: Energy spectrum of 5.9 keV x-rays in an argon filled MWPC.

impo:tauce 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 col-

lision 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 ioniza-

tion 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.

Tile avalanche takes piace within several wire diameters above the anode wire surface.
q

The slow moving positive ions created by the avalanche process drift away

from the anode wire. Compared with the speed of tile drifting electrons, they can

be considered stationary. For ,_valanches wlfich create a large number of electron-ion

pairs, the presence of tile positive ions surrounding tile anode wire can form a "shell"

which effectively reduces tile electric field strength inside, resulting in a reduced gas

amplification factor. This is commonly called tile space charge effect. It occurs most
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i

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 _mbers with ttfin anode wires, large gas gain, and ai 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. Thesignal detected by the readout electronics
4

connected to either a.node or cathode is due to this induced charge. Au 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.
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Figure 2.3.1t A simple electrode configuration

2.3.1 Green's Theorem of Reciprocity

Green's theorem of reciprocity states that if charges Q1, Q2, ... , _n on the

conductors of a system give rise to potentials V1, V2,..., Vn and if charges O_, O_,

..., O_ on the conductors of a system give rise to potentials V{, V_,..., V_, then:

i=t i=1

We consider a simple system with three conductors: A, C and I as shown in

Fig. 2.3.1. According to Eq. (2.3.1):

QAV_4"4"Qc V_ + QI v_ = QtAVA + Q_ Vc + Q'zV1

Let the initial state be: QI = O, VA = 1 and Vc = O, and let the final state be:

Qi=q0,vi =__.drb=0.wl,_,w_1_..

QA.1+ Qc.O+ O.vl = Q'a"1+ Q'c.O+qo.y_

which yields:

Q_ - QA = -qoVx. (2.3,2)

Qla - QA is the induced charge on conductor Adue to the presence of charge

qoon conductor I, and VI is the potenti.,d at the location of conductor I for the initi,_l

state.
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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 -qoVI, in ,,'hich q0 is the charge of the ion cloud and VI is the potential

at the ion location with the anode r_ised to unit potential and the cathode at zero
o

potential. Similarly, the induced charge on the cathode C can be found to be qoVI.

J.

2.3.2 Time Development of Induced Charge

Now we consider a cylindrical wire chamber geometry, Let ra) ra be the radii

of the anode and cathode respectively. Let Va be the anode voltage and let Va = O,

The electric field at a distance r from the center of the anode E(r) can be described

as:

i __Va (2,3,3)E = '
and the potential V(r) can be expressed as:

[ ln(r/r,) ] (2.3.4)v = - 1. '

Assume the avalanche process creates two point charges: q0 and -q0, where q0

is the charge of the positively charged ions and -q0 is the charge due to the electrons.

Because of the geometry of the chamber, most of the multiplication process occurs at

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) = pE(r), where/_ is the positive ion mobility which is considered to

be independent of E. Assume the electrons arrive at the anode wire surface after a

vcry short time At 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, arcording

to Eq. (2.3.2)'. Qi = -'q0_, and similarly, the charge induced by the electrons on the

anode is Qe = q0Ve. 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
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anode wire can be described by the following:

- qoV_(_o)+ qoV_(_o)= o t = o

- qoVi (ro) + qo' 1 t = A_
Qa = (2.3.5)

-qoV_(r) _>/x_ -

-qo.O=O t_tc
4

where to is the time when the positive ions arrive at the cathode surface, and V1 =

In(r/ra) is the potential at the ion location with the auode raised to unit potenti',d1 t_(,-o/_.)
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 o_ them are within a few mean free paths of ionizing collision).

For most applications, tile induced charge due to tile motion of electrons can be
i

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:

iA = dQA dV1 (r)dr (2.3.6)d--'tt- "-'-q° d_ dt

while:

dV1 (r) = -El (r)= - 1 (2.3.7a)
dr tin(rc/%)

dr # Va (2.3.7b)7i = v=#Z (_)= :, (_/_.)T'
From Eq. (2.3.7b) one obtains"

_d_= #v.....dr. (2.3.8)
ln(r_/%)

integrate Eq. (2.3.8)"

. rtdrl = la (%/%) dtl

and
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to= _ _ ('ol_a)-_ _---¢--a (2.3.1o)
21_Va 21_E a

• ,

Va
where Ea = is the electric field strength on the anode surface, to deter-

,-a_("o/"a)
, mines the time scale of the ion motion and of the induced signal.

Substitute r = rav/1 + t/to into Eq. (2.3.7a) and Eq. (2.3.7b), we can write

" Eq. (2.3.6) as:
#Va 1 1 ,:

iA =qO
[In (rc/ra)] 2 r2a 1 + t/to

1 1
• (2.3.11)= q°21n(_o/_a)/0_+t/t0

while the signal current in the anode readout electronics is:

ia - -iA - -qo.2In(r_/ra)to"1+ t/_o' t _<t_-- to ("J_a)_- (2.a.12)
and the signal current in the cathode readout is:

1 1
i_= --ia=qo • (2.3.13)2_ (_/_a)to 1+ t/to

Note that the relationship ie = -in is only valid for a tw,) 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 devel-

oped by Radeka [11] is more convcnient to use for calculating the induced charge.

2.3.3 Anode Avalanche Angular Distribution

The avalanche process is not unifoimly 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 distr:bution, which in turn results in asymmetry in the cathode

' induced charge distribution. The avalano.e angular distribution is dependent on the

anode wire diameter, avalanche size, gas mixture and type of _udiation.

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 diam-

eters. The measurements were performed with an azimuthally segmented cylindrical

proportional counter.
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/', /,I F;gure 2.3.2: Tllustration of the avalanche process leading to the angular distribution
of avalanche, and the shift of induced charge distribution. (a) A photon traversing the

r chamber i,'mizes gas molecules and creates electron-ion pairs. The electrons drifts towards

the anode "aire 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.



Principles of Operation in au MWPC 15

2.3.4 Induced Charge Distribution on the Cathode

The induced charge density distribution on the cathode plane due to the an-
J

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

• summarized here.

cathode l
h

anodes

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 [18]. 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 2h. The image

charges axe an infinite series of point charges at intervals 2h 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:

OO

p(x,y) - -QA E (-1)" (2n + 1)h (2.3.14)

,t 27I" [ )2h2 x2 ],_=0 (2n + 1 + + yZ s/2

, where Q A is the avalanche size.

The charge distribution along any one dimension can be derived by integrating

Eq. (2.3.14) over the other dimension:

F= p( ,v)dv
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_ -QA + 1)h
-__= (2n+1) 2h 2+z2

Q_t _Trx (2.3 15)--
'lh

The integral of the above expression is:

p (z) dz = arctan e_rz/2h z2
1 71" a_1

A three parameter empirical formula was developed by Oatti et al., [13] for

the induced charge distribution Mong the anode direction. Mathieson et al., [14,16]

calculated the exact one dimensional distribution for the direction along and per-

pendicular 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 be-

tween the induced charge distribution along the anode wire direction (Pl) and the

distribution perpendicular to the wires (p2) is negligible for all practical purposes.

The single parameter formuln is given, as a function of a normalized coordinate A
X

(A = _), as the following:

1 - taah 2 (K2A)
P(A) = KI (2.3.17)
QA 1 + K3 tanh 2 (K2A)

where:

K1 =
4 arctan V_3

K2=g 1- 5

K3 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: D

Naturally, when h/_ = 0, the geometry degenerates into two parallel plates. Under

this condition, Ka = 1 and Eq. (2.3.17) becomes identical to Eq. (2.3.15).
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Figure 2.3.5: Values of K3 m Eq. (2.3.17) as a function of chamber parameter hl8 and
[i7].

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 commozfly used type is the charge sensitive preamplifier, which

4 converts the amount of charge from the input to a voltage output. It is an invert-

ing 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 tlfis 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.



P_inc_plesoi Operationin an MWPC 19

2.4.2 Shaping Amplifier

The output of a preamplifier normally has a rather long decay time (10-100 #s

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 sig'nal processing differs, depending on the application

of the MWPC. The simplest process is to discriminate the signal from shaping ampli-

tiers, which results in an output logic pulse when the input exceeds certain threshold.

The discriminator output cap. be used to determine whether a particular channel has

a hit. For applications where the avalanche size is of interest, the shaping ampli-

fier outputs are conaected to analog to digital converters (ADCs) which convert the

analog signal into dlgital 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].

4

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.
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20One+;20Osm. 200nsf,

Figure 2.4.2: (a) Photograph of a 200ns shaping amplifier. (b) Photograph of the cathode
signal waveform of the shaping amplifier. Radiation was 15 GeV proton.

m,
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t

2.5.1 Position Resolution

Position resolution is defined as the standard deviation cr 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 8-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 = f(x), as plotted in Fig. 2.5.1. Assume that a section (xi--x2) of the chamber is

under uniform irradiation from a source whose spatial distribution is: u(x) = const.

Consider a small segment 8t along the y = f(:r,) curve, whose slope is f'(x). Its

projection on the • axis is &e and on the y axis is 6y. Now all the flux from the

uniform irradiation within the segment 5_ will be mapped to a response function v(y)

along the y axis within the segment of 6y. (The effect of finite position resolution of

the detector is neglected.) Therefore:

or, if we normalize u(z) = 1, rewrite v(y), we have:

• (y)=

Let _l ==_ O, we then have
1

v(y) = f, (x) (2.5.1)

v(y) is a normalized uniform irradiation response (UIR) as a function of the recon-

structed position y, and fr(z) is the derivative of the reconstructed position as a

function of the true position. Iu an ideal position sensing detector, li(x) = 1.
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Figure 2.5.1: Principle of the Uniform Irradiation Response (UIR). Z/ = /(=) is the
detector response function. _(=) is the detector input function (uniformirradiation), and
v(_/)is the detectorresponse to such an input function.

For a position encoding system with good linearity, i.e. ft(z) - 1 << 1, we can

ignore the difference between v(y) and v(z) and use the latter for convenience. Then:

/' (_,)=1/_(_,)

I (_,)= _1+ _2- _1 _

In most of the position encoding systems discussed here, the position non-

linearity has a periodic form. As a simple example, assume the periodic form is a
J

sinusoidal function:

f (z) = z + .4.sin la

where n is the frequency of modulation within a readout spacing la, A is the amplitude

of the modulation (2_tTrA<< la), The UIR funct{on can be written as:

1
_(_) - /'(_)
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1

2nTrA _2nTr_)

(2,5,4/

One of the commonly used measures of non-linearlty is the differential non-
t,

linearity (DFNL), which is defined as:

DFNL = vmax - vrain (2.5 5)
(Vm + vmi)/2

Apply the expression from Eq. (2.5,4):

2nv

DFNL = "Ta' 2A (2,5.6)

The above expression reveals the relationship between DFNL and the maximum re-

constructed 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 UIlt

spectrum. In some cases, a large DFNL could be caused simply by a "kink" in the

response function y = f(:_) over a very small distance, or a large spatial frequency of

modulation n, even though the actual position error could be quite small.

In many of the computer simulations on the l_nearity studies, a quantity "nor-

realized rms position error" is used to evaluate the average response of a detector.

Denoted by eN, it is defined as:

1 I N )zi=1

, where ai and yl are the true position and reconstructed position of a sample point,

respectively, N is the total zmmber of sample points. All the sample points are

• uniformly distributed within a range which is equal to the readout spacing l_,

If the DFNL of a detector system is small, and the position error y - z is _

near sinusoidal function of z, it can be easily proven that:

DFNL = 4V/2w_rN. (2.5.8)
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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 (_ = s/_/l'2). An interpolating method is one in which signals from a few

readouts can be processed to obtain position information much finer 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 semicon-

ductor 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 dimen-

sional MWPC with resistive charge division on both anode wires and cathode grids.
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Reference [23] describes a large sea.le MWPC system using the resistive charge di-

vision 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 aclfieved, The charge division wt_t resistive

electrodes is independent of the capacitance and resistance of the electrode. It can

be easily adapted in various applications.

4

B 1 A A

= QA
QA+B

- HV

-__ A+B

Figure 3.1.1t 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 catlmde wires.

The position resolution of such zt system is primarily determined by the sign',d

to noise ratio and the readout sp0.cing. An optimal performance in position resolu-

tion with a minimum rmmber 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
i

"subdivided" resistive charge division method. Typically, no more than three readout

channels are used to perform centroid computation to minimize the noise contribu-

tion 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 finding

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 avalu,ache.

The position of the av_anche 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 posi-

tion resolution from a gas proportion ai 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 s_,rips is discussed in Ref. [13].

3.2.2 X?vedge 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 hnearly along the y direction. Therefore

the y coordinate of an event centroid can be determined from the ratio: A-B or

' A where A and B are the electric charge signals collected on electrodes A andA+--¥'J,

B respectively. Along the z direction, the width of electrode C increases while that

of electr,'_de D decreases. Therefore the z coordinate of an event can be determined

by the ratio: _or_.C-D C 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 bee.n used as the cathode plane of MWPCs.

Reference [32] describes both microchannel plate detector systems and MWPC sys-

tems 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 i_tduced on the caflmde plane

i.__preact over several wedge and strip patterns.
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x = C+D Y = A+B x= _ Y= A+B x= A+B+C Y = A+B+C

Figure 3.2.1: (a) The origlnM 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 recon-

structed 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 wires. 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 elec-

trodes, due to the electronic Iloise. The minimum size of such electrodes is limited

bv the etching technique.

3.2.3 Backgammon Cathode

AUemand and Thomas [33] developed this new method of position encoding

in an MWPC. Fig. 3.2.2 shows tile pattern of their Backgammon Cathode and the

detector structure.

, As in the c,_se of tile Wedge and Strip electrode, the period of the zigzag

pattern must be maintained at a fraction of the anode-cathode spacing to avoid non-

linearity 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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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 construc-

tion 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 within the period of the wedge or diamond p_ttern (vernier

method). In both methods, additional position information is required to determine

within which period the _valanche is located. This is typically done by using charge

division with resistive anode wires. Both methods would ex_hibit large non-linearities
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Figure 3.2.3: Graded Density Cathode

(a) A-___
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-,

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.

4=

3.2.6 Zigzag Strip Cathode

The zigzag shaped pad cathode was first described in I_ef. [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 axe 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 capadtance 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 to its close relationslfip 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] intro-

duced 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 "sin- b

gle intermediate strip" cathode, for example, the charge induced on the intermediate

strip is coupled to the two neighboring strips via the inter-strip capacitance C1. A

fraction of the induced charge is lost to the grouud due to the capacitance to ground

C2, which causes the non-linearity in the charge division. The position non-linearity
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Figure 3.3.1: Examples of the capacitive charge division method. (a) Single Intermediate
Strip method; (b) Two Intermediate Strip method.

is negligible if C1 >> C2. 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 impos-

sible 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 lo_d of a "two intermediate strip" cathode strip has

about 1//3 of the load of a conveIttioual 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 2.5h, because the width of each strip has to be less

than 0.Sh to maintain a good line_,rity [19,41]. However, it is possible to overcome

tlfis limitation by using the zigzag strips described in the previous section. The width

of each zigzag strip is not linfited 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.la, 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 (Q_) 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 pream-

plifiers tapped at positions (xk-l,xk) along the pad row. The amount of charge that

goes to either side of the preamplifiers (Qi,k-1, Qi,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 defined as:

_ / xp (x) dx (4.1.1)Xc f

J p (x) dx

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

i

=o  =kQk (412)
= 2Q '

provided that the length of the pad along the wire direction is kept below 0.8h.
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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
6

summary of their major parameters,

A prototype chamber was first built to study the performance and construction
i

of such a dete, i,or system. It has 525 readout cllannels, which cover a sensitive area

of 20cre x 10cre. The readout 1rode spacing (ta) is 1 cre. 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/tru and that of the field wire is 125 #m. 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 a1_d 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 pa-

rameters are:

,1016 readout chammls; 2Gcmx 16 cm active area; 40 anode wires, 41 field

wires; The p_d size is 0.8 mm in z by 2mm 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 spacixlg is 6 mm in the ceI_ter of the active area, 15 mm at

one end and 12 mm for the rest of the active area. This arrangement was
J.

to accommodate the anticipated track density of the experiment in order

. to maintain a good double track resolution.

, The gas mixture used was 50% _rgon _md 50% etlmne during most of the

tests.

There were basic'ally two types of readout system used in the pad chamber

studies:
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During the lab test, an analog centrold finding system [19] was used, The

schematic diagram of the electronics is shown in Fig, 4,2.1, The 55Fe source which

generates 5.9 keV x-rays and a chromium anode source which generates 5,4 keV x-

rays 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 #s wide and sampled. Tile 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 s_age. 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 #m. The x-ray source can be used as a diffused source

of unifoIm irradiation over au area of about 10 cm by 10 cre, or as a collimated beam

with an aperture down to 13 #m by 500/zm. 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 a_ the output for isolation

purposes as well as impedance matching. Their outputs were sent through 50m

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, .
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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 4,2.3t 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 z-_/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#m increments in either axis, trod
has a total span of about 25 cre. The detector shown here is for an x-raj _;maging 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 Ap:

pencUx E.

4.3. Design ConsiderationJ

For detectors of this type, the dimensions of the active area are obviously

defined by the application. The limitations on tile size of tile detector are based

mostly upon mechaIfical 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 t,he detector. It is often a compromise between

the double track resolutio_t and the permissible number of readout channels. The cen-

' troid finding method is used only along tile anode wire direction, while tile 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 sm',dl anode to cathode spacing, for the

following reasons:

I. I I/ I
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i. lt 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 effic!ency.

ii. The induced charge distribution has a FWHM about 1.6h. If 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

t, noise ratio. In many cases, the charge shared to other pad rows couldI

complicate the pattern recognition along those pads and degrade the accuracy

of the centroid reconstruction.

However, the tolerances of mechanical construction piace 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 bf the operating high voltages [43]. SmaLl anode-

c,Lthode spacing may also cause high voltage breakdown. The variation in flatness of
tt

the cathode plane will result in large gas gain variation if aet breakdown. In addition,

since the ionization of gas molecules by a charged particle or a photon is a statisticM

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 au 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 ali

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 tlm pad along the wire direction will play a role fit 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 l_.

strip is kept less than 0.8h. Tiffs 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 arm and 15 mm were calculated for both DFNLs and ma_mum

position errors, l_owever, the readout spacing does not affect the dependences in

eithe:: case. This is because the non-hneanty is due to the averaging of the induced

charge over each discrete pad, as compared to a hnear weighting over the width of

the pad in the idea/situation (see Appendix B).

One also has to consider the fact that a certain minimum gap has to be main-

" rained between pads for tile deposition of resistive strip. Because only limited resis-

tivity values of the resistive material a:e 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 tile wires, a guard strip can be used between two at[-_

- jacent pad rows. Tile primary function of the guard strip is to reduce the amount of

lt

tl
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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 detec:ors 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:
,,

rF _/_Cn (4.3.1)

where rs' is the effective integration time of the shaping amplifier,/_ 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 Cb so that the resistance between readout nodes will not affect the bias

of the preamplifier. However, the value of the capacitor Cb has to be large enough

such that [25]:

"rf << CbRn

where P_ is the resistance between readout nodes. If the time constant CbR_ is small

compared to the time constant of the readout electronics, the induced charge will be
r

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/zm 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 signM 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 _/_ "qll <_ _to pulser

......,J....

Figure 4.4.1: Calibration system ibr the pad chamber
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The full-size chamber has wider calibration strips (1.27 cre) to increase the

capacitance in order to accommodate the lfigher 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 I

groups in such a way that neighboring 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 = dNADc/dQpulser) were obtained for each channel in

both ranges: S_i.gh and S{ow. The second calibration was pulsing the anode plane. A

set of slopes was obtained for the low range Slow. The slope for the high range is then

extrapolated by:
S'

high

Shi_ = SlowS_ow

The noise in the electronics chain was measured by injecting known amounts

of charge on the calibration strip and it was found to bc equivalent to 1500 electrons

rms.

4.4.2 Gas Gain of the 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 t,m. 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 tlm large dynamic range in ionization seen by the chamber. As described

i
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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 dynanfic 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 sign',d

• 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 sarae gas g,uin.
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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 rts shaping time. The window voltage settings are
indicated on the graph. The depth of the chamber gas volume is 6 mm.
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4.4.3 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. Mea-

surements 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

finding system was used. The ADC system available during lab tests (LeCroy 2249A)

has 10 bit resolution, wlfich 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 collinlator 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 UII't across

eight readout nodes of the DC1 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 UI1K spectrum. The reconstructed

position can be derived from this equation:

v(y) y ,iy (4.4.1)

where :_ is the true position, assuming the irradiation is uniform and is limited to

a _<• _<b. y 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
d

the following approximation"

The position error curve shown in Fig, 4..4.4b was derived using this expression.

i i_ IIIHI I. II......... ' "
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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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4.4.4 Position Resolution and Anode Charge

The position resolution from electronic noise Mone for pad detectors with

resistive charge division is determined as [19]:
I

zoj, kr

where af is a constant factor ( 2 ___aI < 3), Q_ is the amount of ct',arge of the cathode
i

signal, T is the absolute temperature, k is the Boltzmann constant, "rF is the shaping

time of the electronics, and r,_ = RnCr_ is the RC time constanl of one readout node.

A shorter shaping time will improve the resolution. However, if rF < rr_, the position

linearity will be degraded because the cathode signals are not completely collected

by the readout electronics. The optimum choice is to make rF _ rr_. 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/zm 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 po:_ition 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 Icm. 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 del)ends upon the location of the measurement as weil.

The observed dep(mdence of the resolution on the signal level was typi(:_d

for a gas chamber operated under such conditions. At low charge levels, electronic

noise, which is u (:onst_ult, is the dominzmt limiting factor. Therefore the position

resolution improves ,'tc(:ording to the signtd 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,
l_ = 1 cm. Gas mixture was 90% argonand 10% methane. Anode signal was measured
with 200 ns 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 #m (rms) was attained for QA _ 1.5 pC. At higher

charge levels, the position resolution starts to deteriorate due to the spreading of the

avaJanche along the anode wire.

4.4.5 Charge Ratio Method and Double Track Resolution

'i 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 maxi-

mum signal Qmax, and plotting the ratio of the signal from the node on the left Qlct't

to Qm_, versus the ratio of Qri_ht to Qm,_x, o,te 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 _t the AGS with _m ADC system. The anode charge level
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Figure 4.4.6; Charge ratio plot of the full-size chamber with readout spacing of 6mm,
Data was taken from a proton beam test, The charge level was about 0,15 pC, The position
resolution was estimated to he about 120/zm,

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 mfa,

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 de-

tector configurations, it gives better results than the centroid method [46], This is nol

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



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

linearlties, It is equivalent to using a centroid finding formula modified to compensate

for the non.linearlty of a particular detector, The shape of the charge ratio curve de-

pends on the detector geometries, such as the readout spacing, anode.cathode spacing

and thetypeofelectrode,

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 confirma-

tion of the theoretical model of the cathode charge distribution, Sometimes a simple

empirical expression is more convenient to use than the more accurate, yet compli-

cated 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 seriesofsolidlinesrepresenttheresultswithdifferentanodetocathodespacings,

As theanodeto cathodespacingincreases,thecurvemoves furtheraway from the

origin,However,when theanodecathodespacingbecomestoolargecomparedwith

the readout spacing, say h > O,6/a, 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

lot :tions 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= _, and v= _ then',

Qc-QA v-u
= .--- ,

::_ QA + QB + Qc u + v + 1



!

Figure 4.4.7: Computer simulated charge ratio plot with different h/l_ 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:

Q,4 Qc
•o= = , =u+v+l' ' ' '

The above expression is only accurate when the induced charge spreads no more than

three nodes, which is adequate for cases where h < 0,4ta.

Perhaps the most important application of the charge ratio method is to per-
i

form 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 devi-

ation 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 interpolative readout systems such as the resistive and geometric charge

division detectors described here,, the ability to record multip'le 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 resolution7

A computer simulation was performed to understand the system response for

double hits, It is ba,,_edon 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.Sla. The family of the charge ratio curves has a shape close to a hyperbola. For

example, the curve with 6z = l_ fits fairly well with the function: (u + 0.7)(v + 0,7) =

const, while the curve with 6z = 0.4la 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 euxves for different double track separations.
I. = 2h for all cases. This model assumes equal amount of signals from both hits. No noise
isincluded.

The model used above is a very simple one. In reality, it is unlikely that both

kits generate the same amount of signal. Further simulations included some pulse

height distributions of the incident paxtides. 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%/_, 40%/_, 60%/_,

80%l,, and 100%l,, 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 6z > 0.4la. 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

]

# 'I_ ' ' m
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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

in_vidual resistor from a section of a pad chamber. The nominal value is about

10 k_. 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 tem.

In principle one can use the measured values of the resistors to simulate the re-

sponse of the detector, and therefore maintain a database to correct the experimental

_ data. For a sma_ detector, a high degree of llnearity can be achieved by using some

correction. However, _t 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 val-

ues 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 4-10% variation in resis-

tance values will result in a 4-100 #m position error (with la = 6 mm). The precision

= of silk screening resistors is no better than =k10%. The possibility of trimming the
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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

:4"5%. This can be translated into a +5% differential non-llnearity across the whole

detector. The position error is moresensitive to local non-uniformity (within readout

node spacing) in resistance value rather than to global non-uniformity.

The simulation results indicate that the llnearity 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 &cross the Wire Direction

Due to the relatively large spread of the induced charge on the cathode plane,

some chargeisshared by the pads under the two neighboringanode wires. As de-

scribed 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 dis-

tance away from the anode wire willinduce chargewith centersof gravitytowards

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 z 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, ld = 12mm,
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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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
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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

i r 4farther from the anode wl e, 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 read-

out nodes is well defined in position, it is in fact seN-calibrating. As long as the

electronics gain within the near neighboring nodes remains fairly equal, the recon-

structed 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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Chapter 5.

Pad Chamber with Geometrical Charge Division

5.1. Introduction

Following the evolution of many geometrical charge division methods as de-

scribed in Chapter 3, a new type of two dimensional pad readout system ims 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)
"7,,- , ....-- Window

2_ o o . o . 0 ./" of-.- Field Who
Guard Strip

"J" ....... -- - _"_C" " "'athodePad

__ new

...................... Anode / Field
, ,_ Wire

......... _-_-7,C_,-_, ::_-., _i _, _ GuardStrip
I -- I ' ,,, I" I 1! _ !- t

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

i

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 geometri,_ally. 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

;- l -- lllI
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r,

(c) (d)

6
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i

Figure 5.1.2t 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 llne indicates anode wire position,

geometries, It should be pointed out that the chevron cathode has close relationship

to the zigzag strip c'athode, 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 _ d) and "double chevron" (Fig. 5.1,2 e _ 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 "versions" based on

tile 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 _ direction, to be la. The depth of the

chevron pattern is then defined to be fzla, where fz is a form factor defining the

amount of overlap of the chevron tips. The fz factor is explained in Fig. 5.1.3, which

illustrates the effect of different fz values on the double chevron pattern. A quantity

w, used in some computer simulations, is defined as the width of one complete chevron
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Figure 5.1.3: Examples of double chevron pattern with different ]'_: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 ,_rst study oa the property of che_oa shaped cathode pads was performed

by Chase [49] wi_h 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 s_el

tube (representing the anode wire) is placed 8 cm above the cathode plane. A 4 mm
I

band, wrapped around _he 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

.-_,..... ,, ,_1=,_,_ Thr,_ chavron electrodes can be connected to the bridge sequentia_y.== £-

- Capacitance values were measured between each chevron pad to the "signal source"
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Figure 5.2.1: S,._ed 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 calcu-
lated 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-C which is a measure of the source position.

Three chevron planes were tested with the following parameters: chevron gap

40 #m, guard gap 40/_m; chevron gap 125 #m, guard gap 125/_m; chevron gap 125/_m,
A-C

, guard gap 500/zm. The expression Xg3-/'C was evaluated for each position of the sig-

nal 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 Guard G10 _N Max. Deviation

Gap Gap Thickness from Straight Line

40 #m 40 _m 40 _m 0.0112 2.0%

125 /zm 125 #m 40 #m 0.0086 1.0%

125 #m 500 #m 40 #m 0.0135 2.0%

125 #m 500 _m 200 #m 0.0162 2.5%

5.3. Detector Performance

5.3.1 Apl_aratus

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

chambers described in theprevious chaptzr, has been constructed for investigation

of the performance of various chevron geometries. Details about its construction are

described in chapter 6. Some of the highlights are given 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 4mm, (diameter 18 vm).

There are field wires (diameter 125 #m), also with spacing of 4 mm, between anode

wires. The window, or upper cathode, is 25 #m 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 ' ' ' " ' ' '
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the readoutleadsfrom the cathodepads, therebyreducingthe cross-talkbetween a

chevronpad and the leadsrunning underneath. The width of the pads is3.05mm,

which is_pproximately3/4 ofthe anode-anode pitch.Each cathode board contains

threeactivepad rows. Typically,each row of chevronpads has a differentfz 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 0.95 mm, whose main purpose is to reduce _he amount of charge induced

on the neighboring row. The presence o_"the guard strip is not crucial to the operation

of the c_amber.

Two types of readout electronics were used for _he testing, (see Fig. 5.3.1):

i. Each pad in one row is connected to a charge sensitive preamplifier and shap-

ing amplifier; a centroid is then determined by the anJog centroid findin_

electronic system, as was used in the tests of the resistive pad Chamber [19].

Most of the measurements were carried out with this configuration,in which

signal shaping times of 1.4 #sec and 500nsec were used,

ii. Each pad in one row is connected to a delay line whose signal timing char-

acteristics 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 _xrcuit board 0.75 mm

thick. The pads themselves are on the first layer The middle layer is a continuous

ground _(ane to minimize'coupling between readout lines and the chevron pads. Each

pad, therefore, has quite a i_rge capacitance to ground, of order 20pF. 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
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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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Figure5.3.2,"Positionresolutionvsanodecharge.Resultsweremeasuredfroma 12 mm
singlechevroncathode,usingcentroidf-mdJngelectronics

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 #m (FWHM), which is consistent with

the limit of resolution due to photoelectron and Auger electron range [28]. Compared

with. the resistive pad chambers described i=,._he 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 avalanche (_ng'tllar

localization, lt 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
q,

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 dif-

ferential non.linearlty (DFNL), as a function of f_, for the six chevron patterns illus-

trated in Fig. 5.1.2. There is a trend common to all six curves, namely that DFNL has

a minimum at, or veiny close to, .f_ = 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 un-

desirable effects which are more significan_ 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.e_xpect, 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 ir-

radiating the test chamber with a broad beam of x-rays. The resulting uniform

irradiation response was obtained by an.lyzing 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 measure-

ments is displaced by about f_ = +0.05 in the abscissa, relative to the predictions.
i

This disc,.'epancy is indicated in Fig. 5.3.3 with the dotted lines for each set of mea-

surements. The dotted lines were ".zn with a displacement of f_ = -0.05. A similar

phenomenon was also obser,'ed with zigzag cathodes [42].

The shift in the optimum f_ values f_r 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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Figure 5.3.3: Differential non-linearity (DFNL) versus f_ for (a) centered single chevron

(b) displaced single chevron (c) centered one & a half chevron (-/) displaced one _: a half
chevron (e) centered double chevron (f) displaced double chevron. The continuous tines

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)

Figure 5.3.4t Enlarged view of chevron apices on displaced one & a half chevron pattern,
f_ = 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 _he shaded area is the part _hat is

assumed to be etched away, As shown by the vertical do_ted line, the chevron apices

and bases should all be in line for this configuration with fz = 1.0, but _he etched gap

pulls _he apices away from each other. Fig. 5.3.4(b) shows a pho_ograph of the same

area of the actual cathode; with our best print and etch techniques we can pre:ently

achieve, with uniformity and reliability, a gap of about 60 #m. For this particular

cathode, 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 la, I_ appears that a value of 0.88 for the fz

., would be more accurate. However, the experimental results show that the D FNL 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 UII_ is as i_nportant as

the value of DFNL. Using tim 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 f_ = 0.95, 1.0 and 1.05, while Fig. 5.3.5(b) shows experimental

UIRs for f_ = 1.0, 1.05 and 1.1. The offset of 0.05 in these comparisons is intentional,

in order to further illustrate the _ffect 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 wi_k th_ readout spacing la for a given geometry, The

relationship is outlined in Fig, 5,3.6,
f

5.3.4 C-,ap Between Chevron Pads and fz

]_xperimental results indicate that the DFNL increases with the gap width

between chevron pads, In some preliminary tests we performed on single chevl,_ns,

the DFNL more than doubled when the gap width was increased by two, Testresults

also show that there exists an optimum value of/z for a given geometry and a

given gap width, The simulated results shown in Fig, 5.3.7 are attempts to evaluate

quantltativelythe relationship between the gap width and the fz factor, A Gaussian

was used for the cathode induced charge density, The simulation assumes that _he

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 theseJ

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 fz is larger than the real optimum, The real Cptimurn must lie

t between thJ.s 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 f_ 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-llke 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 _long
Q

which field lines the primary ionization has drifted. In very simple terms, we can

distinguish between four types of events. T,t,:_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"



Pad _amber wi_hGeome_rleal3ha_e Division 81
t

Computer Simulation Expeflmental Measurement
1.5 1,5

a) f_ =0.95 d) f_ =1.oo

, i.o-_.__-_-_ 1,o_

, 0.5 - 0,5

0 I _l_ 0 .... - i .... I ,,
0 12 24 36 0 12 24 36

1.5 1.5

b) fx = 1.00 e) fx = 1.05

1,0 _-- _ 1,0

II 0.5 " 0.5 "

0 ........ J .... _ 0 I I
0 12 2._ 36 0 12 24 36

1.5 1.5
c) fx = 1.05 f) fx = 1.10

_

1.(1 /"-'-"-'_....__ 1.0 "_ _ ,f"_'_/ "x/ 'x.Z

O.5 0.5

0 i _ - 0 , I
0 12 24 36 0 12 24 36

Position Along Detector [mm] Position Along Detector [mm]

Figure 5.3.5: Uniform irradiation response of the displaced one & a half chevron pattern,
. (a)-(c)aretheoreticalpredictions,(d)-(f)areexperimentalresults.
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Figure 5,3.6, Computer simulated DFNL as a fu.uetton of lo for four' different chevron
geometries, The anode-cathode spacing h is normalized to unity, The widths of the chevron
pads are 1,5h as in the test detectors, ]'= = 1,0 Wasused for all simulations, Experimental
data were from single chevron pattern_ with/x = 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 neighk_ring right side field wire (viewed

along th,e anode wire direction with pad cathode at the bottom), Ali 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-llnearity of the

encoded position as the footprint of sampled charge becomes smaller, In particular,
tt

x-ray pad-side events have a narrower induced charge distribution than the window-

side events. This is because the majority of positive ions created by the avalanche

of a pad-side event are moving towards _he pads, The opposite is true ibr window-

side events. As a consequence, window-side events are analyzed more linearly than
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pad.sideevents,andthiseffectcancausea seriousdegradation in positionresolution.
Fig. 5,3.8demonstratesthe slgnittcanceof tk', e_'ect.

Certaincharacteristicsof cathodesignalshapesallowa determinatioato be

madeoa whichsideof the anodeplanea_ x-raywasabsorbed[51-52]. The signal

induced on the window,whichis complementaryto thesignalonthe cathode, hastwo

distinctpulseheightsforthe twotypesofevents.Windowsideeventsareabout50%

lv.rgerfor a 1_ shapingtime. In addition,if the windowsignalis fed to a shaping

,;npli_terwith a bipol:_rresponse,the zerocrossingtimeofthe twotypesofeventsare
different--window-side events have a later zero crossingtime. With a long shaping

time, one can cleanlyseparatethe twotypes of eventsby discriminatingeitherthe

,;nplltudeor the zerocrossingtime. Thiselectronicselectiontechniquewasuseclto
measure,separately,the positionlinearityof pad-sideand _indow-sideevents.

Fig.5.3.0showstheabsolutepositionerrorforthe threechevrontypesusedin

this investigation,usingthe L valueswhichgaveminimumdi_erentialnon.llnearity.

For the singlechevronthereis a maximumpositionerror of about ±600_m but,

perhapsmoreseriously,thereisa separationinpositionbetweenpad-sideandwindow-
sideeventswhicareachesa maximumof about :_00_m. Forboth the one & a half

_d doublechevronpatternsthe maximumpositionerroris lessthan±100_m, and

there is virtuallyno separationbetween two typesofevent,

Sincethe positionresolutionof a pad chamberis primarilydetermined by tlm

signaltr, noiseratio, the largersignalsizeof pad sideeventsgivesa better position

resolution.However,due to its smallerfootprintin inducedcharge_stribution, pad.

sideeventsgenerallyexhibitlargerdifferentialnon.line_ty thanwindow-sideevents.

B, Uen_roid shift due to avalanche angular localization
e

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

tirae 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 _ith guard str_ps was used.

Three adjacent pads in the middle of the detector were _onnected together as a single



Pad Chamber wRh Geometrical Charge Di_ion 85

0.25mm --- --

(a)

I- 6 mm .

(b)

(c)

Figure 5.3.8:Effectofavalancheangularlocalizationon thepositionresponseofa single
chevronpattern(/_=6mm). Each ofthethreespectraisthereconstructedpositiondistri-
butionat severallocationsinthe detector.A collimatedz-raybeam was steppedat Imm
intervalsalongthewire.The leftmostand theriglttmostpositionsare%vet a node",where
one readoutnode receivesthemaximum chargeand itstwo adjacentnodesreceiveequal
and mi'nirmlm amoRnt ofcharge.The readoutspacinginthiscasewas 6mm. (a)Results
ofthechamber withsymmetricalcell,i.e.2mm betweenanode and cathodepad planeas

,- wellas2mm betweenthewindow and anode wireplane.(b)Resultsofthechamber with
asymmetricalcell,i.e.4mm betweenanode planeand window. Due to the 100% increase
in theanode-windowspacing,theproportionofwindow-sideeventsisdoubled.(c)Using

" an eventfilteringtechnique,singlepositionpeakswere obtainedforboth typesofevents.
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position along anode wire. (a) centered single chevron, f_ = 1.05 (b) displaced one & a half
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Figure5.3.10:Centroidoftheinducedchargedistributioniny directionasaflmctionoi"
thex-raybeam positioniny.The hollowcirclesrepresentresultsdirectlycalculatedfrom
thecentroidfindingformula.The shadedlinerepresentsresultoftheca/,culatedcentroid
positionswithcorrectionofthenon-linearity.Integrationtime_ 1.4/_s.

channel. Three such channels from three pad rows were connected to the analog

centroid finding system. The centroid from the three channels represents the centroid

positionoftheinducedchargeivy direction.

The shiftinthecentroidofinducedchargedistributionin!/directionisnor-

reallyoflittleconcern,becauseitisnotinthedirectionofgreatinterest.Nevertheless,

theinformationcan beusedtoimprovethepositionresolutionofa chamberiny di-

rection,beyondthelimitofanodewirespacing.However,forsomegeometricalcharge

," divisionmethodssuchaschevrons,itcan causea positionencodingerrorinthez

direction,inotherwords,centroidshiftinz. Thiscan be easilyunder'/_toodby the

illustrationinFig.5.3.11.

An absolutemeasurementofcentroidshiftwas made by scanninga pencil

beam ofphotonsin200#m stepsinthey direction,acrossone cellofthedetector,

i.e.fromdirectlyoveronefieldwiretodirectlyoverthenextfieldwire,whilekeeping
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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 z. 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 vm at 1.4 _sec. 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 100nsec, the centroid shift is reduced to about ±30 vm.

Over a node, the centroid shift is of the order ±30vm 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 i

Fig. 5.3.12. Thus, although the displaced single chevron exhibits differential non-

linearity only marginally worse than the one & 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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node. (+ 1.4/_see, zx500ns, o 100ns) (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 anti-

symmetric 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)). °

4

5.3.6 Effect of Anode Wire Position

Due tothe special geometry of the chevron cathode, the interpolated centroid

position in _ is dependent on the location of the anode wire. For the same reason,

zigzag strip cathodes are 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 dis-

placed anode wire position gives the best D FNL. 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 w, 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
t

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 defined on the

chevron pad. If the point at which the edge of the chevron pad intercepts the anode

wire is defined as the reference point (i.e. integer of la), the amount of offset is about
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Figure 5.3.13t DFNL vs. anode wire displacement from their nominal position. Centered
single chevron pattern was used. w = 1.5h.

5% of ta for a centered single chevron pattern (assuming w = 1.5h). There is also

a sllghtoffset in the centered double chevron pattern, which is about 0.9% of I_

(assuming w = 0.75h). Note that there is no such offset 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.

.t
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Figure 5.3.14z 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, lo - 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 dis-

placement, has a maximum which is larger than the position resolution (with

' 1.4 #s shaping time and 2 mm anode-cathode spacing). This will result in se-

vere degradation in the position resolution, if no event filtering is used. In one

& 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 even_, lt i._ believed that measured dis-

placements 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 #s (of order 4-100/zm), 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 centroid 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 pacls 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 pro_;otype 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 (E-814) in the AGS of BNL. In this experiment, particles from the

heavy ion beam pass through 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 chullenging parts of this project has been the manufacture of the

cathode pad planes. There are two m_n 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

t number of 6 electrons generated by the heavy ions.
ii. In order to maintain uniform detection e_ciency 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 4-2%, or

4-40/zm [2].

Fig. 6.1.1 is a photograph of the finished prototype chamber. Some basic

parameters of this detector are: active area 20cre x 10cre; readout spacing 1 cre;

to,_,al number of readout channels 525 ( 21 nodes per anode wire, 25 anode wires);

pad size is 0.6mm in z and 2mm in y. The detector mother board is 44.5 cm x 47 cm.



::_'_ii'

..y;

Figure 6.1.1: A photograph of the prototype pad chamber. Ths_ detector mother board is
mounted on an aluminum plate. The cut-out of one side of _lze plate is to avoid obstruction
to other detectors behind it in the experiment. The active area is in the center, surrouuded

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
det ailed descriptions.
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Figure 6.1.2: A partial cross section of the prototype pad chamber showing some dimen-
sions 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 fxom the readout leads. It also

helps to reduce the erosstalk between adjacent leads. To minimize the amount of

material, the thickness of the copper on each layer is about 5pm. 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 _nd ground busses needed by the preamplifiers,

The thickness of this board is 3.8 mm. The next step was to fLUthe 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

£berglass 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 catho

ode 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 resis-

tance 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/zm in thickness.
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The cho,ice of resistive value between pads is such that the total resistance between

readout nodes, P_, and the cathode pad capacitance per readout node, Cn, satisfies:

= R,,,C,,
I

Tnour case, r F = 200ns, 6'. = 2.7 pF; there{ore we choseP_ = 80k_, which means

8 k_ bet_en pads.

The resistive strips on each pad row extended beyond the last pads to a copper

strip which _s_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.

T_e resistive ink was manufactured by Minico/Asahi Chemical of America.

The available resistivity of the inks were 20, !00, lk, 10k, 100k and lM _/square.

The resistive ink :eqnires a curing process at 250°C for 3G minutes in a convection

type oven or at 250_'C for 4 minutes in an infra-red oven. This temperature can be

damaging to certain types of printed circuit board material,_ The thickness of the

cured resistive strip is 15/zm.

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 larg:

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, (BNL-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 #m below) near the input of the

preamplifier. The strips provided a means of calibrating the readout electronics.



Figure 6.1.3: Enlarged view oi"one oi"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 plated-
through holes connect the pads to readout leads on the back oi"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 4mm.

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 z and 2 mm in y. The pad pitch is

1.5 mm. This detector has an active area of 26 cm by 16 eta, with a total of 1016

readout channels. S_.nce 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 cuter regions readout separations of 12mm (8 pads per readout) and 15 mm

(10 pads per readout) are used.
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Figure 6.1.4: Art 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/zm. 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 illus-

trates 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 preampfi-

tier 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 fights. 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 d:40#m.
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Figure 6.1.6: Photograph of the full-size pad chamber with window and wire frame re-
moved. 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 b_tween the wire plane and the cathode

plane, and re_ain 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 bom_d. A small piece of the fiber_ass honeycomb used on the back of

the cathode board iq show_ 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
i

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, connec-

tors 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

_uminum 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 contain-

ing 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% X0 for the prototype and

0.6% X0 for the full-size detector, in which X0 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. $o in practice, if any readout channel is found to be dead, simply discon-

necting the readout electronics from the readout pad will maintain the sensitivity of

the chamber.
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Figure 6.1.7:Readoutlayerofthepad cathode'board.
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Figure 6.1.8:The readoutlayerofone ofthetwo preamplifiermother boards
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6.1.2 Wire Frame Construction

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

eter of 18 #m. The field wires are 125/_m 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 ma-

chine 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 monitorin6

the response of the cathode pads underneath the wire, one can calibrate the ccmplete

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 aluminizeA, 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#m 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 ch_'.mber. It has 40 anodewires (18 pm diameter), which are too thin to be see on the photograph, and 41 field wires
(125 _m diameter). The two slots on the upper left and lower right comer of" the wire
frame allows the circulation of gas. The window is a sheet of mylar with a layer of vacuum
deposited alumi_l_rn. 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,
Ali the electrical components on the other side of the wire frame are also covered with wax.



frj'
oJm

_J

o !![!!!!110!!!!IL!/ll!lfiLo

o • • o '
FW WO I_t tNo

Figure6.1.10'_ectricalconnectionsonthewirefrain_ofthefuk-sizepad chamber,All
resistorsare10Ml/tolimitthecurrenttotheanodewires,Allcapacitorsare1000pF,Note
thatthisisa 4 layerprintedcircuitboard.Allthetracesshownareoninnerlayers,

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 de-

tector 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 5,9keV x-rays in P-10 gas,
The anode charge level was maintained at 0,5 pC (200 ns shaping time) at ali the voltage

settings. The energy resolution for each voltage setting is shown in the graph.
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Figure 6.1.12:Gas gainnon.uni£ormityofthefull-sizechamber, The wireframe with
loosewireswas usedin thismeasurement,Gas gainwas measuredwith 5,9kev x-raysat

2,54cm x 2,54cm _id points,The ga£nunitsaxearbitrary.

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 mea-

surement at 1" (2.54cm) grid. The absolute variation was about +15%. This could

be clue to several factors such as the flatness of the cathode board, the tension o£ the

wires and spacing between wires.

It was found that several anode wires on the original wire frame did not have

enough tensioh 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 #m. The sagging of the wires could be decreased by biasing the window (_i
\

at a negative voltage. The third photo of Fig, 6,1,13 shows the results of applying

-500V 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/zm gold plated tungsten, and six field

wires made of 125/zm 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 6.35 mm thick fiberglass frame carries the second windows for the

gas seal, so that there is no pressur¢_:differential on the cathode window.
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Figure 6.1.13: Photographs of the cathode pad responses while p_lsing the anode wires.

(a) Signal output from 15 pads under 15 anode wires of the full-size chamber. The electronics
ga_Luswere equa_Jzedbefore high voltage was applied on the anode wires. (b) Response from

, the same chan.nel_ when 1400 V was apphed on the anode wires. (c) While maintaining the

1400 V on the anode wires, -500 V was applied on the cathode window. At thJ.sbias voltage,

=
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Figure 6.2.1: Components of the chevron test detector
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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 fz
II

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 Fig. 6.2.2 to separate chevron rows.

The primary function of the guard strip is to reduce the quantitl, f 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 azsures 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 a,s the the full-size resistive pad cham-

ber. One has an active area of 81 cm× 30 cm (32" × 12"). The other has an active

area of 203cm x 51cm (80" × 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 naz 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

t

7.1. Conclusions

The two types of position sensitive MWPC can be used in many applica-

tions ranging from paxticle tracking to x-ray imaging. It has been demonstrated in

the heavy ion experiment F_,-814that 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 summaxy of some major features of both types of readout.

Position Resolution

Along the anode wire direction, both types of detector have position resolu-

tions 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, espe-

cially in x-ray measurements.

The position resolutions in the direction perpendicular to the anode wires are

mainly determined by the anode-anode spacing (a_ ,,_s/v/_). 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 de-

termined 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 resis-

tors, 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 ].in-

entity. 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-llnearity of the detector without knowing the values of

each individual resistors.

In a chevron pad chamber, the position hnearity 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, fs = 1.05 and a 60#m gap between

pads. Ho'_ever, the position non-hnearity in a particular pad geometry has a higlfly

periodic form, which can be easily corrected.

Detector' Dimensions

Due to the comple,,dty 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 reI_tively easy to fabricate. The limitations on its size

depend mostly on the printed circuit board techniques. The tolerances in tim etching

process may prevent the use of very small pad sizes.

The amount of material iii 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 ou the cathode pads is less than ,_

J1/3 of the anode charge, wlfile 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 iteeded, base on results from computer simulations, toi

achieve a resolution 1% of the readout spaciitg.

The shaping time of the shaping amplifiers has to match the RC time constaIlt

of the resistive pad cathode. This is importaltt in maint,xin 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. Matclfing 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 #m 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 electrmfics, 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 lhn.its 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 I C chip. These chips will be mounted directly on the back of
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the cathode plane of a pad chamber. Tlfis 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 wtfich the cathode plane can be subdivided into r
smaller modules, it may still be possible to mount the readout electronics on the

periphery of the chamber. Tlfis 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 requiremeilt. It is possible to improve its position linearity

by using tailored shape--one whose edges are curves instead of straight lines. Pre-

lhninary 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 z positioil due to the anode avalanche

_ngular localization is expected to be reduced. Like tlm chevron patterns, this pattern

,_Isorequires etclfing of fine lines on the printed circuit board. The disadvantage of this

geometry is that the inter-pad c_p_citance is large due to the longer iIlterface between

pads. However, tlfis can be solved by _pplying the capacitive charge division scheme

described in Refs. [41,37]_connecting every other or every tlfird 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.

tUsing this method, readout spacing can be gre,_ly increased while maintaining a good

sampling of induced charge. C'omp_tred with chevron pad cathode, this intermediate

graded density p,_d c_thode is l_erhaps more reliable with large readout spacings.

The intermediate strip method [41] can _lso be used on the zigzag strip cath-

odes. It can reduce the inter-strip c_q_citance, therefore reducing electronic noise. It

can also increase the readout sp_cing without using zigzag patterns with very sh,_rp
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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 fz values of 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 tiffs 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 sign'A 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 Ine_-

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 #s 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 cham- A

ber). 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.

Experiment',fl data are needed to confirm or correct the simulated result of the

differential non-linearity as a function of fz _tnd the. chevron gap width (see Fig. 5.3.7).

Knowledge of their relationship is important in optimizing various chevron geometries.

............................................................................. ,,lllltllrt_tl, rlw.................................................................... _............. _...........
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Finally, a simple and efficient method to calculate the eentroids of double lilts

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 CentroidFindingSystem

The analogcentroidfindingsystemwas developedby Radeka etal.[19]at

BNL, lthasbeenusedthroughoutthetestingofthedetectorsdescribedinthemain

text.lthasalsobeenusedinmany detectorsystemsranging fromx-rayimagingto

neutrondetection.
#t

Itsprincipleofoperationisuniqueinthatitappliesthecentroidfindingfor-

mula inthetimedomain,by means ofconvolutingtheinputsignalswitha linear

weightingfunction,lt performsthecentroidfindingusingonlya few localreadout

channelswhichhavesignal,thereforeeliminatingthenoisecontributionfrom other

channels.

Fig. A.1 is a schematic diagram of the centroid finding system [19]. The in-

duced signals on the cathode pads (o_ strips) arc 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 _te_' has an impulse response in a shape as shown in Fig. A.1. The output

waveform from the filter is also shown in Fig. A.1, which is a convolution of the input

waveform and the tilter impulse response. The zero crossing time of the filter output

is a finear function of the centroid of the avalanche position.
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Appendix B. Centroid Finding Formula

_v

x_ --_

, p(z ) ,_:_iiii_,

Xk.1 Xk Xk+l

Qk., Qk Qk.,

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

Fig. B.1 illustrates the principle of charge division on such a cathode. Each

pad (at position mi) under the anode wire is induced an amount of charge (Qi), which

equals the integral of the cathode "chargedistribution over the area of the pad. These

charges are collected by the nearest two preamplifiers at positions mk-1 and mk along

the pad row. The amount of charge that goes to either side of the preamplifiers

(Qij=-l, Qi,_) is inversely proportional to the resistance values from this pad to tlie

readout pads. So, we have:
_v

Qi,k-i mk --mi
= for mk-i_<ml_<mk (B.i)

Qi,k xi - mk-1

Qi,k = zt+l -ml for mk < mi < zk+l (B.2)

Qi,}+I mi- mk - -

where a uniform resistive chain is assumed. Rewriting Eq. (B.1) and Eq. (B.2), one

can get:

xi (Qi,k-1 + Qi,_) = mk-lQi,J,-1 + mkQi,_: for mk-1 _<ml _<mk (B.3)

xl (Qi,k + Qi,k+l) = mkQi,k + x_+lQi,k+l for mk _<m__<m}+l (B.4)
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Knowing that

Q_-I = _ Q_,k-i for z_-I < z_g zk
i

Qk =ZQi,_ for xk-1 _xi--<z_+l

Qk+1= _ Q_,k+1 for z_ <__ <_z_+t
i *

Qi = Q_,k-1+ Qi,_ for _:k-1-<_:_< z_

Q_= Qi,_+ Q_,_+I for _:k_<z_< _:k+l

Sum Eq. (B.3) and Eq. (B.4) over aLIpads between xi:.-1 and z_:+W

_:_Q_= Zk-lQ_:-I + 'zj:Q_ + Zk+lQ_:+l

The centroid of the charge distribution is defined as:

f/ zp(_),tz,X) (B.5)Zc /,

J p(z) dz

for discrete pads, it can be approximated as:

E_Q_ (B.6)

w_th an error:

zi +<1/2

where d is the length of the pads along the wire direction. The error term is deter-

mined by the width of the pads d ,xnd the (_stribution of the induced charge. It is

independent of the readout spacing la. Provided that the (:harge induced on nodes

other then k- 1, k, k + 1 is negl.igibie_ and the size of _he cathode pads is small ]_

renough (d < 0.8h), the centroid position can be evaluated by:

"z_:-lQ_:-t + z_Q_ + z_:+tQ_:+t (B.S)
x_ = Qk-1 + Q_:+ Qk.+t

Similarly, one can derive that iu general

Xc -- XT'. (3,
-
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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.1). 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 ':eadout nodes

at 1.,_cations za, ZB 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 ZB = 0

(which implies -le2 .<_Zc < 1_/2, and za = -I., zc = 1_). Assuming that the noise

from all three channels is not correlated. The centroid position is determined as:

zAQ.4+ zBQs + zcQc
_'_= Qa + Qs + Qc

Qc -QA
-- la

QA+ Qs + Qc
Qc -QA

-- la
Qr

where QT = QA + QB + Qc. The position error is then:

I,

_ = _T [6Qc - 6QA - z_ (6QA + ,SQB + 6Qc)]r

I,

= QT(6Qc(1 - z¢)-6QA (1 + z_)-6QBx_) (C.1)

Assuming 6QA = 6QB = 6Qc = AQ, then

6z¢
_ AQ%/(1- x_)2+ x_2+ (1+ _)2QT

= aQ,/2+Qr

It can be seen that the position resolution is determined by the combination of the

signal-to-noise ratio and the factor %/2+ 3z_. The maximum value (_ 1.66) occurs

when xc = 1_/2 (midway between two nodes), and the minimum va/ue (_ 1.41) occurs

- when xc = 0 (over one node).

_
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Figure C.l: Experimental measurements of position resolution versus position. The read-
out spacing is 10mm.

Using a similar argument, one can find that for the case of centroid finding

AQV/using two nodes, 6zc/l_ = QT 1 - 2zt + 2z_, the minimum value lies midway be-

Qr
the minimum lies midway between the two inner nodes.

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 ilt position resolution as a function of

position is independent of the variation ia position sensitivity. In chambers which

have locations that display position lmn-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 $.

lrthe system will be smaller than the real resolution.
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Appendix D. Effect of Inclined Particle Tracks

Ali the results shown in previous sections are based on paxtides or photons

with normal incidence. However, in a real experiment, p_tides may have different

" incident angles. It is important to understand the behavior of the detector system

" under such conditions.
J

A. "Monochromatic Pho_o_

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 v_ation

in deposited energy for _acL photon, the resolution of the track position is:

o'-- V/_ ta_c_

where a is the angle between the z axis and the photon beam projected on the z-z

plane.

B. Particle Tracks

It is difficult to describe accurately the position resolution for inchned particie

_ tracks, because of the large variation in energy deposition and distribution. Never-

theless, results of a simplified computer simulation are given here as nn 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 duster 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 trackis 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 mag-

netic fields. If the magnetic field has a non-zero component in the direction perpen-

dicular 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 nun
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the particle will drift under the influence of the Lorentz Force. Tlxere will be a finite

angle (Lorentz Angle) between the drift direction and the electrical field. The net

result is to some extent similar to the case of inclined particle tracks. However, a

, 3-D model is needed to simulate tiffs 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. Tlm 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 fuU-size pad chamber has been used in the heavy ion experiment at the

AGS. There were several problems discovered during its operation.
I

A. Sustained high leakage current on the anode wires

J
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 M_ 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. Negativd pedestal

The complete readout system including ADCs was carefuUy 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. E.1

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 th,'_ 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, wlfich 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. 6 rays inside the chamber

6 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

5 electrons, see, for example, Fig. E.3. Pattern recognition of nfinimum ionizing

¥particles was made very difficult by 5"r_tys.
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Figure E.2: Event display of the pad chamber showing the negative pedestal under one
Wire.
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Appendix F. Position Resolution and the Dynamic Range
of ADCs

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.
t

It is a well known fact that a MWPC with a 1 bit ADC, which simply gives a

"yes" or "no" answer, has a position resolution of s/_/_, s 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 l_/

(In 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 (0.5 la v/_). The factor of two

can only be realized if the signal sizes are the same for all events, in other words, theenergy spectrum is a 6 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/_ 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



spacing h, 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,1.

One set of data is from events with au 6' func_ion_just as a reference, One se_ of da_a

is from events with a gaussian energy spectrum whose o' is 10% of the mean. This is

to simulate events for several keV x-rays in a MWP C, One set of d_ta is from events

with a Landau type energy spectrum (see Fig, 4,4,2). The ADC levels are assumed

to be ulfiformly spaced,

These sin_ulations 'also indicated an interesting result that non-linear ADC

levels may improve tl,e 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 posit,ion resolution than optimized linear settings, To understand

this, let's recall the discussion in Appendix 3 on the position resolution as a filnction

of position, We have:

lc, (6Oc (1 - m,:)- 8Oa (1 + mc)- 5QBm_)(Eq, it,l))

lt can be seen that the (.'ontributions from the three error sources 5QA , 5QB

_md 5Qo have different weights t,o the position resolution, Fig, F,3 plots their relative

weights as a function of the centroid position, Clearly, 5QA and 5Qo have higher

weights than 5Q13, Note tluL_for -0,5 < m < 0,5, QB is larger than QA _md Qo,

This means that it is more important to maint_fin accurate measurements on the

sm'Aler 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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Figure F.l: Relative positil,m resolution as a function of number of ADC bits, All ADC lev-
els are linear, Circles represent results from events with a Landau type energy distribution

l_ (see Fig, 4.4,2); Triangles represent results of events with a Gaussian distribution (tr = 10%

of mean); Squares represent results of events with a constant signal level. I. = 2h,
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