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Kn hypersatellite lines of medium-mass atoms induced by 100-MeV He2+ ions
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The radiative decay of double K-shell vacancies in zirconium (Z = 40), molybdenum (Z = 42),
and palladium (Z = 46) was observed using a high-resolution transmission crystal spectrometer. The
samples were ionized by the impact of 100-MeV He + ions. From the well resolved K m K L
transitions, the energies, linewidths, intensity ratios, and double K-shell ionization cross sections
were deduced. The experimental energies and linewidths of the hypersatellites are compared with re-
sults of Dirac-Hartree-Slater calculations and with multiconfiguration-Dirac-Fock calculations, both
taking into account the Breit interaction. For the extracted double K-shell ionization cross sections
a comparison. is made with the semiclassical approximation predictions within the independent-
particle model.

PACS number(s): 32.30.Rj, 32.70.Jz, 32.70.Fw, 32.80.Hd

I. INTRODUCTION

The construction of facilities allowing one to accelerate
almost all types of projectiles in a wide range of energies
has opened during the last decades a wide Geld of in-
vestigation. In particular, special interest has risen for
experiments involving multiply ionized atoms, leading to
a better understanding of the collision and ionization pro-
cesses and of the decay modes of ionized atoms.

Ionized atoms may decay by emission of x rays or by
nonradiative processes, such as Auger or Coster-Kronig
transitions. Nonradiative decay is predominant for light
elements, whereas heavy atoms decay mainly by emis-
sion of x rays. X rays produced by the radiative decay of
singly ionized atoms are called diagram lines. Compared
to singly ionized atoms, the electronic screening of the nu-
clear charge is weaker in multiply ionized atoms, resulting
in an increase of the binding energy of the remaining elec-
trons. In such atoms radiative transitions are, therefore,
shifted toward higher energies with respect to the corre-
sponding diagram lines and give rise to so-called satellite
x-ray lines. In general, the energy shifts of these satellite
transitions increase with the principal quantum number
characterizing the electron undergoing the transition and
decrease with the principal quantum number of the spec-
tator vacancy. For molybdenum, shifts of about 48 ev for
the first KaL satellite [1] and about 14 eV for the first
KPi sM satellite [2] were observed. The energy shift
is the most pronounced in the case where the innermost
shell is empty. K ~ K X transitions are named
hypersatellites. For mid-Z atoms, the Ko, hypersatel-

lite lines (K + K L ) are expected to be shifted
by about 400—500 eV with respect to the corresponding
diagram lines.

Different processes can lead to double K vacancies.
The latter may occur in atoms during nuclear decay as a
result of K-shell internal conversion or P decay [3—5]. In
this case the second K electron is ejected by a shake-off
process. Only small double ionization cross sections are
achieved by these processes, leading to long-winded and
dificult experiments. Similar problems are encountered
when the vacancies are produced by photoionization [6,7]
or electron bombardment [8,9].

Significantly higher cross sections are obtained in colli-
sions with heavy ions [10—13], but in this case, the prob-
ability of additional ionization in outer shells is no more
negligible, resulting in complex x-ray spectra &om which
it is very difBcult to resolve properly the hypersatellites.

Nevertheless, between these two extremes one may And
conditions where a satisfactory double ionization cross
section is achieved and the probability for simultaneous
ionization in outer shells is negligible. For medium-mass
target atoms, such favorable conditions are met with light
ions of 20—25 MeV/amu. At these energies the double
K-shell ionization cross sections are close to their maxi-
mum values, whereas the L- and M-shell ionization prob-
abilities are on the contrary markedly smaller than their
largest values, which are found at 2—3 times lower pro-
jectile velocities (see Fig. 1).

K hypersatellites are in several respects very useful for
studying atomic systems. A precise measurement of their
energies constitutes a sensitive test of the contribution of
the Breit interaction to the Coulomb potential. Natu-
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FIG. 1. Molybdenum double K-shell ionization cross sec-
tion o(KK) and single I-shell ionization cross section cr(L) in
barns versus He + projectile energy. The calculations were
performed with the SCA independent-particle model. The
solid line represents the double K-shell ionization cross sec-
tion o (KK), the dashed line the single L-shell ionization cross
section o (L)

ral linewidths of K hypersatellites, which are expected
to be 2—3 times larger than those of the corresponding
diagram lines, allow one to deduce the widths of double
K-hole excited states. Interesting conclusions concerning
the coupling scheme applicable to the investigated target
atoms can be drawn &om the Ko.z to Ko.2 hypersatel-
lite yield ratios. Multiple ionization induced in atoms by
collisions with charged projectiles is generally assumed to
result &om the sum of uncorrelated single ionization pro-
cesses. The validity of this hypothesis can be checked by
comparing the measured cross sections u~~ of double
K-shell ionization with theoretical predictions as those
given for instance by the independent particle semiclas-
sical approximation model (SCA).

In spite of the above mentioned interesting charac-
teristics of K hypersatellites, available experimental in-
formation is scarce and concerns mainly light atoms.
For heavier atoms, most of the measurements were per-
formed by means of the coincidence method in which
the x rays emitted by the cascade K + K I
(Kn hypersatellites) K iL i ~ L, 2 (Kcr I satel-
lites) are detected in coincidence by two semiconductor
detectors [5]. In these experiments, however, due to the
restricted resolution of the detectors, no hypersatellite
natural linewidths can be determined.

In this paper we present results on the energies,
linewidths and relative intensities of Ko.q and Ko.2 hy-
persatellites induced in metallic targets of zirconium
(Z = 40), molybdenum (Z = 42) and palladium (Z = 46)
by the impact of 100 Me V He + ions. The measure-
ments were performed by high-resolution crystal diffrac-
tometry. Prom the measured hypersatellite yields, the
double K-shell ionization cross sections were also de-
duced and compared to SCA predictions.

The experiments were performed at the Paul Scher-
rer Institute in Villigen, Switzerland. The 4He ions were
accelerated to 100 MeV by the variable energy Philips
Cyclotron and focused to a 1 mm wide and 20 mm high
beam spot corresponding to the dimensions of the tar-
gets. The experiments were carried out with 4He2+ beam
currents of 3 pA for Zr and Mo and 1.8 pA for Pd.

Self-supporting metallic targets of natural zirco-
nium, molybdenum, and palladium with thicknesses of
12.7 mg/cm2, 26.4 mg/cm, and 25.9 mg/cm, respec-
tively, were used. The targets were cooled by a low pres-
sure He gas Bowing through the target chamber. The
latter was isolated &om the high vacuum beam pipe by
two 5.3 mg/cm2 thick havar foils.

The x rays from the target were measured with an on-
line transmission crystal spectrometer [14] in modified
DuMond slit geometry. In this geometry a 0.15-mm-
wide slit, placed on the focal circle between the target
and the crystal, acts as the effective source of radiation
(see Fig. 2). With respect to the standard DuMond ge-
ometry (no slit and target thickness perpendicular to the
direction of observation), this setup allowed us to obtain
higher luminosity and to cancel phenomena like thermal
deformation of the target, affecting the pro61e of the ob-
served lines. The 0.15-mm aperture of the slit was chosen
as a compromise between two effects inBuencing, respec-
tively, the intensity and the width of the observed x rays:
the luminosity of the spectrometer, which has to be as

FIG. 2. Schematic diagram of the DuMond slit geometry
used in this experiment (not to scale): (1) beam, (2) target
chamber, (3) crystal, (4) collimator, (5) detector, (6) focal
circle, (7) monitor detector, (8) target, and (S) tantalum slit.
0 represents the Bragg angle.
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high as possible, and the instrumental resolution that de-
pends mainly in this geometry on the slit width. More
details about this geometry can be found in Ref. [15].

The spectrometer was operated by a 68000-based mul-
titask moduj. ar computer system via standard VME and
EUROBUS electronic modules. An efIicient and versatile
user program package was developed by the author [16].
This package, written in C, controlled all aspects of the
measurements. Peripherals allowing on-line visualization
of the data were attached. The acquisition electronics
was connected to the computer through a 4096 channels
dead-time corrected analog-to-digital converter (ADC).
A preliminary sorting of the ADC data was performed
on line in order to reject unwanted and nonprompt en-
ergy events. The steering modules controlling the laser
interferometer, the step-motors of the spectrometer and
the target chamber were supervised by a Z80 microcom-
puter and enclosed in a EUROBUS crate. The latter
and the analogical electronics of the detectors were lo-
cated in the experimental area close to the spectrometer,
while the computer system and the ADC were placed in
a separate room at a distance of about 60 m. The digital
signals were transferred between the experimental area
and the computer room via optical fibers.

The (110) reflecting planes of a 1-mm-thick natural
quartz crystal plate were used. for the diffraction of the x
rays. The curvature radius of the crystal was 3.15 m and
the reflecting area 5 x 5 cm . The 25.651 50(7) keV p
decay of an intense ~s~Tb calibration source [17] was used
to determine the instrumental response induced mainly
by the slit aperture and the imperfect crystal curvature.
Including the contribution of the slit ( 9.9 arcsec) the
total instrumental response was found to be a Gaussian
with a full width at half maximum of 11.2+0.2 arcsec.
The reflection angles were measured by means of an op-
tical laser interferometer, which has been described in
details in Ref. [14].

The diffracted x rays were detected by a 1mm-
thick NaI scintillation detector, surrounded by an anti-
Compton ring. We have taken advantage from the time
structure of the beam (20-ns bursts with a repetition rate
of 10 MHz) to reduce the beam uncorrelated background
by performing coincidences between the events from the
spectrometer central detector and the rf signal of the cy-
clotron.

The beam intensity was monitored by a 0.4-cm Si(Li)
detector placed in &ont of the spectrometer, below the
target-crystal axis, and viewing the target through the
same slit as the crystal. In the Si(Li) energy spectrum,
selected regions corresponding to the Kn and I(.P x rays
of interest were chosen for each target. The integrated
numbers of events pertaining to the selected regions were
then used to control the data acquisition of the spectrom-
eter performed in the preset count mode. All points of a
given crystal spectrometer spectrum correspond, there-
fore, to equal numbers of projectile-target collisions.

The energy calibration of the spectra was based on the
Ko.q diagram lines measured on both sides of reflection.
The energies of these transitions were taken &om the
compilation of experimental values of Bearden and Burr
[1S].
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FIG. 3. Crystal spectrometer Ko. x-ray spectrum of molyb-
denum induced by 100 MeV He + ions. The result of a single
hypersatellite region scan is represented in the inset. On the
high-energy tail of the Knz line, one can distinguish the weak
Kng I satellite.

All spectra were collected in first order on the right
side of reflection by step scanning over the desired angu-
lar region. In order to survey the stability and the repro-
ducibility of the experimental setup, which is of partic-
ular importance for such time consuming measurements,
the hypersatellites were measured in several successive
scans. Moreover, a control measurement of the Ko.q di-
agram line was performed between each scan. The crys-
tal spectrometer Ko, x-ray spectrum of molybdenum is
shown for illustration in Fig. 3.

III. DATA ANALY'SIS

The profile of an x-ray line measured with a crystal
spectrometer can generally be represented by the convo-
lution of a Lorentzian and a Gaussian. The latter corre-
sponds to the instrumental response of the spectrometer
and the Lorentzian represents the natural line shape of
the x-ray transition. The convolution of these two lines
results in a so-called Voigt profile.

The observed spectral lines were analyzed by means
of a least-squares-fitting program (program package MI-
NUIT from CERN library PAGKI IB [19]) employing such
Voigt functions. Except for zirconium (see below), all
diagram and hypersatellite lines were fitted with single
Voigt-profiles. The beam uncorrelated background was
taken into account by adding a constant value to the fit-
ting function.

The width of the Gaussian instrumental response was
extracted &om the measurement of the Tb 25.652-keV p
decay. For all spectra, the energies and the intensities of
the transitions, as well as the widths of the Lorentzian
profiles were let &ee. In this way the correlations between
the different &ee parameters were considered in the error
estimation of the fitting procedure.

As the weak hypersatellite transitions were laying on
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TABLE I. Correction factors of the observed transition in-
tensities for the self-absorption in the target and the intensity
attenuation in the crystal. The factors were normalized to
give 1.000 for the Ko.q diagram transitions.
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the high-energy tails of the much stronger diagram lines,
the spectra were analyzed in the following way. First,
the Ko.q and Ko.2 diagram lines were fitted. The ob-
tained values for the energies and the natural linewidths
of the diagram lines were then used to fit the background
structure of the hypersatellite spectra. As the time scale
was different for the two spectra, the intensity of the
Kaq line was let &ee, whereas the Kn2 to Ko.q yield ra-
tio was kept constant. A very good agreement with the
observed background of the hypersatellite spectra could
be obtained thereby. The two conspicuous hypersatellite
transitions were then analyzed using again Voigt profiles
with energies, intensities, and Lorentzian widths as Bee
parameters. This method gave the Inost reliable results.
Finally, yields obtained &om the fitting procedure were
corrected for the self-absorption of the observed x rays
in the target and their intensity attenuation by the crys-
tal thickness. The corresponding correction factors are
given in Table I. Corrections concerning the dependence
on the energy of the crystal refiectivity were estimated
to be smaller than 1% and, therefore, not considered.

In K-shell ionizing collisions of heavy ions with atoms,
the additional multiple M-shell ionization produces a
broadening and an energy shift of the x-ray lines [20]. It is
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FIG. 5. Ka. hypersatellite spectrum of molybdenum in-
duced by 100 MeV He + ions. The thick solid line corre-
sponds to the total 6t of the spectrum. Ko.q and Kn2 tails
as well as 6tted pro6les of hypersatellites are represented.

well known that the importance of these effects increases
with the squared charge of the projectile. Furthermore,
the broadening of the lines and their shifts in energy are
the largest when the projectile velocity matches the ve-
locity of the M-shell electrons of the target atom. Since
in our experiment we have used light projectiles and a
beam energy far above to energy corresponding to the
mentioned matching velocity condition, the additional
M-shell ionization can be neglected and was, therefore,
not taken into account in the data analysis.

Problems were encountered during the analysis of the
zirconium data. Indeed, the Ko.q and Kn2 diagram tran-
sitions, as well as the corresponding hypersatellite lines
showed obvious asymmetries on their low-energy tails
(see e.g. , Fig. 4).

Similar low-energy structures were observed by various
authors in the K x-ray emission spectra of metals. Differ-
ent explanations were proposed. For light elements, the
asymmetries were attributed to plasmon excitation dur-
ing x-ray emission. Such plasmons were observed for in-
stance in the Kn emission of beryllium [21] and graphite
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FIG. 4. Ko. hypersatellite spectrum of zirconium induced
by 100 MeV He + ions. The thick solid line corresponds to
the total 6t of the spectrum, the dotted one to the sum of the
tails of the Voigt pro6les used to 6t the diagram transitions,
background included. Fitted pro6les of the hypersatellites
and of the additional lines used to take into account the ob-
served low-energy asymmetries (see text) are also represented.
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[22]. For transition metals, the low-energy asymmetries
were suggested to be due to the interaction between the
electrons of the incomplete 3d or 4d subshell and those
of the un6lled inner shell owing to the emission of the
ineasured x rays [23].

In the Gtting procedure additional Voigt profiles, two
for the Ko;i transition and one for the Kn2, were used
to account for the observed asymmetries. The energies,
I.orentzian widths, and relative intensities of the addi-
tional lines were let free in the analysis of the Ko. di-
agram transitions. The obtained values were then used
as fixed parameters in the analysis of the hypersatellite
spectrum.

The observed and Gtted Ko, hypersatellite spectra of
zirconium, molybdenum, and palladium are represented
in Figs. 4, 5, and 6, respectively.

IV. RESULTS AND DISCUSSION

A. Energies

The energies of the main diagram lines have been mea-
sured with high precision since a long time, whereas those
of the hypersatellites are not very well known. It was
shown by Chen et al. [24] that the Breit interaction, i.e. ,
the interaction between any two atomic electrons due to
the exchange of a single transverse photon, afFects the
multiplet splitting of double vacancy configurations in
atoms. This in8uences the transition energies as well as
the transition probabilities. For medium-mass atoms, the
relative contribution of the Breit interaction to the en-

ergy shifts of Ko;i hypersatellites was estimated by Chen
to be about 5—6'%%up, i.e. , 25 eV for Zr, 26 eV for Mo,
and 29 eV for Pd. In these calculations Dirac-Hartree-
Slater (DHS) wave functions were used. For comparison
multiconfiguration Dirac-Fock (MCDF) calculations with
the GRAsp computer code [25,26] including also the Breit
interaction and QED (self-energy and vacuum polariza-
tion) corrections, and using Dirac-Fock wave functions
were performed. The transition energies as well as the
intensity ratios were calculated using the modified spe-
cial average level version of the MCDF method [27].

The measured energy shifts of the hypersatellite tran-
sitions with respect to the parent diagram lines are given
in Table II, where they are compared to the results of

MCDF and DHS calculations. For Mo and Pd the DHS
values were obtained by interpolation.

Quoted errors are purely statistical and correspond to 1
o standard deviation. Excellent agreement is found with
the theoretical predictions con6rming the Breit contribu-
tion to the transition energies of the Kn" hypersatellites.

B. Natural linewidths

Due to the double vacancy state in the K shell, the
natural linewidths of the hypersatellites are expected to
be much larger than the ones of the corresponding di-
agram lines. In fact, the width of an x-ray transition
is theoretically equal to the sum of the total widths of
the initial and 6nal states. In the case of doubly ionized
atoins, the width of the initial state (K 2), with two
vacancies in the K shell, can be estimated to be twice
the width of a single K vacancy level, i.e., 2I'~. In the
same manner, the width of the final state (K iI ) is
approximated by I'~ + I'I, . The natural widths of the
hypersatellites should thus be equal to 31'Ic + I'I, [28].
%e compare in Table III the natural linewidths obtained
in our experiment with the values calculated with this
phenomenological law. The single vacancy level widths
were taken from Krause and Oliver [29], where effects
influencing the broadening of the level widths (like mul-
tiple ionization, etc.) are not taken into account. A quite
satisfactory agreement is found between theory and ex-
periment. This statement however has to be appreciated
cautiously, since the level widths of Krause are given with
quite large uncertainties (4' for the K level and up to
20%%up for the I levels) and because only statistical errors
are quoted for the experimental results.

C. Kni "/Kns" yield ratios

Whereas for diagram transitions the I(Kni)/I(Kn2)
intensity ratios are close to two and their variation
with the atomic number Z is small, the hypersatellite
I(Kni")/I(Kn2") yield ratios are subject to strong vari-
ations [30]. Indeed, considering light atoms where the
IS coupling is dominant, the Ko.i spin-Hip transition
( So —+ Pi) is forbidden. For that reason, this tran-
sition is strongly delayed for light atoms and the rela-

TABLE II. Measured energy shifts in eV of Kn&, 2 hyper-
satellites with respect to the parent diagram lines compared
to calculations using the MCDF method. Theoretical predic-
tions based on DHS calculations of Chen are also given for
comparison, whereby the values for Mo and Pd are interpo-
lated.

TABLE III. Natural linewidths in eV of K —+ R I
transitions. The calculated values were obtained with the
phenomenological law proposed by Mosse et al. [28] using
semiempirical single vacancy level widths from [29].

Element

4o~r
4gMo
46Pd

Energy shifts in eV
E(Kni")-E(Kni) E(Kng") E(Kn2)-

expt. MCDF DHS expt. MCDF DHS
438.1(1.0) 438.5 438.9 438.9(1.0) 438.4 439.1
465.2(1.0) 463.7 466.0 465.4(1.0) 464.3 466.0
520.1(1.3) 520.5 520.8 519.8(1.9) 519.7 520.4

Element

40Zr
42Mo
46Pd

expt.
11.7(1.3)
19.5(2.1)
24.1(4.4)

calc.
13.1(6)
15.3(6)
21.0(9)

expt.
13.2(2.2)
16.6(2.4)
19.5(5.9)

calc.
13.3(6)
15.5(7)
21.2(9)
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TABLE IV. Comparison of hypersatellite intensity ratios
I(Ko.q")/I(Kns") between our experimental results, calcu-
lations using MCDF method and calculations done by Chen
et al. [24] using DHS wave functions, both including Breit in-
teraction. With the exception of Zr, the theoretical intensity
ratios of Chen are interpolated.

Element

4p Zr
42Mo
46Pd

Intensity ratio I(Ko;q")/I(Knq")
expt. MCDF DHS

1.38(23) 1.04 1.04
1.34(19) 1.14 1.13
1.71(45) 1.31 1.31

tive yields I(Knq")/I(Kn2") are nearly zero. In heavy
atoms, where the jj coupling is predominant, the Kai
transitions are no longer hindered and the intensity ra-
tios I(Knq")/I(Kn2") tend to two as in the case of the
diagram transitions. I(Knq")/I(Kn2") yield ratios of
medium-mass atoms, which are expected to increase with
the atomic number Z between these two extreme values,
represent thus a sensitive tool to check the intermediate
coupling model.

The I(Koq")/I(Kn2") intensity ratios extracted f'rom

our measurements are listed in Table IV, where they are
compared to theoretical predictions. The intensity cor-
rections presented in Sec. III are included in the experi-
mental values. The increase of relative uncertainties with
increasing atomic numbers is due mainly to the peak-to-
background ratio of the hypersatellites which decreases
with Z (see Figs. 4, 5, and 6).

An overview of the experimental I(Knq")/I(Kn2")
yield ratios obtained by different authors for elements
ranging &om Ti (Z = 22) to Pb (Z = 82) is given in
Fig. 7. Most of the experimental values are in satisfactory
agreement with the DHS predictions of Chen et aL [24].
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FIG. 7. K~y to Ko.g hypersatellite intensity ratios as a
function of the atomic number Z. The solid line represents the
results of DHS calculations by Chen et al. [24]. The symbols
correspond to experimental values: A Ref. [7], Cl Ref. [48], o
Ref. [49], ~ Ref. [50], 0 Ref. [51], x Ref. [52], s Ref. [31,32],

this work.

Our results seem to be systematically larger than the the-
oretical predictions by 20—30%. A less pronounced but
similar tendency can be observed in the results obtained
by Briand et al. [31,32]. However, no definitive conclu-
sion can be drawn, the relative uncertainties being of the
same order of magnitude or larger than the observed dif-
ferences.

D. Double K-shell ionization cress sections

Double K-shell ionization cross sections can be de-
duced &om absolute yields of K hypersatellites. Absolute
intensity measurements are, however, diFicult to carry
out by crystal diÃractometry because parameters that
are not known very well, like for instance the solid an-
gle of the spectrometer or the reQectivity of the crystal,
are needed. Relative intensities, on the contrary, can be
measured with high precision provided that the energies
of the compared transitions are not too different. For this
reason, we have determined first the cross section ratios
oleic/o~ with the method described below. Using the
fact that experimental cross sections for single K-shell
ionization by light ions are very well reproduced by SCA
calculations, we deduced then the cross sections o.~~ by
means of the following relation:

expt ]
KK

The double to single ionization cross section ratio can
be expressed as

Olc~ orle Q I(K 2 —+ K ~X ')
0.~ (oleic QI(K —' -+ X—') (2)

x 2~bdb,

where b is the impact parameter and p~ and pL, are the

where u~~ and u~ are the Huorescence yields of the
doubly and singly, respectively, K-shell ionized atoms, I
stands for the intensity of the radiative transitions and
X represents every possible subshell.

Available experimental and theoretical information
about Quorescence yields of doubly K shell ionized atoms
is rare. The single data that we could find in the liter-
ature are results of calculations performed by Bhalla for
neon [33,34]. Strong differences in the fluorescence yields
are predicted by these calculations, depending whether
the Ne atom is purely doubly ionized in the K shell or
multiply ionized. For pure doubly K-shell ionized atoms
the fluorescence yields are nearly equal to those of singly
ionized atoms, whereas for multiply ionized atoms with
empty K-shell and additional holes in the L-shell values
up to two times larger are obtained.

If we assume that in a K I multiple ionization the
K- and L-shell electrons are ejected. independently, the
cross section for producing such a highly excited state is
given by the binomial distribution
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TABLE V. MCDF theoretical intensity ratios.

Element
4pZr
42Mo
46Pd

I(KP) /I(Kn)
0.185
0.191
0.202

I(KP")/I(Ka")
0.189
0.199
0.205

K- and L-shell ionization probabilities per electron. I'ur-
ther, since pL, is nearly constant in the impact parameter
range where pK is not vanishing, Eq. (3) can be reduced
to

~pL, (b) [I p~(b—)]' "/'8) „
(n) ~

x pK (b) 2vr bdb
0

(81 „
lpR(b)[1 —p (b)]' "~

k~)

In our measurements the Km~I satellite lines could
be observed and resolved &om the parent Ko.q diagram
line. From the I(KnqL )/I(Knq) yield ratios, the fol-
lowing ionization probabilities pL, were deduced: 0.0034
for Zr, 0.0039 for Mo, and 0.0035 for Pd. It is thus obvi-
ous from (4) that for all targets

~(K 'I. ") « o(K 'L ') « o.K-K.
OKK = pK(b)pK(b)2jrbdb

0
(7)

cated.
The single and double K-shell ionization cross sections

were calculated within the SCA independent-particle ap-
proximation with the computer code IQNHYD of Traut-
mann et al. [35,36], using hyperbolic classical trajectories
and relativistic hydrogenic electronic wave functions. Re-
coil terms were included. Results are presented in Table
VII.

Finally using Eq. (1) and the values of (aKK/OK), »„
and oK listed in Tables VI and VII, respectively, we de-
termined the cross sections crKK. Our results are shown
in Fig. 8 where one can see that SCA theory, using the
independent-particle model, overestimates in a signifi-
cant way the oKK cross sections.

A similar conclusion was drawn for lighter element tar-
gets (Ca, Ti, V, and Cr) bombarded by 1.3 to 1.7 MeV
protons [37]. In this study the observed discrepancies
between experiment and standard SCA theory could be
partly removed by using different ionization probabilities
for the two K electrons. Due to the binding energy in-
crease of the K shell following the removal of the erst
electron, the second K electron is expected to be ejected
with a smaller probability than the first one (pK & pK).
Replacing p~ by pKpK in the calculation of the double
K-shell ionization cross section, i.e., by employing the
expression:

For these reasons we assumed that in our case
uK. Considering only the most intense transi-

tions, Eq. (2) can be reduced to

instead of

+oo
OKK = pK(b)2vrbdb

0
I(K~g ") ) I(KP ")

I(Kcrx ) I(Kn, ") ( I'm")

I(K~ ) 1 + l(K~, ) 1 I(KP)
I(Kn1 ) I(Ko()

(6)

The intensity ratios I(Kaq ")/I(Kn j ), I(Ka2")/
I(Knq"), and I(Ko2)/I(Knq) were extracted from the
experiment and corrected for the different absorption in
the target and crystal.

As no KP x-ray spectra were observed in the
present experiment, the ratios I(KP) /I(Kcr) and
I(KP")/I(Ka") were calculated using the GRAsp code.
Results of the latter calculations are given in Table V,
those of (crKK/crK), „pt in Table VI where the values of
the different ratios appearing in Eq. (6) are also indi-

a much better agreement with experiment was obtained
by this group, the OKK values being about 20'%%uo smaller
than the oKK ones. For increasing atomic number Z
one expects the differences between oKK and o.KK to
decrease. A simple estimation was performed for palla-
dium. The pK was deduced by introducing in the SCA
calculations the K-electron binding energy in a singly K-
shell ionized atom, which was calculated with the GRAsp
code. Using the obtained value for pK in Eq. (7) the cal-
culated oKK was finally found to be about 4% smaller
than the oKK given in Table VII. We are, therefore,
inclined to attribute also to this effect a part of the dis-
crepancies evinced by our experiment.

TABLE VI. Experimental ratios of double (o JrJr) to single (o K) K-shell ionization cross sections
for ionization by 100 MeV He + iona (4.4(4) [—4] means (4.4+0.4)x10 ).

Element

4p Zr
42Mo
46p~

I(Kng ")/I(Kng)
45(4) [

—4]
4.0(4) [

—4]
3.5(5) [

—4]

1+I(Ka2 ) /I(Hay ")
1+l(Kag ) /l(Ka1 )

1.13 (8)
1.15 (6)
1.04 (10)

].+I(K/3h)/I(Hah )
i+r(mP) /1(ma)

1.003
1.007
1.002

+KK
+K expt

5.1(6) [
—4]

4 7(S) [-41
3.6(6) [

—4]
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TABLE VII. Calculated single (ox) and double (oa-x)
K-shell ionization cross sections in barns for ionization by
He + ions of 100 MeV. The calculations were performed

within the independent-particle semiclassical approximation
(SCA) model. (8.20 [2] means 8.20x10 ).

Element
4pZr
42Mo
46Pd

8.20 [2]
6.56 [2]
4.22 [2]

&KK
0.474
0.354
0.196

0.6

0.4—

0.1—

0.0
I

40
I

42
I

44
I

46

FIG. 8. Double K-shell ionization cross sections o.~~ in
barns deduced from the present experiment. The curve rep-
resents the results of SCA calculations within the indepen-
dent-particle model.

It was shown recently that I-shell and especially M-
shell ionization probabilities of medium-mass atoms bom-
barded by charged projectiles were poorly reproduced by
SCA calculations using hydrogenic wave functions for the
description of the initial and final states of the target
atom [38,39]. Replacing the hydrogenic wave functions
by relativistic Hartree-Fock wave functions resulted in a
much better agreement between theory and experiment
[36,40,41]. The K-shell ionization probability, however,
is less sensitive to the choice of the wave functions so that
no signifIIcant change for o~ and 0.~~ is expected when
using Hartree-Fock wave functions in the SCA calcula-
tions.

Atoms having double K-shell vacancies can deexcite
radiatively by the following two different mechanisms: (i)
1s 2 m la i2p i by one-electron-one-photon (OEOP)
transition or (ii) ls 2 —+ 2s i' i by two-electron-one-
photon (TEOP) correlated transitions. The first rnech-
anism corresponds to the K-hypersatellite transitions.
The second one was predicted by Heisenberg [42] al-
ready in 1925 but the first observation of TEOP tran-
sitions took place only in 1975 in a heavy-ion colli-
sion experiment [43]. Since then these transitions have
been observed in a variety of experiments in which the
double K-shell ionization was produced by impact with

heavy-ions, electron-capture decay, as well as proton- and
electron-induced excitations [44, and references therein].
Available experimental data concerning the branching ra-
tio B = I(TROP)/I(OEOP) are, however, still scarce
and sometimes inconsistent. For aluminium, Auerham-
mer et aL [44] found for instance a branching ratio
B(Al)=(2.2 6 0.8) x 10 s while Salem et aL [45] ob-
tained for several first transition series elements the fol-
lowing results: B(Cr)= 0.88 6 0.44, B(Fe) = 0.48 + 0.22,
B(Co) = 0.51 + 0.20, and B(Cu) = 0.73 + 0.40. Several
models were proposed to explain the TEOP mechanism.
Most of these calculations predict a nonvanishing branch-
ing ratio. Aberg et aL [46] found for B the following
simple result:

B = (E2/Ei) [Do(la2a)]',

where E~ is the average hypersatellite transition energy,
E2 the average two-electron-one-photon transition en-
ergy, and Do(1s2a) the ls2s radial overlap integral which
is approximatively given by 0.187/Z.

Using Eq. (9) we find a theoretical value of 1.6 x10
for Al, in good agreement with the experimental result of
Auerhammer et al. , and an average value of 3.6 x10 for
the Brst transition series elements, which is about 2000
times smaller than the average value of 0.65 obtained by
Salem et al. However, since Salem's results have not to
our knowledge been confirmed. by any other experiment,
we are inclined to trust the theoretical predictions and,
as a consequence, to neglect the TEOP strength, which
should be in our case about 5000 times smaller than the
OEOP one.

A double K-shell vacancy may result &om a shake pro-
cess following a single K-shell ionization provided that
the ejected K electron has a kinetic energy higher than
the binding energy B~ of the K shell. In collisions of
100 MeV 4He + ions with targets of Zr (B~ = 18.0 keV),
Mo (B~ = 20.0 keV), and Pd (B~ = 24.4 keV), b elec-
trons are ejected Rom the K shell with maximum ener-
gies of about 46, 48, and 53 keV, respectively. The con-
tribution of shake efFects, which are not included in the
SCA theory, to the observed K hypersatellite yields can-
not, therefore, be excluded a priori. Calculations based
on the sudden approximation model and performed for
elements from Z = 2 to Z = 36 [47] give for the heavi-
est element a probability of 2 x 10 5 for electron shake
&om the K shell as a result of 18 vacancy production.
Since shake probabilities decrease with Z, one could ex-
pect that the contribution of shake effects to the hyper-
satellite yields observed in our experiment do not exceed
4%%uo (see Table VI). Predictions of shake probabilities fol-
lowing the sudden approximation method, however, are
only reliable when the double ionization concerns difer-
ent subshells. When considering double ionization in the
same subshell, one can no more simply assume that the
orbitals relax independently of one another and one has
to take into account correlation effects [5]. The most
general and powerful method to describe such correla-
tion efFects is the many-body perturbation theory. This
method is however very difBcult and, to our knowledge,
no calculation has yet been carried out in the case of
double K-shell ionization of a many-electron atom.
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yield ratio. Hence no corrections were performed on the
hypersatellite yields of the He experiment.

V. CONCLUSION
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FIG. 9. X-ray spectra of molybdenum in the region of Au
hypersatellites resulting from (a) 100 MeV He + bombard-
ment, (b) photoionization (x-ray tube with a Au anode oper-
ated at 80 kV and 30 mA). The probability for a K-shell
shakeoff process following a K-shell photoionization is ex-
tremely small for medium-mass atoms. This is confirmed by
the spectrum (b) where no hypersatellites could be observed.

For this reason a complementary measurement of the
photoinduced Ko. hypersatellite spectrum of molybde-
num was performed in order to determine directly the
shake contribution to the double K-shell ionization ob-
served in the He experiment. The spectrum was mea-
sured by means of a similar spectrometer installed at the
University of Fribourg and equipped with a 100 kV Au
x-ray tube [15]. No hypersatellite structure was observed
in this spectrum [see Fig. 9(b)]. From the analysis an up-
per limit of 5 x 10 was deduced for the I(Kn")/I(Kn)

High precision measurements of the radiative decay
A —+ K L of doubly K-shell ionized atoms
of zirconium, molybdenum, and palladium induced by
100 MeV He + were performed. The so-called hyper-
satellite transitions were observed with a transmission
crystal spectrometer of modified DuMond slit geome-
try. Satisfactory agreement with DHS calculations and
with MCDF calculations (both including Breit interac-
tion) was found for the energies, whereas for the intensity
ratios of the hypersatellites the theoretical predictions
underestimate the experimental results. The observed
natural linewidths of the hypersatellites could be well re-
produced by a crude semiempirical model. The double
K-shell ionization cross sections deduced &om the rela-
tive yields of the hypersatellites were found to be smaller
than the results of theoretical independent particle SCA
predictions. Possible causes for the observed discrepan-
cies such as, for instance, the use of equal ionization prob-
abilities for the two K electrons or the nonconsideration
of the competitive TROP transitions were discussed.
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