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Origin of Au L b2 visible satellites
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Measurements ofLb spectra of gold using a high-resolution single-crystal x-ray spectrometer are presented.
Energy values and intensities of theLb2 satellite lines are confirmed by fitting Voigt functions to the observed
spectra. Relative intensity ratios ofLb2 , Lb3 , Lb15, and Lb2 satellite lines are investigated at various
excitation energies. The origin of theLb2 satellite lines,Lb28 andLb29, are confirmed to be mainly due to the
L-LM Coster-Kronig transition, with intensities closely related to the photoionization cross section of the
subshellL1.
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I. INTRODUCTION

X-ray emission spectroscopy is very useful for investig
ing atomic electron states. In particular, fine structure
emission spectra, such as satellite lines, reflect various ph
cal phenomena. One of the origins of satellite lines is gen
ally believed to be radiative transitions due to multiple v
cancies. Two processes can be thought of as the caus
multiple vacancies. One is the shake process, which is
ionization ~shake-off! or excitation~shake-up! of outer-shell
electrons during ionization of inner-shell electrons by ph
tons or charged particles. The shake process can occur d
excitation, with a probability that depends on excitation e
ergy, when it is not far above the threshold~the probability
becomes independent of excitation energy when it is h
enough!. A number of models have been proposed for
energy dependence of shake-off probability, such as the T
mas model@1#. The second process that can cause mult
vacancies is nonradiative transitions, such as Coster-Kro
transitions. This is a relaxation process that is independen
excitation energy. Therefore, measurement of the excita
energy dependence of satellite lines is significant in the
vestigation of the origins of these lines. Measurement oL
x-ray emission spectra related to Coster-Kronig transiti
plays an important role in such work.

X-ray emission spectra of heavy elements have been
extensively studied than those of low-Z elements. Although
gold is very important in various applications, studies
Au L x-ray spectra are rather scarce@2–6#. To the best of our
knowledge, only a single paper has been published on
satellite lines of Au@5#.

The L-LM Coster-Kronig transitions are forbidden in e
ements having a certain range ofZ numbers. According to
the calculations of Chen@7#, L-LM Coster-Kronig transitions
in elements with 50<Z<74 are forbidden energetically
However, a74W Lb2 satellite line has been reported@8–10#,
with this visible satellite confirmed to be mainly due to t
L-LM Coster-Kronig transition.

*Electronic address: hirof@elec.kuicr.kyoto-u.ac.jp
1050-2947/2003/68~3!/032506~6!/$20.00 68 0325
-
f
si-
r-
-

of
e

-
ing
-

h
e
o-
le
ig
of
n
-

s

ss

f

he

In the present study, the structure of79Au Lb2 spectrum
is reported. Energies and intensities of AuLb2 diagram lines
were obtained by electron bombardment using a sing
crystal high-resolution x-ray spectrometer for comparis
with theoretical calculations. In addition, measurements w
conducted using various incident electron energies for sa
lites in the higher-energy region ofLb2 to elucidate the ori-
gins of these satellites.

Initial and final vacancies of the measured diagram a
satellite lines are shown in Table I.

II. EXPERIMENT

A. Experimental setup

Gold L spectral lines were excited by electron bomba
ment using a rotating anode. Spectra were measured at
tation voltages of 25;55 kV and tube currents of 50 or 10
mA. Excitation energies gained at those voltages can ion
electrons from the AuL1 shell, which has a binding energ
of 14 352.8 eV@11#. Spectral measurements were conduc
using a single-crystal spectrometer containing a symme
Si~440! perfect crystal. A double slit collimator of length 10
mm and vertical width 20mm was used for measurement
Measuring period was selected to give approximately 10
counts at the peak position of theLb2 diagram line. Values
by Bearden@12# were used as a reference for the diagra

TABLE I. Initial and final states of each transition of the me
sured lines.

Emission line Initial vacancy Final vacancy

La1 L3 M5

La2 L3 M4

Lb1 L2 M4

Lb2 L3 N5

Lb3 L1 M3

Lb15 L3 N4

Lb28 L3M5 M5N5

Lb29 L3M4 M4N5
©2003 The American Physical Society06-1
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line. Spectral lines were measured using an Ar0.9(CH4)0.1
flow proportional counter~FPC!.

To estimate the contribution of line broadening by t
spectrometer, the same lines need to be measured usin
other system. A double-crystal spectrometer system was
to measureLa1,2 diagram lines. The double-crystal spe
trometer has excellent resolving power@13#, and is therefore
suitable for comparing the diagram lines measured by
single-crystal spectrometer. Fluorescence x-ray spectra
La1,2 in Au were measured using a double-crystal spectro
eter~Rigaku System 3580 E3!. Si~220! reflections were used
in both crystals. The sample was 50-mm-thick metallic foil.
Primary x-ray tube load was 40 kV and 70 mA. Spectra w
also measured using FPC.

B. Data analysis

No smoothing was applied to the raw data. Two satel
lines caused by a spectator hole in theM4 or M5 subshell
were different enough in energy to be measured separa
from theLb2 line and could be fitted independent of theLb2
line. These are called ‘‘visible satellites.’’ However, satell
lines that arise from the presence of a spectator hole in thN
shell or outer shell are very close to theLb2 line. These are
called ‘‘hidden satellites.’’ As in the case of gold, theLb3
line appeared at a slightly higher energy than that of theLb2
line, making separation of the hidden satellites from theLb2
line very difficult.

Therefore, energy shifts and relative intensities of hidd
satellites in the fitting analyses were fixed. Measured spe
of the Lb2,15,3, L3M5-M5N5 satellite, andL3M4-M4N5 sat-
ellite were analyzed using five Voigt functions. Because
Lb2 line includes hidden satellites, Voigt functions we
used forLb2 to describe the multiplet of the diagram lin
and seven hidden satellites~see Sec. III A, Refs.@9,14#!,
namely, L3Ni-NiN5( i 51 – 7). Other satellites caused by
spectator hole in theO shell orP shell were not included in
the multiplet, because they have almost the same energ
the diagram line. All satellites were assumed to have
same width as that of the diagram line. Spectra obtaine
25 kV and 45 kV are shown in Fig. 1 together with analy
results.

III. RESULTS AND DISCUSSION

A. Diagram lines

In Table II, the measured values of the width at half ma
mum ~FWHM! of the Au L emission lines are compared
other experiments and theory@2,3,6,15#. The natural width of
an x-ray line originating from a transition from atomic lev
~A! to level ~B! is given by the sum of the widths of th
initial and final levels:

G~A2B!5G~A!1G~B!. ~1!

The values recommended by Campbell and Papp@15# are
used as the natural linewidths of atomic vacancy states.

Experimental values of natural linewidths of diagra
lines were obtained using the multiplet fitting method
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Deutschet al. @14# and Vlaicuet al. @9#. Both Lorentzian and
Voigt functions were used in the spectral analysis:

I ~E!5 (
m51

M

Am(
l 51

L

pl~E,Elm2sm ,blm ,wm ,dm!, ~2!

wherep(E) can be a Lorentzian or Voigt profile.
In Eq. ~2!, the indicesm denote multiplets and the indice

l represent lines within given multiplets. Prior to fitting, th
positions of diagram and satellite linesElm and the intensi-
ties blm of the satellite lines relative to the diagram line
need to be calculated, as these are all fixed parameters i
fitting procedure. Within a multiplet, the amplitudeAm , en-
ergy shift sm relative to the calculated position, widthwm ,
and dispersiondm are common to all lines. Amplitude, en
ergy shift, and width parameters are unconstrained during
fitting. Dispersion parameters were set to the values ca
lated for each diagram line from the geometry of the co
mator and the dispersion of the crystal.

Equations of the relative intensities of the satellites
given in Sec. III B. SinceLa1 and La2 spectra are transi
tions from L3 vacancy states, the multiple vacancy sta
before radiative transition can be the same as those ofLb2.
Thus, these are thought to involve the same number of
den satellites asLb2. The relative intensities of satellite line
contributing to the two lines are assumed to be the sam
for Lb2. Multiplet fitting was performed on the three lines

From observations ofLa width using both single- and
double-crystal spectrometers, instrumental functions of e
spectrometer were obtained. Assuming that these were
actual dispersion parameters due to the collimator and c
tal, dispersion parameters were recalculated for eachLb dia-
gram line. Natural widths obtained in this way are shown
parentheses in Table II.

Theoretical values shown in Table II are the sums of le
widths before and after transition@see Eq.~1!#. Because the
diagram lines actually include hidden satellite lines, the m
sured diagram lines have different FWHM to the theoreti
values. In contrast, FWHM that were measured using
double-crystal spectrometer are considered to be slightly
fluenced by the instrumental function. This effect can be
nored, especially for lines with large FWHM, such as theL
lines of heavy elements@13#.

The FWHM of La1,2 measured using single- and doubl
crystal spectrometers are in good agreement, with dif
ences less than 5%. Note that fitting to Voigt profiles w
able to correctly compensate for line broadening by
spectrometer.

B. Satellites

Energy positions of the satellite lines of high-Z elements
are given in a table published by Parenteet al. @16#. How-
ever, values for gold are not given in this table. Values for
energy shifts of satellite lines in gold were thus obtained
taking averages of the values for platinum and mercury.

Relative intensities of the satellite lines were calcula
assuming that the fluorescence yieldsv i ,i 51,2,3 are the same
for both single vacancy states and multiple vacancy sta
6-2
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FIG. 1. Measured emission
spectra of Au Lb2 , Lb3, and
Lb15 ~a! excited at 45 kV and~b!
excited at 25 kV.
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~although this is strictly not correct, but is a crude es
mation to describe quantitatively the simplest model
deexcitation!.

The satellite lines are proposed to be caused by on
single Coster-Kronig transition. Multiple Coster-Kronig tra
sitions, and a combination of the Coster-Kronig transiti
and the shake process can also occur within the ioniza
process. However, the combined processes can be ign
due to the low probabilities. When satellite lines are cau
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by a single Coster-Kronig transition, the intensity of the d
gram lineLb2 can be calculated from

I M~Lb2!5Cs3v3

G~Lb2!

G3
, ~3!

whereC is the constant,s i ,i 51,2,3 are ionization cross sec
tions by electrons of theLi subshell,G i ,i 51,2,3 are total tran-
sition probabilities of theLi subshell, andG(Lb2) is the
6-3
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TABLE II. Comparison of measured FWHM of AuL emission lines with other experimental and theoretical values. All units are in

FWHM Present work Williams Richtmyer Amorim Theoretical
Line Single crystal Double crystal ~1934!a ~1934!b ~1988!c Valued

La1 8.3860.02e 8.0060.02e 8.57 8.1 7.7860.12 7.7260.77
La2 8.3960.09e 8.1660.09e 8.5 8.0860.16 7.7260.77
Lb1 8.6760.03 (7.960.1)f 8.28 7.75 8.2060.21 7.7160.77
Lb2 11.460.1e (10.860.1)f 11.4 10.3 10.1260.15 9.4461.54
Lb3 18.460.7 (18.060.1)f 20.8 16.4860.57 18.364.1

aReference@2#.
bReference@3#.
cReference@6#.
dReference@15#.
eMultiplet fitting.
fDerived from single-crystal data.
th

y

e

ial

the
x-
L3-N5 transition probability. ForLb2 satellite lines, the tran-
sition to the initial vacancy stateL3 can occur by two pos-
sible Coster-Kronig transitions,L1-L3X andL2-L3X. The in-
tensity of each spectator hole satellite line consists of
following two terms

I S~Lb2!5Cs1f 1,3P~L1L3X!v3

G~Lb2!

G3

1Cs2f 2,3P~L2L3X!v3

G~Lb2!

G3
, ~4!

where f i , j is the partial Coster-Kronig transition probabilit
from level Li to level L j andP(LiL jX) is the probability of
the radiationless transitionLi-L jX that results in the double
ls
f

a
ss
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vacancy stateL jX. The intensity of each satellite line relativ
to the diagram lineLb2 can be expressed as

I S

I M
5

s1

s3
f 1,3P~L1L3X!1

s2

s3
f 2,3P~L2L3X!. ~5!

This equation is applicable to all transitions from the init
L3-shell vacancy.

Considering the influence of the shake-off process,
intensity of Lb2 and each of the satellite lines can be e
pressed as

I M~Lb2!5Cs3~12Q3!v3

G~Lb2!

G3
, ~6!
I S~Lb2!5C$s3Q3~X!1s1~12Q1! f 1,3P~L1L3X!1s2~12Q2! f 2,3P~L2L3X!%v3

G~Lb2!

G3
, ~7!
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whereQi(X) is the probability of shake-off from theX or-
bital when a hole is created in theLi subshell, andQi is the
sum of the shake-off probabilities from all possible orbita
when a hole is created in theLi subshell. The intensity o
each satellite line relative to the diagram lineLb2 can then
be expressed as

I S

I M
5

1

12Q3
H Q3~X!1

s1

s3
~12Q1! f 1,3P~L1L3X!

1
s2

s3
~12Q2! f 2,3P~L2L3X!J . ~8!

Values reported by Krause were used forv i @17#. For s i ,
values reported by Pa´linkás and Schlenk@18# at 60 keV were
used, and forP(LiL jX) values reported by Chenet al. @19#
for 80Hg were used. Values reported by Krause were ag
used forf i , j @17#, with values related to the shake-off proce
in

taken from calculations by Parenteet al. @20#. Table III
shows values obtained from these equations.

Measured spectra are shown in Fig. 1. Two satellite lin
were confirmed in the region of rather high energy arou
the Lb2 diagram line. The numbers of satellite lines in th
spectra agree with calculation results. This suggests that
L1-L3M5 and L1-L3M4 Coster-Kronig transition channel
are open in gold@7#.

The dependence of relative intensityI S to Lb2 on excita-
tion energy is shown in Fig. 2, whereI S is the sum of the
intensities of the visible satellites, andLb2 line intensity
includes hidden satellites. TheI S of Lb2 exhibits a gentle
increase with excitation voltage and becomes constant ab
around 40 kV. The Coster-Kronig factorf 1,3 is constant in
this energy region and the satellite intensity due to this p
cess is independent of excitation energy. Shake-off proc
probabilitiesQ1(X), on the other hand, are positively corr
lated with excitation energy, but become almost independ
6-4
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TABLE III. Theoretical average energies~eV! ~from Ref. @16#! and relative intensities@from Eq. ~8!# of Au Lb2 satellite lines due to a
singleM, N, O, or P shell spectator hole.

Spectator hole Energy ofLb2 Relative intensity~%!

satellitesa ~eV! Shake-off Coster-Kronig
X L3X-N5X Total L3X b L1→L3X L2→L3X

Nowherec 11 584.7d 100 100 100 100
M1 11 643.79 0.020 0.020 0 0
M2 11 654.96 0.028 0.028 0 0
M3 11 639.47 0.056 0.056 0 0
M4 11 657.49 5.7 0.067 5.6 0
M5 11 648.35 7.6 0.10 7.5 0
N1 11 595.01 0.74 0.075 0.44 0.22
N2 11 596.55 1.8 0.11 0.18 1.5
N3 11 594.12 0.93 0.22 0.27 0.44
N4 11 593.88 2.7 0.41 0.68 1.6
N5 11 593.08 2.0 0.61 0.84 0.56
((N1-N5) 11 594.37 8.2 1.4 2.4 4.4
N6 11 587.35 1.8 1.1 0.54 0.10
N7 11 588.02 2.2 1.5 0.67 0.043
((N6-N7) 11 587.73 3.9 2.6 1.2 0.14
O1 0.39 0.26 0.087 0.043
O2 0.82 0.53 0.032 0.26
O3 1.2 1.1 0.048 0.076
O4 15 15 0.070 0.17
P1 6.5 6.5 0.0093 ,0.0001
((O1-P1) 24 23 0.25 0.55

aInterpolation, from Ref.@16#.
bShake-off process, Ref.@20#.
cDiagram line.
dReference@12#.
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ionization.

The dependence on excitation energy of the intensity
Lb3 relative toLb2 and the intensity ofI S relative toLb3
are also shown in Fig. 2. Intensity of theLb3 line relative to
theLb2 line exhibits a tendency similar to the intensity ofI S
relative to Lb2. However, the intensityI S relative to Lb3
seems to be almost constant, independent of excitation

FIG. 2. Relative intensity as a function of excitation electr
voltage form @ I S ~sum ofLb2 visible satellites! to Lb2], s (Lb3

to Lb2), andh (I S to Lb3) points. The dashed line is a fit to theh

points.
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ergy. This suggests that the increase in intensityI S relative to
Lb2 can be ascribed to the same origin as the intensity
Lb3 relative toLb2. Considering thatP(L2L3MX) is zero
~see Table III!, the intensities ofLb3 relative toLb2 and I S
relative toLb3 can be expressed in the same way as

I M~Lb3!

I M~Lb2!
5

s1

s3

12Q1

12Q3

v1

v3

G3G~Lb3!

G1G~Lb2!
, ~9!

I S

I M~Lb3!
5H s3

s1

Q3~M !

12Q1
1 f 1,3P~L1L3M !J v3

v1

G1G~Lb2!

G3G~Lb3!
.

~10!

From Eqs.~8! and~9!, the tendency observed in Fig. 2 can
seen to originate from the common term (s1 /s3)@(1
2Q1)/(12Q3)#. This experiment shows that the observ
I S /@ I M(Lb3)# is almost constant in the region of 25 to 5
kV. This means that the contribution of the shake-off proc
is very small, because only the term (s3 /s1)@Q3(M )/(1
2Q1)# depends on excitation energy in the right-hand s
of Eq. ~10!. Therefore, the increase in the intensityI S relative
to Lb2 is not due to a shake-off process but due to the ra
of the ionization cross sections of subshellsL1 andL3, and
the ratios1 /s3 can be thought of as a constant for excitati
6-5
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TABLE IV. Measured and theoretical energy values of visible satellite lines.

Energy~eV! Relative intensity~%!

Satellite line Spectator hole Measured Theory Measured The

Lb28 M5 11641.761.1 11648.4 4.160.4 5.5
Lb29 M4 11658.161.2 11657.5 4.160.8 4.2
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voltages of over 40 kV. Satellite lines whose origins a
dominantly ascribed to Coster-Kronig transitions are thou
to exhibit similar dependencies on excitation energy.

Measured and theoretical energies and relative intens
of the visible satellite lines are given in Table IV. Theoretic
values of theLb29 satellite line are in good agreement wi
observations. Effects of the shake-off process were a
found to be small in the excitation energy region of 25 to
kV. However, the measured intensity ofLb28 is smaller than
the theoretical value. Tails of theLb2 andLb3 spectra pos-
sibly affect the fitted intensity of theLb28 satellite lines be-
causeLb28 exists near the two diagram lines. The calcula
energy value ofLb29 is also consistent with observation
However, calculated and measured energies ofLb28 are con-
siderably different. In particular, inLb28 the difference is
bigger than that inLb29 . Since M5, the spectator hole o
Lb28 , is nearer the outer shell thanM4 , M5 is more easily
influenced by the atomic environment. Theoretical energ
can be calculated for atomic states that do not have this
fluence.

IV. CONCLUSIONS

Visible Lb2 satellite lines in Au are mainly caused b
L1-L3Mi ( i 54,5) Coster-Kronig transitions, whereas the
hy
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fect of the shake-off process is negligibly small. Comparis
of the satellite lines with diagram lines from theL1 subshell,
such asLb3 spectrum, is significant to the elucidation of th
origins of the satellite lines.

Satellite lines that are mainly due to Coster-Kronig tra
sition~s! can be thought of as exhibiting the same excitat
energy dependence as the goldLb2 satellite lines measured
This result could then be used as a standard for the origi
satellite lines of other elements.

A discrepancy between the theoretical and experime
values of the energy of theLb28 line was found. To probe
this, discrepancy measurements of theLb2 satellite lines of
other heavy elements need to be conducted.

In electron bombardment, photon flux at the expected
citation energy is very small. Therefore, spectra excited
energies near the threshold cannot be measured using
system. In the near future, to elucidate the mechanisms
hind the visible satellites ofLb2 for 79Au in detail, x-ray
emission spectra will be studied as a function of incide
photon energy using tunable synchrotron radiation sour
In particular, great interest lies in measuring spectra exc
at a photon energy near the threshold of the79Au Lb2 sat-
ellite lines. Such work is also expected to allow more ac
rate measurement of energies and relative intensities of
ellite lines. Similar experiments also need to be perform
for the near-Z elements77Ir and 78Pt.
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