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Origin of Au L 8, visible satellites
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Measurements df 8 spectra of gold using a high-resolution single-crystal x-ray spectrometer are presented.
Energy values and intensities of th@, satellite lines are confirmed by fitting Voigt functions to the observed
spectra. Relative intensity ratios &f3,, LB3, LB15, and LB, satellite lines are investigated at various
excitation energies. The origin of thes, satellite linesL B, andL 33, are confirmed to be mainly due to the
L-LM Coster-Kronig transition, with intensities closely related to the photoionization cross section of the

subshellL ;.
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I. INTRODUCTION In the present study, the structure gfAu L 8, spectrum

is reported. Energies and intensities of B3, diagram lines

X-ray emission spectroscopy is very useful for investigat-were obtained by electron bombardment using a single-
ing atomic electron states. In particular, fine structure ofcrystal high-resolution x-ray spectrometer for comparison
emission spectra, such as satellite lines, reflect various physivith theoretical calculations. In addition, measurements were
cal phenomena. One of the origins of satellite lines is genereonducted using various incident electron energies for satel-
ally believed to be radiative transitions due to multiple va-lites in the higher-energy region &fg, to elucidate the ori-
cancies. Two processes can be thought of as the causes gifis of these satellites.
multiple vacancies. One is the shake process, which is the Initial and final vacancies of the measured diagram and
ionization (shake-off or excitation(shake-up of outer-shell  satellite lines are shown in Table I.
electrons during ionization of inner-shell electrons by pho-
tons or charged particles. The shake process can occur during
excitation, with a probability that depends on excitation en-
ergy, when it is not far above the threshdttie probability A. Experimental setup
becomes independent of excitation energy when it is high o4 spectral lines were excited by electron bombard-
enough. A number of models have been proposed for theen¢ sing a rotating anode. Spectra were measured at exci-
energy dependence of shake-off probability, such as the Thaz i, \gitages of 2555kv and tube currents of 50 or 100

mas m(_)de_[l]. Thedsegon(:it proqt(_ess that Cr?n c%uset mllilt'pl. A. Excitation energies gained at those voltages can ionize
vacancies is nonradiative transitions, such as Coster-Kronig,o .t.ons from the All; shell, which has a binding energy

transitions. This is a relaxation process that is independent f 14 352.8 eV[11]. Spectral measurements were conducted
excnatlodn ene(rjgy. Thefrefotrel,l_tm?asureme_nt cf)f thet ?X;']tat!onsing a single-crystal spectrometer containing a symmetric
energy dependence of sateflite lines 1S signiticant in the Mgji440) perfect crystal. A double slit collimator of length 100
vestigation of the origins of these lines. Measurement of mm and vertical width 2Qum was used for measurements
x-ray emission spectra related to Coster-Kronig trans't'oni/leasuring period was selected to give approximately 10 000

plays an Important role in such work. counts at the peak position of tthes, diagram line. Values

X-ray emission spectra of heavy elements have been le .
extensively studied than those of Ia&velements. Although Sb%/ Bearden{12] were used as a reference for the diagram

gold is very important in various applications, studies of TABLE I. Initial and final states of each transition of the mea-
Au L x-ray spectra are rather scaf@-6]. To the best of our sured lines
knowledge, only a single paper has been published on the '

Il. EXPERIMENT

satellite lines of AU5]. - . , Emission line Initial vacancy Final vacancy
The L-LM Coster-Kronig transitions are forbidden in el-
ements having a certain range #fnumbers. According to La; Ls Ms
the calculations of ChelY], L-LM Coster-Kronig transitions La; Ls My,
in elements with 5&Z<74 are forbidden energetically. LB; L, M,
However, a;,W L B, satellite line has been reportgg-10], LB, Lg Nsg
with this visible satellite confirmed to be mainly due to theLg, L, Mg
L-LM Coster-Kronig transition. LB1s Ls Ny
LB, LsMs MsNs
L3 LMy, M 4Ng
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line. Spectral lines were measured using ap f€H,),, Deutschet al.[14] and Vlaicuet al.[9]. Both Lorentzian and
flow proportional countefFPQO. Voigt functions were used in the spectral analysis:

To estimate the contribution of line broadening by the
spectrometer, the same lines need to be measured using an-
other system. A double-crystal spectrometer system was used I(E) :mzzl Amzl PI(E,Eim=Sm,Dim \Wm,dm),  (2)
to measurel «; , diagram lines. The double-crystal spec-
trometer has excellent resolving powés], and is therefore wherep(E) can be a Lorentzian or \Voigt profile.
s_uitable for comparing the diagram lines measured by the |, Eq. (2), the indicesn denote multiplets and the indices
single-crystal spectrometer. Fluorescence x-ray spectra @frepresent lines within given multiplets. Prior to fitting, the
Lay,in Au were measured using a double-crystal spectrompgsitions of diagram and satellite lin&,, and the intensi-
eter(Rigaku System 3580 B3Si(220) reflections were used e b, = of the satellite lines relative to the diagram lines

M L

in both crystals. The sample was x0n-thick metallic foil.  peed to be calculated, as these are all fixed parameters in the
Primary x-ray tube load was 40 kV and 70 mA. Spectra Wer§itting procedure. Within a multiplet, the amplituds,, en-
also measured using FPC. ergy shifts,, relative to the calculated position, widti,,,
and dispersiord,,, are common to all lines. Amplitude, en-
B. Data analysis ergy shift, and width parameters are unconstrained during the

No smoothing was applied to the raw data. Two satellitefitting. Dispersion parameters were set to the values calcu-
lines caused by a spectator hole in tig or M subshell lated for each diagram line from the geometry of the colli-
were different enough in energy to be measured separatefjator and the dispersion of the crystal. _
from theL 3, line and could be fitted independent of thg, Equations of the relative intensities of the satellites are
line. These are called “visible satellites.” However, satellite 9\vén in Sec. Il B. Since.a; andLa, spectra are transi-
lines that arise from the presence of a spectator hole ilthe tions from L3 vacancy states, the multiple vacancy states
shell or outer shell are very close to th@, line. These are Pefore radiative transition can be the same as thosesef
called “hidden satellites.” As in the case of gold, theg;  1hus, these are thought to involve the same number of hid-

line appeared at a slightly higher energy than that ofl.tfse den satellites as3,. The relative intensities of satellite lines
line, making separation of the hidden satellites fromltig contributing to the two lines are assumed to be the same as
line very difficult. for LB,. Multiplet fitting was performed on the three lines.
Therefore, energy shifts and relative intensities of hidden From observations of - width using both single- and
satellites in the fitting analyses were fixed. Measured spectrdouble-crystal spectrometers, instrumental functions of each
of theL B, 153, LsMs-MsNs satellite, and_sM 4-M 4N sat- ~ SPectrometer were obtained. Assuming that these were the
ellite were analyzed using five Voigt functions. Because theictual dispersion parameters due to the collimator and crys-
LB, line includes hidden satellites, Voigt functions were t@l, dispersion parameters were recalculated for éghlia-
used forL 8, to describe the multiplet of the diagram line 9ram line. Natural widths obtained in this way are shown in

and seven hidden satellitdgsee Sec. Ill A, Refs[9,14]), Parentheses in Table II. _
namely, LsN.-N;Ns(i=1-7). Other satellites caused by a Theoretical values shown in Table Il are the sums of level

spectator hole in th® shell orP shell were not included in Widths before and after transitigsee Eq.(1)]. Because the

the multiplet, because they have almost the same energy §49ram lines actually include hidden satellite lines, the mea-
the diagram line. All satellites were assumed to have thsured diagram lines have different FWHM to the theoretical

same width as that of the diagram line. Spectra obtained #@/ues. In contrast, FWHM that were measured using the
25 kV and 45 kV are shown in Fig. 1 together with ana|ysisdouble-crystal spectrometer are considered to be slightly in-
results. fluenced by the instrumental function. This effect can be ig-

nored, especially for lines with large FWHM, such as the
lines of heavy elemen{d3].

The FWHM ofLa; , measured using single- and double-
A. Diagram lines crystal spectrometers are in good agreement, with differ-
ences less than 5%. Note that fitting to Voigt profiles was
able to correctly compensate for line broadening by the

IIl. RESULTS AND DISCUSSION

In Table II, the measured values of the width at half maxi-
mum (FWHM) of the AuL emission lines are compared to

other experiments and thed®,3,6,15. The natural width of ~SPectrometer.

an x-ray line originating from a transition from atomic level

(A) to level (B) is given by the sum of the widths of the B. Satellites

initial and final levels: Energy positions of the satellite lines of highelements

are given in a table published by Pareeteal. [16]. How-
ever, values for gold are not given in this table. Values for the
energy shifts of satellite lines in gold were thus obtained by
The values recommended by Campbell and PdE) are  taking averages of the values for platinum and mercury.
used as the natural linewidths of atomic vacancy states. Relative intensities of the satellite lines were calculated
Experimental values of natural linewidths of diagram assuming that the fluorescence yields - , 3 are the same
lines were obtained using the multiplet fitting method offor both single vacancy states and multiple vacancy states

I'(A—B)=T(A)+T(B). (1)
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(although this is strictly not correct, but is a crude esti-by a single Coster-Kronig transition, the intensity of the dia-
mation to describe quantitatively the simplest model ofgram lineL 3, can be calculated from
deexcitation.

The satellite lines are proposed to be caused by only a | (L By)=Cosw I'(LB2) 3)
single Coster-Kronig transition. Multiple Coster-Kronig tran- ML =2 o1,
sitions, and a combination of the Coster-Kronig transition
and the shake process can also occur within the ionizatiowhere C is the constantg; ;—, , 3 are ionization cross sec-
process. However, the combined processes can be ignoréidns by electrons of the; subshellI’; ;_, , 3 are total tran-
due to the low probabilities. When satellite lines are causedition probabilities of theL; subshell, and(L3,) is the
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TABLE II. Comparison of measured FWHM of Au emission lines with other experimental and theoretical values. All units are in eV.

FWHM Present work Williams Richtmyer Amorim Theoretical
Line Single crystal Double crystal (19342 (1934° (1988° Value?
Lay 8.38+0.07 8.00+0.0Z 8.57 8.1 7.780.12 7.72£0.77
Las 8.39+0.09 8.16+0.09 85 8.08:0.16 7.72£0.77
LB, 8.67+0.03 (7.9-0.1) 8.28 7.75 8.26:0.21 7.710.77
LB, 11.4+0.1° (10.8+0.1)f 11.4 10.3 10.12.0.15 9.44-1.54
LBs 18.4+0.7 (18.0-0.1)f 20.8 16.48-0.57 18.3-4.1
aReferencd?2].

Referencd3].

‘Referencd6].

dReferencd 15].

“Multiplet fitting.
'Derived from single-crystal data.

Ls-N5g transition probability. FoL B, satellite lines, the tran-
sition to the initial vacancy state; can occur by two pos-
sible Coster-Kronig transitiong,;-L3X andL,-L3X. The in-

tensity of each spectator hole satellite line consists of the I's

following two terms

I'(LBo)
I;

I'(LBo)
FS !

Is(LB2)= CUlfl,gp(L1L3X)w3

+Co,f,3P(LoLsX) ws (4)

wheref; ; is the partial Coster-Kronig transition probability

from levelL; to levelL; and P(L;L;X) is the probability of

the radiationless transitiob;-L ;X that results in the double

Is(LB2) =C{o3Q3(X)+01(1—Q)f13P(L1L3X) +02(1—Qp)f, P(LoLsX)fws T,

where Q;(X) is the probability of shake-off from th¥ or-
bital when a hole is created in the subshell, and; is the

sum of the shake-off probabilities from all possible orbitals

when a hole is created in the subshell. The intensity of
each satellite line relative to the diagram lib@, can then
be expressed as

ls

- T
Iy 1-0; Qs(X)+03(1 Qu)f13P(L1L3X)

02
+ - (1=Q)fa P (LolsX) . (8)
3

Values reported by Krause were used égr{17]. For o,
values reported by Hakas and Schlenk18] at 60 keV were
used, and folP(L;L;X) values reported by Cheet al. [19]

vacancy staté;X. The intensity of each satellite line relative
to the diagram lind_ 3, can be expressed as

01 g2
—=—"F13P(L1LsX)+ —Tf, sP(L,L3X). (5
03 03

Im

This equation is applicable to all transitions from the initial
Ls-shell vacancy.

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

I'(L
(LB2) =Cos(1-Qg)ws (Ff & (®)
I(LB,) .

taken from calculations by Parent al. [20]. Table IlI
shows values obtained from these equations.

Measured spectra are shown in Fig. 1. Two satellite lines
were confirmed in the region of rather high energy around
the LB, diagram line. The numbers of satellite lines in the
spectra agree with calculation results. This suggests that both
L,-L3Mg and L,-L3M, Coster-Kronig transition channels
are open in gold7].

The dependence of relative intensityto L 8, on excita-
tion energy is shown in Fig. 2, whelg is the sum of the
intensities of the visible satellites, andB, line intensity
includes hidden satellites. THe of L3, exhibits a gentle
increase with excitation voltage and becomes constant above
around 40 kV. The Coster-Kronig factdy 3 is constant in
this energy region and the satellite intensity due to this pro-
cess is independent of excitation energy. Shake-off process

for goHg were used. Values reported by Krause were agaiprobabilitiesQ4(X), on the other hand, are positively corre-
used forf; ; [17], with values related to the shake-off processlated with excitation energy, but become almost independent
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TABLE lll. Theoretical average energigsV) (from Ref.[16]) and relative intensitieffrom Eq.(8)] of Au L 3, satellite lines due to a
singleM, N, O, or P shell spectator hole.

Spectator hole Energy df3, Relative intensity(%)

satellites? (eV) Shake-off Coster-Kronig
X LaX-NsX Total LX P L,—LaX L,—LgX
Nowheré 11584.7 100 100 100 100
M, 11643.79 0.020 0.020 0 0
M, 11 654.96 0.028 0.028 0 0
M, 11 639.47 0.056 0.056 0 0
My 11 657.49 5.7 0.067 5.6 0
Mg 11648.35 7.6 0.10 7.5 0
N1 11595.01 0.74 0.075 0.44 0.22
N>, 11 596.55 1.8 0.11 0.18 1.5
N3 11594.12 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
> (N;-Ng) 11594.37 8.2 1.4 2.4 4.4
Ng 11587.35 1.8 1.1 0.54 0.10
N- 11588.02 2.2 1.5 0.67 0.043
3 (Ng-N7) 11587.73 3.9 2.6 1.2 0.14
(o} 0.39 0.26 0.087 0.043
O, 0.82 0.53 0.032 0.26
(O 1.2 1.1 0.048 0.076
O, 15 15 0.070 0.17
Py 6.5 6.5 0.0093 <0.0001
2(0,-Py) 24 23 0.25 0.55

4nterpolation, from Ref[16].
bShake-off process, Reff20].
‘Diagram line.
YReferencd12].

of excitation energy at high enough energies for multipleergy. This suggests that the increase in interigjtielative to

ionization. LB, can be ascribed to the same origin as the intensity of
The dependence on excitation energy of the intensity of 35 relative toL3,. Considering thaP(L,LsMy) is zero

L B3 relative toL B, and the intensity of g relative toL B3 (see Table II), the intensities of. B4 relative toL 8, andl g

are also shown in Fig. 2. Intensity of theB; line relative to  relative toL 85 can be expressed in the same way as

theL B, line exhibits a tendency similar to the intensitylgf

relative toL8,. However, the intensityg relative toL 55 Im(LB3) 011-Q1 wy I'sI'(LB3)
seems to be almost constant, independent of excitation en- I(LBs) —0_3 1-Qs w_3 (LB’ ©)
B 34
- [ I o3 Q3(M) w3 I'1I'(LB)
85 S 3 U3 3l 2
& i N - D A A - 32 — = — ——+f P(L1LsM) | — ——"—F—.
& 80 ¢ kil o w0 7 Im(LB3) |op 1-Q; ° (LiksM) wy I'3I'(LB3)
% 75 4 [ s % (10
;E; 7o i PR :—26 § From Eqgs(8) and(9), the tendency observed in Fig. 2 can be
< 65 o Lsﬁato L2B2 e 2 seen to originate from the common ternu(o3)[(1
£ 60 (right axis)|i - 22 & —Q1)/(1—-Q3)]. This experiment shows that the observed
€ . = ’S‘(‘:isﬁtsaxis), [ 2 Is/[Im(LB3)] is almost constant in the region of 25 to 55
e kV. This means that the contribution of the shake-off process

25 30 E 45 50 55 is very small, because only the ternor/o1)[Q3(M)/(1
Excitalion Voltage [kV] —Q,)] depends on excitation energy in the right-hand side
FIG. 2. Relative intensity as a function of excitation electron Of Ed. (10). Therefore, the increase in the intendigyrelative
voltage forA [l (sum ofL3, visible satellitesto LB3,], O (LB;  t0 LB, is not due to a shake-off process but due to the ratio

toL3,), andd (Isto LB;) points. The dashed line is a fitto the  Of the ionization cross sections of subshélisandL 3, and
points. the ratioo; /o3 can be thought of as a constant for excitation
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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 Theory
LB, Ms 11641.71.1 11648.4 4104 5.5
LB My 11658.1+1.2 11657.5 4.10.8 4.2

voltages of over 40 kV. Satellite lines whose origins arefect of the shake-off process is negligibly small. Comparison

dominantly ascribed to Coster-Kronig transitions are thoughof the satellite lines with diagram lines from the subshell,

to exhibit similar dependencies on excitation energy. such ad_ B3 spectrum, is significant to the elucidation of the
Measured and theoretical energies and relative intensitie@rigins of the satellite lines.

of the visible satellite lines are given in Table IV. Theoretical = Satellite lines that are mainly due to Coster-Kronig tran-

values of thel 8j satellite line are in good agreement with sition(s) can be thought of as exhibiting the same excitation

observations. Effects of the shake-off process were als§N€rgy dependence as the gbld, satellite lines measured.

found to be small in the excitation energy region of 25 to 55 his result could then be used as a standard for the origin of

kV. However, the measured intensity of3; is smaller than satellite lines of other elements.

. . A discrepancy between the theoretical and experimental
the theoretical value. Tails of tHeB, andL B3 spectra pos- ’o
. . : ) o I f th f th I f LT
sibly affect the fitted intensity of the 8, satellite lines be- values of the energy of the; line was found. To probe

R X ) this, discrepancy measurements of the, satellite lines of
causel B, exists near the two diagram lines. The calculatedyiyer heavy elements need to be conducted.

energy value ofLjj is also consistent with observations.  |n electron bombardment, photon flux at the expected ex-
However, calculated and measured energiels®f are con-  citation energy is very small. Therefore, spectra excited at
siderably different. In particular, i85 the difference is energies near the threshold cannot be measured using this
bigger than that inL3,. Since Ms, the spectator hole of system. In the near future, to elucidate the mechanisms be-
LB%, is nearer the outer shell thavi,, M5 is more easily hind the visible satellites of 3, for 70Au in detail, x-ray
influenced by the atomic environment. Theoretical energie§Mission spectra will be studied as a function of incident
can be calculated for atomic states that do not have this ifPhoton energy using tunable synchrotron radiation sources.
fluence. In particular, great interest lies in measuring spectra excited
at a photon energy near the threshold of thau L3, sat-
IV. CONCLUSIONS ellite lines. Such work is also expected to allow more accu-
rate measurement of energies and relative intensities of sat-
Visible LB, satellite lines in Au are mainly caused by ellite lines. Similar experiments also need to be performed
L.-L3sM; (i=4,5) Coster-Kronig transitions, whereas the ef-for the nearZ elements;/Ir and ,4Pt.

[1] T.D. Thomas, Phys. Rev. Let2, 417 (1987). [12] J.A. Bearden, Rev. Mod. Phy39, 78 (1967).
[2] J.H. William, Phys. Rev45, 71 (1934. [13] T. Tochio, Y. Ito, and K. Omote, Phys. Rev. 85, 042502
[3] F.K. Richtmyer, S.W. Barnes, and E. Ramberg, Phys. R&v. (2002.
843 (1934. [14] M. Deutsch, G. Hizer, J. Hatwig, J. Wolf, M. Fritsch, and E.
[4] J.N. Cooper, Phys. Re61, 234 (1942. Forster, Phys. Rev. &1, 283(1995.
[5] L\A.L.;Zarvalho, F. Parente, and L. Salgueiro, J. Phy80B935  [15] J.L. Campbell and T. Papp, At. Data Nucl. Data Tabi@s 1
1987. (2002).

[6] P. Amorim, L. Salgueiro, F. Parente, and J.G. Ferreira, J. Phy§6) £ parente, M.H. Chen, and B. Crasemann, At. Data Nucl. Data

B 21, 3851(1988. Tables26, 383 (1981).
[7] M.H. Chenet al, At. Data Nucl. Data Table$9, 97 (1977. [17] M.O. Krause, J. Phys. Chem. Ref. D&a307 (1979.

[8] L. Salgueiro, M.L. Carvalho, and F. Parente, J. Plifari9, [18] J. Pdinkas and B. Schlenk, Z. Phys. 297, 29 (1980.

Collog. 48, C9-609(1987). [19] M.H. Chenet al, At. Data Nucl. Data Tableg4, 13 (1979.

9] A.M. Vlaicu et al, Phys. Rev. A58, 3544(1998. .
[:EO% AM. Viaicu et al (prizate communication [20] F. Parente, M.L. Carvalho, and L. Salugueiro, J. Phy46B
o ) i 4305(1983.

[11] J.A. Bearden and A.F. Burr, Rev. Mod. Phg€, 125(1967.

032506-6



