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The Ne photoabsorption spectrum in the region ofkhedge has been measured with unprecedented energy
resolution. The results have been interpreted by usingbaimitio method that predicts natural linewidths, as
well as relative intensities and positions of the differest-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 daf&1050-29479)09002-2

PACS numbes): 32.70—n, 32.80.Hd, 32.80.Dz

In the last decade we have witnessed a tremendous inNe*(1s™ ) natural width. On the other hand, the calculated
provement in the energy resolution in the vacuum ultraviolehatural linewidth of the ionic state is a semiempirical value
(vuv) and soft x-ray regions. This has been achieved by usebtained by combining Scofield’s relativistic relaxed
ing new types of monochromatof4,2] at beam lines of Hartree-Fock calculations of the radiative transition rates
synchrotron radiation sources, equipped with undulators ant20] and fluorescence yield from the evaluation of Krause
wigglers[3—-5]. Due to this improved energy resolution, that [21]. In this paper we calculatab initio natural linewidths,
is comparable with or even better than the natural width of€lative intensities, and energies of thenp(3<n<6) reso-
inner-shell excited states, the spectroscopic information ob?ant states as well as those of the liks™ “)state using a
tained in photoabsorption experiments has significantly sumethod specifically developed for studying Auger and auto-
perseded the quality of the results of previous high-Onization processes in atoms and molecys.
resolution electron-energy-loss studigg]. Such detailed The experiments were performed at the gas phase photo-

; C : .emission beam line of the Elettra storage ring. The radiation
studies are now questioning our knowledge of basic quant'from a 4.5-m undulatof23] (12.5-cm periolis deflected to

t'ﬁs’ S%Ch as,rf]or_example,_the natural Ime(\j/wgths, ﬁnd Suﬁgﬁﬁ%e monochromator by a prefocusing mirror that focuses the
that thorough Investigations are needed, where Nighpe,n ot the entrance slit of the monochromator in the verti-
rgsolutlon experiments anah Initio calculat!ons .Of quanti- g plane and at the exit slit in the horizontal one. The optical
.tles sg(;h as transmon energies, natt_JraI linewidths, relat'v%oncepts of the variable angle spherical grating monochro-
|nten3|_t|es, a}nd line shapgs are comb!ned. Here'we prese.”h"?‘ator [24] as well as the calibration proceduf@5] have
study in which the combination of high-resolution experi- heen described previously. The monochromator consists of
mental data and theoretical values calculaaédinitio pro-  two optical elements: a plane mirror and a spherical grating.
vide an accurate spectroscopic characterization of the regiophis design provides the considerable advantage of a fixed
near the NeK edge. focus in the experimental chamber. Five interchangeable
While the energy region up to the nitrogéhedge has gratings cover the energy region 20—1000 eV. In this experi-
already been explored at very high resoluti@B], no com-  ment the fifth grating(1200 lines/mm has been used. Ac-
parable results have been previously reported near thi€ Ne cording to the ray tracing and depending on the assumed spot
edge. Moreover, due to the absence of theoretical predictiorsize on the monochromator a resolving power of about 7500
of the natural linewidths of thesl=np (n=3) transitions, is expected near the N¢ edge.
reference was made to the measuf@[0.27+0.02 eV] A windowless ionization cell located at the end of the
and calculated10] (0.24+10%) natural linewidth of the beam line has been used for the photoabsorption experiment.
Ne"(1s™1) state in order to evaluate the resolving power of The gas cell is housed in a six-way stainless steel cross
the different experimental setups. Some confusion on thenounted on ax—y manipulator to enable easy alignment on
topic has been generated moreover by the fact that, in théhe incident beam direction. Two plates 100 mm long and 20
first report of a high-resolution x-ray photoelectron spectrossmm wide are used to collect ior(glectrons, depending on
copy (XPS) spectrum[11], a value of 0.23 eV was incor- the bias voltageproduced by the interaction of the incident
rectly quoted for this quantity and was later correctly givenradiation with the target gas. During the present experiment
[9] as 0.27 eV. Furthermore, the low available experimentathe cell was operated typically at a bias voltage of 30 V and
resolution has caused a large spread in the measured linat a pressure of 810”2 mbar. A 2-mm bore and 5-mm-long
widths[4,5,12—-19 of the 1s— 3p transitions, anomalous for pipe in front of the six-way cross acts as a first differential
such a simple system and definitely larger than theumping section, resulting in a pressure drop of about a fac-
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15 S ‘ . _ of peaks in Fig. 1. Consistent results are obtained by fitting
either a Voigt line shape or the Pearson7 function proposed

ﬂ by Krause and CaldwelR7]. The derived full width at half

maximum (FWHM) for the 1s—3p resonance is 2785

second diffraction order. By using the second diffraction or-
der the FWHM of the $—3p resonance measured in this
work reduces to 2685 meV. This result does not represent
- a noticeable improvement, thus the following discussion will
0 ‘ i AN ] be based on the results obtained at the first diffraction order.
e+ 865 866 867 &8 &9 &0 87 The transition energies measured in the present work are
Photon energy (V) in good agreement with previous determinations
FIG. 1. Ne photoabsorption spectrum in the region of ke [15,17,26,2& They are reported in the last column of Table
edge; the contributions of the differens-tnp transitions obtained |, Where only the statistical uncertainty from the best-fit pro-
by the best-fit procedure are shown. cedure is quoted. A systematic contribution due to the uncer-
tainties of the reference transitions used for the calibration
tor of 100 between the cell and the-y manipulator. A has also to be accounted for. This will result not only in an
photodiode (International Radiation Detectors Ltd. type uncertainty in the absolute energy, but also in a compression/
AXUV-100) located at the exit of the gas cell was used todilatation of the scale. We have calculated, using the two
monitor the flux of the incident photon beam and to ensureextreme values quoted in the literature for the Ne-13p
that the photoion spectra were collected in the linear absorgesonanc§l5,17), that this latter effect results in a difference
tion regime. A Macintosh Centris computer with a Labview of 10 meV in the relative position of thiés3pand4p reso-
code was used to set the photon energy and to record synances.
chronously the ionization current and beam monitor signal. General agreement exists among the different measure-
The results of the experiments obtained at the first diffraciments reported in the literature, although the relative position
tion order and with both the slits set at 1in are shown in  of the 1s— 3p and4presonances measured here seems to be
Fig. 1. The 5—3p,4p,5p transitions are clearly discerned slightly smaller than in all the previous measurements.
in the spectrum. The s=-6p,7p transitions have been lo- The natural lifetimes of thdsnp(3<n<=6) resonances,
cated with the help of the Rydberg formula with the as well as their intensities and positions, have been calcu-
Ne*(1s™1) ionization potential set at 870.17 €26,17). lated using the theoretical method summarized in the follow-
The energy calibration of the grating has been achieveihg.
using the @ 1s— =*, Xe 3d—6p,and Ne 5— 3p transi- The structures observed in the photoabsorption and emis-
tions to obtain the settings of the plane mirror which mini- sion spectra of light atoms excited by nearly monochromatic
mize the defocusing term and give the best resolJi@ A  incident light in the region below an inner-shell ionization
numerical solution of a mathematical model of the mono-threshold are due to autoionization processes. In this type of
chromator gives the settings for the plane mirror and gratingson-radiative decay processes one electron is ejected into a
and provides the working conditions for any energy in thespecific channel that belongs to a set of different continua
range. During the measurement the plane mirror is held fixetvhich embed quasibound statéssonancesof the neutral
and only the grating is scanned. target. Interference effects between direct ionization and
In a first analysis of the data no attempt was made tgesonant paths are thus a peculiar feature of this type of
deconvolve the raw data to extract the natural linewidth andgpectrum.
the experimental contribution. We have only looked for a The theoretical interpretation of these spectra follow
suitable representation of the data to extract the overall widtfrano’s method29] for the interaction between discrete and

.g b 1 ) ] meV. This value represents a definite improvement when

E 1s™"np series . . .
y ] compared with the values of the same quantity as reported in

2 7 :

£ | || = the literaturd 4,5,12—-19, that spread between 6230 meV

g 3 4567 Netis ] [12] and 290 me\[5], the latter obtained by Larssat al. at

= ]

g

TABLE I. Natural widths(I'), calculated E®') and measuredE®®) energies of the resonancesnp (3<n<=7) and of the core-hole
state Né(1s™1).The first term of the second and third columns gives the value calculated using the optimized basis set, while the second
term is the average of the results obtained with three different basis sets of Gaussian functions. The estimated uncertainties are given in
brackets.

T (meV) ES° (eV) ES (eV)
1sP 259 254 (*+20) 867.14 867.12 (+0.03 867.12 (*+0.05
1s%p 252 246 (*£20) 868.73 868.71 (+0.03 868.69 (*+0.09
1sH 254 250 (*£20) 869.31 869.29 (*+0.03 869.27 (+0.05
1s6p 255 249 (*£20) 869.58 869.56 (+0.03 869.56
1sH 869.7%
Ne*(ls’l) 276 271 (*+20) 870.12 870.07 (+0.06 870.17

8Determined with the Rydberg formula.
bFrom Refs[26], [17].
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continuum states. The general theory, including also the ef- 15 T w ' . —
fects due to the finite resolution of the monochromator, can (a)
be found in Ref[30], and in Ref[31] for its application to
the case of an isolated resonance with natural wildtnd 15 np series
energy positiorg, . Here we give only the final expression
used for calculating the total emission rM%Ha(w,y)of a
photoionization process in which the target in its ground
state|0) is ionized to a final staty) by linearly polarized\)
radiation having a spreag around a given frequenay:

T
A
w—
N

Yield (arbitrary units)
=)

A No® g Iy
WOﬂa(wv’)/)zz 3{Da,)\+[ (277)/7]

mC

X[Aa,}\VO(Xva)_l—Ba,)\vl(xaa)]}u 0 L 1 N

1
865 866 867 868 869 870

x=(E,—)/yV2, a=T/y\8. @ Photon energy (¢V)

In Eqg. (1) Vo(x,a) andVq(x,a) are, respectively, the stan- 15 l ' . '
dard Voigt function and its complementary pgst], N is a N O]
dimensionless scale factor, arﬁh";'fx,AM, Ba.. give the
contributions, respectively, of the direct and resonant photo-
ionization paths and of their interferenaé&or the analytic
expressions of these terms see Re1]). The total photoab-
sorption spectrum is obtained by adding as many term
Wy ., as final states of the ionized target are taken intog
account. 5 y ]
For calculating the scattering wave function necessary tos 03
evaluate the above spectroscopic terms we have used
method[32] based on the separation of the electronic Hamil-
tonian into a zero order operator having a continuous spec
trum (the kinetic energy operatoand a nonlocal perturba- O s v 23 o -
tion (the potential energy operajaepresented in terms of a Photon energy (V)
finite number(m) of Gaussian functiongg;} as follows:

. (n .
itrary units)

d
.

“ ~ ” FIG. 2. (a) The theoretical spectrum calculated wigs=0 and
H(1,...N)=T(1,... N)+V.(1,... N), without the contributions of theslionization. (b) Comparison be-
N tween the experimentaldoty and theoretical(continuous ling

N
Y A Aana s 1 1A A A eer i\~ spectrum calculated withy=31 meV and including the contribu-
Va ;1 m(Do=ar(i) + 2i,Zl m(D)a(o=a(i) (), tions of the & ionization.

m _ ~ ~
=2 lo;)ail, @ |4, i(E)=1® 1)+ Gg (E)TID 1), (5)
: with
where 0" and v®® are the standard monoelectronic and ) M | ) (D
bielectronic contributions to the potential energy operator. Gy (BE)= Iimz : po0 " Bp P (6)
The Schidinger equation for th&-particle stationary state, v—0 B J (E=iv)—(Ez+p?/2)
calculated at the enerdy=E_,+k?/2, is solved inside a fi-
nite space oM antisymmetrized products of the following ~ A A aA__aa
type: T=V[1/V-VG, (E)V]V. (7)
D (L, N=LN)=VNALO (L, ... N= 1)@ i(N)], The transition operatoT is defined in terms of the effective
€) Fot]entialv. The explicit expression oY is given in Ref.
R 32].
where A is the antisymmetrizer between the sti@,) of The calculations have been performed using three differ-

the ionized target with energl¢, and the spin orbitalp,,;  ent sets of Gaussian functions in order to find the basis set
= gro, of the unbound electron. The spatial pagt of the  dependence of the matrix elements characteristic of the prob-
spin orbital is taken as eigenfunction of the kinetic energylem and to evaluate the resulting uncertainty in the calculated
operator p?/2) in a space orthogonal to the occupied orbitalsSPectroscopic quantities. In Table | we give natural widths
{6} of the{®,} states: (I') and energies of the resonancesi(3<n<6) and of
occ the core-hole state N¢ls™ !)calculated using a set of
1_P\(H2 1P - (12 D_ Gaussian functions optimized according to the procedures of
(A=PARY2A-Pr7i= (12 e, P= 2 10001 (4 O oimized basis set consiats o8 pe func.
. ) tions (amax=42 082.18 in=0.001 451), 20p-type func-
On_e can prove[32] that the required scattering rate tigns (@ma= 141.4488,a,=0.000 993), and eighd-type
|4, with the appropriate ingoing wave boundary conditionfunctions (a,= 34.9012 amin=0.210 92). In Table | we
(=), has the following structure: give also the average values and the uncertainties of the
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spectroscopic quantities calculated using the three differemi=6. In Fig. 2b) the theoretical spectrum includes also the
basis sets and, in the last column, the resonance energiesntribution of the &ionization(evaluated using the analytic
measured in this work. expression of Ref[15]) and takes into account the finite
The results of Table | show that the calculated naturatesolution of the monochromator. For the purpose we have
linewidth of the core-hole state N¢ls 1) agrees precisely used the parametey of Eq. (1) as a free parameter in a
with the corresponding value of 0.270.02 eV deduced least-squares procedure. The best fit is obtained wit31
from the experimert9]. The calculated change of the natural meV. Such a value corresponds to incident light with a
linewidths of the resonances with the principal quantumspread in energy described by a Gaussian with a FWHM of
numbern is below the limit of accuracy of the method and, 73 meV, a width definitely smaller than the natural widths of
therefore, is not discussed here. The natural linewidths of ththe states in the region of the Né edge. The determined
resonances are about 6-8 % smaller than that of thEWHM corresponds to a resolving power larger than 11 000,
Ne"(1s™ Y)state. This is consistent with previous calcula-better than that estimated, but consistent with the perfor-
tions on molecule$33] and solidg 34], where the presence mances of the monochromator obtained at lower photon en-
of a spectator electron produced by the primary excitatiorergies[25].
increases the lifetime of the intermediate quasibound state. The agreement between the theoretical predictions and the
The calculated transition energies reported in Table | arexperimental spectrum is very satisfactory, both as far as the
all shifted by 1.04 eV for a better comparison with the ex-relative intensities and the energy positions of the resonances
perimental values of the last column. This uniform shift, thatare concerned. On the other hand, the experimental results
does not alter the relative positions of the resonances, aclearly show that, also in the case of the Ne inner-shell ex-
counts for the errors due to the finite dimension of the basigited states, the achievable energy resolution at third genera-
set used for the representation of the orbitals, to the finitdéion radiation sources is definitely better than the natural
number of configurations used in the expansion of the statdgewidths of the resonances.
and to the neglect of the relativistic effects. The extension of The combination of experimental results atinitio cal-
the basis set and of the configuration space can reduce tlwailations has provided new and accurate values of the main
size of this energy shift, but only slightly changes the relativespectroscopic quantities characteristic of the Ne inner-shell
positions of the resonances that already agree very well witbxcited states. Similar exercises, when repeated on inner-
the experiment. shell excited states of more complex atomic targets and mol-
In Fig. 2 the experimental results and the theoretical spececules, are expected to improve the current state of spectro-
trum, obtained by superimposing the emission rates calcuscopic characterization of the inner-shell excited states.
lated for several different final states of the ion, are com- We thank our colleagues at Elettra for their help and sup-
pared. In particular, Fig. (3 shows only the theoretical port. In particular, we would like to thank L. Romanzin and
spectrum calculated assuming monochromatic incident ligh&. Sandrin for their technical assistance, and M. Vondracek
and including only the contributions of the transitions up tofor the energy calibration computations.
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