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Measurement andab initio calculation of the Ne photoabsorption spectrum
in the region of the K edge
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The Ne photoabsorption spectrum in the region of theK edge has been measured with unprecedented energy
resolution. The results have been interpreted by using anab initio method that predicts natural linewidths, as
well as relative intensities and positions of the different 1s→np (3<n<6) transitions. The remarkable
agreement between theory and experiment improves the spectroscopic characterization of these inner-shell
excited states in an energy region where only electron-energy-loss spectroscopies were considered to provide
accurate and high-resolution data.@S1050-2947~99!09002-2#

PACS number~s!: 32.70.2n, 32.80.Hd, 32.80.Dz
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In the last decade we have witnessed a tremendous
provement in the energy resolution in the vacuum ultravio
~vuv! and soft x-ray regions. This has been achieved by
ing new types of monochromators@1,2# at beam lines of
synchrotron radiation sources, equipped with undulators
wigglers@3–5#. Due to this improved energy resolution, th
is comparable with or even better than the natural width
inner-shell excited states, the spectroscopic information
tained in photoabsorption experiments has significantly
perseded the quality of the results of previous hig
resolution electron-energy-loss studies@6#. Such detailed
studies are now questioning our knowledge of basic qua
ties, such as, for example, the natural linewidths, and sug
that thorough investigations are needed, where hi
resolution experiments andab initio calculations of quanti-
ties such as transition energies, natural linewidths, rela
intensities, and line shapes are combined. Here we pres
study in which the combination of high-resolution expe
mental data and theoretical values calculatedab initio pro-
vide an accurate spectroscopic characterization of the re
near the NeK edge.

While the energy region up to the nitrogenK edge has
already been explored at very high resolution@7,8#, no com-
parable results have been previously reported near the NK
edge. Moreover, due to the absence of theoretical predict
of the natural linewidths of the 1s→np (n>3) transitions,
reference was made to the measured@9# @0.27~60.02! eV#
and calculated@10# ~0.24610%! natural linewidth of the
Ne1(1s21) state in order to evaluate the resolving power
the different experimental setups. Some confusion on
topic has been generated moreover by the fact that, in
first report of a high-resolution x-ray photoelectron spectr
copy ~XPS! spectrum@11#, a value of 0.23 eV was incor
rectly quoted for this quantity and was later correctly giv
@9# as 0.27 eV. Furthermore, the low available experimen
resolution has caused a large spread in the measured
widths@4,5,12–19# of the 1s→3p transitions, anomalous fo
such a simple system and definitely larger than
PRA 591050-2947/99/59~3!/2494~4!/$15.00
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Ne1(1s21) natural width. On the other hand, the calculat
natural linewidth of the ionic state is a semiempirical val
obtained by combining Scofield’s relativistic relaxe
Hartree-Fock calculations of the radiative transition ra
@20# and fluorescence yield from the evaluation of Krau
@21#. In this paper we calculateab initio natural linewidths,
relative intensities, and energies of the1snp(3<n<6) reso-
nant states as well as those of the Ne1(1s21)state using a
method specifically developed for studying Auger and au
ionization processes in atoms and molecules@22#.

The experiments were performed at the gas phase ph
emission beam line of the Elettra storage ring. The radiat
from a 4.5-m undulator@23# ~12.5-cm period! is deflected to
the monochromator by a prefocusing mirror that focuses
beam at the entrance slit of the monochromator in the ve
cal plane and at the exit slit in the horizontal one. The opti
concepts of the variable angle spherical grating monoch
mator @24# as well as the calibration procedure@25# have
been described previously. The monochromator consist
two optical elements: a plane mirror and a spherical grati
This design provides the considerable advantage of a fi
focus in the experimental chamber. Five interchangea
gratings cover the energy region 20–1000 eV. In this exp
ment the fifth grating~1200 lines/mm! has been used. Ac
cording to the ray tracing and depending on the assumed
size on the monochromator a resolving power of about 7
is expected near the NeK edge.

A windowless ionization cell located at the end of th
beam line has been used for the photoabsorption experim
The gas cell is housed in a six-way stainless steel cr
mounted on anx2y manipulator to enable easy alignment o
the incident beam direction. Two plates 100 mm long and
mm wide are used to collect ions~electrons, depending on
the bias voltage! produced by the interaction of the incide
radiation with the target gas. During the present experim
the cell was operated typically at a bias voltage of 30 V a
at a pressure of 531022 mbar. A 2-mm bore and 5-mm-long
pipe in front of the six-way cross acts as a first different
pumping section, resulting in a pressure drop of about a
2494 ©1999 The American Physical Society
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tor of 100 between the cell and thex2y manipulator. A
photodiode ~International Radiation Detectors Ltd. typ
AXUV-100! located at the exit of the gas cell was used
monitor the flux of the incident photon beam and to ens
that the photoion spectra were collected in the linear abs
tion regime. A Macintosh Centris computer with a Labvie
code was used to set the photon energy and to record
chronously the ionization current and beam monitor sign

The results of the experiments obtained at the first diffr
tion order and with both the slits set at 10mm are shown in
Fig. 1. The 1s→3p,4p,5p transitions are clearly discerne
in the spectrum. The 1s→6p,7p transitions have been lo
cated with the help of the Rydberg formula with th
Ne1(1s21) ionization potential set at 870.17 eV@26,17#.

The energy calibration of the grating has been achie
using the O2 1s→p* , Xe 3d→6p,and Ne 1s→3p transi-
tions to obtain the settings of the plane mirror which mi
mize the defocusing term and give the best resolution@25#. A
numerical solution of a mathematical model of the mon
chromator gives the settings for the plane mirror and grati
and provides the working conditions for any energy in t
range. During the measurement the plane mirror is held fi
and only the grating is scanned.

In a first analysis of the data no attempt was made
deconvolve the raw data to extract the natural linewidth a
the experimental contribution. We have only looked for
suitable representation of the data to extract the overall w

FIG. 1. Ne photoabsorption spectrum in the region of theK
edge; the contributions of the different 1s→np transitions obtained
by the best-fit procedure are shown.
e
p-

n-
.
-

d

-
s

d

o
d

th

of peaks in Fig. 1. Consistent results are obtained by fitt
either a Voigt line shape or the Pearson7 function propo
by Krause and Caldwell@27#. The derived full width at half
maximum ~FWHM! for the 1s→3p resonance is 27865
meV. This value represents a definite improvement wh
compared with the values of the same quantity as reporte
the literature@4,5,12–19#, that spread between 670630 meV
@12# and 290 meV@5#, the latter obtained by Larssonet al.at
second diffraction order. By using the second diffraction
der the FWHM of the 1s→3p resonance measured in th
work reduces to 26865 meV. This result does not represe
a noticeable improvement, thus the following discussion w
be based on the results obtained at the first diffraction or

The transition energies measured in the present work
in good agreement with previous determinatio
@15,17,26,28#. They are reported in the last column of Tab
I, where only the statistical uncertainty from the best-fit pr
cedure is quoted. A systematic contribution due to the unc
tainties of the reference transitions used for the calibrat
has also to be accounted for. This will result not only in
uncertainty in the absolute energy, but also in a compress
dilatation of the scale. We have calculated, using the t
extreme values quoted in the literature for the Ne 1s→3p
resonance@15,17#, that this latter effect results in a differenc
of 10 meV in the relative position of the1s3pand4p reso-
nances.

General agreement exists among the different meas
ments reported in the literature, although the relative posit
of the 1s→3p and4p resonances measured here seems to
slightly smaller than in all the previous measurements.

The natural lifetimes of the1snp(3<n<6) resonances
as well as their intensities and positions, have been ca
lated using the theoretical method summarized in the follo
ing.

The structures observed in the photoabsorption and e
sion spectra of light atoms excited by nearly monochroma
incident light in the region below an inner-shell ionizatio
threshold are due to autoionization processes. In this typ
non-radiative decay processes one electron is ejected in
specific channel that belongs to a set of different contin
which embed quasibound states~resonances! of the neutral
target. Interference effects between direct ionization a
resonant paths are thus a peculiar feature of this type
spectrum.

The theoretical interpretation of these spectra follo
Fano’s method@29# for the interaction between discrete an
second
e given in
TABLE I. Natural widths~G!, calculated (En
calc) and measured (En

expt) energies of the resonances 1snp (3<n<7) and of the core-hole
state Ne1(1s21).The first term of the second and third columns gives the value calculated using the optimized basis set, while the
term is the average of the results obtained with three different basis sets of Gaussian functions. The estimated uncertainties ar
brackets.

G ~meV! En
calc ~eV! En

expt ~eV!

1s3p 259 254 ~620! 867.14 867.12 ~60.03! 867.12 ~60.05!
1s4p 252 246 ~620! 868.73 868.71 ~60.03! 868.69 ~60.04!
1s5p 254 250 ~620! 869.31 869.29 ~60.03! 869.27 ~60.05!
1s6p 255 249 ~620! 869.58 869.56 ~60.03! 869.56a

1s7p 869.73a

Ne1(1s21) 276 271 ~620! 870.12 870.07 ~60.06! 870.17b

aDetermined with the Rydberg formula.
bFrom Refs.@26#, @17#.
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continuum states. The general theory, including also the
fects due to the finite resolution of the monochromator, c
be found in Ref.@30#, and in Ref.@31# for its application to
the case of an isolated resonance with natural widthG and
energy positionEr . Here we give only the final expressio
used for calculating the total emission rateW0→a

l (v,g)of a
photoionization process in which the target in its grou
stateu0& is ionized to a final stateua& by linearly polarized~l!
radiation having a spreadg around a given frequencyv:

W0→a
l ~v,g!5

Nv3

2pc3
$Da,l

dir 1@A~2p!/g#

3@Aa,lV0~x,a!1Ba,lV1~x,a!#%,
~1!x5 ~Er2v!/gA2 , a5 G/gA8 .

In Eq. ~1! V0(x,a) and V1(x,a) are, respectively, the stan
dard Voigt function and its complementary part@31#, N is a
dimensionless scale factor, andDa,l

dir ,Aa,l , Ba,l give the
contributions, respectively, of the direct and resonant pho
ionization paths and of their interference.~For the analytic
expressions of these terms see Ref.@31#!. The total photoab-
sorption spectrum is obtained by adding as many te
W0→a

l as final states of the ionized target are taken i
account.

For calculating the scattering wave function necessar
evaluate the above spectroscopic terms we have use
method@32# based on the separation of the electronic Ham
tonian into a zero order operator having a continuous sp
trum ~the kinetic energy operator! and a nonlocal perturba
tion ~the potential energy operator! represented in terms of
finite number(m) of Gaussian functions$gj% as follows:

Ĥ~1, . . . ,N!5T̂~1, . . . ,N!1V̂p~1, . . . ,N!,

V̂p5(
i 51

N

p̂~ i !v̂enp̂~ i !1 1
2 ( 8

i , j 51

N

p̂~ i !p̂~ j !v̂eep̂~ i !p̂~ j !,

p̂5(
j

m

ugj&^gj u, ~2!

where v̂en and v̂ee are the standard monoelectronic a
bielectronic contributions to the potential energy opera
The Schro¨dinger equation for theN-particle stationary state
calculated at the energyE5Ea1k2/2, is solved inside a fi-
nite space ofM antisymmetrized products of the followin
type:

FakW~1, . . . ,N21,N!5ANÂ@Qa~1, . . . ,N21!wakW~N!#,

~3!

where Â is the antisymmetrizer between the stateuQa& of
the ionized target with energyEa and the spin orbitalwakW
5hkWsa of the unbound electron. The spatial parthkW of the
spin orbital is taken as eigenfunction of the kinetic ene
operator (p̂2/2) in a space orthogonal to the occupied orbit
$u j% of the $Qa% states:

~ 1̂2 P̂!~ p̂2/2!~ 1̂2 P̂!hkW5~k2/2!hkW , P̂5(
j

occ

uu j&^u j u. ~4!

One can prove@32# that the required scattering ra
ucakW

2
&,with the appropriate ingoing wave boundary conditi

~2!, has the following structure:
f-
n

-

s
o

to
a

-
c-

r.

y
s

ucakW
2

~E!&5uFakW&1Ĝ0
2~E!T̂ uFakW&, ~5!

with

Ĝ0
2~E!5 lim

n→0
(
b

M E uFbpW&^FbpW u

~E2 in!2~Eb1p2/2!
dpW ~6!

and

T̂5V̂ @1/V̂2V̂Ĝ0
2~E!V̂# V̂. ~7!

The transition operatorT̂ is defined in terms of the effective
potential V̂. The explicit expression ofV̂ is given in Ref.
@32#.

The calculations have been performed using three dif
ent sets of Gaussian functions in order to find the basis
dependence of the matrix elements characteristic of the p
lem and to evaluate the resulting uncertainty in the calcula
spectroscopic quantities. In Table I we give natural wid
~G! and energies of the resonances 1snp (3<n<6) and of
the core-hole state Ne1(1s21)calculated using a set o
Gaussian functions optimized according to the procedure
Ref. @32#. This optimized basis set consists of 26s-type func-
tions (amax542 082.18,amin50.001 451), 20p-type func-
tions (amax5141.4488,amin50.000 993), and eightd-type
functions (amax534.9012,amin50.210 92). In Table I we
give also the average values and the uncertainties of

FIG. 2. ~a! The theoretical spectrum calculated withg50 and
without the contributions of the 1s ionization. ~b! Comparison be-
tween the experimental~dots! and theoretical~continuous line!
spectrum calculated withg531 meV and including the contribu
tions of the 1s ionization.
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spectroscopic quantities calculated using the three diffe
basis sets and, in the last column, the resonance ene
measured in this work.

The results of Table I show that the calculated natu
linewidth of the core-hole state Ne1(1s21) agrees precisely
with the corresponding value of 0.27~60.02! eV deduced
from the experiment@9#. The calculated change of the natur
linewidths of the resonances with the principal quant
numbern is below the limit of accuracy of the method an
therefore, is not discussed here. The natural linewidths of
resonances are about 6–8 % smaller than that of
Ne1(1s21)state. This is consistent with previous calcu
tions on molecules@33# and solids@34#, where the presenc
of a spectator electron produced by the primary excitat
increases the lifetime of the intermediate quasibound sta

The calculated transition energies reported in Table I
all shifted by 1.04 eV for a better comparison with the e
perimental values of the last column. This uniform shift, th
does not alter the relative positions of the resonances,
counts for the errors due to the finite dimension of the ba
set used for the representation of the orbitals, to the fi
number of configurations used in the expansion of the st
and to the neglect of the relativistic effects. The extension
the basis set and of the configuration space can reduce
size of this energy shift, but only slightly changes the relat
positions of the resonances that already agree very well
the experiment.

In Fig. 2 the experimental results and the theoretical sp
trum, obtained by superimposing the emission rates ca
lated for several different final states of the ion, are co
pared. In particular, Fig. 2~a! shows only the theoretica
spectrum calculated assuming monochromatic incident l
and including only the contributions of the transitions up
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n56. In Fig. 2~b! the theoretical spectrum includes also t
contribution of the 1s ionization~evaluated using the analyti
expression of Ref.@15#! and takes into account the finit
resolution of the monochromator. For the purpose we h
used the parameterg of Eq. ~1! as a free parameter in
least-squares procedure. The best fit is obtained withg531
meV. Such a value corresponds to incident light with
spread in energy described by a Gaussian with a FWHM
73 meV, a width definitely smaller than the natural widths
the states in the region of the NeK edge. The determined
FWHM corresponds to a resolving power larger than 11 0
better than that estimated, but consistent with the per
mances of the monochromator obtained at lower photon
ergies@25#.

The agreement between the theoretical predictions and
experimental spectrum is very satisfactory, both as far as
relative intensities and the energy positions of the resonan
are concerned. On the other hand, the experimental re
clearly show that, also in the case of the Ne inner-shell
cited states, the achievable energy resolution at third gen
tion radiation sources is definitely better than the natu
linewidths of the resonances.

The combination of experimental results andab initio cal-
culations has provided new and accurate values of the m
spectroscopic quantities characteristic of the Ne inner-s
excited states. Similar exercises, when repeated on in
shell excited states of more complex atomic targets and m
ecules, are expected to improve the current state of spe
scopic characterization of the inner-shell excited states.
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