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We present experimental cross-section measurements for electron-impact excitation from the ground level
and from the Xe�5p56s� J=2 metastable level into levels of the Xe�5p57p� manifold using the optical method.
The magnitudes of cross sections for excitation out of the ground-state range from �65–365��10−20 cm2.
Cross sections out of the ground level are also investigated for pressures ranging from 0.1–1.0 mTorr, and show
moderate dependence �particularly at high energies� on pressure due to cascades from resonant levels. Cross
sections for excitation out of the metastable level have peak magnitudes that are on average more than an order
of magnitude larger than their ground-state counterparts. Furthermore, cross sections out of the metastable
levels into the Xe�5p57p� levels as a function of energy display a surprising variety of shapes which are
discussed in relation to oscillator strengths. Together, the ground state and metastable cross sections measured
in this work are expected to be useful for optical diagnostics of plasmas containing xenon.
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I. INTRODUCTION

A. Motivation

The study of electron collisions with rare-gas atoms has
been of constant interest over several decades due to its im-
portance in advancing the understanding of fundamental
atomic collision processes as well as for applications to
many different gaseous discharges and plasmas. For the par-
ticular case of Xe discharges, two recent applications include
mercury-free light sources �1�, and space propulsion, i.e.,
xenon ion engines and Hall-effect thrusters �HETs� �2,3�. In
the latter, xenon atoms are ionized in a discharge and the
resulting ions are accelerated in order to generate thrust. In-
formation about the operating conditions of the thruster can
be extracted via an examination of the optical emissions
from the discharge and plume regions of the engine. Proper
treatment necessitates a collisional radiative model �CRM�
accounting for all excitation and de-excitation mechanisms;
however, often times there is insufficient experimental data
which complicates the application of these models �2�.

The magnitude and energy dependence of electron-impact
excitation cross sections into different excited levels exhibit
many regularities that can be understood in terms of a few
fundamental properties connecting the initial and final levels.
For example, prior measurements of the rare gases �Ne
through Xe� have revealed that for excitation from the
ground state into np5�n+1�p levels �n=2, 3, 4, 5 for Ne, Ar,
Kr, Xe�, the cross sections into levels with total angular mo-
mentum J=0 are typically some of the largest, whereas the
cross sections into these same upper levels from the meta-
stable levels are among the smallest �4�. Here, excitation into
the J=0 np5�n+1�p levels from the J=0 and J=2 metastable
levels is dipole-forbidden. Electron excitation cross sections
which correspond to dipole-allowed processes tend to be
much larger in magnitude and decrease less rapidly with in-
creasing incident electron energy than cross sections corre-
sponding to dipole-forbidden processes; with the magnitudes
of the cross sections tending to scale with the corresponding
optical oscillator strengths f ij �4�. The heaviest rare gases Kr
and Xe exhibit additional patterns not observed in Ne and Ar.

Due to a larger spin-orbit interaction within the np5 core,
excited levels of Kr and Xe form distinct tiers associated
with different values of the total np5 core angular momentum
jc. For excitation from the ground state, cross sections are
generally larger into the lower energy tier, as is also the case
for excitation from the J=2 metastable level, which is lo-
cated in the lower tier of the np5�n+1�s group �5,6�. In con-
trast, excitation cross sections out of the J=0 metastable
level, which is located in the upper tier of the np5�n+1�s
group, are largest for excitation into the upper tier
np5�n+1�p levels �6�.

Excluding the vacuum ultraviolet emissions from reso-
nance levels, the emission spectrum of Xe is dominated by
the 5p56p→5p56s transitions in the 750–1100 nm wave-
length range. We have previously measured cross sections
into Xe�5p56p� levels from both the ground state �5� and
from the J=2 metastable level �7�. Emissions from these
levels have been used previously in plasma diagnostics; for
instance in the trace rare gas optical emission spectroscopy
�TRG-OES� technique for measuring the electron tempera-
ture of processing plasmas �8�. However, since the wave-
lengths of these emissions lie just beyond the visible range,
Xe discharges typically have more of a blue hue, due in part,
to Xe�5p57p→5p56s� emissions in the 460–503 nm wave-
length range. This latter set of emissions is also useful for
plasma diagnostics since this wavelength range coincides
with prominent Xe+�5p46p→5p46s� emission lines used in
the diagnostics of Xe HETs �2�. Measurement of excitation
cross sections into Xe�5p57p� levels from the ground state
and metastable levels may thus be of great use in lighting
and HET modeling. In addition, previous work on excitation
out of the metastable levels of Ar have revealed interesting
differences between cross sections into Ar�3p54p� �9� and
Ar�3p55p� �10� levels, with a breakdown of the oscillator
strength scaling in the latter. When combined with our earlier
Xe�5p56p� metastable cross-section measurements �7�, the
Xe�5p57p� cross sections measured in this work provide a
test of our understanding of fundamental collision processes.
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B. Atomic structure

The energy levels of interest in this work are illustrated
in Fig. 1. The ground-state configuration of xenon is
1s22s22p63s23p64s23d104p65s24d105p6 which we abbreviate
as 5p6. In the single configuration approximation, higher ly-
ing energy levels are obtained by promoting one of the outer
5p6 valence electrons into an excited orbital. For instance, by
exciting a 5p electron into the 6s orbital we obtain the 5p56s
configuration which is comprised of four levels denoted 1s2
through 1s5 in Paschen’s notation with J values of 1, 0, 1,
and 2 respectively. The magnitude of the spin-orbit splitting
between the 2P3/2 and 2P1/2 levels of the parent 5p5 ion core
is much larger than any of the interaction terms of the outer
6s electron with the ion core. As a result, the energy levels of
the 5p56s are split into two tiers �separated by about 1.3 eV�,
with a lower grouping of 1s5 and 1s4 associated with the
2P3/2 core, and an upper grouping of 1s3 and 1s2 associated
with the 2P1/2 core. For Xe the core angular momentum jc is
nearly a good quantum number for labeling the energy lev-

els. When written in configuration notation, this upper group
of levels, associated with the 2P1/2 core �jc=1 /2�, is indi-
cated by a prime on the valence electron �e.g., 5p56s��. Of
the four 5p56s levels, the 1s4 and 1s2 �J=1 for both levels�
are optically connected to the ground state �J=0� with radia-
tive lifetimes on the order of nanoseconds. The 1s5�J=2� and
1s3�J=0� levels, however, are not optically connected to the
ground state and are therefore metastable.

The 5p57p configuration consists of six observed levels
�labeled 3p5 through 3p10; J=0,2 ,1 ,3 ,2 ,1 in order of de-
scending energy�, associated with the 2P3/2 core �jc=3 /2�.
The four levels of the 5p57p configuration associated with
the 2P1/2 core �3p1 through 3p4, J=1,2 ,1 ,0� have energies
that lie above the ionization limit and are not experimentally
observed. Table I lists wavelengths �11� and branching frac-
tions �12� for the Xe�5p56s−5p57p� transition array. In ad-
dition to Paschen’s notation, the excited levels of Xe are also
widely labeled using Racah notation for which a 5p5nl level
is labeled by nl�K�J, where K is the intermediate vector sum
of jc and l. Both labeling schemes are included in Table I.

C. Optical method

All cross sections reported in this work are measured via
the optical method, which has been described in detail else-
where �13�. Therefore we only provide a brief description of
the basic nomenclature. In the optical method, the cross sec-
tion for excitation into an excited level j can be related to the
photon flux out of that same level. Experimentally, a mo-
noenergetic electron beam of current per unit area I is passed
through and excites target atoms into various excited levels.
Excited level j may be populated either by direct excitation
from an initial level i �in this work, i is either the ground
level or the 1s5 metastable level�, or from radiative decay of
higher lying levels k into j. Level j can then decay, giving off
a photon, into any one of a number of lower levels �. Ex-
pressed as a rate equation, the population of level j, nj, can
be written as

dnj

dt
= � I

e
�n�i�Qj

dir + �
k�j

nkAkj − �
��j

njAj�. �1�

The first term on the right accounts for the increase in nj
from the direct excitation from level i having density n�i�.
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FIG. 1. Partial energy-level diagram for xenon. Levels associ-
ated with the 2P1/2 ion core are indicated by a prime.

TABLE I. Wavelengths �11� and branching fractions �12� for the Xe�5p56s−5p57p� transition array. Dipole-forbidden transitions are left
blank. Note that the branching fractions out of a given 3py upper level when summed over the four 1sx levels do not equal one due to the
additional decay channels to 5p57s and 5p55d levels.

Racah 7p� 1
2 �0 7p� 3

2 �2 7p� 3
2 �1 7p� 5

2 �3 7p� 5
2 �2 7p� 1

2 �1

Paschen 3p5�J=0� 3p6�J=2� 3p7�J=1� 3p8�J=3� 3p9�J=2� 3p10�J=1�

6s�� 1
2 �1

o 1s2�J=1� 857.60 nm
0.36

869.22 nm
0.12

864.85 nm
0.24

895.28 nm
0.09

930.66 nm
0.45

6s�� 1
2 �0

o 1s3�J=0� 796.73 nm
0.34

852.26 nm
0.04

6s� 3
2 �1

o 1s4�J=1� 480.70 nm
0.30

484.33 nm
0.07

482.97 nm
0.06

492.32 nm
0.13

502.83 nm
0.02

6s� 3
2 �2

o 1s5�J=2� 462.43 nm
0.26

461.19 nm
0.003

467.12 nm
0.31

469.70 nm
0.10

479.26 nm
0.01
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The quantity �I /e� represents the electron flux per unit area
of the electron beam passing through the target �e is the
elementary charge�. Qj

dir is the direct cross section for exci-
tation from i to j. The second term accounts for the increase
in nj due to cascades from higher levels k and contains a sum
over all possible levels �having densities nk� that may radia-
tively decay into level j. Akj is the transition probability for
radiative decay from level k to j. The third term accounts for
the losses from level j by radiative decay to levels � with
transition probabilities Aj�.

In steady state, Eq. �1� simplifies into

Qj
dir = �

j��

njAj�

�I/e�n�i�
− �

k�j

nkAkj

�I/e�n�i�
, �2�

with optical emission cross sections further defined as

Qj→�
opt =

njAj�

�I/e�n�i�
, �3�

Qk→j
opt =

nkAkj

�I/e�n�i�
, �4�

so that Eq. �2� can be re-written as

Qj
dir = �

j��

Qj→�
opt

Qj
app

− �
k�j

Qk→j
opt

Qj
cas

.

�5�

The first summation on the right-hand side is often referred
to as the apparent cross section, Qj

app, while the second sum-
mation is referred to as the cascade cross section, Qj

cas.
Thus, in order to measure the direct cross section for ex-

citation into j, one must measure all of the optical emission
cross sections out of j �to obtain the apparent cross section�
as well as measure all of the optical emission cross sections
into j �to obtain the cascade cross section� as per Eq. �5�. The
measurement of the large number of required optical emis-
sion cross sections is complicated by the wide range of
wavelengths �uv to ir� spanned by the emissions. For the
apparent cross sections, however, this task can be simplified
if the branching fractions, � j→�, out of level j are known.
Since the optical emission cross section can be written as

Qj→�
opt = � j→�Qj

app, �6�

by measuring a single optical emission cross section out of
level j �having wavelength � j→��, and dividing by the appro-
priate branching fraction listed in Table I, the apparent cross
section can be obtained.

II. EXCITATION FROM THE GROUND STATE

A. Experimental method

Optical emission cross sections for electron-impact exci-
tation into levels of the Xe�5p57p� configuration out of the
ground state were measured in the 450–900 nm wavelength
range using an experimental apparatus described previously
�13,14�. Briefly, a variable-energy, monoenergetic, electron
beam is generated using a six element electron gun with an

indirectly heated barium oxide cathode. The electron-beam
current is collected by a deep Faraday cup and recorded by a
computer. The electron gun is located in a vacuum chamber
that is evacuated to 10−8 Torr and then backfilled with a
static gas target using 99.995% purity Xe. Measurements
were made for pressures in the range of 0.1 to 2.0 mTorr as
measured by a spinning rotor gauge. Fluorescence from the
decay of excited atoms exits the collision region through a
narrow slit in the side of the Faraday cup and is imaged onto
the entrance slits of a 1.26 m Czerny-Turner monochromator
using a spherical mirror with unit magnification. Normal res-
olution was 0.15 nm full width at half maximum �FWHM�,
with higher resolutions employed in cases of contamination
by other neutral or ion lines.

The light was ultimately detected by a thermoelectrically
cooled RCA 31034A-02 GaAs photomultiplier tube �PMT�
operating in photon counting mode. At each fixed step of the
electron-beam energy, separate counts are recorded with the
electron beam on and off as the beam is chopped at 250 Hz.
Radiometric calibration of the detection system at each of the
16 separately measured transitions was performed by using a
NIST-traceable calibrated quartz-tungsten-halogen lamp. In
addition to the Xe�5p57p→5p56s� emission lines required
for this work, additional optical emission cross-section mea-
surements were performed to verify the absolute calibration
by comparing with previous He �15� and Xe �5� cross-section
results.

In general, optical emission cross sections must be cor-
rected for any polarization of the emitted radiation. Emis-
sions from the collision region are only collected from a
direction perpendicular to the electron-beam axis, hence if
the emission pattern of the fluorescence is not isotropic, a
correction to the measured intensity must be included to ob-
tain accurate cross-section results �13�. This correction
amounts to a factor of �1− P /3� where P is the polarization
of the emitted radiation. Measurements of the polarization of
emissions from Xe�5p57p� levels taken at a variety of elec-
tron energies were generally less than �0.06, with a maxi-
mum magnitude of −0.14. Due to the small size of the re-
sulting correction factor to the cross-section values ��5%�,
the effects of polarization have been neglected in the values
reported here.

B. Results of apparent excitation cross sections and pressure
dependence

Values of the optical emission cross sections for the
Xe�5p57p→5p56s� transition array at an electron energy of
19 eV are presented in Table II �see Table I for corresponding
wavelengths�. The total uncertainty in these measurements is
approximately �15% with the two largest sources being the
radiometric calibration and the statistical uncertainties �par-
ticularly for the weakest emission lines�. In addition to the
measured emissions into the Xe�5p56s� levels, Xe�5p57p�
atoms also have substantial emissions into levels of the
Xe�5p57s� and Xe�5p55d� configurations with wavelengths
in the 1.1–4.0 	m range. In our previous measurements of
cross sections for the Xe�5p56p� levels, additional optical
emission cross sections in the 900–2800 nm wavelength

EXCITATION INTO 5p57p LEVELS FROM THE… PHYSICAL REVIEW A 80, 062708 �2009�

062708-3



range were measured using a Fourier transform spectrometer
�FTS� �5�. Unfortunately, almost all of the optical emission
cross sections into and out of the Xe�5p57p� levels in this
wavelength range are too small to reliably measure owing to
the relatively poor sensitivity of ir detectors. Instead, the
Xe�5p57p→5p57s� and Xe�5p57p→5p55d� optical emis-
sion cross sections were obtained by combining the mea-
sured Xe�5p57p→5p56s� optical emission cross sections
with branching fraction measurements made with a bright Xe
hollow cathode lamp �12�. With these values, it is possible to
obtain apparent cross sections into the Xe�5p57p� levels by
summing all the optical emission cross sections out of each
Xe�5p57p� level. The uncertainties in these values, included
in the last row of Table II, are larger than those of the optical
emission cross sections due to the added uncertainties in the
branching fractions. The energy dependence of the apparent
cross sections are illustrated in Fig. 2.

In addition to direct electron-impact excitation from the
ground state, Xe�5p57p� levels can also be populated by ex-
citation into higher levels that radiatively cascade down to
the Xe�5p57p� levels. In principle, the direct excitation cross
section into each level can be obtained from the apparent
cross section by subtracting off the sum of all optical emis-
sion cross sections terminating on Xe�5p57p� levels �see Eq.
�5��. In practice, however, this is exceedingly difficult since
most of these cascade transitions are again in the mid to far
infrared for the Xe�5p57p� levels where reliable measure-
ments are, again, difficult in this wavelength range. Hence,
only apparent cross sections are reported in this work.

Among the levels that cascade into 5p57p levels are
J=1 levels of the 5p5ns and 5p5nd configurations. In addi-
tion to decaying into levels of the 5p57p configuration, these
resonance levels can also radiatively decay to the J=0 5p6

ground state. Radiation trapping of these resonance transi-
tions due to the presence of ground-state Xe atoms leads to a
pressure dependence in the 5p5ns ,5p5nd→5p57p emissions
�5�. As the pressure in the chamber is increased, the reso-
nance transition is more likely to be reabsorbed before leav-

ing the vacuum chamber. As a result, the effective branching
fraction to the ground state is decreased, while the branching
fractions to the 5p57p levels, which are not reabsorbed, in-
crease with a rise in ground-state density/pressure. Due to the

TABLE II. Optical emission cross sections for excitation out of the ground state at 19 eV measured at 1.0
mTorr. Entries for dipole-forbidden transitions are left blank. Values obtained via branching fractions are
indicated in parenthesis. Uncertainties in total apparent cross sections, QApp, include statistical and systematic
uncertainties from measured emission cross sections and the additional uncertainties introduced by using
branching fractions from Ref. �12� to fill in unmeasured transitions. Uncertainty in the measured optical
emission cross sections are approximately �15%.

Lower level

Cross Section �10−20 cm2�

3p5�J=0� 3p6�J=2� 3p7�J=1� 3p8�J=3� 3p9�J=2� 3p10�J=1�

1s2�J=1� 24 29 89 17a �88�
1s3�J=0� 124 7.0

1s4�J=1� 20 17 24 23 3.5

1s5�J=2� 60 1.1 72 17 2.3

�5p57s �13� �84� �61� �108� �61� �29�
�5p55d �9.5� �47� �65� �53� �66� �64�
QApp �66.5�11� �237�40� �364�60� �233�44� �184�35� �193.8�39�
a�25% uncertainty due to difficulty in resolving this line �895.28 nm� from the much stronger 895.23 nm
line.
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FIG. 2. Apparent excitation cross sections out of the ground
state into Xe�5p57p� levels. Cross sections were measured at both
1 mTorr ���, and 0.1 mTorr �� �. Error bars are statistical only and
do not include the uncertainties in the absolute calibration
��15%� and transition probabilities used to convert QOpt to QApp.

JUNG et al. PHYSICAL REVIEW A 80, 062708 �2009�

062708-4



pressure dependent cascades, the measured Xe�5p57p� ap-
parent and optical emission cross sections exhibit some de-
gree of pressure dependence as illustrated in Fig. 3. In prin-
ciple, by measuring and then subtracting off this cascade
contribution to the apparent cross section, it is possible to
show that the direct excitation cross section is independent of
pressure as was done in our earlier work on cross sections for
excitation into Xe�5p56p� levels where the major cascade
contributions could be measured more easily �5�.

For dipole-allowed excitation processes, such as excita-
tion from the ground state into the J=1 resonance levels of
the 5p5ns and 5p5nd configuration, the shape of the excita-
tion function is that of a broad curve �E−1 ln E energy depen-
dence� with a peak located at an energy of a few times the
threshold energy. In comparison, the direct excitation cross
sections into the 5p57p levels from the ground state are ex-
pected to peak very close to threshold with a E−1 or E−3

energy dependence at high energies. Thus, at low energies
�i.e., at the peak� where the direct excitation into the 5p57p
dominates, the measured Xe�5p57p� cross sections generally
display little pressure dependence as illustrated by the solid
square data in Fig. 3. In contrast, at an electron energy of 100
eV the direct cross section into the various Xe�5p57p� levels
are generally small whereas cross sections into cascading

resonance levels are near their peak values, leading to a
much larger pressure dependence. This is also evident in the
shape of the apparent cross sections measured at 0.1 and 1.0
mTorr plotted in Fig. 2. At low energies, the two curves are
almost identical, whereas the 1.0 mTorr curves for most lev-
els are larger at higher energies ��50 eV�.

C. Discussion

The shapes of the 1.0 mTorr ground-state excitation func-
tions in Fig. 2 vary from sharp peaks for the 3p8 and 3p10
levels to intermediate width peaks for the 3p6, 3p7, and 3p9
levels, leaving the 3p5 level in a class by its own with three
distinct peaks at 13, 30, and 70 eV. By comparing these
shapes with those measured at 0.1 mTorr where the cascade
contribution from resonance levels are greatly reduced, it is
clear that cascades contribute substantially to the high-
energy shapes of the 3p5 and 3p7 levels. Indeed, the third
high-energy peak in the 3p5 excitation function completely
disappears when measured at 0.1 mTorr and the 3p7 shape
changes to that of a sharp peak. It is interesting to note that
while the 0.1 mTorr apparent excitation functions for both
the 3p6 and 3p9 levels are somewhat reduced at high ener-
gies, they both still have a significant high-energy tail.

The shape of these Xe�5p57p� excitation functions is
similar to what was observed for the Xe�5p56p� levels �5�.
Both the apparent and direct excitation cross sections for the
J=3 2p8 and J=1 2p10 levels were sharply peaked. The
J=2 2p6 and 2p9 levels had intermediate width peaks in
their apparent cross sections that did not completely disap-
pear upon subtracting off the full cascade contribution. The
shape of the J=1 2p7 excitation function changed from a
wide peak �apparent cross section� to an intermediate width
peak �direct cross section� upon subtraction of the cascades.
The shape of the apparent and direct excitation functions are
both relatively broad for the J=0 2p5 level. The shape of the
2p5 apparent excitation function in Ref. �5� includes only a
single peak at 30 eV compared to the three peaks observed
for the 3p5 level; however, the direct cross section for the
2p5 level does exhibit a small shoulder at 14 eV in addition
to the main peak at 30 eV. Measurements of the 2p5, 3p5,
4p5, 5p5, and 7p5 excitation functions made at 2.2 mTorr
reveal that only the 3p5 level has a distinct low-energy
��13 eV� peak, with the other excitation functions having
only a shoulder at this energy �16�. In a study of excitation
into the Xe np5 levels �n=2 to 9�, Smirnov also noted that
the 3p5 level stands apart from the cross sections into the
other np5 levels in both the shape of the excitation function
and magnitude of the cross section �17�.

The differences in the shape of the excitation functions for
the three levels with narrow excitation functions at low pres-
sure �3p7, 3p8, and 3p10� and the three with broad excitation
functions �3p5, 3p6, and 3p9� can be understood in terms of a
multipole field analysis �4�. For an intuitive exposition of
this analysis, we think of the excitation process as an absorp-
tionlike transition caused by the electromagnetic field asso-
ciated with the colliding electron which can be decomposed
into monopole �k=0�, dipole �k=1�, quadrupole �k=2� , . . .
components. For excitation from the 5p6 ground state to
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FIG. 3. Pressure dependence of the measured Xe�5p57p� cross
sections at two energies, peak ��, nominally 14–16 eV�, and at
100 eV�� �. Error bars are statistical only.
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5p57p levels, the active electron jumps from an l=1 orbital
to another l=1 orbital. Only the k=0 and k=2 components
are compatible with the l=1→ l=1 transition of the active
electron. With respect to the quantum number J, the k=0
component connects the ground state 5p6�J=0� directly only
to the J=0 levels of the 5p57p configuration whereas the
k=2 component connects the ground state only to the J=2
levels of 5p57p. Thus the J=0 and J=2 levels are favored as
the final state. Excitation into the J=1 and J=3 must proceed
via interactions of higher order and hence are expected to
have smaller cross sections. Indeed, the apparent cross sec-
tions at 100 eV into the three levels with even J, 3p5�J=0�,
3p6�J=2�, and 3p9�J=2�, are on average a factor of two
larger than the cross sections into the three levels with odd J,
3p7�J=1�, 3p8�J=3�, and 3p10�J=1�. A full account of the
theoretical foundation of the multipole field model may be
found in Ref. �4�.

D. Comparison with previous measurements

Values for some of the Xe�5p57p→5p56s� optical emis-
sion cross sections have been previously reported in Refs.
�2,17–19�. Chiu et al. recently measured electron-impact op-
tical emission cross sections for 12 Xe and Xe+ lines in the
450–550 nm range �2�. The measurements, made at a pres-
sure of 1.5 mTorr, are reported for electron energies from 10
to 70 eV in 5 eV steps. Due to contamination of some lines
by ion line emissions �26 eV threshold for excitation from
the atomic ground state�, we compare only peak cross sec-
tion values. For the 480.7 nm �3p5�, 484.3 nm �3p6�, and
492.3 nm �3p9� emission lines the peak cross sections of
Chiu et al. �2� are within �10% of the values reported here.
For the 467.1 nm �3p8� line the peak value of Ref. �2� is 23%
smaller than the value measured in this work; however, this
difference may be due to the sharp peak of the 3p8 excitation
function falling between the 5 eV steps listed in Ref. �2�.
While our two experiments are in good agreement for the
484.3 nm optical emission cross section, the values for the
462.4 nm line arising from the same 3p6 upper level differ by
30%. The branching ratio for these two 3p6 lines extracted
from the cross section values reported in Ref. �2� is incom-
patible with the values reported here and in other sources
�12,20,21�.

While the 0.1 mTorr 3p5 excitation function measured in
this work is in reasonable agreement with the shape mea-
sured at the same pressure by Smirnov �17�, the magnitudes
of the 3p5→1s2 �857.6 nm� and 3p5→1s4 �480.7 nm� opti-
cal emission cross sections measured by Smirnov differ sub-
stantially from the values reported here. Large variations in
effective branching fractions also make it difficult to com-
pare the present results with the early results of Refs.
�18,19�. For example, the average difference between peak
cross-section values measured in this work and those of Ref.
�18� is less than �17% for six emission lines, but greater
than �50% for four other lines. The branching fractions,
extracted from the optical emission cross sections in Ref.
�18�, for each of the lines with poor agreement differ dra-
matically from the branching fractions measured in this work
which are compatible with a number of other experimental
measurements �12,20,21�.

E. Comparison with excitation into Xe(5p56p)

Our previous experiments on electron excitation from the
ground state into the ten Xe�5p56p� levels revealed a striking
feature not seen in the lighter rare gases �4�. This refers to
the drastically larger cross sections observed for the lower
six levels with jc=3 /2 than the upper four levels with
jc=1 /2. For instance at 30 eV, the average direct excitation
cross sections for the lower six levels and for the four upper
levels are 628�10−20 and 173�10−20 cm2, respectively �5�.
This was explained on the grounds that because of the large
spin-orbit coupling of the Xe+�5p5� core, the two groups of
levels are separated by 1.3 eV with ionization energies of 2.4
eV �jc=3 /2 group� and 1.1 eV �jc=1 /2 group�. For hydrogen
atoms the orbital radius �expectation value of r� is inversely
proportional to the ionization energy. This inverse relation is
well recognized for many-electron atoms and utilized in the
approximate method of Bates and Damgaard �22� in which
the exponential width of the wave function is obtained from
the observed ionization energy. Thus the 5p56p levels in the
upper group have more spatially extended electron densities
than those in the lower group and therefore smaller cross
sections for excitation from the ground state which has a
very compact wave function.

In the present work, we study excitation into only the
lower group of Xe�5p57p� because the upper four levels
�jc=1 /2� of this configuration lie above the Xe+�5p5 2P3/2�
ionization limit. Interestingly as shown in Fig. 1 the
Xe�5p57p� levels reported here and the upper group of
Xe�5p56p� levels, labeled 5p56p�, have nearly the same ion-
ization energy, thus their wave functions are expected to
have comparable range. The average excitation cross section
of the six levels of Xe�5p57p , jc=3 /2� at 30 eV is 94
�10−20 cm2 as compared to an average of 173
�10−20 cm2 for the four levels of Xe�5p56p , jc=1 /2�. The
smaller cross sections for Xe�5p57p , jc=3 /2� levels are to be
expected since excitation into a level of higher principal
quantum number is generally less favorable.

III. EXCITATION FROM THE 1s5 LEVEL

A. Experimental method

The apparatus for measuring cross sections for excitation
out of the metastable level used in our laboratory is very
different from the one used for excitation from the ground
level because the metastable atom targets are generated in
the form of an atomic beam emerging from a discharge
whereas ground-state excitation experiments entail only a
static gas. Experimental details for excitation of metastable
atoms have been described in more detail in our previous
work on argon �9� and xenon �7�, therefore only a short
description is given here. Metastable Xe atoms are created in
a hollow cathode discharge supplied with a mixture of 85%
He and 15% Xe at a total pressure of 4.5 Torr. The added
helium reduces sputtering of the cathode and stabilizes the
discharge so a substantial population of metastable Xe atoms
is created. A small �1 mm diameter� hole in the base of the
cathode allows atoms to exit into the collision region where
they are crossed by a monoenergetic electron beam. A 1000
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l/s diffusion pump maintains a background pressure of
3�10−4 Torr as measured near this collision region. Elec-
trons in the beam excite the metastable atoms into various
levels within the 5p57p manifold. For each fixed value of the
electron-beam energy, fluorescence from the decay of a par-
ticular excited level is isolated by a narrowband interference
filter �0.3–1.0 nm FWHM� and detected by a PMT operating
in photon counting mode. For this work, the observed wave-
lengths lie in the range of 462.4–502.8 nm, all of which are
detectable by an EMI 9658B �S-20 cathode� PMT. The opti-
cal detection axis lies at 60° from the electron beam, which
is close to the “magic angle” of 54.7° where the emission
intensity is equal to the isotropic value for all polarizations
�13�. Since the detection system consisting of the PMT and
interference filter is polarization insensitive, no polarization
correction to the cross sections is required.

The atomic beam exiting the cathode contains �i� atoms in
the ground state, �ii� atoms in long-lived Xe�5p56s� levels,
and �iii� atoms in a variety of short-lived excited levels. At-
oms in these short-lived levels decay to the ground state
before reaching the collision region leaving only atoms of
categories �i� and �ii�. The exact composition of 5p56s levels
in the collision region was measured via laser induced fluo-
rescence �LIF�. For these LIF measurements, a single mode
Ti:Sapphire laser pumped by an 8 W argon ion laser is em-
ployed. We find the ratio of 1s5 :1s3 metastable atoms to be
in excess of 200:1 for our particular operating conditions.
Thus, the signal arising from excitation of 1s3 atoms contrib-
utes insignificantly to the total signal for all metastable cross
sections measured in this work. Furthermore, LIF measure-
ments also confirm the absence of atoms in the short-lived
1s2 and 1s4 resonance levels within the collision region.

For electron energies below the threshold for ground-state
excitation ��11 eV�, the signal collected is due entirely to
excitation out of the 1s5 metastable level. However, since
most of the atoms exiting the discharge are in the ground
state �ng /nm	105�, for electron energies above the threshold
for ground-state excitation, the signal arising from excitation
of the large number of ground-state atoms in the target com-
pletely overwhelms the smaller metastable contribution.
Therefore, reliable data can only be obtained for electron
energies 
10 eV.

B. Absolute calibration

The method used to place the results on an absolute scale
is the same method we have used to calibrate previous cross-
section measurements �10�. The optical emission signal Si for
a particular wavelength � measured as a function of energy E
can be expressed as

Si�E� = C��n�i�Qi�E�Ie�E� , �7�

where Qi is the excitation cross section out of level i, n�i� is
the number density of atoms in level i, Ie�E� is the electron-
beam current at energy E, and �� is the optical efficiency of
the detection system at a wavelength �. The constant C en-
compasses various conversion factors, the solid angle of the
detection optics, as well as the overlap integrals of the elec-
tron beam and atomic beam in the viewing region.

Accurate determination of the quantities �� ,n�i�, and es-
pecially C is experimentally difficult so we instead employ a
ratio technique to eliminate these quantities and extract the
cross section Qi�E�. This technique involves comparing the
emissions from the desired 3px level to the emissions from
the 2p6 level for which the ground state and metastable cross
sections have been previously measured �5,7�. Four separate
signals are required to form the ratio: �a� the emission signal
representing metastable excitation into the desired 3px level
Sm

3px; �b� the emission signal for ground-state excitation at the
same wavelength Sg

3px; �c� the emission signal representing
metastable excitation into the 2p6 level Sm

2p6 �at 823.1 nm�;
and �d� the emission signal for ground-state excitation Sg

2p6

�also at 823.1 nm�. The ratio of signal rates �a� and �b� re-
moves the dependence on C and ��, however leaving behind
a ratio of the metastable to ground-state number densities
�nm /ng�. This quantity, being difficult to measure, is removed
by dividing the ratio of �a� to �b� by the ratio of �c� to �d�,
canceling out the number density ratio. Denoting the optical
emission cross section for a spectral line originating from the
npx level at a wavelength of � due to excitation out of the
ground state as Qnpx;�

opt�g� and the corresponding cross section
due to excitation out of the metastable level as Qnpx;�

opt�m�, we
have

Q3px;�
opt�m��E� =

Sm
3px�E�

Sm
2p6�E�

Sg
2p6�E��

Sg
3px�E��

Q3px;�
opt�g��E��

Q2p6;��
opt�g� �E��

Q2p6;��
opt�m� �E� . �8�

Here, E is the energy �8 eV� at which the metastable mea-
surements are calibrated while E� is the energy �16 eV� used
for the ground-state measurements. We use the optical emis-
sion cross section for excitation from the ground state into
the 2p6 level of Ref. �5�. Cross sections into the 3px levels
from the ground state are taken from Sec. II B. The cross
section for excitation from the 1s5 metastable level into the
2p6 level is taken from our previous work �7�.

Optical emission cross sections calibrated using Eq. �8�
are equal to the total apparent cross section times the branch-
ing fraction for the observed 3px→1sy emission line. Thus to
obtain apparent cross sections, one need only measure the
optical emission cross section for a single decay channel and
divide by the known branching fraction for that emission line
�see Eq. �6��. In this manner, we are able to provide apparent
cross-section values for excitation out of the 1s5�J=2� meta-
stable level into levels of the 5p57p manifold.

C. Cascade estimates

In the preceding sections we discuss measurements of ap-
parent excitation cross sections. To obtain the direct excita-
tion cross sections, one must determine the optical emission
cross sections for the cascading transitions as illustrated in
Eq. �5�. For excitation out of the ground state into the
Ne�2p53p�, Ar�3p54p�, Kr�4p55p�, and Xe�5p56p� levels re-
ported in Refs. �5,23–25�, the cascade cross sections were
actually measured experimentally to evaluate the direct exci-
tation cross sections. Although similar measurements, in
principle, can be performed for excitation out of the meta-
stable levels into the same set of np5�n+1�p levels, the sig-
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nal levels for the cascading emissions were too small to de-
tect. As to excitation into the higher members np5�n+2�p,
the cascade emissions are in the far-infrared precluding di-
rect measurements even in the case of ground-state excita-
tion.

In lieu of direct measurements we have devised a model
for estimating cascades for the case of excitation out of the
metastable levels. Details of this model are discussed in the
Appendix. We have applied this model to address the cas-
cades in connection with excitation into the Ar�3p54p�,
Ar�3p55p�, Xe�5p56p�, and Xe�5p57p� levels from the meta-
stable levels. For the case of Ar�3p54p�, our model gives the
cascade component as 17% of the apparent excitation cross
section, in reasonable agreement with the estimate of 10%
based on the time-resolution-like experiment of Ref. �9�. We
obtain a significantly larger cascade component of 27% for
Ar�3p55p� which is also consistent with the estimates given
in Ref. �10�. The Xe�5p56p� is found to have 21% cascade in
line with its lighter analog Ar�3p54p�. Our special interest in
this paper is, of course, Xe�5p57p� and here we have a rather
unusual situation. Of the levels capable of cascading into
Xe�5p57p�, the Xe�5p56d� group is most favorably popu-
lated by excitation out of the metastable level. However, the
5p56d→5p57p emissions have negligibly small transition
probabilities due to the extraordinarily small frequencies
�equivalent to �Eij of 0.07 eV� eliminating what normally
would be the major source of cascade. As a result we esti-
mate the cascade to be less than 10%. See Appendix for
details of this calculation. With such a small cascade compo-
nent, the apparent excitation cross sections of Xe�5p57p� re-
ported in this work can be taken as direct excitation cross
sections to a good approximation.

D. Results and discussion

Apparent cross sections for excitation from the metastable
level into the 3p5 through 3p9 levels measured as a function
of incident electron energy are listed in Table III and plotted
in Fig. 4. Error bars shown represent the statistical uncer-
tainty only and do not reflect the systematic uncertainty
��40%� associated with placing the results on an absolute
scale. Table IV lists optical emission cross sections at 8 eV
obtained from combining the apparent cross-section values

in Table III and branching fractions from Ref. �12� in accor-
dance with Eq. �6�.

We do not report a cross section for excitation into the
3p10 level since all of the possible emission lines were �i� too
weak to provide a measurable signal, �ii� outside the favor-
able detection range of the PMT, or �iii� contaminated by
other nearby emission lines arising from the excitation of
helium or xenon. This latter case is only a problem on the
hollow cathode system as the interference filters used for
spectral isolation have a FWHM of 0.3–1.0 nm, while the
monochromator system used in the ground-state apparatus
can attain a much higher resolution �i.e., �0.15 nm FWHM;
see Sec. II A�.

The excitation cross sections reported in this paper fall
into two classes: dipole-allowed �1s5→3p8, 3p6, 3p9, 3p7
corresponding to J=2→J=3,2 ,2 ,1� and dipole-forbidden
�1s5→3p5 corresponding to J=2→J=0�. Discussion of
dipole-allowed excitation is facilitated by the Born-Bethe
theory where the cross section for i→ j excitation Qij�E� as a
function of energy is expanded as a leading E−1 ln E term
followed by higher-order members in the powers of E−n,

Qij
BB�E� 
 4
ao

2f ij
R2

EEij
ln E + O�E−2,E−3, . . .� , �9�

where ao is the Bohr radius, R is the Rydberg energy, Eij is
the excitation energy from the initial to final level, and f ij is
the optical oscillator strength of the i→ j transition. The
E−1 ln E relation in the first term is associated with the char-
acteristic broad maximum observed in the energy depen-
dence of the excitation cross sections corresponding to
dipole-allowed transitions. However, when f ij is small the
higher-order terms become more prominent resulting in a
change in the excitation function toward a narrower peak that
reflects the E−n components. Such a bridging is indeed evi-
dent in our data. Of the four dipole-allowed excitations re-
ported here, the 1s5→3p8 and 1s5→3p6 have the largest
oscillator strengths �0.0114 and 0.0075, respectively�, and
their excitation functions are clearly characterized by a broad
maximum, albeit with a small structure near threshold for
1s5→3p6.

Continuing onto the third graph �1s5→3p9� of Fig. 4
where the optical oscillator strength f ij is reduced to 0.0025,
the cross section between 5–10 eV remains rather flat like the

TABLE III. Apparent cross sections for excitation from the 1s5 metastable level at selected incident
electron energies. Uncertainties in the values are �40%.

Energy
�eV�

Apparent cross section �10−16 cm2�

3p5 3p6 3p7 3p8 3p9

3 0.008 0.12 0.076 0.41 0.25

4 0.156 0.43 0.464 1.18 0.43

5 0.129 0.35 0.251 1.10 0.34

6 0.089 0.36 0.201 1.24 0.28

7 0.054 0.37 0.243 1.17 0.30

8 0.053 0.35 0.144 1.10 0.32

9 0.076 0.34 0.068 1.17 0.34
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two graphs above it. On the other hand, the near-threshold
structure which is barely discernable in the second graph
�1s5→3p6�, now develops into a full-fledged peak echoing
the earlier suggestion of a stronger presence of the higher-
order terms when f ij becomes small. The 1s5→3p7 excita-
tion function �fourth graph� corresponds to the smallest f ij of
0.0006, and a cursory inspection of the cross-section curve
does indicate an even more prominent near-threshold struc-
ture around 4 eV. However, the error bars in the 1s5→3p7
data are substantially larger than the case of 1s5→3p9, thus
one must be careful in comparing the shape of the excitation
function. As a quantitative measure of the prominence of

the near-threshold structure, we examine the ratios of the
cross sections at 4, 4.5, and 5 eV, i.e., Q�4.5 eV� /Q�4 eV�
and Q�5 eV� /Q�4 eV�. For the 1s5→3p9 excitation where
the error bars are relatively small, we calculate these ratios
using the data points ��� in the graph which give
Q�4.5 eV� /Q�4 eV�=0.92 and Q�5 eV� /Q�4 eV�=0.79.
Turning to 1s5→3p7, where the error bars are much larger
we get Q�4.5 eV� /Q�4 eV�=0.72 and Q�5 eV� /Q�4 eV�
=0.54 if we use the data points in the graph, indicating a
much steeper decent of the excitation function. However
we need to address the uncertainty introduced by the larger
error bars. For this purpose we consider the worst extreme
scenario where we take the lowest limit of the cross section
�given by the error bar� at 4 eV, but use the upper limit
for cross sections at 4.5 and 5 eV in order to suppress as
much as possible the visibility of the near-threshold feature.
The ratios now become Q�4.5 eV� /Q�4 eV�=0.96 and
Q�5 eV� /Q�4 eV�=0.75. Considering that this worst ex-
treme situation is extremely unlikely, we see that the 1s5
→3p7 excitation shows even more departure from the stan-
dard dipole-allowed prototype as compared to 1s5→3p9. Fi-
nally the 1s5→3p5 excitation is a dipole-forbidden case and
the cross-section data are indeed completely devoid of the
broad maximum feature.

Although the magnitudes of the cross sections �at 8 eV�
for all five cases are qualitatively in the order of their respec-
tive oscillator strengths, no simple quantitative correlation is
apparent. This is in contrast to our findings for Ar�1s5
→2px� and Xe�1s5→2px� excitations where the cross sec-
tion scales with the oscillator strength �7,9�. This scaling
relation is not only interesting but also has a practical utility
since it allows us to estimate cross sections where experi-
mental data are not available. The absence of such a scaling
rule for Xe�1s5→3px� is naturally disappointing. Neverthe-
less, a similar unfortunate situation also exists in Ar�1s5
→3px� where the cross sections do not track well with the
oscillator strengths �10�.

To understand the physical origin of the variance between
the 1s5→2px and 1s5→3px series reported above, some
clarifying remarks concerning our usage of the Born-Bethe
theory to analyze the experimental data are in order. In ref-
erence to the Born-Bethe expansion as given in Eq. �9� it is
customary to make a further approximation of retaining only
the leading term

Qij
BB�E� 
 4
ao

2f ij
R2

EEij
ln E , �10�

reflecting the well-known connection of cross section with
oscillator strength and the E−1 ln E energy dependence. Ap-
plication of this equation to our data, however, must be made
with care since it is valid only at high energies. For instance,
Eq. �10� does not reproduce quantitatively the shape of the
observed excitation function near the maximum; only at en-
ergies well above the peak region does Eq. �10� make a
reasonable approximation. Nevertheless, we can speak of a
broad or narrow peak in a qualitative way depending on
whether the cross sections vary like E−1 ln E or E−n�n�1� at
high energies. Looking at the general shape of the curves in
Fig. 4 we should not expect Eq. �10� to be valid at 8 eV
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FIG. 4. Apparent cross sections for electron excitation from the
1s5�J=2� metastable level into levels of the Xe�5p57p� configura-
tion. Error bars are statistical only and do not include the uncer-
tainty in the absolute calibration ��40%� and transition probabili-
ties used to convert Qopt to Qapp.
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which is still in the neighborhood of the peak. Thus our
observation of the excitation cross section not being propor-
tional to the oscillator strength in the Ar�1s5→3px� and
Xe�1s5→3px� series is not a surprise. What is really surpris-
ing is the Xe�1s5→2px� excitation series, and also Ar�1s5
→2px�, where the cross section for excitation into a particu-
lar final state �2px� within the series remains approximately
proportional to the corresponding oscillator strength even at
energies almost down to the excitation threshold.

To view this situation from a more quantitative perspec-
tive, we express the i→ j electron excitation cross section,
Qij�E� �units of 
a0

2� as

Qij�E� =
1

E

8

�Eij
�

Kmin

Kmax

f ij�K�d�ln K� , �11�

where E is the incident electron energy �in Rydbergs�, �Eij is
the excitation threshold, K is the momentum transferred �di-
vided by ��, and f ij�K� is the generalized oscillator strength.
The limits of integration, Kmin and Kmax, which are functions
of �Eij and E, correspond to forward and backward scatter-
ing. Values for the generalized oscillator strengths for
Xe�1s5→2px� and Xe�1s5→3px� excitation processes were
calculated using the method of Ref. �26�.

A plot of the generalized oscillator strength f ij�K� against
K shows a constant value from K=0 through K�0.1ao

−1 fol-
lowed by a monotonic decline at higher K as illustrated in the
upper block of Fig. 5 for the case of Xe�1s5→2p8�. The
f ij�K� curves for the other 1s5→2px members have the same
shape and differ only in the asymptotic value f ij�K=0�. Since
the observed excitation cross section corresponds to the area
under this curve between Kmin and Kmax, the excitation cross
sections for different members of the 1s5→2px series at a
given energy vary according to the respective f ij�K=0�
which is the optical oscillator strength. The shape of the
f ij�K� curve, however, is very different for the 1s5→3px se-
ries. For instance, f ij�K� for 1s5→3p8 excitation starts with a
constant value from K=0 to K�0.1ao

−1 then rises to a maxi-
mum value almost three times f ij�K=0�, as shown in the
lower block of Fig. 5. At low electron energies the range of

the K parameter is such that the excitation cross section cor-
responds only to the area of the f ij�K� curve near the peak,
bearing little apparent relation to the optical oscillator
strength. Unlike the case for 1s5→2px excitation where the
generalized oscillator curve is characterized by the single
scaling parameter f ij�K=0�, the 1s5→3px curve has two ef-
fective parameters, f ij�K=0� and f ij�K	0.3ao

−1�. To the ex-

TABLE IV. Optical emission cross sections for excitation out of the 1s5�J=2� metastable level at 8 eV.
Entries for dipole-forbidden transitions are left blank. Values obtained via branching fractions are indicated in
parenthesis. Uncertainties in total apparent cross sections �QApp� include statistical and systematic uncertain-
ties from measured emission cross sections and the additional uncertainties introduced by using branching
fractions from Ref. �12� to fill in unmeasured transitions.

Lower level

Cross Section �10−16 cm2�

3p5�J=0� 3p6�J=2� 3p7�J=1� 3p8�J=3� 3p9�J=2�

1s2�J=1� �0.019� �0.042� �0.035� �0.028�
1s3�J=0� �0.049�
1s4�J=1� 0.016 �0.025� 0.008 0.041

1s5�J=2� 0.092 �0.0004� 0.341 �0.031�
�5p57s �0.010� �0.124� �0.025� �0.51� �0.104�
�5p55d �0.008� �0.070� �0.027� �0.25� �0.114�
QApp �0.053�0.030� �0.353�0.140� �0.144�0.060� �1.10�0.45� �0.318�0.130�
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FIG. 5. Generalized oscillator strengths for the �J=2→J=3�
Xe�1s5→2p8� and Xe�1s5→3p8� excitation processes.
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tent that these are independent of one another, the 1s5
→3px excitation cross sections at low energies will in gen-
eral be independent of the f ij scaling. The variations of the
generalized oscillator strength with respect to K for both
Xe�1s5→2p8� and Xe�1s5→3p8� indeed closely parallel to
what we have seen in Ar �10�.

Before leaving this section we must emphasize that the
close tracking of the 1s5→2px excitation cross sections near
the threshold region is not to be taken as a validation of Eq.
�10� at low energies. Clearly the energy dependence of all
our 1s5→2px cross section data in the 2–10 eV region does
not conform to the E−1 ln E expression. The observed rela-
tion between excitation cross section and oscillator strength
for the 1s5→2px series is not a consequence of Eq. �10�, but
rather stems from the particular shape of the f ij�K� curve.

E. Comparison to other work

The optical emission cross section for excitation from the
1s5�J=2� into the 3p8�J=3� level using the 3p8→1s5 �467.1
nm� emission line has been previously measured by Mi-
tyureva and Smirnov �27�, using a two-pulse electron-beam
method �28�. In their technique, a high-energy pulse first
excites atoms into the metastable level from the ground state,
and a second low-energy pulse excites atoms into 5p57p lev-
els. They report a peak optical emission cross-section value
of 2.2�10−16 cm2 ��50%� at an electron energy of 6 eV
and falling to a value of 1.1�10−16 cm2 ��30%� at 8 eV.
This seemingly peaky shape is in sharp contrast to the
present results as well as all previous works in rare gases in
which a broad peak is found for excitation from 1s5 into the
J=3 level of the 2p and 3p groups. In addition, the overall
magnitude at 8 eV appears to be nearly a factor of 3 larger
than the value obtained in this work.

Examination of cross-section data for excitation out of the
metastable levels of Kr and Xe provides further insight to the
physics of the excitation process. For the heavy rare gases
�Kr and Xe� three major parameters to consider when com-
paring cross sections are �i� the energy difference ��E� be-
tween the initial and final levels involved in the excitation
process, �ii� whether or not the excitation process is dipole
allowed according to the familiar selection rules �i.e., �J
=0, �1; with J=0→” J=0�, and �iii� whether or not the core
angular-momentum quantum number jc of the initial and fi-
nal levels is preserved in the excitation process. The signifi-
cance of this latter parameter was made apparent through our
prior work on Kr �29� and Xe �7�. As an interesting case, we
compare the present results for excitation from the 1s5 meta-
stable level into the six 5p57p levels corresponding to the
core angular momentum jc=3 /2 with previously measured
cross sections for excitation into the four 5p56p levels cor-
responding to jc=1 /2 �called 5p56p��. Note that these two
groups have similar excitation energies ��E� as depicted in
Fig. 1, and can be used to expose the relative importance of
parameters �ii� and �iii�. Observations from prior work on all
of the rare gases demonstrate that cross sections correspond-
ing to dipole-allowed processes are in general larger than
dipole-forbidden processes and that cross sections corre-
sponding to core preserving processes �especially in the

heavy rare gases Kr and Xe� have been shown to be larger
than those changing the core �4�. Furthermore, based on ex-
periments in Ar, cross sections for excitation out of the 1s5
metastable level into the 2p manifold are on average an order
of magnitude or more larger than cross sections into the 3p
manifold �10�. In light of these trends we discuss a specific
comparison of the Xe�1s5→3p5� cross section measured in
this work to the Xe�1s5→2p4� cross section previously mea-
sured �7�. In this comparison, the 1s5→3p5 excitation pro-
cess is dipole forbidden �J=2→J=0� but core preserving
�jc=3 /2→ jc=3 /2�, while the 1s5→2p4 excitation is dipole
allowed �J=2→J=2� but core changing �jc=3 /2→ jc
=1 /2�. Furthermore, having �n=2 places the 1s5→3p5 pro-
cess at a distinct disadvantage to the more favorable �n=1
1s5→2p4 process. We estimated the 1s5→2p4 cross section
to be much less than 0.2�10−16 cm2 �7�, which is at most
on par with the 1s5→3p5 cross section �the smallest of those
measured in this work�. The results of this comparison sug-
gest that the excitation process favors core preservation over
the dipole-type coupling. This is in agreement with previous
experiments on Kr �29�.

IV. CONCLUDING REMARKS

In low-temperature plasmas, Xe�5p57p� levels are popu-
lated via electron-impact excitation from both the ground
state as well as the metastable level�s�. In this regard, it is
enlightening to examine two ways in which the metastable
cross sections from Sec. III differ from the ground-state cross
sections measured in Sec. II. First, the peak cross section into
a given Xe�3px� level out of the 1s5 metastable level is 12 to
51 times the peak cross section out of the ground state. Sec-
ond the threshold energy ��Eij� into the Xe�3px� levels out
of the metastable levels is considerably smaller ��2.7 eV�
than that out of the ground state ��11 eV�. While the meta-
stable cross sections are, on average, only an order of mag-
nitude larger than their ground-state counterparts, the much
lower excitation thresholds ensure that in a low-temperature
plasma, which contains far more low-energy electrons than
high-energy electrons, excitation from the metastable levels
may be significant. Indeed, in the case of emissions from the
Xe�2px� levels, for which the cross sections out of the meta-
stable levels ��1.5 eV threshold� range from 8.3 to 200
times the ground-state values ��9.8 eV threshold�, Donnelly
and Schabel suggested that in their experiment on induc-
tively coupled plasmas, metastables account for 76% or more
of the excitation into levels having large Qm /Qg ratios �i.e.,
Xe�2p8� having Qm /Qg=200�, whereas for other levels �i.e.,
Xe�2p5� having Qm /Qg=8.3� the excitation from the ground
state accounts for �80% �30�.

It is interesting to note that the difference between exci-
tation out of the metastable level and ground state is gener-
ally smaller for the Xe�3px� levels than the Xe�2px� levels.
Similar variations between the metastable and ground-state
cross sections have also been observed in Ar where the ratios
for excitation into the Ar�2px� and Ar�3px� levels range from
27–500 and 11–56, respectively �9,10�. In this context, the
peak metastable to ground-state cross sections are generally
largest for excitation into Ar�2px� levels followed by Xe�2px�
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and then by Ar�3px� and Xe�3px�. This ordering correlates
well with the ratios of excitation thresholds out of ground
and metastable levels. This is largest for the Ar�2px� levels
�13.2 eV /1.6 eV	8.3�, decreases some for the Xe�2px�
levels �	6.5�, and is much smaller for the Ar�3px� and
Xe�3px� levels �4.8 and 4.1, respectively�.

For the purposes of optical plasma diagnostics and mod-
eling Xe plasma light emissions, it is sometimes more useful
to work with optical emission cross sections rather than the
apparent excitation cross sections reported in this paper.
These values can be easily computed from the apparent cross
sections from the ground and metastable levels given in Figs.
2 and 4 by multiplying by the appropriate branching frac-
tions from Table I, i.e., Eq. �6�.
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APPENDIX

We present our model calculations of the cascade contri-
butions to excitation out of the metastable levels into the
3p54p and 3p55p levels of Ar and into the 5p56p and 5p57p
levels of Xe. An interesting result of this model analysis is
the strong contrast between the results of Ar and Xe which
can be traced to the electronic structure of the atoms. Con-
sider first cascade into Ar�3p54p�. Here we are concerned
with cascades from the 3p53d, 3p54d, 3p55d, 3p55s, 3p56s,
and 3p57s levels. To find the cascades, we need �i� the cross
sections for excitation from the metastable levels �3p54s�
into the 3p5nd and 3p5ns series and �ii� the branching frac-
tions of the relevant 3p5nd→3p54p and 3p5ns→3p54p ar-
rays. Values for part �ii� are available in the literature
�31,32�. To estimate the unknown cross sections in part �i�,
we note the close correspondence between the n�p5nl levels
of the rare gases �n�=2,3 ,4 ,5 for Ne, Ar, Kr, Xe� and the
n�p6nl levels of the alkalis. If we compare the centroid of the
levels of the n�p5nl configuration of the rare-gas with the
corresponding alkali n�p6nl levels, we find practically the
same level spacings for the two sets. This is shown in Fig. 6
for the case of Ar�3p5nl� vs K�3p6nl�; the same kind of
similarity is also found for Ne vs Na, Kr vs Rb, and Xe vs

Cs. In our model we treat the levels from each Ar�4p5nl�
configuration as a single aggregate and assume that the
Ar�3p54s→3p5nl� excitation cross sections are related to the
corresponding K�3p64s→3p6nl� cross sections by a scaling
factor. Since the percentage cascade from Ar�3p5nl� into
Ar�3p54p� depends only on the ratio of Ar�3p54s→3p5nl� to
Ar�3p54s→3p54p� excitation cross sections, we use the
measured apparent excitation cross sections of K�3p64s
→3p6nl� �33� at 10 eV to obtain the Ar cross-section ratios
needed for cascade analysis. In order to handle the individual
levels from a configuration as a single manifold, we sum the
individual transition probabilities of the 3p5nl→3p54p ar-
rays over the lower level and average over the upper level to
obtain an effective transition probability for the 3p5nl
→3p54p cascade. Applying this procedure to examine the
cascades into Ar�3p54p� from the 3p55s, 3p56s, 3p57s,
3p53d, 3p54d, and 3p55d, we find that 17% of the apparent
cross section is due to cascade from the higher levels and
more than four-fifths of the total cascade came from the
3p53d configuration. The fractional cascade component for
excitation into Ar�3p54p� from the metastable level has been
measured by a time-resolution-like experiment with the re-
sult of �10% �9,34�.

Consider next, excitation of metastable levels of argon to
the Ar�3p55p� levels. We perform the same model calcula-
tion for the cascades from 3p56s, 3p57s, 3p54d, and 3p55d,
and estimate the cascade to be 27% of the apparent excitation
cross section. Again, more than four-fifths of the total cas-
cade is from just one configuration which is 3p54d in this
case.

For excitation from the metastable level of Xe into the
Xe�5p5nl� groups, the alkali counterparts are Cs�6S→nL�.
Unfortunately most of the Cs excitation cross sections
needed are not known. To estimate the Cs cross sections we
assume a scaling relation between the Rb�5S→nL� excita-
tion cross sections and the corresponding Cs�6S→ �n+1�L�
analog. Using a set of Rb excitation cross sections derived
from experimental measurements �35,36� and theoretical cal-
culations �37�, we obtain the relevant Xe cross-section ratios
for calculating cascades from the Xe�5p57s�, Xe�5p58s�,
Xe�5p59s�, Xe�5p55d�, Xe�5p56d�, and Xe�5p57d� levels
into Xe�5p56p�. Transition probabilities given in Ref. �38�
are used to calculate the effective branching fractions. Our
model calculation gives the cascade component as 21% of
the Xe�5p56p� apparent excitation cross section, with the
5p55d alone accounting for four-fifths of the total cascade.

Finally we come to consider the cascade component of
the Xe�5p57p� apparent cross sections. In all three preceding
cases, by far the largest source of cascade into a given
Ar�2p�, Ar�3p�, or Xe�2p� configuration arises from the n�d
configuration immediately above it. Thus we would expect
the Xe�5p57p� levels to receive cascade mostly from
Xe�5p56d�. Interestingly this turns out not to be the case. The
“anomaly” occurs because the Xe�5p56d� manifold is only
very slightly �0.07 eV� above Xe�5p57p� resulting in excep-
tionally small 5p56d→5p57p emission probabilities with an
effective branching fraction of 0.0008. This virtually elimi-
nates the 5p56d→5p57p cascade channel even though the
5p56d levels themselves could be significantly populated by
electron excitation of the metastables. The fractional cascade
to Xe�5p57p� is now found to be �5%.
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Even with a significant uncertainty in our estimates of the
cross-section ratios, we can always expect that because of the
very small energy difference between 5p56d and 5p57p, the
major source of cascade �i.e., typically the next higher “d”
configuration� into 5p57p is eliminated resulting in an unusu-
ally small cascade component of the apparent excitation
cross section. Nevertheless in view of the approximate nature
of the model, we place our estimate of fractional cascade as
being less than 10%.

Qualitatively, the small 5p56d→5p57p transition prob-
abilities will also limit the cascade contribution of the 5p56d

levels for excitation from the ground state. However, we can-
not provide a quantitative estimate owing to a lack of a sur-
rogate set of cross sections out of the ground state equivalent
to the metastable/alkali combination used in the above
model. It should also be noted that the typical cascade con-
tribution is on the order of the listed percentage and that the
percentage is not an average. Furthermore, the percentage of
cascades into levels having a small direct excitation cross
section could be larger than the percentage of cascades into
levels having large direct cross sections.
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