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A model of Ma X-ray emission has been proposed taking into account the main vacancy
generation and migration channels within the M shell. Equation have been derived allow-
ing the relative intensity calculation of Ma satellites (Sa). For Au, the Sa values under the
Mo spectrum excitation by polychromatic emission of BCV-12 X-ray tubes with Cr and Cu
anodes have been studied in experiment. The experimental Sa values coincide (within the
error limits) with the calculated ones. The model proposed has been concluded to describe
correctly the Mo emission in elements having Z>70.

IIpennosxena MomesNb PEHTTeHOBCKON Mo -sMHUCCHU, YUYUTBHIBAIOI[AS OCHOBHBIE KAaHAJIBI
reHepanuy U MUTPAIlUU BakaHcUil BHYTpu M-o6ojouku. IlosyueHbl ypaBHEHUA, ITO3BOJIAIO-
Iie PacCUUTATh OTHOCHUTEJbHBbIe HHTeHcUuBHOCTH Mo-catemnauToB (Sa). Has siaementa Au
IIPOBE/IEHO 9KCIEPHUMEHTAIbHOE MCCIEIOBAHNE BEJUUYUHBLI SO IPpU BO30OyKaeHUU MOo-CcreKTpa
MOJIAXPOMATAYECKAM H3JIydeHHeM PeHTreHOBCKuXx TpyOook BXB-12 ¢ Cr m Cu amomamu.
IKCIIepUMEHTAJbHbIE U PACCUNTAHHBIE 3HAUEHHS BeIWYMHBI SO B IIpeHesaxX IIOTPEeIIHOCTH
mpaxKTuuecKku copmagaoT. CoenadH BBIBOJL O TOM, YTO IIPEAJOKEHHAs MOIENb KOPPEKTHA IJis
onucanus Mo-smuccuu B anemeHTax Z > 70.
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Thin films of noble metals, in particular,
Au, are used widely in modern micro-elec-
tronic devices. Of a particular importance
in those cases is the control of the film
physical state that is defined to a great
extent by the state of the structure electron
subsystem. Among the diagnostic methods
of the metal film electron subsystems, the
X-ray emission spectroscopy of K and L
bands are worth to be noted. Those methods
made it possible to obtain data on the elec-
tron state density, in particular, near the
Fermi level [1-3]. However, the Mo X-ray
spectroscopy was not used to study the thin
films of heavy metals. Thus, it is of inter-
est to develop a model of that emission and
to use it for the film control.

When modeling the Mo emission, it is to
note that direct ionization of the M; sub-
shell (i = 1-5) of an atom by incident parti-
cles can be accompanied by radiative decay
of the created vacancy with emission of a
corresponding X-ray line of a M series, for
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example, Mo line (M5 to Ng; transition).
However, in the case, when ehergy of such
a particle is sufficient to ionize more inner
M; subshells, an M; vacancy (i # 1) may be
formed also due to the double ionization con-
nected with the Coster-Kronig (CK) transitions,
such as M—MN and M—MX (X =0, P). The
contributions of such processes to the total
generation cross section of M; vacancy are
rather significant [1, 2]. As a result of CK
transitions and their cascades, the states
arise with one or several additional vacan-
cies in N, O or P shells. The radiative decay
of M; vacancy in the presence of N, O or P
vacancies results in radiation of satellite
lines which together with a corresponding
X-ray emission line form a total spectral
Mo contour [3—6]. It is important to note
that for Mo lines radiated by atoms of
heavy elements (Z > 70), the groups of
MyN-Ng N transitions (MzN satellites)
differ by 5 to 9 eV from the corresponding
Mo line, whereas for MzX-Ng X transi-
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tions (MzX satellites), such shifts do not
exceed 1 or 2 eV [3]. Thus, the correspond-
ing MgN satellites for these elements, un-
like the M ;X satellites, can be in principle
singled out the total Mo contour.

A number of works is known where the
integral intensities of Ma-, MpB- and My-
lines of heavy elements were experimentally
measured under various conditions of exci-
tation. For example, at photoabsorption (in-
vestigated elements 70 <Z <92) [3], bom-
bardment with o-particles (Hf to Th) [4],
proton impact (Hg) [5], bombardment with
F8+ Li3*, C5*, H* ions (Au) [6]. The obtained
intensity values were compared as a rule to
calculation results of Mo-, MB- and My
X-ray production cross sections in which
M;—M ;N and M; —M;X CK transitions and
cascades thereof Were taken into account.
However, the separation of MzN-satellites
from the total Mo contour in [3—6] was not
performed. The intensities of such satellite
groups were not calculated separately. At
the same time, use the relative intensities
of the separated short-wave satellites ex-
pands number of the equations, which de-
scribe the intensity of M X-ray emission,
giving more information of such descrip-
tion. For example, in the case of L series,
the account of the relative intensities of
LgMy-satellites of a Loy o-line has allowed us
in recent papers [7, 8] to determine a partial
width of L; level connected with L;—L3My CK
transitions in atoms of W to Pt elements. In
this paper, a model of Mo X-ray emission
which takes into account the most impor-
tant generation and migration channels of
vacancies in M; subshells is proposed and
applied to relative intensity determination
of the MzN satellites to the Ma line. The
relative intensity of MjgzN-satellites are ex-
perimentally determined for Au excited by
Ko emission of Cr and Cu and the data ob-
tained are compared to calculated results
within the frame of suggested model.

Let us consider a separate type of Mo
satellites which represent radiative My—Ng 7
transitions in the presence of one additional
vacancy in Ng 7 subshells. Let all possible
processes be considered which may result in
emission of MzNg 7 satellites. From here
on, the following designations will be used:
PN, the probability of a process in which
the appearance of a vacancy in i-th subshell
(i=M; to My) is accompanied by ejection
of one Ng 7 electron due to shake-off (SO)
process; fl in» the yield of a CK transition of
the M, MN67 type where a vacancy is
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transferred from M; to M subshell (j > i)
and one of the N67 electrons leaves the
atom; ©pgpgjs the fluorescence yield for a
radiative M, M transition; o;, the pho-
toionization cross section of the M, sub-
shell; T',, the partial width of My level cor-
responding to the radiative Mz—Ng 7 transi-
tion; I';, total width of the M,; level. We
shall be restricted to the account for maxi-
mum two consecutive transitions within one
shell and for one transition between shells.
Thus, there are the following possible proc-
esses which result in arising of initial
M5N6 7 states:

1) A vacancy arises in My subshell and
an Ng 7 SO process occurs. The process
probability is:

K, =P%5. 1)

2) A vacancy arises in M, subshell and
transfers to My one due to CK transition of
the M4~MsNg 7 type. The probability is:

Ky = T45n- (2)

8) A vacancy arises in M3 subshell and
transfers to My one due to the following
processes:

a) CK transition of the M3—M;Ng 7 type;
b) Ngr SO process followed by radiative
Mg—Mjy transition. The probabilities of
those processes are:

K3 = f35n + PR30 nsars- (3)

4) A vacancy arises in Mgy subshell and
transfers to My one due to the following
processes:

a) CK transition of the My—MzNg 7 type;
b) Ng 7 SO process followed by radiative
Mo—M g transition; ¢) CK transition of the
My—M3Ng 7 type followed by radiative Mg—
M transition; d) radiative My,—M, transi-
tion followed by CK transition of the M,—
MyNg 7 type. The probabilities of those
processes are:

_ N
K4 = fosn + Prra®nroms + fasn®msns + (4)
+ Opronsalasn-

5) A vacancy arises in M, subshell and
transfers to M5 one due to all possible SO,
CK and radiative transitions. The prob-
abilities of these processes are:

_ N
K5 =f15n + Pari(@priars + O msOmsars) +
+ F1anv®prams T F1snvO mams + Oarimalssn +
+ Opr1pafasn- (5)
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Summing up all the above, the intensity
of a Mo satellite in the case of additional
vacancy in Ng 7 subshells can be written as:

I(M5N6,7):(G5K1 +G4K2+G3K3+ (6)
Uprs + Tve 7

Basing on similar considerations, it is
possible to derive equations for intensity
calculation of MgN4-, MxN,4-, MgN;y-,
MgNy- and MgN;-satellite groups. Then
total intensity of Ma satellites (I(Mog,;)) is

determined as the sum of intensities of all
satellite groups:

I(Moggy) = 3 I(MsNy). (7
E=17

It is important to note that in the pre-
sent model, we neglect the satellites associ-
ated to radiative transitions in MgN;N; and
MyN,X ionized atoms. The intensities of
these satellites contribute to the total inten-
sity of Mo satellites no more than 1 %.

The intensity of the total Mo contour
was determined using equation presented in
[9]- The Mo line intensity (/(M«)) was de-
termined as a difference between the total
contour intensity and that of the satellites.
To calculate the relative intensity of Mo
satellites (So = I(Mog,;)/(I(Ma)) and to
study those in experiment, thin gold films
were used. This element was chosen because
the fluorescence yield for Au is already sig-
nificant enough and a satisfactory angular
dispersion of the Mo spectrum is realized.
To calculate Sa, the following literature
data were used: photoionization cross sec-
tions of M; subshells [10], radiative transi-
tion rates for M, subshells [11, 12], total
and partial widths of M, levels, yields of
CK transitions and probabilities of SO proc-
esses [13-16]. The corrections for absorp-
tion of Ko radiation and self-absorption of
the Mo-line in thin Au films were taken
into account.

The secondary Mo spectra of Au were
measured using a DRS-2 X-ray spectro-
graph in the first order of reflection from
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Fig. 1. The secondary X-ray emission spec-
trum of Ma-line of Au with Ma-satellites.

(10T11) planes of a quartz single crystal. The
spectra were excited by polychromatic ra-
diation from BHV-12 X-ray tubes with Cr
and Cu anods. The water-cooled X-ray tubes
were operated at U = 30 kV and I = 60 mA.
The fraction of secondary Mo spectrum
photons generated in these conditions due
to bremsstrahlung in relation to the frac-
tion excited by characteristic Ko radiation
of Cr and Cu does not exceed 3 % . So, the
Mo spectrum of Au can be believed to be
excited by characteristic Ko radiation of Cr
and Cu only. The secondary X-ray emission
spectrum of Ma line of Au with Mo satel-
lites, excited by characteristic Ko radiation
of Cr is shown in Fig. 1. In the inset, the
residual spectrum of Mo satellites is shown.
Experimental values of intensities of Mo
line and Mo satellites were determined as
the area under experimental contours
thereof. The relative intensity of Mo satel-
lites were determined at an accuracy to
within 10 %. The processing technique of
experimental spectra is described in more
details in [7].

Data of calculations (Sccale.) and experi-
mental values (Soexp.) are shown in Table,
where S(N,) = I(MzN,)/I(Mo) denote rela-

Table 1. Theoretical and experimental values of relative intensities of Mu-satellites of Au excited

by Koa-characteristic radiation of Cr and Cu.

S(Ny) S(Ny) S(N3) S(Ny) S(N5) S(Ng7) | Sacale. | Saexp.
Cr 0.002 0.005 0.013 0.019 0.031 0.471 0.541 0.522
Cu 0.002 0.005 0.015 0.021 0.035 0.523 0.601 0.571
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tive intensities of MzN, satellite groups. It
is seen that the calculated and experimental
values coincide within the error limits.
Thus, the suggested model describes cor-
rectly the process of Mo emission. It is to
note that the major contribution to the total
intensity of Mo satellites is caused by satel-
lites connected with radiative transitions in
MgNg 7 ionized atoms. Those are responsi-
ble for more than 85 % of the total inten-
sity from all Mo satellite groups.

To conclude, a model of X-ray Mo emis-
sion which allows to determine the relative
intensities of Mo satellites is proposed in
this work. This model also can be used to
determine the contributions from different
multiionized states. So, the model can be
recommended for the description of X-ray
Mo emission in elements Z > 70.
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PenTreniBcbkuii emiciiauii M o-CIIeKTp
KpaTHOiOHi3oBaHMX aTomMiB Au

M.O.Bopoeuii, P.M.Juwenko, B.I.Illuanoécvkruil
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pauii Ta mirpamnii Bakauciii y cepemuni M-o6omouku. OTpuMaHO PiBHAHHSA, IO AO3BOJSIOTH
pospaxysaru BimHocHi imTeHcuBHocTi Ma-carexirie (Sa). Hduas exemenTa AU IIPOBEIEHO €KcC-
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enemenTax Z > 70.
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