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L, to N5 atomic level widths of thorium and uranium as inferred from measurements
of L and M x-ray spectra
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High-resolution measurements of the photoinducethdM x-ray spectra of metallic thorium ard x-ray
spectrum of metallic uranium were performed with transmission-type and reflection-type bent-crystal spec-
trometers. Linewidths of 31 and 10V x-ray emission lines of thorium and of IR x-ray emission lines of
uranium were extracted. Using these results and those of Hosz@wskd 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
subshelld_; to N5 of thorium and uranium.

PACS numbgs): 32.70.Jz, 32.30.Rj, 32.80.Fb

I. INTRODUCTION tally reliable results can only be obtained with instruments

whose resolution is comparable to the natural linewidths of

Atomic level widths and related x-ray linewidths are of the transitions to be measured. In Xx-ray spectrometry this
interest and value in several respects. For high-resolutiofstricts the choice of instruments to crystal spectrometers.

x-ray spectroscopy, a precise knowledge of x-ray IinewidthsTpﬁ lack Olf accutraye ex%erki)rlnegtal tdattr? Cfon??[:mtri%]ray?] t
is very helpful because it permits one to improve data analy9 eavy elements IS probably due to the fact that the photon

sis by diminishing the number of free-fitting parameters an nergy region between 10 and 20 keV is rather unfavorable

. . . >~ Tor crystal diffractometry measurements. Transmission-type
anchoring the natural linewidths of the observed transmon%rystm spectrometers are operated mostly above 20 keV

to known values. This results in improved accuracy in x-rayyhile reflection-type ones are generally used below 10 keV.
emission techniques such as high-resolution x-ray fluoresgrystal spectrometers are characterized by high resolution
cence and particle-induced x-ray emissidn-3]|. Further- and high precision. Their luminosity, however, remains
more, in a variety of experiments in which weak structuressmall as compared to semiconductor detectors.NFarrays
have to be extracted from the tails of close-lying and mucthigh-resolution crystal spectroscopy is therefore handicapped
stronger diagram transitions, the line shapes of the lattelPy the poor intensity of th&/ x-ray emission lines. Even for
must be known accurately to obtain reliable results. Radiabeavy elements, the fluorescence yields for kheshell is

tive Auger transitions[4—8] are examples of such weak indeed about 100 times smaller than for tehell.

structures sitting on the low-energy tails of intense diagram !N this paper we report on the natural widths of theto

lines. Satellite x rays that originate from the radiative decay\s atomic levels in metallic thorium and metallic uranium.

of multiple-vacancy states are often poorly separated fron] N€ level widths were obtaqu from the natural linewidths
their parent diagram line. In this case, also, the energy anfl & number ofl andM x-ray lines measured by means of
yield of the satellite line can be fitted in a reliable way only Nigh-resolution crystal spectroscopy. From the transition
if the width of the Lorentzian representing the natural "nev_wdth_s determlr_led in the present experiment and__tlxeray
shape of the neighboring main line is known precigéy; linewidths obtameq for uranium ina similar previous worl_<
As shown in Ref[10], even in low-resolution i) spectra, [11], two sglf—consstent sets of S|multanec_)us equat!ons with
the lifetime broadening inherent to atomic transitions makedh€ |vel widths as unknowns could be built for thorium and
a significant contribution to the low- and high-energy tails ofUranium. Assuming that core levels are only weakly influ-
the peaks. A high-precision fit of such spectra again needs gnced by nonlifetime broadening effect_s, the naturgl widths
good knowledge of the natural broadening. Accurate and re2f the levelsL, to N5 were then determined by solving the
liable experimental data concerning atomic level widths areets of Im_ear equaﬂons by means of a least-squares method.
also important because they provide a sensitive test of thed?€SUlts given in the present paper are not, however, solely
retical models. In particular, they are of interest to probe the/Mited to the widths of atomic levels. Linewidths and ener-
goodness of theoretical predictions concerning total vacanc§i€S Of numerous x-ray lines of thorium andv x-ray lines

lifetimes, radiative and radiationless transition probabilitiesOf thorium and uranium are also presented. To our knowl-
or fluorescence yields. In some calculations they are als§99€; the natural linewidths of most transitions were deter-

used to adjust the parameters of the theoretical model. mined experimentally for the first time. The results obtained
Precise results for the linewidths &fand M x rays are in the present work are compared to other experimental data,

scarce, and discrepancies exist between the few existing e¥.nere available, and theoretical predictions based principally
perimental data and the theoretical predictions. Experimer?" the independent-particle model.

Il. EXPERIMENT
*Present address: European Synchrotron Radiation Facility The measurements of the x-ray spectra were performed at
(ESRB, 156 rue des Martyrs, F-38043 Grenoble, France. the University of Fribourg by means of high-resolution x-ray
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spectroscopy. The x-ray emission spectrum of thorium was
observed with a Dumond transmission-type crystal spec-
trometer. As this instrument cannot be used for photon ener-
gies below about 10 keV, th# x-ray emission lines of
thorium and uranium were measured with a von Hamos
reflection-type crystal spectrometer. For both elements, the
fluorescence x-ray spectra were produced by irradiating the
targets with the bremsstrahlung of an x-ray tube.

A. L x-ray emission spectrum of thorium

The main characteristics of the Dumond curved crystal £ 1. schematic view of the von Hamos spectrometey:
spectrometer of Fribourg were already presented in severglystal,(2) CCD detector(3) target barrel(4) x-ray tube, and5)
previous papergsee, e.g., Refd.11,5,6,12). Thus, in the  yacuum pump.
following, only the features specific to the experimental
setup used for the measurement of theray emission spec-
trum of thorium will be discussed.

The spectrometer was operated in a so-called modifie

this optimization is not so convenient. It is more practical to
easure a selected group of lines with an average value of

DuMond slit geometry. In this geometry the target is viewed, 2cusing distance. A.S a consequence, only a slightly worse
by the bent crystal through a narrow slit located on the foca|nstrumental resolution resu_lts. In fact the smooth variation
circle. The 0.1-mm-wide vertical rectangular slit was madeOf the instrumental broadening as a function of the focusing
of two 5-mm-thick juxtaposed Pb plates. A 25-mm-high bydistance was determined with the A, transition, and

4-mm-wide by 0.5-mm-thick self-suppor.ted metallic targletthen used to compute the actual instrumental width corre-
of thorium was used. The targét x-ray emission was in- sponding to each part'.CUIar thoriunx-ray line. .

duced by means of an Au x-ray tube operated at 80 KV and For the energy calibration of the spectrum, the lattice

35 mA. The distance between the tube anode and the targ pacing .constant of the 10 reflecting planes and the angu-
center was 4.5 cm, and the axis of the conical beam emitte  position of the zero Bragg angle are needed. The lattice

by the x-ray tube was perpendicular to the target-crystal diZPac!"9 constant was deduced from the above-mentioned

rection. In order to avoid a contamination of the thorium K line of Au measurement, giving a value of 2.456624

spectrum due to a coherent scattering by the target of a nurréi' 'I_'he zero Bragg angle may cha_mge when varying the fo-
ber of characteristic Al x-ray lines from the tube anode, a c{SiNg distance. For that reason, it was determined for each

250-mg/cm-thick aluminum absorber was placed between3"OUP of lines observed at the same focusing distance, by
the tube and the target for the measurements of thd measuring the most intense line of the group at positive and
L3-M,, andL;-Mg transitions of thorium. negative Bragg angles.

. X . For the detection of the x rays, a 5-in.-diam by 0.25-in.
For the diffraction of the x rays th@ 10 reflecting planes . . .
of a 10<10-cn? quartz-crystal plate, 0.5 mm thick, were Nal(Tl) by 2-in. Cs[TI) Phoswich(The Harshaw Chemical

used. The quartz lamina was bent to a radi#ss311.1 cm Co,, Crystal and Electronic Products Dept., OH 941819n-

by means of a bending device similar to the one described iﬂilfotr'f? drztgﬁzrs \f[vhaes Ce(r)nnﬁ)k:zﬁdho-:_she's atr)i/sﬁﬁ OIrO(i?ti?t%r_
Ref.[13]. The effective reflecting area of the crystal was 12 gly P 9 9

cn?. The Bragg angles, i.e., the angles between the incident < 9 photong11]. A further reduction of the background

x-ray radiation and the reflecting planes of the crystal wer was achieved by enclosing the Phoswich detector in heavy

measured by means of an optical laser interferometer witheiaab'cu'AI shielding, and by sorting on line the events of

o 3 Interest as a function of their energy. In order to reduce the
precision of 3—5 10" ° arcsed 14]. b . f S d tub d
The instrumental response of the spectrometer which d absorption of x rays in air, evacuated tubes were mounte
ends mainly on the slit width and precision of the cr Sta?oetween the target and the crystal and between the crystal
P y P YStland the 66-cm-long Soller-slit collimator. The latter and the

curvature was determined by measuring Ke, fransition target chamber were also pumped down to about 1 mbar.
of Au whose energy and natural linewidth were taken from

Ref.[15]. From this calibration measurement the instrumen-
tal angular broadening was found to be well reproduced by a
Gaussian profile of 15.2 arcsec full width at half maximum  As the observation of photons below 10 keV requires a
(FWHM). Over the energy range covered by thex-ray reflecting-type x-ray spectrometer, the measurements of the
lines of thorium, the corresponding energy resolution of theM x-ray emission spectra of thorium and uranium were per-
spectrometer varied thus between 3.5 eV forltheM ; tran-  formed with a von Hamos curved crystal facilitg6]. The
sition (11.118 keV and 12.1 eV for the ;-P, 3 transition  principal elements of this instrument are an x-ray source de-
(20.450 keV. fined by a rectangular slit, a cylindrically bent crystal, and a
In the DuMond slit geometry, the best angular resolutionposition-sensitive detectdisee Fig. 1L In the von Hamos

is obtained when the slit-to-crystal distance is adjusted fogeometry the crystal is bent around an axis which is parallel
each x-ray line. However, when the x-ray spectrum extendso the direction of dispersion, and provides focusing in the
over a large angular range and comprises many weak linespndispersive direction. For a fixed position of the compo-

B. M x-ray emission spectra of thorium and uranium
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nents, the impact coordinate on the detector of a reflected The energy calibration of the spectrometer and the deter-
X-ray corresponds geometrically to a particular Bragg anglemination of the instrumental response were performed by
and hence to a particular photon energy. Such a geometry, ateasuring thé& «; x-ray lines of Ar, Ca, Sc, Ti, and V. The
one position of the spectrometer components, permits dataatural linewidths and energies of thé transitions were
collection over an energy bandwidth which is limited by thetaken from Refs[17,18, respectively. It was found that for
detector length. In order to study a greater energy intervaboth crystals the instrumental response could be well repro-
the central Bragg angle is adjusted by translation of the crysduced by a Gaussian profile whose widBWHM) varied as
tal and correspondingly of the detector along their axes. Tha function of the x-ray energy between 1.0 and 1.3 eV.
slit-to-crystal and crystal-to-detector distances are varied but
kept equal. The target, crystal, and detector are all contained . DATA ANALYSIS
in a 180x62x24.5-cni stainless steel vacuum chamber,
which can be pumped down to about Z0mbar by a turbo- ThelL andM x-ray spectra were analyzed by means of the
molecular pump. Ieast_—squares-flttlng cqmpl_Jter codayuIT [19]. As .the con-
The Bragg angle domain covered by the von Hamos spe(yolutlon of the Gaussian instrumental broadening with the
trometer extends from 24.4° to 61.1°, so that two different-Orentzian representing the natural line shape of an x-ray
crystals were needed for the coverage of thé-keV-wide transition results in a so—cglled Voigt function, suc_h Voigt
energy domain corresponding to thiex rays of thorium and profiles were employed to f!t the ol_aserved spectral lines. The
uranium. A (1—1)) quartz crystal (8=8.5096 A was em- natur.al W|_dths (_)f the x-ray lines of interest were extrapted by
) ; = keeping fixed in the fit the known Gaussian experimental
ployed for the observation of the transitions below 3.5 keV’broadenin The energies and intensities of the transitions as
and a(200 LiF crystal (20=4.0280 A for transitions at 9. 9

higher energies. Both crystals, 10 cm high by 5 cm wide bﬁ\li\iﬁlr!ga;at:]aen::;z?sr background were used as additional free
0.5 mm thick, were glued to Al blocks machined to a precise The M and N satellite structures observed on the high-

ggn:z(i:\r/s cylindrical surface with a nominal bending radius Ofenergy tails of the s, respectivelyM to M diagram tran-

The vertical rectangular slit consisted of two juxtaposeds'tlons could also be fitted satisfactorily with Voigt func-

Ta pieces 0.3 mm thick and 10 mm high. The slit width Wasnons. However, because these satellite structures consist in

50 um for all measurements. A 25-mm-high by 4-mm-wide
metallic target of natural uranium, 48 mg/@rthick, and a
24-mm-high by 10-mm-wide metallic target of thorium, 575
mg/cn? thick, were used. The targél x-ray emission was
induced by means of a Cr anode x-ray tube operated at 6
kV and 40 mA.

The x rays were recorded with a CQbharged-coupled
device position-sensitive detector 27.65 mm long and 6.9
mm high, having a depletion depth of 30m and consisting
of 1024 columns and 256 rows with a pixel size of 27

tX 21 d'.“m ) '!'he Id|ffrt:f[\cted X tLaysé Tttl?g trlle CCT[; bﬂ'ld. @ stance, in the fit of the x-ray spectrum of thorium with the
wo-dimensional pattern on the detector plane. 1he Orlzor'c':lose—lyingL3-N4,5 andL-M, transitiong see Fig. 2a)] and

tal axis of the detector corresponds to the energy axis of the ) . :
x-ray spectrum, while the vertical extension of the detectorEZ My and L3-O,s transitions(see Fig. &]. The energy

serves mainlv to collect more intensitv. The CCD detectordifferences between the two lines are in both cases smaller
y o Y. o than the natural widths of the overlapping transitions. The
was thermoelectrically cooled down te60° C. It was op-

: difficulty was solved in the following way. First, the prob-
erated by a ST-138 controllgPrinceton Instrument, Inc. ) - .
equipped with a DMA/TAXI high-speed serial interface lematic energy regions were remeasured by operating the

which can sustain data transfer to a personal computer at :j(;rsayeg:it\)/ilat izg"ﬁzet:i;g gjz/]a?s gsl.agsbee?os\lgﬂlgr]] : t/
Mbyte/sec. P Y, 1€, 9 J 2

For data acquisition and analysis of images, a dedicate;Edges of thorium. These spectra could then be analyzed

general of numerous overlapping components many of them
had to be fitted with several Voigt profiles. Average energy
shifts ofL x rays due tdM spectator vacancies are reported in
Ref.[20]. We have used these theoretical predictions in the
nalysis to identify the satellites accompanying the observed
3 X rays lines. A clear example &fl satellite structure can
be seen on the high-energy side of thgeNs transition rep-
resented in Fig. @).
In certain spectra a strong overlap of distinct diagram
lines made the analysis more difficult and the results of the
latter less reliable. Such problems were encountered, for in-

. o . roperly since they were no longer affected by the overlap
software package written specn‘lcally to operate Fh_e_ ST-13 roblem. Finally, the 80-kV spectra could also be fitted suc-
controller was used. The time of a single acquisition wa

cessfully by keeping the energies and linewidths of lthe

chose_n dependln_g on the count rate, so that multiple hits fansitions at the values obtained from the analysis of the
one pixel were minimized. Thanks to the good energy reso-

lution of the CCD detector, higher-order reflections and20'4_ and 19.6-kV spectra fixed in the fitting procedure.
background events could be rejected by setting appropriate

energy windows. The data were taken in a repetitive accu- IV. RESULTS AND DISCUSSION

mulation mode. Each image corresponding to a separate ac-
quisition was filtered. Then the different images were
summed and the resulting two-dimensional spectrum was The values of the natural linewidths and energies of the
projected on the axis of dispersion to give the one-31L x-ray transitions of thorium observed in the present
dimensional position spectrum. study are listed in Tables | and I, respectively. Our results

A. L x-ray lines of thorium
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(15640 eV transitions of thorium with the accompanyiisatel-  eV) transitions of thorium. Thé. emission was induced with the
lite structure components shifted by 68 and 90 eV with respect t-ray tube operated &) 80 and(b) 19.6 kV.

the L5-Ng line. TheL emission was induced with the x-ray tube o . . . .
operated ata) 80 and(b) 20.4 kV. 0.7 eV or 5%, thus indicating that already in these pioneering

works of crystal spectroscopy remarkable results were ob-

are compared to other available experimental data and theégined. A similar good agreement is observed between our
retical predictions. The theoretical x-ray linewidths were de-esults and the experimental values published more recently

termined from the sum of the widths of the two levels in- by Amorim et al. [25]. In this case the mean value of the
volved in the transitions, using results of McGuire’s relative differences is about 4%. In contrast to that, a com-

calculationg 2123 for L, M, andN atomic level widths. It  Parison with the values listed in the last column on the right
has to be noted that the errors quoted in Tables | and Il aré8ems to indicate that theory is in disagreement with our
only statistical errors obtained from the error matrix of theresults. However, if we consider that the theoretical x-ray
least-squares-fit program, and that they do not include thnewidths were determined by adding the natural widths of
smaller but nonvanishing systematic errors inherent to théhe two levels participating in the transition, and that the

experimental method and instruments employed in our investidth of each of these two levels was computed from the
tigations. sum of the calculated radiative, Auger, and Coster-Kronig

From Table | one can notice first that existing experimen-Widths, the observed differences are more understandable. In

tal information about the natural linewidths of thex-ray ~ fact, theory overestimates significantly only the widths of
transitions in thorium is rare and concerns only the mosthose transitions in which aslevel (i.e., anX; subshell is
intense lines. The values quoted in the third column werdnvolved. This observation indicates that the Coster-Kronig
taken from the tabulation of Salem and Li]. They are  Yields calculated by McGuire are probably too large.
based on relatively old measurements performed in 1961 by Examining now the values of the experimental linewidths
Merill and DuMond[24] with a double-crystal spectrometer. Obtained in the present study, one can see that the expected
Errors concerning these measurements were not reported, Bigneral trend’ v >I'i_y =I"| v,_attributed to the decrease
they were estimated by Salem and Lee to be 10% or morén Coster-Kronig-Auger decay rates with increasing angular
The average of the absolute values of the differences banomentum is in general well verified. An important question
tween our results and those of Merill and DuMond is onlyon which we will focus in the following is to know whether
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TABLE I. Natural linewidths in(eV) of photoinduced. x-ray emission lines of thorium. Our experimen-
tal results are compared to existing experimental d&akpt) and theoretical predictiongCalc,).

Line This experiment Ref.17] Expt. Ref.[25] Expt. Ref.[21-23 Calc.
L1-M, 27.6-0.7 26.4 35.9
L1-M; 23.6-0.3 22.9 215 333
L1-M, 17.6£0.5 23.6
L1-Ms 17.0:0.3 23.3
L1-N, 23.3+0.1 28.7
L1-Ng 22.6+0.1 27.9
L1-Ny 16.1+2.5 25.7
L1-Ns 16.8+1.6 25.7
L,-O, 22.2+1.2

L,-0% 22.8:1.2

L,-O% 18.9+0.6

L1-Oy4s 13.8+2.3

L1-P,s 19.9+0.6

L-M, 23.1x0.2 34.0
L-M, 11.6£0.1 12.4 11.2 14.5
L,-Ms 11.7+2.4 14.2
L,-N; 19.2+0.4 22,5
Lo-Ny 13.3+0.1 15.0 14.4 16.6
L,-Ng 8.6+0.6 115
L,-0} 29.9+0.2

L,-O! 29.4+0.5

L,-0, 8.5-0.1

Ls-M, 23.5-0.5 24.3 29.7
Ls-M, 11.8+0.1 11.9 11.8 10.2
Ls-Ms 12.0:0.1 11.8 11.8 9.9
La-N; 19.3+0.1 18.2
Ls-N, 12.1+0.2 12.2
L3-Ns 12.5£0.1 12.8 12.7 12.2
L3-Ng 7.651.2 7.1
Ls-N; 7.650.7

Ls-O} 26.0+2.2

Ls-O! 235:2.4

L3O, 12.3-4.0

L3-Os 8.3x0.3

nonlifetime broadening effects influence the natural line-gives rise to resolved satellites, whereas that bf states
widths of the presently investigated thorium lines and, if yesresults only in a broadening of the parent diagram line. Ex-
to what extent our results are affected by such effects. Aensive calculations concerning the energiet afray satel-
review of the possible broadening contributions can be foundites of thorium with one spectator vacancy in theor N
in Ref. [26]. In our experiment the main contributions are shell (hereafter called or N satellite$ can be found in Ref.
associated with the occurrence of multivacancy states in thi27]. The energy shifts o® andP satellites are much smaller
decaying atoms, and with exchange interactions betweeand their influence on thé x-ray linewidths can thus be
core holes and unpaired valence electrons. neglected. In other words, our experimental linewidth4. of
The energy of so-called x-ray satellite lines emitted bytransitions may be affected in a sizable way only by satellites
atoms which have more than one inner-shell vacancy in theirelated to spectator vacancies located inthghell.
initial and final states is generally slightly higher than that of In photoinducedL x-ray spectra, satellite lines may be
the parent diagram x rays, which are associated with initiainduced byL L X Coster-Kronig transitions and shakeoff pro-
and final states of single-hole configurations. The energy difeesses, while direct multiple ionization can be considered as
ference between a satellite and its parent diagram line isegligibly small. For thoriumlL;L,N,_7, L;L3N;_7; and
found to decrease with the principal quantum number of the,L ;N;_; Coster-Kronig transitions are allowed, from which
spectator vacancy, i.e., the vacancy not involved in the trank,N, andL3;N, doubly ionized states result. Taking into ac-
sition. As a consequence, the radiative decay bf states  count the probabilities fok ;L 3N, Coster-Kronig transitions
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TABLE II. Energies in(eV) of photoinduced. x-ray emission lines of thorium. Our experimental results
are compared to the data from two experimgiiispt.) and one theoryCalc).

Line This experiment Ref.18] Expt. Ref.[32] Expt. Ref.[33] Calc.
L1-M, 15639.64-0.35 15642.9 15639.5 15641.0
L1-M; 16423.96-0.07 16425.8 16424.0 16426.0
L1-M, 16980.37-0.21 16981.0 16979.4 16981.0
L1-Ms 17139.08-0.12 17139.0 17138.0 17140.0
L1-N, 19303.110.05 19305.0 19301.8 19304.0
L1-Ng 19503.570.06 19507.0 19502.5 19504.0
L1-Ny 19756.88-0.83 19755.0 19755.7 19758.0
L1-Ns 19794.04-0.50 19794.0 19793.7 19795.0
L,-O, 20236.52-0.18 20242.0 20245.0 20243.0
L,-O% 20272.16-0.66

L,-04 20290.66:0.27 20292.0 20288.2 20290.0
L1-Oy4s 20381.03-0.97 20383.0

L1-P,s 20450.39-0.28 20424.0 20426.0

L,-M, 14510.42-0.08 14509.0 14509.8 14511.0
L-M, 16201.66-0.03 16202.2 16201.4 16202.0
L,-Ms 16358.20-1.00 16359.0 16360.0 16361.0
L,-N; 18364.47-0.11 18370.0 18362.3 18363.0
Lo-N, 18978.38-0.02 18982.5 18977.7 18979.0
L,-Ng 19348.12-0.15 19353.0 19347.9 19349.0
L,-0} 19395.210.52

L,-O} 19408.8%-0.51 19403.0 19402.0 19403.0
L,-O, 19597.16-0.02 19599.0 19597.6 19598.0
Ls-M, 11118.13-0.18 11118.6 11117.6 11118.0
Ls-M, 12809.58-0.03 12809.6 12809.2 12810.0
Ls-Ms 12968.02-0.02 12968.7 12967.8 12968.0
La-N; 14973.52-0.05 14975.0 14970.1 14970.0
Ls-N, 15587.01-0.07 15587.5 15585.5 15586.0
L3-Ns 15624.06-0.03 15623.7 15623.5 15623.0
L3-Ng 15955.95-0.58 15964.0 15955.7 15956.0
La-N; 15965.98-0.58 15964.0 15964.9 15965.0
L5-O} 16006.52-0.63 16010.5 16009.8 16010.0
Ls-O! 16024.270.63

Ls-O, 16205.1% 16205.4 16205.0
L3-Os 16212.46-0.14 16211.7 16213.0

&/alue kept fixed in the fit according to the energy difference determined frorMth@, 5 transition.

quoted in Ref[28] and the weighted energy shifts of thg ~ analysis, the natural linewidth and energy of the pure
satellite components from Rdf27], we found, for instance, diagram transition can be determined by subtracting from the
that the average energy  shift E(L3N°-M;N°) measured profile thH satellite line. The new value obtained
—E(L3N*-M;N%) of the N satellite of theL, transition for the linewidth is 23.2 eV, i.e., only 0.3 eV smaller than the
is 3.2 eV. Similarly we found for the average energyresult given in Table I. The change in the energy-i6.04
shift of thel, M satellite produced, vid;L3M, 5 Coster- eV, which is also negligible with respect to the quoted un-
Kronig transitions, a value of 39.5 eV which is in certainty of 0.18 eV. It can thus be concluded that the ex-
quite satisfactory agreement with the value of 36200 eV perimental linewidths of thé& ; and, a fortiori, those of the
extracted from our measurements. From the fitted relativé, x rays determined in the present study are only weakly
intensity of the M satellite (19%) and the ratio increased by the unresolvad satellites originating from
37 3{_1Pck(LiL3Ng 1 SP_4Pck(L1LsM,) of the Coster-  Coster-Kronig transitions, thie; x rays not being influenced
Kronig (CK) probabilitiesPck taken from Ref[28], a rela- at all by this nonlifetime broadening effect.

tive intensity of about 7.5% with respect to the diagram line In photoionization double-vacancy states may also arise
is expected for th&\l satellite. Assuming furthermore that the from shake processes. As a consequence of the abrupt
width of theN satellite is similar to that of thi# satellite, for  change of the atomic potential following the removal of a
which a value of 445 eV was obtained from the data core electron by photon impact, other bound electrons can
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3250 to multiplet states formed by the exchange interaction be-
° A tween unpaired valence electrons and the core hole. More
/ [ detailed information about this effect can be found in the
. paper by Hoszowskat al. [11].
2250 q 1 i The L x-ray energies of thorium determined in our work
i are listed in Table Il. They are all based on e transi-
tion of gold measured in third order of reflection, i.e., at
) about the same Bragg angle as the transitions of interest. The
1250 g : $ energy (68804.92 0.18 e\j of this reference line was taken
g ) ! from Ref. [15]. In Table Il the quoted uncertainties vary
between 0.02 eV1.2 ppm) for the strongest lines to about 1
eV (60 ppm for the weakest ones. An additional relative
uncertainty of about 3 ppm arising from the crystal lattice
constant should be added to these numbers, whereas the er-
rors inherent to the optical laser interferometer can be ne-
FIG. 4. Thel -0, transition of thorium at 20236 eV, the two glected. For comparison, in Table Il we also report experi-
splitting components of ;-O; at 20272 and 20291 eV, respec- mental values from Bearden18] and Nordling and
tively, and thel;-O4 s andL,-P; 3 emission lines. Hagstron [32], as well as theoretical predictions from Lar-
kins [33]. As Nordling and Hagsfim’'s data are based on
indeed be ejected into the continudshakeoff or promoted x-ray photoemis_sion spectroscopyPS) measurements, the
to higher unoccupied bound statssakeup The shakeup to transition energies were _computed from the differences of
shakeoff probability ratio decreases rapidly with increasingh® quoted binding energies. The same holds for the theoret-
atomic numberZ, so that for heavy elements like thorium Ical values from Larkins. In general we see from Table Il that
only the shakeoff process must be considered. Predictions fépr the majority of the lines the three experimental values
shakeoff probabilities in different subshells when a singleand the theoretical one are consistent within fluctuations of
hole is created in the shell were reported for iridium, gold, about+1 eV. XPS results are, for most transitions, closer to
and uranium in Ref[29]. The calculations were performed ours than those from Bearden. It is also interesting to note
within the frame of the sudden approximation methodthat the calculated energies which reproduce quite well our
[30,31). From an interpolation of the results quoted in Ref.results are, however, systematically higher by 1 eV or more
[29], probabilities for shakeoff processes in tNeand N  for the L, transitions. This could be an indication that the
shells of thorium were found to be 0.13% and 1.84%, respedsinding energy of thé, level is overestimated by Larkins’
tively. The very small shakeoff probability predicted for the calculations. This trend is not observed for the and L
M shell is well confirmed by our data which do not revealransitions. Furthermore, we can see that our energy of the
anyM satellite structure for the transitions to thelevel nor | ..o, x-ray line is markedly smaller than the two other ex-
to thel, one[see, e.g., Fig. @]. The N-shell shake prob-  yerimental values, the latter being both more or less consis-

ability is more than ten times larger, but its contribution t0{ant with the theoretical energy. Although no asymmetry
the N satellite yields can be considered as modest compare&hch as the one observed in theO; andL ;-O; transitions

to that of LLN Coster-Kronig transitions. Broadening and .4 pe detected in this line, we are inclined to explain the

shift (.)f the observedl X rays originating from unresolvex difference between our result and the three others by the
satellite structures due to shakeoff processes may thus be . . ) o
disregarded. exchange interaction effect mentioned above. The opposite is

A further examination of Table | shows that some of theObS‘erVGd for the energy of tha-P, 5 transition(Fig. 4), for

transitions from highest occupied subshells have an une>¥-"hiCh we have found a value higher by about 25 eV than the

pectedly large width which cannot be attributed to the effect€Sults of Bearden and Nordling and Hagstrdut in satis-

of multiple vacancy states. Line shapes of théransitions fac_tory agreement with t_he theoretical pred_|ct|on of Larkins.
from the Ss,,, and 504, Orbitals are particularly influenced Using the binding energies quoted by Larkins for the(25

by this intriguing effect. As shown in Fig. 4, thg-O, tran-  €V) andP3 (17 eV) levels, energies of 20447 and 20455 eV
sition is not only broadened but exhibits also a visible asymare indeed obtained for the -P, andL ;-P; transitions, val-
metry on its low-energy flank. This asymmetry cannot beues which are consistent with the result of 20450.4 eV found
associated withV satellite components of the diagram line in the present work for the unresolvéd-P, ; lines. For the
appearing just below since the latter is thgO, transition. P, 3 doublet Nordling and Hagstno gave a binding energy
The same kind of deformation was observed for theO;  of 44 eV which is not confirmed by another more recent XPS
line. In both cases, the complex profiles could be well fittedmeasuremenit34], from which values of 24.5 and 16.6 eV
with two Voigtians separated by about 18 eV and labéled fully consistent with Larkins’ predictions were obtained for
and Il in the tables. In a previous study concerning the the binding energies of the, and P; levels. We are thus
x-ray emission of uraniuni1l], very similar line shapes inclined to believe that the results of Bearden and Nordling
were obtained for these two transitions. The observed broadind Hagstrm concerning the energy of thg-P, s transition
ening and splitting of the transitions were interpreted as du@re erroneous.

Counts / 2200 s

1 1
20225 20325
Energy [eV]

1
20425
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FIG. 5. TheM3;-O,5 transitions of thorium at 3951 and 3958 FIG. 7. TheM3;-Ny 5 transitions of uranium at 3521 and 3564
eV, respectively, with the accompanyihgsatellite structure. eV, respectively, with théVl ;-Ng N satellite structure at 3572 eV.
One can see the influence of tMy absorption edge at 3553 eV.
The broad structure between tiv;-N, line and the absorption
edge corresponds to several overlapping transitieas the tejt

One of the aims of the present project was the determina-
tion of the natural widths of thé.; to N5 atomic levels. . o )

However, to attain this objective the x-ray transition SPectively. It is interesting to note that thd;-O, and
widths solely do not suffice. Additional information concern- Ms-Ne lines which correspond both to allowekj=0 E1

ing the widths of theVl andN levels is needed. The alterna- transitions are much weaker than the pargnt=1 M;-Os

tive would be to know the widths of seversl x-ray transi- and Ms-N- transitions. A similar intensity attenuation for
tions from theN shell. As existing experimental information Aj=0 transitions is observed ib x-ray spectra, as shown,
concerningM and N level widths orM x-ray linewidths is ~ for instance, in Fig. 2 for thé 3-N,4 s transitions, but not ifK

very scarce, our investigations were extended to the highx-ray spectra wheréj=0 and 1 transitions have approxi-
resolution observation of th# x-ray emission spectra of Mmately the same transition probabilities. The more or less
thorium and uranium. Due to the poor intensity characterizre€solved structures observed on the high-energy side of the
ing M x rays, we have restricted our measurements to th3-Os (Fig. 5 andMz-N- (Fig. 6) diagram lines are due to
strongest transition$/ x-ray lines to theM ; level which are N satellites produced b}y MN Coster-Kronig transitions
extremely weak(for instance for thorium, the fluorescence and to a smaller extent by shakeoff processes. It was men-
yield wy is only 4.5< 103 [22]) could unfortunately not be tioned in Sec. IVA that the energy shifts of the satellites
observed for thorium nor for uranium. associated with a given diagram line decrease with the prin-

For illustration theMs-O, s lines of thorium and the cipal quantum number of_the spectator vacancies. It can also
Msg-Ng 7 lines of uranium are depicted in Figs. 5 and 6, re-be, shown that the satellite energy Sh'f.t.s increase with the

‘ principal quantum number of the transition electrons. This
45000 explains why theN satellite structure is better separated from
the parent diagram line for thAn=2 M;-Og transition
than for theAn=1 Mjs-N5 transition.

The complexity ofM x-ray spectra and the difficulties
encountered in their analysis are well illustrated by Fig. 7,
which within a relatively narrow energy domain presents
many M x-ray lines of uranium. First one can see, at 3521
and 3563 eV, theM;-N, and M3-Ng transitions, respec-
tively. The asymmetry appearing on the high-energy flank of
theM 3-Nj line is due to theN satellite of the latter transition.
The small excess of intensity observed on the low-energy
side of theM3-N, line was attributed to th&ls-P, quadru-
pole transition, while the flat region between tda-N, and
M3-Ng transitions consists of several unresolved lines that
were tentatively assigned to tivé;-N, N satellite and to the
M ,4-O5 andM-P5 transitions. The multiplet splitting found

FIG. 6. TheMs-Ng ; transitions of uranium at 3161 and 3172 for thelL;-O; transition(see Sec. IV Aprobably also affects
eV, respectively, with the accompanyinysatellite structure com-  the M4-O3 line, and thus contributes to the smearing of the
ponents shifted by 5 and 13 eV with respect to kie-N; line. spectral lines pertaining to this energy region. Furthermore,

B. M x-ray lines of thorium and uranium

30000

Counts / 8000 s

15000 r

0 Bl
3156 3160 3170 3180 3190 320
Energy [eV]

T sz T

012507-8



L; TO Ns ATOMIC LEVEL WIDTHS OF THORIUM AND.. .. PHYSICAL REVIEW A 61 012507

TABLE lll. Natural linewidths in(eV) of photoinducedvi x-ray TABLE V. Natural linewidths in(eV) of photoinducedV x-ray
emission lines of thorium. Our experimental results are compared temission lines of uranium. Our experimental results are compared
theoretical predictions from McGuire. to existing experimental datéExpt) and theoretical predictions

(Calc).
Line This experiment Ref.22,23 Calc.
Line This experiment Ref36] Expt. Refs[23,37 Calc.
M,-N,4 17.7+0.2 20.8
M3-Ng 12.1+0.6 18.2 M,-Ny 18.1+0.2 24.4
M;-O; 40.0+2.1 M,-O, 18.7£0.3 21.2
M3-O,4 7.5+0.8 M3-N; 20.2+0.8 24.4
M3-Os 7.7£0.1 M3-N, 13.4+0.3 16.8
M 4-N, 16.5+1.4 11.5 M;-O, 38.4+3.2
M 4-Ng 3.5+0.1 3.4 M3-O, 8.1+1.0
M5-N3 14.3+0.7 104 M3-O5 8.2+0.1
Ms-Ng 3.4+0.2 3.1 M4-N, 15.3+1.0 13+2 11.9
M5-N- 3.5+0.1 3.1 M 4-Ng 3.6:0.1 4.3:0.3 4.7
Ms-Ny 12.8+0.3 15+2 10.8
Ms-Ng 3.60.1 4.10.6 4.5
Mg-N; 3.5+0.1 4.1+0.3 45

the effect of theM 5 edge which results in an enhanced self-
absorption of the x rays in the target is clearly visible around
3553 eV, where the experimental data are indeed poorly re-
produced by the fit. The line shape of thig-Ns transitionis  taken from Ref[26]. As this instrumental broadening was
certainly affected by the close-lying s edge. The linewidth small(about 1 eV as compared to the linewidths of tiex
obtained from the data analysis for this transition is indeedays of interest, the error&6—10% on the widths of the
only 7.5+0.1 eV. This result, which is not consistent with referenceK «; lines were neglected, and are thus not in-
the widths of the level$/; andNs extracted from the other cluded in Tables Il and V. No information concerning the
L andM transitions is, in our opinion, not reliable, and was energy shifts oM x-ray lines with one spectator vacancy in
therefore not considered in the calculation of theto N5 the O andP shells could be found in the literature, except for
level widths (see Sec. IV It can be mentioned that we the M,-Ng andMs-N- transitions of uranium for which the
have not tried to correct the line shape of tlg-Ng transi-  theoretical energy shifts due to one spectator vacancy in the
tion to account for the increased self-absorption because, &, andP; subshells are reported in R¢86]. Values of 0.9
observed in Ref[35], the M5 edge of U presents a compli- and 0.0 eV and 0.9 and 0.1 eV, respectively, are quoted for
cated structure due to the resonant excitationdectrons the two transitions. As these shifts are small as compared to
into the unfilled § subshell. the natural linewidths of the observititransitions, we have
The linewidths and energies of the observed transitionassumed thaD andP satellites do not significantly influence
are presented in Tables Il and IV for thorium, and in Tablesthe widths and energies &l x rays. The theoretical line-
V and VI for uranium. The instrumental broadening of the widths were again obtained from the sum of the widths of the
von Hamos spectrometer was determined from measurewo levels involved in the transitioM andN levels widths
ments of severaKea; transitions whose linewidths were were taken from McGuire's predictionghorium M levels

TABLE IV. Energies in(eV) of photoinducedM x-ray emission lines of thorium. Our experimental
results are compared to the data from two experiméatpt) and one theoryCalc,).

Line This experiment Ref.18] Expt. Ref.[32] Expt. Ref.[33] Calc.
M5-Ny 4116.0-0.12 4117.0 4116.2 4117.0
M3-Ng 3370.3:0.1° 3370.0 3369.7 3369.0
M3-Oq 3751.9-0.5°¢ 3780.0 3756.0 3756.0
M3-O, 3950.5+0.3° 3951.6 3951.0
M3-Osg 3957.8-0.1° 3957.9 3959.0
M 4-N> 2323.1:0.3" 2322.0 2322.4 2323.0
M 4-Ng 3147.0:0.1° 3145.8 3146.6 3147.0
Ms-N3 2365.2-0.3° 2364.0 2364.5 2364.0
Msz-Ng 2988.0+0.1° 2987.0 2987.9 2988.0
Mz-N5 2997.0+0.1° 2996.1 2997.1 2997.0

®Reference energy 4090.6 €8c Ka;).
bReference energy 2957.70 éXr Kay).
‘Reference energy 3691.68 ¢ZaKa;).

012507-9



RABOUD, DOUSSE, HOSZOWSKA, AND SAVOY

PHYSICAL REVIEW /1 012507

TABLE VI. Energies in(eV) of photoinducedM x-ray emission lines of uranium. Our results are
compared to the data from three experimgiiispt.) and one theoryCalc).

Line This experiment  Ref18] Expt. Ref.[36] Expt. Ref.[38] Expt. Ref.[33] Calc.
M5-Ny 4400.8-0.12 4401.0 4401.0 4401.0
M,-O, 5075.9-0.1° 5075.0 5078.0
M3-Ny 2863.0-0.1° 2863.0 2862.2 2862.0
M3-N,4 3521.0+0.1¢ 3521.0 3523.7 3524.0
M3-Oq 3979.9-0.3° 3980.0 3980.0
M;-O, 4195.8-0.4°¢ 4201.0
M;-Os 4204.2-0.1°¢ 4208.0
M 4-N, 2455.6+0.2° 2454.8 2455.7 24554 2455.0
M 4-Ng 3336.7-0.1° 3336.7 3336.7 3336.0
M5-N3 2507.0+0.1° 2507.0 2506.8 2506.6 2507.0
M5-Ng 3160.9-0.1°¢ 3159.5 3160.0 3160.0
M5-N- 3171.8-0.1° 3170.8 3171.4 3172.0

aReference energy 4510.84 Vi Ka;,).
PReference energy 4952.20 €V Ka;).
‘Reference energy 2957.70 é¥r Ka;).
YReference energy 3691.68 éZaKa;).
*Reference energy 4090.6 k€8c K a;).

[22], uraniumM levels [37], and thorium and uraniunN  and VI. Except for theM ;-O, transition, our results are re-
levels [23]). To our knowledge experimental information markably well reproduced by Larkins calculatidi3g] in the
concerningM x-ray linewidths does not exist for thorium, case of thorium. For uranium, the energies of Mg-O,,
whereas for uranium some data were found forthgand  \j,.0, and M;-Os transitions are overestimated by the
M5 transitions[36]. Regarding the energies, experlmentaltheory by 2-5 eV, indicating that th®, and Os binding
results are available for both thorium and uranium but not forenergies of Larkins are probably too large. Energies of other
all transitions. As for thé x rays, the theoretical energies of

the M i ted f the bindi . transitions, however, are in good agreement with our results.
€M x-ray linés were computed from the binding energlesExtending the comparison to other existing experimental
guoted by Larking33].

. . . . . . data, we see that in general the agreement is excellent for
A comparison of the linewidths obtained in our experi- g 9

. o o - uranium with one exception concerning the energy of the
ment with McGuire’s predictions shows that the theoretical,, ,-N, transition quoted by Nordling and Hagatnd38]. In

v_alues systematically overestimate the widths of the .trans'fhe case of thorium, an overall agreement is also found es-
tions to theMZ,andM3 Ie\{gl_s. This observation may indicate pecially with the results given by Nordling and Hagsiro
that McGuire’s pro_b_ab|I|t|es_ forM,M,X  and MsMsX  hut two strong discrepancies are found for the energies
Coster-l{romg transitions which are thg predominant pro'quoted by Bearden for thi#1,-O; and M4-O, lines. The
cesses in the decay &, and M vacancies are too large. latter are probably wrong since our energies are almost con-
Thus it seems that the rates of the;NaX and NsNsX  gigient with the XPS results from Ref82] and [34] and
Coster-Kro_nlg transitions whlgh govern ti, and N; va- ¥vith the theoretical values of Larkins.
cancy lifetimes are underestimated by the calculations o
McGuire. This statement is based on the fact that McGuire’s
predictions for theM ,-N, andM 5-N5 transitions are smaller
by 3-5 eV than our experimental values, whereas his predic- The natural width of an x-ray line represents the sum of
tions for theM,-Ng, Ms-Ng, andMs-N- transitions are in  the widths of the two atomic levels participating in the tran-
satisfactory agreement with our results. Concerning the exsition. As a consequence one can build from the linewidths
perimental linewidths given by Keski-Rahkonen and Krauseof the measuretl andM x-ray lines a set oh simultaneous
[36] for two M, and threeMs x-ray lines of uranium, one equations withm level widths as unknowns. ii>m, as in
can see from Table V that relative differences up to 15% areur case, the set of equations can be solved by means of a
found, but the quoted values are almost consistent with oureast-squares method. However, because most transitions
within the given experimental uncertainties. from the outerO and P shells are influenced by nonlifetime
The energies found in the present work for tMex-ray  broadening effects, only those transitions that involvelthe
lines of thorium and uranium are based on the energies db N7 subshells should enter the set of equations.
different Koy transitions from several light elementsee The widths of theNg and N levels are expected to be
Tables IV and VI for details The errors on the energies nearly equal39] and small(about 0.3 eV for uranium ac-
taken as references are typically of the order of 10 ppm, butording to Ref.[36]). Thus, they cannot be extracted in a
they are not included in the uncertainties quoted in Tables I\reliable way fromM-Ng 7 andL-Ng 7 X-ray lines whose line-

C. Level widths of subshellsL; to N5
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TABLE VII. Atomic level widths in (eV) of subshelld_; to N5 of thorium. Our experimental results are
compared with theoretical predictions from McGuj&L-23, and Cheret al. [41,42, semiempirical data
from Krause and Olivef26], and fitted data from Campbell and P&39].

Subshell This work Refd21-23 Refs.[41,42 Ref.[26] Ref.[39]
Ly 14.3+0.2 20.4 15.8 13.7 14.7
L, 8.5£0.1 11.3 7.7 8.2 8.0
Ly 8.4+0.1 7.0 7.7 7.1 7.5
M4 14.6-0.2 22.7 19.3 18.4
M, 13.2£0.2 15.5 14.5 14.3
M 7.9£0.2 12.9 10.1 1.7
My 3.3£0.1 3.2 3.3
Mg 3.4+0.1 2.9 3.2
N1 10.9+0.1 11.2 11.1
N>, 9.0+0.2 8.3 8.9
N3 8.4+0.2 7.5 7.5
N, 4.5+0.1 5.3 4.1
Nsg 41+0.1 5.3 4.1
widths are 10—30 times larger. For this reasonN@e level From theL and M x-ray linewidths determined in the

widths of thorium and uranium were fixed at 0.15 and 0.29%resent work and the ones discussed above, two sets of 29
eV, respectively, in the least-squares method. These valuesjuations for thorium and 30 for uranium were obtained with
were taken from McGuir¢23]. They were preferred to the 13 unknowns corresponding to the widths of the lewsldo
XPS widths from Fuggle and AlvaraddQ] because the lat- Ns. The sets of simultaneous linear equations were solved by
ter, which are about 0.4 eV larger, are most likely affected byminimizing the sums of the weighted squares of deviations.
exchange splitting. Furthermore, as noticed by Campbell anWeighting factors inversely proportional to the experimental
Papp[39], calculations based on the single-particle modelerrors and not to the squares of the latter were employed in
(SPM as those of McGuire reproduce well the experimentalorder to give more consideration in the fit to the influence of
N- level widths in the region 722Z<83. Such SPM predic- weaker transitions. The so-obtained level widths are pre-
tions should thus also be valid fa>83. sented for thorium and uranium in Tables VIl and VIII, re-
For uranium we have used thex-ray linewidths reported spectively, where they are compared to results based on
by Hoszowskaet al.[11], except for the3-M 4, L3-Ms, and  least-squares fits to existing experimental data from Camp-
L3-Nj5 transitions, whose widths were taken from the experi-bell and Papp[39] and to theoretical predictions from
mental data of Amorinet al. [25]. Amorim et al’s results  McGuire [21-23,37 and Chenet al. [41-43. The semi-
are indeed closer to the least-squares-fit to existing experempirical values reported by Krause and Oliy26] for the
mental data of Campbell and Paf@9] than those of Hos- subshelld_; to L5 are included in the tables.
zowskaet al. for these specific transitions. In the careful and extensive compilation of existing ex-
If one restricts the least-squares method to the transitionserimental level widths reported by Campbell and P&,
involving thelL ; to N levels, theM 3 subshell width enters most results are presented graphically and errors concerning
the set of equations only via tHe-M3; and M3-Ng transi-  their fits to available experimental data are in most cases not
tions. In the first transition, however, the linewidth is due mentioned. However, if we assume an average relative un-
mainly to the broad., level, and the corresponding equation certainty of about 5% for their results, one can see from
is thus not very sensitive to thid 5 level width. Regarding Tables VII and VIl that our level widths are consistent with
the second transition, the experimental uncertainty on théhose of Campbell and Papp for all thorium and uranium
linewidth (0.6 eV) is relatively large so that the influence of subshells, except for the; and M, subshells. Actually, the
this line on theM; level width determined by the weighted L level width determined in our work seems to be too large
least-squares fit is also only moderate. For these reasons wg about 0.5—1.0 eV. This could indicate that the nonlifetime
have added in the sets of equations corresponding to thoriutroadening induced by the unresolvdaatellites originating
and uranium théM;-Og transitions, taking for th®s level  from L;L;N Coster-Kronig transitions is not as unimportant
width the XPS values (0:60.2 eV for thorium and 1.1 as anticipated. The larger discrepancy observed foMhe
+0.3 eV for uraniumreported by Fuggle and Alvarad40]. level width is more difficult to understand. The values de-
In this respect, it can be mentioned further that, in contrast taluced from our experiment are indeed 3.8 eV for thorium
0, _3 subshells, theDs level seems to be not affected by and 3.0 eV for uranium, smaller than the fitted values from
exchange splitting or solid state effects since no broadeninGampbell and Papp. One could argue that the discrepancy is
nor asymmetry was observed in any of theor M x-ray  due to the least-squares method itself, because in the latter
transitions from theDs level. the determination of th&1, level width is only anchored to
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TABLE VIII. Atomic level widths in (eV) of subshelld_; to N5 of uranium. Our experimental results are
compared with theoretical predictions from McGuigd—23,37 and Cheret al.[41-43, semiempirical data
from Krause and Olivef26], and fitted data from Campbell and P&39].

Subshell This work Refd23,37 Refs.[41-43 Ref.[26] Ref.[39]
L 16.0=0.2 19.3 16.5 14.0 15.5
L, 10.0+0.1 10.9 8.6 9.3 9.3
Ls 8.4+0.2 7.3 8.2 7.4 7.9
M4 15.5+0.2 23.0 19.5 18.5
M, 14.1+0.2 20.2 14.7 15.0
M 7.9+-0.2 12.6 104 7.5
My 3.2+-0.1 4.5 3.7 35
Mg 3.3+0.1 4.2 3.6 35
N1 12.6+0.2 11.8 11.5
N, 9.7+0.2 75 9.5
N3 8.7+0.2 6.6 8.1
N, 47+0.1 4.2 4.2
Nsg 4.2+0.6 4.2 4.2

the L;-M, andL,-M; transitions. This argument looks rea- as already mentioned in Sec. IV A, that McGuire’sX and
sonable but, in our opinion, it does not completely clarify theMM X Coster-Kronig yields are significantly overestimated.
question. The widths of the;-M; andL,-M; transitions in ~ For theN; to Ns levels, one observes an opposite trend of
thorium computed from the level widths quoted by Campbelithe theory which underestimates the experimental widths.
and Papp are 25.9 and 26.4 eV, respectively, i.e., 2.3 and 3.3 Relativistic independent particle calculations concerning
eV larger than the values obtained in our study. This is in-atomic level widths were also performed by Chen and Crase-
triguing because, on the one hand, the differences are moreann. For thorium, results are only available for theto
than tens times larger than the experimental errors and on tHd 3 core leveld41,42. For uranium predictions exist for the
other hand because it is difficult to find plausible reasond; to Mg subshell§41-43. In Ref.[42] Chenet al. men-
explaining why observed spectral lines would be too narrowtioned that their calculations overestimate g ; and M,
A too large value of the instrumental broadening indeed canCoster-Kronig rates in heavy atoms by10-15% and
not account for the observed differences, because in that en-30-50 %, respectively. This statement is confirmed by our
ergy region the instrumental width is only 3.5 eV. Further-results which show in addition that the overestimation is
more, if the M, widths are kept fixed in the least-squareslarger for theM; level than for theM, one. In general,
method at the values quoted by Campbell and Papp, thkowever, the results of Chest al. are noticeably closer to
widths given by the fit for the other levels are in poorerthe experimental values than those of McGuire.
agreement than in the case where ke widths are used as Finally, in Table IX, theN, andNg level widths of tho-
free parameters. For all these reasons we are not convinceidm and uranium extracted from our measurements are
that theM, level widths of thorium and uranium obtained compared to calculations performed by Ohno and Wendin
from our experiment are really too small. [44] within the frame of a nonrelativistic many-body theory.
The relative uncertainties estimated by Krause and OlivefThe predictions were computed from two different ap-
[26] for their semiempirical level widths are 20%, 10%, and proaches. In the so-called Al approximation, a frozen-core
8%, respectively, for th&,, L,, andL5 subshells. Compar- potential and frozen Auger energy were used, while in the
ing their values with our results, we observe again a good\2 approximation a frozen-core potential but relaxed and
agreement for thé.; and L, levels, whereas ouk s level
widths of thorium and uranium exceed Krause-Oliver data TABLE IX. Ny andNs level widths in(eV). Our experimental
by 15% and 12%, respectively. Values from Campbell andgsults are compared wi.th thgoretical predictions of Ohno an.d Wen-
Papp for theL 5 subshell are also larger than those of Kraused'n [44]. The Al approximation uses the f_roze_n-core potential and
and Oliver, but they agree within the quoted uncertainty of ©Zé" Auger energy, and the A2 approximation uses the frozen-
8%, core potential and relaxed and relativistic Auger energies.

Larger discrepancies are observed when comparing our

results to McGuire’s predictions for the[21,37, M [22,37, Tho”“";h Uramun;h

andN [23] level widths. Except for three levels of thorium eory eory
(L3, My, andMg) and one of uraniuml(z), the predictions Level Present ~ Al A2 Present Al A2
overestimate our results and those of Campbell and Papp fev, 454013 463 349 476011 469 361
thel, to M levels. The deviations are the largest for the N, 406-013 463 390 415061 469 3.73

and M, subshells, where they reach about 40%, indicating
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relativistic Auger energy were employed. From the compari-mercury. These results were compared with XPS data from
son one sees that for both thorium and uraniumMytevel — Svenssonet al. [45]. A quite satisfactory agreement was
widths are better reproduced by the Al approximationfound.

whereas for thé\s subshell our experimental results are be-

tween the predictions corresponding to the two approxima- ACKNOWLEDGMENT
tions. Ohno-Wendin calculations based on the same many-
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