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The thermochemical reduction of thin surface layers on multicomponent lead-silicate glasses is fundamental to their use in 
electron multiplier and microchannel plate devices. These surface layers can exhibit a specific conductivity as high as 10-2 
(f~ cm) -1 and secondary electron yields up to 3.5. However, due to the complex processing used in the fabrication of the 
devices, a basic understanding of the chemical and structural surface characteristics responsible for these properties has not 
been established. Moreover, the effects of prolonged electron bombardment  upon the chemical characteristics of the surface 
have not been extensively investigated, nor related to any associated degradation of the electron emission properties. 

In this study, the clean fracture surfaces of these glasses were investigated. The effects of hydrogen reduction, chemical 
etching, and prolonged electron bombardment  were determined. Ion-scattering spectroscopy (ISS) was used for its monolayer 
sensitivity, especially to alkali species, while secondary ion mass spectroscopy (SIMS) provided depth profiles. The hydrogen 
profile created by the reduction could also be obtained with SIMS. X-ray photoelectron spectroscopy (XPS) was employed 
selectively to examine changes in the oxidation state of the surface species. 

It was found that the hydrogen reduction of these glasses creates a thin 20-50 nm silica-rich surface layer. The layer of 
reduced lead atoms is beneath this zone, and is visible to depths of the order 5 ~tm, but the hydrogen profiles which are found 
in these surfaces extend only 0.5 ~tm in depth. The electron bombardment  of these surfaces leads to a decrease in 
concentration of alkali and lead in the surface monolayer, and to a change in the hydrogen profile. The cross-section for this 
bombardment-induced change in the surface composition correlates with the reported gain degradation in microchannel plate 
devices. 

1. Introduction 

It is well known that when silicate glasses con- 
taining large amounts of lead oxide are treated in 
hydrogen at elevated temperatures, a (semi)con- 
ducting surface layer is formed [1-4]. The glass 
surface layer appears black due to the formation 
of dispersed Pb particles during the thermochem- 
ical reduction of PbO in hydrogen. The thickness 
and resistivity of this layer depends upon the heat 
treatment conditions, but are typically in the range 
0.1-10 ~m and 102-101° f~ cm, respectively. There 
have, of course, been many studies of the com- 
position, structure, and electrical properties of this 
surface layer [5-26]. The source of the electrical 
conductivity within these surface layers has been 
reviewed in some detail by Trap [22]; he claims 
that there are both ionic and electronic contribu- 
tions to the conductivity. Many authors have dis- 
cussed the conduction mechanism in more detail. 

Some have suggested that the metallic lead par- 
ticles are fundamental to a tunnelling [24,25] or 
percolation [26] mechanism. Others have proposed 
that an intermediate metastable species (Pb +) 
which is produced by the reduction, acts as an 
electron donor and is responsible for hopping 
semi-conduction [23]. Nevertheless, the conduc- 
tion mechanism has not been fully defined nor has 
its relationship to the processing conditions and 
surface layer characteristics been established. 

The secondary electron yield characteristics of 
the surface layer on these treated glasses is the 
basis for their widespread application in electron 
multiplier and microchannel plate devices [27-30]. 
The secondary electron yield is influenced, pre- 
dominantly, by the work function of the surface 
and the inelastic mean free path of the electrons. 
It is important to recognize that whereas the con- 
ductivity of the surface layer may extend over 
depths of hundreds to thousands of 5_ngstroms, the 
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secondary electrons are created within tens to 
hundreds of fangstroms from the surface. In fact, it 
is possible that the secondary electron yield of the 
surface does not depend in any direct way on the 
presence of a conductive surface layer [30]. The 
conductivity may be important  only to the extent 
that it influences the device operation. Hill [7] has 
attributed the high secondary electron yield of 
these glasses to the presence of alkali, specifically 
potassium, which segregates to the surface. This 
effect of potassium is not surprising considering 
the use of other electropositive metals such as 
cesium and osmium in the creation of low work 
function surfaces. Of course, an important  issue in 
the performance of electron multipliers and micro- 
channel plates is the stability of the alkali in the 
glass surface layer - especially under the electron 
irradiation - which is fundamental  to the long- 
term operation of these devices. 

In this study, clean fracture surfaces were 
treated to determine the effects of hydrogen re- 
duction upon the surface composition of two dif- 
ferent alkali- lead silicate glasses - one containing 
potassium and rubidium and the other containing 
cesium and rubidium. This approach is in contrast 
to the work already reported in the literature 
[5-26] where polished a n d / o r  chemically proc- 
essed surfaces were often examined. Also, many of 
the reported surface analyses were performed with 
Auger electron spectroscopy, wherein electron 
beam effects can severely affect the surface of 
interest. Here, low-energy ion-scattering spec- 
troscopy (ISS) was used to analyze the surfaces 
because of its monolayer sensitivity to alkali; clean 
fracture surfaces created in vacuum provided a 
reference for interpretation of the treated surfaces. 
Secondary ion mass spectroscopy (SIMS) pro- 
vided in-depth profiles of the surface - especially 
for hydrogen. The compositional stability of these 
surfaces during prolonged electron beam bom- 
bardment  was also measured to gain insight about 
the mechanisms of degradation in the secondary 
electron yield. The surfaces were irradiated - in 
situ - within the vacuum chamber where ISS 
could be used to monitor  periodically the alkali 
and lead surface concentration. The clean smooth 
fracture surfaces used in these experiments pro- 
vided information intrinsic to the bulk glass com- 

position, the hydrogen reduction process, and the 
electron irradiation effects. However, in the fabri- 
cation of real devices, the surfaces are initially 
acid etched. Thus, the effects of acid etching were 
also examined. 

2. Experimental methods 

One of the glasses used in this study was Corn- 
ing Code 8161 - 52% PbO, 39% SiO 2, 5% K20, 
2% Rb20 and 2% BaO. The other glass was a 
modification of 8161 wherein all of the potassium 
was replaced by cesium and additional barium 
and rubidium. The bulk glasses were cut into bars 
to facilitate the creation of smooth, flat fracture 
surfaces. Some of the bars were fractured in 
ultra-high vacuum to provide reference standards 
for the ISS analyses and the electron-beam irradi- 
ation studies. Otherwise, they were fractured in air 
immediately before the surface treatments. The 
surface treatments were carried out in a commer- 
cial clean-room environment. The acid etch was 
brief and utilized an - 0.10 N HC1 solution. The 
hydrogen reduction took - 1 0  h at 450-500°C.  
These conditions are virtually identical to those 
used in the fabrication of secondary electron emis- 
sion devices. 

The ISS analyses (Model 520-Kratos) utilized 
4He+ at 1500 eV; the beam diameter was --- 1 mm 
and the beam current --0.20 ~xA. The scan time 
per spectra was about 30 s and so only a negligible 
amount  of sputtering occurred during the data 
acquisition; the effective sputter rate was < 6 
n m / h .  The build-up of positive surface charge was 
eliminated through the use of a neutralizing elec- 
tron filament which was placed near the sample 
surface. A feedback loop based upon the sample 
current was used to control the surface potential. 

The SIMS analyses (Cameca IMS-3F) were per- 
formed using an 180- beam at 17.5 keV; the 
negative pr imary ions minimize the charging prob- 
lems which often plague SIMS depth profiling of 
insulators. A 125 ~tm beam was rastered over a 
350 ~m × 350 ~tm area at = 100 nA. A 60 ~tm 
diameter aperture was used to eliminate edge ef- 
fects. The sputter rate was obtained by measuring 
the crater depths with a profilometer. In these 
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analyses, a sputtering rate of 86 * / m i n  was typi- 
cal. A quantitative analysis of the hydrogen con- 
centration was achieved using an ion implant 
standard; the implant standard was prepared using 
the (Cs,Rb)-glass in the unreduced state. 

The XPS analyses (Surface Science Laborato- 
ries Small-Spot XPS) used A1 K a  X-rays. The 
spectra were normalized to the Si 2p binding en- 
ergy (at 103.4 eV) and the integrated intensity of 
the Si 2p line. The ion sputtering was performed 
with 1 keV Ar +. 

The electron irradiation studies were carried 
out in the ISS system at a vacuum level of = 1 × 
10 -8 Torr. The electron beam (Model EG5-VSW 
Scientific Instruments) was rastered over a 5 mm 
× 5 mm area at a TV scan rate. The beam was 500 
eV and the current density was 1-5 x 10 .6 A / c m  2. 

The spectra and depth profiles could be repro- 
duced to within 1 or 2% between various regions 
on each specimen, and in the case of specimens 
processed together, between surfaces on different 
specimens. However, there were variations in the 
data of up to 10 or 20% when specimens prepared 
in different processing runs were examined. These 
differences were due to variations in the process 
control, but nevertheless did not alter the im- 
portant features of the surface nor the the model 
proposed to describe these surfaces. 

3. Results 

3.1. Surface characteristics 

The most obvious effect of the heat treatment 
in hydrogen is blackening of the surface. Unfor- 
tunately, the thickness of the black surface layer is 
not easily obtained, even after the glasses have 
been cut into thin cross-sections for examination 
in the optical microscope. Nevertheless, in the 
TEM one can observe electron dense particles, 
approximately 10 nm in diameter, within the 
surface layer. These are presumably the Pb-metal 
droplets which form during the hydrogen reduc- 
tion of PbO. 

The ISS spectra in figs. l(a) and l(b) show the 
effects of the hydrogen reduction upon the surface 
composition of the two glasses; the effect of acid 

etching the surface before the hydrogen reduction 
is also shown. It can be seen that the primary 
effect is depletion of Pb in the surface. The sensi- 
tivity of ISS to Pb is very good - probably of the 
order 10 . 3  to  10 . 4  of a monolayer. Thus, it can 
be concluded that after acid etching and hydrogen 
reduction the Pb concentration in the surface 
monolayer is less than 0.01-0.1%. It is interesting 
that the surface depletion of lead is accomplished 
during the hydrogen reduction in the Cs-glass, 
whereas the acid-etch is required before a deple- 
tion of lead occurs in the K-glass. It has already 
been reported that Cs facilitates the reduction 
process in lead silicate glass because it creates 
larger holes in the glass network for the diffusion 
of H 2, H 2 0  and Pb [31]. These data further sup- 
port an effect of Cs on the transport a n d / o r  
evaporation of Pb. It should be noted, finally, that 
there is an overlap between the Ba and Rb ISS 
peaks, but the complementary SIMS analyses of 
these specimens verify the depletion of Ba and 
presence of Rb in these surfaces. 

The SIMS depth profiles in figs. 2(a) and 2(b) 
further characterize the surface layers on the two 
glasses after acid etching and hydrogen reduction. 
The most important feature is the hydrogen pro- 
file. It is not observed in the untreated fracture 
surface, and so there is no question that it is due 
to the hydrogen reduction. Initially, it was be- 
lieved to correspond to the black surface layer, 
but it has been found that the ion beam crater 
produced during the depth profile is still black to 
a depth of - 5  ~tm. On the other hand, the 
measured hydrogen profiles are typically 0.2-0.5 
~m in thickness. This result was surprising and 
was the primary motivation in attempting to use 
cross-sectional microscopy to measure directly the 
black layer thickness. In fact, visual observation of 
the ion beam crater - during sputter profiling - 
has provided the best estimate of black layer 
thickness; i.e. - 5  ~tm for these heat treatment 
conditions. 

The quantitative analysis of hydrogen con- 
centration in the hydrogenated layer of the Cs20 
lead silicate glass yielded an average value of 
1.5 N 10 21 a t o m / c m  3. The atomic density of this 
glass is - 5.3 × 1022 a t o m / c m  3. Thus, the H con- 
centration is about 2 at.%. This is about 15% of 
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the total Pb concentration and about 3% of the O 
concentration. It may be significant, though, that 
it corresponds closely to the total Cs + Rb ( -  2.1 
at.%)! Nevertheless, there is no depletion of any 
cationic specie, nor oxygen, over most of the range 
of the hydrogen profile. There is a thin zone near 
the surface in which Si is enriched and the Pb and 
Ba are depleted. In this zone, the hydrogen con- 
centration may be considerably higher. The alkali 
species are also depleted over this - 2 0 - 5 0  m m  
thick silica-rich zone, but in contrast to the Pb and 
Ba these species are segregated to the outermost 
surface. This is consistent with the ISS spectra in 
fig. 1. 

The XPS analyses confirmed the compositional 
changes observed in the ISS and SIMS analyses, 
but in addition, provided insight to the associated 
changes in the chemical structure. Figure 3 com- 
pares the high-resolution O ls  spectra for a clean 
surface (fractured in vacuum) with the spectra 
obtained after etching and hydrogen reduction. 
The shoulder at - 5 3 1 . 5  eV is due to the non- 
bridging oxygens, while the main peak at - 5 3 3  
eV is due to the bridging oxygens. It is clear that 
there are no detectable non-bridging oxygens in 
the treated surface. The O ls  spectra of the treated 
surface is comparable  to the spectra for u-SiO2, 
and indicates that the thermochemical depletion 
of Pb creates a significant structural change in the 
original glass network structure. The high resolu- 
tion Pb 4f spectra in fig. 4 reveal only a trace of 
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Fig. 3. High- reso lu t ion  XPS spect ra  of the O l s  l ine af ter  
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Fig. 4. High-resolution XPS spectra of the Pb 4f line after 
treatment of the (Cs, Rb)-glass; the spectra of a clean fracture 

surface is shown for reference. 

Pb in the treated surface. More significant was the 
fact that the binding energy of this trace-level of 
Pb was intermediate between Pb +2 and Pb°! The 
pb +2 line was calibrated using the clean fracture 
surface assuming that the Pb in the glass was PbO. 
Finally, the surface was subjected to a brief Ar ion 
bombardment  to penetrate the Pb-depleted layer. 
Of course, one must be careful using high resolu- 
tion XPS spectra after ion sputtering because of 
the chemical and structural damage which may 
occur due to the ion bombardment .  However, it 
was nonetheless very evident that reduced lead 
(Pb °) was present in the subsurface. There was no 
observable peak due to the Pb +z in this region of 
the subsurface, but the Pb4f  signal due to the 
intermediate state of lead was greater. 

Altogether, the surface analyses lead to the 
model which is represented schematically in fig. 5. 
The black surface layer is assumed to contain 
Pb-metal particles due to the reduction of PbO. 
The XPS and TEM analyses verify the presence of 
Pb-metal in the near surface region, but the over- 
all thickness estimate for this layer is based solely 
on its black appearance during sputter profiling. 
The depth of this black layer extends far beyond 
any distinct feature in the SIMS depth profiles. A 
silica rich zone is observed in the outer 20-50 nm 
of this surface layer. Its presence is based upon 
the SIMS depth profiles (which show depletion of 
Pb, Ba, and alkali in the subsurface), and the O ls  
XPS spectra (where only bridging oxygen species 
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Fig. 5. Schematic representation of a typical acid-etched and 
reduced alkali-lead silicate glass surface; not to scale. 

are detected). A thin layer of alkali species con- 
stitutes the outermost monolayer of the glass. This 
feature is based primarily on the ISS spectra which 
are most sensitive to top atomic layers of the solid, 
and is also consistent with the SIMS and XPS 
profiles. The XPS spectra do not indicate any 
non-bridging oxygens associated with these alkali, 
and so it is likely that they represent an adsorbed 
phase. Finally, a hydrogenated zone is observed 
within the surface layer. The hydrogenated zone 
may be duplex in nature; that is, the hydrogen 
concentration appears to be 2-3  times greater in 
the silica-rich layer. However, otherwise, the hy- 
drogen profile does not correlate with any other 
elemental depth profiles, nor does it correspond to 
the black layer. 

3.2. Electron irradiation effects 

During the operation of electron multiplier and 
microchannel plate devices, the reduced glass 
surfaces are exposed to electron bombardment.  
This electron irradiation can modify or otherwise 
damage the surface through a variety of mecha- 

nisms. The net effect can be one or more of the 
following: 
(1) changes in surface composition, 
(2) structural modification or damage, 
(3) generat ion/annihi lat ion of electronic defects, 
(4) electrical charging, and 
(5) heating. 
The mechanisms and effects of electron interac- 
tions with solid surfaces have been reviewed in 
detail elsewhere [32]. Of particular concern, here, 
are the possible effects of electron stimulated de- 
sorption (ESD), electron stimulated adsorption 
(ESA), and electromigration. These phenomena 
can oxidize the surface, deposit carbonaceous 
layers on the surface, or influence the concentra- 
tion and depth distribution of alkali ions in the 
reduced glass surface layer. The surface composi- 
tion will affect the surface work function and, 
thereby, is a critical factor in the secondary elec- 
tron yield. Hill [7] has shown an effect of potas- 
sium upon the secondary electron yield of alkali- 
lead silicate glasses and, moreover, he suggested 
that electron-induced changes in the potassium 
surface concentration might be responsible for the 
gain instability of devices. In other studies, the 
external effects of H 2 0  [33] and hydrocarbon im- 
purities [21] in the vacuum environment were re- 
lated to changes in the gain of the device. The 
effects of external contamination are clearly of 
importance, but in the present study, the intrinsic 
effects on the clean reduced glass surface were of 
primary interest. 

The specific objective of these experiments was 
to measure, in situ, any changes in the alkali 
surface concentration during electron irradiation. 
The extent of the change was measured as a 
function of the accumulated electron dose, the 
glass composition, and the surface treatment. Al- 
though many studies of electron beam damage in 
glass surfaces have been reported [32] because of 
their effect upon electron microprobe and Auger 
analyses, the exposure here used low energy elec- 
trons ( -  500 eV) at low current density ( -  1-5 × 
10 6 A / c m  2) to simulate the conditions in real 
devices. ISS was used to monitor the surface com- 
position due to its monolayer sensitivity to alkali. 
It was determined in an independent set of experi- 
ments that the ion beam used to obtain the ISS 
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spectra does not change the surface composition 
over the time-scale of the analysis. 

The primary effect of the electron irradiation 
was a decrease in the alkali and lead surface 
concentration. The time-dependent change was 
considerably more rapid for the alkali than for the 
lead. In the case of unreduced fracture surfaces 
(created in vacuum), the effect was not very large 
- even though the initial concentrations of alkali 
and lead are high. In the reduced surfaces, how- 
ever, the alkali (and lead, in the case of the K,Rb-  
glass) concentrations were reduced by 50% to 100% 
after a dose of the order 1 C / c m  2. Figures 6(a) 
and 6(b) compare these changes in a lkal i  for the 
(K, Rb)- and (Cs,Rb)-glasses, respectively. Clearly, 
the (K,Rb)-glass is more susceptible to the beam- 
induced reduction in alkali surface concentration 

than the (Cs,Rb)-glass. In both glasses, though, 
there is an increase of alkali signal during the 
initial stages of electron irradiation which may be 
due to desorption of water or hydrocarbon impu- 
rities. 

4 .  D i s c u s s i o n  

The data in fig. 6 were fit to established models 
for electron-stimulated effects at surfaces; i.e., the 
first-order relation: 

C(t) = C(0) exp - [DO~el, 
where C(0) is the initial surface concentration of 
alkali species, C(t) is the alkali concentration at 
time = t, D is the electron dose, e is the electron 
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Table 1 
Excitation cross-sections (Q) and critical doses (De) for elec- 
tron-stimulated changes in surface composition 

Q (cm 2) D~ ( C / c m  2) 

Potass ium-lead silicate glass 
(at 500 eV) 

- clean surface 8.7 x 10 20 0.20 
- acid e tched/ reduced surface 1.2 x 10 18 0.01 

Ces ium-lead  silicate glass 
(at 500 eV) 

- clean surface 5 .6x10  20 0.31 
- acid e tched/ reduced surface 2.2 x 10-19 0.08 

Silicon dioxide (at 2000 eV) 2.9 X 10 -2o 0.60 
Potassium chloride (at 1500 eV) 5.9 x 10-19 0.03 
Benzene-on-Ru (at 1500 eV) 8 x 10 -17 0.0002 
CO-on-Pt (at 1500 eV) 5 ×10  -18 0.003 
O2-on-Ti (at 300 eV) 5 x 1 0  19 0.03 

charge (1.6 × 10  -19  C ) ,  and Q is the effective 
cross-section for the electron stimulated change in 
surface composition, AC. The model implicitly 
assumes that the change in alkali surface con- 
centration is due to their electronic excitation by 
the incident electrons. The electron dose, D (in 
C / c m  2), is simply a product of the current density 
of incident electrons J (in A / c m  2) and the total 
time of irradiation t. Thus, the cross-sections for 
the excitation process can be determined using the 
data in fig. 6. These cross-sections are presented in 
table 1, along with data reported in the literature 
[32] for other materials. The fact that the data in 
fig. 6 fit the relation, and yield cross-sections of 
the order 10 -aT to 10 19 cm 2, is consistent with 
the phenomena of electron stimulated desorption 
(ESD). Table 1 also presents a parameter termed 
the critical dose, D c. This corresponds to the 
cumulative electron dose that is required to change 
the alkali surface concentration - in the surface 
monolayer - by 10%. The critical doses for com- 
position changes in other materials are shown for 
comparison. 

It can be seen in table 1 that the critical doses 
for alkali desorption in the reduced glasses are 
much less than in the unreduced glasses. It is also 
apparent that the critical doses for the reduced 
glasses are in the range of adsorbates on solid 
surfaces. The comparison indicates that the alkali 
on the reduced surfaces may be adsorbed, whereas 

the alkalis in the unreduced fracture surfaces are 
integral to the glass network structure. It is also 
evident that the susceptibility to the effect is 
- 1 0  x greater for the K-glass. This composi- 
tional effect is not easy to rationalize on the basis 
of ESD. Nevertheless, the direct analysis of the 
desorption flux during electron irradiation of these 
glasses verifies the ejection of alkali species. A 
determination of the relative rates of Cs, K, and 
Rb desorption in the two glasses is currently un- 
derway. 

One can further interpret the observed decrease 
in alkali surface concentration on the basis of 
electromigration. There are many examples of al- 
kali diffusion in or out of the surface of glass due 
to the electric fields created by the electron irradi- 
ation. A transport phenomenon would be con- 
sistent with the higher rate of change in the K 
versus the Cs. In fact, the combined effects of 
electromigration and ESD could explain the initial 
increase in the alkali concentration: i.e. a diffusion 
limited electromigration of alkali to the surface 
monolayer where it is subject to ESD. There are 
models which quantitatively describe a combined 
ESD/electromigrat ion mechanism during electron 
beam irradiation of glasses [32] and these also 
yield an effective cross-section of the order 10 -18 
cm 2. Moreover, the SIMS in-depth profiles of the 
alkali and hydrogen were found to be influenced 
by the electron bombardment.  But clearly, more 
work will be necessary to determine the relative 
magnitudes of the electron-stimulated desorption 
and electromigration. 

5. Summary 

The effects of hydrogen reduction, acid etching 
and electron irradiation upon the surface composi- 
tion of (K,Rb)- lead silicate and (Cs,Rb)-lead 
silicate glasses have been investigated. The reduc- 
tion of Pb may occur over depths of the order 5 
~tm, and it is probably this layer that is responsi- 
ble for the conductivity. However, the secondary 
electron emission arises in, at most, the outermost 
1.0-10.0 nm of the surface. Within this zone, the 
primary effect of the hydrogen reduction is the 
depletion of the alkali and lead, and the conse- 
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quent  creation of  a silica-rich region. The surface 
monolayer  of  this silica-rich region is enriched in 
alkali - presumably  adsorbed alkali species - 
a l though the bulk of the silica-rich region also 
contains a small concentra t ion of  alkali. The hy- 
drogen profile does not  correlate directly with any 
composi t ional  feature of  the surface. There is no 
question that it arises due to the hydrogen reduc- 
tion, but  its role in the emission a n d / o r  emission 
stability has not  yet been established. 

No t  surprisingly, the pr imary  effect of  electron 
irradiation was found to be a change in the alkali 
surface concentrat ion.  The significance of  these in 
situ electron irradiation experiments is revealed in 
fig. 7. Here, the electron dose-dependent  changes 
in the gain of some real microchannel  plate de- 
vices are plot ted together with the alkali surface 
composi t ion changes measured in this study. It  
seems clear that the ranges of  electron dose over 
which the gain of the devices decreases correspond 
closely to those which cause changes in alkali 
surface concentrat ion.  These doses exceed those 
which are responsible for the initial ' c lean-up '  of  
adsorbed water, hydroca rbon  and hydrogen  (usu- 
ally 0.01-0.1 C/cruZ). It implies that  the long-term 
gain of the devices relates more  directly to a 
steady-state surface concentration of  alkali, the 

magni tude  of  which depends upon  the relative 
rates of  desorption,  electromigration, and out-dif- 
fusion through the silica-rich zone. This steady 
state concent ra t ion  would be determined by the 
thickness of  the silica-rich region, the type(s) of  
alkali (that is, their diffusivity and solubility in the 
silica-rich zone), the bulk concentra t ion of  alkali, 
and, of course, the flux and energy of  incident 
electrons. It  is implicit that  these latter factors are 
critical not  only to the long-term gain and stability 
of  the device, but  also to the useful life of  the 
device. Altogether,  these studies point  to the need 
for further verification of  the ESD/e lec t romigra -  
t ion model  and, correspondingly,  the dependence 
of  the rate constants  upon  the glass composit ion.  
In this way, predictions of  the long-term stability 
and life of the devices could be established. 
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