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Measurement of the cross sections for electron-impact excitation into the 5p56p levels of xenon

John T. Fons and Chun C. Lin
Department of Physics, University of Wisconsin, Madison, Wisconsin 53706

~Received 22 June 1998!

Electron-impact emission cross sections for transitions from the ten 5p56p levels of xenon to the lower
levels have been measured at different gas pressures between 0.1 and 2.0 m Torr, and with incident electron
energy from threshold to 150 eV. The exceptionally strong pressure dependence of the measured emission
cross sections reported previously is confirmed. The optical emission cross sections yield the apparent excita-
tion cross sections for the 5p56p levels which vary significantly with pressure. Use of a Fourier-transform
spectrometer makes it possible to measure previously uninvestigated infrared cascade transitions into the
5p56p levels. Our measured cascade cross sections increase with pressure because of radiation trapping
effects, and their pressure dependence is similar to that of the apparent excitation cross sections. By subtracting
the cascade contribution from the apparent cross sections, we obtain the direct excitation cross sections which
are found to be independent of the pressure. The peak direct cross sections for the 2p1-2p4 levels~Paschen’s
notation! are much smaller than those of the 2p5-2p10 group. This is explained on the basis that the ionization
energies for the former group are about only one-half of those for the latter group. Within each of these two
groups (2p1-2p4 and 2p5-2p10), the levels with even values of the total angular momentumJ have larger
cross sections than the levels with oddJ. @S1050-2947~98!08312-7#

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

Electron-impact excitation cross-section measurement
the rare gases have been increasingly important in la
lighting, and plasma technologies. Early measurements
xenon by Fel’stan and Zapesochnyi@1# and by Rostovikova,
Samoilov, and Smirnov@2# covered optical emission cros
sections for over 30 transitions, but the two sets of cr
sections are not always in good agreement. An exception
strong pressure dependence of the measured optical
sections for emission from the 5p56p levels was later re-
ported by Walker@3#, and subsequently confirmed in oth
laboratories@4,5#. This effect was shown in some cases
persist at pressures down to 0.1 m Torr. The origin of t
pressure dependence has been thought to be collisional
tation transfer or radiation trapping, which causes cert
emission rates to increase with pressure, but there wa
experimental verification. Such pressure-dependent emis
cross sections are difficult to interpret, and are of limited u
unless the origin of the observed pressure effects is un
stood.

Another complication in the study of electron excitatio
of xenon is that a large part of the emission lines is in
infrared, outside the range of detection of the photomultip
tubes ~PMT’s! traditionally used in the optical measur
ments. The lack of emission cross-section data in the infra
region had greatly impeded the study of cascade popula
of some levels~such as 5p56p), and the direct excitation o
others~such as 5p55d). This limitation, however, has bee
overcome by the work of DeJoseph and Clark in which th
pioneered the use of Fourier-transform spectroscopy~FTS!
for the detection of the infrared radiation emitted in electro
impact experiments@5#. They reported optical emission cros
sections for a number of 5p55d→5p56p transitions (3d
→2p in Paschen’s notation! at wavelengths as high as 399
nm.
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Pressure dependence of the optical emission cross
tions was previously observed for other rare gases, altho
the effects are not as prominent and extensive as in Xe.
3 1P→2 1S emission cross section of He shows a press
dependence down to pressures as low as 0.8 m Torr@6#. This
is due to reabsorption of the 31P→1 1S resonant emission
by nearby ground-state He atoms. As the He(31P) atoms,
resulting from reabsorption, decay through the 21S channel,
we see an enhancement of the 31P→2 1S emission. The
number of emission-reabsorption cycles increases at hig
pressure so that the 31P→2 1S enhancement becomes pr
portionally larger. A somewhat different version of the pre
sure effect was seen in argon, in which the emission cr
sections of some of the 3p54p→3p54s transitions (2p
→1s in Paschen’s notation! increase by over a factor of 2
from 0.5 to 4.0 m Torr. Here the 3p54p levels are not af-
fected by radiation trapping, since they are not optically co
nected to the 3p6 ground state. If the 3p54p levels were
populated entirely by direct electron-impact excitation, t
radiation from these levels should not show the kind of pr
sure dependence described above. However, the 3p54p lev-
els are also populated by cascade from the 3p5nd and 3p5ns
levels, some of which are optically coupled to the grou
state and therefore subject to radiation trapping. Through
diative cascade, the pressure effects of these optically
lowed levels propagate to the 3p54p levels. To examine this
point, Chilton et al. @7# recently performed a systemat
study of the pressure effect on the excitation of the 3p54p
levels of argon, in which they measured the optical emiss
cross sections for the infrared cascade radiation from
3p55s and 3p53d levels into the ten 3p54p levels of argon
using the FTS technique. The total cascade into each 3p54p
level was found to exhibit the same pressure dependenc
the apparent excitation cross section of that level, so
when the cascade is subtracted from the apparent excita
cross section, the resulting direct excitation cross sections
4603 © 1998 The American Physical Society
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4604 PRA 58JOHN T. FONS AND CHUN C. LIN
independent of the target gas pressure from 0.5 to
m Torr. Thus the observed pressure dependence in the e
sion cross section of the 3p54p→3p54s transitions of argon
is attributed entirely to radiation trapping through casca
population.

In this paper, we undertake a systematic study of the
tical cross sections for the emissions from the 5p56p levels
of the Xe atom, with emphasis on their pressure depende
In Fig. 1 we show an energy-level diagram for Xe. Emiss
cross sections for cascade radiation into the 5p56p levels
from the higher configurations, 5p5ns and 5p5nd, are mea-
sured over a wide range of pressure. Optical detectio
made by a FTS as well as a monochromator-PMT system
cover the wavelength range of 200–5000 nm. These m
surements enable us to determine the origin of the obse
pressure dependence of the emission cross sections. We
also obtained the direct excitation cross sections for the
levels of the 5p56p configuration, and found a significan
difference in the general trend as compared to the lighter
gases.

II. EXPERIMENT

The apparatuses shown in Figs. 2 and 3 were use
measure the electron-impact excitation cross sect
through optical detection by means of PMT’s and FTS,
spectively. Details of the apparatuses and processes
available in the literature@8,9#, so only a brief description
will be given here. For both experimental setups, a mono
ergetic electron beam is formed by electrostatically acce
ating and focusing electrons produced by an indirec
heated BaO cathode. The electron beam has a diameter
mm and covers an energy range of 10–150 eV with a typ
energy spread of 0.5 eV full width at half maximu
~FWHM!. We find that the buildup of contaminants in th
collision chamber over a long period of time begins to aff
the energy of the electron beam, and that the true kin

FIG. 1. The energy-level diagram for the xenon atom~in units
of eV!. The top of the figure lists theJ value followed by Paschen’s
notation for each level. Conversion to configuration is provided
the bottom, wheren is the numerical prefix in Paschen’s notatio
The ionization limits for the formation of the 5p5(2P3/2) and
5p5(2P1/2) cores are indicated by dashed lines.
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energy of the electrons is not necessarily equal to the ac
erating potential. The energy difference between the ac
electron energy and the applied voltage is known as the
ergy offset, and was regularly monitored to be approximat
5 eV, with a variation of about 5% over a period of seve
months. We determined the energy offset by increasing
energy of the electron beam until the optical emission fr
the excited level of our interest was observed. At this po
the energy offset is equal to the difference between the
celerating voltage and the energy threshold of excitat
@8,9#. We have used emission lines from various excit
states over a wide range of intensity to determine the ene
offset, and the results are consistent within the variation c
above. All measurements reported here have been corre
to compensate for this energy offset.

Figure 2 shows the apparatus in which a monochroma
is used for optical detection. A combination of ion, gette
diffusion, and mechanical pumps is used to evacuate
chamber to approximately 531028 Torr. The chamber is
then filled with Xe gas to the desired pressure, 0.1–
m Torr, which is continuously monitored by a 0.1-Torr c

t
FIG. 2. Monochoromator-PMT system used for absolute cro

section determination.

FIG. 3. Fourier-transform spectrometer system used for rela
cross-section measurement.
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pacitive manometer. The electron beam is monitored by
electrometer, and the results are read by computer for an
sis. The emissions from the collision chamber are reflec
off mirror M1 and are focused by mirror M2 onto the e
trance slits of a 1.26 m Czerny-Turner monochromator
PMT at the exit slit of the monochromator is used to det
the radiation. By rotating the monochromator grating, a p
of the intensity of the radiation as a function of the wav
length is created. The exit and entrance slits of the mo
chromator were typically set to give a resolution of 1.25
FWHM. Two types of PMT’s were used for these studies.
high sensitivity, low noise Burle PMT, model 31034, with
GaAs photocathode, was used in the wavelength range f
200 up to about 890 nm. A Hamamatsu PMT with aS1
photocathode, modelR1767, was used from approximate
800 to 1050 nm. To dramatically reduce the amount of d
current, both these PMTs have been cooled. The GaAs P
was thermoelectrically cooled to230 °C and, theS1 PMT
was cooled to260 °C with a liquid-nitrogen system. Rota
ing the plane mirror M1 by 90° reflects the radiation from
calibrated standard lamp and allows it to travel along
same optical path. Doing so allows for compensation of
optical efficiencies of all the components and we can th
determine the absolute emission intensity of the radia
from the collision chamber. The quartz windowW8 was in-
troduced into the optical path of the standard lamp to co
pensate for the transmission characteristics of the windowW
on the chamber. A tungsten halogen lamp was used in
wavelength range of 400–1100 nm, and a deuterium la
was used in the 200–400-nm region for calibration purpos
Both of these standard lamps were calibrated by the ma
facturer. By making a plot of absolute intensity versus wa
length and measuring the area under the curve, we can
termine the absolute emission cross section for a gi
transition. The optical emission cross section for thej→k
transition,Qjk

opt, is defined as

Qjk
opt[

F jk

n0~ I /e!
, ~1!

whereF jk is the number of photons per unit beam leng
emitted in thej→k transition,I is the electron-beam curren
n0 is the number density of the ground-state atoms, ande is
the magnitude of the electron charge.

To check the polarization of the emission cross section
polarizer was placed in the optical path, as shown in Fig
Since the grating shows a significant difference in the refl
tion efficiency for parallel and perpendicularly polarized r
diation, the standard lamp is used to determine the rela
efficiency for the two polarizations.

The PMT systems have been used in a photon-coun
mode as well as an analog mode. When photon counting
output from the PMT is sent through a series of amplifi
where it is then fed through a discriminator and a pho
counter. To remove the background radiation, the elec
beam is electronically gated at a frequency of 1 kHz. Wh
the electron beam is on, the photon counter detects the
tons emitted from the collision chamber, the scattered ra
tion from the heated cathode, and the dark counts aris
from the PMT itself. While the electron beam is off, th
detector determines the amount of scattered background
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diation and dark current. By subtracting the two results,
are able to isolate the signal from the background. Appro
mately 53104 to 106 gate pairs are used to determine t
signal at a given wavelength, electron-beam energy, p
sure, and electron-beam current.

The apparatus shown in Fig. 2 has also been used in
analog mode. Here, the current from the PMT is sent dire
into an electrometer whose output is then recorded by
computer. When sweeping the monochromator over lo
portions of the spectra, hundreds of nm, we have found
when the emission intensity is sufficient, using the ana
mode is more time efficient than using the photon-count
mode. This analog process was used for relative cro
section determination and general spectral investigatio
While utilizing this analog method, the electron beam is n
gated and the background was removed graphically. Pho
counting was used exclusively in all other studies, includ
current and pressure dependence, as well as excitation f
tions and absolute calibration procedures.

The apparatus shown in Fig. 3 utilizes a Bomem Mod
MB 157 FTS system for the infrared emission studies. He
the emissions from the collision chamber are collimated a
sent into the entrance port of the spectrometer. 50–500 i
vidual interferograms were averaged together, and were c
verted into an intensity versus wavelength plot through
use of the Fourier transform function. The advantage of
FTS system over the PMT systems is that even a single
gives information about the complete spectrum instead
just a very narrow segment. By rotating the collimating m
ror 180°, the emissions from a blackbody source can foll
the same optical path, so that the relative efficiency of
optics and detector as a function of the wavelength can
made. For this apparatus, we again introduce a windowW8
to compensate for the transmission characteristics of
CaF2 window on the chamber,W. Knowing the relative ef-
ficiencies allows for the determination of the relative inte
sities and relative cross sections of the emissions conta
in the spectrum.

Two different types of photodiodes have been used w
the FTS system, the first being a 0.5-mm InxGa12xAs detec-
tor cooled to230 °C to reduce noise. When cooled, th
detector has a manufacturers specified wavelength rang
910–1610 nm, although, by heating it to approximate
50 °C, we can increase its wavelength range to about 1
nm. This was done to extend its range to allow for the d
tection of the 3d2-2p9 transition at 1733 nm. The other typ
of detector used is a 1-mm InSb photodiode that was coo
to 77 K. Two different InSb detectors have been used,
with a filter that passes 1300–2800-nm light, and anot
that has no filter and can be used out to approximately 5
nm. The purpose of the filter is to reduce the blackbo
radiation at the longer wavelengths, which allows for grea
amplification of the remaining spectral range. The sensit
ties of the InSb detectors are much poorer than that of
InxGa12xAs detector, so, whenever possible, the InxGa12xAs
detector was used. The blackbody source used to calib
the relative efficiencies of the FTS system was heated
1050 and 850 °C for the InxGa12xAs and InSb detectors re
spectively.

While using FTS, the pressure of the xenon gas was ag
monitored by a capacitive manometer. The electron be
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TABLE I. Emission cross sections~in units of 10220 cm2) for transitions out of the 2p levels at an electron energy of 30 eV and
pressure of 1.0 mTorr. The values in parentheses next to the level are theJ value for that level. The ellipses represent emissions too w
to reliably measure, typically less than 5310220 cm2. Entries with an X correspond to forbidden transitions. Cross sections in parent
were determined by theoretical branching ratios and measured cross sections out of the same upper level~see text!; no uncertainty limits are
given for these values. Blank entries represent energetically impossible transitions. The last row corresponds to the apparent cross
a given 2p level.

2p1 ~0! 2p2 ~1! 2p3 ~2! 2p4 ~1! 2p5 ~0! 2p6 ~2! 2p7 ~1! 2p8 ~3! 2p9 ~2! 2p10 ~1!

1s2 ~1! 340651 21.863.3 265640 35.065.1 ~4.1! ~0.53! ••• X ••• •••

1s3 ~0! X 35.465.3 X 34.565.3 X X ••• X X •••

1s4 ~1! 16.763.4 ••• 5.861.7 7.562.1 19246288 194629.5 9656145 X 9696147 12.562.1
1s5 ~2! X ••• 9.762.3 ••• X 593689.0 106616.2 615693 592689 517676
2s4 ~1! ~23.8! ~0.6! ••• ~3.1!
2s5 ~2! X ~2.5! ~6.1! ~2.7!
3d18 ~3! X X 4.760.85 X
3d19 ~2! X ••• ••• •••

3d2 ~1! ~10.3! ••• ~0.34! ~0.74!
3d3 ~2! X ••• ••• •••

3d4 ~3! X X ••• X
3d5 ~1! 82.1614.0 3.760.72 15.562.6 ••• •••

3d6 ~0! X 6.961.4 X ••• •••

Total 473660.8 70.968.5 307643.3 83.569.6 19286288 798694.6 10716146 615693 15616152 530678
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was not gated in this case, and was continuously meas
by a digital ammeter. Over the duration of one investigati
2–20 min, the pressure and current did not change by m
than 1%.

Since FTS is capable of determining only relative cro
sections, it is important that there be some overlap regio
the wavelength ranges of the various detectors. Thep9
→1s4 and 2p10→1s5 emissions can be readily measur
with the Hamamatsu PMT and the InxGa12xAs detector. We
use these cross sections to put all other cross sections i
InxGa12xAs spectrum on an absolute scale. Likewise,
then use the 2s4→2p7 transition at 1542 nm to put the re
sults of the InSb detector measurements on an absolute
relative to the same transition measured by the InxGa12xAs
detector.

For both apparatuses, the dependence of the emis
cross sections on the pressure and the electron-beam e
has been investigated. To determine the cross-section de
dence on the pressure, we held the electron-beam en
constant, and changed the pressure while monitoring the
rent. The cross-section dependence on the energy, or ex
tion function, is determined by holding the pressure cons
and changing the energy of the electron beam while mo
toring the beam current. The pressure range was 0.1
mTorr and the energy ranged from 5 up to 150 eV. Throu
out the investigations, the beam current was typically
tween 10 and 250mA, although because of their relativel
poor sensitivity, higher beam currents;500 mA were used
with the InSb detectors. The lower currents were used
cause of an increased stability in the magnitude and shap
the electron beam. To verify that the cross sections w
linear with current over these ranges, we held the energy
pressure constant while changing the beam current. Adj
ing the voltages on the electron gun grids in order to incre
the current could cause an unwanted change in the b
shape or energy offset. Instead, we adjusted the curren
ed
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altering the BaO cathode temperature. To within 3%, we fi
the cross section to be linear with current up to a curren
600 mA.

III. RESULTS

The optical emission cross sections for transitions out
the ten 2p levels are given in Table I for an electron-bea
energy of 30 eV and a pressure of 1.0 m Torr. By summ
over all emission cross sections out of a given 2p level into
all lower levels, we can determine the apparent cross sec
for the 2p level,

Qj
app5(

k, j
Qjk

opt. ~2!

The apparent cross sections for the 2p levels are given in the
last row of Table I. In several cases the emissions cr
sections were not measured directly because the wavele
of the transition was outside the ranges of the various de
tors or there was a significant absorption of the radiation
to water vapor or carbon dioxide in the atmosphere. F
these transitions (i→n) the cross sections were obtained
measuring the cross sections for another transition from
same upper level (i→m), and utilizing the relation

Qin
opt5

Ath~ i→n!

Ath~ i→m!
Qim

opt, ~3!

where theAth’s are the transition probabilities obtained b
theoretical calculations@10# using Hartree-Fock wave func
tions with intermediate coupling. Because of the difficulty
treating an atom as complex as Xe theoretically, Eq.~3! is
used only as a means to estimate the unmeasured cross
tions. These estimated cross sections are designated b
rentheses in Table I. They are generally quite small co
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TABLE II. Optical emission cross sections for transitions into the 2p manifold from higher levels for an electron-beam energy of 30
and a pressure of 1.0 mTorr. The first column corresponds to the upper level~with the J value in parentheses!. Entries of X correspond to
optically forbidden transitions. Entries in parentheses correspond to cross sections determined by theoretical branching ratios and
cross sections out of the same upper level~see text!. Ellipses represent cross sections which are insignificant compared to the correspo
direct cross section of the 2p level ~Table III!. Blank entries correspond to transitions which are energetically impossible. The row lab
as ‘‘Other’’ is a sum of all cascade cross sections not individually listed. The total uncertainty~systematic and statistical! in the individual
cross sections is generally between 15 and 22%.

2p1 ~0! 2p2 ~1! 2p3 ~2! 2p4 ~1! 2p5 ~0! 2p6 ~2! 2p7 ~1! 2p8 ~3! 2p9 ~2! 2p10 ~1!

2s2 ~1! ~13.1! 15.4 40.8 ••• ••• ••• 8.2 X ••• 25.2
2s3 ~0! ••• ••• X X ••• X X 113
2s4 ~1! ~26.2! 26.6 148 X 197 15.8
2s5 ~2! X ••• ••• 18.8 ••• 23.5
3d2 ~1! 51 ••• 199 X 153 •••

3s18 ~1! ~19.0! 12.7 6.3 24.1 9.6 ••• 17.1 X 3.5 11.9
3s1- ~3! X X ~66.4! X X 5.5 X 28.8 75.3 X
3s1-8 ~2! X ••• ••• ••• X 25.0 ••• 35.1 ••• •••

3s4 ~1! ••• ••• ••• ••• ••• ••• ••• X 32.7 5.2
3s5 ~2! X ••• ••• ••• X ••• ••• 18.4 4.7 13.9
4d18 ~3! X ••• X X 133 X ••• ••• X
4d19 ~2! ••• (26.4) X ••• ••• 165 ••• •••

4d2 ~1! ••• ••• ••• (6.4) 241 ••• 105 X 7.8 •••

4d3 ~2! X X ••• ••• ••• 47.8 •••

4d4 ~3! X X ••• X 15.5 36.5 X
4d48 ~4! X X X X 45.6 X X
5d2 ~1! ••• ••• ••• ••• 74 ••• ••• X 3.9 •••

5d4 ~3! X X ••• X X 8.2 X 5.1 75.1 X
5d48 ~4! X X X X X X X 31.6 X X
5d5 ~1! ••• ••• ••• ••• 3.0 7.1 ••• X ••• 40.5
5s4 ~1! ••• ••• ••• ••• ••• ••• 11.7 X ••• 8.3
6d18 ~3! X X ••• X X 18.5 X ••• ••• X
6d2 ~1! ••• ••• ••• ••• 51.7 ••• 38.9 X ••• •••

6d4 ~3! X X ••• X X ••• X 2.1 25.0 X
6d5 ~1! ••• ••• ••• ••• ••• 2.9 3.7 X 3.4 21.1
6s5 ~2! X ••• ••• ••• X ••• ••• 31.7 ••• •••

7d2 ~1! ••• ••• ••• ••• 37.2 ••• 22.3 X 10.0 2.7
Other 7.3 0 2.7 3.5 2.1 18.4 20.7 15.7 9.0 29.4
Total 39.465.7 28.165.0 116618.5 60.4610 496680 245644.8 575692.0 413664.8 6856103 311646.8
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pared to the cross sections that were measured directly,
individually constituted no more than 5% of the correspon
ing apparent excitation cross sections.

Polarization of emissions for the apparent cross sect
has been measured. We have found that the radiation em
from the collision region generally shows a polarization le
than 7%, so the polarization correction to the cross sect
amounts to about only 2%.

We must recall that there are two main ways to popul
the various 2p levels in the basic electron collision exper
ment. First we have direct excitation due to electron imp
with a ground-state atom. The second method is a resu
radiative cascade into the 2p levels from higher-lying levels
~nsandnd! excited by the electron beam. We have measu
the individual emission cross sections for the cascade tra
tions from thens and nd manifolds withn values~the nu-
merical prefix in Paschen’s notation! as large as 7. Table I
shows the cross sections for all the transitions into thep
levels of xenon for an electron energy of 30 eV. Casca
nd
-

s
ted
s
ns

e

t
of

d
si-

e

emission cross sections less than 5% of the apparent c
section are not listed individually, but are summed toget
and listed as ‘‘Other’’ in Table II.

The total cascade contribution to the apparent cross
tion of the levelj is obtainable by summing over all optica
emission cross sections from the higher-lying levels,

Qj
cas5(

i . j
Qi j

opt. ~4!

The direct excitation cross sectionQdir is then found from
the experimentally measured quantities as

Qj
dir5Qj

app2Qj
cas. ~5!

Included in Table II are the total cascade contribution
each 2p level at 30 eV which is to be subtracted from th
corresponding apparent cross section to give the direct e
tation cross sections, as shown in Table III.
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TABLE III. Apparent, cascade, and direct cross sections~in units of 10220 cm2) for an electron-beam energy of 30 eV and pressure
1.0 mTorr. The value in parentheses next to the level is theJ value for that level. The uncertainties given represent the total uncertain
the cross sections.

2p1 ~0! 2p2 ~1! 2p3 ~2! 2p4 ~1! 2p5 ~0! 2p6 ~2! 2p7 ~1! 2p8 ~3! 2p9 ~2! 2p10 ~1!

Apparent 473660.8 70.968.5 307643.3 83.5610.9 19286288 788694.6 10716146 615693.0 15616152 530678
Cascade 39.465.7 28.165.0 116618.5 60.4610 496680 245644.8 575692.0 413664.8 6856103 311646.8
Direct 434661.8 42.8610.2 191653 23.1615.5 14326302 5436109 4966180 2026116 8766189 219693
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To study the effect of gas pressure, the emission cr
sections at 30 eV are remeasured at several different p
sures between 0.1 and 2.0 m Torr. For illustration, in Fig
we show the pressure dependence of the cross section
emission from the 2p7 , 3s4 (5p 58s, J51), and 3d2
(5p 55d, J51) levels. For the most severe case of 3d2 , the
cross section appears to increase by a factor of 30 from 0
2.0 m Torr.

From the emission cross sections taken at different p
sures for the transitions listed in Tables I and II, we obt
the pressure dependence of the apparent excitation cross
tions and the cascade cross sections for the ten 2p levels.
Figure 5 shows these cross section data at 30 eV. The ap
ent excitation cross sections and the cascade cross sec
exhibit the same pressure dependence, and, when the lat
subtracted from the former, the resulting direct cross sect
are independent of the pressure. Similar results are foun
50 eV, as can be seen in Fig. 6.

To determine the direct excitation cross sections at o
energies, we measure the emission cross sections for tr
tions out of and into the 2p levels at a pressure of 1.
m Torr. The resulting apparent, cascade, and direct excita
cross sections from threshold to 150 eV are summarize
Fig. 7. While the apparent excitation cross sections are
pected to be larger at higher pressure, the direct excita
cross sections should be independent of the pressure.

A breakdown of the uncertainty in the measurements is
follows: For a transition in the visible-ultraviolet region, th
total uncertainty is dominated by the absolute calibrat
procedure which is equal to 12–14 % of the cross-sec
value. The statistical uncertainty amounts to 5% and an
ditional 5% is due to the measurement of the beam cur

FIG. 4. Pressure dependence for the measured emission
sections for three transitions. The three curves are normalized
ferently.
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and pressure. For a transition in the infrared, there is
additional uncertainty introduced due to the cross calibrat
of the relative FTS results. For the InxGa12xAs detector, this
amounts to an additional 6%, while the InSb detectors
quire two cross calibrations (PMT→InxGa12xAs→InSb)
thus a somewhat higher uncertainty. The uncertainties
sented in this report~Tables I and III and Figs. 5–7! reflect
the total uncertainty in the cross section, including the s
tematic, statistical, and calibration transfer uncertainties.

IV. DISCUSSION

A. Pressure dependence of the apparent excitation cross
sections and the effects of cascade

Figures 5 and 6 clearly demonstrate that the variation
the apparent excitation cross sections for the 2p levels is
entirely due to cascade. The direct excitation cross sect
are independent of the pressure, and there is no evidenc
appreciable contribution from collisional excitation transf
at pressures below 2.0 mTorr.

As explained in Ref.@7#, the source of pressure depe
dence in the cascade cross sections is radiation trapping.
process is shown in Fig. 8, and has been discussed in
literature @11#. Consider two atoms initially in the groun
state. Let us assume that one atom,A, undergoes a collision
with an electron and is raised into an excited statek. Let us
also assume that the excited state is optically connecte
ground state~g! as well as some lower-lying level,i. If atom
A undergoes thek→ i transition, the detection of the emitte
radiation will be included in the measurement of that em
sion cross section. If atomA undergoes thej→g transition,
there is a finite probability that atomB will absorb that ra-
diation. Upon doing so, it is now excited into levelk and
there is another opportunity to detect the photon correspo
ing to ak→ i transition. Since the probability of reabsorptio
will increase with increasing pressure, the effective bran
ing ratio of thek→ i transition and consequently the optic
emission cross section (Qki

opt) will increase with increasing
pressure. This pressure dependence propagates to the li
through thek→ i transition, making the apparent excitatio
cross section for leveli pressure dependent even though le
i is not optically connected to the ground level. This press
dependence can further funnel down to a lower levej
through thei→ j radiation. In this manner the apparent exc
tation cross sections for all levels may acquire some pres
dependence.

The 2p levels are not optically connected to the grou
state. Because the metastable levels 1s3 and 1s5 have very
low number densities in this experiment, there should not
any significant reabsorption of the 2p→1s3 or 2p→1s5 ra-

oss
if-
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FIG. 5. Pressure dependence of the apparent, cascade, and direct cross sections for the ten 2p levels at an electron-beam energy of 30 e
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diation. As a result, we would not expect to see any radia
trapping of the emissions for the transitions out of thep
levels and the observed pressure dependence of the 2p ap-
parent cross sections should entirely be due to cascad
this regard, it is instructive to analyze the excitation cro
section data in light of this cascade picture, as describe
the following paragraphs.

TheJ50 levels, 2p1 and 2p5 , receive cascade from onl
the J51 levels of thes andd manifolds, which are all opti-
n

In
-
in

cally connected to the ground state. The radiation trapp
associated with the cascades should result in a strong p
sure dependence of the cascade portion of the apparentp1
and 2p5 cross sections. In Fig. 5 we find that the 2p1 cas-
cade cross section increases from 6310220 to 58
310220 cm2 over the pressure range of 0.1–2.0 m Torr f
an electron-beam energy of 30 eV. The apparent cross
tion for the 2p1 level increases an equivalent amount ov
the same pressure range. Since this increment is m
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FIG. 6. Pressure dependence of the apparent, cascade, and direct cross sections for the ten 2p levels at an electron-beam energy of 50 e
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smaller than the direct excitation cross section, we see on
small percentage increase in the apparent excitation c
section~Fig. 5!. The 2p5 total cascade cross section cont
bution increases by more than a factor of 5, from 1
310220 to 744310220 cm2, over the same pressure rang
Here the cascade constitutes a much larger portion of
apparent excitation cross section. The excitation functi
for optically allowed levels in general have a broader pe
than those for the dipole-forbidden levels, as exemplified
Fig. 9, where the apparent excitation functions for the 4s4
a
ss

7
.
e
s
k
n

and 4d2 levels~both optically allowed! are seen to be much
broader than the 2p5 function. Since the cascade comes e
tirely from optically allowed transitions, the cascade cro
section has a different energy dependence than the d
excitation cross section, which is evident in Fig. 7. Becau
of the cascade component, the excitation function for
apparent cross section falls off more slowly between 40
100 eV as compared to the direct excitation cross sectio

TheJ51 levels receive their cascade from the upper le
els with J50, 1, or 2. Of these cascading transitions, theJ
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FIG. 7. Excitation functions of the apparent, cascade and direct cross sections for the ten 2p levels at a xenon target pressure of 1
m Torr.
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50 and 2 levels are not optically connected to the grou
state so the total cascade contribution is not expected to
as strong a pressure dependence as the cascade into thp1
and 2p5 levels. This generalization holds for the 2p2 , 2p4 ,
and 2p10 levels. However, approximately 96% of the casca
into the 2p7 level at 30 eV and 1.0 m Torr comes from leve
that are optically connected to the ground state, so the p
sure dependence of the apparent and cascade cross se
for the 2p7 level is comparable to the 2p levels withJ50. In
d
ve
2

e

s-
ions

all four J51 levels, the cascade causes a distortion of
excitation function because the cascade cross sections
cline more slowly than the direct cross sections.

The threeJ52 levels in the 2p manifold, 2p3 , 2p6 , and
2p9 , receive their cascade fromJ51, 2, and 3 levels of the
s and d manifolds. Since the 2p3 , 2p6 , and 2p9 , levels
receive 41, 14, and 60%, respectively, from levels that
optically coupled to the ground state, at 1.0 m Torr and
eV, only a relatively small amount of radiation trapping
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expected to affect the total cascade cross sections, espe
for the cases of 2p3 and 2p6 . This is reflected in the rela
tively mild pressure dependence in the apparent excita
cross sections in Fig. 5.

The 2p8 level is the only level withJ53; it can receive
cascade only from the higher lyingJ52, 3, and 4 levels.
Since none of these cascading levels are optically couple
the ground level, pressure dependence in the apparent
section arises only from multistep cascades. Conseque
we find a weak pressure dependence for the 2p8 level in
Figs. 5 and 6, and much less distortion of the excitat
functions~Fig. 7! than the other levels.

B. Shape of direct excitation function

An obvious feature of the direct excitation function in Fi
8 is that theJ53 level (2pg) exhibits the most sharply de
clining cross sections with increasing energy. The reaso
well known, as the 2p8 is the only member of the 5p56p
configuration withJ53, and its wave function can be we
approximated by a single3D3 LS eigenfunction. Since the
ground state is a singlet state, the cross section exhibits
sharply peaked energy dependence characteristic of a
changing excitation. The other nine 2p levels have broade
excitation functions because their wave functions are su
positions of singlet and tripletLSeigenfunctions and the sin
glet character in the wave function gives rise to a broa
peak associated with the spin-conserving excitation. For
2p10 level, theoretical calculations@10# show that the

FIG. 8. Schematic diagram showing the process of radia
trapping.

FIG. 9. Examples of the various excitation functions cor
sponding to excitation into levels optically coupled to the grou
state (4s4 and 4d2) as compared to the excitation functions of t
2p5 level. The three curves are normalized differently.
ally
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weighting of the singlet component is very small~2%!. Thus
the excitation function closely resembles that of the 2p8

level and is narrower than those of the otherJ51 levels. It
should be pointed out that in the case of argon, the 2p10 level
also has an excitation function narrower than the otheJ
51 levels. In fact, the gross features of the direct excitat
functions of Xe are generally similar to those of Ar, althou
the peaks for Xe are slightly narrower and occur at somew
lower energies.

A closer examination reveals that above 30 eV the cr
sections for theJ50 levels drop off more slowly than the
other eight levels. On the other extreme is the very narr
peak of theJ53 level (2p8). The distinction between the
J51 and 2 levels in this respect is not as clear, although
of theJ51 levels (2p4 and 2p10) show a more rapid decline
than all theJ52 levels.

For the 2p levels that have a substantial singlet comp
nent in their wave functions, the Born approximation pr
dicts the cross sections to be inversely proportional to
energy at high energies, if the excitation process satisfies
selection rules for optical transitions of the electric quad
pole type@12#. On the other hand, excitation into the 2p8
state (J53), which is a purely triplet state, is a spin
changing process. In this case the Born-Ochkur approxi
tion predicts anE23 dependence at high energies@13#. Our
cross sections were measured at energies up to 150
which is below the Born regime, and thus cannot be co
pared quantitatively with this asymptotic energy dependen
Moreover, at energies above 60 eV, the apparent and cas
cross sections for the 2p8 level are so close that the direc
excitation cross sections obtained from their differences
subject to a large uncertainty, making a reliable compari
with theE23 dependence impossible. Nevertheless, our d
show that the direct excitation functions for the 2p8 level ~a
purely triplet state! and the 2p10 level ~which contains very
little singlet component in the wave function! fall off with
energy much more rapidly than those of the other 2p levels,
in qualitative agreement with the Born-type theory.

C. Direct excitation cross sections

Figure 7 indicates that the peak cross sections for
direct excitation into the 2p1 , 2p2 , 2p3 , and 2p4 levels are
significantly smaller than those of the other leve
(2p5-2p10). This trend continues at higher energies, with t
exception of the 2p8 and 2p10 levels, for which the cross
sections decrease so rapidly with energy that they ultima
fall below the cross sections for the 2p1-2p4 group. This
sharp distinction between the 2p1-2p4 and 2p5-2p10 levels
is not found in the excitation cross sections of Ar@7# and Ne
@14#.

In the 5p56p configuration of Xe, the spin-orbit interac
tion of the 5p5 core is much larger than the other interactio
between the 5p5 core and the ‘‘outer’’ 6p electron. A good
starting approximation to describe the interaction betwe
the core and the outer electron is to first applyl -s coupling
to the 5p5 core ~a 5p hole! resulting in two levels withj c
5 1

2 above j c5 3
2 . Each of thej c levels is then allowed to

interact with the spin and orbital angular momenta of t
outer 6p electron (s85 1

2 and l 851) so that thej c5 1
2 core

level turns into a manifold of four levels (2p1-2p4), and the

n

-
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j c5 3
2 core level into six levels (2p5-2p10). The energy

spacings between the levels within each manifold are m
smaller than the spacing between the two manifolds. In o
words, the energy levels separate into an upper group of
(2p1-2p4) and lower group of six (2p5-2p10). This is in-
deed the pattern in Fig. 1. For the subsequent discussion
denote a level in the 2p5-2p10 group as 2pa and a level in
the 2p1-2p4 group as 2pb .

The ionization energies of the 2pb levels ~;1.1 eV! are
about one-half of those of the 2pa levels~;2.4 eV!, and this
may explain the large difference in cross sections betw
these two groups of levels. For a hydrogen atom, the orb
radius ~expectation value ofr! is inversely proportional to
the ionization energy. For a complex atom the ionizat
energy is indeed used to determine the width of the expon
tial wave function in the approximation of Bates and Da
gaard@15#. Thus we expect a much larger orbital radius fo
2pb level than a 2pa level, and therefore a smaller cros
section for excitation from the ground level~which has a
very compact wave function! into a 2pb level with a very
diffusive wave function than into a 2pa level. This can also
be viewed from the standpoint of configuration interactio
In Fig. 1 we see that the 2p1-2p4 levels are energetically
very close to the 3p5-3p10 levels. Thus the 2pb level may
mix significantly with the 3p level or even higher levels
resulting in a broadening of the extent of the 2pb wave func-
tions and consequently a reduction of the cross sections
excitation from the ground state into the 2pb levels.

Next we examine individual cross sections within the 2pa
and the 2pb groups. Here, the relation between the mag
tude of the cross section and the parity of total angular m
mentumJ is evident. In each group, the cross sections for
levels with evenJ are larger than those with oddJ ~Table
III !. The theoretical basis for this parity relation was d
cussed in the studies of electron excitation of Ne and
@14,16#. Neon and argon differ from xenon in that the ten 2p
levels are quite close together and have nearly the same
ization energy~within a few percent! so that no distinction
need be made on the radial extent of the wave functions
all ten levels. Consequently, the relative cross sections of
2p levels are dictated primarily by the detailed coupling
the 2p5 ~or 3p5) core with the outer electron, and the pari
relation~the cross sections for the even-J levels being larger
than the odd-J levels for the 5p56p configuration! applies to
the entire 2p manifold. For the case of Xe, the 2pa and 2pb
levels have very different extents of charge distributio
which dictates the gross magnitude of the cross sections;
the parity relation for the relative cross sections holds acr
only the 2pa or 2pb subset.

D. Comparison with previous results

The work of Fel’tsan and Zapesochnyi@1# was done over
a pressure range of 0.4–1.0 mTorr, but the exact pressu
which the tabulated emission cross sections were meas
was not given. Since the cross sections depend on the p
sure, comparison of our data with theirs is difficult. Neve
theless, if we compare our emission cross sections take
1.0 m Torr with their data, we find that for most of the tra
sitions, our results are usually larger than theirs by ab
30–50% but, in some cases, such as the 2p10→1s5 , ours are
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smaller by as much as 50%. Many of our apparent cr
sections, however, would be smaller if measured at
m Torr. In general, the shapes of their excitation functio
are similar to our results with the exception of the 2p7 mea-
surement, where they reported a second maximum~broad! at
about 50 eV. Out excitation function for the 2p7 level shows
a small shoulder forming around that energy; however
second peak is not isolated. Another set of emission cr
sections was reported by Rostovikova, Samoilov, a
Smirnov@2#. Heddle and Gallagher@17# reviewed the results
of Refs.@1# and@2#, and pointed out that the authors of Re
@2# used the data of Ref.@1# for calibration, yet the ratio of
the corresponding peak cross section from these two se
data ranges from 0.3 to 1.3 for the ten levels common to
two experiments.

Bogdanova and Yurgenson@18# used a pulsed electro
beam to measure emissions from the 2p1 , 2p3 , 2p5 , and
2p6 levels. The cascade population is greatly reduced if
exciting pulses of the electron beam is less than the lifet
of the cascading levels. By using the theoretical branch
fractions determined from Ref.@19#, Bogdanova and Yur-
genson reported direct excitation cross sections for the 2p1 ,
2p3 , 2p5 , and 2p6 levels. In general, our peak direct exc
tation cross sections are a factor of 3–6 larger than th
results, but we are unable to determine the source of
discrepancy.

As mentioned in Sec. I, DeJoseph and Clark@5# pioneered
the use of FTS for detecting infrared radiation produced
electron-beam excitation experiments. They reported cr
sections for transitions from the 3d manifold into the 2p
manifold in the wavelength range of 1700–4000 nm, m
sured at a pressure of 4.0 mTorr. While the major interes
our work is focused on the excitation of the 2p levels, we
have measured emission cross sections for the 3d→2p tran-
sitions to study the cascade into 2p. However, we are unable
to compare our 3d→2p emission cross sections with thos
of DeJoseph and Clark, because our measurements
made at pressures below 2.0 mTorr and the nonlinear p
sure dependence makes it difficult to extrapolate our dat
4 mTorr. The shape of our 3d excitation functions generally
agree with the results of DeJoseph and Clark, in thatd
levels withJÞ1 show a relatively narrow peak whereas o
tically allowedJ51 levels exhibit a much broader maximu
with a small narrow peak or shoulderlike structure at a low
energy~about 20 eV!.

Filipovic et al. @20# measured differential cross section
for a number of electronic states of Xe. By extrapolating t
differential cross sections to 0° and 180° scattering ang
integral cross sections can be obtained. At 30 eV, their in
gral cross sections are 205310219 cm2 for ‘‘feature 5’’
~which includes 2p9 and 2p8) and 95310219 cm2 for ‘‘fea-
ture 6’’ ~which includes 2p7 and 2p6). These are to be
compared with our combined direct excitation cross secti
of 108310219 cm2 for 2p9 and 2p8 together, and of
104310219 cm2 for 2p7 and 2p6 together, at 30 eV.

Recently Nakazakiet al. @21# used theR-matrix method
to calculate direct excitation cross sections for the 2p levels
of Xe. At 30 eV, their cross sections for the 2p6 , 2p7 , 2p8 ,
2p9 , and 2p10 levels, in units of 10218 cm2, are 6.0, 4.0, 3.7,
7.6, and 4.5, respectively, in reasonable agreement with
5.0, 2.0, 8.8, and 2.2 from our experiment.
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V. CONCLUSIONS

The conventional method for detecting radiation
means of a monochromator-PMT system in an electron-b
experiment has been limited to measurements of opt
cross sections for emissions in the wavelength range of a
200–1000 nm. The use of FTS for detecting infrared rad
tion enables us to extend this range to wavelengths as hig
2800 nm. This is of special importance for studying electr
excitation of rare gases, where a large part of the emis
spectrum is in the infrared. For instance, while 2p→1s
emissions can be measured by a PMT system to yield
apparent excitation cross sections of the 2p levels, most of
the strong cascade radiation into the 2p levels are in the
infrared so that the FTS technique is needed to obtain
direct excitation cross sections. In this paper, we report
tical measurements of direct excitation cross sections for
2p levels of Xe using the combined capabilities of the PM
and FTS to detect the radiative transitions into and out of
2p levels.

One very striking feature of the results of xenon that
not found in Ar or Ne is that the peak direct excitation cro
sections for the 2p1-2p4 levels are significantly smaller tha
those of the 2p5-2p10 levels. This is explained on th
grounds that the 2p1-2p4 levels have ionization energie
around 1.1 eV, which is about one-half of the ionizati
energies of the 2p5-2p10 levels ~;2.4 eV!. Consequently,
the wave functions for the 2p1-2p4 levels spread out over
much wider range than do the 2p5-2p10 wave functions.
Thus excitation from the ground state of a very comp
wave function into the highly diffusive wave function of th
2p1-2p4 levels is less likely than excitation into th
2p5-2p10 states which have a less diffuse wave function.
contrast, for the case of Ar~and also Ne!, all ten 2p levels
have nearly the same ionization energy within a few perc
and do not show markedly different peak excitation cro
sections.

As far as the excitation cross sections are concerned
2p manifold of Xe (5p56p configuration! is separated into
t.
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two subconfigurations of 2p1-2p4 and 2p5-2p10. Within
each 2p subconfiguration the levels of evenJ have larger
cross sections than those with oddJ. This parity relation
holds for the entire 2p manifold for Ar and Ne, but its ap-
plication to Xe is limited to each subconfiguration separat
because of the large differences in the spatial extent of
wave functions, as explained above.

The very drastic pressure dependence of the 2p→1s op-
tical emission cross sections has been very puzzling
many years, ever since it was reported by Walker@3# and
subsequently confirmed in other laboratories@4,5#. Our mea-
surements of cascade radiation by means of FTS reveale
same pressure dependence for the total cascading cross
tions as for the emission cross section. When the total c
cades are subtracted from the apparent excitation cross
tions, the resulting direct excitation cross sections are fo
to be independent of the pressure within experimental un
tainty. Thus the observed pressure dependence of the m
sured 2p→1s emission cross sections is entirely due to
cascade from the higher levels rather than to collisional
citation transfer. Radiation trapping causes the branch
fraction for a transition from an optically allowed level into
lower level ~other than the ground level! to increase with
pressure. This results in a pressure-dependent cascade
section, and this pressure dependence propagates to
levels through further emission.

ACKNOWLEDGMENTS

The authors wish to thank Dr. Charles A. DeJoseph
his advice on the FTS technique, which makes it possible
us to undertake this research project. Analysis of the cr
sections was greatly facilitated by the theoretical transit
probabilities provided by Dr. Sunggi Chung. We also wish
thank J. E. Chilton and Paul Rugheimer for their efforts
measuring many of the emission cross sections. This w
was supported by the U.S. Department of Commerce,
National Institute of Standards and Technology, and by
U.S. Air force Office of Scientific Research.
pt.

ys.

ev.

n,

don
@1# P. V. Fel’tsan and I. P. Zapesochnyi, Ukr. Fiz. Zh.13, 205
~1968! @Ukr. Phys. J.13, 143 ~1968!#.

@2# G. S. Rostovikova, V. P. Samoilov, and Yu M. Smirnov, Op
Spektrosk.34, 7 ~1973! @Opt. Spectrosc.34, 3 ~1973!#.

@3# K. G. Walker, Bull. Am. Phys. Soc.29, 158 ~1984!.
@4# J. E. Gastineau, C. C. Lin, L. W. Anderson, and K. G. Walk

Bull. Am. Phys. Soc.32, 1156~1987!.
@5# C. A. DeJoseph, Jr. and J. D. Clark, J. Phys. B23, 1879

~1990!; and private communication.
@6# D. W. O. Heddle and C. B. Lucas, Proc. R. Soc. London, S

A 271, 129 ~1963!.
@7# J. E. Chilton, J. B. Boffard, R. S. Schappe, and C. C. L

Phys. Rev. A57, 267 ~1998!.
@8# A. R. Filippelli, C. C. Lin, L. W. Anderson, and J. W

McConkey, Adv. At., Mol., Opt. Phys.33, 1 ~1994!.
@9# A. R. Filippelli, S. Chung, and C. C. Lin, Phys. Rev. A29,

1709 ~1984!.
,

r.

,

@10# S. Chung~private communication!. For the treatment of inter-
mediate coupling, see R. D. Cowan and K. L. Andrew, J. O
Soc. Am.55, 502 ~1965!.

@11# See, for example, D. W. O. Heddle and M. J. Samuel, J. Ph
B 3, 1593~1970!.

@12# See, for example, B. L. Moiseiwitsch and S. J. Smith, R
Mod. Phys.40, 238 ~1968!.

@13# V. I. Ochkur, Zh. Eksp. Teor. Fiz.45, 734 ~1963! @Sov. Phys.
JETP18, 503 ~1964!#.

@14# F. A. Sharpton, R. M. St. John, C. C. Lin, and F. E. Faje
Phys. Rev. A2, 1305~1970!.

@15# D. R. Bates and A. Damgaard, Philos. Trans. R. Soc. Lon
Ser. A242, 101 ~1949!.

@16# J. K. Ballou, C. C. Lin, and F. E. Fajen, Phys. Rev. A8, 1797
~1973!.

@17# D. W. O. Heddle and J. W. Gallagher, Rev. Mod. Phys.61,
221 ~1989!.



,

a,

PRA 58 4615MEASUREMENT OF THE CROSS SECTIONS FOR . . .
@18# I. P. Bogdanova and S. V. Yurgenson, Opt. Spectrosk,70, 486
~1991! @Opt. Spectrosc.70, 285 ~1991!#.

@19# M. Aymar and M. Coulombe, At. Data Nucl. Data Tables21,
537 ~1978!.
@20# D. Filipovic, B. Marinkovic, V. Pojcev, and L. Vuskovic
Phys. Rev. A37, 356 ~1988!.

@21# S. Nakazaki, K. A. Berrington, W. B. Eissner, and Y. Itikaw
J. Phys. B30, 5805~1997!.


