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The HCI 2p,—0o* photoexcitation resonance has been studied using a tunable synchrotron radi-
ation beam with a narrow bandwidth. Extensive ab initio molecular and atomic calculations have
been carried out to analyze the details of the measured electron spectra. The interatomic potential-
energy curves have been calculated for the ground and selected excited states of HCI using the
complete-active-space self-consistent-field method. Multiconfiguration Dirac-Fock energies and
line intensities of the atomic chlorine Auger spectrum have been used to identify the intense atomic
spectral lines in the measured electron spectrum. Comparison between theory and experiment indi-
cates fast neutral dissociation of the excited HCI molecules, followed by resonance Auger processes
of the core-excited chlorine atoms. The atomic spectral lines are found to overlap with a strong
background of broad structures, which sum up to 40% of the total intensity. This contribution has
been addressed to the 2.9-eV potential well in our potential-energy curve of the excited HCI allow-
ing for Franck-Condon transitions to bound vibrational states with a molecular nonradiative decay
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mode.

INTRODUCTION

Molecular states having one of the core electrons excit-
ed to the first empty molecular orbital are often charac-
terized by absorption bands which are much broader
than the natural width of the core hole. This broadening
is related to a fast dissociation of the excited molecular
state cascading with an atomic decay of the dissociation
products.' > As demonstrated recently by Morin and
Nenner,! synchrotron-radiation excited-electron spectros-
copy and mass spectroscopy provide powerful tools to
study the decay channels of these resonance states.

In their study of the HBr 3dy,—0* excitation Morin
and Nenner found evidence of the fast dissociation fol-
lowed by atomic Auger emission.! Their interpretation
of the electron spectra was, however, based on a schemat-
ic model of the decay sequence and thus excluded any
closer study of possible competing decay modes.

In this work we have measured the analogous HCI
2pc—0* photoexcitation resonance. We have also car-
ried out extensive ab initio molecular and atomic calcula-
tions in order to find out whether the high-resolution
electron spectra can be used to study the details of the
pertinent excited molecular states.

EXPERIMENT

The energy of the incoming radiation beam was tuned
across the 2p — o * resonance and the spectra of emitted
electrons were recorded by the Leybold-Heraeus electron
spectrometer at the Canadian Synchrotron Radiation Fa-
cility located at the 1-GeV Aladdin storage ring.* The
measured electron spectra are shown in Figs. 1 and 2.
The beam line uses the Grasshopper Mark IV grazing in-
cidence monochromator’ equipped with a 900-
groove/mm holographic grating. Most spectra were tak-
en applying a constant 50 eV pass energy in the electron
spectrometer and the monochromator slitwidth of 50 um.
This means that the electron spectrometer broadening is
about 0.3 eV and that the photon bandwidth is about 0.5
€V at the photon energies of the 2p,— 0 * resonance ex-
citations. Some higher-resolution spectra were also taken
at a pass energy of 25 eV, giving an electron spectrometer
broadening of about 0.15 eV.

The kinetic energies (165-190 eV) of the Auger-type
electrons emitted in the decay processes fall in the same
energy range as the valence-band photoelectron and their
satellite lines. Therefore the reference photoelectron
spectrum was measured at a photon energy of 150 eV
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[Fig. 1(c)]. This photon energy is well below any 2p; res-
onance excitations, and the kinetic energy range
(115—-140 eV) of this photoelectron spectrum is free from
small normal Auger peaks (around 170 eV) caused by
second-order and scattered light. The shifted and nor-
malized photoelectron spectrum was subtracted from the
spectra taken at resonance energies, supposing that rela-
tive intensities of lines originating from direct photoion-
ization do not change essentially between 150 and 200 eV
photon energies. The low-kinetic-energy parts of the
spectra taken at the energies of the resonance excitations
also contain structures due to the normal Auger transi-
tions originating from the ionizations of the HCI mole-
cules by second- and higher-order diffracted light and by
scattered light in the photon beam. Therefore the normal
Auger spectrum taken at 275 eV photon energy [Fig.
1(b)] was also normalized and subtracted from the origi-
nal resonance spectra. The shifted photoelectron [Fig.
1(c)] and normal Auger [Fig. 1(b)] spectra are depicted
with the original resonance spectrum taken at 200.6 eV
[Fig. 1(a)] in Fig. 1. Earlier photoabsorption measure-
ment by Ninomiya et al.® showed two prominent maxi-
ma at photon energies of 201.5 and 202.5 eV correspond-
ing to the 2p;,, and 2p,,, fine-structure components of
the 2pc—0* resonance, respectively. We studied the
evolution of the electron spectrum as the photon energy
was tuned across these resonances. The spectra obtained
with photon energies 200.6, 201.8, and 202.4 eV after
subtractions of the (b) and (c) spectra of Fig. 1 are shown
in Fig. 2.

CALCULATIONS

To get a more quantitative understanding of the relaxa-
tion processes of the 2p—o* excitation in HCI, we per-
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FIG. 1. (a) Electron spectrum of HCI recorded using 200.6
eV mean photon energy to excite the 2pc, electrons to the o*
state, (b) the normal L, ; V'V Auger spectrum of HCl recorded at
275 eV photon energy, and (c) the photoelectron spectrum of
HCI recorded at 150 eV photon energy and shifted to the posi-
tion of the photoelectron lines of spectrum a.
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FIG. 2. Ejected electron spectra after the 2po,—0* excita-
tions in HCI at mean photon energies of 200.6, 201.8, and 202.4
eV. The solid curves and vertical lines represent the least-
squares fits of standard functions to the data points. For nota-
tions see the text.

formed multiconfigurational complete-active-space self-
consistent-field’~® (CASSCF) calculations for the elec-
tronic ground state

(1020830174050 274 (60*)°] 1=+
and the excited state
[1020230 ' 1740250 27%(60*)! ] 'S .

In the CASSCF method the total orbital subspace is di-
vided into three subspaces in such a way that the orbitals
in the inactive subspace are doubly occupied in all
configuration-state functions, while the secondary orbit-
als are empty; and in the active subspace, the electrons
are distributed in all possible ways among the orbitals to
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give a complete configuration-interaction (CI) expansion
within the subspace. For the ground state, the orbital
space was divided in such a way that the 1o, 20, 30, and
17 orbitals were inactive; the 4-90, 2, 37, and 18 orbit-
als active; and the 10-370, 4-147, and 2-48 orbitals
secondary. For the excited state a similar division of the
orbital space was made; to keep the multiconfiguration
(MC) expansion realistic for our computer capacity, the
40 orbital was transferred into the inactive subspace, and
the 30 orbital, from which the excitation is assumed to be
done, was transferred to the active subspace. An opti-
mized (6s) Gaussian-type orbital (GTO) basis set was used
for hydrogen'® and (14s510p) for chlorine.!' The basis set
for hydrogen was contracted to the (6s/4s) contracted
Gaussian-type orbital (CGTO) set and augmented with
one diffuse s-type function and two p-type functions to
get the final (7s2p /5s2p) basis set. For chlorine, the orig-
inal GTO basis was contracted to the (10s8p) CGTO set
and augmented with four d-type functions to get the
(145 10p4d /10s8p4d) basis set. The total Mulliken gross
populations of the atoms for the excited state lead to the
conclusion that the dissociation process leads to a neutral
excited chlorine atom in a configuration 15%2s%p33s23pS.
The calculated potential-energy curves and the allowed
Franck-Condon transitions are shown in Fig. 3. The vi-
brational energy levels were obtained by solving the vi-
brational Schrodinger equation in a potential that was
given as a spline fit to the computed CASSCF energies.
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FIG. 3. Calculated CASSCF potential-energy curves for the
ground state and for the excited state [30 '(60*)'] of HCIL
Due to the spin-orbit splitting we have in reality separate curves
for the 2p,,, and 2p;,, hole states, with the latter curve shifted
down by 1.6 eV in the energy scale. Franck-Condon limits for
electronic excitation are indicated by vertical lines.
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We also carried out similar calculations of the poten-
tial curves related to some double-hole final states of the
molecular Auger transition. These curves (not shown)
display a pronounced local minimum similar to that in
Fig. 3. At larger internuclear distances they decrease
monotonically related to Coulomb explosion of the
double-hole states.

The left-hand branch of the Franck-Condon transitions
in Fig. 3 makes neutral dissociation of the excited
(2p)~!o* state possible, provided that the core-hole life-
time is long enough. We studied the time evolution of
this decay sequence by using a simple kinematic model.
We first determined the kinetic energy Ey release during
the dissociation process. Using the experimental
2pcy,1,2—0* excitation energy of 202.4 eV [Fig. 2(c)], the
dissociation energy of the neutral HCI molecule D,=4.43
eV from Herzberg!? and the excitation energy

15s22522p%3523p> — 1522522p>3523p®

of the chlorine atom from the multiconfiguration Dirac-
Fock!* (MCDF) calculations we obtained Ex =202.4 eV
—(4.43 eV+195.53 eV)=2.44 eV. When experimental
excitation energy for atomic chlorine, determined as a
sum of Ex =181.88 eV of the 3P state [see Fig. 2(a)] and
the binding energy 12.97 eV from Moore’s table'* was
used we obtained 0.7 eV higher kinetic energy. This
difference is, however, not essential for the present pur-
pose. For the 2p¢ ;,,—0* component at 200.6 eV pho-
ton energy [Fig. 2(a)], we found Ex to be 2.24 eV and
2.92 eV, using calculated and experimental excitation en-
ergies, respectively. Second, we determined the lifetime
of the 2p core hole of the isoelectronic argon atom from
the width 0.1240.02 eV of the LMM Auger lines.!* This
gave lifetimes varying from 2.4 to 3.3 fsec. This lifetime
was used for the 2p(, core hole in the HCl molecule to
obtain an order-of-magnitude estimate for the internu-
clear distance at the moment of inner-hole relaxation.
We assumed that the entire kinetic energy of 2.44 eV is
transferred immediately after excitation to the hydrogen
atom (mg/my~35). Using the classical relation be-
tween velocity and kinetic energy, the internuclear dis-
tance would then be from 3.4 to 3.8 a.u. The kinematic
model used is rough and only indicates that the time scale
of the dissociation is of the same order of magnitude as
the time scale of the electronic decay.

After dissociation of the HCI molecule the produced
excited Cl atom decays nonradiatively. To study this de-
cay in detail, we carried out Dirac-Fock calculations for
the 2p '3p®—3p* Auger transition energies’’ and
rates.'® The computations were done within the single-
configuration approximation. The profiles in Fig. 4
display our calculated spectrum. In Fig. 4(a) we include
the 2p;5—3p 2 transitions only, whereas in Figs.
4(b)-4(c) we have a weighted sum of the 2p;5—3p 2
and the 2p;,5 —3p 2 transitions with the mixing ratios
(b) 60:40 and (c) 20:80, respectively.

By changing the mixing ratio of fine-structure com-
ponents we simulate our measurements where the mean
photon energy was tuned from the excitation of 2p; ,, to-
wards the excitation of 2p,,, electrons to the o* orbital.



41 DECAY CHANNELS OF CORE-EXCITED HCI

Calc. 2p1/2

lg 1p 3p

1 1 3
2p3/a: S D P

2p3/2: 100 9

(b)
Zpd/g: 60 Y%
Zpl/z: 40 %

(c)
2p3s2: 20

2pys0: 8O Y

T T

170 172 174 176 178 180 182 184 186 188 190

KINETIC ENERGY (eV)

FIG. 4. The calculated 2p ~'3p®—3p* Auger spectra of the
neutral excited Cl atom.

Since the relative probability of producing atomic
chlorine with 2p, ,or 2p, ,, hole states has not been eval-
uated by calculating the pertinent photoexcitation cross
sections, a quantitative comparison of intensity ratios be-
tween our experiment (Fig. 2) and theory (Fig. 4) is not
meaningful.

DISCUSSION

According to the simple kinematic consideration
above, the core hole relaxes at a large internuclear dis-
tance very close to the separated-atoms limit. A compar-
ison between experimental and calculated spectra sup-
ports this picture. The most pronounced peaks labeled
a—f in Fig. 2 are very well reproduced by the atomic cal-
culations of Fig. 4. Moreover, the total Auger linewidth
for peaks c and b in Fig. 2 is ~ 0.2 eV, which is approxi-
mately equal to the corresponding linewidth in the
isoelectronic Ar. The peaks a, b, and ¢ in Fig. 2(a) can be
assigned to the transitions from the 2p;,, hole state to
the 3p*('S), 3p*('D), and 3p*(*P) states. In passing from
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Figs. 2(a) to 2(c) three other peaks, labeled by d, e and f
gain intensity, whereas the peaks a, b, and ¢ lose intensi-
ty. Thus the peaks d, e, and f can be interpreted to the
transitions from the 2p,,, hole state to the 3p*('S),
3p%'D) and 3p*°3P) states. The observed energy
difference of 1.6 eV between the peaks a, b, and c and the
peaks d, e, and f is indeed, within the accuracy of our
measurement, equal to our calculated fine-structure split-
ting. The dominating atomic line structure is also in
agreement with our potential-energy calculations in Fig.
3, where the left-hand branch of the allowed Franck-
Condon transitions populates vibrational levels in the
continuum, thus leading to a fast dissociation of the mol-
ecule. Note that the sharp atomic lines indicate that
when the HCI molecule is excited above the dissociation
limit the dissociation takes place before the Auger decay.
In the opposite case one would observe a superposition of
Auger electrons emitted at various internuclear distances
and giving rise to broadened and asymmetric spectral
lines.

Further energy calculations for Cl predict that the
2p ~'3p®—3s5'3p> transitions fall in the 160-170 eV en-
ergy region. Peaks at lower kinetic energies in Fig. 2 may
be caused by these transitions. We have indicated the po-
sitions of the 3s'3p> P and *P states on the basis of opti-
cal data in Fig. 2."* Due to the strong mixing between
the final-state configurations 3s'3p> and 3s%3p’nd
(n =3,4,5,. ..) the transitions have a very complicated
peak structure. The 2p ~'3p®—3p34p transitions caused
by the shake-up processes 3p —4p during the Auger de-
cay in atomic Cl are expected to appear outside the mea-
sured energy region, according to our energy calcula-
tions.

While fast neutral dissociation is clearly the most prob-
able decay channel, the atomic peaks in Fig. 4 seem not
to reproduce all the structure in the experiment. This
can also be seen from the least-squares fit of Voigt func-
tions carried out using the computer code CRUNCH,!?
which produces the lines indicated by vertical bars in Fig.
2. Besides the narrow and intense atomic peaks a - f, the
fit yields several broad peaks 1-7, summing up to 40% of
the total intensity. Some of these structures can be ex-
pected to be due to the molecular Auger decay in HCI,
with the excited electron staying as a spectator. There-
fore we have indicated in Fig. 2(a) some of the transitions
from the 2p;ho* initial state to the 50°27%('3)o*,
So'2m3 (Mo, 50127 )o* So2m*('3)o*,
502274 'A)a*, and 50%27*(32)o* final states. The posi-
tions of these peaks have been shifted by about 8.2 eV
from the normal Auger spectrum in HCI [the
2p5 5 —5s27*('A) transition'® is marked by an arrow in
Fig. 1(b)] to make them coincide with some of the extra
lines resulting from the fitting procedure. The shift of 8.2
eV is also fairly consistent with an observed shift of 6.6
eV between the normal and spectator Auger spectra in
Ar at the 2p —4s resonance.!” The assignment of molec-
ular transitions in Fig. 2(a) is, however, not intended to
serve as identification of separate lines but only to guide
the eye to places where additional structures related to
molecular decay mode could be found.

The molecular peaks can be expected to be broader
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compared to the atomic ones, even though the same life-
time width due to the Auger decay may be assumed for
the 2p core-hole states in Cl and HCl. In molecules, the
transitions between different vibrational levels in initial
and final state will cause the broadening of the peaks.
Some of the final states may have repulsive character,?
leading to a broadening, although even a few double-hole
states displayed in our calculations local potential-energy
minima. Furthermore, the electrostatic interaction be-
tween the spectator electron and the (So2m7)”2 state
causes extra splitting. In spite of these broadening effects
a least-squares fit with one broad structureless shape for
the background was not able to reproduce the spectrum
in Fig. 2 as well as the fit with peaks 2-6. We were,
moreover, not able to find any other atomic or molecular
processes that could result in a strong background (struc-
tureless or not) observed in the experiment.

The molecular Auger transitions with the excited elec-
tron participating in the process have the same kinetic
energies as the valence photoelectron lines. We did not
see any dramatic change in the intensities of the main
photoelectron lines at resonance, indicating that the par-
ticipator Auger in HCl is of minor importance. Peak 2 in
Fig. 2(a) [shifted to peak 3 in Fig. 2(b)] fits energetically
with the participator process. It can hardly be dis-
tinguished from the other molecular peaks. In our previ-
ous studies!®!®2! the participator process has also been
found to be negligible. In atomic Cl it is not possible to
distinguish between the spectator and participator pro-
cess since the excited electron fills the 3p orbital where
the final Auger holes also appear.

The simultaneous existence of molecular and atomic
spectra is in contradiction with the model presented by
Morin and Nenner for HBr.! The reason becomes obvi-
ous by comparing their schematic potential curves in Fig.
3 of Ref. 1 with results of our ab initio calculation in our
Fig. 3. Due to the 2.9-eV minimum in our potential-
energy curve the lowest vibrational levels of the HCl o*
state are bound against dissociation and consequently
they have a molecular decay mode. A qualitative
molecular-orbital (MO) picture supporting the model of
Morin and Nenner has been presented by Keller and
Lefebvre-Brion.”? Our correlated ab initio study based
on detailed large-basis CASSCF calculation should, how-
ever, have a much higher credibility. Our result is also in
agreement with basic principles of chemical bonding.
The electronic state considered here has a
(2p) " Yo )*o*)! configuration, i.e., two electrons in a
bonding and one electron in an antibonding orbital. Thus
the bond order is ;. The experimental D, of HCl is 4.4
eV and the depth of the calculated excited-state well in
Fig. 3 is 2.9 eV. This approximate halving is in agree-
ment with the picture above.

Although the present molecular calculation fails to
give a quantitative estimate for the interatomic potential
energy, we assume that the shape of the curve is much
less sensitive to the incomplete treatment of correlation.
The predicted minimum in the potential energy gives a
qualitative explanation for the simultaneous existence of
atomic and molecular spectra. There are allowed transi-
tions to bound vibrational states in both Franck-Condon
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branches in Fig. 3, which only shows one excited-state
potential-energy curve with the related vibrational states.
Due to the spin-orbit splitting we have in reality separate
potential-energy curves for the 2p,,, and 2p,,, hole
states, with the latter curve shifted down by 1.6 eV in the
energy scale. When the excitation energy is somewhat
below the 2p;,, —o* resonance we have only transitions
belonging to the right-hand branch and therefore an
enhanced molecular spectrum in comparison with the
atomic component. As the beam energy approaches
2p,,, resonance, excited states with 2p;,, holes are al-
lowed only in the left-hand branch giving rise to the
atomic spectrum. At the same excitation energies, how-
ever, the right-hand branch becomes open for the 2p, ,
hole states leading to simultaneous existence of strong
atomic and molecular lines. Note that our previous esti-
mate of kinetic energy released in the neutral dissociation
at 200.6 eV photon energy gives a positive value of 1.32
eV for the 2p( ;,, —0* component. The corresponding
atomic Auger lines (structure f for instance) are, howev-
er, absent in Fig. 2(a). This may be due either to an inac-
curacy in the evaluation of the kinetic energy or to a bar-
rier at larger internuclear distances in the potential-
energy curve. In the latter case dissociation would be
possible only by tunneling and therefore the molecular
Auger decay would be dominating. Unfortunately, our
present calculation is not able to give a final answer if
such a barrier really exists.

As the beam energy is still increased the 2p,,, com-
ponent of the spectrum fades out and also the right-hand
branch related to 2p, , hole states becomes nearly closed.
Thus we should be left with an almost pure atomic spec-
trum. Our experimental spectrum in Fig. 2(c) corre-
sponds approximately to this excitation energy, but the
molecular background in Fig. 2(c) is still prominent. This
observation may be related to excitation of 2p,, elec-
trons to Rydberg orbitals above the o* orbital. If the
structure around atomic peak a in Fig. 2(c) is due to the
decay of such states, a shift of about 6 eV is observed be-
tween normal and spectator Auger spectra in the mole-
cule. This agrees well with the finding for Ar 4s excita-
tion, which could be expected to have some resemblance
to HCl 4s excitation.

Our present study gives only a qualitative description
of the molecular decay mode. Therefore a new
synchroton-radiation study covering a wider range of ex-
citation energies around this resonance would be very in-
formative. In fact, related to our present study we have
already monitored the electron spectrum with photon en-
ergy slightly below the 2p, ,, resonance. These results in-
dicate an enhancement of the molecular component with
respect to the atomic one as predicted above. Due to the
low statistics of this spectrum it is not reported here.

In conclusion we have shown that the fast neutral dis-
sociation followed by the Auger decay of the atomic Cl
fragment is the dominating decay channel of the HCI
2pc—o* resonance state. As far as atomic lines are
concerned, our finding supports the recent interpretation
of the HBr electron spectrum by Morin and Nenner.'
Our experimental spectrum has, however, a large back-
ground of broad structures, which cannot be explained on
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the basis of atomic spectra. We have tentatively assigned
this background to Franck-Condon transitions leading to
bound vibrational levels of the HCl o* state having a
nonradiative molecular decay mode.
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