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Measured cross sections for electron-impact ionization of excited Xe atoms are not presently available.
Therefore, we combine in this work the formalisms of the binary encounter approximation and Sommerfeld’s
quantization of atomic orbits and derive from first-principles cross sections for ionization of excited atoms by
electrons of low and moderate energies(up to a few hundred eV). The approach of this work can be used to
calculate the cross sections for electron-impact ionization of excited atoms and atomic ions other than xenon.
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I. INTRODUCTION

Ionization of noble-gas atoms is important in many appli-
cations, including spacecraft thrusters, excimer lasers, and
fusion plasmas. This work concentrates on xenon because of
its current prominence as a propellant in ion engines and
Hall thrusters. Studies of nonequilibrium processes in these
devices requires knowledge of electron-impact ionization of
xenon atoms from both ground and excited states. Electron-
impact ionization of heavy atoms such as xenon is difficult to
study experimentally as well as theoretically. As a result,
measured cross sections are available only for ionization of
the ground-state Xe atom[1–4] (see also references cited in
[3]). Theoretical work[5–7] on electron-impact ionization of
the ground state as well as excited states of xenon is scarce
and limited in scope.

Ionization of the ground-state xenon atom by an electron
of energy less than a few hundred eV can be reliably de-
scribed by the “energy-corrected” binary encounter approxi-
mation (ECBEA) developed recently by the authors[8] for
electron-impact ionization of rare-gas atoms with atomic
number Z*20. This approach provides easy-to-calculate
analytical ionization cross sections with accuracy acceptable
in most applications. In this work, we modify the ECBEA
approach in order to calculate the cross sections for electron-
impact ionization of excited xenon atoms from outer as well
as inner atomic shells.

The ECBEA approach combines the binary encounter ap-
proximation[9,10] of energy transfer between two electrons,
Sommerfeld’s theory of quantization of atomic orbits to de-
scribe the dynamics of the target’s electrons, and a statistical
description of the cumulative interactions of the atomic elec-
trons. The atomic field of the target atom can significantly
change the energy of the ionizing electron as it nears the
target; this is taken into account by this approach. The energy
change can be given by[8,11]

e8 = e + Ee
snld + Wnl, s1d

wheree is the energy of the incident electron far from the
target atom,e8 is the “corrected” energy of the incident elec-

tron at the point of its BEA collision with an electron of the
nlth atomic shell,Ee

snld is the kinetic energy, andWnl is the
mean binding energy of thenlth electron participating in the
ionizing collision. In the above,n and l are the principal and
the orbital angular momentum quantum numbers, respec-
tively, of the shell(equivalent) electrons.

II. MEAN BINDING ENERGIES OF ATOMIC ELECTRONS

Estimating the binding energyWnl of an electron of annl
shell in a many-electron atom is a complex and difficult
problem[12]. The mean binding energy of each(equivalent)
electron in each atomic shell is an average effect of many-
body electron-electron and electron-nucleus interactions
which depends of the atomic electronic configuration. This
effect is estimated here by a statistical procedure able to
predict reasonable values of the mean binding energies of
electrons in a number of heavy atoms[11,13,14].

Since the collisional energies considered in this work are
not large, we assume in our calculations that only electrons
of two or three outermost atomic shells(5s and 5p shells in
the configuration 5s25p6; the 5s, 5p, and 6s shells in the
configurations 5s25p56s; or the 5s, 5p, and 6p shells in the
configurations 5s25p56p) contribute significantly to the
electron-impact atomic ionization when the target xenon
atom is either in its ground state or in one of the ten excited
states listed in Table I.(These states are denoted below by
subscriptsi that range from the ground state,i =1, to i =11,
the highest excited state considered.) Thus, according to the
statistical procedure mentioned above and discussed in
[8,11], the mean binding energy of an electron in one of the
three outermostnlth shells of the atom can be given as
[8,11,13]

Wnl = Nnl
−1o

m

Nnl

Um
snld, s2d

where Nnl is the number of the electrons in the shell, and
Um

snld is the minimum energy(ionization energy) needed to
move themth electron of the shell to the continuum. In other
words, the mean binding energy of an electron in one of the
three outermost shells in xenon in theith state is taken as the
following [8,11,13]:

(a) The 5s shell in configurations 5s25p6, 5s25p56s,
and 5s25p56p si P h1, . . . ,11jd,
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W5s = sU1
s5sd + U2

s5sdd/2 = 110 eV, s3d

whereU1
s5sd=100 eV andU2

s5sd=120 eV, respectively.
(b) The 5p shell in configuration 5s25p6 si =1d,

W5p = sU1
s5pd + U2

s5pd + U3
s5pd + U4

s5pd + U5
s5pd + U6

s5pdd/6

= 41.74 eV, s4d

where U1
s5pd=12.13 eV, U2

s5pd=21.21 eV , U3
s5pd=32.12 eV,

U4
s5pd=46 eV, U5

s5pd=57 eV , and U6
s5pd=82 eV, respec-

tively.
(c) The 5p shell in configurations 5s25p56s and

5s25p56p si P h2, . . . ,11jd:

W5p = sU2
s5pd + U3

s5pd + U4
s5pd + U5

s5pd + U6
s5pdd/5 = 47.67 eV.

s5d

(d) The 6s shell in configurations 5s25p56s si
P h2,3,4,5jd: W6s=U1

s6sd /1=3.81 eV, 3.69 eV, 2.68 eV, and
2.56 eV for statesi =2,3,4 and 5,respectively.

(e) The 6p shell in configurations 5s25p56p si
P h6, . . . ,11jd: W6p=U1

s6pd /1=2.55 eV, 2.44 eV, 2.41 eV,
2.34 eV, 2.31 eV, and 2.20 eV for statesi =6, 7, 8, 9, 10, and
11, respectively.

We introduce a “shell parameter”knl for each shell under
consideration[8,11],

knl = Wnl/U1
snld, s6d

where, as before,U1
snld is the first ionization potential of the

shell. Using relationship(6), one hask5s=1.1, k5p=2.25 (in
the configurations 5s25p56s and 5s25p56p with i
P h2, . . . ,11j), or k5p=3.44(in the configuration 5s25p6 with
i =1), k6s=1 (in the configurations 5s25p56s with i
P h2,3,4,5j), and k6p=1 (in the configurations 5s25p56p
with i P h6, . . . ,11j).

III. IONIZATION CROSS SECTIONS

The cross section for ionization of thenl atomic shell of a
xenon atom excited to theith state by an incident electron of

energye can be given by the following expression:(a) n
arbitrary, l =0 [11],

Qnlsknl,U1
snld,ld =

Nnls0s1 − l−2d
fU1

snldg2f1 + sl2 + knld1/2g2

3 F1 +
2

sl2 + knld1/2 +
2

3
s1 + l−2dG ,

s7d

and (b) n arbitrary, l .0 [8],

Qnlsjnl,knl,U1
snld,ld =

Nnls0sl2 − 1df3l2 + 2knls1 + l2dznlg
3fU1

snldg2l4fl2 + knls1 + znldg
,

s8d

or, somewhat more accurately,

Qnlsjnl,knl,U1
snld,ld =

Nnls0sl2 − 1d
3fU1

snldg2l8

3 F4knl
2 + 4knlsknl − 1dl2 + s3 + 2knldl4

−
4knl

2 s2knl − l2 + 2knll
2 + 2l4d

Î4knlsknl + l2d + jnll
4 G . s9d

Here s0=pe4; when U1
snld is given in eV, the appropriate

numerical value iss0=6.56310−18 eV2 m2. Defining

l ; fe/U1
snldg1/2, jnl ; sl/nd2, andcnl ; Î1 − jnl,

s10d

we have

znl =
cnl

1/2

2
F f2 − cnlsjnl − 2d − 2jnlg1/2

1 + cnl − jnl

−
jnlcnl

1/2

s2cnl + 2 −jnld1/2s1 − cnl − jnld
G , s11d

or (with accuracy better than 1%)

znl . f1 − sjnl/4d2g1/4. s12d

The cross section for electron-impact single ionization of
a xenon atom excited to statei si P h1, . . . ,11jd can be given
as a sum of the ionization cross sections for all the atomic
shells important for the process,

Qat = o
nl

Qnl. s13d

In other words, in the energy range considered in this work,
the cross section(in m2) for electron-impact ionization of a
xenon atom excited to theith state is

Qat
si=1d = Q5s

si=1d + Q5p
si=1d, s14d

Qat
si=2−5d = Q5s

si=2−5d + Q5p
si=2−5d + Q6s

si=2−5d, s15d

Qat
si=6−11d = Q5s

si=6−11d + Q5p
si=6−11d + Q6p

si=6−11d, s16d

where

TABLE I. The ground state and ten excited states of the xenon
atom considered in this work. TheEi are the states’ excitation
energies.

i Paschen Designation EiseVd

1 p0 5p6 1S0 0.00

2 1s5 6sf3/2g2 8.31

3 1s4 6sf3/2g1 8.44

4 1s3 6s8f1/2g0 9.45

5 1s2 6s8f1/2g1 9.57

6 2p10 6pf1/2g1 9.58

7 2p9 6pf5/2g2 9.68

8 2p8 6pf5/2g3 9.72

9 2p7 6pf3/2g1 9.79

10 2p6 6pf3/2g2 9.82

11 2p5 6pf1/2g0 9.93
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Q5s
si=1d = Q5s

si=2−5d = Q5s
si=6−11d = 1.313 10−21 1 − l−2

s1 +Î1.1 +l2d2

3 S5

3
+

2

3l2 +
2

Î1.1 +l2D , s17d

Q5p
si=1d = 8.923 10−20l2 − 1

l8 F47.33 + 33.57l2 + 9.88l4

−
47.33s6.88 + 5.88l2 + 2l4d
Î47.33 + 13.76l2 + l4/25

G , s18d

Q5p
si=2−5d = Q5p

si=6−11d = 2.433 10−20l2 − 1

l8 S20.25 + 11.25l2

+ 7.5l4 −
455.62 + 354.37l2 + 202.50l4

Î506.25 + 225l2 + l4 D , s19d

and

Q6s
si=2−5d = ai

1 − l−2

s1 +Î1 + l2d2S5

3
+

2

3l2 +
2

Î1 + l2D , s20d

Q6p
si=6−11d = bi

l2 − 1

l8 S4 + 5l4 −
4s2 + l2 + 2l4d
Î4 + 4l2 + l4/36

D . s21d

Here ai =4.52310−19,4.82310−19,9.13310−19,10−18 for i
=2,3,4, and 5, respectively, andbi =3.36310−19,3.67
310−19,3.76310−19,3.99310−19,4.10310−19,4.52310−19

for i =6,7,8,9,10, and 11,respectively.[Note that each of
the 11 cross sections defined in relationships(17)–(21) has a
different energy thresholdeth=U1

snld, and that the magnitude
of this threshold for ionization of the 5p, 6s, and 6p shells
depends on the atomic state numberi.]

The electronic configurations and excitation energiesEi of
the considered 11 states of the xenon atom are given in Table
I. We calculate below, as examples, the cross sections for
electron-impact ionization of the Xe atom fromi =1 (the
ground statep0), i =2s1s5d, i =4s1s3d, and i =9s2p7d states
taking into account the contributions of the following outer-
most shells of the states: the 5s2 and 5p6 shells of the atom in
the i =1 state, the 5s2, 5p5, and 6s shells of the atom in the
i =2 state, the 5s2, 5p5, and 6s shells of the atom in thei
=4 state, and the 5s2, 5p5, and 6p shells of the atom in the
i =9 state. The cross sections for electron-impact ionization
of Xe excited to thei =1, i =2, i =4, andi =9 state are shown
in Figs. 1–4, respectively, and a comparison of the cross
sections is made in Fig. 5.

The reader should remember, while viewing Fig. 5, that
the assumptions of the present approach are well justified at
impact energies less than about 100 eV(see discussion in
[8]). Thus, the values of the cross sections shown in Fig. 5 at
energies greater than 100 eV should be used with caution.
(However, as discussed in[8], the accuracy of the cross sec-
tions at energies between 100 and 1000 eV should not be
worse than a factor of 2.)

IV. THE CROSS SECTIONS FOR IONIZATION
OF THE ATOMIC LEVELS 5 s25p6, 5s25p56s, AND 5s25p56p

Younger [7] studied theoretically the contribution of the
atomic shells to ionization of the ground-state xenon atom by
electrons. The study concentrated on many-electron effects
on the cross section. The author used in his study several
different modifications of the distorted-wave Born-exchange
approximation where Hartree-Fock wave functions were em-
ployed to describe the target. All the modifications yielded
ionization cross sections that were greater at energies below
100 eV, by a factor of up to 2 or 3, than the corresponding
measured cross sections. This discrepancy was explained by
Younger as resulting mainly from the inedequacy of the
distorted-wave approximation, rather than from the contribu-
tion of many-electron effects. Younger’s most accurate
atomic cross section was the one obtained when the 5p-shell

FIG. 1. The present cross sections for ionization of the ground-
state(i =1, p0) xenon atom by an electron of energye. The dashed
curves represent contributions of the outermost atomic shells to the
total ionization cross section(the solid curve).

FIG. 2. The present cross sections for electron-impact ionization
of the xenon atom excited to thei =2 s1s5d state. The meaning of the
symbols is the same as in Fig. 1.
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contribution was treated within the frame of the distorted-
wave Born-exchange approximation that included ground-
state electron correlations.[This cross section was up to an
order of magnitude greater than the 5s-shell contribution,
obtained from the distorted-wave Born-exchange approxima-
tion using semiclassical exchange(SCE) partial waves[7],
and up to about 30 times greater than the contribution of the
4d shell.] This atomic cross section was up to two times
larger than the corresponding measured cross section and
than the theoretical cross section of the present work, as seen
in Fig. 6.

Even though Younger’s distorted-wave approximation
cross sections for ionization of the individual shells of the
ground-state xenon atom are too high, they show a general
trend which is similar to the trend of the present cross sec-
tions: the contributions of the inner shells of the Xe atom to
the atomic ionization by electrons of energies considered in
this work are much smaller than the contribution of the
atomic outer shell.

Neither measured nor theoretical cross sections are avail-
able in the literature for electron-impact ionization of xenon
atoms excited to the individual states listed in Table I. How-
ever, some theoretical results exist for ionization of two(6s
and 6p) atomic levels. These levels each consist of several
states, with the level properties obtained from averaging over
the properties of the level’s states[5,6]. Ton-That and Flan-
nery [5] have calculated the cross section for ionization of
the Xe level that is a state-averaged conglomerate of the two
lowest atomic metastable states, 5s25p56sf3/2g2 si =2d and
5s25p56sf1/2g0 si =4d. The cross section was calculated us-
ing the Born “half-range” approximation(BH) [15] and the
symmetric binary encounter approximation(BE) [16] assum-
ing identical orbitals for both states of the combined
5s25p56s level and identical effective potential for the target
electrons. The quantal speed distribution of each target elec-
tron was obtained from a transformation of the electron spa-
tial wave function. At impact energies less than 20–30 eV,

FIG. 3. The present cross sections for electron-impact ionization
of the xenon atom excited to thei =4 s1s3d state. The meaning of the
symbols is the same as in Fig. 1.

FIG. 4. The present cross sections for electron-impact ionization
of the xenon atom excited to thei =9 s2p7d state. The meaning of
the symbols is the same as in Fig. 1.

FIG. 5. Comparison of the present cross sections for electron-
impact ionization of the xenon atom excited to statesi =1,2,4, or 9.

FIG. 6. The cross sections for electron-impact ionization of the
5s25p6 level of the xenon atom. The solid curve EK is the cross
section of the present work, while the dashed curve Y is the cross
section of Younger[7]. The dots represent the measured values of
the cross section[1–3].
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the BH cross section, shows better agreement with the mea-
sured cross sections for electron-impact ionization of the low
metastable level of the neon atom(no measurements exist for
the xenon atom) than the BE cross section, which accounts
for the contribution of the atomic inner shells. The same is
true for argon at energies up to about 20–30 eV, but at
higher energies the measured argon cross section is between
the BE and BH results.

Hyman [6] calculated, using the symmetric binary en-
counter approximation[16], the electron-impact ionization
cross sections for the 5s25p56s and 6p xenon levels with
properties averaged over each level’s states. His approxima-
tion used the quantum-mechanical momentum distribution
function of the target electron determined from a semiempir-
ical “scaled-effective-charge” method[17,18].

The state-averaged cross sections of Ton-That and Flan-
nery and of Hyman for ionization of the 6s and 6p levels of
xenon atoms are compared in Figs. 7 and 8 with the corre-
sponding cross sections of the present work.

One can see in Fig. 7 that our state-averaged cross section
for the ionization of the 6s level of xenon atoms(the solid
curve EK) at impact energies less than about 20 eV is closer
to the cross section of Hyman(the dashed curve H) than to
the cross sections of Ton-That and Flannery(the dot-dash
curve BH and the double-dash-dot curve BE). At higher en-
ergies, our cross section and the BE cross section show an
expected qualitative contribution of the inner shells, but the
two cross sections differ up to 50%. It seems that the contri-
bution of the inner shell in the BE calculations is too big for
several reasons. The first is that the BE cross section is al-
most twice as big as the BH cross section at energies as low
as 35 eV, and this difference seems to be unrealistically large
at such a low energy. Secondly, it seems clear that inclusion
of the inner-shell contribution in Hyman’s calculations for
energies greater than 20 eV would give a cross section sub-
stantially lower than the corresponding BE cross section and,

most likely, closer to our cross section than to the BE cross
section. Also, the present approach gives a cross section for
ionization of the ground-state xenon atom that is not much
different from the corresponding measured values(see Fig.
6). Thus, the present cross section for ionization of xenon
atoms excited to the 6s level seems to more accurately rep-
resent reality at low and medium energies than do either the
cross sections of Ton-That and Flannery or those of Hyman.
A more authoritative statement on the accuracy will of
course be possible when measurements of the cross sections
are available.

Figure 8 shows a comparison of Hyman’s cross section
(the dashed curve H) and the present cross section(the solid
curve EK) for ionization of the 6p level of the xenon atom.
Again, the cross sections are close to one another at energies
below 30 eV. The present cross section correctly becomes
larger than Hyman’s cross section, a result of the inner
shells’ contribution being taken into account in our calcula-
tions.

V. FINAL REMARKS

Since neither measured nor theoretical cross sections for
electron-impact ionization of Xe atoms excited to the indi-
vidual states listed in Table I are available, it is impossible to
judge the accuracy of the cross sections of the present work.
However, the discussion given above of the results shown in
Figs. 6–8, and the fact that our approach is derived from first
principles, suggest that the accuracy of the present cross sec-
tions at impact energies less than a few hundred eV is similar
to that of our cross sections for electron-impact ionization of
ground-state xenon atoms[8]. The accuracy of the present
cross sections at high energiess200–1000 eVd should there-
fore be worse(but by no more than a factor of 2) than those
of the low-energy cross sections. At very high impact ener-
gies se.1 keVd, the present approach has the traditional
weakness of the binary encounter formalisms, i.e., the depar-
ture of the cross sections from their measured energy depen-

FIG. 7. The cross sections for electron-impact ionization of the
state-averaged level 5s25p56s of the xenon atom. The solid curve
EK is the cross section of the present work; the dash-dot curve BH
and the double dash-dot curve BE represent the cross sections of
Ton-That and Flannery[5], respectively; and the dashed curve H is
the cross section of Hyman[6].

FIG. 8. The cross sections for ionization of the state-averaged
level 5s25p56p of the xenon atom. The solid curve EK is the cross
section of the present work, and the dashed curve H represents the
cross section of Hyman[6].
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dence. However, at these high energies, quite accurate cross
sections for the electron-impact ionization of the excited xe-
non atoms can be obtained from the Bethe-Born approxima-
tion [19].

One should notice that the energy dependence of the
present cross sections close to the ionization threshold differs
from the corresponding dependence of Wannier’s threshold
law [20,21]. The former dependence is practically linear,
while the latter law isQi ,sEq−Uid1.127 (see the discussion
on this subject in[8]).

At the low and medium collision energies considered in
this work, the present cross sections for direct electron-

impact ionization of xenon atoms are not much different
from the corresponding total ionization cross sections, since
at such energies the corrections to the excited atomic states
due to exchange, core polarization, etc., are not large[6,7].

Finally, we add that the present approach to ionization of
atoms by low- and medium-energy electrons is a general one,
derived from first principles. Therefore, the approach appears
very promising for description of the electron-impact ioniza-
tion of excited atoms and atomic ions other than xenon at-
oms if the collision energy is not high and if the number of
the electrons in the target particle is largesZ*20d.
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