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Measurement of Ne 1s and 1snl satellite photoelectron spectra near threshold
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Near-threshold inner-shell photoionization of neon has been studied by measuring threshold photo-
electron spectra in the energy regions of the 1s ' main line and the 1s2p'nl satellite states. The mea-
sured linewidth (0.22+0.03 eV) of the 1s —+3@ transition is more consistent with the observation of the
1s hole state linewidth than previous determinations. Features, assigned as doubly excited states and

conjugate shakeup transitions, have been discerned in the 1s2p'nl satellite spectrum.

PACS number(s): 32.80.Hd

The high sensitivity and energy resolution of threshold
photoelectron spectroscopy (TPES) have made this tech-
nique a unique tool to study photoionization of valence
and inner valence shells of a,toms [1—3] and molecules
[4—6]. Recently, the application of TPES has been ex-
tended to the photoionization of inner shells of the rare
gases [7,8] and small molecules [9,10]. This paper de-
scribes the observation of Ne 1s and 1snl threshold pho-
toelectron spectra. To our knowledge, the only experi-
ment that previously approached the Ne 1s threshold is
the one by Kobrin et al. [11],who studied the relative in-
tensities of the main line and its satellites from 7 to about
50 eV above their respective thresholds. X-ray photo-
electron spectra of the Ne 1s main line and its satellites
have been reported by several authors [12,13], and re-
cently studied again using monochromatic x-ray excita-
tion [14]. The energy region of the Ne K-shell edge has
also been investigated by photoabsorption [15—20] and
electron-energy-loss spectroscopy [21] (EELS).

The present experiment has been performed at the
Daresbury Laboratory Synchrotron Radiation Source,
where a high-resolution threshold spectrometer has been
allied to the 5U1 undulator beam line. This beam line
provides radiation in the energy range 70—1500 eV with a
resolving power and a photon Aux close to the Ne K-edge
of = 1300 and 10" photons/sec, respectively [22,23].
The photoelectron spectrometer has been described in de-
tail elsewhere [24]. A draw-out field, applied between the
target region and the entrance to the lens stack of the
analyzer, collects very-low-energy electrons with high
efficiency over 4m sr and discriminates against high-
energy electrons. The threshold energy resolution of the
spectrometer is better than 10 meV [24], i.e. , we are able
to study excitation of the ion states within this value of
their thresholds.

In Fig. 1, the threshold photoelectron spectrum of Ne
in the region of the 1s main line is shown. Despite the
low Ne ls cross section close to threshold (-0.3 Mb
[25]) the count rate of the Ne ls main line was 800 sec
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FIG. 1. Threshold photoelectron spectrum in the region of the neon
K ionization limit. A PCI line shape [33]has been fitted to the Ne 1s
main line. In the inset the fit with a series of Gaussian functions to the
1s ~np (n ~ 3) transitions below the Ne 1s ' threshold is shown.

and the total accumulation time for this spectrum was
only 10 min.

The lowest-energy peak observed in Fig. 1, assigned to
the dipole allowed 1s —+3@ transition, has been used to
calibrate the photon energy scale [21]. The observation
of a peak due to excitation of a 1s electron into an unoc-
cupied state in the spectrum of zero kinetic-energy elec-
trons, can arise either because of a shake-ofI' decay
[Ne*(ls2s 2p 3p)~Ne +(ls 2s 2p )+Els'l'] of the
core excited states, where the two final electrons share
the excess energy, or because of a two-step mechanism
[Ne'(ls2s 2p 3p) ~ Ne+*(ls 2s 2p np) + El ~ Ne +

+E'1'(Etc =0) ], where the singly charged state, generated
in the decay of the core excited state, is almost degen-
erate with a Ne + state. According to the more recent
high-resolution photoelectron spectroscopy studies of the
Ne+* satellites [2,3,26] this coincidence seems unlikely.
Therefore, the first mechanism is expected to be the main
one responsible for the observed peak.

While in photoabsorption [19,20] and EELS [21] the
peak due to the 1s~3p transition was observed to dom-
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TABLE I, Measured energies for the observed transitions in the re-
gion of the Ne 1s ionization limit. The numbers in parentheses show the
uncertainties in the last significant figure. The energy errors shown in
the table do not contain the calibration errors.

Transition

ls —+ 3s
ls —+3p

Ref. [21]
865.1(1)

867.05( 8 )

Energy
(eV)

Ref. [19j

867.13(5 )

Others

867,07
(Ref. [16])

867.09
(Ref. [17j)

Present
work

867.13'

868.68( 10)
869.23{15 )

869.63( 15 )

870.1(2)

868.76( 5 )

869.33(5 )

1s~4p
1s~5p
1s —+6p
IP

868.77
869.37
869.65
870.17 870.07(5 )870.31(2)

(Ref. [12])

'The energy of this transition has been used to calibrate the photon en-

ergy scale.
This value is obtained from the measured position of the photoelectron

peak and the calculated PCI shift.

inate the spectrum, in the threshold spectrum it is only a
small percentage of the total intensity observed. This is
consistent with the mechanism proposed above because
Aksela et al. [27] observed that the ls2s 2p and
1s2s 2p 3p hole states decay with a probability of about
98.2% by Auger transitions. Therefore, only less than
2%%uo of the inner-shell excited states may decay via a dou-
ble shake-off with a low-energy electron and contribute to
the peak observed in the threshold spectrum. From the
observed full width half maximum (FWHM) of
0.59+0.04 eV a natural linewidth of 0.22+0.03 eV has
been derived for the 1s —+3p transition. This value is in
agreement with the most recent determination of 0.23 eV
[20] in a photoabsorption measurement and is consistent
with the predicted (0.25 eV [28]) and measured [13,14]
linewidth of the 1s hole state. This confirms the continui-
ty between the properties of the higher excited Rydberg
states and the inner hole state [29], questioned in the case
of Ne ls by earlier photoabsorption [17,18] and EELS
[21] measurements.

The broad feature on the low-energy side of the 1s
main line is attributed to the ls ~np (n & 3) core excited
states. The experimental spectrum in this region has
been simulated by two separate Gaussian peaks, which
represent the 1s ~4@,5p transitions, and a series of close-
ly spaced peaks of the same FWHM (0.6 eV) to represent
the Rydberg states of higher quantum number. The re-
sults of this simulation are reported in Table I with previ-
ous determinations and are shown in the inset of Fig. 1.

The Ne 1s main line is broadened and shifted to higher
photon energy by the post collision interaction (PCI) be-
tween the slow photoelectron and the faster Auger elec-
trons, emitted in the decay of the inner hole. Among the
several PCI theories [30—33] we have compared the
present results with the one of van der Straten, Morgen-
stern, and Niehaus [32]. In an experiment where the col-
lection energy, E, of the photoelectron analyzer is kept
fixed and h v is scanned, the probability that a photoelec-
tron emitted with an initial energy Ezh will lose an
amount of energy c.=E

h
—E, due to PCI has to be evalu-

ated. Moreover, it is necessary to account for all the

Auger decay channels of the inner hole. In order to com-
pare the observed threshold spectrum with the theoreti-
cal predictions, the theoretical line shape [32] has been
calculated (i) by changing the initial photoelectron energy
E h at every value of hv, (ii) by accounting for the vari-
ous Ne KLL transitions [34], and (iii) by assuming an iso-
tropic distribution for the Auger electrons. The resultant
line shape has been convoluted with a Gaussian function,
which represents the apparatus function and then fitted
to the experiments. The natural width I, the FWHM of
the apparatus function and the height of the peak have
been taken as free parameters. The best representation of
the experiment has been obtained for I =0.25+0.03 eV
and FWHM =0.55+0.05 eV. The experimentally mea-
sured shift is 0.47+0.05 eV which compares with the
theoretical prediction of 0.57 eV. Some differences are
observed between the calculated and experimental shapes
on the tail of the Ne 1s line. However it is impossible to
ascertain if this is due to a shortcoming of the theory or
to a too crude apparatus function used in the convolution
procedure.

The threshold photoelectron spectrum in the region of
the 1s2p n, l satellite states is shown in Fig. 2. The energy
scale has been calibrated against the position of the
Ne+(ls ') main line (870.64 eV) where the assumption
has been made that both the satellite and main peaks
suffer the same PCI shifts. This is equivalent to assuming
that the presence of a spectator electron does not alter
significantly the Auger decay width of the inner hole,
which is the main atomic parameter affecting the PCI
shifts.

In the upper part of Fig. 2(a) are shown the energies of
the 2p-np shakeup transitions reported by Martensson,
Svensson, and Gelius [14] in their x-ray photoelectron
spectroscopy (XPS) measurements. The 2p-np shakeup
states form two series, known as the lower (L) and upper
(U) series. This is due to the fact that in the final state
there are three open shells. The 1s electron can first cou-
ple to the 2p electron as a triplet (lower) or a singlet
(upper) parent state [14], which is then coupled to the np
electron to form a S shakeup state. In Fig. 2(a) the
2p-3p and -4p members of the lower series and the first
member 2p-3p of the upper one can be easily discerned.
At higher energy some features of the spectrum may be
assigned to the 2p-5p and 6p members of the lower series
and to the 2p-4p member of the upper series. However,
the spectrum in Fig. 2(a) displays more features than the
XPS one. A broad feature, labeled "a", is observed at
=31.7 eV followed by a tiny peak, labeled "c",at =33.4
eV; other structures, labeled "b", clearly appear on the
low-energy fiank of the 3p(L) peak and a rising continu-
um electron yield is observed well below the Ne +( ls2p )

threshold. Further features seem to contribute to the
shakeup spectrum between 42 and 45 eV. Gelius [13]and
Martensson, Svensson, and Gelius [14] have located the
first conjugate shakeup transition at 33.35+0.04 eV,
while Esteva et al. [18] identified two ls2s 2p 3p dou-
bly excited states at 31.7 and 34.7+0. 1 eV.

In order to interpret the observed spectrum and the
differences with the XPS one we have calculated the spec-
trum of the doubly excited states at the zero-order 2p-2h
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configuration-interaction (CI) level and the spectrum of
the satellite states with the quasidegenerate perturbation
theory within the CI approach (QDPT-CI). The details
of the theoretical framework, which joins the flexibility of
the CI approach with an accurate treatment of the resid-
ual dynamical correlations, have been reported elsewhere
[35,36]. The first doubly excited state appears at =26 ev
above threshold and then the density of states becomes
very high, covering the full energy range explored. The
energy position of the transitions with an intensity that is
at least 1% of the one of the ls~3p transition are re-
ported in Fig. 2(b) and in the Table II. In the same figure
also the positions of the transitions belonging to the
2p ns and np( P), 2p nI2 and nd ( D), 2p ns and np ( P),
and 2p nd( F) conjugate shakeup series are shown. The
positions of the states belonging to the 2p np (L) and ( U)
series are not reported because they are in very good
agreements with the XPS observations.

The features a and b can be definitely assigned to dou-
bly excited states. The assignment of peak a as the first
of the 1s2s 2p 3p states is in agreement with the pro-
posed assignment by Esteva et al. [18], while for the
feature b, which in our spectrum appears as a double
shoulder, we propose the 1s2s 2p 3p4p and 3s3d states
for the lower-energy side and the 1s2s 2p 3p5p and 3s4d
for the other part. The second 1s2s 2p 3p state is locat-
ed under the 2P 3p(L) peak.

A doubly excited state may produce a peak in the
threshold electron spectrum either if it is degenerate with
a singly charged state, as observed in the inner valence
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FIG. 2. Threshold photoelectron spectrum in the region of Ne+
1s2p nl states. The energy step in this spectrum is 100 meV per channel
and the data accumulation time was =2 h. The energy scale is relative
to the measured energy of the Ne 1s ' main line. The energies of the
members of 2p nl lower and upper series determined by XPS [14] are
shown on the top of Fig. 2(a), while the QDPT-CI calculated energies of
the P, D, and Esatellites as well as the calculated energies of the dou-
bly excited states are displayed in Fig. 2(b).

TABLE II. Energies and assignments of Ne 1s2s2pnln'l' doubly ex-
cited states calculated at the zero-order 2p-2h CI level. Only states with
intensities ~ 1% of the one of the 1s~3p transition are reported. The
energy is relative to the 1s —+3p transition.

Energy (eV)

35.55
38.30
38.54
39.13
39.49
40.74
42.61
42.78
43.39

Assignment

ls2s22p 53p 2

1s2s 2p 3p4p
ls2s'2p '3s 3d
1s2s 2p 3p5p
1s2s'2p'3s 3d

22 53 2

1s2s'2p '3p4p
1s2s22p 54p 2

1s2s 2p 3p5p

region [2], or if it decays to the double ionization contin-
uum via double shake off. By analogy with the decay
route of the 1s~np excited states, this latter mechanism
appears to be the main mechanism responsible for
features a and b.

The small feature c can be assigned to the 2p-3s conju-
gated shakeup transition. A conjugate shakeup transition
involves a monopole transition of the inner electron into
the continuum (ls —+Es), while the valence electron un-
dergoes a dipole transition (2P ~ns) In. many-body per-
turbation theory (MBPT) [37—40], conjugate shakeup is
explained in terms of a Coulomb interaction between the
electron in the continuum and the valence electrons.
Ishihara, Mizuno, and Watanabe [37] have calculated the
ratio of the conjugate skakeup cross section to the 1s
photoionization one versus the energy of the ejected pho-
toelectron. This calculation predicts a ratio that in-
creases from 0.05% at about 800 eV above threshold, in
agreement with XPS observations, to 5%%u~ between 5 and
10 eV above threshold and then decreases to about 4.5%%uo

at threshold. In our spectrum the relative intensity of the
conjugate shakeup to the 1s main line is ~0.5+0.2%.
This finding is consistent with the observation by Kobrin
et al. [11], who did not observe any conjugate shakeup
peaks at 7 eV above threshold and concluded that such a
peak must have had a relative intensity less than 0.9%%uo,

and indicates that MBPT is overestimating the ratio
when approaching its threshold.

The increased density of states that is predicted above
39 eV may lead to an explanation of the rising continuum
yield in this region in terms of an envelope of unresolved
states. Moreover the 2p-3d, 5d P, D and I' and
2p-4s I' states might be responsible for the features locat-
ed near the 2P-SP, 6p(L) satellites. A deconvolution of
the spectrum into individual lines to extract the intensity
of each satellite relative to the 1s main line is unrealistic.
However, to obtain an estimate of the intensity of the first
members of the lower and upper series we have fitted a
series of Gaussian functions of fixed FWHM, superim-
posed to a third degree polynomial, to represent the
closely spaced unresolved features, to the experimental
spectrum over the region 34—43 eV. The energy posi-
tions and the intensities of the 2P-3p and 4P (L) and
2p-3p( U) satellites are reported in Table III. Intensities
lower than in the XPS spectrum [14] have been observed
for all the features. A decrease of the relative intensity of
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TABLE III. Ne+ 2p-np satellite
is relative to the Ne 1s ' main line.

Present work
Relative

Transition Energy Intensity

energies and intensities. The energy

XPS (Ref. [14])
Relative

Energy Intensity

Ref. [11j
Relative
Intensity

2p-3p (L)
2p-4p (L)

37.22
42.31

2.3(1)
0.9(1)

37.3
42.3

3.27(6)
1.9{2)

2.5(2)

40.96 2.7( 1 ) 40.7 3.15 3.0(2)2p-3p {U)

'In Ref. [11] this is the suni of the intensities of the 2p-4p(L) and
2p-3p ( U) states.

tellite photoelectron spectra at their respective thresh-
olds. The present results enabled us to determine a value
of the 1s —+3p linewidth which is more consistent with
the observation of the 1s hole state linewidth and with
the observations in the other rare gases than previous
determinations. Features attributed to inner-sheH doubly
excited and conjugate shakeup states have been discerned
in the lsd nh satellite spectrum. The relative intensity
of the ls-3s conjugate shakeup to the ls main line shows
that MBPT is largely overestimating this ratio close to
threshold.

the shakeup satellites was also observed in the measure-
ments of Kobrin et al. [11]and it is consistent with the
findings of several threshold experiments on the inner
valence shell of all the rare gases [2,3,41].

In summary, we have observed the Ne 15 and 1snI sa-
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