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ABSTRACT

Ka X-ray Spectra of Sodium Compounds Excited by High Energy

Heavy Charged Particles. (April 1983)

Justin Marshall Sanders, Texas A&M University

Advisor: Dr. Rand L. Watson

The Ka x-ray spectra of fodium compounds produced by bombardment
with 5.2 MeV He+ and 20 MeV C

+
were measured using a curved crystal

spectrometer. The average probabil ity of electron transfer to the L

shell of sodium was found to be 0.20 ±0.01 for carbon ion excitation and

ranged from 0.27 to 0.45 for hel ium excitation. X-rays emitted by the
radiative Auger process were measured and a previously unreported 1 ine at

951 eV, corresponding to a KL1L2,3 Auger transition, was seen.
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1. I ntroducti on

X-ray spectroscopy has been recognized for many years as a powerful

tool for determining the composition and structure of matter. It has

been appl ied to measurements of the structure of crystals and especially

to studies of the electronic structure of atoms and molecules. Since the

advent of accel erators capabl e of producing high energy beams of heavy

charged particl es, considerable effort has been directed toward the study

of ion-atom coll isions usi ng x-ray spectroscopy. It was soon found that

the chemical and sol id-state environment could have large effects on the

x-rays produced after inner-shell ionization by heavy ions. It was al so

found that several other processes compete with x-ray production.

X-rays are produced by the radiative decay of ions having a vacancy

in an inner shell. An el ectron from an outer shell, with high energy,

fills the vacancy in a low energy inner shell, and the difference in

energy is carried off by the x-ray. Of particular importance to this

research is the Ka x-ray which is emitted when a 2p el ectron in the L

shell fills a Is vacancy in the K shell. The energy of a Ka x-ray is

equal to the difference in energy between the Is and the 2p subshell s of

the atom. This energy difference can be changed by creating additional

vacancies in the K or L shell s. For exampl e, if there is a vacancy in

the L shell in addition to the vacancy in the K shell, the difference in

energy between the 2p and Is subshel ls increases, so the x-ray energy is

greater than when the initial L vacancy is absent (see Fig. 1). As a

resul t, a series of K« x-ray 1 ines is possibl e; each 1 ine corresponding

to a particul ar number of initial L vacancies. These 1 ines, call ed Kex

The style of this paper follows that of Physical Review.



-200

-400

::> -600(J)

�
0",
s,
(J)
c
w

-800

-1000

-1200

2

o
L

L (L-1)J�

..

' �

-

·

..

·

1041 1048
, I..

-

I

·

�

..

''f K
K (L-1)..

�

Figure 1. Energy Level Diagram For X-ray Production.
0

The first pair of levels correspond to , KL

transition, and the second pair to a KL tran
sition.



3

satellites, are denoted by their initial state electron configurations,

K�n, where K indicates there is one K vacancy and Ln indicates n L

vacancies. In this notation, n can have values of 0 to 7 for the eight

possible configurations leading to a 2p to Is transition.

The intensity of a particular KLn satell ite 1 ine is proportional to

the number of target atoms having the KLn initial configuration, and the

number of atoms having that configuration is related to the probabil ity

of producing n vacancies in the L shell in a collision which also ionizes

the K shell. Therefore, if the intensity distribution of the Ka satel-

1 ites is known, the distribution of L vacancies and the probabil ity of

producing an l vacancy can be deduced.

Two factors which affect the probabil ity of producing an L vacancy

in an ion-atom collision are the charge and the velocity of the

projectil e ion.1 The probabil ity of an L el ectron being ionized

increases as the ion charge increases and as the ion velocity decreases.

In Fi g. 2, the Ka satell ites of neon produced by different projecti 1 es

are shown.1 The intensities of the satellites associated with higher

numbers of L vacancies (KL5, KL6, and KL7) clearly increase from hel ium

ions with a charge of 2 to argon with an average charge of about 13.

Recent work by Benka et. al.2,3 has shown that the chemical environ

ment greatly influences the intensities of fluorine satel lites.

Deconninck and Van den Broek4 observed small variations in some sodium

compounds, but only a few compounds were investigated and only one mode

of excitation was used. The object of the present work was to examine

some of these chemical and solid state effects in more detail, as well as

to investigate alternate decay modes, in sodium atoms fol lowing inner-
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shell ionization by high energy, heavy ions. In pursuit of this

objective, a series of sodium compounds excited by bombardment with two

different projectile ions have been studied. Comparisons of the spectra

of different sodium compounds yielded information regarding chemical

effects, while a comparison of sodium spectra with specta of neon

demonstrated the effect of the solid-state environment.

11. Experimenta 1 Procedure.

Beams of 5.4 MeV He+ and 22 MeV C3+ beams were extracted from the

Texas A&M Variable Energy Cyclotron. The beams were focused by means of

two quadrupole magnets and directed through a 3 mm diameter collimator

placed 1 cm in front of the target position. X-rays emitted from the

target were analyzed with a 12.7 cm Johansson-type curved crystal

spectrometer using a tha1l ium acid phthal ate (TAP) crystal (see Fig. 3).

The spectrometer was operated to obtain second order diffraction from the

crystal, and gave an energy resolution of 1.0 eV at 1040 eV. The

diffracted x-rays were detected by a flow proportional counter with a 65v

g/cm2 thick polypropylene window and which contained a 90% methane-10%

argon gas mixture. The integrated current from a thin (�10 vg/cm2)
carbon foil located between the co1l imator and the target was used to

determine the counting time at each Bragg angle. A DEC VAX 11/780

computer with a CAMAC interface was used for data acquisition, storage,

and analysis.

The spectra were analyzed by fitting Voigt functions to the peaks

using a non-l inear least squares fitting program (FACELIFT). The program

provided the peak centroids, widths, and areas. The areas were

corrected for differences in absorption in the target by multiplying the
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uncorrected peak area by the absorption coefficients presented in

Tabl e 1. An additional correction was made for differences in

Table I. Absorption Coefficients for Sodium Compounds (cm2/g)a.

Compound KL 0 KL1 Kl_2 Kl3
...-_,..__--- -----

Na 498 !l88 478 466
NaF 2507 2454 2404 2344
NaCl 1747 1710 1676 1634
NaBr 2464 2412 2363 2304
NaI 72H 7066 6927 6758
NaOH 1163 1139 1116 1088

Na2S 1706 1670 1636 1595

aRef. 5.

fluorescence yield by dividing the areas by the fluorescence yields of

neon shown in Table II. Since only relative intensities were considered,

Table II. Fluorescence Yields for Neona
-�- .-�----�---�

Peak

--- -�-- ---- -�--

Fluorescence Yields 0.0159 0.0175 0.0199 0.0248

no correction for dependence on atomic number was appl ied to the fluores-

cence yields. Al so, no corrections were made for variations in crystal

refl ectivity or absorption in the proportional counter window, since the

net correction over the energy range from KLO to KL3 was only 3% which is

negl igible compared to the experimental errors.

The energy loss of the projectile beam in the target was calculated
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from range tabl es given by the program STOPRANGE. The beam energies at

the average depth of x-ray production were 5.2 MeV for He and 20 MeV for

c.

I I 1. Experimenta 1 resul ts.

The experimental satell ite intensities which for the sodium com-

pounds studied are 1 isted in Tabl es III and IV. These intensities have

Tabl e I I I. Ka Satellite Intensities for Sodium Excited By
20 MeV Carbon Ions.

Compound KL 0 KLl KL 2 KL 3

-�-- ...-�--- ----

Na 0.093 0.209 0.431 0.282
NaF 0.094 0.224 0.393 0.290
NaCl 0.083 0.212 0.413 0.292
NaBr 0.092 0.204 0.411 0.293
NaI 0.074 0.215 0.421 0.289
NaOH 0.079 0.208 0.427 0.286

Na2S 0.073 0.198 0.434 0.294

----

Table IV. KaSatellite Intensities for Sodium Excited By
5.2 MeV Helium Ions.

Compound KL 0 KL 1 KL2 KL 3

-_._----- ---�--�-

Na 0.525 0.382 0.080 0.013
NaF 0.606 0.322 0.064 0.008
NaCl 0.598 0.329 0.063 0.010
NaBr 0.588 0.344 0.059 0.009
NaI 0.592 0.324 0.071 0.007
NaOH 0.555 0.353 0.086 0.006

Na2S 0.495 0.390 0.101 0.015
-----_._ -.��---
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been corrected for sel f-absorption and fluorescence yield and are given

relative to the sum of the intensities of the first four satellite peaks.

The spectra are presented in Figs. 4 and 5. As can be seen in the

spectra, a discontinuity occurs around 1075 eV due to the K-absorption

edge of sodium. X-rays above 1075 eV are highly absorbed in the target

and therefore the peaks above KL3 are greatly depressed. Due to

uncertainties in the exact magnitude and position of this absorption

edge, only the intensities of KLO through KL3 were used in the analysis.

The intensity distribution of each spectrum was characterized by a

parameter, q, which was obtained from the formula
1 3

q = - L: n y' (n)
8 n=O

(1)

where y'(n) is the intensity of the KLn satellite relative to the sum of

the intensities of the first four peaks. Values of q for the sodium

compounds excited by He+ and C3+ projectiles are presented in Table V.

Table V. q Values for Sodium Compounds.

Compound q wi t h 5.2 MeV He q with 20 MeV C

------�-

Na 0.073 0.240
NaF 0.059 0.235
NaCl 0.060 0.239
NaBr 0.061 0.238
NaI 0.061 0.241
NaOH 0.068 0.240

Na2S 0.079 0.244

By virtue of the excel lent resolution obtained using the second

order diffraction from the TAP crystal, the KL1 satel lite was resol ved

into three components cal led Ka', Ka3' and Ka4 in order of increasing
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Figure 4. Spectra of Sodium Compounds Excited by 5.2 MeV Helium
Ions.
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Figure 4. Spectra of Sodium Compounds Excited by 5.2 MeV Helium
Ions.
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Figure 4. Spectra of Sodium Compounds Excited by 5.2 MeV Helium
Ions.
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Figure 5. Spectra of Sodium Compounds Excited by 20 Mev Carbon
Ions.
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Figure 5. Spectra of Sodium Compounds Excited by 20 MeV Carbon
Ions.
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Figure 5. Spectra of Sodium Compounds Excited by 20 MeV Carbon
Ions.
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Figure 5. Spectra of Sodium Compounds Excited by 20 MeV Carbon
Ions.
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energy. The ratio of the intensity of K� to K� was computed for each

compound, and the results are tabulated in Table VI. These intensities

were corrected for sel f-absorption but not for flourescence yield.

Table VI. Ka4/K� for Sodium Compounds Exited By
5.2 MeV He and 20 MeV C.

Compound Ka4/ Ka3 wi t h He Ka4/ Ka3 wi t h C

- --_...-_._

Na 0.66 0.77
NaF 0.81 0.84
NaCl 0.81 0.86
NaBr 0.71 0.88
NaI 0.75 0.93
NaOH 0.74 0.95

Na2S 0.58 0.94

IV. Discussion.

A. Ka Satellite Intensities.

The intensity distribution of the Ka satell ites is rel ated to the

distribution of L vacancies in the atoms of the target. Certain

processes, which depend on the chemical or solid-state environment, can

fill vacancies in the L shell during the 1 ifetime of the initial state

( abo u t 10- 14 sec.).2 I f the s e pro c e sse s fill L v acan c i e s prio r tot h e

emission of an x-ray, the satell ite intensity distribution will be skewed

toward the lower energy satellites, which are associated with fewer L

vacancies.

One process which fills L vacancies, resonant electron transfer

(RET), was recently observed in compounds of fluorine.2 The KLl satel

lite of KF and SrF2 was found to be greatly suppressed, and KLO was

correspondingly enhanced, compared with other fluorine compounds (see
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Fig. 6). The explanation of these effects is that, for the KLI

configuration of KF and SrF2, there is an energy of the fl uorine 2p

1 evel s with the np 1 evel of the companion metal ions. This enab1 es an

electron from the metal ions to easily fill the single vacancy in the 2p

level of the fluorine ion. In the present study, however, no evidence of

RET was observed for any of the sodium compounds examined. An

examination of the KLI intensities in Tables III and IV (p. 8) clearly

shows that there are no compounds for which the Kll intensity is

anomo10usly low, as it in the case of fluorine. The reason that RET does

not occur for sodium is probably associated with the fact that the

binding energy of its 2p electrons is far below the top of the potential

energy barrier separating a sodium ion from its neighboring anions. This

makes it very improbable that an electron would be able to tunnel from

the anion site.

An e x ami nat ion 0 f the K� t 0 K� rat i 0sin Tab 1 e V I (p. 18) s how s

that the ratio for Na metal is consistently lower than those of the

coumpounds. Langenberg and Watson7 observed this difference between the

meta 1 and its compounds in magnesi um, and proposed that it was due to the

rearrangement of electrons in the L shell by Coster-Kronig transitions

prior to x-ray emission.

A non-resonant filling process was also observed in fluorine when

carbon ions were used to produce the i ni ti a 1 vacancy di stri buti on. 3 The

spectra of fluorine in different compounds were found to be strikingly

different from that of neon. The fluorine ion is isoe1ectronic with neon

and should, in the absence of filling processes, have approximately the

same satellite intensity distribution. Therefore the differences, which
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are clearly visible between the high energy satellites of neon and those

of fl uori ne in Fi g. 7, must be due to fi 11 i ng of L vacanci es. Further-

more, the suppression of the high energy satell ites in fluorine occurs

for all compounds and hence must be due to a non-resonant fill ing process

associated with the solid state.

The parameter used to characterize the distribution of L vacancies

present at the time of x-ray emission is p\. The usual formul a used to

calculate P'L is

1 7

p\ = - I n y( n)
3 n�O

(2)

where y(n) is the relative intensity of KLn (normal ized to the sum of all

the satellite intensities) corrected for variations in absorption and

fluorescence yield. A comparison of P'L values with the primary vacancy

distribution PL value provides a measure of the probability of electron

transfer to the L shell prior to x-ray emission. Since fill ing processes

have the effect of enhancing the intensity of the low energy satel1 ites,

the p\ of a spectrum will be 1 ess than Pv As stated above, sodium and

fluorine ions are isoelectronic with neon, and hence it may be assumed

that the i r i nit i a 1 v a can cy dis t ributi 0 n s wo u 1 d benear 1 y ide n tic a 1 •

Furthermore, the neon Ka satell ite intensities should directly reflect

the initial vacancy distribution, since el ectron transfer cannot occur

for this monatomic gas atom. An experimental �l may therefore be

assumed to represent the PL of the initial L vacancy distribution. On

the other hand, with fluorine and sodium in the sol id state, there are

many electrons available to fill L vacancies before x-ray emission.
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Consequently, the experimental P'L value calculated from a spectrum of

sodium or fl uorine will differ from the PL value obtained from the neon

spectrum. These two quantities are related by the formula8

(3)

where Pt is the average probability that an L vacancy, once created, will

be fil led before the emission of an x-ray.

For neon, the primary vacancy distribution is approximately given by

the the binomial formul a9

(4)

where

(5)
n! (8 - n)!

PL is the average probabil ity for creating a single L vacancy, and

B(n,PL) is the relative yield of KLn configurations produced in ion-atom

coll isions. As mentioned above, the intensities of the satell ite 1 ines

will mirror the l vacancy distribution as given by equation 4 if no

add i t ionalp ro c e s s c rea t e s 0 r fill s vacanc i e s be for e the x - ray i s

produced. The usua 1 ca 1 cul ati on of p\ by equati on 2 requi res a

knowl edge of the rel ati ve intensities of all eight peaks. Due to the

interference of the sodium K-absorption edge, reliable relative

intensities could not be calculated for the satellites above KL3, and so

P'L coul d not be cal cul ated using equation 2. However by assuming that

the x-ray intensity distribution is also binomial, P'L was deduced by

finding the binomial distribution which gave the same value of q as the

experimental distribution. Such a distribution must satisfy the
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requirement

1 3
1:: n B(n,p\)

8 n=O
= q (6)

3

where q is the parameter given by equation 1 and B(n,p\) is the binomial

yiel d as given by equation 4. The experimental p\ val ues for the sodium

compounds, obtained in this way, are presented in Table VII and

Table VII. Experimental p\ and p Val ues for Na

Compounds Excited by 5.� MeV He and 20 MeV C.

He proj. C proj.
Compound p\ Pt p\ Pt

',.--_.----- _--_._-- ------

Na 0.073 0.34 0.30 0.20
NaF 0.060 0.45 0.29 0.19
NaCl 0.061 0.45 0.30 0.20
NaBr 0.062 0.44 0.29 0.19
NaI 0.061 0.45 0.30 0.20
NaOH 0.068 0.38 0.30 0.20

Na2S 0.080 0.27 0.30 0.20

comparisons of the experimental intensity distributions with the binomial

distribution are presented in Fig. 8. The calculation of Pt from

P'L requires the P1_ of the initial vacancy distribution. Ignoring the Z

dependence of PL (which is expected to vary by only 10% or so over the Z

interval 10 to 11), the previous results for neon have been used for this

purpose. The neon PL va 1 ues of 0.11 for 5.2 MeV He and 0.36 for 20 MeV C

were obtained from reference 1. Using the neon PL values, the sodium Pt



He -+ NaF
0.65r-----------------

>,
0.39

+->

(/)
c
OJ
+->
C
f---j

OJ
>

+->
I1j
.--

OJ
c:r::

o .-- N
_J _J _J
::::L ::::.:::: ::::L

(V)
_J
::::L

25

C -+ NaF
0.60.,------------.

or-

(/)
c
OJ
+->
C
�

Q)
>

a; 0.24
c:r::

0.1

N (V)
_.J _J
::::L ::::L

Figure 8. Comparison of Experimental Intensities with the Binomial

Distribution for Sodium Fluoride Excited by 20 MeV

Carbon Ions and 5.2 MeV Helium Ions. The striped bars

are the experimental intensities. The gray bars are the

intensities predicted by the binomial distribution.



26

val ues 1 isted in Tabl e VII were obtained. It shoul d be noted that the Pt

val ues for f1 uorine in NaF (from ref. 3) is 0.36 whil e the corresponding

val u e for so d i um i s 0.19.

The difference of a factor of two in the Pt values of sodium and

fluorine may be due to the difference in the lifetimes of the initial

states. A state which has a long 1 ifetime has a larger probabil ity of

being fill ed. The total radiative decay 1 ifetime of a K vacancy in

sodium is found to be 1.09 x 10-13 seconds, while the radiative decay

1 i fetime of a fl uori ne K vacancy is 3.56 x 10-13 seconds_lO Cl earl y the

longer 1 ifetime of the fl uorine initial state correlates well with its

higher Pt.

13. Radiative Auger Emission.

In addition to x-ray emission, there are other processes by which an

atom excited by a projectile ion can de-excite. Two of these processes

are diagrammed in Fig. 9. In an Auger transition, an electron from the

l_ shell fill s the initial K vacancy, just as in x-ray emission, but

instead of emitting an x-ray, a second L electron is ejected from the

atom. These ejected electrons, called Auger electrons, have a kinetic

energy equa 1 to the di fference in the energi es of the land K she 11 s

minus the energy required to remove the electron from the atom. Another

decay process (which occurs only rarely) is radiative Auger emission

(RAE) in which both an x-ray and an Auger electron are emitted.11 The

sum of the x-ray and the Auger electon kinetic energies is equal to the

energy that an ordinary Auger electron would have. The maximum energy

the x-ray may have in an RAE transition is therefore equal to the energy

of the Auger electron in ordinary Auger decay. This corresponds to the
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RAE electron being ejected from the atom with zero kinetic energy. From

another point of view, an RAE x-ray will have a maximum energy equal to

the energy of the KLO transition minus the energy required to remove an

additional L electron from the atom. Therefore, one should look for RAE

x-rays below the KLO peak.

A spectrum of NaF excited by 5.2 MeV He+ projectiles is shown in

Fig. 10. The region scanned is just below the KLO peak and the spectrum

clearly shows two broad peaks; one at 951 eV and another at 984 eV.

These two peaks agree in energy with the kinetic energies of the KL1L2,3
and KL2,3L2,3 Auger transitions respectively.12 The first transition,

Kl1L2,3' occurs when a 2s electron fills the K vacancy while a 2p

electron and an x-ray are emitted. In the Kl2,3L2,3 transition, a 2p

electron fills the K vacancy and a second 2p electron and an x-ray are

emitted. Although the KL�,3L2,3 RAE x-ray has been observed before13,
the Kl1L2,3 has not been previously reported. Moore et. al. used a

potassium acid phthalate (KAP) crystal which has lower reflectivity than

our TAP crystal. This probably accounts for their inability to see the

low intensity KL1L2,3 x-ray.

The identification of these RAE x-rays with their respective Auger

transitions was done by comparing the measured x-ray energy with experi-

mental Na Auger energies. Attempts to calculate these energies

theoretically using the Hartree-Fock method14 did not yield good agree-

ment with sodium. Similar calculations were made for other elements as

well and are tabulated in Table VIII.
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Figure 10. Spectrum of the RAE X-rays of Sodium Fluoride Excited
by 5.2 MeV Helium Ions.
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Table VIII. Theoretical and Experimental Auger Energies.

Element Transition Theory Experiment
---..--_--------._,----

F (NaF) KLlL2,3 (lP) 629.23d 623.7± 0.4a
(3P) 639.64 632.0± 0.4

KL2 ,3L2,3 (IS) 654.35 646.7± 0.4
(10) 658.56 649.6± 0.4

Ne (ga s) KLlL2,3 (lP) 770.67 771.1± o.t"
(3P) 782.89 781.9± 0.1

KL2,3L2,3 (1 S) 800.72 800.5± 0.1
(10) 805.83 804.15

Na (Na20) KLlL2,3 (lP) 925.77 945.8± 0.4c
(3P) 939.73 958.4± 0.4

KL2,3L2,3 (IS) 960.83 980.6± 0.4
(10) 956.85 934.8± 0.4

Mg (MgO) KLl'_2,3 (lP) 1094.41 1129.7 ± 0.4c
(3P) 1110.08 1144.6 ± 0.4

KL 2,3'- 2,3 (1 S) 1134.47 1169.8± 0.4
(10) 1141.37 1179.7± 0.4

--- -------- ----

aRef. 15.

bRef• 16.

c Ref. 12.

d Ref. 14

A correction of 5 eV for the work function was subtracted from al 1

experimental val ues except for neon, which, being a gas, needs no such

correction. Although the agreement between theory and experiment is good

for neon and fluorine, large deviations between theory and experiment

occur for sodium and magnesium. The average difference between theory

and experiment is 19 eV for sodium and 35 eV for magnesium.

v. Conclusion.

The intensities of the Ka satell ites of sodium and some of its

compounds have been studied in ion-collisions with beams of 5.2 MeV He
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and 20 MeV C. �n analysis of the spectra indicated that no resonant

electron tranfer to the L shell of sodium occurs, but that non-resonant

transfer takes place. �n average filling probability was calculated for

each compound and was found to be 0.20 ± 0.01 for 20 MeV C exi tati on. The

fill ing probabil ity for 5.2 MeV He excitation ranged form 0.27 in Na2S to

0.45 in NaCl. The filling probability of fluorine in NaF was calculated

to be about twice that of sodium in NaF, and a correlation was observed

between fill ing probabil ity and initial state 1 ifetime.

Spectra of RAE x-rays of NaF excited by 5.2 MeV He were taken, and

two peaks were observed. One peak, corresponding to the Auger transition

KL1L2,3' has not been reported previously. A comparison of theoretical

and experimental Auger energies was made and large discepancies of the

order of 20 to 40 eV were found for sodium and magnesium.
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