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Experimental and theoretical K x-ray spectra of manganese
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A high-resolution study of theK x-ray emission spectrum of the metal manganese is presented. The spectrum
of the 3d64s1 configuration is simulated with the help of a multiconfiguration Dirac-Fock program. Good
agreement is obtained between the experimental and simulated shapes of the well resolvedKa1,2 doublet as
well as of the strongly asymmetricalKb emission. The experimental intensity ofKb5 is larger than the
predicted value because a mixing of thes, p, andd valence states exists in the solid. Satellite emissions, due
to the transitions in doubly ionized atoms created by shake-off processes, are observed toward the higher
energies of the normal emissions, at the predicted energies. In contrast, no radiative Auger satellite is observed
toward the lower energies. We conclude that this process cannot be described in the shake approximation as
previously assumed. The measured and theoreticalI (Kb)/I (Ka) intensity ratios agree within 3%. Both are
almost independent of the satellite emissions, while they vary appreciably with the external Mn configuration.
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I. INTRODUCTION

Knowledge of atomic parameters is necessary to de
mine the strengths of excitation and ionization processes
of radioactive processes, electron capture, and internal
version. Among these parameters, the fluorescence yield
the various shellsK, L, M , . . . , theintensity ratios of the
emissionsI (L)/I (K), I (M )/I (L), . . . , and theintensity ra-
tio of the Ka andKb emissions are the most important.

A large amount of work has been done for elements
atomic numberZ<30 on the theoretical and experiment
determination of the intensity ratioI (Kb)/I (Ka) @1–7# and
on its dependence upon chemical environment@8–12#. It has
been suggested for 3d transition elements@13# that the
I (Kb)/I (Ka) ratio is a linear function of the number of 3d
electrons.

Most of the experimental data have been obtained
energy-dispersive x-ray spectrometry. Generally, they h
been analyzed under the assumption that each of theKa and
Kb emissions is expressed as a single Gaussian functio
some cases, an additional peak located toward the low
ergy of the Kb emission has been added@14#. The
I (Kb)/I (Ka) intensity ratio has been deduced and an ab
lute accuracy of 1% or less is claimed for its determinati
However, experimental values reported show important s
ter. On the other hand, the fine structures in theKa andKb
emissions have been resolved by high-resolution x-ray s
troscopy and their dependence on the chemical environm
has been investigated.

We have studied the MnK spectrumn in order to analyz
the characteristics of the MnK x-ray normal ~in the
monoionized atom! and satellite emissions and to investiga
the parameters that govern the precision of the determina
of the I (Kb)/I (Ka) intensity ratio. By using a multiconfigu
ration Dirac-Fock~MCDF! code calculation, the normal an
satellite emissions have been simulated for the Mn (Ar)3dn

and 3dn4s1 or 3dn4s2 configurations withn varying be-
tween 6 and 4. TheI (Kb)/I (Ka) ratio has been deduced
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The simulation method and the computations are prese
in Sec. II in comparison with the previous theoretical da
High-resolution spectral analysis of the MnK x-ray emis-
sions in the metal has been performed andI (Kb)/I (Ka) has
been determined. The results are described in Sec. III. In
IV, the experimental and theoretical data are compared
the shape and the intensity of the various emissions, in
ticular the relative intensity of the high- and low-energy s
ellites, are discussed.

II. CALCULATED X-RAY EMISSIONS

A. Methodology

The electric dipolar emissions that take place between
1s and np inner subshells are calculated for manganese
the free atom and in various electronic configurations.
MCDF program is used to compute wave functions, energ
and transition probabilities@15#. The initial and final con-
figurations of the emissions are obtained from the exten
average level extension of the MCDF method coupled w
the Slater transition state~method I!. In this model, the va-
cancy is shared between both subshells and the correla
effects are minimized. Another weighting model is also us
in which to each initial or final configuration is assigned
weight equal to the statistical weight of the considered s
shell ~method II!. The length and velocity forms of the tran
sition matrix elements are used.

Because the interactions between the variousJ levels of
the excited and ionized configurations are very fast, all thJ
levels of the initial configuration are populated statistical
Radiative emission is then the sum of all the lines that c
occur between the variousJ levels of the initial and final
configurations, each line being weighted by the statisti
weight of the initialJ level. This method was already use
with success to interpret the shape of uranium x-ray em
sions@16#. Each emission is characterized by its energy a
its probability: the energy is either the energy of the m
intense line or theaverageenergy which is the barycenter o
all the lines; the probability is either the maximum transiti
©2002 The American Physical Society07-1
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rate or theaverageprobability, which is the weighted sum o
probabilities of all the lines.

Simulated emission is obtained by folding the theoreti
probability of each line with a Lorentzian broadening fun
tion whose width results from the intrinsic lifetime and b
calculating the weighted sum of all the lines. Finite expe
mental resolution is taken into account with a Lorentzian
Gaussian broadening function.

B. Simulation of Mn Ka and Kb emissions

Ka1,2 (2p→1s) andKb1,3 (3p→1s) emissions are cal
culated from separate runs. Simulated spectra obtained
Mn (Ar)3dn with n varying from 6 to 4 are plotted in Figs
1 and 2. Each emission results from several thousand
closely bunched lines. However, because the 2p spin-orbit
coupling ~11.1 eV! is large with respect to the 2p-3d inter-
action, theKa1 and Ka2 peaks are well separated; the
width is only 4 eV and their shape is almost symmetrical.

FIG. 1. Ka1,2 simulated emission of Mnd6, d5, andd4.
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contrast, the 3p-3d interaction is greatly predominating;
creates a large multiplet splitting of the nonresolvedKb1,3

emission which spreads over about 20 eV. Due to the str
3p-3d interaction, the energy broadening ofKb1,3 is gov-
erned by the energy distribution of the final state and not
the lifetime of states. TheKb1,3 emission is strongly asym
metrical toward the lower energies and the structures
pected in this range vary withn.

We have listed in Table I forKa1 , Ka2 and Kb1,3 (n
56) the energies of the most intense line. They are compa
to the differences of the inner subshell binding energies,
culated separately for each subshell. ForKa1 andKa2, the
energies of the maxima are near the experimental va
@17#. For Kb1,3, the energy of the most intense line is lo
cated toward the higher energies and corresponds neith
the centroid of the emission nor to the experimental val
This is due to the large asymmetry of this emission.

FIG. 2. Kb1,3 simulated emission of Mnd6, d5, andd4.
i-
.

TABLE I. Energies~eV! of normal and satellite emissions:~1! energy of the simulated spectrum max
mum; ~2! difference between the energies of the initial and final states;~3! experimental values from Ref
@17#.

Normal ~1! ~2! ~3!

K-L II (a2) 5891.2 5897.0 5887.6
K-L III (a1) 5902.1 5908.2 5898.7
K-M II,III (b1,3) 6502.4 6485.2 6490.4
K-M IV,V (b5) 6530.5 6535.4

Double ionization ~1! ~1!

KL I-L IL II,III 5932 KL I-L IM II,III 6549
KL II,III -L II,III L II,III 5931 KL II,III - L II,III M II,III 6564
KM I-M IL II,III 5910 KM I- M IM II,III 6511
KM II,III -M II,III L II,III 5912 KM II,III -M II,III M II,III 6498

Radiative Auger ~2! ~2!

K-L II,III M I 5745–5785 K-M IM II,III 6360–6395
K-L II,III M II,III 5770–5820 K-M II,III M II,III 6390–6430
K-L II,III M IV,V 5845–5870 K-M IV,VM II,III 6455–6480
7-2
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The Kb5 emission is expected at 6531 eV. From the th
oretical calculation in the free ion, its relative intensi
should be very weak, less than 0.1% ofKb1,3. However,
because the 3d electrons are strongly mixed with the 4sp
electrons in the solid, one expects that an emission from
character states, mixed with the 3d states, will be observed
in the metal at the position ofKb5 with an intensity clearly
higher than that calculated.

As seen from Figs. 1 and 2, the energies of theKa1,2 and
Kb1,3 emissions vary withn in an opposite manner. Whe
the oxidation degree of Mn increases, i.e., whenn decreases
Ka1,2 shifts toward lower energies whileKb1,3 shifts in the
opposite direction. On the other hand, the average proba
ity of the Ka1,2 emission decreases by less than 0.1% w
decreasingn while the probability of theKb1,3 emission in-
creases by about 10% with decreasingn ~cf. Table II!.

C. Simulation of satellites

High-energy satellites are due to transitions in doubly io
ized atoms. Indeed, an additional inner hole generally sh
the transition toward the higher energies and the shif
greater as the additional hole is present in a deeper shelAb
initio computations of the energies of the maximum tran
tion rate~cf. Table I! as well as the energy distributions ha
been performed for theK satellites. The satellites arisin
from theKM double initial ionization are difficult to resolve
from diagram lines because of the high multiplicity of th
configurations with a supplementary hole. Thus one exp
that these satellites might be only a bump on the high-ene
side of the emission lines. In contrast, the satellites due
KL doubly ionized atoms are clearly separated from the n
mal emission.

The calculated average transition probabilities of theKa
andKb satellites are indicated in Table II, compared to t
probabilites of theKa1,2 andKb1,3 emissions. The probabili
ties of the corresponding normal and satellite emissions
close. The intensity of an emission depends both on the t
sition probability and on the number of atoms in the init
state, i.e., on the number of atoms in a doubly ionized s
in the case of the satellites. ForK emissions, only double
ionization by shake-off processes is to be taken into acco
For the Mn atom, the production percentage of multivaca

TABLE II. Transition probabilities (1010 s21) of normal and
satelliteKa andKb emissions calculated for Mnd6, d5, andd4.

Ka1,2 Satellites

Initial state 1s1 1s13p5 1s13s1 1s12p5 1s12s1

d6 47213 49223 47380 41166 47568
d5 47187 49260 47359 41149 47547
d4 47164 49305 47348 41138 47538

Kb1,3 Satellites

Initial state 1s1 1s13p5 1s13s1 1s12p5 1s12s1

d6 5801 5024 5748 7504 6493
d5 5972 5199 5956 7748 6727
d4 6195 5408 6204 8032 7002
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states by the shake-off effect relative to single vacancy p
duction, PKX , is 0.82% for the 2p subshell and 4.37% for
the 3p subshell@18#. It is at least three times weaker for th
2s and 3s subshells, respectively.

By multiplying the transition probability of each norma
emission by (12(PKX) and that of each double-ionizatio
satellite by itsPKX factor, we have determined the relativ
intensities of the normal and satellite emissions. They
reported in Table III. We also give in Table III the sums
the relative intensities of the normal and satelliteKa andKb
emissions. It is remarkable that these sums differ very li
from the transition probabilities of theKa1,2 andKb1,3 emis-
sions, reported in Table II. This is because the transit
probabilities of all theKa or Kb emissions are close to
gether and the relative intensities of the satellites are we

In the 3d transition element range, satellites due to rad
tive Auger effects~RAE’s! have been studied extensivel
According to theoretical predictions based on the sh
model@18#, theK-MM RAE components should be the mo
probable and their relative probabilities with respect to
Kb1,3 probability should be about 4%. Experimentally, f
transition metals, the intensity ofK-MM satellites is two
orders of magnitude less than the intensity of theKb1,3 peak
@19#, that is to say, clearly weaker than the predicted val
We have calculated the energies of theK-LM and K-MM
components~cf. Table I!. They each extend over abou
25–40 eV. As a consequence of their spread and their w
intensity these transitions are difficult to observe.

D. I „Kb…ÕI „Ka… intensity ratio

First, we have calculated theI (Kb1,3)/I (Ka1,2) ratio for
different configurations from the average probabilities cal
lated for each emission as indicated above. We have used
two methods of weighting and the length and velocity form
of the matrix elements. Results are presented in Table IV
compared to recent published values@7# and to the values
proposed by Scofield@18#. The agreement is good betwee
these values and the results we obtained by the weigh
method based on the Slater transition states~method I!. Dif-
ferences of 0.0038, i.e., about 3%, exist between
I (Kb1,2)/I (Ka1,2) ratios calculated with the length and ve

TABLE III. Relative intensities of normal, satellite, and tota
Ka andKb emissions calculated for Mnd6, d5, andd4.

Ka1,2 Satellites

Initial state 1s1 1s13p5 1s13s1 1s12p5 1s12s1 Total

d6 43946 2151 692 338 128 47255
d5 43922 2153 691 337 128 47231
d4 43900 2155 691 337 128 47211

Kb1,3 Satellites

Initial state 1s1 1s13p5 1s13s1 1s12p5 1s12s1 Total

d6 5400 219.5 83.9 61.5 17.5 5782
d5 5559 227.2 87.0 63.5 18.2 5955
d4 5766 236.3 90.6 65.9 18.9 6178
7-3
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locity forms. Concerning the electronic configurations,
variation of 3% exists betweend6 and d5. In contrast, be-
tween 3d6 and 3d64s1 the change is negligible and it i
0.4% between 3d5 and 3d54s2. Thus the electronic configu
ration intervenes essentially depending on the numberd
electrons. This is because the 3d electrons play an importan
role in the intensity of theKb emission as already mentione
in the previous section.

The I (Kb1,3)/I (Ka1,2) ratio increases with decreasingn.
The variation of the ratio between two electronic configu
tions is a relative datum known with an uncertainty in t
fourth digit. This variation can be used to obtain the value
the ratio for a compound if the Mn oxidation degree in th
compound is known.

To determine theI (Kb)/I (Ka) ratio, all the K normal
and satellite emissions must be taken into account. F
experimental results described below, only the doub
ionization satellites have sufficient intensity to affect the
tio notably. When the sums of theKa andKb emissions are
taken into account~cf. Table IV!, I (Kb)/I (Ka) differs from
I (Kb1,3)/I (Ka1,2) by 20.0005. This difference is clearl
smaller than the difference due to the form of the mat
element.

III. EXPERIMENT

A. Experimental details

Manganese metal plates of 99.9% purity~Alfa Aesar!
were used. The samples were fixed on a water-cooled sa
holder. This sample holder is the anode of an ultrahi
vacuum x-ray tube. The current density was less tha
mA/cm2. Special care was taken to consider only the data
showing an evolution in time.

The spectra were recorded by using a 50 cm radius b
crystal vacuum spectrometer@20# equipped with various
crystalline slabs: LiF 200 used at the first reflection order a
quartz 112̄0 used at the second reflection order. Because
its high luminosity, LiF is used for the analysis of wea
intensity emissions. The quartz 1120̄ crystal is less luminous
but its resolution is better, making theKa1,2 doublet well
resolved. A polyethylene-windowed Ar-CH4 gas-flow pro-
portional counter was placed behind an adjustable slit s

TABLE IV. I (Kb1,3)/I (Ka1,2) intensity ratio. Method I: by
building the Slater transition state; method II: by weighting ea
state by its statistical weight.l denotes the length form of the tran
sition matrix element,v denotes the velocity form.

Other work Method I Method II

l v l v l v

3d64s1 0.1326a 0.1307a 0.1328 0.1289 0.1228 0.1207
3d6 0.1328 0.1290 0.1229 0.1208
3d54s2 0.1361a 0.1342a 0.1361 0.1323 0.1260 0.1239

0.1339b

3d5 0.1367 0.1328 0.1266 0.1244

aReference@7#.
bReference@18#.
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ated on the Rowland circle. The spectra were recorded ov
wide enough region to precisely take into account the ba
ground. The spectral distribution of the continuum bac
ground is obtained from analysis of the spectrum emitted
an element of adjacent atomic number having no disc
emission in the spectral range considered.

The Mn K spectrum is excited with electrons whose e
ergy is about 1.5 times theK ionization threshold, i.e., 9.5
keV. In these conditions, the ionization process is favo
with respect to the bremsstrahlung emission process. On
other hand, the energy of the ionizing electrons is suffici
for the sudden approximation to be valuable and the pr
ability of double ionization by the shake-off effect fits th
predicted value.

B. Mn K emission spectrum

The MnK spectrum analyzed with the LiF crystal is plo
ted in Fig. 3 on a logarithmic scale to enhance the we
intensity emissions. No structure is seen toward the low
energies of theKa1,2 doublet and the shape of the spectru
is characteristic of pure x-ray emission in this energy ran
In contrast, a structure is observed towards the higher e
gies of Ka1,2 at the position calculated for theKL-LL
double-ionization satellites. TheKb1,3 emission is asym-
metrical toward the lower energies and no satellite is see
this range. Weak intensityKb5 emission is observed at th
energy expected from the previous experimental data@8#.

In Fig. 4, the well resolvedKa1,2 doublet, analyzed with a
quartz 112̄0 crystal, is plotted compared to the simulat
spectrum. The continuous emission due to bremsstrah
has been removed from the experimental curve, which ag
perfectly with the previous high-resolution spectrum of me
Mn @21#. Both curves of Fig. 4 have been adjusted to t
maximum of theKa1 emission by shifting the simulate
curve toward the lower energies~cf. Table I!. Good agree-
ment exists between the two curves. Indeed, theKa1-Ka2
splitting, the relative intensities, and the shapes ofKa1 and
Ka2 emissions are similar.

h

FIG. 3. ExperimentalK emission spectrum of metal Mn ob
tained with a LiF ~200! crystal at the first reflection order. Th
intensities are plotted on a logarithmic scale.
7-4
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EXPERIMENTAL AND THEORETICAL K X-RAY . . . PHYSICAL REVIEW A 65 032507
Experimental and simulatedKb1,3 emissions are plotted
in Fig. 5. They are adjusted at the top of the emission. T
simulated curve reproduces well the low-energy tail of
experimental curve, which spreads over about 20 eV. Tow
the higher energies, the experimental spectrum is above
simulated one. The difference can be explained by the p
ence of double-ionizationKM -MM satellites. They have
been simulated and are plotted in Fig. 5. The energy s
between the experimental and simulated satellites is diffe
from that between the normal emissions. This difference
been taken into account in the figure. Because of the h
multiplicity of the configurations with a supplementary ho
the doubly ionizedKM satellites are not resolved and appe
only as a tail on the high-energy side of theKb1,3 emission.

C. I „Kb…ÕI „Ka… intensity ratio

Intensity ratios of different energy emissions must be
termined with the geometrical conditions of the spectrome
making the lighting of the detector the same in both ene

FIG. 4. Experimental~dots! and simulated~continuous line!
Ka1,2 emission of metal Mn.

FIG. 5. Experimental~dots! and simulated~continuous line!
Kb1,3 emission of metal Mn;KM -MM satellites~broken lines!.
The position ofKb5 is indicated.
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ranges. This condition is strictly satisfied in the focal plan
i.e., in the plane perpendicular to the crystal surface at
center. Consequently, the height of the x-ray beam w
greatly reduced by positioning a diaphragm just ahead of
crystal and only its central part was used. That reduces
luminosity and the measurements were made with the
crystal.

The spectral range spreads over about 1000 eV. A
rected spectrum is obtained by taking into account the c
tinuous variation with energy of the following paramete
the reflectivity of the crystal, the self-absorption of the rad
tion in the sample, and the response of the detector. For e
emission, the intensity is determined by integrating the
gion including the normal emission and the low- and hig
energy satellites. Numerous determinations were made
varying the extension of the energy range and the metho
background subtraction. Finally, the value obtained is

I ~Kb!/I ~Ka!50.13460.004.

As is well known, the 3d electron number is close to 6 i
metallic Mn @22#. The experimental value has to be com
pared to the ratio calculated for the 3d64s1 configuration,
including theKb5 emission contribution determined for th
solid.

IV. DISCUSSION

Comparison between the simulated and experime
spectra has shown that the normal lines can be reason
reproduced. In particular, the low-energy tail of the observ
Kb1,3 peak agrees well with the calculation. Previously, t
asymmetry of theKb1,3 emission had been described by t
presence of a structure, denotedKb8, interpreted as due to
the interaction between the electrons in the incompleted
subshell and the 3p hole @8,23#. Our calculations, carried ou
for free atoms, support this interpretation. Indeed, the 3p-3d
exchange energy, about 10 eV, is the dominant interactio
is much larger than the 3p spin-orbit splitting and the energ
splitting due to the ligand field ('1 eV for the Mnd orbit-
als in a cubic field!. This explains why the simulation from
atomic calculations fits well the experimental data for t
solid.

The shape of theKb1,3 emission is governed by the larg
multiplet splitting of the 3p-3d configuration, i.e., by the
energy distribution of the final state. Thus, it depends on
number of unpaired 3d electrons. Indeed, the energy sepa
tion between theKb8 structure andKb1,3 and the intensity
ratio of Kb8 and Kb1,3 are very sensitive to the oxidatio
degree of Mn, i.e., to the chemical environment of the em
ting atom.

It is well known that aroundZ524 ~Cr! there is an en-
hancement in the relative intensity of theKb5 emission
which is not predicted by the theoretical values obtained
free atoms. Experimentally, theKb5 emission can contribute
up to 4.5% of the intensity of theKb emission and is very
sensitive to environmental effects. For solids withZ<29, the
3d wave function is not fully localized on the atom and th
3d orbital overlaps with the valence band. This is compos
of 4sp character states and mixing exists between th
7-5
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states and the 3d states. The probability ratio of the electr
dipole transition 4p→1s to the electric quadrupole transitio
3d→1s in transition elements is on the order of 100. Thu
the intense part of theKb5 band is ascribed to 4p→1s tran-
sitions. This explains the enhancement of theKb5 intensity
with respect to the intensity expected for electric quadrup
transition and the strong dependence of theKb5 relative in-
tensity on the chemical environment.

In our experimental conditions, satellites due to dou
ionized states created by shake off are observed toward
higher energies ofKa1,2 and Kb1,3. Only the KL-LL
double-ionization satellites are partially resolved from t
Ka1,2 doublet in Fig. 3. ForKb1,3, KM -MM satellites ap-
pear only as a high-energy tail. In contrast, no radiative A
ger satellite is seen in the pure metal MnK spectrum. Con-
sequently, double-ionization satellites are clearly m
. A

s.

ell

m

ds

. B

g,
g,

ot
a-
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intense than the radiative Auger satellites. This result sho
that the RAE probability is not well described in the sha
approximation, in agreement with experiments in which t
RAE intensity is much weaker than the predicted value
different model is necessary to describe this process.

To conclude, from our analysis of the MnK spectrum, it
appears that the dependence of theI (Kb)/I (Ka) intensity
ratio on the physicochemical characteristics is more sign
cant than the changes brought about by the contribution
the satellite emissions.
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