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Electron-impact study in the valence and autoionization resonance regions of neon
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The recently built electron-energy-loss spectrometer~EELS! ~typical full width at half maximum of 60 meV!
has been employed to measure EELS spectra of neon in discrete and autoionization resonance regions at a 2.5
keV impact energy and a mean scattering angle of 0°. Relative optical oscillator strength density spectra were
established by multiplying the EELS spectra by the known Bethe-Born conversion factor of the spectrometer,
and then were normalized at a single point in the smooth continuum. Absolute optical oscillator strengths
corresponding to these energy regions are reported and compared with previously published experimental and
theoretical values. Two forbidden transitions in the autoionization region are observed and identified. One of
them has not been previously reported to our knowledge.@S1050-2947~97!03502-6#

PACS number~s!: 32.70.Cs, 32.80.Dz, 34.80.Dp
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I. INTRODUCTION

The investigation of optical oscillator strengths~OOSs!
and energy levels for neon in discrete and continuum e
tronic excitation regions is of practical use in providing i
formation for such areas as plasma physics, biophysics,
astronomy. In addition, the study of the electronic excitat
of neon is required for evaluation of theoretical atom
structure calculations.

For the excitation of neon in discrete and autoionizat
resonance regions, previous works in these regions h
been quoted in detail by Chanet al. @1#. Briefly, for the dis-
crete region, experimental methods avoiding the lin
saturation effect, which may result in serious errors in m
surements for the extremely narrow valence-shell electro
transitions @2#, have employed such techniques as pro
analysis @3,4#, self-absorption@5–7#, total absorption@8#,
lifetime measurements@9–16#, and electron-impact base
methods@1,17–20#. Theoretical calculations have been r
ported by a number of authors@8,11,21–31# using various
methods. However, most of these measurements and c
lations gave only the absolute optical oscillator strength v
ues for the 2s22p5(2P3/2)3s and 2s22p5(2P1/2)3s8 excita-
tions, some of them gave more OOS values, but these va
show a considerable spread for some states. Some ex
mental groups@1,8,32,33# have studied, in some detail, th
autoionizing resonance region of neon.

In this paper, the absolute optical oscillator strength v
ues for electronic transitions corresponding to the regi
15.8–22.2 eV and 43.0–55.0 eV are reported using a hig
accurate dipole (e,e) electron-energy-loss spectromet
~EELS! method which was applied to an electron-impa
study in the valence and autoionization resonance region
argon@34#. Using the spectrometer at the same experime
conditions, excellent agreement was found between our w
and Chanet al. @35# using the same method for the measur
551050-2947/97/55~5!/3388~6!/$10.00
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regions of argon. In this work, these results are compa
with previously published experimental and theoretical v
ues. Two forbidden transitions in the autoionization res
nance region are observed and denoted.

II. EXPERIMENTAL METHOD

The apparatus employed in this work is a recently bu
high-resolution double hemispherical electron-energy-l
spectrometer. Details of the apparatus were described in
previous works@34,36#. Briefly, it consists of an electron
gun, a hemispherical electrostatic monochromator, a ro
able energy analyzer, of the same type, and an interac
chamber. All of these components are enclosed in four in
vidual vacuum chambers. The impact energy can be va
from 1.0 keV to 5.0 keV. The instrumental typical energ
resolution was 60 meV full width at half maximum
~FWHM!. The measurements were at a 2.5 keV impact
ergy and a mean scattering angle of 0°, with an accepta
angle of 2.031024 sr. The measured spectra were the sum
many repetitive scans. The background pressure in
vacuum chambers was 3.031025 Pa. Relative optical oscil-
lator strength density spectra were obtained by multiply
the electron-energy-loss spectra by the known Bethe-B
conversion factor of the spectrometer. The used method
referred to in Ref.@2# and determined in Ref.@36#. Absolute
scales were obtained by normalizing at a single point in
smooth continuum using absolute values recently reported
Chanet al. @1#.

Since background gases remained at the base pres
these contributions were removed by subtracting the sig
when the pressure of neon was one-fifth of the gas sam
pressure in all the above measurements. Energy scales o
spectra were calibrated using the discrete excitation tra
tion 2s22p6→2s22p5(2P1/2)3s8 which occurred at
16.848 eV@37#.
3388 © 1997 The American Physical Society
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III. RESULTS AND DISCUSSIONS

A. Absolute optical oscillator strengths
in valence excitation region

Figure 1~a! shows resulting spectra of neon in the discr
region 15.8–22.2 eV normalized at 22.0 eV. The energy-l
interval is in 12.5 meV steps. The assignments of the vari
members of thenl and nl8 series indicated in Fig. 1 ar
taken from Ref.@37#. The completely resolved peaks, th
3s and 3s8 resonance lines, were integrated from the resp
tive peak areas to determine absolute optical oscilla
strengths. For the partially resolved or unresolved peak
higher energies, a least-square curve fitting program
used to deconvolute these peaks and determine the abs
optical oscillator strength of respective peak. Because th
transitions have extremely narrow natural linewidths, n
glecting the influence of natural line profiles of discrete el
tronic transitions of neon is reasonable. The experime
line profile is well described by the instrumental functio
which can be described by the weighted sum of a 9
Gaussian profile and a 4% Lorentzian profile. Fig. 1~b!

FIG. 1. Absolute optical oscillator strength density spectrum
neon in the discrete region.~a! 15.7–22.2 eV at energy-loss steps
12.5 meV.~b! Expanded view of the 19.0–21.6 eV energy regi
with 6.25 meV steps. The deconvoluted peaks are plotted as
lines.
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shows an expanded view of the deconvoluted peaks and
absolute optical oscillator strength density spectrum in
19.0–21.6 eV energy region in 6.25 meV steps. Since
energies of peaks for thend@1/2# andnd@3/2# states which
converge to the same2P3/2 limit are very close, especially a
higher n values, the two transitions have been treated a
single peak in the deconvolution.

The resulting values obtained from analysis of the spe
are shown in Table I. The experimental errors in this wo
mainly result from these factors: the errors resulted from
Bethe-Born factor conversion of the instrument, the stati
cal uncertainties, the uncertainties in making data absol
the double scattering, and the uncertainties of gas press
Moreover, the errors of the deconvolution procedure sho
be considered for the partially resolved or unresolved pea
The estimated errors in the experimental measurements
listed in parentheses in Table I. Because the previous wo
of neon in the discrete region have been tabulated by C
et al. @1#, results from major groups are listed in Table
Clearly, our results are generally in satisfactory agreem
with the values determined by Chanet al. @1# for all transi-
tions in Table I. The electron-impact results obtained by N
tali, Kuyatt, and Mielczarek@19#, quoted in Ref.@6#, are
most consistent with the present work, while for some sta
discrepancies are up to 38%. The data of Suzukiet al @20# on
the optical oscillator strengths of 2s22p5(2P3/2)3s and
2s22p5(2P1/2)3s8 states obtained by extrapolating gener
ized oscillator strengths to zero momentum transfer are lo
than this work and are consistent within experimental erro
For the optical methods, the data using the self-absorp
method performed by Westerveld, Mulder, and Van Eck@6#
are mostly lower than this work by 4%–12%, but still with
the quoted uncertainties. While the data of Aleksand
et al. @8# employing the total absorption method show ge
erally higher values by 10%–45%, however for the st
3s and 3s8, their data are lower than our results. The data
Lawrence and Liszt@10#, obtained by lifetime measuremen
show lower values except that the data of 3d8 and 5s states
are in good agreement with our work. Theoretically, the v
ues obtained by Aleksandrovet al. @8# using an intermediate
coupling scheme are generally consistent with our resu
while they show lower results for 3s and 3s8 states. The
summed optical oscillator strengths reported by Cooper@22#
and Kelly @23# are in agreement with this work within th
experimental errors.

B. Absolute optical oscillator strengths
in inner valence-excitation region

The energy region in 43.0–54.0 eV is the autoionizat
resonance region of neon involving the excitation of inn
valence 2s electrons and the double excitation of 2p elec-
trons. The resulting optical oscillator strength density sp
tra, which were normalized at a single point in the smoo
continuum at 43.0 eV, are shown in Fig. 2~a! ~in 10 meV
energy steps! and Fig. 2~b! ~in 21.48 meV steps!. It should
be mentioned that detailed high-resolution absolute inten
measurements have been published for neon in these reg
only by this work and Chanet al. @1# to the best of our
knowledge. The resolution in our measurement is typica
60 meV FWHM, however it is 98 meV FWHM for Chan

f
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TABLE I. Experimental and theoretical absolute optical oscillator strength values of neon in discrete region~estimated errors in
experimental measurements are listed in parentheses!.

Oscillator strength for transition from 2s22p6→2s22p5m wherem is

(2P3/2)3s (2P1/2)3s8 (2P3/2)4s (2P1/2)4s8 (2P3/2)3d (2P1/2)3d8

Experimental
~1! electron-impact method
the present work 0.0124 0.156 0.0126 0.0167 0.0183 0.006 87

~0.0038! ~0.009! ~0.0006! ~0.0007! ~0.0008! ~0.000 32!
Ref. @1# 0.0118 0.159 0.0129 0.0165 0.0186 0.006 65

~0.0006! ~0.008! ~0.0006! ~0.0008! ~0.0009! ~0.000 33!
Ref. @19# 0.012 0.158 0.013 0.016 0.017 0.006
Ref. @20# 0.0106 0.137

~0.0014! ~0.018!
~2! optical methods
Ref. @8# ~total absorption! 0.012 0.144 0.0145 0.0185 0.0222 0.0082

~0.003! ~0.024! ~0.0035! ~0.006! ~0.0046! ~0.0029!
Ref. @6# ~absolute self-absorption! 0.0109 0.147 0.0128 0.0153 0.0064

~0.0008! ~0.012! ~0.0010! ~0.0012! ~0.0005!
Ref. @10# ~lifetime! 0.0078 0.130 0.0086 0.0130 0.0217 0.0064

~0.0004! ~0.013! ~0.0010! ~0.0020! ~0.0022! ~0.0010!
Theoretical
Ref. @8# 0.0106 0.141 0.0124 0.0160 0.0176 0.0064
Ref. @22#a 0.163 0.026 0.037
Ref. @23#a 0.188 0.029 0.036

Oscillator strength for transition from 2s22p6→2s22p5m wherem is

(2P3/2)5s (2P1/2)5s8 (2P3/2)4d (2P1/2)4d8 (2P3/2)6s (2P1/2)6s8 (2P3/2)5d8

Experimental
~1! electron-impact method
the present work 0.006 45 0.004 07 0.009 37 0.004 47 0.003 24 0.002 20 0.004

~0.000 18! ~0.0029! ~0.000 37! ~0.000 13! ~0.000 19! ~0.000 45! ~0.000 52!
Ref. @1# 0.006 37 0.004 61 0.009 44 0.004 39 0.003 30 0.001 56 0.005 4

~0.000 32! ~0.000 23! ~0.000 32! ~0.000 22! ~0.000 30! ~0.000 16! ~0.000 54!
Ref. @19# 0.006 0.0043 0.0085 0.0043
~2! optical methods
Ref. @8# ~total absorption! 0.0083 0.0049 0.0147 0.005 0.0045 0.003

~0.0031! ~0.0017! ~0.0036! ~0.002! ~0.0019! ~0.001!
Ref. @6# ~absolute self-absorption! 0.0061 0.0042

~0.0005! ~0.0003!
Ref. @10# ~lifetime! 0.0057 0.0042

~0.0010! ~0.0010!
Theoretical
Ref. @8# 0.0060 0.0043 0.0091 0.0041 0.0031 0.0018 0.0050
Ref. @22#a 0.009 0.020 0.004
Ref. @23#a 0.008 0.025 0.003

aSummed oscillator strength as indicated.
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et al. @1#. Similar to the situation for electron-energy-lo
spectra in the valence-shell excitation transition region,
present work shows good agreement with the work of C
et al. @1# in the terms of both shape and absolute values.
absolute values measured by Samson@38,39# are reasonably
consistent with the present work.

The energies of the transitions corresponding to excita
of the 2s electron tonp subshell (n53–6), and the double
e
n
e

n

excitation of two 2p electrons to the 3s3p configuration of
neon have been listed in Table II, the error of each ene
value in this work is 10 meV. Two very small peaks
43.717 eV and 46.639 eV can be observed in the pre
work. The peak at 43.736 eV is also reported by Chanet al.
@1#, Simpson, Chamberlain, and Mielczarek@40# using a
lower electron-impact energy (<400 eV!, and Brion and
Olsen@42# with a threshold electron-impact study. Simpso
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FIG. 2. ~a! Absolute optical oscillator strength density spectru
of neon in the autoionizing resonance region of 44.0–48.6 eV
energy-loss steps of 10 meV.~b! Absolute optical oscillator strength
density spectrum of neon in the autoionizing region of 43.
54.0 eV in energy-loss steps of 21 meV.~c! The electron-energy-
loss spectrum of neon in the 42.0–47.8 eV region obtained at
keV impact energy~100 meV FWHM! and a mean scattering ang
of 2.0°. The states of interest are 2s2p63s at 43.717 eV,
2s2p64s at 46.639 eV.
Chamberlain, and Mielczarek@40#, and Brion and Olsen@42#
suggested that this was probably a contribution from
dipole-forbidden state 2s2p63s. Siegbahnet al. @41# have
reported that the energy of 2s2p63s level is 43.65 eV. How-
ever, Chanet al. @1# thought that the formally dipole-
forbidden transition 2s22p6→2s2p63s would not be so
prominent at the very low-momentum transfer~0.014 a.u.!
under their experimental conditions. Our previous work
argon@34# at the present experimental conditions has show
that optically forbidden transition can be detected even w
the momentum transfer is smaller than 0.01 a.u. To go
ther into the question, we measured the electron-energy-
spectrum at a 1.5 keV impact energy~100 meV FWHM! and
a mean scattering angle of 2.0° in the energy region 42
48.0 eV, which is shown in Fig. 2~c!. By comparing Fig. 2~b!
with Fig. 2~c!, it is obvious that the ratio of areas for the pe
at 43.717 eV, to the peak corresponding to the optically
lowed transition at 45.543 eV is much higher as the mom
tum transfer increases. The same is also true for the rati
areas for the peak at 46.639 eV to the peak correspondin
the optically allowed transition at 47.119 eV. So it may
concluded that the peaks at 43.717 eV and 46.639 eV c
from optically forbidden transition. The peak at 46.639 eV
reported for the first time, to our knowledge. We calculat
some energy levels of optically forbidden transitions and
tically allowed transitions for neon in the above energy
gion by our recently developed relativistic multichann
theory @43,44#. Figure 3 displays collision eigenphase shi
ptr for the 2s2p6ns(Jp501) resonance states. The calc
lated energies and other groups’ energies are also liste
Table II. Clearly, our theoretical energies of optically a
lowed transitions are in agreement with the high-resolut
experimental studies reported by this experimental wo
Chanet al. @1#, Codling, Madden, and Ederer@32#, and Ale-
ksandrovet al. @8#, as well as with the multiconfiguration
close-coupling calculations of Luke@45#. Therefore, we may
identify the two unknown peaks as 2s2p63s and 2s2p64s.

FIG. 3. Collision eigenphase shiftsptr for the
2s2p6ns(Jp501) resonances.

n

.5
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TABLE II. Experimental and theoretical energy levels for neon~energies in eV!.

Energy levels for transition from 2s22p6→
2s2p63s 2s22p43s3p 2s2p63p 2s2p64s 2s2p64p 2s2p65p 2s2p66p

Experimental
This work 43.717 44.984 45.543 46.639 47.119 47.680 47.9
Ref. @1# 43.735 44.999 45.550 47.127 47.677 47.97
Ref. @32# 45.072 45.546 47.121 47.692 47.979
Ref. @8# 45.079 45.642 47.221 47.784 48.061
Ref. @40# 43.7 45.6
Ref. @42# 43.7

Theoretical
This work 43.717 45.417 46.613 47.086 47.680 47.96
Ref. @45# 45.631 47.150 47.707 47.973
Ref. @41# 43.65
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IV. CONCLUSION

Absolute optical oscillator strength data of neon in bo
discrete and autoionizing resonance regions have been
ported using a recently built dipole (e,e) spectrometer at an
impact energy of 2.5 keV~typical FWHM is 60 meV! and a
mean scattering angle of 0°. The electron-energy-loss s
tra were transformed into the absolute oscillator stren
density spectra by multiplying by the Bethe-Born convers
factor of the spectrometer and normalizing at a single po
in the smooth continuum region. In the discrete region,
. A

k-

nt

oc

-
o,

n

J.
re-

c-
h
n
t
e

presently reported results were compared with theoret
calculations and experimental data. Absolute optical osci
tor strengths for the autoionization resonance region invo
ing inner-valence 2s electrons excitation and the double e
citation of 2p electrons have also been determined. T
optical oscillator strength density spectra in these regions
generally in good agreement with the electron-impact ba
data of Chanet al. @1#. Moreover, we have studied opticall
forbidden transitions in the autonization region in some
tail and observed the forbidden transition 2s2p64s for the
first time, to our knowledge.
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