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A multiwire propor t ional  chamber ,  with a high-densi ty  drift 
space at tached,  has  been developed as a posit ion-sensit ive 
detector for non- ioniz ing radiat ion.  

A chamber  with a 5 g /cm a d r i f t s p a c e ,  compris ing  a l ead-  
b i smuth  matr ix  o f  1 m m  square  holes on a 1.5 m m  pi tch has  been 
investigated. For  0.66 MeV pho tons  a detection efficiency o f  5%,  

combined  with a spatial  resolut ion o f  1.3 m m  fwhm, is obtained.  
M u c h  higher  efficiencies are possible. A theoretical analysis oi 
the detection efficiency as a funct ion  o f  pho ton  energy is presented.  
It agrees well with exper imental  results. 

The  chamber  offers new possibilities for pho ton  and neut ron  
detection, and  as a shower  detector for high-energy particles. 

1. Introduction 

Experimental work involving the spatial localization 
of ionizing particles has advanced in recent years 
following the development of the multiwire propor- 
tional chamber (MPC) 1). Large systems involving many 
thousands of wires are now in operation. Progress in 
this field continues with the drift chamber1"3), which 
offers the possibility of submillimetre resolution and 
very large (4 m x 4 m), comparatively cheap, detectors. 

Increasing attention is now being paid to the use of 
MPCs as position-sensitive detectors for non-ionizing 
radiation. This is hardly surprising in view of the many 
possible applications. The uses of MPCs for medical 
X-ray imaging4), X-ray crystallography s) and neutron 
detection 6) have been reported; other fields of applica- 
tion include X- and gamma-ray astronomy, solid-state 
physics, and non-destructive material testing. 

The detection of non-ionizing radiation presents two 
problems for the MPC: 

i) The conversion of the non-ionizing radiation into 
ionizing particles. 

ii) Obtaining X and Y information from one chamber, 
since, in general, the ionizing products will either 
not propagate to a second chamber or else will be 
strongly scattered before reaching it. 

The second problem is relatively easily resolved. 
Various two-dimensional read-out techniques: pulse- 
rise-timeT), delay-line8), charge-division 9) and centre- 
of-gravity 1°) have been described, offering different 
combinations of cost, accuracy, sensitivity, and data 
rate. 

To date, the first problem has received little detailed 
attention. Effort has centred on using the gas in the 
MPC as the converting material. For 8 keV X rays, gas 
conversion is very successful. 100 % efficiency combined 

with submillimetre spatial resolution is possible using 
argon at atmospheric pressure. Recently, the introduc- 
tion of the spherical multiwire drift chamber tl) has 
extended this efficiency and spatial resolution to the 
cases of X-ray imaging from a point source or from a 
divergent beam. 

As photon energy is increased, gas conversion beco- 
mes less and less useful. Firstly, the photoelectric 
capture cross section falls very rapidly and, secondly, 
the range of the photoelectron increases. Thus effi- 
ciency and spatial resolution both degrade. By using a 
dense gas with a high atomic number, under pressure, 
the photon energy at which the chamber performs 
satisfactorily can be maximized. Xenon at 4 atm 
pressure has been used for 60 keV gamma rays to 
obtain an efficiency of 50 % and a spatial resolution 
of 1 mm 4). This would seem to be a useful limit for 
gaseous converters. 

Carrying the idea of pressure to its logical conclusion 
leads to a chamber filled with a liquid. And indeed, 
liquid-argon- and liquid-xenon-filled chambers have 
been investigated. For  0.28 MeV gamma rays an 
efficiency of 65 % and a resolution of 4 mm has been 
recordedl2). However, serious technical problems exist 
due to the low-temperature operation, the very high 
liquid purity needed, and the fact that avalanche 
amplification is difficult to obtain. The chambers must 
operate in the ionization region with consequent 
electronic problems and cost. 

As an alternative to a liquid-filled chamber, an 
ordinary gas-filled chamber may be equipped with a 
solid converter. Then the advantages of the solid - a 
high capture efficiency for gamma rays and short range 
of the resulting photo-electron - may be obtained, 
together with the normal operation of the gas-filled 
MPC. Such a hybrid chamber and its application to 
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photon energies greater than 0.1 MeV, i.e. above the 
gas-conversion limit, is the subject of this paper. 

2. A gas-solid hybrid chamber 

2.1. THE BASIC DESIGN 

A dilemma arises for the detection of the ionizing 
products resulting from the conversion of non-ionizing 
radiation. If  sufficient bulk material is used to give a 
high capture probability for the non-ionizing radiation, 
then generally the ionizing products will have a low 
probability of escaping from the material and being 
detected. This dilemma is neatly overcome with the 
noble gases. The free electrons resulting from ioniza- 
tion may be transported, or drifted, over a distance of 
many centimetres under the influence of an electric 
field, and then detected. Electron drifting is also 
possible in liquid argon and xenon. Thus chambers 
employing a noble gas or liquid as the converting 
medium can give high detection efficiencies. 

The simplest way of using a solid for conversion is 
to utilize the walls of a chamber. This is how X and 
gamma rays are detected with a conventional Geiger 
counter. With walls made of lead, an efficiency of 
around 1% is obtained, over the energy range 0.1 to 
2.0 MeV~a). 

To obtain a high detection efficiency with a solid, a 
structure is required where the solid is in thin sections, 
interleaved with the gas. The photoelectron will then 
have a high probability of escaping to the gas and 
creating free electrons which may be extracted with a 
drift field. To obtain a good spatial resolution, the 
range of the photoelectron must be restricted to small 
pockets of gas. A structure that fits these two require- 

ments is a solid block, perforated with a large number 
of small holes close together. By making the block 
thick enough, the photon will have a high conversion 
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Fig. 1. Principle o f  the gas-sol id  hybrid chamber .  Photons  are 
captured in the  solid bars and  produce  fast electrons which caa  
escape to an  adjacent  hole. The  free electrons resul t ing f rom gas 
ionizat ion in the  hole m a y  be extracted by an electric drift field, 

and  detected by a propor t ional  chamber .  

Fig. 2. Different ways o f  mak ing  the  solid matrix:  (a) a bundle  of  
glass tubes (full size); (b), (c) a copper-plate,  mylar  sandwich 

( x 2/3). 
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probability. With a correct choice of  hole size and 
spacing, the resulting photoelectron will have a high 
probability of  escaping to a hole but a low probability 
of propagating to a second hole. The application of an 
electric field will drift the free electrons out of these 
holes for subsequent detection by a MPC. I f  the hole 
axis is parallel to the direction of the impinging 
photons, the two dimensions perpendicular to this 
direction may be resolved to an accuracy determined 
by the hole size (see fig. 1). 

A somewhat similar, independent approach has been 
reported. An open honeycomb structure was used to 
provide a large surface area of lead for photons angled 
at 20 ° to the direction perpendicular to the chamber. 
A detection efficiency of 2.5 %, combined with a spatial 
resolution of 5 mm, was obtained14). 

2.2 .  EXPERIMENTAL TESTS 

Two small prototypes were tested to assess different 
methods of fabricating a solid matrix and to prove that 
electrons could be drifted efficiently through holes in a 
solid. 

2.2.1. Glass tubes 
A matrix 4 cm in diameter and 2 cm long was made 

by packing together soda-glass tubes of 1.5 mm bore and 
0.5 m m  wall thickness (see fig.2a). It  was placed in a 
drift space attached to a small (10 cm x 10 cm) MPC. 
Steel mesh grids immediately above and below the 
bundle of tubes provided the drift field. A source of 
5.9 keV 55Fe X rays was placed above the matrix and 
the count rate and pulse spectrum of the chamber 
monitored to observe changes with and without the 
drift voltage applied. Initially the tubes exhibited an 
electrostatic charging effect. An increase in count rate 
was observed when the drift voltage was applied, but 
it decayed rapidly (1-2 min). Following a dipping of 
the tubes in an antistatic glue, a reasonably stable, 
eightfold increase in count rate was obtained. Fig. 3 
shows the variation in pulse height with drift voltage 
obtained from one anode wire. With a back-drift 
voltage applied (fig. 3a) good energy resolution is 
apparent. This is expected since the tubes will act 
purely as an X-ray collimator. The application of a 
forward-drift voltage gave a large increase in the hum- 

Fig. 3. The  variat ion o f  pulse-height  spec t rum with drift voltage for the glass tubes.  5.9 keV pho ton  source. 
Back-drift  voltage. The  tubes  act solely as an X-ray coll imator.  (a) t000 V. 

Forward-dri f t  voltage. The  count  rate increases eightfold. (b) 1000 V; (c) 2000 V; (d) 3000 V, 
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ber of low-energy pulses (fig. 3b). Increasing the drift 
voltage did not further increase the count rate, but 
flattened the pulse-height spectrum, indicating an 
increased efficiency of electron collection (see figs. 3c 
and 3d). 

An important result to observe is the flat spectrum 
of fig. 3d, which implies an almost complete loss of 
energy resolution. This is caused by the random amount 
of energy lost by any photoelectron in interacting with 
the wall of a glass tube. 

Electrostatic charging effects were still seen, partic- 
ularly if the drift voltage was decreased, when the 
count rate and pulse-height spectrum would take 
many minutes to stabilize. 

2.2.2. Metal plates 
To avoid electrostatic charging and to have a denser 

matrix, a stack of perforated metal plates, insulated 
from one another, was investigated. Eleven plates of 
copper 6 c rux6  crux 1 mm were interleaved with 
mylar sheets 0.1 mm thick. The complete stack was 
perforated with 2 mm diameter holes every 3.5 mm on 
a hexagonal pattern (see figs. 2b and 2c). The drift 
field within the holes was produced by connecting the 
plates to a linear resistor chain. Testing with the 5 SFe 
source as before gave similar results, but without any 
electrostatic charging problems. 

In view of the completely stable performance of the 
metal plates compared to the glass tubes, it was decided 
to construct a larger chamber of metal plates to make 
detailed measurements of detection efficiency and 
spatial resolution. Before this is described, some theo- 
retical questions will be considered. 

3. Theoretical analysis 

The calculation of the detection efficiency of the 
solid matrix is essentially the problem of calculating 
the probability that the fast electron produced by a 
photon interaction will escape from the solid. From 
first principles this is very difficult, due to the complex 
nature of the multiple scattering of the fast electron. 
However, some excellent theoretical [Spencer 15,1 6)] and 
experimental [Seliger17)] work may be invoked to 
make the calculation relatively straightforward. 

Fig. 4 illustrates a matrix of square holes. The hole 
size is h and the bar width between holes is b. The 
matrix is made of n plates each of thickness t, material 
density p and photon interaction cross section a. 
Consider a line segment along a bar at a distance x 
from the edge of a hole. The area of this segment is 
(h+2x)dx. The unit cell of the matrix has an area 
(h + b) 2 and includes 4 such segments, so the area ratio 

as a function of x is: 

[4/(h + b) 2] (h + 2 x) dx. 

Let a photon impinging on the line segment have a 
probability Pe (E) of producing an electron, energy E, 
which in turn has a probability Pa (x, E) of escaping to 
a hole and being detected. Pa(x,E) will steadily 
decrease as x increases. The value of x at which 
Pa(x,E) goes to zero is the electron residual range, 
R(E) 18). 

The assumption is made that an electron can only 
escape to the nearest hole, i.e. R(E)<b/2. Then, if F 
is the fraction of electrons detected from the photons 
interacting anywhere in the matrix, 

4 
F - (h+b)2jo| P~(E)~ ° (h+2x)P~(x, E)dxdE. 

(1) 

The integration limit El will be discussed later. 
The over-all efficiency, e, is obtained by including the 

probability of photon interaction and summing for the 
relevant processes: 

= [1 - exp ( - a  T pnt)] ~ ch Fi, (2) 
i O" T 

where a-r = Sa,. 
i 

3.1. THE ELECTRON ~SCAPE PROBABILITY 

To evaluate F,, functions must be found for P,(E) 
and Pa(x,E). Spencer is) used a numerical method of 
spatial moments to calculate Pa(x, E), but he also gives 
an analytic expression: 

A 
Pa(x,E) = K I 1 - R ( E ) l V e x p {  1-[-x-~(E)-[}" (3) 
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Fig. 4. Parameter details for the theoretical analysis. 
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TABLE 1 

T h e  va lues  o f  the  coeff icient  A in eq. (3) o b t a i n e d  f r o m  Sel iger ' s  da t a .  A is r e a s o n a b l y  c o n s t a n t  for  e a c h  ma te r i a l .  N o t e  the  dev i a t i ons  

f r o m  S p e n c e r ' s  a s y m p t o t i c  va lues .  

Ma te r i a l  ) 0.02 0.05 0.1 0.2 0.3 0.4 0.5 0.6 0.7 Spence r  

En 
(MeV) 

AI  

Ag 

Pb 

0.16 - - 3.2 3.2 3.2 3.1 2.9 2.7 2.4 1.58 

0.25 - - 3.1 3.1 3.1 3.1 2.9 2.6 2.4 1.57 

0.34 - - 3.1 3.1 3.1 3.1 2.9 2.7 2.5 1.56 
0.96 - - 3.1 3.1 3.1 3.0 2.9 2.7 2.5 1.45 

0.16 5.8 5.9 6.1 6.0 6.0 5.8 - - - 6.3 

0.25 5.5 5.7 5.8 6.0 6.2 6.3 - - - 6.5 

0.34 5.3 5.5 5.5 5.8 6.1 6.2 - - - 6.6 

0.16 8.4 9.7 9.5 9.5 ~ 9.2 . . . .  10.0 

0.25 8.2 8.4 8.7 8.7 8.9 . . . .  10.5 

0.34 7.3 7.8 8.5 8.6 8.3 . . . .  11.2 

0.96 6.7 6.8 7.6 7.7 8.0 . . . .  12.3 

K, A and p are constants; R(E)  is the residual range as 
defined and tabulated by Nelms ~9) of a fast electron, 
initial energy E, in the material. 

The value of K follows directly from the boundary 
condition x = 0, Pa (x, E) = 1: 

K = exp A. (4) 

Eq. (3) is relatively insensitive to the value ofp .  A will 
be sufficiently large that the exponential term domi- 
nates. Spencer used integral or half-integral values of 
p between + 1 and - 2. Here the choice 

p = - 3  (5) 

is made to simplify the integration. 
Eq. (3) has two limitations. Firstly, Spencer used it 

to extrapolate from a finite to an infinite number of 
spatial moments; i.e. it applies to the asymptotic tail 
of  PO (X, E) at deep penetration in the solid and does not 
necessarily describe the full distribution. Secondly, the 
Spencer theory does not include range straggling to which 
the asymptotic tail is particularly sensitive. To investigate 
these inaccuracies, previous experimental results may 
be invoked. Seliger 17) has accurately measured Pa (x, E) 
for a number of materials. He used a 2zc counter with 
an efficiency of 99% down to an electron energy of a 
few hundred electron volts: an experimental situation 
entirely analogous to the present work. It is true that 
the source of electrons was different: a beam impinging 
perpendicularly on the material, rather than a point 
isotropic source within the material. However, the 
electron velocity in the material is quickly randomized, 

as is evidenced by the back-scattering probability 
being greater than 50% 20). Further, Spencer points out 
that the electron distribution function for a parallel 
beam source is the same as for a point isotropic source. 
The two situations are very similar. 

The fit of eq. (3) to Seliger's data is demonstrated by 
the A values in table 1. A is reasonably constant for a 
given material over the full range of the distribution. 
The deviation of A from Spencer's theoretical values for 
the asymptotic tail of  the distribution is evident. 

The integration of eq. (1) over x may now be made 
by substituting for Pd(x ,E)  from eq. (3). With the 
change of variable 

y = {1 - D / R ( E ) I }  -~ 

and the values given by eqs. (4) and (5): 

= 4 I e~ P~ (E) R (E) 1 
F (h + b) 2 ,]o ~5 x 

x [{2AR (E) - [h + 2R (E)] (Ay  + l_)} x 

x exp {A(1 - y)}]~ dE. (6) 

When y ~ o e ,  exp{A(1 -y )}~0 .  Eq. (6)requires eval- 
uation only for y = 1, which gives: 

4 
F -  x 

(h + b )  2 A 2 

fo  ~ 
x P e ( E ) R ( E ) [ 2 R ( E ) + h ( A + I ) ] d E ;  

R(E)  < b/2. (7) 
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3.2. THE ELECTRON ENERGY SPECTRUM 

To complete the evaluation of F, a knowledge of the 
function P~(E), the probability of a photon interaction 
producing an electron energy E, is required. Two types 
of photon interaction, the photoelectric effect and 
Compton scattering, are relevant to the energy range 
considered here. Pair production starts above 1 MeV, 
but it is still a minor contribution to the total inter- 
action cross section up to 2 MeV. The question of 
photon energies greater than 2 MeV will be the subject 
of a future paper. 

3.2.1. The photoelectric contribution 
For  the case of photon capture by the photoelectric 

effect, Pc(E) is simply a delta function at the photon 
energy minus the binding energy of the electronJfwo 
possibilities, K and L + M shells, are treated separately: 

Pc (E) = 1, E ---= E p h  - -  EK, L+ M, 

Pc(E) = 0, E ~ Eph -- E~, L+M. 

Putting eqs. (8) into eq. (7): 

- -  4RK'L+M [2RK L + ~ + h ( A + i ) ] ;  
FK, L+M (h+b)2A2 , 

RK, L + M < b / 2 ,  

where RK, L+M ---- R(Eph--EK,L+M). 

(8) 

(9) 

3.2.2. The scattering contribution 
Compton scattering gives rise to a continuous 

spectrum of electron energy21). As a reasonable 
approximation the spectrum may be assumed flat and 
Pc(E) constant up to the Compton edge energy, Ec. 
Then: 

0 C 1; " Pe(E)  = 1 .  (10) Pe(E) dE 
Ec 

For R(E), a range-energy relationship 22) holds: 

R ( E )  = aE  q, (11) 

where the constants a and q follow from Nelms' 
data 19)~ 

Substituting eqs. (10) and (11) into cq. (7) and inte- 
grating with Ej = Ec, 

4Rc ~ 2Rc + h(A__+_ 1).]. 
F c =  (h+b)2A2[_2q+l q + l  _J' 

Rc < b/2, (12) 

where Rc = R (Ec). 

Note that eqs. (9) and (12) are the same for q = 0 and 
Re = RK, L+M. 

3.2.3. The escape-peak contribution 
One further small contribution to F should be in- 

cluded. This arises from the de-excitation of an atom 
following photoelectric capture: the escape peak. Only 
K-shell de-excitation needs to be considered. An 
electron resulting from L- or M-shell de-excitation 
will be of too low an energy to be significant. The 
de-excitation will either produce an electron imme- 
diately (the Auger effect), or after a further photo- 
electric capture of the photon with the shell energy. 
The contribution FKE to detection efficiency by this 
electron may be treated in the way described in 

Fig. 5. The lead-bismuth plate chamber: (a) top view (x 1/3) 
(b) close-up of the plates (x 6). 
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section 3.2.1: 

FKE = 
4 R~E I-2 RKE + h(A + 1) 3 

(h + b) 2 A 2 

where R~E = R(E~), EK being the K-shell energy. 
The final stage is to sum the four contributions FK, 

FL+M, Fc, and F~:E, according to eq. (2). Photon-cap- 
ture cross sections, and K to L + M  shell relative 
probability have been tabulated by Grodstein23). 

In the next section, the construction and operation 
of an experimental chamber is described. The results 
from the theoretical analysis will then be compared 
with experimental measurements. 

4. An experimental chamber 

4.1. CHAMBER CONSTRUCTION 

Fig. 5 shows a small chamber constructed according 
to the ideas detailed in the previous sections. 

To obtain the maximum advantage from the photo- 
electric effect, lead is a natural choice for the plate 
mater ia l  Since lead is so soft, a eutectic alloy* of lead 
and bismuth was chosen instead. The matrix was made 
from 17 plates each cast and machined to a thickness of 
0.5 mm. A pattern of square holes, side 1 mm, pitch 
1.5ram, was cut in each plate over an area of 
9 c m x  4 cm by spark-erosion machining. The insulation 
between the plates was oxidized aluminium foil. Each 
foil, 0.1 mm thick, was cut to the same pattern as the 
lead-bismuth plates by photochemical methods and 
then anodized to give an oxide layer 0.02 mm thick 
on each side. A MPC was positioned 3 mm beneath the 
metal stack. Orthogonal cathode planes were of  0.1 mm 
diameter, and the anode plane 0.01 mm diameter, 
gold-plated tungsten wires. Cathode and anode wire 
spacings were 1.5 mm, the same as the hole pitch in the 
plates. The anode wires were centred under the holes, 
and the cathode wires under the bars, of the matrix. 
The spacing between wire planes was 3 ram. The cham- 
ber was closed with mylar windows. 

4.2. CHAMBER ELECTRONICS AND OPERATION 

The chamber was operated with the cathodes at 
earth potential and a positive voltage of 2.6 kV on the 
anode wires. The usual argon-isobutane-methylal  gas 
mixture 24) was used. The resistor chain connected to 
the plates of  the matrix was of 100 k£2. steps. To obtain 
a focusing field, the last four resistors were increased 
in value progressively by 20%. The electric field strength 

over the gas space between the matrix and the MPC 
was double that at the last plate. The drift voltage was 
750 V. Exceeding this value caused a big increase in the 
chamber noise, probably due to the porous nature of  
the aluminium oxide insulating layers. 

Charge-sensitive preamplifiers show considerable 
advantages for recording pulses from MPCs. ~ simple 
three-transistor circuit can give an order of  magnitude 
better signal-to-noise ratio than the usual voltage 
amplifier with a 10 kD input impedance. Such pream- 
plifiers were made, similar to those described by 
Radeka25). They worked well and will be detailed 
elsewhere. 

For pulse counting, the negative anode pulses were 
used, since they are typically five times larger than the 
positive cathode pulses. A band of twelve anode wires 
was connected via an isolating capacitor, to a pream- 
plifier and then to the main amplifier, giving a gain of 
60 dB. Some differentiation was applied to remove 
low-frequency noise. The excellent signal-to-noise ratio 
of the preamplifier revealed the presence of a secon- 
dary pulse about 100/~s after every main pulse. This 
was the arrival of  the positive argon ions at the high 
field around the cathode wires. To prevent this pulse, 
and differentiation overshoots, from counting, a 
200/~s one-shot was connected between the discrim- 
inator and timer-counter (see fig. 6). The consequent 
counting-rate limitation did not matter, since rates 
were never greater than a few hundred counts per 
second. 

5. Chamber performance 

The chamber was investigated to assess its electron 
drifting action, and its detection efficiency and spatial 
resolution for photons in the range 0.1-2.0 MeV. The 
experimentally measured efficiencies are compared to 
the theoretical values derived in section 3. 

5.1. ELECTRON DRIFTING ACTION 

Testing with an 5SFe source gave results similar to 
those obtained with the copper matrix, described in 
section 2: a large increase in count rate, and a flat pulse- 

Source 
~ L e a d  collimator 

[ Chamber 

* Trade n a m e  C E R R O B A S E .  Compos i t ion  44.5% Pb, 55.5% Fig. 6. The  electronics a r rangement  for measur ing  detection 
Bi, mel t ing point  124 °C, efficiency. 
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height spectrum, when a forward-drift voltage was 
applied. At the maximum chamber voltage, 2.6 kV, 
the 5.9 keV line, which corresponds to two hundred ion 
pairs in the chamber, gave a pulse height three hundred 
times the discriminator setting. On the assumption that 
the chamber was operating in the proportional mode, 
one ion ~)air was detectable. 

The chamber was next tested with 0.66 MeV photons 
from a t37Cs source. At this energy, photon conversion 
by the gas is completely negligible. The source was 
fixed 10 cm above the matrix. The photon flux was 
collimated onto twelve rows of holes by two tilted 
lead blocks, 5 cm deep (fig. 6). This prevented spurious 
counts due to Compton-scattered photons entering the 
active area from elsewhere in the matrix. Applying the 
drift voltage produced a sevenfold increase in count 
rate and a flat pulse-height spectrum. Fig. 7 shows the 
count rate for a fixed drift voltage as a function of 
chamber voltage. The saturation at 2.6 kV suggests a 
detection threshold down to one ion pair, in agreement 
with the 55Fe observations. 

To assess the influence of hole size and plate 
thickness on the drifting action, the count rate was 
measured, for different drift voltages, with the plates 
connected to the resistor chain in singles, doubles, and 
triples. The count rate saturates in all three cases; very 
rapidly in the single-plate case (see fig. 8). The saturation 
values of count rate are plotted against the ratio, hole 
diameter to plate thickness (h/t), in fig. 9. Now,  for 
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l=ig. 7. C o u n t  rate  as a f u n c t i o n  o f  c h a m b e r  v o l t a g e  for  0.66 M e V  
p h o t o n s .  T h e  s a t u r a t i o n  at  2.6 kV i n d i c a t e s  a d e t e c t i o n  l eve l  d o w n  

to 1 i on  pair .  

Fig.  9. T h e  in f luence  o f  p la te  th i cknes s  o n  the  c o u n t - r a t e  satura-  
t i o n  v a l u e s  o f  fig. 8. T h e  s a t u r a t i o n  here  ind ica tes  a h i g h  probab i -  

l i ty o f  e l e c t r o n  c o l l e c t i o n  f r o m  the  matr ix .  
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TABLE 2 

The  results o f  the  exper imenta l  measu remen t s  o f  detection efficiency. 
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Source 
Pho t on  M P C  Matr ix  Efficiency 
energies Cont r ibu t ion  efficiency efficiency ratio 
(MeV) (%) (%) (%) 

aTCo 0.014 
0.122 
0.136 
0.707 

Z0SHg 0.071/0.085 
0.279 

Z2Na 0.511 
1.275 

1~7Cs 0.032/0.037 
0.662 

~4Mn 0.835 

6°Co 1.173 
1.332 

s a y  0.898 
1.836 
2.76 

7.8 
84.8"~ 
11.4J 0 2.2 
0.2 - - 

12.7 
81.5 0.24 3.33 13.9 

181 0.58 3.46 6.0 
100 

8.1 
85.1 0.61 4.37 7.2 

100 0.73 5.16 7.1 

100 } 
I00 1.03 7.0 6.8 

91.5 
99.5 1.7 11.3 6.7 

0.5 - - - 

large values of  h/t, the chamber will look like a gas 
drift space (hit--* oo), which is well known to be capable 
of drifting electrons with no losses. From the satu- 
ration of fig. 9 one sees, therefore, a clear indication 
of efficient drifting action by the matrix, provided 
h/t>2. Some changes were made to the resistor chain 
for the single-plate connection. No significant change 
from fig. 8 was observed. However, it is possible that 
the situation h/t<2 could be improved by a careful 
optimization of resistor values. 

A far more detailed experimental investigation 
would clearly be of interest; for example to determine 
the pulse-height spectrum as a function of drift voltage, 
resistor values, and photon energy, and to look at 
much thicker stacks. In general, it may be said that for 
a 1 cm stack the drifting action for count rate is very 
efficient, provided the hole diameter is at least twice 
the plate thickness. 

5.2. THE DETECTION EFFICIENCY 

The detection efficiency was measured as a function 
of photon energy by replacing the 137Cs source used 
previously with each of a number of calibrated 
sources*, details of which appear in table 2. 

* G a m m a  Reference Source Set, The  Radiochemica l  Centre,  
A m e r s h a m ,  England.  

5.2.1. Measurement proeedure 
Three measurements of count rate were made at each 

energy for both forward- and backward-drift fields. 
Subtraction separates the direct chamber and matrix 
contributions. " N o  source" background, being the 
sum of cosmic and natural radiation and chamber 
discharges, was also measured and subtracted. For the 
22Na source, thin aluminium discs were placed in 
contact with the source to ensure complete positron 
annihilation close to it. A 2 mm thick sheet of  lucite 
was interposed between the chamber and the 137Cs 
source to absorb the 0.63 MeV electron radiation. 

Only the 54Mn source provides monoenergetic 
photons. But the 6°Co lines are sufficiently close in 
energy that the source may be considered as giving 
monoenergetic photons at the average energy. Con- 
veniently, the results from these two sources may be 
used to resolve the double lines of SSy and 22Na. For 
STCo, the 0.707 MeV line may be ignored; a calculated 
gas capture correction applied for the 0.014 MeV 
photons and the other two energies averaged. The weak, 
low-energy lines of  2 ° 3 H g  anff137Cs were allowed for 
by extrapolating the 57Co result, together with gas 
capture corrections. 

5.2.2. Experimental results 
Results are given in table 2. The detection efficiency 



5 0 0  A . P .  J E A V O N S  et al. 

due to the MPC varies from 0.25% at 0.28 MeV to 
1.7% at 1.8 MeV. A comparison may be made with the 
known efficiency of a cylindrical Geiger counter over 
this energy range 13) (fig. 10). A consistent picture is 
seen. At high energies the MPC looks like a lead- 
walled Geiger counter and at low energies like an 
aluminium-walled counter. This is explained by the 
screening effect of the matrix at low energies. The 
attenuation length for 0.1 MeV photons in lead is 
0.2 mm. Only those photons that pass through the 
holes in the matrix and convert in the MPC, presu- 
mably on the bottom mylar window, may be recorded. 
At higher energies the photons penetrate the matrix 
and the MPC receives Compton electrons and photo- 
electrons from the bottom lead-bismuth plate. 

The matrix efficiency is 1.8% at 0.1 MeV,'rising to 
11% at 1.8 MeV. It should be noted that the total 
photon interaction probability for the matrix is 18% 
at 1.8 MeV. Thus 60% of the photons that interact 
are detected. The ratio matrix efficiency to MPC 
efficiency is roughly constant, above 0.5 MeV, at 7, 
a value measured previously (section 5.1). At the lower 
energies this ratio increases, reflecting the rapidly 
decreasing MPC effÉciency, explained above. 

In fig. 11 the theoretical calculation of the matrix 
detection efficiency, described in section 3, is compared 
with the experimental results. The four contributions: 
K-shell (eK) and L,M-shells (eL) photoelectric capture, 
Compton scattering (ec), and the K-shell escape peak 
(eKE) are shown, together with the total (~T). The general 
theoretical-experimental agreement is very pleasing. 
Two small discrepancies are evident: the experimental 

2,0 

1,6 

12 

0,8 

0,4 

0 

>. 
c 

c 
0 
"8 

MPC 

Lead Geiger counter ~ ~ ' ~  

0 2  0 6  1.0 1,4 l, 8 

Photon energy ( M e V )  

values exceed the theoretical above 1.0 MeV and 
below 0.4 MeV. There are two explanations for the 
high-energy discrepancy. Firstly, the basic condition 
R(E) < b/2 (see section 3) of the theoretical model is 
violated above 0.4 MeV. In fact, one sees from Seliger's 
data that this condition is too severe. For lead, the 
electron escape probability is effectively zero at ½R(E). 
Thus the condition relaxes to R(E)<b, which is not 
violated until 0.8 MeV, just where the discrepancy 
begins to appear. The second factor is the onset of pair 
production above 1.0 MeV. At 1.8 MeV the pair- 
production cross section is 6% of the total. However, 
the electron-positron pair will average only 0.4 MeV 
each in kinetic energy: 1.0 MeV of energy is lost in 
creating the pair. And the subsequent annihilation of 
the positron will not contribute significantly to the 
efficiency: detecting the resulting 0.5 MeV photons 
is a second-order process. One would expect only a 
fraction of a per cent extra in efficiency. 

The reason for the low-energy discrepancy is less 
obvious. It is probably due to an extra contribution 
from the upper surface of the top plate of the matrix. 
As pointed out above, the attenuation length of 0.1 MeV 
photons in lead is 0.2 ram. Nearly all the photon cap- 
ture will be in the first plate, at this energy; and fig. 10 
shows a sharp increase in the efficiency of a lead Geiger 
counter below 0.4 MeV. 

5.3. SPATIAL RESOLUTION 

The centre-of-gravity method 1°) was applied to 
single cathode wires to measure the spatial resolution. 
In fig. 12 are displayed histograms of the number of 

14 

o I0 

o = 

c~ 4~ 

2 

0 
0 2.0 0.4 0,8 1.2 1.6 

Photon energy (MeV) 

Fig. 10. A compar ison  of  the MPC efficiency with the known Fig. 11. A compar i son  of  the experimental  and theoret ical  
efficiencies of  lead and a lumin ium Geiger  counters, efficiencies of  the matrix,  eT = e~]~ + eL + e~ + ec. 
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events as a function of  position along the anode wires, 
i.e. the direction of  continuous resolution. Each tick 
mark represents 0.5 ram. Fig. 12a shows the result for 
an uncollimated 0.66 MeV ~37Cs source, with a back- 
drift voltage, i.e. the MPC background. When the 
forward-drift voltage is applied, the hole structure of  
the matrix is revealed (fig. 12b). The peaks are narrower 
than the hole size because of the focusing action of  the 
drift field. The source was collimated with a 0.5 mm 
wide slot in a lead block 5 cm deep. The slot was 
positioned along a row of  holes perpendicular to the 
anode wires. Fig. 12c shows, as expected, that the 
spatial resolution is basically the hole size. The envelope 
of  the three peaks has a fwhm of  1.3 mrn. Finally, in 
fig. 12d, one sees the result from a collimated 6°Co 
source (1.25 MeV). The resolution is lost because of  
the dominance of  Compton scattering over the photo- 
electric effect at this energy. At 0.66 MeV the photo- 
electric-to-Compton cross-section ratio is about 1:1.5, 
and at 1.25 MeV, 1:3. This is an important result: it 

o) 

~ ~ : ~  ~ : ~  ~ ~ ~ f ~  `~`~ ~w~:  ~ ` ; ~  `~v~ ~ ~ ~ ~ ' 
I I ~ I I I I 

I I 

Imrn 

b) 

:'. • ~: 
,:~...,..;..,::......-,., L ..,:~:..~;,....j:. "".'... 

I I I I | i 
I 

I m m  

c) 

FWHM I,Smr 

I t 
I m m  

d) 

(: 
I I 

I m m  

Fig. 12. Spatial resolution given by the matrix. 0.66 MeV photon 
source: (a) Uncol l imated source, back-drift voltage; (b) Uncol-  
l imated source, forward-drift voltage; (c) Coll imated source, 
forward-drift voltage. 1.25 MeV photon source: (d) Coll imated 
source, forward-drift voltage. Spatial resolution is lost at high 
photon energies due to the predominance o f  Compton  scattering. 

clearly demonstrates the need for photoelectric capture 
to obtain a good spatial resolution. 

Figs. 13a-e show the sequence obtained by moving 
the collimated 0.66 MeV source across the matrix in 
half-pitch (0.75 ram) steps. The passage of  the beam 
from hole to hole may be clearly followed. Indeed a 
source movement  of  0.05 mm caused an observable 
change in the relative heights of  the peaks. 

6. Conclusion 

The gas-solid hybrid MPC described here offers 
new possibilities for the spatial localization of  non- 
ionizing radiation, over a very wide energy range. 

a) ~Source position 
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Fig. 13, (a)-(e) The passage o f  a coll imated beam of  0.66 MeV 
photons  from hole to hole of  the matrix, in steps o f  0.75 mm. 
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These possibilities stem from two basic properties of 
the solid matrix: 
i) Good detection efficiency due to the high probability 

of interaction of the non-ionizing radiation with the 
solid. 

ii) Good spatial resolution due  to the hole size limi- 
tation to the range of the ionizing products. 

Advantage may be taken of either or both of these 
properties, depending on the nature and energy of the 
radiation. 

It has been shown that both properties are fun- 
damental for detecting and localizing photons in the 
energy range 0.1-2.0 MeV. At 1.8 MeV, 60% of }he 
photons interacting with the solid are detected. Spatial 
resolution of 1.3 mm fwhm is obtained below 1.0 MeV, 
where the photoelectric effect is dominant. Energy 
resolution is lost, however. By correct choice of matrix 
material and geometry and by using multiple stacks, 
such results should be possible for any particular energy 
within the 0.1-2.0 MeV range. Of particular interest is 
0.5 MeV for positron work and around 0.1 MeV for 
general radio-isotope imaging. If the matrix is made of 
neutron-sensitive material, for example boron, lithium, 
or gadolinium, similar results should be forthcoming 
for thermal and epithermal neutrons. An extension to 
fast-neutron detection should be possible by replacing 
the matrix insulation with sheets of hydrogeneous 
material. 

Using the property of range limitation alone is 
applicable to the case where the gas provides good 
detection efficiency, but insufficient spatial resolution. 
An obvious example is the use of 3He for thermal- 
neutron imaging26). At the expense of energy resol- 
ution, the use of a matrix would remove the need for 
pressurization or addition of a stopping gas, such as 
krypton. The same argument applies to using argon for 
detecting 20-50 keV photons, or xenon for 50-100keV. 
Whether the matrix could be made in a spherical form, 
for use in a spherical drift chamber, is perhaps an 
intriguing technological problem. 

At very much higher energies (GeV) the range limi- 
tation property disappears, but the high detection 
efficiency remains. The gas-solid matrix becomes a 
high-density drift space; using dense metals such as 
tungsten, more than 10 g/cm3should be possible. One 
then has a shower detector that should compete very 
favourably with the liquid-argon 27) or lead-glass zs) 
detectors. By making use of drift-time as well as 
spatial information, three-dimensional siting of the 
shower vertex should be obtained. Further, if the 
sampling of the shower from t h e  gas ionization is 
adequate, energy resolution will be regained. 

A general program of work is under way to explore 
the varied and very promising topics outlined above. 

We are greatly indebted to Messrs. K. Kull, G. 
Dinkel and J. Toustou for constructing the chamber, 
and Messrs. C. Parkman, J. C. Santiard and Z. Hajduk 
for assisting with the electronics. 

We thank Prof. M. Peter, and Drs M. G. N. Hine, 
G. R. Macleod, P. Zanella and H. Davies for their 
enthusiastic interest and support. 
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