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The double K-shell ionization of Sc, Cr and Cu induced by electron impact was investigated via high energy 
resolution measurements of the Ka diagram transitions and the transitions resulting from the radiative decay of 
K-shell double vacancy states, namely the Kha hypersatellites. For Sc, the Kj3 diagram lines and Khj3 hypersa
tellites were also measured. The measurements were carried out in-house with a von Hamos curved crystal 
spectrometer operated in the so-called direct geometry in which the anodes of Sc, Cr and Cu X-ray tubes were 
used as targets. For each element, the electron kinetic energy was chosen to be about twice the threshold energy 
for the double l s ionization. The double-to-single ionization cross-sections ratios PKK were deduced from the 
hypersatellite-to-diagram line yield ratios, corrected beforehand for the self-absorption of the X-rays in the target 
and the energy dependent efficiency of the spectrometer. The obtained ratios are discussed and compared to 
other PKK values found in the literature for electrons and photons. 

1. Introduction 

The double K-shell ionization of neutral elements leads to the pro
duction of so-called hollow K-shell atoms, i.e., atoms with an empty K
shell while the other outer shells are occupied. The double K-shell io
nization can be produced by collisions with energetic heavy ions (see, 
e.g., [l )), light charged particles such as a particles (see, e.g., [2)), 
protons (see, e.g., [3]) and electrons (see, e.g., [4]) or by impact with 
photons (see, e.g., [5]). In the latter case, the advent of third generation 
synchrotron radiation (SR) sources and the more recent development of 
X-ray free electron laser (XFEL) facilities have given a new boost to the 
do main. 

As in the photoelectric effect a single photon interacts with a single 
atomic electron and because the photon disappears after the interac
tion, the removal of the second electron requires another process. 
Actually two different mechanisms contribute to the second ionization, 
namely the shake [6] and the knock-out (KO) [7] processes. In the 
shake process, the second electron is removed due to the abrupt change 
of the atomic potential following the ionization of the first electron. The 
shaken electron can be ejected into the continuum or promoted into an 
unfilled outer shell. In the first case, the effect is named shake-off (SO), 
in the second one shake-up (SU) . The KO mechanism is a two step 
process in which the first ionized electron hits a second bound electron 
which is then ejected from the atom. This electron--€lectron inelastic 

scattering process is also named Two-Step-One (TSl) process. The TSl 
process is the dominant effect at low photon energies, whereas the 
shake mechanism prevails at high photon energies [8,5]. In the XFEL 
case, the extremely short oo- 15 s), micro-focused and very intense X
ray pulses allow to produce double K-shell vacancy states by the ab
sorption of two photons by the same atom [9- 13). 

The double K-shell ionization induced by impact with electrons can 
be also explained by the SO/ SU and TSl processes. Another mechanism, 
the Two-Step-Two (TS2) process, may contribute to the production of 
double vacancy states. In the TS2 process, the two bound electrons are 
ionized by the incoming electron via two consecutive inelastic scat
tering processes. The SO/ SU, TSl and TS2 processes are energetically 
allowed only if the energy needed to ionize the second bound electron is 
provided by the incoming electron. In other words, the electron-in
duced double K-shell ionization requires that the kinetic energy of the 
incoming electron is bigger or equal to the threshold energy for the 
double ls ionization. 

As commercial electron guns cannot be operated usually above 
20 kV, most available electron-induced double K-shell ionization data 
concern low-Z elements [4 ,14]. An alternative method for studying the 
double K-shell ionization induced by electron impact consists to replace 
the electron guns by X-ray tubes that can be operated currently up to 
60 kV or higher and use the anodes of the latter as sources of radiation. 
This permits to exte.nd K-hypersatellite measurements induced by 
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electron inlpact to heavier elements [J 5,16) . 
The radiative decay ofhollow K-shell atoms leads to the emission of 

so-called Kha and Khj3 hypersatellite X-ray Unes which are shifted to
wards higher energies as compared to the parent Ka and Kj3 diagram 
transitions decaying atoms with a single ls vacancy. Ir is well known 
that the I(Ka1)/l(Ka2) intensity ratio is about 2 for all elements 
throughout the periodic table. This is no more true for hypersatellite 
transitions because the Kha1 hypersatellite which corresponds to the 
1150 __,, 23P1 spin-flip transition (t.S = l) is forbidden by the El selec
tion rules in the pure LS coupling. The Kha1 transition is, however, al 
lowed in the jj coupling. On the other hand, the Kha2 hypersatellite 
which corresponds to the l 1So --+ 21P1 transition (t.S = 0, i.e., no spin 
flip) is allowed by the El selection rules in bath coupling schemes. 
Thus, for hypersatellites the I(Kha1)/I(Kha2) intensity ratio is nearly 
zero for light elements, for which the LS coupling scheme prevails, 
while tending to the value of 2 for heavy elements for which the re
levant coupling is the jj one. In the case of mid-heavy elements for 
whïch the intermediate coupling scheme applïes, the I(Kha1)!I(Kha0 
intensity ratio grows progressively between these two extremes as a 
fonction of the atomic number Z. The same holds for the I(Khj31)!I(Kh{33 ) 

yield ratio since the Khf31 hypersatellite (spin-flip transition 1150 -+ 

33P1) is forbidden by the El selection rules in the LS coupling scheme 
and thus not observable for light elements, whereas the transition 
1 150 -+ 31P1 corresponding to the Khj33 hypersatellite is allowed in bath 
the LS and jj coupling schemes. 

The double-ta-single K-shell ionization cross section ratios PKK can 
be derived from the hypersatellite-to-diagram line yield ratios. In the 
case of double photoionization the PKK ratios were investigated ex

tensively [5], many results from SR-based measurements being avail
able in the literature. For electron-induced double K-shell ionization, 
however, PKK values are more scarce and only available for three light 
elements (Na [1 7J , Mg [14] and Al 1_4,l BJ) and two 3delements(Crand 
Fe [1 O]). 

In this work, the Ka hypersatellite X-ray spectra of Sc (Z = 21), Cr 
(Z = 24) and Cu (Z = 29) induced by electrori impact were measured 
by means of high energy resolution spectroscopy. For Sc the extremely 
weak K hf3 hypersatellite could also be measured. Although Cr was al
ready measured [J <J], the measurement was repeated in order to 
compare our results with previous ones for at least one element. For 
each element the electron kinetic energy was chosen to be around 2 
times bigger than the threshold energy for the double ls ionization. At 
this electron energy the double 1s ionization is indeed close to its 

X<! = 2R CoL(tt) 

maximum value. The double-to-single-ionization cross section ratios 
PKK were derived from the measured relative intensities of the hy
persatellites corrected beforehand for the self-absorption of the X-rays 
in the X-ray tube anodes and the energy dependent efficiency of the 
spectrometer. 

2. Experiment 

2.1. Von Hamos ~peco·omerer 

The measurements were performed by means of high energy re
solution X-ray spectroscopy using the von Hamas bent crystal spectro
meter of Fribourg [20]. In this spectrometer, a aarrow slit placed in 
front of the sample represents the effective source of radiation (see 
Hg. J ). For the Sc measurement~ the spectrometer was equipped with a 
LiF(200) crystal, while a Si(220) crystal was employed for the Cr and 
Cu measurements. For the detection of the X-rays a back-illuminated 
CCD camera consisting of 1300 pixels in the direction of dispersion and 
400 pixels in the vertical direction with a pixel resolution of 20 µm was 
employed. As the intensity of each CCD pixel is proportional to the 
deposited photon energy, good X-ray events were sorted by setting 
energy windows corresponding to the transitions of interest in the ADC 
spectrum of the CCD. This allowed us to minimize the background and 
suppress events corresponding to photons diffracted at higher orders. 
As the spatial resolution of 5 µm of the CCD was not really needed in 
this experiment, a binning of five juxtaposed pixels was performed to 
get spectra with higher intensities. 

Present measurements were performed with the von Hamas spec
trometer operated in the so-called direct setup. In this setup the sample 
is replaced by the anode of a side window X-ray tube. The X-ray tube is 
oriented so that the center of the electron beam spot on the anode, the 
center of the slit and the center of the crystal are al! aligned along the 
direction determined by the central Bragg angle corresponding to the X
ray line to be measured (see Pl~ J). To reduce the scattering of the X
rays in the spectrometer chamber, a Cu collimator with a 20 mm high 
X 5 mm wide rectangular aperture was mounted on the nase of the X
ray tube in front of the Be window. 

2.2 Intensity attenwtion of the diagram lines 

As the intensity of the radiation emitted by an X-ray tube is pro
portional to the electron current but not to the electric potential 

1! ~·------------------ -- ------ ------_=;: __ 7".'~---
/ "'"""~;, / / 

X-ray sourœ 

Fig. 1 . Schematic drawing (top view) of the 
von Hamos spect rometer slit geometry. R 
stands for the radius of curvature of the crystal 
and {) for the central Bragg angle. The lengths 
x, and xd represent the distances, measured 
along the direction of dispersion, between the 
slit and the crystal and CCD, respectively. The 
X-ray source corresponds to the electron beam 
spot on the X-ray tube anode. (For interpreta
tion of the references to color in this figure 
legend; the reader is referred to the web ver
sion of this article.) 
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difference between the cathode and the anode, the same high voltage 
had to be used for the measurements of the dia gram and hypersatellite 
X-ray lines to get reliable intensity ratios. For the diagram lines, how
ever, these high voltage values resulted in count rates that were tao 
high for the CCD detector. 111e problem was solved by inserting ab
sorbers (metallic foils) between the collimator and the Be window of 
the X-ray tube for the diagram line measurements. The metallic ab
sorbers were chosen so that they did not produce X-ray fluorescence 
lines in the energy tegions corresponding to the "C!iagram transitions of 
the measured samples and their thicknesses were selected so that the 
count rate on the top of the Ka1 or Kf31 line was kept below about 
20 counts/s, a count rate for which the probability to observe multiple 
hits on the same CCD pixel is reasonably low (a few per mil). 

The attenuation factors A of the employed absorbers were de
termined experimentally, using the following method. At first, the 
highest voltage U0 and current i0 of the X-ray tube for which the count 
rate measured without absorber on the top of the Ka1 or Kf31 line was 
still smaller than 20 counts/s were determined. Tuen the attenrn~tion 
factor of the absorber needed to keep the count rate of the Ka1 or Kf31 

line below the value of 20 counts/s at tl1e high voltage U and current i 
used for the hypersatellite measurement was estimated and the ab
sorber was chosen. The effective a ttenuation factor of the latter was 
then determined experimentally from the intensity ratio of the Ka1,z or 
Kf31,3 lines measured at U0 and i0 without and with absorber. For the 
Ka1 lines of Sc and Cu, however, the needed attenuation factors were so 
big that the two lines measured with the corresponding absorbers at 
U0 X io were tao weak to be observed. To bypass this problem, theKa1,2 

lines of Sc and Cu were also measured at intermediate voltages U1 

(U0 < U1 < U) with the main absorbers (intensities l/lbs) and with 
thinner absorbers (intensities 11) as well as at the voltages Uo with the 
thinner absotbers (ïntensity h). and without absorber (intensities 10 ). As 
Io could not be measured at the voltage U1 (too high countingrate), the 
values l o(U1) were obtained by multiplying the measured intensities 
l 0(U0) by the ratios 11/h normalized beforehand, when necessary, for 
the differences in the X-ray tube current, and the attenuation factors of 
the main absorbers in the Sc and Cu measurements were then de
termined using the following relation: 

r li 
LQ-

A = __!l_, 
Iabs (1) 

The absorbers used in the different measurements, the X-ray tube 
parameters U0 x i0, Ui X i1 and U X i as well as the corresponding 
attenuation factors A are presented in foblè' 1. The errors on the at
tenuation factors originate from the errors of the fitted intensities. 

To crosscheck the accuracy of the obtained attenuation factors, the 
latter were also derived from the known thicknesses of the absorbers 
and the mass absorption coefficients quoted in the NIST XCOM data
base [71 ). Relatîve deviations smaller than 5% were found for al! ab
sorbers. 

Table 1 

3. Data analysis 

3.1. Fitting procedur~ 

The spectra were fitted by means of a nonlinear least squares fitting 
program using the software package PeakFit"' (SYSTAT Software Inc., 
Richmond, USA). As the convoh 1tion of the Gauss function representing 
the instrumental response of the spectrometer with the Lorentz function 
describing the natural line shape of an X-ray transition results into a 
Voigt function L:>lJ, ail diagram and hypersatellite lines were fitted 
with Voigtian profiles. In most cases, the energies, intensities and 
Lorentzian widths of the measured transitions as well as the back
ground parameters were let free in the fitting proced ure, whereas the 
i11stru111ental broadening parameters were kept fixed at their known 
values. 

As mentioned before the Kha1 hypersatellites are very weak for light 
elements. For this reason, the Kha1 intensities of Sc and Cr had to be 
kept fixed in the fits. The intensities were locked at the values obtained 
from the I(Kria1)!l(Kha2) yield ratios calculated by Costa [2~) . Fur
thermore, the same natural widths were assumed first for both hy
persatellites using the option of parameters' sharing provided by the 
PeakFit"' program. In the final fit, however, the Lorentzian width of the 
Kha1 line was fixed at the value given by the first fit minus the differ
ence between the widths of the L2 and L3 atomic levels. 

3.1. 1. Kha and K rif3 spectra Qf Sc 
The fitted Ka hypersatellite spectrum of Sc is presented in Fig. 2a). 

The background was fitted with a linear function. The peak around 
4296 eV corresponds to the Kha2 hypersatellite and the weak bump 
around 4309 eV to the Kha1• The latter is superimposed on the low 
energy tails of KMM radiative Anger transitions. Radiative Auger 
transitions are Auger transitions which are characterized by the si
multaneous emission of an Auger electron and a photon [24.< .. 25) . 
More specifically, in KMM radiative Auger transitLons, a M-shell elec
tron fills the K-shell vacancy and another M-shell electron and a photon 
are simultaneously emitted by the atom. As the energy of the transition 
is shared between the electron and the photon, KMM radiative Auger 
structures are continuous and appear on the low energy si des of the Kf3 
diagran:l lines. Since Anger transition probabilities are bigger for light 
elements, the radiative Auger effect (RAE) is more important for low-Z 
elements like Sc. As shown in fl lg. 2a), the Kha2 hypersatellite is well 
separated from the KMM RAE transitions but not the Kha1• 

The Sc Kha2 hypersatellite line was f:itted with one Voigtian whose 
energy, intensity and Lorentzüm width could be let free in the fit. The 
Kria1 hypersatellite was also fitted with one Voigtian but only the en
ergy could be used as free fitting parameter. Regarding th e KMM ra
diative Auger structure, the latter was f:itted with two Voigtians whose 
energies, intensities, Lorentzian and Gaussian widths were let free in 
the fit 

The K hj3 hypersatellite spectrum of Sc measured at 20 kV could not 
be fitted in a straightforward way because the net count rate on the top 

Attenuation factors A of the absorbers einployed to diminish the intensities ôfthe diagram lines. The X-ray tube voltages and currents used in these measurements are 
also given. For the Ka measurements of Sc and Cu the intensities f 1 and12 (see text) weœ obtained using 10.6 mg/cm2 Al and 13 .. 7 mg/c m2 Au absorbers, respectively. 

Measurement Uo X lo U1 Xi1 U x i Absorber (thickness) A 
[kV x mAJ [kV x mAJ [kV X. mA] [mg/cm2

] 

Sc Ka 4.5 X l 6.0 X 2 20.0 X 10 Al (16.3) + Ta (3.3) 4800 ± 38 
ScKjl 6.5 X 1 20.0 X 10 Al (18.9) 144 'T 4 
Cr Ka 6.0 X 1 26.5 X 10 Au (13.7) 2 462 'T 28 

60.0 X 10 Au (13.7) 2462 ± 28 
C:uKa 9.0 ;< 1 32.0 X 1 39.6 X 10 Au (38.0) 2528 ± 20 
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Fig. 2 . (a) Ka hypersatellite spectrum of Sc measured at 20 kV X l ô mA with a 
LiF(200) crystal. The Jlleasured spectrum is represented by the open circles and 
the total fit by the black solid line. The red and green curves stand for the fits of 
the Kha 2 and Kha, hypersatellites, respectively, and the blue solid lines for the 
two Voigtians used ta fit the KMM RAE structures. Ta better show the weak 
hypersatellite transitions, the background determined by the fit was subtracted 
from the éxperiméntal data and the füted components. (b) K/3 hypersatellite 
spectrum of Sc measured using the same crystal and X-ray tube high voltage. 
The measured spectrum (after subtraction of the background according ta the 
procedure described in the text) is represented by the open circles am\ the total 
fit by the black solid line. (For interpretation of the references ta color in this 
figure legend, the reader is referred ta the web version of titis articlé.) 

of the hypersatellite line was only about 0.2 count/s, i.e., 150 times 
smaller than the average count rate of the background (30 counts/s). In 
addition some fake structures were observed in the background as a 
re.sult of intensity inhomogeneities of the electroo bea m spot on the X
ray tube anode. As in the von Hamos slit geometry different parts of the 
crystal surface see differeilt parts of the electron beam spot on the 
a node, the shape of the spectrum can be indeed affected by such in
homogeneities. To circumvent this problem, the spectrum was re
measured with the sa me setup except the high voltage of the X-ray tube 
which was set to 8 kV. The fake structures observed in the background 
of the 20 kV spectrum were also seen in the second spectrum but not the 
hypersatellite line since the maximun1 energy of the photons emitted by 
the tube at 8 kV was smaller than the double l s ionizatLon threshold 
energy. The intetJSity of the 8 kV spectrum was then multiplied by a 
scaling factor in order to get the b est match with the 20 kV spectrum in 
the energy regions lying below and above the hypersatellite. Note that 
the contribution of the hypersatellite tails to the background in the 
overlapping regions used to determine the scaling factor was negligibly 
small due to the much weaker intensity of the hypersatellite as com
pared to the background. Finally, the re-scaled 8 kV spectrum was 
subtracted from the raw spectrum a nd the residual spectrum was fitted 
(see FL~. 2b). As shown, due to the subtraction of the two spectra, the 
data are very noisy. The Khf3i ,3 hypersatellite was fitted with a single 
Voigtian because the eoergy separation between the K~jh and Khfo 
components (1.4 eV according to [ 211 )) is mnch smaller than the natural 
widths of the two componeots and because the inteusity ratio between 

the forbiddeil Khj31 and allowed Khf33 hypersatellite transitions is only 
0.047 L2bl . Despite the poor statistics of the spectrurn, the eoergy, in
tensity and Lorentzian width of the Voigtian could be used as free fit
tiog parameters but the correspondiog fit errors are rather large. 

3.1. 2 Kha spectra bf Cr 
The Ka hypersatellite spectrum of Cr was measured with a Si(220) 

crystal. The X-ray tube was operated first at 26.5 kV x 10 mA and then 
at 60.0 kV X 10 mA. To check the reliability o f the -experimental setup 
the spectrum collected at 60 kV was re-measured with another perfect 
crystal, namely Ge(220), and a HAPG(004) (Highly Annealed Pyrolytic 
Graphite) mosaic crystal. 

The fit of the Kha hypersatellite spectrum measured at 26.5 kV is 
depicted in Fig 3a). The background was fitted with a linear function. 
The Voigtians at about 5650 eV and 5667 eV correspond to theKha2 and 
Kha1 hypersatellites, respectively. As the Kha2 !ine was fonnd to evince 
some asymmetry on its low energy flank, this transition was fitted with 
two Voigtïans. The energies, intensïties and Lorentzian wïdths of the 
two Voigtiaos were let free in the fit. The Kha1 line was fitted with one 
Voigtian With the energy as single free fitting parameter. 

As the asymmetry of the K ha2 hypersatellite was found to be broader 
and Jess intense in the spectrum collected with the same crystal at 
60 kV, narrower and amaller for the measurement performed with the 
Ge(220) crystal and was not observed with the HAPG(004). crystal, the 
asymmetry was assumed to be due to background fluc tuations origi
nating from inhomogeinities in the intensity of the electron beam spot 
on the X-ray tube anode. The intensity of the Voigtian used to account 
for the asymmetry was therefore not taken into consideration in the 
determination of the hypersatellite intensity. Sorne excess of intensity 
was also found ou the right hand side of the spectrum. This intensity 
excess is due to KMM RAE transitions. Note that the RAE inteilSity 
observed in the Kha hypersatellite spectrum of Cr is much weaker than 
in the Cé\Se of Sc as a consequence of the bigger atomic number of Cr 
and mostly because the energy differençe between the upper edge of the 
KM1M1 RAE transition, the RAE transition with the lowest energy, and 
the Kha1 hypersatellite is about 165 eV for Cr and only 66 eV for Sc 
['..!7) . 

The Cr Ka hypers.atèllite measured with the Si(220) crystal at 
60 kV X 10 mA is shown in Fig. :lb) . The spectrum was fitted as the one 
measured at 26.5kV. The spectra measured with the Ge(220) and 
HAPG(004) crystals are presented in Fig. 3c) and d), respectively. Si
milar fits as the one done for the spectrum measured with the Si(220) 
crystal were carried out except that no Voigtian was needed for the RAE 
structure, the latter being smeared out by the higher background ob
served in the measurements performed with these two crystals. Io the 
spectrum measured with the Ge(220) crystal, an increase of the back
ground a t bath ends of the Kha hypersatellite region was observed. 
These intensity enha ncements were acconnted for by adding two 
Voigtians (black dotted lines) to the linear fit of the background. For the 
measurement with the HAPG crystal, the background was more regular 
so that Lt could be well fitted with a linear functi.oo. As no asymmetry 
nor RAE structures were observed in the spectrum, the latter could be 
well fitted using ooly two Voigtians, one for each hypersatellite. 

3.1. 3. Kha spectra bf Cu 
The measnred Ka hypersatellite spectrum of Cu is represented in 

Fig. •1. The data were collected in second order of diffraction using a Si 
(220). crystal. The Cu anode X-ray tube was operared at 
39.6 kV X 10 mA. As shown in f. 1~. 4, despite a longer acquisition time 
(125,000 s) than for Sç and Cr (30,000 s), the spectrum is rather noisy. 
The sca trer of the experimemal data originates from the statistical 
fluctuations of the background. The latter is mainly due to the high 
energy tails of the very strong Ka1, 2 diagram lines. Actually for the Kha2 

hypers.atellite of Cu the peak-to-background rati.o is only about 1:30 
(see inset of Fig. -1), whereas the same ratio amounts to 1:6 for the Cr 
mea,surei:nent performed at 60 kV. 
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Fig. 3. (a) Cr Ka hypersatellite spectrum measured at 26.5 kV x 10 mA using a Si(220) crystal. The measured spectrum is represented by the open circ les and the 
total fit by the black solid line. The red and green curves stand for the fits of the Kha2 and Kha 1 hypersatellites, respectively. The black dotted line and the blue solid 
line (above 5667 eV) represent the Voigtians used to fit the Kha2 asymmetry and the KMM RAE intensity, respectively. To better show the weak hypersatellite 
transitions, the background determined by the fit was subtracted from the experimental data and the fitted components. (b) Same as (a) but for the X-ray tube 
operated at 60 kV X 10 mA. (c) Same as (b) but measured with a Ge(220) crystal. The black dotted lines represent the rails of the Voigtians used in the fit to account 
for the intensity enhancements observed with this crystal at both ends of the hypersatelli te spectrum. (d) Same as (b) but measured with a HAPG(004) crystal. (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

The hypersatellites were fitted using one Voigtian for each transi
tion. The pararneters ofboth Voigtians could be let free in the fit except 
the Lorentzian width of the Kha1 component which was fixed at the 
width of the K ha2 hypersatellite minus the difference between the L2 

and L3 atomic level widths (0.43 eV according to Ref. [28]). When bath 
Lorentzian widths were let free in the fit, it was indeed found that the 
value of the K~1 width was about two times smaller than the one of the 
Kha2 hypersatellite, which is physically not sound. ln contrast to t:hat, 
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the intensity of the K ha1 could be let free. The K ha1/ K ha2 yield ratio 
deduced from the fit is (33.3 ± 4.6) %, a result well in line with the 
value of 32.5% predicted by the calcula tians of Costa et al. [ 23). The 
best fit of the Cu hypersatellite spectrum was obtained when a third 
degree polynomial was employed for the background. 

In order to check the accuracy of the fits, the energies and 
Lorentzian widths of the Kha hypersatellites found in this work were 
compared to the corresponding values obtained wit:h synchrotron 
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Fig. 4. Cu Ka hypersatellite spe.: trum mea
sured at 39.6 kV x 10 mA using a Si(220) 
crystal in second order of diffraction. The 
measured spectrum is represented by the open 
circles and the total fit by the black solid line . 
The red and green curves stand for the fits of 
the Kha2 and Kha 1 hypersatellites, respectively. 
To better show the weak hypersatellite transi
tions, the background detennined by the fit 
was subtracted from the experimental data and 
the fitted components. The total spectrum in
cluding the background (dashed line) is de
picted in the inset. (For interpretation of the 
references to color in this figure legend, the 
reader is referred to the web version of this 
article.) 
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Fig. 5. Side view of the X-ray tube anode 
showing the verticaf electron path, the pene
tratio11 depth s and the distance x = ctg(a)s 

traveled by the X-rays to exit the anode. For 
the three X-ray tubes used in the present pro
ject the angle a was equaJ to 26°. (For inter
pretation of the references to color in this 
figure legend, the reader is referred to the web 
version of this artic le.) 
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radiation. An excellent agreement was found between our restùts and 
the ones reported fçir Sc by Hoszowska et al. [5] and for Cr and Cu by 
Diamant et al. (2Q] . For the Khj3 hypersatellite of Sc, for which no ex
perimental data could be found in the literature, an energy of 
4727.63(69) eV was obtained, i.e., an energy shift of 267.19(83) eV 
with respect to the parent diagram line, a result which is well in line 
with the theoretical prediction of 267.66 eV reported by Costa [2t. j. 
Regarding the Lorentzian width of the Khf3 hypersatellite of Sc, no ex
perimental nor theoretical data is available in the literature for com
parison. Nevertheless, the present value of (7.1 ± 1.1) eV looks quite 
reasonable since a width of 7.8 eV is reported in f101 for the Kf!j3 hy
persatellite of Ti, the next higher Z element. 

3.2. Intensity correction factors 

3. 2.1. Target self absmption 
The correction factor accounting for the self absorption of the Ka or 

Kj3 diagram X-rays in the anode of the X-ray tube can be written as 
follows: 

(2) 

where E.(s) represents the kinetic energy of the elech·on at the depth s 
of the anode, uJ((.BJ the energy dependertt cross section of the electron
induced single K-shell ionization, a the angle made by the X-ray tube 
anode with respect to the horizontal plane (see Fig. 5) and hK the depth 
at which E.(hK) =EK, EK being the threshold energy for a single K-shell 
ionization. 

The correction factor for the self absorption of the Kha or Khj3 hy
persatellites is similarly given by: 

(3) 

with ŒKrtEe) standing for the cross section of the electron-induced 
double K-shell ionization and hKK for the depth at which Ee(hKKJ = EKK, 
EKK corresponding ta the threshold energy for a double K-shell ioniza
tion. 

The energy loss of the electrons in the anode per length unit can be 
parametrized usinz the following equation: 

dEe _ -1CE-"' 
ds - ' ' (4) 

where K and v aTe two real positive constants. The latter were de
termined by a linear least squares fitting of the electron stopping 
powers calculated with the NIST EST AR code [ ~11] to the function: 

ln(I ~~' 1) = -11[1n(E,)] + 111(11:) . 
(5 ) 

The values v and K obtained from the fits are presented in Table 2. As 
the electron stopping powers calculated by the ESTAR code are given in 
MeVcm2ig, the obtained penetration depths are expressed in gi cm2• 

The kinetic energy of the electrons at the depth s is obtained by in
tegrating Eq. ( 4 l: 

. 1 
E, (s) = {[E,(0)]~+1 - (11 + l )X8}Y+1, (6) 

where the initial kinetic energy of the electrons E.(O) = e · U, U re
presenting the high voltage of the X-ray tube. 111e maximum penetra
tion depths hK and hKK eau be deduced from Eq. 11)) . One finds: 

[E, (O)]»+l - [EK,KKJ1>+1 

hK KK"" ---------
' (11 + 1)1' (7) 

The single K-shell ionization threshold energies EK were taken from the 
LBNL X-ray data booklet [n], whereas the double K-shell ionizatiort 
threshold energies EKK were calculated from the following relation: 

(8) 

where eK is a constant comprised between 0 and 1 which accoums for 
the increase of the electronic screening resulting from the removal of 
the first ls electron. The value s K = 0.570 reported in L2QJ for 3d 
transition elements was adopted. The so-determined n1aximum pene
tration depths hK and hKK are quoted in Table 2. 

The energy dependertt single K-shell iorûza tian cross sections âK(E 
(s)) were determined from least squares fits of Cryzinsky-like functions 
to the experimental values reported by Liu et al. (13). For Cr, however, 
the experimental cross sections reported in 133] are given only for 
electron energies below 25 keV and above 2 MeV so that the fitted 
Gryzinsky functions for the 60 kV measurements were not reliable. The 
difficulty was circumvented by calculating the cross sections at 40, 50 
and 60 keV by means of the universal function proposed in [:!41: 

(9) 

where tll( is a dimensionless parameter defined by llK=E,iEK. The 
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Table 2 
Parameters Jè and v describing the electron energy loss, single and double K-shell ionization threshold energies EK and EKK and maximum penetration depths hKand 

hKK• 

Anode U [kV] "[MeV(v+ll/(g/crn2) ] 

Sc 20.0 0.551 0.716 
Cr 26.5 0.527 0.714 
Cr 60.0 0.527 0.714 
Cu 39.6 0.507 0.707 

1.ZOO 

1000 

aoo 

ê 
~ 600 

c 

400 

'100 

0 
0 10 20 30 40 50 60 

Er lkeVt 

Fig. 6. Variation of the single K-shell ionization cross section as a function of 
t he electron energy for the case of the Cr X-ray tube operated at 60 kV. The data 
from Refs. [3J;H] were fitted with a Gryzinsky-like function (red solid line). 

For details, see text. (For interpretation of the teferences to color in this figure 
le.gend, the reader is referred ta the web version of this article.) 

parameters bK and cK were adjusted to match Liu's data below 25 keV. 
For illustration, the variation of aK as a functioa of the electron energy 
correspondlng to the Cr X-ray tube operated at 60 kV is depicted in 
Fi~ 6. 

Unfortunately, for the double K-shell ionization cross section the 
saii1e method could not be applied be.cause, to our best knowledge, no 
experimental cross sections aK}((_E) related to electron impact are 
available in the literature. 111e problem was solved by replacing Eq. (2) 
by the following approximation: 

aK J;,"K. e-flKa.!'.pctg(«Jsds 
~ "" ~~o~~~~~~ 

Ki:tt.K/1 = ÜK hK (10) 

where aK represents the average value of the cross section <fK for the 
anode layer of thickrtess hK. Using the abové approximation and cal
culating the integral, one obtains the following simpler expression for 
the self absorption correction fac tor. 

t, _ 1 _ e-i"K.a,Kjl ctg (a )hK 

Ka,Kp - µKi:tt,Kflctg(a )hK (11) 

For the hypersatellites, a slrni!ar expression is obtained: 

- 1 - e - µ Khœ,K"lctg( .. ) hKK 

~Kh<1 Khp = . ' 
· µK,,cr,Khllctg(a)hKK. (12) 

The accuracy of the above approximations was probed by comparing 
for the d iagram lin es the values o bta iaed for the self a bsorptioa cor
rection factors using the exact expression [Eq. ('l)] and the simplified 
one [Eq. Cl!)]. For Sc, values ?Ker= 0.862 and ÇKp = 0.889 were found 
which are close ro the exact values t;Ka = 0.877 and t;Kfl = 0.901. Si
milar relative differences of about 1.5% and 3% are found for Cr 
(26.5 kV measnremept) and Cu, respectively, whereas for the 60 kV 
measurement of Cr the relative deviation is somewhat bigger (5%). In 
sunimary, the relative differences between t; and Ç are smaller than 5% 
in al! cases and the above approximations are thus quite acceptable 

EK [keV] EKK [keV] hK [mg/cm2J hKK [mg/crn2
] 

4.492 9.254 1.186 0.943 
5.989 12.291 2.024 1.607 
5.989 12.291 8.739 8.323 
8.979 18.346 4.296 3.412 

Table 3 
Self-absorption correction factors(, solid angles Q , crystal peak reflectiviti es II 

and CCD efficiencies ecCD for the X-ray lines of interest. 

Targe\ Crystal Line t 
Sc LiF(200) Ka1,2 0.862 

Kha1-(~ 0.901 
Kfi,.> 0.889 
K."J3, ,, 0.539 

Cr' SiC220) Ka,,2 0.840 
K'a,,.,. 0.883 

c rt· SiC220) Ka,_, 0.506 
K'a,;i.. 0.556 

Crb Ge(220) Ka,JJ. 0.507 
K'al.2 0.556 

Crb HAPG(Q04) Kal.2 0.506 
Kha1.2 0.556 

Cu Si(440t Kal.» 0.803 
K ha1.2 0.852 

• X-ray tube operated at 26.5 kV x 10 mA. 
b X-ray tube operated at 60 kV X 10 mA. 
c Si(440) = Si(220) in 2nd order of diffr!lction. 

Q [jlsr] 

5.69 
6.67 
5.37 
4.12 

3.49 
3.32 
3. 49 
3.32 
8.09 
7.73 
43.3 
43.3 

1.14 
1.03 

II Cccn 

0.829 0.861 
0.584 0.837 
0.680 0.817 
0.878 0.784 

0.799 0.682 
0.834 0.653 
0.799 0.682 
0.834 0.653 
0.819 0.696 
0.851 0.668 
0.206 0.632 
0.217 0.603 

0.850 0.240 
0.7.71 0.226 

within the 10% uncertainty assumed for the self absorption corrections. 
The correction factors ?Ki:r,Kfl and ~ha.Khi! aTe listed in 1 able :!. For Sc 

( K"p < (K/1 because the hypersatellite lies ab ove the K ..absorption edge, 
which leads to a significantly bigger absorption coefficient. 

3.22. Solid angle 
la the von Hamas geometry the solid angle of the spectrometer 

varies with the Bragg angle. As a conseqnence the Jiypersatellites and 
their parent dia gram lines correspond to different solid angles and these 
differences shonld be accounted for in the determination of the hy
persatellite-to-d.iagram yield ratios. A dedicated X-ray tracing code was 
developed to calculate the solid angle of the von Hamos spectrometer 
operated in the standard geometry (see Refs. [353n]). A niodified 
version of this code was used in the present work. The main mod
ification needed in the code to adapt it to the present setup consisted to 
replace the distance between the crystal and the sample by the distance 
between the crystal and the X-ray tube anode. The latter being not 
vertical like the sample in the standard geometry, the tilt angle a of the 
anode with respect to the horizontal plane (see Fig. 5) had also to be 
considered ln lhe calculalions. 

The solid angles Q corresponding to the measnred diagram and 
hypersatellite X-ray lines are listed in the fifth columa of Titbll' 3. The 
calculations were performed using weighted average value~ for the 
energies of the Ka1;z and Kha1, 2 doublets. For the Kha hypersatellite of 
Sc, the solid angle is bigger than the one of the corresponding diagram 
line although the distance between the slit and the crystal is larger for 
the hypersatellite. This is due to the fact that the solid angle is not only 
proportional to this distance but also to the Darwin width (35] and for 
Sc the latter is bigger for the hypersatellite thaa for the diagram lîne. 
The Darwin widths were calcnlated by means of the XOP software 
package ['.l7l assuming the Si, Ge and LiF crystals to be perfect and the 
HAPG one mosaic. In the latter case, the Darwin width was replaced in 
the calculations by the kuowa mosaicity width of the HAPG crystal 
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(1050 ~1rad). 

3. 2. 3. Crystal peak refiectiviry 
As the peak reflectivity n of the crystal varies as a func tion of the 

photon energy, it should also be considered for a correct deterinination 
of the hypersatellite-to-diagram line yield ratios. The peak reflectivities 
of the four crysta ls were cakulated for each tra nsition of interest wlth 
the XOP software package ( :~7] . As K X-rays are not polarized, the 
average values of the peak reflectivities calculated by the XOP code for 
s-polarized photons CX-rays linearly polarized in the horizontal plane) 
and p-polarized photons (X-rays linearly polar lzed in the vertical plane) 
were used ta correct the fitred intensities. The calculated average peak 
reflec tivities n are reported in the sixth column of f ttble ·}. For p-po
larized X-rays, the peak reflec tivity tends ta zero when the Bragg angle 
approaches 45' . This explains the rather big difference of the peak re
flectivities corresportdirtg ta the Ka (/J = 48.8°) and Kha (8 = 44.9°) 
lines of Sc observed with the LiF(220) crystal. 

3.2.4. CCD efficiency 
Above the Si K-edge Œ = 1839 eV) the CCD efficiency decreases 

smoothly as a fonction of the photon energy. For back-illu1ninated cm 
chips, the thickness of the Si0 2 layer which deposits on the front surface 
of the CCD whert the latter is exposed ta air is smaller th art 1 ~1m sa that 
the absorption of the X-rays in that thin layer can be neglected. 111e 
CCD efficiençy eccD is thus given by the following sin1ple relation: 

[ 
hs1 ] 

t:cCD = 1 - exp - µsi Cft)Ps1 sin(.S) , (13) 

where µ5l E) represents the total mass a ttenuation coefficient of Si for 
the X-ra)' ertergy E, p81 the specific weight of Si, hs; the depletion depth 
of the CCD chip and 8- the Bragg angle. 

The back illuminated CCD camera employed in the present experi
ment was fully characterized in a previous project f~8] . In this former 
work a depletion depth hs; = 15 µin was obtained by fitting with the 
above formula the experimental efficiencies of the CCD camera for a 
variety of X-rays ranging from 1 keV ta 18 keV. 

The CCD efficiencies were calculated with Eq. (1 3) for the energies 
of the diagram and hy persatellite lines investigated in the preseat 
project, using the mass attenuation coefficients µ5; reported in the 
XCQM database f211 and the depletion depth h s; obtained in [:.WJ. 111e 
results are presented in the seventh columrt of Table 3. 

4. Results and discussion 

The measured count rates of the hypersa tellite X-ray lines can b e 
written as; 

hKK -
IJd!«,Kh, = 1, J; ITKK(E,(s<))ds X n X rùKl'or, Kh~ X (K"'D,Kh~ X O K1i,,,K hii 

X ITKh«,Kh~ .X 'Khor,Kh~ , 

04) 

where le represents the number of elec.trons impacting the anode per 

Table 4 
Uncorrected and corrected relative intensities of the measured hypersatellite lines. 

second, üxx the double K-shell ionization cross section, hxx the max
imum penetration depth of the electrons producing a double K-shell 
ionization, n the number of anode atmns per unit volume, QJKha,Kh/l the 
partial fluorescence y leld of the considered hypersatellite line and 
( Kh"xhp , QKha,Kp> ITKha,Khp and EKha.Kilp the corresponding self absorption 
correction fac tor, solid angle of the spectrometer, crystal peak re
flec tivity and CCD efficiency, respec tively. The partial fluorescence 
yield QJKha,Kilp is given by: 

WKha,Kilp 

(15) 

where W Kha and W x "Jl stand for the radiative transition probability of 
the K ha and Khj3 hypersatellites and WKK for the fluorescence y ield of the 
doubly ionized K-shell a tom. 

Similarly, the measured count rates of the diagta m lirtes read: 

h:11.,Kp = ~fohK aK (E,(s))ds X n X °'Ka,iip X (KD.,iip X OKiz,iip X IIKiz,iip 

X EKa;iip 

r, hKK 1:'K "K (E, (s))ds . -
=-xfo CTx (E, (s))dsx hKK . XnX DJKî;,,Kp X ÇKaKP fo rrK(E,(s))dJ; ' 

X OKiz,Kp 

X IIKiz,Kp X EKiz,Kp, 

(16) 

where A represents the a ttenuaUon fa ctor of the absorb er used for the 
measurement of the considered diagram line (see Section 2.2). 

Note that the .contribution of the bremsstrahlung ta the production 
of the observed hypersatellite and diagram X-ray yields was assumed to 
be rtegligibly small and thus omitted in Eqs (1 4) and (1 6). Actually, this 
contribution was estimated in ll 9J and found ta b e less than 2% of the 
X-ray yield produced by electron impact, i.e., significantly smaller than 
the uncertainties related ta the X-ra y intensities measured ln the present 
work. 

Using the definltions 

1 !o"Kl;: ctK = - aK (E, (s)) ds 
hKK O (17) 

(18) 

r"x J o a"K(E, (s))ds 
x= f hKK 

J o CTK (E, (s))ds (19) 

and dividing Eq. ( J 4) by Eq. (1 b) one finds th e rela tive intensity of th e 
hy persatellite line with respect ta its parent diagra m line: 

I x0« ,K11J étKK 1 °'Khœ,K~ OKhœ,K1\! 
A X lKa,KfJ = UK X OIKa,J:I 0.Ka,"q 

X II Kh«,K11J 'Khor,Kh~ ÇK_ ha,K11J, 

II.Ka.KA <.Ka,KfJ fu.,R;ll (20) 

Finally, the d ouble-ta-single K-shell ionization crnss section ratio Pxx 

Target/crystal I(Kha i,i) J(K.f!,.1 iJ I(Kh'i,,J .J(Kh~l.3Î 
A x l (Ka1,:il [A x J (Ka1,:il ]coc A xl(il'.'1,3) [ A d(Klf1,l) lccc 

Sc/LiF(200) 1.14(7) X 10 --.4 1 .35(20) X 10 - 4 1.08(19) X 10-4 1.87(41) X 10- • 
Cr/Si(220) 0.82(7) X 10 - 4 0.87(14) X 10~4 

Cr / Si(220) 1.04(2) )(, 10 - 4 O. 99(13) .X 10 - 4 

Cr"/Ge(220) 0.84(12) )( 10- • 0.80(16) X 10 - • 
Cr"/HAPG(004) 0.'70(2) X 10 - 4 0.63(8) X 10 - 4 

Cu/Si(440) 0.50(4) )( 10 - • 0.62(10) X 10 - • 

• X-ray ru be operated at 60 kV X 10 mA. 
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(21) 

where 

[
J xhœ,x11J ] 
AXIK«,~ cor 

(22) 

The corrected Kha and Khfl relative intensities which were cakulated 
with the self absorption correction factoi:s, solid angles, crystal peak 
reflectivities and CCD efficiencies given in Table 3 are presented in 
Table 4. To show the importance of the corrections, the uncorrected 
relative intensities are also listed. A relative uncertainty of 5% was 
assumed for each correction factor except for the self absorption ( for 
which a relative uncertainty of 10% was estimated, due to the addi
tional uncertainty related to the approximation ( ~ ~ made in the cal
culations (see Section 3.2.1). 

For the Cr measurements performed at 60kV with three different 
crystals, the corrected intensity ratios should be the same but, as shown 
by Table 4, there is a large scatter of the result8. However, in view of the 
rather big uncertainties characterizing the three ratios, this scatter is 
not really surprising. Actually, the standard deviation of the three ratios 
is 0.15 X 10- 4

, a value which is comparable to the average uncertainty 
of the three measurements which is equal to 0.12 x 10-4. 

The partial fluorescence yields were calculated using the fluores
cence yields WK for singly ionized at01ns from Kostroun ['NJ and the 
fluorescence yields WKK for doubly ionized a toms from Natarajan r 40). 
The relative transition probabi!ities W(Ka, KjJ)! [W(Ka) + W(Kj3)] of 
the diagram lines were determined from the radiative emission rates 
quoted by Scofield f 41) and the relative transition probabilities W(Kha, 

Khj3)/ [W(Kha) + W(Khj3)] of the hypersatellites from the rates reported 
for Al and Sc by Costa [26]. The correction factors X [see Eq. Il <))] for 
the difference in the effective thicknesses of the anode layers con
tributing to the prodl!ction of the diagram lines and hypersatellites, 
respectively, were computed by integrating numerically the Gryzinsky
like functions used to reprod uce the variation of aK as a function of the 
electron energy. The values obtained for ail these parameters are pre
sented in Table 5. 

Finally, inserting ab ove values in Eq. ( 21), one obtains the double
to-single ionization cross section ratios PKK presented in table J=;. As 
shown, for Sc the values obtained from the relative intensities of the Kha 

and Khj3 hypersatellites are fully consistent. For the Cr measurements 
performed at 60 kV, the ratio PKK was calculated frollî the average re
lative intensity (0.81 X 1o- 4

) of the hypersatellites measured with the 

Table 5 

three crystals using the standard deviation of the three measurements 
(0.15 x 10- 4

) as uncertainty. 
In Fig. 7 the PKK values obtained in ttiis work (red circles) are 

compared with results obtained from other measurements performed 
with electrons (symbols below the dashed l ine) and photons (syllîbols 
around the solid line). PKKvalues derived from nuclear electron eapture 
(EC) are also plotted (black squares around the dashed line). In our 
experiment, the dimensionless parameter ri = EJ EKK amounts to about 
2.2-{see Table ) ) for Sc, Cr (26.5 kV measurement) and Cu, and toabout 
4.9 for the 60 kV measurement of Cr. As it is more sound to compare the 
ratios PKK of different elements for the same ri, the present Cr value 
depicted in Fig. 7 corresponds to the 26.5 kV measurement. The PKK 
ratio deduced from the 60 kV measurement is smaller by about l 5% 
than the value obtained at 26.5 kV. This might indicate thap the max
imum of PKK occurs below 60kV but no definitive conclusion can be 
drawn from this observation siiice the differertce between the two ratios 
(0.15 X 1o- 4

) is smaller than the combined uncertainty (0.21 X 10-4
) . 

For Sc, the weighted average [(l.33 ± 0.18) x 10-4] of the PKK values 
derived from the relative intensities of the Kha and Khj3hypersatellites is 
plotted. 

r1g. 7 shows that our result for Cr agrees well with the one obtained 
by Saijonmaa and Rahkonen [ l Q] for a similar excitation energy (IJ~ 2). 

Furthermore, a power-law fit of the few electron data found in the lit
ctature for elements 11 ~ z ~ 26 shows an approximate z- 2 depen
dence of PKK· This is w ell confirmed by our results since a double 
logarithmic fit of present Sc, Cr and Cu PKKratios leads to a straight Une 
whose slope is -1.999. Fig 7 shows further that the PKK values ob
tained in electron measurements are in average about 7.5 times lower 
than those obtained with photons. A quantitative explanation of this 
difference would require the knowledge of the velocity distribution of 
the primary l s electrons in the case of electron impact (see below). As 
the measurement of this distribution was beyond the scope of this work, 
only qualitative arguments will be discussed hereafter. 

For photons the variation with energy of the double-ta-single ioni
zation cross section ratio PKK results from the combirted int1uence of the 
knock-out (KO) and shake-off (SO) processes (see Section 1). It is well 
established that the I(O process dominates near the double K-sheil io
nization threshold eaergy and at intermediate photon energies, while 
shake-off prevails at high photon energies. 111e knock-out probability 
PKo grows indeed rapidly from the threshold energy, reaches a max
imum value, and decreases then to zero with growing photon energy. 
The shake-off probability Pso rises also from the threshold but Jess 
swiftly than the KO process and tends then towatds a maxinîullî value 
which is called the asymptotic limit of shake-off. The SO limit corre
sponds to an infinitely fast change of the atomic potential. In photo
ionization, the rapidity of the potential change is related to the velocity 
at which the photo-electron leaves the ionized a tom so tha t the SO limit 

Double-to single ionization cross section ratios P KK obrained in the present work. The fluorescence y ields w IÇ and wKK for singly and doubly K-s'1ell ionized aroms, the 
resulting partial fluorescence y ield ratios r;JJKha:,x11JfO>g,,,gp and the correction factocs x accounting for the effective source thicknesse.s are also presented. 

Target <ilR: [ 3\l ] <ilf(J( [~01 WKa:,J;ll [4 1] 
wgq,+Wlif' 

Sc" 0.183 0.212° 0.900 
Sc' 0.183 0.212° 0.100 

Cr 0.276 0.316 0.897 
Cr 0.;276 0.316 0.897 

Cu 0.448 0.478' 0.892 

a Kha hypersatellîte. 
lr Linear interpolation from the values reported for Ca and Ti. 
' K"/3 hypersatellite. 
d Linear extrapolation from the values reported for Al and Sc. 
" 60 kV measurement. 
f Linear interpolation from the values reported fo r Fe and Zn. 

WKhœ,K1,, 
['.l(o) 

"'Ka,Kp X Pr;K 

Wih.,+WKh~ °'xit.,K~ 

0.857' 0.906 1.118 1.37(22) X 10 - 4 

0.143 0.604 1.118 1.26(29) X 10-< 

o.s52" 0.920 1.151 0.92(16) X 10- 4 

0.852' 0.920 1.035 0.77(13) x l0 - 4 

0.848° 0.986 1.126 0.69(12) X 10- 4 
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can be determined from the re1ative intensity of hypersatellites pro
duced by high energy photons. The SO limit can be also determined via 
the nuclear electron capture decay (EC) in which the first ls electron is 
captured by the nucleus and the second one is ejected as a result of a 
shake-off process produced by the very fast change of the nuclear 
Coulomb potential. Such EC nuclear data are plotted in Fig. 7 (black 
squares) and the least squares fit to these data is represented by the 
dashed line which is referred to as the photoabsorption asymptotic limit 
of Forrey ( 471 in the literature. 

Assuming that there is no interference between the KO and SO 
processes, the ratio PKK can be deduced from the sum of the two 
probabilities, namely PK~E) = PKo(E) + P50(E). As a consequence the 
PKK increases rapidly with the excitation energy, levels off in the so
called broad maximum region and then drops smoothly with growing 
energy to reach an asymptotic value corresponding to the limit of 
Forrey. As shown in Ref. [S], the broad maximum occurs for a scaled 
excess energy (E - EKK)!Z"2 "' 11 eV, where z" is defined by the simple 
relation Z"2 X 13.6 eV = EK· Using the energies EK and EKK quoted in 
T:iblr 2, one finds that for Sc, Cr and Cu this scaled excess energy 
corresponds to photon energie:s of 12.9 keV, 17.1 keV and 25.6 keV, 
respectively. Most of the photon data depicted in Fig. 1 correspond to 
excitation energies belonging to the broad maximum region. At these 
energies, the contributions of the knock-out (PKO) and shake-off (Pso) 

probabilities to the total probability PKK arriounts to about 80% and 
20%, respectively, and the shake-off probability corresponds to about 
80% of its asymptotic limlt L5] . As a result, the PKK value at the broad 
maximum is about 4 times bigger than the shake-off limit. This ex plains 
why the photon data presented in Ptg. 7 lie significantly above the 
nuclear EC ones. 

In photoionization, the first electron is removed by the photoelectric 
effect. The kinetic energy of the l s photoelectron is thus equal to 
E - EK. For photon energies E corresponding to the broad maxima, the 
kinetic energies of the photoelectrons are thus 8.4keV, 11.1 keV and 
16.6 keV for Sc, Cr and Cu, respectively. In addition, for a given target, 
aU ls photo-electrons have the same energy and fherefore aU of them 
contribute to the donble ionization. In the case of the K-shell ionization 
induced by electron impact, the atomic electrons are rjected with a 
continuous energy distribution but most of them leave the atom with 
small velocities comparable to their orbital velocity even at high ex
citation energies [49]. In tlùs case, the average kinetic energies of the 
primary ls electrons are th us about 4.5 keV (or Sc, 6.0 keV for Cr and 

... 
•• 

40 50 

Fig. 7. Dôuble-to-single K-shell ionization cross-séction ratios 
versus atomic num ber for electron impact, photoi onization 
and nuclear electron capture (EC). Electron impact: • present 
results, $ 1111], [> 114), <J 1171, D 118], 0 14) . Photo
ionization: <> [42], * (43.'..lO], /::,. [44] , "\7 [45), * (5]. Nuclear 
electron capture: • [ 46] . Also shown are the photoabsorption 
asymptotic limit of Forrey et al. [•l7l (dashed line) and the 
power-law fit of Kanter et al. (4B,45J of the photoionization 
data (solid line) . 

9.û keV for Cu, whereas the energies needed to remove the second ls 
electron are about 4.8 keV for Sc, 6 .3 keV for Cr and 9.4 keV for Cu. As a 
consequence, on the one hand the shake contribution to the donble 
ionization is smaller than for photons and, on the other hand, the KO 
process is energetically possible only for a fraction of secondary elec
trons and for those electrons the probability PKo is below its maximum. 
It is true that, in contras! to photons, electrons can interact sequentially 
with two bound electrons of the same a tom producing a direct double 
ionization (TS2 process). However, as discussed in Refs. [49.501, the 
TS2 probability is negligibly small for charged projectiles with a ratio 
IZl / v < 0.05, where Z stands for the projectile charge and \l for the 
projectile velocity expressed in a.u. In the present experiment, ratios 
IZl/v of 0.026 for Sc, 0.023 for Cr and 0.019 for Cu are found, indicating 
that the contribution of th e TS2 process to the electron impact induced 
double ionization is probably insignificant. For all these reasons one 
can understand why in Pi)!. 7 the electron data lie below the photon 
data and even below the Forrey fit to the nuclear EC data. 

In the case of photon inîpact, the double K-shell ionization cross 
sections can be derived from the following relation: 

(23 ) 

The K-shell photoabsorption cross sections aihoto were derived from a 
double logarithmic interpolation of the values quoted in the Tables of 
Scofield [5 1]. For the energies corresponding to the broad maxima, 
values of 3230b, 2390b and 15 40b were obtained for Sc, Cr and Cu, 
respectively. The PJt10 ratios were deduced from the power law fit of 

Kanter Pi&010 (Z) = 0.12 x .z-i.61 HS.481, l eading to values of 
8.92x 10- 4

, 7.20 x 10- 4 and 5. 31 x 1 0- 4
, The maximum doubleK

shell ionization cross section induced by photon impact a~~oto amount 
thus to 2.88b for Sc, l.72b for Cr and 0.82b for Cu. 

In the case of electron impact, one can write similarly (see Eq. ( 2'1 )) : 

(24) 

The average electron-induced singleK-shell ionization cross section O'K 

is defined in Eq. ( J 7). Using for the 11K(Ee) the cross sections discussed in 
Section ;~.2.1 , one findsôK values of 1340b for Sc, 880b for Cr (26.5 kV 
measurement) and 430b for Cu. From these values and the PKK ratios 
determined in this work, double K-shell ionization cross sections ô'KK of 
0.178b, 0.081 band 0.030b are found for Sc, Cr (26.5 kV) and Cu. Note 
that the latter valnes are about 15 to 25 times smaller than the corre
sponding photon double K-shell ionization cross sections, whereas the 
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electron single K-shell ionization cross sections are only about 2.5 to 3.5 
times smaller than the single K-shell photoionization cross sections. 

S. Summary and concluding remarks 

We have investigated the radiative decay of double K-shell vacancy 
states produced in solid Sc, Cr and Cu thick targets by impact with 
electrons. The K-hypersatellite X-ray transitions were measured in
house with the von Hamas curved crystal spectrometer of Fribourg 
operated in the direct geometry, using the Sc, Cr and Cu anodes of the 
X-ray tubes as targets. The high voltages of the X-ray tubes were chosen 
so that the kinetic energy Ee of the electrons at the front surface of the 
anode was about 2 times higher than the threshold energy EKK for the 
double K-shell ionization. In order to probe the evolution of the relative 
intensities of the hypersatellites as a function of the electron energy and 
check the reliability of the experimental setup, the Cr measurements 
were also performed at a higher voltage (60kV) and with three dif
ferent crystals. 

The measured hypersatellite spectra were analysed by means of a 
least-squares fitting program using Voigt profiles to fit the diagram and 
hypersatellite lines. The major difficulty encountered in the data ana 
lysis was related to the poor peak-to-background ratios characterizing 
the measured hypersatellites and to the bumps observed in the back
grounds of the Sc Khf3 and Cr Kha spectra as a result of intensity in
homogeneities of the electron beam spots on the X-ray tube anodes. 
Despite of this the relative intensities of the hypersatellite transitions 
could be well determined from the fits. 

The PKK ratios were deduced from the relative intensities of the 
hypersatellites corrected beforehand for the self absorption in the 
target, energy dependent solid angle of the von Hamas spectrometer, 
crystal peak reflectivity and CCD efficiency. Our results are well in line 
with the ratios found in the literature for two 3d elements, namely Cr 
and Fe, that were measured at similar relative electron energies 
(ry = EJ EKK"' 2). A power-law fit of the few electron data found in the 
literature for elements 11 ~ z ~ 26 shows an approximate z- 2 de
pendence of PKK which is well confirmed by our results. The latter were 
also compared to other experimental ratios obtained with photons and 
radioactive sources decaying via the nuclear electronic capture (EC). 
From this comparison, it was found that present PKK ratios deduced 
from electron impact measurements are about 7.5 times smaller than 
those obtained by photon impact and that they lie below the EC data, 
indicating that the electron induced double K-shell ionization prob
ability is even smaller than the high-energy limit of the shake-off 
probability. 
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