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Regardless of how they are induced, X-ray spectra are sensitive to the che-

mical environment of the emitting atom and can yield information on the atomic

and electronic structure of host materials. Those spectra resulting from l ight

ion and heavy ion excitations are the main topics covered in this series of

papers. Highly energetic heavy ions are capable of producing multiple inner-

shell ionization. The resulting spectrum of X-rays from a particular target

atom is composed of a complex series of satel l i te l ines. Environmental effects

give rise to the redistribution of intensity from one satel l i te group to

another. These changes can be correlated with bulk chemical properties (valence

electron densities, effective charges, covalencies, etc. ) . The possibil ity of

obtaining new chemical information (for example, in implanted materials and in

metal alloys) exists but requires greater experimental and theoretical

understanding of both parametric variations and the fine structure of satel l i te

l ines.
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1 . Introduction

The sxcitation of X-ray satellites by fast heavy ions and the effects of

chemical environment on the relative intensities of X-ray satellites are the

basic topics treated in the present series of papers. Paper I serves both as a

broad introduction to the subject and as a guide to the subsequent papers in

this series (referred to as Paper I I , Paper I I I , etc.) . For delving further

into these topics, the reader wil l find several recent books [1-3] of great u t i -

l i t y . A review article [4] deals specifically with ion-induced X-ray

spectroscopy.

2. X-ray yields

The detailed study of Ka satellite spectra discussed in the next section

requires the use of a high-resolution crystal spectrometer because the energy

differences between adjacent peaks are quite small (~ 17 eV for S). Such

spectrometers generally possess low efficiencies. In order to arrive at

reliable estimates for the expected count rates, it is necessary to resort to

experimental X-ray production data [5S6], or, failing to find such data, to

resort to theory [5,6]. Experimental data for energetic {> 1 MeV/u) heavy ions

are more sparse than generally believed. Theories do exist fv•* adequately

describing inner-shell ionization induced by light ions but their applicability

to heavy ions is seriously open to question. To complicate matters further,

calculated cross sections pertain to vanishingly thin targets [7,8] and such

cross sections depend strongly on the charge state of the projectile [9]. In

studying chemical effects, relatively thick solid targets are the norm and solid

target X-ray studies measure only the effects of an equilibrium charge distribu-
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t ion. Fortunately, the cross sections and X-ray yields from solid targets due

to heavy ion impact are large enough that they can be readily measured for the

selected ion-target combination with a Si(Li) or Ge(Li) X-ray detector. Our

attempts to measure X-ray production induced by energic Ar ions from V, Cu, Nb,

Ta, and Pt targets and comparisons with theory are described in Paper I I .

3. Satellite peaks

The measurement of X-ray spectra produced by ion bombardment shows that

multiple ionization is present in high-energy collisions [10-12]. The f i r s t

peak in f i g . 1 is composed of the usual Kai and Ka2 lines whereas the peaks

which follow are satell ite peaks composed of Ka X-rays arising from con-

figurations having n (one, two, . . . ) L-shell vacancies. The energies of the

satell i te peaks are consistent with Hartree-Fock-Slater calculations for

multiply ionized atoms [10,11,13,14]. The peaks are in general complex; the

K^L1 peak contains five transition lines, the Kct
1Llf peak over twenty.

The use of a binomial distribution of probabilities has been suggested

[15,16] for treating spectra of the type shown in f i g . 1. This distribution

assumes independent production of outer shell (L) vacancies. I f fn denotes the

fractional intensity of the nth satell ite peak, the apparent L-vacancy fraction

is defined as

where N is the number of L-shell electrons in the ground state. This p|_ value

can also be inserted in the approximate expression

f n
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where¥is the total mean fluorescence yield, «„ the average fluorescence yield

for the nth charge state, and

( Jj) = N!/(N-n)!n!. (3)

The binomial probability parameter PL may be interpreted approximately as the

average L-shell ionization probability per electron for K-shell ionizing co l l i -

sions [14]. A str ict binomial distribution describes light-ion induced X-ray

spectra fair ly well [17] but not heavy-ion induced spectra (see f ig . 2) espe-

cial ly in solids [17,18]. The reason is primarily that the fluorescence

yield does vary (wn/uf * 1) depending on the degree of ionization as well as on

the particular configuration of the state and because the possibility of outer

vacancy ref i l l ing is not taken into account. Nevertheless, PL is a convenient

parameter to describe the data; PL values increase rapidly with increasing pro-

ject i le atomic number (Zi), reach a maximum near Zi - Zz where Z2 is the

target atomic number, and decrease slightly thereafter [14]. The PL values

(and the absolute cross sections for satell i te production) havt been calculated

from theory [17,19] but the agreement between experiment and theory, especially

for heavy-ion projectiles, is poor. There also exist in the literature univer-

sal curves for appropriately scaled experimental PL values [20,21] and p^ values

[22] versus a scaled projectile velocity.

The p|_ values for NaSCN and H&2S0^ are quite different because the spectra

(see f i g . 1) are different. Higher p[_ values imply that the higher energy

satell i te peaks are enhanced. At high bombarding energies (projectile velocity

» orbital electron velocity), the in i t ia l L-vacancy distributions generated at

the time of collision are not expected to depend significantly on the chemical
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environment. The observed differences should then be attributable to a fast

vacancy rearrangement prior to Ko X-ray emission. Such massive rearrangements

could occur via electron transfer from the shells further out than L

(intra-atomic transitions) or from the neighboring atoms (interatomic

transitions). Of these two, interatomic transitions appear to be dominant

[23,24], and cause spectra 'rom different chemical compounds to be different.

A major uncertainty in specifying the extent of rearrangement is the

determination of M-shell population which can at best be inferred from

energy shifts. To study the M-shell ionization and rearrangement, several

authors [25-27] have resorted to relatively simple and Isolated systems.

Comparisons of the spectra of a variety of gaseous and solid compounds support

the conclusion that interatomic M+M electron transfer with subsequent intra-

atomic M+L and M+K decay as well as direct Interatomic M+L transfer dominate the

fast rearrangement occurring prior to Ka X-ray emission in atoms having highly

depleted M shells.

4. Chemical effects

I t is Interesting to note that in one of the earliest reported attempts to

discern differences in heavy-ion induced X-ray satell i te spectra from different

chemical species, the Ka spectra from Al metal and A12O3 due to 5-MeV '•He impact

were in fact strikingly similar [13]. However, in the next set of compounds

which were studied and reported (32-MeV 160 ions on sulfur compounds), marked

changes were indeed observed in the intensity distribution of satell ite lines

[23]. Our studies of sulfur compounds are described in Paper I I I . The apparent

lack of sensitivity in the Al case has since been confirmed [24] but not yet

satisfactorily explained.
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The environmental effects on the intense Ka and La satellite structure pro-

duced by heavy-ion bombardment have been studied by several authors. As shown

in table 1, a comprehensive body of high-resolution (crystal spectrometer)

information exists for a variety of collision partners at a wide range of rela-

tive velocities.

Empirical observations (see references cited in table 1) show that both

energies and widths of core levels in atoms bound in molecular systems are

influenced by the chemical state and ligand environment of the emitting atom.

In the case of third row elements, the valence electrons are in the M shell.

The chemical effects are directly attributable to the influence of chemical

bonding on the rates of K+M and L>M vacancy transfer processes. It is to be

expected that the rates of electron transitions from the M shell to the L shell

will depend quite sensitively on the valence electron density, which in turn is

influenced by chemical bonding. Because the Auger rates involving the M

electrons are affected, the fluorescence yields corresponding to each of the

individual satellite peaks will also depend on the chemical bonding.

The sharing of electrons in strong bonds among molecules essentially deter-

mines the structure of interest in the X-ray spectroscopy. The valence electron

localization increases in going from the metallic through covaient to iomc

bonding [3]. In ionic compounds, the electrons are localized in one of the

atoms, in covaient compounds between the atoms, and in metals throughout the

lattice.

The effective charge q on an ion A in a molecule can b; expressed [3] as

qeff = H i " exp[-0.25(XA-XB)
2]}u (4)

y
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where X denotes the electronegativity and the sura is over the bonds that con-

nect ion A with the different neighbors B. The effective charge is a measure of

the local valence electron density.

Another quantity, the average total valence electron density of a compound

is given by

DV = 0.602 nvp electrons/A3. (5)

where ny is the total number of valence electrons, p is the mass density, and

wmol 1S t n e m o l e c u ^ r weight.

In the case of Al, Si, S, and Cl compounds, the PL values decrease with the

effective charge [24,27]. This behavior for S compounds is shown in f i g . 3. I f

localized electrons and no others participate in the rearrangement, this beha-

vior is exactly opposite to that expected. Therefore, the conclusion must be

that the localized valence electrons are ionized during the coll ision. At the

same time, the p|_ values decrease with increasing average total valence electron

density (see f i g . 3). This is strong evidence that valence electrons from

neighboring atoms rush to neutralize the target atom which has just ejected a

single K-shell electron, several L-shell electrons, and nearly all valence M-

shell electrons as a result of an energetic heavy-ion coll ision.

Whereas previous authors have found PL values derived from all satell ite

peaks [see eq. (1)] to be useful in representing the data and in correlating

with chemical properties, we have found that the fractional area f5 of the KXL5

peak by i tsel f correlates well with Dv and the area f2 of the KXL2 peak with

(see Paper I I I ) .
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An intercomparative study [29,39,40] of fluorine Ka X-ray satellites pro-

duced by photon, electron, '•He, 12C, and ll|N impacts also shows that the primary

vacancy distributions in fluorine compounds are altered by interatomic electro-

nic transitions prior to Ka X-ray emission. The fluorine L-vacancy f i l l i ng rate

was found to increase linearly with the covalency, implying that the interatomic

transitions proceed mainly through a covalent component in the molecular orbital

in the fluorides [39]. Recent measurements on alkali-metal and alkaline-earth

fluoride components have shown that a resonant transfer of electrons from neigh-

boring atoms can occur when level-matching conditions exist [32,33,40].

In order to be useful for applications, the p|_ values for different com-

pounds of a particular element must be distinguishable. With 2 MeV/u 160 pro-

ject i les, the variation in p|_ is 4% in Al compounds, 6% in Cl compounds, 10% in

Si compounds, and 18% in S compounds [27]. Based on 2 MeV/u 0, Ne, and Ar pro-

ject i les, i t was once believed [41] that a greater variation in pj_ values might

be achievable with heavier projectiles such as Kr. Figure 3 shows that these

expectations are not borne out. The explanation is that the PL values tend to

saturate with large 1\ [42]. Changing projectile velocity does not help

either; sulfur Ka satellites generated by 6 MeV/u lkU ions show no significant

chemical effect [34].

With 6 MeV/u *1+Nlt+ projectiles, no significant chemical effects were seen

[34] for compounds of 9<Z<30 except for F (Z=9) and Na (Z=ll). Striking chemi-

cal effects have been observed, on the other hand, for fluorine compounds not

only with 6 MeV/u 1J*N [34], but also with a wide variety of l ight and heavy ions

at different projectile energies (see table 1), with - 6 keV electrons [43], and

even with 20 keV photons [43]. The mean K-hole lifetime is presumably longer in

F (~ 10"13 sec) than in S (~ 10"15 sec).
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The L X-ray satell ite spectra emitted from 3d transition elements also show

intensity variations when excited by heavy ions [37]. I t is evident from f ig . 4

that unlike the K X-ray case information is more d i f f icu l t to extract due to the

superposition of a prohibitively large number of lines. Attempts to study and

interpret spectral difference in L X-ray spectra from Mo compounds, alloys, and

intermetallic compounds are discussed in Paper IV.

Even the Ka X-ray satell ite lines can be studied more profitably with

superior resolution. The analysis of such data until now has been in terms of

the fractional area of a particular satell ite peak. When the KXL5 line of

sulfur is studied with ~ 1 eV resolution, striking differences are observed as

shown in f ig . 5. Our high-resolution measurements are discussed in Paper V.

5. Applications

In dealing with heavy-ion induced satell ite X-ray emission in solids, a

basic and thorough understanding of the underlying physical phenomena has been

so lacking that despite the numerous observations that have been made (see table

1) on spectral variations from compound to compound, concrete examples of impor-

tant practical problems solved by this novel technique have been equally

lacking.

The potential for applications does exist. For example, in a controlled

experiment [30], 50 keV F" ions were implanted in Fe at fluence levels calcu-

lated to produce FeF3. Subsequently, 2-MeV '•He ions were employed to show that

the implanted structure was indeed FeF3. Had the F ions simply entered the Fe

lat t ice, the satell ite spectrum would have been typical of ionic binding and

resembled the NaF spectrum, which i t did not.
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The K a satellite intensities (represented by p[J depend on projectile energy

and therefore reflect the energy loss suffered by an ion as a result of passing

through a surface layer. This fact has been exploited to determine the thick-

nesses of C and Al layers on the surfaces of thick Si substrates [44]. The pre-

cision of this method is approximately ± 18 ng/cm2 for Al layers ranging in

thickness from 0 to 600 yg/cm2, and ± 32 ug/cm2 for C layers from 0 to 1500

ug/cm2. Further improvements in precision could come from a judicious choice of

projectile energy and velocity.

5. Summary

Heavy ions produce X-ray satellites not observed with other means of excita-

tion. The satellite intensity distributions reveal a dependence on chemical

environment. These variations can be empirically correlated with bulk chemical

properties. The chemical sensitivity arises from interatomic electron transfer

and fast rearrangement occurring prior to X-ray emission. The results of stu-

dies conducted thus far provide a glimpse of the wealth of information con-

cerning relaxation processes for highly ionized atoms obtainable from ion-

excited X-ray satellite spectra. Further experimental work (with a variety of

projectiles of different energies on many more compounds studied with superior

resolution) appears desirable in order to obtain a better understanding of the

basic physical phenomena. There is also an acute need for extended theoretical

treatments incorporating both solid state and multiple ionization effects.
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Table 1. Summary of studies involving s a t e l l i t e l ines induced by l i g h t and
heavy ions from two or more compounds of a par t icu lar element. X-rays other
than K^L" and L Q , 1 ' ^ " 1 are not included.

Energy
Ion (MeV/u) Targets X-rays Ref.

MgO, CaO, ZnO, BaO, SiO2, TiO2, MnO2, 0 K a k n [28]
CeO2, A12O3, Ca203, Cr203 , Ni203

MgO, CaO, BaO, SiO2, MnO2, A12O3, 0 K^L" [28]
j , Cr203 , I

-He

>H

-He

1H

-H

-He

1.5

1-2

1.5

2.0

6.0

0.5

0.5

NaF, BaF2, (CF2)n9 (CHF-CF2)n, F Ka lLn [28]
(CH2-CF2)n

NaF, BaF2, (CF2)n F Ka lLn [28]

NaF, Na3AlF6, AIF3, NiF2, CuF2, (CF2)n F Kall_n [29]

L iF, NaF, KF, MgF2, CaF2, SrF2, BaF2, F K^L" [30]
FeF3, Na2P03F, (CF2)n , (CH2-CF2)n

LiF, NaF, KF, RbF, AgF, CsF, BeF2, F K a k n [31]
MgF2, CaF2, CrF2, FeF2, CoF2, NiF2 ,
CuF2, ZnF2, SnF2, BaF2, PbF2, A1F3,
T iF 3 , FeF3, SbF3, TiF^, SnF^

-He 1.4 NaF, KF, RbF, CsF, MgF2, CaF2, SrF2, F K a k n [32]

BaF2

-He 6.0 NaF, Na3AlF6, A1F3, NiF2, CuF2, (CF2)n
 F Ka l L -n [29]

12C 1.8 L i F , NaF, KF, RbF, MgF2, CaF2, S r F 2 , F K a l L n [33]
BaF2

12C 6.0 NaF, Na3AlF6, A1F3, NiF2, CuF2, (CF2)n F K^Ln [ 2 g]

X-N 6.0 NaF, Na3AlF6 , A1F3, N iF 2 , CuF2, (CF2)n
 F "a 1 ! - " [34]

-He 0.5 NaF, NaCl, NaBr Na K^L'1 [30]

!-N 6.0 NaF, Na3AlF6, Na2S04, NaSCN, Na2S206 Na Ka lLn [34]

i-N 6.0 MgO, MgF2 Mg Ka lLn [ 3 4 ]

-He 1.25 A l , AIN, A12O3 Al Ka lLn [13]

160 2.0 A l , A1B2, AKCs, A12O3, AIN, A lS i , Al K a k n [24]
A12S3
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Ion

20 N e

"•He

4He

12C

1 6 0

1 6 0

3SC1

3 5 C1

"He

I H N

1 6 0

16Q

2°Ne

35C1

* o A r

no A r

8 0 K r

2H

"He

*He

12C

i f N

Energy
(MeV/u)

0.25

1.2

1.4

1.8

2.0

2.0

1.3

1.5

1.2

6.0

2.0

2.0

2.0

1.5

0.9

2.0

1.0

1.7

1.2

1.7

1.8

6.0

Targets

A l , AIM, A12O3

S i , SiHt,

S i , SiO, SiO2

S i , SiO, SiO2

Al S i , S i , S i B 6 , S iC, S i 3 N 4 , SiO, SiO2

S i , Jitik, S iF 4

S i , SiH^.

SiHit, S iF u

Ss, H2S, SF6

Na2S0i+, Cu2S

S 8 , (NHi f)2S0 l t , Na2S, Ma2S03, Na2S0 l f ,
A1 2 S 3 , FeS, ZnS, CdS

Ss, H2S, S0 2 , SF6

S 8 , Na2S, Na2SOit

H2S, SF6

S 8 , Na2S, Na2S03 , N32S0!,, Na2S0203,
NaHS03, NaScN, MnS, FeS, FeS2 , CoS,
ZnS

S 8 , Na2S, Na2S04

Na2S0it, NaSCN

NaCl, KCl

HCl , KCl
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Fig. 1. Single-crystal spectrometer measurements of S Ka X-rays produced by

36-MeV Ar project i les.

Fig. 2. Relative intensity ratios for S sate l l i tes produced by 36-MeV Ar pro-

j e c t i l e s . The hatched bars are the measured rat ios. The l igh t bars

are the values obtained by f i t t i n g the data to a binomial d istr ibut ion

ratner than by using eq. (1).

Fig. 3. Variation of p|_ with average valence electron density and with effec-

t i ve charge.

Fig. 4. Single-crystal spectrometer measurements of Mo L X-rays produced by

36-MeV 35C1 project i les.

Fig. 5. High-resolution measurements of the S KLL5 peak (one K-shell hole and

f ive L-shell holes) induced by 34-MeV 35C1 project i les.
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