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Measurement of electron-impact excitation cross sections out of the neon3P2 metastable level

John B. Boffard, M. L. Keeler,* Garrett A. Piech,† L. W. Anderson, and Chun C. Lin
Department of Physics, University of Wisconsin, Madison, Wisconsin 53706

~Received 16 April 2001; published 13 August 2001!

We have measured cross sections for the electron-impact excitation out of the metastable levels of neon into
the ten levels of the 2p53p configuration. Two sources of metastable neon atoms were used, a hollow-cathode
discharge and a fast beam formed via near-resonant charge exchange. Both sources produce a mixed target of
Ne in both (3P0 and 3P2) metastable levels. For the 2p53p excited levels withJ52 or J53, the excitation is
dominated by excitation from the3P2 level, and we present cross sections over the energy range of 0 to 450
eV. The results are compared with the cross sections for excitation out of the metastable levels of argon and the
applications to diagnostics of ionized gas systems are discussed.
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I. INTRODUCTION
Electron-impact excitation of atoms has been long stud

not only for the theoretical insight gained into this fund
mental physical process, but also for the many practical
plications for cross-section data. Most previous works h
concentrated on excitation out of the ground state of ato
In many applications however, metastable atoms play an
portant role as intermediaries between the ground level
the final state whether it be an excited atom or ion@1,2#.
Examples include plasma processing@3,4#, lighting @5#, and
gas-discharge lasers@2,6#. Comparison of excitation into
higher levels from both the ground state and any metast
levels into a common upper level poses an interesting c
lenge to theoretical calculations. Our measurements
electron-impact excitation out of the metastable levels
neon thus serve as a counterpoint of our group’s previ
measurements of excitation out of the ground state of ne

A simplified energy-level diagram for the lowest-lying e
ergy levels of neon is shown in Fig. 1. The ground state
neon is the closed shell 1s22s22p6. The first set of four
excited levels arise from the 2p53s configuration and are
labeled 1s2 to 1s5 in Paschen’s notation. The two levels wi
J51 of this configuration, the 1s2 and 1s4 levels, are reso-
nant levels with lifetimes~in the absence of radiation trap
ping! on the order of 2 ns and 20 ns, respectively@7#. The
remaining two levels, the 1s3 (3P0) and 1s5 (3P2), are
both metastable with lifetimes in excess of 0.8 s@8#. The
next set of ten excited levels arise from the 2p53p configu-
ration and are labeled as 2p1 through 2p10 in Paschen’s no-
tation with total angular momentum values betweenJ50
andJ53 as indicated in Table I.

Cross-section measurements out of the 2p6 ground level
of neon has been extensively studied for excitation into
levels of the 2p53s configuration@9–11#, the 2p53p con-
figuration@10,12–14#, and higher levels@12,13#. In contrast,
much more limited results have been published for excita
@15–20# and ionization@21,22# out of the metastable levels
In this paper, we present our measurements for excitation
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of the 1s5 (J52) metastable level into four levels of th
2p53p configuration over the energy range of 0 to 450 e
We also report limited results for excitation from a mixe
target into the remaining six levels of the 2p53p configura-
tion.

II. METHOD

A. Apparatus

We use the optical method to measure electron-imp
excitation cross sections@23#. A monoenergetic electron
beam is passed through a metastable atom target. The re
ing fluorescence from the decay of atoms excited to high
lying levels is proportional to the apparent cross section. T
different sources of metastable atoms were used in this pa
For work at low-electron energies (,16 eV), a hollow cath-
ode discharge was used as the source of metastable a
For measurements at higher-electron energies~16 eV to 450
eV!, a fast beam of metastable atoms formed via ne
resonant charge-exchange was used. Both experiments
been described previously@24–27#, so only a brief descrip-
tion of each is presented.

1. Hollow-cathode discharge

This apparatus uses a hollow-cathode discharge a
source of metastable atoms. A hole in the base of the

f

FIG. 1. Simplified Ne energy level diagram.
©2001 The American Physical Society08-1



th
te
th

ic
y
.

o
ys
a

b
m
t f

ly
r

us
be
om
rc
io
p

e
e

-
b

ur

om
o

ly
d

i
o

oms,
our
r
ll
rge

der-
e-

re-
atic
d at
es-
t is

rfer-
in
for

bi-
al
a
the
ical
e is

ps.

in
on

the
ell

the
es
by

are

fast
ab-

ta-

tar-

ble
ion

or
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charge permit atoms to flow out of the discharge into
collision region. The electron beam crosses the uncollima
atomic beam at right angles. The electron gun used with
experiment typically produces a beam current of;10 mA at
10 eV, with an energy spread less than 0.5 eV. The opt
emissions from the decay of excited levels is detected b
photomultiplier ~PMT! operating in photon-counting mode
Narrow-band~0.3-1.0 nm! interference filters were used t
provide spectral isolation for each transition. The optical s
tem is oriented right angles to the atomic beam and at
angle of 60° to the electron-beam axis.

Only a very small fraction (;331026) of the atoms
emerging from the discharge are in either of the metasta
levels. The remaining large fraction of ground-state ato
limits this apparatus to electron energies below the onse
excitation out of the ground state~;18 eV!. The metastable
target density for this source is approximate
23108 cm23, with an estimated 5:1 statistical weighting fo
the ratio of atoms in the 1s5 :1s3 metastable levels.

2. Fast beam

The second apparatus we have used in this paper
near-resonant charge exchange between a fast neon ion
and a cesium vapor target to produce metastable Ne at
Neon ions are extracted from a radio-frequency ion sou
and accelerated to an energy of 1.6 keV. The focused
beam is then passed through a recirculating cesium va
target that converts some of the ions into neutral atoms.

We determine the fraction of 1s5 (J52) metastable at-
oms in the resulting neutral beam as follows. The four lev
of the neon 2p53s configuration are near resonant with th
ground state of cesium (DE between 10.8 eV and
11.1 eV for the four levels!. There are no published mea
surements of the beam composition for charge transfer
tween 1.6 keV neon ions and cesium. However, meas
ments of charge transfer between neon and sodium@28,29# as
well as between other heavy rare-gas atoms and alkali at
generally indicate that at low-keV energies, the four levels
the neon 2p53s configuration are populated approximate
according to their statistical weights. Following the groun
state decay of theJ51 levels, this yields a1S0 :3P2 :3P0
beam composition ratio of 6:5:1. The ground-state fraction
our fast beam is slightly higher due to a combination

TABLE I. Relevant energy levels.

Paschen Racah J Transition Obs. Wavelength~nm!

2p1 3p8@1/2#0 0 2p1→1s2 585.2
2p2 3p8@1/2#1 1 2p2→1s2 659.8
2p3 3p@1/2#0 0 2p3→1s4 607.4
2p4 3p8@3/2#2 2 2p4→1s2 667.8
2p5 3p8@3/2#1 1 2p5→1s3 626.6
2p6 3p@3/2#2 2 2p6→1s2 692.9
2p7 3p@3/2#1 1 2p7→1s4 638.3
2p8 3p@5/2#2 2 2p8→1s4 650.7
2p9 3p@5/2#3 3 2p9→1s5 640.2
2p10 3p@1/2#1 1 2p10→1s5 703.2
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resonant charge exchange with background neon gas at
and a small correction for the large acceptance angle for
collision region (;0.25°) which allows for a small numbe
of nonresonant~large-angle! scattering events that can sti
enter our collision region. A small amount of resonant cha
transfer into the levels of the 2p53p configuration is also
possible; however, the measurements of Meyer and An
son @30# indicate that this is unlikely for beam energies b
low 10 keV. We thus estimate the fraction of 1s5 metastable
atoms in our fast beam to be 0.3960.05.

After passage through the charge-exchange cell, the
maining ions are removed from the beam by electrost
deflection plates. The fast neutral beam is then crosse
right angles with an electron beam, and the resulting fluor
cence is detected at right angles to both beams. The ligh
collected by a lens, passed through a narrow-band inte
ence filter, and imaged onto a cooled-PMT operating
photon-counting mode. Typical electron-beam currents
this apparatus were;150mA at 50 eV, with a<1 eV energy
spread. The atomic beam flux was measured with a com
nation secondary-electron emission/pyroelectric-film therm
detector@31#. The thermal detector is calibrated by using
fast neon ion beam whose current is also recorded by
neutral detector operating as a Faraday cup. The typ
metastable number density using the fast beam sourc
;13106 cm23.

B. Data collection

Final cross-section results were obtained in three ste
First, relative excitation functions (Q vs. E) are obtained for
each excited level. This consists of dividing the difference
photon counts with electron beam on/off, by the electr
current and neutral beam flux~in the case of the fast beam
source, the neutral beam was also modulated by gating
ion beam on/off before it entered the charge-exchange c!.
In the second step, the absolute value of the 1s5→2p9 exci-
tation cross section is found at an energy of 75 eV using
procedure outlined in Sec. II B 1. In the third step, the valu
of the other 2p53p levels are placed on an absolute scale
ratioing the relative results to the measured 1s5→2p9 exci-
tation cross section at 10 eV. The details of this procedure
outlined in the Sec. II B 2.

1. Calibration of 2p9 level

The absolute calibration procedure, done using the
beam target, is essentially the same as that used for the
solute calibration of both our previous results with me
stable helium and argon fast beam targets. The signalS is
recorded for an experiment with a fast metastable beam
get (m), and for a static ground-state target~g! obtained by
filling the collision chamber with neon gas. The metasta
cross section can be found in terms of the known excitat
cross section out of the ground state using,

Qm~E!5Qg~E!~Sm /Sg!Coverlap~E!, ~1!

whereCoverlap is related to the different beam overlaps f
the fast~metastable! beam and the static~ground state! gas
targets. In particular,
8-2
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MEASUREMENT OF ELECTRON-IMPACT EXCITATION . . . PHYSICAL REVIEW A64 032708
Coverlap~E!5

E Fs~rW !ng~rW !J~E,rW !drW

E F f~rW !nm~rW !J~E,rW !drW
, ~2!

wherenm andng are the number densities of the metasta
and ground-state targets,J(E) is the electron-beam curren
density,E is the electron energy, andF is the probability of
detecting a photon from atom excited at positionrW and is
qualitatively different for a static gas target (Fs) and a fast
beam target (F f). More information on the procedures em
ployed to measure the various profiles of the optical syst
and the electron and neutral beams can be found in Ref.@32#.

The ground-state portion of the experiment is perform
with a neon gas pressure of 1.331027 Torr ~measured by a
spinning rotor gauge!. We have used the ground state app
ent cross sections of Chiltonet al. @12# extrapolated to zero
pressure. At 100 eV, this extrapolation yields a value of
2p9 apparent cross section of (2564)310220 cm2. This is
in excellent agreement with the recent value of (24
63.4)310220 cm2 measured by Tsurubuchiet al. @10#.

The uncertainty in the absolute calibration has four m
sources: the measurement of the neutral beam
(618%), the estimation of the fraction of 1s5 metastable
atoms in the fast beam (612%), the calculation of the beam
overlap integral~which includes contributions from both th
beam size measurements and the beam position!
(615%), and the uncertainty in the ground-state excitat
cross section (612%). When combined with the lesser u
certainties in the measurement of the electron-beam cur
and the ground-state target density, the total uncertaint
the absolute calibration amounts to630%.

2. Calibration of other levels

The absolute calibration of the remaining 2p cross sec-
tions was carried out on the hollow cathode discharge so
apparatus using a method described previously@33#. Essen-
tially, the wavelength dependence of the detector efficie
is removed by utilizing the known cross sections for exci
tion from the ground state@12#, and then tying all measure
ments to the previously determined 1s5→2p9 excitation
cross section. The metastable signal ratios are taken a
electron energy of 10 eV, while the ratio of the ground-st
cross sections are performed near the peak of the gro
state cross sections~;50 eV!,

Q1sn→2px
~10 eV!5Q1s5→2p9

~10 eV!S n1s5

n1sn

D
3FS1sn→2px

~10 eV!

S1s5→2p9
~10 eV!GFSgs

2p9~Epeak!

Sgs
2px~Epeak!

G
3FQgs

2px~Epeak!

Qgs
2p9~Epeak!

G . ~3!
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For completeness, we have included in Eq.~3! the ratio of
the metastable atom number densities to account for the
ferent number of 1s5 and 1s3 metastable atoms present
the target. However, in this paper we only report results
excitation out of the 1s5 metastable level so this ratio is no
needed.

As a cross check of the absolute calibration procedu
for the two apparatuses, we also performed the fast-be
absolute calibration for the 2p6 and 2p8 levels. In both
cases, the values agreed to those obtained from the hol
cathode experiment to better than63%.

C. Additional corrections

We believe that three additional effects have only a n
ligible effect on our cross-section measurements: polar
tion of the fluorescence, excitation from nonmetastable l
els, and cascades. We address each of these concerns
order of potentially increasing importance.

1. Polarization

Alignment of the excited atom’s orbitals along a quan
zation axis, as defined by the electron beam, would introd
both a polarization of the emitted fluorescence and an ani
ropy in its emission pattern@23#. This introduces a correction
to our measured cross-section values of the form (12P/3),
where P is the standard definition of optical polarizatio
Hence, if we entirely ignore polarization, in the worse ca
scenario of 100% polarization, this introduces only a 33
error in our results. This high level of polarization, howev
is rarely found except possibly for electron energies v
near the excitation threshold. At high energies~.15 eV!, an
expected maximum value ofP560.2 yields only a 7% cor-
rection, which is on the order of the statistical uncertainty
the measurements. Our low-energy results~,15 eV! ob-
tained from the hollow-cathode discharge source should
polarization independent since the optical axis~oriented at
60° to the electron-beam axis! is very close to the magic
angle of 54.7° where the emission intensity is equal to
average intensity independent of polarization@23#. We con-
clude that polarization of the fluorescence produces onl
very small change in the optical cross sections and we th
fore ignore the effect of polarization.

2. Nonmetastable atoms in target

In addition to the two metastable levels, each atom sou
also produces a considerable number of atoms in the gro
state, and in the twoJ51 resonant levels of the 2p53s con-
figuration. In the case of the hollow-cathode experiment,
overwhelming number of ground-state atoms in the tar
limits the energy range of the apparatus to energies w
below the threshold for excitation from the ground state. T
gas pressureinside the hollow-cathode discharge is hig
enough to allow some population buildup of the short liv
~;20 ns! 2p53sJ51 resonant levels by radiation trappin
However, the reduced gas pressure outside the discha
combined with the.15 ms flight time of the atoms from the
discharge to the collision region severely reduce the con
bution from these levels. Clear evidence of this is seen in
8-3
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BOFFARD, KEELER, PIECH, ANDERSON, AND LIN PHYSICAL REVIEW A64 032708
2p1 and 2p3 ~both J50) excitation functions~see Sec.
III A !. Both levels have sharply peaked excitation functio
characteristic of excitation from nondipole-allowed levels,
compared to the broad energy dependence one would ex
for excitation from theJ51 resonant levels.

For the fast-beam metastable atom source, the n
resonant charge-exchange process creates about half o
neutral atoms in theJ51 levels of the 2p53s configuration.
The 7 ms flight time from the charge-exchange cell to t
collision region is long enough for these atoms to decay
the ground state. The resulting fast-neutral beam, howe
still consists of over 50% ground state atoms. Since this
paratus operates with electron energies above the thres
for ground-state excitation, these atoms are expected to m
some small contribution to detected signal. However,
peak ground-state excitation cross section is typically two
three orders of magnitude smaller than the correspond
metastable excitation cross section. Further, the ground-
excitation value falls off much faster with increasing electr
energy than does the cross section for excitation from
metastable levels. Thus, the ground-state contribution to
measured signal is less than 1% for all the levels we h
measured.

3. Cascades

An excited level is populated both by direct electro
impact excitation and by electron-impact excitation in
higher-lying levels followed by spontaneous decay into
excited level of interest. The sum of the direct cross sec
and the cascade contribution yields the apparent cross
tion. Chilton et al. have shown that forground-stateexcita-
tion into some levels of the 2p53p configuration, the cascad
contribution at some energies can exceed the direct ex
tion cross section@12#. This pattern is not expected for exc
tation out of the metastable levels. Excitation into the 2p53p
levels correspond to dipole-allowed processes for the m
stable levels, which should yield large cross sections. C
cades into the levels of the 2p53p configuration arise mainly
from the levels of the 2p54s and 2p53d configurations. Ex-
citation into these levels from the metastable levels should
small due to their dipole-forbidden nature. This is the opp
site case from ground-state excitation since excitation fr
the 2p6 ground state into the 2p53p levels correspond to
dipole-forbidden processes, whereas excitation from
ground state into some of the levels that cascade into
2p53p levels are of the dipole-allowed type. In Ref.@12# the
cascade transitions were measured with a near-IR Fou
transform spectrometer; unfortunately, the low-signal ra
for metastable excitation make direct measurement of
cascading transitions very difficult.

We can, however, use the fast beam apparatus to obta
upper limit of the cascade contribution using a form of
time-resolved experiment@34#. Due to the high velocity of
atoms in the fast beam (;1.43107 cm/s!, atoms travel sig-
nificant (;mm) distances between the point where they
excited by an electron and the point where they decay.
measuring the spatial profile of the fluorescence sig
downstream from the electron beam, it is possible to de
mine the temporal dependence of the excitation signal. C
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cading levels always increase the decay period since
atom must undergo two decays before giving off a detecta
photon. Large amounts of cascades would thus inflate
signal measured at long delays/distances after the elec
beam pulse/position. Our data for the 1s5→2p9 excitation
process is shown in Fig. 2. A fit to the data indicates that
cascade cross section is (365)% of the direct cross sectio
for this level. For the 2p6 level, the fit yielded a cascad
cross section that is only (1067)% of the direct cross sec
tion. The actual contribution of cascading levels to our m
sured signal is less than this amount, since cascading a
tend to decay downstream of the point where we typica
collect fluorescence. This effect further reduces the amo
of cascades in the fast-beam ‘‘apparent’’ cross-section m
surements by approximately a factor of two@34#.

In general we estimate that cascades are less than 5
the reported apparent cross sections for electron ener
over 20 eV. For energies less than 20 eV, the cascades sh
be less than 10 to 15%, except for excitation into theJ50
levels (2p1 and 2p3). For these levels, the cascades may
slightly higher since the direct cross section for these lev
from the metastable levels is relatively small.

III. RESULTS

A. Mixed target

As mentioned in Sec. II A, the atomic targets used in t
paper consist of a mixture of 1s3 (J50) and 1s5 (J52)
metastable atoms. For both sources the 1s5 :1s3 ratio of at-
oms is expected to be 5:1~statistical weighting!. In our pre-
vious paper on excitation of metastable argon@33# we used a
Ti:Sapphire laser to selectively depopulate one of the t

FIG. 2. Cascade analysis of 1s5→2p9 excitation ~at 50 eV!
from time resolution provided by use of a fast-beam target. D
points taken with a static gas target (h) are fitted~dashed line! to
find the effective widths of electron beam and optics. The only f
parameter used to compare the 1.6-keV Ne* beam data (d) to the
fast-beam modeled calculations is the absolute normalization.
model calculations are shown: the solid line assumes no casca
the dotted line assumes a 20% cascade contribution to the si
See Ref.@34# for details of this method.
8-4
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MEASUREMENT OF ELECTRON-IMPACT EXCITATION . . . PHYSICAL REVIEW A64 032708
levels so that we could separately determine the cross se
for excitation from each of the two metastable levels. It
relatively common to achieve state selection of a neon m
stable beam using dye lasers@35#; however, we have no
been able to accomplish this. As a result, the low-ene
results presented in this paper are limited to relative res
from a mixed target. For excitation into 2p53p levels with
J52 andJ53, our previous results from metastable arg
@33,36# would indicate that the signal should be dominat
by excitation from the 1s5 (J52) metastable level. Thes
results can then be placed on an absolute scale and ar
ported in Sec. III B.

The energy dependence of the measured cross sec
from the mixed target are shown in Fig. 3. There are t
general shapes: a broad maximum for excitation into thJ
51, 2, and 3 levels, and a sharp peak for excitation into
two J50 levels. The origin of this pattern is illustrated b
noting that the interaction between the incident electron
atom is dominated~to first order! by the dipole-interaction
term. Excitation into aJ51, 2, or 3 level is dipole allowed
from one or both of the metastable levels, while excitat
into theJ50 levels is dipole forbidden from both metastab

FIG. 3. Relative cross sections for excitation from the mix
target at low energy. Error bars are statistical only.
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levels. This is the same pattern that we observed for exc
tion of metastable argon@33#.

B. Excitation from 1 s5 level

Excitation into theJ52 and 3 levels is dipole allowed
from theJ52 (1s5) metastable level, but dipole forbidde
from theJ50 (1s3) metastable level. As a result, we expe
that the signal contribution from any 1s3 atoms is negligible
above 5 eV. At lower energies, the dominance of the dipo
allowed excitation may not be as distinct. Theoretical cal
lations for Ar indicate that the 1s3→2p cross section may be
the same order of magnitude as the 1s5→2p cross section
below 5 eV@37#. However, since the number density of 1s3
atoms is approximately a factor of five less than the num
density of 1s5 atoms, the contribution to the signal ra
should still be less than 10% at low energies.

Since excitation into the fourJ51 levels is dipole al-
lowed from both metastable levels, in general, we are
able to determine the separate 1s3→2p and 1s5→2p cross
sections without using a laser to perform state selection
the target. Excitation of the twoJ50 levels is dipole forbid-
den from both metastable levels, so it is once again imp
sible to determine the 1s5→2p cross section without stat
selection of the target. Nonetheless, if we assume that a
the signal is due to the 1s5 atoms in the target, it is possibl
to place upper limits on the 1s5→2p1 and 1s5→2p3 cross
sections. Doing so, we find that the upper limit on the 1s5
→2p1 peak cross sections is 0.40310216 cm2, and
0.37310216 cm2 for the peak 1s5→2p3 cross section. Al-
ternatively, if we assume that all of the signal is due to t
1s3 atoms in the target, the upper limits on the peak cr
sections are both equal to 2310216 cm2 for the 1s3→2p1
and 1s3→2p3 cross sections.

In Fig. 4, we present excitation functions for the fo
levels where the signal is dominated by excitation from
1s5 metastable level for incident electron energies up to 4
eV. Values at selected energies are listed in Table II. As
cussed in Sec. II C 3, the cascade contribution to the m
sured apparent cross sections is estimated to be less tha
at high-electron energies~.40 eV!. While a larger contribu-
tion at low energies cannot be completely ruled out, we
lieve the reported numbers are a very good approximatio
the direct cross sections.

C. Comparison with experiment and theory

1. Previous experimental work

There have been a number of other experimental meas
ments related to the measurements reported here@15–20#.
Except for the relative excitation function reported by M
tyureva and Penkin@15#, the other experiments measure
rate coefficients in a neon discharge that were inverted
cross-section measurements by using a measured ele
temperature and assumed cross-section energy depend
These discharge results are only sensitive to cross-sec
values near onset due to the low electron temperature of
discharges. The possible presence of radiation trap
2p53sJ51 levels further complicates the analysis of the
8-5



n

s-
ed

cal

BOFFARD, KEELER, PIECH, ANDERSON, AND LIN PHYSICAL REVIEW A64 032708
FIG. 4. Absolute cross sections for excitatio
from the metastable 1s5 level. Data points below
15 eV were obtained with the hollow cathode di
charge source, points above 15 eV were obtain
with the fast-beam target. Error bars are statisti
only, and do not include the additional630%
uncertainty in the absolute calibration.
e
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discharge experiments unless a laser@20# is used to separat
out the contribution from each of the four possible init
levels. Thus, quantitative comparisons of the cross sect
from these experiments with our measurements must
viewed with care. In the following paragraphs, we discu
briefly each experiment and relate its results with ours.
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Behnkeet al. @19# fitted parameters in a semiempiric
formulation of the Born-Bethe approximation to data from
low-pressure glow discharge. For the peak 1s5→2p9 excita-
tion cross section their fit yields a value of 19310216 cm2

that is identical to the value of (1966)310216 cm2 for our
experiment. The agreement for the other three levels, h
o
TABLE II. Apparent/direct cross-section results. Units of 10216 cm2. Error bars are statistical only and d
not include the630% uncertainty in the absolute calibration.

Energy Q(1s5→2p4) Q(1s5→2p6) Q(1s5→2p8) Q(1s5→2p9)
~eV! (J52) (J52) (J52) (J53)

2 0.1460.09 0.0660.16 0.260.1 1.160.1
3 1.960.1 6.760.1 3.960.1 13.0960.04
4 2.560.1 8.760.2 5.660.1 17.760.1
6 2.660.1 9.960.1 5.6760.05 19.4860.05
8 2.660.1 10.160.1 5.1160.05 19.360.1
10 2.560.1 9.660.1 4.8760.04 19.160.1
15 2.560.1 9.660.2 4.160.2 18.960.3
20 1.860.2 9.960.7 4.060.2 17.660.3
30 2.160.2 9.260.3 4.060.1 14.860.1
50 1.760.1 6.560.3 3.460.2 12.460.1
75 1.360.1 5.260.1 2.360.1 10.160.1
100 0.9860.09 4.260.1 1.860.1 8.4360.07
150 0.9160.08 3.660.1 1.3360.06 6.2460.07
200 0.6460.08 2.760.2 1.1660.06 4.9660.05
300 0.4860.06 1.960.1 0.8060.04 3.5160.04
400 0.3560.05 1.460.1 0.6360.03 2.7560.03
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TABLE III. Comparison of 1s5→2pi cross-section results. Units of 10216 cm2. For the theoretical values and the results of this pap
the values reported are peak cross sections. For other experimental results, the values are mean values weighted over a;3 eV electron
temperature. Last two columns are the generalized IP-Born values of Hyman combined with optical oscillator calculations of Tayet al.
and of Seaton.

Excitation
into
level

Experiment Theory

This
paper

Frish
@16#

Beterov
@17#

Samson
@18#

Behnke
@19#

Bortwick
@20#

Leveau
@38#

Hyman/
Taylor @39,40#

Hyman/
Seaton@39,41#

2p4 (J52) 2.660.8 11 7.2 2.0 1.2 3 3.0 3.4
2p6 (J52) 9.863.0 22 12 3.1 10 6 11.2 9.4
2p8 (J52) 5.661.7 13 20 3.0 6.8 4 6.0 5.8
2p9 (J53) 1966 12.5 48 19 27 19 27.5 25.5
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ever, is not as good. In particular, the value Behnkeet al.
find for the 2p6 level is a factor of 3 smaller than our resu

Samson@18# obtained cross sections from optically pum
ing a neon discharge to determine the excited-state num
densities. Since the number density of resonance levels
reported to be an order of magnitude less than the metas
number density, one can equate their measured cross sec
into theJ52 and 3 levels with the 1s5→2p excitation cross
sections. No values for the 2p9 level are reported. The re
sults for the remaining three levels are larger than the pre
results by a factor of 2.5.

Frish and Revald@16# investigated the role of excitatio
out of 2p53s levels by monitoring the intensity of 2p53p
→2p53s emission lines as a function of current density in
low-pressure discharge. At the highest discharge curr
studied, they state that half of all emissions were due
excitation of 2p53s atoms. The composition of the excite
state fraction of the target~measured by reabsorption! was
found to be 73% 1s5, 16% 1s3, and 11%J51 resonance
levels. They report mean cross sections averaged over
composition of their metastable target. Due to the suspe
contribution from theJ51 resonance levels to excitatio
into 2p53pJ51 and 2 levels, the only level that we ca
compare directly with is for excitation of theJ53 2p9
level. Upon converting their 2p53s→2p9 cross section
value into a 1s5→2p9 value, their data yields a value o
13310216 cm2, which is a factor of 0.66 smaller than th
value reported here, but within error bars.

Beterov and Chebotaev@17# studied excitation out of the
metastable levels of neon by placing a glow discharge t
within the cavity of a helium-neon laser. They obtained a
erage excitation rates by monitoring the 2p4 to 2s2 absorp-
tion of the 1.15mm laser line in conjunction with measure
ments of the fluorescence from the other 2p53p levels, and
the electron temperature. Then they employed the Bo
Bethe approximation to convert these measurements into
dividual excitation cross sections for each initial state~meta-
stable and resonant levels!. On average, the values the
report are larger than the present results by a factor of 3

Bothwick et al. @20# have recently reported rate coeffi
cients for excitation out of the 2p53s levels using laser col-
lisionally induced fluorescence. Essentially, a laser is use
alter the population of one set of excited states, while
change in fluorescence of another excited state is monito
This method allows the initial state in the excitation proce
03270
er
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ble
ons

nt

ts
o

he
ed

e
-

n-
n-

to
e
d.
s

to be determined, allowing a much better comparison to
results. The cross sections extracted from their work are
good agreement with those presented here. The largest
ference is seen in their 1s5→2p9 excitation cross section
which is 40% larger than the value reported here; while th
is excellent agreement on the 1s5→2p6 excitation cross sec
tion.

In contrast to the previously mentioned discharge exp
ments, Mityureva and Penkin@15# used a monoenergeti
electron beam along with a discharge source of metast
atoms to obtain the energy dependence of the 2p9 excitation
cross section. The composition of the metastable target
not reported. Their relative curve shows a sharp peak, w
the cross section decreasing to one tenth the peak value
eV. This is inconsistent with the negligible decrease in cro
section value we observe in the 1s5→2p9 excitation cross
section between 5 and 10 eV. They also report that the lar
metastable excitation cross sections are for the 2p1 (J50)
and 2p9 (J53) levels. This is also inconsistent with th
small upper limit we found for the 1s3→2p1 and 1s5
→2p1 excitation cross sections.

2. Comparison to theory

Three sets of theoretical calculations have been publis
for excitation out of the metastable levels of neon@38–40#.
Leevauet al. @38# have published peak cross-section valu
based upon the semiempirical Drawin formula. Their valu
are in excellent agreement with those we report here with
average difference of only 5%.

Hyman @39# has published results based on the Born
proximation, along with modifications based upon Seato
impact-parameter~IP! theory to extend the results to low
energies. These results are based upon average osci
strengths, and must be combined with sets of optical osc
tor strengths to obtain individual excitation cross sectio
Table III includes theoretical cross sections obtained by co
bining Hyman’s IP results with the oscillator values fro
Taylor et al. @40# and from Seaton@41# ~see, also, Sec
III C 3!. For both sets of values there is generally go
agreement.

Taylor, Clark, and Fon@40# have calculated excitation
cross sections using theR-matrix method for energies within
10 eV of threshold. For computational simplicity, neon w
treated as anLS-coupled atom. Furthermore their calcul
tions did not include separateJ sublevels for eachLS state,
8-7
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FIG. 5. Born-Bethe plots. Error bars are st
tistical only. Lines are the linear fits to data abov
100 eV used to extract the optical oscillato
strength of the corresponding transition.
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and therefore can not be compared directly with our da
Nonetheless, of special interest to our work is that their sp
forbidden 2p53s(3P)→2p53p(1L) excitation cross section
exhibit a sharp peak at electron energies about 1 eV ab
the excitation threshold. This illustrates the distinction b
tween spin-forbidden excitation and dipole-allowed exci
tion which has a broad maximum as shown in Fig. 3.

3. Born-Bethe approximation at high energy

In contrast with previous experimental measurements
were only sensitive to cross sections values at low-elec
energies where theoretical calculations are generally d
cult, the present results extend up high enough in energ
values where the simpler Born-Bethe approximation is
pected to be valid. In this high-energy approximation,
excitation cross section for a dipole-allowed transition
given by

Qi j ~E!54pa0
2f i j S R

ED S R

Ei j
D ln E1orderS 1

ED1•••, ~4!
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wherea0 is the Bohr radius,R is the Rydberg energy~13.62
eV!, Ei j is the energy difference between the initial levei
and final levelj, and f i j is the oscillator strength of thei
→ j optical transition. Hence, at energies high enough to
glect the higher-order terms, a Bethe plot ofQE versus lnE
would be linear, with a slope proportional to the oscillat
strength of the corresponding optical transition.

In Fig. 5, we show Bethe plots of our cross-section
sults. In Table IV, we list oscillator strengths extracted fro
linear fits to the data in Fig. 5. In this process, we ha
arbitrarily set the lower bound of the data included in the
to be 100 eV. For the case of 1s5→2p9, where the statistica
noise is smallest, there are indications that the slope is
constant until at least 300 eV. However, it is difficult to e
tract a robust estimate of the slope using only values ab
300 eV due to the limited number of measurements we h
above this energy. This decrease in the slope is less evi
in the Bethe plots of the other four levels. If this decrease
the slope is a real effect, it may explain why our extract
oscillator strengths are generally larger than the other exp
mental @42,43# and theoretical@40,41,44# values listed in
Table IV.
the

on
TABLE IV. Comparison of optical oscillator strengthsf ik . Error bars in this paper are for statistical uncertainty in the fit and from
uncertainty in the absolute calibration.

Transition Experiment Theory

Wavelength This paper Chang and Inatsugu and Wiese Taylor Seat
~nm! Sester@42# Holmes@43# et al. @44# et al. @40# @41#

1s5-2p4 588.2 0.1660.0360.05 0.0548 0.0601 0.096 0.0506 0.058
1s5-2p6 614.3 0.2860.0660.10 0.165 0.160 0.122 0.189 0.158
1s5-2p8 633.4 0.1360.0360.04 0.104 0.0971 0.082 0.101 0.097
1s5-2p9 640.2 0.4660.0460.14 0.395 0.442 0.373 0.461 0.428
8-8
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IV. DISCUSSION

The patterns observed in the excitation of metastable n
are in general accordance with our earlier works on the
citation of metastable helium@24,32,45# and metastable ar
gon@33#. Since neon is intermediate between the stronglyLS
coupled case of helium, and the intermediate coupling
argon, it is interesting to point out a few of the similaritie
and differences observed between the three atoms.

In all three atoms, we have observed excitation out o
metastable level@1s2s(23S) for He, 2p53s(3P2) for Ne,
and 3p54s(3P0,2) for Ar#, into level~s! in the next higher
configuration (1s2p for He, 2p53p for Ne, and 3p54p for
Ar! which is also optically connected to the initial config
ration. Excitation of this type is generally most favorable
account of the optically allowed nature of the excitation a
the small excitation energy. Indeed, the peak neons5
→2p9 metastable excitation cross section is over 3000 tim
the peak 2p6(1S0)→2p9 ground-state excitation cross se
tion. The corresponding metastable to ground state 2p9 ex-
citation ratio is over 470 for argon@33#. Likewise, in the case
of He, the ratio of cross sections for excitation into the 23P
level from the 23S metastable level versus from the 11S
ground level is over 5000@32#.

One interesting pattern seen in the three atoms is the
ergy at which the cross section enters the ‘‘Born-regim
For optically allowed excitations out of a metastable le
such as He(23S→33P), Ne(1s5→2p9), and Ar(1s5
→2p9), Bethe plots yielded oscillator strength in agreem
with accepted spectroscopic values for energies above 5
for He @24# and Ar @33#, whereas in the present case of N
the Born-regime occurs at somewhat higher energie
(*200 eV). In contrast, our measurements of optica
forbidden-type excitations out of the He(23S) metastable
level into the 33S, 33D, and 43D levels did not conform to
‘‘Born-like’’ behavior at energies as high as 1000 eV@24#.
This drastic difference in the Born-Bethe threshold betwe
optically allowed and optically forbidden excitations is se
only in the excitation out of metastable levels but not in t
excitation out of the ground level. The reason for this is n
understood at the present time.

Neon and argon present an additional dimension in
excitation process over helium because the final config
tions of Ne and Ar (2p53p and 3p54p, respectively! contain
ten energy levels~labeled 2p1 to 2p10 in Paschen’s notation
for both atoms! where the cross sections vary significan
from one level to another. For example, in our paper
argon we found the ratio of the peak cross sections for m
stable excitation to ground-state excitation to vary betw
730 ~for 2p4) and 10 ~for 2p1) @33#. Recalling that the
threshold for excitation into the 2p levels from the meta-
in
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stable levels is only;2 eV, which is much smaller than th
excitation threshold from the ground level~13 eV for Ar, 18
eV for Ne!, the large variation of the cross-section ratio cit
above suggest interesting applications to the diagnostic
ionized gases@3,4#. Consider a plasma containing a trace
Ar atoms. Some levels, for example, the 2p4 (J
51), 2p6 (J52), and 2p9 (J53) levels, will be prima-
rily populated by electron-impact excitation of metastab
atoms because of their large cross sections and becau
the much larger abundance of ‘‘slow’’ electrons~;2 eV!
over the fast electrons~13 eV!, even though the metastable
atom concentration may be as low as 1 part in 105 of the
ground-state atoms. On the other hand, the 2p1 (J50) level
is excited primarily from the ground level because for th
level, the metastable to ground-state excitation cross-sec
ratio is only about ten, not enough to offset the small me
stable concentration. Thus, emissions from the 2p9 and 2p1
levels can be used to monitor the distribution of the ‘‘slow
and ‘‘fast’’ electrons.

In the absence of the laser-assisted state selection o
metastable target, the present paper on neon is not as
prehensive as our earlier efforts on metastable argon. No
theless, our neon results reflect similar trends to argon.
example, as in argon the peak excitation cross sections
the J52 levels (2p4 ,2p6 ,2p8) and into theJ53 (2p9)
level from the 1s5 level, which correspond to electric-dipol
transitions, are large ranging from 2.6310216 to
19310216 cm2. For the optically forbidden excitations from
the 1s5 to theJ50 levels (2p1 and 2p3), we have obtained
an upper limit of the peak excitation cross section
0.40310216 cm2 for the 1s5→2p1 excitation and
0.37310216 cm2 for the 1s5→2p3 excitation. These uppe
limits are much smaller than the excitation cross secti
into the optically allowed levels. Moreover, the energy d
pendence of the excitation cross sections into theJ50 levels
are very different from the excitation shapes out of the 1s5
level to theJ52 andJ53 levels. Thus, as in the case o
argon, fluorescence from the various 2p emission lines of the
neon atom may serve as a useful diagnostic tool for de
mining electron temperatures and spatial distributions
metastable atoms in ionized gas systems. The cross sec
obtained in this paper will also provide a benchmark simi
to our earlier argon results for the testing of theoretical c
culations@37,46,47#.
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