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ABSTRACT

A new method was developed for encoding the position of individual
photons, neutrons, or charged particles in proportional counters by
using the distributed RC line characteristics of these counters.

The

signal processing is described and guidelines for the design and operation
of these position sensitive proportional counters (FSFCs) are given.
Using these guidelines, several prototypic PSPCs were constructed
to improve the spatial resolution and shorten the signal processing
time; for example, the intrinsic spatial uncertainty was reduced to
28 )j fwhm for alpha particles and 100 y fwhm for low-energy x rays
(2 to 6 keV).

Also, the signal processing time was reduced to 0.6 ysec

without seriously degrading the spatial resolution.
These results have opened new fields of application of the RC
position encoding method in imaging distributions of photons, charged
particles, or neutrons in nuclear medicine, physics, and radiography.
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CHAPTER I

INTRODUCTION

A new method was developed using proportional counters to measure
the position of sources that emit low-energy photons, neutrons, or
charged particles.
Traditionally, gas-filled and semiconductor proportional counters
have been used in nuclear physics to measure Cl) the energy loss of
ionizing events (photons, neutrons or charged particles) in the
sensitive volume of the counter, and (2) the time of interaction between
the event and the counter materials.

In this thesis, a method is

presented to extract additional information about the source position
from conventional proportional counters.

Thus, position-sensitive

proportional counters (PSPCs) generate signals that contain information
about the position, energy loss, and time of interaction of each
detected event.
These PSPCs are useful to image spatial distributions of photons,
neutrons, or charged particles in medicine, nuclear physics, materials
studies, crystallography, and related areas.

In general, the

application of PSPCs in these areas has resulted in shorter data
acquisition times or lower radiation dose to the subject being imaged
compared to conventional imaging techniques such as photography or
scanning methods.

Other advantages of PSPCs in specific applications

are discussed in Chapter VIII.
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The development work was limited to the resistance-capacitance (RC)
method of position encoding in a gas-filled proportional counters 1 1 - 8
Several prototypic PSPCs were built and successfully tested.

The results

of this work reveal advantages of RC position encoding in many
applications over position encoding by signal amplitude division, 9 * 10
delay lines, 11 or multidetector systems. 12
summarized as follows:

The main advantages can be

the event position is decoded by time difference

measurement, which, in general, is simpler and more reliable than the
measurement of signal amplitude ratios; and the detector capacitance
is kept as low as possible, which yields low spatial uncertainty without
compromising the energy-loss and time resolution inherent of conventional
proportional counters.
The description of PSPCs and the RC position encoding method,
discussion of signal processing methods and noise sources, and
evaluation of test results presented in this thesis have led to the
development of approximate models that should serve as guidelines for
the design and operation of these devices.
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CHAPTER II

DESCRIPTION OF POSITION-SENSITIVE PROPORTIONAL COUNTERS
USING RC-ENCODING

Host of this chapter is devoted to a discussion of the modifications
required to adapt conventional, gas-filled proportional counters for
position encoding by the RC method.

Since conventional proportional

counters have been discussed extensively in the literature,13 a
description of the construction and characteristics of these counters
is beyond the scope of this thesis.

I.

LINE COUNTERS

To adapt a conventional, single-anode proportional counter for RC
position encoding, both ends of the anode must be accessible as signal
output terminals (Figure 1).

The anode resistivity and the anode-to-

cathode capacitance represent a distributed RC line.

The signal

transfer characteristics of the two portions of this RC line that are
connected between the source position and the two outputs are used to
encode the coordinate of the source position.

In many cases, the

resistivity of the metallic anode of conventional proportional counters
is sufficiently high to allow position encoding without modifying the
counter.
For example, as shown in "Measurement Results" (Chapter VII), a
conventional, 500-mm-long proportional counter with a 7.3 p diameter,

ORNL-DWG 74-1103

Figure 1.

Construction details of a linear position-sensitive proportional
counter used in laboratory experiments. (Courtesy of R. E. Zedler,
ORNL.)
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stainless steel anode wire has sufficient distributed resistance and
capacitance to resolve 250 spatial elements.

Each position signal

requires only 0.55 ys for decoding.
The position decoding time and the counter length can be adjusted
independently of the spatial uncertainty by selecting an appropriate
value for the anode wire resistivity.

A wide range of resistivity

values for the anode wires is availdsle to optimize combinations of
counter length, spatial resolution, and signal processing times for
each application.

Table I is a list of available wire materials,

dimensions, and resistivities.
For PSPC construction we recommend the same precautions and
practices that apply in conventional proportional counter construction.
Specifically, it is important that guard rings be installed around all
anode outputs.

The normal function of guard rings is to reduce the

spatial uncertainty and improve the energy resolution of the PSPC by
supressing the anode-to-cathode leakage current, but guard rings also
allow bootstrapping of the anode output capacitance to reduce the
effective load capacitance and the signal processing time without
affecting other parameters.
In most PSPC systems built at OKNL we have used high-inputimpedance voltage-sensitive preamplifiers1 ** > 15 to lineraly convert the
anode signals into low-impedance signals that can be sent over long
distances to the signal processing equipment.

The high input impedance

of these preamplifiers matches the anode RC line impedance well enough
to eliminate the need for special termination networks at the PSPC

6
TABLE I
Available Anode and Cathode Resistance Values and Materials
Used in the Experimental PSPCs
Wire Resistivity
(fi/mm)

Material

Diameter
(n)

Source

8000

carbon3

25

Zvanut Co.k

1500

carbon3

75

Zvanut Co.

1000-8000

carbon0

25

Zvanut Co.

50-1500

carbon0

75

Zvanut Co.

30
18-6

0.3

Moleculoy
304 SS

Nichrome

7.3
7.3-13

75

Molecu-Wire Corp.
California Fine
Wire Co.e
Sigmund Cohn Corp.^

^yrolytic-carbon-coated quartz fiber.
b

Carl M. Zvanut Co., 14 Chetwynd Road, Paoli, Pa. 19301.

£

C. J. Borkowski and J. A. Williams decreased the fiber resistance
by resistive self-heating the pyrolytic carbon film in an atmosphere of
propylene at 4 cm Hg pressure, thus depositing additional carbon and
increasing the pyrolytic carbon film thickness.
d

Molecu-Wire Corp., P.O. Box 495, Farmingdale, N.J. 07727.

California Fine Wire Co., P.O. Box 446, 338 S. 4th St.,
Grover City, Calif. 93433.
^Sigmund Cohn Corp., Mt. Vernon, N.Y.
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outputs in most cases.

We recommend that the preamplifier input leads

be as short as possible to reduce stray capacitance, because stray
capacitance is a load impedance that causes an increase in the signal
processing time.

It is good practice to mount the higih-input-impedance

preamplifiers directly on the PSPC cathode.

II.

AREA COUNTERS

Several configurations .for area (two-dimensional) PSPCs have
evolved from the configuration of the linear PSPC (Figure 2).

One step

in this evolution is to split the cathode of the liners PSPC (Figure 2a)
into two havles (Figure 2b) and place several anode wires between the
upper and lower cathodes (Figure 2c).

Each anode then operates as an

independent linear PSPC, where the x-y coordinates of a detected charge
Q ^ are determined from knowledge of which anode wire and where on this
anode wire the charge was deposited.

Since each anode is an independent

PSPC, this system can process high count rates (50,000 counts/s per wire)
but requires connection of two preamplifiers per anode.
For most applications the count rates are sufficiently low to permit
the simplification indicated in the next configuration (Figure 2d),'t»5
where adjacent anode wires are connected with resistors to form an anode
matrix with four outputs.

Only four preamplifiers are required to decode

the position coordinates of Q ^ .

Any combination of the configurations

illustrated in Figures 2c and 2d can be constructed to optimize the
count-rate capability and the simplicity.

8
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Figure 2.

Diagram of the principal steps in the evolution of an area
PSPC. (a) Line PSPC, Cb) line PSPC with split cathodes,
(c) multianode area PSPC, (d) multianode area PSPC with four
anode output connections, (e) multianode, all-metal wire
area PSPC with grounded anode, two orthogonal cathode RC
lines, and continuous wire construction of the anode and
cathode planes.

9
Interconnection of adjacent anode wires with nonzero resistors
causes cross modulation between the x and y-coordinate signals, such
that the image of a square object is distorted to appear as a pincushion.
The magnitude of this distortion is proportional to the ratio of the
interconnecting resistance to the anode resistance.

The values of the

interconnecting resistors have to be at least 200 times less than the
anode resistance to limit the distortion to < 5% of the anode wire
length.
The construction of the anode matrix requires consideration of
mechanical details because two low-resistance connections must be made
to each anade wire and all interconnecting resistors require mechanical
supports.

Thus, outgassing materials which must be included in the

counter gas volume can seriously degrade the performance of the PSPC.
The spatial resolution along the anode wires remains that of an
independent linear PSPC for a matrix of up to 30 wires.

We have

reported 24,000 resolution elements for a 30-wire, area PSPC with
120-mm-long anodes;*4*5 this is equivalent to a spatial uncertainty of
0.15-mm fwhm along any of the anodes.
This configuration (Figure 2d) is useful whenever (1) the spatial
uncertainty along the anode wires has to be small, but the spatial
uncertainty in the direction across the anode wires Is of secondary
importance, or (2) the proportions of the counting area are beyond the
collection capability of a single-anode PSPC.**

A typical application of

this configuration is the measurement of angular distributions of
charged particles in the focal plane of magnetic spectrographs.

In

10

this application the spacing between upper and lower cathodes must be
small

3 mm) to avoid degradation of the spatial resolution caused by

the incidence angle of the charged particles.

The small spacing limits

the collection capacity of a single anode to an ^ 10 mm wide area.'4
Since the beam width at the focal plant is generally greater than 10 mm,
several anodes are required to intercept the total beam width.

With

these anodes connected as in Figure 2d, page 8, each anode can be calibrated
individually, such that small variations in resistivity do not affect
the overall spatial resolution.
The next configuration (Figure 2e) sin^lifies the construction,
eliminates the (pincushion) distortion, and increases the count'-rate
capability, but the spatial uncertainty along the anode wires is
increased.6'7

The anode wires operate, as before, as independent

proportional counters; however, in this case, all anodes are connected
to signal ground potential.

Thus, the input charge Q ^ does not produce

an output voltage pulse on the anode; instead, it causes currents t j
flow in the cathode circuits.

From the relative shapes of these current

pulses in each of the two cathodes, the x-y coordinates of the location
of Q_„ are decoded.
XN

RC lines.

The cathodes perform as two independent orthogonal

The signals from each cathode are electrostatically shielded

front the other cathode by the anode grid.
cathode are processed as in a linear PSPC.

The two signals from each
As illustrated in Figure 2e,

page 8, the output signals from the upper cathode determine the x
coordinate of Q ^ , and the output signals from the lower cathode
deteroine the y coordinate of Q.^.
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The main advantages of the area counter configuration of Figure 2e,
page 8, are as follows.

Support of the anode and cathode wire planes by

three independent metal frames (aluminum or stainless steel) greatly
simplifies the construction of the counter.

All three wire grids are

metal wires, continuously strung over pretensioned, individual springs.
Only a small amount of insulating materials is used so that outgassing
and the frequency of counter gas purifications are lessened.

(The only

outgassing materials are epoxy that supports the cathode wires on their
springs without making electrical contact and mica plates that insulate
the anode springs from the anode frame.

The anode wires are soft

soldered to the anode springs.)
The object-to-image transfer of this PSPC configuration is almost
linear, and there is negligible edge distortion.6

The RC lines of both

cathodes have low impedance in the frequency range of interest for
position decoding because, for a 200- by 200-mm area PSPC, the cathode
resistivity is ^ 60 fi/wire and the capacitance is ^ 0.5 pF/wire.

With

this low impedance the time required to process each position is < 1 ps,
and the PSPC can operate at count rates of 50,000 counts/s.
Owing to the low cathode capacitance, the signal-to-noise ratio for
20-keV photons is > 500 at bias levels below breakdown and with moderite
gas-multiplication factors well within the proportional region.
Consequently, the energy resolution of this low capacitance PSPC is
comparable to conventional, multiwire proportional counters of similar
size.

12
Operation of this PSPC configuration depends on close electrical
coupling between the anode and cathodes.

The optimum distance between

wire planes for a 200- by 200-mm PSPC is«^ 3 mm.

In many cases this

short distance severely limits the stopping power of the gas for photons
and reduces the detection efficiency of the PSPC.

We increased the

detection efficiency for this configuration in a photon camera6*7 by
developing and applying linear or spherical electron drift fields.
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CHAPTER III

ENERGY LOSS, DETECTION TIME, AND POSITION
OF A SINGLE IONIZING EVENT

A portion of the PSPC gas is ionised during the detection process
of an arbitrary event (particle or radiation).

The number of electron-ion

pairs generated is proportional to the energy loss of the ionizing
event.13

The electric fields inside the PSPC cause electrons to drift

toward the anode and ions to drift toward the cathodes.

The high field

intensity proximate to the anode increases the kinetic energy of the
drifting electrons until avalanche multiplication occurs.

The avalanche

multiplication factor is constant; therefore, the total number
of electron-ion pairs generated remains proportional to the energy loss of
The avalanche electrons drift toward the anode,

the ionizing event.

and the ions drift toward the cathodes.
The movement of charges in the space between the anode and cathodes
causes a current flow in the external circuits that connect the anode
and cathodes.

The total current that flows between the anode and

cathodes is proportional to the number of electron-ion pairs generated
and, therefore, a measure of the energy loss of the ionizing event.

The

energy loss is

m
W « nq = 2

f
J

i=l 0

i1. (t) dt

(1)

where n ia the total number of electron-Ion pairs generated, q is the
charge of an electron, m is the number of circuits that connect the
anode and cathodes, and i^(t) is the instantaneous current in the ith
circuit.

The energy loss W is measured by adding the currents from all

external circuits that connect the anode and cathodes, but the reference
potentials selected or the method of adding do not affect this
measurement.

Determination of which electrodes of the PSFC should te at

ground potential or what impedances should connect the anode and cathode
terminals must be based only on signal-to-noise rctio considerations for
the PSPC output signals.
We define the detection time (t,) of the event as the time of
a
interaction between the event and the PSPC gas.

The value of t^ is

estimated from the measurement of the shape of the energy-loss signal.
The uncertainty in the estimate of the energy loss and the detection
time as a function of the event position is discussed in Chapter VI.
All other sources of uncertainty in the energy-loss and detection-time
estimates are the same as in conventional proportional counters.

They

have been covered extensively in the literature13 and, therefore, are
not discussed in this thesis.
We define the position of the detected event as the position of the
point source from which the event originated.

To relate this event

position to the anode of a linear PSFC, we define a Cartesian coordinate
system such that its x axis is coincident with the anode wire
(Figure 3a).

Then for this linear PSPC, we define the position of a

point anywhere on a plane x = a as the point P (a,0,0) which is located

15
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Figure 3.

Relation between the source position and the anode of (a) a
line PSPC and (b) an area PSPC.

16
on the anode wire.

For an area PSPC, the coordinate system is defined

such that z = 0 plane is coincident with the PSPC anode plane,
(Figure 3b).

Then, for this area PSPC, we define the position of a

point anywhere on the line of intersection of the planes x = b and y = c
as the point P2(b,c,0) which is located in the anode plane.
The position of an event is estimated from the measurement of the
output signals from the position decoding circuit.

This measurement is

modulated by a number of uncorrelated sources of spatial uncertainty
(discussed in Chapter V).

To characterise these sources of spatial

uncertainty, we define the following terms:

The position coordinates of

the point source from which the detected event originates are (xg, y )
(referred to the anode plane).

The event may interact with the PSPC

gas at a position that is different from the source position; we call the
coordinates of this interaction point (x^,yi).

The charge that is

generated in the detection process may have a centroid that is not
coincident with the interaction point; the coordinates of this charge
centroid poistion are defined as ( x c »y c )• As the primary electrons
generated in the detection process drift toward the anode, the charge
centroid position may change; therefore, the coordinates of the
transmitted position (i.e., the charge centroid of the electrons
generated in the avalanche multiplication) generally differ from ( x c »y c )>
we call the coordinates of the transmitted position (xt,yt).

The

estimate of the source position from the transmitted position is
generally affected by thermal noise; therefore, the estimated position
of a single detected event is generally different from the transmitted
position; we call the coordinates of the estimated position (x ,y ).

17

For a line PSPC, the coordinates of the source position, Interaction
point, charge centroid, transmitted position and estimated position are
called (xg), (x^, (xc), (xt>, and (xe>, respectively.

18

CHAPTER IV

SIGNAL PROCESSING FOR A SINGLE IONIZING EVENT

In this section we shall discuss the RC position encoding method
for a single ionizing event and derive expressions for the PSPC output
signals in terms of PSPC parameters, load impedance, and event position.
We shall describe how the position coordinates of the event are decoded
by appropriate pulse shaping and consequent time-difference measurement.
In our opinion, the time-difference measurement has several
advantages over amplitude measurement.

For example, with a timing system
3

composed of commercial units, we resolve 10

spatial elements with

negligible long-term drift; the timing uncertainty is generally
< 2 x 10

10

s rms, and our experience indicates that circuit adjustments

for timing are generally simpler and less critical than for amplitude
measurements.
I.

RC-ENCODING OF POSITION, ENERGY LOSS, AND DETECTION TIME

The output terminals of the area PSPC are interconnected such that
the x-coordinate signals are independent of the y-coordinate signals.^ 6
Owing to this signal separation, discussion of RC position encoding in
any area PSPC can be reduced to a discussion of two independent,
orthogonal, linear PSPCs.
The output signals of such a linear PSPC in response to a detected
ionizing event at the position x = x

= x

are modulated by the load

19

impedance Z^ interacting with the portion of the anode-cathode network
that is connected between x and each output terminal.

Generally, this

anode-cathode network can be considered a distributed RC line (Figure 4).
The RC line with distributed parameters is described by the following
relations.16

v

s • z iV

V o

and

(2)

V

0 - V g

+

V o

1
2
where Z^ - ZQ coth p£, Z2 - ZQ csch pi,, ZQ = R Q /p, and p =

(RQCQS)

.

Further, I is the RC line length, R Q and C Q are the distributed
resistance and capacitance of the RC line, s is the Laplace transform
variable, and Ig and V g are the Laplace transforms of i g(t) and v g (t),
that is, input current and voltage to the RC line.
A line PSPC of length L can be represented by two distributed RC
lines, one, of length

= x, connected between the source position x

and one of the output terminals, and the other, of length

=

connected between x and the other output terminal (Figure 5).

^ ~ xJ
The

transfer impedance of the RC lines [Eq. (2)] are Z^ = Z Q coth px and
Z^ = ZQ csch px for the RC line of length x, and Z'^ = Z Q coth p(L-x) and
Z£ = Z Q csch p(L-x) for the RC line of length L - x.

Assuming that the

current generated in the detection of the event is I§ (s), the output
voltage signals for a load impedance Z L > 0 are

20

O R N L - D W G 75-16864

RC LINE
OF LENGTH Jt
Figure 4.

Circuit representation of a distributed RC line of
finite length.
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Figure 5.

1,1 4

Equivalent: circuit of a line PSPC of length L with a current
source at the position x.
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cosh p(L-x) + Z q Y l sinh p(L-x)
V

01

(Z

L

> 0>

I

Z

" g L 2 cosh pL + (2qYl + Z ^ ) sinh pL

and

(3)
cosh px + Z q Y l sinh px
V

02

(Z

L "

0)

I

Z

" g L 2 cosh pL + (Z Q Y L + ZjY^sinh pL

where L is the total length of the RC line, Y Q = 1/Zn, and YT = 1/Z T .
The sua of thm two output voltages of Eq. (3) is

V sl (s,x) - I g Z a cosh p(L/2 - x)

where

(4)

is a position-independent function of s, R^, C Q , L, and Z^.

The PSPC output currents for Z L > 0 are

W

2

!.

> 0 ) 13

~ V 01 ( Z L >

0)/Z

L

and

h i Z ^ " °>

=

" V 02 ( Z L

>

°> / Z L'

(5)

The sum of the two output currents of Eq. (5) is

V g2 (s,x) - I g Z b cosh p(L/2 - x)

where ^

(6)

is a position-independent function of s, R Q , C Q , L, and Z^.

From the relations of Figure 5, the PSPC output currents for Z^ = 0
are

23

I ( Z = o ) = -I sigh p(L - x)
A
UJ
01 l Z L
g
sinh pL
and

(7)

I02 (z.
- U0)
- -Ig
J
1

Slnh

PX .

sinh pL

The sum of the two output currents of Eq. (7) is

V s 3 (s,x) = I g Z c cosh p(L/2 - x)

(8)

where Z^ is a position-independent function of s, R^, C Q , L, and Z^.
In some cases (L

0, or Z^ «

the PSPC can be neglected.

Z^), the distributed capacitance of

When this is done, the PSPC output voltages

are
R_(L - x) + Z

-

0)

- Y L g Q L + 2Z L

and

(9)
V
V

+

Z

L

02 ( C 0 * 0 ) = V l R d L + 2Z l '

The sum of the two output voltages of Eq. (9) is

W

C

0 =0 ) -

(10)

'
II.

POSITION DECODING

For any given line PSPC, the two output signals are processed by
identical filters, as shown for the case of the distributed RC line

24

with Z^ > 0 in Figure 6.

These filters shape the PSPC output signals

into bipolar signals V ^ and V ^ , where V ^ is the filter response to
the filter response to VQJ, or X Q 2 .

V Q 1 or I 0 1 , and V ^

A desirable

pulse shape for crossover timing on the signals V ^ and V ^
derivative of a guassian or normal density functi.jn of tine.

the
This

function can be sufficiently approximated with commercial nuclear filter
amplifiers or with Nowlin's passive filter network, 17 *' 8 with similar
results from all.

When charge-sensitive preamplifiers are used, the

PSPC output signals are step-like functions; therefore, we use the filters
in the bipolar mode, because in this mode the step response of the
filter yields a bipolar signal that is approximately the desired pulse
shape.

For current-sensitive preamplifiers, the PSPC output signals are

impulse-like functions; therefore, the same filters are used in the
unipolar mode, because in this mode the impulse response of the filters
yields the desired bipolar pulse shape.
The two filter modes differ in that two RC high-pass filters are
used for the bipolar mode, whereas only one RC high-pass filter is used
in the unipolar mode.

Xn both modes these filters are band-pass filters

with a centerfrequency
The filter output signals are processed by the time analyzer to
produce the position dependent time interval At £ .

The logic circuit

makes a programmed decision whether to reject or accept any individual
signal.

In the case of acceptance by the logic circuit, the time interval

At c is transformed into a digital signal for computer analysis or
multichannel storage or into an analog signal for live display or
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e*».>sasn-M*u>

Figure 6.

Signal processing circuit for a typical linear PSPC.
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storage by a cathode-ray tube.

The transfer characteristic of this

portion of the signal processing circuit depends on the specific
application of each PSPC.

Therefore, we shall calculate the position

x = x g from the measured value of Atfi which is a representative decoder
output for the RC position encoding method.
Ue measure &t £ at the time analyzer output as the time interval
between the zero crossing times of the bipolar signals V ^ and V ^ such
that
At

c " t c2 " C cl

(li

>

where t ^ and t ^ are the zero crossing times of V ^ and V x2 »
respectively.

The event position x will be calculated for the most

commonly used load impedances:

a purely capacitive load, the

characteristic impedance of the RC line, and a short circuit.
The bipolar signals V ^ (s) and V ^ C s )

are

calculated by multiplying

Eq. (3), (5), (7), or (9) by the Laplace transform of the impulse
response of the position filter.

The resulting event position for any

of the three load impedances is of the form
x = x_ + AT /S
O
c

(12)

where x Q is a reference position, and S = d(Atc)/dx defines the
time-to-position conversion factor, or spatial sensitivity.
For the capacitive load or the short circuit, the calculus of the
crossover times t ^ and t ^ is greatly simplified by applying Elmore's
definition of delay time.19

Even though the requirement of monotonia
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filter response is violated, this definition yields sufficiently accurate
results for estimating the design parameters of most PSPCs.

For the

capacitive load (Y^ = sC^), no matter whether the output voltage
[Eq. (3)] or the output current [Eq, (5)] is measured, and no matter
whether the detector is a distributed RC line [Eqs. (3) or (5)3 or a
lumped RC network [Eq. (9)], we calculate the spatial sensitivity as
follows:

Assume that the filter impulse response is

H(s) « (1 + h-jS + h 2 s 2 + ... + lys^/CL + gjS + g 2 s 2 +

+ g^),

where h^, g^, k, and j are position independent coefficients of the
position decoding filter; consider I

[Eq. (3)] an impulse; replace

O

Y l = 1/Z L = sC L into Eq. (3); and expand the hyperbolic functions of
Eq. 3 into power series of the Laplace variable (s).

Xl

V

v2

(1 + hjS + h 2 s 2 + ... + h ^ X l + PjS + p 2 s 2 +

)

(1 + g.,8 + g 2 s 2 + ... + g,sJ)(l + q^s + q 2 s 2 +

)

+ h 0 s 2 + ... + h, s k )(l + r.s + r.s 2 +
_ (1 + h-s
x
o
*
±
£
—

)

8

=

At,

Thus, we have

s

2

1
2
(1 + gjS + g 2 s + ... + gjs )(1 + q^s + q 2 s + ....)

where p x = | r q C 0 ( L - x) 2 +

C^RQ(L

- x) and ^

-

^ R Q C ^

2

+

CJRQX.

Applying Elmore's definition of delay tine, and considering that
this delay time is the crossover time (tc^ or t c 2 ) of V o r
have

C

cl

=

'c2 "

Ch

l

(h

+ P

l> ~ ( <1 + «1>

l + rl> "

(q

l

+ 8

1>

V x 2 , we
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Therefore, we have

At

c

85 fc

c2 - fcci =

where Cgp ~

c

+
x

2C

L»

p

i - ri

C
T

=

53 C L
0 »

¥tcgi
and

^

+

Vcr*'

a R L
0 i

thus, the spatial

sensitivity is

s

iCyL

= sC

L>

=

Vec

(13)

•

For the short circuit case (i.e., Z^ = 0), we calculate the spatial
sensitivity in a similar manner starting with Eq. (7).

In this case,

the spatial sensitivity is

S 1 (Z L = 0) = (1/3)RqC^, .

(14)

For the case where the PSPC load impedance is the characteristic
RC line impedance (ZT = Z.), Elmore's definition of delay time cannot

L

U

be applied to calculate t ^ and t ^ , because the expressions for V ^ and
V ^ contain terms with fractional powers of s_ which preclude V ^ and V x 2
from being expressed in the "normalized" form.19

Therefore, we found an

empirical expression for the spatial sensitivity which has a value

1
S

2(ZL

=

V

= 2

%C0/U0>2

(15)

'

In practice, for a long PSPC with capacitive load (CQ ? 0, and

i
Y l = sC L ) , we observed that the expression for S ^ E q . (13)] is valid only
for event positions near the output terminals of the PSPC (x - L or
x a 0).

As the event position approaches the center of such a long
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PSPC(x = L/2), the effect of the load on spatial sensitivity'decreases
and the value of the spatial sensitivity approaches S^ [Eq. (15)] as
measured for the terminated RC line (ZT = Z ).

L

U

We also observed that

the spatial sensitivity for capacitive loads can be made practically
independent of event position by adjusting the values of C^ and cu^ such
that 8 = 8 ^ = 8 2 anywhere in the PSPC.

With this adjustment, solving

Eqs. (13) and (15), we have

U

0(YL

= SC

L}

= 4<

V(*0

C

GT } •

(16)

For a long PSPC with short circuit load (CQ / 0. and ^

= 0), we

observed that the expression for S^ [Eq. (14)] is inaccurate for event
positions near the PSPC output terminals (x = L or x - 0) where the
spatial sensitivity becomes a function toQ. We also observed that the
spatial sensitivity for short circuit loads can be made almost
independent of event position by selecting the value of

W

0(ZL

= 0) =

such that

(17)

'

With this selection, the spatial sensitivity is S =

=

anywhere

in the PSPC.
The selection of UQ [Eq. (15) or (17)] has several advantages:
(1) the PSPC can be linearized without special termination networks;
(2) the PSPC can also be linearized for high impedance RC lines where
the impedance of the stray capacitance of the PSPC output terminals
is usually lower than the characteristic RC line impedance Z , which
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makes the line termination difficult; and (3) the spatial sensitivity
can be adjusted over a wide range for given values of RQ, CQ, and L by
selecting appropriate values of C^ and

III.

ENERGY-LOSS DECODING

As mentioned in Chapter III, we measure the energy loss of a
detected ewsmt by adding the currents of all external circuits that
connect the anode and the cathodes of the PSPC.

To make the energy-loss

jaeasurement in finite time, the energy-loss information is decoded from
the PSPC sum signals V

, V g 2 , V g 3 > or V g 4 [Eq. (4), (6), (8), or (10)]

by band-pass filters that transform the sum signals into unipolar
signals of the form

V (sax) + F(s) cosh p(L/2 - x)

(18)

where F(s) = (1 + a^s + a 2 s 2 + ... + a n s n )/(l + b l g + b 2 s 2 + . .. + b m s m )
is position independent, and the coefficients a^, b^, n, and m are
functions of the PSPC parameters, the load impedance, and the
characteristics of the decoding filter.
Since the required decoding filters are linear networks, similar to
those used for position decoding, the energy loss is proportional to
the filter output signal amplitude in the time domain at an arbitrary
measurement time t .
m

Generally, we select t = t , where t is the time
m
p
p

when the filter output signal v (t,x) reaches its peak amplitude.

131
IV.

DETECTION-TIME DECODING

The detection time t^, that is, the time of interaction between an
ionizing event and the PSPC gas, is estimated from a biopolar filter
output signal of the form ve(t,x) = j t [V e (t,x)].

We express t d in terms

of measurable quantities and PSPC properties as

t, = t - t.. - t
e
1
p
d

(19)

where t g is the best estimate of the zero-crossing time of ve(t,x),
i.e., v (t ,x) = 0 ; t. is the electron drift time; and t is a positione p
l
P
dependent delay time, defined by the filter properties and the PSPC
characteristics.
V.

DESCRIPTION OF THE SIGNAL PROCESSING CIRCUIT

The signal processing circuit for a typical line PSPC (Figure 6)
operates on the signal described by Eq. (3) to decode and display the
information about the position, energy loss, and time of detection of
each detected event.

All components of this circuit, excepting the

preamplifiers, are commercial units.
Each of the two PSPC outputs is connected to a linear amplifier.
The input impedance of these amplifiers is represented as part of the
load impedances (Z^) of the PSPC.

In most applications, these

amplifiers are wide-band, series-feedback amplifiers.1

15

The input

impedance of this amplifier type is approximately capacitive over the
frequency band that contains the information to be decoded.

With this
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approximation the load impedance is Z^ = (sC^)-1, where C^ is the sum of
the preamplifier input capacitance and stray capacitance of the PSPC
output leads.

The value of C L is ^ 3 pF for most PSPCs.

The spatial

sensitivity for capacitive load is expressed in Eq. (13).
When shunt-feedback preamplifiers are connected to the PSPC outputs,
the condition Z^ -* 0 is approached, and the spatial sensitivity is
expressed by Eq. (14).

Generally, for line PSPCs, the load impedance

is Z^ < Z Q ; therefore, it is not practical to terminate the RC line
(equivalent circuit of the PSPC) with its characteristic impedance.
The preamplifiers are designed such that the closed-loop transfer
function is almost independent of frequency in the band of interest for
information decoding (10 - 10s Hz), the gain-bandwidth product is
> 350 MHz.141

The equivalent noise voltage is 1.5 nV/(Hz)2.

The

closed-loop voltage gain (A^) of the preamplifier is matched to the gas
multiplication factor of the PSPC and the energy loss of the detected
events such that the output pulse amplitudes are ^ 1 V.
of voltage gain are 5 < A^ < 50.

Typical values

The preamplifier output impedance is

93 R to match the impedance of a coaxial cable and facilitate distortionfree signal transmission over large distances (up to 200 m), whenever
the PSPC is remotely operated because of radiation hazards.
The preamplifier outputs are connected to the inputs of a summing
amplifier and the position decoding filters.

We use a shunt-feedback,

wide-band operational amplifier to add the two preamplifier output
signals.

The summer output signal in response to a detected event has

the form of Eq. (18) to decode the energy loss and detection time of
the event as for conventional proportional counters.13
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Both position-decoding filters are identical passband amplifiers
that shape the preamplifier output signals into bipolar pulses.

The

center frequency of the filter passband is selected as specified in
Eqs. (16) or (17) to linearize the PSPC (i.e., to make the spatial
sensitivity independent of the event position).

Generally, it is

accepted that a desirable pulse shape for crossover timing is the
derivative of a gaussian shaped pulse.20

We use commercial nuclear

amplifiers with active shaping or Nowlin's passive filter amplifier
because their response to input step functions is a reasonable
approximation to the desired pulse shape.

However, we prefer the

passive filter amplifier because (1) its step response generates a more
symmetric pulse shape than the active filter and, therefore, a better
approximation to the derivative of the gaussian; (2) the filter can be
easily assembled from standard components for any center frequency in a
wide range of values (we tested several filters in the range
3 x 10 4 < O)Q < 10 ^ radians /sec), which allows greater flexibility in
matching the filter and the PSPC characteristics for linearity as
compared to the commercial active-filter amplifiers (generally, only a
few switchable center frequencies are provided in the commercial units);
and (3) data on noise bandwidth and crossover-time slope are available
to calculate the thermal noise in the position signal.21
The position-filter outputs are connected to the time-difference
analyzer.

The output signal amplitude of this unit is proportional to

the position of the detected event IEq. (11)].

Usually, the time-

difference analyzer includes the following components:

two crossover
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detectors, a time-delay generator, and a time-to-amplitude converter
(TACO).

One of the crossover detectors (CD1) gives an output signal at

the zero-crossing time t ^ of V ^

(Figure 7) and the other crossover

detector (C. >2) gives an output signal t ,, at the zero-crossing time of
V ^ for each detected event.

The delayed signal t ^ is the "stop" signal

and t c 2 is the "start" signal for the TAC.

Proper operation of the TAC

requires the "start" signal always to precede the "stop" signal;
therefore, we select a time-delay DL = t ^ - t c g > SAx/2, where
Ax(0 < Ax < L) is the length of the portion of the PSPC (position
window) from which the spatial information is decoded.
Basically, the crossover detectors are Schmitt trigger circuits.22
The lower level discriminator arms the trigger whenever the input signal
exceeds a preset level and its slope is positive.

The hysteresis, that

is, the difference between the upper and lower trigger levels, is such
that the trigger resets whenever the input signal passes through a zero
level, its slope is negative, and the trigger has been armed previously.
The output signal is time-coincident with the trigger reset time t c The basic circuit of the delay generator is a monostable
multivibrator.23

This circuit is triggered by the output signal of the

crossover detector and reset after a preselected time interval DL.
the output signal of the delay generator occurs at t^ =

Thus

DL.

The TAC operation is based on a constant current I that charges a
capacitor C.

The current generator is switched on with the "start"

signal and switched off with the "stop" signal.
capacitor is V • (1/C)

The voltage of the

I dt - Atl/C, where At is the time
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Signal-flow diagram for the time-difference analyzer. The event
is detected (a) at the position x = xg, (b) at the position
x = XQ + L/2, and (c) at the position x = XQ + L.

interval between the "start" and "stop" signals.

Thus, V = kAt, where

k = I/C is a proportionality constant.
The outputs of the time-difference, pulse-shape, pulse-height, and
time analyzers interact in the logic circuit (Figure 6, page 25).

The

logic is programmed to satisfy specific application requirements of the
PSPC and, therefore, cannot be discussed in detail for all applications.
Generally, this circuit is composed of logic gates, coincidence circuits,
and strobe signals that lock all signals to a reference time for each
detected event.
The signal processing time for a typical area PSPC differs from the
signal processing circuit of the line PSPC by an additional position
decoding circuit for the y-coordinate of the event position.

The x- and

y-coordinates are decoded independently; the energy loss, pulse-shape
and time information is decoded from the sum of the four linear
amplifiers, one connected to each output of the two cathodes (Figure 2e}
page 8).6

The decoding of the event coordinates for the area PSPC of

Figure 2d is discussed in Reference 4.
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CHAPTER V

SOURCES OF SPATIAL UNCERTAINTY

Since the position coordinates x

s

and Jy of a detected event are
s

measured independently in an area PSPC, we can simplify this discussion
by assuming that the sources of spatial uncertainty in the x-coordinate
measurement are not correlated with the sources of spatial uncertainty
in the y-coordinate measurement.

Therefore, this discussion is Ifmi ted

to spatial uncertainty in a line PSPC.

The best estimate X £ of the

event position x g is calculated from the measured time interval At^
[Eq. (12)].

If we assume that the uncertainty in At £ is proportional

to the uncertainty in x^, i.e., the spatial sensitivity S is a timeinvariant calibration constant, the discussion of sources of spatial
uncertainty can be limited to the relation between x g and
For simplicity, we consider separately the uncorrelated, sequential
sources of spatial uncertainty that relate x g to x t ,

to x c>

to x^,

and x. to x . These relations, or probability density functions, are
i
s
independent factors in the secondary density function that relates x
s
and

The relative weights of these factors in determining the

total spatial uncertainty are functions of PSPC design parameters and
the characteristics of the detected event.

Therefore, in most of this

section we give only qualitative relations to suggest methods to decrease
the spatial uncertainty of the individual probability density functions.
The value of the total spatial uncertainty must be estimated individually
for each PSPC application.
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I.

THERMAL NOISE

Thermal noise is the main source of spatial uncertainty in
x

e

if x

= x . The sources of thermal noise are located in the PSPC and
s t

in the input circuit of the linear amplifier.
noise from the PSPC predominates.

In most cases, thermal

The amplifier noise has to be

considered only in some high count-rate applications and in some area
PSPCs.
As an example, we calculate the rms value of the spatial uncertainty
caused by thermal noise (PQ) for the following typical conditions:
(1) the event position is x g =

« L/2, such that in the absence of

noise the position filter output signals are V^ = V ^ =
PSPC load impedances are capacitive, i.e., Z

L

(2) the

= (sCT)~^; and (3) the

L

values of C^ and u>Q are adjusted where S = S 2 = 2(R 0 C 0 /u Q )2 [Eqs. (15) and

(16)].
The rms value of the spatial uncertainty is x n = fcn/8> where t^ is
the rms noise in the position decoder output signal At^ [Eq. (11)].
correlation between the crossover times of V y 1 and V ^
for all PSPCs that we tested.
1

was

The

negligible

Therefore, the rms noise in Atc can be

expressed as t = (2P )^A /S._, where A is the voltage gain of the
n
n
v t
v
position filter and linear amplifier (defined as the peak voltage of
VX in response to a unit step input signal), and S t the slope of V X at
the crossover time t .
c
For most position filters that we tested, we measured Sfc = A^V^u^,
where V.
1 = Q/C_„,
ui is the step-like input voltage that appears at the
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amplifier inputs in response to the event detection, and Q the total
charge generated in the avalanche (Q = nq)[Eq. (1)].
We observed that the power spectral density of P^ is not strongly
dependent on frequency in the passband of the position filters and under
the conditions of this example.

Therefore, we can estimate that the

average value of P^ = 4kTBRn (Reference 24), where k is the Boltzmann
2
o o" R
constant, R = (R, + R„) z ' 1 the real part of the complex impedance Z.
j. d.
m
n
measured between the anode and cathode terminals of the PSPC at u = UQ,
R 2 the equivalent noise resistance of the linear amplifiers, T the
absolute temperature of R , and B the equivalent noise bandwidth25 of
the position filters, which was measured as B = Wq/2tt for the filters we
tested.

Consequently, the rms value of the spatial uncertainty caused

by thermal noise is

\

= (CCT/Q) (kTRn/i:R0C0)2 .

(20)
2

From Figure 5, page 21, we computed Z i n = (ZQ + Z^LjflZ^ +
and using the adjusted value of

Y

2

L 2 Q ),

[Eq. (16)], we calculated

R x = Re(Z in ) * R T /4 for all practical values of C L (0<CL/CT < 1000) .
If we assume R^ >> R^, the rms value of the relative spatial uncertainty
caused by thermal noise is

1
x n /L = (CCT/Q)(kT/4TTCx)2

(21)

Thus, decreasing the value of C__, reduces the thermal noise in the

bi

position decoder, but small values of C ^ require high values of toQ for
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linear operation of the PSPC [Eq. (16)].

However, the upper limit of u Q

(or the lower limit of C ^ ) is set by the intrinsic time resolution of
the time difference analyzer (Figure 6, page 25).

We determined that

the rms value of this intrinsic timing uncertainty is usually <10~^ rms
for commercial filter-amplifiers and crossover timing circuits.

II.

If we assume that x

DRIFT FIELD DISTORTION
s

s

x

c

and x

e

=

, the spatial uncertainty is
t

caused mainly by distortions of the electric fields in the electron drift
volume of the PSPC; i.e., wherever the equipotential lines of the drift
field are not parallel to the anode of the PSPC, the drifting electrons
are forced to change their positions with respect to the anode
coordinates and, therefore, x^ f x^.
For example, the transmitted position

in area PSPCs with discrete

anode wires is, in most cases, a discrete function in the direction
perpendicular to the anode wires in the anode plane.

In this direction

the equipotential lines near the anode plane focus the drifting
electrons.

Consequently, with great probability, all primary electrons

from any single event produce avalanches entirely on one anode wire, if
(1) the dimensions of the primary electron distribution are small
compared with the anode wire spacing, and (2) the electron diffusion in
the drift region is negligible.

Thus, the transmitted position

coordinate xfc of such an event is, in most cases, the position of the
anode wire nearest to the charge centroid position coordinate x £ .
Addition of a drift field to a multiwire area PSPC 6 » 7 increases the
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average diameter of the primary charge distribution because it increases
the average drift time during which the primary electron distribution
expands by electron diffusion.
position

We observed that the transmitted

approached a continuous function of x £ as the depth of the

drift field region was increased, because the average diamter of the
charge distribution in each avalanche covered several anode wires.

As a

result, the spatial uncertainty in a direction across the anode wires
was smaller than the wire spacing;

However, a further increase in the

drift field depth or a decrease in the drift velocity caused the average
diameter of the charge distirbution to increase to a point where the
error in the charge centroid measurement began to control the spatial
uncertainty.

Therefore, the optimum balance between the detection

efficiency and the spatial resolution must be found experimentally for
each application by adjusting the drift field depth and the electron
drift velocity.
The ions that surround the anode after each avalanche as they
drift toward the cathode can cause additional drift field distortions.
The number of drifting ions is usually much greater than the number of
primary electrons from subsequent events.

Thus, the position of

drifting electrons from one event is affected by the interaction of
these electrons with ions from previous events.

Therefore, the spatial

uncertainty due to interaction of drifting charges is a function of the
number of events detected per unit length of the PSPC in a given time
interval and of the time interval during which these charges remain in
the PSPC gas.
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III.

DETECTION PROCESS

The position x c of the charge centroid of the primary electrons
generated in the detection process of an ionizing event is, in most
cases, not coincident with the interaction point position x^.
uncertainty in x

G

for x

S

= x. and x
1

6

= x

C

The

depends mainly on the energy

loss and the characteristics of the detected event.

Charged Particles
A charged particle in a gas-filled PSPC generally produces an
electron-ion track along the trajectory of the particle in the PSPC
gas.

For a trajectory that is not perpendicular to the anode of the

PSPC, the concept of an interaction point is not valid, because the
interaction is spread over a space interval Ax^ that has a width
w = d cos a, where d is the track length inside the PSPC and a is the
track angle with respect to the anode.

For such a particle, the

charge centroid position x £ is in Ax^ and depends on the specific
ionization of the electron-ion track.
Owing to the large number of application possibilities of PSPCs
to detect charged particles, a detailed discussion of possible ways to
reduce the spatial uncertainty in the detection process of these
particles is beyond the limits of this paper.

In general, however, we

applied the following guidelines to reduce this uncertainty:

(1) the

depth of the PSPC traversed by a particle was reduced to decrease Ax^
to acceptable values for the smallest possible angle a; (2) the gas
pressure was raised to increase the specific ionization along the track;
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and (3) the gas multiplication was adjusted to obtain PSPC output signals
above the thermal noise level.

Thermal Neutrons
Detection of a thermal neutron in gas mixtures that contain

lv>

BF^ or

3
He generates two charged particles at the point of interaction.

The

two electron-ion tracks of these particles originate at the interaction
point and are in opposite directions.
pair is equally probable.

Any orientation of this track

The lengths of the tracks are determined by

time-invariant gas and PSPC properties.

Therefore, the locus of the

charge centroid of the electrons in the track pair is a sphere centered
at the interaction point.

The diameter of this centroid sphere usually

determines the spatial uncertainty in the measurement of thermal neutron
positions.
We tested and applied several methods to reduce the spatial
uncertainty in the detection process for thermal neutrons.
^BF

We used

gas mixutres because the radius of the 3
centroid sphere in this gas

is ^0.5 the radius of the centroid sphere in

He gas at equal pressure;

added Xe to the ^ B F ^ gas to further reduce the centroid sphere radius
by reducing the track length of the charged particles; measured the
track orientation for each detected event; calculated the probabilistic
point spread function21 of each x^ and each orientation; and applied
spectrum deconvolution to unfold spatial frequency distribution of
detected neutrons from the measured spectra of estimated positions.26
With the application of these methods, we reduced the spatial uncertainty
for thermal neutrons to 0.3 mm fwhm (Figure 8).
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Figure 8.

Spatial distribution of thermal neutrons measured with a linear
PSPC in response to two, collimated and parallel neutron
beams, spaced 1.2 mm, that intercept the PSPC perpendicularly
to the anode. The effect of spectrum deconvolution is shown
(corrected spectrum).
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Low-Energy Photons
The most frequently used counter gas mixtures for the detection of
low-energy photons (1-100 keV) contain noble gases.

In such gases two

energy conversion possibilities exist for a detected photon:
(a) generation of electron-ion pairs near the interaction point, or
(b) generation of a fluorescent x ray and electron-ion pairs near the
interaction point.

In the first case, the interaction point and the

centroid position of the generated charge are almost coincident.

In

the second case, the fluorescent x ray can escape from the sensitive
volume of the PSPC, or it can be reabsorbed at any position in this
volume.
When the fluorescent x ray escapes, the remaining energy W^ of the
photon causes ionization around the interaction point x^.

The charge

centroid of this distribution is almost coincident with x^.

Thus, the

event is recorded at the centroid position x^ - x^, but as having lost
an amount of energy W^ = W -

where W is the total photon energy and

W^ the energy of the fluorescent x ray.
When the fluorescent x ray is reabsorbed at a position x^, it
ionizes the gas around the new interaction point.

For simplicity, we

assume that the fluorescent x ray loses all its energy W^ at x^ and the
generation of ions and electrons at x^ and x^ occurs simultaneously.
If the two interaction points are equidistant from the anode, the
two avalanches occur simultaneously, and the event is recorded as having
the position x £ = (x^W^ + X ^ ^ / W .

The recorded energy loss is W.

Thus, the position information of the event has been distorted without
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affecting the energy information.

If the two interaction points are not

equidistant from the anode, the two avalanches do not occur
simultaneously.

In this case, one can attempt to avoid registration

of the event by time-coincidence discrimination.

IV.

The relation between x

e

SOURCE POSITION

and x

for x. - x depends on the
i
e

s

characteristics of the ionizing event and on the collimator that couples
the source to the PSPC.

Generally, a known relation between the source

position and the PSPC coordinates is established first by a collimator
or a pinhole that transmits only those events that follow a prescribed
path between the source and the PSPC.
When this prescribed path is not perpendicular to the anode and
the source emits neutrons or photons, the nonzero thickness of the PSPC
is a source of spatial uncertainty.

Any of the neutrons or photons

can interact with the PSPC gas anywhere along the portion of the path
contained inside the PSPC volume.

The probability of interaction is

greatest at position x^ where the path enters the PSPC and decreases
exponentially toward the exit position x^ of the path (Figure 9).

The

shape of the resulting probability density function for the event
interacting at x^ < x^ < x^ depends on the PSPC depth, the path angle,
and the gas absorption coefficient.
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Figure 9.

Measurement geometry of a neutron or x-ray source position and the
resulting probabilistic point spread function (assuming x. = x ).
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CHAPTER VI

ERRORS IN THE MEASUREMENT OF ENERGY LOSS AND DETECTION TIME

The estimate of energy loss and detection time from Eq. (18) is
affected by the event position and by statistical errors similar to
those in conventional proportional counters.

Thermal noise and

avalanche multiplication uncertainty—the main components of the
statistical errors-have been extensively discussed in the literature.13
Therefore, this discussion is limited to the position-dependent error
in the measurement of energy loss and detection time in a line PSPC.
The calculus of this position-dependent error is greatly simplified
by assuming that in the time domain the filter output signal for the
energy-loss estimate [ve(t,x)] has the shape of a normal density function
and the filter output signal for the detection-time estimate is
ve(t,x) = d[vfi(t,x)]/dt.27

The errors calculated under this assumption

have been verified by measurements on a variety of PSPCs to within
experimental errors.
Experimental results also indicate that for a line PSPC of length L
(0 < x < L), neglecting statistical errors and assuming an arbitrary
energy loss of the detected event, we have

0

< V

where t

e(tpl*L/2>

pi' C px'

fc

P2

<

»

V

V

V

< v

e(tP2'0)

=

V

L)
e ( teP 3 'p3

and t , are peak times of v (t,x) at the
P3

(22)
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positions x = L/2, x^, 0, and L, respectively, and x^ is an arbitrary
position in the interval (0 < x^ < L).
Thus, we define the maximum position-dependent error in the
energy-loss measurement as

e

e

H 1

" ve(tpl'L/2)/Ve(tP2'0) '

(23)

Assuming the shape of a normal density function we have

2

V ( t , x ) = (2TTO)

e

exp[-(t - t )/(2a)2] .

For x = 0,L, we have a = a„ and t = t
2
p
p2
a = CT^ and t p = t ^ Figure 10a).

1
r:

19
time

CT /o

2 l

we have t

= V

(24)

p

= (2ir)'

A

1

and for x = L/2, we have

Applying Elmore's definition of rise-

and t

=
2

1
J
C2TT)

a^

and since

e ( t p l ' k/2)/ve(tp2,0), we have

1
£e = 1 -

tejoj*

1
- 1 - Ct r2 /t rl )

.

(25)

From Eq. (18) we have for x = 0,L

1
V (s,0) = V (s,L) = F(s) cosh (pL/2) = F(s) cosh (Ts)2
e
e
where T = R^C^/4.

Expanding the terms we have

(26)
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Figure 10.

Approximate shapes of the filter output signals (a) for the
energy-loss measurement and (b) for the detection-time
measurement, represented for two event positions: x = 0 and
x = L/2.
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V (s,0)

1 + a s + a_s2 +
=
i

e

1 + b-s + b,s
l
z

...

+ a sn
_
S ^ £ i + | t

+ ... + b s
m

r-r^2
+ I S 2 - +

2

]

24

1 + s ( a x + T / 2 ) + s 2 ( a 2 + T 2 / 2 4 + a^T/2) +

(2?)

1 + b.jS + b 2 s 2 -+
Applying Elmore's definition of delay- and rise-time, we have

tjj(O) = t

2

- b^^ - a x - T/2,

(28)

t 2 (0) = t 2 2 = 2u(b2 - a 2 + 2a 2 - 2b 2 - T 2 /8) .

(29)

Similarly, from Eq. (18), we have for x = L/2

vVe(s,L/2)
T/o\ =_ vfr
.\ _= 1 + a i s1 + a o s 22 + ••• + a sn n
F(s)
1 + b,s + b„s 2 + ... + b s m

1

2

m

and, therefore

t D (L/2) = t

= b x - ax,

(31)

t 2 (L/2) = t 2 x = 2ir(bJ - a 2 + 2a 2 - 2b £ )

(32)

From Eqs. (29) and (32) we have

t

rl

= fc

r2

+ 7rl2/4

•

(33)

From measurements we determined that the step response of most nuclear
filter amplifiers in the "unipolar" mode is an approximation to the
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2
2
2
normal density function with a variance o^ = t^/2-ir = 1/UQ.

Thus,

replacing the values for t ^ and T, we have from Eqs. (25) and (33)
_1

e e « 1 - [1 + ^ / ( S t ^ ) ]

4

1
2

= 1 - [1 + (O.IR^Uq) ]

4

.

(34)

We define the maximum position-dependent error in the measurement
of the detection time (Figure 10b, page 50) as

e

t

5

V

- C p2 •

(35

>

From Eqs. (28) and (32) we have t
• t 0 + T/2; therefore,
pi
p2
e t - T/2 - R ^ / 8 .

(36)
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CHAPTER VII

MEASUREMENT RESULTS

We built and tested several line and area PSPCs to (1) verify
experimentally the relations established in this paper and (2) apply
these relations to reduce the spatial uncertainty, shorten the signal
processing time, and increase the count-rate capability of these PSPCs.

I.

SPATIAL UNCERTAINTY FOR ALPHA PARTICLES AND X RAYS

A high-resolution, line PSPC was designed for position measurement
of alpha particles and x rays.

Applying the noise considerations of the

previous section, we fabricated a PSPC which we describe as follows.
The cathode is cylindrical and 2 mm in diamters.

The anode is a

25-y-diameter, pyrolytic-coated quartz fiber (Table I, page 6) with
8 ku/mm resistivity and is mounted coaxially inside the cathode.
active PSPC length is 25 mm.

The

We solved the mounting problem for such a

short anode wire and reduced the field distortion by using a total length
of quartz fiber of 100 mm and centering it inside an electrostatic shield
2
of 4 x 10 mm

rectangular cross section, with the cathode surrounding the

anode wire over 25 mm of the center section of this shield.

The total

counter resistance R^, was reduced to 200 kft by evaporating a gold film
on the two, 37.5-mm-long, quartz-fiber sections outside the cathode.
The total counter capacitance (C^,) is 0.3 pF.
(C^) total 3 pF:

The load capacitances

the capacitance between the shield and the gold-covered
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position of the quartz fiber is 0.5 pF, the preamplifier input capacitance
is 2 pF, and th<» stray capacitance is 0.5 pF (the guard-ring capacitances
are bootstrapped; i.e., they are connected to the sources of the input
transistors and do not appreciably increase C^).
With a selected filter center-frequency (ui^) of 1.26 x 10^
radians/s £Eq. (16)], the spatial sensitivity of this PSPC is independent
of position, i.e., S is ^50 ns/mm anywhere along the anode.

The

equivalent thermal noise resistance (R ) of this PSPC is ^50 W2;
n
therefore, the calculated thermal noise contribution to the spatial
uncertainty (x^) for an input charge of 10-12 coulomb is 6 y rms [Eq. (23)].
242
We measured the spatial uncertainty for coxlomated
Cm alpha
particles with this high-resolution PSPC.

The bias was set at 900 V to

-12

generate a charge of 10

coulomb for each detected alpha particle.

The gain of the time analyzer was 2.08 channels/ns, and the total gain of
the position signal filter was 100 channels/mm.

A 25-y-wide slit through

the cathode (Figure 11) collimated the alrha particles.

Two 0.5-mm-

diameter holes, spaced 2.9 mm between centers, were a spatial reference
for the position scale calibration.

The PSPC was operated with

90% Ar-10% CH^ at 1 atm flowing through the cathode.
The alpha-particle count rate was 1.5 counts/min through the
collimator and 36 counts/min through both reference holes.

The spatial

resolution test was operated >20 hr to accumulate 1800 counts in the
collimated alpha particle spectrum (Figure 11).

The measurement results

indicate a spatial uncertainty of 47 y fwhm (standard deviation of 20 y).
The measured spatial uncertainty was 100 y at fw(0.1)m and 170 y at

55
0RNL-DWG

74-1101R

POSITION
Figure 11.

Experimental counter and alpha source measurement geometry
showing the measured spatial distribution of alpha particles
and the resulting spatial uncertainty.
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fw(O.Ol) in. These uncertainties include thermal noise, long—term drift
in the timing channels, and modulation by the finite collimator width.
We estimated the thermal noise plus the long-term drift by measuring
the uncertainty in the crossover-time, spectrum of a constant-rise-time
generated signal that was injected into the position filters i/l ms after
the detection of every alpha particle.
noise spectrum was 9 p.

The rms uncertainty of this

We estimate that the spatial uncertainty in

determining the source position of a

242
Cm alpha particle for x

t

= x

6

is

less than 28 p fwhm.
We measured the spatial uncertainty for low-energy x rays with the
same PSPC, gas mixture, and position filters as used for the alpha
particle test.

However, we increased the bias voltage to 1150 V to

increase the gas multiplication for the x-ray detection and generate a
-12

total charge of 10
x ray.

coulomb in response to the detection of a 3 keV

The x rays were generated in a W-target x-ray tube operating at

10 kV bias.

An aluminum collimator between the x-ray tube and PSPC

limited the width of the x-ray beam to 25 p.

A two-parameter,

multichannel analyzer classified, stored, and displayed the position
and the energy loss of the detected x rays.

The y-parameter, with eight

channels of capacity, was connected to the sum signal and calibrated to
display x-ray detection frequency vs energy as follows:

<1.5 keV in

channel one, 1.5 to 6.5 keV in 1-keV-wide bands in channels two to
seven, and >6.5 keV in channel eight.

The x-parameter, with 512-channels

of capacity, was connected to the position signal output.

The position

signal gain was 100 channels/mm. With this arrangement, six position
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spectra were acquired simultaneously, each covering a 1-keV-wide x-ray
energy band.
The measurement results (Figure 12) indicate that the spatial
uncertainty is ^100 y fwhm for 1.5- to 6.5-keV x rays and for a data
acquisition rate of 2 counts/s per 25 y. When the acquisition rate was
increased to 20 counts/s per 25 y, the spatial uncertainty for the same
energy band increased to 155 y fwhm.

In our opinion, this degradation

of spatial, resolution is not caused in the electronic signal processing
circuits, because the total signal processing time is <20 ys/event, and
random signals generated at a rate of 5,000 signals/s can be processed
without affecting the spatial resolution.

Probably, the count-rate-

dependent drift-field distortion (Chapter V, II) near the anode caused
this increased spatial uncertainty for the low-energy x rays.
The spatial uncertainty in estimating the source position of an
x ray for

= x^ is probably limited by x-ray scattering in the

collimator and in the counter gas.

II.

POSITION-SIGNAL PROCESSING TIME

The relation between spatial uncertainty and position-signal
processing time was determined by comparison of two line PSPCs.

(We

define position-signal processing time T^ as the time interval between
the detection time and the time at which all filter output voltages
have returned to within 5% of their quiescent levels.)

Both PSPCs were

500 mm long, were operated with 90% Ar-10% CH^ at 2 atm, and had 13-mmdiameter cylindrical cathodes.

Counter 1 had a 75-y-diameter
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Figure 12.

Spatial uncertainty as a function of x-ray energy measured with
the PSPC of Figure 11, page 55.
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pyrolytic-carbon-coated quartz anode, and counter 2 had a 7.5-v-diameter
stainless steel anode (Table I, page 6).
The center frequencies of the position filter for both counters were
adjusted to linearize the spatial sensitivity iEq. (16)], and the bias
-13
voltages were adjusted to generate a charge of ^2 x 10
response to a detected 5.9-keV x ray.

coulomb in

The measurement results for the

two PSPCs (Table II) show that the value of Tm is 550 ns/event for
counter 2, which is 67 times smaller than the value of T for counter 1.
m
The main source of spatial uncertainty in both PSPCs is thermal noise,
i.e., x

s

= x . The calculated values of x [Eq. (23)] are almost equal
t
n

in both PSPCs.

However, the measured spatial uncertainty of counter 2

is four times that of counter 1 because the
the position filters was limited to

absolute time resolution of

s rms.

We used Nowlin's

passive filter amplifiers 17 ' 18 in this test.
III.

COUNT-RATE CAPABILITY

The effects of high background count rates on spatial uncertainty
were illustrated with counter 2 placed in a radiation field of 59-keV
gamma rays from

241
5
Am to detect 10 gamma rays per second and provide a

uniform background over the entire length of the PSPC.

Simultaneously,

the position of a low-intensity, collimated beam of 5.9-keV x rays was
measured.

The measured spatial uncertainty without the background was

2.0 mm fwhm (Table II) . With the background added, the measured fwhm
spatial uncertainty of the 5.9-keV x-ray positions increased to 6.5 mm,
while the electronic noise contribution remained ^1.8 fwhm for both
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TABLE II
Results of a Test to Compare the Signal Processing Time
and Spatial Uncertainty for Two Linear PSPCs
of Similar Design but Having Different
Anode Resistances

Variable

Units

Measured or Estimated Values
Counter 1
Counter 2

Q/mm

1.4

X

10 3

1.8

X

10 1

C
o

F/mm

1.1

X

lO" 1 4

7.5

X

IO- 15

U)

radians/s

2.0

X

10 5

1.3

X

107

F

3.0

X

lO" 1 2

3.0

X

10- 12

L

mm

5.0

X

10 2

5.0

X

10 2

S

S/mm

1.8

X

io- 8

2.1

X

10- 10

B (a>
m

radians/s

2.2

X

10 5

1.4

X

10 7

R<b>
n
x(c)
n
T (d)
m
(e)
X
m

£2

1.8

X

10 5

1.6

X

10 3

juui rms

3.9

X

ID" 3

4.1

X

10-3

s

3.7

X

io- 5

5.5

X

10-7

mm rms

2.0

X

lO" 1

8.5

X

10-1

R

C

o

o

L

B is the measured noise bandwidth of the position filter, i.e.,
the bandwidth of an ideal, sharp-cutoff filter that has the same rms
response to white noise as the position filter.28
R , the equivalent noise resistance, represents the combined noise
that is generated by the PSPC impedance and the position filter
[Eq. (23)].
c

x is the rms value of the spatial uncertainty caused by thermal
noise [fiq. (23)J calculated for the ratio C GT /Q = 1.
d

e

T
x

m

is the position signal processing time as defined in the text,
is the measured rms value of the spatial uncertainty for
rays.
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measurements.

These results indicate that the spatial uncertainty

increases appreciably in high-intensity radiation fields.

This poorer

resolution was not caused by the RC position encoder or the decoding
circuits.

More likely, electric field distortions caused by space

charge near the anode (Chapter V) were responsible for the Increased
spatial uncertainty.
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CHAPTER VIII

APPLICATIONS

The RC position encoding method was applied to position measurements
of low-energy photons, neutrons, and charged particles in a wide variety
of nuclear physics experiments; nuclear medicine imaging; and low-dose,
medium-resolution radiography.
The linear PSPCs successfully recorded information from focal planes
of magnetic spectrographs.29»3°

The authors mention as main advantages

for this application the dimensional flexibility, simplicity of operation
and calibration, low background count rate per spatial resolution element
and excellent resolution that permits particle identification.

Therefore

high precision experiments, such as coulomb excitation, are now
possible.
Small-angle x-ray scattering in biomedical samples31 and magnetic
disorder scattering of neutrons in ferromagnetic materials32 are being
studied with linear PSPCs.
radiography.33

The area PSPC was applied to sutdy neutron

In these studies the data acquisition times were much

less than when other detection systems such as photographic emulsions
or scanning detectors were used.
The area PSPC was applied in diagnostic nuclear medicine x-ray
imaging of in vivo

radioisotope distributions3^ where it is very

important to subject the patients to low doses of radiation.
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Medium resolution radiographs were produced with a total radiation dose
of 10 ^ roentgen absorbed dose (rad, Reference 6).
Small-angle scattering experiments with low-energy x rays 35 and
thermal nuetrons36 are in a final planning stage to determine voids
caused by radiation damage in construction materials of liquid-metal
fast breeder reactors.

In both types of experiments the scattering

patterns will be imaged with area PSPCs that use RC position encoding.
An area PSPC (10 by 10 cm) was used in a soft x-ray imaging system
for cosmic x-ray studies from rockets.37

RC position encoding was

applied because the wire plane construction with continuously strung metal
wires (Figure 2e, page 8) is rugged, and the energy resolution for soft
x rays is excellent (80% for 250-eV x rays).

The PSPC passed without

failure the vibration tests required for rocket launching.
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CHAPTER IX

CONCLUSIONS

The development of proportional counters with the added capability
of encoding the position of individual photons, neutrons, or charged
particles without compromising other desirable characteristics such as
good energy- and time-resolution has opened several new fields of
applications for these position-sensitive proportional counters.

Among

the most successful applications of these counters are photon imaging of
in vivo distributions of radioisotopes in nuclear medicine, low-dose,
medium resolution radiography, Imaging of x-ray and neutron small angle
scattering patterns, and recording of spatial information from the focal
planes of magnetic spectrographs.
Position encoding with distributed parameter RC lines is one of the
most applied methods because counter construction and signal processing
are generally simpler as compared to other position encoding methods.
The application of this method has proceeded at a rapid pace even though
solid theoretical guidelines and models for this method were not
available.

Therefore, the main objective of this thesis was to aid in

establishing such guidelines, provide approximate models, and verify
experimentally their accuracy.
The application of Elmore's definition for rise-time and delay time
has greatly simplified the calculus of encoding and decoding parameters
for the spatial information.

Furthermore, this definition was useful to
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linearize the spatial response of the PSPCs, and calculate the errors in
the energy loss and timing signals caused by the position encoding.
The spatial sensitivity of PSPCs with RC position encoding was
calculated for several load conditions (short circuit, RC-line
termination, and capacitive load).

It was shown that the position

decoding is the same for these three conditions.
A discussion of several sources of spatial uncertainty is presented.
It was found that thermal noise in the position signal is almost
independent of the magnitude of the distributed resistivity of the RC
line, even though this resistance is the main source of thermal noise
for most PSPCs.

The effects of drift-field distortions, detection

properties, and source position on the spatial information were discussed
to establish guidelines for the design of PSPCs for specific applications.
Several prototypic PSPCs were constructed and the relations
established in this theses were verified experimentally.

Also, the

inherent limitations of the RC position encoding methods with respect to
signal processing time, count-rate capability, and spatial resolution
were explored with these prototypic PSPCs.
Since the RC position encoding method represents a powerful
technique that will find increasing applications in nuclear physics,
medicine, biology, and industry, additional work should be performed to
develop a filter that maximizes the ratio of spatial information to
spatial uncertainty.

Also, methods should be studied to increase the

detection efficiency of the PSPCs, because detection efficiency is
inversely proportional to the radiation exposure of the object to be
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Imaged and to the data acquisition time.

Attenpts should be made to

find exact solutions of Eq. (3) to calculate spatial sensitivity,
linearity, thermal noise, and errors in the energy-loss and detectiontime signals without the approximations introduced by Elmore's definition
of rise- and delay time.
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