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The relative 1ntens1t1es, v = I(K.L )/ I(Kq, 2), n = I(K,LY)/I(K,L') and y=
=I(K,L*)/I(K,L"), of x-ray emission K,, ,, K,L', K,L? and K,L® lines’ groups
of aluminium are experimentally studied under the excitation by electron
impact in the range of accelerating voltages U =4.5-100 kV. The model of K|,
x-ray emission has been proposed and takes into account the main channels of
multiply ionized KL, states’ decay As found, the probablhtles of creation
of KL, 3 conflguratlon (P)), KL .3 configuration (P,) and KL .3 configuration
(Ps) monotomcally decrease when bombarding-electron energy E > 20 keV.
The observed decrease of the P,, P, and P, values can be explained by decreas-
ing of the average energy transferred to the atom in electron—atom collision.
The P, and P, probabilities significantly exceed (by 1.6 to 2.5 times) their
values predicted within the shake-off approximation of simultaneous inde-
pendent ejecting of two and three 2p electrons that indicates a significant
role of the 2p—2p electron correlations in KL;, ionization processes. As
shown, the P,, = P,/P, and P5, = P;/P, ratios are practically constant in the
whole range of accelerating voltages and are the parameters characterizing
the values of 2p—2p electron correlations.

Key words: K, x-ray emission, multiply ionized KL;, states, 2p—2p electron
correlations.
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K, L?® anioMiHi0o eKCIIepIMEeHTAJBHO AOCHiMKeHO NIPH eJeKTPOHHOMY 60MOY-
BaHHIi y AianasoHi mpruckopioBaiabHux Haupyr U =4,5-100 kB. 3anponoHoBa-
HO MOJieJIb PeHTI'eHiBChKOI K ,-eMicii, sKa BpaXxoOBye OCHOBHi KaHaJU po3many
KpaTHO fonizoBamux KL, -craris. Bcranosieno, mo I/IMOBlpHOCTl CTBOPEHHS
crasiB KL, ;-KoH(pirypamii (P,), KL23 -kouGirypamii (P,) Ta KL23 -KOH(piry-
paitii (P3) MOHOTOHHO 3MEHIIYIOThCSA B 00J1aCTi eHepriit 60MOiBHUX €JIEKTPOHIB
E > 20 xkeB. 3menmenna Beauuud P, P, Ta P;, AKe CIIOCTEPiraeTbCcsa eKCIIepu-
MeHTAaJbHO, MOXKe OyTH 3yMOBJIEHNM 3MEHIIIEHHAM cepeqHboi eHeprii, 1o me-
pelaeTbcsaA aTOMYy IPU €JeKTPOH-aTOMHOMY 3iTKHEHHi]. fIMOBipHoc'ri P, ta P,
3HAYHO TepeBUINyoTh (Big 1,6 mo 2,5 pasiB) BiATIOBiAHI 3HAUEeHHA, BUSHAUYEHI
y HaOJIMKEeHHI MUTTEBOTO HE3aJIEKHOTO BUJIBOTY IBOX i TPHOX 2p-€JIeKTPOHIB,
110 CBiIYUTH PO iCTOTHY POJb 2p—2p-eJ€KTPOHHUX KOPEJSAIiil y Impoiiecax
KL; , -ionizanii. Ilokasano, mo Bigaomenusa Py, = P,/P, ta P;, = P;/P, 36epi-
raloThCA IPAKTUYHO CTAJNMHU B YChOMY NisiTa30HI MPUCKOPIOBAJIbHUX HAIIPYT
i € mapameTpaMu, 10 XapPaKTEePU3YIOTh BEJINUNHY 2p—2p-eJIeKTPOHHUX KOpe-
JIAIINA.

Kmrouosi crosa: K, perTrenischka emicia, kparro ionisosani KL, -cranu,
2p—2p-eneKTPOHHI KOopeasaIii.

OTHOCuTeNbHBIe HHTeHcuBHOCTH Y = I (K L’ )/ I(K,, ), n=I1(K, L% /I(K, L) u X_
=I(K,L%/I(K,L') Tpynn peHTreHOBCKMX SMUCCUOHHBLIX JIMHUI K, ., K. L,
K, L?>u K,L? aTioMUHUS SKCIEPUMEHTAJIBHO MCCIELOBAHBI IIPHU JIEKTPOHHOI
6oMOapAMPOBKE B JAHalasoHe yCKopAmIux Hanps:xenuin U =4,5-100 xB.
IIpenno:xena Momaeab PEHTTEeHOBCKOIT K ,-sMHCCHU, KOTOPAs YUYUTHIBAET OC-
HOBHBIE KaHAJBI PAclajza KPaTHO MOHM3UPOBaHHEIX KL, -cocTosHmii. Ycra-
HOBJIEHO, UTO BEPOATHOCTU COB,Z[aHI/IH cocroanuit KL, ;-korurypanuu (P,),
KL2 ; -KoHGurypanuu (P,) u KL23 -KoHQurypamnuu (P;) MOHOTOHHO yMEHB-
Luan'rca B oOjacTu »Hepruii 6oMOApAMPYIOIINX 9JIEKTPoHOB E > 20 K5B.
Ywmensbiienue BenuuuH P, P, u P;, HaOa0KaeMo0e 9KCIIePUMEHTAIbHO, MOXKET
OBITH OOYCJIOBJIEHO YMEHBIIIEHHEeM CpeaHell sHepruu, KoTopas mnepenaércs
aToMy IIPU 3JEeKTPOH-aTOMHOM CTOJIKHOBeHuUu. BepoatHoctu P, u P, 3HaUU-
TeJbHO mpeBbIaoT (oT 1,6 mo 2,5 pasa) cOOTBETCTBYIOIME 3HAUEHUA, OIIPe-
IeJEHHBIE B IPUOJIMIKEHUN MIHOBEHHOTO HE3aBHCHUMOTO BBLJIETA ABYX U TPEX
2p-3JIEKTPOHOB, UTO CBUAETEJILCTBYET O CYIIECTBEHHONI poau 2p—2p-
BIIEKTPOHHBIX Koppenanuii B mpomeccax KL, -monmsamuu. IToxkasano, 4To
otrHowmeHud Py, = P,/P, u P3; = P;/P; cOXpaHAIOTCA MIPAKTUUECKU IIOCTOSHHBI-
MM BO BCEM IUAIla30HE YCKOPAIOIINX HATIPAKEHU I 1 ABIAIOTCA IapaMeTpaMu,
KOTOpPHIE XapaKTePU3YIOT BeJIUUNHY 2p—2p-3JIEKTPOHHBIX KOPPEJIAIUI.

KaroueBbie cioBa: K ,-peHTTE€HOBCKAs SMUCCUS, KPATHO HNOHU3WPOBAHHEBIE
KL, -cocrosuus, 2p—2p-31eKTPOHHEIE KOPPEJIAIUH.

(Received February 5,2018)

1. INTRODUCTION

The ionization of the K shell of an atom by photon or electron may be
accompanied by autoionization with the formation of one or more (n)
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additional vacancies in the L, ; subshells [1-3]. The same multiply ion-
ized end states also arise upon ion bombardment; however, the direct
KL, ionization mechanism is crucial in that case [4]. The nature of
the autoionization process, the main one under photoionization or elec-
trons’ impact, is associated with the ‘shaking off’ of the 2p electrons as
aresult of the fast self-consistent field change upon the occurrence of a
K-vacancy (‘shake-off’—S0). It is important that the probability of
another additional L-vacancy formation by the SO mechanism can be
calculated with a good accuracy within the sudden approximation [5—
7]. However, even in the simplest case, it was experimentally found
that some features of the double KL, ; ionization cannot be explained
solely by the SO process. For instance, the cross-section ratio
o(®P)/o(*P) of the ®P and 'P terms for Si and Cr atoms reveals a differ-
ent near-threshold behaviour during photoabsorption and electron im-
pact that cannot be explained without accounting for the multielectron
effects in the atomic core-slow ejected 1s, 2p electrons’ system [8, 9].
Presumably, the role of multielectron effects at the formation of one,
two, and three additional L, ; vacancies (with configurations of KL, j,
KL;,, and KL;,, respectively) will increase with the multiplicity of
the additional L, ; ionization as the electron—electron correlations are
the strongest for autoionization electrons from one subshell [10].
Thus, a comparative experlmental study of the probabilities of addi-
tional L, ; ionization (P,), L 2 ; ionization (P,) and L32”3 ionization (P;) at
different energies of bombarding electrons allow quantifying the mag-
nitude of the 2p—2p correlation interaction after ionization on the en-
ergy of the incident electron (perturbation rate) as well as on the mul-
tiplicity of the KL, , ionization. To the best of our knowledge, theoret-
ical calculations of the KL, , ionization probabilities taking into ac-
count the post-collision interaction between the slow two and three 2p
electrons as well as with the atomic core are not available in the litera-
ture. Therefore, such an experiment is of great interest.

Experimental information about the P, P,, and P, probabilities can
be obtained from the relative intensities of the x-ray emission K,L',
K.L?, and K,L® satellite groups, for which the initial KL, 3, KL, ,, and
KL, configurations are as follow: the K, L' group corresponds to the
KL, ,—L,, radiative transitions, the K, ¥ group—the KL;,—L;, radi-
ative transitions, and the K,L* group—the KL, ,—L}, radiative transi-
tions [11, 12]. In the present paper, the relative intensities of x-ray
emission AlK, satellite groups K,L', K,L?, and K,L® are experimental-
ly studied under electron impact in a wide range of incident electron
energies.

2. EXPERIMENTAL METHOD

Aluminium was used as a sample for several reasons. It is a metal, in
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which the interaction of an outgoing 2p electron with an atomic core is
effectively shielded by conduction electrons. The AlK, spectrum can be
well resolved by quartz crystal-analysers into individual satellite
groups corresponding to various ionization multiplicities as well as in-
to individual components within the group. Additionally, relatively
weak group lines K,L? and K,L® of Al are still reasonably detectable
using step-by-step scanning with longer accumulation times.

The x-ray emission AlK, lines were excited by an electron beam in
the range of incident electron energies E = 4.5—-100 kV. The K, spec-
trum were registered in the first order of reflection from the (101 1)
planes of the quartz monocrystal bent according to Johann in the step-
by-step regime (with the step sizes of 0.1-0.4 eV); the accumulation
time in a point is of 1-50 s. The method of spectrograms processing is
given in Refs. [8, 13, 14]. The corrections were done taking into ac-
count the angular dependence of the reflection coefficient of the
quartz-analyser as well as the spectrometer dispersion upon the trans-
fer from the angle scale to the energy scale. A typical AIK, spectrum is
shown in Fig.1 (E=25keV). The relative intensities y=
= I(K(xLl)/I(Kou,z)’ n= I(KaLz)/I(KOLLl) along with y= I(KU.LS)/I(KOLLI)
were measured as the ratio of the areas under the experimental con-
tours of the K, , lines and K, L', K,L*, K,L? satellites, which were sin-
gled out from the slope of K, ,. The relative error in determining the n
and y values did not exceed 5—-8%.

3. RESULTS AND DISCUSSION

It is important to note that not only the radiative transitions associat-
ed with the decay of KL;, configurations contribute to the K,L* satel-
lite intensity. The KL,L,; and KL’ configurations need to be consid-
ered as well. Furthermore, for some of the atoms, the states of the
KL;3 configuration are created bv the KL,L,,—KL,,M and
KL - KL, ,M? Coster—Kronig transitions. It applies to the KL}, con-
figuration as well. Therefore, the contributions of these processes to
the intensity of the K,L? and K,L? Al satellites were evaluated using
values of the total widths of the K and L levels [15], the Auger and Cos-
ter—Kronig yields [16], and the 2p electron SO probability in occur-
rence of K vacancy [6, 7]. It has established that the maximum contri-
bution of such processes to the corresponding intensity does not exceed
10-12% in case of Al. Therefore, the experimentally determined in-
tensities I(K,L?) and I(K,L?) were reduced by 11% .Thus, the creation
of satellites due to the Auger and Coster—Kronig processes are not con-
sidered.

As given above, the relative intensities I(K,, ), I (KLY, I(K.L?),
and I(K,L?) are determined by the equations (to within the constant
common factor):
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Therefore,
Pl=y+G, B, =nPN, P, =P M, (5)
G5 T, Nzgazr;+k2r§+2n
6 a4 +kTE +T,’ 4 a4 +EIT2 4T,

wo? a, T4 +kT% +3T,
3 a2 +kIE+T,

In formulas (1)—(5), ox—the K shell ionization cross-section, I'; and
I',—the width of K and L, ; levels, T'Y —the width of the K—L, ; radia-
tive transition, I‘?, Pﬁ —the Auger and radiative components of the K
level width. The coefficients 5/6, 2/3 and 1/2 take into account the re-
ducing of the number of 2p electrons with the increasing multiplicity
of ionization; a,, a,, a;—the decreasing of I‘?, ki=5/6; k,=2/3, ks =
=1/2—the r§ decreasing at the formation of the one, two and three
additional L, ; vacancies, respectively. Taking into account the rates of
KL,L;and KL,M; Auger transitions [17], the following parameters were
obtained: a, = 0.82, a, = 0.64, a; = 0.35. We used the values as follow:
'y =0.420 eV, I', = 0.004 eV [15], the fluorescence yield wy = 0.039
[16], resultinginG=1.12, N=0.47, M =0.32.

Thus, the values of the P,, P,, and P, probabilities were experimen-
tally determined at various incident electron energies based on the rel-
ative intensities y, n, and x. They are listed in Table 1. The experi-
mental probabilities P;, P,, and P; demonstrated monotonically de-
crease with increasing incident electron energy above 20 keV. The de-
creasing of P,, P,, and P; with the incident electron energy may be re-

TABLE 1. Parameters of the K,L', K,L? and K,L’ lines and of the KL; ; ioni-
zation processes.

Acceleration| Relative intensities

P,,102|P,, 10°%|P,, 107%|P,,, 104P,,, 107"

voltage, kV v,107%|n, 1072|y, 102

4.5 10.4 8.3 2.8 8.5 3.3 7.6 3.9 8.9
7 9.9 8.5 3.0 8.1 3.1 7.8 4.0 9.6
11 9.8 8.1 3.1 8.0 3.1 7.7 3.8 9.5
17 9.5 8.2 3.1 7.8 2.9 7.7 3.9 9.9
25 8.8 7.9 3.0 7.3 2.7 6.9 3.7 9.5
50 8.1 8.2 2.9 6.7 2.5 6.1 3.9 9.1
75 7.0 8.3 3.1 5.9 2.2 5.6 3.9 9.5

100 6.5 8.1 3.0 5.5 2.1 5.4 3.8 9.8
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lated to the decreased average energy transferred to the atom in the
electron—atom collision. Thus, the reduction of the transferred energy
should be accompanied by decreasing of the velocity of the ejected 1s
electron and, in turn, the lowering of the SO processes probabilities.

The experimental values for P, and P; now will be compared with
those calculated in the SO approximation (B®” and P®”) using the
P®? values [6, 7]. The probability of a simultaneous independent ejec-
tion of two arbitrary 2p electrons in the occurrence of the K vacancy is
equal to P®? = (5/12)(P"”)? (the probability of ejecting one certain 2p
electron belng P®?/6), for the pair of certain 2p electrons,
(1/36)(PB”)?, the number of possible pairs is 6!/(2!4!) = 15. Similarly,
in the case of independent simultaneous ejection of three arbitrary 2p
electrons the probability is P = (5/54)(P"”)’. For Al atoms, P(SO)
=6.9-102 [6, 7], then the correspondlng probabilities are P®? =
=2.0-10"%and P®” =3.1-107°. The comparison of the experlmental data
and the SO estimation shows that in the range of the most effective SO
process (E = 5—15 keV) the experimental values of the probabilities P,
and P;significantly exceed ones predicted within the approximation of
independent ‘shaking off’, the discrepancy being proportional to the
multiplicity of the additional L, ; ionization (P,/ P*” = 1.6; P,/ P& =
=2.5). Therefore, the KL;, and KL, ionization processes are essen-
tially multielectron, and 2p—2p electron correlations should be includ-
ed in the theoretical model of the multiple ionization.

Other parameters of the KL, ionization processes are the ratios
R,,=P,/P, and R;, = P3/P,, which determine the relative fractions of
atoms with two and three additional L,; vacancies. Importantly, the
values of R, ; and R;; are constant within the experimental error in the
whole range of incident-electrons’ energies. It means that R, ; and R;
do not depend on the perturbation rate and characterize the values of
2p—2p electron correlations.

4. CONCLUSIONS

The relative intensities y, n, and y of Al x-ray emission K, L', K,L?, and
K, L? satellites under electron bombardment have been experimentally
investigated in the energy range E = 4.5-100 keV. The x-ray emission
model has been proposed that allows taking into account the main
channels of creation and decay the states of KL,;, KL;,, and KL,
configurations under electron impact. The formation probabilities of
one, two and three additional L, ; vacancies P,, P,, and P; as result of K
ionization are determined. As established, the values of P,, P,, and P,
monotonically decrease in the range E > 20 keV that can be explained
by decreasing of the average energy transferred to the atom in the elec-
tron—atom collision. The probabilities P, and P, are significantly ex-
ceed (by 1.6 to 2.5 times) the predicted in approximation of simultane-
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ous independent ejecting of two and three 2p electrons that indicates a
significant role of 2p—2p electron correlations in KL;, ionization pro-
cesses.
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