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ABSTRACT 

X-ray photoelectron spectroscopy (XPS) -was employed to identify 

radiolytic products in NaCI0
3

, LiCI0
4

, LiBr0
3

, and LiI0
4

, which were 

irradiated in situ with 1.4 keV electrons. While LiI04 was exceedingly 

resistant to radiation damage, the remaining compounds decomposed 

readily by an apparent stepwise releas~ of oxygen from the parent 

-
oxyanion to form X03 ' X02 ' X(X = Cl or Br) and 02. Heavyirradiation 

produced I03 in LiI04 and alkali halide, and alkali-metal oxide in the 

remaining compounds. These final products were cathodochromic, with 

both trapped electron (F or anion vacancy) and hole (V
k 

or X
2

) centers 

being formed. Photobleaching of these centers also induced a partial 

reoxidation of the halogen species that had been formed by radiation-

induced reduction. Comparison of the production rate of Li
2

0 with that 

-of X
2 

+ X suggests that Li20 is not a primary product, but may be 

produced via oxidation of colloidal particles of metallic lithium in 

the alkali halide layer of the heavily irradiated samples. 
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INTRODUCTION 

Numerous studies of radio lysis have been carried out to determine 

chemical distributions of products in crystalline alkali-metal halates 

an' d hId h'" d" 60 per a ates expose to suc 10n1z1ng ra 1at1ons as Co gamma-rays 

and soft X-rays. Using quantitative chemical analyses, Boyd and 

I 2 - - - -
Brown' observed CI04 , CI02 , CIO , CI , 02' 03' and probably CI0

2 

produced in KCI0
3 

on irradiation with 60co gamma-rays at room tempera

ture.The dominant product (formed with a G value of 2.06) was found 

to be CIO~. On the otheI:: hand, ESR spectroscopy of irradiated KCI0
3 

indicated:the formation of five paramagnetic species: CI0
2

, 03' and 

3 ,2- 4,5 
at room temperature and CI0

3 
and CI0

3 
at low temperatures. 

Similar chemical species have been observed at room temperature for 

6 - 2-
irradiated KBr0

3
, with such stabilized radicals as (BrO-Br0

3
) , Br0

3 
- 7 

and 02 observed instead of CI0
2 

and (CI-CI0
2

) in irradiated KCI0
3

• 

Mechanisms for the formation of these products have been proposed by 

8 2 
Zakharov and Nevostruev and also by Boyd and Brown. 

The halogens have several stable oxidation states both as solid 

salts and.in solution. As indicated above, several of these states are 

evidently produced in the radiolysis of halates and perhalates. A 

universal method for detecting these products would be quite valuable. 

X-ray photoelectron spectroscopy (XPS) shows promise in this regard. 

It is very sensitive to changes in oxidation state and is therefore a 

powerful ~echnique for the determination of the chemical states of 

radioiytical products. The XPS technique is also advantageous in allow-

ing direct in situ observation of the species trapped within the crystal 

lattice, and it is sensitive to molecular species undetectable by ESR. 
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a commonly-used technique for analyzing the chemical products of 

radiolysis. 

prins9 has found radiolytical products such as Cl0
3

, CIO , and 

CIon a NaCl02 sample exposed to Al Ka X-rays during XPS measurements. 

. 10 11 Stimulated by his findings and our previous radiation damage stud1es, , 

we applied XPS to the examination of chemical changes in the oxygen 

ligand as well as the central halogen in electron-irradiated NaCl03, 
LiCl04 , LiBr03 , and LiI04 • In this paper, the radiolytical products 

identified in the electron-irradiated solids are compared with observa-

tions for gamma-ray radiolysis by other workers. It is found that, 

except in the case of LiI04 , reduction of the halogen is accompanied by 

stepwise release of oxygen from the parent oxyanion and that heavy 

irradiations result in the formation of X-, 02' and alkali metal oxide. 

Intense color center formation due to electron bombardment is observed, 

and the existence of a trapped hole center X; is inferred from the data. 

II. EXPERIMENTAL 

A single crystal .of LiCl04 was grown by slow cooling of its melt. 

LiBr03 and LiI04 powders were pressed into pellets 6mm in diameter, 

2 
using a pressure of 120 kg/em. The samples were stored in a vacuum 

desiccator until the XPS measurements because they are highly hygro-

scopic. 

The experimental apparatus and procedures used for electron 

irradiation of the samples and subsequent XPS measurements have been 

described in detail elsewhere.
lO 

Because of the extreme sensitivity 

of the NaCl03 , LiCl04 , and LiBr03 even to Al Ka X-rays, the sampling 

\ 

v 
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position of the crystal surfaces was varied slightly every five hours 

during the ca. IS-hour XPS measurement of the valence band. After heavy 

t 

irradiation with 1.4 keV electrons some samples had turned deep blue 

due to the formation of color centers. Photobleaching was performed by 

shining a 200 W tungsten filament lamp through a quartz window. While 

-9 
the base pressure of the spectrometer was less than 1 x 10 Torr, the 

pressure increased slightly during the photobleach procedure, which 

required about 2 hours to bleach the, samples completely. Both during 

and after the experiments, carbon contamination of the sample surface 

was below detection limits. 

Any change in the Fermi level caused by electron irradiation was 
,-

not detec~able using XPS; no shifts in a given core-level energy of the 

same chemical state were observed despite the changes in the chemical 

composition of the sample surface. All binding energies, if not otrher-

wise noted, were referenced against the edge of the valence band for 

the respective alkali halide which was the main final product of the 

radiolysis. All other procedures in this experiment were the same as 

previously described.
lO 

III. RESULTS AND ANALYSES 

A. Spectral Changes and Product Identification in Irradiated NaCI03• 

All the observed peak binding energies, including molecular orbital 

energies; for the compounds investigated are compiled in Tables I and II. 

The NaCl0
3 

sample was very sensitive to irradiation. Figure l(a) 

shows the Cl(2p) region before irradiation. A small amount of reduced 

chlorine attributable to Cl is observed near 199 eV binding energy 

(E
B
). This is due to radiolysis caused byAl Ka X-rays during the 
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12-14 XPS measurements. Electron bombardment caused vast changes in 

the core-level region so quickly that intermediate stages of product 

formation by radiolysis were not observable. Figure l(b) shows the 

core-level shift caused by a ten-second low-level radiation dose. No 

peaks attributable to chlorine oxyanions are observed. The incident 

charge, calibrated by using a Faraday cup, is given in the rectangles in 

units of CoulOmb/cm
2

• 
2 

Even after heavy irradiation (0.3 C/cm of 

1.4 keV electrons) the spectral shape remained essentially unchanged, 

as seen in Fig. lCc). Assuming equal line widths for all chemical 

species, a spectral fitting analysis using Gaussian peaks suggests the 

presence of three chemically different chlorine species in the spectral 

feature of Fig. l(b).The main product B is assigned as Cl from its 

chemical shift given in Table II and from spectral changes in the valence 

band region (to be shown in Fig. 3). The apparent broadening to lower 

binding energy, represented as peak C, may indicate the presence- of 

inequivalent binding sites for Cl anions in the chemically altered 

lattice, or may simply be an artifact of the procedure used to fit the 

spectra. However, .the feature denoted peak A represents a definite 

chemical species of Cl which appears to be in an oxidation state between 

Cl and C1Q. In addition, the sample surface developed a faint blue 

coloration, indicating the presence of color centers. 

Exposure of the sample to white light from a tungsten lamp removed 

the faint blue coloration, revealing a cloudy surface. The resultant 

XPS spectrum is shown in Fig. led). The most significant change in the 

spectrum is the reappearance of a small amount of the parent chlorine 

species. Also significant is the disappearance of the high binding 
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energy broadening of the main Cl 2p spectral feature, i.e., there is 

strong attenuation of peak A. This observation may be interpreted by 

assigning ,peak A to the species C1
2

, as the chemical identity of a trapped 

hole or Vk. center in an alkali chloride lattice. Other investigations 

have shown. that V
k 

centers are stable in alkali halide lattices only 

15 3 
at low temperatures, but are stable in irradiated KCI0

3 
and 

Ca(Cl03)2eH20 at room temperature. 
16 

The spectral changes in the O(ls) region which result from e 

irradiation and subsequent photobleaching are shown in Fig. 2. Three 

new peaks--D, E, and F--at energies different from the parent O(ls) 

peak position are required to obtain good fits to the spectra of 

Figs. 2(b) and (c). The assignment of these peaks to chemical species 

is somewhat confused by the presence of a product peak at the same 

energy as the O(ls) line from CI0
3

, even though the Cl(2p) spectra in 

Fig. l(b) show no evidence of a signal from the parent (i.e., not 

reduced) species. This has been pointed out by Copperthwaite and 

1 d 12-14 h b d k d" t D d k h L oy , woo serve a pea correspon 1ng 0 an a pea at t e 

same energy as O(ls) in CIO; in soft X-ray irradiated NaCI0
3

; the latter 

they assigned to 02 trapped in a lattice site of the crystal and the 

former to interstitial ° atoms associated with 02 in a complex similar 

to ozonide ion. 

Our data on e irradiated NaCI0
3 

presented in Fig. l(b) are not 

consistent with this interpretation, because D has roughly twice the 

intensity of the residual peak at the parent binding energy. We assigned 

peak D as due to O(ls) photoemission from molecular 02 trapped in the 

solid. An 02 peak should be detectable because of the high G-value 
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17 . 
(2.36) for its production observed by Burchill et al. for powdered 

NaCl0
3

. Peak F is readily assigne.d to the ° (Is) line of Na20 (by 

analogy wi U ° (Is) Jf Li20 in irradiated LiC104 and LiBr03 described 

later). 'fhe assignments of feature E and the residual peak at the parent 

binding. energy are ~pen questions, although a strong candidate for one 

of these peaks is 03' The formation of 03 in gamma-irradiated NaCl0
3 

3 
and KCl0

3 
single crystals has been well-established by ESR, resonance 

18 d t" 12 ,19,20 " " "1 ( 1" Raman, an op l.ca spectroscopl.es. A S1.Inl.ar ° Is) l.ne was 

- 10 
observed in irradiated Li2S0

4 
and LiN0

3 
and attributed to 03' The 

apparent high intensity of the O(ls) line of the residual peak in 

Fig. 2(b) is due to the scale normalization used for the figure. Its 

actual peak intensity relative to the O(ls) of Cl0
3 

in Fig. 2(a) is 

approximately 0.14, which agrees with observations of X-ray irradiated 

12 
NaCl0

3
• The photobleach produced the spectrum shown in Fig. 2(c). 

A notable change is the apparent regeneration of the parent species, 

as was observed in Fig. led). 

In Fig. 3(a), we show the valence band region, including the Na(2s) 

and Na(2p) lines, of the pre irradiated NaCl0
3

• Although the la
1 

orbital 

peak overlaps the Na(2p) peak, the spectral pattern is almost the same 

21 
as that for LiC10

3 
in a recent publication by Calabrese and Hayes. 

From the core-level shift in Fig. l(c), peaks (II) and (III) in the 

spectra of the irradiated sample (Fig. 3(b» are assigned as the Cl(3s) 

and C1(3p) lines, respectively. The shoulder on the high-energy side 

of the C1(3p) line was discussed previously22 and ascribed to splitting 

of the valence-band structure in NaC1. The weakest--peak (I)--is 

attributed to the 0(2s) lines of the species which give rise to peaks D, 

v 
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E, and F, and the residual feature in Fig. 2(b). The FWHM of the Na(2s) 

line increased from 1.7 eV in Fig. 3(a) to 2.5 eV in Fig. 3(c), probably 

because of the existence of at least two chemically different Na+ ions 

contributing to the latter spectrum. 

B. Spectral Changes and Product Identification in Irradiated LiCl0
4 

Long-term exposure of the LiCl0
4 

crystal to Al Ka X-rays caused a 

pronounced change in the core-level peaks. Fig. 4 demonstrates the 

effect of X-ray exposure on the Cl(2p) region. A new photopeak, indi-

cated as G, appeared after exposure to source X-rays for 24 hours. The 

labels Hand J refer to the expected positions of further reduction 

products. Radiation products were identified from their chemical shifts, 

given in the third column of Table II. In spite of the distinct changes 

in the core-level peaks, the valence-band region remained unchanged 

regardless of exposure time. This is compatible with the observation 

that the valence band spectrum of ClO;, which is the dominant product 

23.24 
formed by X-ray exposure, is very similar to that of Cl0

4
. 

Electron irradiation brought about further, more drastic changes in the 

core-level regions. Fig. 5(a) was obtained for a sample that was 

subjected to the same X-ray exposure history as that of Fig. 4(a) and 

subsequent electron irradiation for 15 seconds. Deconvolution analyses 

indicated the possibility of a small contribution of an additional peak I 

on the high binding energy side of peak J. This peak I corresponds 

closely in energy to the product peak A, ascribed to C12 , observed in 

Fig. 1. Continued irradiation revealed that CI0
3 

and CI0
2 

as well as 

Cl0
4 

are further reduced to CI and C1
2

, as shown in Fig. 5(b). The 
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accumulation of C1
2 

in the surface layer is supported by.a distortion 

toward the high binding energy side of the main photopeak in Fig. S(b). 

Whereas irradiation of the NaCI0
3 

sample produced a broadenin~ of the 

Cl peak to lower EB represented by C in Fig. l(b), no corresponding 

broadening was found for irradiated LiCI0
4

• 

Electron bombardment also produced a deep blue coloration of the 

sample surface, which is evidence of color-center formation. Spectra 

obtained after photobleaching the colored sample revealed the reformation 

of CI0
2

, CI0
3

, and CI0
4

, as seen in Fig. S(c). The decoloration was 

also accompanied by removal of the high binding energy distortion of 

-
the main product peak, indicating the disappearance of C1

2
• These 

phenomena are analogous to. those reported for NaCl0
3

. 

Spectral changes in the O(ls) region are shown in Fig. 6, The 

measured maximum spectral intensities of Figs. 6(b), 6(c), and 6(d) 

relative to that of Fig. 6(a) were 0.37, 0.20,~nd 0.63, respectively. 

Irradiation resulted in decreases in the O(ls) intensity of CI0
4 

and the 

gradual appearance of new photopeaks. Fig. 6(b) was unfolded into four 

Gaussians whose widths were taken to be that of Fig. 6(a). The smallest 

peak in the fit is at the energy position of the parent species. 

Peaks K and L are assigned as the O(ls) lines of CI0
3 

and CI0
2

, 

respectively, because the O(ls) energy is expected to decrease in the 

order of CI0
4 

> CI0
3 

> CI0
2

, On the other hand, peak M, which must arise 

.. 10 
from a highly polarized species, is assigned to the O(ls) line of L1

2
0. 

Since the heaviest irradiation (0.46 c/cm
2 

of 1.4 keV electrons) 

resulted in spectral features essentially identical to Fig. 6(c), Li20 

is clearly a fairly stable product of irradiated LiCI04 • The O(ls) 
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region of Fig. 6(d) showed striking evidence that photobleaching is 

accompanied by oxidation of the lower-oxidation-number halogen species. 

Analysis of the peak intensities shows that the relative amounts of 

the species reformed are qualitatively consistent with those of Fig.5(c). 

specttal features in the valence-band region are displayed in 

Fig. 7. Photopeaks from molecular orbitals of CIO~ given in Fig. 7(a) 

were completely replaced by the new peaks (IV), (V), and (VI) after 

2 
irradiation to 0.46 C/cm , as seen in Fig. 7(b). Since the CI(2p) 

region in Fig. 5(b) indicated essentially complete reduction to CI- and 

C12 , peaks (V) and (VI) are assigned as the CI(3s) and CI(3p) lines of 

these species, respectively. The intensity of peak (V) relative to that 

of peak (VI) and the shape of peak (VI) characterized by a small shoulder 

on the high binding energy side are the same as those observed for 

NaCl
22 

and LiCI.
25 

Peak (IV), on the other hand, is due mainly to the 

0(2s) line of Li20. This peak may contain slight contributions from 

224 224 . -
the S (3s 3p 3d) and S (3s 3p 4d) states of CI (ground state: 

I ( 2 6) ) db' 25 S 3s 3p , as suggeste y Pr~ns. The peak assignments of the 

valence-band region are compatible with the chemical shift of the Li(ls) 

line toward the low binding energy side in Fig. 7(b), where the higher-

energy peak arises primarily from LiCI while the lower-energy contribu-

tion is from Li20. Photobleaching of the colored sample yielded the 

- -spectrum shown in Fig. 7(c). The reformation of Cl0
4

, Cl0
3

, and Cl0
2

, 

which have similar valence band spectra, is again suggested. 
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C. Spectral Changes and Product Identification in Irradiated LiBr0
3 

The LiBr0
3 

sample was also very sensitive to irradiation. Fig. 8(b) 

shows the Br(3p) region of the sample after irradiation for five seconds. 

The spectrum reveals the presence of bromine in four different oxidation 

states.· A computer fit using four spin-orbit doublets with the relative 

intensities and FWHM of the doublet peaks determined from Fig. 8(a) is 

indicated by dashed lines. The Br(3P3/2) and Br(3d) energies for the 

different chemical species as determined by the peak fitting scheme 

are included in Table II with some related data. From the chemical 

- -shifts, the products are assigned as Br02 , BrO , and Br. The formation 

of the same species has been pointed out by Boyd and co_workers2 ,6,26 

60 
for crystalline alkali bromates exposed to Co gamma-rays with rela-

- -tively high yields for Br02 , Br , and also °2 " The entire XPS spectrum 

gradually shifted to lower binding energy with increasing irradiation 

time. Heavy irradiation turned the sample surface deep blue. The color 

was different from the light-yellow to gold (ass~gned to 0; formation
6

) 

reported for gamma-irradiated LiBr0
3

• The blue coloration implies 

formation of color centers in the surface layer of LiBr formed on the 

irradiated LiBr0
3

• No clear evidence was obtained for the formation 

of Br2 as a counterpart of the trapped electron centers as in the case for 

C12 in heavily irradiated NaCl0
3

·and LiCl04 . 

Photobleaching the colored sample resulted in the reappearance of 

-
photopeak~ corresponding to Br0

3 
and ~r02' as shown in Fig. 8(d). 

-Although the presence of Br2 was not confirmed in Fig. 8(c), processes 

for the oxidation of bromine initiated with the photobleaching may be 

similar to that of chlorine in the irradiated NaCl0
3 

and LiC10
4

, as 
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discussed later. Both the Br(3s) and Br(3d) regions revealed the same 

chemical changes as those of the Br(3p) region. 

After irradiation, new O(ls) peaks--Q and R (originating from Br0
2 

and Li
2
0, respectively)--appeared. The assignment of peak R is supported 

by the fact that it slowly increased in relative intensity and survived 
\ 

heavy irradiation, as seen in Fig. 9(b). Fig. 9(b) does not show strong 

-evidence for the formation of °3 , which has been observed for gamma-

. d' d 27-29 30 d 1 . 9 (') h f ~rra ~ate NaBr0
3

, KBr0
3

; an CsBr0
3

. In F~g. c t e re orma-

tion of the parent species during photobleaching of the color center 

is again observed. 

The valence-band spectrum taken with careful variation of the 

electron collection position to minimize the impact of X-radiation damage 

on the spectrum is given in Fig. lOCal. We noted the energy resolution 

of this spectrum is better than that in a recent publication by 

24 
Nefedov et ale Electron irradiation caused a gradual decrease in the 

intensity of the molecular orbitals, producing the spectrum shown in 

Fig. 10(b) , which is dominated by three new peaks and reveals a splitting 

of the Li(ls) line. Peak (VIII) is assigned to the Br(4s) line from 

Br , which is the dominant species as determined from Fig. B(c). 

Peak (IX) is composed of the Br(4p) of Br and the 0(2p) line of Li
2
0. 

This photopeak is characterized by two shoulders on the high binding-

energy side. One of them originates from the 0(2p) line and the other 

. . h . 22 . . 
~s interpreted ~n terms of t e band structure of L~Br, wh~ch ~s a main 

final product on the sample surface. On the other hand, peak (VII) is 

mainly the 0(2s) line of Li20. The photobleachiilg of the deeply colored 

sample yielded a spectrum analogous to those for the NaCI0
3 

and LiCI0
4 
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samples, as shown in Fig. 10(c). In addition, the Li(ls) region was 

broadened by the presence of LiBr0
3

, while Fig. 10(b) shows a sharp 

separation due to the Li(ls) lines of LiBr and Li
2

0 at the high and low 

energy sides, respectively. 

D. Identification of the Products in Irradiated LiI04 

In contrast to the preceding examples, LiI04 was very resistant to 

. .. b d . 1 2 ~rrad~at~on, as 0 serve prev~ous y. There was no apparent change in 

color of the irradiated sample surface. However, heavy irradiation of 

2 
0.49 C/cm of 1.4 keY electrons caused decreases in the I(3d

S
/

2
) and 

O(ls) binding energies by 0.8 and 1.0 eV, respectively. The core-level 

energies of the product are given in Table I. From the chemical shift 

-in the I(3dS/ 2 ) energy, the product is assigned as 103' The I(3dS/ 2) 

energy of 103 has been found to be lower by 1.S eV than that of 10-
31 

4. 

There was no photopeak attributable to further radiolytical products 

such as 12 and 13 which have been observed for gamma-irradiated 

LiI0
3

.
32 

Also, there was no evidence for the occurrence of the a1ka1i-

metal oxide found in the preceding samples. These results are in 

general agreement with observations for gamma-irradiated KI0
4

.
2 

IV. DISCUSSION 

The study of radiation damage due to low-energy electrons is quite 

important, because any ionizing radiation in a solid creates a cascade 

of electrons. Hot electrons dissipate energy via the creation of 

electron-hole pairs in the electron-irradiated halates andperhalates; 

the nonradiative decay of these localized excited states can lead to 

drastic changes in the chemistry of a solid. 
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Some of the electron and hole states formed can be trapped at 
, 

defect sites formed in the altered lattice structure. Good candidates 

for these trapping sites are vacant anion sites for electrons (F and 

assorted centers), producing a visible coloration of the sample, and 

V
k 

centers (x
2

) for holes. These centers are bleachable by a white light 

source. In conjunction with bleaching, regeneration of oxyanion species 

is observed. The oxidant responsible for this reformation of higher 

oxidation state species may well be the trapped hole centers, x
2

, which 

react with alkali oxides to generate halates or perhalates. Further 

study is required to elucidate the reaction(s) responsible for this 

light-induced oxidation process; studies of low-energy electron irradia-

tion with XPS and perhaps optical reflectance spectroscopies at various 

temperatures should prove to be quite interesting. 

Heavy electron irradiation of chlorine and bromine oxyanions 

yielded alkali halides, alkali-metal oxides, and molecular oxygen as 

the main chemical products. Although not observed in our study, the 

formation of X0
4 

has been observed in gamma-irradiatedhalates such as 

1 1,17 d 2,33. h f . KC 03 an CsBr03 Wlt alrly high G values (0.96-1.13 and 

ca. 0.7, respectively). 
34 2 

Both Heal and Boyd and Brown have postulated 

perhalate formation via addition of oxygen to the matrix molecule. 

The primary steps of the radiolysis are assumed to be the ionization 

-and excitation of X0
3

' possible mechanisms for the scission of an 

X-o bond are 

-* -+ X0
3 

-+ XO 
n 

-
+ (3-n) ° + e 

-+ XO f 
2 

0. 

and (1) 

(2) 
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Oxygen atoms produced via reactions (1) and (2) may lead to abstraction, 

addition, or direct combination of the atoms: 

- -
° + X0

3 
-+ X0

2 + °2' 
( 3) ,., 

-
° + X0

3 
-+ X0

4
, and ( 4) 

° + 0-+ °2· (5) 

Whereas the reaction rates (3) and (4) are first-order in oxygen 

concentration, that for reaction (5) is second-order. For this reason, 

reaction (5) should be favored in radiolysis with high linear energy 

transfer' (LET) radiations, such. as energetic electrons and ions. The 

LET ofl.4·keV electrons employed in the present work is estimated to 

o 60 
be about 2 eV/A, more than 30 times that of Co gamma-rays and soft 

X-rays. Accordingly, the competitive reactions (3) and (4) are 

suppressed, resulting in the absence of perhalate species in the 

irradiated NaCI0
3 

and LiBr0
3 

samples. 

On the other hand, products from reactions (1) and (2) could 

undergo successive radiolysis due to their large concentration on the 

sample surface. Chemical decomposition of the heavily-irradiated 

surface produces a thin layer of alkali halide containing various types 

of structural defects. It is well-known that exposure of alkali halides 

to ionizing radiations, including energetic electrons, efficiently 

produces F-centers; i.e., trapped electrons in vacant halogen sites. .• 
However, the blue coloration of the present samples, which are assumed 

to have absorption maxima around 6000 R, is different from that expected 

35 
for F-centers in NaCl, LiCl, and LiBr. This discrepancy may arise 

from the distorted lattice structures of the alkali halides produced 
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on the sample surfaces. The degree of lattice expansion may be estimated 

h 11 1 · 36 from t e Ivey-Mo wo re at10n, 

~ (i) = 703 x dl • 84 
max 

which relates the maximum in the F-center absorption spectrum ~ 

(6) 

max 

to d, the interionic distance in Rngstroms. This predicts a ca. 1 R 
increase in the interatomic distance of the observed radiation products 

relative to the normal alkali halide lattice spacing. Whereas the Na-Cl 

and Li-Cl distances in the alkali halides are 2.81 and 2.57 i, respec~ 

tively, those in NaCl0
3 

arid LiCl0
4 

are 4.00 and 4.64 i as determined 

from their lattice structures. 37 Thus, the electronic states which 

cause the blue coloration of our samples might arise from color centers 

ina highly perturbed alkali halide lattice. It is also reasonable that 

structural exPansion can facilitate reformation of the original material 

as was observed in the photobleaching experiment. No photopeaks attrib-

utable to the trapped electron centers were found, due both to the low 

color-center concentration and its small photoionization cross-section 

at Al Ka X-ray energies. The absolute photoemission cross-section of 

a color center should be roughly the same order of magnitude as atomic 

-3 38 
hydrogen, which is estimated to be 10 that of the Cl(3p) shell. 

The discovery of alkali-metal oxide formation is quite important, 

since the chemical fate of the positive ion in the radiolysis of the 

halates and perhalates is largely unknown. Fig. 11 shows the changes 

in the amounts of (X; + X-) and Li
2

0 in the LiCl0
4 

and LiBro3 samples. 

It is clear that in both cases the formation of Li
2

0 does not begin 

until more than 60% of the original material is converted into the 
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alkali halide. This strongly suggests that Li20 is not a primary 

product but is produced in a secondary reaction, perhaps via oxidation 

of colloidal particles of lithium. Aggregation of alkali-metal particles 

by electron irradiation has been found in such alkali halides as 

. 39,40 1 39,41 1 39,40 d '41 Ll.F, NaC , KC , an KBr. The oxygen for the oxidation 

of the colloidal particles is produced via reactions such as Eqs. (1) 

and (2). This is supported by the observation of 02 formed during X-ray 

12 
irradiation of NaCl03 • . The relative amounts of lithium stabilized as 

the oxide in the heavily irradiated LiCl0
4 

and LiBr0
3 

were estimated 

from Figs. 7(b) and 10(b) to be about 35 and 50%, respectively. 

The exceptional stability of LiI04 to electron radiation may be 

due to the fact that the radiative lifetimes of the excited electronic 

states induced by electron bombardment are shorter than nonradiative 

decay mechanisms, whereas the opposite is true for the NaCl0
3

, LiCl0
4

, 

and LiBr0
3

. Thus, the excessive energy deposited into the crystal 

lattice by electron irradiation may be reradiated as photons. Such 

radiation should be detectable during electron bombardment and could 

help to identify the particular electronic states excited. 

v. CONCLUSION 

Through this series of radiation damage studies, XPS has proved 

to be a very useful technique for the detection of radiolytical products 

on solid surfaces. After irradiation of various crystallineoxyanions 

with 0.3-1.6 keV electrons, both the oxidation states of the central 

atom and some of the chemical states of oxygen and alkali-metal were 

determined. 
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As for the halates and perhalates, excluding LiI0
4

, the major 

products in the initial stage of the radiolysis were identified as 

- - -
X03 , X02 'i X , and 02' almost the same as those observed in gamma-

irradiation. The major difference is the absence of X0
4 

after electron 

irradiation. This difference is interpreted in terms of the difference 

in the LET of the two radiations and the concentrations of oxygen 

produced. Further radiolysis led to stepwise release of oxygen; i.e., 

reduction of the central halogen atom, finally resulting in the formation 

of alkali halide and alkali-metal oxide as the stable solid-phase 

products. This mixture proved to be cathodochromic; i.e., electron 

irradiation produced color centers that were bleachable. Both electron 

centers (F-center and/or related species) and hole (V
k 

or X
2

) centers 

were produced in NaCI0
3

, LiCI0
4

, and LiBr03 samples. It is also 

suggested that the alkali-metal oxide is not a primary product but is 

produced via the oxidation of colloidal particles of the alkali-metal 

formed in the radiation damage layer. 
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TABLE I. The binding energies (eV) of the core levels and valence-
band region before and after electron irradiation. 

NaCI03 
a. LiCIO", a 

Orbital Before After Orbital Before After 

O(ls) 531.0 535.6(D) O(ls) '533.9 533.6(K) 

533.2(E) 531.9(1) 

526.7(F) 529.100 

C1 (25) 278.2 C1 (2s) 280.2 270.4 

Cl(2P3/2) 207.3 -198.9 C1 (ZPS/2) 209.5 1"\0199.6 

Na(2s) 62.0 61.8 Li(ls) 56.5 55.6 

Na(Zp) . 30.0 29.6 53.2 

tal - 29.0 21.4 (I) 4al 33.6 22.7 (IV) 

3e 24.0 3t2 26.3 

6a1 14.3 15.4 (II) Sal 16.0 15.8 (\I) 

2el , ~ 10.9 4t2 12.9 

6e 6.9 4.4 (III) Ie, 5t2 8.6 5.0(VI) 

Sal 4.6 ltl 5.7 

LiBr03 
a Lil04 

b 
,w--

Orbital Before After Orbital Before After 

0(15) 533.2 531 .. 7 (Q) 0(15) 529.5 528.5 

530.0(R) I(3ds/ z) 622.9 622.1 

Br(3s) 264.7 - 260.6 I (4p) 126.5 

Br(3Pl/21 197.3 ~190.6 I (4d) 53.4 

Br(3P3/2) 190.9 --184.1 Li(1s) "-55.0 
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TABLE I. (Continued) 

Br(3d) 77.6 -71.8 

Li(ls) 56.4 57.2 

54.a 

la1 28.2 21. 7 (VII) 

Ie 24.2 

2a1 17.4 17.0(VIII) 

Ze, 3a1 11.3 

4e, 4a1, aZ 5.8 5.7(IX) 

aThe binding energies were referenced with respect to the edge of 

the -val ence band for Cl or Br -. 

bThe binding energies we.re referenced with respect to the edge of 

the valence band for IO~. 

"-
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TABLE II. Core-level energies (eV) and chemical shifts of the 
products (in eV). 

.. 
Product Identification 

Eb(Cl(2P3IZ)) or II F,., 
~, Sample % (Br(3P3/Z)) Present 'w'Ork reL13 reL14 

NaClO 3 C10i 207.3 0 a 
A eli " . 200.0, -7.3 

B - 198.9a -7.1 a -8.4 

c 1 197.9 -9.4 

LiC.0 4 Cl04 209.S 0 0 

G C10i 207.0 -2.S -2.4 

H Cloi 204.7 -4.8 -4.7 

I eli 199.9 -9.6 

.J Cl- 199.3a . -10.2 -9.S 

LiBIO 3 BrOi 190.9(77.6)b 0(0) (0) 

N BrO-
2 187.7(74.9) -3.2(-2.7) 

-0 Bra 186.2(72.5) -4.7 (-5.1) 

P Br - 184.2(70.4) -6.7(-7.2) (-5.9) 
• 
a' , , 

The C1 (2P3/Z) energy of KCl was detennined to be 198.7 eV • 

. b 1he values in the parentheses are for the Br (3d) lines. 
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Figure 1. 

Figure 2. 

Figure. 3. 

Figure 4. 

Figure 5. 
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Figure Captions 

Spectral changes in the Cl(2p) region of NaCl0
3 

irradiated 

with 1.4 keV electrons. The total dose is given in the 

boxes in units of Coulomb/cm
2

• The dashed lines show the 

results of a least-squares spectral fitting procedure. The 

product peak A is·assigned to C1
2 

and peaks B and C to Cl 

. species. "PB" means "photobleaching." 

Spectral changes in the O(ls) region of NaCl03 with electron 

irradiation. Peaks D and F are assigned to molecular oxygen 

and Na20, respectively. See text for discussion regarding 

peak E and the residual peak at the parent location in 

part (b). 

Spectral changes in the valence-band region of irradiated 

NaCl03 • The product peak I is assigned to 0(2s) and the 

peaks II and III are assigned to Cl(3s) and (3p), 

respectively. 

Spectral changes in the Cl(2p) region of LiCI04 exposed to 

AlKa X-rays for 24 hours •. Theproduct.peak G is assigned 

to the expected locations, of further reduction products 

(see Fig. 5). 

Spectral changes in the Cl(2p) region of LiCl0
4 

irradiated 

with 1.4 keV electrons. The product peaks G, H, I, and J 

- - -are assigned to Cl03 , Cl0
2

, C1
2

, and Cl , respectively. 

Note that after photobleaching two different oxyanions, 

Cl04 and ClO;, are regenerated in significant amounts. 



Figure 6. 

Figure 7. 

Figure 8. 
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Spectral changes in the O(ls) region of irradiated LiCI0
4

• 

The major product peaks K, L, and M are assigned to CI0
3

, 

CI0
2

, and Li
2
0, respectively. Any other product such as 02 

that might be present is obscured in the spectra. 

Spectral changes in the vCilence band region of irradiated 

LiCI0
4

• Product peaks IV, V, and VI are assigned to 0(2s) 

and Cl(3s) and (3p) , respectively (see Fig. 3). 

Spectral changes in the Br(3p) region of LiBr0
3 

irradiated 

wi th 1. 4 eV electrons. The spectral fitting . indicates the 

presence of at least three products, N, 0, and P assigned 

-as Br0
2

, BrO , and Br , in part (b). 

Figure 9 .... Spectral changes in the O(ls). region of irradiated LiBr0
3

. 

Product peaks Q and R are assigned to Br0
2 

and Li20 

respectively. 

Figure 10. Spectral changes in the valence band region of irradiated 

LiBr0
3

. Product peaks VII, VIII, and IX are assigned to 

0(2s), Br(4s) and 0(2p) + Br(4p), respectively, of Li
2

0 

and Br . 

Figure 11. Relative yields of X
2 

+ X and Li
2

0 in irradiated LiCI0
4 

and LiBr0
3 

as a function of .total radiation dose 

2 
(Coulomb/cm at 1.4 keV). The yields were estimated 

from the peak intensities of the o(1s) line and Cl (2p) 

or Br(3p) line. open.circles and squares denote the 

photobleached samples. 

.' .... 
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