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L 1 to N5 atomic level widths of thorium and uranium as inferred from measurements
of L and M x-ray spectra

P.-A. Raboud, J.-Cl. Dousse, J. Hoszowska,* and I. Savoy
Department of Physics, University of Fribourg, Ch. du Muse´e 3, CH-1700 Fribourg, Switzerland

~Received 23 July 1999; published 13 December 1999!

High-resolution measurements of the photoinducedL andM x-ray spectra of metallic thorium andM x-ray
spectrum of metallic uranium were performed with transmission-type and reflection-type bent-crystal spec-
trometers. Linewidths of 31L and 10M x-ray emission lines of thorium and of 12M x-ray emission lines of
uranium were extracted. Using these results and those of Hoszowskaet al. @Phys. Rev. A50, 123 ~1994!# for
the L x rays of uranium, by means of a least-squares method we have determined the level widths of the
subshellsL1 to N5 of thorium and uranium.

PACS number~s!: 32.70.Jz, 32.30.Rj, 32.80.Fb
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I. INTRODUCTION

Atomic level widths and related x-ray linewidths are
interest and value in several respects. For high-resolu
x-ray spectroscopy, a precise knowledge of x-ray linewid
is very helpful because it permits one to improve data an
sis by diminishing the number of free-fitting parameters a
anchoring the natural linewidths of the observed transiti
to known values. This results in improved accuracy in x-r
emission techniques such as high-resolution x-ray fluo
cence and particle-induced x-ray emission@1–3#. Further-
more, in a variety of experiments in which weak structu
have to be extracted from the tails of close-lying and mu
stronger diagram transitions, the line shapes of the la
must be known accurately to obtain reliable results. Rad
tive Auger transitions@4–8# are examples of such wea
structures sitting on the low-energy tails of intense diagr
lines. Satellite x rays that originate from the radiative dec
of multiple-vacancy states are often poorly separated fr
their parent diagram line. In this case, also, the energy
yield of the satellite line can be fitted in a reliable way on
if the width of the Lorentzian representing the natural li
shape of the neighboring main line is known precisely@9#.
As shown in Ref.@10#, even in low-resolution Si~Li ! spectra,
the lifetime broadening inherent to atomic transitions ma
a significant contribution to the low- and high-energy tails
the peaks. A high-precision fit of such spectra again nee
good knowledge of the natural broadening. Accurate and
liable experimental data concerning atomic level widths
also important because they provide a sensitive test of th
retical models. In particular, they are of interest to probe
goodness of theoretical predictions concerning total vaca
lifetimes, radiative and radiationless transition probabiliti
or fluorescence yields. In some calculations they are a
used to adjust the parameters of the theoretical model.

Precise results for the linewidths ofL and M x rays are
scarce, and discrepancies exist between the few existing
perimental data and the theoretical predictions. Experim
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tally reliable results can only be obtained with instrume
whose resolution is comparable to the natural linewidths
the transitions to be measured. In x-ray spectrometry
restricts the choice of instruments to crystal spectromet
The lack of accurate experimental data concerningL x rays
of heavy elements is probably due to the fact that the pho
energy region between 10 and 20 keV is rather unfavora
for crystal diffractometry measurements. Transmission-ty
crystal spectrometers are operated mostly above 20 k
while reflection-type ones are generally used below 10 k
Crystal spectrometers are characterized by high resolu
and high precision. Their luminosity, however, remai
small as compared to semiconductor detectors. ForM x rays
high-resolution crystal spectroscopy is therefore handicap
by the poor intensity of theM x-ray emission lines. Even fo
heavy elements, the fluorescence yields for theM shell is
indeed about 100 times smaller than for theK shell.

In this paper we report on the natural widths of theL1 to
N5 atomic levels in metallic thorium and metallic uranium
The level widths were obtained from the natural linewidt
of a number ofL and M x-ray lines measured by means
high-resolution crystal spectroscopy. From the transit
widths determined in the present experiment and theL x-ray
linewidths obtained for uranium in a similar previous wo
@11#, two self-consistent sets of simultaneous equations w
the level widths as unknowns could be built for thorium a
uranium. Assuming that core levels are only weakly infl
enced by nonlifetime broadening effects, the natural wid
of the levelsL1 to N5 were then determined by solving th
sets of linear equations by means of a least-squares me
Results given in the present paper are not, however, so
limited to the widths of atomic levels. Linewidths and ene
gies of numerousL x-ray lines of thorium andM x-ray lines
of thorium and uranium are also presented. To our kno
edge, the natural linewidths of most transitions were de
mined experimentally for the first time. The results obtain
in the present work are compared to other experimental d
where available, and theoretical predictions based princip
on the independent-particle model.

II. EXPERIMENT

The measurements of the x-ray spectra were performe
the University of Fribourg by means of high-resolution x-r

ty
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spectroscopy. TheL x-ray emission spectrum of thorium wa
observed with a Dumond transmission-type crystal sp
trometer. As this instrument cannot be used for photon e
gies below about 10 keV, theM x-ray emission lines of
thorium and uranium were measured with a von Ham
reflection-type crystal spectrometer. For both elements,
fluorescence x-ray spectra were produced by irradiating
targets with the bremsstrahlung of an x-ray tube.

A. L x-ray emission spectrum of thorium

The main characteristics of the Dumond curved crys
spectrometer of Fribourg were already presented in sev
previous papers~see, e.g., Refs.@11,5,6,12#!. Thus, in the
following, only the features specific to the experimen
setup used for the measurement of theL x-ray emission spec
trum of thorium will be discussed.

The spectrometer was operated in a so-called modi
DuMond slit geometry. In this geometry the target is view
by the bent crystal through a narrow slit located on the fo
circle. The 0.1-mm-wide vertical rectangular slit was ma
of two 5-mm-thick juxtaposed Pb plates. A 25-mm-high
4-mm-wide by 0.5-mm-thick self-supported metallic targ
of thorium was used. The targetL x-ray emission was in-
duced by means of an Au x-ray tube operated at 80 kV
35 mA. The distance between the tube anode and the ta
center was 4.5 cm, and the axis of the conical beam em
by the x-ray tube was perpendicular to the target-crystal
rection. In order to avoid a contamination of the thoriu
spectrum due to a coherent scattering by the target of a n
ber of characteristic AuL x-ray lines from the tube anode,
250-mg/cm2-thick aluminum absorber was placed betwe
the tube and the target for the measurements of theL3-M1 ,
L3-M4, andL3-M5 transitions of thorium.

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 radiusR5311.1 cm
by means of a bending device similar to the one describe
Ref. @13#. 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
measured by means of an optical laser interferometer wi
precision of 3 – 531023 arcsec@14#.

The instrumental response of the spectrometer which
pends mainly on the slit width and precision of the crys
curvature was determined by measuring theKa1 transition
of Au whose energy and natural linewidth were taken fro
Ref. @15#. From this calibration measurement the instrume
tal angular broadening was found to be well reproduced b
Gaussian profile of 15.2 arcsec full width at half maximu
~FWHM!. Over the energy range covered by theL x-ray
lines of thorium, the corresponding energy resolution of
spectrometer varied thus between 3.5 eV for theL3-M1 tran-
sition ~11.118 keV! and 12.1 eV for theL1-P2,3 transition
~20.450 keV!.

In the DuMond slit geometry, the best angular resolut
is obtained when the slit-to-crystal distance is adjusted
each x-ray line. However, when the x-ray spectrum exte
over a large angular range and comprises many weak li
01250
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this optimization is not so convenient. It is more practical
measure a selected group of lines with an average valu
focusing distance. As a consequence, only a slightly wo
instrumental resolution results. In fact the smooth variat
of the instrumental broadening as a function of the focus
distance was determined with the AuKa1 transition, and
then used to compute the actual instrumental width co
sponding to each particular thoriumL x-ray line.

For the energy calibration of the spectrum, the latt
spacing constant of the~110! reflecting planes and the angu
lar position of the zero Bragg angle are needed. The lat
spacing constant was deduced from the above-mentio
Ka1 line of Au measurement, giving a value of 2.456624~7!
Å. The zero Bragg angle may change when varying the
cusing distance. For that reason, it was determined for e
group of lines observed at the same focusing distance
measuring the most intense line of the group at positive
negative Bragg angles.

For the detection of the x rays, a 5-in.-diam by 0.25-
NaI~Tl! by 2-in. CsI~Tl! Phoswich~The Harshaw Chemica
Co., Crystal and Electronic Products Dept., OH 94139! scin-
tillation detector was employed. This type of detect
strongly reduces the Compton noise arising from hig
energy photons@11#. A further reduction of the backgroun
was achieved by enclosing the Phoswich detector in he
Pb-Cu-Al shielding, and by sorting on line the events
interest as a function of their energy. In order to reduce
absorption of x rays in air, evacuated tubes were moun
between the target and the crystal and between the cry
and the 66-cm-long Soller-slit collimator. The latter and t
target chamber were also pumped down to about 1 mba

B. M x-ray emission spectra of thorium and uranium

As the observation of photons below 10 keV requires
reflecting-type x-ray spectrometer, the measurements of
M x-ray emission spectra of thorium and uranium were p
formed with a von Hamos curved crystal facility@16#. The
principal elements of this instrument are an x-ray source
fined by a rectangular slit, a cylindrically bent crystal, and
position-sensitive detector~see Fig. 1!. In the von Hamos
geometry the crystal is bent around an axis which is para
to the direction of dispersion, and provides focusing in t
nondispersive direction. For a fixed position of the comp

FIG. 1. Schematic view of the von Hamos spectrometer:~1!
crystal,~2! CCD detector,~3! target barrel,~4! x-ray tube, and~5!
vacuum pump.
7-2
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nents, the impact coordinate on the detector of a reflec
x-ray corresponds geometrically to a particular Bragg an
and hence to a particular photon energy. Such a geometr
one position of the spectrometer components, permits
collection over an energy bandwidth which is limited by t
detector length. In order to study a greater energy inter
the central Bragg angle is adjusted by translation of the c
tal and correspondingly of the detector along their axes.
slit-to-crystal and crystal-to-detector distances are varied
kept equal. The target, crystal, and detector are all conta
in a 180362324.5-cm3 stainless steel vacuum chambe
which can be pumped down to about 1027 mbar by a turbo-
molecular pump.

The Bragg angle domain covered by the von Hamos sp
trometer extends from 24.4° to 61.1°, so that two differe
crystals were needed for the coverage of the;6-keV-wide
energy domain corresponding to theM x rays of thorium and
uranium. A (11̄0) quartz crystal (2d58.5096 Å! was em-
ployed for the observation of the transitions below 3.5 ke
and a ~200! LiF crystal (2d54.0280 Å! for transitions at
higher energies. Both crystals, 10 cm high by 5 cm wide
0.5 mm thick, were glued to Al blocks machined to a prec
concave cylindrical surface with a nominal bending radius
25.4 cm.

The vertical rectangular slit consisted of two juxtapos
Ta pieces 0.3 mm thick and 10 mm high. The slit width w
50 mm for all measurements. A 25-mm-high by 4-mm-wid
metallic target of natural uranium, 48 mg/cm2 thick, and a
24-mm-high by 10-mm-wide metallic target of thorium, 57
mg/cm2 thick, were used. The targetM x-ray emission was
induced by means of a Cr anode x-ray tube operated a
kV and 40 mA.

The x rays were recorded with a CCD~charged-coupled
device! position-sensitive detector 27.65 mm long and 6
mm high, having a depletion depth of 50mm and consisting
of 1024 columns and 256 rows with a pixel size of
327 mm2. The diffracted x rays hitting the CCD build
two-dimensional pattern on the detector plane. The horiz
tal axis of the detector corresponds to the energy axis of
x-ray spectrum, while the vertical extension of the detec
serves mainly to collect more intensity. The CCD detec
was thermoelectrically cooled down to260 ° C. It was op-
erated by a ST-138 controller~Princeton Instrument, Inc.!
equipped with a DMA/TAXI high-speed serial interfac
which can sustain data transfer to a personal computer
Mbyte/sec.

For data acquisition and analysis of images, a dedica
software package written specifically to operate the ST-
controller was used. The time of a single acquisition w
chosen depending on the count rate, so that multiple hits
one pixel were minimized. Thanks to the good energy re
lution of the CCD detector, higher-order reflections a
background events could be rejected by setting approp
energy windows. The data were taken in a repetitive ac
mulation mode. Each image corresponding to a separate
quisition was filtered. Then the different images we
summed and the resulting two-dimensional spectrum
projected on the axis of dispersion to give the on
dimensional position spectrum.
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The energy calibration of the spectrometer and the de
mination of the instrumental response were performed
measuring theKa1 x-ray lines of Ar, Ca, Sc, Ti, and V. The
natural linewidths and energies of theK transitions were
taken from Refs.@17,18#, respectively. It was found that fo
both crystals the instrumental response could be well rep
duced by a Gaussian profile whose width~FWHM! varied as
a function of the x-ray energy between 1.0 and 1.3 eV.

III. DATA ANALYSIS

TheL andM x-ray spectra were analyzed by means of t
least-squares-fitting computer codeMINUIT @19#. As the con-
volution of the Gaussian instrumental broadening with
Lorentzian representing the natural line shape of an x-
transition results in a so-called Voigt function, such Voi
profiles were employed to fit the observed spectral lines. T
natural widths of the x-ray lines of interest were extracted
keeping fixed in the fit the known Gaussian experimen
broadening. The energies and intensities of the transition
well as the linear background were used as additional
fitting parameters.

The M and N satellite structures observed on the hig
energy tails of theL3, respectivelyM3 to M5 diagram tran-
sitions could also be fitted satisfactorily with Voigt func
tions. However, because these satellite structures consi
general of numerous overlapping components many of th
had to be fitted with several Voigt profiles. Average ener
shifts ofL x rays due toM spectator vacancies are reported
Ref. @20#. We have used these theoretical predictions in
analysis to identify the satellites accompanying the obser
L3 x rays lines. A clear example ofM satellite structure can
be seen on the high-energy side of theL3-N5 transition rep-
resented in Fig. 2~a!.

In certain spectra a strong overlap of distinct diagra
lines made the analysis more difficult and the results of
latter less reliable. Such problems were encountered, for
stance, in the fit of theL x-ray spectrum of thorium with the
close-lyingL3-N4,5 andL1-M2 transitions@see Fig. 2~a!# and
L2-M4 and L3-O4,5 transitions@see Fig. 3~a!#. The energy
differences between the two lines are in both cases sm
than the natural widths of the overlapping transitions. T
difficulty was solved in the following way. First, the prob
lematic energy regions were remeasured by operating
x-ray tube at 20.4@see Fig. 2~b!# and 19.6@see Fig. 3~b!# kV,
respectively, i.e., at voltage values just below theL1 andL2
edges of thorium. These spectra could then be analy
properly since they were no longer affected by the over
problem. Finally, the 80-kV spectra could also be fitted s
cessfully by keeping the energies and linewidths of theL3
transitions at the values obtained from the analysis of
20.4- and 19.6-kV spectra fixed in the fitting procedure.

IV. RESULTS AND DISCUSSION

A. L x-ray lines of thorium

The values of the natural linewidths and energies of
31L x-ray transitions of thorium observed in the prese
study are listed in Tables I and II, respectively. Our resu
7-3
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are compared to other available experimental data and t
retical predictions. The theoretical x-ray linewidths were d
termined from the sum of the widths of the two levels i
volved in the transitions, using results of McGuire
calculations@21–23# for L, M, andN atomic level widths. It
has to be noted that the errors quoted in Tables I and II
only statistical errors obtained from the error matrix of t
least-squares-fit program, and that they do not include
smaller but nonvanishing systematic errors inherent to
experimental method and instruments employed in our inv
tigations.

From Table I one can notice first that existing experime
tal information about the natural linewidths of theL x-ray
transitions in thorium is rare and concerns only the m
intense lines. The values quoted in the third column w
taken from the tabulation of Salem and Lee@17#. They are
based on relatively old measurements performed in 1961
Merill and DuMond@24# with a double-crystal spectromete
Errors concerning these measurements were not reported
they were estimated by Salem and Lee to be 10% or m
The average of the absolute values of the differences
tween our results and those of Merill and DuMond is on

FIG. 2. TheL3-N4 ~15587 eV!, L3-N5 ~15624 eV!, andL1-M2

~15640 eV! transitions of thorium with the accompanyingM satel-
lite structure components shifted by 68 and 90 eV with respec
the L3-N5 line. The L emission was induced with the x-ray tub
operated at~a! 80 and~b! 20.4 kV.
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0.7 eV or 5%, thus indicating that already in these pioneer
works of crystal spectroscopy remarkable results were
tained. A similar good agreement is observed between
results and the experimental values published more rece
by Amorim et al. @25#. In this case the mean value of th
relative differences is about 4%. In contrast to that, a co
parison with the values listed in the last column on the rig
seems to indicate that theory is in disagreement with
results. However, if we consider that the theoretical x-r
linewidths were determined by adding the natural widths
the two levels participating in the transition, and that t
width of each of these two levels was computed from
sum of the calculated radiative, Auger, and Coster-Kro
widths, the observed differences are more understandabl
fact, theory overestimates significantly only the widths
those transitions in which ans level ~i.e., anX1 subshell! is
involved. This observation indicates that the Coster-Kro
yields calculated by McGuire are probably too large.

Examining now the values of the experimental linewidt
obtained in the present study, one can see that the expe
general trendGL1Yk

.GL2Yk
>GL3Yk

attributed to the decreas
in Coster-Kronig-Auger decay rates with increasing angu
momentum is in general well verified. An important questi
on which we will focus in the following is to know whethe

to

FIG. 3. TheL2-M4 ~16202 eV! andL3-O4,5 ~16205 and 16212
eV! transitions of thorium. TheL emission was induced with the
x-ray tube operated at~a! 80 and~b! 19.6 kV.
7-4
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TABLE I. Natural linewidths in~eV! of photoinducedL x-ray emission lines of thorium. Our experimen
tal results are compared to existing experimental data~Expt.! and theoretical predictions~Calc.!.

Line This experiment Ref.@17# Expt. Ref.@25# Expt. Ref.@21–23# Calc.

L1-M2 27.660.7 26.4 35.9
L1-M3 23.660.3 22.9 21.5 33.3
L1-M4 17.660.5 23.6
L1-M5 17.060.3 23.3
L1-N2 23.360.1 28.7
L1-N3 22.660.1 27.9
L1-N4 16.162.5 25.7
L1-N5 16.861.6 25.7
L1-O2 22.261.2
L1-O3

I 22.861.2
L1-O3

II 18.960.6
L1-O4,5 13.862.3
L1-P2,3 19.960.6
L2-M1 23.160.2 34.0
L2-M4 11.660.1 12.4 11.2 14.5
L2-M5 11.762.4 14.2
L2-N1 19.260.4 22.5
L2-N4 13.360.1 15.0 14.4 16.6
L2-N6 8.660.6 11.5
L2-O1

I 29.960.2
L2-O1

II 29.460.5
L2-O4 8.560.1
L3-M1 23.560.5 24.3 29.7
L3-M4 11.860.1 11.9 11.8 10.2
L3-M5 12.060.1 11.8 11.8 9.9
L3-N1 19.360.1 18.2
L3-N4 12.160.2 12.2
L3-N5 12.560.1 12.8 12.7 12.2
L3-N6 7.661.2 7.1
L3-N7 7.660.7
L3-O1

I 26.062.2
L3-O1

II 23.562.4
L3-O4 12.364.0
L3-O5 8.360.3
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nonlifetime broadening effects influence the natural lin
widths of the presently investigated thorium lines and, if y
to what extent our results are affected by such effects
review of the possible broadening contributions can be fo
in Ref. @26#. In our experiment the main contributions a
associated with the occurrence of multivacancy states in
decaying atoms, and with exchange interactions betw
core holes and unpaired valence electrons.

The energy of so-called x-ray satellite lines emitted
atoms which have more than one inner-shell vacancy in t
initial and final states is generally slightly higher than that
the parent diagram x rays, which are associated with in
and final states of single-hole configurations. The energy
ference between a satellite and its parent diagram lin
found to decrease with the principal quantum number of
spectator vacancy, i.e., the vacancy not involved in the tr
sition. As a consequence, the radiative decay ofLM states
01250
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gives rise to resolved satellites, whereas that ofLN states
results only in a broadening of the parent diagram line. E
tensive calculations concerning the energies ofL x-ray satel-
lites of thorium with one spectator vacancy in theM or N
shell ~hereafter calledM or N satellites! can be found in Ref.
@27#. The energy shifts ofO andP satellites are much smalle
and their influence on theL x-ray linewidths can thus be
neglected. In other words, our experimental linewidths oL
transitions may be affected in a sizable way only by satell
related to spectator vacancies located in theN shell.

In photoinducedL x-ray spectra, satellite lines may b
induced byLLX Coster-Kronig transitions and shakeoff pr
cesses, while direct multiple ionization can be considered
negligibly small. For thorium,L1L2N4 –7, L1L3N1 –7, and
L2L3N1 –7 Coster-Kronig transitions are allowed, from whic
L2Nk andL3Nk doubly ionized states result. Taking into a
count the probabilities forL jL3Nk Coster-Kronig transitions
7-5
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TABLE II. Energies in~eV! of photoinducedL x-ray emission lines of thorium. Our experimental resu
are compared to the data from two experiments~Expt.! and one theory~Calc.!.

Line This experiment Ref.@18# Expt. Ref.@32# Expt. Ref.@33# Calc.

L1-M2 15639.6460.35 15642.9 15639.5 15641.0
L1-M3 16423.9660.07 16425.8 16424.0 16426.0
L1-M4 16980.3760.21 16981.0 16979.4 16981.0
L1-M5 17139.0060.12 17139.0 17138.0 17140.0
L1-N2 19303.1160.05 19305.0 19301.8 19304.0
L1-N3 19503.5760.06 19507.0 19502.5 19504.0
L1-N4 19756.8860.83 19755.0 19755.7 19758.0
L1-N5 19794.0460.50 19794.0 19793.7 19795.0
L1-O2 20236.5260.18 20242.0 20245.0 20243.0
L1-O3

I 20272.1060.66
L1-O3

II 20290.6660.27 20292.0 20288.2 20290.0
L1-O4,5 20381.0360.97 20383.0
L1-P2,3 20450.3960.28 20424.0 20426.0
L2-M1 14510.4260.08 14509.0 14509.8 14511.0
L2-M4 16201.6660.03 16202.2 16201.4 16202.0
L2-M5 16358.2061.00 16359.0 16360.0 16361.0
L2-N1 18364.4760.11 18370.0 18362.3 18363.0
L2-N4 18978.3860.02 18982.5 18977.7 18979.0
L2-N6 19348.1260.15 19353.0 19347.9 19349.0
L2-O1

I 19395.2160.52
L2-O1

II 19408.8960.51 19403.0 19402.0 19403.0
L2-O4 19597.1660.02 19599.0 19597.6 19598.0
L3-M1 11118.1360.18 11118.6 11117.6 11118.0
L3-M4 12809.5860.03 12809.6 12809.2 12810.0
L3-M5 12968.0260.02 12968.7 12967.8 12968.0
L3-N1 14973.5260.05 14975.0 14970.1 14970.0
L3-N4 15587.0160.07 15587.5 15585.5 15586.0
L3-N5 15624.0660.03 15623.7 15623.5 15623.0
L3-N6 15955.9560.58 15964.0 15955.7 15956.0
L3-N7 15965.9860.58 15964.0 15964.9 15965.0
L3-O1

I 16006.5260.63 16010.5 16009.8 16010.0
L3-O1

II 16024.2760.63
L3-O4 16205.12a 16205.4 16205.0
L3-O5 16212.4060.14 16211.7 16213.0

aValue kept fixed in the fit according to the energy difference determined from theM3-O4,5 transition.
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quoted in Ref.@28# and the weighted energy shifts of theNk
satellite components from Ref.@27#, we found, for instance
that the average energy shift E(L3N0-M1N0)
2E(L3N1-M1N1) of the N satellite of theLl transition
is 3.2 eV. Similarly we found for the average ener
shift of the Ll M satellite produced, viaL1L3M4,5 Coster-
Kronig transitions, a value of 39.5 eV which is i
quite satisfactory agreement with the value of 36.062.0 eV
extracted from our measurements. From the fitted rela
intensity of the M satellite ~19%! and the ratio
( j 51

2 (k51
7 PCK(L jL3Nk):( l 54

5 PCK(L1L3Ml) of the Coster-
Kronig ~CK! probabilitiesPCK taken from Ref.@28#, a rela-
tive intensity of about 7.5% with respect to the diagram li
is expected for theN satellite. Assuming furthermore that th
width of theN satellite is similar to that of theM satellite, for
which a value of 4465 eV was obtained from the dat
01250
e

analysis, the natural linewidth and energy of the pureLl

diagram transition can be determined by subtracting from
measured profile theN satellite line. The new value obtaine
for the linewidth is 23.2 eV, i.e., only 0.3 eV smaller than t
result given in Table I. The change in the energy is20.04
eV, which is also negligible with respect to the quoted u
certainty of 0.18 eV. It can thus be concluded that the
perimental linewidths of theL3 and,a fortiori, those of the
L2 x rays determined in the present study are only wea
increased by the unresolvedN satellites originating from
Coster-Kronig transitions, theL1 x rays not being influenced
at all by this nonlifetime broadening effect.

In photoionization double-vacancy states may also a
from shake processes. As a consequence of the ab
change of the atomic potential following the removal of
core electron by photon impact, other bound electrons
7-6
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indeed be ejected into the continuum~shakeoff! or promoted
to higher unoccupied bound states~shakeup!. The shakeup to
shakeoff probability ratio decreases rapidly with increas
atomic numberZ, so that for heavy elements like thorium
only the shakeoff process must be considered. Prediction
shakeoff probabilities in different subshells when a sin
hole is created in theL shell were reported for iridium, gold
and uranium in Ref.@29#. The calculations were performe
within the frame of the sudden approximation meth
@30,31#. From an interpolation of the results quoted in R
@29#, probabilities for shakeoff processes in theM and N
shells of thorium were found to be 0.13% and 1.84%, resp
tively. The very small shakeoff probability predicted for th
M shell is well confirmed by our data which do not reve
anyM satellite structure for the transitions to theL1 level nor
to theL2 one @see, e.g., Fig. 3~a!#. The N-shell shake prob-
ability is more than ten times larger, but its contribution
the N satellite yields can be considered as modest comp
to that of LLN Coster-Kronig transitions. Broadening an
shift of the observedL x rays originating from unresolvedN
satellite structures due to shakeoff processes may thu
disregarded.

A further examination of Table I shows that some of t
transitions from highest occupied subshells have an un
pectedly large width which cannot be attributed to the eff
of multiple vacancy states. Line shapes of theL transitions
from the 5s1/2 and 5p3/2 orbitals are particularly influence
by this intriguing effect. As shown in Fig. 4, theL1-O3 tran-
sition is not only broadened but exhibits also a visible asy
metry on its low-energy flank. This asymmetry cannot
associated withM satellite components of the diagram lin
appearing just below since the latter is theL1-O2 transition.
The same kind of deformation was observed for theL3-O1
line. In both cases, the complex profiles could be well fit
with two Voigtians separated by about 18 eV and labeleI
and II in the tables. In a previous study concerning theL
x-ray emission of uranium@11#, very similar line shapes
were obtained for these two transitions. The observed bro
ening and splitting of the transitions were interpreted as

FIG. 4. TheL1-O2 transition of thorium at 20236 eV, the tw
splitting components ofL1-O3 at 20272 and 20291 eV, respe
tively, and theL1-O4,5 andL1-P2,3 emission lines.
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to multiplet states formed by the exchange interaction
tween unpaired valence electrons and the core hole. M
detailed information about this effect can be found in t
paper by Hoszowskaet al. @11#.

The L x-ray energies of thorium determined in our wo
are listed in Table II. They are all based on theKa1 transi-
tion of gold measured in third order of reflection, i.e.,
about the same Bragg angle as the transitions of interest.
energy (68804.9460.18 eV! of this reference line was take
from Ref. @15#. In Table II the quoted uncertainties var
between 0.02 eV~1.2 ppm! for the strongest lines to about
eV ~60 ppm! for the weakest ones. An additional relativ
uncertainty of about 3 ppm arising from the crystal latti
constant should be added to these numbers, whereas th
rors inherent to the optical laser interferometer can be
glected. For comparison, in Table II we also report expe
mental values from Bearden@18# and Nordling and
Hagström @32#, as well as theoretical predictions from La
kins @33#. As Nordling and Hagstro¨m’s data are based o
x-ray photoemission spectroscopy~XPS! measurements, the
transition energies were computed from the differences
the quoted binding energies. The same holds for the theo
ical values from Larkins. In general we see from Table II th
for the majority of the lines the three experimental valu
and the theoretical one are consistent within fluctuations
about61 eV. XPS results are, for most transitions, closer
ours than those from Bearden. It is also interesting to n
that the calculated energies which reproduce quite well
results are, however, systematically higher by 1 eV or m
for the L1 transitions. This could be an indication that th
binding energy of theL1 level is overestimated by Larkins
calculations. This trend is not observed for theL2 and L3

transitions. Furthermore, we can see that our energy of
L1-O2 x-ray line is markedly smaller than the two other e
perimental values, the latter being both more or less con
tent with the theoretical energy. Although no asymme
such as the one observed in theL1-O3 andL3-O1 transitions
could be detected in this line, we are inclined to explain
difference between our result and the three others by
exchange interaction effect mentioned above. The opposi
observed for the energy of theL1-P2,3 transition~Fig. 4!, for
which we have found a value higher by about 25 eV than
results of Bearden and Nordling and Hagstro¨m, but in satis-
factory agreement with the theoretical prediction of Larkin
Using the binding energies quoted by Larkins for theP2 ~25
eV! andP3 ~17 eV! levels, energies of 20447 and 20455 e
are indeed obtained for theL1-P2 andL1-P3 transitions, val-
ues which are consistent with the result of 20450.4 eV fou
in the present work for the unresolvedL1-P2,3 lines. For the
P2,3 doublet Nordling and Hagstro¨m gave a binding energy
of 44 eV which is not confirmed by another more recent X
measurement@34#, from which values of 24.5 and 16.6 eV
fully consistent with Larkins’ predictions were obtained f
the binding energies of theP2 and P3 levels. We are thus
inclined to believe that the results of Bearden and Nordl
and Hagstro¨m concerning the energy of theL1-P2,3 transition
are erroneous.
7-7
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B. M x-ray lines of thorium and uranium

One of the aims of the present project was the determ
tion of the natural widths of theL1 to N5 atomic levels.
However, to attain this objective theL x-ray transition
widths solely do not suffice. Additional information concer
ing the widths of theM andN levels is needed. The alterna
tive would be to know the widths of severalM x-ray transi-
tions from theN shell. As existing experimental informatio
concerningM and N level widths orM x-ray linewidths is
very scarce, our investigations were extended to the h
resolution observation of theM x-ray emission spectra o
thorium and uranium. Due to the poor intensity characte
ing M x rays, we have restricted our measurements to
strongest transitions.M x-ray lines to theM1 level which are
extremely weak~for instance for thorium, the fluorescenc
yield vM1

is only 4.531023 @22#! could unfortunately not be
observed for thorium nor for uranium.

For illustration theM3-O4,5 lines of thorium and the
M5-N6,7 lines of uranium are depicted in Figs. 5 and 6,

FIG. 5. TheM3-O4,5 transitions of thorium at 3951 and 395
eV, respectively, with the accompanyingN satellite structure.

FIG. 6. TheM5-N6,7 transitions of uranium at 3161 and 317
eV, respectively, with the accompanyingN satellite structure com-
ponents shifted by 5 and 13 eV with respect to theM5-N7 line.
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spectively. It is interesting to note that theM3-O4 and
M5-N6 lines which correspond both to allowedD j 50 E1
transitions are much weaker than the parentD j 51 M3-O5
and M5-N7 transitions. A similar intensity attenuation fo
D j 50 transitions is observed inL x-ray spectra, as shown
for instance, in Fig. 2 for theL3-N4,5 transitions, but not inK
x-ray spectra whereD j 50 and 1 transitions have approx
mately the same transition probabilities. The more or l
resolved structures observed on the high-energy side of
M3-O5 ~Fig. 5! andM5-N7 ~Fig. 6! diagram lines are due to
N satellites produced byMMN Coster-Kronig transitions
and to a smaller extent by shakeoff processes. It was m
tioned in Sec. IV A that the energy shifts of the satellit
associated with a given diagram line decrease with the p
cipal quantum number of the spectator vacancies. It can
be shown that the satellite energy shifts increase with
principal quantum number of the transition electrons. T
explains why theN satellite structure is better separated fro
the parent diagram line for theDn52 M3-O5 transition
than for theDn51 M5-N7 transition.

The complexity ofM x-ray spectra and the difficultie
encountered in their analysis are well illustrated by Fig.
which within a relatively narrow energy domain presen
many M x-ray lines of uranium. First one can see, at 35
and 3563 eV, theM3-N4 and M3-N5 transitions, respec-
tively. The asymmetry appearing on the high-energy flank
theM3-N5 line is due to theN satellite of the latter transition
The small excess of intensity observed on the low-ene
side of theM3-N4 line was attributed to theM5-P1 quadru-
pole transition, while the flat region between theM3-N4 and
M3-N5 transitions consists of several unresolved lines t
were tentatively assigned to theM3-N4 N satellite and to the
M4-O3 andM5-P3 transitions. The multiplet splitting found
for theL1-O3 transition~see Sec. IV A! probably also affects
the M4-O3 line, and thus contributes to the smearing of t
spectral lines pertaining to this energy region. Furthermo

FIG. 7. TheM3-N4,5 transitions of uranium at 3521 and 356
eV, respectively, with theM3-N5 N satellite structure at 3572 eV
One can see the influence of theM5 absorption edge at 3553 eV
The broad structure between theM3-N4 line and the absorption
edge corresponds to several overlapping transitions~see the text!.
7-8
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the effect of theM5 edge which results in an enhanced se
absorption of the x rays in the target is clearly visible arou
3553 eV, where the experimental data are indeed poorly
produced by the fit. The line shape of theM3-N5 transition is
certainly affected by the close-lyingM5 edge. The linewidth
obtained from the data analysis for this transition is inde
only 7.560.1 eV. This result, which is not consistent wi
the widths of the levelsM3 andN5 extracted from the othe
L andM transitions is, in our opinion, not reliable, and w
therefore not considered in the calculation of theL1 to N5
level widths ~see Sec. IV C!. It can be mentioned that w
have not tried to correct the line shape of theM3-N5 transi-
tion to account for the increased self-absorption because
observed in Ref.@35#, the M5 edge of U presents a compl
cated structure due to the resonant excitation of 3d electrons
into the unfilled 5f subshell.

The linewidths and energies of the observed transiti
are presented in Tables III and IV for thorium, and in Tab
V and VI for uranium. The instrumental broadening of t
von Hamos spectrometer was determined from meas
ments of severalKa1 transitions whose linewidths wer

TABLE III. Natural linewidths in~eV! of photoinducedM x-ray
emission lines of thorium. Our experimental results are compare
theoretical predictions from McGuire.

Line This experiment Ref.@22,23# Calc.

M2-N4 17.760.2 20.8
M3-N5 12.160.6 18.2
M3-O1 40.062.1
M3-O4 7.560.8
M3-O5 7.760.1
M4-N2 16.561.4 11.5
M4-N6 3.560.1 3.4
M5-N3 14.360.7 10.4
M5-N6 3.460.2 3.1
M5-N7 3.560.1 3.1
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taken from Ref.@26#. As this instrumental broadening wa
small ~about 1 eV! as compared to the linewidths of theM x
rays of interest, the errors~5–10 %! on the widths of the
referenceKa1 lines were neglected, and are thus not
cluded in Tables III and V. No information concerning th
energy shifts ofM x-ray lines with one spectator vacancy
theO andP shells could be found in the literature, except f
the M4-N6 andM5-N7 transitions of uranium for which the
theoretical energy shifts due to one spectator vacancy in
O1 andP1 subshells are reported in Ref.@36#. Values of 0.9
and 0.0 eV and 0.9 and 0.1 eV, respectively, are quoted
the two transitions. As these shifts are small as compare
the natural linewidths of the observedM transitions, we have
assumed thatO andP satellites do not significantly influenc
the widths and energies ofM x rays. The theoretical line-
widths were again obtained from the sum of the widths of
two levels involved in the transition.M andN levels widths
were taken from McGuire’s predictions~thorium M levels

to
TABLE V. Natural linewidths in~eV! of photoinducedM x-ray

emission lines of uranium. Our experimental results are compa
to existing experimental data~Expt.! and theoretical predictions
~Calc.!.

Line This experiment Ref.@36# Expt. Refs.@23,37# Calc.

M2-N4 18.160.2 24.4
M2-O4 18.760.3 21.2
M3-N1 20.260.8 24.4
M3-N4 13.460.3 16.8
M3-O1 38.463.2
M3-O4 8.161.0
M3-O5 8.260.1
M4-N2 15.361.0 1362 11.9
M4-N6 3.660.1 4.360.3 4.7
M5-N3 12.860.3 1562 10.8
M5-N6 3.660.1 4.160.6 4.5
M5-N7 3.560.1 4.160.3 4.5
al
TABLE IV. Energies in ~eV! of photoinducedM x-ray emission lines of thorium. Our experiment
results are compared to the data from two experiments~Expt.! and one theory~Calc.!.

Line This experiment Ref.@18# Expt. Ref.@32# Expt. Ref.@33# Calc.

M2-N4 4116.060.1a 4117.0 4116.2 4117.0
M3-N5 3370.360.1b 3370.0 3369.7 3369.0
M3-O1 3751.960.5c 3780.0 3756.0 3756.0
M3-O4 3950.560.3c 3951.6 3951.0
M3-O5 3957.860.1c 3957.9 3959.0
M4-N2 2323.160.3b 2322.0 2322.4 2323.0
M4-N6 3147.060.1b 3145.8 3146.6 3147.0
M5-N3 2365.260.3b 2364.0 2364.5 2364.0
M5-N6 2988.060.1b 2987.0 2987.9 2988.0
M5-N7 2997.060.1b 2996.1 2997.1 2997.0

aReference energy 4090.6 eV~Sc Ka1).
bReference energy 2957.70 eV~Ar Ka1).
cReference energy 3691.68 eV~Ca Ka1).
7-9
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TABLE VI. Energies in ~eV! of photoinducedM x-ray emission lines of uranium. Our results a
compared to the data from three experiments~Expt.! and one theory~Calc.!.

Line This experiment Ref.@18# Expt. Ref.@36# Expt. Ref.@38# Expt. Ref.@33# Calc.

M2-N4 4400.860.1a 4401.0 4401.0 4401.0
M2-O4 5075.960.1b 5075.0 5078.0
M3-N1 2863.060.1c 2863.0 2862.2 2862.0
M3-N4 3521.060.1d 3521.0 3523.7 3524.0
M3-O1 3979.960.3e 3980.0 3980.0
M3-O4 4195.860.4e 4201.0
M3-O5 4204.260.1e 4208.0
M4-N2 2455.660.2c 2454.8 2455.7 2455.4 2455.0
M4-N6 3336.760.1c 3336.7 3336.7 3336.0
M5-N3 2507.060.1c 2507.0 2506.8 2506.6 2507.0
M5-N6 3160.960.1c 3159.5 3160.0 3160.0
M5-N7 3171.860.1c 3170.8 3171.4 3172.0

aReference energy 4510.84 eV~Ti Ka1).
bReference energy 4952.20 eV~V Ka1).
cReference energy 2957.70 eV~Ar Ka1).
dReference energy 3691.68 eV~Ca Ka1).
eReference energy 4090.6 keV~Sc Ka1).
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@22#, uranium M levels @37#, and thorium and uraniumN
levels @23#!. To our knowledge experimental informatio
concerningM x-ray linewidths does not exist for thorium
whereas for uranium some data were found for theM4 and
M5 transitions @36#. Regarding the energies, experimen
results are available for both thorium and uranium but not
all transitions. As for theL x rays, the theoretical energies o
the M x-ray lines were computed from the binding energ
quoted by Larkins@33#.

A comparison of the linewidths obtained in our expe
ment with McGuire’s predictions shows that the theoreti
values systematically overestimate the widths of the tra
tions to theM2 andM3 levels. This observation may indicat
that McGuire’s probabilities forM2M4X and M3M5X
Coster-Kronig transitions which are the predominant p
cesses in the decay ofM2 and M3 vacancies are too large
Thus it seems that the rates of theN2N4X and N3N5X
Coster-Kronig transitions which govern theN2 and N3 va-
cancy lifetimes are underestimated by the calculations
McGuire. This statement is based on the fact that McGuir
predictions for theM4-N2 andM5-N3 transitions are smalle
by 3–5 eV than our experimental values, whereas his pre
tions for theM4-N6 , M5-N6, andM5-N7 transitions are in
satisfactory agreement with our results. Concerning the
perimental linewidths given by Keski-Rahkonen and Krau
@36# for two M4 and threeM5 x-ray lines of uranium, one
can see from Table V that relative differences up to 15%
found, but the quoted values are almost consistent with o
within the given experimental uncertainties.

The energies found in the present work for theM x-ray
lines of thorium and uranium are based on the energie
different Ka1 transitions from several light elements~see
Tables IV and VI for details!. The errors on the energie
taken as references are typically of the order of 10 ppm,
they are not included in the uncertainties quoted in Tables
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and VI. Except for theM3-O1 transition, our results are re
markably well reproduced by Larkins calculations@33# in the
case of thorium. For uranium, the energies of theM2-O4 ,
M3-O4, and M3-O5 transitions are overestimated by th
theory by 2–5 eV, indicating that theO4 and O5 binding
energies of Larkins are probably too large. Energies of ot
transitions, however, are in good agreement with our resu
Extending the comparison to other existing experimen
data, we see that in general the agreement is excellen
uranium with one exception concerning the energy of
M3-N4 transition quoted by Nordling and Hagstro¨m @38#. In
the case of thorium, an overall agreement is also found
pecially with the results given by Nordling and Hagstro¨m,
but two strong discrepancies are found for the energ
quoted by Bearden for theM3-O1 and M3-O4 lines. The
latter are probably wrong since our energies are almost c
sistent with the XPS results from Refs.@32# and @34# and
with the theoretical values of Larkins.

C. Level widths of subshellsL 1 to N5

The natural width of an x-ray line represents the sum
the widths of the two atomic levels participating in the tra
sition. As a consequence one can build from the linewid
of the measuredL andM x-ray lines a set ofn simultaneous
equations withm level widths as unknowns. Ifn.m, as in
our case, the set of equations can be solved by means
least-squares method. However, because most transi
from the outerO andP shells are influenced by nonlifetim
broadening effects, only those transitions that involve theL1
to N7 subshells should enter the set of equations.

The widths of theN6 and N7 levels are expected to b
nearly equal@39# and small~about 0.3 eV for uranium ac
cording to Ref.@36#!. Thus, they cannot be extracted in
reliable way fromM -N6,7 andL-N6,7 x-ray lines whose line-
7-10



e

L1 TO N5 ATOMIC LEVEL WIDTHS OF THORIUM AND . . . PHYSICAL REVIEW A 61 012507
TABLE VII. Atomic level widths in ~eV! of subshellsL1 to N5 of thorium. Our experimental results ar
compared with theoretical predictions from McGuire@21–23#, and Chenet al. @41,42#, semiempirical data
from Krause and Oliver@26#, and fitted data from Campbell and Papp@39#.

Subshell This work Refs.@21–23# Refs.@41,42# Ref. @26# Ref. @39#

L1 14.360.2 20.4 15.8 13.7 14.7
L2 8.560.1 11.3 7.7 8.2 8.0
L3 8.460.1 7.0 7.7 7.1 7.5
M1 14.660.2 22.7 19.3 18.4
M2 13.260.2 15.5 14.5 14.3
M3 7.960.2 12.9 10.1 7.7
M4 3.360.1 3.2 3.3
M5 3.460.1 2.9 3.2
N1 10.960.1 11.2 11.1
N2 9.060.2 8.3 8.9
N3 8.460.2 7.5 7.5
N4 4.560.1 5.3 4.1
N5 4.160.1 5.3 4.1
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widths are 10–30 times larger. For this reason theN6,7 level
widths of thorium and uranium were fixed at 0.15 and 0
eV, respectively, in the least-squares method. These va
were taken from McGuire@23#. They were preferred to the
XPS widths from Fuggle and Alvarado@40# because the lat
ter, which are about 0.4 eV larger, are most likely affected
exchange splitting. Furthermore, as noticed by Campbell
Papp @39#, calculations based on the single-particle mo
~SPM! as those of McGuire reproduce well the experimen
N7 level widths in the region 70<Z<83. Such SPM predic-
tions should thus also be valid forZ.83.

For uranium we have used theL x-ray linewidths reported
by Hoszowskaet al. @11#, except for theL3-M4 , L3-M5, and
L3-N5 transitions, whose widths were taken from the expe
mental data of Amorimet al. @25#. Amorim et al.’s results
are indeed closer to the least-squares-fit to existing exp
mental data of Campbell and Papp@39# than those of Hos-
zowskaet al. for these specific transitions.

If one restricts the least-squares method to the transit
involving theL1 to N7 levels, theM3 subshell width enters
the set of equations only via theL1-M3 and M3-N5 transi-
tions. In the first transition, however, the linewidth is d
mainly to the broadL1 level, and the corresponding equatio
is thus not very sensitive to theM3 level width. Regarding
the second transition, the experimental uncertainty on
linewidth ~0.6 eV! is relatively large so that the influence o
this line on theM3 level width determined by the weighte
least-squares fit is also only moderate. For these reason
have added in the sets of equations corresponding to tho
and uranium theM3-O5 transitions, taking for theO5 level
width the XPS values (0.660.2 eV for thorium and 1.1
60.3 eV for uranium! reported by Fuggle and Alvarado@40#.
In this respect, it can be mentioned further that, in contras
O1 –3 subshells, theO5 level seems to be not affected b
exchange splitting or solid state effects since no broaden
nor asymmetry was observed in any of theL or M x-ray
transitions from theO5 level.
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From the L and M x-ray linewidths determined in the
present work and the ones discussed above, two sets o
equations for thorium and 30 for uranium were obtained w
13 unknowns corresponding to the widths of the levelsL1 to
N5. The sets of simultaneous linear equations were solved
minimizing the sums of the weighted squares of deviatio
Weighting factors inversely proportional to the experimen
errors and not to the squares of the latter were employe
order to give more consideration in the fit to the influence
weaker transitions. The so-obtained level widths are p
sented for thorium and uranium in Tables VII and VIII, re
spectively, where they are compared to results based
least-squares fits to existing experimental data from Ca
bell and Papp@39# and to theoretical predictions from
McGuire @21–23,37# and Chenet al. @41–43#. The semi-
empirical values reported by Krause and Oliver@26# for the
subshellsL1 to L3 are included in the tables.

In the careful and extensive compilation of existing e
perimental level widths reported by Campbell and Papp@39#,
most results are presented graphically and errors concer
their fits to available experimental data are in most cases
mentioned. However, if we assume an average relative
certainty of about 5% for their results, one can see fr
Tables VII and VIII that our level widths are consistent wi
those of Campbell and Papp for all thorium and uraniu
subshells, except for theL3 andM1 subshells. Actually, the
L3 level width determined in our work seems to be too lar
by about 0.5–1.0 eV. This could indicate that the nonlifetim
broadening induced by the unresolvedN satellites originating
from L jL3N Coster-Kronig transitions is not as unimporta
as anticipated. The larger discrepancy observed for theM1
level width is more difficult to understand. The values d
duced from our experiment are indeed 3.8 eV for thoriu
and 3.0 eV for uranium, smaller than the fitted values fro
Campbell and Papp. One could argue that the discrepan
due to the least-squares method itself, because in the l
the determination of theM1 level width is only anchored to
7-11
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TABLE VIII. Atomic level widths in ~eV! of subshellsL1 to N5 of uranium. Our experimental results ar
compared with theoretical predictions from McGuire@21–23,37# and Chenet al. @41–43#, semiempirical data
from Krause and Oliver@26#, and fitted data from Campbell and Papp@39#.

Subshell This work Refs.@23,37# Refs.@41–43# Ref. @26# Ref. @39#

L1 16.060.2 19.3 16.5 14.0 15.5
L2 10.060.1 10.9 8.6 9.3 9.3
L3 8.460.2 7.3 8.2 7.4 7.9
M1 15.560.2 23.0 19.5 18.5
M2 14.160.2 20.2 14.7 15.0
M3 7.960.2 12.6 10.4 7.5
M4 3.260.1 4.5 3.7 3.5
M5 3.360.1 4.2 3.6 3.5
N1 12.660.2 11.8 11.5
N2 9.760.2 7.5 9.5
N3 8.760.2 6.6 8.1
N4 4.760.1 4.2 4.2
N5 4.260.6 4.2 4.2
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the L3-M1 andL2-M1 transitions. This argument looks rea
sonable but, in our opinion, it does not completely clarify t
question. The widths of theL3-M1 andL2-M1 transitions in
thorium computed from the level widths quoted by Campb
and Papp are 25.9 and 26.4 eV, respectively, i.e., 2.3 and
eV larger than the values obtained in our study. This is
triguing because, on the one hand, the differences are m
than tens times larger than the experimental errors and on
other hand because it is difficult to find plausible reaso
explaining why observed spectral lines would be too narro
A too large value of the instrumental broadening indeed c
not account for the observed differences, because in tha
ergy region the instrumental width is only 3.5 eV. Furthe
more, if theM1 widths are kept fixed in the least-squar
method at the values quoted by Campbell and Papp,
widths given by the fit for the other levels are in poor
agreement than in the case where theM1 widths are used as
free parameters. For all these reasons we are not convi
that theM1 level widths of thorium and uranium obtaine
from our experiment are really too small.

The relative uncertainties estimated by Krause and Ol
@26# for their semiempirical level widths are 20%, 10%, a
8%, respectively, for theL1 , L2, andL3 subshells. Compar
ing their values with our results, we observe again a go
agreement for theL1 and L2 levels, whereas ourL3 level
widths of thorium and uranium exceed Krause-Oliver d
by 15% and 12%, respectively. Values from Campbell a
Papp for theL3 subshell are also larger than those of Krau
and Oliver, but they agree within the quoted uncertainty
8%.

Larger discrepancies are observed when comparing
results to McGuire’s predictions for theL @21,37#, M @22,37#,
and N @23# level widths. Except for three levels of thorium
(L3 , M4, andM5) and one of uranium (L3), the predictions
overestimate our results and those of Campbell and Pap
theL1 to M5 levels. The deviations are the largest for theL1
and M1 subshells, where they reach about 40%, indicati
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as already mentioned in Sec. IV A, that McGuire’sLLX and
MMX Coster-Kronig yields are significantly overestimate
For theN1 to N5 levels, one observes an opposite trend
the theory which underestimates the experimental widths

Relativistic independent particle calculations concern
atomic level widths were also performed by Chen and Cra
mann. For thorium, results are only available for theL1 to
M3 core levels@41,42#. For uranium predictions exist for th
L1 to M5 subshells@41–43#. In Ref. @42# Chenet al. men-
tioned that their calculations overestimate theM2,3 and M1
Coster-Kronig rates in heavy atoms by;10–15 % and
;30–50 %, respectively. This statement is confirmed by
results which show in addition that the overestimation
larger for theM3 level than for theM2 one. In general,
however, the results of Chenet al. are noticeably closer to
the experimental values than those of McGuire.

Finally, in Table IX, theN4 andN5 level widths of tho-
rium and uranium extracted from our measurements
compared to calculations performed by Ohno and Wen
@44# within the frame of a nonrelativistic many-body theor
The predictions were computed from two different a
proaches. In the so-called A1 approximation, a frozen-c
potential and frozen Auger energy were used, while in
A2 approximation a frozen-core potential but relaxed a

TABLE IX. N4 andN5 level widths in~eV!. Our experimental
results are compared with theoretical predictions of Ohno and W
din @44#. The A1 approximation uses the frozen-core potential a
frozen Auger energy, and the A2 approximation uses the froz
core potential and relaxed and relativistic Auger energies.

Thorium Uranium
Theory Theory

Level Present A1 A2 Present A1 A2

N4 4.5460.13 4.63 3.49 4.7060.11 4.69 3.61
N5 4.0660.13 4.63 3.90 4.1560.61 4.69 3.73
7-12
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relativistic Auger energy were employed. From the compa
son one sees that for both thorium and uranium ourN4 level
widths are better reproduced by the A1 approximati
whereas for theN5 subshell our experimental results are b
tween the predictions corresponding to the two approxim
tions. Ohno-Wendin calculations based on the same ma
body model also exist for theN1 , N2, andN3 level widths.
However, in the high-Z region, results are only available fo
s.

In-

Z

J

.

L

At

01250
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,
-
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mercury. These results were compared with XPS data fr
Svenssonet al. @45#. A quite satisfactory agreement wa
found.
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