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ABSTRACT
X-ray photoelectron spectroscopy (XPS) was applied to the study of
radiation damage on the surfaces of LiNO3 and LiZSO4 single crystals

which were free of carbon contamination. Irradiations were done in situ

at room temperature with 0.3 - 1.6 keV electrons. The products, assigned
from chemical shifts in the binding energies of core levels, were:vLiNO2
and LiZO from irradiated LiNOS; and LiZSOS’ elemental sﬁlfur, LiZS, LiZO,V
and adsorbed oxygen species from irradiated LiZSO , respectively. There
was no indication in either sample of the metallic lithium formation
reported previously. Heavy irradiations of the LiZSO4 sample showed

that the final products of the radiation decomposition are LiZO and LiZS.
The G-values (the number of molecules produced or decomposed per 100 eV
of radiation absorbed) of the radiation decomposition and‘product forma-
tion for 1.4 keV incident electrons were estimated from differential

3 -4

energy ‘loss to be approximately 10~ - 10 .



>I. INTRbDUCTION
. The nature of radiation damage in crystalline oxyanions has

attracted a great deal of attention. In the early 1960's, G. E. Boyd
and co—workers‘did intensive research to determine the products in
various alkali-metal bromates éxposed to 60Co gamma—raysl and reactor
radiations.2 Their samples were dissolved and chemical separations
were performed on the aqueous solutions. This work yielded much
interesting information about molecular broducts and decomposition
mechanisms. However, it is very difficult to elucidate primary stages
of reaction mechanisms for radiation decomposition from such studies,
because intermediates such as radical species, which coexist with
molecular species in the crystal, are not usually stable in the
aqueous solution. Recently, Raman spectroscopy combined with optical
absorption spectroscopy has proved to be a useful technique for the
detection of both ozonide ion O% and molecular oxygen in alkali-metal
chlorates irradiated with gamma—rays.3 Unfortunately this technique
cannot be used for detection of the central atom, for which chemical
changes provide the most important information about the radiation
damage of oxyanions. ESR is a major method for the study of radia-
tion damage in irradiated oxyanions,4_6 despite the fact that this
method camnot detect molecular species, which are often more abundant
than radical species in irradiated crystalline solids.

In spite of the promise of the XPS technique, only a few prelim-
inary applications have been made to the radiation damage studies of

oxyanions. B. A. De Angelis7 found radiation-induced reduction of
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Cr(VI) to Cr(III) on CrO3 and KZCrO surfaces during XPS measurements.

4
The decomposition of NaCl0,,yielding ClO% and C1 , and of Li,5,0z, yield-
ing SO, and elemental sulfur, has also been observed after extended

3
exposure to Al K, x—rays.8 From these results, additional product

alkali-metal ion lines might also be expected cor{giponding to the
known positions of these lines in the salts that are postulated as
decomposition products. However, instead of the Li(ls) lines from

such products as LiC1, LiZSOS’ etc., Povey and Sherwood9 reported
observing only the Li(ls) lines from lithium metal and lithium oxide .

in LiClO4 and LiZSO4 exposed to source x-rays. For a comprehensive undér—
standing, chemical shifts in binding energies of all the constitutents
relevaht to the radiation decomposition should be examined.

Radiation damage studies by XPS are of some general importance
both intrinsically and because of the détrimental effects of XPS
measurements on samples unstable to the source x-rays. The main advan-
tage of this method is that it can in principle provide useful infor-
mation about molecular products as well as radical species from their
chemical shifts. Also, the chemical fate of the alkali-metal ions,
which have been neglected in previous radiation damage studies by other
methods, can be elucidated.

In the application of XPS to this series of radiation damage
studies, the following points were especially taken into considefation:
(1) The spectrometer should be designed to detect a given chemical
shift with good.energy resolution. Monochromatization of the x-rays
is desirable. (2) The XPS measurement should be done under UHV condi-

tions to minimize surface contamination with hydrocarbons, oxygen,

a



water vapor,vetc. (3) Low-energy electrons or ions should be employed
as a radiation source because they produce damage on the sample sur-
face far more efficiently than soft x-rays in a photoelectron spectro-
meter. (4) In situ irradiation under high-vacuum conditions is indis-
pensable for the prevention of chemical reactions between the products
and their surroundings.

In this paper, the observation of radiation decomposition on the
surfaces of LiNO3 and Li SO4 single crystals following electron irradia-

tions is described and a useful approach to the study of radiation damage

using XPS is presented.

IT. EXPERIMENTAL
Lithium salts were used in the present study, because the Li(lsj
line which falls at ca. 56 eV binding energy does not hinder the examina-
tion of changes in the valence band spectra of the nitrate and sulfate

ions. The single crystals of LiNO3 and a-LiZSO4 were prepared from

O were each heated slowly

their melts. The A.R. grade LiNO, and LiZSO -H

3 42
in Pt crucibles to- 300°C and 900°C, respectively, and the melts were
cooled at 80°C/day. The highly hygroscopic single crystals so obtained
were kept in a vacuum desiccator until the XPS measurements. Before
mounting in sample holders, the cleaved samples weré annealed at 200°C
for 2 hours in air. This pre-treatment was judged to be useful for eli-
mination of active sites for carbon contamination because no carbon was
found on.the sample surfaces after the duration of the experiment (ca. 7

days). After cooling, the crystals were scraped or cleaved again in a

glove bag filled with dry nitrogen, and placed in sample holders which
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were mounted immediately in the spectrometer.
High-resolution XPS measurements were carried out with a Hewlett-
Packard 5950A ESCA Spectrometer employing monochromatized Al Ka x-rays

9 Torr. To minimize the effect

(1486.6 eV) at pressures less than 1 x 10
of surface charging on the peak width, the sample surface was flooded
with low-energy electrons. The optimum conditions of the flood gun
were determined to be 0.8 mA and 2 V for LiNO3 and.0.6 mA and 2 V for
LiZSO4, respectively. Usually the first run was a 0 - 1280 eV overall
scan to check sample contamination. Several narrow scans of core-level
peaks were then taken, and finally a valence band spectrum was taken.
After long-term measurements of.the valence region,-which.took about
17 hours, no radiation damage by the Al Ka x-rays was observed.
Irradiations were done at room temperature in.the preparation cham-
ber with 0.3 - 1.6 keV electrons from an electron gun source. The
schematics of the experimental set-up for the LiZSO4 specimen are shown
in Fig. 1. For this geometry direct heat from the filament was estimated
to be negligible at the sample position. The electronvenergy and fila- |
ment current, normally 1 mA, were monitored and adjusted to be constant
durihg the irradiation. To determine the absolute current at the sample
position, the sample was replaced with a shielded, stainless-steel Fara-
day cup whose inlet dimensions were the same as those of the sample sur-
face (5mm x 7mm). After the irradiation, during which the pressure re-
mained less than 4 x 10—8 Torr, the sample was re-introduced into the

analyzer chamber for XPS measurement. Neither broadening nor energy

shifts of the core-level peaks caused by irradiation were observed.
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Binding energies were determined relative to the Fermi levels of

8,10 also

the respective solids. The published Valence‘band spectra
served as references for binding energies and molecular orbitals ob-

served in the present work. .Relative product yields were eétimated from
the areas of the respective peaks by integrating with a planimeter. In
the case of the O(1s) line from the irradiated samples, the spectfa were

unfolded by computer analysis into several Gaussian components whose half-

widths were taken from the O(ls) line of the unirradiated samples.

III. RESULTS AND DISCUSSION
A. Product Assignments in Irradiated LiNO-

. The LiNO3 sample was irradiated with 1 keV electrons. A two-hour |
irradiation at 1 mA filament current did not change the color of the sam-
ple surface. Figure 2 shows a spectral change in the N(1s) region of the
XPS spectrum. The total current density is indicated by IC, in units of
10_1 Coulomb/cmz._ Figure 2(a) and Fig. 2(b) are spectra before and after
the electron irradiation, respectively, and are normalized to the inten-
sity of the parent LiNOS. Irradiation causes the appearance of peak A,
with a binding energy lower by 3.6 eV than that of the parent. The pro-
duct was so stable chemically that further radiation decomposition was

not observed upon continued irradiation. Since the position of the N(1s)

product peak did not change with total radiation dose, the chemical form

of the product can be inferred from its chemical shift. By comparison

/

with the -3.3 eV shift in the N(1s) energy of NaNO2 from that of NaNO3
observed by Hollander et al.,ll\the observed product is probably NOé.
This is consistent with the generally-agreed overall reaction in crystal-

line nitrates irradiated at room temperature:1



MO, > MNO, + 1/2 0,
Because only one nitrogen-containing product was observed, peak A camnot
be associéted with such radicals as NO2 and/or NOS’ to which a weak ESR
signal observed for room temperature irradiated NaNO was tentatively
assigned.13 The N(1s) lines from such radicals should be well-resolved
from the two observed lines.

Figure 3 presents the spectral changes in the O(1s) region, The
broken lines in Fig. 3(b) were obtained by computer deconvolution in which
three Gaussians were employed. There are two new peaks, B and C. Because
the presence of NOé has been confirmed in Fig. 2, the appearance of the
O(1s) line from the same ion is expected. Based on an empirical curve
for the O(1s) chemical shifts on various compounds given by Nefedov etal.}4
we can estimate the O(1ls) energy of NOé (perhaps present as LiNOZ) to be
1.7 eV.lower than that of NO,, assuming atomic distances R(0O - Li) and

Al> and 1.13 A,16 respectively. Therefore peak B, with

R(O - N) are 1.0
binding energy 1.85 eV less than that of the parent, is attributed to NO%.
This assignment is also supported by a quahtitative analysis of the pro-
duct yield. Computer deconvolution showed that the O(ls) intensity of
NOé relative to the parent is 0.44, while the relative N(1s) intensity of

NO, is 0.64. The correction by stoichiometry yields 0.66 (=0.44 x 3/2)

2
for the latter, which agrees very well with the NOi product yieldvfrom
the N(1s) intensity. On the other hand peak C, which is located at a
position lower by 4.6 eV than the parent, arises from one of the products
ubiquitous on the surfaces of irradiated lithium oxyaﬁion salts. We assign
this to an O(1s) peak from LiZO. A chemical shift of -3.8 eV from the
parent is estimated from the empirical curve given for the O(1ls) energy

14

with the value of 1/R appropriéte for LiZO. This shift is fairly large



for oxygen in the -2 oxidation state, but the O(1ls) energies of the
alkali-metal oxides are known to be generally lower than those of other
alkali-metal compounds containing oxygen.17 Such large shifts are due
to the especially strong polarization effects of Li+._ There was no indi-
cation of 0" or Oé, the formation of which has been confirmed for gamma-
irradiated NaNOS.18 |
A gradual shift in the Li(1s) line to lower binding energy with
irradiation time was also observed. It amounted to 2.7 eV for a radia-
tion exposure of 0.051 Coulomb/cmz. The new Li(1s) line had a smaller
shoulder on the higher binding energy side. The chemical shift we ob-
serve is less than the value reported by Povey and Sherwood,9 who observ-
ed a chemical shift of ca. 4.8 eV for the Li(1ls) energy of Li,0 in LiNO,
pdwder exposed to source x-rays. We note that the product peak is due
to LiZO mixed with LiNO3 and LiNOZ. Povey and Sherwood also reported
metallic lithium formation on the LiNO3 sample. However, in the present
stﬁdy, no Li(1ls) peak attributable to metallic lithium was observed. In a
related experiment, we observed radiation decomposition of LiClO4 exposed
to Al Ky x-rays. The spectral changes in the valence band, Cl1(2p), and
Li(1s) regions showed formation of LiClO3 as a major product containing
Li+, but there was no indication of lithium metal formation. Although
formations of colloidal metal particles by low-energy (500 eV)lg and high-
energy (3.5 MEV)ZO electron irradiations of alkali halides have been ob-
served, metal formation is not as well-characterized for irradiated oxy-
anion salts. The metallic yields determined by Povey and Sherwood9 were

less than 5% of the total intensity of the Li(1ls) line and depended upon

sample preparation. In our studies there was no major difference in the



-8-

valence band spectra before and after electron irradiation because of the
similarity in the molecular-orbital energy levels of LiNO2 and LiNOS.
The only difference of note is the appearance of a new peak around 22 eV

which is the 0(2s) line of LiZO.

B. Product Assignments in Irradiated.LiZSO4

The sample surface showed a gradual black coloratioh which increased
with irradiation time and was insensitive to photobleaching. Figure 4
shows the spectral change in the S(Zp) regioﬁ. The: absolute total inten-
sity decreased with irradiation time and the rélative S(2p) intensities
in Figs. 4(b) and 4(c) were 0.84 and 0.58 times that in Fig. 4(a), réspec-
tively. After electron irradiation, the S(Zp) line split into peaks
attributable to three different chemical forms, labeled D, E, and F. As
the effect of the chemical mixture on binding energy is negligibly small,
the chémical forms of the products may.be determined from the spectrum

as in the case of LiNO, radiation products. The S(2p) energies and the

3
chemical shifts of the products are given in Table I. Extensive work

has been done on the chemical shifts of sulfur compounds.ZI“24

Theoreti-
cal considerations lead to correlations between the chemical shift and

the atomic charge which can be obtained from simple quantum-chemical
calculations or more simply from Pauling's empirical equafion for partial .
ionic character of the chemical bond. Comparisons of the present chemi-
cal shifts with the published data for theVS(Zp) binding energy yield
the oxidation states of the sulfur products. The chemical shifts for
the S(2p) energies of some related compounds are listed in Table II,

and the chemical forms of the products are identified as shown in brac-

kets in the first column of Table I.



Figure 5 shows the spectral change in the O(1s) region. The irradia;
tion causes a decrease in the absolute O(1s) intensity as in the case of
the S(2p) line. Deconvolution of Fig. 5(b) indicates there appear to be
at least four products (G, H, I, and J) containing chemically different
oxygen, as displayed invFig. 6. The most intense peak is the O(1s) line
from the parent soi'. Peak G is assigned as oxygen trapped or more likely
adsorbed strongly on the surface layer, because it showed a dependence on
pressure during electron irradiation. It is well known that the O(1s)
spectrun of oxygen chemisorbed on metals and oxides does not show a detec-
tablemultipletsplitting,25 which 1s clearly observed for gaseous moiecu-
lar oxygen.26 Furthermore, the electronic environment of chemisorbed
oxygen is quite different fromthat of gaseous oxygen (its O(1ls) energy
is lowered by as much as 13 eV compared with that of gaseous statezs).'
Correct assignment of product H requires further examination, but such

species as O2 and O3 trapped in the surface layer are considered as possi-

ble forms on the grounds that the oxygen in the product H should be in

an oxidation state between 0 and -2. In addition, Oé is usually found
in irradiatedvoxyanions such as NaZSO45 at room temperature, and is stable

6 Peak I can be attributed to

up to 150°C in gamma-irradiated KZSO4.
sog', because the intensity relative to that of the.parent, after stoi-
chiometric correction, is nearly equal to the corresponding intensity

ratio determined for the S(2p) peak in Fig. 4. A small chemical shift
for the 0(1s) energy between SOi— and SO has.also been observed else-

3
21,22 Peak J, corresponding to a highly polarized form, becomes

where.
increasingly intense with irradiation time and seems to be the final

oxygen-containing product. It is assigned as the 0O(1s) peak from LiZO,
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which is also present in irradiated LiNO3 and LiC104. A calculation |
based on Nefedov's empiriéal curve14 showed that the expected chemical
vshift from the parent is -1.9 eV, while a -3.0 eV shift is obtained
from Fig. 6.

Any analysis of an unresolved peak into components is subject to
doubt, and this interpretation must be regarded in that context. It is
clear by visual inspection of Fig. 6 that at least five simple lines are
needed to fit the spectrum. More could be used of course, and the inten-
sity ratios are not uniqﬁe. Thus our interpretation is only the most
plausible wé can offer. A disturbing feature of this spectrum is the
shift of the main O(1s) peék by nearly 1 eV on irradiation. This can
be rationalized in terms of the reducing environment, but is not really
explained.

Spectral changes in the valence band region, including the Li(1s)
line, are shown in Fig. 7. These spectra do not give any definite evi-
dence for the formation of sog' because it has a valence band spectrum
very similar to that of the parent.8 Irradiation causes a gradual de-
crease in the absolute intensity of the valence band spectrum, and new
peaks (I)and (IT)appear at 22 and 6 eV. These are the O(2s) and O(2p)
lines from LiZO, adsorbed oxygen, etc. The distortion of peak (I1I)may
be due to a small contribution from the S(Sp) line. The photoionization
cross-section of S(3p) at Al K, energies is estimated to be small, but

larger than that of the S(3s) shell.27

A small change in the Li(ls)
line is also seen in Fig. 7 with a chemical shift of -1.4 eV from the
parent. Since there are four possible anions associated with Li+, the

chemical shift observed is too small to be assigned unambiguously. We
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emphasize again that these spectra do not contain a peak attributable to
metallic 1ithium.

For quantitative analysis, the relative intensities of the S(2p)
peaks are plotted against the total current density of the incident elec-

trons in Fig. 8. The initial slopes of these curves will be used in the

next section to estimate G -values. In the heavy irradiations, the increas-

ing rate of sulfide yield is far larger than that of the SO% yield, and

is slightly larger than the decreasing rate of the parent This means

that sulfide is one of the common radiation products from both SOi— and
so%‘. Figure 9 shows growth curves of the oxygen containing products.

While the yield of the product G (not G-value, chemical species indicated
as G in Fig. 6) decreases in the heavy irradiations, the 502_ peak, peak
H (possibly absorbed oxygen), and the LiZO peak yields show no sign of
decline. The relative concentrations of SOZ- and sog" predicted by the
intensity profiles of Figs. 8 and 9 agree quite well with one another
(within a few percent) when the correction for stoichiometry has been

applied to the results of Fig. 9.

C. Estimation of G-Values
An estimate of the absolute yields of the products is especially
important because little is known about the formation of molecular spec-
ies in solids. For this purpose the G-values should be determined.
Because the incident electrons penetrate far beyond the depth detected
in XPS measurements, the quantity obtained in this study is different
from the G-value usually adopted in radiation chemistry, but it may pro-

vide important information about the distribution of products along the
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traCks of incident electrons. We shall consider the G-value for radiation
decomposition of thése parent molecules which lie in the initial layer of
thickness equal to the effective sampling depth for photoelectrons ori-
ginating from S(2p) levels of LiZSO4 radiation decomposition products.

It will be shown that this value can be estimated from the initial slope
of the parent concentration curve (Fig. 8), assuming that the sulfur-

containing products are only SO3 , elemental sulfur, and sulfide.

The radiation decomposition product concentration P is defined as
, 1)

where N& and Nt are, respectively, the number of molecules radiolitically
decomposed.and the total number of parent molecules originally in the
layer of thickness corresponding to the effective photoelectron sampling
depth A'. The quantity N; is related to the G-value for radiation de-

composition by

N

§ = By G/100 . | (2)

Here Eab (in eV) is the net energy absorbed per unit surface area in the

"layer \' due to inelastic collisions. Eab is approximately given by
Eap ™ No(Bgy - Egp) _ (3)

where Eel and.Eez are the incident electron energy and the average kine-
tic energy of an electron which has traversed the layer of thickness A'.
Ne’ the total number of electrons-striking the unit area of fhe sample

surface,.is given by N, =Cx 6.24 - 1018, where C 1is the total inci-

dent charge per unit surface area, in units of Coulomb/cm‘z; From
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Eqs. (1) - (3) the G-value is expressed as

17

= AprA! P16 x10t ' | )

M(Eel - Eez) C

G

where A is Avogadro's number, p is the mass‘deﬁsity of the target and
M the molecular weight. To determine the G-value, Ae (the inelastic
collision mean-free path) in LiZSO4 was evaluated from an equation given
by D. R. Penn,28 and is plotted as a function of the incident electron
energy in Fig. 10. The extrapolated penetration range Re (Fig. 10) of
the incident electrons, which is required to ¢stimate Eab’ was calculated

29 From -

on the basis of a semiempirical equation by T. Tabata, et al.
the geometrical considerations30 of Fig. 1 and the Ao values, A' is esti-
mated fo be 13 A for S(2p) photoelectrons (K. E. ~1320 eV) produced by
Al Kd x-rays, while Re of incident 1400 eV electrons is 599 A. Therefore
the average energy Eez corresponds to an electron energy with an Re value
of 586 A, or 1374 eV. Consequently, ca. 26 eV is lost in the surface
layer of thickness A'. This estimate is consistent with the production

of secondary electrons described below. As the density of LiZSO4 is

2.22 g/en’, Eq. (4) is simplified to
G=9.7 x 107% (AP/2C); ‘ (5)

where (AP/AC)i means an initial slope for the decrease of the parent with
incident charge in the A' layer. (AP/AC)i in Eq. (5) is the initial slope
for the decrease of SOi_ in Fig. 8, which is -4.2 (£50%). Therefore, the

G-value becomes ca. -4.1 x 10°3, where the negative sign indicates rad-

iation decomposition. In other terms, a 20% decomposition of the surface
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layer of a LiZSO4 crystal requires 1100 of 1.4 KeV electrons per sur-
face sulfate ion. The G-values for the products were also determined
from the corresponding slopes, and are listed in the fourth column of
Table 1.

| We must now discuss the severity of the approximations made in the
G-value estimates. The sampling depth A' is smaller than the Ae value
for the bombarding electrons (22 &), so the region from which the XPS
signal originates is probably umiform (i.e., a homogeneous distribution
of radiation products exists within A'). The estimate of Ee2 is probably

correct to within 15%,29

but Eab is also strongly dependent upon the
secondary electron spectrum, as secondary electrons may transmit appre-
ciable amounts of energy outside this layer. Energy- and angular-resolved
secondary electron spectra have been measured for various gases irradiat-

31,32 These measurements showed that

ed with 0.5 - 2.0 keV electrons.
most secondary electrons have energies below 70 eV. This is the energy -
regime in which A increases drastically with decreasing electron kinetic
energy.33 Thus, a significant proportion of the energy deposited in

the layer A' may be removed by secondary electrons escaping into vacuum,
but this energy loss is partly compensated by secondary electrons-ffom
deeper within the crystal. Finally, the estimates of the initial radia-
tion decomposifion rates from (AP/AC)i are lower iimits due to fufther

decomposition of products. Thus, the G-value calculated for SO4 decom-

position is a lower limit for the actual value.

IvV. CONCLUSION
Although further refinement is necessary, especially for the estimate

of the energy deposited in a layer of thickness A', the present analysis
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gives a useful approach to quantitative determination of the radiation
products in surface layers. In addition, irradiations with iﬁcident
electron energies lower than 0.3 keV, which were not experimentally
feasible in the present study, will provide important information about

chemical changes near the terminus of an electron track, where energy

transfer becomes quite large.
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The .SZP3 /2 binding energies and G-values of the products.
Chemical forms E(ev) AE(ev) G (£50%)
505" 168.1 0 -4.1x10"3
D (S027) 165.5 2.6 3.4x107°
E (elemental) 162.2 5.9 8.4x10™°
F (%) 158.8 9.3 6.4x107*
| 3

Sum of products ' v 4.1x10°
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TABLE II. The S2p energies of some related compounds and

averaged chemical shifts from the Soi_ peak.

Compounds E(eV) A E, . (eV)
a
Na,S0, 168.9
167.7 P 0
a
Na, S0, 166.7
165.8 P 2.1
a
Sq 164.2
162.2 P 5.1
Na,S ©162.0 @
160.8 P 6.9

a Frorh ref. 21.

b From ref. 22,
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FIGURE CAPTIONS
Experimental geometry for (a) electron irradiations and (b)
XPS measurements. S: sample, H: sample holder, G: electron
gun, A;'analyzer system, 6 = 38°, ¢ = 78°.
Spectral changesjjlfhe N(1s) region of irradiated LiNOS. Peak A
. I. is in units of Coﬁlomb/cmz.
Spectral changes in the O(1s) region of irradiated LiNOS.
Peak B is assigned to product NO% and Peak C to product LiZO.
Spectral changes in the S(2p) region of irradiated LiZSO4.
Each peak is 2p1/2—2p3/2 doublet only partially resolved.
Peak D is assigned to product SOZ_, Peak E to elemental
sulfur, and Peak F to & (see Table I).
Spectral changes in the O(1s) region of irradiated LiZSO4.
(See Fig. 6 for product assignments.)
Cqmputer unfolding of the spectrum of Fig. 5(b). The darker
line is the sum of five Gaussian components. Peaks G and H
may be due to adsorbed oxygen and Oé (or Og), respectively.
Peak I is assigned to product SO§_ and Peak J to LiZO.
Spectral changes in the valence band region-of irradiated
LiZSO4. In part (a), the molecular orbitals are clearly
evident. .In part (c), Peak (I) is assigned to O(2s) and
Peak (II) to O(2p) associated with the reduced species and
LiZO.

Relative S(2p) intensities of the products on the irradiated

LiZSO4 surface versus total radiation dose.
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Relative O(1ls) intensities of the products on the irradiated
LiZSO4 surface versus total radiatien dose.

Calculated inelastic collision mean-free path ke and extra-
polated range Re of electrons in Li_ZSO4 as a function of .
kinetic energy. Semiempirical equations given by D. R. Penn28
and T. Tabata, et al.29 were used for the caléulations of A,
and Re’ respectively. The dashed extrapolations of these
curves reflect the expected behavior for electrons with

energies approaching the bottom of the conduction band (for

Ae’ see Ref. 33).

«
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