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lonization of excited xenon atoms by electrons
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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
guantization of atomic orbits and derive from first-principles cross sections for ionization of excited atoms by
electrons of low and moderate energiap 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 tron at the point of its BEA collision with an electron of the
nlth atomic sheII,E(e”') is the kinetic energy, antV,, is the

ean binding energy of thelth electron participating in the
nizing collision. In the above) and| are the principal and

e orbital angular momentum quantum numbers, respec-
vely, of the shell(equivalent electrons.

lonization of noble-gas atoms is important in many appli-
cations, including spacecraft thrusters, excimer lasers, ang
fusion plasmas. This work concentrates on xenon because
its current prominence as a propellant in ion engines an
Hall thrusters. Studies of nonequilibrium processes in thes
devices requires knowledge of electron-impact ionization ofj. MEAN BINDING ENERGIES OF ATOMIC ELECTRONS
xenon atoms from both ground and excited states. Electron- o o
impact ionization of heavy atoms such as xenon is difficult to  EStimating the binding energy/, of an electron of aml
study experimentally as well as theoretically. As a resultShell in a many-electron atom is a complex and difficult
measured cross sections are available only for ionization dfroblem[12]. The mean binding energy of ea@quivalent
the ground-state Xe atolfil—4] (see also references cited in electron in each atomic shell is an average eﬁegt of many-
[3]). Theoretical work5-7] on electron-impact ionization of bo<_jy electron-electron anq electron_—nuclegs interactions
the ground state as well as excited states of xenon is scar¥glich depends of the atomic electronic configuration. This
and limited in scope. effec_t is estimated here by a statistical propedure ak_JIe to
lonization of the ground-state xenon atom by an electrorPredict reasonable values of the mean binding energies of
of energy less than a few hundred eV can be reliably de€lectrons in a number of heavy atofid,13,14.
scribed by the “energy-corrected” binary encounter approxi- Since the coII|S|onaI_energ|es cons_ldered in this work are
mation (ECBEA) developed recently by the authqig] for ~ Not large, we assume in our cqlculatlons that only eleptrons
electron-impact ionization of rare-gas atoms with atomicof two or three outermost atomic she{ss and  shells in
number Z=20. This approach provides easy-to-calculatethe configuration &5p% the 5, 5p, and & shells in the
analytical ionization cross sections with accuracy acceptablgonfigurations §5p°s; or the 5, 5p, and & shells in the
in most applications. In this work, we modify the ECBEA configurations §5p°6p) contribute significantly to the
approach in order to calculate the cross sections for electrorfléctron-impact atomic ionization when the target xenon
impact ionization of excited xenon atoms from outer as well@om is either in its ground state or in one of the ten excited
as inner atomic shells. states listed in Table (These states are denoted below by
The ECBEA approach combines the binary encounter apsubscripts that range from the ground staie; 1, toi=11,
proximation[9,10] of energy transfer between two electrons, the highest excited state considejethus, according to the
Sommerfeld’s theory of quantization of atomic orbits to de-Statistical procedure mentioned above and discussed in
scribe the dynamics of the target's electrons, and a statistic&$: 11, the mean binding energy of an electron in one of the
description of the cumulative interactions of the atomic elecihree outermosnlth shells of the atom can be given as
trons. The atomic field of the target atom can significantly[&llila
change the energy of the ionizing electron as it nears the Npi
target; this is taken into account by this approach. The energy W, = N;ﬂE UmD, (2)
change can be given H,11] m

€ e+ Eg")+\/\/n|, (1) where N, is the number of the electrons in the shell, and
U;’:') is the minimum energyionization energy needed to

where € is the energy of the incident electron far from the
target atomg’ is the “corrected” energy of the incident elec-

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 tik state is taken as the
following [8,11,13:
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TABLE I. The ground state and ten excited states of the xenorenergy e can be given by the following expressiofd) n

atom considered in this work. ThE; are the states’ excitation
energies.

i Paschen Designation Ei(eV)
1 Po 5pb 1 0.00
2 1ss 653/2], 8.31
3 1s, 653/2], 8.44
4 1s; 6s'[1/2], 9.45
5 1s, 6s'[1/2], 9.57
6 2P10 6p[1/2], 9.58
7 2pg 6p[5/2], 9.68
8 2pg 6p[5/2]3 9.72
9 2p, 6p[3/2]; 9.79
10 206 6p[3/2], 9.82
11 s 6p[1/2], 9.93
Was = (U + US9)/2 =110 eV, (3

whereU{>=100 eV andu®=120 eV, respectively.
(b) The 5 shell in configuration &5p° (i=1),

W5p - (U(15p) + U(25p) + U(35p) + U515D) + UéSD) + UgSD))/G
=41.74 eV, (4)

where UPP'=12.13 eV, USP'=21.21 eV ,UP=32.12 eV,
uP=46 ev, UPP=57 eV , and UP'=82 eV, respec-
tively.

(c) The 5 shell in configurations $5p°s and
5s?5p%p (ie{2,...,13):

Wi, = (USP + USSP + USP + USP) + USP)/5 = 47.67 eV.
(5

(d) The 6 shell in configurations &5p°s (i
€{2,3,4,9): We=U'/1=3.81 eV, 3.69 eV, 2.68 eV, and
2.56 eV for state$=2,3,4 and 5Srespectively.

(e) The @ shell in configurations &5p°6p (i
e{6,...,13): We=UP/1=255ev, 2.44 eV, 241 eV,
2.34 eV, 2.31 eV, and 2.20 eV for stafess, 7, 8, 9, 10, and
11, respectively.

We introduce a “shell parametek;, for each shell under
consideratior{8,11],

kn| = Wm/U(nI), (6)

where, as beford,J(ln') is the first ionization potential of the
shell. Using relationshi6), one haskgs=1.1, ks,=2.25(in
the configurations &5p°6s and 5°5p°6p with i
€{2,...,11), orks,=3.44(in the configuration &5p°® with
i=1), ke=1 (in the configurations &5p°6s with i
€{2,3,4,9), and ks,=1 (in the configurations $5p°6p
withie{6,...,13).

I1l. IONIZATION CROSS SECTIONS

The cross section for ionization of tim atomic shell of a

arbitrary,| =0 [11],
Npioo(1 - )\_2)
(UYL + (N2 + k) V2T

Qui(kn, U, N) =

2
X |1+ +§(1+)\‘2) :

()

()\2 + I(nl)l/2

and(b) n arbitrary,| >0 [8],

Npyoo(A2 = D3N + 2k, (1 +22)z,]
U2 + k(1 +2,)]

in(é:nlyknly Ug_nl)v)\) =

(8)
or, somewhat more accurately,
Npoo(Z2 = 1)
(nl) _ "Nnl¥0
in(fnlrknliul *)\) - 3[U§Ln|):|2)\8

X | AKE + Akoy(Key = D2+ (3 + 2k)N

_ AKG (2K = N+ 2k A2 + 20

9
\“"4kn|(knl + )\2) + fnl)\4 ( )

Here ao=me*; when U{" is given in eV, the appropriate

numerical value isr,=6.56x 10718 V2 m2. Defining

A=[UM2, g, =(m)2  andyy =1-&,,

(10
we have
_ | (2= Yl = 2) - 26,1
"2 1+ gy = &l

Eniha”
- , 11
(zwnl +2- gnl)llz(l =1 — gnl) ( )

or (with accuracy better than 16
Zy = [1 = (&/4)7 1. (12

The cross section for electron-impact single ionization of
a xenon atom excited to staitéi  {1,...,1%}) can be given

as a sum of the ionization cross sections for all the atomic

shells important for the process,

Qat: E in- (13)
nl

In other words, in the energy range considered in this work,

the cross sectioin m?) for electron-impact ionization of a
xenon atom excited to thi¢h state is

QY =QiV +Ql”, (14)
Qur P = Q" QG+ QT (19
gt:6—1]) - QgSZG—l]) + Qg;6—11) + Qg;6_ll), (16)

xenon atom excited to th¢h state by an incident electron of where
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_ 47.336.88+5.88%+2\%) 19 T
V47.33+ 13.782+\Y/25 |’ /
|
|
Q(i=2—5) — Q(i=6—l]) =2.43X% 10—20)\2_ 1 20.25 + 11 252 00 100 200 300 400 500
5 5 ' A8 ' ' eeV)
75 455.62 + 354.3¥2 + 202.50. 19 FIG. 1. The present cross sections for ionization of the ground-
) V506.25 + 2252 + \* . (19 state(i=1, pg) xenon atlom.by an electron of energ.yThe dashed
curves represent contributions of the outermost atomic shells to the
and total ionization cross sectiofthe solid curve
(i=2-5 1-)\"2 5 2 2 IV. THE CROSS SECTIONS FOR IONIZATION
Qes” = &m 37t 32 + ﬁ ., (20) OF THE ATOMIC LEVELS 5 s25p5, 5s25p56s, AND 5s25p°6p
Younger[7] studied theoretically the contribution of the
(=6-10 _ N-1 4 42 + N2+ 20\% 5 atomic shells to ionization of the ground-state xenon atom by
Qe " =hy 28 4+5\" - Va+ a2+ 2\%36) (2D 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
depends on the atomic state numbgr distorted-wave approximation, rather than from the contribu-

The electronic configurations and excitation energiesf ~ tion Of many-electron effects. Younger's most accurate
the considered 11 states of the xenon atom are given in TabffOMic Cross section was the one obtained when fhetgll
I. We calculate below, as examples, the cross sections for
electron-impact ionization of the Xe atom fronx1 (the
ground statepy), i=2(1ss), i=4(1s;), and i=9(2p,) states
taking into account the contributions of the following outer-
most shells of the states: the’Tand F° shells of the atom in
thei=1 state, the &, 5p° and & shells of the atom in the
i=2 state, the &, 5p° and & shells of the atom in thé

Here ;=4.52x 1071°,4.82x107%°,9.13x 1071°,1078 for i
=2,3,4, and 5, respectively, andb;=3.36x107'° 3.67
X 10719,3.76x 1071°,3.99x 1071%,4.10x 107%°,4.52x 10719
for i=6,7,8,9,10, and 1llrespectively[Note that each of
the 11 cross sections defined in relationshiibd—21) has a
different energy thresholdth:U(ln'), and that the magnitude

of this threshold for ionization of thepb 6s, and 6 shells

20

15

=4 state, and thesb, 5p°, and & shells of the atom in the
i=9 state. The cross sections for electron-impact ionization
of Xe excited to thé=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 @ée 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 [8], the accuracy of the cross sec-
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FIG. 2. The present cross sections for electron-impact ionization

tions at energies between 100 and 1000 eV should not béf the xenon atom excited to the 2 (1ss) state. The meaning of the

worse than a factor of 2.
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FIG. 3. The present cross sections for electron-impact ionization FIG. 5. Comparison of the present cross sections for electron-
of the xenon atom excited to the4 (1s;) state. The meaning of the impact ionization of the xenon atom excited to state%, 2,4, or 9.
symbols is the same as in Fig. 1.

Neither measured nor theoretical cross sections are avail-
contribution was treated within the frame of the distorted-able in the literature for electron-impact ionization of xenon
wave Born-exchange approximation that included groundatoms excited to the individual states listed in Table I. How-
state electron correlationgThis cross section was up to an ever, some theoretical results exist for ionization of 8e
order of magnitude greater than the-éhell contribution, and ) atomic levels. These levels each consist of several
obtained from the distorted-wave Born-exchange approximastates, with the level properties obtained from averaging over
tion using semiclassical exchan¢g®CE partial waves[7], the properties of the level's stat§s,6]. Ton-That and Flan-
and up to about 30 times greater than the contribution of theery [5] have calculated the cross section for ionization of
4d shell] This atomic cross section was up to two timesthe Xe level that is a state-averaged conglomerate of the two
larger than the corresponding measured cross section amolwest atomic metastable states?%°65[3/2], (i=2) and
than the theoretical cross section of the present work, as se&8?5p°65[1/2], (i=4). The cross section was calculated us-
in Fig. 6. ing the Born “half-range” approximatio(BH) [15] and the

Even though Younger’s distorted-wave approximationsymmetric binary encounter approximati@E) [16] assum-
cross sections for ionization of the individual shells of theing identical orbitals for both states of the combined
ground-state xenon atom are too high, they show a genergk?5p°6s level and identical effective potential for the target
trend which is similar to the trend of the present cross secelectrons. The quantal speed distribution of each target elec-
tions: the contributions of the inner shells of the Xe atom totron was obtained from a transformation of the electron spa-

the atomic ionization by electrons of energies considered imial wave function. At impact energies less than 20-30 eV,
this work are much smaller than the contribution of the

atomic outer shell. 15
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eeV) FIG. 6. The cross sections for electron-impact ionization of the

55%5p8 level of the xenon atom. The solid curve EK is the cross
FIG. 4. The present cross sections for electron-impact ionizatiorsection of the present work, while the dashed curve Y is the cross

of the xenon atom excited to the9 (2p,) state. The meaning of section of Youngef7]. The dots represent the measured values of
the symbols is the same as in Fig. 1. the cross sectiofil—3].
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FIG. 7. The cross sections for electron-impact ionization of the FIG. 8. The cross sections for ionization of the state-averaged
state-averaged levels®%p®6s of the xenon atom. The solid curve level 525p°6p of the xenon atom. The solid curve EK is the cross
EK is the cross section of the present work; the dash-dot curve BHection of the present work, and the dashed curve H represents the
and the double dash-dot curve BE represent the cross sections ofoss section of Hymafs].

Ton-That and Flannerfs], respectively; and the dashed curve H is

the cross section of Hymaié]. most likely, closer to our cross section than to the BE cross

section. Also, the present approach gives a cross section for

the BH cross section, shows better agreement with the megonization of the ground-state xenon atom that is not much
sured cross sections for electron-impact ionization of the lowgifferent from the corresponding measured val(gs=e Fig.
metastable level of the neon atgno measurements exist for 6). Thus, the present cross section for ionization of xenon
the xenon atomthan the BE cross section, which accountsatoms excited to thesdlevel seems to more accurately rep-
for the contribution of the atomic inner shells. The same isresent reality at low and medium energies than do either the
true for argon at energies up to about 20-30 eV, but atross sections of Ton-That and Flannery or those of Hyman.
higher energies the measured argon cross section is betwegnmore authoritative statement on the accuracy will of
the BE and BH results. course be possible when measurements of the cross sections

Hyman [6] calculated, using the symmetric binary en- gre available.
counter approximatiorj16], the electron-impact ionization Figure 8 shows a comparison of Hyman’s cross section
cross sections for thes%p°6s and & xenon levels with  (the dashed curve }and the present cross secti@he solid
properties averaged over each level's states. His approximaurve EK) for ionization of the  level of the xenon atom.
tion used the quantum-mechanical momentum distributiomgain, the cross sections are close to one another at energies
function of the target electron determined from a semiempirpelow 30 eV. The present cross section correctly becomes
ical “scaled-effective-charge” methdd7,18. larger than Hyman’s cross section, a result of the inner

The state-averaged cross sections of Ton-That and Fla’hells’ contribution being taken into account in our calcula-
nery and of Hyman for ionization of thes@&nd & levels of  tjons.
xenon atoms are compared in Figs. 7 and 8 with the corre-

sponding cross sections of the present work. V. FINAL REMARKS
One can see in Fig. 7 that our state-averaged cross section
for the ionization of the § level of xenon atomsthe solid Since neither measured nor theoretical cross sections for

curve EK) at impact energies less than about 20 eV is closeglectron-impact ionization of Xe atoms excited to the indi-
to the cross section of Hymaithe dashed curve Jhan to  vidual states listed in Table | are available, it is impossible to
the cross sections of Ton-That and Flannéihe dot-dash judge the accuracy of the cross sections of the present work.
curve BH and the double-dash-dot curve)BAt higher en-  However, the discussion given above of the results shown in
ergies, our cross section and the BE cross section show drigs. 68, and the fact that our approach is derived from first
expected qualitative contribution of the inner shells, but theprinciples, suggest that the accuracy of the present cross sec-
two cross sections differ up to 50%. It seems that the contritions at impact energies less than a few hundred eV is similar
bution of the inner shell in the BE calculations is too big for to that of our cross sections for electron-impact ionization of
several reasons. The first is that the BE cross section is aground-state xenon atonj8]. The accuracy of the present
most twice as big as the BH cross section at energies as lo@0ss sections at high energig00-1000 ey should there-

as 35 eV, and this difference seems to be unrealistically largtore be worsgbut by no more than a factor of) Zhan those

at such a low energy. Secondly, it seems clear that inclusionf the low-energy cross sections. At very high impact ener-
of the inner-shell contribution in Hyman’s calculations for gies (e>1 keV), the present approach has the traditional
energies greater than 20 eV would give a cross section sulveakness of the binary encounter formalisms, i.e., the depar-
stantially lower than the corresponding BE cross section andure of the cross sections from their measured energy depen-
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dence. However, at these high energies, quite accurate crogspact ionization of xenon atoms are not much different
sections for the electron-impact ionization of the excited xefrom the corresponding total ionization cross sections, since
non atoms can be obtained from the Bethe-Born approximaat such energies the corrections to the excited atomic states
tion [19]. _ due to exchange, core polarization, etc., are not |§8g8.

One should notice that the energy dependence of the rina)ly e add that the present approach to ionization of

present cross sections close to the ionization threshold dn‘ferg‘Oms by low- and medium-energy electrons is a general one,

from the corresponding dependence of Wannier’s threshold . ' L
law [20,21. The former dependence is practically linear, erived from first principles. Therefore, the approach appears

while the latter law isQ;~ (E,~U;)1 12’ (see the discussion very promising for description of the electron-impact ioniza-
on this subject if[8]). tion of excited atoms and atomic ions other than xenon at-

At the low and medium collision energies considered in®M$ if the collision energy is not high and if the number of
this work, the present cross sections for direct electronthe electrons in the target particle is large= 20).
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