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High-resolution measurements of Mg Ka x-ray spectra excited by 1-3-MeV/amu H*, He*, O**, Ne**, and S**
ions have been performed for Mg metal and some of its compounds. A detailed examination of the multiplet
structure of the KL', KL? and KL satellite groups revealed substantial variations in the intensities of various
components as a function of projectile velocity and atomic number, and as a function of the chemical composition of
the target. A theoretical spectrum was constructed using transition energies obtained from “corrected” single-
configuration Hartree-Fock results and assuming a statistical population of all initial states belonging to the same
electron configuration. This theoretical spectrum agreed quite favorably with the experimental spectrum for Mg

metal obtained with 5.4-MeV He™ ions.

I. INTRODUCTION

Ko x-ray satellites result from transitions of the
type 1s7'2s712p~f — 25712p=Y*Y | A complicated
multiplet structure arises as a consequence of the
angular-momentum coupling of the multiple inner-
shell vacancies and leads to an interspersion of
transitions corresponding to different initial-state
electron configurations. The interpretation of
the complex Ko satellite structure observed in.
ion-excited x-ray spectra in terms of the 90
transitions allowed in LS coupling is a difficult
task requiring very accurate theoretical transition
energies and probabilities. Additional information
obtained by studying the dependence of the struc-
ture on projectile atomic number and velocity
can be extremely useful in the identification of
satellite components which overlap with neighbor-
ing satellite groups.

While a considerable amount of work has been
done on the identification of the various lines
which contribute to the KL! satellite group,*:2
very little has been reported on the multiplet
structure of the KL2, and KL® satellite groups.
The use of heavy-ion collisions as a means of
exciting x-ray emission provides the opportunity
of examining these higher-order satellites in
considerably more detail than is possible using
electron bombardment or photon fluorescence.

In the present work, the Ka x-ray spectra of
magnesium metal and some of its compounds
have been measured using 1-3-MeV/amu H, He,
O, Ne, and S ions. From the projectile atomic
number and velocity dependencies of these spec-
tra, conclusions were drawn concerning the rela-
tive probabilities for 2s and 2p ionization, and
overlapping components from neighboring satellite
groups were detected. A detailed analysis of
theoretical line energies and intensities, includ-
ing a systematic study of deviations between ex-
perimengfal and single-configuration Hartree-

Fock energies, enabled the construction of a
“theoretical” spectrum. Chemical effects were
also examined, and the influence of Coster-Kronig
transitions considered. A preliminary report on
some of this work was presented in Ref. 3.

II. EXPERIMENTAL

Beams of 1-3-MeV/amu H*, He*; O*, Ne?,
and S* ions were extracted from the Texas A&M
variable energy cyclotron, transmitted through a
30° bending magnet, and focused at the target
position by means of a pair of quadrupole magnets.
The targets consistedof a 22.1 mg/cm? metallic
foil of Mg and thick pressed pellets of MgO,
MgCl,, and MgF,. Mg Ko x-ray spectra were
measured with a 12.7-cm Johansson-type, curved-
crystal spectrometer.* The gas-flow proportional
counter (90% argon and 10% methane counter gas
at 1 atm) had a fixed entrance slit of 0.05-cm
width and a 530-pug/cm? mylar window (53%
transmission for Mg Ka x-rays). This slit
width corresponds to a resolution of 1.1 eV at
1253.6 eV (the Mg Ko, , energy) using an ADP
(ammonium dihydrogen phosphate) crystal having
2d=10.642 A,

The spectrometer was oriented such that the
focal circle was in the horizontal plane and the
X rays were observed at an angle of 142.5° with
respect to the beam direction. This angle is near
the “magic angle” of 125.3° and so polarization
effects are not expected to have a measurable in-
fluence on the spectra.’ Variations in crystal re-
flectivity® and x-ray absorption were neglected
over the range of transition energies (~10 eV)
contained within a single satellite group since it
was estimated that they would change the relative
line intensities by less than 5%.

Spectra for Mg metal, obtained with 2.75-MeV
H*, 5.4-MeV He*, and 32-MeV O* ions, are com-
pared in Fig. 1. The Ka satellite groups KL?,
KL%, KL®, and KL* are readily observable in the
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FIG. 1. Mg Ko satellite spectra excited by 32-MeV 0%, 5.4-MeV He', and 2.75-MeV H* ions in thick Mg metal tar-
gets. The spectroscopic notation of the satellites (aj —ayy) indicates the order of decreasing intensity in the case of

electron excitation.

spectrum excited by O ions. The K absorption
edge of Mg metal occurs just to the right of the
KL* satellite group and causes the KL% and higher
satellites to be greatly attenuated. In the case of
MgO, most of the KL satellite group is visible
because the absorption edge is 6.9 eV higher
than it is in Mg metal. Many of these lines
(labeled @, to a,, in Fig. 1) were observed over
50 years ago in electron- and photon-excitation
experiments.” The magnification by over three
orders of magnitude in the intensity of the KL®
satellite group, achieved through the use of heavy-
ion excitation, clearly reveals more structure
than just the @,, and a,, peaks. The positions of
the various peaks do not depend (to within +0.2
eV) on the atomic number of the exciting ion.

III. INTERPRETATION OF THE MULTIPLET
STRUCTURE

A. Depéndence on projectile atomic number and velocity

Portions of the Ko satellite spectra of Mg metal
obtained with a variety of ions are shown in Figs.
2(a), 2(b), and 2(c). For the purposes of compari-
son, each has been normalized to the highest peak
of the satellite group. In Fig. 2(a), it is apparent
that the ratio of the o, to o, intensities increases
with increasing projectile atomic number. This

behavior could result from a dependence on pro-
jectile Z of (a) the Coster-Kronig transition pro-
bability for converting 2s holes to 2p holes prior
to Ko x-ray emission, (b) the (nonstatistical)
population of initial-state terms, or (c) the rela-
tive probability for ionization of 2s and 2p elec-
trons. It should be noted that o, originates from
the initial-state vacancy configuration 1s-12p-,
whereas o, contains contributions from both 1s-!
2p~% and 15712s"! vacancy configurations.

Essentially the same behavior is observed for
the KL? and KL?® satellite groups in Fig. 2(b)
and (¢). The ratios of the intensities of the low-
energy components of the satellite groups (o
and a,,) to those of the high-energy components
(0¢ and a,,) increase with increasing projectile
Z. It would appear, therefore, that the same
explanation should apply to all three satellite
groups.

With regard to Coster-Kronig transitions,
single-configuration Hartree-Fock (SCHF) cal-
culations for free Mg atoms indicate an excess
energy of 8.4 eV for KI! transitions (1s-12s-! ,
— 15712p713p~!), but increasingly negative energies
for KL? and KL® transitions (-10.5 and -69.2 eV,
respectively). Bhalla and Richard® have similarly
concluded that Coster-Kronig transitions are not
energetically possible from KL? and KL? initial
states of Al, based on the results of Hartree-
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FIG. 2. Portions of Ka satellite spectra of Mg observ-
ed with a variety of projectiles in thick Mg metal targets,
normalized to the highest peak of the satellite group; (a)

KL!, (b) KL?, and (c) KL® satellite group.

Fock-Slater calculations.

A varying (nonstatistical) population of initial-
state terms could account for the changing o,
to a, intensity ratio where o, has only one initial-
state term (*P) and a, only two (°S and ®P). In
fact, Bhalla ef al.® have observed a nonstatistical
population of the *P and and 3P terms for the
15712p~! configuration of Ne (P/*P~1.5). How-
ever, the 3P/'P intensity ratio did not vary with
projectile Z. In the case of the KL? and KL®
satellite groups, the peaks under consideration
are composed of lines from a number of different
terms and one would expect preferential popula-
tion to have a much smaller net effect.

The calculations described in the following
section indicate that, in general, screening by
2s electrons leads to higher transition energies
than screening by 2p electrons. The high-energy
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FIG. 3. KL! satellite group of Mg observed with Ne?
ions of different velocities.

peaks in each satellite group are, therefore,
mainly composed of transitions from initial states
having 2p rather than 2s vacancies. Hence, the
varying intensity ratios (ay/a,, o,/ag, and
a,,/a,,) most likely indicate that the probability
for 2s ionization increases relative to that for

2p ionization as the projectile atomic number
increases.

A comparison of the KL! satellite groups ob-
tained using Ne ions at several different velocities
is shown in Fig. 3. It is apparent that the a, to
o, intensity ratio increases with increasing ion
velocity, and approaches the ratio displayed by
the light ion (H* and He*) spectra. This observa-
tion, in conjuction with the above conclusion,
indicates that the probability for 2s ionization
decreases relative to that for 2p ionization as the
projectile velocity increases. A quantitative
study of the velocity and Z dependences of the
2s and 2p ionization probabilities for Mg is cur-
rently in progress. '

Another interesting feature in Fig. 3 is the bump
on the low-energy side of o, the intensity of
which decreases with increasing ion velocity. The
multiplet structure calculations (next section)
reveal the presence of a KL? transition with just
the right energy to explain this feature. The fact
that the KL? satellite group relative intensity
decreases with increasing ion velocity is consis-
tent with this interpretation. This observation
emphasizes the need for caution in estimating
satellite group total intensities and in analyzing
X-ray polarization results.

B. Comparison with theoretical calculations

1. Survey of calculational results

The first calculations of Ko x-ray satellite
transition energies were performed by Kennard
and Ramberg!® using the Hartree-Fock method.
Asaad! and Gabriel'? improved these calculations



1180 A. LANGENBERG AND R. L. WATSON 23

by including interactions between terms having the
same n, L, S, and parity. Coefficients for the
off -diagonal elements had been published as early
as 1937 (Ref. 13). Detailed transition energy
calculations for the Ko satellites of Ne have been
carried out by Matthews et al.'* using the single-
configuration Hartree-Fock (SCHF) method, and
by Bhalla'® using the Hartree-Fock-Slater (HFS)
method. In the calculations of Matthews el al.,**
however, the nondiagonal matrix components
between multiplets having the same total L and S
(which arise in cases involving three open sub-
shells) were neglected. Multiconfiguration
Hartree-Fock (MCHF) calculations including
spin-orbit interactions have recently been per-
formed by Fischer and Ridder'® for the 2p~13p~!
initial states of Ar L x-ray satellites. The ad-
dition of 47 configurations did not result in a
significant improvement in the agreement with
the experimental measurements of Nordgren

et all”

Z -expansion calculations were first employed
by Layzer!® in 1959. This method simultaneously
provides results for all members of an isoelec-
tronic sequence and has the additional advantage
that relativistic terms are easily added. Based
on this method, Horak!® obtained semiempirical
results for the KL! satellites of Ne through Si
(without relativistic terms). The third term of
the expansion was adjusted to give agreement
with optical data (final states) and K x-ray data for
Ne (initial states). Other Z-expansion calcula-
tions have been performed by Hartmann and
Hendal,?® and by Safronova and co-workers .
Tables are now available for various states in

(a) He-like ions with filled K shells (6 terms),

(b) some ions with KL® and KL” vacancy configur-
ations (5 and 6 terms, respectively), and (c) a
few ions with KL*, KL5, and KL°® vacancy configur-
ations (3 terms; nonrelativistic). There are,
however, no published Z-expansion results for the
satellites of primary interest in the present work;
namely those associated with KL, KL?, and KL?®
vacancy configurations.

An assessment of the accuracy of the calcula-
tional methods discussed above, as applied to sev-
eral of the energy levels in Ne* (i.e., NellI),
is provided by Table I. In this table, the electron
configuration is specified by the notation [4j]
where i, j, and k, respectively, .indicate the
numbers of 1s, 2s, and 2p electrons present.

The results of the various calculations are com-
pared with experimental energies obtained from
the optical data compilation of Moore 2* Absolute
energies were derived by adding the differences
between the term energies to the sum of the ion-
ization limits for Ne X to Ne IV. As is indicated
at the bottom of Table I, the average deviation
between the experimental and theoretical energies
is quite large (~12 eV) for all but the 6-term Z-
expansion calculations. Also, the ratio of the
energy difference between S and D terms to that
between D and P terms given by SCHF deviates
significantly from the experimental value. Since
differences in adjacent line energies for the Ko
x-ray satellite spectrum of Ne are typically
about 0.6 eV, it is evident that better accuracy
than is provided by SCHF or 3-term Z- expansion
calculations will be required for correct identifi-
cation of the observed structure.

TABLE I. Atomic energy levels for Ne i (in eV),

Electron Z-exp© Z-exp®
configuration Term SCHF? SCHF + CI® (3 terms) (6 terms) Semiempirical?® Experiment®
[224] is -3430.27 -3432.28 -3431,27 -3442 ,06 -3430.18 -3442 .81
ip -3435.39 —3435,15 ~3445 .65 -3433.89 —~3446.22
3p -~3438.80 -3438.61 -3448.97 -3437.06 —-3449.68
[215] ip ~3400.14 -3400.50 -3412 .43 -3401,21 -3413.83
3p -3412.36 -3412.06 -3423.09 -3411.73 -3424.36
[206] is -3376.34 -3374.33 -3376.14 -3389.21 -3377.10
Average deviation 12,06 11,65 11.92 1.00 12.63
Standard deviation® 1.13 1.26 0.90 0.32 0.00
Ratio (S-D)/(D-P) ) 1.50 0.91 1.12 1.08 117 1.17

2Calculated using the Hartree-Fock program of Fischer (Ref. 22).
bSame as (a) but with configuration interaction between 1S terms included.

¢ From Safronova et al. (Ref, 21),
9From Horak (Ref, 19).
¢ From the optical data compilation of Moore (Ref. 23).

f Standard deviation of the energy differences with respect to the experimental values.
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2. Study of deviations from SCHF results for He-
to Ne-like ions

Because of the relative ease and convenience
with which SCHF calculations can be performed,
it is of interest to investigate ways in which the
results of such calculations can be corrected to
improve the accuracy of predicted transition
energies. With this goal in mind, a study of the
deviations between experimental and SCHF en-
ergies for He- to Ne-like ions was carried out,
as suggested by the work of Edlen 2425

The Hartree-Fock program of Fischer?? was
used to calculate the average energy of configura-
tion and the values of the Slater Coulomb (F¥)
and exchange (G*®) integrals. The LS -term en-

ergies were then determined in the usual manner 2¢

Calculations were performed for configurations
([#®]) withi=2, j=0, 1, 2, and =0 to 6, for
elements Z=8 to 14. The SCHF energies were
compai‘ed with accurate experimental energies
derived from optical spectra,? which had been
averaged with weights proportional to 2J +1.

The results are presented in Figs. 4 through
8 in the form of ratios of experimental to SCHF
energy differences. In Fig. 4, AE is E4[2jk]
—E.[22k] where E,, is the average energy of
the configuration for Mg. In Fig. 5, similar
ratios of energy differences are given relative to
the E,, of the Ne-like configuration of the same
element (i.e., AE =E,,[2jk] - E,[226].

The ratio of the energy difference between S
and D terms to the energy difference between D
and P terms of the same electron configuration
is shown as a function of atomic number in Fig.
6. The solid curves show the ratios obtained

1.2 L [21k]

12Mg

[20k]

Il " 1 I 1

1
2 4 6
TOTAL NO. OF ELECTRONS

FIG. 4. Ratios of experimental (Ref. 23) to SCHF aver-

age of configurations energy differences for Mg as a
function of total number of electrons. (AE=E4[2jk]

— E,[22k] where j is specified by the configuration la-
bel in the figure and 2=z —j — 2 where n=total number of
electrons.) ’
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FIG. 5. Ratios of experimental (Ref. 23) to SCHF av-
erage of configurations energy differences as a function
of atomic number (AE = E,,[2jk] — E,,[226] where j and
k are specified by the configuration label in the figure).

from the optical data, whereas the dashed line
shows the ratio predicted by SCHF. The SCHF
ratio is independent of the electron configuration
and the atomic number, while the optical data
ratios display a dependence on both of these
quantities.

Ratios of experimental to SCHF energy differ-
ences between terms belonging to the same elec-
tron configuration are shown as a function of
atomic number in Figs. 7 and 8. For the con-
figurations in Fig. 7, the SCHF term energy
differences are given by 6/25F%(2p, 2p) while

3.00

AE(s—p)
AE(p-p)

ATOMIC NUMBER

FIG. 6. Ratios of energy differences between S and D
terms to energy differences between D and P terms for
various electron configurations as a function of atomic
number. The solid curves show the ratios obtained from
experimental data (Ref. 23) and the dashed curve shows
the SCHF prediction for all configurations. The dot-
dashed curve indicates the results of 3-term nonrelativ-
istic Z-expansion calculations (Ref. 21) for the [204 ]
configuration, for which experimental data were unavail-
able.
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FIG. 7. Ratios of experimental (Ref. 23) to SCHF
energy differences between terms belonging to the same
electron configuration, as a function of atomic number.
(AEgcqr=6/25F2p,2p.)

those for the configurations in Fig. 8 are given by
2/3G*(2s,2p) (Ref. 26). As may be seen from
these figures, SCHF calculations overestimate
the multiplet splittings by as much as 35%, but
this tendency decreases as the atomic number
increases. A similar conclusion was reached by
Fisher and Ridder'® who found that by scaling
down the F* and G* integrals by a factor of 0. 88,
the ordering of terms and the multiplet splittings
could be brought into better agreement with experi-
ment.

3. Semiempirical analysis of the Ko x-ray satellite
spectrum of Mg
In order to obtain an accuracy of the order of
0.5 eV for Mg Ka x-ray transition energies
(~1250 eV), it is necessary to compute the total
energies of the initial and final states with an
accuracy of 1 part in 10*. Since present day
ab initio methods appear to be incapable of this

1.00 T T T T
—_—7
t2n] ('p-3p)
[212] (2P—2p)
E ('i) f215) Zl2r3] ('0-3p)
4 8 ool \\\[215] (1p-3p) |
lélJ L<l1J [214) (2p—%p)
f21]
f212)
[213)
[214]
1 1 1 1
0.808 10 12 14 18

ATOMIC NUMBER

FIG. 8. Ratios of experimental (Ref. 23) to SCHF
energy differences between terms belonging to the same
electron configuration, as a function of atomic number.

- 1
AE . =2/3G'(2s,2p.)

task (see Sec. IIIB1), the analysis of the Ka
x-ray satellite spectrum of Mg was performed
using the “corrected” SCHF results described

in the preceding section. The procedure adopted
for the calculation of transition energies was as
follows: (a) The SCHF final-state energies were
corrected using the correction factors given in
Figs. 4 to 8 for Mg. (b) The SCHF initial-state
energies were corrected using correction factors
for the next element Al to approximately account
for the effect of the 1s hole (equivalent core ap-
proximation). A justifiable way to correct the
remaining contributions to the multiplet energies
from the 1s hole [i.e., G°(1s,2s) and GM(1s, 2p)]
could not be found and so the uncorrected SCHF
values were used. The Mg Ko x-ray transition
energies, calculated as outlined above, are listed
in Table II. All of the configurations considered
contained a filled 3s subshell, as is indicated by
the last digit in the initial electron configuration
specification.

The relative intensities listed in Table II were
determined by assuming that all the initial states
were populated statistically. In this case, a
transition intensity is proportional to (2L +1)

(2s +1)w, s where w, g is the fluorescence yield.
Values of w, s for Mg were obtained by scaling
the results of Bhalla’s calculations®” for N, F,
and Ne according to the relationship

wys/(1-wyg)cZ?,

as suggested by the work of Wentzel.?® Compari-
son of Bhalla’s values for Ne with those for N
confirmed that the theoretical predictions followed
this Z dependence to within a few percent.

A “theoretical” spectrum was constructed for
the KL!, KL?, and KL? satellites of Mg from the
energies and intensities listed in Table II. Each
line was represented by a Voigt profile having
a Gaussian width determined by the instrumental
resolution and a Lorentzian width equal to twice
the corresponding natural linewidth calculated
for Ne by Chen and Crasemann.?® The scale fac-
tor of 2 was deduced from a least-squares an-
alysis of the Ka, , peak using a Voigt line shape
with variable Lorentzian and Gaussian widths.
This analysis yielded a natural linewidth of 0.45
eV for the Mg Ka, , transitions. The theoretical
spectrum is compéred with an experimental
spectrum obtained with 5.4-MeV He* ions in Fig.
9. The resolution of the experimental spectrum
has been improved by about 30% by means of an
iterative deconvolution procedure (method of
ordinate ratio corrections®). In Fig. 9, it is
apparent that the predicted structural features are
in fairly good agreement with the experimental
spectrum, but that the predicted relative inten--
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TABLE II. Calculated Mg Ko x-ray transition energies and relative intensities.

Initial
Satellite electron »
group configuration Transition E,(eV) I,

Initial
Satellite electron
group configuration Transition Ej(eV) I,
KL 1262 25 —2p 1252.8 1.000
K1t 1162 ig—~1p 1257.1  0.120
3§ —3p 1261.4 0.553
1252 ip—1ig 1258.2  0.120

—1p 1263.3 0.581

Sp—-3p 1261.6  1.000

KI? 1062 25 —2p 1269.1 0.181
1152 2p_—28 1263.5 0.066
—~2p 1260.7 0.153

—~2D 12709 0.752

p, —~28 1270.3  0.013

—2p 12674 0.263

—2p 1277.7  0.068

ip —4p 1270.3  1.000

1242 p—2p 1268.8 0.164
—2p 1272.4 0.481

2p —2p 1270.5 0.400

—2p 1274.0 0.658

2§ —~2p 1272.7 0.146

4p —4g 1270.8 0.458

KI® 1052 ip —~1g 1273.6 0.062
—-1p 1283.4 0.315

3p—3p 1280.7 0.594

1142 ip—~ip 12740 0.064
—-1ip 1279.2 - 0.171

ip—~ip 12809 0.211

—-1ip 1286.1 0.352

1ig—1p 1282.2 0.052

3Sp—3p 1278.6  0.285

—-3p 12837 0.843

3p.—3s 1267.9 0.022

—3p 1278.8 0.597

—~3p 1283.9 1.000

3p,—3s 1279.8  0.262

—3p 1290.7  0.025

—3p 1295.8 0.037

g —~3p 1286.8 0.279

Sp—5s 1282.2 0.903

1232 ip—~ip 1285.1 0.593
ip —1ig 1283.8 0.187

—1p 1289.1 0.233

3p —-3p 1282.8 0.536

3p—3p 1286.8 0.375

3g =3p 1286.1  0.609

KIA - 1042 p—~2p 1287.6  0.057
—2p 1294.8 0.175

2p —2p 12904 0,147

—-2p 1297.6 0.251

25 —2p 1298.4 0.058

4ip —14g 1293.0 0.225

1132 p —2p 1284,5 0.018
—~2D  1295.5 0.373

:p,—~2p  1291,7 0.110

—-2p 1302.8 0.063

2p_—28 1293.2 0,121

—2p 1290.2 0.013

—2p 1301.3 0.155

2p,—~2§ 1300.5 0.015

—~2p 1297.5 0.079

—2p 1308.6  0.019

s —~2p 12982 0.332

ip —ip 1294.2 0.395

4p ~ip 1300.0 0.316

s —4p 12957 1.000

4s,—~4P  1312,0. 0.010

i —4p 1275.2 0.151

1222 p—+2p 12979 0.143
2p —-2p 1300.3 0.583

s —2p 1304.0 0.039

ip2p 1288.7 0.125

KL 1032 ip—~1ip  1309.5 0.086
ip —1g 1305.8 0.031

—1p 13174 0.039

3p-3p 1306.1 0.094

3p—3p 1314,0 0.076

35 =3P 1310.9 0.432

5 ~3p 1295.1  0.040

1122 ip—~1ip 13071 0.024
lp—~1ip 13144 0.146

1s—+1p 13134 0.007

Sp—3p  1311.1 0.122

Sp.—-3p 13121 0,737

Sp,—~3p  1323.6 0.013

3g —~3p 1317.5 0.057

Sp—3p 1294,0 1.000

1212 ip —1g 1316.3 0.081
KIL§ 1022 2p—2p 13238 0.106
2p—2p 1327.3 1.000

g —~2p 1336.5 0.048

ip—~2p 13145 0.086

1112 tp —~28 1326.6 0.710
*p, —25 1338.0 0.018

ip 28 1313.6 0.696

KL 1012 ip —1g 13449 1.000
Spp—~1s 133558 1.000

sities for the lines contributing to the KL? and
KL?® satellite groups do not provide a very good
representation of the observed structure. Part
of the problem with the relative intensities is at-
tributable to the fact that the 2s and 2p ionization
probabilities are functions of projectile velocity
and atomic number, as discussed in Sec. III A.

Thus the assumption that all initial states are
populated statistically is not very satisfactory.
In an effort to ascertain how well the experi-
mental spectrum could be represented by allow-
ing the relative 2s and 2p ionization probabilities
to vary, a least-squares peak fitting analysis
was performed. In this analysis, each line was
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FIG. 9. Comparison of a measured and calculated K x-ray satellite spectrum for (thick) Mg metal excited by 5.4-MeV

He' ions.

represented by a Voigt profile having a variable
Gaussian width determined by the experimental
resolution and a fixed Lorentzian width equal to
the estimated natural linewidth, as described
above. The line energy separations were fixed at
the calculated values listed in Table II and the re-
lative intensities of all lines belonging to the
same initial-state electron configuration were
also held fixed at the calculated values (Table II).
In the least-squares fitting procedure, the only
variables were the total intensities and positions
of the groups of lines belonging to different initial-
state electron configurations. For example, in
the KL' satellite group, only the sum of the in-

tensities and the average energy of all transitions

108

arising from the electron configuration [116] and
the sum of the intensities and the average energy
of all transitions arising from the electron con-
figuration [125] were allowed to vary.

The results are shown in Fig. 10 for the KL!
and KL? satellite groups of the spectrum obtained
with 5.4-MeV He* ions. The fitted spectrum
reproduces the experimental spectrum reason-
ably well indicating that most of the energy
separations and relative intensities are nearly
correct. It is readily seen in this figure that
transitions arising from initial states having 2p
vacancies mainly contribute to the high-energy
components of the satellite groups while those
arising from initial states having 2s vacancies

104

COUNTS

103

54 MeV He™Mg

102

1250 1260

ENERGY (eV)

FIG. 10. Least-squares fit of Mg Ka x-ray satellite spectrum of Mg metal excited by 5.4-MeV He* ions. In this fit
all transitions belonging to the same initial-state electron configuration have fixed peak separations and intensity ratios
(calculated values of Table II). Only the Gaussian (instrumental) peak widths and the total intensities and positions of
the 5 transition groups indicated by solid and dashed lines were adjusted in the least-squares fitting procedure. The
small dots show the calculated points while the large dots show the data points.
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mainly contribute to the low-energy components.
Also the overlap of the two KL? lines [115]2P_
with the KL! satellite group is clearly illustrated.

C. Effect of chemical environment

The influence of the chemical enviroment on
the Ka satellite structure of Mg is examined
in Figs. 11, 12, and 13. Some rather striking
differences are observed in the (deconvoluted)
spectra obtained with Mg metal and the compounds
MgO, MgCl,, and MgF,. One feature of particular
interest is the ratio of the intensity of the Ko,
peak to the intensity of the Ko, peak (see Fig. 1
for the identification of these peaks). As has been
noted several times in the past,®®® this intensity
ratio increases dramatically in going from Mg metal
to MgO [see Figs. 11(a) and 11(b)]. Additional
observations, resulting from the present work,
are that (a) when light ions (H* and He*) are used
to excite Ko x-ray emission, the Ka,/Ko, inten-
sity ratios for MgO, MgCl,, and MgF, are all
much greater than for Mg metal (0.95+0.05 and
0.71+0.09 for the compounds, and 0.56+0.06 and
0.41 +0.03 for the metal respectively), and (b)
when heavy ions are used to excite Ko x-ray
emission, the Ko, /Ko, intensity ratios decrease
to 0.37+0.04 for the compounds and to 0.27+0.03
for the metal.
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FIG. 11. Mg Ka satellite spectra from thick Mg metal
targets [(2) and (c)] and thick MgO (b) and (d), excited by
5.4-MeV He* [(a) and (b)] and 32-MeV O?*ions (c) and (d).

According to the calculated transition energies
listed in Table II, the Ka, peak is composed al-
most entirely of the [125]'P transition, whereas
the Ko, peak contains both the [125]°P transition
and the [116]%S transition (see Fig. 10). It should
be noted that these assignments differ from those
given by Demekhin and Sachenko,*? who have also
analyzed this intensity effect. The present iden-
tification is supported by the Z-expansion calcula-
tions of Horak.!®

Comparison of the spectra in Figs. 11(a) and 11(b)
shows that the increase in the intensity of Ko,
in going from Mg metal to MgO is accompanied
by a decrease in the intensity of Ka,. This
suggests that the [116]°s initial states are highly
converted to [125] initial states prior to x-ray
emission by Coster-Kronig transitions in MgO

but not in Mg metal. If all initial states were
populated statistically and Coster-Kronig transi-

tions did not occur, the predicted Ka,/Ka, in-
tensity ratio would be 0.37. On the other hand,
in the extreme case that all [116]3S initial states
are converted to [125]'P initial states, the ex-
pected intensity ratio would be 1.04. The obser-
ved intensity ratios are consistent with these
predictions.

Coster-Kronig transitions are known to be ex-
tremely sensitive to the transition energy, espec-
ially near threshold. Moreover, Citrin®® has
discussed the possibility of interatomic Coster-
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FIG. 12. Mg Ka satellite spectra from thick MgCl,
targets excited by (a) 2.75-MeV H*, (b) 5.4-MeV He",
(c) 32-MeV 0%, (d) 40-MeV Ne*, and (e) 64-MeV S*
ions.



1186 A. LANGENBERG AND R. L. WATSON 23
T T T T T T T T
. . o . He+*Mg F (a)
.xl2.5 " ., 2
:—E- ". R - E xz-‘s‘f . ... X‘E“ L -\_'.'.'
S Qb 3 . '-m-)..«.—a"""j..r Soend e |
> : 2*
S ‘ X25/8 sl 0 A (b)
- S - R R
=y . - x5/8: xl/2
= .a-“ . "'-.-.,.{ a“"-“‘"‘z.‘ '*«...«-..‘,’,...c""'~ ’ ."'-'»....n.--""“. "\\_.
S of -
> " + . ~
- Prallt D NeZ - (c)
2 x5 o2 s
wl " L ""-....n';,‘-»". Sornemmg
= ofF” s
z . o
- o RS . + ~
X - . ", s N *,
- o "-,L__ et "“'NL.«""' et
0 s 1 1 1 N
1250 1260 1270 1280 1290

ENERGY (eV)
FIG. 13. Mg Ko satellite spectra from thick MgF, targets excited by (a) 5.4-MeV He", (b) 32-MeV 02*, (c) 40-MeV

Ne®*, and (d) 64-MeV St*jons,

Kronig transitions in singly ionized MgF, where
a 2p electron from fluorine fills a 2s vacancy in
Mg. Such transitions may in fact play a very
important role in the deexcitation of the doubly
ionized states under consideration here.

In the case of excitation by heavy ions, such
as 0%, the Ka,/Ko, intensity ratio does not
appear to be as sensitive to the chemical enviro-
ment as when light ions are used. Of course,
one must take into account the overlap of the
KL?[115]?P lines with Ko, since the KL?
satellites are more intense than the KL' satel-
lites in these spectra. Nevertheless, the con-
clusion is that for 'heavy-ion excitation, Coster-
Kronig transitions contribute less to the observed
alterations in the Ko /Ko, intensity ratios of the
Mg compounds than for light-ion excitation. This
is probably a result of the higher states of M-
shell ionization produced by heavy ions.

Substantial intensity variations and energy
shifts are also observed in the Ko, and Koy
peaks of KL?, and in the Ka,, and Ko, peaks
of KL® in going from Mg metal to the Mg
compounds, as may be seen by comparing
Figs. 1, 11, 12, and 13. Because of the
complexity of these peaks, not much can be
said regarding the causes of the observed
variations. Contrary to the case of the KL!
satellites, however, Coster-Kronig transitions
(as was mentioned in Sec. III A) are not expected

to be energetically allowed from KLZ or KL® in-
itial states.

IV. CONCLUSIONS

The multiplet structure of the KL!, KL?, and
KL3 x-ray satellite groups of Mg and some of its
compounds, excited by ion-atom collisions, has
been examined. The relative probabilities for
2s and 2p ionization were observed to vary with
projectile velocity and atomic number. Detailed
comparisons of SCHF inital-state energies with
those derived from optical data were made and
a method for obtaining accurate multiplet transi-
tion energies from “corrected” SCHF results was
devised. Good agreement between the measured
and calculated structure was achieved by assuming
a statistical population of all initial states belong-
ing to the same electron configuration, but allow-
ing the relative populations of 2s and 2p vacancy
configurations to be variable. Comparison of
spectra for Mg metal, MgO, MgClL,, and MgF,
revealed sizable peak energy and intensity
variations. The role of Coster-Kronig transitions
in determining the relative intensities of the KL*
satellites was considered and found to offer a
plausible explanation of the observed difference
between the Ka,/Ka, intensity ratio for Mg metal
and that for the compounds when excited by light
ions.
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