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Measurement of electron-impact excitation cross sections out of the nectP, metastable level
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We have measured cross sections for the electron-impact excitation out of the metastable levels of neon into
the ten levels of the @3p 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 P, and P,) metastable levels. For thep23p excited levels with1=2 or J=3, the excitation is
dominated by excitation from th&P, 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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[. INTRODUCTION of the 1s; (J=2) metastable level into four levels of the
Electron-impact excitation of atoms has been long studie@p®3p configuration over the energy range of 0 to 450 eV.
not only for the theoretical insight gained into this funda- We also report limited results for excitation from a mixed
mental physical process, but also for the many practical aptarget into the remaining six levels of th@Zp configura-
plications for cross-section data. Most previous works havéion.
concentrated on excitation out of the ground state of atoms.
In many applications however, metastable atoms play an im- Il. METHOD
portant role as intermediaries between the ground level and
the final state whether it be an excited atom or [dr2].
Examples include plasma processiidg], lighting [5], and We use the optical method to measure electron-impact
gas-discharge laser®,6]. Comparison of excitation into €Xcitation cross sectiong23]. A monoenergetic electron
higher levels from both the ground state and any metastableeam is passed through a metastable atom target. The result-
levels into a common upper level poses an interesting chalng fluorescence from the decay of atoms excited to higher-
lenge to theoretical calculations. Our measurements oying levels is proportional to the apparent cross section. Two
electron-impact excitation out of the metastable levels oflifferent sources of metastable atoms were used in this paper.
neon thus serve as a counterpoint of our group’s previou§or work at low-electron energies{(16 eV), a hollow cath-
measurements of excitation out of the ground state of neorfde discharge was used as the source of metastable atoms.
A simplified energy-level diagram for the lowest-lying en- For measurements at higher-electron energiéseV to 450
ergy levels of neon is shown in Fig. 1. The ground state ofV), @ fast beam of metastable atoms formed via near-
neon is the closed shellsi2s?2p®. The first set of four resonant charge-exchange was used. Both experiments have
excited levels arise from thep23s configuration and are been described previous|24—-27, so only a brief descrip-
labeled &, to 1ss in Paschen’s notation. The two levels with tion of each is presented.
J=1 of this configuration, the s, and 1s, levels, are reso- _
nant levels with lifetimegin the absence of radiation trap- 1. Hollow-cathode discharge
ping) on the order of 2 ns and 20 ns, respectively. The This apparatus uses a hollow-cathode discharge as a
remaining two levels, the &5 (3Py) and 1ss (3P,), are  source of metastable atoms. A hole in the base of the dis-
both metastable with lifetimes in excess of 0.§83. The
next set of ten excited levels arise from the®2p configu-
ration and are labeled a2 through 20,¢ in Paschen’s no- 21 | g
tation with total angular momentum values betwekn0 - s
andJ=3 as indicated in Table I. 2T 2pas
Cross-section measurements out of thp# ground level 19k
of neon has been extensively studied for excitation into the L ble lovels 2p ]
levels of the »°3s configuration[9—11], the 2p°3p con- 18 me(t;::;wmze : o .
figuration[10,12—14, and higher level$§12,13. In contrast, 7L . T i
much more limited results have been published for excitation | ISR— ! Excitation from )
[15—-20 and ionization 21,22 out of the metastable levels. 16} : i ground level .
In this paper, we present our measurements for excitation ou ) :

A. Apparatus

22

Excitation from 2p53p_2p1 7

Energy (eV)

15| Excitation into "*._ |
metastable levels

*Present address: Department of Physics, University of O-OT 2;16;-:—18o T
Wisconsin—Superior, Superior, WI.
TPresent address: Corning Inc. Corning, NY. FIG. 1. Simplified Ne energy level diagram.
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TABLE I. Relevant energy levels. resonant charge exchange with background neon gas atoms,
and a small correction for the large acceptance angle for our

Paschen Racah J Transition Obs. ~ Wavelengttnm)  collision region (~0.25°) which allows for a small number

2p, 3p'[12, O 2p,—1s, 585.2 of nonresongnﬁlarge-gnglé& scattering events that can still
, enter our collision region. A small amount of resonant charge
2p, 3p'[1/2], 1 2p,—1s, 659.8 . ; >
transfer into the levels of the@3p configuration is also
2ps 3p[1/2l, O 2ps—1s, 607.4 o
5 3p'(3/2 9 5 1 667.8 possible; however, the measurements of Meyer and Ander-
2p4 Bp’[3/2]2 1 Zp‘ﬁlsz 626.6 son[30] indicate that this is unlikely for beam energies be-
Ps Pl / la P5— 1S3 : low 10 keV. We thus estimate the fraction ofsImetastable

2Ps spl3i2, 2 2ps—1s; 692.9 atoms in our fast beam to be 0:89.05.
2py 3p(3/z; 1 2p7—1s, 638.3 After passage through the charge-exchange cell, the re-
2pg 3pl52l; 2 2pg—1s, 650.7 maining ions are removed from the beam by electrostatic
2po 3p[5/2]; 3 2pg—1ss 640.2 deflection plates. The fast neutral beam is then crossed at
2py,  3p[l/2; 1 2pio—1ss 703.2 right angles with an electron beam, and the resulting fluores-

cence is detected at right angles to both beams. The light is

. ) ) collected by a lens, passed through a narrow-band interfer-
charge permit atoms to flow out of the discharge into thegpce filter, and imaged onto a cooled-PMT operating in

collision region. The electron beam crosses the U”COl"mateBhoton-counting mode. Typical electron-beam currents for
atomic beam at right angles. The electron gun used with thig,g apparatus were 150 uA at 50 eV, with a<1 eV energy
experiment typically produces a beam currentdfO uAat  gpread. The atomic beam flux was measured with a combi-
10 eV, with an energy spread less than 0.5 eV. The opticgliion secondary-electron emission/pyroelectric-film thermal
emissions from the decay of excited levels is detected by @etector[31]. The thermal detector is calibrated by using a
photomultiplier (PMT) operating in photon-counting mode. a5t neon ion beam whose current is also recorded by the
Narrow-band(0.3-1.0 nm interference filters were used to neutral detector operating as a Faraday cup. The typical

provide spectral i_solation for each transitio_n. The optical SySyetastable number density using the fast beam source is
tem is oriented right angles to the atomic beam and at an. 1w qgf em 2.

angle of 60° to the electron-beam axis.

Only a very small fraction £3x10 ) of the atoms
emerging from the discharge are in either of the metastable
levels. The remaining large fraction of ground-state atoms Final cross-section results were obtained in three steps.
limits this apparatus to electron energies below the onset forirst, relative excitation functions vs. E) are obtained for
excitation out of the ground State18 e\/)_ The metastable each excited level. This consists of leIdIng the difference in
target density for this source is approximately Photon counts with electron beam on/off, by the electron

2x10° cm™3, with an estimated 5:1 statistical weighting for current and neutral beam fiuiin the case of the fast beam

B. Data collection

the ratio of atoms in the & :1s; metastable levels. source, the neutral beam was also modulated by gating the
ion beam on/off before it entered the charge-exchange. cell
2. Fast beam In the second step, the absolute value of tee-12p4 exci-

i . tation cross section is found at an energy of 75 eV using the
The second apparatus we have used in this paper Usgs,cedure outlined in Sec. Il B 1. In the third step, the values

near—resoqant charge exchange between a fast neon ion begi,o other D°3p levels are placed on an absolute scale by
and a cesium vapor target to produce metastable Ne atomsyising the relative results to the measures-% 2p, exci-

Neon ions are extracted from a radio-frequency ion SOUrCEation cross section at 10 eV. The details of this procedure are
and accelerated to an energy of 1.6 keV. The focused 108 ;tlined in the Sec. Il B 2.

beam is then passed through a recirculating cesium vapor
target that converts some of the ions into neutral atoms. 1. Calibration of 2p, level

We determine the fraction ofsl (J=2) metastable at- o .
oms in the resulting neutral beam as follows. The four levels 1he absolute calibration procedure, done using the fast
of the neon p°3s configuration are near resonant with the P€am target, is essentially the same as that used for the ab-
ground state of cesium AE between +0.8 eV and solute calibration of both our previous results with meta-

+1.1 eV for the four levels There are no published mea- stable helium and argon fast.beam targets. The signial
surements of the beam composition for charge transfer bd€corded for an experiment with a fast metastable beam tar-
tween 1.6 keV neon ions and cesium. However, measurdl€t (M), and for a static ground-state tardgi obtained by
ments of charge transfer between neon and sof2#y29 as filling the golhsmn chamber .Wlth neon gas. The metagtat_)le
well as between other heavy rare-gas atoms and alkali atonf£°SS section can be found in terms of the known excitation
generally intsjicate that at low-keV energies, the four levels ofcT0SS Section out of the ground state using,

the neon »°3s configuration are populated approximately _

according to their statistical weights. Following the ground- Qi E)=Qg(E)(Sn/Sy) Cavenap(E). @
state decay of thd=1 levels, this yields a'Sy:3P,:3P, whereC,¢(1ap is related to the different beam overlaps for
beam composition ratio of 6:5:1. The ground-state fraction irthe fast(metastablebeam and the stati@round stategas
our fast beam is slightly higher due to a combination oftargets. In particular,
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R R . For completeness, we have included in E). the ratio of

J D(r)ng(r)J(E,r)dr the metastable atom number densities to account for the dif-

, (2)  ferent number of & and Is; metastable atoms present in

f @ ¢(r)ny(r)JI(E,r)dr the target. However, in this paper we only report results for
excitation out of the &; metastable level so this ratio is not
needed.

wheren,, andng are the number densities of the metastable, Aif] atcross chec:< of the abslolute cfallbra(tjlotr;] prfoc?(:)ures
and ground-state target3(E) is the electron-beam current '©' 1€ WO apparaluses, we aiso performed he tast-beam

density,E is the electron energy, ardl is the probability of absolute calibration for the % and s levels. In both
. . - ) cases, the values agreed to those obtained from the hollow-
detecting a photon from atom excited at positiorand is

I 0,
qualitatively different for a static gas targeb{) and a fast cathode experiment to better thar8%.
beam target®;). More information on the procedures em-
ployed to measure the various profiles of the optical system,
and the electron and neutral beams can be found in[B2f. We believe that three additional effects have only a neg-

The ground-state portion of the experiment is performedigible effect on our cross-section measurements: polariza-
with a neon gas pressure of K30’ Torr (measured by a tion of the fluorescence, excitation from nonmetastable lev-
spinning rotor gauge We have used the ground state appar-els, and cascades. We address each of these concerns in the
ent cross sections of Chiltoet al. [12] extrapolated to zero order of potentially increasing importance.
pressure. At 100 eV, this extrapolation yields a value of the

C0uerlap(E):

C. Additional corrections

2p, apparent cross section of (28)x 102 cn?. This is 1. Polarization
in excellepgo agreement with the recent value of (24.0 Alignment of the excited atom’s orbitals along a quanti-
+3.4)x 10" *° cn? measured by Tsurubuckt al. [10]. zation axis, as defined by the electron beam, would introduce

The uncertainty in the absolute calibration has four maimoth a polarization of the emitted fluorescence and an anisot-
sources: the measurement of the neutral beam fluxopy in its emission patterf23]. This introduces a correction
(+18%), the estimation of the fraction ofsd metastable to our measured cross-section values of the form P13),
atoms in the fast beam(12%), the calculation of the beam where P is the standard definition of optical polarization.
overlap integralwhich includes contributions from both the Hence, if we entirely ignore polarization, in the worse case
beam size measurements and the beam positipningcenario of 100% polarization, this introduces only a 33%
(=£15%), and the uncertainty in the ground-state excitatiorerror in our results. This high level of polarization, however,
cross section £ 12%). When combined with the lesser un- is rarely found except possibly for electron energies very
certainties in the measurement of the electron-beam curremfear the excitation threshold. At high energiesl5 eV), an
and the ground-state target density, the total uncertainty i@xpected maximum value &= +0.2 yields only a 7% cor-

the absolute calibration amounts 1030%. rection, which is on the order of the statistical uncertainty in
the measurements. Our low-energy resuksl5 eV) ob-
2. Calibration of other levels tained from the hollow-cathode discharge source should be

polarization independent since the optical afasiented at
60° to the electron-beam axiss very close to the magic
Cz?ngle of 54.7° where the emission intensity is equal to the

The absolute calibration of the remaining Zross sec-
tions was carried out on the hollow cathode discharge sour

apparatus using a method described previo{G3). Essen- average intensity independent of polarizat[@3]. We con-

fually, the wavelen_gt_h dependence of the det_ector efﬂc'e.n%lude that polarization of the fluorescence produces only a
is removed by utilizing the known cross sections for excita-

) . very small change in th ical cr ions and we there-

tion from the ground statgl2], and then tying all measure- ey smafl change the opt cal cross sections and we there
) : N fore ignore the effect of polarization.

ments to the previously determinedsst-2pg excitation

cross section. The metastable signal ratios are taken at an

electron energy of 10 eV, while the ratio of the ground-state

state cross sectior(s-50 eV), also produces a considerable number of atoms in the ground

state, and in the twd=1 resonant levels of thef?3s con-
figuration. In the case of the hollow-cathode experiment, the
Ny ) overwhelming number of ground-state atoms in the target

2. Nonmetastable atoms in target

S
> limits the energy range of the apparatus to energies well
below the threshold for excitation from the ground state. The

QlSn—>2px( 10 e\/) = Q155_>2p9( 10 e\/) (

Nis,

Po gas pressurenside the hollow-cathode discharge is high
% Sts,—2p,(10 ev) SSS (Epear enough to allow some population buildup of the short lived
Sis,2p,(10 €V) sggx(Epeak) (~20 ng 2p°3sJ=1 resonant levels by radiation trapping.
However, the reduced gas pressure outside the discharge,
QZEX(EpeaIQ combined with the>15 us flight time of the atoms from the
pe e B (3 discharge to the collision region severely reduce the contri-
Qgs (Epea bution from these levels. Clear evidence of this is seen in the
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2p, and 2p; (both J=0) excitation functions(see Sec. 1.0 - - -
[l A). Both levels have sharply peaked excitation functions I =
characteristic of excitation from nondipole-allowed levels, as 2
0.8 H B 4
compared to the broad energy dependence one would expect / ,
for excitation from thel=1 resonant levels.

For the fast-beam metastable atom source, the near-
resonant charge-exchange process creates about half of the
neutral atoms in thd=1 levels of the °3s configuration. '
The 7 us flight time from the charge-exchange cell to the
collision region is long enough for these atoms to decay to
the ground state. The resulting fast-neutral beam, however,
still consists of over 50% ground state atoms. Since this ap-
paratus operates with electron energies above the threshold
for ground-state excitation, these atoms are expected to make ot ,
some small contribution to detected signal. However, the -1.0 -0.5 0.0 05 1.0
peak ground-state excitation cross section is typically two to & beam displacement (cm)
three orders of magnitude smaller than the corresponding
metastable excitation cross section. Further, the ground—sta}e
excitation value falls off much faster with increasing electron ro
energy than does the cross section for excitation from th%
metastable levels. Thus, the ground-state contribution to o
measured signal is less than 1% for all the levels we havi
measured.

d signal

08

1ze

normal

021

1 L 1 Yoo

FIG. 2. Cascade analysis ofst—2pg excitation (at 50 eV

m time resolution provided by use of a fast-beam target. Data

oints taken with a static gas targéfl) are fitted(dashed lingto

nd the effective widths of electron beam and optics. The only free

arameter used to compare the 1.6-keV Ne* beam d@fat6 the
st-beam modeled calculations is the absolute normalization. Two

model calculations are shown: the solid line assumes no cascades,

3 Cascades the dotted line assumes a 20% cascade contribution to the signal.
) See Ref[34] for details of this method.

An excited level is populated both by direct electron-

impact excitation and by electron-impact excitation intocading levels always increase the decay period since the
higher-lying levels followed by spontaneous decay into theatom must undergo two decays before giving off a detectable
excited level of interest. The sum of the direct cross sectiomyhoton. Large amounts of cascades would thus inflate the
and the cascade contribution yields the apparent cross seggnal measured at long delays/distances after the electron
tion. Chiltonet al. have shown that foground-stateexcita-  peam pulse/position. Our data for thes1-2p, excitation

tion into some levels of the@3p configuration, the cascade process is shown in Fig. 2. A fit to the data indicates that the
contribution at some energies can exceed the direct excitgzscade cross section is£%)% of the direct cross section
tion cross sectiof12]. This pattern is not expected for exci- oy this level. For the P; level, the fit yielded a cascade
tation out of the metastable levels. Excitation into 20 cross section that is only (307)% of the direct cross sec-
levels correspond to dipole-allowed processes for the metgion, The actual contribution of cascading levels to our mea-
stable levels, which should yield large cross sections. Casgyred signal is less than this amount, since cascading atoms
cades into the levels of thep23p configuration arise mainly  teng to decay downstream of the point where we typically
from the levels of the @°4s and 2p°3d configurations. Ex- collect fluorescence. This effect further reduces the amount
citation into these levels from the metastable levels should bgf cascades in the fast-beam “apparent” cross-section mea-
small due to their dipole-forbidden nature. This is the opposyrements by approximately a factor of tigx].

site case from ground-state excitation since excitation from | general we estimate that cascades are less than 5% of
the 2p° ground state into the 3p levels correspond t0 the reported apparent cross sections for electron energies
dipole-forbidden processes, whereas excitation from th@yer 20 eV. For energies less than 20 eV, the cascades should
ground state into some of the levels that cascade into thge |ess than 10 to 15%, except for excitation into dre0
2p°3p levels are of the dipole-allowed type. In REE2] the  |evels (2, and 2;). For these levels, the cascades may be

cascade transitions were measured with a near-IR Fourigfjightly higher since the direct cross section for these levels
transform spectrometer; unfortunately, the low-signal rate$om the metastable levels is relatively small.

for metastable excitation make direct measurement of the
cascading transitions very difficult.

We can, however, use the fast beam apparatus to obtain an . RESULTS
upper limit of the cascade contribution using a form of a
time-resolved experimeriB4]. Due to the high velocity of
atoms in the fast beam~(1.4x 10’ cm/9, atoms travel sig- As mentioned in Sec. Il A, the atomic targets used in this
nificant (~ mm) distances between the point where they argpaper consist of a mixture ofs} (J=0) and Is5 (J=2)
excited by an electron and the point where they decay. Bynetastable atoms. For both sources tlse: 1s; ratio of at-
measuring the spatial profile of the fluorescence signabms is expected to be 5(%tatistical weighting In our pre-
downstream from the electron beam, it is possible to detervious paper on excitation of metastable ar§id8| we used a
mine the temporal dependence of the excitation signal. Caski:Sapphire laser to selectively depopulate one of the two

A. Mixed target
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Y 2p, {J=0) | oo . levels. This is the same pattern that we observed for excita-
P =00 LT . °e 3 tion of metastable argo}83].

B. Excitation from 1sg level

l 1 +' - 2p, (J=2) | Excitation into theJ=2 and 3 levels is dipole allowed
- S e from theJ=2 (1s5) metastable level, but dipole forbidden
EEETTN S0y, , from theJ=0 (1s3) metastable level. As a result, we expect
[ that the signal contribution from anysl atoms is negligible
i ] above 5 eV. At lower energies, the dominance of the dipole-
o ] allowed excitation may not be as distinct. Theoretical calcu-
2p, (J=1) | lations for Ar indicate that thesk— 2p cross section may be
A the same order of magnitude as th&-22p cross section
W 2o (=0) |[ e below 5 eV[37]. However, since the number density af;1
¢ : ] : Teo,, atoms is approximately a factor of five less than the number
§ T 1 density of Is; atoms, the contribution to the signal rate
5 ] should still be less than 10% at low energies.
I ] Since excitation into the foud=1 levels is dipole al-
lowed from both metastable levels, in general, we are not
able to determine the separate;+-2p and 1s;—2p cross
| ° sections without using a laser to perform state selection on
4 ] . the target. Excitation of the twé=0 levels is dipole forbid-
den from both metastable levels, so it is once again impos-
1 sible to determine thesk—2p cross section without state
y 2p, (J=2) ) 2p, (J=3) selection of the target. Nonetheless, if we assume that all of
e — the signal is due to theslt atoms in the target, it is possible
o] to place upper limits on thest—2p; and 1s;—2p3 cross
. ] o ] sections. Doing so, we find that the upper limit on thg 1
1t ] —2p; peak cross sections is 0400 ' cn?, and
° 10 1 0.37x10 6 cn? for the peak $s— 2p; cross section. Al-
3 2p; (=1) {1 2p,, (J=1) | ternatively, if we assume that all of the signal is due to the
£ AP 1s; atoms in the target, the upper limits on the peak cross
02468101214 0246810121416 sections are both equal tox210™ 16 cn? for the 1s;—2p;
Energy (eV) and Is;— 2p; cross sections.
FIG. 3. Relative cross sections for excitation from the mixed !N Fig. 4, we present excitation functions for the four
target at low energy. Error bars are statistical only. levels where the signal is dominated by excitation from the
1ss metastable level for incident electron energies up to 450
levels so that we could separately determine the cross secti@V. Values at selected energies are listed in Table II. As dis-
for excitation from each of the two metastable levels. It iscussed in Sec. Il C 3, the cascade contribution to the mea-
relatively common to achieve state selection of a neon metesured apparent cross sections is estimated to be less than 5%
stable beam using dye lasdi35]; however, we have not at high-electron energigs>40 eV). While a larger contribu-
been able to accomplish this. As a result, the low-energyion at low energies cannot be completely ruled out, we be-
results presented in this paper are limited to relative resultbeve the reported numbers are a very good approximation of
from a mixed target. For excitation intop23p levels with  the direct cross sections.
J=2 andJ=3, our previous results from metastable argon
[33,36 would indicate that the signal should be dominated C. Comparison with experiment and theory
by excitation from the & (J=2) metastable level. These
results can then be placed on an absolute scale and are re-
ported in Sec. Il B. There have been a number of other experimental measure-
The energy dependence of the measured cross sectiongents related to the measurements reported fiEse 2.
from the mixed target are shown in Fig. 3. There are twoExcept for the relative excitation function reported by Mi-
general shapes: a broad maximum for excitation intoXhe tyureva and Penkiril5], the other experiments measured
=1, 2, and 3 levels, and a sharp peak for excitation into theate coefficients in a neon discharge that were inverted into
two J=0 levels. The origin of this pattern is illustrated by cross-section measurements by using a measured electron
noting that the interaction between the incident electron antemperature and assumed cross-section energy dependence.
atom is dominatedto first ordej by the dipole-interaction These discharge results are only sensitive to cross-section
term. Excitation into al=1, 2, or 3 level is dipole allowed Vvalues near onset due to the low electron temperature of the
from one or both of the metastable levels, while excitationdischarges. The possible presence of radiation trapped
into theJ=0 levels is dipole forbidden from both metastable 2p®3sJ=1 levels further complicates the analysis of these

Relative Cross Section

1. Previous experimental work
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from the metastableskt level. Data points below
15 eV were obtained with the hollow cathode dis-
charge source, points above 15 eV were obtained
— . . q with the fast-beam target. Error bars are statistical
sl 185 (4=2) — 2p, (U=3) | only, and do not include the additionat 30%
.,% uncertainty in the absolute calibration.
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discharge experiments unless a Id$4)] is used to separate Behnkeet al. [19] fitted parameters in a semiempirical
out the contribution from each of the four possible initial formulation of the Born-Bethe approximation to data from a
levels. Thus, quantitative comparisons of the cross sectionsw-pressure glow discharge. For the peak-+2pg excita-
from these experiments with our measurements must beion cross section their fit yields a value of:290 % cn?
viewed with care. In the following paragraphs, we discusshat is identical to the value of (196)x 10~ 6 cn? for our
briefly each experiment and relate its results with ours. experiment. The agreement for the other three levels, how-

TABLE II. Apparent/direct cross-section results. Units of #0cn?. Error bars are statistical only and do
not include thex30% uncertainty in the absolute calibration.

Energy Q(1s5—2p,) Q(1s5—2p) Q(1s5—2pg) Q(1s5—2po)
(eV) (J=2) (J=2) (J=2) (J=3)
2 0.14+0.09 0.06:0.16 0.2:0.1 1.1+0.1
3 1.9+0.1 6.7:0.1 3.9:0.1 13.09-0.04
4 2.5+0.1 8.7+0.2 5.6:0.1 17.70.1
6 2.6€0.1 9.9-0.1 5.67-0.05 19.480.05
8 2.6£0.1 10.x-0.1 5.1 0.05 19.3:0.1
10 2.5:0.1 9.6:0.1 4.870.04 19.%0.1
15 2.5:0.1 9.6:0.2 4.1+0.2 18.9:0.3
20 1.8:0.2 9.9+0.7 4.0:0.2 17.6:0.3
30 2.1+0.2 9.2+0.3 4.0:0.1 14.8:0.1
50 1.7¢0.1 6.5-0.3 3.4:0.2 12.4-0.1
75 1.3-0.1 5.2-0.1 2.3:0.1 10.x-0.1
100 0.98:0.09 4.2£0.1 1.8:0.1 8.43:0.07
150 0.910.08 3.6£0.1 1.33:0.06 6.24-0.07
200 0.64-0.08 2.70.2 1.16+0.06 4.96-0.05
300 0.48-0.06 1.8:0.1 0.8G:£0.04 3.510.04
400 0.35-0.05 1.4:0.1 0.63£0.03 2.75:-0.03
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TABLE Ill. Comparison of ks— 2p; cross-section results. Units of 18 cn?. For the theoretical values and the results of this paper,
the values reported are peak cross sections. For other experimental results, the values are mean values weight&dewelectron
temperature. Last two columns are the generalized IP-Born values of Hyman combined with optical oscillator calculations ef ahylor
and of Seaton.

L Experiment Theory
Excitation

into This Frish  Beterovn Samson Behnke Bortwick Leveau Hyman/ Hyman/

level paper [16] [17] [18] [19] [20] [38] Taylor [39,40 Seaton39,4]]
2p, (3=2) 2.6-0.8 11 7.2 2.0 1.2 3 3.0 34
2ps (J=2) 9.8+3.0 22 12 3.1 10 6 11.2 9.4
2pg (J=2) 5.6-1.7 13 20 3.0 6.8 4 6.0 5.8
2py (J=3) 19+6 125 48 19 27 19 27.5 255

ever, is not as good. In particular, the value Behekal. to be determined, allowing a much better comparison to our
find for the 2og level is a factor of 3 smaller than our result. results. The cross sections extracted from their work are in
Samsorj 18] obtained cross sections from optically pump- good agreement with those presented here. The largest dif-
ing a neon discharge to determine the excited-state numbéerence is seen in theirs}—2pg excitation cross section
densities. Since the number density of resonance levels waghich is 40% larger than the value reported here; while there
reported to be an order of magnitude less than the metastahieexcellent agreement on thest- 2pg excitation cross sec-
number density, one can equate their measured cross sectiaien.
into theJ=2 and 3 levels with the &— 2p excitation cross In contrast to the previously mentioned discharge experi-
sections. No values for thep3 level are reported. The re- ments, Mityureva and Penkifil5] used a monoenergetic
sults for the remaining three levels are larger than the preseeiectron beam along with a discharge source of metastable
results by a factor of 2.5. atoms to obtain the energy dependence of thg &citation
Frish and Revald16] investigated the role of excitation cross section. The composition of the metastable target was
out of 2p°3s levels by monitoring the intensity of @3p  not reported. Their relative curve shows a sharp peak, with
—2p°3s emission lines as a function of current density in athe cross section decreasing to one tenth the peak value at 10
low-pressure discharge. At the highest discharge current®V. This is inconsistent with the negligible decrease in cross-
studied, they state that half of all emissions were due tsection value we observe in thessl-2pg excitation cross
excitation of 2°3s atoms. The composition of the excited section between 5 and 10 eV. They also report that the largest
state fraction of the targeimeasured by reabsorptipwas  metastable excitation cross sections are for the 2J=0)
found to be 73% &5, 16% 1s;, and 11%J=1 resonance and 24 (J=3) levels. This is also inconsistent with the
levels. They report mean cross sections averaged over tremnall upper limit we found for the s—2p; and Isg
composition of their metastable target. Due to the suspected-2p; excitation cross sections.
contribution from theJ=1 resonance levels to excitation
into 2p°3pJ=1 and 2 levels, the only level that we can
compare directly with is for excitation of th8=3 2pg Three sets of theoretical calculations have been published
level. Upon converting their ®3s—2py cross section for excitation out of the metastable levels of nd88—40.
value into a Bs—2pg value, their data yields a value of Leevauet al. [38] have published peak cross-section values
13x 10! cn?, which is a factor of 0.66 smaller than the based upon the semiempirical Drawin formula. Their values
value reported here, but within error bars. are in excellent agreement with those we report here with an
Beterov and Chebotad\17] studied excitation out of the average difference of only 5%.
metastable levels of neon by placing a glow discharge tube Hyman[39] has published results based on the Born ap-
within the cavity of a helium-neon laser. They obtained av-proximation, along with modifications based upon Seaton’s
erage excitation rates by monitoring thp,2to 2s, absorp- impact-parametefIP) theory to extend the results to low
tion of the 1.15um laser line in conjunction with measure- energies. These results are based upon average oscillator
ments of the fluorescence from the othga®2p levels, and  strengths, and must be combined with sets of optical oscilla-
the electron temperature. Then they employed the Borntor strengths to obtain individual excitation cross sections.
Bethe approximation to convert these measurements into infable Il includes theoretical cross sections obtained by com-
dividual excitation cross sections for each initial stateeta-  bining Hyman’s IP results with the oscillator values from
stable and resonant levelsOn average, the values they Taylor et al. [40] and from Seatorf41] (see, also, Sec.
report are larger than the present results by a factor of 3. 11l C 3). For both sets of values there is generally good
Bothwick et al. [20] have recently reported rate coeffi- agreement.
cients for excitation out of the®3s levels using laser col- Taylor, Clark, and For{40] have calculated excitation
lisionally induced fluorescence. Essentially, a laser is used toross sections using thiematrix method for energies within
alter the population of one set of excited states, while thelO eV of threshold. For computational simplicity, neon was
change in fluorescence of another excited state is monitoretteated as arh S-coupled atom. Furthermore their calcula-
This method allows the initial state in the excitation procesdgions did not include separatesublevels for each S state,

2. Comparison to theory
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and therefore can not be compared directly with our datawherea, is the Bohr radiusR is the Rydberg energ§l3.62
Nonetheless, of special interest to our work is that their spineV), E;; is the energy difference between the initial level
forbidden 2°3s(*P)—2p°3p(*L) excitation cross sections and final levelj, and f;; is the oscillator strength of the
exhibit a sharp peak at electron energies about 1 eV abovej optical transition. Hence, at energies high enough to ne-
the excitation threshold. This illustrates the distinction be-glect the higher-order terms, a Bethe plotQE versus IrE
tween spin-forbidden excitation and dipole-allowed excita-would be linear, with a slope proportional to the oscillator

tion which has a broad maximum as shown in Fig. 3. strength of the corresponding optical transition. _
In Fig. 5, we show Bethe plots of our cross-section re-

sults. In Table IV, we list oscillator strengths extracted from
linear fits to the data in Fig. 5. In this process, we have
In contrast with previous experimental measurements thadrbitrarily set the lower bound of the data included in the fit
were only sensitive to cross sections values at low-electroto be 100 eV. For the case 064—2pg, where the statistical
energies where theoretical calculations are generally diffinoise is smallest, there are indications that the slope is not
cult, the present results extend up high enough in energy toonstant until at least 300 eV. However, it is difficult to ex-
values where the simpler Born-Bethe approximation is exiract a robust estimate of the slope using only values above
pected to be valid. In this high-energy approximation, the300 eV due to the limited number of measurements we have
excitation cross section for a dipole-allowed transition isabove this energy. This decrease in the slope is less evident
given by in the Bethe plots of the other four levels. If this decrease in
the slope is a real effect, it may explain why our extracted
oscillator strengths are generally larger than the other experi-
4) mental [42,43 and theoretical40,41,44 values listed in
' Table IV.

3. Born-Bethe approximation at high energy

4.

. [R|/R 1
Qij(E)=4ﬂ-aOf”— E E_ In E+ orde E
ij

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

Transition Experiment Theory
Wavelength This paper Chang and Inatsugu and Wiese Taylor Seaton
(nm) Sestef42] Holmes[43] et al.[44] et al. [40] [41]
1s5-2p, 588.2 0.16:0.03+0.05 0.0548 0.0601 0.096 0.0506 0.058
1s5-2pg 614.3 0.280.06+0.10 0.165 0.160 0.122 0.189 0.158
1s5-2pg 633.4 0.13:0.03+0.04 0.104 0.0971 0.082 0.101 0.097
1s5-2pg 640.2 0.46-0.04+0.14 0.395 0.442 0.373 0.461 0.428
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IV. DISCUSSION stable levels is only-2 eV, which is much smaller than the
. o excitation threshold from the ground lev@3 eV for Ar, 18
The patterns observed in the excitation of metastable neog\, tor Ng), the large variation of the cross-section ratio cited
are in general accordance with our earlier works on the exypoye suggest interesting applications to the diagnostics of
citation of metastable heliurf24,32,43 and metastable ar- jonized gase$3,4]. Consider a plasma containing a trace of
gon[33]. Since neon is intermediate between the stroh@y Ar atoms. Some levels, for example, thep,2(J
coupled case of helium, and the intermediate coupling o&=1), 2pg (J=2), and 2g (J=3) levels, will be prima-
argon, it is interesting to point out a few of the similarities rily populated by electron-impact excitation of metastable
and differences observed between the three atoms. atoms because of their large cross sections and because of
In all three atoms, we have observed excitation out of dhe much larger abundance of “slow” electroris2 eV)

metastable leve] 1s2s(23S) for He, 2p°3s(®P,) for Ne,  over the fast electrond3 eV), even though the metastable-
and 3°%4s(3P,,) for Ar], into levels) in the next higher ~atom concentration may be as low as 1 part iR &0 the
configuration (52p for He, 2p53p for Ne, and $54p for ~ ground-state atoms. On the other hand, the 2J=0) level
Ar) which is also optically connected to the initial configu- IS €xcited primarily from the ground level because for this
ration. Excitation of this type is generally most favorable onlevel, the metastable to ground-state excitation cross-section

account of the optically allowed nature of the excitation and@li© is only about ten, not enough to offset the small meta-
the small excitation energy. Indeed, the peak neag 1 stable concentration. Thus, emissions from tipg and 2,

—2py Metastable excitation cross section is over 3000 timeéevéalusf can ble used to monitor the distribution of the “slow”
the peak P8(1S,)—2p, ground-state excitation cross sec- and “fast” electrons. , ,
tion. The corresponding metastable to ground statg &x- In the absence of the laser-assisted state selection of the

citation ratio is over 470 for argdr33]. Likewise, in the case metastaple target, the _present paper on neon is not as com-
of He, the ratio of cross sections for excitation into th®2 prehensive as our earlier efforts on metastable argon. None-

level from the 2S metastable level versus from thé thelessl, our neon reSL:ES reflekct S'“ﬁt"?r trends to artgon. F?r
ground level is over 500(B2]. example, as in argon the peak excitation cross sections into

One interesting pattern seen in the three atoms is the etjlihe ‘llf:2 Ie%/eli(fm,lZpG 'hz.pr?) and intodthe.]|=3 .(28:") |
ergy at which the cross section enters the “Born-regime.”cVe! from the Bs level, which correspond to electric-dipole

hy - ~ 16
For optically allowed excitations out of a metastable |eve|tran3|t|9rl1(;5, are large ranging from XG0 to
such as He(35—3%P), Ne(lss—2ps), and Ar(1ss 19x 10~ ¢ cn?. For the optically forbidden excitations from
—2pg), Bethe plots yielded oscillator strength in agreemenlIhe Is; to th_eJ_=0 levels (2, and 2p3) we have obta!ned
with accepted spectroscopic values for energies above 50 ¢§f! UPPer limit of the peak excitation cross section of

716 . .
for He [24] and Ar[33], whereas in the present case of Ne, 0-40% 10_16 ;?2 for the Iss—2p, excitation and
the Born-regime occurs at somewhat higher energies 0-37<10 ™ cnt” for the 1s;—2p5 excitation. These upper
(=200 eV). In contrast, our measurements of optically“m'ts are much smaller than the excitation cross sections

forbidden-type excitations out of the HE(® metastable into the optically allowed levels. Moreover, the energy de-
level into the 3S. 33D and 2D levels did not conform to  Pendence of the excitation cross sections intoth® levels

“Born-like” behavior at energies as high as 1000 ¢24]. are very different from the excitation shapes out of tisg 1

This drastic difference in the Born-Bethe threshold betweerl€Ve! t0 theJ=2 andJ=3 levels. Thus, as in the case of
optically allowed and optically forbidden excitations is seen@'90n; fluorescence from the varioys @mission lines of the
only in the excitation out of metastable levels but not in theN€ON atom may serve as a useful diagnostic tool for deter-

excitation out of the ground level. The reason for this is notMiNiNg electron temperatures and spatial distributions of
understood at the present time. metastable atoms in ionized gas systems. The cross sections

Neon and argon present an additional dimension in th@btained ir_1 this paper will also provide.a benchmark similar
excitation process over helium because the final configurd® our earlier argon results for the testing of theoretical cal-
tions of Ne and Ar (»°3p and 3°4p, respectivelycontain  culations[37,46,417.
ten energy levelglabeled 2, to 2p,q in Paschen’s notation
for both atom$ where the cross sections vary significantly
from one level to another. For example, in our paper on The authors wish to thank Dan Sullivan, Karl
argon we found the ratio of the peak cross sections for metajablonowski, and Zak Staniszewski for their assistance in
stable excitation to ground-state excitation to vary betweesome of the measurements. This work was supported by the
730 (for 2p,) and 10 (for 2p;) [33]. Recalling that the National Science Foundation and Air Force Office of Scien-
threshold for excitation into the @ levels from the meta- tific Research.
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