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Abstract

Electron-impact excitation cross sections for the heavy rare gases are examined in the context of the angular momentum coupling of the
final states. Measurements for excitation inton′p5np levels withJ = 0 are found to vary in a common way for excitation of Ne, Ar, Kr, and
Xe.
© 2004 Elsevier B.V. All rights reserved.

Keywords:Electron impact; Excitation cross section; Argon; Neon; Krypton

1. Introduction

Electron-impact excitation of rare gases has been a subject
of interest for decades. The large number of excited states
and the complexity of their electronic structures make com-
prehensive studies toward understanding the basic physics
an especially challenging task. In addition to their intrinsic
fundamental interest, electron-impact excitation and ioniza-
tion of atoms play a central role in the understanding of
many plasmas and discharges such as fluorescent lighting,
plasma displays, semiconductor processing, gas-discharge
lasers, and atmospheric phenomena. For rare-gases an ex-
cited electron configuration may contain numerous levels
and the cross sections for excitation into individual levels
within the same configuration can vary dramatically in mag-
nitude and energy dependence. For instance, if one is inter-
ested in the emission of a neon discharge, it is important to
understand the variation in cross sections among the indi-
vidual levels[1].

For orientation let us consider the 1s22s22p53p configu-
ration (2p53p) of Ne. The 2p5 core has orbital angular mo-
mentumlc and a spin angular momentumsc equal to 1 and
1/2, respectively. Likewise the 3p “outer” electron is charac-
terized by the corresponding quantitieslo = 1 andso = 1/2.
Addition of�lc, �sc,�lo, and�so to form the total angular momen-
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tum �J gives rise to 10 levels withJ values ranging from 0 to
3. The coupling of the various angular momentum vectors
does not conform to any of the standard coupling schemes
such asLS, jj , andjK. The relation between this intermediate
coupling and theelectronic structureof the excited states
has been treated extensively in the literature. In this paper
we discuss how theelectron-impact cross sectionsof the
individual levels are affected by the angular momentum
coupling. Consideration of the vector coupling allows
us to understand the gross features of the cross sections
from a physical standpoint without resorting to elaborate
calculations.

2. Measurement of optical emission cross sections

In this work we measure the electron-impact excitation
cross sectioninto a level by detecting the optical emissions
out of the level [2]. A mono-energetic electron beam is
passed through a chamber that has initially been evacuated
to 10−8 Torr and then back filled to a pressure of 1–10 mTorr
with research grade gas. The total electron beam current (I)
is measured with a deep Faraday cup which has a narrow
slit cut in the side to allow the detection of emissions from
the decay of excited atoms. Photons from a particulari →
j transition are selected using a 1.26 m monochromator and
detected using a photomultiplier tube (PMT). The PMT sig-
nal is converted to an absolute photon flux (per unit beam
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length),Φ, using the known solid angle of the optical sys-
tem while the wavelength dependent efficiency of the PMT
and monochromator is found by measuring the signal from
a spectral irradiance standard lamp. In terms of these ex-
perimentally measured quantities, the optical emission cross
section at an incident electron energyE for the i → j tran-
sition is defined to be:

QOpt
ij

(E) ≡ Φij (E)

n0[I(E)/e]
, (1)

wheren0 is the target atom number density (proportional to
the gas pressure), ande is the charge of the electron.

A particular excited leveli, in general, can decay to many
possible lower levels. There are two ways to determine this
level (or apparent as we prefer to call it) cross section in
terms of the measured optical emission cross sections. The
most straightforward technique is sum up the optical emis-
sion cross sections for transitions out of the leveli:

Q
App
i (E) =

∑

j<i

Q
Opt
ij (E). (2)

In cases where it is difficult to measure all of the transitions
out of a particular level (due to wavelengths constraints for
instance), a second technique is to combine one measured
optical emission cross section with experimental (or some-
times theoretical) transition probabilities:

Q
App
i (E) = Q

Opt
ij (E)

∑
l<iAil

Aij
. (3)

Note that the term in the numerator is the sum of all the
transition probabilities out of the level and is equal to the
inverse of the lifetime of the level. For cases where only a
subset of all transitions out of a particular level can be mea-
sured, the two techniques can be combined with transition
probabilities only being used to fill in the missing transi-
tions. For example, in this paper we report measurements
for the Ne(2p5np, n = 4, 5) apparent cross sections using
2p5np→ 2p53s optical emission cross section measurements
combined with 2p5np → 2p53s transition probabilities from
Refs.[3,4] and lifetime measurements from Ref.[3,5,6].

There are two routes to producing an atom in a particu-
lar excited leveli: direct electron-impact excitation into the
level, or electron-impact excitation into higher levels that ra-
diatively decay into the leveli. The measured apparent cross
sections is the sum of both the fundamental direct cross
section and the cascade contribution from higher levels. In
many instances, the direct cross section can be extracted
from the apparent cross section by subtracting the cascade
correction found by summing up all of the optical emission
cross sections from higher levels that terminate on the level
i. Most of the measurements reported in this paper for ex-
citation into the higher excited levels of the rare-gases are
apparent cross sections, due to the difficulties of fully mea-
suring the cascade correction. Nonetheless, since the per-
centage of the cascade contribution to the signal tends to
decrease for higher levels in the nonresonant series[7,8] the

apparent cross section is a good approximation of the direct
cross section for these levels.

3. Electronic structure and excitation cross sections

3.1. Ne(2p5np) configurations

The ground state of Ne is 1s22s22p6 1S0. The first excited
configuration 2p53s contains four levels, called 1s2, 1s3,
1s4, 1s5 in Paschen’s notation, and the next configuration
2p53p contains 10 levels (2p1–2p10 in Paschen’s notation).
Transitions from the 2p53p levels into the 2p53s levels con-
stitute the most intense part of the Ne emission spectra in
the visible.

To analyze the electronic structure it is convenient to take
theLS-coupling as a starting point and move toward the more
general intermediate coupling. The 2p53s configuration has
four LS-terms,1P1, 3P0, 3P1, 3P2. SinceJ is a good quantum
number, the intermediate-coupling wave functions can be
expresses as linear combinations of theLS-eigenfunctions
of the sameJ. Thus we have two mixed levelsα|1P1 >

+β|3P1 > and β|1P1 > −α|3P1 >, called 1s2 and 1s4,
respectively, and two (unmixed) purely triplet levels3P0 and
3P2 (1s3 and 1s5). The singlet component in the 1s2 and 1s4
levels is responsible for their radiative transitions to the1S0
ground state. From the radiative lifetimes (1.87 ns for 1s2
and 31.7 ns for 1s4) we determineα = 0.97 andβ = 0.24.
The same mixing coefficients can also be obtained from
the observedg-factors. Although we seem to have a nearly
LS-case here in that one of theJ = 1 resonant levels is
mostly singlet and the other is mostly triplet, the situation
is more complicated for the other configurations as will be
seen in the following paragraphs.

The 10 levels of the next configuration 2p53p are formed
by combiningLS-terms of the sameJ out of 1S0, 3S1, 1P1,
3P0, 3P1, 3P2, 1D2, 3D1, 3D2, and3D3. Here the only purely
triplet level comes from the3D3 term which is the only level
with J = 3 and is called the 2p9 level. There are two levels
with J = 0 formed from1S0 and3P0; four levels withJ = 1
formed out of3S1, 1P1, 3P1 and3D1; and three levels with
J = 2 out of3P2, 1D2, and3D2. For a theoretical treatment
of the electronic structure, one sets up the energy matrix
using theLS-eigenfunctions as a basis. If we represent the
spin–orbit interaction by only the self-spin–orbit couplings
of the 2p and 3p electrons, the energy matrix, which fac-
tors into blocks of different values ofJ, can be expressed
in terms of Slater-Condon parameters (F’s andG’s) and the
spin–orbit coupling constants of the 2p and 3p electrons (ζ

andζ′) [9,10]. A standard procedure is to treatF2, G0, G2, ζ

andζ′ as adjustable parameters to fit the energy level spacing
of all 10 levels. The resulting wave functions, while gener-
ally not adequate for accurate calculation of excitation cross
sections, are nonetheless useful for qualitative purposes.

As a preparation for discussing how the cross sections are
related to the angular momentum coupling, we start with the
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Fig. 1. Unperturbed Ne(2p53p) and Ne(2p54p) energy levels.

limit of zero spin–orbit coupling as the unperturbed system
and treat the spin–orbit interaction as the perturbation. The
unperturbed energies for the1S,3S,1P,3P,1D and1D terms
of the 2p53p configuration in terms of the Slater-Condon
parameters given in Ref.[9] are shown inFig. 1. The
spin–orbit coupling generates matrix elements connecting
LS-terms of the sameJ. Outside the unique case ofJ = 3,
the two J = 0 levels are the simplest to work with since
they arise from the 2× 2 block of the energy matrix. Fur-
thermore emissions from the twoJ = 0 levels are specially
suited for plasma diagnostic studies[11]. Thus in this paper
we focus our attention to theJ = 0 levels to illustrate the ef-
fects of angular momentum coupling on the cross sections.
In the unperturbed system the1S0 term is well above the
3P0. Even with a “moderate” spin–orbit coupling, we expect
a “small” mixing of these two terms and consequently a
“small” upward shift for1S0 and a “small” downward shift
for 3P0. Of these two levels the upper one (2p1) is mostly
singlet and the lower one (2p3) is mostly triplet. If we recall
that the 1s2 is mostly singlet and the 1s4 is mostly triplet,
the 2p1 → 1s2 emission must be stronger than the 2p1 →
1s4. This is reflected by optical measurements that give the
branching fractions for these two channels as 0.9888 and
0.0112, respectively[12]. Likewise the 2p3 level decays
mostly to the 1s4 rather than the 1s2, and the two branch-
ing fractions are 0.0064 and 0.9936. From the branching
fractions we determine the mixing coefficients for

|2p1〉 = ξ
∣∣1S0

〉 + η
∣∣3P0

〉
,

|2p3〉 = η
∣∣1S0

〉 − ξ
∣∣3P0

〉

asξ ≥ 0.989 andη = 0.15. Turning to electronic collision
experiments, one notes that the cross section for excitation
out of the1S0 ground state into the 2p1 level is the largest
of the entire 2p group[13–15]. More striking is the extreme
disparity in cross section between the twoJ = 0 levels
(2p1 and 2p3). For instance the 2p1 cross section, in units of
10−20 cm2, is 185 at 50 eV, whereas the corresponding 2p3
cross section is 27[14]. Likewise we see a similar disparity
at 25 eV (73 and 13 for the 2p1 and 2p3 levels, respectively)
and at 100 eV (137 and 22). In contrast, while their individ-
ual values are quite extreme, the average value of the two

J = 0 level’s cross sections at 50 eV (108×10−20 cm2) is
comparable to the average cross section (96× 10−20 cm2)
of the threeJ = 2 levels. Since singlet-to-singlet excitation
is more favorable than singlet-to-triplet excitation, the ex-
treme disparity in the cross sections for excitation from the
singlet (2p6) 1S0 ground state into the 2p1 level versus the
2p3 level can thus be traced back to the similar disparity in
the two level’s singlet composition.

The threeJ = 2 levels of 2p53p (2p4, 2p6, 2p8 in
Paschen’s notation) arise from3P2, 1D2, and 3D2. Their
unperturbed energies (Fig. 1) are rather close together. Even
a “small” spin–orbit interaction may result in a strong mix-
ing of the threeLS-terms, but there is nothing to suggest an
unusual distribution of the mixing coefficients in the wave
functions. In particular we expect the percentage singlet
character in all threeJ = 2 levels to be of comparable mag-
nitude. Correspondingly there is little systematic variation in
the electron-impact excitation cross sections between these
three levels[14]. The situation with theJ = 1 levels is even
more complicated since they are composed of fourLSterms
(3S1, 1P1, 3P1, 3D1). With the singlet component shared
fairly evenly among all four levels, the excitation cross sec-
tions into all four levels have very similar magnitudes[14].

The 2p54p configuration of Ne (3p1 through 3p10 in
Paschen’s notation) differs significantly from the 2p53p
configuration. InFigs. 1 and 2we contrast the set of 3p
levels with the 2p set. In the 2p manifold the top level (2p1)
is well above the others but the same is not true for the 3p
group (see the first column inFig. 2). In the limit of a small
spin–orbit coupling the 2p1 level arises from the1S0 of the
unperturbed system which, as seen inFig. 1, is much higher

Fig. 2. Energy levels for then′p5np configurations of Ne, Ar, Kr and Xe
using Paschen’s notation. The zero of the energy scale is set equal to the
ionization energy.
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in energy than all the other terms. For the 3p case the six
unperturbed levels are compressed together by roughly a
factor of three due to a reduction of the Slater-Condon fac-
tors (Fig. 1), whereas the spin–orbit coupling of the 2p5 core
remains the same. Accordingly the top level (3p1) is not as
detached from the rest. The cross sections are likewise tem-
pered, although the 3p1 cross sections are still significantly
larger than the 3p3 ones (41× 10−20 and 13× 10−20 cm2

at 50 eV), the disparity is not as severe as in 2p.
As we proceed to the higher configurations 2p5np, the en-

ergy span of the unperturbed manifold is so much reduced
that it becomes less than the spin–orbit coupling parameter.
The perturbative approach is no longer a convenient choice.
Nevertheless we will use it to illustrate the change of the
cross section pattern with the angular momentum coupling.
Imagine we start with the six unperturbed terms inFig. 1
and introduce a “large” perturbation of spin–orbit coupling.
It will split the 3P term into three components3P2,1,0. Since
this is an inverted multiplet, the3P0 component has the high-
est energy. With a sufficiently large spin–orbit interaction
the 3P0 term is pushed above the1S0. Again the spin–orbit
non-diagonal matrix elements causes3P0–1S0 mixing to
form twoJ = 0 levels. Here, however, it is the upperJ = 0
level that has a larger triplet component (3P0) and the lower
J = 0 level that has a larger singlet component (1S0). Thus
in general we expect the upperJ = 0 level to have a smaller
cross section than the lowerJ = 0 level, a reversal from
the Ne(2p53p) configuration where the upperJ = 0 level
(2p1) has the largest cross section. This reversal is indeed
observed in our measurements of electron-impact excitation
cross sections. InFig. 3 we plot our measured apparent ex-
citation cross sections as a function of electron energy. The
upperJ = 0 level has a larger cross section than does the

Fig. 3. Apparent electron-impact excitation cross sections as a function
of electron energy for theJ = 0 levels of the Ne(2p5np, n = 3, 4, 5)
configurations. Uncertainties are±15% for the 2p53p levels and±25%
for the 2p54p and 2p55p levels (due to the added uncertainties from the
use of transition probabilities and lifetime measurements). The 3p3, 4p1

and 4p3 curves are virtually indistinguishable.

lower one for the 2p53p and 2p54p configurations (2p1, 2p3
and 3p1,3p3 in Paschen’s notation) whereas in the case of
the 2p55p configuration the twoJ = 0 levels (4p1 and 4p3)
have nearly the same cross section. Curiously inFig. 3 one
finds the 3p3 cross sections nearly the same as the 4p1 and
4p3 cross sections. For the Ne(2p56p) levels our 2p56p →
2p53s optical emission cross section measurements indicate
that the lowerJ = 0 level has a larger cross section than
does the upper one. However, we lack the needed transi-
tion probabilities to convert these into true apparent cross
sections.

In Fig. 2 we include also the energy levels of the higher
Ne(2p5np) configurations. We notice that the energy levels
change into a two-tier pattern, with an upper group of four
levels and a lower group of six. This is due to a change of the
angular momentum coupling. For the higher configurations
the spin–orbit interaction of the 2p5 core remains the same
but the coupling of the core with thenp electron becomes
smaller due to the increasing radius of the outer electron.
When the 2p spin–orbit coupling significantly overpowers
the other interactions, the coupling problem is somewhat
simplified. Here we first deal with the 2p5 core alone and
couplelc = 1 with sc = 1/2 to form the core angular mo-
mentumjc = 1/2 and 3/2. The next step is to couple each
jc with both lo andso to form the total angular momentum
J. We refer to this as thejc(loso)J coupling as we require
neither jc to couple first withlo to form the intermediate
vector K (jK coupling) norlo and so to couple intojo (jj
coupling). To the first approximationjc may be regarded as
a good quantum number although for a more accurate de-
scription one may mix terms of the sameJ corresponding to
different jc.

Applying thisjc(loso)J coupling scheme to a higher 2p5np
configuration, we combinelo = 1, so = 1/2 with jc = 1/2
to form J = 0, 1, 1, 2 (the upper four levels) and with
jc = 3/2 to form J = 0, 1, 1, 2, 2, 3 (the lower group
of six). As explained before, for higher configurations the
lowerJ = 0 level has a larger singlet component and thus a
larger cross section than does the upper one. There is another
factor that favors the cross section of the lowerJ = 0 level.
The energies of the twoJ = 0 levels differ by about 0.1 eV
due to the spin–orbit splitting. For the higher configurations
the ionization energies of the levels are smaller, so the per-
centage difference in the ionization energy becomes larger.
Since the ionization energy varies inversely with the atomic
radius, this translates into an appreciable difference in the
size of the electron cloud of the twoJ = 0 levels making
the upperJ = 0 level (with a more diffusive electron cloud)
less favorable for excitation from the very compact ground
state.

3.2. Ar(3p5np) configurations

Argon and neon are similar in their electronic structures.
The two J = 0 levels of the Ar(3p54p) configuration are
again composed of the1S0 and 3P0 LS-eigenfunctions. In
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the case of Ar the twoJ = 0 levels are called 2p1 and 2p5
in Paschen’s notation whereas the corresponding two levels
in Ne are called 2p1 and 2p3. Again we find the upperJ = 0
level (2p1) to have a much larger cross section than the lower
one (2p5), e.g., 50× 10−19 cm2 versus 16× 10−19 cm2 at
20 eV[16], although the difference is not as striking as in Ne.
We attribute this to a higher degree of mixing between1S0
and3P0 in the 2p1 and 2p5 wave functions of Ar because of
the larger spin–orbit coupling. From the branching fractions
of these two levels we determine the mixing coefficients as
about 0.87/0.50 compared to 0.989/0.15 for Ne given earlier.

The same analysis of the Ne(2p5np) configurations also
applies to the Ar(3p5np) configurations. The spin–orbit cou-
pling parameter of the p5 core is larger for Ar than Ne
(954 cm−1 versus 521 cm−1), thus the transition from the
intermediate coupling in 3p54p into thejc(loso)J coupling
for the highern is more apparent. One manifestation of this
is seen in the measurements of the excitation cross sections
[17]. In Ne one has to go to the Paschen 4p levels for the
two J = 0 levels to have comparable excitation cross sec-
tions, whereas in Ar the twoJ = 0 are nearly equal for
the 3p levels, with both the 4p5 and 5p5 levels having sig-
nificantly larger cross sections than the 4p1 and 5p1 levels,
respectively.

3.3. Kr(4p5np) and Xe(5p56p) configurations

In going up the Ne(2p5np) or Ar(3p5np) series, as dis-
cussed in the preceding two subsections, we keep the
spin–orbit coupling fixed and decrease the interaction of the
core with the outer electron resulting in a gradual transition
from the intermediate coupling to thejc(loso)J coupling.
A similar transition is made if we consider the series of
Ne(2p53p), Ar(3p54p), Kr(4p55p) and Xe(5p56p). In this
progression the unperturbed energy spacings are all com-
parable, but the spin–orbit splitting increases dramatically
from 0.1 eV for Ne to 1.3 eV for Xe.

The extraordinarily large spin–orbit coupling in Xe make
it a good case ofjc(loso)J coupling. The electron-impact
excitation cross section for the lowerJ = 0 level of the
Xe(5p56p) configuration (2p5) is 10× 10−18 cm2 at 50 eV,
which is four times larger than the cross section for excitation
into the upper level (2p1) [18].We also note that the 2p5
level has more than twice the ionization energy of the 2p1
level, so that the difference in electron cloud “size” (and
thus the overlap with the ground state wave function) is
undoubtedly an important factor in the difference in cross
sections. We are unable to make a similar comparison for
the 5p57p configuration since the upper four levels of this
configuration are above the Xe+(2P3/2) limit.

The Kr(4p55p) configuration is an interesting intermedi-
ate case between Xe(5p56p) and Ar(3p54p). The 10 energy
levels within the Kr(4p55p) configuration do tend towards a
two-tier pattern albeit not as distinct as in Xe (seeFig. 2).
The excitation cross sections for the twoJ = 0 levels also
demonstrate the large role of spin–orbit coupling in creat-

ing the two-tier structure. In contrast to the lowest levels
of Ne and Ar, but similar to Xe, the cross section into the
lower J = 0 level (2p5) is larger (46× 10−19 cm2 at 50 eV)
than the upper (2p1) level(24× 10−19 cm2) [19]. The next
higher configuration Kr(4p56p) does show thejc(loso)J cou-
pling scheme more closely from our measurements of the
optical emission cross sections for the 3p1 → 1s2 and 3p5
→ 1s4 transitions. Along with transition probabilities from
Ref. [3] and lifetime measurements from Refs.[20,21] we
have usedEq. (3)to determine the excitation cross sections
for the J = 0 levels of the Kr(4p56p) configuration. They
indeed show the expected pattern of the lowerJ = 0 level
(3p5) having a much larger cross section, 13×10−19 cm2 at
100 eV, than the upper one, 3.4 × 10−19 cm2.

4. Conclusions

In this paper we illustrate the transition from the in-
termediate coupling to thejc(loso)J coupling scheme in
the rare-gases by looking at electron-impact excitation
cross sections. Since the ground states (n′p)6 1S0 for these
atoms (n′ = 2, 3, 4, 5 for Ne, Ar, Kr, Xe, respectively)
conform toLS-coupling, we find it convenient to use the
LS-eigenfunctions as a basis to analyze the transition from
one coupling scheme to another. Two routes for this tran-
sitions were examined: (1) by decreasing the unperturbed
LS-multiplet manifold spacing while leaving the spin–orbit
splitting essentially constant, as illustrated in the Ne(2p5np)
series withn = 3, 4, 5, 6; and (2) by increasing the
spin–orbit splitting with only minor changes to the unper-
turbedLS-multiplet span exemplified by the Ne, Ar, Kr, Xe
series. Both cases involve a gradual change of the relative
weighting of the spin–orbit coupling versus the relevant
Slater-Condon parameters for theLS-multiplets. This can
be quantified by a dimensionless parameterτ defined as
ζ/(ζ − 15F2 + 6G0) where 6G0 − 15F2 is the unperturbed
1S0-3P0 spacing. This parameter ranges fromτ = 0 for the
case of vanishing spin–orbit coupling to the other extreme
of τ = 1 when the interaction of the outer electron with
the core is completely overwhelmed by spin–orbit effects.
In Fig. 4 we show the relation betweenτ and the ratio of
the cross section of the lowerJ = 0 level to that of the
upperJ = 0 level for the (n′p)5np configurations at 50 eV.
Of special interest is that the results for all four atoms fall
on the same general curve. This suggests that much of the
variations in the cross section behaviors can be traced to
a common ground of angular momentum coupling that is
universal among the four atoms.

In recent years the studies of special characteristics of
electron-impact excitation of the rare-gas atoms have been
brought to the forefront in connection with applications to
the optical diagnostics of low-temperature plasmas. The
rare-gas emission lines are commonly used as a diagnos-
tic tool for rare-gas plasmas or other plasmas containing
rare-gas atoms as a tracer[22–25]. In weakly-ionized
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Fig. 4. Comparison of the cross section ratio of the twoJ = 0 levels
for the n′p5np configurations. The limit of the abscissa going to zero
corresponds toLScoupling, while a value of 1 corresponds tojj coupling.

plasmas where excited atoms are primarily excited by
electron-atom collisions, the intensity of thex → y emis-
sion line can be used to monitor the plasma electron energy
distribution in the energy region from the threshold of
level-x on up, provided thex → y optical emission cross
section is known. By considering a number of levels with
different excitation threshold energies, the electron tem-
perature can be determined. However, excited levels can
also be populated by excitation out of metastable levels
with a much lower threshold energy (i.e., 1.5 eV versus
13 eV for Ar). Recent experiments[26,27] have shown,
however, that the excitation cross sections of metastable
atoms into the (n′p)5np J = 0 levels are very small, indi-
cating that these levels in a plasma are populated almost
entirely by excitation out of the ground level. TheJ = 0
(n′p)5np levels examined in this paper cover a wide range
of excitation threshold energies (9–21 eV), permitting mea-
surements of the plasma emission lines from these levels
in combination with excitation cross sections to provide
detailed information about the electron energy distribution
function.
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