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Abstract. We report new high resolution photoabsorption measurements of the 5d-subshell excitation spec-
tra of mercury using a 3-meter normal incidence spectrograph equipped with a 6000 line/mm holographic
grating and synchrotron radiation emitted by the Bonn 2.5 GeV electron accelerator as the background
source of continuum. The observed spectra reveal autoionizing resonances attached to the 5d°(*Ds /2)632
and 5d”(*Ds,5)6s? parent ion levels of mercury. We have analysed the line shapes of the lower members
of the 5d°6s°np and nf J = 1 autoionizing resonances using the phase shifted formulation of the MQDT

and extracted the interaction parameters.

PACS. 32.70.Jz Line shapes, widths, and shifts — 32.80.-t Photon interactions with atoms — 32.80.Dz
Autoionization — 32.80.Fb Photoionization of atoms and ions

1 Introduction

The absorption spectrum of mercury above the first ion-
ization threshold is dominated by the autoionizing res-
onances due to Hd-subshell excitation. Adjacent to the
ionization limit, there exist the leading members of the
series attached to the 5d3/5 ionic level designated as 5d6p
3P, and 3D; respectively whereas the leading member
of the 5ds5/5 6p P, series lies below the first ionization
limit and perturbs the principal and inter-combination
6snp Py and 3P, series. The spectrum of mercury in
the autoionization region has been extensively studied
using the photoabsorption technique (Beuttler [1], Marr
and Auston [2], Garton and Connerade [3], and Cairns
et al. [4], Mansfield [5], Baig [6]). The relative and total
photoionization cross sections in the autoionization region
was obtained by Brehm [7], Brehm and Hofler [8] and
Berkowitz and Lifshitz [9,10]. Dehmer and Berkowitz [11]
obtained the partial cross sections for the 6s 281/2,
5d 2D5/2 and 2D3/2 ionic states using the branching ratios
together with the normalized total photoionization cross
section of Cairns et al. [4], while the partial relative cross
section for the individual 6s 2S5, 5d *Ds/5 and ?Dy)s
states have been measured by Miiller et al. (12].

Martin et al. [13] applied the Slater-Condon theory
with configuration interaction to calculate the positions
of the energy levels in mercury. Forrest et al. [14] studied
the autoionizing states of mercury by electron impact ex-
citation and proposed numerous new assignments to the
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levels of 5d°6s%ns, 5d°6526d, 5d'°6p? and 5d?6527s config-
urations, based on both theoretical calculations and quan-
tum defect series analysis. The measurement of the spin
polarization of photoelectrons in the autoionization region
using circularly polarized synchrotron radiation and us-
ing un-polarized light from rare gas discharge lamps were
reported by Schéfers et al. [15]. The experimental data
on the photoabsorption cross section and angle resolved
photo-electron spin polarization for mercury have been
presented by Schonhense et al. [16]. Miiller et al. [12] con-
ducted the spin-polarization measurement in the autoion-
ization region and investigated the angle-resolved photo-
electrons between the 5d°6s* 2Dj /o and 2Dj5 thresholds.
Bartschat and Scott [17] theoretically calculated the to-
tal cross section of mercury in the energy range 10.43 eV
to 14.0 eV and also reported the asymmetry parame-
ter (B) for the angular distribution of photoelectrons.
Ding et al. [18] employed the two-colour laser spectro-
scopic technique to excite the inner valence shell spec-
trum of mercury and observed the multiplet splitting for
the 5d°nf states. Schiifers et al. [19] reported a multichan-
nel quantum-defect analysis of the experimental data on
the spin-polarization for 6s dipole transition amplitudes
and phase shift differences for photoionization of 5d and
65 shells. Recently, Toffoli et al. [20] applied the relativis-
tic time dependent density-functional theory to the pho-
toionization of mercury and calculated the partial cross
sections and asymmetry parameter profiles for the 6s, 5d,
5p and 4f sub-shells and compared with the earlier rela-
tivistic random phase approximation (RPA) calculations.
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More recently, the measurements of the angular distribu-
tion for the photoionization of mercury into the 5d° 2Dy /2
ionic states has been reported by Zubek et al. [21].

The present work is in continuation of our previous
studies on the high resolution d-subshell excitation spectra
of group II elements (Sommer et al. [22], Baig et al. [23]).
In this contribution we present new high resolution pho-
toabsorption data of neutral mercury in the 5d-subshell
excitation region. As a result of higher dispersion and res-
olution, the line shapes of the autoionizing resonances ly-
ing above the 65y /5 ionisation threshold and between the
5ds/2 and 5d3/5 ionic limits have been investigated. We
have used the phase shifted formalism of the multichannel
quantum defect theory (Cooke and Cromer [24]) to param-
eterise the resonance profiles to extract the inter-channel
interaction parameters.

2 Experimental details

The spectra were photographed in the first order of a three
meter off plane Eagle mounting spectrograph equipped
with a 6000 line/mm holographic grating and the syn-
chrotron radiation emitted by the 2.5 GeV electron ac-
celerator at the Bonn University, Germany served as the
background source of continuum. The path length of
the absorption column was about 150 ¢m and the fur-
nace was heated to about 350 to 375 K that correspond
to the mercury vapour pressure about 0.3 to 0.8 Torr.
The spectra were recorded on the short wavelength range
(SWR) plates (Kodak, UK) at a reciprocal dispersion of
0.0523 nm/mm with 15 pm slit. The resolution of the spec-
trograph is = 0.05 cm~!. The spectra recorded on the pho-
tographic plates were digitized with a computer-controlled
micro-densitometer. The transmission of the photographic
plates was measured in steps of 5 um using a slit width
of 10 pm at the photo-multiplier. The spectra were cali-
brated in wavelengths using the sharp absorption lines of
the hydrogen (Baig and Connerade [25]) and inert gases
lying in this region.

3 Results and discussions

The ground state electronic configuration of mercury is
5d'%6s% and removal of a 5d-subshell electron produces
two ionic states namely 5d”6s> 2D5/2 and 2D3/2 which lie
at 119698.15 cm ! and 134 736.15 cm ! above the ground
state respectively. In the present synchrotron radiation
based experiments, the photo-absorption spectra in the
5d-subshell excitation region from the ground state reveals
six J = 1 Rydberg series culminating on two limits:

np(3/2)y
nf1/2]1,nf[3/2h
np[1/2]1, np[3/21
nf(3/2]x.

One np and two nf series are attached to the 5ds/s
limit whereas two np and one nf series are built on the

652'Sg — 5d°(*Dj 2 )6s>

682180 — 5d9 (2D3/2)652
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Fig. 1. A schematic diagram showing the pertinent levels and
the interaction parameters in terms of MQDT representation.
The R;; are the interaction parameters, D; are the dipole mo-
ments connecting the lower state with the upper states and the
corresponding open channels in which the quasi discrete levels
can decay.

5d3/2 limit. The excited levels are represented using the
jeK-couping scheme (Racah [26], Cowan [27]). In this
scheme the orbital angular momentum of the core elec-
trons j. = 5/2, 3/2 are weakly coupled with the orbital
angular momentum /5 of the excited electron revealing K-
quantum number. K is then weakly coupled with the spin
quantum number so of the excited electron giving the re-
sultant J-quantum number. The levels are designated as
nl[K];. The leading member of the 5ds,26s°np[3/2]; se-
ries with n = 6 lies below the first ionization threshold
and consequently perturbs the 6snp[1/2]; (*Py in LS des-
ignation) and 6snp[3/2]; ('P; in LS designation) series.
These perturbations occur around n = 9 that have been
analyzed using the three-channel quantum defect theory
in our earlier paper (Baig et al. [28]).

All the other levels attached to the 5d-innershell exci-
tation lie above the first ionization limit therefore they can
decay into the 65(281/2)5J = 1 continuum. Whereas for
the levels that lie in between the 5d5 /5 and 5d3 /5 limits, in
addition to the 63(281/2)519 continuum the 5ds/oelJ = 1
continuum channels also become available for autoioniza-
tion. In order to determine the inter-channel interactions
between the continuum channels and the series attached
to the 5d limits we present here the treatment of the phase
shifted formulation of MQDT (Cooke and Cromer [24]).
A schematic diagram of the pertinent levels and the avail-
able continua responsible for autoionizing are presented in
Figure 1. The interaction parameters R;; and dipole mo-
ments connecting the upper and the lower states D; and
the available continua ¢ ¢ for each quasi discrete level are
also shown.

First we consider the autoionizing levels attached to
the 5ds5/, limit. The 65(281/2)519 channel is assigned as
a generalized continuum channel, the 5ds/onf Rydberg
sates mainly decay into this continuum. In Figure 2 we
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Fig. 2. (Color online) A densitometric trace of the 5ds/28p
[3/2]1, 5f[1/2]1 and 5f[3/2]: autoionizing resonances of mer-
cury in the energy region 112000 cm™' (13.886 eV) —
112900 ecm™'(13.998 eV). The solid line is the four channel
MQDT simulation.

present a densitometric trace of the absorption spec-
tra in the 112000-112900 cm~! region showing the
autoionizing resonances attached to the 5ds,, thresh-
old. These resonances are assigned as 5ds,28p[3/2]1 and
5d5/25f[1/2]1 and 5ds5,25f[3/2]1 respectively in order of
increasing energy. The f-resonances are the leading mem-
bers of these series thus enabling an unambiguous level as-
signment. The 5d5/58p[3/2]1 is the broadest line whereas
the 5ds5/25f[1/2]1 line remains relatively sharp. The line
shapes are also asymmetric. In the MQDT formalism by
Cooke and Cromer [24], the asymmetric line-shapes are a
reflection of different dipole moments to the bound and
continuum channels and the different phase-shifts of these
channels relative to the ground state. The next step is to
extract the quantum defects and the interaction param-
eters which are primarily responsible for the resonance
widths. We have used a four-channel QDT formalism as
described by Cooke and Cromer [24], Gallagher [29] and
Baig and Bhatti [30]. The four channels comprise of a
generalized continuum as channel-1, np[3/2]; channel-2,
nf[1/2]; channel-3 and nf[3/2]; channel-4. Further it is
considered that the interactions among the bound chan-
nels are negligible. The four channel quantum defect the-
ory matrix is written as:

tanm(p1 + 01) Ri2 Ri3 Rig
< Ri2 tan 7T‘(,U.2 + 52) 0 0 ) o 0
Rq3 0 tanﬂ'(/.l,g + 63) 0 -
R4 0 0 tan7r(p,4 + 64)

1)
Here 6;; are the eigen quantum defects and R;; are the in-
terchannel interaction parameters. A generalised expres-
sion to represent the photoionization cross section with
one open and (n —1) bound channels has been derived by
Baig and Bhatti [30] as:

2

n
> CE D;
1

c=K

. 2 (2)
0121 + ‘Z 0121' Ry;
2
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Here C; are the co-factors of the first row of the MQDT
matrix and D; are the transition dipole moments between
the initial state and the ith channel. The summation in
the numerator is over all the n-channels involved, while in
the denominator the summation is only over the (n — 1)
bound channels. A comparison between the experimen-
tally observed spectra and the simulated spectra using the
following MQDT parameters is shown in Figure 2.

Dy =-30 Dy=6.0 D3 =1.2 D, =20
02 = 0.159 63 =0.039 64 =0.033
Ri2 =023 Ri3=0.05 R4 =0.08.

From these extracted MQDT parameters the widths of
the autoionizing resonances have been determined using
the expression:

B 4Ry R2;
I'(cm 1) = 771_53 L (3)
)

Here vy is the effective quantum number with respect
to the 5ds/p ionization limit and Rpg is the mass cor-
rected Rydberg constant for mercury 109 737.315 cm™!.
The MQDT parameters show that the interaction be-
tween the continuum channel and the np[3/2]; chan-
nel is nearly five times larger than that of the nf[1/2];
channel and about three times larger than the interac-
tion between the continuum and the nf[3/2]; channel.
The resonance widths of 8p[3/2]; and 5f[1/2]; are de-
termined as 130 (10) cm™! and 5 (1) ecm ™! respectively
whereas, the width of the 5f[3/2]; resonance is 14 (2)
em~!. The reduced widths (I}, = I'v3) for these reso-
nances are calculated as 7390 (100) cm ™1, 350 (10) cm~?
and 875 (10) ecm ™! respectively.

The corresponding levels attached to the 5d3/o limit
are, 5ds,98p[1/2]1, 5d3/28p[3/2]1 and 5ds3/25f[3/2]1. This
part of the spectrum is reproduced in Figure 3 covering
the spectral region 126 500-128000 cm~!. The spectrum
can also be represented as a four-channel case as described
above. One additional assumption has been made that
the generalised continuum contains contribution from the
5ds o el and 6sq/5 el open channels. We define the gen-
eralized continuum as channel-1, 8p[1/2]; as channel-2,
8p[3/2]1 as channel-3 and 5f[3/2]; as channel-4. The ex-
perimentally recorded spectra and the simulated spectra
using the four-channel QDT formalism are reproduced
in Figure 3 showing excellent agreement. The follow-
ing MQDT parameters have been used to simulate the
spectra.

Dy =-55 Dy=46 Ds;=1.7 D,=16
02 =0.241 03 =0.171 04 = 0.029
Ri2=0.16 R;3=0.085 R4 =0.06.

The widths of the 5d3/, 8p[1/2]1 and 5d3/, 8p[3/2]1 res-
onances are determined as 67 (5) cm~! and 16 (2) cm™?
respectively whereas, that of the 5dg/o5f [3/2]; reso-
nance as 6 (1) cm~!. The reduced widths of these au-
toionizing resonances are calculated as 3580 (100) cm ™1,

895 (10) ecm~tand 390 (10) cm™! respectively. It is
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Fig. 3. (Color online) A densitometric trace of the 5d3/28p
[1/2]1, [3/2]1 and 5f[3/2]1 autoionizing resonances of mercury
in the energy region 126 500 cm ™" (15.684 ¢V) — 128 200 cm™*
(15.894 eV). The solid line is the four channel MQDT
simulation.

interesting to note that the width of the 5d3 /5 8p[1/2]; res-
onance is nearly four times larger than the 5ds3/, 8p[3/2]:
line that means the autoionization rate is much faster in
the case of the 5d3/onp[1/2]; channels.

The lowest member of the p-series built on the 5d3/,
limit observable in the present work (n = 7) lies adja-
cent to the 5ds/o limit is shown in Figure 4 covering the
energy region from 119000 cm™'to 121500 cm ™. In this
energy region, in addition to the strongly autoionizing res-
onances assigned as 5ds/27p[1/2]1 and 5d3/27p[3/2]1, the
higher members of the series converging to the 5ds /5 limit
are apparent. It is to remark that here the 5dsz,onf reso-
nances are absent as the leading member of this series be-
gins to appear at n = 5 which lies adjacent to the 5d3,,8p
[1/2] and [3/2] lines (see above). To simulate the observed
spectra, we have used a three-channel model of the quan-
tum defect theory where the co-factors are described as:

Ci1 = (263 — R33),

Ci2 = —(e3R12 — Ri3R23) and

Ci3 = —(e2R13 — R12Ra3). (4)
Here ¢; (i = 1,2,3) represents tan[n(v; + 0;)]. Since both
the autoionizing resonances are built on the same limit
and possess same J-values therefore they are considered as
non-interacting. Adjusting the parameter Ro3= 0 a simple

analytical expression for the photoionization cross section
is written as:

o leaes Dy — e3R12 Do — €2R13D3|2
(e263)% + |e2 B35 + 3 R3, |

The line profiles of these autoionizing resonances have
been simulated using the following MQDT parameters:

(5)

Di=-75 Dy=54  D3y=20
65 =0.278 83 = 0.204

R =020 R;3=0.10.
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Fig. 4. (Color online) A densitometric trace of the
5ds;2Tp[1/2]1 and 5ds,27p[3/2]1 autoionizing resonances of
mercury in the energy region 119000 cm ™' (14.754 eV) —
121500 cm™*(15.064 ¢V). The solid line is the three channel
MQDT simulation.

A comparison of the experimentally observed spectra and
that of the simulated spectra shown in Figure 4 are
in excellent agreement. The widths of the 5ds3/27p[1/2]:
and 5d3/57p[3/2]1 resonances have been determined as
285 (10) em~! and 65 (5) em ™! respectively.

Having simulated the observed autoionizing resonances
attached to the 5ds/o and 5d3/o limits, as shown in Fig-
ures 2 and 3, we are tempted to compare the interac-
tion strengths of the 5ds5,58p[3/2]1 and 5d5,55f[3/2]1 lev-
els and that of the 5d3/28p[3/2]1 and 5d3,55f([3/2]1 levels
with their respective continuum channels. The interaction
parameters (R;;) for the 5ds/,8p[3/2]1 level is 0.23 and
that of the 5d3/28p[3/2]1 level is 0.085, nearly 63% small.
Whereas, the interaction parameters for the 5ds /25 f [3/2]1
and the 5d3 /95 f[3/2]1 levels are 0.08 and 0.06 respectively,
about 25% small. The observed width of the 5d5,28p[3/2]1
line is nearly eight times larger than the corresponding
5d3,98p[3/2]1 line which shows that the autoionization of
the 5d5,98p[3/2]1 level into the continuum is much faster
than the 5ds3,,8p[3/2]; level. It is to be remarked that the
available continuum for the 5ds/98p[3/2]1 level decay is
6sep whereas for the 5ds/58p[3/ 2{1 level the available con-
tinua are 6sep and 5ds/5 ep. In is evident that that the
additional continuum available to the 5ds,,8p[3/2]; line
doesn’t enhance its autoionization rate.

The MQDT parameters extracted from the interac-
tions in the discrete region can also be correlated to that
extracted from the line shape analysis of the autoioniz-
ing resonances. In our previous paper (Baig et al. [28]) we
studied the perturbations among the 6snp[1/2]1, np[3/2]1
and 5ds/26p[3/2]; series and determined the interaction
parameters Rijo = 0.182 and Ry3 = 0.05. However, from
the analysis of the interactions between the continuum
channel and the 5d5,58p[3/2];1 autoionizing level the in-
teraction parameter is determined as 0.23. Since above
the threshold the 6sep [1/2] and [3/2] J = 1 channels are
open therefore the predicted width parameter from the

series perturbation analysis will be \/R%, + R?,, which
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Table 1. MQDT parameters for the 5ds,2 3,2 8p and 5f autoionizing resonances in mercury.

Assignments Ryj 0 v Energy (cm™ ') I (em™ ') °T (em™ 1)
5d5,8p[3/21 023 0.159 3.841 112260 130(10) __ 7390(100)
5dss 5f[1/2 005 0039  3.961 112704 5(1) 350(10)
5dss 5£[3/21  0.08 0033 3.967 112727 14(2) 875(10)
5dsn Sp[1/2]1 0161 0.241  3.758 126974 67(5) 3580(100)
5dss Sp[3/21  0.085 0171 3.829 127256 16(2) 895(10)
5dsss 5£[3/21  0.06  0.029 3.971 127782 6(1) 390(10)

Table 2. MQDT parameters for the ds/onp[3/2]1 and [1/2]1 (n =7,8,9) autoionizing resonances.

Parameter  7p[3/2]1  8p[3/2]1  9Ip[3/2]1 Tp(1/2]1 8p[1/2]1  9p|1/2]x
Ryj 0.10 0.085 0.085 0.20 0.161 0.151
i 0.204 0.171 0.156 0.278 0.241 0.224

Table 3. Comparison of the Fano-parameters with the theoretical calculations.

E.(cm™) I (em™h) q
Resonances
Present RTDDFT  Present RTDDFT Present RTDDFT

5ds/anp, nf work work work
- [1/2]1 119940 122088.1 280 (10) 84.3 5 6.305

[3/2]1 120715 122943.0 65 (5) 20.2 5 5.567
8p [1/2]x 126970 127782.3 67 (5) 25.7 5 5.548

[3/21 127253 128113.0 16 (2) 5.9 2.5 5.606
5f [3/2]1 127776.5  129048.6 6 (1) 0.03 5 144.216

RTDDFT: Relativistic time-dependent density-functional-theory, Toffoli et al. (2002) [20].

turns out to be 0.192 and the reduced width for the
5ds/onp[3/2]1 resonances is predicted as 5150 (20) cm ™.
The reduced widths from the line shape analysis of
the 5d5/98p[3/2]1 autoionizing resonance is found to be
7390 (100) cm ™!, which is nearly 40% higher than the pre-
dicted width from the analysis in the discrete region. This
difference may be attributed to the energy dependence of
the MQDT parameters which have been noticed from the
line shape analysis of the higher members of these series.
We collect the relevant data of these resonances in Table 1.
The first column represents the level assignments and the
other columns represent interaction parameters, quantum
defects, effective quantum numbers, resonance energies,
resonance widths and the reduced widths respectively.

Next we consider the change in the interaction pa-
rameters as a function of the principal quantum number.
These parameters for the np[3/2]; and np[1/2]; resonances
(7 < n <9) attached to the 5d3/ ionic level are listed in
Table 2. The interaction parameters R;; for np[3/2]; and
np[1/2]; decrease with increasing the principal quantum
number. The interaction parameters and quantum defect
values approach asymptotic values at higher n-values.

In a recent paper Toffoli et al. [20] reported the theo-
retical values of the Fano parameters of the leading mem-
bers of the 5d”np autoionizing states in mercury and the
parameters were compared with the experimental values,
where available. Since in the present high resolution study
we have also extracted the Fano parameters from the line
fitting procedure, we present a comparison between the
experimental and the theoretical values in Table 3. Inter-

estingly, the theoretical calculations predict the resonance
energies about 2000 cm ™! and 800 cm ™! higher than the
experimental energies for n = 7 and 8 respectively and the
widths are predicted nearly 70% smaller than the experi-
mentally observed values. However, the g-parameters are
reasonably in agreement except for the 5f-state which is
predicted to be Lorentzian whereas our experimental data
show clearly asymmetric line shape (see Fig. 2). More re-
cently, Zubek et al. [21] have measured the angular distri-
bution for the photoionization of mercury in to the 5ds /o
ionic state over the energy range from 15 eV to 17 eV
at a resolution of 3 meV resolution. The line shape of the
dominating np[1/2]; autoionizing resonance is asymmetric
with a clear minima in the cross section. The correspond-
ing data observed in the present work is in good agreement
to that of Zubek et al. [21] and Bartschat and Scott [17].
All the three auoionizing resonances show evidently asym-
metric line shapes that reflect the superiority of the high
resolution studies to unveil the true line shapes.

Having determined the MQDT parameters from the
lower members of the series, it is tempting to simulate
the entire Rydberg series of the autoionizing resonances
between the 5ds/ and 5d3/o limits. The higher mem-
bers (10 < n < limit) of the series are reproduced
in Figure 5, showing the 5ds/onp[1/2]1, np[3/2]1 and
nf[3/2]1 Rydberg series covering the energy region be-
tween 131 000-135000 cm~!. The spectrum has been sim-
ulated using the MQDT parameters as derived from the
lower members of these series. The simulated spectrum is
intentionally displaced from the observed spectrum for a
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Fig. 5. (Color online) Experimentally observed and the sim-
ulated 5ds,o np[1/2]1, [3/2]1 and nf[3/2]; autoionizing reso-
nances in mercury covering the energy region 131000 cm™*
(16.242 eV) — 135000 cm ™" (16.738 eV). The parameters used
in the simulation are the same as determined from the lower
members of the series listed in the text.

meaningful comparison. The excellent agreement between
the two spectra demonstrates the supremacy of the phase
shifted formalism of the multi-channel quantum defect
theory Cooke and Cromer [24] that with only a couple of
parameters, one can generate the entire Rydberg series.

In conclusion, we have presented new high resolution
data on the autoionizing resonances attached to the 5d-
innershell excitation in mercury. We have presented the
MQDT analysis by simulating the observed line profiles
and also correlated the MQDT parameters determined be-
low and above the first ionization threshold of mercury. It
will be interesting to extend these studies using multi-step
laser excitations for the even and odd parity autoionizing
states and to determine the absolute value of the pho-
toionization cross section at and above the first ionization
threshold.
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