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Superexcited states of H,S have been investigated with determining the cross sections for emission of
dispersed and nondispersed atomic fluorescence against the incident photon energy in the range 11-40 eV to
address the ionization and excitation of the valence electrons. This method enables us to extract the discrete
electronic state from the superposition with continuous electronic states. The cross sections for H(2 p) formation
have been put on an absolute scale. Ten superexcited states have been found, two in the range 13-15 eV are
singly excited 2b; ' (mo) states with a single configuration and the other eight states in the range 16-25 eV are
doubly excited states with multiple configurations. State-resolved dipole oscillator strengths for H(2 p) formation
in the photoexcitation of H,S have been determined. Similar experiments have been performed for H,O. The
state-resolved dipole oscillator strengths for H(2 p) formation in the photoexcitation of H,S are ~10~3, whereas
those in the photoexcitation of H,O range from ~10~3 to ~1072. It is found that major fragment atoms are
H(2p) atoms in the photoexcitation of H,O and S* in the photoexcitation of H,S. The superexcited states of H,O
and H,S are compared based on the similarity and difference of the electronic structures. It turns out from the
comparison that (i) the smaller values of the dipole oscillator strengths for H(2 p) formation in the photoexcitation
of H,S are related to the change of the major fragment atoms and (ii) the energy splitting of the doubly excited
“4a1_] (mo’)” states of H,S is enhanced in comparison with that of the doubly excited “2al_1 (mo')” states of H,O.
This enhancement is caused by the stronger electron correlation in H,S than in H,O. The similarity in shape is
indicated between the inner valence band and inner shell band in the fluorescence cross sections against the

incident photon energy for H,S and H,O.
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I. INTRODUCTION

Atomic and molecular doubly excited states, superexcited
states of the first kind [1,2], are embedded in the ionization
continuum in contrast to excited electronic states below the
ionization energy. Because of the superposition of discrete
and continuous electronic states, the doubly excited states of
molecules are not written as the Born-Oppenheimer products
[3,4] and under the local approximation [3,4] the molecular
doubly excited states are described with the complex po-
tential energies, of which the imaginary part expresses the
autoionization rate. The double photoexcitation dynamics of
molecules have thus been attractive subjects of research [4—
13]. One of the means to observe doubly excited molecules
is determining cross sections for the emission of fluorescence
from neutral fragments as functions of excitation energy [7—
11,14-30] since the detection of such fluorescence photons, in
contrast to the detection of charged species, extracts the dis-
crete electronic state from the superposition with continuous
electronic states. Ionization cross section curves show Fano
profiles [31] due to the interference between the discrete elec-
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tronic state and the continuous electronic state on top of the
contribution of the uncoupled continuous states and it is hence
difficult to extract the contribution of the discrete electronic
state alone. The fluorescence cross section curves, however,
do not include such interference pattern and the contribution
of the discrete electronic state is naturally extracted.

The cross sections for the emission of Lyman fluo-
rescences, H(n > 2 — n’ = 1), and Balmer fluorescences,
H(n > 3 — n’ = 2), were measured in the photoexcitation of
the second row hydrides, CHy [15,18], NH3 [16,19], and H,O
[17,20,21] as functions of incident photon energy in the range
of the excitation and ionization of outer and inner valence
electrons, which is simply referred to as the outer and inner
valence range. The outer valence bands show simple features
due to the singly excited states with a single configuration,
whereas the inner valence bands show complex and broader
features comprising a number of peaks due to doubly excited
states with multiple configurations. It turned out from the
aforementioned investigations on CHy [15,18], NH;3 [16,19],
and H,0O [17,20,21] that the precursor doubly excited states
dissociating into excited hydrogen atoms in the inner valence
range are not so amenable to the independent electron model
as the precursor superexcited states in the outer valence range.
In other words, the electron correlation for the superexcited
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FIG. 1. Densities of the dipole oscillator strengths for the pho-
toabsorption of H,O [33] and H,S [34]. Both spectra were recorded
with ~50 meV resolution of the incident photon energy. The vertical
bars with hatches show the vertical ionization potentials of H,O
[35] and H,S [36]. The similarity and difference of the electronic
structures are seen.

states in the inner valence range is stronger than the electron
correlation for those in the outer valence range.

In the present experiment, the superexcited states of the
third row hydride H,S, upon absorption of a single photon,
are investigated in the outer and inner valence range. Cross
sections for the emission of the Lyman-o fluorescence are
determined against the incident photon energy in the range
from 11 to 40 eV. The results are compared with the same
fluorescence cross sections of H,O [20] because of the fol-
lowing reasons. Both H,S and H,O molecules in their ground
electronic states have C,, symmetry and those molecules have
eight valence electrons (see the beginning of Sec. IV as well).
The electronic structures of them are hence similar, but the
electronic structure of H,S is contracted in comparison with
that of H,O in terms of energy, which is mainly because the
valence orbitals in H,O are dominated by the O 25, O 2p, and
H 1s orbitals while those in H,S are dominated by the S 3s, S
3p, and H 1s orbitals [32]. The similarity and difference be-
tween the electronic structures of HO and H,S, in particular
the contraction of the electronic structure, are well illustrated
in Fig. 1, where the densities of the dipole oscillator strengths
for the photoabsorption of H,O and H, S are shown against the
incident photon energies in the outer and inner valence range
[33,34]. The energy gap between the highest outer valence
ionized state and inner valence ionized state, i.e., the energy
gap between the 1b;'/2b," state and 2a;'/4a;" state in
H,0O/H,S, respectively, gets remarkably narrower with going

from H,O to H,S: 14.0 eV for H,O and 6.5 eV for H,S as
calculated from their vertical ionization potentials (see the
beginning of Sec. IV). It is hence expected that the denser
population of the superexcited states in H,S is responsible for
the increased electron correlation in the superexcited states of
H;S in the inner valence range, which is mentioned in detail
in the beginning of Sec. IV. The comparison between H,S and
H;, O in the present study consequently reveals the influence of
the increased electron correlation on molecular superexcited
states.

II. EXPERIMENTAL METHODS

In the present experiment we measure the absolute values
of cross sections for Lyman-« fluorescence emission in the
photoexcitation of H,S as a function of the incident photon
energy in the range 11-40 eV. We carry out the same mea-
surements for H,O because only the relative cross sections
for Lyman-« fluorescence emission were previously measured
[20]. In the previous experiment on H,O the fluorescence
photons were detected along the unit polarization vector of
the linearly polarized incident light. The angle dependence
of the magnitude of the fluorescence emission influences
unknowingly the experimental cross sections [37]. For abso-
lute scale measurements of the fluorescence cross sections,
photons should be detected at the magic angle as in the
present experiment. We use two ways to separate the Lyman-
o fluorescence from other fluorescences: the dispersive de-
tection with a grating [21,38] and nondispersive detection
with spectral filters [18-20]. The nondispersive detection has
the advantage that the detection efficiency is much higher
than by the dispersive one, but has the disadvantage that the
wavelength resolution is much poorer. For H,S, as mentioned
later, the Lyman-o¢ fluorescence is not dominant (see the
dispersed fluorescence spectra in Fig. 2 in Sec. III) in contrast
to H,O. Thus we have skillfully combined the dispersive and
nondispersive detections to determine the cross sections for
Lyman-« fluorescence emission with a small contamination
of other fluorescences and small statistical uncertainty. In the
next subsections the experimental details of the dispersive
detection is described, followed by those of the nondispersive
detection.

A. Dispersed fluorescence experiments of H,S

The experiments were performed at the 10 m NIM beam-
line of undulator U125-2 of the Helmholtz-Zentrum Berlin
(HZB), i.e., BESSY II [39]. The fluorescence spectra in the
photoexcitation of H,S were measured with an established
setup for photon-induced fluorescence spectrometry (PIFS)
[21,28,29,38] using a commercial McPherson 1 m normal-
incidence spectrometer, which is equipped with a gold-coated
1200 lines/mm grating. The experimental apparatus and pro-
cedure for recording the fluorescence spectra is hence de-
scribed in brief.

The linearly polarized light was introduced into a gas cell
fitted to the 1 m normal-incidence spectrometer. We used
the H,S gas sample diluted with He gas because of the
consideration for safety: the mole fraction of H,S is 0.075
and that of He is 0.925. No line of helium atoms is involved
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FIG. 2. Dispersed fluorescence spectra in the photoexcitation of
H,S. The energies of the incident photon are shown in the figure.
The vertical axis shows the count rate normalized for the total gas
pressure and incident photon flux and corrected for the spectral
sensitivity of the fluorescence spectrometer including the detector.
Each tick on the vertical axis shows a baseline of each spectrum.
The vertical scales at energies of 14-24 eV are the same, whereas
the vertical scales at energies of 25-35 eV are different from each
other and also different from those at energies of 14-24 eV. The
labels attached to the peaks are the same as those in Tables I-III
and Fig. 3. Line A is the Lyman-« fluorescence and lines C-M are
the S* fluorescence lines while only B is an S™ fluorescence line.
Most of the fluorescences detectable by the photon detectors used in
the nondispersed fluorescence experiments are included in the figure
as mentioned in Sec. II B 1.

in the present range of fluorescence, i.e., 120—185 nm, and
excited helium ions are not produced because the maximum
photon energy 24 eV is lower than the ionization potential
of He atoms (24.59 eV). The total gas pressure in the gas
cell was measured with a capacitance manometer and kept
within the range so that the fluorescence photon signals are
proportional to the total gas pressure, which shows that the
quenching of the excited fragment atoms by He atoms or H,S
molecules is ignored. In fact, the total pressure of H,S was
approximately 146 Pa, and the partial pressure of H,S was
thus approximately 11 Pa. The energy of the incident photon
was scanned in the range between 12 and 24 eV in 0.5 eV
steps. The energy width was 44 meV at 18 eV incident photon
energy. The flux of the incident photons was measured with

measuring the photocurrent of the last refocusing mirror. The
fluorescence emitted perpendicular to the unit polarization
vector of the linearly polarized incident light was dispersed
by the 1 m normal-incidence spectrometer in the range of
the wavelength between 120 and 185 nm at a given incident
photon energy, and then the dispersed fluorescence photons
were detected with a position sensitive detector composed
of a CsTe photocathode, a stack of two microchannel plates
(MCPs), and a delay line anode. The count rate for each
channel of the position sensitive detector is normalized for the
total gas pressure of the sample and incident photon flux and
corrected for the sensitivity of the fluorescence spectrometer
and detector used in the experiments. The normalized and
sensitivity-corrected count rates plotted against the channels,
which correspond to the fluorescence wavelengths, give a flu-
orescence spectrum at a given energy of the incident photon.

B. Nondispersed fluorescence experiments of H,S and H,O

The experiments were performed at the bending beamline
BL-20A of the Photon Factory, KEK, equipped with a 3 m
normal-incidence monochromator [40]. The experimental ap-
paratus is almost the same as that used in our previous study
of H,O [20] and H, [9], and is hence described in brief.

Linearly polarized light was introduced into a gas cell filled
with sample gas, H,S, H,O, or H,. The H, gas was used to put
cross sections on an absolute scale. We used pure H, S gas, not
the H,S gas diluted with He. The pressure in the gas cell was
measured with a capacitance manometer and kept within the
range so that the fluorescence photon signals are proportional
to the sample gas pressure. In fact, the sample gas pressures
were approximately 0.5 Pa for H,S, 0.2 Pa for H,O, and 0.1 Pa
for H,. The energy of the incident photon was scanned in the
range between 11 and 40 eV with 50 meV steps for H,S, in the
range between 13 and 40 eV with 0.1 eV steps for H,O, and in
the range between 25 and 40 eV with 0.2 eV steps for H,. The
bandpass of the incident light was 0.14 nm: the energy width
of 100 meV at 30 eV incident photon energy and 50 meV
at 21 eV. The flux of the incident photons was measured at
the exit of the gas cell using an Au plate, of which sensitivity
was calibrated with a silicon photodiode mentioned later. Two
photon detectors for vacuum ultraviolet radiation are fitted to
the gas cell and are on the plane perpendicular to the incident
light beam. Those photon detectors make 54.7° and 234.7°
magic angles with respect to the unit polarization vector of
the incident light. Angle-integrated cross sections are thereby
measured regardless of the fluorescence angular anisotropy.
The count rates from the photon detectors were recorded with
scanning the incident photon energy.

1. Separation of Lyman-a fluorescence

Each photon detector consists of a 1-mm-thick MgF, win-
dow and an MCP. The MgF, window is used so that charged
particles and photons of which wavelength is shorter than
approximately 115 nm are not detected (the wavelength of
the Lyman-« fluorescence is 121.6 nm). Au-coated tungsten
meshes are put on both sides of the MgF, window to prevent
charging and a leak of the electric field from the MCP. There
still remains, however, a small possibility that the stray elec-
tric field quenches metastable H(2s) atoms through Lyman-«
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TABLE I. Detection efficiencies of the Csl-uncoated and coated
MCPs [44] for the strong lines in Fig. 2. The enhancement factors of
the MCP efficiency, the efficiency of the coated MCP/the efficiency
of the uncoated MCP, are also shown in square brackets.

Wavelength Uncoated Coated® Coated®
Label® (nm) MCP (%) MCP (%) MCP (%)
A 121.6 1.5 13[x9] 20[x13]
G,H 148 0.15 20[x130] 30[%200]
L] 168 0.02 7[x350] 10[x500]
LM 182 <0.01 4 6
200 <0.01 0.3 0.7

2The labels identify the peaks in Fig. 2 and the excitation spectra in
Fig. 3. Label A denotes the Lyman-« fluorescence.

®100-nm-thick coating.

¢350-nm-thick coating.

fluorescence emission because H(2s) and H(2p) atoms are
likely to be produced from the same precursor superexcited
states as shown in the photoexcitation of H, [12], CHy4 [41],
and NHj3 [41]. The contribution of fragment H(2s) atoms to
the Lyman-«a photon signal seems to be negligibly small in
the present experiment because, as seen in Fig. 4, the cross
section curve for H(2p) formation from H, obtained in the
present experiment (open green circles) is in agreement with
that independently reported by [42] (open blue triangles) in
terms of shape, and the comparable number of H(2s) atoms
are produced from Hj; in addition to H(2 p) atoms in this range
of the incident photon energy [12].

The photon detectors are operated simultaneously so as
to separate the Lyman-o fluorescence from the signals due
to other fluorescences in the photoexcitation of H,S: one
of the detectors incorporates an MCP coated with Csl and
the other incorporates an MCP without coating [43,44], and
the detection efficiencies of those MCPs are hence different.
The difference in the detection efficiencies of those two types
of MCPs play a major role in separating the Lyman-« fluores-
cence as mentioned in detail below.

In Table I the detection efficiencies of the MCPs with and
without CsI coating [44] are shown for the prominent lines in
the fluorescence spectra in the photoexcitation of H,S shown
in Fig. 2 (see Sec. III). It is clearly seen that the Csl-coated
MCP enhances the detection efficiency, in particular in the
range of the wavelength longer than 150 nm. The enhance-
ment factors of the MCP efficiency, the ratios of the efficiency
of the coated MCP to that of the uncoated MCP, are also
shown in square brackets in Table I. It turns out from Fig. 2
that even signals from the photon detector incorporating the
MCP without CsI coating are not dominated by the Lyman-«
fluorescence in the photoexcitation of H,S. However, taking
advantage of the large difference between the detection ef-
ficiency of the MCP with Csl coating and that of the MCP
without coating (see Table I), the Lyman-« fluorescence is
separated from the signals due to other fluorescences in the
longer wavelength range in the H,S experiments, lines G, H,
I,J, L, and M in Fig. 2. The range 115-120 nm is involved
in our filter range, i.e., the wavelength range longer than 115
nm, but is not involved in the dispersed fluorescence spectra
in the photoexcitation of H,S (see Fig. 2). Following Ref. [45]

no fluorescence lines were observed in the range 115-120 nm
in the fluorescence spectrum in 100 eV electron collision with
H,S, which is likely to be the case in the photoexcitation of
H;,S as well. In contrast to the photoexcitation of H,S, only
the Lyman-« fluorescence is detected in the photoexcitation
of H, and H,O as mentioned later.

The enhancement factor of the MCP efficiency for the
Lyman-« fluorescence (121.6 nm) was measured in the H,
experiment as a first step for the separation of the Lyman-«
fluorescence, and the result was 5.6, which is 60% of the
literature value for an MCP with 100-nm-thick CsI coating in
Table I. This decrease is probably because the efficiency of the
Csl-coated MCP is less stable than that of the uncoated MCP,
due to the deliquescence of Csl. The enhancement factors of
the MCP efficiency in the range of the longer wavelength may
have been lowered more. In the photoexcitation of H, in the
present range of the incident photon energy, i.e., 25-40 eV
as mentioned, doubly excited H, molecules are produced and
decay through autoionization and neutral dissociation. Only
the Lyman-o fluorescence was hence detected by the present
photon detector. The Lyman-g8 fluorescence at 102.5 nm
does not penetrate the 1-mm-thick MgF, window as well
as other Lyman fluorescence lines. Balmer fluorescences are
in the visible range. The ratio of the detection efficiency
of the photon detector incorporating the MCP with Csl
coating to the efficiency of that without Csl coating could
thus be measured experimentally for the Lyman-« fluores-
cence. The efficiency of the photon detector is the product
of the transmittance of the Au-coated tungsten meshes, the
transmittance of the MgF, window, the detection efficiency
of the MCP, and the fraction of the pulses that pass through
the discriminator in our counting system. The transmittance
of meshes and that of the MgF, window do not depend
on whether the MCP is coated or not, and the fraction of
pulses passing through the discriminator does not depend
significantly on whether coated or not if the high voltage
applied to the MCP and the threshold of the discriminator are
set properly. The measured ratio of the detection efficiencies
of the two photon detectors, 5.6, is approximately equal to the
enhancement factor of the MCP efficiency for the Lyman-«
fluorescence due to the CsI coating.

The count rate for the fluorescence o by the MCP with
Csl coating N (E) and that by the MCP without Csl coating
N¢, (E) at a given energy of the incident photon E is related
to the cross section for the emission of the fluorescence o
differential with respect to the solid angle of emitted photons
at the magic angle ¢, (E) as

. I'(E)G

N$(E)=n< 2 )n‘JJ(qu),

- I'(E)G\

NWO(E)=n( i )nwo(qa)(E), (1)

where (gq)(E) is the angle-differential cross section g, (E)
convoluted with the angular resolution, » is the number den-
sity of target molecules, I'(E) is the flux of the incident
photons, A is the cross-section area of the incident photon
beam, G is the geometric factor, and 19 and 5y, are the
detection efficiencies of the photon detectors incorporating
the MCPs with and without Csl coating, respectively, for the
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fluorescence «. The value of g, depends on the direction of
the emitted fluorescence photon « as well as E. The direction,
however, is fixed to the magic angle in the present experiment.
The angle-differential cross section g, is hence a function of
only E. The detection efficiencies 3 and g, are the products
of the transmittance of the metal meshes, the transmittance
of the 1-mm-thick MgF, window for the fluorescence «, the
detection efficiency of the MCP for the fluorescence o, and
the fraction of the pulses that pass through the discriminator.
The factors G and A are independent of E, since the posi-
tion and shape of the incident light beam does not change
significantly with scanning E. The MCPs with and without
Csl coating were operated simultaneously.

In the nondispersed fluorescence experiments, the ob-
served signal is the summation of NJ (E) and N7, (E) in
Eq. (1) over fluorescence «:

Nu(E)=Y NZ(E),
Nuo(E) =) N (E), 2)

where the fluorescence « runs in the fluorescence wavelength
range between 115 and 200 nm. The cutoff at 115 nm is
determined by the MgF, window and the cutoff at 200 nm
is determined by the MCP (see Table I). The variable « in
Eq. (2) starts with the Lyman-« fluorescence line because line
B, the S™ fluorescence as mentioned in Sec. IIT A, is much
weaker than the Lyman-a fluorescence (see Fig. 2) and no
fluorescence lines were observed in the range 115-120 nm in
100 eV electron collision with H,S [45], and then the variable
« further extends to the cutoff at 200 nm via prominent S*
fluorescence lines (G, H, 1, J, L, and M in Fig. 2). We hence
divide the summation in Eq. (2) into two terms, i.e., the
Lyman-« term and the term of other fluorescences at longer
wavelengths:

. I'(E)G
Nw<E)=n< &) ) niqu)(E)+ Y nlilag)(E) ¢,

A B
)
. I'(EDG
NuoE) =n( ki ) n (@) (E) + 3l (ap)(E)

B
“4)

In Egs. (3) and (4), ng/wo(qy)(E) is the Lyman-o term

and > 5 775) Jwoldp)(E) is the term of other fluorescence lines
at longer wavelengths. The index H denotes the Lyman-o
fluorescence.

The flux of the incident photons I’(E) is related to the
photocurrent of the Au plate i, (E) as

I'(E) = CK(E)iau(E), ®)

where C is a constant independent of E. The function K (E),
which is related to the sensitivity of the Au plate as a function
of the incident photon energy, is obtained with successive
measurements of photocurrents of the Au plate and the silicon
photodiode (model AXUV-100G, IRD Inc.). The sensitivity
of the latter was calibrated by NIST. Because the sensitivity

of the silicon photodiode decreased under irradiation of the
incident light and the sensitivity of the Au plate was stable,
the flux of the incident photons was measured using not the
silicon photodiode but the Au plate. The silicon photodiode
was used to calibrate the sensitivity of the Au plate.

The count rates N,, and Ny, recorded experimentally are
normalized for the target gas pressure P and flux of the
incident photons K (E)ia,(E) in Eq. (5):

N, (E)
Su(E) = —————
P[K (E)iau(E)]
=B {nlllqu)(E)+ Y _nilgp)(E){,  (6)
B
Nyo(E)
SwolE) = ———r—
P[K (E)iau(E)]

= B {nll(gn)(E)+Y_nlo(gp)E) . (D)
B

Here B is equal to [N4/(RT)][(CG)/A], where N4 is the
Avogadro’s number, R is the gas constant, T is the absolute
temperature of the sample gas, and B is hence a constant
independent of E and fluorescence «. The large difference
between 775 and 77\?,0 in Eqgs. (6) and (7) (see Table I) en-
ables us to separate the Lyman-o term Bnu’f (qu)(E) from
the term of other fluorescences in the longer wavelength
range B Z,s n? (qp)(E). The quantity Syo(E) is multiplied by
the factor £, which is defined as f7 = nf /nH | to obtain
Eq. (8):

Swo(E)fH = By ian)(E)+ 7 nl (gp)(E) ¢. (8)
B

As mentioned before the value of f# was measured in this
experiment to be ¥ = 5.6, and is approximately equal to the
enhancement factor of the MCP efficiency for the Lyman-«
fluorescence. We subtract Eq. (8) from Eq. (6) on both sides
to cancel the Lyman-« term in Eq. (6) and the result is

Su(E) — Swo(E)fH
=B Y (nl —nlof")lap)(E)
B

=B b (1= f1/f%) (gp)(E)
B

= Ba ) nf{gp)(E), ©)
B

where f# = n? /nl, is approximately equal to the enhance-
ment factor of the MCP efficiency for the fluorescence .
In obtaining Eq. (9), we use the fact that (1 — f#/f#) only
weakly depends on 8 and is close to unity since the value of
fH/fP is much smaller than unity as shown in Table I. The
factor of (1 — f¥/f#) is hence replaced by a B-independent

[T}

factor “a” slightly smaller than unity.
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The relative values of (ggy)(E) as a function of E are
obtained from Egs. (6) and (9),

1
Su(E) = —{Su(E) = Swo(E)fM}. (10)

The second term of the right-hand side of Eq. (10) equals
B Z,s nﬁ(q,g)(E ), the contribution of the S* fluorescences.
The value of a was determined experimentally such that the
value of (gqy)(E) becomes zero in the range of E below
14.09 eV, the lowest dissociation limit for the formation of
H(2p) atoms (see Table III in Sec. III), and the result was
a = 0.77. The obtained value of a is slightly smaller than
unity as expected. We note that (gy)(E) is approximated by
ouep)(E)/(4m), where onpp)(E) is the cross section for the
formation of H(2p) atoms, because of the magic angle and
the fact that all H(2p) atoms emit Lyman-« fluorescence. In
Sec. III B the present procedure for the separation is justified
by comparing the oy2,)(E) vs E curve obtained following
Eq. (10) in the photoexcitation of H,S with the excitation
spectrum of the Lyman-« fluorescence in Fig. 3 obtained with
the dispersed fluorescence experiments of H,S.

In the photoexcitation of H,O, we conclude that the photon
signal is dominated by the Lyman-« fluorescence because
of the following reason. Nakano ef al. [20] measured the
relative values of the cross sections for the emission of the
Lyman-o fluorescence in the photoexcitation of H,O as a
function of the incident photon energy in the range 14-60 eV.
They measured the cross section curve with the CsI-uncoated
MCP incorporating an MgF, window. After that Hans et al.
[21] measured the absolute values of the cross sections for the
emission of the Lyman-« fluorescence in the photoexcitation
of H,0 in the range 15-34 eV with the same setup as used in
the present dispersed fluorescence experiments. The two cross
section curves are in agreement with each other in terms of
shape [21]. We thus conclude that the Lyman-« fluorescence
is dominant in the photoexcitation experiment of H,O by
Nakano et al. [20]. In the photoexcitation experiments of H,O
in the range of the valence excitation, S,,(E) is hence related
toonly (gy)(E) as

Sw(E) = Byl {qu)(E). (11)

As mentioned in Egs. (6) and (7), B is a constant independent
of E and fluorescence «. Furthermore, B is independent of the
sample gas.

The relative values of (qy)(E) are obtained against the
incident photon energy E in the photoexcitation of H,S and
H,0 following Egs. (10) and (11), respectively. In the next
subsection we describe the method for determining the ab-
solute values of oy(2p)(E) in the photoexcitation of H,S and
H,O0.

B gu)(E) =

2. The method for determining the absolute cross sections
for the formation of H(2p) atoms

We need the value of Byl to experimentally determine the
values of (gy)(E) for H,S following Eq. (10) and those for
H,0 following Eq. (11). However, it is difficult to measure
the value of By’ . The reference measurement is hence carried
out for H, since Eq. (11) is valid in the double photoexcitation
experiments of H, as mentioned in the part of measuring the
enhancement factor of the MCP efficiency for the Lyman-o
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FIG. 3. Excitation spectra for the emission of the fluorescences
observed in Fig. 2 in the photoexcitation of H,S. They are the sum
of the normalized count rates over the range of each line in Fig. 2
plotted against the incident photon energy. The alphabetical labels
are the same as those in Fig. 2 and Tables I-III. The vertical bars
accompanied by the numerical labels show the dissociation limits
for the formation of each fluorescent atom in Table III (the numerical
labels are the same as those in Table III).

fluorescence and the absolute values of the cross sections for
the formation of H(2p) atoms were reported in the double
photoexcitation of H, [42].

The experiment for H,S [Eq. (10)] was accompanied by the
reference experiment for H, [Eq. (11)] and the experiment for
H,O [Eq. (11)] was also accompanied by the reference exper-
iment for H, [Eq. (11)]. The values of B and ng were consid-
ered unchanged during the successive measurements for H,S
(H,0) and Hy. Both By (¢H*S)(E) and By (i) (E) were
consequently put on the same relative scale of the vertical
axis, and Bn! (g HZO)(E) and Bnl! (qu)(E) were also put on
the same relative scale of the vertlcal axis. The notation of
(@) (E), (qi°)(E), and (gh’)(E) would be trivial. The
angle-differential cross section (gy)(E) multiplied by 47 is
equal to the angle-integrated cross section for the formation
of H(2p) atoms, oy(2p)(E), as mentioned before. Normalizing
the relative values of ogé »(E) to the absolute ones reported
by [42], which corresponds to the experimental determination
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TABLE II. Lines observed in the fluorescence spectra in the
photoexcitation of H,S in Fig. 2. The lines are assigned following the
results of the electron collision experiment on H,S [45]. The ground
electronic state of an S atom is 1522522 p®3s23p* 3 Py and that of an
S* jon is 1s72s?2p°3523p® 453, [46]. The electron configurations
of S atoms and S* ions are omitted when they are in the electronic
states resulting from the ground configurations. Strong lines in the
fluorescence spectra in the photoexcitation of H,S in Fig. 2 are
underlined.

Wavelength

Label® (nm) Transition

B 120.4 St(3s713p2D) — ST(*D?)
A 121.6 H(2p) — H(ls)
B 125.1 St(3s~13p4P) —> ST(*59)
B 125.4 St(3s13p*P) — ST(*59)
B 126.0 St(3s™'3p*P) — ST(*5%)
C 129.4 S@Bp~'453P°) — SCP)
C 130.2 S@p~'4s3P°) — SCP)
C 131.6 S@p~'4d3D%) — SCP)
C 1323 S@p~'4d*D%) — SCP)
D 138.2 S3s~'3p3P°) — SCP)
D 138.5 SBs~13p3P%) — SCP)
D 138.9 S3s~'3p3P°) — SCP)
D 139.3 S3s~'3p3P°) — SCP)
D 139.6 SBs~13p3P%) — SCP)
D 140.2 S@p~15535°) — SCP)
D 140.9 S@Bp~'5535°) — SCP)
E 142.5 SBp~'3d 3D’ — SCP)
E 1434 S@p~13d3D°%) — SCP)
E 143.8 S@p~'3d3D%) — S(P)
F 144.9 S@p~'4s'P°) — S('D)
G 147.4 S@Bp~'4s3D%) — S(P)
H 148.3 S@Bp~'4s°D%) — S(P)
H 148.8 S@Bp~'453°D%) — S(P)

1 166.7 SBp~'4s 'D%) — S('D)
J 168.8 SBp~'3d 'P°) — S('S)
K 178.2° S@p~'4s'P%) — S('S)
L 180.7° S@p~'4s35°) — SCP)
M 182.0 SBp'4s35%) — SCP)
M 182.6° S@p~'4s35°) — SCP)

“The labels identify the peaks in Fig. 2, the excitation spectra in
Fig. 3, the lines in Table I, and the dissociation processes in Table I11.
These lines are assigned following NIST Atomic Spectra Database
[46] since they are out of the spectral range of Ref. [45].

of anj , we at last obtain the absolute values of oy, (E) in
the photoexcitation of H,S and H,O.

III. RESULTS

A. Dispersed fluorescence experiments of H,S

Figure 2 shows dispersed fluorescence spectra in the pho-
toexcitation of H,S at selected incident photon energies. The
vertical axis shows the count rate normalized for the total
gas pressure and incident photon flux and corrected for the
sensitivity of the fluorescence spectrometer and detector used
in the experiments. Each tick on the vertical axis shows a
baseline of each spectrum. The vertical scales at energies of
14-24 eV are the same, whereas the vertical scales at energies

TABLE III. Dissociation processes resulting in H(2 p) formation
and S* formation from H,S and their dissociation limits calculated
based on the energy levels of S atoms [46] and the dissociation
energies of SH-H: 3.89 eV [47], S-H: 3.63 eV [47], and H-H:
4.4781 eV [48].

Fluorescence Dissociation
Label*  label® Dissociation process limit (eV)
Neutral dissociation
1 G,H SGBp~'4s°D°) + Hy(X 'E]) 11.45
2 I S@Bp~'4s'D°) + Hy(X 'E)) 11.62
3 J S@Bp~'3d 'P%) + Hy(X 'E)) 13.14
4 L,M S@Bp~'4s38°) + Hy(X 'S)) 9.90
5 L,M S(3p~'4s38°) + H(1s) + H(1s) 14.38
6 A H(2p) + SHCIL,) 14.09
7 A H(2p) + H(ls) + SCP) 17.72
8 A H(2p) + H2p) + SCP) 27.92
Dissociative ionization
9 LM  SGp'4sS°)+Hj(X?T))+e 2533
10 G.H SGp'4s°D) +Hj (X’Z))+e” 2688
11 I S@p~'4s'D°) + Hy (X?E)) + e~ 27.05
12 J S@p~'3d'P) + H (X*E)) + e 2857
13 A HQ2p) + SHY(X 3T ) + e~ 24.52
14 A H2p) + H(1s) + ST(*S°) + e~ 28.08
15 A H(Q2p) + H* +SCP) + e~ 31.32

®The labels identify the dissociation limits in Figs. 3, 6, and 12.
®The same labels as in Tables I and II and Figs. 2 and 3.

of 25-35 eV are different from each other and also different
from those at energies of 14-24 eV.

The Lyman-« fluorescence labeled A and fluorescences
from excited S atoms (C-M) and S* ions (B) are observed,
among which line A and the S* lines G, H, I, J, L, and M
are prominent. The observed lines are listed in Table II and
are assigned as shown in the table following the results of
the electron collision experiment on H,S at 100 eV impact
energy [45]. The alphabetical labels attached to the peaks in
Fig. 2 are the same as those in Tables I-III and Fig. 3. The
dissociation processes resulting in the formation of fragments
that emit prominent lines in Fig. 2, i.e., lines A, G, H, 1, J,
L, and M, and their dissociation limits are summarized in
Table III. The Lyman-« fluorescence, line A, is not observed
at the incident photon energy of 14 eV, but is observed at
energies higher than 15 eV, which is consistent with the fact
that the lowest dissociation limit for the formation of H(2p)
atoms is 14.09 eV (label 6 in Table III). It turns out from
Fig. 2 that the Lyman-o fluorescence is not dominant and
the contribution of fluorescences from excited S atoms, i.e.,
lines G and H (147.4-148.8 nm), line I (166.7 nm), line
J (168.8 nm), and lines L and M (180.7-182.6 nm), could
not be ignored in the nondispersed fluorescence experiments
as mentioned in Sec. IIB 1. Figure 3 shows the excitation
spectrum of the Lyman-« fluorescence as well as those of
the prominent S* fluorescences. The dissociation limits in
Table III are shown in the relevant excitation spectra. It is
remarkable that the excitation spectrum of lines L and M
(182 nm), i.e., the S(3p~'4s35°) fluorescence, rises at the
second lowest dissociation limit of 14.38 eV (it rises at label
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FIG. 4. The cross sections for the formation of H(2p) atoms in
the photoexcitation of H,S (open black diamonds), H,O (open red
squares), and H, (open green circles). The H, results are normalized
to the cross section for H(2 p) formation in the photoexcitation of H,
on the absolute scale of the vertical axis (open blue triangles) [42].

5 not label 4 in Table III), which shows that S(3 p’14s 389)
atoms are produced through a three-body dissociation process,
i.e., S3p~'4s35% + H(ls) + H(ls). The excitation spectra
of other fluorescences rise at their lowest dissociation limits.

As mentioned just above, the superexcited H,S molecules
in the valence range produce a wide range of excited fragment
atoms that emit vacuum ultraviolet fluorescence. On the other
hand, the superexcited H,O molecules in the valence range,
as mentioned in Sec. IIB 1, predominantly produce H(2p)
fragment atoms and the branching ratio of the formation of
O* fragment atoms, e.g., O*(2p~!3s535°) atoms emitting the
130 nm fluorescence line, is much smaller than that of H(2p)
atoms. The change of the major fragment atoms is discussed
in Sec. IV C.

B. Nondispersed fluorescence experiments of H,S and H,O

In Fig. 4 are shown the cross sections for the formation
of H(2p) atoms oy(2,y(E) in the photoexcitation of H,S and
H,O0 as a function of the incident photon energy E, together
with those in the photoexcitation of H, as the reference
result. These cross sections have been obtained following the
procedure mentioned in Sec. II B 2. The values of al?(zzp)(E )
reported by [42] are also shown (open blue triangles), to
which cross sections the relative values of og(zz »(E) in the
present experiment (open green circles) are normalized at
the threshold range so that the value of Bn% in Eq. (10)
for H,S and Eq. (11) for H,O is obtained as mentioned in
Sec. I B 2. The error bars express the statistical uncertainties
of the count rates N, (E) and Ny,(E) in Sec. IIB 1, and the
law of propagation of errors is considered.

IIIIIIIIIIIIIIIIIIIIIIIIIIIII 2
H(2p}*SH(X) I [z 12x10
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61z |HS
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FIG. 5. The cross sections for the formation of H(2p) atoms
onep)(E) against the incident photon energy in the photoexcitation
of H,S obtained in the nondispersed fluorescence experiments (black
closed circles with error bars, the left axis), which is the same as
those in Fig. 4. The excitation spectrum for the Lyman-« fluores-
cence emission in Fig. 3 in the photoexcitation of H,S obtained
in the dispersed fluorescence experiments is also shown (open red
circles, the right axis). The vertical bars show the dissociation limits
of H(2p) formation processes indicated.

We compare the ag(zzsp)(E ) curve in Fig. 4 with the excita-
tion spectrum for the emission of the Lyman-« fluorescence
obtained in the dispersed fluorescence experiments of H,S
(the top panel of Fig. 3) in terms of shape in order to substan-
tiate the procedure of separating the Lyman-« fluorescence
in the nondispersed experiments of H,S mentioned in Sec.
IIB 1. The result of the comparison is shown in Fig. 5. The
agreement between the oﬁl(zzsp)(E ) curve and the excitation
spectrum in terms of shape justifies our procedure of sepa-
rating the Lyman-« fluorescence from other fluorescences in
the nondispersed experiments of H,S. The small disagreement
in the lower energy range seems probably due to the noise of
the detector in the dispersed fluorescence experiments and that
around 24 eV seems probably due to the small intensity of the
incident light beam in the dispersed fluorescence experiments.

The relative values of the sum of the sensitivity-weighted
cross sections for the emission of S* (S**) fluorescences
Zﬁ nﬁ(qﬁ)(E ) are obtained in the photoexcitation of H,S

following Eq. (9) in addition to the UP}II(ZZSP)(E ) and are shown
against the incident photon energy in Fig. 6, where § runs in
the range 121.6-200 nm (121.6 nm is not included). We note
that (gg)(E) is approximated by og(E)/(4m), where og(E)
is the angle-integrated cross section for the emission of the
fluorescence B, because of the magic angle. The sum of the
excitation spectrum for the S* lines G and H and that for
the S* line I multiplied by 0.1 (see Fig. 3) is also shown in
Fig. 6 and the shape is reasonably in good agreement with
that of nfog(E). The contribution of S** lines seems to
be negligibly small at least in the range below 24 eV in the
> P nﬁaﬁ(E ) curve. The factor 0.1 suggests that the detection
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FIG. 6. The sum of the sensitivity-weighted cross sections for
the emission of S* (S™*) fluorescences, fo nﬁaﬂ(E), on a relative
scale against the incident photon energy in the photoexcitation of
H,S (open green triangles, the left axis). The sum of the excitation
spectrum for the S* lines G and H and that for the S* line I multiplied
by 0.1 is also shown (open black circles, the right axis). The vertical
bars show the dissociation limits listed in Table III (the numerical
labels are the same).

efficiency of the present MCP with Csl coating decreases
more noticeably with increasing wavelength than the literature
one in Table I [44].

IV. DISCUSSION

The ground electronic states of HO and H,S in Cy,
symmetry are [49]
H,0 X 'A;:

(Ols)* (2a1)* (1by)*(3ar)* (1))
P

outer valence orbitals,

inner shell inner valence
orbital orbital

HZS X 1A12
(S1s)*(S25)%(S2p)°  (4ar)* (2b2)*(5a1)*(2by)*.
S——

inner valence  outer valence orbitals

orbital

inner shell
orbitals

From now on, the parentheses attached to orbitals are omitted
unless it is misleading. The correlation of valence orbitals
between H,O and H,S is obvious. The bond length and bond
angle of H,O in the ground electronic state are 0.956 A and
105.2°, respectively, and those of H, S in the ground electronic
state are 1.328 A and 92.2°, respectively [49]. The inner
valence orbital in H,O/H,S is from the O 2s/ S 3s orbital
and H 1s orbital, respectively, and outer valence orbitals in
H,O/H,S are mainly from the O 2p/ S 3p orbital and H 1s
orbital, respectively [32]. The vertical ionization potentials of
H,O for the 1671, 3a1_1, lbz_l, and 2a1_1 states are 12.6, 14.8,
18.6, and 32.6 eV, respectively [35]. Those of H,S for the
2b7", 5a;", 2by', and 4a;! states are 10.46, 13.45, 15.55,
and 22.08 eV, respectively [36]. The ionization potentials of

H,S are lower than those of H,O as seen in Fig. 1. The
electronic structures of H,O and H,S are similar to each other
since both molecules have the same symmetry properties and
have eight valence electrons as above. However, the electronic
structure of H,S is contracted in comparison with that of H,O
in terms of energy as mentioned in Sec. I. The similarity and
difference between the electronic structures of H,O and H,S
are illustrated in Fig. 1. It is again stressed that the energy
gap between the 2b; ! state (the highest outer valence ionized
state) and the 4a1_1 state (the inner valence ionized state) of
H,S™, 6.5 eV, is much narrower than the energy gap between
the corresponding 1b; " state and the 2a;' state of H,O™,
14.0 eV. The electron correlation for the superexcited states
of H,S in the inner valence range is expected to become
stronger than the electron correlation for those of H,O in
the inner valence range because of the denser population of
the superexcited states of H,S than those of H,O. This is
supported by the experimental photoelectron spectra of H,O
[35] and H,S [36,57] in the inner valence range shown in
Figs. 9(b) and 9(d), respectively, and the monopole intensi-
ties calculated with the SAC-CI general-R method [53] [the
vertical bars in Figs. 9(b) and 9(d)]. Figures 9(b) and 9(d) are
described in detail in the following subsections. It is obvious
that the experimental photoelectron spectra of H,O and H,S
in the inner valence range are accounted for by the monopole
intensities considering the fixed nuclei approximation used
in the calculation and the estimated energy resolution in the
experimental photoelectron spectra, 1 eV for H,O and a few
hundred meV for H,S. The more double-hole one-electron
states (green bars) appear around the “4a1_1” states (red bars)
in H,S than around the “Zafl” states (red bars) in H,O and
the intensity difference between the red and green bars in
H,S is not as large as in H,O. The “4a;'” and “2a;'” states
are single-hole states to the zeroth order approximation and
in fact multiconfiguration states as mentioned in detail in
Secs. IV A and IV B. It turns out that the electron correlation
in the electronic states of H,S™ in the inner valence range is
stronger than in those of H,O™, which conclusion supports the
expectation mentioned above. We hence discuss the effect of
the increasing electron correlation on molecular superexcited
states from the comparison of the H,S results with those of
H,0. The dipole oscillator strength is a key quantity in the
comparison.

The absolute cross sections for the formation of H(2p)
atoms, oy(2p)(E), in the photoexcitation of H,O and H,S are
shown in Fig. 4. The cross section of the channel j in the
photoexcitation by a photon of energy E, o;(E), is related
to the density of the dipole oscillator strength (DOS) of the
channel j per unit range of energy E, df;/dE, by

df;

d(E/R)’ (12)

o;(E) = 4n2aa§

where « is the fine structure constant, R is the Rydberg
energy, and ag is the Bohr radius [50]. Equation (12) is more
conveniently written as

_i6( df;
o;(E) = 1.098 x 10 16<d—b{), (13)
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FIG. 7. (a) Densities of the dipole oscillator strength for the
formation of H(2 p) atoms in H,O as a function of incident photon en-
ergy. Open circles: Present results on an absolute scale of the vertical
axis. Closed red circles: Relative results measured by Nakano et al.
[20] normalized around 30 eV to the absolute ones by the present
study. The right vertical axis shows the absolute scale of the cross
sections for the formation of H(2 p) atoms according to Eq. (12). The
curves show the best result of the peak separation by Nakano et al.
[20] (see Sec. IV A). The superexcited states involved, i.e., the singly
excited 15, !(mo) state and doubly excited D1, D2, and “2611’1 (mo’)”
states, are seen and summarized in Table IV. (b) The photoelec-
tron spectrum of H,O recorded at a photon energy of 60 eV and
quasimagic angle with an estimated energy resolution of 1 eV (solid
and dashed curves) [35] together with the corresponding spectrum,
i.e., the monopole intensity for each state of H,O" calculated using
the SAC-CI general-R method (vertical bars) [53]. The monopole
intensities were calculated in the range up to 41.78 eV. The energies
of the ion cores on which the superexcited states in (a) are built are
also shown (vertical bars with arrows) [20].

where o (E) is expressed in cm? and dfj/dE in eVl The
integration of df;/dE originating from the electronic state s
over the range of E gives the DOS for the channel j from the
state s, which is denoted by f7.

In the following subsections we discuss the superexcited
states involved in the cross sections for the formation of H(2 p)
atoms in the photoexcitation of H,O and H,S in Fig. 4 and
then the DOSs for the formation of H(2p) atoms originating
from those superexcited states, i.e., state-resolved DOSs.

A. Doubly excited states of H,O resulting in H(2 p) formation

The present cross section curve for H(2p) formation from
H,0 on the absolute scale is compared with the previous
one on the relative scale [20] (emission along the unit po-
larization vector of the linearly polarized incident light) in
terms of shape in Fig. 7(a), where both are normalized around
30 eV. Their shapes agree well with each other. The precursor
superexcited states found in Ref. [20] are hence supported
by the present investigation, and the absolute values of the
state-resolved DOSs for H(2p) formation are determined as
shown below.

According to [20], the peak around 17.5 eV in Fig. 7(a),
which is out of scale of the vertical axis, was assigned the
singly excited 15, !(mo) state, where the symbol “mo” stands
for a molecular orbital. The assignment of the band in the
higher energy range is not so simple. In Ref. [20], the band
was separated to the peaks due to precursor superexcited
states with the fitting based on the multidimensional reflection
approximation [51] and the semiclassical treatment of the
decay dynamics of the superexcited molecules involved [52]:
the DOS density for the H(2 p) formation originating from the
dissociative electronic state s, d fﬁ(z » /dE,is given by

. E-E\’
dfiiop/dE = A E exp —( ) . (14

By

where A, B, and E; are constants independent of E. In
Fig. 7(a), the best result of the fitting is also shown [dotted
curves: peaks due to superexcited states at E; = 24.2, 27.9,
and 31.2 eV, dashed curve: a component of the dissociative
direct ionization of H(2p) + OH*(X) + e, solid curve: the
sum of them]. We do not need to separate the peaks in the
present DOS density curve in Fig. 7(a) since it is in good
agreement with the curve of [20]. The states of H,O" are
shown in Fig. 7(b) because each precursor superexcited state
of H(2p) atoms in Fig. 7(a) is built on any of those ionic
states such that one electron is bound on an ion. Figure 7(b)
shows the photoelectron spectrum of H,O taken at a photon
energy of 60 eV and quasimagic angle with an estimated
energy resolution of 1 eV [35] together with the monopole
intensity for each ionic state calculated using the SAC-CI
general-R method [53]. The superexcited states of H,O lie
in energy slightly below their ion-core states. To visualize this
stability, the density of the dipole oscillator strength for the
photoabsorption of H,O is shown in the range just below the
ionization threshold of the outermost 1b; electron [33] (see
Fig. 8), where the energy is in reference to the ionization
threshold of the 1b; electron, 12.6 eV [35]. The peaks below
the ionization threshold except for that around —3 eV are
attributed to the neutral states built on the 15, state of H,O*
ions. Figure 8 shows that neutral states of H,O are stabilized
with the binding of one electron by an H,O™" ion by at most
several eV.

The superexcited states of H,O resulting in H(2p) forma-
tion are summarized in Table IV together with the ion-core
states on which those superexcited states are built. (i) The su-
perexcited state at 17.5 eV is a singly excited 1b; !(mo) state
built on the single-hole 1b, ! jon-core state. The 1by !(mo)
state is a single-configuration state and is described within
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FIG. 8. Densities of the dipole oscillator strengths for the pho-
toabsorption of H,O [33] and H,S [34] as a function of incident
photon energy measured with a resolution of 50 meV. Only the parts
below their first ionization potentials, i.e., the parts below the lbl’1
state of HyO" and 2b;" state of H,S*, are shown. The energy on the
horizontal axis is the one with respect to the first ionization potential.
The assignments of the peaks for H,O and H,S follow Refs. [33,54],
respectively. This figure shows an example on how neutral states are
stabilized with the binding of one electron by an ion.

the independent electron model. (ii) The superexcited states
at 24.2 and 27.9 eV are the doubly excited D1 and D2 states.
The energies of the ion cores of the D1 and D2 states are
indicated in Fig. 7(b). The doubly excited D1 and D2 states
are multiconfiguration states expressed as superpositions of
doubly excited configurations with negligible contributions
of the singly excited configurations. (iii) The superexcited

state at 31.2 eV is a “2a; ' (mo’)” state built on a “2a;"”

ion-core state. The quotation marks indicate a strong con-
figuration mixing due to electron correlations. The “2a; b
ion-core state itself is described with a superposition of the
single-hole Zafl configuration and double-hole one-electron
configurations, in which superposition the contribution of the
former is no longer dominant [53] as shown in Table IV. The
“2a]_1(m0’)” state is hence described with a superposition of
the singly excited Zafl (mo’) configuration and doubly excited
configurations. The contribution of the former seems not to be
dominant as in the “Zal_l” ion-core state. The “2al_l(m0’ )’
state is hence classified as a doubly excited state. The doubly
excited D1, D2, and “2af1(mo/)” states are not so amenable
to the independent electron model that they are described
with superpositions of multiple configurations, whereas the
singly excited 1b; !(mo) state is amenable to the independent
electron model and it is thus described with just a single
configuration.

Taking advantage of the absolute cross sections in Fig. 7(a),
the DOS for H(2 p) formation due to each superexcited state s
in Fig. 7(a), f} 5, 1s obtained following

ffsl(2p) Z/(dfﬁ(zp)dE)dE, (15)

where s = lbz_l(mo), D1, D2, and “2a1_l(m0’)” states. The
values of fjj,, are summarized in Table IV and shown
diagrammatically in Fig. 9(a), where the position of the ver-
tical bar is equal to E; in Eq. (14) and the length is equal
to fﬁ(zp)- Figure 9(a) is referred to as the DOS pattern. In
Fig. 9(b), the experimental photoelectron spectrum and cal-
culated monopole intensities in Fig. 7(b) are displayed again
to show the ionic states on which the precursor superexcited
states of H(2 p) atoms are built.

It is interesting that the band in the Balmer-« cross section
curve around the O 1s shake-up limit [55] has a shape similar
to the inner valence band in the cross section curve in Fig. 7(a)
(see Fig. 10). This indicates that similar excited orbitals are
involved in the doubly excited states built on the ion-core
states in the inner valence range and O 1s~! shake-up states.

TABLE IV. The superexcited states of H,O resulting in H(2 p) formation.

Superexcited states

Ion-core states of the superexcited states to the left

State Electronic Energy Monopole Main configurations®
index Energy DOS?*
s (eV)* state (x107%) (eV)! (eV)° intensity® (C >0.3)
1 17.5 1b; " (mo) 23.8 19.4 18.92 0.893 (1b7h
2 242 D1 0.77 26.3 27.56 0.018 0.54(1b%12a;) — 0.45(167%16a,) + 0.38(1b;28a;)
3 279 D2 3.15 28.8
4 31.2 “2a; ! (mo')” 4.68 31.8 32.37 0.350 0.592a;") — 0.31(3a;212a,)
32.66 0.217 0.46(2a;")

State-resolved dipole oscillator strengths for the formation of H(2p) atoms in the photoexcitation of H,O (present results).

bCalculated results with the SAC-CI general-R method [53].
“Experimental values of E; in Eq. (14) [20].
dExperimental values obtained with the Rydberg-like formula [20].
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FIG. 9. The state-resolved dipole oscillator strengths (DOSs) for H(2p) formation in the photoexcitation of H,O in (a) and H,S in (c)
obtained in the present experiments (thick vertical bars) together with the experimental and theoretical photoelectron spectra of H,O in (b) and
H,S in (d), which are the same as Figs. 7(b) and 11(b), respectively, but the ranges of the binding energy here are wider than in Figs. 7(b) and
11(b). The monopole intensities, the vertical bars in (b) and (d), were calculated in the range up to 41.78 eV for H,O and in the range up to

32.44 eV for H,S [53].

B. Doubly excited states of H,S resulting in H(2 p) formation

In this section we investigate the superexcited states of H,S
involved in the cross section curve for H(2p) formation in
Fig. 4 following the same way as in H,O. The contribution of
each superexcited state, Eq. (14), is separated from the cross
section curve through fitting. There is a possibility that disso-
ciative ionizations contribute in the range above 24.5 eV ac-
cording to the dissociation limits in Table III. Below 28.1 eV,
the ionic partner of H(2p) atoms is limited to SHT(X) ions.
We approximate the cross section of the dissociative direct
ionization of H(2p) + SH*(X) + ¢~ in the photoionization
of H,S by a’osy+(E — '), where osy+(E) is the cross section
of the dissociative direct ionization of H(1s) + SHT(X) +
e~ in the photoionization of H,S, and a factor a’ and amount
of shift »’ are constants independent of E. The value of b’
would be close to the energy difference between the 2p and
1s levels of a hydrogen atom. We use the cross section of the
formation of SH* in the photoionization of H,S measured by
Feng et al. [56] as osy+ (E), since their cross sections seem to
be dominated by the dissociative direct ionization of H(1ls) +
SH™(X) + e~. We hence fit the following equation to the DOS
density curve for H(2 p) formation from H,S in Fig. 11(a) in

the range 12.7-28.1 eV,

) E—E\*
de(zp)dE = ZAsEeXp |:—< 5 s> :|
s s

+ a/asm (E — b,),

(16)

where A), B, E., a’, and b’ are fitting parameters. The
resolution of the incident photon energy, i.e., 50 meV at 21 eV
incident photon energy, is not taken into account since each
component in Fig. 11(a) seems much wider than the resolution
except for two sharp peaks around 20 and 22 eV. The prime
is attached to each fitting parameter to distinguish it from the
corresponding parameter in H,O.

A good fit has been obtained with eight superexcited states
(s = 1-8) as shown in Fig. 11(a) [dotted curve: peak origi-
nating from superexcited state s in Eq. (16), dashed curve: a
component of the dissociative direct ionization of H2p) +
SH*(X) + ¢~ in Eq. (16), solid curve: the sum of them]. The
energies E; and widths B, of the eight superexcited states
are summarized in Table V. Those superexcited states have
been found by extracting the discrete state from the superpo-
sition with the ionization continuum through the detection of
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FIG. 10. (a) Cross sections for H(2 p) formation in the photoex-
citation of H,O in the inner valence range recorded with an energy
resolution of 100 meV at 30 eV photon energy, which is the same
as the present result in Fig. 7(a). (b) Cross sections for the emission
of the Balmer-« fluorescence in the photoexcitation of H,O in the O
Ls inner shell range recorded with an energy resolution of 120 meV
(Fig. 2 in Ref. [55]). The zero level of the cross sections is not clear
in Ref. [55]. The energy scale in (b) is enlarged in comparison with
that in (a).

the Lyman-a fluorescence. The shapes of the narrow peaks
labeled 4 and 6 may be influenced by the energy resolution
(50 meV at 21 eV incident photon energy).

The superexcited states in Fig. 11(a) are likely to contribute
to the formation of S* atoms through neutral dissociation. We
hence fit Eq. (16) again to the Zﬁ nfog(E) curve in Fig. 6
(open green triangles), which is the sum of the sensitivity-
weighted cross section curves for the S* fluorescences. In the
fitting, A} (s = 1-8) is a fitting parameter, but B, and E, (s =
1-8) are taken to be the same as those obtained in the fitting
to the cross section curve for H(2p) formation in Fig. 11(a)
since B; and E; are inherent in the superexcited state s. The
contribution of the dissociative ionization is negligible in the
d8 n? o4 (E) curve in the range below 27 eV as seen in Fig. 6,
and hence only the first term on the right-hand side of Eq. (16)
is fitted in the range below 27 eV. In fact, two superexcited
states in the range 13-17 eV (s = 1, 2) are appended in order
to obtain a good fit as seen in Fig. 12 [dotted curve: peak
originating from superexcited state s in Eq. (16), solid curve:
the sum of them]. In the fitting A, B/, and E/ (s = 1, 2) are
fitting parameters appended to a set of fitting parameters A
(s = 1-8). The energies E; and widths B; for the superexcited
states s = 1 and 2 are also shown in Table V.

Let us substantiate the superexcited states of H,S found
in Figs. 11(a) and 12, following the same line as for H,O:
the superexcited states of H,S are considered neutral states
built on ion-core states such that one electron is bound on
an H,S™ ion. It is hence significant to summarize the elec-
tronic states of HyS™, which were extensively studied by the
photoelectron spectroscopy in the valence range [36,57,58].
The photoelectron spectrum of H,S taken at a photon energy
of 90 eV with the estimated energy resolution of a few
hundred meV (solid curve) [57] and that taken at a photon
energy of 1487 eV with the similar energy resolution to that
in Ref. [57] (dashed curve) [36] are shown in Fig. 11(b)
together with the corresponding spectrum (vertical bars), i.e.,
the monopole intensity for each ionic state calculated using
the SAC-CI general-R method [53]. The states of H,S™ that
appear with considerable intensities in the experimental and
theoretical photoelectron spectra are listed in Table V. The
peak at 15.6 eV in the experimental photoelectron spectrum
in Fig. 11(b) is attributed to the single-hole 2b, ! state with
negligible contributions from other configurations. The small
feature around 18 eV is due to an OCS impurity [57]. The
assignment of the peaks in the inner valence range is not
so simple as that in the outer valence range. Baltzer er al.
[57] observed a complicated feature in the range 19-25 eV
in the experimental photoelectron spectrum in Fig. 11(b) and
attributed them to four states labeled state 1 to state 4. It is
seen from the spectrum [57] measured with the much higher
energy resolution than in Fig. 11(b) that the manifold of
state 3 comprises four vibrational peaks, among which two
peaks are noticeable, and the manifold of state 4 comprises
seven vibrational peaks, which are not well separated. The
SAC-CI general-R calculation explains the state 1 to state
4 as seen in Fig. 11(b). We note that the fixed nuclei ap-
proximation was used in the SAC-CI general-R calculation
[53]. As shown in Table V the state 1 is expressed as the
superposition of the double-hole one-electron configurations
with a negligible contribution of single-hole configurations.
Each of the states 2 to 4 is expressed as a superposition of the
single-hole 4a ! configuration and double-hole one-electron
configurations, where the contributions of the double-hole
one-electron configurations are comparable to or even larger
than that of the single-hole 4af1 configuration [53] as seen
in Table V. States 2—4 are multiconfiguration states, and they
are thus referred to as the “4a; I states. The quotation marks
show that they are in fact multiconfiguration states due to the
electron correlation as for H,O. The manifold of states 1-4
is followed by the weaker and broad structure in the range
above 26 eV [36,58] as seen in Fig. 11(b). This structure is
attributed to the states of HyS* expressed as superpositions
of double-hole one-electron configurations as seen in Table V
based on the SAC-CI general-R calculation [53].

We then substantiate the superexcited states of H,S in
Table V following the line that they are built on any of the
states of HyS™ ions in Fig. 11(b). The superexcited states
of H,S lie in energy slightly below their ion-core states. To
visualize this stability, the density of the dipole oscillator
strength for the photoabsorption of H,S is shown in the
range just below the ionization threshold of the outermost 25,
electron [34] (see Fig. 8), where the energy is in reference to
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FIG. 11. (a) Densities of the dipole oscillator strength for the formation of H(2p) atoms in H,S as a function of incident photon energy.
The curves show the best result of the fitting of Eq. (16) [dotted curve: peak originating from superexcited state s in Eq. (16), dashed curve:
a component of the dissociative direct ionization of H2p) + SH*(X) + e~ in Eq. (16), solid curve: the sum of them]. The superexcited
states involved are summarized in Table V. (b) The photoelectron spectra of H,S are displayed to show the states of H,S™ ions on which the
superexcited states of H,S in (a) are built. The arrows connect the superexcited states and their ion-core states. The photoelectron spectra were
measured at a photon energy of 90 eV and with an estimated energy resolution of a few hundred meV (solid curve) [57] and at 1487 eV photon
energy and with the similar energy resolution (dashed curve) [36]. Vertical bars show monopole intensities for states of HyS™ ions calculated
using the SAC-CI general-R method [53] (see Table V). They were calculated in the range up to 32.44 eV.

the ionization threshold of the 2b, electron, 10.46 eV [36].
The peaks below the ionization threshold are attributed to the
neutral states built on the 2b; ' state of H,S* ions. Figure 8
shows that neutral states of H, S are stabilized with the binding
of one electron by an H,S™ ion by at most several eV.

The superexcited states at 13.7 eV (s = 1) and 14.9 eV
(s = 1) are built on the 2b, ! jon-core state, and thus they are
referred to as the 2b, !(mo) states. The 2b; !(mo) states of H,S
are single-configuration states such as the 2b; !ion-core state
of H,S*. However, other superexcited states (s = 2 and 2-8)
are multiconfiguration states as discussed below.

The superexcited states at 16.2 eV (s =2) and 17.3 eV
(s = 2) seem to be built on the ion-core state at 19.6 eV found
by Baltzer et al. [57] [state 1 in Fig. 11(b)]. This ion-core
state is described as the superposition of the double-hole one-
electron configurations [53] as seen in Table V. It is concluded
that the superexcited states at 16.2 eV (s = 2) and 17.3 eV
(s = 2) are doubly excited states, and are multiconfiguration
states with a negligible contribution of singly excited configu-

rations such as their ion-core states. The doubly excited states
at 16.2 and 17.3 eV are referred to as the D1’ and D2’ states,
respectively, where the prime is attached to distinguish them
from the doubly excited D1 and D2 states of H,O.

The superexcited states in the range 19.7-22.7 eV (s =
3-7) seem to be built on the states 2—4 of H,S™ ions, i.e., they
seem to be built on the “4a; !> ion-core states. Those ion-core
states are expressed as superpositions of the single-hole 4al’l
configuration and double-hole one-electron configurations, in
which superpositions the contributions of the double-hole
one-electron configurations are comparable to or even larger
than that of the single-hole 4a; ! configuration [53] as seen
in Table V. It is concluded that the superexcited states in the
range 19.7-22.7 eV (s = 3-7) are multiconfiguration states,
and the contributions of the doubly excited configurations are
comparable to or even larger than that of the singly excited
4al_l (mo’) configuration as in the “4a1_l” ion-core states. The
superexcited states in the range 19.7-22.7 eV (s = 3-7) are
referred to as the “4a;'(mo’)” states and are classified as
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FIG. 12. The sum of the sensitivity-weighted cross sections for the S* fluorescences ) 5 n o5 (E) as a function of incident photon energy
in the photoexcitation of H,S. The curves show the best result of the fitting of the first term in Eq. (16) (dotted curve: peak originating from
superexcited state s, solid curve: the sum of them). The superexcited states involved are summarized in Table V.

doubly excited states. The quotation marks again show that
they are multiconfiguration states due to the electron correla-
tion. The doubly excited states responsible for the sharp peaks
in Fig. 11(a) (s = 4, 6) are likely to be built on the ion-core
state 3, since the ion-core state 3 shows a clear vibrational
progression in the photoelectron spectrum [57] measured with
the much higher energy resolution than in Fig. 11(b). The
peaks (s = 4, 6) would probably be single vibrational peaks.

In the range above the “4a1_l(m0/)” states there exists a
superexcited state at 24.4 eV (s = 8), which is likely to be
built on one of the ion-core states in the range above the
“4a1_1” states of H,S™ [36,58], probably the ion-core state
at 26.9 eV [36]. Those ion-core states are expressed as the
superpositions of the double-hole one-electron configurations
with negligible contributions of single-hole configurations
(see Table V). It is hence concluded that the superexcited state
at 24.4 eV (s = 8) is a doubly excited state with negligible
contributions of singly excited configurations and is referred
to as the D3’ state. The existence of the D3’ state seems not
to be certain because no discernible peak appears around 24
eV in Fig. 11(a). However, the contribution of the dissociative
autoionization from the D3’ state was clearly seen in the cross
section curve for the formation of energetic H ions in the
photoionization of H,S [59].

Table V summarizes the above-mentioned discussion about
the superexcited states involved in Figs. 11(a) and 12, and
the arrows in Fig. 11 connect the superexcited states and
their ion-core states. As seen in Table V, ten superexcited
states of H,S have been found in the present experiment
(s =1-8 and s =1, 2), two of which are singly excited
2b; !(mo) states and the others are doubly excited D1’, D2,
“4a1_1(m0/)”, and D3’ states. The singly excited 2b; !(mo)
states are single-configuration states and doubly excited states
are multiconfiguration states.

Diercksen and Langhoff [60] calculated the state-resolved
DOSs for the photoabsorption of H,S in the outer and inner
valence range with the single- and coupled-channel static

exchange approximations. The calculated energy positions
of the 2b; '(mo) states are within the 2by '(mo) peak at
13.7 eV in Fig. 12 (s = 1 peak). The calculated energies
of the 4af1 (mo’) states, however, do not account for the
“4511_l (mo’)” peaks in Figs. 11(a) and 12.

The superexcited states of H,S were studied with detecting
fluorescence photons from H, S, S*, S**, SH, and SH* frag-
ments in the range of S 2 p excitation [61,62]. It is remarkable
that the bands in the Lyman-¢, Balmer-o, and Balmer-8 cross
section curves around the S 2p ionization limit [62] show a
shape similar to the inner valence band in the Lyman-« cross
section curve in Fig. 11(a) (see Fig. 13). This fact indicates
that similar excited orbitals are involved in the inner valence
and inner shell ranges. This similarity in band shapes between
the inner valence and inner shell ranges is also seen in H,O as
mentioned in Sec. IV A (see Fig. 10).

Thanks to the cross sections on the absolute scale in
Fig. 11(a), state-resolved DOSs for the formation of H(2p)
atoms in the photoexcitation of H,S are obtained following
Eq. (15) and are summarized in Table V. They are displayed
in Fig. 9(c) in the manner of the DOS pattern for H2p)
formation. In Fig. 9(d) the experimental photoelectron spectra
and calculated monopole intensities in Fig. 11(b) are dis-
played again to show the ionic states on which the precursor
superexcited states of H(2p) atoms are built.

Figures 9(a) and 9(c) are significant results of the present
experiment showing the absolute values of the state-resolved
DOSs for the formation of H(2 p) atoms in the photoexcitation
of H,O and H;,S. The DOS patterns for H(2 p) formation from
H,0 and H,S in the inner valence range are more complex
than those in the outer valence range. This complexity orig-
inates from the appearance of the doubly excited states with
considerable magnitudes of the DOSs, which appearance is
due to the stronger electron correlation in the inner valence
range than that in the outer valence range. In the next subsec-
tion we compare the DOS patterns for H(2 p) formation from
H20 and HzS.
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FIG. 13. (a) Cross sections for H(2 p) formation in the photoex-
citation of H,S in the outer and inner valence range recorded with
the energy resolution of 50 meV at 21 eV photon energy, which
cross sections are the same as in Fig. 11(a). (b) Cross sections for
Lyman-o fluorescence emission in the photoexcitation of H,S in the
S 2p inner shell range recorded with the energy resolution of about
25 meV (Fig. 3 in Ref. [62]).

C. Comparison between H,O and H,S

Before the comparison in terms of the DOS patterns we
note that the major fragment atoms are changed with going
from H,O to H,S. The superexcited HO molecules in the
valence range leads to H(2p) formation but do not lead to
the formation of O* atoms such as O*(2p~'3s35%) atoms
emitting the 130 nm fluorescence line quite so much that the
photon signal in the nondispersed fluorescence experiments
is dominated by the Lyman-« fluorescence as mentioned in
Sec. II B 1. On the other hand, the superexcited H,S molecules
in the valence range lead to the formation of H(2p) and
S*(3p~'4s) atoms as shown in Fig. 2, and the latter fragments
are more abundant. The wider range of fragment atoms in
H,S is accounted for by the denser population of the potential
energy surfaces of H,S in the valence range since the denser
population enhances the nonadiabatic transitions between the
superexcited states of H,S.

There is also a possibility that the spin-orbit interaction
brings about the change of the main-fragment atoms in H,S.
In this respect it is remarkable that S(3p~'4s 3D atoms
are produced from H,S molecules in the singlet superexcited
2b; (mo) states (s =1, 1) through a two-body dissociation

process, i.e., SGp '4s°D%) + Hy(X 'S}), as seen in the
second panel of Fig. 3 and the dissociation limit 1 in Table III.
Only the triplet state of an H,S molecule arises from the
triplet state of an S atom and singlet state of an H, molecule.
It follows that the spin-orbit interaction in the superexcited
states of H, S in the valence range is so strong that the photoex-
cited H,S in the singlet 25, !(mo) states transfers to the triplet
states correlating to S(3p~'4s °D°) + Ha(X 'E;) through the
spin-orbit interaction. Such nonadiabatic transitions seem less
likely in the superexcited states of H,O composed of a lighter
oxygen atom.

We then compare the DOS patterns of H,O and H,S in
terms of the magnitudes of the DOSs and energies of the
superexcited states. The DOSs for the formation of H(2p)
atoms are ~ 1072 in the photoexcitation of H,S and the sum of
all is 5.67 x 1073 (see Table V) while those for the formation
of H(2p) atoms range from ~10~3 to ~10~2 in the photoexci-
tation of H,O and the sum of all is 32.4 x 1073 (see Table IV).
Focusing on the doubly excited states, the formation of H(2 p)
atoms is also suppressed in the photoexcitation of H,S:
s fliop =479 x 1073 in H,S vs s fiop) = 8.60 x 1073
in H,O. The suppression of H(2p) formation seems to be
closely related to the change of the major fragment atoms
mentioned above.

There exists a large difference between the “2a1_l(m0’)”
peak in H,O and the “4af1(mo/)” peaks in H,S as seen in
Figs. 9(a) and 9(c): just one “2a; l(mo/)” state is responsi-
ble for H(2p) formation in H,O while three well-separated
“4a,_1(m0’)” states (s = 3, 5, 7 in Table V) are responsible
for H(2p) formation in H,S. The relation between the 2a,
orbital in H,O and the 4a; orbital in H,S is seen in the
beginning of Sec. IV. This difference is explained as follows.
As seen in Figs. 9(b) and 9(d) the inner valence band of the
experimental photoelectron spectrum of H,S is more complex
than that of H,O, which is in accordance with the theoretical
prediction [53]: the calculated splitting of the “Zal_l” states
of HyO™ is just 290 meV, whereas the splitting of the “4af1”
states of H,S* amounts to 1.4 eV [see the red vertical bars
in Figs. 9(b) and 9(d)]. It is thus concluded from the much
smaller splitting of the “2a,_1” ion-core states of H,O™" that
just one “Zafl(mo’)” peak is apparently observed, i.e., the
“2:11_1 (mo’)” peak would in fact be comprised of two peaks
that are closely located. On the other hand the enhancement
of the splitting of the “4af1” ion-core states of HyS™ results
in the appearance of the three well-separated “4a1_1(m0’)”
peaks. The close relation between the doubly excited states
and their ion-core states shows that electrons in the excited or-
bitals denoted by mo’ in Fig. 9 are weakly bound by ion cores.
The enhanced splitting of the doubly excited “4a; Y(mo')”
states of H,S in comparison with that of the “2a1_l(m0’)”
states of H,O, i.e., 3.0 eV for H,S (see Table V) vs much
smaller than 1 eV for H,O, originates from the enhancement
of the electron correlation with going from H,O to H,S. This
is consistent with the fact that the 2b; '(mo) state of H,S
is much closer to the doubly excited states of H,S than the
1b§1(mo) state of H,O is, as seen in Figs. 9(a) and 9(c). The
border between the inner valence and outer valence ranges
becomes obscure with going from H,O to H,S.
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V. CONCLUSION

The superexcited states of H,S have been studied in detail
with determining the cross sections for the formation of H(2 p)
atoms on the absolute scale against the incident photon energy
in the outer and inner valence range. This method is useful for
extracting the discrete electronic state from the superposition
with the continuous electronic states. Ten superexcited states
have been found. Two of them in the range 13-15 eV are
singly excited 2b, '(mo) states with a single configuration
while the other eight states in the range 16-25 eV are doubly
excited states with multiple configurations (see Table V). The
state-resolved dipole oscillator strengths for H(2 p) formation
in H,S have been obtained: they are ~1073.

Almost the same experiments have been carried out for
H,0, complementary to the early experiments for H,O by
our group [20]. The state-resolved dipole oscillator strengths
for H(2p) formation range from ~1073 to ~1072 in H,O.
It is found that the major fragment atoms are changed from
H(2p) atoms to excited central atoms with going from the
photoexcitation of H,O to that of H,S.

The superexcited states of H,O and H,S are compared
based on the similarity and difference of the electronic struc-
tures: both molecules have C,, symmetry in their ground
electronic states and have eight valence electrons, whereas
the densities of the superexcited states in H,S are higher than
those in H,O.

It has turned out from the comparison that (i) the smaller
values of the dipole oscillator strengths for H(2 p) formation
in the photoexcitation of H,S seem to be related to the change

of the major fragment atoms, (ii) the energy splitting of the
doubly excited “4a '(mo/)” states of H,S is enhanced in
comparison with that of the doubly excited “2(11_1 (mo’)” states
of H,O, i.e., 3.0 eV for H,S vs much smaller than 1 eV
for H,O, and the enhancement is caused by the increased
electron correlation in H,S due to the higher density of the
superexcited states in H,S than in H,O, and (iii) the border
between the inner valence and outer valence ranges becomes
more obscure in H,S than in H,O.

Interestingly the H* fluorescence cross section curves
around the O 1s shake-up limit for HO [55] and around the
S 2p ionization limit for H,S [62] show the bands similar
to the inner valence bands in the cross section curves for
H(2p) formation in the photoexcitation of H,O and H,S.
This similarity between the inner valence band and inner
shell band in shape indicates that the electrons are excited
to similar orbitals from the valence orbitals or inner shell
orbitals, resulting in the similar shapes of the potential energy
surfaces of the superexcited states.
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