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L 1 atomic-level width of elements 62ÏZÏ83
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High-resolution measurements of the photoinduced dipole-forbiddenL1-M4,5 x-ray emission lines were
performed with a reflection-type and a transmission-type bent-crystal spectrometer for62Sm, 67Ho, 70Yb, 74W,

78Pt, 80Hg, and83Bi. From the observed linewidths of theL1-M4,5 x-ray transitions, the level widths of the
subshellL1 were determined assuming for theM4,5 level widths the values reported recently by Campbell and
Papp@X-ray Spectrom.24, 307 ~1995!; At. Data Nucl. Data Tables77, 1 ~2001!#.

DOI: 10.1103/PhysRevA.65.022512 PACS number~s!: 32.70.Jz, 32.30.Rj, 32.80.Fb
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I. INTRODUCTION

Precise and reliable data concerning atomic-level wid
are of interest in both theoretical and experimental phys
For theory such data are important because they can pro
sensitive tests of atomic-structure calculations. In particu
they permit one to probe the goodness of theoretical pre
tions concerning total vacancy lifetimes, radiative and rad
tionless transition probabilities, or fluorescence yiel
Atomic-level widths and related x-ray linewidths are also
interest and value in high-resolution x-ray spectrosco
Here a precise knowledge of x-ray linewidths is very help
because it permits one to improve data analysis by dimin
ing the number of free fitting parameters and anchoring
natural linewidths of the observed transitions to known v
ues. This in turn leads to a better accuracy in x-ray emiss
techniques such as high-resolution x-ray fluorescence
particle-induced x-ray emission. Furthermore, in a variety
experiments in which weak structures such as radiative
ger emission lines or satellite x-rays have to be extrac
from the tails of close-lying and much more intense diagr
transitions, the line shapes of the latter must be known ac
rately to obtain reliable results.

Several review papers dealing with atomic-level widt
can be found in the literature~see, e.g.,@1–3#!. Most rely on
theory and only a few of them on experimental data. Mo
recently Campbell and Papp assembled a large set of m
sured level widths and x-ray linewidths, and derived an
ternally consistent set of level widths for theK shell to the
N7 subshell for all elements across the periodic table@4,5#.

For the subshellL1 ~2s1/2 atomic level! Campbell and
Papp used results from XPS~x-ray photoelectron spectros
copy! measurements for the light elements and XES~x-ray
emission spectroscopy! data for the elements pertaining
the region 40<Z<51. To connect the latter data to rece
XES results obtained for Th and U@6,7#, they chose to em-
ploy a set ofL1 Coster-Kronig and relative fluorescenc
yields of elements in the range 62<Z<79 ~Refs. @8–10#!,
assuming the radiative component of theL1 widths, which
was taken from@11#. The L1 widths of Th and U were de
duced by Campbell and Papp from the linewidths of
weak, dipole-forbiddenL1-M4 and L1-M5 transitions ob-
served in@6,7#, assuming their recommended values for t
M4 and M5 widths. The same references@6,7# provide also
1050-2947/2002/65~2!/022512~10!/$20.00 65 0225
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accurate linewidths for the strongerL1-M2 , L1-M3 , L1-N2 ,
andL1-N3 lines but the latter were preferably employed a
source of theM2 , M3, N2 , andN3 widths, assuming theL1

widths derived with the above-mentioned method. The al
native of using in the region 62<Z<79 old XES measure-
ments@12# of theL1-N2,3 linewidths instead of the set ofL1

Coster-Kronig yields was also probed by Campbell a
Papp. The obtained results were found to be 0.3–3.3
higher than the values derived from Coster-Kronig spectr
copy. In their determination of the recommendedL1 widths,
Campbell and Papp renounced to use these XES data
cause of the age of the latter, theirZ dependence, and be
cause of the 0.5–1.0 eV uncertainty in theN2,3 widths. They
pointed out, however, that there would be merit in remeas
ing theseL1-N2,3 transitions to ascertain if the trend dete
mined from the Coster-Kronig spectroscopy data is inde
correct.

Following the suggestion of Campbell and Papp we ha
undertaken a series of high-resolution XES measuremen
the Z region of interest. Although dipole-forbiddenL1-M4,5
transitions are very weak, they were preferred to the stron
L1-N2,3 transitions because the uncertainties of the reco
mendedM4,5 widths quoted in@5# are two to ten times
smaller than those of theN2,3 widths and because it is no
certain, in our opinion, that the many-body-effects, whi
considerably enlarge the widths of theN2,3 levels in the do-
main comprised between Sn and Ba, are completely ne
gible for the elementsZ.56. Actually nonlifetime broaden-
ing effects seem to have been observed for these levels u
Yb (Z570) @13#. L1-M2,3 transitions could neither be em
ployed because the single recent source ofM2 andM3 level
widths is the compilation by Campbell and Papp in whic
the M2,3 widths were already determined fromL1-M2,3 tran-
sitions, assuming their recommendedL1 level widths. The
quadrupole transitionsL1-M4,5 of seven metallic elements in
the range 62<Z<83 were thus measured by means of hig
resolution x-ray spectroscopy. From the observed linewid
the level widthsGL1

were determined assuming forGM4,5
the

recommended values of Campbell and Papp. Relative un
tainties varying between 4%~Bi! and 10%~Sm! were ob-
tained for the so-derivedL1 level widths. Hence, a signifi-
cant improvement of the existingGL1

data base is given by
the present study since the errors quoted in@5# for the same
elements are 16% and 55%, respectively. A spin-off resul
©2002 The American Physical Society12-1
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RABOUD, BERSET, DOUSSE, AND MAILLARD PHYSICAL REVIEW A65 022512
our experiment is a set of accurate experimental energie
the weakL1-M4 andL1-M5 transitions.

II. EXPERIMENT

The measurements were performed at the University
Fribourg by means of two different curved-crystal spectro
eters. For the elements78Pt, 80Hg, and 83Bi a Dumond
transmission-type crystal spectrometer was employed.
this instrument cannot be used for photon energies be
about 10 keV, theL1-M4 , andL1-M5 emission lines of the
elements62Sm, 67Ho, 70Yb, and74W were measured with a
von Hamos reflection-type crystal spectrometer.

Except for Hg, the targets consisted of 25-mm hi
35-mm wide metallic foils of natural Bi, Pt, W, Yb, Ho, an
Sm. The specified purity of the foils ranged between 99.
and 99.97%. Due to the method of production the Ho f
contained about 1% Ta. Bismuth being a brittle metal,
thin Bi foil was mounted on a permanent polyester supp
Sample thicknesses~15–22 mg/cm2! were chosen to obtain
about 95% of the maximum possible yield. The liquid H
was enclosed in a (303832)-mm3 stainless steel reservo
whose front wall was made of a 8-mm-thick Kapton foil. The
small cell was oriented so that the angle between the nor
to the Kapton window and the target-to-crystal direction w
45°.

A. Measurements of elements 78ÏZÏ83

A detailed description of a similar transmission-type be
crystal spectrometer installed by the Fribourg group at
Paul Scherrer Institute~PSI! in Villigen, Switzerland can be
found in @14#. The instrument was operated in a so-call
modified DuMond slit geometry@14#. In this geometry the
target is viewed by the bent crystal through a narrow
located on the focal circle. The 0.1-mm-wide vertical recta
gular slit was made of two 5-mm-thick juxtaposed Pb plat
The targetL x-ray emission was induced by means of a co
mercial 3-kW Coolidge-type x-ray tube with a Cr anode a
a 0.5-mm-thick window of nonporous beryllium. For th
three targets the tube was operated at 80 kV and 35 mA
was oriented so that the ionizing radiation was perpendic
to the target-crystal direction.

For the diffraction of the x rays the~110! reflecting planes
of a 10310-cm2 quartz-crystal plate, 0.5 mm thick, wer
used. The quartz lamina was bent to a radiusR5313.5 cm
by means of a bending device similar to the one describe
Ref. @15#. The effective reflecting area of the crystal was
cm2. The Bragg angles, i.e., the angles between the incid
x-ray radiation and the reflecting planes of the crystal w
approximately 10.6°, 11.6°, and 12.4° for the Bi, Hg, and
target respectively. They were measured by means of an
tical laser interferometer with a precision of (3 – 5
31023 arc sec@16#.

The x-ray detector was a 5-in.-diameter two-compon
Phoswich scintillation counter, consisting of a thin~0.25 in.!
NaI~Tl! crystal followed by an optically coupled thick~2 in.!
CsI~Tl! crystal. Both crystals were mounted on the sa
photomultiplier tube. As the rising time of the signal is d
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ferent for the two crystals, the events corresponding to e
scintillation can be identified by pulse-shape analysis@17#.
This type of detector strongly reduces the Compton no
arising from high-energy photons@7,18#. A further reduction
of the background was achieved by enclosing the Phosw
detector in heavy Pb-Cu-Al shielding, and by sorting on li
the events of interest as a function of their energy. In orde
reduce the absorption of the x rays in air, evacuated tu
were mounted between the target and the crystal and
tween the crystal and the 66-cm-long Soller-slit collimato

In the DuMond geometry, the measurements are car
out in a point-by-point way. As a result of the poor intens
of the L1-M4,5 transitions, very long acquisition times pe
point were needed. In order to minimize-systematic err
related to long-term instabilities of the experimental se
~e.g., fluctuations in the x-ray tube intensity!, each spectrum
was measured in many~30–40! successive scans, whic
were then summed off-line.

The energy calibration of angular spectra observed w
the DuMond spectrometer requires the crystal lattice spac
and the zero of the Bragg-angle scale of the spectromete
be accurately known. The lattice spacing of the SiO2 ~110!
crystal employed in the present experiment was determi
by measuring theKa1 transition of Au. The line was ob-
served in fourth order of reflection and on both sides of
flection. Using the so-determined double Bragg angle 2QB
and the energy of the AuKa1 transition (68804.94
60.18 eV) quoted in@19#, the value 2.456642~20! Å was
obtained for the crystal lattice spacing. In the DuMond g
ometry the so-called focussing distance, i.e., the crystal
slit distance corresponding to the best instrumental resolu
varies as a function of the photon energy. TheL1-M4,5 mea-
surements were thus performed at different focussing
tances so that a new determination of the zero Bragg a
was necessary for each target. Because of the poor inte
of the L1-M4,5 transitions, stronger x-ray lines measured
both sides of reflection were employed for the determinat
of the different zero Bragg angles. These x-ray lines~SeKa1
and Hg Lg1 in first order of reflection for the Pt and H
measurements, and TeKa1 in second order of reflection fo
the Bi measurements! were chosen because they could
measured at about the same Bragg angle, i.e., at the s
focussing distance as theL1-M4,5 transitions.

The instrumental response of the DuMond spectrome
can be well reproduced by a Gaussian function whose s
dard deviations depends mainly on the crystal quality, pr
cision of the crystal curvature and slit width. In first approx
mation, the angular instrumental broadening does not dep
on the Bragg angle, provided that the above-mentioned
cusing distance is adjusted to correspond to the central B
angle of the measured spectrum. In other words, neglec
the contribution of the Darwin width, which is only a frac
tion of an arcsecond in our case, the angular resolution of
spectrometer can be considered as being the same for
tons of different energies or photons diffracted in differe
orders of reflection. We took advantage of this property
determine the angular instrumental broadening of the sp
trometer. The latter was indeed derived from theKa1 tran-
sition of Sn measured in first, second, and third orders
2-2



et
nt

in

th

rr

P

e
an
en

o
l

on
ts
ra
an
Du

tio
to
ta
sl

-ra
ue

th
r

5.
a

n
ion
u-
o
-
co
im

o
an

i
e
n
o

in
e

-

f

sian

ne-

d
eans

ay
ond
ing
an

n-
wn
e in-
nd
ted

ured
the

ue
ec-

eV

t

een

ctor
nt
he
nd

16

the
in
ata
ree
ved
m
ise

os
com-

L1 ATOMIC-LEVEL WIDTH OF ELEMENTS 62<Z<83 PHYSICAL REVIEW A 65 022512
reflection. From these measurements, we obtained a s
three equations with two unknowns, the angular instrume
broadenings and the natural linewidth of the SnKa1 tran-
sition G. Solving this set of equations by means of a nonl
ear least-squares-fit method, we obtaineds55.21
60.10 arc sec and as a spin-off result,G511.0460.11 eV.
The latter result was found to be in good agreement with
value of 10.9660.38 eV derived from@5#. The obtained an-
gular broadening of the spectrometer of 5.21 arc sec co
sponded to FWHM~full width at half maximum! instrumen-
tal resolutions of 3.2, 3.6, and 4.4 eV, respectively, for the
Hg, and BiL1-M4,5 x-ray spectra.

B. Measurements of elements 62ÏZÏ74

The von Hamos curved crystal facility is described in d
tail in @20#. The principal elements of this instrument are
x-ray source defined by a rectangular slit, a cylindrically b
crystal, and a position-sensitive detector. In the von Ham
geometry the crystal is bent around an axis that is paralle
the direction of dispersion and provides focusing in the n
dispersive direction. For a fixed position of the componen
the impact coordinate on the detector of a reflected x-
corresponds geometrically to a particular Bragg angle
hence to a particular photon energy. In contrast to the
Mond geometry, the von Hamos geometry permits thus
one position of the spectrometer components data collec
over an energy bandwidth, which is limited by the detec
length. The vertical rectangular slit consisted of two jux
posed Ta pieces 0.3 mm thick and 10 mm high. The
width was 0.1 mm for all measurements. The targetL x-ray
emission was also induced by means of a Cr anode x
tube. The latter was operated at lower high-voltage val
~typically 60 kV, 40 mA!.

Emitted photons were reflected in the first order by
(22̄3) reflecting planes of a quartz crystal. The curvatu
radius of the 5-cm-wide and 10-cm-high crystal was 2
cm. Reflected photons were detected by a 27.6-mm-long
6.9-mm-high deep-depleted~50 mm! CCD ~charged-coupled
device! position-sensitive detector. The latter, which co
sisted of 1024 pixels in the horizontal direction of dispers
and 256 pixels in the vertical direction, with a pixel resol
tion of 27 mm, was thermoelectrically cooled down t
260 °C. The diffracted x rays hitting the CCD built a two
dimensional pattern on the detector. Each measurement
sisted in collecting several thousands of two-dimensional
ages. For each image, good event pixels were sorted
setting an energy window corresponding to the x rays
interest. This permitted us to reject background events
higher-order reflections. Without this sorting process,
would have been almost impossible to resolve the extrem
weak L1-M4,5 transitions. The filtered images were the
added and their sum projected on the horizontal axis to
tain the final energy spectrum.

The energy calibration and the determination of the
strumental response of the von Hamos spectrometer w
performed by measuring theKa1 x-ray lines of several ele
ments ranging between 26<Z<33. It was found that for this
energy range~6404–10 544 eV! the instrumental response o
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the spectrometer could be well reproduced by a Gaus
profile whose standard deviations varied as a function of the
x-ray energy between 1.44 and 1.78 eV. The natural li
widths and energies of theKa1 transitions were taken from
Ref. @5# and Ref.@21#, respectively.

III. DATA ANALYSIS

The L1-M4,5 x-ray spectra observed with the DuMon
and the von Hamos spectrometers were analyzed by m
of the least-squares-fitting computer codeMINUIT @22#, em-
ploying Voigtian profiles to reproduce the observed x-r
lines. Voigtian functions were used because they corresp
to the convolution of the Gaussian instrumental broaden
with the Lorentzian representing the natural line shape of
x-ray transition. The natural widths of the x-ray lines of i
terest were extracted by keeping fixed in the fit the kno
Gaussian experimental broadening. The energies and th
tensities of the transitions as well as a linear backgrou
were used as additional free fitting parameters. The fit
spectra are presented in Figs. 1 and 2.

At first glance, one sees that, as expected, the meas
transitions are very weak, the net intensity at the top of
L1-M5 transitions varying from 0.07 s21 for Bi @Fig. 1~a!#
down to 0.003 s21 for Sm @Fig. 2~d!#. These weak intensities
originate from the poor x-ray emission rates of theL1-M4,5
transitions~for Sm, the yield ratioI L1-M5

:I K-L3
quoted by

Scofield@23# is only 331024! and from the low efficiency
of crystal spectrometers. This low efficiency, which is d
mainly to the small solid angle subtended by crystal sp
trometers~about 1025 sr for both instruments in our case!, is
the price to pay to obtain instrumental resolutions in the
range. The measured yield ratiosI L1-M4

:I L1-M5
were found to

slightly decrease withZ, varying from 0.72 for Sm down to
0.62 for Bi. In thisZ region, Scofield’s calculations predic
for this ratio a constant value of 0.67@23#. In case of Yb, the
fitted ratio is bigger than 1~1.08!. This is due to theL3
absorption edge, which is located at 8944 eV, i.e., betw
the L1-M4 andL1-M5 transitions.

For transmission-type spectrometers, an additional fa
that contributes to diminish the luminosity of the instrume
is the x-ray absorption by the crystal lamina. For Pt, t
lightest element that could be measured with the DuMo
spectrometer, about 80% of theL1-M4,5 x-rays were ab-
sorbed in the 0.5-mm-thick quartz crystal so that about
days were needed to scan the singleL1-M5 transition@Fig.
1~c!#. Thus, for this element, we renounced to measure
even weakerL1-M4 transition. Nevertheless, as shown
Fig. 1, in spite of this crystal absorption problem, clean d
were obtained with the DuMond spectrometer. In the th
spectra the lines of interest could be indeed clearly resol
from the relatively flat background and no particular proble
was encountered during the analysis, which led to prec
and reliable results.

For the lower-Z elements observed with the von Ham
spectrometer, the measurements and data analysis were
plicated with the presence of severalL3 x rays in the vicinity
of the L1-M4,5 lines of interest, namely, theL3-N6,7 and
L3-O4,5 lines in the W spectrum@Fig. 2~a!#, the L3-O1 and
2-3
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RABOUD, BERSET, DOUSSE, AND MAILLARD PHYSICAL REVIEW A65 022512
L3-N6,7 lines in the Yb and Ho spectra@Figs. 2~b! and 2~c!#,
and theL3-O1 line in the Sm spectrum@Fig. 2~d!#. Some
characteristic x ray lines from trace impurities in the targ
or anode of the x ray tube were also observed in the W,
and Sm spectra at energies of 10 275, 8086, and 6623
respectively. Whereas a clear assignment was found for
first two lines~ReLb2 and TaLa2!, the third one could not
be identified undoubtedly. Furthermore, for Ho and es
cially Sm, theL1-M4,5 lines are sitting on the high-energ
tail of the strong close-lyingLb2,15 doublet~L3-N4,5 transi-
tion!. As the fitted values of the linewidth and intensity of th
L1-M4,5 x-ray lines were found to be sensitive to the sha

FIG. 1. High-resolutionL1-M4,5 x-ray emission spectra mea
sured with the DuMond transmission-type crystal spectrometer.
Pt, only theL1-M5 transition was measured.
02251
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of the Lb2,15 tails, high-resolution measurements of th
L3-N4,5 transition were performed for Ho and Sm. Results
these complementary measurements are shown in Fig
One sees that for both targets theLb2,15 lines are broad and
evince strong asymmetries on their low-energy flank. T
nonlifetime broadening is characteristic of rare-earth e
ments. It has been already observed@24,25# and explained in
terms of multiplet splitting of the 4d3/2 and 4d5/2 orbitals as
a result of exchange interactions between 4f and 4d elec-
trons. In the fitting procedure, the asymmetric profiles of
Ho and SmL3-N4,5 transitions could be well reproduced b
the sum of, respectively, three and four Voigtians, who
position, Lorentzian width, and relative intensity were us
as free fitting parameters. These parameters were then
fixed at the obtained values in the analysis of theL1-M4,5

spectra, except the intensity of the strongest Voigtian, wh
was let free and served thus as a scaling factor.

A further complication encountered in the analysis of t
spectra measured with the von Hamos spectrometer a
from satellite x-ray lines. Indeed, as a result ofLiL jN and
LiL jM Coster-Kronig transitions,L2 and L3 fluorescence x
rays may present on their high-energy sideN- andM-satellite
structures of significant intensities. In general, the ene
shifts of satellites relative to the parent diagram lines
crease with the principal quantum number of the transit
electron and decrease with the principal quantum numbe
the spectator vacancy. As a result, forL x rays,M satellites
can be well resolved whereasN satellites are poorly sepa
rated from the diagram lines and occur only as asymmet
on the high-energy flank of the latter, except for transitio
from the outer subshellsOi for which a better separation i
observed. In addition, as the spectator vacancies can b
cated in different subshells and many couplings between
two holes are possible in the initial and final states, sate
lines consist of numerous components that vary in ene
and intensity. Profiles of satellite x-ray lines are thus bro
and the probability for satellites to overlap with other di
gram lines is not negligible inL x-ray spectra. In measure
ments employing x-ray tubes for the production of the tar
fluorescence x ray emission, doubleL21N21 or L21M 21

hole states can also be induced byKLN or KLM Auger tran-
sitions, provided that the high voltage of the x ray lamp
markedly bigger than the 1s binding energy of the irradiated
target element.KLM Auger yields being smaller thanLLM
Coster-Kronig yields, onlyM-satellite structures related t
strongL diagram lines have, however, to be considered
this case. For W, Yb, Ho, and Sm,LiL jM Coster-Kronig
transitions are energetically forbidden and only theK-shell
binding energy of Sm~48.6 keV! is significantly smaller than
the high-voltage value~60 kV! at which the x-ray tube was
operated. For this reason, theL1-M4,5 spectrum of Sm is the
single one that might be affected byM satellites. Actually,
the excess of intensity observed between theL1-M4 and
L1-M5 lines @Fig. 2~d!# is due to theL3

21M 21-N4,5
21M 21

satellite transition. The latter was fitted with a single Lore
zian whose energy, width, and intensity were let free in
analysis. An energy shift of about 54 eV was obtained fro
the fit. This result was compared to values derived from

or
2-4
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FIG. 2. High-resolutionL x-ray emission spectra measured with the von Hamos reflection-type crystal spectrometer. The lines o
at 10 275 eV in the W spectrum and at 8086 eV in the Ho spectrum correspond to the ReLb2 and TaLa2 transitions from trace impurities
in the targets and anode of the x-ray tube. In the Sm spectrum the broad line at about 6640 eV corresponds to theM satellite of theL3-N4,5

transition, whereas the excess of intensity occurring at 6623 eV could not be identified clearly. The intensity increases appeari
low-energy sides of the Ho and Sm spectra are due to the tails of the strongL3-N4,5 transitions.
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data quoted in@26,27#. A satisfactory agreement of the ord
of a few eV was found.

N satellites of theL3-O4,5 ~W! andL3-O1 ~Yb, Ho, and
Sm! transitions were also included in the data analysis.
shown in Fig. 2~a!, theN satellite~at about 10 220 eV! of the
W L3-O4,5 transition is overlapping with theL1-M4 line.
Any attempt to let free in the fit the satellite paramete
failed so that the energy, Lorentzian width, and relative
tensity of this satellite had to be kept at fixed values. T
latter, however, could not be derived from Ref.@26# in which
L-O transitions are not considered, neither from@27#, which
gives results forM satellites only. The difficulty was circum
vented by measuring theL3-O4,5 transition of Hg with the
DuMond spectrometer. Mercury was chosen because
L3

21N21-O4,5
21N21 satellite of this element was found to b

well resolved from the diagram line and not overlapping w
any other transition. The values obtained from the fit for
energy shiftDE, width Gsat, and relative intensityI sat:I diagr
of the Hg satellite were then employed to determine the
known WN-satellite parameters. The dependence of the
ellite parameters on the atomic numberZ of the target ele-
ment was taken into account by means of the follow
relations:

DE~Z!5DE~Z580!@11a~Z280!#, ~1!
02251
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Gsat

Gdiagr
~Z!5

Gsat

Gdiagr
~Z580!@11a~Z280!#, ~2!

I sat

I diagr
~Z!5

I sat

I diagr
~Z580!

(GLLN~Z!

SGLLN~Z580!
. ~3!

The Z-scaling factora was deduced from the plots give
in Ref. @27# for M satellites ofL1-O2,3 transitions, assuming
thus a similar dependence onZ for N and M satellites. The
transition widthsGdiagr were derived from the level widths
quoted in@5# and the Coster Kronig yieldsGLLN were taken
from @28#. The same method was employed to determine
N-satellite parameters of the transitionsL3-O1 . The crudity
of these approximations was taken into consideration by
suming relative uncertainties of 20% for the so-determin
N-satellite parameters.

IV. RESULTS AND DISCUSSION

A. Energies

The energies of the measuredL1-M4,5 transitions are
given in Table I. For Pt, Hg, and Bi our results are based
the energy of the AuKa1 transition, which was determine
by Kessleret al. with a precision of 2.6 ppm@19#. The un-
2-5
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certainties quoted for these three elements reflect mainly
statistical errors given by the fitting procedure. Uncertaint
that originate from the crystal lattice spacing and from
determination of the zero Bragg angles are included in
indicated total errors. For Sm, Ho, Yb, and W, our valu
were determined from theKa1 wavelengths of Co, Cu, Zn

FIG. 3. High-resolution x-ray spectra of theLb2,15 transitions of
~a! holmium and~b! samarium.
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and As listed in the table of Bearden@21#. Since the latter
values are given in the Å* scale, they were corrected by th
conversion factor 1.000 016 7 Å/Å* @29# and then converted
to energies using the energy-wavelength productVl
512 398.520 eV Å @30#. The uncertainties quoted b
Bearden@21# being probable errors~50% confidence limits!,
they were expanded by 1.48 to obtain standard devia
errors~67% confidence limits!. The so-determined referenc
energies and associated errors are given as footnotes in T
I. Here again, statistical errors represent the principal sou
of uncertainty. The sensitivity of theL1-M4,5 transition en-
ergies to the fitted satellite structures was probed. The co
sponding uncertainties were considered in the error bud
Further sources of uncertainties inherent to the von Ham
spectrometer such as the distance between the crystal
detector axes were also taken into account in the total err

To our knowledge there are no other high-resolution d
concerningL1-M4,5 x rays in the domain 62<Z<83. Hence,
the present results were compared to values that were
rived from the differences between theL1 and M4 or M5
binding energies given by Bearden and Burr@31# and Storm
and Israel@32#. From Table I one sees that deviations rangi
from 23 to 13 eV are observed. One can also notice th
most of Bearden and Burr’s data, for which the quoted pr
able errors were converted in Table I to 1-s errors as dis-
cussed above, are inconsistent with our results. Beca
modern data concerning core-level energies for the elem
investigated in the present study are scarce, we are not
position to discuss in detail the observed deviations. Ho
ever, in case of Sm, the single studied element for which
found more recent data for theM4,5 binding energies@33#,
values of 1110.9 and 1083.4 eV are given that are also
disagreement with the values of 1106.060.8 and 1080.2
60.6 eV quoted by Bearden and Burr. Furthermore, for
N subshells for which relatively modern information is ava
able@34#, similar deviations of 1–3 eV are observed relati
to @31# for W, Pt, Hg, and Bi. For theN3 level of Hg, the
d to
TABLE I. Energies in eV of the measuredL1-M4,5 x-ray emission lines. Present results are compare
the data of Bearden and Burr@31# and Storm and Israel@32#.

Z

L1-M4 L1-M5

Energy

Error

Ref. @31# Ref. @32# Energy

Error

Fit Total Fit Total Ref.@31# Ref. @32#

62Sm 6 628.75a 0.21 0.26 6 630.8~1.3! 6 630 6 555.66a 0.13 0.14 6 656.6~1.2! 6 658

67Ho 8 004.18b 0.14 0.15 8 002.7~1.2! 8 002 8 044.71b 0.13 0.14 8 042.8~1.3! 8 043

70Yb 8 913.22c 0.12 0.14 8 910.1~9! 8 912 8 960.55c 0.18 0.19 8 958.6~9! 8 961

74W 10 228.86d 0.20 0.24 10 228.2~6! 10 227 10 291.71d 0.17 0.22 10 290.6~6! 10 289

78Pt 11 756.87e 0.20 0.22 11 758.3~7! 11 758

80Hg 12 457.05e 0.51 0.52 12 454.4~1.5! 12 457 12 547.60e 0.26 0.29 12 544.4~1.5! 12 547

83Bi 13 698.96e 0.30 0.32 13 699.9~7! 13 702 13 806.91e 0.16 0.20 13 807.9~7! 13 810

aReference energy: 6930.44~5! eV ~Co Ka1!.
bReference energy: 8047.92~2! eV ~Cu Ka1!.
cReference energy: 8639.01~6! eV ~Zn Ka1!.
dReference energy: 10543.86~13! eV ~As Ka1!.
eReference energy: 68804.94~18! eV ~Au Ka1 n54!.
2-6
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deviation is even 5.6 eV, i.e., four times larger than the pr
able error given by Bearden and Burr for this level.

To better probe the precision and reliability of our resu
we also measured theL1-N3 , M4-N6 , and M5-N7 transi-
tions of Hg. For the first transition, which was observed w
the DuMond spectrometer, an energy of 14 266
60.22 eV was obtained. By adding to the latter value theN3
binding energy taken from@35# one finds a value of
14 843.0660.30 eV for the binding energy of theL1 level
~the corresponding value quoted by Bearden and Bur
14 839.361.0 eV!. The M4-N6 andM5-N7 lines were mea-
sured with the von Hamos spectrometer. From the obtai
transition energies~2282.2560.05 and 2195.5760.12 eV!
and the N6,7 binding energies given in@35#, values of
2386.2560.11 and 2295.5760.16 eV were found for the
binding energies of theM4 andM5 levels~Bearden and Burr
give values of 2384.960.3 and 2294.960.3 eV, respec-
tively!. The energies of theL1-M4,5 transitions derived from
the so-determinedL1 and M4,5 binding energies are thu
12 456.8160.32 and 12547.4960.34 eV, values which are
both in good agreement with the Hg results presented
Table I.

B. Linewidths

The fitted linewidths of theL1-M4,5 transitions and the
corresponding uncertainties are presented in Table II. As
the energies, the principal contribution to the total er
originates from the matrix error of the fitting procedure. Th
is not really surprising in view of the poor intensity of th
L1-M4,5 transitions. For Pt, Hg, and Bi, which were me
sured with the DuMond spectrometer, the natural linewid
are 3-4 times bigger than the instrumental broadening. As
latter could be determined with a precision of about 2%,
contribution of the instrumental response uncertainty to
total errors quoted in Table II is negligibly small.

As there is no existing information in the literature abo
measured linewidths of the weakL1-M4,5 transitions, we
have compared our results to values derived from the sum
the L1 andM4,5 level widths quoted by Campbell and Pap
@5#. The comparison showed that our data agree with
ones of Campbell and Papp within the total errors quoted
Table II, except for Ho and Sm for which a strong discre

TABLE II. Natural linewidths in eV of the measuredL1-M4,5

x-ray emission lines.

Z

L1-M4 L1-M5

Linewidth

Error

Linewidth

Error

Fit Total Fit Total

62Sm 5.94 0.68 0.76 5.53 0.56 0.62

67Ho 7.45 0.60 0.61 7.31 0.42 0.44

70Yb 6.60 0.38 0.40 6.91 0.38 0.40

74W 7.96 0.60 0.65 8.21 0.50 0.52

78Pt 10.63 0.66 0.66

80Hg 13.39 1.39 1.39 12.75 0.93 0.93

83Bi 15.27 0.79 0.79 15.00 0.47 0.47
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ancy is observed. For these two elements, our values
indeed about 1.6 eV bigger than those deduced from@5#. To
better understand the origin of this disagreement,
L2-M4 , L1-M2 , andL1-N2,3 transitions of Ho as well as the
L1-N2,3 transition of Sm were measured with the von Ham
spectrometer.

TheL2-M4 andL1-M2 transitions that are close in energ
could be measured simultaneously, the two transitions be
covered by a single CCD length. The analysis of these
lines did not give rise to any problem. TheLg2,3 x-ray lines
~L1-N2,3 transitions! of Ho and Sm are presented in Fig.
For both elements a complex spectral profile was observ
Similar line shape were obtained in XES measurements
rare-earth-metal elements@36# and in 4p XPS measurement
of elements ranging from42Mo to 73Ta @13#. The observed
anomalous features of the spectra were explained by
strong configuration interaction between 4f single-hole
states and 4d double-hole states resulting from
4p21-4d224(n,e)4 f n11 super-Coster-Kronig transitions
As shown in Fig. 4, the two complexLg2,3 profiles could be
fitted with four juxtaposed Voigtians each. As reported
@38#, for Sm, the main peak at 7486 eV should correspond
the well-defined relaxed core level of the 4p3/2 hole with
more than half of the original strength peak of the 4p3/2 hole.
Assuming the same interpretation for Ho, we also assig
the strongest Voigtian at 9087 eV to theL1-N3 transition.

FIG. 4. High-resolution x-ray spectra of theLg2,3 transitions of
~a! holmium and~b! samarium.
2-7
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For the L2-M4 transition of Ho, a linewidth of 5.34
60.13 eV was obtained from the fit, in good agreement w
the value of 5.2260.42 eV deduced from@5#. For theL1-M2

and L1-N3 transitions, however, linewidths of 13.8460.18
and 10.6260.13 eV were found, results that are both bigg
than the values of 10.861.7 and 7.561.6 eV derived from
@5#. For Sm, the same trend was observed, the meas
L1-N3 linewidth (7.0560.18 eV) being bigger than th
value (5.561.6 eV) deduced from the tables of Campb
and Papp. We are thus inclined to explain the discrepan
observed in the Ho and Sm transitions involving theL1 sub-
shell by a nonlifetime broadening of the 2s level. This effect
will be discussed more in details in the following section

C. Level widths

The L1 level widths obtained in the present study a
presented in Table III. They were determined from t
weighted averages of the differences between the linewi
of theL1-M4 andL1-M5 transitions given in Table II and th
recommended values of theM4,5 level widths quoted by
Campbell and Papp@5#. For Pt, theL1 width was derived
from the soleL1-M5 transition. The 10% uncertainties a
sumed in@5# for the M4,5 level widths are included in the
indicated errors. The latter vary from 4% for the heavi
measured element~Bi! up to 10% for the lightest one~Sm!.
Also reported in Table III are theL1 level widths recom-
mended by Campbell and Papp@5# with the corresponding
errors and theoretical predictions based on the independ
particle model from two different sources. The first one is
work by Perkinset al. @11# whose results can be found in th
Lawrence Livermore National Laboratory Evaluated Atom
Data Library. The second set of theoretical predictions is
to McGuire@37#. Here, however, results are available for H
W, and Bi only. For the three targets two values are giv
which correspond to results of either direct calculations
calculations in which some theoretical parameters were
chored on existing experimental data. Our results are
presented graphically in Fig. 5, which gives an overview

TABLE III. Atomic-level widths in eV for the subshellL1 . Our
experimental results are compared with the recommended valu
Campbell and Papp@5# and theoretical predictions of Perkinset al.
@11# and McGuire@37#.

Z

Experimental Theoretical

Present Ref.@5# Ref. @11# Ref. @37#

62Sm 4.8360.49 3.361.5 4.3

67Ho 6.2360.36 4.561.5 5.0 5.1a 5.9b

70Yb 5.4060.30 5.261.5 8.0

74W 6.4160.43 6.361.5 11.6 6.7a 7.8b

78Pt 8.5560.69 8.862.0 13.4

80Hg 10.6760.79 10.562.0 13.8

83Bi 12.5060.45 12.362.0 14.0 14.5a 19.3b

aDirect calculations.
bAdjusted calculations.
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existing information about the level width of the subshellL1
in the range 50<Z<92.

As mentioned in the preceding section, an excell
agreement is found between our results and the va
quoted in@5# for the elements 70<Z<83, the average devia
tion ~0.19 eV! being three times smaller than the avera
value of the quoted uncertainties~0.53 eV!. In contrast to
that, the results found for Ho and Sm are significantly bigg
than the recommended values of Campbell and Papp. Fo
the deviation corresponds to about 3s and for Ho even to 5s,
whereas for Yb, the third rare-earth-metal element inve
gated in the present study, no discrepancy is observed. At
point, it is interesting to note that for Sm a result of 5
60.6 eV, consistent with the value found in the prese
study, was obtained in a relatively recent Coster-Kronig m
surement@8#. Some broadening of theL1 subshell seems thu
to affect Sm and Ho. Actually, a similar behavior is observ
for the 5s level, the linewidths of theL3-O1 transition being
about 10 eV broader for Sm and Ho than for Yb. Howev
the O1 subshell broadening, contrary to theL1 one, is not
new. Indeed, a multiplet splitting of the 4s and 5s levels of
the rare earth metals has been also observed in XPS m
surements@42#. This splitting was explained to originat
from the energy difference between thes-electron spin-up
and spin-down final states. We are inclined to believe that
broadening of theL1 level observed for Sm and Ho but no
for Yb arises from the same effect. Assuming that the
change interaction of the 2s hole in the initial state is large
or similar to theLScoupling energy of the 4f electrons, one
can indeed consider the spins5 1

2 of the 2s subshell to
couple with the spinS of the 4f subshell to yield the tota

of

FIG. 5. Width L1 versus atomic numberZ. The solid line rep-
resents the recommended values of Campbell and Papp@5#, the
dashed line represents results of independent-particle model c
lations of Perkinset al. @11#, and the dotted line represents predi
tions derived from the present work for rare-earth-metal eleme
Experimental data from different sources are also presented, u
the following symbols:~L! x-ray absorption edge results from
Refs. @40,41#, ~n! results derived from Coster-Kronig transitio
probabilities from Refs.@8–10#, ~h! x-ray emission spectroscop
results from Refs.@12,39#, ~l! x-ray emission spectroscopy resul
for thorium and uranium from Refs.@6,7#, ~s! present results.
2-8
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spin S85S6 1
2 , so that the coupling results in a doublet. A

the intensities of the two components of the doublet sho
be proportional to the respective multiplicities (2S8
11)(2L11), the yield ratio of the two components is give
by

I 1

I 2
5

@2~S1 1
2 !11#~2L11!

@2~S2 1
2 !11#~2L11!

5
S11

S
, ~4!

where I 1 stands for the intensity of the higher-energy co
ponent. The splitting energy can be deduced from Hartr
Fock calculations. A simpler process to describe theZ depen-
dence of the broadening consists in assigning the
splitting components to the ‘‘spin-up’’ and ‘‘spin-down’’ 2s
electrons. Neglecting the change in wave functions withZ,
the splitting energydE is then expected to be proportional
S and to the binding energyBL1

of the 2s electron,

dE~Z!5eS~Z!BL1
~Z!. ~5!

For the trivalent-core Sm31 ions embedded in the meta
crystal,S52.5 so that the yield ratioI 1 :I 2 derived from Eq.
~4! should be equal to 1.40. To determine the splitting co
ficient e, we refitted the SmL1-M5 transition with two com-
ponents. The width of the two Lorentzians was fixed at
value of 4.16 eV derived from the level widths given b
Campbell and Papp and the intensity ratio at the abo
mentioned value of 1.40. From the fit, a splittingdE52.54
60.38 eV was obtained, which led toe51.31(20)31024.
The one- and two-component fits of theL1-M5 transition of
Sm are depicted in Fig. 6. For clarity the tails of theL3-N4,5
line, theL1-M4 andL3-O1 lines, as well as theN satellite of
the latter and the background were subtracted beforeh
from the measuredL1-M4,5 spectrum. Approximately equa
chi squares were found for the one-and the two-compon
fits.

To probe the goodness of the splitting model, we ha
compared the fitted linewidths of theL1-M5 transitions of
Ho and Yb with the FWHM widths of theoretical profile
obtained from the sum of two Lorentzians of equal wid
The latter was derived from@5# whereas the energy differ
ence and intensity ratio of the two Lorentzians were de
mined from Eqs.~4! and ~5!, using fore the value deduced
from the two-component fit of Sm. Energy splittings
2.47~37! and 0.69~10! eV and intensity ratios of 1.5 and 3.
were found for Ho (S52) and Yb (S5 1

2 ). The resulting
FWHM widths of the corresponding theoretical profiles we
found to be 7.0960.39 and 6.8660.09 eV, respectively,
both results in a fair agreement with theL1-M5 linewidths
presented in Table II. Applying the same method to the ot
rare-earth-metal elements and subtracting from the obta
theoretical linewidths theM4,5 level widths quoted in@5#, we
were able to determine a new set ofL1 widths for the lan-
thanides region. Furthermore, as the parametere was de-
duced from the soleL1-M5 transition of Sm, the function
GL1

5 f (Z) was scaled by means of a least-squares-fit met
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to match the widths of Sm, Ho, and Yb quoted in Table I
The proposed new values are presented in Fig. 5~dotted
line!.

As shown in Table III, our experimentalL1 level widths
are, in general, smaller than the corresponding theore
predictions. The reason for the discrepancy resides mainl
the theoretical Coster-Kronig yields, which are in most ca
overestimated by the calculations. For Sm and Ho, an op
site trend is observed but this is due to the above-mentio
broadening of theL1 level in rare-earth-metal element
which is not considered in the calculations. Finally, subtra
ing the L1 widths obtained in the present work from th
observed linewidths of theL1-N3 transition of Sm and
L1-M2 andL1-N3 transitions of Ho reported in the preced
ing section, values of 2.22~52! and 4.39~38! eV are found for
the N3 level widths of Sm and Ho and 7.61~40! eV for the
M2 level width of Ho. The corresponding widths quoted b
Campbell and Papp are 2.2~5!, 2.95~50!, and 6.3~7! eV. A
good agreement is thus observed for theN3 level of Sm
whereas differences of about 1.3 eV are found for both
N3 andM2 level widths of Ho.

V. CONCLUDING REMARKS

High-resolution measurements of theL1-M4,5 fluores-
cence x-ray lines of Bi, Hg, Pt, W, Yb, Ho, and Sm we
performed. Despite the poor intensity of the dipole-forbidd
transitions, precise energies and linewidths were obtaine

FIG. 6. One- and two-component fits of the residualL1-M5

x-ray spectrum of Sm.
2-9
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comparison of the present experimental energies with dif
ences between the binding energies of atomic levels liste
Bearden and Burr has shown that the latter binding ener
have to be considered with precaution, deviations of sev
eV, i.e., larger than the quoted uncertainties being freque
observed.

Assuming for theM4,5 level widths the values reporte
recently by Campbell and Papp, theL1 level widths of the
seven elements could be determined with a precision
4–10 %. Whereas an excellent agreement with Campbell
Papp’s data was observed for the five heaviest elements
intriguing discrepancy was found for Ho and Sm. The o
served deviations were explained by a splitting effect of
L1 subshell resulting from the coupling of the 2s electron
spin in the initial excited state with the total spin of the op
4 f level. Based on this splitting picture, adjustments of
ta

vo

B

J.
a

d

.

L
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L1 level widths recommended by Campbell and Papp w
proposed for the lanthanides region. As in their work Cam
bell and Papp have determined theM2 andM3 level widths
from XES measurements of theL1-M2,3 transitions, assum-
ing their recommendedL1 level widths, theM2,3 level widths
they proposed for the rare-earth metals might be overe
mated. Finally, in our opinion, a similar splitting effec
should affect the width of theM1 subshell of lanthanides
This point could be clarified by high-resolution measu
ments of theL3-M1 transitions of rare-earth metals. Suc
measurements are in progress at our laboratory.
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