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Measurement of electron-impact excitation cross sections out of metastable levels
of argon and comparison with ground-state excitation
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This paper reports the results of measurements of cross sections for electron excitation outsgfahd 1
1s; metastable levels of argdithe J=0 and 2 levels, respectively, of the@®4s configuration into eight of
the ten levels of the 8°4p manifold. The metastable atoms were generated by two metk@dan atomic
beam emerging from a hollow-cathode discharge, @n@harge-exchange collisions between a fast argon-ion
beam and cesium atoms. The metastable argon atoms are excited by a crossed electron beampititp the 3
levels and the emissions from these levels are utilized to determine the cross sections. Removakgf the 1
atoms in the hollow-cathode discharge experiment by means of laser pumping allows us to determine the
separate contributions from each metastable level to the observed fluorescence signal. The magnitudes of the
cross sections for excitation out of the metastable levels into the different levels opt4e Bnanifold vary
vastly. The patterns of the observed variations are interpreted by means of a multipole analysis. This multipole
model is also used to discuss the comparison of excitation cross sections out of the metastable levels with those
out of the ground level.S1050-29479)01204-4

PACS numbd(s): 34.80.Dp, 34.80.My

I. INTRODUCTION parison to be drawn between excitation from the metastable
state and excitation from the ground state. For the case of
The metastable levels of atoms serve as important integlectron-impact excitation of helium, both thegAf and ex-
mediate states in many low-temperature plasmas. For experiment[5,6] have demonstrated that many of the patterns
ample, at pressures above 1 mTorr most ionization in a lowobserved in ground-state excitation do not hold for excitation
temperature plasma is due to the ionization out of thdrom the metastable levels. It is thus interesting to compare
metastable levelgL]. Similarly, optical emissions of a low- how well the patterns ok_)se_rved in the excitation of grounc_i-
temperature plasma can have a large contribution arisin@tate argon hold for excitation from the metastable levels in
from electron-impact excitation out of the metastable level£90N- _ _
[2,3]. Two factors contribute to the large role of metastables, |N€ ground state of argon has an electron configuration of

29a29~62c2216 ; H
in such a plasma. First, the peak values of the excitatio S.ZS 2p°3s°3p’. The four lowest-lying excited levels

5 . B
cross sections from metastable levels can be up to three OT-r ise from the $4s configuration and are called thelto

ders of magnitude larger than the peak excitation cross sec>s levels in Paschen’s notatidsee Fig. ). TheJ=0 1s,

tions from the ground state. Second, since metastable atonig dJ=2 1s; levels are both metastable with lifetimes of
: ’ 1.3 and 38 s, respectively7,8]. The 1s, and 1s, levels

are alr_e_ady et excite(_j state, it takes only a_small arnourBoth haveJ=1 and radiatively decay to the ground state
of additional energy, typically a few eV, to excite the meta-\ it Jifetimes of 2.0 and 8.4 ng9]. Due to radiation trap-

stables into a higher level or to ionize them. In contrast,ping' the effective lifetimes of the twad=1 levels in many

excitation out of the ground state requires more than 20 e\f)lasmas can be much long@n the order of the metastable
in the case of He, more than 16 eV in the case of Ne, and

more than 11 eV in the case of argon. Additionally, there are J= 2.1 01 1321201210
orders of magnitude more low-energy electrgasew eV) 1q 1Ss18i1801s;  2P20, 2P, 2p, 2, 20, 20, 2p, 20, 20,
than high-energy electron§~10 eV) in a typical low-
temperature plasma. This combination of large cross sections [ -
and low threshold energies allows metastable atoms to sig- -
nificantly contribute to the optical emissions and ionization 13+ - 3p%4p .
processes of low-temperature plasmas, even though the
metastable species may constitute only a small fraction
(~10"4-10"7) of the plasmd2,3].

A thorough understanding of the fundamental physical
nature of metastable excitation cross sections is important for L m
the understanding and modeling of plasmas and discharges. 3p°4s
The measurement of these cross sections also allows a com-
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*Present address: Mission Research Corporation, Torrance,
CA 90503. FIG. 1. Simplified argon energy level diagram.
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optical emission is detected at right angles to the atomic
beam and at an angle of 60° to the electron beam axis. At an
angle of 60° to both the electron beam axis and the fluores-
cence detection axis and at right angles to the atomic beam
FIG. 2. Hollow-cathode discharge metastable atom source.  axis there is an optical port used for the pumping of the
atomic beam by a laser. The laser is used for two purposes.
o o The first use is to measure the ratio of the number densities
lifetimes), however, the ground-state target density in ourgf the two metastable levels present in the atomic tajsms
experiments is low enough to preclude this. The next set 0Egc. |1 A). The second use of the laser is to quench one of
ten excited levels arises fromp34p configuration and they  the two metastable levels so that we are able to measure the

are labeled P, through 2o in Paschen’s notation. We have excitation cross section out of a single initial leysee Sec.
measured the electron excitation cross sections out of the twig g ).

metastable levels of argon into eight of the tem IRvels.

Ar* pump laser

B. Charge-exchange fast-beam source
Il. APPARATUS .
The second apparatus uses a fast atomic beam of argon as

We measure the electron-impact excitation cross sectionge target for electron excitation. Figure 3 shows a schematic
using the optical method10]. A monoenergetic electron diagram of this fast-beam apparatus. Argon ions are ex-
beam traverses a metastable atomic beam, exciting some wacted from a radio-frequency ion source and accelerated to
the atoms to higher excited states. The fluorescence from tren energy of 2.1 keV. After acceleration the ions are focused
decay of the excited atoms is proportional to the apparerinto a beam that passes through a cesium vapor target.
electron-impact excitation cross section. We have utilizedCharge-exchange collisions in the cesium vapor target par-
two different sources of metastable atoms in this work. Thetially convert the argon ions into a fast atomic beam of neu-
first experimental apparatus uses a slow thermal atomitral argon. After leaving the cesium target any ions remain-
beam as the metastable tar§i@tll]. The second apparatus ing in the beam are electrostatically deflected away so that
uses a fas{~keV) atomic beam as the metastable targetthe beam contains only neutral argon atoms. The charge-
[12]. In this section we briefly describe both experiments ancexchange reaction between the argon ions and the ground
the apparatus used for each. We then describe how thstate of cesium is near resonant for charge transfer into the
unique capabilities of each experiment are used to produciur 3p°4s levels of argon. This process creates a fast-beam
the combined results presented in this work. target with a large fraction of atoms in the two metastable
levels of argor(see also Sec. Il A The fast atomic beam is
crossed by an electron beam at right angles, and the resulting
. L . fluorescence is analyzed and detected using a narrow band-
Figure 2 shows a schematic diagram of the slow atomic . . :
beam apparatus. The metastable atoms are formed in V\é\'dth |r.1te_rferer.10e filienanda BT The ﬂuoresgence detec;—

tion axis is at right angles to both the fast atomic beam axis

holloyv—cqthode dlschqrge. A small .hole, a_pproxmately 1and the electron beam axis. After passing through the elec-
mm in diameter, permits the atoms in the discharge to f|OV\{

. ; ron beam collision region the fast atomic beam enters a
out and form an uncollimated atomic beam gas target. Meta-
. i eam dump chamber where the absolute flux of the neutral
stable atoms make up only a small fraction(B0™°) of the

i . . — eam is measured either by secondary electron emission or
atoms in the slow atomic beam. Since the vast majority o

the atoms in the slow atomic beam are in the ground level y_detectmg the thermal energy deposited when the beam
o strikes a pyroelectric film13].

we are only able to measure electron excitation cross sec-
tions out of the metastable level for energies less than the
energy needed for excitation out of the ground level. The
electron beam crosses the slow atomic beam at right angles, The slow and fast atomic beam apparatuses each have
and the current is measured using a segmented Faraday ctpeir own advantages and disadvantages, but by combining
The electron excitation is detected by observing opticathe results from the two experiments we have overcome
emission from the decay of excited levels with a photomul-many of the limitations inherent in each. One major differ-
tiplier tube (PMT) and narrow band0.3—-1.0 nm interfer-  ence between the two apparatuses is in the fraction of argon
ence filter that isolates the optical emission of interest. Theatoms in the ground level. The hollow-cathode source pro-

A. Hollow-cathode discharge source

C. Uses of each metastable source
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duces an atomic beam where the fraction of atoms in the two
metastable levels is 810 6. In contrast, the fast atomic 2p,
beam apparatus produces an atomic beam where the fraction
of atoms in the metastable levels is 0.42. A second major
difference between the two apparatuses is in dbeolute Pump
number density of metastable atoms in the target region. The Laser &
hollow-cathode apparatus produces a metastable beam target S
with a density of < 10° cm™~3, whereas the charge-exchange Ve
source produces a beam with an effective target density of fg‘
metastables of about 2410° cm 3. As a result of the first - 1s,
difference we are only able to measure electron excitation 185
cross sections at energies below the ground-state excitation
threshold(~12 eV for Ar) with the hollow-cathode source.
In contrast, the fast atomic beam contains a much higherl'nlne the Bs
fraction of atoms in the metastable levels, and hence this
apparatus has been used to measure cross sections at electuso essential for absolute calibration of the cross-section re-
energies from metastable excitation threshold up to morgults with the charge-exchange sou(8ec. Il1 C 1.
than a kilovolt. In our hollow-cathode discharge source experiment we
In comparison to the hollow-cathode experiment, a majoimeasure the ratio ofsk to 1s; atoms using laser-induced
disadvantage of the fast-beam experiment is the much lowefyorescencedLIF). We alternately use a laser to excite the
metastable target density. The fast-beam metastable targetifoms in each of the metastable levels to a common upper
roughly two orders of magnitudt_a less dense than the ho”PWreveI (either the D, or the 2p,, both with J=1) and ob-
cathode metastable target. This greatly reduces the signglye the relative intensities of the fluorescence as the atoms
rate observed with the fast-beam apparatus, and consgsine ynner level decay. This process is illustrated in Fig. 4.

guently limits the number of transitions that can be observe or example, when the® level is used as the upper state,

The fast-beam apparatus has been used to measure excitation :
into three levels of the @ manifold, whereas the hollow- Wwe observe the fluorescence signal on tipy-21s, (826.5

cathode apparatus has been used to study excitation in[ﬁn) transition, as target atoms are alternately pumped with

eight levels of the p manifold. the laser tuned to either thesg—>2.p.2 (696.6 nm transition,
Each of the two apparatuses can also be used to determiffé the 153—2p, (722.4 nm transition. Since the atoms are
special quantities needed in the interpretation of the cros2Umped into a common upper state, the absolute optical de-
section values. The relatively large signal rate, and sloviection efficiency is not required. As long as the laser inten-
atomic velocities in the hollow-cathode source, allow us toSity is maintained in the linear region well below saturation,
optically pump, or “quench” one of the metastable speciesthe relative intensity of each fluorescence signal, combined
We can therefore separate out the contributions that each #fith the relevant transition probabilitigd4] and the laser
the metastable levels makes to our fluorescence sigseds powers, enables us to calculate thg Ils; ratio. We find
Sec. Il B). In principle, this same technique could be used tothat the ratio of the number density of atoms in ttsg [evel
guench the metastables in the fast atomic beam apparatus. timthe number density of atoms in thesllevel is 5.6+ 1.6.
practice, however, the low signal rates and short interactiomhe same ratio is found for LIF measurements taken with
times between the fast atoms and a quenching laser preveeither the 2, or 2p, as the common upper level. Within the
us from using this technique with the fast beam. The highuncertainty of our measurement, this is equal to the ratio of
velocity of the atoms in the charge-exchange apparatus, howhe statistical weights of the two levels, which is 5:1.
ever, can be used to our advantage in determining the cas- For the absolute calibration with the charge-exchange
cade contribution to our measured emission signals. Furthesource, the fraction of atoms in the fast beam in thg 1

measure
B828.5 nm
LIF emissions

1s,

FIG. 4. Levels involved in the LIF measurement used to deter-
to 1s; number density ratio.

details are provided in Sec. VA, metastable level is required. Due to the motion of the atoms
in the fast beam formed via charge exchange, it is very dif-
ll. METHOD ficult to perform a LIF measurement to determine ttsg tb

1s5 ratio of the fast-beam target. Additionally, this technique
would not provide us with any information about the ground-
The metastable targets created by both metastable sourcgisite fraction of the fast-beam target. Instead, we rely upon
consists of a mixed-state beam containing both argon metgrevious experimental measurements of charge transfer be-
stable levels. The fact that not all the atoms are in the sam@veen heavy rare-gas atoms and alkali-metal atoms to obtain
initial level complicates our measurements in two ways.the 1ss to 1s; ratio, as well as the fraction of atoms in the
First, the fluorescence signal we observe is due to excitatioground state. Due to the small energy separation between the
from both metastable levels. To separate out the signal corfeur levels of the $ manifold, the ground state of cesium is
tribution from each initial level we need not only measurenear resonant with all four levelgnergy defects range from
the 1sg to 1s; ratio of metastable atoms in the target, but to0.04 to 0.49 eV. Cesium is highly nonresonant with the
vary this ratio as well. The method by which we measure theground state of argorenergy defect of 12 el and thus
ratio is described in the next paragraph, and how we vary ththere is little charge transfer directly into the ground state of
ratio by quenching is discussed in the following sectionargon. If the four ¥ levels are populated according to their
(IN'B). Second, knowledge of the target beam composition istatistical weights, we would expect a 3:1:3:5 distribution of

A. Target composition
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the 1s,(J=1):1s3(J=0):154(J=1):1s5(J=2) levels. T ' ' '

With the subsequent decay of tle=1 levels to the ground 10| o
state (g.s) this leads to $5:1s;3:g.s. beam fractions of .
0.42:0.08:0.50. This simple approximation neglects the com-
plications of the intermediate molecular complexes formed
by the incoming argon ion and the cesium atom, as well as
neglecting charge transfer into other excited argon energy
levels (such as the @ levels. For a 1.3 keV Né& beam
incident on sodium, which has a similar set of electronic
levels and energy defects, Coggiola and co-work#&fs16]

08} @ 4

06le ]

04

fraction 1s, atoms quenched

N
have measured final s}:1s3:g.s. beam fractions of b
0.39:0.08:0.53. For a 2.0 keV Arbeam incident on ru- 02h _
bidium Neynaber and Magnus¢h7] have measured a 0.62
ground-state beam fraction, compared to the 0.5 value based f
. . . . . H _ 00 L L 1 1
strictly on statistical weights. Unfortunately, no similar mea 5 m 0 300 200 00

surements exist for the 2.1 keV Abeam and cesium vapor
target used in this work. Ice and Olspb8], however, have
calculated the charge-transfer cross sections for argon in_ci- FIG. 5. The fraction of 5 metastable atoms quenched is deter-
dent on cesium up to an energy of 1_keV. Extrapolating the“'mined by measuring the reduction in the fluorescence signal of the
values to energy of 2.1 keV yields finabd:-1s;:9.s. beam 315 .2p. electron excitation process.

fractions of 0.49:0.05:0.46. These calculations, however, do

not include charge transfer into levels of the thanifold(as  and has been found to be produced by electron excitation
well as other inelastic channglsaaind they underestimate the only from the Is5 level with J=2 and not from the & level
total charge-transfer cross section by almost a factor of Zyith j=0 [20]. In Fig. 5 we plot the fraction of 45 atoms
compared to the experimental results of Peterson and Lorenfgmoved from the target as a function of the quenching laser
[19]. There is also a small amount of resonant charge transfegensity. In our measurement of electron excitation cross
directly into the ground state due to collisions of the ionggctions we operate with the intensity of the laser high

beam with the background argon atoms flowing out of théanoyugh(>150 mw in a 5 mmdiameter beainthat the s
ion source. Including all of these effects and measurementgeye| s completely depopulated.

we estimate that the fast-beam target has a composition of \ye can carry out measurements on the electron excitation
0.36£0.06 Is; atoms, 0.06:0.03 Is; atoms, and 0.58 \jth a mixed beam containing bothsd and 1s, metastable
+0.06 ground-state atoms. atoms and with a quenched beam that contains omsly 1
While the ground-state atoms make up over half of theyetastable atoms. Our measurements give us the cross sec-
fast-beam atomic target, _thgy contribute a negligible amountion out of the E, level and the weighted average of the
to the detected signal. This is due to the fact that for the thregqss sections out of thesd and the 55 levels. Since we
levels studied with the fast-beam target, the cross section fQf,4\y the ratio of the number densities of the, and the Bq
excitation out of the ground state is orders of magnitud&neastable atoms in the target region we can obtain both the
smaller than the corresponding metastable excitation cros§qoss section out of thest and the cross section out of the
sections(see further Sec. VE)1 1s;5 level from our measurements. With the laser off, both

metastable levels are present in the target and the signal ob-
B. Quenching of the 1s; metastables served is

laser power (mW)

We measure the fluorescence due to electron-impact ex- S . —k n
citation out of both metastable levels. This fluorescence is off ™ [lesnlss lesnlss]’
proportional to the weighted average of the apparent cross ) ) .
sections out of the two metastable levels. For the hollowWhereQss is the cross section for electron excitation out of a
cathode source, we use a laser to quench one of the metdiven initial- level, ng is the. number density of the initial
stable levels so that we can measure cross sections from!@Vel, andk is a constant. With the laser on, thesllevel is
single metastable level. An argon-ion pumped single-modéepopulated and the signal arises only from tisg level,
Ti:sapphire laser is used to quench thsg fevel by pumping
atoms out of the 45 level into theJ=2 2pg level (801.5 Son=kQus;N1s, 2
nm). Atoms in the 2 preferentially decay to thé=1 1s,
and 1s, levels(branching fractions of 0.05 and 0)aoth of ~ Thus the individual cross section can be extracted from
which decay to the ground level. Since the 2 2pg level is  Q1s,%Son, aNdQ 15, * Sofr— Son-
dipole forbidden from decaying to th&=0 1s; level, the A sample of the quenching results is shown in Fig. 6 for
number of k; atoms remains unchanged. If the laser haghe cases of thef®, 2p,, 2p,, and 2, levels. The electron
sufficient intensity to completely depopulate theslevel  excitation into the g level which hasl=3 is almost zero
then only metastable atoms in thasllevel remain in the when the quenching laser is on. We interpret this as indicat-
thermal atomic beam. We detect whether or not teelével  ing that the electron excitation cross section for excitation
is completely depopulated by observing theg2>1ss fluo-  out of the Is; level and into the Bq level is nearly zero.
rescence due to electron excitation. Thi 2evel hasJ=3  Thus the electron-impact excitation of th@glevel is en-

()
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tirely out of the Is5 level. In contrast, the electron-impact 1. Calibration of 2pg level

fluorescence from the %, level is only about 10% larger  The absolute calibration procedure for the fast-beam tar-
when the quenching laser is off than when the quenchinget is essentially the same as that used for the absolute cali-
laser is on. We interpret this as indicating that the fluorespration of our metastable helium resul&l]. The signalSis
cence from the @, level is primarily, but not entirely, due to recorded for an experiment with a fast metastable beam tar-
electron-impact excitation out of thesd level. The 2, ex- et (m), and for a static ground-state tardgi obtained by
citation Signal is intermediate between these eXtremeS, wit |||ng the entire chamber with gas. The metastable cross sec-

approximately 30% of the signal arising from the;latoms  tjon can thus be found in terms of the known ground-state
in the target and 70% from thes atoms. Finally, the B;  cross section,

level illustrates a case where we are unable to meaningfully
separate out the contributions from the two metastable levels. Qm(E) =Qg(E)(Sn/Sy)Covertad E), ©)

As is indicated in this plot we can easily obtain measure- . .
ments on the mixed bepam target. Due tgthe poor signal twhereCo\,er,apls related to the different beam overlaps for the

. o iground-statggas tar-
noise ratio in the quenched data, however, we are unable fast (metasta_lbl)ebeam and the statig g

. R ; : ets. In particular,
determine the individual cross sections with any real accu*

racy. o o

Of the eight levels we have obtained results for, we have f D (r)ng(MNI(E,r)dr
successfully separated the contributions from each meta- Coverlad E) = , 4
stable level in seven cases, the exception being fhdevel. f @ ((F)ny(F)I(E,F)dF

In five of the remaining levels, the signal is dominated by

excitation from the 5 level [20]. Only in the case of the \heren,, andn, are the number densities of the metastable
two J=1 levels described in the previous paragraph have W@nq ground-state target3(E) is the electron beam current
obtained separate cross-section measurements from bqg'énsity,E is the electron energy, antl is the probability of
metastable levelsee also Sec. IV detecting a photon from an atom excited at positiamhich
is qualitatively different for the cases of static gak,J and
fast-beam targetsd{;). The interested reader is referred to
Ref.[21] for the procedures employed to measure the various
To place our measurements on an absolute scale, we erprofiles of the optical system, and the electron and neutral
ploy a two-step absolute calibration procedure. In the firsbeams. For the data presented here, we have used the
step, the fast-beam apparatus is used to find the excitatiground-state apparent cross sections extrapolated to zero
cross section out of thes} metastable level into thedy  pressure of Chiltoret al. [22]. The peak values for thep
level relative to the known cross section for excitation out ofapparent cross section of RE22] are in excellent agreement
the ground state of argon and into thpgdevel. In the sec-  with the recent measurements of Tsurubuchi, Miyazaki, and
ond step, all the other metastable cross sectifmosn both  Motohashi23]. These more recent measurements, differ sig-
the 1ss and 1s; level9 measured with the hollow-cathode nificantly from the earlier work of Ballou, Lin, and Fajen
source experiment are placed on an absolute scale relative {{24], whose results were used in our preliminary result of the
the known ks;— 2p4 cross section. metastable Bg cross section reported in Rg25].

C. Absolute calibration
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TABLE I. Transitions observed in this work. unable to obtain unambiguous cross-section results. For both
= the 2p; and 2p44 levels the emissions from these levels are
Upper level Transition observed Wavelengtim)  at infrared wavelengths where our detector has low sensitiv-

ity. As a result, we have not yet obtained any fluorescence

;El ;Ez:iz ;22:; measurements from thepgo'le\./el. For theJ.=1 2p, level

sz 2Dy 1s 706.7 we have found that the excitation from a n_1|x_es|3]and Isg

) 3 5 3 1 5 794.8 target has a broad energy dependence similar to that of the

P4 Ps— 1S3 : otherJ=1 levels. Due to the low signal rates, however, we

2ps 2ps—1s, 751.5 have been unable to either place these results on an absolute
2Ps 2P 15 7635 scale, or separate out the contribution due to each metastable
2p; 2p7—1sq 866.8 level. For excitation into the {2, level, we have measured
2pg 2pg—1s, 842.5 the signal from a mixedd; and 1s; target, but we have been

2pg 2pg—1ss 811.5 unable to resolve the separate contributions from theahd

2pso 2p;o—1ss 912.3 1s; initial levels (see Sec. Il B. If the signal was solely due

8Reduced PMT sensitivity at the long wavelengths of these transi'EO e?<C|tat|on from the &5 level, tt‘fs pri?k 35_—>2p1 crqss
tions has prevented us from performing any cross-section measurgection would be (0']50'96)* 10" “enr, while !f the sig-
ments for these levels. nal was solely due to excitation from thaglfraction of the

target, the peak — 2p; cross section would have a value
2. All other levels of (0.73+0.36)x 10" % cn?.

o ) An interesting feature of our data is the difference in
The absolute calibration of all othepZross sections was shape for the cross sections as a function of the energy be-

carried out on the hollow-cathode discharge source apparaty$een those processes that can be produced by a dipolelike
using a method described in detail elsewH@&je Essentially,  oycitation (A\J=0,+1, J=0-J=0) and the excitation into

the wavelength dependence of the detector efficiency is r§ne twoJ=0 levels which cannot be produced by a dipole-
moved by utilizing the known cross sections for excitationjj.e excitation from either metastable level. Al the cross
from the ground statf22], and then tying all measurements gections that can be produced by a dipolelike excitation are
to the previously determinedsi— 2pg excitation cross sec- - gjo\ly varying functions of the energy when compared to the
tion. The metastable signal ratios are taken at an electrogyitation cross sections of the twis=0 levels which rise
energy of 10 eV, while the ratio of the ground-state crossanidly above threshold and then fall rapidly as the incident
sections is performed at the peak of the ground-state crog§ectron energy increases. In terms of the magnitudes of the

sections(~23 eV), cross sections, we find that the electron-impact excitation
N cross sections out of thes] level (J=0) into upper levels
_ 1sg with J=3 or 2 (nondipolelike excitation are negligibly
Qus,-2p,(10 e\/)—les,ng(lo e\/)( Nig ) small in comparison with the corresponding dipolelike exci-
n

tation cross sections out of thesdl level (J=2). For

Sis,-2p, (10 €V) 5329(Epeak) electron-impact excitation into upper levels wilk=1, we
X3 (10 eV || ™ find that the electron-impact excitation cross sections out of
185~ 2Pg g (Epead both the k; and 1s; levels can be significantAJ=1 from

2p, both metastable levels We additionally find that the
QQS (Epead electron-impact excitation cross sections into the upper lev-
: (5) on-impact ext _ pp
QSZQ(Epeak) els with J=0 exhibit the smallest magnitudes.

For three of these eight levels we have used the fast-beam
Equation(5) also includes the ratio of the metastable atomexperiment to extend our measurements to higher electron
number densitie§found in Sec. Il A to account for the dif- energies: thed=3 2pg level, theJ=2 2pg level, and thel
ferent number of $; and 1s; metastable atoms present in =1 2p, level. At the present time the fast-beam target den-
the target. sity is too low to permit measurement of electron excitation
cross sections into other higher levels. As a result of our
V. RESULTS thermal beam measurements we know that the &d g
' levels are populated almost entirely from excitation out of
We have measured electron-impact excitation cross sec¢he 1sg level, while the 2, level is excited primarily from
tions out of the metastable levels of argon into the levels othe 1s; level. The results of our measurements are shown in
the 2p manifold. For each excited level, we have observedrig. 8. Table Il gives the electron excitation cross sections
the emissions from one transition out of the excited level a®btained using the fast-beam target at selected energies.
listed in Table I. We begin with the low-energy results ob- There is a dearth of other metastable argon excitation
tained with the hollow-cathode source. Figure 7 shows theross-section value@xperimental and theoretigalo com-
absolute excitation cross sections for the separate metastalgare with the present results. Baranov, Kolokolov, and Pen-
1s5 and 1s; initial levels. Table Il indicates the magnitude of kin [26] have studied electron-impact excitation 0p°&s
the absolute cross sections out of the metastable levels tdvels into the levels of the@4p configuration in an argon
argon and into seven uppep2evels for a selected number plasma afterglow. The authors obtained excitation rate coef-
of incident electron energies. ficients as a function of the electron temperature in the range
For three of the levels listed in Table | we have beenfrom 3000 to 11 000 K, and attempted to extract the magni-
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FIG. 7. Apparent cross-section results at low electron energies. Error bars are only statistical uncertainty and do not include the
uncertainty due to the absolute calibration.

TABLE Il. Apparent cross-section results at low energies. The listed uncertainty includes both the un-
certainty from the absolute calibration of thp2cross sectiorf=35%), and the uncertainty of the relative
calibration of each level to the level.

Apparent cross section (18°cn?)
Incident electron energgeV)

2.0 4.0 6.0 8.0 10.0 12.0
J=0 1S4 2ps 0.44 0.29 0.17 0.11 0.140.05
J=1 1S5—2p, 5.7 9.1 9.8 9.8 9436
185—2p, 0.20 0.52 0.61 0.650.25
185—2p, 7.4 17 18 18 1875 18
185—2p, 0.26 0.62 0.60 0.50 0.440.20 0.44
J=2 15— 2P, 0.29 1.4 1.1 0.96 0.940.5 0.82
15— 2P 2.2 8.3 8.8 9.0 8.3.2 8.5
185—2pg 5.7 6.3 5.2 4.9 471.7 4.6

J=3 185—2po 12 24 25 24 238.0 23
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lished Born results for the average excitation cross sections
' ' from the four levels of the B°4s configuration into the
e o 1s,>2p, 3p®4p configuration. Since these calculations generally also
®r ., v o 1s,o2p, include excitation from the twd=1 levels of the §%4s
ﬁ%A R R configuration, they do not directly correspond to our results.
00 . The one result of Ref.28] that can be directly compared to
GO R our results is for the 45— 2pg excitation cross section. At
15 . i 10 eV, we have measured a value of AT.7)x10 1°
cn?, while Hyman’s Born calculation yields a value of
o 10.6x 10 16 cr?. While the agreement is only on a qualita-
jw‘“’%' v s tive level, the Born approximation is expected to overesti-
v \ . mate the value of the cross sectidry up to a factor of at
89 R energies this close to the threshold enef88]. Recently
v Madison, Maloney, and Wan@9] have published theoreti-
1 10 100 7000 cal cross sections for excitation into theZip levels out of
Electron Energy (eV) the ground state and discussed comparison with the experi-
mental values of Ref.22]. Efforts to extend theoretical cal-
FIG. 8. High-energy direct cross-section results. Solid points argulations[30] to cover excitation out of the metastable levels
from the fast-beam apparatus, open points were obtained from thgnhgyld prove to be illuminating.
hollow-cathode discharge source. Error bars are statistical only and
do not include the additional uncertainty from the absolute calibra-

tion. V. DISCUSSION

30

)

Cross Section (107° cm
3
-
»

tudes and energy dependencies of the individual cross sec- A. Cascades

tions. Due to the difficulties in this deconvolution procedure, Our experiments detect the fluorescence from the excited
they do not uniquely determine the different energy depenatoms in a given level. The population of a given excited
dencies of the cross-section values that we can observe in olgvel arises both from direct electron-impact excitation and
experiment. Additionally, their peak cross-section results aréy cascades from the decay of higher levels that have also
generally a factor of 7 times larger than our results for exci-been populated by electron impact. Thus the quantity we
tation of the k5 metastable level into thd=0 and 2 2 measure, thapparentcross section, is the sum of tllirect
levels, and a factor of 23 times the size of our results forcross section plus theascadecross sectiorfthe sum of the
excitation of the 35 metastable level into thé=1 levels. cascades from all higher levels

Mityureva, Penkin, and Smirnd27] have also published Since the fundamental quantity of interest is the direct
results for the stepwise excitation of thesImetastable level cross section, we need to subtract the cascade contribution
of argon into levels of the 8°4p configuration in the energy from the measured fluorescence signal. A full subtraction
range from onset to 12 eV. Their results are also inconsistenwould require measuring the fluorescence signal from all
with the present results in both the magnitudes and energyansitions that terminate in thep2levels. The transitions
dependence of the cross sections. For thg, 2pg, and o  from the next two higher-lying manifolds of argofthe
their peak cross-section values are a factor of 7 larger thaBp®5s and the $°3d configuration$ into the 2» manifold
our results. For the 2;-2p, levels their results are close to a both lie in the infrared region of the spectrum, where our
factor of 150 times larger than our results. detectors have low sensitivity. As a result we have been un-

Similarly, there is a lack of published theoretical calcula-able to measure the cascades from the infrared-emitting
tions for the metastable cross sections. Hyif28] has pub-  higher levels(which are expected to have the largest contri-

TABLE IIl. Direct cross-section results at high energies. The listed uncertainty includes both the uncer-
tainty from the absolute calibratidi=35%), and the uncertainty from the relative calibration of each level to
the 2pg level.

Direct cross section (13°cn?)

Electron energyeV) 1s53(J=0)—2p4(J=1) 1s5(J=2)—2pg(J=2) 1s5(J=2)—2pe(J=3)

20 8.5 21
30 7.1 17
50 10 4.9 12
75 7.7 3.8 8.3
100 57%#24 3.x11 6.8£2.4
150 4.5 2.3 4.7
200 3.8 1.8 4.0
300 2.4 1.4 2.8

400 2.3 11 2.1
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bution to the total cascade cross sectidtevertheless, using components at the frequencies necessary to excite the atom
the fast-beam target apparatus, for selected levels of phe 2into higher-lying levels. Unlike an electromagnetic wave,
manifold we have been able to determine the fraction of théhowever, the electric field due to an electron passing by an
apparent cross section which is due to cascades. atom has a time-dependent longitudinal component whereas

Due to the high velocity of the atoms in the fast beamthe electric field in an electromagnetic wave is purely trans-
(~10"cm/s) atoms travel a significant distance in oneverse. Thus for an electron passing by an atom one must
atomic lifetime (~10"®s). Thus the temporal dependence ofjnciude the monopole term in the time-dependent electric
atomic population is converted into a spatial profile of thefie|d as well as dipole, quadrupole, and higher-order terms in
fluorescence. If the lifetime of the cascading levels is quitgpe giscussion of electron excitation. Quantitative application
different than the lifetime of the level of interest, the tempo- ¢ this Fourier analysis method has been made by Purcell in
ral (and thus spatialdependencies of the two sources will be the calculation of the probability of the transition?g

different. This technique, which we use to determine the .5 . - .
fraction due to cascades, has been discussed in another pa%ér{zs [I;>1|]n hydrogen induced by collisions with electrons and

[21] and is only outlined here. The electron gun in our fast- f This picture leads us to a number of interesting conclu-

beam apparatus is translatable with respect to the position o

the optical detection region. When the electron gun is posiSions- The electric dipole excitatidif it is nonzerg usually

tioned in the center of the optical detection region, the atomg_roduces the largest contribution to the excitation cross sec-
in the fast beam are only in the viewing region for a verytion. The Is; metastable level ha3=0 and therefore one

short time after they are excited. Since cascading levels mu§Xpects that it will be excited by the dipole component of the
undergo two decays before they contribute to the ﬂuoresE'ECtriC field into levels withi=1 but not into levels with
cence signal, the cascade contribution to the detected signdi= 0, 2, or 3. The &5 metastable level has=2 and there-

is reduced relative to the component of the signal from direcfore one expects that it will be excited by the dipole compo-
excitation that only requires one decay. If, on the other handyent of the electric field into levels with= 1, 2, or 3 but not
the distance between the viewing region and the electron guifito levels withJ=0. This offers a simple explanation for
is very large(corresponding to many lifetimes of the level of why the levels withJ=3 and 2 are populated primarily by
interesy, virtually all of the excited atoms excited by direct electron excitation from thesk level rather than from the
excitation will have decayed before reaching the detectorlss level. In contrast, dipole selection rules allow the 2
Any fluorescence detected in this configuration is due to théevels withJ=1 to be produced both by excitation out of the
contribution from long-lived cascade levels. 1s; level and excitation out of thes} level.

We have modeled the fluorescence as a function of the Those levels in the 2 manifold with J=0 cannot be
distance between the position of the electron gun and thproduced from either metastable level by a dipolelike exci-
viewing region. The fits of our model to our measured dataation. Excitation of theJ=0 levels of the » manifold must
indicate that cascades contribute less than 10% of the appdnvolve higher-order processes. Indeed, we observe that the
ent cross section for thepd and 2pg levels. Therefore we electron excitation cross sections out of the metastable levels
conclude that the cascade contribution to the apparent eleof argon into the p levels withJ=0 are smaller in magni-
tron excitation cross sections out of the metastable levels dfide and decrease rapidly as a function of the incident elec-
argon and into these levels is small and that the direct crosson energy in comparison to the othep Revels. The small
section is almost the same as the apparent cross section. Thimgnitude of these cross sections is consistent with a
is to be expected, since the direct cross sections into most skecond- or higher-order process. In addition, the exchange
the 3p°4p levels are expected to be very large as they corinteraction which is not included in the multipole field can be
respond to dipole-allowed transitions from one of thpE4s expected to contribute a larger relative fraction to the total
metastable level§see Secs. VB and V)C The cascades, excitation cross section in these cases.
however, arise from 8°5s and 3°3d levels which are not
optically connected by an allowed electric dipole transition 2. Theoretical foundation of the electric multipole picture
to the metastable levels, and should thus have smaller cross The electric multipole picture can be looked upon as a
sections. A similarly small cascade contribution is thus eX-qua”tative version of a quantum-mechanica| ana|ysi5 dis-
pected for the other2levels that are optically connected to cussed in earlier worki82]. Imagine an incident electron of
at least one of the metastable levels. The fractional cascag®ordinates” (r’ 6’ ¢') colliding with ann-electron atom of
contribution may be larger for excitation into th@2and  electron coordinates;(r;6;¢;) and exciting the atom from
2ps levels, both of which have=0, since these levels are the initial statey;(J;|f;,....F,) of total angular momentum
not connected to the metastable levels by an allowed electrig. into the final statey;(J;|f;,...,F,) of total angular mo-

dipole transition. mentumJ; . If we consider only excitation due to the Cou-
lomb interaction between the projectile and the target elec-
B. Qualitative description of data trons and neglect exchange excitation, the collisional

coupling potential between the initial and final states,

1. Multipole analysis ~
P y Cfi(r’), IS

A very useful picture in understanding electron excitation
cross sections is related to the electromagnetic excitation of
the atom by multipole fields. As an electron passes by an
atom the atom experiences a time-dependent electric field
with various multipole components. The electric field asso- >
ciated with each multipole component will have Fourier

cfi<r*'>=f W (3lFrre )
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Let us take the specific case of excitation frompE4s level 1000 .
with J=1J; into a 3p°4p level with J=J;. We constructy; : P4
and ¢; from the one-electron orbitals within the one- e o 18, 2p,
configuration approximation and expand the Coulomb inter- 800 - v o 15, 2p, ]
action term by means of the spherical harmonics as — s o 13, 2p,
£
S eool NS i
1 1 477 r<kY BBIE (0 3 s
RN F T ke 0, Yim(0' b)), o N o
= 400| * yr 1
@) Wy s
a W -
wherer.. andr_ are, respectively, the greater and lesser of 200 L f; o ]
r’ andr;. Since the active electron undergoes a transition F T

from a 4s orbital to a 4 orbital (Al=1), only thek=1
terms in Eq.(7) survive after integration over the electron
coordinates as indicated in E¢). The coupling potential
C;; in Eq. (6) is now composed of integrals of triple products
like ¥f Yi—1m(6j ;) ¥ . Sincey;,Yy—1m(6;¢;), andy; are FIG. 9. Bethe plot ofQE versus IrE. Error bars are statistical
eigenfunctions of] corresponding to eigenvalues af, 1, qnly a_nd do not_ include the uncertai_nty du_e to the absoll_Jte calibra-
andJ; respectively, these integrals vanish unldss J,=0, tion. Lines are.llnear Igast-squares fits to hlgh—qurgy pqlnts used to
+1 provided that); and J; are not both equal to zero. In extract the optical oscillator strength of the transition using(Bg.

other words, for electron-impact excitation fromp3ls into

10 100 1000
Electron Energy (eV)

ground level. Thus, for excitation out of the ground level, the
2p levels with evend generally have larger cross sections
than the 2 levels with oddJ. This was indeed observed
eexperimentally{zz,zzﬂ.

3p°4p, the coupling potential is dictated by the electric di-
pole selection rules. In the first-order approximation the
—f excitation cross section is obtained from t6¢ cou-
pling potential, thus the dipole selection rules sort out th
large cross sections among the excitation from the dnd o _
1ss into the various levels of r354p_ C. ngntltgtlve analysis of data: The Born.-Bethe

For excitation out of the 4 metastable leveld = 2) into approximation as a test of the absolute calibration
the 2p manifold, the electric dipole selection rules predict A quantitative comparison of our cross-section results to
nonzero coupling between thessllevel and any P level  the patterns predicted by multipole analysis is achieved by
with J=1, 2, or 3, so that excitations corresponding to theseemploying the Born-Bethe approximation. In this high-
transitions generally have large cross sections. Sinc€the energy approximation the excitation cross section for a
coupling potential vanishes for the cade=0, excitation dipole-allowed transition is given by
from the 1Isg level into a 2, J=0 level entails higher-order
interactions in which the initial and final states couple with Ry R In(E) + Kij ®
each other indirectly via intermediate statas For instance, EJ\Ejj E )’
the dipole term k=1) in Eq.(7) produces a coupling poten-
tial C,,; between the &; level and a]=2 level of the $°np  wherea, is the Bohr radiusR is the Rydberg energ¥;; is
configuration which in turn connects with 2J=0 level  the energy difference between the initial leveand final
through the quadrapole ternk€2) in Eq.(7) to give Cyp,. level j, f;; is the oscillator strength of thie—| optical tran-
The cross sections resulting from such an indirect couplingition, andK;; is an additional constant. We use the Born-
are expected to have smaller magnitude and different enerdgethe approximation in two ways: to test the absolute cali-
dependence than the cross sections associated with direct #hation of our cross sections at high energies, and to compare
pole coupling. The same kind of consideration applies toelative cross-section values at low electron energies.
excitation out of the & metastable levelJ;=0) into the In a Bethe plot ofQE versus IrE, the Born-Bethe ap-
2p J=0 levels, which also rely on indirect coupling proximation predicts that the cross section for an optically
through intermediate states. Considering the small size cillowed transition should be linear, with a slope proportional
these higher-order terms, the cross section for these prdo the oscillator strength of the corresponding optical transi-
cesses can also contain a substantial contribution from thigon. In Fig. 9 we plot the three electron excitation processes
exchange interaction that the aforementioned multipole exfor which we have obtained data at high energies. From the
pansion has neglected. slopes of the three curves we obtain oscillator strengths of

In contrast, let us consider excitation into the danifold  f1s.2p,=0.39-0.10, f5 5, =0.21+0.05, and fys 5,
from the ground level. Because the active electron moves-0.38+0.05. The error bars here reflect only the quality of
from the 3 orbital into the 4 orbital (I;=1—1;=1), both  the fit, and do not include the uncertainty in the absolute
thek=0 and 2 terms in Eq(7) may survive the integration calibration. In comparison, the accepted values of the oscil-
in Eq. (6). The Cy; coupling potentials now decompose into lator strengths for these three transitions are, respectively,
integrals  of ¢ Yi—om(0;#)) % and ¢ Yi—om(0;0)) i 0.46, 0.21, and 0.589,14]. For excitation of the B¢ and
which vanish unlesg;=0 and 2, respectively, becaude 2pq levels, the experimental values agree with the accepted
=0 for ground-state excitation. In other words, only thevalues within the statistical uncertainty of the measurement.
evend levels of the 2 group couple directly with the This agreement also provides a test of our absolute calibra-
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TABLE IV. Comparison of measured apparent cross-section values at 10 eV, to oscillator strengths.

1s5—2py 1s3—2py
QBEP(10eV) f1e, 2, Q3 (10eV) fio, 2p,
Upper level Qggg (10 e\/) f155~>2p9 Qggg (10 e\/) f155ﬁ2p9
J=0 2ps 0.0052 small
J=1 2p, 0.028 0.061 0.45 0.68
2p, 0.010 0.006 0.80 1.15
2p; not measured 0.061 not measured 0.18
2p1g not measured 0.30 not measured 0.11
J=2 2p3 0.041 0.061 small
2pg 0.38 0.46 small
2pg 0.20 0.19 small
J=3 2pg 1 1 small

tion since a variation of the absolute calibration wouldproximation, it nevertheless predicts that the magnitudes of
change proportionally the high-energy slope of the Bethehe cross-section values are proportional to the oscillator
plot, making it inconsistent with the oscillator strength. strengths of the corresponding optical transitiémsglecting
There is less agreement for the;t-2p, data. The P,  the E~* term). Thus, to obtain a quantitative comparison of
data, however, include two additional sources of uncertaintyhe electron excitation cross sections, we can compare opti-
not present in the @ and 2o, data. First, excitation into the  ¢a| oscillator strengths. This provides a quantitative way to
2p, level is primarily due to excitation out of thesi meta-  analyze the electron excitation cross sections in terms of the
stable level. Since the absolute calibration is performed OBptical oscillator strength. In Table IV we list the apparent

excitation from the $; metastable level, the (& cross-  ¢1gq sections for excitation out of thesllevel (and also the

section resultgand uItlr_nater the oscillator s.t.rengtlmust 1s; level) into the various P levels at 10 etelative to the

be corrected for the different number densities of the tw S.—2pe apparent cross section at 10 eV, and compare
5 9 ’

different initial levels as shown in EqS5). The Is:1ss these relative values with the correspondietative optical

number density ratio of 5:61.6 found in Sec. Ill A thus oscillator strengths. Although the cross sections at 10 eV are
introduces a 28% uncertainty into the 2cross section. Sec- Ngns. 9 . A .
not properly in the Born-Bethe regime, we find interesting

ond, in contrast to theZ; and 2p4 data, there is no overlap " . ) . .
between the low-energyp? data(1—12 eVf and the high- correlations in this comparison. For the 2evels with J
=2 (2pa,2pe,2pg), excitation into these levels is almost en-

energy data(40—400 eV. The extrapolation of the low- i X
energy values to higher energies, necessary to place the higW—er from the 1s; levels and the relative cross sections track

energy data on an absolute scale, introduces an addition‘é‘ie” with the rellati_ve qscillator strengths. Next we examine
20% uncertainty in the &-2p, oscillator strength deduced the case of excitation into thep2evels withJ=1 which are
from the cross-section values. Including only those sourcedipole allowed from both_ metastable levels. For excitation
of uncertainty unique to the®, data, the total uncertainty in ©ut Of the Is; level and into the P, and 2, levels the
the 1s;-2p, oscillator strength is 0.16. The measured value'elative 'os.cnlator strengths are, resp.ectlvely, 1.15 and 0.68.
of 0.38+0.16 is thus not inconsistent with the accepted valud OF €xcitation out of the 45 level and into the P, and 2,
of 0.53+0.04. In view of the excellent agreement with the levels the relative oscillator strengths are, respe(_:tlv_ely, 0.006
1s5-2p, and 1ss-2ps oscillator strengths obtained from the and 0.061. Thus_one expects the elgctron excitation out of
high-energy Bethe plots with the accepted spectroscopic vaff'€ 1Ss level and into these 2 levels withJ=1 to be much
ues, the poorer agreement for they 1> 2p, case may simply larger thar_1 excitation out of th@ﬂ, level and into the same
be due to the much larger uncertainty in this measurement, [EVE!S. This is in agreement with our observations. In com-
we were to use the known oscillator strength as our means d#27ison, for the twaJ=1 levels that we have not observed
absolute calibratiorfand thus eliminating these sources of (the 2p7 and 2y, levels the relative oscillator strengths
uncertainty, the 1s;—2p, cross sections listed in Tables | from the 1sy levels are larger than the .correspondlng valugs
and Il should be increased by a constant multiple of 1.4, OPf the 1s; level. In these cases, the signal would be domi-
the other hand, it may also be possible that tlsg-12p, nated by excitation from thesl metastable level.
cross-section values have not yet converged to the Born limit
by 400 eV, so that the slope extracted from the data points
below 400 eV does not correspond to the+ 2p, optical
oscillator strength. Improved measurements &f:1s; ratio,
and additional measurements aof;1->2p, cross section in Studies of electron-impact excitation out of the ground
the range of 10-50 e\to improve the overlap of the two level of helium have revealed fundamental differences be-
experimenty and>400 eV (to test the validity of the Born- tween the cross sectiorfand energy dependencjesf the
Bethe convergengeare desirable in order to clarify this singlet and triplet levels which have provided an important
point. means to characterize excitation behaviors of singlet and
While the Born-Bethe approximation is a high-energy ap-triplet levels. The heavier noble gases, however, do not in

D. Discussion of cross sections
based on different coupling schemes
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TABLE V. Argon energy levels.

Energy Paschen Racah (-I)
Configuration J (eV) designation designation L-S components
3p° 0 0 1pg s,
3p®4s 2 11.55 s 48218 p,
1 11.62 B, 45310 P3P,
0 11.72 B, 4s'318 3P,
1 11.83 5, 4s'[319 °P1,'Py
3p°4p 1 12.91 Do 4p[31, 'P1,%D, %P1 .35,
3 13.08 D 4p[ 3]s D,
2 13.10 Pe 4p[5], °D,.°P,,'D,
1 13.15 P 4p[21, °S1,°P1,°D1,'Py
2 13.17 D 4p[21, p,,%D,,'D,
0 13.27 Ds 4p[ %1, 3Py, 1S,
1 13.28 D, 4p'[3), D, Py %Py, %S,
2 13.30 D3 4p'[1, D,,%D,,%P,
1 13.33 D, 4p'[3), %p,.%s,,%D,, Py
0 13.48 7 4p'[%1, 'S0.°Po

general conform to théS coupling, and are more properly 2p; and the 2. Both the 2, and 205 levels are composed
described by an intermediate coupling where the spin multiof L-S coupling wave functions of &S, and a®P, charac-
plicity is no longer a good quantum number. Neverthelesster. We call the singlet weighting in thep2 level x so that
by expressing the intermediate-coupling wave functions othe triplet weighting is (+x). Since the p; and 25 wave
the excited states as linear combinations ofltBeigenfunc-  functions are made up from the sarheS coupling basis
tions, we can generalize the results from helium to thefunctions it follows that the singlet weighting in thep2
heavier noble gases. On the other hand, it is also possible fevel is (1—x) and the triplet weighting ig. Since the elec-
adopt thejl (or jK) coupling as the starting point toward the tron excitation out of the metastable levels samples only the
more general intermediate coupling. In thhescheme, thé  triplet weighting in the D levels (when exchange is ne-
ands of the valence electron are sequentially added to thgjlected, we expect the ratio of the electron excitation cross
total angular momentum of thep3 ion core. Analysis of sections for the p; and 25 levels to be (1 x)/x. On the
excitation cross sections can then be performed by expan@ther hand, the electron excitation out of th&, ground
ing the wave function of an excited state as a superpositiofevel of argon samples only the singlet weighting in the 2
of the appropriatgl eigenfunctions. In this section we use levels. For this case, we expect the ratio of the electron ex-
both theLS andjl expansions to offer qualitative explana- citation cross sections for thep2 and 2ps levels to be
tions for certain observed patterns in our cross-section mead/(1—x). Note that these ratios are the reciprocal of each
surements. other, so that the pattern for excitation from the metastable
N levels is inverted from the pattern for excitation of the
1. L-S composition ground state. The experimental number for the ratio of the
Since J is a good quantum number, the levels within apeak electron excitation cross section into thi 2nd 25
given configuration can be expressed as linear superpositiofgvels from the ground level is 2:80.5 [22]. The experi-
of singlet and tripleL.-S components with the sandevalue.  mental number for the ratio of the peak electron excitation
TheL-S constituents of the various levels in the three lowestcross section into thef® and 2ps levels from the &5 meta-
electron configurations of argon are listed in Table V. For thestable level is equal to 0.330.28. While the large uncer-
four levels of the P°4s configuration, this leads to two tainty in the metastable ratio limits the significance of this
mixed J=1 levels(the 1s, and 1s,) with a mixed singlet comparison, the results are close to the expected inverse ra-
and triplet character'; and 3P,) and the two metastable tio. Furthermore, the results are reasonably consistent with
levels which are purely.-S triplet levels €P, for the 1s;  the values ofx=0.82 and (t-x)=0.18 obtained by the
and 3P, for the 1s;). For the ten levels of thef®4p con-  intermediate-coupling wave functions of RE29]. Since the
figuration only the sole level witd=3 (the 2p,) can be energy dependence of the cross-section values is the same
considered a pure-S level D3). for both the 2; and 2ps levels, we obtain similar results for
For the excitation processes that are mainly due to th@ny other choice of electron energy.
Coulomb interaction rather than spin exchange, the excita-
tion from the two triplet metastable levels should primarily
occur through the triplet component of the #inal state. An In the j-I coupling scheme, the@ ion core is described
interesting illustration of this is for the twd=0 levels, the by j=3 or 2, and each of th¢ members is then coupled to

2. j-1 coupling
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TABLE VI. Comparison of the peak cross-section values for bidden, while excitation from théP, metastable level is
excitation from the ground-state and the metastable levels of argorpin allowed. The ground-state excitation cross section for
Since the cascade contribution to the apparent cross section fggig process rises rapidly above threshold and then decreases
excitation from the metastable levels should generally be less thafhpidly as the energy of the incident electron increases. On
20% (Sec. V A), the apparent cross-section values for excitationthe other hand, excitation from thesd metastable level to

from the metastable level are a reasonable approximation of th - o
direct cross-section values. PP the 2pg level occurs as a d|poIe_-aIIowed 6?(Cltatloﬂ=(2
—J=3). The cross section for this process is large and var-

This work Ref.[22] ies only slowly as a funption of the energy of the incident
PeakQaR?, PeakQd! electron. Due to these differences, the peak-22p, exci-
(10 8¢ (10 crrp) tation cross section is 400 times larger than the correspond-
ing peak of the ground-state excitation cross section.
J=0  1s3—2p; <0.73 Ipo—2py 0.050 A second reason for the contrast in ground-state and
1s5—2ps 0.44 Ipo—2ps 0.016 metastable cross sections is that the parity of the ground
J=1 1s3—2p, 8.6 1py—2p, 0.014 level is even whereas the parity of the two metastable levels
1s3—2p, 16 1po—2pP4 0.022 is odd. The 2 levels all have even parity. According to
J=2 1s:—2p3 1.4 1po—2p3 0.029 multipole analysis of electron impatiee Sec. VBJ if the
1s5—2pg 9.0 1po—2ps 0.032 parities of the initial and final states are opposite, the cross
1s5—2pg 6.3 1po—2pg 0.054 sections will likely be dominated by the dipole component.
J=3 1s5—2pg 25 1po—2pg 0.053 For excitation from thel=0 and 2 metastable levels, this

corresponds to large cross sections for excitation inpo 2
levels withJ=1, 2, and 3. For excitation from the ground
the valence electron. Thes] metastable level has a large statg, which has the same parity as.the final stat'es, the cross
weighting of the2P,, ion core, while the & is associated sections are expe_cted to be largest into Ieve_ls with even val-
mainly with the 2P, ion core. For the ten levels of the U€S OfJ as explained in Sec. VB2. In particular, th@:2
3p%4p configuration, the B, to 2p, levels arise primarily Iev_eI (J=0) has one of the Iarges_t cross sections of the
from the 2P, ion core, while the Ps to 2p;, levels arise  €Ntire 20 group for ground-state excitation. _
primarily from the 2P, ion core. Note that our cross-section We make special note that the difference between excita-
values are larger for processes that preserve the total angufien from the ground-state and the metastable levels is thus
momentum of the ion core, and smaller for those intercomMOSt pronounced in the excitations of thp,2and 2, lev-
binational processes that alter the ion core. This offers &S In @ typical plasma, thep2 level is primarily populated
qualitative explanation for why thesd cross sections for DY €xcitation from the ground state, while theglevel is
excitation into the P, and 2, levels are relatively small populated .prlrnarlly from the §; metastable IeveI..Thus, the
even though they are dipole allowed. Further analysis base@Ptical emissions from these two levels are particularly use-
on the j-I scheme would be more fruitful for the higher ful in assessing the role metastable atoms play in discharges
argon(and the heavier noble gasnergy levels, where the [34].

purej-I scheme is a much better approximation to the true

general intermediate coupling of the levels. 2. Excitation out of the metastable levels of helium

The excitations from the 4s configuration of argon
E. Comparison with other excitation process into a 3p°4p level as studied in this paper exhibit very large
cross sections because they correspond to dipole-allowed
transitions with no change in the principal quantum number
It is interesting to compare the electron excitation cros®f the active electron. A counterpart in helium is the
sections out of the metastable levels with the correspondingls2s)2 *S— (1s2p)2 3P excitation which has a peak cross
cross sections for excitation out of the ground level into thesection in excess of 13%cn? [6,33. This exceptionally
same upper @ level. Table VI gives the magnitude at the large cross section is related to the dipole nature of the 2
peak of the cross sections out of the metastable levels ane:2p transition, the strong overlap between the radmbfd
out of the ground level. As can be seen from this table thep orbitals, the small excitation energy, and the large oscil-
magnitude of the cross sections out of the metastable levelator strength.
ranges from 700 times as large as the magnitude of the cross While it is common to find large cross sections for
sections out of the ground level to less than 15 times thelectron-impact excitation corresponding to dipole transi-
magnitude of the cross section out of the ground level. tions as is the case of the He{8— 2 3P) excitation, inter-
The variance in the magnitude of these cross sectiongstingly this trend is reversed for excitation into the higher
arises from two principal reasons. First, the ground level is driplet levels of heliun{6,33]. For instance, among the®3,
pure singlet level whereas theszland Is; metastable levels 33P, and 3°D levels, excitation out of the 2S level into
are both pure triplet levels. As was indicated in Sec. V D 2the 3P, which corresponds to a dipole-allowed transition,
the values of spin-conserving excitation procegsesdiated has the smallest peak cross section, whereas tR8 2
by the Coulomb interactionare generally much larger than — 33D cross section has the largest. Similar results hold for
spin-forbidden excitation processesediated by exchange the n=4 and 5 groups. This apparent breakdown of the
For excitation into the By level, which is a pure triplet dominance of the dipolelike excitation can be understood by
(®Dy), the excitation from the'S, ground state is spin for- drawing an analogy between electron excitation and optical

1. Excitation out of ground-state argon
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excitation. For illustration let us associate théS2-n3P  tion out of the metastable level outweighs the cross section
excitation with the corresponding optical absorption. In thefor excitation out of the ground level by several orders of
case of optical absorption, the dipole matrix elements for thenagnitude. In other caséise., theJ=0 2p, and 2ps levels),

235-n3%P, m=0 series satisfy the sum rule the cross sections for excitation out of the metastable levels
are only about ten times larger than the corresponding

235/7|n3P, m=0)[2=(235|72|23S). 9 ground-state cross sections. This underscores the fundamen-
; 2"k IW'=(2°522°S) © tal difference between excitation out of the metastable levels

and excitation out of the ground level; in particular, one can-

The first matrix element in the sum, betweeAand 2°P,  not obtain even a rough estimate for the metastable cross
is exceptionally large because the radial parts of th@2d  section from the known ground-state cross section by means
2p wave functions overlap strongly. This has the effect ofof a simple scaling factor to account for the size difference.
reducing the matrix elements for the highe?P levels on  However, many qualitative features of the general magni-
account of the constraint imposed by the sum rule. The suntudes and energy dependencies of the cross sections for ex-
rule argument can be quantitatively carried over to electromitation out ofboththe metastable and ground st&28] can
excitation only for forward scattering. Nevertheless, on abe understood from a multipole picture of the collision pro-
qualitative level, it suggests that the*@—33P integrated cess. With this simplified picture, the variation of cross-
excitation cross section may be reduced due to the exceptiogection values with thd of the final state is seen to arise
ally large cross sections for the’8— 2 3P excitation. naturally from the different parities of the initial levelsdd

In analogy to helium it is reasonable to expect that thefor the two 3p°4s metastable levels, even fop$ ground
argon 3°4s—3p°5p excitation cross sections may be level).
smaller than the @°5s excitation cross sections. Excitation  Additionally, our measurements at high energies provide
of the metastable levels of argon into the levels of théRI  a test of the absolute calibration through the relation between
manifold may also show unexpected patterns. Studies of exhe high-energy cross sections and the oscillator strength.
citation out of the metastable levels into these higher levelThe observed agreement is important in view of the difficulty
with varying parity will be valuable in unveiling the basic of absolute measurements. By improving our detection capa-

interactions of metastable atoms with electrons. bility, in the future we seek to extend the high-energy mea-
surements into additional levels of thg Znanifold, and to
VI. CONCLUSIONS extend the low-energy measurements to levels of the higher-

lying manifolds. These results would provide a much more

Using two different sources of metastable atoms, we haveomplete picture of electron excitation of multielectron at-
measured excitation cross sections into eight levels of the 2 5y,

manifold at low electron energies, and excitation into three

Ieve!s at energies up to 400 eV. Cqmparlson of t_hese Cross- ACKNOWLEDGMENT
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