PHYSICAL REVIEW A VOLUME 57, NUMBER 1 JANUARY 1998

Measurement of electron-impact excitation into the $°4p levels
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To experimentally determine electron-impact excitation cross sections with the optical method, it is neces-
sary to measure all transitions out of a leitele apparentcross sectionsas well as the cascades into the level.
In the case of the ten@4p levels of argon, the emissions to lower levels lie in the visible and near infrared
(660—1150 nm and are hence observable with a monochromator—photomultiplier{@kE) system. A
Fourier-transform spectrometéTS) allows us to measure the previously uninvestigated cascades that lie in
the infrared. For the incident electron energy range between onset and 300 eV, we have measured the apparent
cross sections with a monochromator-PMT system, and the cascade cross sections with a weak emission FTS
system. The magnitude of both the apparent and cascade cross sections increases with target gas pressure due
to radiation trapping effects. By subtracting the cascade contributions from the apparent cross sections, we
have determined the direct cross sections and verified that they do not vary with pressure in the 0.5—-4-mTorr
pressure range considered hg®1050-29478)04201-3

PACS numbdrs): 34.80.Dp

[. INTRODUCTION each level may be expressed as linear combinations of the
L-S terms of identicall value. Thus, the twd=1 levels of
To understand fully electron excitation of rare-gas sys-3p°4s (1s, and Is, in Paschen’s notatigrcontain both the
tems in laser, lighting, and plasma technologies, accuratéP; and 3P, components, whereas tie=0 andJ=2 levels
values for electron-impact excitation cross sections are retls; and 1ss in Paschen’s notatigrare each represented by
quired. The optical method provides an experimental apa singleL-S coupling term,*P, and ®P, respectively, de-
proach to determine the rate of electron-impact excitation bypite the fact that argon does not in general conforrh-t8
measuring the intensity of the emissions from excited atomscoupling. The apparent cross sections for electron excitation
To obtain the direct excitation cross section for a particulaffom the 3° ground level to the twd=1 levels have been
level, one must subtract from its total population rate thedetermined py detecting the emissions from these two levels
portion due to cascade radiation from the higher levels that?:- Atoms in the B; and Is; levels are metastable and
were excited by the incident electrons. These cascade trandjonradiative. However, by incorporating the technique of
tions are often in the infraredR) and are not readily detect-
able by photomultiplier tube$PMT). Solid state devices,
such as photodiodes, are sensitive to IR emissions, but wit
much lower signal-to-noise ratios than that of a PMT oper-
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ating in the visible spectral region. Achieving a signal-to- 4s 5p____ 6d _Bs_
noise ratio similar to that of a PMT would require long ac- 15 |=—__ ZZZZZ_——== IZZ—g=== 35§ _ ]
quisition times for each spectral line. The Fourier-transform “3s ____4_p-——— —— s
spectromete(FTS) overcomes this disadvantage by simulta- ~ ,, | __-- - 3p _ ————35 ]
neously observing all transitions within a broad spectral re- [ 28 - 3 '
gion. Thus for an atom such as argon, with a large number o T

infrared emissions, we gain over the sequential scanning of i '3 | -T2 y
conventional monochromator. The advent of the commer-

cially available weak emission FTS makes possible the use 12 L (5 ]
of solid state detectors for infrared detection in electron- —_—

impact excitation analysifl]. In this work, we apply the 11 {3P%(n+3)s  3p*(n+2)p 3pnd

optical method to the study of electron excitation of argon, -
using a FTS system to examine previously unmeasured IF 1T A
transitions. 2962916382306 (1 1 r On
: . - 1822872p°3s73p° ('S,) "Po
An energy-level diagram of argon is shown in Fig. 1. The 0
first excited configuration is@®4s, and consists of four en-

ergy levels withJ=0, 1, 1, and 2. The wave functions for g1 1. Argon energy-level diagrafin units of eVj. The top of
the figure lists the) value followed by the Paschen’s notation for
each level within the manifold. Translation to configuration nota-
*Present address: Department of Physics, Lake Forest Collegéon is provided at the bottom, whereis the numerical prefix for
Lake Forest, IL 60045-2399. the manifold in Paschen’s notation.
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laser-induced fluorescendelF), it is possible to measure ande the charge of an electron. The sum of all optical emis-
the apparent excitation cross sections for tieg &nd 1S5  sion cross sections fromnto the lower levels is termed the
metastables using the optical metH&8d The apparent exci- apparent excitation cross sectidar the level:

tation cross sections include the contributions of cascade

from higher levels. Most of the cascade radiation into tke 1

A = > QoM )
manifold is in the range of 310—920 nm and can be detected - I
easily with a PMT, allowing these cascade corrections to be
made. A level i may be populated both by direct electron-impact

The next configuration, @4p, contains ten levels, only excitation and by higher excited levels cascading into it.
one of which is a puré.-S level (°Dg, or 2pg in Paschen's  Hence, thedirect electron excitation cross sectida ob-
notation. Ballou et al. [4] have reported the apparent exci- tained from the experimental data by subtracting from the
tation cross sections for all ten levels by measuring thepparent excitation cross section the cascade contribution,
3p°4p—3p°4s transitions (2p—1s,,...,1s5 in Paschen's hich is the sum of the optical cross sections for the transi-
notation. The majority of the cascade into these levelsions into leveli from all the levels above 6], i.e.,
comes from the B°5s—3p°4p (2s,,...,5:—2p in Pas-
chen’s notation and 3°3d—3p°4p (3d—2p and _
3s,—2p in Paschen’s notationtransitions. Note that the = Q- > QP 3
symbol 3, refers to four levels within the [3d configu- k=
ration, to be distinguished from thes3, 3s3, 3s,, and 35
levels, which arise from thef#®6s configuration. These four
3s, levels are denoted by prime superscripts, 33s] , etc.
Since the 3—2p, 3d—2p, and 3,—2p transitions are
mostly in the IR, Ballouet al. had to resort to theory to
estimate the cascade. Because of the complexity of the ele
tronic structure of the excited states of argon, the method
used in the calculations of Ballaet al. were not sufficiently 2p—1s, 25—2p, 3d—2p, and ,—2p transitions at
accurate to determine direct excitation cross sections. various’pressureé and eleétron ene;gies

Using a FTS, we have measured the cross sections for '
cascade into the2levels. We can thus determine the direct
excitation cross sections based solely on experimental data. IIl. EXPERIMENTAL APPARATUS
Previous experimen{s3] indicate that the cross-section data 1, separate apparatuses were used in this work. A grat-
obtained from the intensities of thep2+1s emission lines ing monochromator-PMT system was used to measure all
vary with target pressure even at a few mTorr. Such pressurg,gse D—1s transitions, and the significant s3-2p,
dependence is often associated with radiation trapping an@d—>2p, and 4,—2p cascade contributions, with wave-
atom-atom collisional transfer processes populating the eXgngihs Jess than 920 nm. Using a calibrated quartz tungsten
cited levels[5]. In the present work we perform measure- halogen lamp, we determined the optical detection efficiency
ments across a wide range of pressure®.1-6 mTorr for 54 thys placed the cross sections on an absolute scale using
the.VISIble transmons,_and 0.5-4 mTorr for the)I&d en-  {ha method described in RéB]. The FTS system was used
ergies(10-300 eV. With the use of the FTS, we have ex- ; measure some of thep2-1s transitions and the entire
tended the measurements to the IR transitions cascading m%_}zp, 3d—2p, and 3,— 2p manifolds, providing rela-
the 2p levels. In Sec. IV D we will show how these mea- {ive cross sections only. Since the FTS and the
surements have resolved the source of the pressure depgfpnochromator-PMT systems overlap in their wavelength
dence. range, we use the absolute cross sections for selected emis-

sion lines with wavelengths between 850 and 920 nm deter-
II. METHOD OF MEASUREMENT mined by the monochromator-PMT apparatus to put the FTS

A detailed description of the optical method for measur_measurements on an absolute scale.,

ing electron-impact excitation cross sections has been pre-

sented in Refd6, 7]; thus only a brief account is given here. A. FTS system

Consider a gas of ground-state atoms. An electron beam The FTS experimental apparatus is shown in Fig. 2. The
traverses the gas, exciting some atoms to leveAs they  vacuum system includes a stainless-steel collision chamber
decay to a lower levelj, the resulting fluorescence is de- connected to a diffusion pum(r00 liters/$ that evacuates
tected. Experimentally, we measure toetical emission the chamber to a base pressure of approximately
cross sectiorfor this transition, which is defined as 2x10°8 Torr. During data acquisition, the diffusion pump is
valved off, and 99.9995% pure argon gas is admitted to the
chamber, filling it to a desired pressure between 0.5 and 4
mTorr. An ion pump connects to the chamber through a leak
valve to provide fine adjustment of the pressure during data
whered;; is the number of photons per second per unit beanacquisition, and a getter pump eliminates any extraneous at-
length emitted in the to j transition,n, is the number den- mospheric gases. A capacitance manometer is used to mea-
sity of ground-state atoms, is the electron-beam current, sure the pressure.

The 2p levels of argon radiatively decay only to the 1
levels. Hence, the apparent cross sections of ghde®els
can be obtained entirely from thep2-1s optical emission
cross sections. The cascade contributions to theleXels
appear to be almost entirely from the,23d, and 3; mani-
folds. The experimental task of this work is centered on the
easurement of the optical emission cross sections of the
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FIG. 2. Layout of the FTS apparatus showing the optics con- [ Response
figuration. The focusing mirror can be swiveled 180° to examine [ |
the output of a standard lamp.
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The electron gun consists of an indirectly heated BaO ' —
cathode with four electrostatic focusing and acceleration (@ ; Emission Spectrum
grids. The gun produces a 200—80a8-beam approximately f i
3 mm in diameter over an energy range of 10-300 eV. The .
energy spread of the beam was determined by measuring tr 1 I | i m L]l M L
Gaussian spread in the onset region of the excitation func —— ‘IO(‘)OO - o 48000 p—— vy
tion, and is estimated to be approximately 0.6 eV. A deep 1
Faraday cup collects the electrons, and a digital multimete! Wave number (cm™)
records the current.

A slit in the Faraday cup allows radiation to emerge and FIG. 3. Measurement of the emission spectrum of 2-mTorr ar-
pass through a MgFwindow (transmission~95% between 90N at 40 eV. A beam-off bac_kgro_und spectriim) is subtracted
0.9 and 5um) in the side of the collision chamber. Afi4 ~ from a beam-on spectrum, with sigrdiackground(@), and the
gold-coated off-axis parabolic mirror collects the light and result divided by the instrument response functioh to yield a

. . - trufa).
reflects a collimated beam into a Bomem model MB_157waveIength corrected spectrua)

Fourier-transform weak emission spectrometér.compre- 29 change in the measured cross section, which is much less
hensive description of the theory of operation of the FTSthan the statistical uncertainty of our measurements.

may be found in Ref[8].) A thermoelectrically cooled

In,Ga, _,As detector, covering the spectral region between C. FTS data acquisition

11 750 and 5900 cit (0.85-1.7 um) at a resolution of
2cml, was used for most measurements. For severafl
longer-wavelength lines in the d3 manifold, a liquid- or
nitrogen-cooled InSb detector, covering 7000—1500tm
(1.4-5.8m), was used.

Acquisition of emission data with the FTS is a straight-
ward process. Once the collision chamber is brought to
the desired pressure and the accelerating voltage selected, the
FTS records 150 scans of the radiation emitted from the col-
lision chamber. One of the advantages of the FTS is that it
acquires data on all transitions within its wavelength range
during each scan. The resultant spectrum shows peaks due to
To obtain absolute cross sections, we employ a collisiorthe excited argon atoms, superposed on a blackbody emis-
chamber and vacuum system similar to that described in Sesion curve due to light scattered from the hot cathode of the
[Il A. Details of the operation of this type of apparatus haveelectron gurn(see Fig. 3. A background spectrum, taken with
been published elsewhef®,9]. The light collected from the an electron beam energy below the onset of excitation, is
excited atoms in the collision region passes through a 1.26-rthen subtracted, yielding the true excitation signal. The spec-
Czerny-Turner spectrometer and is detected by a PMT withrum is corrected for both the detector efficiency and the
either anS1 or a gallium arsenide photocathode. By placingtransmittance factors of the optical system by rotating the
optical stops in the beam path, and comparing the recordegiarabolic mirror 180° and measuring the signal from a cali-
excitation signal with the output of a calibrated standardbrated blackbody sourda quartz tungsten halogen lamp for
lamp, we determine absolute cross sections. By placing the InGa,_,As detector, and a ceramic element IR black-
polarizing filter in the beam path, it was also possible tobody for the InSb detectpras shown in Fig. 2. A Mgf
determine the degree of polarization of the light emitted fromwindow, identical to that on the collision chamber, is placed
the chamber. Polarization of the excitation signal at all elecin the beam path for compensation, and a number of scans
tron energies was found to be too sm@eénerally less than acquired. Dividing the resulting spectrum by the known
6%) to require polarization correctioff] in the absolute blackbody emission spectrum yields the instrument response.
calibration. For example, a 6% polarization corresponds to &he raw argon excitation spectrum is then divided by the

B. Monochromator-PMT system
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TABLE |. Wavelengths(in nm) for all allowed 2p— 1s transitions.

2p; 2p, 2ps 2p, 2ps 2pg 2p; 2pg 2pg 2Py

1s, 750.4 826.5 840.8 852.1 858.1 922.4 935.4 978.5 1148.8
1s; 772.4 794.8 866.8 1047.0

1s, 667.7 727.3 738.4 747.1 7515 800.6 810.4 842.5 965.8
1sg 696.5 706.7 714.7 763.5 772.4 801.5 811.5 912.3

instrument response function to produce the wavelengthexcitation cross sectio@*times the optical branching ratio
corrected excitation spectrum. Fig. 3 illustrates this Processy, | the curves in Fig. 4 also give the observed pressure

Each transition appears as a spectral peak with a lingependence of the apparent excitation cross sections, pro-

shape arising from the apodization function in the Fouriery;joq we rescale each vertical axis by the appropriate

transgormfcarIICl:IatimﬁS]”. T?e dafrea oghthtetpealft.represzn.tstwebranching ratio. Of special interest is that the3 level
glrjc:?)o?tzo%arl) t(c)) tc;\nespck?ot%%eﬂuxrolrr?ou?w:\l/r;?é:]ogr;ﬁgng;se vyesexhibits much_ Ies; pressure dependence than all the other 2
o ) : T ' * “members. This will be addressed later.
have verified that the height of each peak is directly propor-
tional to the area. Dividing the height by the pressure and
electron current produces a set of relative cross sections. Ab-
solute values are assigned to each transition by normalizing The largest portion of the cascade into thp Rvels
the FTS value for the 25— 1S5 (912.3 nm to that mea- comes from the & 3d, and 3, levels. These cascading
sured absolutely with the monochromator-PMT system.  levels, along with theid values, are shown in Fig. 1. Most of
these cascading lines are in the wavelength range of 0.85—
IV. RESULTS AND DISCUSSION 1.6 um, requiring their emission cross sections to be mea-
sured with the FTS systerfin,Ga, _,As detector module
For transitions withA>1.6 um, we determine their cross
sections with the use of the Einstedncoefficientd10,11] or
Absolute optical emission cross sections for the21s  branching ratio§12] and the measured cross sections for
transitions with A<<920 nm were measured with the transitions with the same upper le\Vél. For instance, from
monochromator-PMT system at a gas pressure of 1 mTomur measured cross section of thel;3-2p, line (A
and at incident electron energies corresponding to maximurs1.244,m) we can obtain the cross section of the
cross section {20 eV), and at 40 and 100 eV. As noted 3d;— 2pg line (A=1.695um) from the relation
earlier, the polarization correction is negligible. In addition, A(3dy—2pg)
we measured the shape of the excitation functions for the ten _ 3—<Ps o
2p levels between 10 and 300 eV at pressures of 1 and 3 Q pt(3d3ﬁ2p6)_[A(3d3H2pm)}Q "(3d3—2ps0).
mTorr. Finally, for each of the 2 levels, measurements (4)
were made of the relative cross section versus pressure at
three energie$20, 40, and 100 eVfor pressures between

B. Measurement of the cascade cross sections

A. Pressure dependence of the apparent excitation
cross sections

about 100uTorr and 6 mTorr. Given the excitation functions 3, 25 U=0 7 1] i QU= s
and pressure dependence curves, along with the set of absi . i wf & 20 "
lute measurements, it is possible to obtain absolute values fo [« 100V Aw ] sp = 1006V M%AW
the 2p optical cross sections at any pressure and energy. Thi 20F RV 1 op AH*'
wavelengths of all the @—1s transitions are shown in s b H‘? ] BE L M
Table I. T Ll +++ o +.|.‘HH

The FTS system was used to measure the cross sections § "t * i; ]
the six IR 2p—1s transitions withA >920 nm, and the - sl
and 3 transitions cascading into thg2evels at 20, 40, and "é’ (- : J ol . J
100 eV and five different pressurd®.5, 1, 2, 3, and 4 g - - 4
mTorr). At each energy, five separate data runs of 150 scan: & Qr D 2 1og 90p, U=3 7 5]
each were averaged and the one-sigma deviation calculatec g *° § bpbe et 20 44 ﬁ\%&&@é@
The shapes of the excitation functions were recorded at 1 ant S | | ‘,L P 100} ]
3 mTorr between 10 and 300 eV. Summation of the optical | s 20 e sl
emission cross sections for the appropriafe21s transi- T = 100eV " . fﬁoj
tions, as defined by Ed2), yields the apparent excitation 20} ]
cross sections for thelevels. ol + f +.|.+'WM ao}

To illustrate the effect of pressure, we show in Fig. 4 plots or e
of optical emission cross sections versus pressure for transi ol : 4, oLt ! "'"; %

tions from 25 (J=0), 2p; (J=1), 2ps (J=2), and
2pg (J=3). The pressure dependence for transitions from
2p levels of the samd is qualitatively similar. Since the FIG. 4. Optical emission cross section vs pressure at 20 and 100

optical emission cross sectic[pi"jpt is equal to the apparent eV. Error bars are purely statistical.

Pressure (mTorr)
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TABLE Il. Optical cross sections for individual cascade transitions at 40 eV and 1 mTorr in units & di®?. The initial states are
listed in the first column, final states in the first row. Blank entries represent forbidden transitions. A zero entry represents a transition too
small to be observe@ijenerally<4x 102! cnd). Uncertainties on the individual cross sections are statistical only. Uncertainties on the total
cascades represent statistical and systematic errors.

2p; 2p; 2ps3 2p, 2ps 2pe 2p; 2pg 2pgy 2p1o
(3=0) (3=1) (3=2) (3=1) (3=0) (3=2) (3=1) (3=2) (3=3) (3=1)
2s, J=1) 1.1+0.2 0.8%-0.10 3.7#05 0.60-0.08 0.32£0.09 0.64-0.08 0 0.06:0.01 0.40:0.22
2s3 (J=0) 0.65+0.13 1.2£0.3 0.16:0.06 0.310.22
2s, J=1) 0.08+0.02 0 0.04-0.04 0.20-0.06 0.92-0.14 1.5-0.2 2.6:0.3 4.0:0.5 1.0+0.2
2ss5 J=2) 0 0.19+0.13 0 0.76:0.17 0 0.98:0.15 5.9-0.9 3.6£0.7
3d; J=3) 0 5.9+0.9 0.69:0.12 1.5£0.2
3d] J=2) 0.53£0.16 0 0 0.820.11 4.6:0.7 2.4:0.4 0.21£0.12 0
3d, J=1) 0.43+0.13 0.41-0.21 0 0.26:0.10 4.5:0.9 0 5.7%1.0 0.41:0.06 0
3d; I=2) 0.26+0.08 0.99:0.30 0.15-0.04 5.8-1.8 1.1+0.2 0.43:0.07 0 9.1%1.5
3d, J=3) 0 0.21+0.04 11 0
3d, I=4) 13+2
3ds J=1) 0 0.19+0.06 0.22:£0.07 0.04-0.01 0.44r0.13 1.3-0.4 0.23:0.07 0 7.31.2
3dg (3=0) 0.46+0.14 0.05-0.02 0 3.5-0.6
3s; J=1) 4.6+0.8 4.6:0.8 0.34:0.19 3.0:0.5 0.51:0.14 0.25-0.05 0.12£0.06 0 0
3s] J=2) 2.8£0.5 0.24:0.10 0 1.3:0.2 0.18:£0.05 0.28£0.07 0 0
3sY (J=3) 7.5£0.9 0 0 0.26:0.14
3sy” J=2) 0 0.76+0.19 4.5-0.8 0 0 0.36:0.08 0 0
Total 6.3t1.5 112 14+3 102 6.71.6 18+4 15+3 20+4 21+5 25+2
We have tried to measure directly the cross sections for the C. Direct excitation cross sections

cascading lines witth>1.6 um by using an InSb detector
module, which covers the wavelength range of 1.44m8
However, the InSb detector has a much lower sensitivit
than the InGa, _,As detector(its D* value is about a factor
of 50 lowep, so that many of these transitions were unob-
servable. By examining the noise amplitude in the spectr ‘de 1 mTorr for the cascades from the, 23d, and 3,

region of the transition, we can place an upper bound on th .vgls into the Ie_veIs. The uncertain.tie.s listed for the in- .
transition. In each case, this upper bound is consistent witHividual cross sections are purely statistical. The systematic

the value given in Eq(4). Furthermore, in all cases these uncertainty due to the inaccuracies in measuring the pres-
long-wavelength transitions comprise less than 2% of théure, electron current, and wavelength response of the FTS is
total cascade contribution to their respective levels. estimated to be 15%. In addition, there is a 12% systematic

The next series of cascades into thel@vels are from the uncertainty due to error in the absolute cross section of the
levels in the $°6s (3s,,...,35 in Paschen’s notatiorand ~ 912.3-nm line used for bridge calibration. The total cascades
3p°4d (4d and 4, in Paschen’s notatignconfigurations With quoted uncertainties including both statistical and sys-
with wavelengths in the PMT detector region. Balletial. ~ tematic types are given in Table Ill. The small amounts of
[4] have measured cross sections for emission from nine afascade from the@6s and 3°4d levels, though not listed
the twelve levels of B°4d, but transitions from the other in Table Il, are taken into account in Table Ill. Also included
three levels were too weak to measure. Balkfal. also  in Table Il are the apparent excitation cross sections for ten
showed excitation functions for the36s levels but gave no 2p levels at 40 eV and 1 mTorr and the direct excitation
magnitude for the cross sections. We have measured thgoss sections resulting from applying the cascade correc-
cross sections for the@®6s—3p®4p and 3°4d—3p°4p  tions. The uncertainties shown for both apparent and direct
transitions with the monochromator-PMT system and havexcitation cross sections include both the statistical and sys-
found them to be of the order of 5% or less of thetematic types. Note that although the uncertainty on the ap-
3p°5s—3p°4p and °3d— 3p°4p cascades for all but the parent and cascade cross sections is relatively simetier-
2p,, 2ps, 2P, 2Pg, and Pqq levels. At 20-eV energy and ally 20% or lesy some of the direct cross sections show a
3 mTorr, for example, @, receives approximately 15% of much larger percentage of error. This effect arises because
its cascade from the®4d and 3°6s levels, 25 receives the direct cross section is the difference between two values
16%, 2pg receives 15%, By receives 21%, and 2, re-  of comparable magnitude. Since the errors add in quadrature,
ceives 13%. We include these cross sections in our totahe uncertainty for the direct cross section can be proportion-
cascade measurements. For the remainimde2els we con-  ally much greater than the uncertainties on either the appar-
sider cascades only from the%s and 3°3d levels, as any ent or cascade cross sections.
additional contributions are much smaller than the systematic Despite the pressure dependence of the observed emission
uncertainty of our measurements. cross sections illustrated in Fig. 4, the direct excitation cross

Once the total cascade cross sections are obtained, they
can be subtracted from the apparent excitation cross sections,
yyieIding direct excitation cross sections, as in E3). We list
in Table Il the measured emission cross sections at 40 eV
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TABLE lll. Total apparent, cascade, and direct cross sections at 40 eV and 1 mTorr in units of
10 % cm?. The direct cross sections are calculated by subtracting the total cascades of Table Il from the
apparent cross sections. Cascades for, 2ps, 2ps, 2Pg, and 240 have additional contributions froms3
and 4 levels. Uncertainties are the combined systematic and statistical errors.

2p; 2p, 2p3 2p, 2ps 2pg 2p; 2pg 2pg 2py
(J=0) (@(I=1) (I=2) (I=1) @I=0) (I=2) (I=1) (I=2) (I=3) @I=1)

Apparent 375 213 324 19*+2 19+2  42+5 29+3 476 324 52+9
Cascade 63815 12+2 16+x3 10+2 6.7£1.6 205 15t3 20x4 26+3 28+3
Direct 315 9.1+3.7 16£5 9.0£3.2 123 22+7 14+5 27=7 6.1+4.9 24+11

sections for a given energy, determined at different presthea—b transition and therefore a pressure-dependent emis-
sures, are found to show little variation. Figure 5 shows apsion cross section. Optical cross sections from such levels
parent, cascade, and direct cross sections between 0.5 anghdve long been known to show pressure dependghte
mTorr for the ten P levels at an incident electron energy of However, levels not optically connected to the ground level,
100 eV. Therefore, within our experimental Uncertainty, thesuch as the 654p levels, can also d|sp|ay pressure depen_
observed pressure dependence of tpecBoss-section data dence due to cascade from higher levels. For instance, al-
can be attributed entirely to cascade, and there is no evidenggoygh a 2 level with J=0, 1, or 2 is not optically coupled

of collisional excitation _transfer intq thep2levels at pres- o the ground levelsame parity, it may receive significant
sures up to 4 mTorr. Direct excitation cross sections at 20

, _ cascade from thd=1 levels of the P°4s and F°3d con-
40, and 100 eV obtained by averaging the results of measur igurations which do decay to the ground level, so that the
ments at 1, 2, and 3 mTorr are given in Table IV. The_ quoted population of this B level will be affected by reabsorp-
uncertainty is the combined statistical and systematic errors

. o ion and display a dependence on pressure.
Earlier works on electron excitation of rare-gas atoms Th J=3) level d al hibit d
from our laboratories indicated that at high energies, th € 2pg (J=3) level could also exhibit pressure depen-

e X .
cross sections for theplevels with even values of are dence through a more complicated chain of events. The

5 . _ . .
larger than those with oddl [4]. Based on group theoretical 3p 32 Ievells W'th‘]._ZHWh'Ch (iag casr?ade Into dtrlwepglarﬁ
arguments it was shown that if we consider the Coulomb, puot themselves optically coupled to the ground level. How-

not the exchange, interactions between the incident electrof’e"» tey receive cascade from higher levels. For example,

and the argon atom, the direct coupling potential between thg‘e radiatively trapped 6s cascades to t.h.ep§5p, which
ground level (3° 1S,) and a 2 level of oddJ value van- subsequently decays to th@ZBd levels, giving them pres-

ishes on account of rotational symmetry. However, the couSUre dependence. Thip33d cascade then provides pressure
pling is generally not equal to zero for @ 2evel of evend. gependdence to thﬁp% Iev;e!. IHoweve(rj, the pLesgure dﬁpelg'b
Since to first order the cross sectiofmeglecting projectile- d€nce due to such a multiple cascade mechanism should be

target exchange interactipare dictated by this coupling, we Much weaker. At each step in the chain, the pressure-
expect the cross sections for the 2dd J levels to be dependent cascade component is added to the pressure-

smaller than the ones with even The cross sections given independent .direct excitat_ion process, so that the. pressure
in Table IV generally conform to this trend at 100 eV. How- dependence is attenuated in each step. This is consistent with
ever, the 3, (J=1) appears to have a cross section compa-the yveak pressure dependence for i appa_rent cross
rable to D5 (3=2), 2ps (3=0), and 2 (JI=2). Unfortu- section, as shown in Fig. 4. Furthermore, in Fig. 5 the cas-
nately, the 32)7 cross sgction (’]i5)><160*19 cn? has the cade curve for Py is flat at pressures below 1 mTorr,
largest uncertainty. This, coupled with the uncertainties mw_hereas the pressure dependence of the cascade fqr the other
the 205, 2ps, and D cross sections, does not make it nine levels persists even at the lowest pressure point of 0.5

. - . mTorr.
possible at this time to establish clearly whether thg, 2 : L i
direct cross section is larger or smaller than the cross sec- To illustrate further the effects of resonance radiation re

. absorption, we plot in Fig. 7 optical emission cross sections
tions of these three evehievels. at 100 eV versus pressure for the resonasyt @d 3, (J
=1) and the nonresonantsg and 35 (J=2) levels. It is
clear from the figure that thé=1 levels, which experience
We attribute the pressure dependence of the cascade crassliation trapping, display a much larger variation with pres-
sections to radiation trapping. A detailed theoretical treatsure than thel=2 levels, which acquire their pressure de-
ment of the effect of radiation trapping on electron excitationpendence through the smaller effect of cascades. We would
experiments may be found elsewh@bel3,14. Here we dis-  therefore expect thosep34p levels receiving cascade pre-
cuss only qualitative aspects that are related to our experdominantly from resonant levels to exhibit greater variation
ments. Shown in Fig. 6 is a levalwith J=1 that decays in with pressure than those receiving more cascade from non-
an optically allowed transition not only to the ground legel resonant levels. Figure 5 illustrates this. In the case of the
(J=0), but also to a number of other levdisc, ..., with J J=0 levels, 100% of their cascade is from resonant levels,
=0 or 2. Reabsorption of the— g resonant radiation by a so they might be expected to show large pressure effects.
ground-level atom with the subsequent decay into ldvel However, their direct cross sections are large relative to their
results in a pressure-dependent effective branching ratio farascades. This tends to decrease the percentage effect of

D. Origin of the pressure effects
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FIG. 5. Apparent(/A\), cascad€V), and direct(®) cross sections versus pressure at 100 eV. Error bars are combined statistical and
systematic. All data were taken at 0.5, 1, 2, 3, and 4 mTorr. Slight horizontal offsets have been added to the three data sets to make the points
more easily readable.

pressure on their apparent cross sections. The 2p,, and  apparent cross sections than they do foriked. This gives
2p; (J=1) levels receive, for example, approximately 90%them the largest pressure effects of all the [Bvels. The
of their cascade from resonant levels at 100 eV and 1 mTorRp4, (J=1) level differs somewhat from the other thrée
For these levels, cascades make up a larger fraction of the 1 levels in that only about 50% of its cascade comes from
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TABLE IV. Direct cross sections for the@manifold of argon at various incident electron energies in
units of 10 '° cn?. These values represent the average of our measurements at 1, 2, and 3 mTorr. Quoted

uncertainties are combined statistical and systematic errors.

Energy(eV) 2p,; 2p, 2p3 2p, 2ps  2ps  2p7;  2ps 2pg 2pyo

20 507 14*+6 29+9 227 164 32+12 25+9 54+15 53£22 47+22
40 31+*5 9.0+45 1746 9.0+3.7 14+4 19+7 13+*6 26+x8 6.3+5.0 2510
100 25t5 6.8£3.9 8.743.3 9.0:3.1 103 104 115 17+5 3.1+2.0 6.6£25

the resonant levels. However, its direct excitation cross se@lay in populating the @ levels. In the case of th#=1 and
tions are likewise smaller than those of the otherl levels, J=3 levels at 3 mTorr, cascade contributions are greater
so we see comparable pressure effects frondall levels. than direct excitation over nearly the whole energy range.
The threeJ=2 levels each receive about 40% of their cas-For theJ=2 levels and the g5 level (J=0), cascade cross
cade from resonant levelsnostly 2s, and Z%,) at 100 eV  sections are comparable to the direct cross sections. Only in
and 1 mTorr. Their cascade and direct cross sections athe case of p; (J=0) do we find the direct excitation cross
closer in magnitude than the other levels. Hence, these levetgection dominating the cascade over the entire energy range.
have suppressed pressure effects, in relation to the ofher ZThe effect of the cascade is to exaggerate the height of the
levels. Finally, in the case of thep3 (J=3) level, the cas- high-energy tail, relative to the peak, of the excitation func-
cade contribution is much larger than the direct. Despite théion.
fact that it receives no resonant cascade, it still displays pres- Cascade contributions can have great effects on the
sure effects due to the somewhat less pressure-dependeiapes of the excitation functions. In the case of the dwo
nonresonant cascades. =0 levels, the cascade is responsible for creating the

It is important to note that these pressure effects are de:double peak” shape of the apparent excitation function,
pendent upon experimental geomdisy. In this work, prac- which has been observed by other investigatdr$5|. Cas-
tical considerations forced us to place each detector systemade into thel =0 levels comes only from th&=1 levels of
(monochromator-PMT and FT®n different collision cham- the 3p°ns and 3°nd configurations, which tend to have
bers. However, both the chambers and electron guns were oharacteristically broad shapes, peaking between 60 and 100
sufficiently similar design, so that pressure effects betweeeV [4]. This, combined with the direct excitation, which
the two chambers were identical. This was verified by exampeaks around 20 eV, creates the multiple peaks. As pressure
ining on both systems cross section versus pressure curv@greases, the strongly pressure-dependent cascade increases,
for various lines originating from the same 2evel. In all  and the high-energy peak is enhanced.
cases the curves were identical. As shown previously in Fig. 4, the® apparent cross
sections display greater pressure dependence at higher inci-
dent electron energies. From Fig. 8 we can see the reason for
. o this in the following way. At high energies the cascade curve
tioJsh?ofgﬁatreenmjz)t?éaaI(;aZf%dﬁq’T?)rr]rda?gescr:o(\j\)/(:?r?tllgig f;ncl-s dominate_d by_ the broad shapes that can be asssociated with
These plots demonstrate the important role cascade rc;cés he cascading lines from the=1 levels of the *ns and

P P P S\aep%nd configurations, because these levels are optically

E. Shape of the excitation functions
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FIG. 6. Resonant radiation reabsorption. Legeis optically Pressure (mTorr)

coupled to the ground levely], while b andc are not. Photons
emitted in thea— g transition reexcite atoms back to lewa|l giv- FIG. 7. Cross section vs pressure for tdre 1 resonantO and

ing them a “second chance” to radiate boor c. The result is a M) and twoJ=2 nonresonantA and[J) cascade transitions. The
pressure-dependent branching ratio wéth-g tending to zero at cross sections have all been normalized to 1 at 0.5 mTorr. Error
high pressure. bars have been omitted for clarity, but would be approximately 5%.
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FIG. 8. Excitation functions for apparefdolid curve, cascadddashed curve and direct(circles cross sections of the@manifold at
3 mTorr. Error bars have been omitted from the apparent and cascade measurements for clarity. Those on the direct cross sections are
combined statistical and systematic.

coupled to the ground level with, in most cases, a very broagerated pressure dependence of the apparent cross sections at
excitation function peaking around 60-100 eV, as shown irnl00 eV, as compared to 20 eV.

Ref.[4]. The extreme pressure effect of these cascading lines The very sharp direct excitation function for the2(J
manifests itself through radiation trapping as the more exag=3) is well understood on the grounds that it is the only
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TABLE V. Comparison of our P apparent cross sections extrapolated to zero pressure with those of Ref.
[15], for 100-eV incident energy. Cross sections are in units of'd@n?.

2p; 2p, 2p3 2p, 2ps 2pg 2p; 2pg 2pg

This work 255 6.8-1.3 175 9.0£1.8 102 185 11*2 23+7 7.6£2.3
Ref. [15] 223 6.1x11 143 48+16 8112 16:3 8.3:£24 226 8.4+28

state in the §°4p configuration withJ=3, and is a pure [4] also measured the apparer 2ross sections. Most of

L-S coupled state. If we use the intermediate-couplingtheir measurements were done at pressures above 1 mTorr.

scheme to write the wave functions for the levels as lineaiThus their apparent cross sections are probably not free from

combinations ofL-S terms of the samé from the 3°4p  pressure effects and do not correspond to the values at the

configuration, the By wave function is represented solely by limiting zero pressure regime of Table V.

the 3p%4p(®D;) term, so that the excitation function is ex- ~ Two other works have reported attempts at measuring the

pected to have the sharp peak characteristic of a spin changdirect 2p cross sections. Bogdanova and Yurgen$b8]

ing excitation {S—3L) [16]. The similar sharp peak in the used a pulsed electron beam to reduce cascade transitions in

2p;, data can also be explained in terms of its wave functionorder to measure direct cross sections for thde¥els. Their

The 2p,o state J=1) is a superposition of the-S eigen-  direct excitation cross sections are generally in good agree-

functions for 3s;, P,, 3D,, and !P,. Theg factors for ~ment with ours, as shown in Table VI.

theseL-S eigenfunctions are 2.0, 1.5, 0.5, and 1.0 respec- Chutjian and Cartwrighit19] performed energy-loss mea-

tively. The 2p,, level has a factor of 1.98517]. Therefore ~ surements of electron impact on argon, and tabulated differ-

its wave function is dominated by thtS; term with only a  ential excitation cross sections for scattering angles between

small amount of singlet admixture, hence the sharp peak iA0° and 140°. By extrapolating the differential cross sections

the excitation function. to the unmeasured angles and integrating over all scattering
For excitation from a singlet into a triplet level, the exci- angles, (integrated direct excitation cross sections may be

tation function is expected to show &1 3 dependence at obtained. We compare their results ob Zlirect excitation

high energies according to the Born-Ochkur theory. It shouldross sections to ours in Table VI. For most of the levels,

be interesting to check whether this inverse cubic relation i@greement between the two experiments is poor, with their

reflected in our Pg results. However, as can be seen in Fig.values smaller than ours. Determination(iotegratedl direct

8, for the 24 level the apparent excitation cross sections areexcitation cross sections by measurement of differential

only slightly larger than the cascade, so that the direct excicross sections is complicated by the necessity of extrapola-

tation cross sections obtained from their differences are ndion to the small- and large-angle regions.

accurate enough for a quantitative test of the energy depen-

dence. Qualitatively, however, both thegand 2, direct V. CONCLUDING REMARKS

excitation functions display a greater falloff with energy than

the other 2 levels. Use of the FTS in conjunction with monochromator-PMT

detection enables an extensive analysis of electron-impact
excitation of the P levels of argon using the optical method.
As in earlier works, the apparent excitation cross sections are
Tsurubuchiet al. [15] recently published apparent excita- obtained by measuring the emission intensities of all transi-
tion cross sections for nine of the tep 2evels but gave no tions from the 2 levels in the wavelength range of 660—
cascade or direct excitation cross sections. They observed1d50 nm. In the past it was difficult to extract the direct
similar pressure dependence of the optical emission crossxcitation cross sections from these optical measurements
sections. By extrapolating oump2apparent cross sections to because the major cascading radiation into thde¥els are
the zero-pressure regime, we see a good agreement betwdarthe IR (1150—-1600 nmoutside the detection range of the
the two experiments, as illustrated in Table V. Baletual. PMT. The FTS technique makes it possible to measure the

F. Comparison with previous results

TABLE VI. Comparison of our p direct cross sections with those of Reff$8] and[19] at the peak and at 100-eV incident energy,
extrapolated to zero pressure. Cross sections are in units df 7.

2p; 2p, 2p3 2py 2ps 2pg 2py 2pg 2pg 2pyo
Peak cross sections
This work 50+7 14+6 29+9 22+7 16+4 32+12 25+9 54+15 53+22 47+22
Ref.[18] 52+16 18+5 3711 175 16+5 17+5 19+6 24+7 39+12
Ref.[19] 27+8 5.8+2.7 11+5 15+5 14+5 13+4 24+8 14+4
Cross sections at 100 eV

This work 25+5 6.8+3.9 8.7+3.3 9.0:3.1 10+3 10+4 11+5 17+5 3.1+2.0 6.6-2.5
Ref.[18] 30+9 8.2+25 15+4 5.3tr1.6 12+4 10+3 11+3 8.8+2.6 3711

Ref.[19] 18+5 0.95:0.45 5.0:24 5919 1909 6.7#2.2 0.93:0.44 0.540.25
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cascade radiation and to obtain the direct excitation cross Determination of cascade is a central task in the optical
sections of the @ levels by optical measurements. method for measuring electron-impact excitation cross sec-
Earlier experiment$3] reported pressure dependence oftions. For a few cases, a full account of the cascade can be
the measured Shape of th@ 2apparent excitation functions made from experiments in the visible region so that accurate
and the magnitude of the apparent cross sections at pressuféect excitation cross sections can be obtained from the
as low as a few mTorr. Our FTS measurements for the IRN€asured apparent cross sectigf However, in most
lines cascading into theplevels also show pressure depen- CaS€s, many of the cascade transitions are in the IR and can-
dence. However, when the total cascades are subtracted frdift P& measured by conventional PMT detection. This in-
the apparent excitation cross sections, the resulting diredeed has been a mayor |mpe_d|ment In using the opthal
excitation cross sections are independent of the preSSUItEethod to determine direct excitation cross sections. The in-

within experimental uncertainty. The pressure dependence gprporation of the FTS tec_hm.q_ue in the electron excitation
the cascading radiation is attributed to radiation trappingexperlment represents a significant advanc;e 'toward solving
which makes the population of the optically allowed levelsth® Problem of cascade measurement. This is well demon-
(with respect to the ground leyedependent on pressure, and strated in our work on argon reported here, and extension to

this pressure effect propagates to the lower levels throug ther atoms can be swrrlularly made. Afn 'rf]“p.‘“g?”‘.gefff’” in thF
spontaneous emission. uture is to improve the accuracy of the individual optica

When the cascade constitutes a large fraction of the ag! easurements, since the direct excitation cross section is the
parent excitation cross section, the percentage error of thd€rence between two measured quantities often of compa-

direct excitation cross section becomes much larger than th&gP€ magnitude. Also, development of more sensitive detec-

of the apparent excitation cross section. Thus, in Table IVEQ” Itlechnlq#esldmbthe far _mfra(;e?] region d'(j.f.“OSt desuab(lje.
we see uncertainties as large-a80% for the direct excita- inally, it should be mentioned that in addition to cascade

tion cross sections at 100 eéven larger for the i, level). measurements, the FTS technique also enables one to study

This problem is accentuated by the necessity of measurin xcitation of energy levels that radigte on!y in the IR such as
the apparent excitation cross sections with one apparat & & levels of Xe, shown in the pioneering work of DeJo-

(monochromator-PMJ and the cascade with anotH&TS), seph and Clark1].

so that the resulting direct excitation cross sections are sub-
ject to two sets of systematic uncertainties. A possible im-

provement is to incorporate both the monochromator-PMT The authors wish to express their deep appreciation to Dr.
and the FTS detection systems on the same collision chan€Gharles A. DeJoseph for his expert advice on the FTS tech-
ber. This would allow measurements of apparent and cascaddques, which has been most instrumental in making this
cross sections to be made at exactly the same conditions s@rk possible. They also acknowledge Mark Lagus for his

as to reduce the uncertainty arising from taking the differ-electron gun construction. This work was supported by the
ence between the apparent and cascade cross sections. United States Air Force Office of Scientific Research.
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