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Measurement of electron-impact excitation into the 3p54p levels
of argon using Fourier-transform spectroscopy

J. Ethan Chilton, John B. Boffard, R. Scott Schappe,* and Chun C. Lin
Department of Physics, University of Wisconsin, Madison, Wisconsin 53706

~Received 4 August 1997!

To experimentally determine electron-impact excitation cross sections with the optical method, it is neces-
sary to measure all transitions out of a level~theapparentcross sections!, as well as the cascades into the level.
In the case of the ten 3p54p 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-tube~PMT! system. A
Fourier-transform spectrometer~FTS! 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 here.@S1050-2947~98!04201-2#

PACS number~s!: 34.80.Dp
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I. INTRODUCTION

To understand fully electron excitation of rare-gas s
tems in laser, lighting, and plasma technologies, accu
values for electron-impact excitation cross sections are
quired. The optical method provides an experimental
proach to determine the rate of electron-impact excitation
measuring the intensity of the emissions from excited ato
To obtain the direct excitation cross section for a particu
level, one must subtract from its total population rate
portion due to cascade radiation from the higher levels
were excited by the incident electrons. These cascade tra
tions are often in the infrared~IR! and are not readily detect
able by photomultiplier tubes~PMT!. Solid state devices
such as photodiodes, are sensitive to IR emissions, but
much lower signal-to-noise ratios than that of a PMT op
ating in the visible spectral region. Achieving a signal-t
noise ratio similar to that of a PMT would require long a
quisition times for each spectral line. The Fourier-transfo
spectrometer~FTS! overcomes this disadvantage by simul
neously observing all transitions within a broad spectral
gion. Thus for an atom such as argon, with a large numbe
infrared emissions, we gain over the sequential scanning
conventional monochromator. The advent of the comm
cially available weak emission FTS makes possible the
of solid state detectors for infrared detection in electro
impact excitation analysis@1#. In this work, we apply the
optical method to the study of electron excitation of argo
using a FTS system to examine previously unmeasured
transitions.

An energy-level diagram of argon is shown in Fig. 1. T
first excited configuration is 3p54s, and consists of four en
ergy levels withJ50, 1, 1, and 2. The wave functions fo
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each level may be expressed as linear combinations of
L-S terms of identicalJ value. Thus, the twoJ51 levels of
3p54s ~1s2 and 1s4 in Paschen’s notation! contain both the
1P1 and 3P1 components, whereas theJ50 andJ52 levels
~1s3 and 1s5 in Paschen’s notation! are each represented b
a singleL-S coupling term,3P0 and 3P2 respectively, de-
spite the fact that argon does not in general conform toL-S
coupling. The apparent cross sections for electron excita
from the 3p6 ground level to the twoJ51 levels have been
determined by detecting the emissions from these two le
@2#. Atoms in the 1s3 and 1s5 levels are metastable an
nonradiative. However, by incorporating the technique

e,

FIG. 1. Argon energy-level diagram~in units of eV!. The top of
the figure lists theJ value followed by the Paschen’s notation fo
each level within the manifold. Translation to configuration no
tion is provided at the bottom, wheren is the numerical prefix for
the manifold in Paschen’s notation.
267 © 1998 The American Physical Society
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268 57CHILTON, BOFFARD, SCHAPPE, AND LIN
laser-induced fluorescence~LIF!, it is possible to measure
the apparent excitation cross sections for the 1s3 and 1s5
metastables using the optical method@3#. The apparent exci-
tation cross sections include the contributions of casc
from higher levels. Most of the cascade radiation into thes
manifold is in the range of 310–920 nm and can be detec
easily with a PMT, allowing these cascade corrections to
made.

The next configuration, 3p54p, contains ten levels, only
one of which is a pureL-S level ~ 3D3 , or 2p9 in Paschen’s
notation!. Ballou et al. @4# have reported the apparent exc
tation cross sections for all ten levels by measuring
3p54p→3p54s transitions ~2p→1s2 ,...,1s5 in Paschen’s
notation!. The majority of the cascade into these leve
comes from the 3p55s→3p54p ~2s2 ,...,2s5→2p in Pas-
chen’s notation! and 3p53d→3p54p ~3d→2p and
3s1→2p in Paschen’s notation! transitions. Note that the
symbol 3s1 refers to four levels within the 3p53d configu-
ration, to be distinguished from the 3s2 , 3s3 , 3s4 , and 3s5
levels, which arise from the 3p56s configuration. These fou
3s1 levels are denoted by prime superscripts, 3s18 , 3s19 , etc.
Since the 2s→2p, 3d→2p, and 3s1→2p transitions are
mostly in the IR, Ballouet al. had to resort to theory to
estimate the cascade. Because of the complexity of the e
tronic structure of the excited states of argon, the meth
used in the calculations of Ballouet al. were not sufficiently
accurate to determine direct excitation cross sections.

Using a FTS, we have measured the cross sections
cascade into the 2p levels. We can thus determine the dire
excitation cross sections based solely on experimental d
Previous experiments@3# indicate that the cross-section da
obtained from the intensities of the 2p→1s emission lines
vary with target pressure even at a few mTorr. Such pres
dependence is often associated with radiation trapping
atom-atom collisional transfer processes populating the
cited levels@5#. In the present work we perform measur
ments across a wide range of pressures~;0.1– 6 mTorr for
the visible transitions, and 0.5–4 mTorr for the IR! and en-
ergies~10–300 eV!. With the use of the FTS, we have e
tended the measurements to the IR transitions cascading
the 2p levels. In Sec. IV D we will show how these me
surements have resolved the source of the pressure de
dence.

II. METHOD OF MEASUREMENT

A detailed description of the optical method for meas
ing electron-impact excitation cross sections has been
sented in Refs.@6, 7#; thus only a brief account is given her
Consider a gas of ground-state atoms. An electron be
traverses the gas, exciting some atoms to leveli . As they
decay to a lower level,j , the resulting fluorescence is de
tected. Experimentally, we measure theoptical emission
cross sectionfor this transition, which is defined as

Qi j
opt[

F i j

n0~ I /e!
, ~1!

whereF i j is the number of photons per second per unit be
length emitted in thei to j transition,n0 is the number den-
sity of ground-state atoms,I is the electron-beam curren
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ande the charge of an electron. The sum of all optical em
sion cross sections fromi to the lower levels is termed th
apparent excitation cross sectionfor the level:

Qi
app5(

j , i
Qi j

opt. ~2!

A level i may be populated both by direct electron-impa
excitation and by higher excited levels cascading into
Hence, thedirect electron excitation cross sectionis ob-
tained from the experimental data by subtracting from
apparent excitation cross section the cascade contribu
which is the sum of the optical cross sections for the tran
tions into leveli from all the levels above it@6#, i.e.,

Qi
dir5Qi

app2(
k. i

Qki
opt. ~3!

The 2p levels of argon radiatively decay only to the 1s
levels. Hence, the apparent cross sections of the 2p levels
can be obtained entirely from the 2p→1s optical emission
cross sections. The cascade contributions to the 2p levels
appear to be almost entirely from the 2s, 3d, and 3s1 mani-
folds. The experimental task of this work is centered on
measurement of the optical emission cross sections of
2p→1s, 2s→2p, 3d→2p, and 3s1→2p transitions at
various pressures and electron energies.

III. EXPERIMENTAL APPARATUS

Two separate apparatuses were used in this work. A g
ing monochromator-PMT system was used to measure
those 2p→1s transitions, and the significant 3s→2p,
4d→2p, and 4s1→2p cascade contributions, with wave
lengths less than 920 nm. Using a calibrated quartz tung
halogen lamp, we determined the optical detection efficie
and thus placed the cross sections on an absolute scale
the method described in Ref.@6#. The FTS system was use
to measure some of the 2p→1s transitions and the entire
2s→2p, 3d→2p, and 3s1→2p manifolds, providing rela-
tive cross sections only. Since the FTS and t
monochromator-PMT systems overlap in their wavelen
range, we use the absolute cross sections for selected e
sion lines with wavelengths between 850 and 920 nm de
mined by the monochromator-PMT apparatus to put the F
measurements on an absolute scale.

A. FTS system

The FTS experimental apparatus is shown in Fig. 2. T
vacuum system includes a stainless-steel collision cham
connected to a diffusion pump~700 liters/s! that evacuates
the chamber to a base pressure of approxima
231028 Torr. During data acquisition, the diffusion pump
valved off, and 99.9995% pure argon gas is admitted to
chamber, filling it to a desired pressure between 0.5 an
mTorr. An ion pump connects to the chamber through a le
valve to provide fine adjustment of the pressure during d
acquisition, and a getter pump eliminates any extraneous
mospheric gases. A capacitance manometer is used to
sure the pressure.
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57 269MEASUREMENT OF ELECTRON-IMPACT EXCITATION . . .
The electron gun consists of an indirectly heated B
cathode with four electrostatic focusing and accelerat
grids. The gun produces a 200–800-mA beam approximately
3 mm in diameter over an energy range of 10–300 eV. T
energy spread of the beam was determined by measurin
Gaussian spread in the onset region of the excitation fu
tion, and is estimated to be approximately 0.6 eV. A de
Faraday cup collects the electrons, and a digital multime
records the current.

A slit in the Faraday cup allows radiation to emerge a
pass through a MgF2 window ~transmission;95% between
0.9 and 5mm! in the side of the collision chamber. Anf /4
gold-coated off-axis parabolic mirror collects the light a
reflects a collimated beam into a Bomem model MB-1
Fourier-transform weak emission spectrometer.~A compre-
hensive description of the theory of operation of the F
may be found in Ref.@8#.! A thermoelectrically cooled
InxGa12xAs detector, covering the spectral region betwe
11 750 and 5900 cm21 ~0.85–1.7 mm! at a resolution of
2 cm21, was used for most measurements. For sev
longer-wavelength lines in the 3d manifold, a liquid-
nitrogen-cooled InSb detector, covering 7000– 1500 cm21

~1.4–5.8mm!, was used.

B. Monochromator-PMT system

To obtain absolute cross sections, we employ a collis
chamber and vacuum system similar to that described in
III A. Details of the operation of this type of apparatus ha
been published elsewhere@6,9#. The light collected from the
excited atoms in the collision region passes through a 1.2
Czerny-Turner spectrometer and is detected by a PMT w
either anS1 or a gallium arsenide photocathode. By placi
optical stops in the beam path, and comparing the recor
excitation signal with the output of a calibrated standa
lamp, we determine absolute cross sections. By placin
polarizing filter in the beam path, it was also possible
determine the degree of polarization of the light emitted fr
the chamber. Polarization of the excitation signal at all el
tron energies was found to be too small~generally less than
6%! to require polarization correction@6# in the absolute
calibration. For example, a 6% polarization corresponds

FIG. 2. Layout of the FTS apparatus showing the optics c
figuration. The focusing mirror can be swiveled 180° to exam
the output of a standard lamp.
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2% change in the measured cross section, which is much
than the statistical uncertainty of our measurements.

C. FTS data acquisition

Acquisition of emission data with the FTS is a straigh
forward process. Once the collision chamber is brough
the desired pressure and the accelerating voltage selecte
FTS records 150 scans of the radiation emitted from the
lision chamber. One of the advantages of the FTS is tha
acquires data on all transitions within its wavelength ran
during each scan. The resultant spectrum shows peaks d
the excited argon atoms, superposed on a blackbody e
sion curve due to light scattered from the hot cathode of
electron gun~see Fig. 3!. A background spectrum, taken wit
an electron beam energy below the onset of excitation
then subtracted, yielding the true excitation signal. The sp
trum is corrected for both the detector efficiency and
transmittance factors of the optical system by rotating
parabolic mirror 180° and measuring the signal from a c
brated blackbody source~a quartz tungsten halogen lamp fo
the InxGa12xAs detector, and a ceramic element IR blac
body for the InSb detector!, as shown in Fig. 2. A MgF2
window, identical to that on the collision chamber, is plac
in the beam path for compensation, and a number of sc
acquired. Dividing the resulting spectrum by the know
blackbody emission spectrum yields the instrument respo
The raw argon excitation spectrum is then divided by

-
e

FIG. 3. Measurement of the emission spectrum of 2-mTorr
gon at 40 eV. A beam-off background spectrum~b! is subtracted
from a beam-on spectrum, with signal1background~a!, and the
result divided by the instrument response function~c! to yield a
wavelength-corrected spectrum~d!.
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TABLE I. Wavelengths~in nm! for all allowed 2p→1s transitions.

2p1 2p2 2p3 2p4 2p5 2p6 2p7 2p8 2p9 2p10

1s2 750.4 826.5 840.8 852.1 858.1 922.4 935.4 978.5 114
1s3 772.4 794.8 866.8 1047.0
1s4 667.7 727.3 738.4 747.1 751.5 800.6 810.4 842.5 96
1s5 696.5 706.7 714.7 763.5 772.4 801.5 811.5 91
gt
s

lin
er
he
u

w
o
n
A

zin

e
o
u
d
n
te
d
s
re
n
s
b

s
T

ns

a
at
a
ca

n

ot
n

om

t

ure
pro-
ate

r 2

g
f
85–
ea-

s

for

e

100
instrument response function to produce the wavelen
corrected excitation spectrum. Fig. 3 illustrates this proce

Each transition appears as a spectral peak with a
shape arising from the apodization function in the Fouri
transform calculation@8#. The area of the peak represents t
number of photons collected from that transition, and is th
proportional to the photon flux. In our wavelength range,
have verified that the height of each peak is directly prop
tional to the area. Dividing the height by the pressure a
electron current produces a set of relative cross sections.
solute values are assigned to each transition by normali
the FTS value for the 2p10→1s5 ~912.3 nm! to that mea-
sured absolutely with the monochromator-PMT system.

IV. RESULTS AND DISCUSSION

A. Pressure dependence of the apparent excitation
cross sections

Absolute optical emission cross sections for the 2p→1s
transitions with l,920 nm were measured with th
monochromator-PMT system at a gas pressure of 1 mT
and at incident electron energies corresponding to maxim
cross section (;20 eV), and at 40 and 100 eV. As note
earlier, the polarization correction is negligible. In additio
we measured the shape of the excitation functions for the
2p levels between 10 and 300 eV at pressures of 1 an
mTorr. Finally, for each of the 2p levels, measurement
were made of the relative cross section versus pressu
three energies~20, 40, and 100 eV! for pressures betwee
about 100mTorr and 6 mTorr. Given the excitation function
and pressure dependence curves, along with the set of a
lute measurements, it is possible to obtain absolute value
the 2p optical cross sections at any pressure and energy.
wavelengths of all the 2p→1s transitions are shown in
Table I.

The FTS system was used to measure the cross sectio
the six IR 2p→1s transitions withl.920 nm, and the 2s
and 3d transitions cascading into the 2p levels at 20, 40, and
100 eV and five different pressures~0.5, 1, 2, 3, and 4
mTorr!. At each energy, five separate data runs of 150 sc
each were averaged and the one-sigma deviation calcul
The shapes of the excitation functions were recorded at 1
3 mTorr between 10 and 300 eV. Summation of the opti
emission cross sections for the appropriate 2p→1s transi-
tions, as defined by Eq.~2!, yields the apparent excitatio
cross sections for the 2p levels.

To illustrate the effect of pressure, we show in Fig. 4 pl
of optical emission cross sections versus pressure for tra
tions from 2p5 (J50), 2p7 (J51), 2p6 (J52), and
2p9 (J53). The pressure dependence for transitions fr
2p levels of the sameJ is qualitatively similar. Since the
optical emission cross sectionQi j

opt is equal to the apparen
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excitation cross sectionQi j
apptimes the optical branching ratio

G i j , the curves in Fig. 4 also give the observed press
dependence of the apparent excitation cross sections,
vided we rescale each vertical axis by the appropri
branching ratio. Of special interest is that theJ53 level
exhibits much less pressure dependence than all the othep
members. This will be addressed later.

B. Measurement of the cascade cross sections

The largest portion of the cascade into the 2p levels
comes from the 2s, 3d, and 3s1 levels. These cascadin
levels, along with theirJ values, are shown in Fig. 1. Most o
these cascading lines are in the wavelength range of 0.
1.6 mm, requiring their emission cross sections to be m
sured with the FTS system~InxGa12xAs detector module!.
For transitions withl.1.6mm, we determine their cros
sections with the use of the EinsteinA coefficients@10,11# or
branching ratios@12# and the measured cross sections
transitions with the same upper level@6#. For instance, from
our measured cross section of the 3d3→2p10 line (l
51.244mm) we can obtain the cross section of th
3d3→2p6 line (l51.695mm) from the relation

Qopt~3d3→2p6!5F A~3d3→2p6!

A~3d3→2p10!
GQopt~3d3→2p10!.

~4!

FIG. 4. Optical emission cross section vs pressure at 20 and
eV. Error bars are purely statistical.
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TABLE II. Optical cross sections for individual cascade transitions at 40 eV and 1 mTorr in units of 10219 cm2. 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 tran
small to be observed~generally,4310221 cm2!. Uncertainties on the individual cross sections are statistical only. Uncertainties on the
cascades represent statistical and systematic errors.

2p1

(J50)

2p2

(J51)

2p3

(J52)

2p4

(J51)

2p5

(J50)

2p6

(J52)

2p7

(J51)

2p8

(J52)

2p9

(J53)

2p10

(J51)

2s2 (J51) 1.160.2 0.8160.10 3.760.5 0.6060.08 0.3260.09 0.6460.08 0 0.0660.01 0.4060.22

2s3 (J50) 0.6560.13 1.260.3 0.1660.06 0.3160.22

2s4 (J51) 0.0860.02 0 0.0460.04 0.2060.06 0.9260.14 1.560.2 2.660.3 4.060.5 1.060.2

2s5 (J52) 0 0.1960.13 0 0.7060.17 0 0.9860.15 5.960.9 3.660.7

3d18 (J53) 0 5.960.9 0.6960.12 1.560.2

3d19 (J52) 0.5360.16 0 0 0.8260.11 4.660.7 2.460.4 0.2160.12 0

3d2 (J51) 0.4360.13 0.4160.21 0 0.2660.10 4.560.9 0 5.761.0 0.4160.06 0

3d3 (J52) 0.2660.08 0.9960.30 0.1560.04 5.861.8 1.160.2 0.4360.07 0 9.161.5

3d4 (J53) 0 0.2160.04 1161 0

3d48 (J54) 1362

3d5 (J51) 0 0.1960.06 0.2260.07 0.0460.01 0.4460.13 1.360.4 0.2360.07 0 7.361.2

3d6 (J50) 0.4660.14 0.0560.02 0 3.560.6

3s18 (J51) 4.660.8 4.660.8 0.3460.19 3.060.5 0.5160.14 0.2560.05 0.1260.06 0 0

3s19 (J52) 2.860.5 0.2460.10 0 1.360.2 0.1860.05 0.2860.07 0 0

3s1- (J53) 7.560.9 0 0 0.2660.14

3s199 (J52) 0 0.7660.19 4.560.8 0 0 0.3660.08 0 0

Total 6.361.5 1162 1463 1062 6.761.6 1864 1563 2064 2165 2562
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We have tried to measure directly the cross sections for
cascading lines withl.1.6mm by using an InSb detecto
module, which covers the wavelength range of 1.4–5.8mm.
However, the InSb detector has a much lower sensitiv
than the InxGa12xAs detector~its D* value is about a facto
of 50 lower!, so that many of these transitions were uno
servable. By examining the noise amplitude in the spec
region of the transition, we can place an upper bound on
transition. In each case, this upper bound is consistent
the value given in Eq.~4!. Furthermore, in all cases thes
long-wavelength transitions comprise less than 2% of
total cascade contribution to their respective levels.

The next series of cascades into the 2p levels are from the
levels in the 3p56s ~3s2 ,...,3s5 in Paschen’s notation! and
3p54d ~4d and 4s1 in Paschen’s notation! configurations
with wavelengths in the PMT detector region. Ballouet al.
@4# have measured cross sections for emission from nin
the twelve levels of 3p54d, but transitions from the othe
three levels were too weak to measure. Ballouet al. also
showed excitation functions for the 3p56s levels but gave no
magnitude for the cross sections. We have measured
cross sections for the 3p56s→3p54p and 3p54d→3p54p
transitions with the monochromator-PMT system and h
found them to be of the order of 5% or less of t
3p55s→3p54p and 3p53d→3p54p cascades for all but the
2p2 , 2p3 , 2p6 , 2p9 , and 2p10 levels. At 20-eV energy and
3 mTorr, for example, 2p2 receives approximately 15% o
its cascade from the 3p54d and 3p56s levels, 2p3 receives
16%, 2p6 receives 15%, 2p9 receives 21%, and 2p10 re-
ceives 13%. We include these cross sections in our t
cascade measurements. For the remaining 2p levels we con-
sider cascades only from the 3p55s and 3p53d levels, as any
additional contributions are much smaller than the system
uncertainty of our measurements.
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C. Direct excitation cross sections

Once the total cascade cross sections are obtained,
can be subtracted from the apparent excitation cross sect
yielding direct excitation cross sections, as in Eq.~3!. We list
in Table II the measured emission cross sections at 40
and 1 mTorr for the cascades from the 2s, 3d, and 3s1

levels into the 2p levels. The uncertainties listed for the in
dividual cross sections are purely statistical. The system
uncertainty due to the inaccuracies in measuring the p
sure, electron current, and wavelength response of the FT
estimated to be 15%. In addition, there is a 12% system
uncertainty due to error in the absolute cross section of
912.3-nm line used for bridge calibration. The total casca
with quoted uncertainties including both statistical and s
tematic types are given in Table III. The small amounts
cascade from the 3p56s and 3p54d levels, though not listed
in Table II, are taken into account in Table III. Also include
in Table III are the apparent excitation cross sections for
2p levels at 40 eV and 1 mTorr and the direct excitati
cross sections resulting from applying the cascade cor
tions. The uncertainties shown for both apparent and di
excitation cross sections include both the statistical and
tematic types. Note that although the uncertainty on the
parent and cascade cross sections is relatively small~gener-
ally 20% or less!, some of the direct cross sections show
much larger percentage of error. This effect arises beca
the direct cross section is the difference between two va
of comparable magnitude. Since the errors add in quadra
the uncertainty for the direct cross section can be proport
ally much greater than the uncertainties on either the ap
ent or cascade cross sections.

Despite the pressure dependence of the observed emi
cross sections illustrated in Fig. 4, the direct excitation cr
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TABLE III. Total apparent, cascade, and direct cross sections at 40 eV and 1 mTorr in un
10219 cm2. The direct cross sections are calculated by subtracting the total cascades of Table II fro
apparent cross sections. Cascades for 2p2 , 2p3 , 2p6 , 2p9 , and 2p10 have additional contributions from 3s
and 4d levels. Uncertainties are the combined systematic and statistical errors.

2p1

(J50)
2p2

(J51)
2p3

(J52)
2p4

(J51)
2p5

(J50)
2p6

(J52)
2p7

(J51)
2p8

(J52)
2p9

(J53)
2p10

(J51)

Apparent 3765 2163 3264 1962 1962 4265 2963 4766 3264 5269
Cascade 6.361.5 1262 1663 1062 6.761.6 2065 1563 2064 2663 2863
Direct 3165 9.163.7 1665 9.063.2 1263 2267 1465 2767 6.164.9 24611
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sections for a given energy, determined at different pr
sures, are found to show little variation. Figure 5 shows
parent, cascade, and direct cross sections between 0.5 a
mTorr for the ten 2p levels at an incident electron energy
100 eV. Therefore, within our experimental uncertainty, t
observed pressure dependence of the 2p cross-section data
can be attributed entirely to cascade, and there is no evid
of collisional excitation transfer into the 2p levels at pres-
sures up to 4 mTorr. Direct excitation cross sections at
40, and 100 eV obtained by averaging the results of meas
ments at 1, 2, and 3 mTorr are given in Table IV. The quo
uncertainty is the combined statistical and systematic err

Earlier works on electron excitation of rare-gas ato
from our laboratories indicated that at high energies,
cross sections for the 2p levels with even values ofJ are
larger than those with oddJ @4#. Based on group theoretica
arguments it was shown that if we consider the Coulomb,
not the exchange, interactions between the incident elec
and the argon atom, the direct coupling potential between
ground level (3p6 1S0) and a 2p level of oddJ value van-
ishes on account of rotational symmetry. However, the c
pling is generally not equal to zero for a 2p level of evenJ.
Since to first order the cross sections~neglecting projectile-
target exchange interaction! are dictated by this coupling, w
expect the cross sections for the 2p odd J levels to be
smaller than the ones with evenJ. The cross sections give
in Table IV generally conform to this trend at 100 eV. How
ever, the 2p7 ~J51! appears to have a cross section com
rable to 2p3 ~J52!, 2p5 ~J50!, and 2p6 ~J52!. Unfortu-
nately, the 2p7 cross section, (1165)310219 cm2, has the
largest uncertainty. This, coupled with the uncertainties
the 2p3 , 2p5 , and 2p6 cross sections, does not make
possible at this time to establish clearly whether the 2p7
direct cross section is larger or smaller than the cross
tions of these three even-J levels.

D. Origin of the pressure effects

We attribute the pressure dependence of the cascade
sections to radiation trapping. A detailed theoretical tre
ment of the effect of radiation trapping on electron excitat
experiments may be found elsewhere@5,13,14#. Here we dis-
cuss only qualitative aspects that are related to our exp
ments. Shown in Fig. 6 is a levela with J51 that decays in
an optically allowed transition not only to the ground levelg
~J50!, but also to a number of other levelsb,c,..., with J
50 or 2. Reabsorption of thea→g resonant radiation by a
ground-level atom with the subsequent decay into leveb
results in a pressure-dependent effective branching ratio
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thea→b transition and therefore a pressure-dependent em
sion cross section. Optical cross sections from such le
have long been known to show pressure dependence@14#.
However, levels not optically connected to the ground lev
such as the 3p54p levels, can also display pressure depe
dence due to cascade from higher levels. For instance
though a 2p level with J50, 1, or 2 is not optically coupled
to the ground level~same parity!, it may receive significant
cascade from theJ51 levels of the 3p54s and 3p53d con-
figurations which do decay to the ground level, so that
total population of this 2p level will be affected by reabsorp
tion and display a dependence on pressure.

The 2p9 (J53) level could also exhibit pressure depe
dence through a more complicated chain of events. T
3p53d levels withJ52 which can cascade into the 2p9 are
not themselves optically coupled to the ground level. Ho
ever, they receive cascade from higher levels. For exam
the radiatively trapped 3p56s cascades to the 3p55p, which
subsequently decays to the 3p53d levels, giving them pres-
sure dependence. This 3p53d cascade then provides pressu
dependence to the 2p9 level. However, the pressure depe
dence due to such a multiple cascade mechanism shoul
much weaker. At each step in the chain, the pressu
dependent cascade component is added to the pres
independent direct excitation process, so that the pres
dependence is attenuated in each step. This is consistent
the weak pressure dependence for the 2p9 apparent cross
section, as shown in Fig. 4. Furthermore, in Fig. 5 the c
cade curve for 2p9 is flat at pressures below 1 mTor
whereas the pressure dependence of the cascade for the
nine levels persists even at the lowest pressure point of
mTorr.

To illustrate further the effects of resonance radiation
absorption, we plot in Fig. 7 optical emission cross sectio
at 100 eV versus pressure for the resonant 2s4 and 3d2 (J
51) and the nonresonant 2s5 and 3d3 (J52) levels. It is
clear from the figure that theJ51 levels, which experience
radiation trapping, display a much larger variation with pre
sure than theJ52 levels, which acquire their pressure d
pendence through the smaller effect of cascades. We w
therefore expect those 3p54p levels receiving cascade pre
dominantly from resonant levels to exhibit greater variati
with pressure than those receiving more cascade from n
resonant levels. Figure 5 illustrates this. In the case of
J50 levels, 100% of their cascade is from resonant lev
so they might be expected to show large pressure effe
However, their direct cross sections are large relative to th
cascades. This tends to decrease the percentage effe
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FIG. 5. Apparent~n!, cascade~,!, and direct~d! cross sections versus pressure at 100 eV. Error bars are combined statistic
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
more easily readable.
%
o
t om
pressure on their apparent cross sections. The 2p2 , 2p4 , and
2p7 (J51) levels receive, for example, approximately 90
of their cascade from resonant levels at 100 eV and 1 mT
For these levels, cascades make up a larger fraction of
rr.
he

apparent cross sections than they do for theJ50. This gives
them the largest pressure effects of all the 2p levels. The
2p10 (J51) level differs somewhat from the other threeJ
51 levels in that only about 50% of its cascade comes fr
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TABLE IV. Direct cross sections for the 2p manifold of argon at various incident electron energies
units of 10219 cm2. These values represent the average of our measurements at 1, 2, and 3 mTorr.
uncertainties are combined statistical and systematic errors.

Energy~eV! 2p1 2p2 2p3 2p4 2p5 2p6 2p7 2p8 2p9 2p10

20 5067 1466 2969 2267 1664 32612 2569 54615 53622 47622
40 3165 9.064.5 1766 9.063.7 1464 1967 1366 2668 6.365.0 25610

100 2565 6.863.9 8.763.3 9.063.1 1063 1064 1165 1765 3.162.0 6.662.5
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the resonant levels. However, its direct excitation cross s
tions are likewise smaller than those of the otherJ51 levels,
so we see comparable pressure effects from allJ51 levels.
The threeJ52 levels each receive about 40% of their ca
cade from resonant levels~mostly 2s2 and 2s4! at 100 eV
and 1 mTorr. Their cascade and direct cross sections
closer in magnitude than the other levels. Hence, these le
have suppressed pressure effects, in relation to the othep
levels. Finally, in the case of the 2p9 (J53) level, the cas-
cade contribution is much larger than the direct. Despite
fact that it receives no resonant cascade, it still displays p
sure effects due to the somewhat less pressure-depen
nonresonant cascades.

It is important to note that these pressure effects are
pendent upon experimental geometry@5#. In this work, prac-
tical considerations forced us to place each detector sys
~monochromator-PMT and FTS! on different collision cham-
bers. However, both the chambers and electron guns we
sufficiently similar design, so that pressure effects betw
the two chambers were identical. This was verified by exa
ining on both systems cross section versus pressure cu
for various lines originating from the same 2p level. In all
cases the curves were identical.

E. Shape of the excitation functions

The apparent, total cascade, and direct excitation fu
tions for all ten 2p levels at 3 mTorr are shown in Fig. 8
These plots demonstrate the important role cascade proc

FIG. 6. Resonant radiation reabsorption. Levela is optically
coupled to the ground level (g), while b and c are not. Photons
emitted in thea→g transition reexcite atoms back to levela, giv-
ing them a ‘‘second chance’’ to radiate tob or c. The result is a
pressure-dependent branching ratio witha→g tending to zero at
high pressure.
c-

-

re
ls

2

e
s-
ent

e-

m

of
n
-
es

c-

ses

play in populating the 2p levels. In the case of theJ51 and
J53 levels at 3 mTorr, cascade contributions are grea
than direct excitation over nearly the whole energy ran
For theJ52 levels and the 2p5 level (J50), cascade cross
sections are comparable to the direct cross sections. On
the case of 2p1 (J50) do we find the direct excitation cros
section dominating the cascade over the entire energy ra
The effect of the cascade is to exaggerate the height of
high-energy tail, relative to the peak, of the excitation fun
tion.

Cascade contributions can have great effects on
shapes of the excitation functions. In the case of the twJ
50 levels, the cascade is responsible for creating
‘‘double peak’’ shape of the apparent excitation functio
which has been observed by other investigators@4,15#. Cas-
cade into theJ50 levels comes only from theJ51 levels of
the 3p5ns and 3p5nd configurations, which tend to hav
characteristically broad shapes, peaking between 60 and
eV @4#. This, combined with the direct excitation, whic
peaks around 20 eV, creates the multiple peaks. As pres
increases, the strongly pressure-dependent cascade incre
and the high-energy peak is enhanced.

As shown previously in Fig. 4, the 2p apparent cross
sections display greater pressure dependence at higher
dent electron energies. From Fig. 8 we can see the reaso
this in the following way. At high energies the cascade cu
is dominated by the broad shapes that can be associated
the cascading lines from theJ51 levels of the 3p5ns and
3p5nd configurations, because these levels are optic

FIG. 7. Cross section vs pressure for twoJ51 resonant~s and
j! and twoJ52 nonresonant~m andh! cascade transitions. Th
cross sections have all been normalized to 1 at 0.5 mTorr. E
bars have been omitted for clarity, but would be approximately 5
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FIG. 8. Excitation functions for apparent~solid curve!, cascade~dashed curve!, and direct~circles! cross sections of the 2p manifold at
3 mTorr. Error bars have been omitted from the apparent and cascade measurements for clarity. Those on the direct cross s
combined statistical and systematic.
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ly
coupled to the ground level with, in most cases, a very br
excitation function peaking around 60–100 eV, as shown
Ref. @4#. The extreme pressure effect of these cascading l
manifests itself through radiation trapping as the more ex
d
n
es
g-

gerated pressure dependence of the apparent cross secti
100 eV, as compared to 20 eV.

The very sharp direct excitation function for the 2p9 (J
53) is well understood on the grounds that it is the on
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TABLE V. Comparison of our 2p apparent cross sections extrapolated to zero pressure with those o
@15#, for 100-eV incident energy. Cross sections are in units of 10219 cm2.

2p1 2p2 2p3 2p4 2p5 2p6 2p7 2p8 2p9

This work 2565 6.861.3 1765 9.061.8 1062 1865 1162 2367 7.662.3
Ref. @15# 2263 6.161.1 1463 4.861.6 8.161.2 1663 8.362.4 2266 8.462.8
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state in the 3p54p configuration withJ53, and is a pure
L-S coupled state. If we use the intermediate-coupl
scheme to write the wave functions for the levels as lin
combinations ofL-S terms of the sameJ from the 3p54p
configuration, the 2p9 wave function is represented solely b
the 3p54p(3D3) term, so that the excitation function is ex
pected to have the sharp peak characteristic of a spin ch
ing excitation (1S→3L) @16#. The similar sharp peak in th
2p10 data can also be explained in terms of its wave functi
The 2p10 state (J51) is a superposition of theL-S eigen-
functions for 3S1 , 3P1 , 3D1 , and 1P1 . The g factors for
theseL-S eigenfunctions are 2.0, 1.5, 0.5, and 1.0 resp
tively. The 2p10 level has ag factor of 1.985@17#. Therefore
its wave function is dominated by the3S1 term with only a
small amount of singlet admixture, hence the sharp pea
the excitation function.

For excitation from a singlet into a triplet level, the exc
tation function is expected to show anE23 dependence a
high energies according to the Born-Ochkur theory. It sho
be interesting to check whether this inverse cubic relatio
reflected in our 2p9 results. However, as can be seen in F
8, for the 2p9 level the apparent excitation cross sections
only slightly larger than the cascade, so that the direct e
tation cross sections obtained from their differences are
accurate enough for a quantitative test of the energy de
dence. Qualitatively, however, both the 2p9 and 2p10 direct
excitation functions display a greater falloff with energy th
the other 2p levels.

F. Comparison with previous results

Tsurubuchiet al. @15# recently published apparent excit
tion cross sections for nine of the ten 2p levels but gave no
cascade or direct excitation cross sections. They observ
similar pressure dependence of the optical emission c
sections. By extrapolating our 2p apparent cross sections
the zero-pressure regime, we see a good agreement bet
the two experiments, as illustrated in Table V. Ballouet al.
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@4# also measured the apparent 2p cross sections. Most o
their measurements were done at pressures above 1 m
Thus their apparent cross sections are probably not free f
pressure effects and do not correspond to the values a
limiting zero pressure regime of Table V.

Two other works have reported attempts at measuring
direct 2p cross sections. Bogdanova and Yurgenson@18#
used a pulsed electron beam to reduce cascade transitio
order to measure direct cross sections for the 2p levels. Their
direct excitation cross sections are generally in good ag
ment with ours, as shown in Table VI.

Chutjian and Cartwright@19# performed energy-loss mea
surements of electron impact on argon, and tabulated dif
ential excitation cross sections for scattering angles betw
10° and 140°. By extrapolating the differential cross sectio
to the unmeasured angles and integrating over all scatte
angles,~integrated! direct excitation cross sections may b
obtained. We compare their results of 2p direct excitation
cross sections to ours in Table VI. For most of the leve
agreement between the two experiments is poor, with th
values smaller than ours. Determination of~integrated! direct
excitation cross sections by measurement of differen
cross sections is complicated by the necessity of extrap
tion to the small- and large-angle regions.

V. CONCLUDING REMARKS

Use of the FTS in conjunction with monochromator-PM
detection enables an extensive analysis of electron-im
excitation of the 2p levels of argon using the optical metho
As in earlier works, the apparent excitation cross sections
obtained by measuring the emission intensities of all tran
tions from the 2p levels in the wavelength range of 660
1150 nm. In the past it was difficult to extract the dire
excitation cross sections from these optical measurem
because the major cascading radiation into the 2p levels are
in the IR ~1150–1600 nm! outside the detection range of th
PMT. The FTS technique makes it possible to measure
y,
TABLE VI. Comparison of our 2p direct cross sections with those of Refs.@18# and @19# at the peak and at 100-eV incident energ
extrapolated to zero pressure. Cross sections are in units of 10219 cm2.

2p1 2p2 2p3 2p4 2p5 2p6 2p7 2p8 2p9 2p10

Peak cross sections
This work 5067 1466 2969 2267 1664 32612 2569 54615 53622 47622
Ref. @18# 52616 1865 37611 1765 1665 1765 1966 2467 39612
Ref. @19# 2768 5.862.7 1165 1565 1465 1364 2468 1464

Cross sections at 100 eV
This work 2565 6.863.9 8.763.3 9.063.1 1063 1064 1165 1765 3.162.0 6.662.5
Ref. @18# 3069 8.262.5 1564 5.361.6 1264 1063 1163 8.862.6 3.761.1
Ref. @19# 1865 0.9560.45 5.062.4 5.961.9 1.960.9 6.762.2 0.9360.44 0.5460.25
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cascade radiation and to obtain the direct excitation cr
sections of the 2p levels by optical measurements.

Earlier experiments@3# reported pressure dependence
the measured shape of the 2p apparent excitation function
and the magnitude of the apparent cross sections at pres
as low as a few mTorr. Our FTS measurements for the
lines cascading into the 2p levels also show pressure depe
dence. However, when the total cascades are subtracted
the apparent excitation cross sections, the resulting di
excitation cross sections are independent of the pres
within experimental uncertainty. The pressure dependenc
the cascading radiation is attributed to radiation trappi
which makes the population of the optically allowed leve
~with respect to the ground level! dependent on pressure, an
this pressure effect propagates to the lower levels thro
spontaneous emission.

When the cascade constitutes a large fraction of the
parent excitation cross section, the percentage error of
direct excitation cross section becomes much larger than
of the apparent excitation cross section. Thus, in Table
we see uncertainties as large as;50% for the direct excita-
tion cross sections at 100 eV~even larger for the 2p9 level!.
This problem is accentuated by the necessity of measu
the apparent excitation cross sections with one appar
~monochromator-PMT!, and the cascade with another~FTS!,
so that the resulting direct excitation cross sections are
ject to two sets of systematic uncertainties. A possible
provement is to incorporate both the monochromator-P
and the FTS detection systems on the same collision ch
ber. This would allow measurements of apparent and cas
cross sections to be made at exactly the same condition
as to reduce the uncertainty arising from taking the diff
ence between the apparent and cascade cross sections.
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Determination of cascade is a central task in the opt
method for measuring electron-impact excitation cross s
tions. For a few cases, a full account of the cascade can
made from experiments in the visible region so that accu
direct excitation cross sections can be obtained from
measured apparent cross sections@6#. However, in most
cases, many of the cascade transitions are in the IR and
not be measured by conventional PMT detection. This
deed has been a major impediment in using the opt
method to determine direct excitation cross sections. The
corporation of the FTS technique in the electron excitat
experiment represents a significant advance toward sol
the problem of cascade measurement. This is well dem
strated in our work on argon reported here, and extensio
other atoms can be similarly made. An important effort in t
future is to improve the accuracy of the individual optic
measurements, since the direct excitation cross section is
difference between two measured quantities often of com
rable magnitude. Also, development of more sensitive de
tion techniques in the far infrared region is most desirab
Finally, it should be mentioned that in addition to casca
measurements, the FTS technique also enables one to s
excitation of energy levels that radiate only in the IR such
the 5d levels of Xe, shown in the pioneering work of DeJ
seph and Clark@1#.
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