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Experimental evidence for theK-LM radiative Auger effect in medium-mass atoms
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High-resolution measurements of ther, , low-energy satellites were performed for the elemepido,
2RU, 46Pd, 44Cd, and 5;Sn. The photoinduced x-ray spectra were measured using a high-resolution
transmission-type bent-crystal spectrometer in modified DuMond slit geometry. Experimental evidence for the
K-LM radiative Auger effeciRAE) in solid medium-mass atoms was found and particular groups dkthe
LM RAE transitions were identified. The experimental intensity rat{¢sLM RAE) /1(Ka, ;) as well as the
relative intensity of th&-L3M 4 s transition group were extracted from the measured spectra. A comparison of
the experimental results with relativistic Hartree-Fock theoretical predictions from Scofield shows a good
agreement. The experimental energies ofkheM RAE edges are compared with calculated Auger transition
energies[S1050-294{®@7)08710-9

PACS numbgs): 32.30.Rj, 32.70.Fw, 32.80.Hd, 32.80.Dz

[. INTRODUCTION high-resolving instruments with a resolution of the order of
few eV. To our knowledge, there are by now no theoretical
If one creates an inner-shell hole in an atom, by x-ray omredictions for the line shape of the photon continuum emis-
charged particle bombardment, the vacancy state decays lsjon.
the well known radiative transition procedhiorescenceor The RAE is thus a sort of intermediate decay between
the nonradiative Auger effedielectron emission In fact,  purely radiative and purely nonradiative deexcitation. This
these two decay channels represent the most often observafiernative deexcitation mode for a vacancy was predicted by
decays of an excited atom, and the ratio of radiative to nonBloch and co-workerg3,4], and was first observed for dipole
radiative deexcitation is given by the fluorescence yieldelectric transitions by Aberg and Utriaingh]. The study of
However, another alternative decay channel is possiblehe radiative Auger effect is currently of interest both theo-
called the radiative Auger effe€RAE). In this decay pro- retically and from the point of view of applications, as it can
cess an x ray and an electron are simultaneously enjited provide important information on the many-patrticle interac-
and the transition energy is shared between the two ejectileion of atomic systems. For a precise analysis of proton-
The RAE transitions can in general be identified easily duénduced x-ray emissio(PIXE) data a good knowledge of the
to their characteristic line shape. As the energy is share®AE intensity is of great importance. In fact, it has been
between the electron and the photon, the RAE x-ray energghown recently6] that the RAE, satellite, and hypersatellite
is given by yields can significantly influence the tabulated x-ray emis-
sion rates. The consideration of these competitive decay
hv=E(K-LiMj) —Eyn(M)), (1) channels can improve the accuracy of trace element concen-
trations in the high-resolution PIXE method. In addition, a
where the first term represents the energy of the Auger eleanore precise knowledge of the RAE line shapes would be
tron, and the second the kinetic energy of #e electron.  very helpful in x-ray photoelectron spectroscopy—9],
The kinetic energy of the ejected electron can take valueg-ray fluorescence or x-ray line-shape measurements. On the
from zero toE(K-L;M;). Consequently, the energy of the other hand, the RAE in medium-mass elements also repre-
emitted photons corresponds to a continuous distributionsents an interesting subject for theoreticians, as the theory is
with a maximum value oE(K-L;M;) when the kinetic en- particularly challenging at highet, where relativistic effects
ergy of the electron is zero; this maximum energy appears ilhave to be included.
the spectrum as a sharp onset smeared out by the instrumen-As the radiative Auger effect is a quite weak process,
tal resolution. It has been shown that in radiative Augieh)  experimental data are rarely found in literature. Especially
transitions most electrons are ejected with very small kinetidor the K-LM RAE, experimental data are very scarce and
energied 2], so that the largest intensity of a RA transition is the inconsistencies between existing experimental values and
observed at the onset energy. This means that for a solitheoretical predictions are considerable. Although different
target most of the electrons excited into the continuum by dheoretical approaches exist, as the shake model, the configu-
RA transition lie just above the Fermi surface. Thus the specration interactiorj 10], or the radiative field calculatiord1],
trum of a RA x-ray fluorescence line is characterized by amo satisfactory agreement with the experimental data was
onset on the high-energy side, and a long tail of decreasingbtained for lowZ elements, all theoretical models overesti-
amplitude on the low-energy side. Consequently, the RAmating significantly the measured RA yields. It also has to be
x-ray emission results in a satellite structure on the low-mentioned that complete and detailed calculations have been
energy tail of the diagram lines. As other processes than RAlone only for a few elements, as for example [A2]. In
can contribute to the low-energy-tail structure of the diagrancontrast to that, we have shown receil@] that experimen-
lines, RA spectroscopy at energies of some keV requireal intensity ratios of theK-MM RAE are in quite good
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agreement with theoretical predictions for elements withcorresponded to energy resolutions varying from 5.7 to 11.8
atomic numbers 42Z<50. It was thus a particular aim of eV for the average energy of tikeLM RAE domains of Mo

the present study to verify if th&-LM RAE vyields of the and Sn, respectively. The same targets as the ones used in the
same midZ elements are also well predicted by theory. TOK-MM experiment were employed, i.e., metallic foils of Mo
date, mostK-LM RAE measurements were carried out for (54.0 mg/cnf), Pd (56.5 mg/cnt), Cd (45.4 mg/cnt), Sn

low-Z elements or for noble gases, where solid-state ang40.2 mg/cnf), and Ru powdef45u< particle size< 400
molecular structure effects can be neglected. High-resolutioyy gjyed on an Al backing.

measurements of thie-LM RAE were only performed for For the registration of the diffracted x rays, the Phoswich
Ca and Ti[14] and for the noble gases Kr and K&5]. Other ggjnsiliation detector presented in RéL3] was again em-

available quantitative measurements were carried out wit loyed. The precision in the determination of the extremely

semiconductor detectors, which have poor resolution as comiz .o k.| M RA yields being strongly dependent on the

pared to crystal spectrometers. It is therefore not astonishinackground fluctuations, it was of prime importance in our

that these measurements are not very accurate. In additiorr1]1easurements to keep the noise level at the smallest possible
the K-LM RA transitions lie close in energy to th€a;, , P P

lines (a distance of some 100 ¢\s0 that reliable results can value. In this respect, the Phoswich detector V\.’h.iCh _allowed

only be obtained with high-resolving instruments. us to suppress most of the Compton events originating from
To the authors’ knowledge, there are no other publishe&“gh'energy photons was very helpiul.

experimental data concerning tieLM RAE in elements

with 42 < Z < 50. The principal aim of this study is thus to B. Method of measurements

extend the available database of kLM radiative Auger All measurements were performed in first order of reflec-

intensities to higheZ elements. A second objective is to tion. As the intensity olK-LM RA transitions is extremely

compare the observed RA edge energies to semiempiricidw for mid-Z elements, very long measuring times were

Auger transition energiefd 6]. needed for each target. In order to reduce the effect of long-
term variations in the x-ray tube intensity on the RA yields,
Il. EXPERIMENT theK-LM RAE spectra were measured in several successive

step-by-step scans. Each individual scan contained about 150
points with a step width of 4—6 eV. The measuring time was
The target x-ray emission was induced by irradiating the300 sec per point. As about 24 scans were performed for
samples with the bremsstrahlung of a commercial 3-kWeach element, the total acquisition time was dkbuin per
x-ray tube. The tube was equipped with a gold anticathodgoint or about two weeks per target. Between each scan, the
and operated at 80 k% 30 mA. The energy domains cor- strongKe; , diagram lines were briefly measured to survey
responding to th&-LM RAE spectra and the parelin; ,  the reproducibility of the instrument and the stability of the
diagram lines were observed with a high-resolutionx-ray tube intensity. The aim of theséx; , measurements
transmission-type bent-crystal spectrometer. Complementamyas to normalizex posteriorithe intensity and the energy of
measurements, which will be described in detail in Sec. Il Bthe different scans. As all RAE spectra were measured in the
allowed us to determine the contribution of the backgrounddirection of decreasing energy, a diminution of the x-ray
diagram line tails, and parasitic transitions to the intensitytube intensity would have resulted in a systematically higher
observed in the RAE regions. The-LM RAE yields were count rate on the high-energy side of the spectra. No signifi-
then determined by subtracting these contributions from theant change in the intensity nor in the energy of ke, ,
raw spectra. lines was found, however. The largest energy shift observed
The bent-crystal spectrometer employed in this work wador the Ka4 centroid was about 0.3 eV. Concerning e
described in detail in the already mentioned recent publicaintensity fluctuations, they were found to be of about 0.3%,
tion on theK-MM radiative Auger effectsee Ref[13], and and no systematic decrease of the intensity was observed.
references therejnAs the instrumental setup for the present Therefore, no correction was performed, and for each target
study was very similar, only features specific to thd.M the total RAE spectrum was built up by summing all scans
RAE measurements will be presented below. off-line. For illustration, Fig. 1 shows the total spectrum cor-
The main change in the instrumental setup concerns theesponding to the palladium target. After each scan the back-
crystal. As theK-LM RAE vyields are approximately ten ground was measured just below the region of interest. The
times weaker than th&-MM ones, a thinner crystal plate sum of these background scans allowed us to determine the
(0.5 mm thick instead of 1 mnwas chosen. The gain in the background which had to be subtracted from the measured
spectrometer luminosity resulting from the diminution of the K-LM region. Shorter measurements were also performed
x-ray absorption in the crystal was increased between 1.2 armeh the other side of reflection to look for possible instrumen-
1.7, depending on the photon energy, i.e., on the measurddl asymmetries. As the same line shape was obtained on
target. The new crystal had the same orientation as the orl#th sides of reflection, no asymmetries of this type were
used in theK-MM measurement§(110 reflecting planes taken into account. The energy calibration of the RAE spec-
normal to the plate surfagelt was bent cylindrically to a tra was performed by measuring tKex; line in first order
nominal radius of 315 cm. The best angular resolution waspn both sides of reflection, and using tkey, line energy
however, obtained for an effective radius of curvature ofquoted by Bearderil7]. As mentioned above, a precise
311.6 cm. The spectrometer was operated in the modifiednowledge of the background shape was needed for a correct
DuMond slit geometry. For the chosen 0.15-mm slit width determination of the RAE yields. In our experiment the main
the instrumental response was found to be 10.5 arcsec, whighart of the background originated from the coherent scatter-

A. Experimental setup
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FIG. 1. PalladiunK a; , spectrum with an enlarged view of the tail in the inset. The axis labels on the right side corresponH #q the
diagram spectrum, the one on the left to the enlarged RA tail spectrum. The dotted lines in the inset show the fitted background and tails of
the diagram lines, whereas the solid line represents their sum. The small difference between this sum and the measured points correspondzs
to the radiative Auger effed-LM. The RAE residual spectra are presented for all investigated elements in @g2(8).

ing by the targets of the radiation emitted by the x-ray tubewhereA gives the peak amplitud&, the energy of its cen-
For this reason, the angular domains corresponding t&the troid, I' the Lorentzian full width at half maximum, and
LM RAE energy regions of the different elements were rethe standard deviation of the Gaussian distribution. The func-
measured, replacing the target by the x-ray tube anode itselfion V/(E) was evaluated numerically by means of the com-
Assuming that the coherent scattering cross sections are aitex error function method19,20. The analysis of each
most constant over the 1-keV-wide scanned energy domaingpectrum was carried out in three consecutive steps.
the shape of the background could be precisely determinecf (i) We first fitted the x-ray tube anode measurements, us-
from these measurements which in the following are calledng linear functions and, where needed, Voigt profiles for the
“x-ray tube anode measurements”. A linear dependence oparasite x-ray lines. In fact, in the spectra of Mo, Cd, and Sn
the energy was found for the background corresponding t@uch lines were found and, except for Mo, identified. They
the five targetésee Fig. 3 The observed slopes of the back- are represented for illustration in FiggaB-3(c), and will be
ground arise from the spectral intensity distribution of thediscussed in Sec. IV A. For the Ru and the Pd target no
x-ray tube, and to a smaller extent from the energy depenparasitic lines were observed, and only the linear functions
dence of the crystal reflectivity and crystal absorption. Inwere determined. As mentioned in Sec. Il B, each RAE scan
addition, the x-ray tube anode measurements revealed thgas followed by a background measurement in which a ten-
presence of weak parasite x-ray lines in the energy regions ¢foint-wide interval located below the RAE region was
interest. The intensities of these lines were determined re'%canned_ The sum of these background scans allowed us to
tive to the background, and then subtracted from the RAEjetermine the average background amplitude below the RAE
spectra. region. Ascribing this amplitude to the energy corresponding
to the center of the interval, and using the slope obtained
Ill. DATA ANALYSIS from the corresponding x-ray tube anode measurement, we
were able to determine for each target the straight line de-
Ss'cribing the backgrounds pertaining to the RA and diagram
line spectra. Actually, in order to appraise the influence of
the background level on the RAE vyields, for each target the
analysis was carried out twice, once employing an upper
limit background and once a lower limit background. The
two backgrounds were given the same slope, but the standard
deviation of the measured background was either added to
the mean value of the lattéupper limi) or subtracted from

All spectra were analyzed by means of a least-square
fitting procedure (package miNnuIT [18], CERN Library
PACKLIB) using Voigt profiles for the diagram lines. The
Voigt profiles V(E) were obtained by convoluting the
Gaussian instrumental response of the spectron@{ér)
with the Lorentzian natural line shape of the transition line
L(E),

+n . ..
V(E)= lim f L(E-E")G(E")dE’ it (lower limit).
n—owd —n (i) TheKa, , diagram lines were then analyzed using one
Voigt profile for each transition and the linear functions ob-
— lim +n A tained in the preceding step of the analysis for the back-
_nﬁm 0 (AT)2+(E—E' —E,)? grounds. The intensities of the diagram lines and the Gauss-

ian instrumental width were let free in the fitting procedure
X exp(— (E")?/20°)dE’, (2)  whereas the natural Lorentzian widths of the lines were kept
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FIG. 2. K-LM RAE residual spectra of the investigated targets were obtained by subtracting the sum of the background and diagram line
contributions from the measured speditais procedure is described in Sec. Il and is illustrated in FigEach spectrum is normalized to
a measuring timefd h per point. The small bars indicate the positions of semiempirical Auger electron energies taken froh6]R€he
arrows indicate the energy of the dipole-forbiddé€a transition, which is discussed in the text.

fixed at the values quoted by Salem and [[2&]. The en-  background to the yields observed in tkeM RAE region
ergy regions containing visible RA structures were not con-of Pd is shown in Fig. 1.

sidered in this stage of the analysis. The intensity ratios (iii) The fitted low-energy tails of the diagram lines, and
(Kay):I(Kay) obtained from the fits were used to check the linear functions corresponding to the upper and lower
the accuracy of the analysis. As shown in Table I, all ratiodimits of the background were then subtracted from the sum
were found to agree with Scofield’'s theoretical predictionsof the RAE scans, which resulted for each target element in
[22], with some reservation for Mo for which a 2% smaller two residual spectra reflecting the lower and upper limits of
value was obtained. The contribution of tKer, , tails and  the K-LM RAE yields. As these residual spectra presented
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TABLE Il. Experimental ratios forK-LM RAE relative to
Kaj,. The theoretical values were interpolated from the predic-
tions given by Scofield’s RHF theofffl 1]. These ratios and other
values obtained for loweZ- elements as well as the corresponding
theoretical predictions are also plotted vs the atomic number of the

« ( : \ \ ; , targets in Fig. 4.
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competitive processes, if not considered, may lead to system-
ENERGY [eV] atic errors in the determination of the RAE yields. Thus a
FIG. 3. “X-ray tube anode measurements” of the elemeais careful investigation of_the possible co_ntribu_ting processes
Mo, (b) Cd, and(c) Sn showing the linear increase of the back- was done. In the pre\{lous paper dealing with theM M
ground as a function of energy as well as parasite x rays which werRAE [13], we already discussed some of these processes. We
identified as follows:(@ unknown, (b) the K a; , x-rays of 4-Ag, have shown in particular that Raman scattefiag| as well
and (c) the Kay , x-rays of 4n. For the two other investigated as radiative electron rearrangemg2d] are negligibly weak

elements Pd and Ru a linear function with no parasite x-ray line§or mid-Z targets and the experimental setup used. In addi-
was found. tion, in that study, we also proved experimentally that solid-

state or molecular effects are too weak to influence the RAE
complex structures, the RAE vyields were determined by thestructure in a significant way. These findings also apply to
numerical integration method of Simpson. The average valthe present work, and will thus not be repeated here. Further-
ues between the so-obtained lower and upper limits of thenore, K-LM RAE transitions to higher bound states
RAE yields divided by the fittetk «; , diagram line intensi-  (shake-up transitionswhich are characterized by symmetric
ties are presented in Table Il. The quoted errors corresponlihe profiles and are hence easily recognizable, were not ob-
to the half-differences between the two RAE yield limits. Forserved. This is, however, not surprising for medium-mass
illustration, Fig. 2 shows the resulting residual spectra afteelements because shake-up to shake-off yield ratios decrease
subtraction of the measured background and of the fittedapidly with growing values of the atomic numb2r Re-

Ka; , diagram lines. garding this point, it has to be mentioned that our previous
K-MM study did not reveal any RA shake-up structure ei-
IV. RESULTS AND DISCUSSION ther. Another possible source of systematic errors resides in
the fact that the five investigated elements are characterized
A. Processes influencing th&-LM intensity by filled or partly occupied 4, 4p, and 4 levels. Hence it is

possible that the observed residual intensities attributed to
] o the K-LM RA effect are partially due t&-LN transitions.

As the RAE spectra cover a wide domain, it cannot bethegretical predictions indicate that the tokalLN RA in-
excludeda priori that other processes contribute to the StruCyensity is approximately 1.7 times smaller than #e.M
ture observed on the low-energy tail of thav, , diagram  gne[11]. Furthermore, the largest contributions are expected
from the transitions in whiciN, 5 electrons are involved.
These transitions, however, do not influence ke M
yields because they lie higher in energy. As we did not find
anywhere thé&K-LN RAE edge energies, nor the correspond-
ing Auger electron energies the following crude approxima-

1. Processes competitive with K-LM RAE

TABLE I. Comparison of the experimental intensity ratios
I (Kay)/l(Ka,) found in this experiment with theoretical predic-
tions taken from Scofiel@22].

Ratio:gizg tion was employed:
Element Experiment Theory E(K—LiN;)~E(K—L;)~EpndN;). 3)
Mo 0.514+ 0.005 0.525
4RU 0.530=+ 0.005 0.527 whereE(K —L;) is the energy of the diagram linE;,«(N;)
46Pd 0.528= 0.005 0.529 is the binding energy of the ejected electron, anand |
46Cd 0.527+ 0.005 0.532 stand for the concerned subshells. Using this estimation, one
505N 0.538+ 0.004 0.535 finds that only the-L;N; RA transitions may overlap with

the K-LM ones. The edges of thHe-L,N; RA lie indeed at
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least 100 eV(for Mo) above the investigated regions and x-ray tube. For this reason, the method we used for the Mo
their influence on the measur&dL M intensity is thus prob- target to subtract the parasite yields could not be employed.
ably negligible. The same holds for tlie-L3N; RA transi-  However, as in the residual spectrum the Ag lines were quite
tions which are expected to appear betweenKhg and  well resolved, they could be fitted and then subtracted from
Ka, diagram lines, i.e., at much higher energies than théhe RAE spectrum before integrating the latter with the
observed spectra. In general, radiative transitions which ar8impson method. The RAE spectrum of Cd after the subtrac-
forbidden by the selection rules contribute only poorly to thetion of the parasitic lines is shown in Fig{d. The AgKa; ,

RA structure.K-L;M; (this papey and K-M;M; [13] RA  lines were fitted using one Voigt profile per transition, and
transitions were indeed found to have very low intensities. lkeeping fixed the transition natural linewidths, and khe,/

is thus highly improbable tha-L;N; RA transitions con- Kea; yield ratio. For the latter a value of 0.531 was taken
tribute significantly to the observe€-LM RAE yields. This [22], whereas the natural linewidths were interpolated using
statement is confirmed by the fact that no RA onset waghe tables of Salem and L¢R1]. The energies, the Gaussian
observed at the energies whétel ;N; RA transitions were linewidths, and th& «; intensity were, on the contrary, used

expected to occur. as free fitting parameters.
In the x-ray tube anode measurements corresponding to
2. Parasite x rays in the region of interest the tin target[Fig. 3(c)], two parasite lines were also ob-

Parasite x-ray lines lying in the measured RA energy reServed. From their energi¢24 210 and 24 002 eV, respec-
gion are easy to identify thanks to their symmetric line pro-tively) they could be identified as thea, andK «; diagram
file. They may originate from impurities in the x-ray tube Imels qf a9ln. As the targ(_at.fon of Sn was cgrtlfpd to contam
anode, trace elements in the targets, or the x-ray emission &0 indium traces, the origin of the contamination was attrib-
target chamber pieces which are irradiated by the x-ray tubEteq to t'he x-ray tube anode. In the residual spectrum the two
and viewed by the crystal through the slit. These lines havédium lines could not be resolved properly from the under-
in general a very small intensity, and are thus not expected ttyind RAE structures, so that the same method as the one
influence the shape of the target x-ray spectrum very muct/Sed for the Mo target was employed for the subtraction of
However, when structures such as RAE of very small intenih€ Yield pertaining to the parasite transitions. The latter was
sity are measured, these contributions may become signiffound to be 2.64) % relative to the totaK-LM RAE inten-

cant. In the present study parasite x-ray lines were observedity: »
in the K-LM region of molybdenum, cadmium, and tin. Another x-ray transition that may affect the measured

They will be discussed in detail hereafter. RAE spectra is the weaK ag (2s,,— 18y transition. The
In the case of molybdenum no narrow characteristic X_rayatter is fo-rbldden by the select!on rules of the nonrglat|V|st|c
line was observed in the residual spectrum. But, comparin§lectric dipole E1) and electric quadrupoleE@) single-
the RAE spectrum of Mo with those of the other target ele-électron transitions. It has been shown recently that
ments(Fig. 2), we found that the molybdenum spectrum wasScofield’s theoretical predictions for thea, intensity [22]
the only one which showed an apparent strong contributio®f elements ranging betweefi=54 and 79 are in good
of the K-L;M , 5 RA transitions. Figure @) shows, how- agreement Wlth gxperlmental va}lué%]. In particular, no
ever, that this structure was also present in the x-ray tubgystematic deviation as a function @f was observed be-
anode measurements. No satisfactory explanation was fourlyeen experiment and theory, over the whole target range.
for this broad structure, but the observation of the latter inUsing the predictions of the theoretical work of Scofield, we
the measurement performed W|th0ut the Mo target exc|ude§an estimate the contribution of the forbiddéﬂ3 transition
the possibility of a RAE origin. As it was not possible to to the observed RAE intensity. TH¢Ka3):I(Kay o) yield
separate the parasite structure from ke M, , s RA tran-  ratio is found to be 7 ppm for molybdenum, increasing up to
sitions in the residual spectrum, the following method was21 ppm in the case of tin. The percentage contribution of this
used. First we determined the intensity of the bump from thdine to the K-LM RAE vyield is thus very small, varying
fit of the x-ray tube anode measurements. Assuming theRetween 0.8% for molybdenum up to about 2.8% for tin.
that the relative intensity of the unidentified bump with re- Nevertheless, as Scofields’ predictidi22] seem to be reli-
spect to the linear background was the same in the x-ray tub@ble, our RAE yields were corrected to account for khe;
anode spectrum and in the RAE one, we were able to suldransitions. For illustration, we have inserted in Fig&)2
tract the surplus of intensity due to the parasitic structure2(e) the energies of th&a; transitions, which were calcu-
from the residual spectrum. The subtracted yield representdgted using the binding energies given by SeVig]. In
2.1(8) % of the wholeK-LM RA intensity. some spectra, at theoretical energy of ihe; a small bump
In the residual spectrum of the cadmium target two narlying on the RAE structure can be observed. For Cd and Sn,
row lines were observed at energies of 22162V and however, theKa; is masked by the strongét-LzM, s RA
219901) eV. Comparing these values with the transition transitions.
energies quoted by Sevig25], one found that these parasite
lines corresponded to thé€a, , diagram transitions of silver. B. K-LM radiative Auger effect
Actually the Cd target foil contained some Ag traces, but in
too small an amount~ 7 ppm to explain the observed
intensities of the two lines. In addition, the latter were also As already described in Sec. I, the intensity of tke
observed in the x-ray tube anode spectrum, indicating thatM radiative Auger effect was found by integrating the re-
the Ag Ka; , lines found in the Cd RAE spectrum had in- sidual spectra with the integration method of Simpson. For
deed a double origin: the target itself and the anode of thall targets the theoretical predictions from ScofiE2&] for

1. Intensity
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FIG. 4. Comparison of published experimental data of reldti)e-L M)/l (Ka; ,) yield ratios with theory, as a function @. The solid
line is an interpolation of theoretical values from Scofield’s RHF th¢biy. @, this work. ¢, Ref.[15]. O, Ref.[30]. A, Ref.[31]. *, Ref.
[32].

the Kay intensity were subtracted from the results of thebuilt on the sudden approximation model, is that they do not
integration. In addition, the molybdenum as well as the tinaccount for changes in the atomic potential during the RA
RAE vyields were corrected for the observed parasite x raydransition. The same problem appears in Coster-Kronig tran-
as discussed above. The final results are listed in Table Il. Isitions[27,2§, where the ejected electrons are also charac-
Fig. 4 they are confronted, with other existiigLM data, to  terized by low kinetic energies. This represents the main
theoretical predictions from Scofield’s relativistic Hartree- source of uncertainty in the available RA calculations and
Fock (RHF) calculations. Scofield’s calculations are the only may be the reason for the observed large discrepancies be-
ones which were performed for many elements throughoutween experimental and theoretical results in the Ibwe-
the Periodic Table. The errors of the intensity ratifis-L M gion.
RAE):I (Ka; 5 are not easy to determine. It is not difficult to It can be seen in the residual spectra presented in Figs.
estimate the error originating from the Simpson integration2(a)—2(e) that the RA transitionK-L, ;M 5 represent the
method, but this error is very small compared to other posmain contribution to the observeld-LM RAE structure.
sible uncertainty sources. In fact, the largest error arises frorthis has already been found in a recent measurement of the
the background, which has to be subtracted from the meak-LM RAE in the noble gasegKr and g,Xe [15]. In addi-
sured spectra. Although the standard deviations of the backion, although no clear RA onset is observed, tKe
ground fluctuations from the mean values were only of abouL , ;M , 5 transitions also seem to give a significant contri-
1%, the differences in the RAE yields obtained by subtractbution to the observed spectra. In general, the extraction of
ing the upper and lower background limits resulted in uncerthe relative intensity of particular transition groups is very
tainties which represent about 80% of the total errors quotedifficult for different reasons. Some groups are not well re-
in Table 1l. The remaining 20% stem from the errors of thesolved, or they have an intensity which is too small to be
background slopes determined from the x-ray tube anodextracted with a reasonable error. The major problem, how-
measurements, the fits of th€a;, spectra and from the ever, is the unknown shape of the individual transitions.
Simpson integration methothbout 3%. Errors stemming Each transition has a long asymmetrical tail, extending down
from the determination of the parasite x rays and from theo an energy which is in principle zero. Below a certain
Kaj intensity only play a minor role and were neglected. energy it is thus very difficult to distinguish the low-energy
The experimentall (K-LM RAE):I(Ka;,) yield ratios tail of the extended RAE profile from the underlying back-
obtained in previous measurements for lowegtements and ground. The energy distribution of the photons emitted as a
Xe, the single heavier element for whighLM RAE results  result of a RA shake-off transition is so broad that the low-
were found in the literature, are about 2—5 times weaker thaanergy part of the distribution, in spite of its very small in-
predicted by theory. In contrast to that, we observe that outensity, can contribute significantly to the RA yield. This
experimental results concerning medium-mass elemenifficulty may have led to some underestimation of e
agree well with Scofield’s predictions over the whole inves-LM RAE intensity.
tigated region of the atomic numbg&: For molybdenum a For each target we have estimated the intensity okthe
slightly smaller intensity than predicted is found. It is note-L3;M, s RAE group which is the strongest one. The transi-
worthy to mention that theory also overestimated by thetions pertaining to the group are quite well separated from
same order of magnitude the MOMM RAE yield[13]. On  the other RAE transitions except those of tiel, M, ;3
average, our intensities are slightly lower than theory. How-andK-L,M 4 5 groups with which there is a certain overlap.
ever, except for molybdenum, all obtained intensities areThe intensity was determined by fitting thgM, 5 structure
within the experimental errors in excellent agreement withwith several Voigt profiles. The energy region extending be-
theory. The main problem of shake calculations, which ardow theK-L,M, s edge was, however, not included in the fit,
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TABLE Ill. Estimated contributions of th&-L;M, 5 RA tran- 2. Edge energies

sition group fo the totaK-LM intensity (lower limit values. The edge energy of a RA transition, when the final state

Element I(K-LsMa o) / 1(K-LM) of the electron is just above the Fermi level, is identical with
i the Auger electron energy relative to the Fermi level, since
42Mo 0.33 = 0.07 the interaction of the outgoing electron with the hole is
4RU 0.42+ 0.08 small. Due to the complexity of the RAE spectra, and the
4Pd 0.35+ 0.07 weak peak-to-background ratios characterizing k&M
4sCd 0.44=+ 0.09 RAE transitions, it is almost impossible to extract the exact
505N 0.48+ 0.09 edge energies of the observed transition groups. Actually, as

there are many possible final states which often have similar
energies, abrupt edges cannot in general be observed. The
. . I Fact that the edge is smeared out due to the instrumental
so that the extracted intensity corresponds to a lower limit o ;
the K-L-M. - RAE vield resolution of the spectrometer does not help. It also has to be
eR-LsVas yIelas. oted that the theoretical energies from R&6] do not take

It turns out that the relative contributions of theLsMass  important differences can result. If one compares the semi-
transitions represent about 40% of the whidk: M intensity  empirical line energies from Ref16] to calculations by
or even more if one considers that the quoted values arghen[29] which take into account these effects, discrepan-
lower limits. Furthermore, it seems that there is some tren@ies of about 5—25 eV are indeed found in the case oKthe
for the K-L3M 5 contribution to increase witl. This state- MM RAE of medium-mass elements. For all these reasons,
ment has, however, to be regarded with some reserve bgre have not extracted the RAE edge energies from the re-
cause the corresponding errors are quite large. The latter rgidual spectra. However, in Figs(a?—2(e) we indicate the
sult mainly from the very complex and unknown tail form. theoretical transition energies of theL M transitions(small

In Fig. 5 we present a summary of theLM andK-MM vertical bar$ and of the overlapping a5 transition(arrow).
RAE data we have collected in the investigated region 42Nith respect to the above-mentioned theoretical and experi-
<Z=<50. The plot shows the ratio between our experimentamental difficulties, one can state that there is generally a
values and the theoretical predictions of Scofield. Fhe good agreement between the semiempirical edge energies
MM data were taken from Ref13]. It can be seen in this and the observed onsets of the RA transition groups, at least
plot that for practically all investigated cases the mean intenfor the strongest transitions, i.e., theL3M, 5. In the spec-
sity is slightly lower than the one predicted by theory. Thetra of Mo and Ru the onsets of theL,M, s are observed at
single exception to these systematic lower values is found fognergies which are in quite good accordance with the semi-
the K-MM measurement of ruthenium. In general, howevergempirical values. This statement has, however, to be consid-
a satisfactory to good agreement is found, and the deviatiorgred with reserve, the presence of the close-I\ng; tran-
from theory, when significant, are much smaller than thesition making this observation a little bit doubtful. For the
ones observed in lowet-elements and in xenoffFig. 4). other target elements, thi€-L,M;,3 as well as theK-
L,M, 5 contribute significantly to the RA intensity, but no
clear RA onset is observed.

V. CONCLUSION

12 % To our knowledge the present study provides the first ex-
- perimental evidence oK-LM RAE in solid medium-mass
1.0 1 T T elements. The yield ratidfK-LM RAE):I(Ka; ) could be
T determined with a precision of the order of 15% for Mo, Ru,
% ® Pd, Cd, and Sn. For each element about half of the total
observed RAE intensity was found to originate from te
L3M, s transition group. The rest of the intensity was attrib-
1 uted toK-L;M;_s5, K-L,M;_5, and K-L3M , transitions,
0.6 which were also observed but not resolved.
% Our experimental RAE yields were compared to results of
;1@ Scofield’s RHF calculations. The comparison shows that the
0.4 agreement between theory and experiment is much better
than one could expect from other measurements performed
4 4t 45 48 5 on lowerZ elements. In the atomic number regidnrs 30,
the available data indicate indeed that theory overestimates
the experimentalK-LM intensities by a factor of 2-6,
FIG. 5. Comparison ok-LM (®) andK-MM (O) RAE yield ~ Whereas the results obtained in the present study for the re-
ratios with Scofield’s theoretical valugsl], as a function oZ. The ~ gion 42<Z<50 are almost consistent with Scofield’s predic-
K-MM intensities were taken from an earlier publicat[d3]. For ~ tions. In the intermediate region <41, to our knowl-
clarity theK-LM andK-MM data corresponding to the same value edge, a single experimental result for tkeLM RAE exists
Z were slightly shifted. and concerns Kr4=36). The relative intensity found in this

0.8

I{expt) / I(theo)

Atomic number Z
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work is about 30% smaller than the theoretical prediction. Itclarify the large discrepancies observed between theory and
thus seems that th# dependence of the experimental RAE experiment in the lowZ region. In this respectK-LL RA
yields is less pronounced than predicted by Scofield’s calcutransitions, if observable, would also contribute to unraveling
lations. The same conclusion was drawn in our previoushe problem. In addition, more extensive and precise calcu-
work devoted to theK-MM RAE, but in this case the dis- |ations concerning the asymmetrical shape of the RAE
agreement between theory and experiment in thedowe-  shake-off transitions and the partial probabilities of the dif-
gion was found to be less pronounced. ferent components pertaining to the same RAE group are

The edge energies of the RAE groups were compared tgighly desirable. They would allow a more detailed analysis
theoretical predictions for Auger electron energies. Considpf the measured spectra and a better understanding of relax-
ering that these theoretical Va|ueS dO not take intO aCCOUrgtion and mu'tie'ectron processes in atomic Systems_
relativistic and correlation effects, and in view of the encoun-
tered experimental difficulties, a quite satisfactory agreement
was found.

As a concluding remark, we would like to point out that
additional K-LM and K-MM experimental data in the The authors gratefully acknowledge the support of the
atomic number region 33Z<41 could probably help to Swiss National Science Foundation.
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