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Cross sections for the collisional ionization of the metastable atoms Ne*, Ar*, Kr*, and Xe* by electrons with
impact energy E in the range 6 < E <250 eV are determined in the Born and binary-encounter
approximations. For low energies € of ejection, the s-d and s-f bound-free transitions dominate the associated
form factor, while transitions to continuum states with progressively higher angular momentum gain
importance with increasing €. While up to nine partial waves are normally sufficient for convergence of the
bound-free form factor at a given energy € and momentum change K of the ejected electron, as many as 30
are required for those K in the vicinity of the Bethe ridge at large e. These properties are the origin of the
overall -closeness obtained between the Born and binary-encounter cross sections. Also inner-shell ionization,
as described by the binary-encounter treatment, becomes increasingly important as the target atom becomes
more complex. Cross sections for ionization™ of metastable N¥ and CO* are also determined. Good agreement

with available measurements (for Ne* and Ar*) is obtained.

I. INTRODUCTION

Apart from the Born and binary-encounter treat-
ments for the ionization of metastable helium® by
electron impact, little is known about the cross
sections for ionization of metastable rare-gas
atoms X (Ne*, Ar* Kr*, Xe*) by electron impact.
This information is important in the modeling and
feasibility studies of certain excimer lasers. In
particular, very recent observations®~® of high-
power laser emission from a new class of mole-
cules—the noble-gas monohalides (ArF*, KrF*,
and XeF*, for example)—have demonstrated the
potential of a new class of high-power high-ef-
ficiency and partially tunable lasers operating
around 3000 A. The lasing transition originates
on an excited molecular state XF* formed directly
by X *-F, rearrangement collisions or indirectly
by three-body ion-ion recombination between the
positive ions X* produced by electron-impact
ionization of X ™ and the negative ions F~ formed
by dissociative attachment in (e-F,) collisions.
The ionization of metastable rare-gas atoms
therefore plays a key role, as a mechanism for
depletion of atomic metastables in the former case
and as a source of production of metastable exci-
mers via ionic recombination in the latter case.

In this paper, cross sections for the ionization
of metastable Ne*, Ar*, Kr*, and Xe* by electron
impact are determined as a function of the colli-
sion energy E by means of the Born approximation
and the binary-encounter method which is also ap-
plied to the ionization of metastable N} and CO*.
It is worth noting that the corresponding theoreti- -
cal treatments of electron-impact ionization of

H(2s) and He(2 *3S) yield cross sections' in good
agreement with recent measurements.® 1°

II. BASIC FORMULAS

The cross section for ionization of a singly ex-
cited atom B with mass Mz and ionization poten-
tial I by an incident particle A with mass M,,
speed v, and relative energy E is, in the (elastic)
binary-encounter approximation given by!**!?
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where the distribution in speed u of the valence
electron described by a spatial wave function
Gmm(T) is, with all quantities in atomic units,

1
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(2)
and M,, is the reduced mass of the (A -e) binary
system.

For a specified energy transfer e to the valence
electron, the momentum change P can vary be-
tween the lower limit,

P'=ma,x[M|u’—u|,MAB|v’—v|] ’
- MaMy

m
M=m <1+E>, MAB_M_A-*MB .

3)

where m and M; are the electronic and ionic mass-
es, respectively, and the upper limit
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P* =min[M@'+u), M4 5@ +v)], (4)

where the post binary-collision speeds of the pro-
jectile and target particles are, respectively,

v'= (0% -2/ M)Y?, (5)
u'= W +2€ ;/M)Y? . (6)

In the general expression (1), the function I'(P),
which represents the departure of the differential
cross section for (A -e) elastic scattering from the
Rutherford value, is set to unity for direct (e-e)

J
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where z[),',(f') are the initial and final electronic
wave functions for the rare-gas atom with elec-
tronic coordinates denoted collectively by ¥. The
limits to the momentum change (k;—k;) of the
scattered electron are

K* =(2E)"?:[2(E -1-¢)]"2, @

where the energy € of ejection is ékj a.u. and
where the kinetic energy transferred to the ion is
neglected. While the parameter « in the € -inte~
gration limit in (7) is unity for ionization involving
distinguishable particles, Rudge and Seaton have
shown that, for ionization of atomic hydrogen by
electrons with random spin orientations, o =0.5

when electron-exchange effects are fully neglected.

While this choice however ensures that the faster
of the scattered and ejected electrons is always
described by a plane wave, neither choice is rig-
orously based for ionization of atoms more com-
plex than hydrogen. The spatial wave function

¥; () for the initial bound metastable state of the
rare-gas atom is taken as a simple product of the
one-electron orbitals with quantum numbers (nlm)

qbnlm(;j) =(1/Tf)Pnl(7’J)Ylm(/;;j )) j= 17 2, ey N
(10)
where the Y;,, are spherical harmonic functions.

The corresponding wave function ¢, (F) for the final
ionized state includes the orbital

o (B =3 2:
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i
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for the electron ejected in direction 739 with energy
€. In this study, these orbitals are obtained from
a central-field approximation such that the above
radial functions P,; and F,; are appropriate solu-

collisions for which M= M,z = m.

The Born approximation to the cross section for
single ionization of an atom with N electrons by an
incident electron can be written, with all quantities
in atomic units, as

B -1) 1 ! N
@)= [ de grogy 2 [ onte, ) d,

m= =1l
O]

in terms of the differential cross section for ejec-
tion of the electron with momentum K, per unit
solid angle and unit energy interval,

2 dK

'Es— ’ (8)

r

tions of the radial Schrodinger equation,

11 +1)

M +2<E —V(’}’) - 272 )Pnl(’r) =0,

ar®

~J€m < 0
= {e 20 (12)
where the spherically symmetric interaction V(v),
which tends to (-N/7) as »~ 0 and to (-1/7) as »
- and which is frozen for all the orbitals, is de-
termined in a manner described in the following
section. All the bound and continuum orbitals
therefore form an orthonormal set such that the
form factor in (8) reduces to a one-electron form
factor involving only the ejected electron.

The bound solutions P,; to (12) are normalized
to unity (for E <0) and the radial continuum func-
tion behaves asymptotically as

1/2 h
Fei(r)~ <1r_2k—> sin[k,7 — (1/k,) In(2k,7)

e

—3U'T+np], asr—-o
Th::&l‘gr‘(l' +1 —i/ke) +61' (ke), (13)

where the additional phase shift &, is a measure of
the departure of the electron-ion interaction from
pure Coulomb. The amplitude 2Y4/7Y% Y4 is

chosen so as to fulfill the normalization condition,

(Pe (ko3 D per (kTN =6(e—€)0(k, —R}),  (14)

where € =% E? is in atomic units such that the ion-
ization cross section (7) is obtained by integrating
(8) over 'iee and €. By first performing the 'Iée inte-
gration, it can then be shown that the differential

cross section per unit € is, for initial s states,
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(15)

where the radial matrix element to be evaluated
is

Ml (€, K) f i""e""z'Fel,(r)j,.(Kr)P,,s(r)d'r
()

(16)

in which j, is the spherical Bessel function,

Antisymmetry of the target wave function is
omitted although some account of exchange effects
in the target is introduced by the use of the Har-
tree-Slater approximation for the interaction po-
tential V(7).

III. WAVE FUNCTIONS FOR THE RARE-GAS ATOMS

The singly excited states of rare-gas atoms, in
general, follow neither the pure LS nor the jj an-
gular momentum coupling schemes. These ex-
cited states are obtained by single excitation of
one of the np outer-shell electrons of the ground-
state configuration to a n’l’ state. The binding en-
ergy of (or effective charge seen by) this excited
valence electron is substantially less than for the
np electrons, and the excited electron is, on the
average, relatively distant from all the core elec-
trons, including the np -shell electrons. The spin-
orbit interaction of the electrons of the atomic
core can therefore be greater than the electro-
static interaction of these electrons with the ex-
cited electron and this effect manifests itself in
the distinctive “core splitting” structure of the
spectrum. The intermediate coupling scheme
which describes the angular momentum structure
is therefore closest to the pure jl (or jK) coupling
wherein the orbital angular momentum 1 of the
valence electron is coupled to the total angular mo-
mentum T of the atomic core and their resultant K
is in turn coupled™ to the valence electron spin to
give the total angular momentum J of the atom.

Whatever the coupling, pure or intermediate,
the total angular momentum J of the atom is a good
quantum number and remains invariant under the
various recoupling transformations. For the low-
est excited configuration np®@n +1)s, J can take the
values 0, 1 (twice), and 2. Since dipole transitions
within the same configuration are parity-forbidden
and since the ground state is 'S,, the (p)°(n +1)s
states with J =0 and J=2 are therefore metastable.
Expansion of these states from an intermediate
coupling to a jK basis projects onto the
2P /»[K=%];-, state, for J=0, and onto the

®Py/2lK =3]s-, state, for J=2. Alternatively an ex-
pansion to an LS basis projects onto *P, for J =0
and °P, for J=2. Since no mixing is involved in
each case, either set of pure-state notations pro-
vides convenient labeling of the metastable states.
Of the remaining LS states, ‘P, and *P,, the pos-
sible metastability arising from °P, is lost by its
mixing with P, which is dipole connected with the
'S, ground state.

In this study the effective field (potential) V()
is the same for all target electrons. Moreover
the atomic core is regarded as frozen and the con-
tinuum electron moves in the same field as the
initially bound excited valence electron. This po-
tential is determined in the Hartree-Slater approx-
imation via the following modification to the stand-
ard program of Herman and Skillman.!® A self-
consistent field (SCF) iteration for the initial ex-
cited-state configuration [1s%2s2.--np°n +1)s]
yields V; () which when inserted in (12) provides
orthonormal P,, ;s and F;» for a wide range of
angular momentum I’ (from 0 to about 30) and of
energies € of the ejected electron. This proce-
dure which differs from the standard one, based
on an interaction V(r) obtained from a SCF itera-
tion of the ground-state configuration, has been
found' to yield considerable improvement for the
helium excited states with symmetry different to
that of lower-lying states. This improvement is
attributed to the allowance of core relaxation
whilst the symmetry condition avoids the necessity
of explicit orthogonalization of the wave functions
to those of lower-lying states, the ground state,
in particular. In the present case the excited and
ground-state configurations np°@ +1)s and np® are
orthogonal because of the orbital angular momen-
tum of the valence electron. As the number of
atomic electrons increases, the Hartree-Slater
approximation for exchange is expected to im-
prove. On the other hand, core relaxation in the
excited states diminishes whilst relativistic effects
such as spin-orbit coupling, which are not included
in the present treatment, become important. The
same orbitals are used for the P, and °P, (or [],
and [3],) states since the major contribution to
their splitting comes from spin-orbit coupling in
the core,’ an effect not included in the present
treatment.

Knowledge of the bound and continuum orbitals
permits evaluation of the Born radial matrix ele-
ment (16) and of the speed distribution (2) for use
in the binary-encounter formula (1).

Whilst preserving or introducing the following
approximations of (a) omission of antisymmetry,
(b) magnetic quantum-number independence of the
radial orbitals P, (») and F,;: (), (c) explicit K T
dependence of the continuum orbitals [cf. Eq. (11)]
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i.e., uncoupling of the orbital angular momentum
1’ of the ejected continuum electron from all other
angular momenta, and (d) lack of selection of the
angular momentum configuration of the residual
ion, one finds that the introduction of explicit
coupling of the individual angular momenta (spin
and orbital) of the target electrons in an inter-
mediate, pure j K or other coupling scheme,
leaves the expression (15), initially derived with-
out coupling, unchanged.

IV. RESULTS AND DISCUSSION
A. Ionization of Ne*, Ar*, Kr*, Xe*

The ionization cross sections of metastable Ne,
Ar, Kr, and Xe versus the impact energy E are
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displayed in Figs. 1(a)-1(d). The same cross sec-
tion is assigned to the 3P, and *P, metastable
states which are treated as degenerate. The ion-
ization potentials I used in the expressions (1),

(7), and (9) are the weighted average of the poten-
tials of the °P, , states for ionization without core
transitions. The values so derived from the tables
of Moore’® are given in Table I, together with the
p?® inner-shell ionization potentials.

As the target varies from Ne* to Xe*, its phys-
ical size increases, its ionization potential de-
creases and the ionization cross sections exhibit
the systematic increase in Figs. 1(a)-1(d). More-
over, the binary encounter curves BE drop in re-
lation to BF, the Born cross sections obtained
from integration over the full range of energy € of
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FIG. 1. Cross sections (10 cm?) for collisional ionization of metastable (a) Ne*, (b) Ar*, (c) Kr*, and (d) Xe* by
electrons with impact energy E (eV). BF and BH are the present Born results for outer-shell ionization obtained from
integrations over the full and lower-half ranges of energy € of the ejected electron, i.e., @ =1 and § respectively in (7)
of text. The binary-encounter (quantal distribution) cross sections are denoted by BEO for outer-shell ionization, by
BE1 for ionization of one of the electrons in the np® shell, by BE5 for the total ionization of the np® shell and by BE for
the sum of BEO and BE5. Previous binary encounter (exponential distribution) results of Vriens are represented by V.

@®: measurements of Dixon, Harrison, and Smith (Ref. 17).
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TABLE 1. Potentials I and I; for ionization of the ns
outer-shell and the (z — 1)p® inner-shell of metastable rare-

gas atoms. X*(ns) means X*(1s%,2s%,. . ., (e = 1)p%, ns).
X*(ns) I, (eV) I; (eV)
Ne*(3s) 4.95 32.13
Ar*(4s) 4.21 20.88
Kr*(5s) 4.09 18.16
Xe*(6s) 3.44 15.41

the ejected electron, i.e., @ =1 in (7). For ex-
ample, the separation between BE and BF (which
is remarkably small for He*' and Ne*) widens
with variation of the target from Ne* to Xe* until
BE eventually comes into close agreement with
BH, the “half-range” Born cross sections, i.e.,
(7) with @ =3 .

The origin of the general agreement in shape
and magnitude between the binary encounter and
the Born curves has already been fully investi-
gated! (for the ionization of He*) and is rather in-
structive. For most values of the energy € and
the momentum change K of the ejected electron,
the number of I’ partial waves required for con-
vergence of the matrix element (16) or form factor
with respect to I, the angular momentum of the
ejected electron, is relatively small, 9 or less.
However, for large €, the required number in-
creases sharply near the Bethe ridge defined by

Kér =2(I+€)=2¢€y 1)

where a “resonance” can occur between F ., and
jyo in (16) and where up to 30 partial waves are re-
quired for convergence. Moreover, for low €,

the s-d, f (i.e., 1’=2,3) transitions dominate (16).
As € is increased, the dominant transition shifts
from s-d,f to s-g, s-h, etc., for those K near the
Bethe ridge where a broad distribution of (16) over
I’ is exhibited. For large €, these contributions
maximize with respect to K in the vicinity of the
Bethe ridge. These properties can be interpreted*
mainly in terms of the spatial range of the wave
function of the initial excited state, and of the
drift of both the final continuum orbital F ., (») and
Bessel function j;»(K7) out of this range. The over-
all agreement between the Born and the binary-
encounter curves originates from the resulting
closeness between the Born and the binary en-
counter determinations’! of the form factor
squared in (8) away from the optical K- 0 limit.
The impact energies for which the ionization cross
section is relatively large involves momentum
transfers K for which the form factor requires
many partial waves and is substantial. This situa-
tion, where many partial waves and therefore

multipoles are required, is generally well de-
scribed by the binary-encounter method.

Also shown in Fig. 1 is the binary-encounter
contribution arising from the p° inner-shell, ob-
tained by multiplying the ionization cross section
for ejection of a single p electron by the occupa-
tion number of the p° shell. The outer valence
electron remains in its initial excited state.
Again, as the target varies from Ne* to Xe*, the
inner-shell ionization potentials drops, the inner-
shell ionization cross section increases in magni-
tude, absolute as well as relative to the outer-
shell ionization cross section, and its effect on the
shape of the excitation (ionization) function be-
comes more prominent by the display of a second-
ary maximum.

The results for ionization of Ne* and Ar* are
compared with the experimental data of Dixon
et al.'" Whereas the measurements are in better
agreement with the Born full-range calculations*
for ionization of He(23S) the experimental data for
ionization of Ne* and Ar* are in closer agreement
with the (lower) Born half-range calculations than
with the Born full-range results. The data for Ar*
support the increasing importance of p° inner-
shell ionization. Dixon et al.'® have subjected
their measurements of ionization of He(23S) to a
correction for systematic effects arising from
charge exchange reactions occurring in the ex-
perimental collision region. This correction, if
applicable to the data for Ne* and Ar*, is not in-
cluded in the data shown here in Figs. 1(a) and
1(b); however the correction is appreciable only
at impact energies greater than 100 eV, a range
which is beyond that of the experimental data
shown here.

Also shown for completeness are previous bin-
ary-encounter calculations of Vriens,'® based
however on an exponential velocity distribution
which is at variance®® with any proper quantal dis-
tribution, such as the one used here.

B. Bethe plots

The calculations and experimental data for ion-
ization of Ne*, Ar*, Kr* and Xe* are also pre-
sented in Figs. 2(a)-2(d) in the form of Bethe plots
(o'E versus log,,E) which emphasize the behavior
in the intermediate and near-asymptotic energy
range.

These plots show that the slopes of the Born
curves for outer-shell ionization of metastable
Ne, Ar, Kr, and Xe at impact energies beyond
100 eV are quite small in comparison'with, say,
that® for outer-shell ionization of He(23S) (cf. Fig.
4 of Ref. 1) thereby indicating that the outer-shell
photoionization cross sections of metastable Ne,
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Ar, Kr, and Xe are substantially smaller than the
corresponding cross section of He(23S) over an
appreciable range of ejected electron energy be-
ginning from threshold. Thus, a reversal, be-
tween target He(23S) on one hand, and metastable
Ne, Ar, Kr, and Xe targets on the other, occurs
in the magnitudes of the cross sections depending
on whether the outer-shell ionization is caused by
electron impact or by photon impact. However,
the effective photoionization cross section also
involves the contribution from the contiguous inner
shell; for Ne*-Xe* the inner shell (p°) has five
electrons instead of one for He(23S) and it begins
to contribute at lower impact energies.

For the heavy rare gases the E~! asymptotic
dependence (instead of the correct E ~'log, E) of

3
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the ionization cross section normally exhibited in
the binary encounter approximation does not appear
until £ = 1 keV. This late onset, combined with

the weakness of the dipole transition oscillator
strength discussed earlier, corresponds to the

fact that the binary encounter curves for outer-
shell ionization remains above the Born curve BF
as the impact energy becomes large, instead of
crossing below as implied by the asymptotic de-
pendence (cf. Figs. 1 and 2).

While there is reasonable accord between the
Bethe plots associated with the theoretical and ex-
perimental results at low energies when only ion-
ization of the outer-shell occurs, the Fig. 2, in
contrast to Fig. 1, clearly shows that any measure
of agreement between the asymptotic slopes is ob-
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FIG. 2. Bethe plots (cross section times collision energy E versus log,E) for electron-impact ionization of met-~
astable (a) Ne*, (b) Ar*, (c) Kr*, and (d) Xe*. Labeling of curves as in Fig. 1.
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tained only by inclusion of the p° inner-shell con-
tributions, especially for Ar*. These inner-shell
contributions are adequately described' by the
binary-encounter method and for Kr* and Xe*,
become larger and increasingly important at the
lower impact energies.

C. Tabulation

The numerical values of the electron-impact
ionization cross section of Ne*, Ar*, Kr* and
Xe* calculated in the full-range and half-range
Born approximations (for ionization from the outer
shell alone) and in the binary-encounter approxi-
mation (with and without the inner-shell contribu-
tions) are given in Tables II and III. Measurements
for electron-impact ionization of Kr* and Xe* are
not available; the binary-encounter results inclu-
sive of p° shell contributions or, for E <20 eV,
the Born half-range results, should provide rea-
sonable estimates of the cross sections of Kr* and
Xe*,

We have not considered multiple processes such
as double ionization or ionization with simultan-
eous excitation. In relation to single processes,
multiple processes are small for a He target (~1%)
but are less so for heavier rare gases with larger
occupation numbers and lower excitation energies
(see for instance Schmidt et al.?°). For a precise
comparison between theory and experiment, one
should include these multiple processes fully in
the calculations or else ensure that they do not
contribute to the measurements.

D. Ionization of metastable N, and CO

Ionization of diatomic molecules like N, and CO
in metastable states is also important for gas laser
dynamics. We have therefore applied the binary-
encounter approximation of Sec. II to the electron-
impact ionization of N, in the A °Z; and a’'Z,;
metastable states and of CO in the a *Il metastable
state.

The electronic configurations of the metastable
states of N, and CO as well as those of the low-
lying states of N and CO* are shown in Table IV.
It shall be assumed that single processes, involv-
ing only one target electron, are more important
than multiple processes requiring multielectron
target transitions. This assumption also makes
the ionization problem tractable within the frame-
work of the binary-encounter approximation of
Sec. II; otherwise, inclusion of multiple processes
would require consideration of energy exchange
with the residual ion. We shall therefore restrict
ourselves to consideration of the following single-
process transitions:

e +N,(A’Z;)~2e +N; (A ®I,) (I=10.79 eV), (18)
e +Ny(a’ 'Z7)~2e +N; (A 21l,) (I=8.56 eV), (19)
e +CO(a°ll)~2¢ +CO* (X *=%) (I =8.2743 eV) .

(20)

The molecular orbitals used are the orbitals
previously derived by Richardson?!for N and Huo**

TABLE II. Born (full-range, BF; half-range, BH) and binary encounter (BE) cross sec-
tions (in units of 107'¢ ¢m?) for the ionization of the outer-shell of metastable Ne*(2p%3s) and
Ar*(3p°4s) by electrons with energy E (a.u.). The cross sections BEI include additional
inner-shell contributions as determined from the binary-encounter approximation.

Ne* Ar*

E (a.u.) BF BH BE BEI BF BH BE BEI
0.25 4.56 3.14 4.73 4.73 7.98 5.53 8.73 8.73
0.30 6.46 4.65 6.61 6.61 9.79 7.18 9.87 9.87
0.35 7.34 5.45 7.39 7.39 10.67 8.05 10.11 10.11
0.40 7.68 5.84 7.59 7.59 10.79 8.37 9.99 9.99
0.50 7.46 5.98 7.35 7.35 10.34 8.33 9.46 9.46
0.75 8.82 5.22 6.18 6.18 8.21 7.17 7.94 7.94
1.25 4.13 3.77 4.55 4.57 5.44 5.07 5.71 7.05
2 2.75 2.57 3.25 3.74 3.59 3.38 3.90 6.40
3 1.90 1.83 2.34 3.26 2.44 2.40 2.73 5.35
4 1.46 1.41 1.81 2.92 1.88 1.84 2.13 4.47
6 see 0.971 1.24 2.47 1.25 1.52 3.31
8 oo 0.741 0.949 2.06 0.951 1.20 2.64
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TABLE III. Born (full-range, BF; half-range, BH) and binary encounter (BE) cross sec-
tions (in units of 10716 ¢m?), for the ionization of the outer-shell of metastable Kr*(4p®5s) and
Xe*(5p° 6s) by electrons with energy E (a.u.). The cross sections BEI include additional inner-
shell contributions as determined from the binary-encounter approximation.

Kr* Xe*

E (a.u.) BF BH BE BEI BF BH BE BEI
0.25 9.54 6.69 9.48 9.48 13.19 9.56 11.09 11.09
0.30 10.99 8.26 10.46 10.48 14.70 11.38 11.85 11.85
0.35 11.67 9.12 10.66 10.66 14.86 12.03 11.95 11.95
0.40 11.74 9.19 10.50 10.50 14.61 12.02 11.77 11.77
0.50 11.11 9.11 9.96 9.96 13.56 11.32 11.09 11.09
0.75 8.82 7.81 8.34 8.60 10.44 9.37 9.08 10.40
1.25 5.85 5.45 5.91 8.35 6.83 6.32 6.25 10.41
2 3.91 3.63 4.01 7.44 4.47 4.23 4.25 8.74
3 2.63 2.58 2.84 5.97 3.02 2.97 3.07 6.81
4 2.01 1.97 2.24 4.89 2.32 2.26 2.43 5.63
6 1.31 1.60 3.64 1.52 1.71 4.29
8 1.02 1.25 2.96 1.17 1.31 3.48

for CO*, who used Slater-type-orbital (STO)
bases. [Similar|orbitals have alsobeen calculated
by Rose and McKoy?® using Gaussian-type-orbital
(GTO) bases.] Hence, the appropriate Fourier
transforms are obtained and averaged over angles
as in (2) to give the initial speed distribution f (u).
Although a spherical distribution may be a poor
approximation because of the molecular axis, the
effects of rotation and random orientation of the
molecular target partially offset this inadequacy.
The ionization potentials used in (1) for each mo-
lecular orbital are the vertical ionization poten-
tials derived from the data of Gilmore® for N, and
Krupenie®® for CO, at the equilibrium internuclear

TABLE IV. Electronic configurations for N’zk,

distance of the initial state, even though the mo-
lecular orbital may have been derived at the nucle-
ar separation of the ground state. The cross sec-
tions for the ionization processes (18)—(20) at im-
pact energies below 200 eV are shown in Fig. 3.

Since Richardson®! gives the same 17, orbital for
N,(A 3Z]) and N,(a’ 'Z,;), expression (1) adopts the
same speed distribution for these two states. The
only difference arises from the ionization poten-
tials and the main effect is a reduction in the mag-
nitude of the ionization cross section.

On the other hand, N,(a’'Z;) and CO(a *Il) have
very similar potentials for single-process ioniza-
tion. Any slight differences between the curves

%, CO*, CO".

Configuration ? (10,)? (10,)?
Ny X5}

Az

1sim

a’ 'y

N} X3}
2

A,

Bz

u

Configuration® (10)? (20)? (30)%

coxiz*
a3H

co* xiz*
At
B?z*

(20,)! dmy Bo  (mp)

i=2 j=4 E=2 1=0
2 3 2 1
2 3 2 i
2 4 1 0
2 3 2 0
{1 4 2
2 3 1 1
(40)? (iry (50)* (2m)?
i=2 j=4 k=2 1=0
2 4 i 1
2 4 1
2 3 2
1 4 2

acf. Gilmore, Ref. 24.
bCf. Krupenie, Ref. 25.
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FIG. 3. Binary-encounter cross sections (10-'16 cmz),

(a), (b), and (c), for the ionization of metastable

N3 (A %=}), N¥@’1z}), and CO*( °m), respectively,

by electrons with energy E (eV). The final state of the
residual ion is indicated.

for ionization of N,(a’ 'Z;) and CO(a *II) are there-
fore attributed to differences between the 1w, or-
bital of N and the 27 orbital of CO*. Any similar-
ity between the properties of N, and CO usually
originates from the isoelectronic character of these
molecules, while any difference arises from the
heteronuclear aspect.

While the ground states of N, and CO have simi-
lar electronic configurations, NX(a’ 'Z;) and
CO*(a *I)—and for that matter N} (A *I1,) and
CO* (X *z*)—have slightly different electronic con-
figurations. However, since the binary encounter
method of Sec. II relies mainly on the properties of

the valence electron (1w, or 2w), the difference be-
tween the configurations of the remaining electrons
is reflected only indirectly through its effect on the
valence electron (17, or 27).

Metastable N, and CO have greater ionization
potentials than metastable rare gases and have
correspondingly smaller electron-impact ioniza-
tion cross sections as seen by comparing Fig. 1
with Fig. 3.

V. CONCLUSION

Electron-impact ionization cross sections of
[np°(m +1)s] metastable Ne, Ar, Kr, and Xe have
been calculated in the Born and the binary-en-
counter approximations. The further approxima-
tions used here make explicit coupling of the tar-
get angular momenta—to reflect the peculiarities
of the heavy rare-gas spectra-—unnecessary.

As the atomic number of the target increases,
the cross section for ionization from the outer
shell increases. Ionization of the inner p°® shell
also becomes increasingly important with increas-
ing target complexity. Moreover the binary-en-
counter results drop in relation to the Born re-
sults.

The maximum of the experimental data of Dixon
et al.'” is in fair agreement with that of the Born
half-range calculations. Beyond the maximum the
inner-shell contribution becomes evident. The
Bethe plots suggest that the outer-shell photoion-
ization cross sections of metastable Ne, Ar, Kr,
and Xe are overall smaller than that of He(23S).

The binary-encounter approximation has also
been used for the single-process ionization of the
7 valence electron of metastable N, and CO. Their
greater ionization potentials lead to cross sections
smaller than for He*, Ne*, Ar*, Kr*, and Xe*.

*Research sponsored by the Air Force Propulsion Lab-
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