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Abstract—The ionization cross-sections of B,O3, NaBO,, NaPOj;, and KPOj; were determined by high-tem-
perature mass spectrometry. It is shown that the use of the additivity rule for calculating the ionization cross-
sections leads to underestimated partial pressures of the molecular forms of vapor above the objects being
studied, even when appropriate correction factors are introduced.
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The study of processes at high temperatures is of
key importance in materials science, physical chemis-
try, and related fields of knowledge, since evaporation
and thermal dissociation, accompanied by the forma-
tion of various gaseous products, occur under these
conditions. An accurate description of such processes
is impossible without reliable data on the qualitative
and quantitative composition of vapor. High-tem-
perature mass spectrometry, which is a combination of
the classical Knudsen effusion method with mass
spectrometric analysis of the vapor phase [1—4], has a
number of advantages compared with other methods,
since it allows high degree of reliability in determining
both the qualitative and quantitative composition of
vapor. The partial pressures of the molecular forms of
vapor over the systems under study are usually deter-
mined by two methods: complete isothermal evapora-
tion and comparison of ion currents. In this case, the
pressure in the Knudsen cell is correlated with the
measured ion current using the equation

pi = kIT/o;. (1)

Here and below, p is the vapor pressure, / is the inten-
sity of ion current, 7T is the temperature, and © is the
ionization cross-section.

The complete isothermal evaporation method is
based on the isothermal evaporation of a sample of a
known mass for a certain period of time with simulta-
neous recording of the mass spectrum of ions. The
sample evaporates completely, or the proportion of the
vaporized substance is determined from the difference
in the weight of the cell with the sample before and
after the experiment. To determine the partial pressure
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of the molecular forms of vapor, the Hertz—Knudsen
equation is used:

T
pi (Pa) = 2285NT /M ;s Il(t)dr .

-0 ](T)_l

Here, g is the mass of the vaporized substance, M is the
molecular weight, s, is the effective area of the effu-
sion hole of the effusion chamber, and 7 is the vapor-
ization time.

The method of comparing the ion currents is based
on the constancy of the geometrical and other physical
characteristics of a device within the framework of the
same experiment when two ion currents are measured
in sequence, one of which refers to the standard with
the known vapor pressure and the other, to the sub-
stance under study; the partial pressures of the molec-
ular forms of vapor are determined by the equation

(2)

— pstliﬂcstyast . (3)
1, T,0,v,0;

Here, vy is the conversion coefficient of the secondary

electron multiplier, and a is the isotopic distribution

coefficient. The indices i and s¢ refer to the compound
under study and the standard, respectively.

The transverse ionization section ¢ of atoms is usu-
ally taken from [5]; for molecules with a more complex
composition, it is usually determined by the “additiv-
ity rule” (the sum of the transverse ionization sections
of atoms). In the series element—monoxide—dioxide,
the ionization cross-section increases. In some cases,
correction factors are used [6, 7]. In their fundamental
paper, Drowart et al. [8] showed that the additivity
rule does not give correct results in most cases. The
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review gives the experimental ionization cross-sec-
tions for both atoms and molecules. The information
is presented in the form of 6(A)/G(B) ratios. It is note-
worthy that the ionization cross-sections of atoms,
their monoxides, and dioxides are arranged in the
reverse order. In particular, it was experimentally
established that 6(M,)/c(M) = 1.25, 6(MO)/c(M) =
0.65, and 6(MO,)/c(MO) = 0.5. The obtained data,
summarized in [8], refer only to a limited range of
compounds; hence, for the overwhelming majority of
polyatomic compounds there are no experimental val-
ues that can be used to determine the partial pressures
by comparing the ion currents.

The complete isothermal evaporation method, in
which the values of cross-sections are not used, is
applicable, unfortunately, only to the case of the
monomolecular composition of vapor. In those cases
when the vapor contains two or more species, knowl-
edge of the mass of the substance that vaporized in a
certain form is required. This, in turn, is also associ-
ated with the use of ionization cross-sections. In the
case of the monomolecular composition of the vapor
above the compound, the relative value of 6(A)/c(B)
can be obtained by the equation

Oy _ N/ Myal Tty 4)
i guT/MyYiay I T,
by jointly solving Egs. (2) and (3).

In the present work, this procedure was performed
for polyatomic molecules B,O;, NaBO,, NaPO;, and
KPO;, which pass into vapor congruently without dis-
sociation [9, 10]. The reagents B,0;, NaBO,, NaPO;,
and KPO; with at least 99.9% purity were used as the
starting reagents.

The study was carried out by Knudsen effusion
mass spectrometry on an MS-1301 mass spectrometer.
The samples were evaporated from a molybdenum
effusion chamber heated by electron bombardment.
The temperature of the chamber with the sample was
measured using an EOP-66 optical pyrometer with an
accuracy of +10 K. Ionization of molecules effusing
from the chamber was performed with slow electrons
with an energy of 30 eV. Silver as a standard with a
known ionization cross-section [5] equal to 5.05 X
107'® ¢cm? was placed in the chamber with the sub-
stance being studied. The ion appearance energies
were determined by the vanishing ion current method
with an accuracy of +0.3 eV. The equipment was pre-
calibrated against the CaF, vapor pressure [11]. Start-
ing from the temperature of ~1270 K, the mass spec-
trum of vapor above the mixture of B,O; and silver

contained Ag* ions with an appearance energy of

7.6 eV. The B20§ ions with an appearance energy of
14.0 eV appeared in the mass spectrum of vapor at a
temperature of 1350 K. The appearance energies of

B,O; and Ag" indicate that both of these ions are the
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products of direct ionization of the corresponding
molecules [12]. At a temperature of 1389 K, the inten-
sity of the Ag™ ion current was 430 arb. units, and the

intensity of the B,O; ion current at 1557 K was
290 arb. units. The ratio 6(Ag)/c(B,0;), determined by
Eq. (4), was 2.94, and o(B,0;) was 1.72 x 107! cm?.
The ionization cross-section of B,0;, calculated by
the additivity method with a correction factor of 0.7
[6], is 6.31 X 101 cm?.

The mass spectrum of vapor above the mixture of
NaBO, and silver at ~1300 K contained the peaks of

Na*, NaBO;, Na,BO;, and Ag" ions with appearance
energies 0f 9.8, 9.9, 11.7, and 7.6 €V, respectively. The
values of the ion appearance energies in the mass spec-

trum indicate that NaBO; and Ag* are molecular ions

[12—14], while Na* and Na,BOj are the products of
dissociative ionization of the NaBO, and Na,B,0,
molecules [13, 14]. At 1374 K, the ion intensities were

72 (Na*), 72 (NaBO3), 45 (Na,B0O3), and 9 (Ag") arb.
units. When determining the 6,,/0, ratio, the intensi-

ties of the Na* and NaBOj ion currents were summed
with a correction for 7. When determining the mass of
the sample that passed into vapor in the form of
NaBO,, the dimerization process was taken into
account. The 6(Ag)/c(NaBO,) ratio, determined by
Eq. (4), was 1.86, and 6(NaBO,) was 2.73 x 10~'¢ cm?.
The ionization cross-section of NaBO,, calculated by
the additivity method with a correction of [6], is 6.41 X
10716 cm?.

In the mass spectrum of vapor above the mixture of
NaPO; and silver, starting from a temperature of

~1300 K, the peaks of Na*, NaPOyj, and Ag" ions were
recorded. The appearance energies of Na* and Ag*
were 10.2 and 7.6 eV, respectively. The appearance

energy of NaP O;r was not measured because of the low

intensity of the ion current. The NaPO§ and Ag" ions
are molecular [12, 15, 16], and Na™ is the product of
dissociative ionization of NaPOj; [15, 16]. At 1344 K,
the ion intensities were 44 (Na*) and 6.6 (Ag") arb.
units. The o©(Ag)/c(NaPO;) ratio, determined by
Eq. (4), was 1.43, and 6(NaPO;) was 3.51 x 10~ cm?.
The ionization cross-section of NaPOs, calculated by
the additivity method with a correction factor of 0.7
[6], is 7.60 x 10~ cm?.

The mass spectrum of vapor above the mixture of
KPO; and silver, starting from ~1320 K, contains the
peaks of K* and Ag* ions. The appearance energies of
K* and Ag™ were 9.8 and 7.6 €V, respectively. The Ag*
ion is molecular [12], and K* is the product of disso-
ciative ionization of KPO; [15, 16]. At 1491 K, the ion
intensities were 66 (K*) and 3.0 (Ag*) arb. units. The
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ELECTRON IONIZATION CROSS-SECTIONS

Table 1. Ionization cross-sections of polyatomic molecules

6 % 1071 cm?
Compound
| 11 111
B,0; 1.72 £ 0.22 6.31 —
NaBO, 2.73+0.25 6.41 3.01
NaPO; 3.51£0.18 7.60 2.83
KPO;, 4.43 +0.31 8.23 4.29

(I) experimental data, this work; (II) estimation by the additivity
method [5] including correction factors; (I111) estimation from the
experimentally determined ionization cross-sections of binary
oxides according to the recommendation of [17].

0(Ag)/6(KPO;) ratio, determined by Eq. (4), was
1.14, and 6(KPO,) was 4.43 x 10~'¢ cm?. The ioniza-
tion cross-section of KPOj;, calculated by the additiv-

ity method with a correction factor of 0.7 [6], is
8.23 x 10~ cm?.

The results indicate that the ionization cross sec-
tions of the studied polyatomic molecules do not obey
the additivity rule even if the correction factors are
taken into account, which is consistent with the data
presented in the review [8]. At the same time, an
increase in the ionization cross-section in the series
NaBO,—NaPO;—KPO; corresponds to the tendency
of its variation associated with the increase in the ionic
radius and accordingly the atomic ionization cross-
section [5] on passing from boron to phosphorus and
from sodium to potassium.

In [17] it was proposed that the ionization cross-
sections of oxygen-containing acid salts be calculated
by representing them as the products of interaction of
basic and acidic oxides, and using the recommenda-
tions given in [8]. At the same time, NaBO, can be
represented as the product of interaction of NaO and
BO, and NaPO; and KPO; as the products of interac-
tion of Na(K)O and PO,. In this case, the ionization
cross-sections of NaBO,, NaPO;, and KPO; are
(%1071 ¢m?) 3.01, 2.83, and 4.29. These values differ
from those obtained experimentally in the present
study, but the differences are much smaller than the
values calculated by the additivity method. The
Table 1 presents data on the ionization cross-sections
of the molecules under study, obtained by various
methods.

According to the table 1, the use of the additivity
rule leads to significantly overestimated G values com-
pared to the experiment, whereas the calculation
method of [17] gives results closer to reality.

In the present work, the ionization cross-sections
for polyatomic oxide molecules B,0;, NaBO,,
NaPO;, and KPO; were experimentally determined
by high-temperature mass spectrometry. The results
showed that the ¢ values differ significantly from the
calculated values obtained according to the additivity
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rule even when correction factors are included in cal-
culation, which leads to underestimated partial pres-
sures.

The present study confirmed that, on the one
hand, for polyatomic molecules the ionization cross-
section does not obey the additivity rule. On the other
hand, to calculate the ionization cross-sections of
complex molecules using the ionization cross-sections
of atoms, it is necessary to obtain as many experimen-
tal data as possible to complement the data presented
in [8].
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