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Abstract. A review is given of the exper imental investiga
t ions of the detect ion of rad ia t ion based on electron drift 
and mult ipl icat ion in p o r o u s dielectrics subjected to an 
external electric field. 

1. Introduction 
The search for new part icle detection and identification 
m e t h o d s has been and remains one of the high-prior i ty 
tasks in research. Physicists of our generat ion have witnessed 
the Wilson chamber being replaced with the bubb le 
chamber , the development of the m e t h o d of spark 
chambers , and the role played by the mult iwire p r o p o r 
t ional chamber developed by C h a r p a k . W e have seen h o w 
the drive to increasingly high energies has exhausted the 
capabilit ies of Cherenkov rad ia t ion . ' Then , the theoret ical 
work of G inzburg and F r a n k [1], Ga r ibyan [2], Ba r sukov 
[2a], and Ter -Mikae lyan [3], who predicted the t ransi t ion 
radia t ion , and the exper imental studies of Y u a n , W a n g , 
and Pruns ter [4] and of Avakyan , Al ikhanyan , Gar ibyan , 
Lor ikyan , and Shikhlyarev [5], who were the first to 
discover x-ray t ransi t ion radia t ion , have opened up new 
oppor tun i t ies for developing m e t h o d s suitable for measu r 
ing the energies of ultrarelat ivist ic part icles .} M e t h o d s 
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J It was shown in Ref. [6] that x-ray transition radiation was not observed 
in earlier experiments [7, 8]. 
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based on semiconductor and gas microstr ip detectors are 
developing rapidly at present . 

Over the last 25 years the present au thor and his 
colleagues have been investigating electron drift and 
mult i-pl icat ion in p o r o u s dielectrics under the influence 
of an external electric field. The use of a field makes it 
possible to investigate secondary electron emission in thick 
layers of p o r o u s dielectrics. This has led to the development 
of a series of new rad ia t ion detectors capable of detecting 
with 100% efficiency bo th strongly and minimally ionising 
charged particles, and also x-rays with a t ime resolut ion 
A ^ I O - 1 0 s and coord ina te resolut ion A x ^ d z l O O um. 
Ano the r impor t an t feature of these detectors is the 
extremely small a m o u n t of mat te r in the p a t h of a part icle 
( ~ 5 x 1 0 " 4 g c m " 2 ) . 

This review is wri t ten in chronological order . It includes 
all the results tha t I k n o w on part icle detection based on 
electron drift and mult ipl icat ion in p o r o u s dielectrics under 
the influence of an external electric field. I apologise for the 
omission of those results which I am not aware of and 
which are therefore no t included in the review. 

The need for this review has arisen because new 
impor t an t results have been obta ined since the publ icat ion 
of the first review [9] and interest has n o w grown greatly in 
fast coord ina te sensitive detectors conta in ing a small 
a m o u n t of mat te r . The fullest informat ion on s t andard 
secondary electron emission can be found in Ref. [10]. Some 
aspects of the results reviewed below are discussed also in 
Ref. [11]. 

2. Anomalous secondary electron emission 
In 1936, Mal te r b o m b a r d e d A 1 2 0 3 films, - 2000 A thick 
and deposi ted on meta l substrates , with electrons of 
energies a m o u n t i n g to several hund reds of electron-volts. 
H e discovered a secondary current which was up to 1000 
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Table 1. 

Material BaO A 1 2 0 3 MgO LiF KBr Csl KI NaCl CsBr 

G 1.05 1.3 3.8 ~ 1 7.9 9.7 4.9 - 8 -

A/A 230 240 320 20 50 900 250 460 1200 

t imes higher t han the pr imary-elect ron current [12]. The 
secondary current rose slowly and reached its m a x i m u m 
after a certain t ime lag from the beginning of b o m b a r d 
ment with the pr imary-e lec t ron beam. W h e n this 
b o m b a r d m e n t was s topped, the secondary current did 
no t d isappear immediately, i.e. delayed self-sustained 
emission was observed. Mal te r called this the anomalous 
secondary electron emission (ASEE) . Fu r the r investigations 
[ 1 3 - 1 6 ] have shown tha t the Mal te r effect appears because 
of avalanche mult ipl icat ion of electrons in a p o r o u s 
dielectric layer under the influence of an electric field of 
the posit ive charge tha t accumulates on the surface of a 
dielectric because of the loss of secondary electrons. 

In 1966, Garwin and Edgecumbe [17] repor ted an 
investigation of secondary electron emission from p o r o u s 
KC1, d = 1 5 um thick and with density p = 3 % of the 
single-crystal dens i ty! , when a b e a m of electrons of 
Ee = 100 — 1000 M e V energy was t ransmi t ted by this 
emitter. The emitter was first b o m b a r d e d with an intense 
electron beam of 10 keV energy. This beam passed t h rough 
the KC1 film and knocked out secondary electrons from its 
surface, so tha t the surface became positively charged. This 
charging beam was then removed and the emitter was 
b o m b a r d e d with a high-energy electron beam. The average 
secondary emission coefficient was o w 5 and it increased 
logari thmical ly with increase in Ee. 

Soon after, Ga rwin and Llacer (18, 19] investigated 
A S E E of p o r o u s KC1(3 .5%, 16) and C s l ( 3 % ) emitters when 
they t ransmi t ted single minimally ionising electrons. The 
me thod of creat ing an electric field was the same as tha t 
used by Garwin and Edgecumbe [17]. The results of this 
investigation were very d isappoin t ing since the value o w 1 
did no t encourage interest in the Mal te r effect. 

3. Mechanism of electron drift and 
multiplication in porous media 
Accord ing to the mode l pu t forward by Jacobs [15, 16], a 
charged part icle creates ionisat ion electrons in the p o r e 
walls and some of these electrons enter the pores , are 
accelerated by an electric field, and — having acquired a 
sufficient energy — knock out new electrons from the p o r e 
walls. This is repeated in all the generat ions of secondary 
electrons, so tha t all these electrons mult iply in an 
avalanche-l ike m a n n e r inside a dielectric layer. Jacobs 
drew an ana logy with a non-self-sustained discharge in a 
gas and expressed the secondary emission coefficient in the 
form 

o = cxp xr, (1) 

where a is the n u m b e r of secondary electrons formed by 
one avalanche electron per uni t p a t h length and x is the 
distance from the surface of a film to the poin t where a 

f The density of a sample relative to the density of a single crystal (in 
percent) and the film or layer thickness (in microns) will be given directly 
after the chemical symbol for a porous material: for example, KC1(3% , 15). 

secondary electron is generated. A high value of a is also a 
consequence of the high secondary electron coefficient of 
crystals of some alkali hal ide c o m p o u n d s and alkal ine-earth 
oxides. Table 1 gives the values of o for some mater ia ls 
obta ined at p r imary electron energies 1 - 5 keV [10]. 

G o o d emission proper t ies of these dielectrics are due to 
the large b a n d gap (AW w 4 — 8 eV) and are explained by 
the fact tha t in the slightly defective crystal lattice the 
in ternal secondary electrons of energy W < AW are in the 
conduct ion b a n d and cannot lose energy by interact ing with 
the valence-band electrons. (They lose energy mainly by the 
interact ion with phonons . ) Consequent ly , the energy lost by 
secondary electrons in dielectrics is low, the depth X from 
which these electrons emerge is relatively high, and the 
major i ty of them reach the surface with a sufficient energy 
to overcome the surface barr ier . The electron affinity % 
(which is the difference between the electron energy at the 
b o t t o m of the conduct ion b a n d and in vacuum) , which 
determines the energy of a po ten t ia l barr ier in these crystals, 
is small ( ^ 1 eV), so tha t the emission of electrons into 
vacuum is quite considerable. 

However , the technology of p repa ra t ion of p o r o u s 
media used in the experiments repor ted in Refs [ 1 7 - 1 9 ] 
did no t ensure the necessary cleanliness tha t would have 
prevented the adsorp t ion of electronegative impuri t ies and 
high-qual i ty crystal s t ructure of the p o r e walls. Therefore, 
these media had obviously a large n u m b e r of bulk and 
surface defects. I r rad ia t ion of an emitter with a h igh-
intensity beam of s trongly ionising electrons for the 
pu rpose of charging the emitter surface creates a large 
number of electrons and holes inside the dielectric and these 
move in an electric field in opposi te directions. If before the 
capture of electrons and holes by defects they m a n a g e to 
separate , a space charge appears in the dielectric and the 
electric field of this charge is directed opposi te to the 
applied field. A space charge, on the one hand , weakens 
the field in the dielectric and prevents acceleration of 
secondary electrons and, on the other , it acts as a t rap 
for these electrons and prevents their drift and mul t i 
pl icat ion. 

4. Controllable secondary electron emission 
Such highly simplified and qual i tat ive considera t ions have 
led me to the conclusion tha t , if an external electric field is 
applied to a p o r o u s dielectric, a space charge will no t 
appear inside it and ins tan taneous secondary electron 
emission with much higher values of o can be expected [20]. 

Exper imenta l invest igations [ 2 1 - 2 5 ] have confirmed 
this conclusion. Invest igat ions were m a d e of secondary 
electron emission under the influence of an external electric 
field when a p o r o u s dielectric film t ransmi t ted a beam of 
50 M e V electrons and the beam intensity was 
— 10 8 — 10 9 s _ 1 . Since the electron b e a m used in these 
experiments was of very high intensity and caused polar i sa
t ion of the p o r o u s medium, the expected effect was no t very 
clear. In the investigated emit ters (Fig. 1) a film of a p o r o u s 
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Figure 1. Section through an emitter of a controllable secondary electron 
emission detector: ( 7 ) porous material; ( 2 ) conducting substrate; 
(3) control grid. 

mater ia l (7) was deposi ted on a thin conduct ing subs t ra te 
(2). On the surface of this film or at a short distance from it 
there was a fine-mesh meta l grid (3) with a high t r anspa r 
ency (control grid). A potent ia l V g , posit ive relative to the 
substrate , was applied to the grid. Elect rons formed in the 
p o r o u s film were extracted by the electric field t h rough the 
openings in the grid, reached vacuum, and were collected by 
an anode . 

The dependence of o on the cont ro l grid poten t ia l 
obta ined for an emitter m a d e of p o r o u s KC1(2%, 100) 
had a region of slow rise, cor responding to the release of the 
ionisat ion electrons from the film wi thou t mult ipl icat ion, 
and a region of steep rise where electron mult ipl icat ion was 
observed in the pores . 

W h e n the grid was located on the surface of a p o r o u s 
KC1 film, secondary electrons appeared immediate ly after 
the beginning of b o m b a r d m e n t and the value of a was the 
highest for a given Vg. A n increase in the film thickness d 
shifted the cr(Vg) curves t owards lower values of Vg. 
However , when the grid was not located on the film 
surface, the dependence G(\Q was still the same; bu t the 
m a x i m u m value of c r m a x was no t reached at the m o m e n t 
when b o m b a r d m e n t was started, bu t much later. The rise 
t ime of a increased with increase in the gap between the film 
surface and the grid. Hence , when the grid was no t in 
contact with the film, the surface of the p o r o u s film became 
charged by the act ion of the t ransmi t ted beam. A n analysis 
showed tha t these results were in agreement with the Jacobs 
mode l [15, 16] and the mean free p a t h of the secondary 
electrons calculated on the basis of this mode l was 
L e w 1.3 x 10~ 4 cm and it was independent of d. 

Secondary electron emission from p o r o u s media under 
the influence of an external electric field was called the 
controllable secondary electron emission (CSEE) . 

The results repor ted in Refs [21 - 2 5 ] were confirmed by 
other au tho r s [26] who described the results of an investiga
t ion of A S E E from p o r o u s C s l ( 4 % , 125) i r radiated with a 
high-intensi ty beam of 25 M e V electrons. The emitter used 
in this case did no t have a cont ro l grid. The a n o d e was 
located at a distance of 1.5 m m from the Csl film. Since the 
electron beam was of high intensity x 10~ 9 A) , it was 
capable of charging the film surface. All the characteris t ic 
proper t ies of A S E E were repor ted , including for example, a 
t ime lag in the appearance of the secondary current and a 
low value of the secondary emission coefficient c r m a x w 5. 

A n investigation repor ted in Ref. [27] and the subse
quent experiments [ 2 8 - 3 1 ] demons t ra ted clearly the 

advan tage of an external electric field when the intensity 
of the flux of particles crossing the emitter was so low tha t it 
did no t cause polar isa t ion effects. In these investigations we 
accelerated secondary electrons in a single-stage image 
converter with electrostatic focusing. The emitter in the 
C S E E detector (2) replaced the converter p h o t o c a t h o d e . 
The p r imary part icles crossing this emitter were detected 
with a scintillation counter . Secondary electrons were 
accelerated to 14 keV and focused on the scintillation 
counter which conta ined an an th racene crystal cal ibrated 
for the number of secondary electrons n in a group ( n < 10 9 ) . 
The emitter was i r radia ted with p part icles from a r ad io 
active source and only those events were selected in which 
the ionisat ion created in the emitter by a p part icle 
cor responded to the min imal ionisat ion. 

The dependences of o on the electric field E in KC1(2%) 
obta ined for different values of d (Fig. 2) were of the same 
na tu re as in the case of i r radia t ion with an electron beam 
[ 2 1 - 2 5 ] , bu t c r m a x was n o w considerably greater . This was 
why the o(E) curves were displaced t owards lower values of 
E with increase in d, con t ra ry to the results repor ted in Refs 
[ 2 1 - 2 5 ] . Hence , on the one hand , there was an increase in 
the number of the ionisat ion electrons and, on the other , the 
number of avalanche events increased in the film and a field 
of lower intensity was sufficient for the appearance of the 
same number of secondary electrons. W h e n the film 
t ransmi t ted a beam, an increase in d increased the space 
charge, which suppressed electron drift and mult ipl icat ion. 
Moreover , the presence of a cont ro l grid p roduced an 
inhomogeneous field in the film. W h e n a beam was used, 
charging of the KC1 surface opposi te the grid cells resulted 
in equal isat ion of the field, so tha t the o(E) curves 
cor responded to regions with a lower field t han the o(E) 
curves obta ined for single part icles when the effective value 
of E was considerably less. F o r d = 180 \\m the cont ro l grid 
was located at 30 \\m from the surface of the KC1 film, bu t 
there was no emission t ime lag. This was due to the fact tha t 
in this case the emission of electrons occurred only under 
the influence of the external field. 

The part icle detect ion efficiency rj(E) increased with 
increase in E and reached a p la teau at a level cor responding 
to the grid t r ansparency of 7 0 % . In fact, for a grid of 88% 
t ransparency the efficiency was rj = 0.87 ± 0.2 for films 

Figure 2. Dependences of the average value of the secondary emission 
coefficient a on the electric field E, plotted for different thicknesses J of a 
porous KC1 (2%) film. 
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d = 300 — 400 urn thick, bu t for d = 50 urn, it was n = 0.59 
[28]. 

The number of secondary emission electrons observed 
in the E = 0 case was only ~ 0.2 — 0.3, according to the 
efficiency curves tha t t ook account of the grid t r ansparency 
[27, 28], whereas in a film d = 100 urn thick abou t 100 
electrons were formed. The number of electrons emitted 
under the influence of the field cor responding to the end of 
the linear pa r t of the a(E) curve was approximate ly 8, i.e. 
only a small fraction of the ionisat ion electrons formed in 
the pore walls penet ra ted into the pores and par t ic ipated in 
electron drift. 

The fundamenta l quest ion was the role of the subs t ra te 
of p o r o u s dielectric films. It was found [32] tha t the 
emission at electron energies up to 15 keV was the same 
for a con t inuous conduc tor and for a grid. Hence , the KC1 
film covering the grid cells was sufficiently conduct ing. In 
the case of single part icles the replacement of a con t inuous 
emitter subst ra te with a fine-mesh grid also did no t change 
the dependences G(E) and rj(E). This was of pract ical 
impor tance , since it should m a k e it possible to m a k e 
part icle detectors wi thout a subs t ra te and with the min i 
m u m a m o u n t of mat te r in the part icle pa th . 

The exper imental d is t r ibut ions of the probabi l i ty Pn of 
emission of n electrons from KC1(2%) of thickness d equal 
to 50, 100, 200, 300, and 400 urn were similar to those 
repor ted in Refs [18, 19] and had a m a x i m u m at n w 0. A n 
increase in d or E increased the probabi l i ty of emission of a 
large number of electrons. The dis t r ibut ion of Pn ob ta ined 
for E = 0 was near ly of the Poisson type, bu t an increase in 
E increased the discrepancy between the results of measu re 
ment s and the calculated Poisson dis t r ibut ions. Fig. 3 shows 
the dis t r ibut ions of Pn for d = 400 urn, determined at 
var ious values of VQ. 
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Figure 3. Statistical distributions of the numbers of emitted electrons, 
obtained for different values of Vg on irradiation of KC1 (2% , 400) with P 
particles of ^ 0 . 7 MeV energy. 

Invest igat ions of the secondary-electron energy spectra 
were carried out us ing similar appa ra tus , bu t the emitter no t 
only had a cont ro l grid, bu t also an addi t iona l grid 
subjected to a po ten t ia l creat ing a re ta rd ing field. The 
electron energy was measured by the re ta rd ing field me thod . 
The energy spectra obta ined for a film d = 100 um thick, 
normal ised to the m a x i m u m value in the dis t r ibut ion, are 
p lo t ted in Fig. 4. F o r E = 0, the average energy of the 
electrons emerging from the emitter was We = 2 ± 1 eV. 

100 Wq/qV 

Figure 4. Energy spectra of emitted electrons obtained for 
V g = 2 x 104 V c m - 1 ( 7 ) , 3 x 104 V c m - 1 ( 2 ) , and 4 x 104 V c m - 1 (3) 
by irradiation with P particles of > 0.7 MeV energy. 

This result was in good agreement with the wel l -known da ta 
[10] and confirmed tha t , in the case of KC1, the electron 
affinity was % w 2 ± 1 eV. The same conclusion was reached 
in Ref. [33] on the basis of an analysis of the results repor ted 
in Refs [17, 32, 34]. 

In de terminat ion of the mean free p a t h L e of secondary 
electrons we must bear in mind tha t , in contras t to p r imary 
part icles which crossed the whole thickness of a p o r o u s 
film, the pa th s of secondary electrons can vary before they 
emerge from the emitter. Consequent ly , the number of 
mult ipl icat ion cascades varies [29, 30], so tha t the observed 
emission is a superposi t ion of avalanches and expression (1) 
should be replaced with 

Jo 
exp(ax)dx = 

(exp)(ad) — 1 

Accord ing to Jacobs et al [16], we have 

1.64*7,-
a = A exp -

(2) 

(3) 

where A = 10 is a cons tant and U-x is the ionisat ion 
poten t ia l of the med ium. 

Table 2. 

d/\im 
Le/\im 

50 ± 5 
7.4 ± 0 . 7 

100 ± 5 
9.9 ± 0 . 5 

200 ± 5 
8.4 ± 0 . 4 

400 ± 5 

11.0 zb 1.5 

The results of measurements are in good agreement with 
this model , as demons t ra ted by the good fit of the 
exper imental po in t s to a linear dependence of In a on E. 
The values of L e predicted by this mode l for KC1(2%) and 
U[ = 10 eV are listed in Table 2. The average value of L e 

can also be determined from the energy spectra of 
secondary electrons on the assumpt ion tha t the energy 
spectrum of those secondary electrons which leave the 
surface of the dielectric is similar to the energy spectrum 
of the electrons inside the film [15, 16]. W e then have 

L P = 10.66 l-eE, (4) 

where We is the average energy of secondary electrons. 
Calcula t ions based on expression (4), in combina t ion with 
the k n o w n energy spectrum of secondary electrons, give 
L e = 10 ± 1.5 urn for KC1(2%, 100). 
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5. Porous emission detectors Table 3. 

The ionisat ion density for mul t iply charged ions and fission 
fragments is considerably higher t han for a part icle causing 
min imal ionisat ion and, therefore, their ranges in mat te r 
are small and they are difficult to detect. If a C S E E 
detector is used, these difficulties are par t ly avoided 
because, first, the source and the detector can be placed 
inside the same vacuum chamber , and, second, the low 
density of the work ing med ium means tha t heavy part icles 
pene t ra te deeper into this med ium and create less 
ionisat ion per 1 cm of the p a t h t han in a dense med ium. 

Lor ikyan and Trof imchuk developed p o r o u s emission 
detectors and investigated their opera t ion when they were 
i r radiated with oc part icles of ~ 4 M e V energy [35, 36]. The 
p o r o u s film substra te was m a d e of A 1 2 0 3 , 1 um thick [37], 
coated by an Al film ~ 0.1 um thick. A cont ro l grid of 70% 
t ransparency was located on the surface of a KC1(2%, 100) 
p o r o u s film. The ionising capacity of these oc part icles was 
over 10 9 t imes greater t han tha t of p particles, so tha t 
unsurpr is ingly their d is t r ibut ions were quite different and 
their max ima cor responded to nv 5> 1. These dis t r ibut ions 
are p lot ted in Fig. 5 for different values of Vg. The relative 
half-width at hal f -ampli tude of the dis t r ibut ion of An/nv 

began to decrease with increase in Vg9 bu t from the onset of 
the avalanche processes it s tar ted to rise again (Table 3). 
The m i n i m u m value of An/nv cor responded, as expected, to 
Vg at which the dependence n(Vg) became nonl inear , i.e. it 
cor responded to the m a x i m u m collection of the ionisat ion 
electrons. W h e n electron mult ipl icat ion p redomina ted , the 
f luctuat ions of n, which were n o w mainly due to this 
process, became stronger. 

' Vc =250 V 

An/np 

100 

2.5 

150 

2.25 

200 

1.8 

250 

1.1 

300 

1.5 

350 

2.2 

400 

4.0 

Wi th the exception when V g = 0, cor responding 
cr(oc) w 3, the na tu re of the secondary emission induced 
by oc part icles (Fig. 6) was practical ly the same as tha t 
p roduced by p part icles (Fig. 2). In all cases the value of 
° m a x cor responded to the p r e b r e a k d o w n value of Vg. Since 
the ionising ability of the oc part icles was approximate ly 10 9 

t imes greater t han tha t of the p part icles and in view of the 
results p lot ted in Figs 2 and 6, it was reasonable to conclude 
tha t an increase in the ionisat ion density did no t increase 
linearly the effective value of n, i.e. the ionisat ion electrons 
were captured by ions formed by the oc part icles themselves. 
A n increase in E caused, as in the previous cases, the value 
of ftp to rise slowly and then to increase steeply. The 
m a x i m u m efficiency of detection of oc part icles was 
rj = 100%. The t ime dispersion of p o r o u s emission detec
tors , calculated tak ing account of the cont r ibu t ion of the 
rest of the appa ra tu s , was close to 0.75 x I O - 9 s. It was 
concluded tha t the t rue dispersion, caused by electron drift 
and mult ipl icat ion in the p o r o u s med ium, was considerably 
less t han I O - 9 s. 

The feasibility of detecting strongly ionising part icles 
against the b a c k g r o u n d of weakly ionising rad ia t ion was 

Figure 5. Statistical distributions of the numbers of electrons emitted by 
the passage of oc particles of ~ 4 MeV energy, determined for various 
values of V„. 

£ / l 0 4 V cm-

Figure 6. Dependence of the probable number of electrons emitted as a 
result of a passage of an oc particle on the electric field E, obtained for 
KC1(2%, 100). 
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Table 4. Fz/102 

Lowest electron-detection- 10 50 100 200 
20 

th reshold /mV 

rj (%) a particles 99.4 99.0 97.6 95 
P particles 7 2 — — 15 

also investigated [38]. The detector was similar to tha t 
described in Ref. [35] bu t the oc-particle source was located 
in the vacuum pa r t of the detector and the work ing 
substance was M g O ( 0 . 7 % , 100). The oc-particle energy 
was 5.5 MeV. In the case of oc part icles the value of np 

exceeded 2000, bu t for p part icles it was approximate ly 20. 
The results (Table 4) indicated tha t selection of the lower 
threshold of detection of the secondary electrons could 
exclude the part icles causing min imal ionisat ion and yet 
retain the efficiency of detection of the strongly ionising 
rad ia t ion at the level of 100%. 

A promis ing work ing med ium for p o r o u s detectors is 
cryolite ( N a 3 A l F 6 ) . It has good emission proper t ies , is 
no t hygroscopic , and is used to fabricate s t rong and stably 
opera t ing emitters for p o r o u s detectors characterised by 
° m a x ~ 4000 for oc part icles (Fig. 7). A n investigation of 
C S E E emitters m a d e of KBr , L i F , and M g U was also m a d e 
[39] and the results are given in Fig. 8. 
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Figure 7. D ependence, on E, of the average number of electrons emitted as 
a result of passage of an oc particle, obtained for cryolite (1%) emitters of 
different thicknesses d (um): ( 7 ) 300; ( 2 ) 200; (3) 100; (4) 200. Curve 4 
was obtained when the substrate of the porous emitter was a fine-mesh 
grid with cells of 80 urn x 80 urn size [39]. 

The high effective a tomic n u m b e r s of KBr , Cs l , cryolite, 
etc. means tha t x-ray p h o t o n s can also be recorded 
efficiently [39]. 

The system for recording secondary electrons in p o r o u s 
emission detectors should have a high gain, good t ime 
pa ramete r s , and be subject to just small statistical fluctu
at ions of the gain. This was ensured by the use of 
microchanne l plates [40, 41]. In one detector a chevron 
configurat ion of two microchanne l plates was located 
directly in front of the emitter. 
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Figure 8. D ependence, on E, of the average number of electrons emitted as 
a result of the passage of an oc particle, obtained for K B r ( l % , 100), 
LiF ( 1 % , 100), and MgO (0.9% , 100). 

In ano ther C S E E detector the emitter replaced a 
photomul t ip l ie r p h o t o c a t h o d e and a chevron configurat ion 
of two microchanne l plates replaced the first dynode . In this 
case the oc part icles crossed the emitter wi thou t reaching the 
microchanne l plates. The efficiency of detection of the 5.5-
M e V a part icles increased with increase in Vg and reached a 
p la teau at rj = 100% in the case of b o t h M g O ( l % , 100) and 
K B r ( l % , 100). The t ime resolut ion of this detector was 
approximate ly 0.5 ns . 

I soch ronous t r anspor t of secondary electrons by en 
electrostatic mir ror was also found to be very promis ing 
[51]. A detector of this type with M g O ( 0 . 6 % , 100) as the 
work ing substance was described in Refs [ 4 2 - 4 4 ] . A fine-
mesh nickel grid, covered by a thin metallised colloid film, 
suppor ted M g O . A cont ro l grid was located at 0.5 m m from 
the surface of the M g O film. Secondary electrons were 
detected by two microchanne l plates with a coaxial anode . 
The t ime resolut ion of two such synchronously work ing 
detectors was 0.25 x I O - 9 s and the efficiency of detection 
of 4 . 5 - 7 . 5 M e V oc part icles was 100%. The spectrum of the 
oc part icles from the 2 2 6 R a sources, determined by the 
invest igators, led them to the conclusion tha t the C S E E 
detectors could be used successfully in nuclear spectroscopy. 

A time-of-flight spectrometer for heavy ions, conta in ing 
two C S E E detectors , with synchronous electron t r anspor t 
was described in Ref. [44]. The t ime resolut ion of the 
spectrometer was 0.12 ns and it was used in diagnost ics 
of 115 M e V 1 3 2 X e ions. 

The p h e n o m e n o n of C S E E was investigated and used to 
detect var ious part icles in a s tudy repor ted in Ref. [45]. 
Secondary electrons were accelerated by a field of 14 kV 
c m - 1 intensity and detected with a semiconductor detector. 
Electron drift in a p o r o u s med ium occurred under the 
influence of the same field. In 2 h after appl icat ion of the 
vol tage the value of o for p o r o u s Csl fell from 15 to 3 for p 
particles and from 2000 to 100 for oc part icles; this value 
then remained constant . Such changes were no t observed 
for KC1. The emission proper t ies were restored by the 
appl icat ion of a reverse depolar is ing electric field, in a 
manne r similar to tha t described in Refs [ 5 3 - 5 7 ] . It was 
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found tha t stable emission was observed when the condi t ion 
Edtd > Etw was obeyed; here, Ed and td are the intensity and 
dura t ion of appl icat ion of the depolar is ing field and tw is 
the dura t ion of appl icat ion of the work ing voltage. The 
p o r o u s emission detector described in Ref. [45] was 
subjected to an a l ternat ing vol tage in order to avoid the 
polar isa t ion effects in the work ing med ium. This vol tage 
was applied by an addi t iona l thin electrode located at 1 cm 
from the surface of the p o r o u s Csl film. The electrode was 
covered by a dense Csl film which was 600 A thick. The 
electrons emerging from the p o r o u s film were accelerated in 
the gap between the addi t iona l electrode and the p o r o u s 
emitter to an energy of 5.5 keV and were then multiplied in 
the dense Csl film by a factor of 6 - 7 . Next , they were 
accelerated again by the field of 14 kV c m - 1 and were 
focused on an assembly of two microchanne l plates. The 
t ime resolut ion of the detector was 600 ps and the efficiency 
of detection of min imum-ionisa t ion p part icles was 
rj = 92% . This detector was used in a time-of-flight system 
to detect p r o t o n s of 540 M e V energy. The a l ternat ing 
vol tage applied to the detector was synchronised with 
the t ime s t ructure of the p r o t o n accelerator. The efficiency 
of p r o t o n detection was 96% - 9 8 % and the t ime resolut ion 
of the detector was 450 ps, which was considerably better 
t han in the case of p part icles. This result was a t t r ibuted in 
Ref. [45] to the higher [by a factor of 1.5] ionisat ion energy 
losses suffered by p ro tons , compared with those for p 
particles, and the consequent result of smaller t ime 
f luctuat ions. 

In the case of p o r o u s KC1 emitters it was found [45] tha t 
there were some cont radic t ions between the results obta ined 
and those repor ted in Refs [ 5 3 - 5 7 ] , where a fall of the 
part icle detection efficiency with t ime was observed. 
However , these cont radic t ions could be explained by the 
considerably higher field intensity used in Refs [ 5 3 - 5 7 ] . On 
the other hand , it was repor ted in Refs [ 2 7 - 3 1 ] , in which 
cases the field intensity was comparab le with tha t of the 
fields applied to KC1, CsBr, M g O , and LiF [45], tha t no 
changes in o with t ime were found when a depolar is ing field 
was no t used. 

A CSEE detector in which the cont ro l grid was replaced 
with a con t inuous a n o d e was investigated [46]. In this 
detector the a n o d e was located on the surface of a p o r o u s 
C s l ( l % ) film and the signals were amplified, as in Refs 
[ 5 3 - 5 7 ] , by a wide-band amplifier. The au tho r s of Ref. [46] 
found tha t the ampl i tude resolut ion of the detector 
improved with increase in Vg and reached 1 5 % . 

The technology used in the p repa ra t ion of p o r o u s films 
has a s t rong influence on their emission proper t ies [39]. It 
was found tha t if after a pre l iminary hea t ing of M g a boa t 
from which evapora t ion took place was no t heated any 
further, i.e. if M g O was deposi ted only as a result of self-
heat ing of M g , the p o r o u s films were t r ansparen t and had 
p o o r emission characterist ics. However , when the boa t was 
heated cont inuously t h r o u g h o u t the deposi t ion of M g O , the 
films were of white ma t t colour and conta ined M g O 
micro crystallites of 1 0 - 1 5 um size. The emitters then 
had high values of cr, opera ted m o r e stably, and the 
f luctuat ions of o were much less. The thickness of M g O 
was a linear function of the pressure of air in which the 
deposi t ion took place. A s t rong reduct ion in this pressure 
caused deter iora t ion of the emitter quali ty. After contact 
with air, the proper t ies of p o r o u s K B r films changed 
greatly. The thickness of the films decreased, they became 

mechanical ly stronger, bu t their emission proper t ies were 
much worse. F i lms of LiF and M g O were no t affected by 
mois ture , whereas those of Csl were modera te ly h y g r o 
scopic. 

6. Statistics of controllable secondary electron 
emission 
K h a r i t o n o v [48] considered theoretical ly the p rob lems of 
the statistics of electron drift and mult ipl icat ion in p o r o u s 
media subjected to an external electric field. H e adop ted an 
analogy with the p rob lem of f luctuat ions of the gain due to 
the gas in p ropo r t i ona l counters . At the t ime of publ ica t ion 
of K h a r i t o n o v ' s cont r ibu t ion the statistics of C S E E had 
no t yet been investigated experimental ly and, therefore, the 
mode l could not have been checked quant i ta t ively. The 
mode l was compared with the exper imental results by 
Gava lyan [49]. 

The exper imental results repor ted in Ref. [49] for 
N a 3 A l F 6 ( l % , 200) and the calculated dis t r ibut ions are 
compared in Fig. 9. 

P n/P n 

Figure 9. Distribution of the probability Pn of the emission of n electrons 
by the action of oc particles on N a 3 A l F 6 ( l % , 200). The points are the 
experimental values and the continuous curves are calculated. 
E= 1.5 x 104 V c m " 1 . 

Electron mult ipl icat ion in p o r o u s media was considered 
in Ref. [50] on the basis of a mode l of signal amplification in 
a channel multiplier. A compar i son was m a d e there of the 
statistical d is t r ibut ions obta ined on the basis of this mode l 
with the a u t h o r s ' own exper imental da ta for M g O ( 0 . 4 % , 
100) and agreement was repor ted . The agreement of the 
exper imental results with b o t h theoret ical models would 
suggest tha t , on the one hand , a p o r o u s med ium resembles a 
gas because of the r a n d o m dis t r ibut ion of the po re sizes 
and, on the other , since the mult ipl icat ion processes occur 
in discrete pores , such a med ium has proper t ies resembling 
those of channel multipliers. 

7. Multiwire porous detector 
N o n e of the rad ia t ion detectors listed above had been used 
to measure the part icle coordinates , a l though this is 
possible. F o r example, if the p h o t o c a t h o d e of a mul t is tage 
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Figure 10. Section through a multiwire porous detector: ( 7 ) porous 
material; ( 2 ) cathodes; (3) elementary anodes. 

image converter is replaced with a CSEE emitter, the 
coordina tes of a part icle can be determined from the 
converter screen. 

A mult iwire p o r o u s detector, similar to a mult iwire 
p r o p o r t i o n a l chamber bu t with a gas replaced by a p o r o u s 
dielectric, is p romis ing (Fig. 10). Ca thodes (2) m a d e of a 
fine-mesh grid, are paral lel to one another . Between them, 
separated by distances L from each ca thode , there are 
stretched anode filaments (3) of rad ius r 0 and a r ranged in 
steps of /. The space between the ca thodes is filled with a 
p o r o u s dielectric (7) . 

Let us est imate the number of electrons M , collected by 
an a n o d e of such a mult iwire p o r o u s detector as a result of 
passage of minimally ionising particles, on the basis of the 
k n o w n dependence a(E) (Fig. 2). Let us split the whole 
thickness of the work ing film of the detector into elemen
ta ry layers, each of thickness L e . Then , M = Y\k

i=i S(Et\ 
where Et and S(Ei) are the electric field and the emission 
coefficient of the iih layer, respectively, and k is the number 
of such e lementary layers. Since the electric field has a nea r -
cylindrical geometry, we have Et w (Uw/rt) m ( L / r 0 ) , where 
Uw is the difference between the ca thode and anode 
potent ia ls (working voltage), rt is the distance from the 
centre of an a n o d e filament to the centre of the zth layer, L 
is the distance between the anode and the ca thode , and r 0 is 
the rad ius of an a n o d e filament. W e can determine d(Et) by 
dealing with a C S E E emitter in a similar manner , splitting it 
into e lementary layers of thickness L e . Since the electric 
field is then h o m o g e n e o u s the values of dt are the same for 
all the layers, so tha t we have G(Et) = dk(Et). Hence , 
subst i tut ion of S(Ei) in the expression for M gives 
M = Y\k

i=1 y/a{E^). In the case of a mult iwire p o r o u s 
detector filled with KC1 ( 2 % , L e = 10 um), L = 300 um, 
r 0 = 10 um, and Uw = 1.5 x 10 9 V and calculat ions give 
M « 6 x 10 4 . 

In the subsequent exper iments [ 5 3 - 5 7 ] the signals were 
amplified with a wide-band amplifier characterised by the 
gain of abou t 200. It was established tha t the gain in a 
mult iwire p o r o u s detector filled with p o r o u s M g O oscillated 
strongly and decreased dur ing opera t ion . In the case of KC1 
and Csl there were no such gain oscillations, bu t the part icle 
detection efficiency fell with t ime by an a m o u n t which was 
greater for larger initial values of the gain. 

The values of rj for Csl and KC1 decreased even in the 
absence of rad ia t ion , bu t this was a slower process t han 
dur ing i r radia t ion. The results for C s l ( 2 % ) obta ined dur ing 
con t inuous i r radia t ion and when the a-part icle source was 
opera t ing only for 2 - 3 s dur ing measurements are com
pared in Fig . 11. In the case of Csl the work ing 
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Figure 11. Decay of the detection ability of oc particles by a multiwire 
porous detector based on Csl (2%): the open circles represent continuous 
irradiation and the black dots correspond to the case when the detector 
was not irradiated between the measurements. 
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Figire 12. Recovery of the efficiency of detection of oc particles by a 
multiwire porous detector based on Csl (2%): the open circles show the 
decay with time and the black dots represent the spontaneous recovery 
when the power supply was switched; the squares and the crosses 
correspond to recovery under the action of a depolarising voltage 
Ud = 300 V or Ud = 600 V, respectively. 

characterist ics of a mult iwire p o r o u s detector were restored 
even after a steep fall, provided the work ing vol tage Uw was 
switched off for a t ime. The circles in Fig. 12 were obta ined 
for con t inuous opera t ion of the detector and the dots for the 
case when, after the fall of rj, a pulsed vol tage was applied 
only dur ing measurements . W h e n after the fall of rj the 
detector was subjected for a t ime td to a depolar is ing vol tage 
Ud opposi te to £/ w , the recovery of rj was much faster in the 
case of the KC1 and Csl emitters. The results are p lot ted in 
Fig. 13 for Ud = 300 V and Ud = 600 V, respectively. In the 
case of M g O such a depolar is ing vol tage did no t res tore the 
efficiency bu t caused weak b r e a k d o w n s in the emitter. 

It is not easy to interpret these results because of the 
extreme complexity of the s t ructure of p o r o u s media , the 
uncont ro l led a m o u n t s and na tu re of the impuri t ies , and the 
na tu re of the crystal s t ructure of the p o r e walls. 



Radiat ion detectors with porous dielectric working media 1279 

400 500 600 700 800 900 

Figure 13. Dependence of the efficiency of detection of oc particles on the 
amplitude of the working voltage pulses Uw, obtained for chemically pure 
Csl (1.0%) when the depolarising voltage was Ud — 300 V (points) and for 
Csl (2%>) and Ud — 600 V (crosses); tw — 2 ms and td — 18 ms. 

The slow fatigue effect observed for mult iwire p o r o u s 
detectors in the absence of any ionising rad ia t ion could be 
explained quali tat ively by the appearance of an ion current 
in a dielectric in accordance with the F renke l mechanism 
[58]. As a result of the rmal f luctuations, some of the ions in 
a dielectric acquire an energy sufficient for migra t ion and 
reach interstices. A n electric field sets these ions in 
direct ional mot ion . Some of the ions m a y be captured 
by t raps , result ing in the accumula t ion of a posit ive charge. 
On the one hand , the field of such a space charge weakens 
the external field and, on the other , it acts as a t rap for 
electrons drifting t owards the anode . Spon taneous recovery 
of the opera t iona l capabil i ty of a mult iwire p o r o u s detector 
occurs under the influence of an internal residual space-
charge field, which restores ions to their previous state, so 
tha t equil ibrium is recovered in the work ing medium. 

Elect rons and holes par t ic ipa te in the process when a 
detector is b o m b a r d e d with ionising rad ia t ion . Since 
amplification occurs in a small region a round a n o d e 
filaments, the carrier density in the space near the anodes 
is high and, therefore, the polar isa t ion p h e n o m e n a become 
impor tan t . 

A mult iwire p o r o u s detector opera tes stably when the 
work ing and depolar is ing voltages are applied al ternately in 
the form of pulses and the dura t ions and ampl i tudes of 
these pulses are in certain ra t ios . These ra t ios depend on the 
na tu re of the work ing medium, its density and thickness, 
and also on the in ternal gain of the detector . In par t icular , 
in the case of KC1 mult iwire p o r o u s detectors , ( 2 % , 
L = 200 urn, / = 250 um, r 0 = 12.5 um with Uw = 850 V, 
tw = 10s, td = 1 s) the detection of oc part icles with 100% 
efficiency and stable opera t ion of the detector are a t ta inable 
for Ud = 550 V. 

In the millisecond range of the values of tw and td the 
stability condi t ions are essentially similar [59]. Table 5 gives 
the results of measurements of the stability of the efficiency 
rj over a per iod of 30 min in the region of the p la teau of the 
efficiency curve for oc part icles when chemically pu re Csl 
was used and the mult iwire p o r o u s detector pa rame te r s 

Table 5. 

tw/ms td/ms >?max(%) (%) tw/ms td/ms 

S/S0 = 1% S/S0=2% 3/S0 = 1% d/d0=2% 

1 19 97 100 0 ± 0.025 0 
2 18 93 92 0 ± 0.03 0 ± 0.036 
3 17 92 81 0 ± 0.024 0 ± 0.042 
4 16 91 74 0 ± 0.025 0.3 ± 0 . 0 6 
5 15 88 — 0 ± 0.026 0.3 ± 0 . 0 6 

were L = 280 um and / = 500 um. The first and second 
co lumns of Table 5 give the values of tw and td, the thi rd 
and fourth co lumns give rjmax at the beginning of opera t ion 
for the emitter densities 1% and 2 % , respectively, and the 
fifth and sixth co lumns il lustrate the fall of rj for Ud = 500 
V and C s l ( l % ) and for Ud = 600 V and C s l ( 2 % ) . 

The rj(Uw) curves for a mult iwire p o r o u s detector 
conta in ing chemically pu re C s l ( l % ) and C s l ( 2 % ) with 
L = 280 um and / = 500 um are plot ted in Fig. 13. In 
the case of technically pu re Csl these curves are similar, bu t 
Uw is ~ 50% higher [59]. U n d e r these condi t ions it is 
possible to detect minimally ionising part icles by applying a 
vol tage Uw which is twice as high; the value rj = 100% is 
reached at higher L than in the case of oc part icles [60]. 
Invest igat ions [39] have demons t ra ted tha t cryolite also 
becomes polar ised dur ing opera t ion , bu t this can be 
corrected effectively by a depolar is ing voltage, which is 
no t t rue of KBr . The dependences rj(Uw) for c ryo l i t e ( l%) , 
Cs l (1 .5%) , and K B r ( l % ) obta ined for oc particles reaching 
a mult iwire p o r o u s detector with L = 200 um and / = 500 
um are plot ted in Fig . 14. 

400 650 900 Uv/Y 

Figure 14. Dependence of the efficiency of detection of oc particles on the 
amplitude of the working pulses Uw, obtained for a multiwire porous 
detector based on Csl (1.5%), KBr (1.0%), or cryolite (1.0%) with 
L 200 |im and / 500 |im. 

A n emission var iant of a mult iwire p o r o u s detector has 
a n o d e filaments outs ide the work ing med ium and electrons 
are collected after emission into vacuum. The dependence 
rj(Uw) for such emission detectors is of the same form as 
tha t for mult iwire p o r o u s detectors , bu t the work ing vol tage 
is considerably higher [ 6 1 - 6 3 ] . 
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Mul t iwire p o r o u s detectors can be used successfully 
also in detection of low-energy x-ray p h o t o n s against the 
b a c k g r o u n d of ha rd y rays, because of a large selection of 
p o r o u s emitters with different a tomic numbers , densities, 
and thicknesses of the work ing substance. A mult iwire 
p o r o u s detector conta in ing Csl and K B r (L = 2 m m , 
/ = 250 urn) was used [64] to detect Mossbaue r x-ray 
p h o t o n s of energy Ey = 6 keV against the b a c k g r o u n d 
of p h o t o n s with Ey = 6 keV and Ey = 120 keV, since 
rj = 80% for Ey = 14 keV and r\ « 6% for Ey = 120 keV. 

It was concluded in Ref. [64] tha t mult iwire p o r o u s 
detectors based on K B r gave bet ter results for x-ray 
p h o t o n s with Ey = 6 keV than a scintillation counter 
with a C s I : T l crystal. 

The absolute value of rj for 6 keV p h o t o n s was 
determined [65] with a mult iwire p o r o u s detector cal ibrated 
against a semiconductor detector . Fig. 15 gives the rj(Uw) 
curves obta ined for a mult iwire p o r o u s detector with 
C s l ( 2 % ) , characterised by L = 400 um and / = 250 um, 
and b o m b a r d e d with y p h o t o n s (Ey = 5.9 keV) and p 
particles. 

1150 1350 1550 1750 

Figure 15. Dependences of the efficiency of detection of P particles of 
> 0.7 MeV energy ( 2 ) and of x-ray photons of 5.9 keV energy ( 7 ) by 
a multiwire porous detector based on Csl (2%) with L = 400 urn and 
/ - 250 |im. 

8. Microstrip porous detector 
The work ing area of a mult iwire p o r o u s detector is limited 
by the difficulties associated with the need to stretch a n o d e 
wires separated by distances of the order of 0.1 m m from 
one another . This p rob lem is avoided in microstr ip 
detectors and the difficulties associated with the large 
ca thode area are solved by metal l isat ion of the surface of a 
p o r o u s dielectric. A microstr ip detector which I developed 
[70] has the work ing substance Csl ( l % - 2 % ) and strips 
100 um wide separated by gaps of 100 um and with a 
p o r o u s layer 500 um thick. The detector was investigated 
by i r radia t ion with oc part icles. The number of readings per 
uni t t ime increased with increase in Uw and reached a 
p la teau (rj = 100%). 

9. Time, amplitude, and coordinate resolution of 
multiwire porous detectors 

The s t rong absorp t ion of the ionisat ion electrons by the 
po re walls results in very s t rong f luctuations of the number 
of electrons reaching the pores , so tha t it is not possible to 
use mult iwire p o r o u s detectors in high-precision measu re 
ment s of the ionising capabil i ty of part icles. The best 
ampl i tude resolut ion of 2 5 % for i r radia t ion with a part icles 
was repor ted in Refs [67, 68] when the signals were 
recorded separately from each wire in a mult iwire p o r o u s 
detector . However , the t ime resolut ion of this detector was 
exceptionally high. This was due to the fact tha t the 
average energy of the in ternal electrons was relatively high 
(~50 eV) and, therefore, the avalanche format ion t ime was 
short . Accord ing to Refs [67 and 68], the t ime resolut ion of 
a mult iwire p o r o u s detector was 60 ps or less. 

The coord ina te resolut ion of a mult iwire p o r o u s 
detector repor ted in Ref. [57] was ± 1 0 0 um or less. The 
high posi t ion resolut ion was achieved no t only because the 
po re diameters were small, bu t because the pores were close, 
i.e. b ranch ing of the flux of the drifting electrons and the 
mot ion away of the core of an electron avalanche were 
prevented. The fact tha t the pores were closed was indicated 
by the dependence of the secondary electron emission 
coefficient o on the density of the p o r o u s med ium (see 
Fig. 13). In fact, the same values of o cor responded to the 
same energies of in ternal electrons We = eELe, where L e is 
p r o p o r t i o n a l to the po re rad ius r which in its tu rn is 
p r o p o r t i o n a l to p _ 1 ^ 3 or p - 1 ^ 2 for spherical or cylindrical 
pores , respectively (p is the density of the medium) . The 
exper imental results indicated tha t croc p - 1 ^ 3 . 

10. Conclusions 
The effective electron drift and mult ipl icat ion in p o r o u s 
dielectrics under the action of an external electric field, 
discovered over 25 years ago, provides un ique o p p o r t u n 
ities for the const ruct ion of fast, coordinate-sensi t ive, 
inexpensive detectors of nuclear rad ia t ion and mult iply 
charged ions with a very small a m o u n t of mat te r in the 
p a t h of the part icles. This effect can also be used in other 
b ranches of technology, such as electron multipliers, image 
converters , and possibly also in television technology. 
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