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TheLa andL B spectra of tungsten were measured using a high-resolution single-crystal x-ray spectrometer.
The observed spectra were fitted into Lorentzians. The fit residuals df #hand LB spectra indicate the
presence of satellites in the vicinity of each spectrum, which are originated from Coster-Kronig transitions.
Linewidths, energies, and intensities were estimated for each diagram line and compared with previous data.
Thel B, satellite line observed by Salgueied al.[J. Phys(Parig, Collog 48, C9-609(1987] was confirmed
on the high energy side of tHeB, line. The origin of this satellite is discussed experimentally and theoreti-
cally. [S1050-294{©8)02011-3

PACS numbgs): 32.30.Rj, 32.80.Hd

I. INTRODUCTION Chenet al. [10], based on the experimental results of the
ratio of the ionization cross sections of subshélls and
It is generally difficult to analyz& x-ray emission spectra L3 (o1/03), which increase abruptly at 13 keV incident

induced by excitation with electrons and high-energy pho_electron energy and become constant for energies above 20
tons, where all the threk subshells can be ionized and the k&Y. . . . .
subsequent redistribution of initial vacancies occurs by . !N the present study, we investigated the linewidth, ener-
Coster-Kronig transitions. The existence of two or moredi€S: and intensities including satellites oflVi and8 emis-
holes in atomic inner shells gives rise to satellite lines withS1oN liN€s generated by electron bombardment using a single-

energies that are shifted from the diagram lines. The study o YStal high-resolution x-ray spectrometer for the evaluation
L x-ray satellites in highZ elements has not been performed on the correctness of the theort_apcal calcylatlon of different

types of transition rates. In addition, the intensity measure-
by many workers. For the last 20 years, there are only a fe

. . ent is executed using various incident electron energies for
papers on this subject for tungsteiVN [1-3]. Thel x-ray o sateliite in the higher-energy regionloB, ;5 in order to

satellite lines usually appear in a slightly higher-energy sidg,|,cidate the mechanism of the origin of this satellite.
than their diagram line. The satellites correspondingvito

spectator holes lead to lines that can be resolved well from Il. EXPERIMENT
the parent lines, whereas those correspondiny spectator
holes almost coincide with the diagram lines.

The widths of somé. x-ray lines of W were measured as
part of a program for compiling the-series linewidths in
heavy elementf4—6]. They suggested that the disagreemen
between theory and experiment was due to the large theorel-, " : : ; .
ical values ofM andN subshell partial widths calculated byefj Is in which x-ray topography showed no dislocation. A

McGUi lativistical\f 7—9l. H h . f ouble slit collimator of 100-mm length and the vertical
cGuire nonrelativisticallf7—9]. However, the existence of \yigth of 10 or 20um was used for the measurement. Mea-

hidden satellites was not considered in their analysis of ©X3uring time was registered so as to obtain at least 10000
perimental data. It is interesting to measuretheray line-  counts per each point in the region of interest. No smoothing
width of W with higher resolution taking into account the \yas applied to the raw data. For the diagram line the values
hidden satellite lines. by Bearder{11] and Sandstm [12] were used as reference.
On the other hand, Salgueiet al.[3] observed the satel- The dependence of the detection efficiency on the energy in
lite line in the high region ofL 3, spectrum of W. They the Ar, o(CH,), ; flow proportional countefFPQ was taken
concluded that this line was due to Coster-Kronig transitionsnto account when calculating the relative intensity of each
L1-L3Ms, which were energetically forbidden for S&Z  diagram line.
<74 and were allowed foZ=75 according to the work of It is very important for spectral intensity measurement
with a x-ray spectrometer to extract the “true” emission line
from the measured and instrumentally distorted profile. The
* Author to whom correspondence should be addressed. Addresafluence of the instrumental function was minimized already
correspondence to National Institute for Material Physics, P. O. Boin the measurement process itself by an optimal selection of
MG-7, 76900 Magurele, Bucharest, Romania. the experimental setup in our experiments, i.e., the influence

The tungstenL spectral lines were excited by electron
bombardment in a rotating anode at the tube voltage of 49
kV and the current of 150—180 mA. The spectral measure-
fnents were carried out with a single-crystal spectrometer
ith symmetrical S440), Si(444), and Gé444) perfect crys-
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TABLE I. Natural linewidth of WL diagram lines at 49 kV exciting energy: theoretical values are compared with experimental values
using multiplet fitting; experimental values by Sal@tnal. [5] are compared with experimental values obtained by single peak fitting. For
the Lorentzian profile the values are corrected using(Ex.The correction facto(n) is given in parentheses.

Line Transition EnergyeV) Linewidths (eV)
Bearden Theoretical Multiplet fit Salefd] Single peak fit
T I'; Iheor Voigt Lorentz  (n)  experimental Voigt Lorentz (n)
W La, L3-M5 8397.6 4812 1795 6.607 &8 678 (1.3) 7.84t0.63 7.@5 7.022 (1.33
W La, Ls-M, 8335.2 4812 1868 6.680 6B 6.86) (1.42 5.27+053 7.31) 6.4 (143
W LB, Ls-Ns 9961.5 4812 7.720 12532 95 898 (1.33 9.26:0.93 10.90) 10.39) (1.32
W LB LNy 9947.8 4812 7.89 12702 1082 9.2 (1.1 822 7.4 (1.2

WLB  LyM, 9672.35 4.821 1.868 6.689 6B 6.48) (1.62 7.82-0.63 6.90) 6.76) (1.67
W Ly, L,-N, 112859 4.821 7.89 12711 @77 9(8) (213 10.20-1.02 10.65) 10(7) (2.20

W LB3 Li-M; 9818.8 5959 10.560 16.519 128.26 12.65) 12.62) (1.72
W LB, Li-M, 9525.2 5959 1190 17.859 1320.45 14.90) 14.34) (1.2)

of the collimator geometry, the crystal reflection propertieswidths are also underestimated. Second, the convergency of

(as given by the dynamical theory of x-ray diffractjpand the system of equation&) is very sensitive to the input

the tube arrangement for the absorption were taken into aaalues.

count. In order to avoid this limitation, we analyzed our spectra
using Voigt functions also, which can be written in terms of

IIl. RESULTS AND DISCUSSION position (), amplitude @), Lorentzian width ), and
dispersion width(d) as follows:
A. Spectra analysis and correction factors

In order to extract the natural linewidti’{) from the K(x,y)
measured spectral linewidtl’§) one has to correctly evalu- V(E’EO'A’W'd):V(X*Y):AW ©)
ate the dispersion of the spectrometer. In our case we con- '
sidered the contribution to the observed linewidth due to thgyhere
double slit collimator §Eg;;), and due to the reflection on
the crystal OEysta), Which is usually much smaller than the —t
first one. Therefore, the total observed spectral broadening K(x,y) = XJ' € dt )
can be expressed as the sum of the two components. ' m) y2+(x—t)?

An attempt to evaluate the natural linewidths was made

by using the following empirical formula: represents the convolution of a Lorentzian with a Gaussian.
The first parameter,x), represents the energy axig) in
gbs: ant’*' (OEgitt 5Ecrysta0n- (1) units of dispersiond):
wheren is the correction factor, with values in the range 1 E-E
9 x=2\In(2) —— )

<n<2. This equation is a generalization of the relation for
the widths obtained by convoluting two Lorentzian distribu-
tions (n=1), or two Gaussian distributions&2). We con-  and the second parametey,)( represents the shape of the
sidered for each line two experimental setups, with different/oigt function:

spectral broadening, and fitted the spectra into Lorentzians.

The values thus obtained fbl,,s, 6Eg)i, and 6E st from W

the two setups were used as input values for the following y=4In(2) =. (6)
system of equations: d

Various computational methods for the evaluation of the
gbil)zrgaﬁ(aEs,it(lﬁ SE crystar1) " integral in Eq.(4) can be found elsewhef@3—17. Details
about the Voigt function in this form are given in Sec. VI.
. . . Both methods are affected by the precision of the evalu-
I 0bg2)= I natt (6Esiit2) + 6Ecrystar2)) - (2)  ation of the spectral broadening. Because one cannot deter-
mine all instrumental dispersion factors, the spectral broad-
The system of equations was numerically solved by iterativeening tends to be always underevaluated and the obtained
methods and the natural width,,;, and the correction factor natural linewidths tend to be therefore larger than the true
(n) were obtained. The main demerit of this method is theinewidths. This happens for both methods. For the correc-
underestimation ofl",, while fitting the spectra using tion factor methodsee Eq.(2)], the obtained natural line-
Lorentzian distributions. Hence, the obtained natural linewidths are slightly smaller. This is because the spectra are
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fitted with Lorentzian functions instead of Voigt functions.  For the transitions involvind_-shell levels andVi-shell
Obtaining close values with both methods shows a goodevels, such akaq, Lay, LB1, LB3, andLB,, we have a
evaluation of the spectral broadening, and one can identifgood agreement between the values obtained by multiplet
measurements where additional spectral broadening factofiting and the theoretical values, which are obtained using
are present, for example, due to misalignment, bad focusinghe relativistic calculations. On the other hand, for the tran-
etc. Although we present our result obtained with both methsitions involving L-shell levels andN-shell levels, such as
od_s, we reco_mm_end to consider only the results obtained bfiﬁz, LB1s, Ly;, the widths obtained from theoretical cal-
using the Voigt fitting method. culations are all larger with the difference between 2.7 eV
and 3.3 eV. This disagreement between theory and experi-
B. Diagram lines ment forL;—N; transitions can be attributed to the values

Theoretical values of natural width of atomic vacancyfor the N-shell vacancy states obtained from nonrelativistic
states were reported for tHe shell [18], and theM shell ~ calculations. Although Gokhalet al.[6] and Salem and Lee
[19,20 using the relativistic calculations, and for theshell ~ [4] also suggested this, they did not consider the satellite
with nonrelativistic calculation§21,22. The natural width  structure for each spectrum.
of an x-ray line originated from a transition from an atomic ~ Normally, while considering the satellite structure in the
level (A) to a level(B) is represented as the sum of the width multiplet fitting method, the obtained natural linewidths are

of the initial and final levels: smaller compared with those obtained by single Lorentzian
fitting. In the case of B,5, which is very close td.3,, we
['(A—-B)=T(A)+I(B). (7) obtained an opposite result due to the overlapping of the two
spectra.

The experimental values for the natural width of diagram  The relative intensities derived from the radiative transi-
lines were obtained using the multiplet fitting method bytion probabilities published by Scofiel@4] are shown in
Deutschet al. [23], considering the satellite structure, with Table Il together with the experimental values obtained by
the only difference that for the peak shape we used not onlypalemet al.and our experimental values obtained both in the
the Lorentzian profile but also the Voigt profile for compari- case of single Lorentzian fitting and in the case of multiplet
son: fitting. In order to avoid the dependence of the ionization

cross section on exciting electron energy-; , {E), we
" L have tlt_) comﬁar?] separz(ijt_(fefly the _re_lz?\tilve intensities of the dia-
gram lines that have a different initial vacancy state.
IS(E):mE:l Am; Pi(EEim=Sm bim Wi, dw),  (8) We can observe again that in the casd @, the rela-
tive intensity obtained by using the multiplet fitting method

where p(E) can be the Lorentzian or the Voigt profile. A is higher than the value obtained by using single Lorentzian
linear background is also added to the profile. fitting. This explains also why the measured value of the

In Eq. (8), the indices(m) denote the multiplets and the relative intensity of the_ 3, satellite is higher in the case of

indices(l) denote the lines within a given multiplet. Prior to Multiplet fitting.

fitting one has to calculate the positions of the diagram ang 1 N€ structure [eft in the residue of fitting by using single
satellite lines E;,,) and the relative intensitiedy,) of the Lorentzians may be attributed to th? presence of thg hidden
satellite lines to the diagram lines, which are all fixed Ioaram_satellltes. However, even after considering the satellite struc-

eters in the fitting procedure. Within a multiplet, the ampli- ture by using the multiplet fitting method, there still remains

tude A,), the energy shift §,) relative to the calculated so_me_strupture in the residusee Fig. 1 We encpuntered
position, the width (), and the dispersiond(,)—in the this situation for all analyzed spectra, excludings s,
case of using the Voigt profile—are common for all lines Where after using the multiplet fitting _method,_ the residue
within the multiplet. These last four parameters are free dur?vas reduced to background levsiee Fig. 2 This can be

: s o due to the fact that we could not include in the multiplet
ing the fitting, and are actually the result of the fitting. How-  ° -
g g y d fitting model the contribution of thed-shell and P-shell

ever, we chose to fix during the fitting also the dispersion hol d the shake-off Al h
parameters to the values calculated for each diagram lingPectator hole and the shake-off processes. Also, the spectra

using the geometry of the collimator and the dispersion of€ af_fe_cted by the dispersion of the spectrometer. If pos-
the crystal. sible, it is generally recommended to deconvolute the spectra

The values for the energy positions of the satellite IinesP_rior to analysis or to analyze the spectra using Voigt func-

were taken from the table published by Paref8]. The tions that include the dispersion of the spectrometer.
theoretical values for linewidths are estimated as the sum of
the two levels involved in the transition. In the next section
we show the model for calculating the relative intensity of
the satellite lines. In addition, for comparison of our results The relative intensities of Coster-Kronig satellite transi-
with previous experimental values obtained by Saldm],  tions are calculated assuming that the fluorescence yields
each diagram line was also fitted into single symmetricw; -1, 3 has the same value for both the case of single va-
Lorentzians. The natural linewidths obtained in our experi-cancy states and multiple vacancy states. In the transitions to
ment are compared in Table | with the values derived fronthe initial vacancy staté,, the relative intensities of the
theoretical calculations and with previous experimental respectator hole satellite lines to the diagram line can be cal-
sults. culated as follows:

C. Satellites from Coster-Kronig transitions
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TABLE II. Relative intensities of WL emission lines: Theoretical values are compared with experimental values obtained by multiplet
fitting; experimental values obtained by Saletral. [5] are compared with the experimental values obtained by single peak fitting. For the
Voigt profile we used the area of the Voigt function as given in @et). *, for L83 4, different experimental settings could not establish
the same relative intensity.

Line Transition Relative intensitl;e (%)
Scofield[24] Multiplet fit Salem|[5] Single peak fit
theoretical Voigt Lorentzian experimental Voigt Lorentzian
W La, L3-Mg 100 100 100 100 100 100
W La, L3-My 11.34 11.27) 11.30) 11.16 11.41) 11.43)
W LB, s Ls-Ns 4 19.64 24.22) 24.1(7) 22.74 24.82) 24.51)
W LB, L3-Ns 17.74 21.%5) 21.45) 22.64) 22.895)
W LB L3-Ng 1.98 2.87) 2.72) 1.6(8) 1.6(6)
W LB, L3-Ns 100 100 100 100 100
W LBs L3-Ng4 11.16 13.48) 12.70) 7.400) 7.2(3)
W LB, L,-M, 100 100 100 100 100 100
W Ly, L,-Ny 18.61 26.10) 26.97) 18.80 26.76) 26.98)
W LB3 L-M3 100 100 * *
W LB, L-M, 79.88 67.8 * *
ls(Lo)=(01/05) 1 P(L1LoX), 9 L, there are two possible Coster-Kronig transitiomhs:

—LgX andL,—L3X. The relative intensities of the specta-

whereo;, i_1,3 is the ionization cross section by electrons © hole satellite lines to the diagram line has three terms:

for theL; subshellf; ; is the partial Coster-Kronig transition

probability from theL; to theL; the level; P(L,L;X) is the ls(Lg)=(01/03)f13P(L1L3X) +(02/03)f5 P (LoL35X)
probability of the radiationless transitidn— L;X, for which (g1 1o 1 o dPL LX) 1= P(L1LX
the double vacancy stalgX is created, wher is either an (01/03)f1 a2 P(L1LX (LiksX)]
M or anN shell. In the transitions to the initial vacancy state +[1-P(L4L,X)]P(L,L3X)}. (10
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FIG. 1. WLa; , emission spectra.
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FIG. 2. WL, 15 emission spectra.

We used forw; the values reported by Kraufe6], for o; the  fitting one can obtain the linewidth of each group, considered
values reported by Reus¢R7] for ,5Ta at 50 kV, and for as a diagram line and its satellites, the energy shift of the
P(LiL;X) the values reported by Chet al.[28]. The values ~whole group, and the amplitude.

of the relative intensities of the satellite lines originated from

Coster-Kronig transitions fok «; , andL 8, , are presented IV. LB, VISIBLE SATELLITE

in Table Il together with their corresponding energy posi- |t was considered that the Coster-Kronig transitiop
tion. In this table, the Coster-Kronig channel for creating—,| , M, is energetically forbidden according to the theo-
M-shell spectator holes is closed. The energy positions of thestical calculations of Cheet al. [10], because the energy
satellite lines are the results ab initio relativistic calcula-  difference between levels; and Ly Mg is —2.70 eV.
tions of L-series x-ray satellites that arise from the presencedowever, recently, Salgueret al. [3] suggested that the
of one spectator hole in thil or N shells of the emitting Coster-Kronig channel might be actually open from their ex-
atoms, published by Parengt al. [25]. perimental results that the relative intenslty of the L3,
From the energy position of thBl-shell spectator-hole visible satellite to the diagrarh 3, line shows an increase
satellite transitions one can observe that these lines can lath exciting energy below 20 keV and is almost constant
separated into two groups: th-N5 transitions, character- above it.
ized by a higher-energy position compared with the diagram The results of the dependencel gn the exciting energy
line and providing the main part of the satellite transitionsare shown in Fig. 3. The relative intensity of the satellite line
(>60%), and theNg-N- transitions, having the lower en- with respect to thé 3, line, I {(E), shows a slow increase as
ergy, but very close to the diagram line. For tBeand P a function of exciting energy, which suggests a shake-off
shells we could not separate the relative energy position grocess rather than a Coster-Kronig transition. This fact was
spectator hole from the diagram line. The relative intensityalso confirmed by another experiment with different crystal.
of these satellites together is about 1.52% in the cade,of As described by Armeret al. [29], the dependence of the
initial vacancy state transitions and about 0.86% in the casshake-up probability in the shake process on the exciting
of L5 initial vacancy state transitions. electron energy has a sharp finite onset and reaches the sud-
Although there is an energy difference for the diagramden limit quickly, while the shakeoff probability starts from
lines between the theoretical values and the experimentalero at the threshold, increases slowly, and approaches the
values published by Bearddrd1], in the multiplet fitting  sudden limit gradually. However, the probability of a shake-
method only the relative position and the relative intensity ofoff transition (for example, the total probability of the shake
the satellite lines to the diagram line is important, whichprocess is 2.4 102 for [2p3l]) is much more smaller than
together give the line shape of the spectra. As a result ofhe values obtained in our experiment.
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TABLE lll. W L satellite lines due tdN-, O-, andP-shell spectator holes: average energies and relative intensities.

L, transitions L5 transitions

Spectator LB; group Ly, group La; group La, group LB, group L B15 group
hole X; L,Xi-XiM 4 L,Xi-XiNg L3X;-XiMg L3Xi-XiM 4 L3X;-XiNs L3X;i-XiNg4

Eav (€V) Eav (€V) I's [%] Eav (€V) Eav (€V) Eav (€V) Eav (€V) I's [%]
Diagram Line 9670.63 11281.4 8398.47 8335.84 9959.83 9946.65
M1 9696.198 113375 0 8419.095 8358.294 10012.62 10000.15 0
M2 9693.727 11 333.6 0 8426.827 8370.728 10022.51 10008.47 0
M3 9696.926 11338.7 0 8418.913 8355.607 10009.54 9998.214 0
M4 9696.795 113421 0 8425.891 8365.089 10025.65 10012.09 0
M5 9696.347 11344.8 0 8422.705 8356.652 10017.75 10005.36 0
M1—Mg 0.00 0.00
N1 9674.198 11291.5 0 8401.084 8338.768 9968.419 9955.869 1.17
N2 9672.813 11291.7 2.77 8402.408 8340.02 9969.665 9959.793 1.72
N3 9674.555 11 290.0 2.82 8400.935 8338.597 9967.844 9954.016 1.04
N4 9673.377 11 289.0 0.79 8401.428 8339.59 9967.304 9954.903 2.83
N5 9673.473 11288.3 1.06 8400.823 8337.777 9966.724 9952.579 2.17
N;—Ns 9673.627 11 290.28 7.44 8401.367 8339.01 9967.827 9955.303 8.93
N6 9669.713 11 283.7 2.13 8397.161 8335.164 9961.193 9949.392 1.08
N7 9669.12 11282.1 2.80 8397.524 8334.227 9961.844 9947.123 1.37
Ng— N> 9669.376 11282.79 4.93 8397.364 8334.64 9961.557 9948.123 2.45
o1 0.56 0.22
02 0.37 0.26
(0K 0.37 0.16
04 0.06 0.20
P1 0.16 0.02
0,—P; 1.52 0.86
Total 13.92 12.27
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For the disagreement between theory and experimerit;for

—N; transitions, the theoretical reestimate with relativistic

calculations is necessary. The relative intengityfor the

LB, visible satellite increases with increasing exciting en-  As can be seen from E¢), the value of the Voigt func-

ergy and this tendency is similar to the threshold behavior ofion at the origin Ey) is equal to the amplitude A):

the shake-off process. However, its theoretical probability isy(0,y)=A. When the dispersion tends to zero the Voigt

too small to assign, compared with the values obtained in oufunction becomes a Lorentzian:

experiment. As suggested by Salguetal., the strong de-

pendence of thé , , subshell ionization cross section on A

the exciting electron energy probably will have to be taken in V(X—0,y—o0)= 5

account. 1+[2(E—Eq)/w]
In the future, in order to elucidate the mechanism of the ) )

visible satellite ofL3, for ,,W, the x-ray emission spectra Similarly, when the width of the Lorentzian tends to zero,

will be investigated as a function of incident photon energyth€ Voigt function becomes a Gaussian with the width equal

with tunable synchrotron radiation sources. It is also interestl© the dispersion parameter:

ing to perform such experiments for the neighboring ele-

ments ,3Ta and ;sRe. V(x,y—0)=Ag (2 2E-Eq)/d)? (A2)

APPENDIX: PROPERTIES OF THE VOIGT FUNCTION

(A1)
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FIG. 3. Relative intensity of W L 3, visible satellite as a function of exciting electron energy.
The Lorentzian width and the dispersion width both have
full width at half maximum (FWHM). The width of the f Q(X)dX=J (f h(t)f(x—t)dt|dx
Voigt function itself can be approximatéd6]| as follows:
_W+ \/m r :f h(t)(f f(X—t)dX)dt
WU_E E . ( )
=J h(t)dtf f(y)dy (A6)
The area of the Voigt function given in E¢B) is
after changingk—t=y, dx=dy. If the weighting function
SU:} Ad (a4) N9 is normalized, the area of the convoluted funciigi)
2K(0y) VIn2’ is equal to the area of the functidiix). In the case of the

wherey(w,d) is the shape parameter given in Ef).
Consider the convolutiog(x) of a functionf(x) with the
weighting functionh(x):

g(x)zf h(t)f(x—t)dt. (A5)

Integrating in respect witlk and changing the order of inte-

gration we obtain

Voigt function, the Gaussian plays the role of the normalized
weighting function. Therefore, the area of the Voigt function
is also equal to the area of the Lorentzian:

a
From Eqg.(A4) we can immediately determine the amplitude
of the Lorentzian, which convoluted with the normalized
Gaussian weighting function gives the Voigt profile.
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