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Gryzinski’s classical treatment of the double ionization has been used to estimate the contribution of the double-
collision process to the G-values of the jonizations and excitations of noble gases irradiated by 100 keV electrons.

Except for helium, the double collision accounted for 5—159%, of the yield of electrons.

The total G-values calcu-

lated are ultimately as follows (in the order of He, Ne, Ar, Kr, and Xe): 2.28, 2.53, 3.09, 3.41, 3.67 for G(clectrons);
0.84, 1.37, 1.78, 1.54, 1.41 for G(excited singlet states); 0.17, 0.07, 0.13, 0.23, 0.39 for G(triplet states).

The cross sections for the formation of multiply-
charged ions of atoms and diatomic molecules in colli-
sion with high-energy electrons have been measured by
many investigators over the past forty years.1~® Recent-
ly more reliable values of the cross sections in a wide
energy range of the incident electrons have been re-
ported.”® On the other hand, the theoretical treat-
ment of the formation of the multiply-charged ions has
not been developed remarkably since Gryzinski pro-
posed the classical treatment of double ionization.1)
Although a quantum mechanical estimation of the double
ionization has been proposed by Mittleman,? his
method is at present limited in its field of application.
Gryzinski’s classical method has recently been modified
and used by Tripathi and Rai!® to estimate the cross
section for the double ionization of He and Lit. Their
results agreed reasonably well with the experimental
ones.

In a previous paper,¥ we ourselves have calculated
the G-values of the ionizations and excitations of noble
gases irradiated by 100 keV electron, using the classical
binary encounter collision theory. Although the G-
values calculated were roughly consistent with those
expected from the experiment, there were a few defects
in the results. One of the most serious was that the
calculated W-value of Ne was larger than that of He.
It is experimentally known that these values are reversed
in magnitude. This discrepancy might result from the
assumption on the basis of which the calculation was
carried out. In the previous calculation, we ignored
the contributions of the double ionization and the ex-
citation from the inner shells. This might have affected
the W-values obtained. In the present paper, we
calculated the amount of the double ionization by using
Gryzinski’s classical method and also estimated the
contributions of the double excitation and the excita-
tions from the inner shells.

Method of Calculation

Approximations. Since the probability of the
double collision of high-energy electrons in an atom is
much smaller than that of the single collision, we used
the following three approximations: 1) When the stopp-
ing power, S(T'), of a gas and the degradation spectrum,
9(T), of electron are calculated, the contributions of the

double collision and the excitations from the inner
shells are ignored ; that is, the S(7") and »(T') previously
obtained are used as they were. 2) The cross section
of the double collision is formulated by Gryzinski’s
method.' The differential cross sections involved in
the formulation of the double collision are, however,
evaluated by the method previously used.!® The
details of the formulation will be shown later. 3) The
double collision is calculated only on the electrons in
the outermost shell of the atom. In order to calculate
the double collision in which the electrons in the inner
shells are involved, we need more parameters than are
available at present. According to the estimation of
Roy et al.,® the contribution of the inner shells to the
double collision is much smaller than that of the outer-
most shell.

Formulation. Even within the treatment of the
single collision we had to consider various types of colli-
sions, such as the ionizations from all of the shells, the
ionization accompanied by the exchange of electrons,
and the singlet and triplet excitations. Moreover, the
energy range of the incident electrons, higher or lower
than the ionization potential or the energies of the excited
states, had to be taken into account.!® In the treat-
ment of the double collision, we have to consider all of
the combinations of these collisions.

Double Ionization: After the occurrence of the first
ionizing collision with an incident electron, there are
two types of second ionizations; one is Case A, in which
the second ionization is induced by the incident electron,
while the other is Case B, in which the second ioniza-
tion is induced by the electron which recoiled in the
first collision. According to the treatment of Gryzinski,)
the total ionization cross section in Case A is expressed
in this form:
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for T>I;+1I;;. Here, n. is the number of electrons in
the outermost shell of the target atom; 7, the mean
distance between atomic electrons; 7, the initial energy
of the incident electron; E, the energy loss of the incident
electron in the first collision—therefore, T—E is the
energy of the scattered electron and E—I; is the energy
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of the electron ejected from the atom in the first collision;
I;, the ionization potential of the target atom; Ij;, the
second ionization potential of the atom; E’, the energy
loss in the second collision—therefore, T'—E—E’ is the
energy of the doubly scattered electron and E'—I; is
the energy of the electron ejected from the atom in the
second collision.

As has been stated above, the differential cross sec-
tions, 6z qir and 6z ¢y, are the same as those used in the
previous paper:14
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In a similar manner, the differential cross sections for
the second ionizations are expressed as follows:
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When T<I;+1;, Q;;*(T) is set equal to zero.
Similarly, the total double-ionization cross section in
Case B may be expressed by:
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for T>I,+I;. When T<I;+1I;, Q;8(T) is set equal
to zero. A simple calculation can show that Q;*(7T)=
Q.(T).

Although, in the above treatment, Cases A and B have
been formulated separately, the final states obtained
through the two processes cannot be distinguished. Since
we cannot specify the origin of the electron inducing
the second ionization—cannot determine whether it is
an incident electron or the atomic one, the total cross
section of the double ionization should be a half of the
sum of Q;;*(T) and Q;¥(T):

Qu(T) = 5 1A+ QAT = QAT) (1)

Double Excitation: The above treatment of double
ionization can be extended to the double excitation. In
the case of excitation, we have two types; one is accom-
panied by a change in the spin state (SC), while the
other is not accompanied by such a change (SNC). In
the formulation of the double excitation, therefore, we
have to consider the combination of these two types of
excitations.

By referring to the formulation of the excitation shown
in the previous paper, the total cross sections of all kinds
of double excitations can easily be formulated. Here,
only the formulation for the case of SNC-SNC will be
shown. This case leads to the formation of an excited
singlet state. The total cross section for this process
may be described as follows:
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for T>I;-+1;. Here, E; is the energy of the lowest
excited singlet state and E, is the energy necessary for
the excitation in the second collision; that is, E,=
E**_FE , where E** is the energy of the double excita-
tion state. When E 4 I;<T<I;+1j,
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When I; 4 E,< T<E,+1;;, the upper limit of the second
integral of Eq. (8) should be replaced by T'—E. When
EAE,<T<I+E,,, the upper limit of the first in-
tegral of Eq. (8) has to be replaced by T—E,, in addition
to the replacement of the upper limit of the second
integral by T—E. When T<E;+4Eg,, Q..(SNC-SNC)
is set equal to zero.

Other combinations, SC-SC, SNC-SC, and SC-SNC,
of the double excitation can be formulated in a similar
manner by using the energies of the first triplet state
(E,) and the energy necessary for the excitation from the
first excited-triplet state to the double-excitation state
(E;y). In the case of SC-SC, we obtain a singlet or a
quintet state as the final state. However, the G-value
for this process is so small that we assume that the ob-
tained state is always a singlet state.

Ionization and Successive Excitation: This process leads
to the formation of a hot ion. As in the case of the
double ionization, the second collisions in this case are
of two types; one is induced by the electrons scattered
in the first collision, while the other is induced by the
recoiled electron. The total cross sections of these two
processes have the same value. Again, as in the case
of the double ionization, we cannot distinguish these
two processes. The total cross section, therefore, is
equal to that of either of the two processes.

The following shows the case of the ionization and
successive excitation without any spin change (I-SNC).
A similar formulation can easily be made for the case
of I-SC, which is not shown here.
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When T<J;-+Eg,, Q;.(I-SNC) is set equal to zero.
Excitation and Successive Ionization: This process also
leads to the formation of a hot ion. The formulations
of Q;(SNC-I) and Q;(SC-I) can easily be made by
referring to the treatments described above. Only the
latter case is shown here:
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for T>I;+E,;, where Ey; is the energy necessary for the
ionization from the lowest excited-triplet state to the
lowest excited ion. When E,+E;<T<I;-+E,;, the I;
in the first integral should be replaced by T—E,;. When
T<E(+E, Q.(SC-I) is set equal to zero.

Inner-shell Excitation: The formulation is exactly the
same as that of the single excitation described in a pre-
vious paper,!¥ except that the parameters, I;, E;, E,,
and E, have to be replaced by the values corresponding
to those of the inner shells. In the present calculation,
the contributions of the shells more inner than 3s in Ar,
3d in Kr, and 4p in Xe are ignored.

Constants Used for Calculation

The values of E, E,, I;, and E; are the same as those
used in the previous paper.'¥ Table 1 summarizes the
I;, E,, and E, values of the inner shells, where the last
two values are assumed to be the same. Table 2 shows
the mean distance between electrons in the outermost
shell of each atom and the second ionization potential
(I;). The mean distance was calculated by placing the
electrons uniformly on a sphere the radius of which had
been estimated by Slater.1?

Table 3 shows the double-excitation energy (E**)
and the energy of the lowest excited state of the singly
charged ion (E+*). Some of these values have been
experimentally obtained ;-2 from them we can calcu-
late £, and E;,. In the case of the double excitation,
we can assume that E,=FE**—FE_ and E,=E**—F,.

TaBLE 1. IONIZATION POTENTIAL (I;) AND THE EXCITA-
TION ENERGIES TO THE FIERST EXCITED SINGLET (E,)
AND THE LOWEST TRIPLET (E,) STATES WITH
RESPECT TO THE INNER SHELLS

gflgﬁ; Ii Es’ Et Reference

Ne(2s) 48.42 43.65 23)
(1s) 867 8659

Ar (3s) 29.3 25.22 24)

Kr(4s) 27.4 23.73 19)
(3d) 93.7 91.24 18, 24)

Xe(3s) 23.3 20.95 19)
(4d) 67.5 65.2 18)
(4p) 145.5 142 22, 24)

a) Assumed.
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TaABLE 2. THE MEAN DISTANCE BETWEEN ELECTRONS (7)
AND THE SECOND IONIZATION POTENTIAL ([;)

Atom (shell) 7 (A) I (eV)

He (1s) 0.60 54.40

Ne (2p) 0.45 41.07

Ar (3p) 0.95 27.62

Kr (4p) 1.22 24.56

Xe (5p) 1.41 21.20
TaBLE 3. THE DOUBLE EXCITATION ENERGY (E**) AND

THE ENERGY OF THE EXCITED STATE OF THE
SINGLY CHARGED ION (E*¥)

Atom E** (eV) Et* (eV)
He 57.82 (1S) 65.4
58.34 (3P)
Ne 45.0 57.6%
Ar 30® 36
Kr 270 339
Xe 23% 289

a) Assumed. b) Calculated on the assumption that
E**=[+41,/2. c¢) Galculated on the assumption
that E**=1,+31,,/4.

In the case of the ionization and successive excitation, we
assumed E,=FE ,=FE+*—];.

Results

Figure 1 shows the T-y(T)-Q4(T) for the double
collision in Ne as a function of In 7. Similar curves
were also obtained in other cases —He, Ar, Kr, and Xe.
All the curves for the double ionization have maxima
at about twice the threshold energy of each atom and
rise again as the T increases over 10%eV. A similar
tendency was observed for the cases of the ionization
and successive excitation. On the other hand, the
cases of the double excitation and the excitation and
successive ionization have maxima near the threshould
energies and decrease rapidly as the 7 increases.

Tables 4 and 5 summarize, respectively, the G-values
obtained for all of the double collisions and for the
inner-shell excitations. '

=)
T
L

-~
T
1

1 SNC-SNC
i ISNC ¢

T-»(T)-Q(T) (10-* cm?)

T(eV)

Fig. 1. Contribution of different portions of the electron
degradation spectrum to the double collision in Ne.
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TABLE 4. THE G-VALUES FOR EACH DOUBLE COLLISION

Process He Ar Kr Xe
Double ionization 0.0076 0.146 0.079 0.053 0.057
Double excitation 0.0031 0.112 0.081 0.059 0.060
SNC-SNC 0.0028 0.105 0.075 0.054 0.055
SC-SC 0.0000050 0.000097 0.00011 0.000099 0.00013
SNC-SC 0.00022 0.0062 0.0049 0.0041 0.0041
SC-SNC 0.000037 0.00081 0.00086 0.00075 0.00095
Ionization excitation 0.017 0.192 0.231 0.097 0.120
I-SNC 0.015 0.160 0.202 0.085 0.105
I-SC 0.0022 0.032 0.029 0.012 0.015
Excitation ionization 0.0029 0.068 0.060 0.038 0.037
SNC-I 0.0029 0.068 0.060 0.038 0.037
SC-1 0.000021 0.00018 0.00032 0.00026 0.00034
TABLE 5. THE G-VALUES FOR THE INNER SHELL EXCITATIONS T T T
Shell Ne Ar Kr Xe
1s singlet 0.000014
triplet 0.00000015
2s singlet 0.0164 1o
triplet  0.00062 1077 7
3s singlet 0.0540 &
triplet 0.0025 N
3d singlet 0.0176 <
triplet 0.00039 5
4s singlet 0.0418
triplet 0.0028 1072 -
4p singlet 0.0016 ey
triplet 0.000062 o ‘o
4d singlet 0.0244 °o°
triplet 0.00079 17 o L
5s singlet 0.0365
triplet 0.0027 T(eV)
Total 0.0170 0.0565 0.0626 0.0661 Fig.2. The total cross section of the double ionization in
singlet  0.0164 0.0540 0.0594 0.0625 He. > calculated; O, Ref. 7; [, Ref. 9; A, Ref. 6.
triplet 0.00062 0.0025 0.0032 0.0036
Discussion 400
Experimentally, the formation of the doubly charged &
ions is due not only to the double ionization, which we T 300 -
have just calculated, but also to the Auger effect. There- N
fore, the comparison of the calculated values with the T 00 b
experimental values is somewhat complicated. In the
case of He, however, there is no Auger effect, so a direct
comparison is possible. 100 -

Figure 2 compares the experimentally obtained total
cross sections of the double ionization®-19 with those
calculated by the method described above. A serious
discrepancy appears near its maximum value and at
very high energies of the incident electrons. Figure 3
summarizes the He*t/He?+ ratios obtained both ex-
perimentally®6-19 and theoretically. The a curve is
the present calculation, while the b and c¢ curves are
the results obtained by means of Mittleman’s pro-
cedure!? and a modification of it?® respectively. The
d curve is the result obtained by Roy and Rai.?® Their
treatment seems to be very similar to ours except for a
modification which is not clear for us. Judging from
the semi-quantitative agreement of the present calcula-
tion with the observed data, it may be concluded that

T(eV)

Fig. 3. The Het/He?*t ratios as a function of In 7.
O, Ref. 7; [, Ref. 9; @, Ref. 4; A, Ref. 6.

Gryzinski’s treatment of the double ionization is gen-
erally correct when the yield of the doubly charged ions
formed through the double collision is estimated.
Figures 4 and 5 show the ratios of M+/M2+ as a func-
tion of the energy of the incident electron, where M
stands for Ne, Ar, Kr, or Xe.1-19 In the case of Ne,
only the double-ionization process seems to explain the
experimental data. Probably the Auger effect does
not play an important role in the formation of doubly
charged ions in Ne. In the cases of Ar, Kr, and Xe, on
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Ne*/Net+

Art/Ar?+

500? XY

10° ‘ 108 10*
T(eV)

Fig. 4. The Net/Ne?+ and Ar*/Ar?* ratios as a function
of In T. ————, calculated only on the double ioniza-
tion; , calculated by including the Auger effect;
O, Ref. 7, 8; [, Ref. 9; @, Ref. 1; A, Ref. 3.
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Fig. 5. The Krt/Kr2+ and Xet/Xe?* ratios as a function
of In T. ———, calculated only on the double ioniza-
tion; , calculated by including the Auger effect;
O, Ref. 8; [], Ref. 10; @, Ref. 6.

the other hand, the Auger effect seems to play a principal
role in the formation of the doubly charged ions at the
higher energies of the incident electrons. Since the
distribution of the multiply charged ions produced
through the Auger effect has been reported for all of the
rare gases,?” and since the fluorescence yields have also
been reported in the literature,?® we can estimate the
relative amounts of the doubly charged ions formed
through the Auger effect by using the cross sections of
ionizations from the inner shells.!¥ Tables 6 and 7
show, respectively, the values used of the relative yields
of the doubly charged ions and the fluorescence yields.
The corrected M+/M?* ratios obtained by using these
values are also shown in Figs. 4 and 5. The agreement
with the experimental plots is satisfactory.

TaBLE 6. THE FLUORESCENCE YIELD OF M™* 10N wiTH
A VACANCY IN THE INNER SHELL

Shell He Ne Ar Kr Xe

K 0 0.1 0.6 0.87
L 0 0.04 0.15
M 0 0
N 0

Double Collision Process in Noble Gases
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TABLE 7. THE FRACTION OF M2™ 10N PRODUCED
THROUGH THE AUGER EFFECT

- Shell He Ne Ar Kr Xe
1s 0.736 0.105 0.015 0.003
2s 0.02 0.001 0.01
2p 0.74 0.01 0.02
3s 0.13 0.02
3p 0.09 0.04
3d 0.60 0.03
4s
4p } 0.4
4d

TABLE 8. THE G-VALUES OF ELECTRONS AND W-VALUES
He Ne Ar Kr Xe

G-value 2.28 2.53 3.09 3.41 3.67
single collision 2.27 2.19 2.81 3.20 3.45
double collision 0.014 0.326 0.220 0.150 0.154
inner shell excitation 0.017 0.057 0.063 0.066

W-value
present 43.9 39.5 32.4 29.3 27.2
experimental 42.3 36.3 26.4 24.2 22.0

TABLE 9. 'THE RATIO OF THE G-VALUE FOR EXCITATION
TO THAT OF ELECTRONS

He Ne Ar Kr Xe

GCure 1.0  1.44 1.91 1.77 1.80

singlet 0.84 1.37 1.78 1.54 1.41

triplet 0.17 0.07 0.13 0.23 0.39

G.../G, 0.44 0.57 0.62 0.52 0.49
The Calculation of the G-values. When the G-

values of electrons are calculated, the contribution of the
double ionization, Gy;, should be added to the total,
because the first ionization in the double ionization
has already been counted as a single ionization. In the
case of the ionization and successive excitation, the G-
value of this process does not contribute to the increase
in the G-value of the electrons, while in the case of the
excitation and successive ionization, its G-value should
be added to the G-value of the electrons and the same
amount has to be subtracted from the G-value of the
excitations.

The sum of the G-value of the double excitation and
the inner-shell excitation corresponds to the G-value
of the autoionization state of each atom. Some species
in this state may autoionize into multiply charged ions;
however, in the present calculation, we assumed that
all of the autoionization states produce only singly
charged ions.

Table 8 summarizes the G-values of electrons and
the W-values both calculated and observed.?® The
results appear to be better than those reported in the
previous paper,’® where the double collision and the
inner-shell excitation were ignored. Table 9 shows the
G-values of the excitations and the ratios of the excita-
tion and ionization. There are no remarkable differ-
ences between the values calculated here and those
obtained previously.

The authors are indebted to Professor Kazuo Hisa-
take for estimating the fluorescence yields.
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