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Electron-impact-induced K plus M shell ionization in solid targets of mediumZ elements studied
by means of high-resolution x-ray spectroscopy
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TheK 3, x-ray spectra of zirconium, niobium, molybdenum, and palladium bombarded by 150 and 300 keV
electrons were measured with a high-resolution transmission curved crystal spectrometer. Multiconfiguration
Dirac-Fock calculations were used for the decomposition of the experimental spectra i@iNe (dia-
gram andK8,M? (satellits components. The probabilities of energy dependditect Coulomb and two-
step processes were estimated from the differences in the satellite line yields for electrons and photons. The
satellite yields are found to be considerably enhanced in comparison with those for the proton-induced ion-
ization recently measured and analyzed in the same [Way.udziejewskiet al, Phys. Rev. A52, 2791
(19959]. This result indicates the importance of multielectron effects inKhplus M shell ionization by
energetic projectiled.51050-29476)03606-3

PACS numbses): 32.30.Rj, 32.70.Jz, 34.50.Fa, 34.80.Dp

I. INTRODUCTION served in which the individualsatellite lines correspond to
the transitions with a different number of additiorialor
The multiple ionization of ions and atoms accompanyingM shell holes.

the electron impact has been studied in the past mostly by The net energy shift of th& x rays, resulting from the
charge collection methods. In a series of experiments abs@educed screening of the electron involved in the transition,
lute cross sections for various target species, atoms, and myk syfficient for midzZ elements to resolve the shell satel-
tiply charged ions were investigatgt-8]. It has been found  |ites from theKa or K3, 3 diagram transitions. For these
that multiple ionization is in most cases dominated by theyansitions the energy shifts due to an additioviashell hole
indirect mechar_usms of multlple.vac.ancy product[éprlz], ._are usually smaller than the natural linewidths and cause
These mechanisms are the ionization following a cascadmgnly a broadening and an energy shift of the diagrant. or

radiative, Auger, or Coster-Kronig transition. satellite lines. However, in the case of tKg8, transitions
In general, it is difficult to sort out the different individual : : ' 2 ’

contributions to the multiple ionization of atoms or ions. In- l.e., the trqnsmons mvolvmg_ elegtrons from theshell, the
formation about direct double ionization inferred from €N€rdy shift ofKB,M sateliites is larger than the natural
charge state analysis or time of flight spectroscopy is, therdineéwidth and these satellites can be observed as well sepa-
fore, limited to the cases where oth@rdirech processes are rated lines. Due to the short lifetime of ttike shell hole, as
not possible. This situation is achievable either for few eleccompared to thé., M, or higher shells, the number o4
tron (He, He-like targets, or for ionization by electron im- shell holes present at the moment of tex-ray emission
pact at energies below the subvalence shell threshold. nearly corresponds to that created initially in the collision.
In the present study we propose an alternative method, ithe slow (in the K shell scal¢ rearrangement processes,
which theK plus M shell ionization by electron impact is leading to a change of the total number Mf shell holes
studied by means of high-resolution x-ray diffraction spec-prior to the K x-ray emission, can be accounted for by a
troscopy. This technique has been widely exploited by usimple statistical scaling procedure. Therefore the dikct
before, for the determination of multipke plusL, orK plus  shell ionization probabilities accompanying the removal of
M shell ionization induced by energetic ions or photfit3—~  theK shell electrongi.e., o /o) can be determined from
23]. In these measurements, multiplet structures were olthe measured relative intensities of the satellite and diagram
lines. This “satellite” method has been used earlier by us to
measure thevl shell ionization probabilities in “near cen-
“Present address: Gesellschaft'r fuSchwerionenforschung tral” collisions of fasta particles and protons with Zr, Mo,
D-64220 Darmstadt, Germany. Electronic address:and Pd target§14—-16,22,23 Likewise, the method can be
T.Ludziejewski@gsi.de applied to determine the relative cross sections of the mul-
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tiple inner shell ionization by electrons selectively and for ation spectrometer operated in the modified DuMond slit ge-
wide range of bombarding energies. ometry. The spectra were analyzed with the help of extensive

The theoretical treatment of multiple direct ionization by multiconfiguration Dirac-Fock calculations.
electrons has not been developed beyond the classical binary Similar experiments have been recently carried out for Zr,
encounter approximatiofBEA) of Gryzinski [24]. While Mo, and Pd targets where tlie plus M shell ionization was
this fully classical theory can still be useful for the discus-induced by energetic proton beams and phof@2$ In this
sion of the single total ionization cross sectigEA1), in  Paper a comparison is given between the diMcshell ion-
the case of the cross sections for double ionizat®EA2)  ization probabilities accompanying tiie shell ionization by
the results in many cases have to be multiplied by a scalingrotons and electrons. The experimental conditions did not
factor 10 1-1072[1,2]. allow for measurements of th€g, satellite spectra for elec-

On the other hand, quantum mechanical calculations offon velocities matching those for protons. In spite of this
the direct double ionization are extremely difficult due to thelimitation such comparison seems to be instructive.
presence of four charged particles in the exit channel inter- The direct Coulomb ionization probabilities by charged
acting with each other via the Coulomb potential. Thereforeparticles were determined from the differences in K,
from the theoretical point of view, direct multiple ionization satellite yields in the charged particle and photoinduced
by electron impact can yield interesting information aboutsPectra. The relative importance of shake and energy depen-
the correlation effectf25] and can be treated as a sensitivedent processes has been verified for the high-energy elec-
test of the importance of the many electron interactiongrons. To the authors’ knowledge there are no published ex-
which are neglected in the independent particle model. Fror@erimental data concerning diredvl shell ionization
the point of view of possible applications the direct multiple pProbabilities by electron impact for mid-targets.
ionization cross sections can be important for the evaluation
of the charge state evolution in t_he electron beam ion source Il. EXPERIMENT
(EBIS) [26]. In this context experimental, as well as theoreti-
cal, studies of direct double ionization by electrons are of The experiments were performed at the Softan Institute
great interest. for Nuclear Studies in Bierk near Warsaw. The electron

The subject of the direct multiple ionization by electron beams were accelerated by the EAK-400 facility to energies
impact studied by means of high-resolution x-ray or Augerof 150=10 keV and 30610 keV and focused to circular
electron spectroscopy has been addressed by several authdream spots with a diameter of 2 mm. The beam currents
In an early work of Carlsoret al. [27], the K plus L shell were varied from several tens to several hundredg.af
ionization of neon and. plus M shell ionization of argon depending on the investigated target. Natural, 5 ang. &b
were investigated as a function of the energy of the impackZr, 10um Nb, 5.9 and 12m Mo, and §m thick Pd self-
electrons. The cross sections for double relative to singlsupporting foils, and targets mounted on a water cooled car-
ionization were discussed in terms of the sudden approximaion backing were used.
tion (SA) model, in which the single mechanism responsible The x rays produced by the electron beams were mea-
for the double vacancy production is the shake process. Kured with an in-beam bent crystal spectrometer operated in
was found that the ratio of double to single ionization isthe modified DuMond slit geometry. A schematic diagram of
independent of the energy of the incident electrons at highethe experimental setup is presented in Fig. 1. In this design
energies. However, at low energies the probabilities fotwo plates of tantalum, forming a 0.2 mm narrow slit, are
double K plusL, or L plus M) ionization can exceed the placed in front of the target on the focal circle. The slit acts
high-energy limit. This low-energy excess was attributed toas the effective source of radiation. This geometry permits
the admixture of direct Coulomb ionizatigB®l) by the elec- one to avoid the line shape problems caused by the thermal
tron impact. The same conclusion was drawn from measuredeformation or displacement of the target. The target itself is
ments of the Auger satellites induced by photon, electrorplaced at an anglé =40°-50° to the beamline which is
[28], and proton beami29]. These measurements indicated perpendicular to the planey) of the spectrometer. Three
that theK plusL shell ionization of Ne is independent of the remote-controlled stepping motors are used to align and op-
excitation mode and reasonably well reproduced by the sudimize the target and slit positions. They permit one to rotate
den approximation calculations of shake effects except fothe target around thg axis, to displace it transversely (
low-energy protons, where direct Coulomb ionization anddirection), and to move the slit in the target-crystal direction
electron capture start to play a role. (x direction.

In a systematic study of the energy dependence of the The diffraction spectrometer used in this experiment was
I(KLM/I(KL®) satellite line intensity ratio carried out for a constructed in KFA-Jich for high-resolution measurements
variety of elements (&Z=<29) [30] up to two satellites ac- of low-energyy rays and x rays of mi& and heavy ele-
companying theK shell ionization by electrons have been ments. For the present study the maximum Bragg angle of
observed. Similarly, it was concluded that besides the shakine spectrometer was extended to 8.1° in order to allow the
effect, energy dependent procesg€d, and/or secondary measurements of tHeB x rays of elements wit€=40. The
ionization can also play an important role in multigleplus (110 planes of a 3.5 mm thick quartz crystal plate bent to
L shell ionization. the radius of 4.64 m were used for the reflection of x rays.

The present work concentrates on the douldep{us M The active reflecting area was 24 éniThe Bragg angle®
shel)) ionization processes induced by 150 keV and 300 keMvere measured with an interferometric system with an accu-
electron beams in Zr, Nb, Mo, and Pd targets. ®j&,M*  racy better than 0.01 arc sec. The detailed description of the
satellites were measured using an on-line bent crystal diffradnstrument can be found elsewh¢84,32. For the detection
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FIG. 2. Crystal spectrometer x-ray spectrum of Nb induced by
photoionization(upper part and 300 keV electron impadtower

par.

using the tabulated energies of K¢, transitions[33] and
the known energy-angle characteristic of the interferometer.

The measurements of the photoinduée#l, spectra were
performed at Fribourg University with the use of a similar
bent crystal spectrometer installation. The photoionization
L data for Zr and Mo were taken from recent w¢g] while

FIG. 1. The schematic view of the crystal spectromet@): o yata for Nb were measured in this work using the same
quartz crystal,(2) interferometric system(3) collimator, (4) Pb technique as that described in RE22]. In addition, as a
shield, (5) HP-Ge detector(6) slit, (7) focal circle,(8) Si-Li moni- .
toring detector, an€9) target chamber. The details of the target-slit consistency check of the data Of RE22], the K, SpeCt.ra
arrangement are shown in the upper part of the figure. of Pd were remeasured for a thinn@ pm) target. _For il-

lustration, the crystal spectrometer spectra of Nb induced by

of the diffracted x rays a HP-Ge detector 6 cm in diametephotons and 300 keV electron beam are shown in Fig. 2.
surrounded by a Pb shield was employed.

The beam intensity was monitored by an 80 ?nSl(L!) . Il DATA ANALYSIS AND RESULTS
detector placed at 0° behind the quartz crystal and viewing
the target through the slit and the quartz crystal. The selected The method of data analysis applied in the present study
regions in the monitoring detector, corresponding toKhe  is essentially the same as that used22]. Therefore the
rays of interest and to the backgroufstemming mainly absorption corrections, multiconfiguration Dirac-Fock
from the electron bremsstrahlungvere used to ensure that (MCDF) calculations of the x-ray profiles, fitting procedure,
all points measured in preset count mode correspond to equahd corrections for electron rearrangement will be only
numbers oK shell ionization events. All spectra were mea- briefly described here.
sured in the first order of reflection, and in several scannings, For medium-heavy elements such as Zr, Nb, Mo, and Pd
in order to survey the stability and reproducibility of the the K absorption edges partially overlap with tkgg, satel-
measurements. In addition, for each target element and eadite region. As a consequence the measured spectra have to
energy, at least two independent measurements were pdre corrected for the steplike increase of the self-absorption in
formed with either different target thicknesses or differentthe target. The change of the self-absorption as a function of
target mountingself-supporting targets or targets on a car-the photon energy for photoinduced spectra was deduced by
bon backing. The spectra were energetically autocalibratedmeasuring the transmission of the x rays through the Zr, Nb,
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Mo, and Pd foils. In these measurements the spectrometer

was used as a monochromator. The spectral intensity distri- ¢z MCDF-MSAL
bution of the x-ray tube was used to calculate the variation of %3 01

the target activity as a function of the penetration depth of £& KBM" Nb

the ionizing radiation. In contrast, for the correction of the S : :
electron-induced spectra, the theoretical absorption edge pro- -

files (calculated as a convolution of the known natural width 900 300 keV c —>Nb

of theK shell hole states with the experimentally determined
instrumental resolution of the spectrométexere used. The
electron-induced ionization was assumed to be constant overg, 700
the entire target thickness. This assumption is reasonable§
since much thinner(5-15 wm) targets were used for g 600
e~ -induced spectra. B 500
The M shell ionization probabilities accompanying the :'g
K shell electron ejection bg~ or photon impact can be ~ §4%
determined from the formula Z

800 1 m m mm datacorrected for selfabs.
000 o datanotcorrected

total fit

......... individual components

300
plot= 18- M (1) e
M (18+1y) 100 '

This formula, which was used in our previous stuag], 0 18940 18960 18980 ]9000 19020 19040 1060

was also employed in the present investigation for a consis- Energy [eV]

tent comparison between the results of the two experiments.

In Eq. (1) p))" is the totalM shell ionization probability, and _

1, is the satellite to diagram line intensity ratio corrected for FIG- 3. Expanded part of thi 3, spectrum of Ni(see Fig. 2

the self-absorption and the rearrangement processes. THglUced by 300 keV electrons. The empty markers represent raw
quantity,, can also be interpreted as the ratio of the croséjata’ while the full squares show the spectrum corrected for the

. . self-absorption of the x rays in the target. The overall shape of the
ig?él(ﬁ/lnss;%r”t?]ilgrsc?ductlon of oreand oneM to oneK and fitted spectrum is represented by the solid line, whereas the dotted

lines correspond to the individual profiles of theB,M° and
KB,M? components constructed on the basis of MCDF calcula-
e ] 2 tions. In addition the results of the MCDF calculations are repre-
J1K,0M sented schematically as a stick plot in the upper inset.

= 01K, 1M

The x-ray transition profile measured with the diffraction
spectrometer has in general a complicated structure. Sinamnfiguration were carried out. The numerical method used
the instrumental resolution is comparable to the natural linefor the decomposition of the experimental spectra into the
width, a transition between two states should in general b&g,M' (i=0,1) components was based on the Lavenberg-
represented as the convolution of a Lorentzian and a GausMarquardt nonlinear least-squares fitting routine, an efficient
ian. The folding of the two functions results in a so-calledconvolution method exploiting fast Fourier transform.
Voigt profile, for which the natural line is described by the In Fig. 3, as an example, an expanded part of Kh®,
Lorentzian shape, while the instrumental resolution is represatellite region of Nb bombarded by 300 keV electrons is
sented by the Gaussian shape. In the case of multiply ionizegresented. The effect of the self-absorption corrections and
atoms and/or atoms with open valence shells, the x-ray prahe results of the fitting procedure are visualized. The fitted
file is still more complicated, since many states differing inprofiles agree fairly well with the experimental spectrum in
total angular momenturtend, therefore, energcan repre- spite of the fact that the rearrangement effects leading to the
sent a particular electron configuration. As a consequenceedistribution of theM subshell holes have not been taken
the resulting shape of the x-ray line profile should be coninto account in the theoretical construction of tKg,M?*
structed by summing up all the possible transitions with thdine profile. The energies and relative intensities of the dia-
weights corresponding to their transition probabilities. In thegram and satellite components calculated using the MSAL
present work the energies and transition probabilities of theersion of MCDF prograncrAsP are presented schemati-
individual (diagram and satellijecomponents were calcu- cally in the upper part of Fig. 3.
lated by means of the multiconfiguration Dirac-Fock com-  The satellite yields extracted from the fit reflect the hole
puter codeGRASP [34]. The MCDF calculations were per- distribution in the target atoms at the moment of khe&-ray
formed using the modified special average leSAL)  emission and not the initial hole distribution induced by the
version [35] which has proved to be an efficient and ad-interaction with the projectile. The latter can be estimated,
equate method for the description of the x-ray transitions irhowever, using a simple, statistical scaling proced23.
multiply ionized atoms. In the MCDF calculations tfi€r]  As long as the total number & shell holes is taken into
4d95s?, [Kr] 4d3,Ad2,5s?, and[Kr] 4d° simplified closed account, the radiative, Auger, or super-Coster-Kronig rear-
valence shell ground-state configurations were chosen falangement transitions do not change considerably the initial
Nb, Mo, and Pd, respectively, while for Zr the calculationsvacancy configuration. This is a consequence of the short
for the realistidKr] 4d?5s? open valence shell ground-state lifetime of theK shell hole as compared to the radiative and
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TABLE I. The M shell ionization probabilities deduced from

the K 8,M* satellites of Zr, Nb, Mo, and Pd, induced by photoion- 1007 g) —O— low energy regime
ization and by proton and electron impact ionization. Errors are —@— high energy regime
listed in parentheses. The heading “Ild&/ means the low-energy 801 &F AR\ T shoke (SA)
regime qf the operatior) of the x-ray tube, while “hid@li’ stands ~ 50 ]
for the high-energy regiméor details see Ref.22]). Data marked EE
by T were taken fronp22]. L)
204 T
Zr Nb Mo Pd 00 photoionization

Photoion. 7.58 9.11 8.20 2.64 10.0 { b) m 16Mevp
low E (0.39 (0.24) (0.39 (0.22 80 1 25MeV p
Photoion. 8.39 9.68 8.60 2.98 ' oMV
high E (0.35 (0.2 (0.36 (0.20 = 60
16 MeV p' 9.25 9.45 4.12 o

(0.62 036  (0.30 40
25 MeV p' 9.16 8.52 3.17 2.0 1

(0.36 (0.46 (0.33 protons
45 MeV p' 9.76 8.10 3.10 a0l 0)

(0.30 (0.33 (0.39 12'0_ i 13%% eV
150 keVe™ 13.5 13.4 11.7 7.7 ’

(1.6 (1.2 0.7 0.6 1001
300 keVe~ 12.9 13.8 12.9 8.0 £ 807

1.2 (1.0 0.7 (0.66 a 6.0
Shake 3.428 3.001 2.730 1.831 4.0 1
(SA calc) 201 glectrons

0.0

30 40 41 42 43 44 45 46 47

.. . .. Z target

nonradiative Auger or super-Coster-Kronig transitions.
The averageM shell ionization probabilities accompany-  FIG. 4. TotalM shell ionization probabilities induced big)

ing the removal of & shell electron of Zr, Nb, Mo, and Pd photons,(b) 16, 25, and 45 MeV protongdata taken from our

in the photoionization process or by proton or electron im-recent work22]), and(c) 150 and 300 keV electrons. Dotted line in

pact are listed in Table | and plotted in Fig. 4. The entries®: results of the sudden approximation calculations of the shake

were calculated according to E€f), with the underlying Probabilities.

assumption that the yields in tieB, satellite region are due

only to the simultaneous( plus M) shell ionization. Since

within the statistical errors no differences were found for IV. DISCUSSION
various target thicknessésr target mounting conditionshe _ o
data for electrons listed in Table | represent the values aver- A. Total yields of the K 8, satellite lines

aged over several independent measurements. The data forThe key parameter deciding whether the SA is applicable
protons, as well as the photoionization data for Zr and Mojor the case of the shake process following the ejection of an
were taken from our recent wofle2]. The errors listed in  glgciron from the atom is the velocity of this primary elec-

parentheses are due only to the fitting procedure and do nef,, According to[37], the sudden approximation is valid
include the systematic errors due to the assumed line sha en the energy transferred to the ejected electiBg)(

Lnuoedfcl)’ t:\heerzglrfrfr?gsgrrr?gr?tnpfggreijcl}Ir?ans’ or the uncertaintieg, ceeds significantly the ionization threshol, () for the

In addition, the predictions of the .sudden approximationShake'Oﬁ electron. An em_pir_ical_criterion of the app_licability
calculations of shake-off plus shake-up processes are i of the .SA founpl for photoionizatiof88] and electron impact
cluded in Table | and plotted in Fig.(@. In the sudden 'Onization[39]is thatEy>3Epng. ,
approximation model the probability for either exciting From the comparison of the existing experimental data
(shake up or ionizing (shake off an electron from a given with the SA calculations it follows that the theory does pro-
atomic orbital is calculated assuming instantaneous changdde a good estimation of the shake probabilities as long as
of the central potential. This model leads to simple expresthe process is sufficiently violent and involves electrons from
sions (see, e.g.[22,36)) in which the shake amplitude is different shells. However, the model fails for the shake pro-
proportional to the overlap between the initial and final wavecesses when the shaken electron belongs to the same shell in
functions. In the calculations whose results are listed irwhich the initial hole was created, that is, e.g., for the shake
Table | we used the self-consistent Dirac-Fock wave funcoff accompanying nuclear electron capture or the double
tions from theGRASP program. photoionization of helium.
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The photoionization data shown in Fig. 4 were measured From the inspection of Fig.(d4) one can also conclude
by means of an x-ray tube. The energy distribution of thethat there is a systematic difference in the tqigl for the
radiation emitted by the x-ray tube was measured with @igh- and low-energy regimes of the photoionization. For
semiconductor detector. The average photoelectron energiesach target the ionization probability is systematically higher
determined from this direct measurement are 30 and 10 timédsr larger average energy of the impinging photons. The ob-
larger than the ionization threshold for the “high-energy re-served differences cannot be explained by the influence of
gime” and the “low-energy regime,” respectively. Thus the the solid-state effect or the “shake” effect in the sudden
application of the SA for the description of the present dataapproximation limit. The question then remains what type of
seems to be well justified. energy dependent process accounts for the observed differ-
A comparison of the SA calculations with the experimen-ences in the photoionization data for the two distinct average
tal results for photoionizatiofsee Fig. 4a)] shows a consid- energies of the impinging photons.
erable(more than a factor of 3 for Nbenhancement of the Further, the comparison @& plus M shell ionization in-
satellite line intensities as compared to the SA theory. Furduced by protons and electrons shown in Figb) 4nd 4c)
ther, the experimental probabilities show a nonmonotonigeveals that the intensity ratidg \ /I x are noticeably larger
dependence of the totpl, as a function of the target atomic for electrons than for protons. As indicated earlier, instead of
number. The new data for Nb confirmed this trend, pointedhe shake processes and the solid-state effect the Coulomb
out already by us in Ref22]. Although the shake process interaction among the charged projectile and the bound inner
should play a decisive role in tH€ plus M shell ionization  shell electrons possibly leads to additiof@alplus M shell
by photon impact, the observed target atomic number deperenization.
dence does not follow the SA calculations, which predict Various scenarios have been proposed in the literature to
decreasing ionization probability as a function of the targetdescribe the double ionization process by charged particles.
atomic number. Similar target atomic number dependence ig€taining the classical picture, at high energies, apart from
also observed for th& plus M shell ionization by protons the shake processes mentioned earlier, two-Si&p ioniza-
[Fig. 4(b)] and electron§Fig. 4(c)]. In these cases, however, 0N can play an important roksee, e.g.[42]). For example,
the Coulomb ionization processes additionally come intd®!loWing a single interaction between the projectile and the
play. target electron, g_secon_d bound e!ect_ron can be_ ionized in a
The properties described above suggest that there is bsequent collision W't.h the _prOJecu[ehe classical ana-
additional mechanism responsible for the enhancement of th@3ue of direct Coulomb ionization, also called the TS-2 pro-

5 sl I was posiligaz] et a maor parofthe 6% TS TISCIrisn 0 b convasto i e preceee
discrepancy between the experiment and the SA theory ! l P y L
ith the second bound electron and produces double ioniza-

due to solid-state effects relaxing the quadrupole character lon (TS-1). The latter process is expected to dominate over
the K, (4ds7+15) transitions. Within the convoluted o o 5 it of high projectile velocities. It is worth

natural linewidth and the instrumental resolution of diffrac- noting here that TS-2 is possible onlv for charged particle
tion spectrometers, these transitions overlap with the average 9 P y ged p

energy of theKB,M?! satellite transitions for the atomic mpac_t, \.Nh".e TS-1 can also l_ae an important channel in
number range 48 Z<46. In isolated atoms the contribution phot0|on|za_1t|(_)n. Ir_1 the above picture we assumed that eIec_—

' " . trons are distinguishable, and therefore the exchange term is
of the quadrupoleKpg, transitions should remain small

[1(K B2)/1 (K 3,) = 1.1x 10" for Mo [40] ]. In a solid, how- negligible. This is the case for the incident and ejected elec-

o trons, but not always true for the two inner shell electrons
er:/er, th%zand charactetr) gf the Q#bSh?" and thefm;]x[ng' of ejected simultaneously with similar velocities from the atom
thep andd states may bring a sharp increase of their inten-_ sharing the same region in phase space.
sity. Support for this conclusion can also be found in the
recent investigation of the x-ray transitions from the valence
states to the d or 2s levels in metallic Mo and several Mo
compoundg41]. In order to elucidate in more detail the role of direct Cou-

It is worth noting here that one can determine the contridlomb and TS-1 processes by electron impact we have sub-
bution of the solid-state effect to the totél3, satellite in- tracted the relative intensities of thes,M* satellites for
tensity, or at least an upper limit thereof, from a precisephotons from those for charged particles. The resulting
measurement of th& 3,M? satellite yield. Assuming that yields can be attributed to the direct Coulombshell ion-
the production of the twd/ shell holes is uncorrelated, the ization probabilitypﬂ' accompanying th& shell ionization
intensity of theK 3, transition in a solid can be determined if one assumes that the TS-1 processes are the same for
from the difference of the measurég3,M? satellite inten-  charged particle and photon impact. This assumption is not
sity and that calculated using tipg, value deduced from the fully satisfied in our case, due to the differences in the ve-
K 8,M?2 line intensity and the binomial distribution. In fact, locity distributions of the ejected electrons for collisions with
the second K 8,M?) satellite was observed in the photoin- electrons, protons, and photons. These are particularly large
duced KB, spectrum of Nb. However, the large self- for photoionization and charged particle impact. However,
absorption corrections for the relatively thick target used, ashe procedure allows one to get rid of the solid-state and
well as nonoptimal background rejection conditions, haveshake effects in the SA limit, since these effects are indepen-
resulted in too poor an accuracy to carry out a reliable quandent of the ionizing agent.
titative analysis. Experiments aiming at such an accuracy are The results for 150 and 300 keV electron impact on Zr,
in progress. Nb, Mo, and Pd are presented in Fig. 5 together with the

B. Energy dependent processes
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70 influence the observed satellite line intensities. The first pro-
—® - 230k e cess is the alignment induced by charged particles, which
6.0 --W-- 150 keV e may lead to an anisotropy in the angular distribution of the
satellite x rays; the second one is related to the relativistic
50¢ ’E corrections that modify the ionization amplitude.
ST In the ionization of inner atomic subshells with the total
40} . .
3 .. angular momentuni>1/2 by a beam of charged particles,
“sa0f B[S teMevp the probability of ionization may have different values for
ED_ —EI— 25MeV p different moduli of the projection of on the quantization
20} TOT 4SMeVe| axis. This means that while no anisotropy can be observed
T T /z for the diagramK x rays (for which there is only one pos-
0P s = - sible quantum numbefm|=1/2), the angular distribution
ool \\Q\;/:;;’/ can be anisotropic for the satellit¢3,M* transitions, for
N~ —— 45MeV p SCA-SCF which there exist many possible initial states characterized
- - - . . . by angular momentunji>1/2. The so-called alignment of
39 40 41 42 43 44 45 46 47 atomic subshells has been studied theoretically for electron
Z target impact ionizatior{43] as well as for ion-atom collisior{€4].

It has been found that while in general non-negligible, the
FIG. 5. Probabilities for direct Coulomb plus TS-1 ionization charggd-partlcle-mduced a"gnm?’?t tends tolzero for reduced
obtained by subtracting from the relative yields of #8,M?* sat- velocitiesve¢>1. Further, describing the alignment of the

ellites for charged-particle-induced ionization the corresponding®©m with aK and anM shell hole, one has to take into
yields for photoionizatioimeasured in the “high-energy regimg”  account that the spectator vacancies couple to many different

Solid curve represents the SCA calculations for 45 MeV protons orPOssible total angular momentum valugsin this case the
Zr, Mo, and Pd. coefficients of anisotropy which are proportional to
(—1)inictimnat ! add with opposite signs, reducing the effec-
corresponding results for 16, 25, and 45 MeV protons on Zrtive value of the alignment. It is worth noting, in addition,
Mo, and Pd taken from Ref22]. In addition, relativistic that the proton_inducedlgle spectra were measured for
semiclassical approximatidisCA) calculations of the direct the “magic angle” 55° for which the probability for photon
Coulomb ionization probabilities for ionization by 45 MeV emission does not depend on the a|ignment tensor compo-
protons are shown. In the SCA calculations presented in Fi@hent./&zo. We can state, therefore, that the anisotropy ef-
5 Dirac-Fock wave functions were used. It has been showfects cannot be responsible for the observed strong differ-
recently [19,23 that the SCA model with realistic wave ences in proton- and electron-inducetg,M?® satellite
functions gives good agreement with the experimental inneyje|ds.
shell ionization probabilities even for large reduced veloci-  To estimate the role of the relativistic corrections in the
ties, for which the same calculations employing hydrogenic\i shell ionization of midZ targets by 150 and 300 keV
like wave functions fail. The calculations agree reasonabl)é|ectrons(stemming main|y from the magnetic interactjon
well for protons, suggesting that the TS-2 process plays ifye exploited the semiempirical calculations of absolute inner
this case a major role in the Coulomb ionization. shell ionization cross sections developed by Deutsthl.
Several trends may be noted in comparing experimentglss]. The modelin the following denoted as D-Mprovides
data for electron and proton impact. For both types of progpsolute cross sections fé¢, L, and M shell ionization
jectiles there is a similar weak dependence offiffeon the  which are in satisfactory agreement with the experimental
target atomic number. The comparison shows, however, gata in the energy range from threshold up t8 &¥ and for
drastically largerpy for electrons than for protons. In addi- all elements. In Fig. 6 results of the D-M calculations which
tion, within the experimental error bars there is no differencetake into account relativistic corrections are plotted for the
in the pk’,l' for the two different energies of the impinging case of Mo from threshold t0>610° keV. Also shown are
electrons. the results of the nonrelativistic BEA theory and the nonrel-
These results are rather surprising in view of the fact thaativistic semiempirical calculations according to the Lotz
the direct Coulomb ionization in the high-energy limit varies formula [46].
with velocity of the projectilev approximately as Inf)/v?, The comparison of the calculatdd shell cross sections
and the cross sections for protons and electrons beconghows a reasonable agreement between the Lotz formula and
equal for a giverwv at sufficiently large but nonrelativistic the BEA model. As can be seen from the comparison of the
velocities. nonrelativistic BEA or Lotz models and the D-M calcula-
For the 45 MeV protons the velocity is equal to 0.30 of tions, the relativistic term in the D-M model starts to play a
that of light, while for 150 and 300 keV electrons the veloci- role at approximately 100 keV. Further, the relativistic cor-
ties are 0.68 and 0.78, respectively. Hence, provided that rections change the totaly, approximately by 20% for 150
v is sufficiently large but nonrelativistic, the correspondingkeV electrons and at most by 50% for 300 keV electrons.
cross sections should beorp(p)>o0p (150 keVe™) Recalling the earlier mentioned scaling ruley ~
> 0p,(300 keVe ™). In(?/v?, we can state that the direct Coulomb ionization
To discuss in more detail the mechanisms of ionizationcannot be responsible for the observed enhancement of the
responsible for the observed differences in the electron antfl shell ionization probability even when we take into ac-
proton experiments, we have to investigate which effects canount the relativistic corrections.
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Z atoms, besides the trivial shake and direct Coulomb inter-
action (TS-2), there are additional mechanisms which con-
tribute to the ionization amplitude. These are correlation
and/or TS-1 processes influencing gy /o cross section
ratio. In the case of the photoionization dasze Fig. 4a)]

the TS-1 mechanism manifests itself as a difference between
the K plus M to K ionization probability ratio for two dis-
tinct energy distributions of the impinging photons. For
charged particles, it is possible that the positive and negative
interference among TS-1, TS-2, and shake amplitudes in the
case of ionization by electrons and protons, respectively,

1000 |

o [kbarns]

100 |

K-shell x100 i )
leads to the observed differencesapy /oy .
0 Molybdenum /= e o It is worth noting here that for the large velocities of
107 100 10" 102 10° 10¢ 10° electrons and protons discussed in the present paper, an ad-

Energy [keV] ditional scenario of the TS-1 process is possib_le. In the re-
o _ versed TS-1 process the scattering of the projectile on the
FIG. 6. TotalM shell ionization cross sections for molybdenum; ny shel| electron can be followed kg shell ionization in-
SO!Id line: relat_|V|st|c D-M model; dotte.d line: non_relefltlwstlc calcu- 4,ced by the scattered electron. The differences in the colli-
foms. I adlton, DM calouiaons of i shel ionzation cross SO ynamics imposing different upper and lower lmits of
sectiéns are plotied the momentum transfer for proton and electron impéuot
' é electrons are “harder” for 300 keV electrons than for

The double ionization by charged particles and photons idMmpact of 45 MeV protonsmay cause the contribution of the
recent years attracted the attention of both experimental arf§versed TS-1 process to be larger in the case of electrons.
theoretical physicists due to the fundamental role of many
body interactions involved in the process. Particularly inter- V. SUMMARY AND CONCLUSIONS
esting were the differences in the high-energy limit of double
to single ionization cross section ratias {*/o™) of helium
by charged particles and photof%7], as well as the large
differences observed under charge conjugation for,p ™)
and *,e”) projectiles(see, e.q.[48,49). It is generally
believed that Compton scattering and successive absorpti
of scattered photons by the second electron as well
ground-state correlations are important factors responsibl
for the differences in the high-energy limit for photons and
charged particles. These processes are, however, of no im-
portance in the case oK(plus M) shell ionization of mid-

Z atoms by several keV photons, due to the small Compto

scaitering Cross sections as comp.ared to photoionizatio lectron impact. These values can be compared with the cor-
cross sections and the weak correlation ofthandM shell responding results obtained recently for protons. The com-

e_Iecrro_ns._ Sltr_nllarly, the h?ge dl:‘_ferchtes in thle Souble % arison demonstrates that the probabilities for the energy de-
SIngie jonization Cross section ratios between €1ectrons, POy, qant processes are substantially higher for electrons than
itrons, protons, and antiprotons observed for helium wer

or protons.

explained in general as being due to correlations. However, Various processes leading to the observed enhancement
no consensus has been reached as to the physical mechanlg he satellite to diagrarkK 3, line intensity ratios for elec-

.Of correlation. Bes_ldes the correlate(_d g;hake process, '_[he .TS'E ns are discussed. The discussion leads to the conclusion
is thought to be important for sufficiently large projectile

" . .. that in addition to the Coulomb ionization and to the ioniza-
velocities. McGu.|re[50] and Vegh and Burgder [42] sug- ion by shake off, the multielectron two-step processes, and
gested that th<_a interference between _the shake and the Essibly interference between TS-2, TS-1, and shake-off ef-
quantum amplltude_s may b.e r_esponS|bIe for'the opserve cts influence the ionization probabilities significantly.
larger double- to single-ionization cross section ratios for
electrons with respect to that for protons. This interference
may be restricted, however, by the selection rules. The clas- ACKNOWLEDGMENTS
sical trajectory Monte Carlo calculations of Olsjd&i] show
that the effects may be explained without quantum interfer- The authors gratefully acknowledge the assistance of the
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The KB, diagram and satellite transitions have been sys-
tematically measured for solid Zr, Nb, Mo, and Pd targets
bombarded with 150 and 300 keV electrons. The measure-
ments have been done with the use of a bent crystal diffrac-
0tion spectrometer. This technique allows one to determine
Wate selective double to singlE plusM to K) cross section
atios for high energies of projectiles, which are difficult to
fheasure for complex atoms with other experimental meth-
Probabilities for the energy dependantshell ionization
rocesses were obtained by subtracting the satellite to dia-
%ram line intensity ratio for photon impact from that for
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