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Structure of the W L ey , X-ray spectrum
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The tungsteri a, , x-ray spectrum was measured with high resolution using photoexcitation by monochro-
matized synchrotron radiation. The line splitting, widths, and relative intensities were determined from a
phenomenological fit by five Voigt functions and compared with previous measurements. A fully split diagram
and 3! spectator hole transition multiplets were calculaaednitio using the relativistic multiconfigurational
Dirac-Fock method. Fits of various combinations of these multiplets to the measured spectrum show that the
line shapes can be well accounted for by the fully split diagram transit'pn;r,]zl2»3d3_,21'5,2 alone, without
invoking contributions from any spectator hole transition.
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[. INTRODUCTION indicated by the present results are also discussed.
The x-ray emission spectra of heavy elements have been Il. EXPERIMENT AND ANALYSIS

less extensively studied than those of ldwelements. Nev- ) o
ertheless, tungsten enjoyed relatively more attention, perhaps The measurements were done using synchrotron radiation
due to its importance as a wavelength standdidand its @t the X25 wiggler beam line, NSLS, Brookhaven National
extensive use in applications like radiography and tomogral-aboratory. The monochromatized incident flux at the
phy. Most studies, however, concentrated on the excitatioR0-+m-thick W foil sample was~ 10'? photons/sec in a spot
cross sections, with focus on theshell Coster-Kronig tran- ~1 mm wide. The emission spectra were recorded with a
sitions[2,3], some of which become energetically allowed in Johann-type spectrometer using a spherically be®48i
this Z range[4]. The structure of the W. x-ray spectra was analyzer. The-72° Bragg angle provided a resolution of 2.8
studied by several workef&—7], most recently by Viaicu €V [10,11. The measured spectra were corrected(ifipthe
et al.[8]. They measured electron-excited andL 3 spec-  time variation of the monochromatic incident beam intensity,
tra and carried out full-spectrum fits to the line shapes usingvhich was monitored by an ion chambeif) the absorption
the Dirac-Hartree-SlatefDHS) calculated spectator hole In the sample of both incident and emitted radiation, &ingl
transitions of Parentet al. [9]. However, these calculations the dead time of the electronics and multichannel analyzer
neglect the coupling of the inner-shell vacancies with thesed for pulse height discrimination of signals. Further de-
nonfilled outer shells, and consequently do not exhibit thdails on the experimental setup are given elsewhie-14.
full splitting of the multiplets. Moreover, the relative inten- ~ Theab initio calculations employed the relativistic multi-
sities within each multiplet listed by Parergeal. were cal-  configurational Dirac-FockRMCDF) codeGRAsP[15]. Pre-
culated in the pure;s Coup"ng, Since the appropriate cou- vious Studleil6,17_| indicate the importance of aIIOWing in
pling for the highZ elements is the almost pujg one, those ~ the calculations a full relaxation of the excited atom prior to
intensities may deviate considerably from the true onesthe emission process. This is done by generating in all cases
Thus, we have undertaken a study of the, , spectrum the initial- and final-state wave functions in separate, inde-
using photoexcitation by monochromatized synchrotron raPendent runs. The energies of the individual transitions are
diation, and recording the emitted radiation by a high-then obtained by subtracting the energies of the appropriate
resolution Johann-type crystal spectrometer. The values dgvel, as calculated in the initial- and in thg fmal-;tgt_e runs.
the various quantities derived directly from the measurediowever, these separate runs resulted in the initial- and
spectrum are listed and compared with previous measurdlnal-state wave functions being nonorthogonal, which, in
ments and show a reasonable overall agreemmtinitio  turn, did not allow their simultaneous use in the relative tran-
relativistic multiconfigurational Dirac-Fock calculations Sition probability calculations. Thus, as in previous studies
were employed to obtain fully split multiplets of the relevant[12,14,16,18 configuration interaction calculations were
diagram and spectator hole transitions. These were fitted tgArried out to obtain the various transition probabilities using
the measured data to elucidate the underlying structure of tHnce the initial-state orbitals and again the final-state orbit-
Lay , spectrum. The fits demonstrate that the line shapes ca#{S- AS in previous cases, all significant transition probabili-
be satisfactorily accounted for by the diagram transitiondi€s in the two sets agreed closely with each other. The
only, and there is no need to invoke contributions from specc@lculations addressed both the single-electron diagram spec-
tator hole transitions. Further measurements and calculatiot&4M 2Ps;>—3dg, 52 (Underlining denotes hole stajeand

the spectator hole transitiorps,nl— 3ds, 5,1l with nl

=4p, 5s, 5p, 5d, and6s. The results are discussed in the

*Corresponding author. Email: deutsch@mail.biu.ac.il next section. -
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: ' : : : TABLE I. Comparison of the values obtained from the fit in Fig.
141 (g) W Lo E = 20 keV @ 7 1 (“Present”) with previous theoretical and experimental values.
[ i TheT s are the full widths at half maximum of the two lines as
121 7 derived from Voigt function fits. The numbers in parentheses are
the uncertainties in the last digit of the respective values.
/.g 1.0 o Measured | .
3 — Voigt fit Py Widths Splitting Ratio
o 0.8 IR Pio, Tila, ABLa,-1a, I(Lay)/l(Lay)
= Source (eV) (eV) (eV) (%)
=06
2 Experiment
= o4 Present 78) TA4)  62.21) 11.63)
B sL? 7.96) 5.35) 11.2
0.2 GSs® 6.63) 6.7(4) 62.0
Vea® 7.05 7.31) 11.41) ¢
0 11.41) €
— BBf 62.44)
g Theory
= Present: diagram 622 12.0¢9
2 5d spect. 62.3 10.8¢
0 -1 mho 6.45 7.86
272 ] Ced 6.64 6.68
Q 8300 83I20 83I4O 83‘60 83I8O 84IOO 84I20 8440 Veac 6.607 6.68
E (eV) S! 11.34
out Ped 6.32 7.3 64.90 11.33

FIG. 1. (@ The measured W.a; , spectrum(pointy with a
phenomenological fit to a sum of five Voigt functiofines). (b)
The fit residuals. The good fit is indicated by the residuals belngjsalem and Lee, Ref20].
almost all within the=2¢ boundaries of the measured values, Gokhale, Shukla, and Srivastava, Ref].

whereo is the standard deviations in the measured values. ZVla'C” etal, Ref.[8]. . .
Calculated multiplets’ fit using Voigt functions.

€Phenomenological fit using Voigt functions.
Bearden and Burr, Ref23].
A. Spectral characteristics 9From our relativistic Dirac-Fock calculations. See text.

Th d W " f ident ohot PMcGuire, Ref.[24]. See also Table Il in Gokhalet al, Ref.[7].
€ measure a spectrum for an incident photon iUsing T'(L3) of Chenet al, Ref.[25] andT'(M;) of Chenet al,

energy ofE;,=20 keV is shown in Fig. (), along with a Ref. [26].
phenomenological fit to a sum of Voigt functions. Such a Aiscofield, Ref[27].
sum provides in general a representation of measured em'ﬁPerkmset al, Ref.[21]
sion lines superior to that of sums of Lorentzians or Gauss- T
ians [8,12,16,18 The Gaussian component of the Voigt photon-excited spectrum in Fig. (&), as compared to elec-
function represents the spectrometer’s resolution functioron excited spectra, e.g., Fig. 1[ii] and Fig. 1 in[8]. This
while the Lorentzian component represents the true shape @ due to the total absence of bremsstrahlung, the main back-
a single emission line. The Gaussian width was kept fixed irground contribution in electron-excited spectra.

the fit at the resolution value of 2.8 eV, as discussed above, The five-Voigt fit was employed to derive quantitative
and the widths, amplitudes, and positions of the Lorentziavalues for the various characteristics of the IV, , spec-
components of the Voigt functions were refined. The mini-trum. These are given in the first line of Table I, which also
mal number of Voigt functions required for a good fit to the lists previous experimental and theoretical values. The theo-
data was found to be three ftra; and two forLa, . The  retical values denoted “Present” were obtained from dle
highest-energy Voigt function, centered en8414 eV, is initio RMCDF-calculated multiplet spectra, as discussed be-
required to fit theL o’ satellite[19] on the high-energy tail of low. As observed in the table, our measurements yield
the La;y line. Discounting this feature, two Voigt functions I'i, ~I", ., within the combined experimental uncertainties.
are still required to fit each of the two spectral lines. The factrhjs agrees with all previous experimental results except that
that a single Voigt function for each line is insufficient indi- of Salem and Leé20]. While their ', is in good agree-
cates underlying structure, the origin of which is discussed i Mhent with ours, thell“,_a is anomalously low in comparison
Sec. llI B. The good quality of the fit obtained with these five

Voigt functions is demonstrated in Fig(k), where almost with both thewl“La1 and all other measured and calculated
all residuals are bounded by the2q lines (o is the stan- I'L.,- The photographic study of Gokhat al. [7] yields
dard deviation of each data point due to the counting statissystematically lower widths for both lines as compared to
tics). Note also the vanishingly low background in our ours and Vlaictet al. [8]. Our widths agree, however, with

Ill. RESULTS AND DISCUSSION
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the recent detailed study of Vlaiet al. to within the com-

—_— 1 [
bined uncertainties. The agreement is even better when on € |3 (a)W Lo, , E =20 keV 83
considers that Vlaiciet al. use asingle Voigt function to 8 08r : " S
represent each of the two spectral lines, while we use severas 8 i j
as discussed above. Using a single Voigt function to fit each™— 0.2 A

line of our data yieldsF,_al=6.9 eV andl“,_a2= 7.4 eV, very

1 ‘ . ‘ =
close to the results of Vlaicat al. However, the quality of 08¢ Diegram 1
the fit deteriorates from g°= 1.9 obtained for the five-Voigt 0.4 i P ]
fit shown in Fig. 1 and listed in Table | tg°=8.8 for a 0.2 ¢ 83974 8398 8399 g
two-Voigt fit, similar to that of Valicuet al. Thus, based on 10F 3 : : : i =
the x2, our five-Voigt fit and the resultant spectral quantities 8 Z(°) 1 ]
provide a better description of the line shapes. However, the % 04F 5 ]
differences between the experimental values of Viatal. = 0Zp 397 4 8398 8399 ]

and ours are smaller than those between experiment and th=
more recent theoretical values. This may result either from =
overlooking some contributions to the level widths in the 3
theoretical calculation, or from having contributions to the
lines, additional to those of the diagram transitions, which
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broaden the measured line. This point will be further dis- g [(®) 02} : ‘Z‘LZECE% 1
cussed in Sec. IlI B. Th& values of Perkingt al.[21] de- 06 o4 ] ]
viate from the rest of the results. These Dirac-Hartree-Slatet o4l %% ] ]
calculations are known to overestimate the strength of 0.2 8397 8400 8403 8406 ]
Coster-Kronig transitiong21]. Although corrections were ok . : : L ]
applied, the claimed accuracy for the Auger widths is no 8300 8320 8340 8360 8380 8400 8420 8440
better than 15%, and can reach a factor of 2, while the ra- E_, (eV)

diative width is accurate te- 10% [21]. With these accura-
cies the disagreement between the experimental linewidths F!G- 2. (@ The measured W.a;, spectrum.(b)—(e) The

and those based on the values of Perléngl. is not too
severe, although the results of both Vlaieual. and us do
not seem to support the 0.8-eV difference in the widths o
the two lines, emerging from the calculations of Perkins

et al.

The splitting of the two lines agrees well with both pre-
vious experimental and theoretical results, except for that o
Perkinset al. [21], who overestimate the measured splitting

out

RMCDF-calculated spectra of the diagram and indicated spectator
hole transitions. The insets show thev; region on a magnified
f scale. Note that only thép spectator hole multiplet is shifted and
split by a significant amount and all higher-shell spectator hole
multiplets appear to be very similar to the diagram multiplet.

uter, semifilled shells, is responsible for the structure under-
K/ing the spectrum. Vlaicet al. [8] studied the first of these
possibilities. However, they did not employ fully split calcu-

by =2.5 eV. All theoretical and experimental values of the ,teq myltiplets for either the diagram or the spectator tran-
intensity ratio of the two lines, including ours, agree 10 gitions. Instead, they used the Dirac-Hartree-SI4E#S)

within ~0.3%. The theoretical values derived from our RM-
CDF calculations seem to deviate by slightly more than that

although the discrepancy is a meréb%.

Finally, we have measured the W, , spectrum excited

with incident photons of energies ranging from 17.5 to 23.5.5culation are valid only in the puleS coupling limit, i.e.,

calculations of Parentet al. [9], which neglect the coupling
of the inner-shell vacancies to the semifilled outer shells, as

well as the electron-electron Coulomb correlations. More-

over, the relative line intensities within each multiplet in that

keV, in steps of 1 keV, to detect possible changes in the ling,, |ow-7 elements. By contrast, the hightungsten obeys

all measured spectra were found to be identical and yielde

shapes. After application of the corrections discussed abovg
coinciding values for the quantities listed in Table I.

B. Comparison with theory

more (inner shell holes created along with the maip;,,

ejj coupling scheme. The DHS calculations should yield
nergies as accurate as fully split relativistic Dirac-Fock cal-

culations, albeit with much fewer lines. However, the
L S-limit relative intensities cannot be expected to be reliable
for tungsten. This, and the potential importance to the line

The five-Voigt fit discussed above indicates an underlyingshape of fully split multiplets prompted us to adopt a differ-
structure in the spectral lines. One possibility for the originent approach.
of this structure are spectator transitions, i.e., transitions We have carried out fully splab initio RMCDF calcula-
identical to the diagram one but in the presence of one ofions for the diagram W.«; , transition,2ps;,— 3d3y; 52, @s

well

as several

single spectator transitiorp,,nl

vacancy in which the diagram transition originates. Such—3d3, 5 2l. Earlier studieg16,1§ indicate that the outer,
spectator transitions were identified as significant contribuweakly bound electrons are most likely to be shaken off

tors to the line shape ofBtransition element$16,18. A

along with the direct ionization of the initial hole and thus

second possibility is that the diagram transition, when fullythe corresponding vacancies are the most likely to be the
split due to the coupling of the inner-shell vacancies with thespectators during the subsequent transition. For example, in
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TABLE Il. Fit results for different combinations of the RMCDF-calculated diagram Bahdspectator hole multiplets to the measured
data for(a) 2p3,— 3d transitions only(b) 1s—2p,,+ 2p3,5d—3d5d. The calculated intensity ratio of thew; andL «, line groups was
constrained to the calculated values for b@hand(b). (C) and(d) are the corresponding fits ta) and(b) but without constraints on the
relative intensitiesl;,; is the integrated intensity relative to that of the full spectrum.

Parameter Vacancy Unit (@ (b) (c) (d)
Shift 3d eV 2.2 2.9 2.2 2.9
3d5d 0.6 0.6
Width 3ds, eV 7.2 7.6 7.2 75
3d3, 7.0 6.2 6.8 6.8
3d;,5d 5.4 5.6
3d,,5d 8.2 5.6
Intensity 3ds, % 100 100 100 100
3ds, 101 130
3ds,5d 63 89
3d35d 41
lint 3ds, % 89.3 54.8 89.4 63.6
3ds, 10.7 6.6 10.6 9.0
3ds,.5d 34.9 26.1
3,50 3.7 1.3
X° 8.0 5.0 7.6 4.7

&These two widths were constrained to be equal in the fit.

Cu, whose outermost occupied shell is, 4he 3d spectator the diagram multiplet was fitted, with the intensity of the
hole transition1s3d—2p3d was found[16] to contribute  spectator spectrum set to zero, and the intensity ratio be-
about 27% to the spectral intensity, while the more iBr tween theL a, andL a, lines kept at the calculated value. At
spectator transitiods3p— 2p3p contributes only<=0.5%. this stage only two linewidths, each common to latt; or
Guided by these findings, we have calculated for W, whosell La; lines (respectively of the multiplet, a single shift,
outermost occupied shell issp spectator multiplets fonl and an overall intensity were refined in the fit. The resultant
=6s, 5d, and5p . The 4p spectator multiplet was also parameters are denote kg) in Table Il. In fit (b) a sum of
calculated to gain insight nto the evolution of the multiplets’ the diagram and thgd spectator multiplets was fitted, refin-
positions and splitting for progressively inner vacancies. ing for each the samgut independentset of parameters as
The calculated diagram and spectator multipletscept  in (8). Fits (c) and(d) correspond tda) and(b), respectively,
for the 6s, which is identical with the diagram multipleare  but the restriction on keeping the relative intensity of the
shownTin Fig. 2. The general appearance, the splitting beL 1 and La, line groups at the calculated value was re-
tween the two main groups of lines, and the relative intensimoved and two intensities were refined for each multiplet:
ties, are faithfully reproduced for alll5spectators and the one each for lines of thea; and thelL a, groups. Fit(b), its
diagram multiplet, albeit with a consistentl-eV downshift ~ residual, and the residual of fi#) are plotted in Fig. 3. The
relative to the experiment. Such small shifts between théarameters obtained in all fits are listed in Table II.
calculated and measured spectra were noted by several au-As seen in Fig. @), fit (b), which employs both the dia-
thors, and are within the expected accuracy of the calculagram and thedd spectator multiplets, yields a reasonable
tions. The insets show, however, that progressing from th@greement with the measured spectrum. Most residuals in
outermost shell in, the spectators cause an increasing splitig. 3(b) (open circleg though not all, are bound by 3.
ting within each of the two main line groups. Th@ spec-  The residuals are, however, almost identical with those of fit
tator [Fig. 2(e)] shows an extended group of intense lines,(@ (solid circles, which employs only the diagram multiplet.
spread over-8 eV and upshifted by 4—5 eV relative to the The ~27% reduction iny? upon including thesd multiplet
diagram multiplet in Fig. t). This puts a considerable por- in the fit is due only to a slight improvement’in the fit near
tion of their lines outside the width of the measured lines.the peaks, where the intensity is high. Moreover, we find that
Thus, the calculated multiplets indicate that oBlyspecta- it is possible to obtain fits with a significantly lower intensity
tors are likely to contribute significantly to thea, , line ~ for the 5d spectator multiplet, with only a small, 5-10 %,
shapes. We have, therefore, carried out fits of the measuréacrease i iny? relative to that of fit(b). Removing the con-
spectrum to sums of multiplets in several combinations usingtraint of keeping the relative intensity of thex\. andL
a previously developed meth¢8,16,18. groups at the calculated value, for both the diagram %ehd
The fits were carried out in several stages, concentratingpectator multiplets makes only a small change in the fits, as
on the diagram and thgd spectator multiplets. First, only can be observed by comparing colun{asand (b) with (c)
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' ' ‘ ' excited. However, until such evidence is presented, and since

4r (@) W La E =20 ket R il the diagram-only fit is just marginally worse than the
190 L2 1 i diagram—plus—spectator one, Occam’s Rd23%] leads t_o the
. o Measured concllulsmn that.thé;alyz spectrum stems from thg diagram
€ 1.0} —Full fit 4 transition only, its underlying structure is determined by the
3 T gljogsmen;totor structure of the fully split diagram multiplet, and the contri-
o, 08f P i 7 bution to the line shape from satellites due to spectator hole
= transitions is negligible. This conclusion agrees with Vlaicu
g 0.6 et al, who find a contribution ofs5% from spectator tran-
S o4 sitions to the line shape.
= Finally, all fits reveal a localized peak centered~e8414
0.2 eV in Fig. 3b). This is theLa' satellite, which originates in
a 3l spectator hole transition, and the exact assignment of
which is discussed elsewhe#9]. In addition, extended de-
) viations can be observed in the residuals in Figp) ®n both
3 sides of the two peaks. While rather small, these deviations
< I are systematic, and deserve further study. One likely source
= for them may be Coster-Kronig satellites, as pointed out by
3 Sl ' 2 Vlaicu et al.[8]. Measurements of thea, , line shape varia-
= [e B!Ogmm only ] tion with the exciting radiation’s energy as it is varied across
= iagram + 5d Spectator . S
8 -4r ! ‘ . . . ! 7 thelL,, L,, andL3 edges should, in principle, allow a quan-
8300 8320 8340 8360 8380 38400 83420 8440 titative assessment of the contribution of Coster-Kronig tran-
Eout (V) sitions to the WL «; , spectrum’s shape and intensity.

FIG. 3. The measure@ointy and the fitted(lines) RMCDF
theoretical spectrum of fitb) in Table II. (b) The fit residuals. The
inclusion of the5d spectator hole multiplet improves the fit only The high-resolution study of the Wa; , spectrum pre-
marginally. The’small peak at 8414 eV in(b) is due to theLe”  sented here provides an accurate determination of the line
satellite. shapes, as well as the various quantities derived therefrom:

widths, splitting, and relative intensity. A phenomenological
and (d), respectively, in Table II. The integrated intensities, r'epresentation by a five-Voigt function fit indicates a highly
lint» Of the various lines hardly change, and the reduction irPverlapping underlying structure within the lines. Fits of the
x° is only ~5%. Thus, although the creation®f spectator ~Measured spectrum to sums of fully sgltt initioc RMCDF-
holes along with the direct ionization of theg, electron is calculatec! multlplet's Iegd to the conclu;non that thel §tructure
highly likely, and consequently a significant contribution of @PParent in these lines is due to the diagram transition only,
the corresponding spectator transition to the line shape i&"d no significant contributions to the line shapes from spec-
also highly likely, a clear separation of such a contributiont&tor hole transitions can be supported by the measurements.
from that of the diagram is not possible. This is in contrastomall but systematic deviations in the fit residuals hint at
with Cu [16] and Sc[18], where such separation was pos- _othgr c_ontrlbutlons, possibly from Clost'er-Kronlg transitions,
sible. This difference stems from the levels involved beingindicating the need for further, excitation-energy-dependent
considerably different. Thus, the linewidth of W is threefold Measurements across theedges of tungsten.
larger than that of Cu and Sc, effectively masking the rela-
tively small, =<1 eV additional splitting and shift due to the
spectator hole. It may be possible to separate out the specta- Partial support by the Israel Science Foundation, Jerusa-
tor contribution in coincidence measurements on the emitteem (M.D.) and the Academy of Finland under Grants No.
electrons when the initial state is created, or by carefully7379 and 40732K.H. and S.H), and beamtime at X25,
measuring the differences in the line shape nea2ihg,5d  NSLS, are gratefully acknowledged. Brookhaven National
excitation threshold, where below the edge only the diagrami,.aboratory is supported by the U.S. DOE under Contract No.
and above it both diagram and spectator transition should bBE-AC02-76CH00016.

IV. CONCLUSIONS
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