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Cascade model of X-ray M emission for the atoms of heavy metals is proposed that
allows one to take into account the main channels of vacancy transfer from L to M
electronic subshells, which are respon31b1e for the generatlon of double-vacancy (M 45N
and M, 50) and triple-vacancy (M4 5N M, sNO, and M, 50 ) states. The model allows to
separately calculate the contributions of L and M subshells in the emission cross sections
of M;N and M/N satellites, as well as Moy lines along with MO satellites and M line
with M,O satellites. Comparison of relative emission cross sections of the main compo-
nents of Mo and Mp atomic spectra of Au with the experimental relative intensities of
these components, excited by KOLL2 radiation of Cu and Mo, indicates the correctness of
the cascade model used.

ITpennoxxena kackagHasd MOJeJb PEHTTeHOBCKON M oMUCCUM IJId ATOMOB TSMKEJNBIX Me-
TaJIJIOB, TTO3BOJIAIOIIASA YyUeCTh OCHOBHEIE KaHAaJbl IepeHoca BakaHcuili u3 L B M 3JIeKTDPOH-
HBIe IOJ000JIOUKM, B pesyJbTaTe KOTOpI)IX reHepprmTca ABYXBaKaHCHOHHBIE (M, 5N 7
M4 50) 1 TpexBaKaHCHOHHEIE (M4 5N M4 5NO u M4 5O ) cocrosHMA. Mogesnb MO3BOLAET
OTJeJbHO paccuuTaTth BKJaAel L um M Hoaoﬁonoqex B ceueHusa wusnydenus Ms;N u M,N
caTeJIIUTOB, a TaKMKe MOLL2 auHn# coBmecTHO ¢ MO catemnutamu u M nuruu ¢ MO
careiqnuramu. CpaBHEHUE OTHOCUTEJIbHBIX CEUEHHU M3JIyYeHUS OCHOBHBIX KOMIIOHEHTOB M(x
u Mp cuexktpoB aTtoMoB AU € 9KCIEPUMEHTAJHHBIMU OTHOCUTEJHLHBIMU HHTEHCUBHOCTSIMU
9TUX KOMIIOHEHT IIPU BO30Y:KIEeHUU Kotl,2 usiayuenuem Cu u MO cBuzeTenrsCTByeT 0 KOPPEKT-
HOCTU WCIIOJIb30BAHHOI KAaCKaJHOU MOJEJU.
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1. Introduction

Thin films of heavy metals, in particu-
lar, Au, are widely used in modern mi-
croelectronic devices. Particular important
for these films is the control of the films
physical state which is mainly defined by
the state of electronic subsystem of such
structures. Among effective diagnostic
methods of the state of electronic subsystem
of the metal films, X-ray emission spectros-
copy methods of K and L bands are worth to
be noted. These methods allow to obtain
data of electronic states density in particu-
lar, near the Fermi level [1-3]. However,
X-ray M spectroscopy was not used for in-
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vestigation of thin films of heavy metals.
At the same time, in order to develop the
new materials for protection from a radia-
tion as well as to develop X-ray emitters
with certain properties it should properly
take into account the X-ray of M series,
which in the case of elements with an
atomic number Z > 70 is already enough in-
tensive.

The X-ray M emission spectrum contains
three most intense groups of lines emitted
upon radiative filling of the initial My, M,
and M3 vacancies by electrons from N sub-
shells, i.e., Moy 9, MPB, and My lines, re-
spectively. It is important to note that, for
heavy elements with Z > 70, the diagram
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lines Mo, o (the M5—Ng 7 transitions), M
(M4—Ng), and My (M3—Nj) are accompanied
by the groups of rather intense high energy
M, sN and M4,5O satellites related to the
listed one-electron transitions in the pres-
ence of one or several additional vacancies
in N or O subshells [4]. The main mecha-
nism by which these double- Vacancy (M;N
and M;0) and triple-vacancy (MN M;NO,
and MO2) states (i = 8-5) are generated is
related to Coster-Kronig (CK) transitions
Mj—MiN and Mj—MiO (i > j) because their
yields for M subshells of atoms with Z > 70
are significant and their sums for each of
M, M5 and M35 subshell of, e.g., Au, reach
0.93, 0.90, and 0.83, respectively [5]. In a
number of studies, such relative integrated
intensities of May 5, MpB, and My lines of
the heavy elements were measured experi-
mentally under various excitation condi-
tions, for example, at photoabsorption (ele-
ments studied are Au, Pb, Th, U [5], and Bi
[6]), bombardment by a-particles (Hf—Th) [7,
8], electron (Au, Bi) [9] and proton impacts
(Hg, Th, U) [10, 11], and bombardment by
ions of F, C, Li (Au) [12]. The obtained val-
ues of relative intensities were usually com-
pared with calculated emission cross sec-
tions of Mo, 9, M, and My lines, in which
the total y1e1ds of the CK transitions and
their cascades were taken into account, but
the contributions of the CK transitions M —
MN and M] —M,0 were not separated. fn
addltlon the relatlve intensities of M, sN
and M, 5O satellites in these papers are not
separately determined. In its turn, the use
of relative intensities of separated high en-
ergy satellites allows one to extend the
number of equations describing the inten-
sity of X-ray M emission, thus increasing
the informative value of such a description.
Similarly, in the case of spectra of L series
of metals W, Re, Os, Ir, Pt, the considera-
tion of the relative intensities of separated
L3M satellites of Loy o and LBy 15 lines has
allowed us to determine the partlal width of
L, level connected with the CK transitions

It should be noted that the proposed
models of X-ray M emission [14, 15] are
restricted to the absorbed photon energies
below the ionization threshold of L sub-
shells, which corresponds to the allowance
for the generation and migration of vacan-
cies only in M subshells. At the same time,
a calculation of the emission cross sections
of the high energy satellites of M series at
the energies of ionizing particles (photons,
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electrons, and ions) above the ionization
threshold of L subshells would by useful for
investigating both X-ray emission and ioni-
zation cross sections of M subshells of the
heavy elements in a rather wide energy
range of ionizing particles.

Therefore in the present paper the cas-
cade model of X-ray M emission which
takes into account the basic channels of mi-
gration of vacancies from L to M electronic
subshells has been proposed that allows cal-
culating the emission cross sections of the
main components of the Mo and M atomic
spectra of the heavy metals with Z > 70.

2. The equations describing
X-ray M emission

We assume that the energy of a projec-
tile is sufficient for ionization of all M and
L subshells and consider the possible proc-
esses resulted in formation of the states
which are initial for the group of high en-
ergy MgN satellites separated from the Ma
spectrum. In addition to two-vacancy MyN;
states, we will take into account three-va-
cancy M5N;N; and M;N,O; states, since
their radlatlve decay also gives rise to the
high energy satellites. Let the primary va-
cancy appears in M, subshell. Then the fol-
lowing processes are possible: (a) CK transi-
tions M{—MgxN;, whose yield is f;55; (b) cas-
cades of two consecutive CK transitions
M,y MN M] MyN, (j = 2—4), the yield is
fl]Nf]5N’ (c) cascades of two consecutive CK
transitions M;-M;N;, M;=M;z0; (j=2-4),
the yield is f;;pNV f50, and M- MO M]
MgN, (j=2—- éf) the yield is fl]O isns (d)
cascades of CK transitions M;— MZ(’ with
the following radiative tran51t10ns M —M
(the yield ©;5), cascades yield is fl]N (1)15,

(e) cascaées of radiative transitions M-
M; with the following CK transitions M-
M5Nl, the yield is Wy f5N’ (f) the shake- off
(SO) process with addltlonal ionization of
the one of N; subshells (the probability

P%) and the following CK transitions M-
MgN;, M{—M30; (the yield of the last ones
f150), and radiative transition M;—Mj, cas-
cades yields are P%fMN, Pf\j}q fi50, and

PS\]B 015, respectively; (g) SO process with
additional ionization of the one of O; sub-
shells (the probability PS\?)l) and the follow-
ing CK transitions M;-MgN;, the yield is
PS\?)I f155- The total yield of the processes,

as a result of which a vacancy from M,
subshell migrates into My subshell with for-
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mation of the additional vacancies N, N2,
and NO, is following

Fyry = Tisn + Tian(2s0 + Fasn + 025) +
+ f13n(f350 + F3sn5 + ©35) + 1)
+ f1an(fas0 + Fasn + O45) +
+ f120f25n + F130f35n + F1a0fasn +
+ 01ofosn+ 013 358 + O14fasn +
+ PR (015 + f1sn + F150) + P{fAf1sn-

Analogous equations can also be written
for the yields of the processes of vacancy
migration from My, Mg, and M, subshells
to My subshell (Fp;). In the case of the
direct ionization of My subshell, M N satel-
lites can be formed only due to the SO proc-
ess with emission of N electron (the prob-

ability PQY)).

Then, in M emission model, it is neces-
sary to take into account the processes of
vacancy transfer from L to the M subshells.
In particular, under the absorbed photon en-
ergies E = 17.479 keV (Mo Koy 5 lines) the
role of these processes can be significant
because, in this case, the photoionization
cross sections of L subshells (c;;) are 5-10-
fold larger than that of M subshells (o)
(for example, for Au under this photon en-
ergy, we have o,;; = 1401 b, op5 =877 b,
67y =95712 b, and o753 = 12958 b [16]). Let
the primary vacancy appears in L; subshell.
Then, the creation of the initial states for
MyN satellites can occur via the following
channels: (a) Auger transitions L;—MzN,
whose yield is ap;p5n; (b) cascades of in-
itial Auger transitions L;—M;N, subsequent
CK transitions M;,—-MzN, M,—Mz0, and ra-
diative transitions M;-My (i = 1-4), the
cades of the initial Auger transitions L;—
M;Mg, subsequent Auger transitions M;—
NN, M;,—NO, and radiative transitions M;—
aynn t ©an); (d) cascades of the initial
Auger transitions L;—M;O0O and subsequent
CK transitions M;—MzN (i = 1-4), the yield
is apipriofisns (e) cascades of initial radia-
tive transitions L,;—M; and subsequent CK
transitions M;—MsN (i = 1—4), the yield is
orrmifisns (£) the SO process Li—L{N (the
probability P¥)) with subsequent Auger
transitions L{—MzN, L;—MzO and radiative
transitions L;—Mj, the yield is PN oy a5

+apivso + arimsn); (8) SO process Li—
L1M5 (the probablllty Pg\lds)) with the sub-
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sequent Auger transitions L{—N;N:. Li—
N,0, and radiative transitions L;—N, the
SO process L{—L{O (the probability Pﬂ))
with the subsequent Auger transitions L;-—
MgN, the yield is Pg:)l))aLle'N; (i) cascades
of the initial CK transitions L{—LgMjy, sub-
sequent Auger transitions Lg—NN, Lg—NO,
and radiative transitions Ls—N, the yield is
frirsms(@rsno + apswy + orsy); () cas-
cades of the initial CK transitions L{—L3N,
subsequent Auger transitions Lg—MzN, Lg—
M3z0, and radiative transitions Lg—Mpg, the
vield is frirsn(arsmso t @rsmsn T Orsms);
(k) cascades of the initial CK transitions
L,-LyN, subsequent Auger transitions Lo—
MgN, Ly—Mgz0O, and radiative transitions
arapsn T Orans); (1) cascades of the initial
CK transitions L;—L30, subsequent Auger
transitions  Lg—MzN, the yield is
frirso%rsmsns (m) cascades of the initial
CK transitions L;—L;0O and subsequent
Auger transitions Ly—MzN, the yield is
fL1L.209L2M5N-

Note that Auger transitions L;—M;Mj
and CK transitions L;—LgMjy are accompa-
nied by the formation of double vacancy
states M;My, LsMg, whose subsequent
decay may be related to the filling of My
vacancy in the presence of M; or L3 vacan-
cies; these processes eliminate the M;Mj,
LMy states from the subsequent cascades
of MgN satellites formation. They can be
taken into account using the rearrangement
coefficients R;5 =I5/ (Tay + Tays) and
the total yield of the processes responsible
for the vacancy migration from L; to My
subshell with the formation of additional N,
N2, and NO vacancies is equal to

Fri=

=apipsn + PO©p1as + apimso + @rimsy) +

M5
+ PMSor n + apivo + arinn +
4

0
+PQar sy + D arinisniso + Fisn + Oanis) +
i-1
5
+ZaL1MiM5(1 — Ris)appno + @pnnN + Opn) +
i=1
4 4
+ Y arianofisn + 2 Orimilisn +
i=1 i-1
frarsms( — Braps)@rsno + Arsnn + Orsny) +
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frazsn(@rspso + @rsmsn + Orsms) +
+ frirso%ramsn +

(2)

+ fraran(@ranmso + Grapsn + Oroms) +
+ frir20%L2msn-

A similar expression can also be written
for the yields of the processes of vacancy
migration from L, and Lg subshells to My
subshell (Fr5 and Fr3). Using the migration
coefficients of vacancies in M; subshells
(Fp), we can present the emission cross
section of MgN satellites with an allowance
for the ionization of L; subshells in the
form

kTS 3
Ous = Fu (oarsPYIS + )
M5
4 3
+ D oanFan + D oL Fr)d — Ry,
i1 i-1

where I'E is the portion of My level width

that corresponds to the radiative transition
My—Ng 7. We may assume that the radiative
transition width Fg/ does not change with

the appearance of an additional vacancy
[17]. The coefficient k, = 13/14 takes into
account the decrease in the total probability
of the radiative transition Mz—Ng 7 in the
presence of N6,7 vacancy. The rearrange-
ment coefficient R, determines the relative
number of atoms in which Ng 7 vacancy de-

cays in the presence of My vacancy, R, =

FN6,7/(FN6,7 + FM5)’ Where FM5 and FN6,7
are the total widths of My and Ng 7 levels.
This process converts MsNg v and MsNg 7O
states into the M50, M ;02 states, which are
initial for M50 satellites.

Reasoning in the similar way, we can
obtain the equation for the yield of the
processes of migration of M; vacancy into
My subshell (G,;;), and the equation for the
yield of the processes of migration of L;
vacancy into My subshell (Gr;), which are
accompanied with the formation of two-va-
cancy MzO and three-vacancy MzO? states
initial for MO satellites

G =T150 + 015 + (4)

+ F120(f250 + ©25)f130(F350 + ©35) 140450 + ©45) +

+ 019f950 + ©13f350 + ©14f450 +
+ PR (015 + 1500
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_ 0
Gr1 = ariaso + PR@rivso + Or1ams) + (5)

4
M5
+ PM0 110+ D.ar1mioiso + Oas) +
i1
5
+ Y apimims(l = Rigdoyro +
i-1

+ frarams(l — Braps)orso +
+ fr1230(@ L35 + @r3mso) +
+ fr1r20@Laprs + @rons0)-

The equations for the yields of such
processes of vacancy migration from M,
M3, M, subshells into My subshell (Gy)
and the equations for the yields of such
processes of vacancy migration from L,, Lg
subshells into My subshell (G;;) are similar
to that presented above. Then the emission
cross section of Mo,y o lines together with
M5O satellites is equal to

S = 0)
IR 4 3
=T * (GM5(1 - PYYL + D oprGag + ZGLiGLi) +
M5 i=1 i=1
R(X
+ GO(S 71 ) 5
o

We can also easily take into account the
contributions of M and L subshells to the
emission cross sections of M N satellites
and Mp line together with M, O satellites.
The corresponding emission cross sections
are equal to

kR i (7)
ops = T ©paPY) + D onnH s +
M4 i=1
3
+ Y opHpA - Rp),
i-1
op = (8)
R 3 3
=T (GM4(1 ~ PO + D oniKn + ZGLiKLi) +
M4 i=1 i=1
Ry
" OpST Ry

where Hyp, K,;, and Hp;,, K;;, are the
yields of the processes of migration of M;
and L; vacancies into the M, subshell, Rg =
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Table 1. Contributions of M and L subshells to the emission cross sections of MyN satellites of
Au (normalized to O4s)

GotS(Ml)

GotS(MZ)

GotS(MS)

GotS(M4)

GotS(ME))

GotS(Ll)

GOLS(Lz)

G(xS(LS)

GOLS(M )

GOLS(L )

0.10

0.04

0.22

6-107°

21073

0.08

0.15

0.41

0.36

0.64

Table 2. Contributions of M and L subshells to the emission cross sections of Mocl’2 lines with

M O satellites of Au (normalized to o)

Au (normalized to GBS)

o, (M;) 6, (M,) 6, (M3) Ga(M4) o, (My) c(L;) c,(Ly) ca(Lg) o (R)
6-10°4 3.10°3 0.05 0.01 0.23 0.01 0.04 0.15 0.51
Table 3. Contributions of M and L subshells to the emission cross sections of M,N satellites of

ops(My) | opg(My) | ogg(Mg) | opg(M,)

Ggs(Ll)

opsLy) | Ops(Lg) | Opg(M) | opg(L)

0.08 0.28 0.06 3.10°3

0.11

0.27 0.20 0.42 0.58

satellites of Au (normalized to GB)

Table 4. Contributions of M and L subshells to the emission cross sections of M line with M ,0O

cp(M,) Gp(M,) op(My) cp(M,)

GB(LI) Gﬁ(Lz) Gﬁ(Lg) GB(R)

7.1074 0.02 4.107% 0.28

0.02 0.20 0.04 0.44

Ng radiative transition, and kg = 5/6.
Emission cross sections (3), (6), (7), (8)
of Au were calculated for photon energies in
the range of E = 5-30 keV. We used the
photoionization cross sections from [16], the
yvields of CK transitions f;;; and sz from
[18], the yields of Auger and CK trans1t10ns
from L subshells aL]MlM5, aL]MlN, aL]Mlo,
arinos Trirjpms Tricins szL]O from [19], the
fluorescence yields ®;; and the radiative
transition widths [f, and I'? from [20],

the level widths T, I'p;5 and T4 7 from
[21], and the probabilities of SO processes

from [22] (P.,N)=0.03, P, (0) =0.16,
Py M5 =103, PN )—020 i) =
0. 14)

3. Results and discussion

Let us estimate the contributions of indi-
vidual M and L subshells to the emission
cross sections o,g, 0, and ogg, o5 of Au in
the case of excitation by photons with the
energy E = 17.479 keV (MoKa; 4 lines). The
normalized values of these partial cross sec-
tions are determined by individual terms in
formulas (3), (6), (7), (8) and are listed in
Tables 1-4. Table 1 shows that the main
processes of generation of the initial states
of MyN satellites of Au are Auger and ra-
diative transitions from Lgs subshell. Their
contribution to the excitation of My N satel-
lites is 41 %, and the total contribution of
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L subshells is 64 % . At the same time, the
contribution of L and M subshells to the
excitation of the Ma, 5 lines together with
MgO satellites (Table 2) does not exceed
49 %. In this case, the main process is the
rearragement with the cross section o (R)
= o,gR,/(1 — a), which results in the con-
verting the initial states of Mz N satellites
into the initial states of M40 satellites. The
contribution of these processes is 51 %.
Table 8 shows that the main processes of
generation of the initial states of M N sat-
ellites of Au are Auger, Coster-Kronig and
radiative transitions from the L, and M,
subshells (27 % and 28 %, respectively). At
the same time, the contribution of L sub-
shells to the excitation of the Mp line to-
gether with M,O satellites (Table 4) does
not exceed 26 %, and the contribution of M
subshells is almost the same (30 %). In this
case, the main process is the rearrangement
with the cross section o (R) GBSR /(1 —
Ry), which results in the convertlng t%e in-
itial states of M N satellites into the initial
states of M40 satellites (op (R) = 44 %).
Table 5 presents the ratlos of the emis-
sion cross sections of My N satellites to the
emission cross sections of Ma; o lines to-
gether with MzO satellites ¥ = o,g/c,, as

well as the ratios of the emission cross sec-
tions of M N satellites to the emission cross

sections of Mp line together with M 4O sat-
ellites y = GBS/GB of Au excited by Koy 5 ra-
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Table 5. Ratios of the emission cross sections of components of Mo and M[3 spectra of Au

Energy of absorbed % Y n
photons, keV
calculation | experiment | calculation | experiment | calculation | experiment
8.048 Cu Ka, o 0.72 0.69+0.07 0.58 0.534+0.05 0.68 0.67+0.05
17.479 Mo K0L172 1.56 1.4840.15 1.28 1.2440.12 0.59 0.57+0.04

diation of Cu and Mo anodes. In addition,
Table 5 presents the ratios of the emission
cross sections of the total profile of M and
Mo lines (including M N and MzN satel-
lites, respectively) n = GBZ/GO(G. The calcu-

lated values ¥, y, and n were compared with
experimentally determined relative intensi-
ties of the corresponding components of Au
M spectra (Table 5). The Mo and M{ fluo-
rescence spectra of Au were recorded with a
DRS-2 X-ray spectrograph in the first order
of reflection from the (1011) planes of a
Johann-bent quartz single crystal. Due to a
strong self-absorption, the My spectrum was
not recorded. The chemical purity of sam-
ples was higher than 99.9 %. The spectra
were excited by the monochromatized K(xl’z
radiation of BSV-29 X-ray tubes with Cu
and Mo anodes. The Koy 5 lines were sepa-
rated from the primary polychromatic spec-
tra by a focusing graphite monochroma-
tor in the first order of reflection from
the (002) planes. The tubes operated with
the voltage U = 30 kV and the current
I = 30 mA. It is important that the photons
energy of the Mo Ko, o radiation is suffi-
ciently high to ionize L subshells of Au
atoms (the photons energies of Cu and Mo
Koy o lines are 8.048 keV and 17.479 keV,
resp’ectively, and the ionization potentials
of L subshells of Au are E;; = 14.853 keV,
E;5=13.734 keV and E;3=11.919 keV
[23]). More detailed experimental technique
of obtaining and processing Mo and M
fluorescence spectra of Au is presented in
our previous paper [24].

Table 5 shows that the calculation re-
flects experimentally revealed increasing
the relative intensities of M, ;N satellites
of Au (by a factor of 2.1 for ¥ and 2.3 for v)
during the transition from Kocl,z excitation
of Cu (L subshells are not ionized) to Koy o
excitation of Mo. This increase of the values
of y and vy is being caused by appearance of
the powerful channels of vacancy migration
from L subshells via excitation of Au Mo
and M spectra by Ko, 5 radiation of Mo. It
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is important that the calculated and experi-
mentally determined values of ¥, v, and 1 of
Au coincide well with each other, which
proves the correctness of the proposed cas-
cade model of X-ray M emission.

4. Conclusions

Thus, the cascade model of X-ray M
emission for the heavy metals atoms is pro-
posed that allows one to take into account
the main channels of vacancy transfer from
L to M subshells, which are responsible for
the generation of double-vacancy (My, 5N
and M, ;0) and triple-vacancy (M, SN2,
M, sNO ‘and M4 502) states. Comparlson of
the relative emission cross sections of MxN
and M,N satellites of Au with the experi-
mental relative intensities of these satel-
lites, excited by Koy o radiation of Cu and
Mo anodes, indicates the correctness of the
represented cascade model. The proposed
cascade model of X-ray M emission can be
also used for determination of the charac-
teristic parameters of electronic subsystem
of thin films of heavy metals with Z > 70,
in particular ionization cross sections of
electronic shells and probabilities of
autoionization processes.
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Kackagna momeas peHTreHiBcbKoi M emicii
NI aTOMIB Ba’KKHMX MeTAaJiB

M.O.Bopoeéuii, P.M.Iwenko

3aIpoIIoOHOBAHO KAaCKaJaHy MOJeJb PeHTreHiBcbKol M emicii A aToOMiB BaKKMX MeTaJis,
110 DO3BOJIAE BPaxyBaTU OCHOBHI KaHAJIN IlepeHocy BakamHciii 8 L B M ejJeKTpoHHI mizo6o-
JIOHKU, B Pe3yJbTaTi AKUX I‘EHepyIOTBCﬂ IBOBaKaHCiifiHi (M4 5NV 1 M4 50) Ta TpuxBaxaHciftHi
(M, 5N M, 5NO i M4 5O ) cragu. Mojgesb H03BOJIIE OKPEMO pospaxyBaTu BHecKu L i M
H111060J10HOR no mepepisis BunpomiHoBanHa M N i M N caTexiTiB, a TaKox MOLL2 TiHil
pasom 38 MO carenitamm ta MP ximii 8 M,O careritamu. [lopiBaanna BinHOCHHX mepepisis
BUIIPOMIHIOBAaHHSI OCHOBHUX KoMmIroHeHTiB Mo i M[ cuekrpie aromiB AU 3 eKCIIepUMEHTAJIb-

HUMH Bi[HOCHWMW iHTEHCHBHOCTAMN IIMX KOMIIOHeHTiB mpu 30ymxenHi Ko, , BHIpoMmiHIO-
)
BauHaM Cu i MO cBiguuTh NpPo KOPPEKTHiCTh BUKOPUCTAHOI KAaCKaZHOI MOmeJIi.
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