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ABSTRACT

This review attempts to summarize the physical property and compositional changes induced in insulating
materials--primarily silicate glasses—-by energetic electrons. A primary characteristic of electron
irradiation is the production of simple defects; for electrons of MeV energy these are mostly isolated
vacancies and interstitials, For this reason, electron irradiation has been preferred for fundamental studies

of defects. Typical experiments and their interpretation are presented.

1. INTRODUCTION

Something on the order of 99.9% of the energy of MeV electrons is ¢xpended in ionization processes,
The remainder is utilized in Coulomb encounters with atomic muclei which may or may not result in a
displacement, depending on the threshold energy, By, for displacement and the electron energy, E.
Almost all electrons of the energies dealt with in this paper must be treated as relativistic particles. For
illustration, the relativistic increase in mass is 1% of the rest mass for each 5 keV of kinetic energy 1) The
classical Rutherford cross-section for displacerent has to be modified because of the relativistic electron
velocity The formalism for the appropriate equations for collision cross-section and energy transfer has
been dealt with in earlier work2-5). In this paper we will demonstrate the utility of electron irradiation in
the determination of threshold energies (Eg4) in materials; the volume and density changes produced by
network compaction; and the alteration of composition in alkali-containing silicate glasses in the region
traversed by the clectrons. We will not describe in detail the optical absorption centers as these matters
have been adequately covered in many papers and reviews®). An important feature of electron irradiation
15 the magnitude of the energy transfer to target atoms. For MeV electrons this value, for typical silicate
glasses, is on the order of several hundred eV, This is to be compared with the several hundred keV
transferred by fission-reactor neutrons and 44 keV from 100 keV argon ions. The relatively low energy
transfer for electrons means that the defect density in the collision vicinity is very small. This is one of

the attractive features of electron-irradiation for the purposes of studying defects,
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2. ILLUSTRATIVE EXPERIMENTS

Displacement Threshold Measurements

An early~-apparently the first—-measurement of a displacement threshold epergy in an insulating
material was made for crysialline a~AizO33), As in all such determinations, a physical property which
varies in magnitude with the energy transfer to lattice atoms is required. For AlyOs, this is the optical
absorption band at 205 nm. Figure 1 shows a comparison of the measured optical density per unit path
length, for various values of the computed oxygen displacement cross-section, as a function of the electron
energy. The best fit to the data is found for an Ey value of 70 eV, If an Al displacement caused the 205
nm absorption, the data would yield a value for Eyq of 40 ¢V however, it is now considered that the
displacement of O is responsible.  Similar experiments in MgO and MgA12047) have given values of
about 59 eV for the displacement of O in those materials. Threshold measurements of the electrical
conductivity in diamond have resulted in the determination of an Eg of 35 eV for c8).

An attempt was made to measure Eq in fused silica using the optical absorption at 215 nm (£'-center)
as a monitor>). Tt was found that lower energy electrons produced appreciably higher concentrations of
E'-centers than did higher encrgy clectrons. The data is shown in Fig. 2 for CFS 7940 and CFS 7943,
“wet” and "dry" synthetic fused silica glasses, respectively. 1t was not possible to fit these data to any
theorctical curve which would describe the direct displacement of an atom by the incident cleciron. The
dashed line is the stopping power in silica glass for electrons of various energies, normalized to 2 MeV,
This curve represents the damage produced by the energy lost by the electrons in predominantly ionization
processes, the CFS 7943 data gives a good fit to these data and less good for the CFS 7940 data. These
observations have been confirmed and extended by Pfeffer®) who used thermally grown Si0y films ("wet”
and "dry™) on Si and clectron energies as low as 30 keV. He concluded that ionization processes were
dominant in defect creation for electron-irradiated silica. This is to be contrasted with the situation for

ion-bombarded fused silica where the defect creation by the collisional part of the ion energy is several
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Fig. 1 Optical density por unit path length vs effective electron energy incident on ALOy (normalized fo 1.54 MeV')
compared with celonlated cross-section asswwming the indicated values of B, The best fit to the dalg is oblained
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Fig. 2 Relnfive fraction of 215 nm E'-cenfers formed vy incident clectron energy. The dashed line is for the clectron
stopping power in S5i0.. O CFS 7840 X CFS 7943 (after Ref. 5).

hundred times more effective than that of the electronic energy depositiﬁnm}.

Volume Changes

Volume changes as a result of electron irradiation of glass have long been known to occur; cracking
of glass tubes containing beta-emitters for example. EerNisse and Norris!t) applied the cantilever-beam
technique developed by EerNissel®) to the study of the volume dilatation introduced by electron
irradiation (18 keV) on 8i0; layers thermally grown on Si.. Their results provided convincing evidence
for the identification of the ionization-induced compaction as due to broken Si-O bonds. This structural
defect was found to be the same for ion implantation, provided that the collisional damage from the ion-
implantation was not too large. Additional structural damage was demonstrated for the interaction of
electronic and collisional energy deposition. The maximum compaction, AV/V, was about 3%, in
agreement with that found for ion implanation!®). Lattice expansion can occur in electron irradiated
silica glasses at low fluences as first shown by Primak and Kampwirthn) and attributed by them to an
impurity effect. This effect was confirmed in another study by Norris and EerNisse!3) on bulk fused silica
and was attributed to H as an impurity. Shclbyl“} confirmed these observations in a measurement of
density changes in y-irradiated H-impregnated fused silica. This effect has also been demonstrated in
alkali borosilicate glasses under ion implantation, where the expansion regime (with ion fluence) was
shown {o be proportional to the interstitial Na componem}s).

An interesting and sociclogically important study is that of radiation effects in nuclear waste glass
used for encapsulation of high level nuclear waste products. Sato et a116) have measured the density
changes in electron-irradiated simulated radioactive waste glass and compared the results with those for

fused silica and for the borosilicate Pyrex glass (Fig. 3). Using 2 MeV clectrons and a flotation

98 NEW GLASS Vol.8 No.2 1983



Pyrex giass —e — . .
Guertz gass cs- - ¢/ *
PEGG = :/
POSOL © L 4
- >
o 00O
3 e
5 ~
zZ __)__Q,,,_-
3 Bt S
R e et O
- »
r
= .
b5
w
[=]
Q008
. ; .
a% HY) 15 x K7

ELECTRON FLLENCE {#/cm?)

Fig. 3  Fractional change in density (Ap/g) vs 2 MeV electron fluence for Pyrex., fused silica glass, and the simulated
radivactive waste glasses POSOO and POSOE {after Ref. 16).

measurement of density changes, they found a density change (Ap/p) of about 0.05% (compaction} for two
waste glass formulations; this change was about the same as for fused silica glass. The density change for
the Pyrex glass was much higher--on the order of 0.18%. It was estimated that the average energy of the
electrons in traversing the sample thickness (0.5 mm) was about 1.9 MeV. These data are in gualitative
agreement with cantilever-beam measurements of ion-induced stress in a similar nuclear waste glass and
in Pyrex and fused silica!”).

The exposure of large-mirror substrates in space applications where they are exposed to a variety of
radiation sources {(Van Allen belt, solar wind, cic.) may result in surface compaction which alters the
curvature. Rajaram et al!8) have examined the effects of 2 MeV electrons on the deformation of low-
thermal coefficient glasses and ceramics (Optosil, Ti:Si0,JULE], Zerodur, Astrositall, Cervit). The
experimental results of profilometer measurements are shown in Fig. 4 for 5 mm thick samples where the
exposure was deliberately made non-uniform by inserting a 2 em thick Al block with a § mm diameter
hole between the accelerator window and the samples. The inset shows the interference fringes for
Zerodur. The deformation is much larger for the ceramics than for the fused silica Optosil and the spread
for the ceramics extends beyond the 5 mm defined beam. It is pointed out that lightweight mirrors for
space applications may be as thin as 1-2 mm and the radiation-induced deformation may be significant;
the spectrum of space radiation is said to be highly peaked at low energies which would be stopped in the

near-surface region and thus cause greater deformation than higher energy particles.

Compositional Changes in Alkali-Silicate Glasses
The alkali-depletion from the surface of electron-bombarded glasses has long been-known and

represents a major difficulty in applying Auger electron spectroscopy (AES) to the study of alkali-silicate
glasses. The Na signal disappears with time due to the electron analysis beam (0.3-3 keV) 19-21), Figure
5 shows the Na depth profiles resulting from 2.5 keV and 4.5 keV electron irradiations of soda-lime

glass?2.23), The Na depletion at the surface and the accumulation at depths corresponding to the electron
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Fig. 4 Swrface deformation {digmond stlus measurement) vs fateral semple dimension for 2 MeV eloctrons (8.6 %
10° rad} incident on the indicated materials, The insel shows the inlerfercnce pattern for a Zevodur sample
after irrediation {ufter Refl 18).
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Fig. B Sodium concentration vs depth for sodulime glass afler R.5keV and 4.5 keV dlectron Irvadiation ol the
indicated curvent dewmsities. The iuset shows the normalized Ca depth prajiles for the 4.5 keY Irvadiation {after
Ref. 22).

range is evident in these profiles taken by means of the 23Na(p,a) nuclear reaction. The surface Na
depletion (electron irradiation) is accompanied by a Ca surface accumulation as shown by the inset in Fig.
5. For 600 keV proton implantation (not shown), on the other hand, Na moves in the opposite direction
and accumulates at the surface while Ca is depleted from the surface. The Italian investigators have
shown?4) that the electric field established by clectron irradiation, ¢.g. during AES experiments reaches a
steady-state value inn a very short time ( 1074-10"3 sec) and that the alkali ions do not play a relevani role
in the formation of the electric field. The analysis of the movement of alkali ions and Ca was done on the
assumption that the interactions operative are between the alkali and Ca ions and the field created by the
100
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Fig. & FEgperimental Na Auger signals from sode-lime glass (Refl 26) compared with the calewlated values (Refl 25)
vs time qfter elechron trvadialion at lguid sailrogest temperature.

incident electrons as well as the surface positive charges formed as a consequence of secondary electron
emission. Their ana}ysisﬁ} provided excellent agreement with experimemzé) and showed that other
possibie interactions between the primary electrons and alkali and Ca jons were not relevant. The solution
for the continuity equations for an assumed field strength of 10 Viem yielded an effective diffusion
coefficient for Na of 8 x 10710 cm?/sec. The comparison with experimental observations27) of the decay
of the Auger signal with time is shown in Fig. 6. The agreement is good except for the always seen

incubation time for the onset of Auger signal decay which is not yet satisfactorily explained.

3. CONCLUDING REMARKS

This short review has not attempted to survey ali of the interesting work on electron-irradiated
insulators and glasses; this would tax my resources and the patience of the publishers. It is hoped that it

will provide a stimulus for the reader to examine the covered topics and those not touched upon in greater
detail.
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point defects generated by fast electrons.

Since the late sixties, his research has been

concentrated on iop-implantation effects and on ion-beam modification of materials and now

incudes ion-beam analysis techniques for investigating the afterations of the composition of

materials when exposed not only to to radiation but aslso to environmental attack by aqueous

solutions.

His most recent interest is in the formation of metal colloids in glasses for

optoelectronic applications. He is the author of about 150 papers and has co-edited conference

proceedings and a book on ion beam modification of insulators.
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