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Unveiling Residual Molecular Binding in Triply Charged Hydrogen Bromide
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We present an experimental and theoretical study of triply charged hydrogen bromide ions formed
by photoionization of the inner 3d shell of Br. The experimental results, obtained by detecting the
3d photoelectron in coincidence with the two subsequent Auger electrons, are analyzed using calculated
potential energy curves of HBr**. The competition between the short-range chemical binding potential
and the Coulomb repulsion in the dissociative process is shown. Two different mechanisms are observed
for double Auger decay: one, a direct process with simultaneous ejection of two Auger electrons to final
HBr" ionic states and the other, a cascade process involving double Auger decay characterized by the

autoionization of Br** ion subsequent to the HBr?>" fragmentation.
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While molecular dications have been the subject of
many experimental and theoretical studies [1], little is
known about molecular M3 trications. In most cases,
the Coulomb repulsion leads to their fast fragmentation.
It is only recently that the associated dissociation dynam-
ics, such as the complete atomization of 8023+ [2] or
C023+ [3,4], could be probed with Coulomb explosion
imaging techniques. Although multiply charged ions
from large molecules or clusters have been observed in
mass spectroscopy, only a few small metastable triply
charged molecular ions have been found, among which
C523+ is the best documented example [5]. Metastable
dihalogen trications were also observed [6] and identified
[7]. The first extensive calculation of M>" dissociative
states was undertaken in Cederbaum’s group 15 years
ago for CO** [8], followed by Brandauk et al. [9] for
N,3*. They revealed the complexity of the problem due
to many possible coupled final states.

In this Letter we demonstrate with the HBr’*" example
that detailed knowledge of individual dissociative trica-
tionic states can be obtained. Calculated HBr*" potential
curves have been probed experimentally through the
double Auger (DA) process following Br 3d inner-shell
ionization. The topology of these trication states, arising
from chemical bonding effects is evidenced in the obser-
vation of the lower HBr** states and the HBr?* Rydberg
series converging to these limits.

Photoionization can be used to form HBr’" trications
through different pathways. Below the inner-shell ioniza-
tion threshold, the valence triple photo-ionization (TPI)
process is allowed, but, experimental studies of Argon
[10] would suggest that the TPI process only occurs with
a small probability. Once the inner-shell ionization channel
opens, DA decay of HBr* (3d™') leads to substantial
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HBr** formation, as DA probability amounts to ~10%
of single Auger decay. This process can be compared to
that of the isoelectronic Kr atom [11]. In both cases, the
threshold for 3d inner-shell ionization lies about 20 eV
above the TPI threshold so that DA decay is energetically
allowed.

In Fig. 1, we present our calculated HBr’* potential
energy curves of the adiabatic states correlated to the
H* + Br?* (48, 2D, ?P) dissociation limits. The spin-orbit
splitting of the Br** 2Dy, , and *P;,, , final states
is neglected. The calculations use a method based on
ab initio multireference multistate perturbation theory
which allows for the inclusion of nondynamic and dynamic
electronic correlations, up to the dissociation limit. The
results reveal a peculiar topology arising from the domi-
nating Coulomb repulsion in the (H', Br’") system
combined with the short-range chemical binding of the
(H, Br**) system. In the Franck-Condon (FC) region, the
binding, while appreciable, is not strong enough to create a
local potential minimum [5-7]. In Fig. 1 the energy cross-
ing of the quartet state II (correlated to the HT + Br?™ (45)
limit) with the lowest doublet state I correlated to
Br2* (2D) around R = 1.8 A is observed. This implies
that, in the FC region, the lowest HBr?* state is a doublet
state. The potential energy curves of the intermediate
HBr" (3d™') states have also been calculated allowing
the determination of FC factors between these states and
HBr*" final states.

Experiments were performed on the U56/2 PGM2 beam
line [12] of the BESSY-II synchrotron during single bunch
operation that gives a 7 = 800.5 ns light pulse period. The
electron spectrometer is a long (~ 210 cm) magnetic
bottle time-of-flight spectrometer that has been described
in detail previously [11,13]. Its collection efficiency is over
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FIG. 1 (color online). Calculated potential curves of

HBr* (3d™!) (light blue) and of HBr** states correlated to
H* + Br*"(*S) (black), (*D) (red) and (*P) (blue) (note the
change in R scale at R = 3.5 A). The dot curves represent the
(+1)(+2)/R Coulomb potential starting from the H" + Br?*
limits. The thin (brown) lines correspond to HBr’* n =6
Rydberg states bound to the (red) curves. The thick dashed
(brown) curve represents the 1/R Coulomb potential between
H* and Br*. The vertical line indicates FC zone associated to
the HBr equilibrium distance.

95% of the full solid angle and the detection efficiency is
~55% for electrons between 0 to 200 eV as was deter-
mined experimentally using coincident detection of
Kr (3d) photoelectrons with Auger electrons. A mechani-
cal chopper [14] was used to increase this period to a mean
value of 12.5 ws allowing the determination of the abso-
lute electron time of flight (TOF). The TOF of the succes-
sive electrons are measured by a time-to-digital converter
(250 ps time resolution) with respect to the ring clock
signal gated by the detection of the photon bunch going
through the chopper using a channeltron inserted in the
beam at the end of the chamber. The time-to-energy con-
version and calibration uses He photoelectrons at different
photon energies and known Auger transitions in rare gases.
The photoelectron energy was chosen around 25 eV so that
the 3d photoelectron is faster than the two Auger electrons
from DA decay detected in coincidence with it. At 25 eV,
the energy resolution AE/E = 1.6% is enough to resolve
the 1.25 eV spin orbit splitting of the 3d3/, and 3ds, levels
but not the molecular field splitting [ 15]. All data presented
here correspond to the detection of three electrons in
coincidence by selecting the corresponding events in the
data list. The electron count rate was limited in the 1-3 kHz
range to keep the contribution of random coincidences
negligible.
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FIG. 2 (color online). 2D coincidence map between two Auger
electrons detected in coincidence with a 3ds/, (a) or a 3d;),
(b) photoelectron. Dashed (blue) diagonal lines indicate direct
double Auger decays populating HBr3* states in the FC zone.
Rectangles (red) correspond to the prominent two-step process.

Figure 2 displays the energy correlation map between
the two Auger electrons emitted in the DA decay of a
Br 3ds/, or 3ds;, vacancy. The spectra appear blurred
compared to the Kr atomic case [11], because the final
HBr?" states are repulsive molecular states with a large
dE/dR slope in the Franck-Condon region. Figures 2(a)
and 2(b) are very similar and appear to be simply shifted in
energy along the x axis, by the 3d spin orbit splitting of
1.25 eV. Two different zones of interest can be identified
in these 2D maps. The highest intensity is observed for
0<Eqp <2eV and 6 <E, <12eV and is character-
ized by horizontal lines. The specific two-step process
associated with this region will be described later. We
will concentrate first on the diagonal structures that are
visible for E4, >2 eV and 6 <E, + E4 <12eV. In
Fig. 3 the projection of the 2D spectra on the x = y axis
is shown for E4, > 2 eV; it corresponds to the histogram
of E4; + E4,. It is directly converted into binding energy
Ejg of the final HBr’" states by

Ep(HBr’*) = Eg[HBr* (3d™")] — (Eqy + Ea1) ()

The energy distribution along the diagonal E,; + E,, =
constant, indicates a continuous energy sharing between
the two Auger electrons compatible with a direct double
Auger decay towards HBr*' final states. Because of
the strong 2/R Coulomb repulsion between H" and Br?*
the dynamics of Coulomb explosion of HBr’* into
H" + Br*" might compete with double Auger decay in
the femtosecond time scale.

Figure 3 displays the population of HBr*" states popu-
lated in 3d direct DA decay: 3ds;, and 3d;,, decays give
similar results. The contribution of each HBr** state is
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FIG. 3 (color online). HBr*" states populated in a direct DA
decay. The (black and red) data curves were obtained at a photon
energy of 105 eV and correspond to the histograms of E4; + Ey4»,
from Figs. 2(a) and 2(b) when E4, > 2 eV. An offset is used for
the 3ds, black curve. The (blue) data were obtained at a photon
energy of hv = 81 eV from all three electron coincidences
with energies E; > 2 eV. Ey is then deduced from Ez = hv —
(E; + E, + E3). The (blue) data are fitted using calculated FC
profiles revealing individual HBr** final states (see text).

retrieved by using our calculated FC profiles. The fit in
Fig. 3 was obtained by adjusting only the relative ampli-
tude of the different final states while keeping fixed the
energies at their calculated theoretical value. Because of
the broad (~ 2 eV) FC distributions resulting from the
repulsive potential it is not necessary to consider the
spin-orbit splitting of the 2D3 125)2 (~ 130 meV) and
P, /2372 (~ 200 meV) Br?" states. The agreement with

experiment is excellent by considering only the four lower
molecular curves shown in Fig. 1 with a prominent decay
to curves II (quartet state) and III (unresolved doublet
states). It clearly reveals the residual chemical binding of
HBr** in the FC region with respect to the repulsive 2/R
Coulomb potential (~ 6.3 eV for ground state I and
~3.5 eV for states II, III, and IV). Such agreement is a
strong indication that, in the region of interest in the 2D
map in Fig. 2, direct double Auger decay precedes the
Coulomb explosion of the HBr** ion and that the hypothe-
sis of fixed nuclei during double Auger decay holds.
A small bump structure below 65 eV binding energy in
Fig. 2 is not matched by the calculated FC factors. It might
be associated with a two-step Auger decay. Firstly, a first
Auger electron is emitted to a HBr?>* state (Rydberg states
converging to HBr** limit). Subsequently, this ion disso-
ciates and a second electron can be emitted in the molecu-
lar region once the HBr?* dissociative curve goes above the
HBr*" curve. In such case, two electrons can transport
more energy than what is allowed for direct DA decay
with fixed nuclei.

This kind of process is confirmed in the strongest Auger
decay process observed in Fig. 2 [(red) rectangles].
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FIG. 4 (color online). Projection of the 2D spectra from Fig. 2
on the y axis with identification of two Br** Rydberg series built
on Br?* 2D3/2 and 2D5/2 cores.

The projection of the 2D map on the y (E4,) slow energy
axis is given in Fig. 4. The projection is similar for the 3ds ,
and 3d;/, initial core hole and shows many discrete energy
peaks. Such peaks reveal atomic autoionization. The only
decay channel able to produce discrete energy electrons in
HBr TPI is autoionization of a Br™ ion after fragmentation
of the HBr?" state produced by Auger decay:

HBr + hv — HBr* (3d™1) + e,
— HBr?t + ¢4,
— H" + Br'*
— B2t + ey, ()

This process is demonstrated by the assignment of most
of the observed atomic peaks in two Rydberg series (with
zero quantum defect) converging to 1.89 and 2.02 eV,
separated by 0.130 eV. The 2.02 eV limit corresponds to
the energy of the *D; ,, Br** level relative to the *S state
according to NIST reference tables, but the reported
*D;,-*Ds , energy splitting is given at 0.156 eV [16].
An anomaly was first noticed by Person et al. [17] for
the 2D splitting of Br III in its isoelectronic sequence.
A new interpretation on the Br III spectra [18] positions
the *D; , at 1.89 eV and the *D; , at 2.021 eV above the

Br?* 4§ ground state and reveals errors in the original data
interpretation [16,19] that was kept in databases [16].

We confirm here the 130 meV spin-orbit splitting of the
Dy 1232 Br’>" states. The observed Rydberg series
are Br”(ZDS/Z)nl and Br2+(2D3/2)nl series (with n =6
to 12) that autoionize to Br’" *S ground state. The
observed peaks show that autoionization occurs after frag-
mentation of HBr’* at an internuclear distance large
enough to neglect molecular effects. A few peaks [asterisks
in Fig. 4] are not assigned. The prominent peak at 0.1 eV
could possibly be a Br**(*D; )5l state with a small

quantum defect.
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FIG. 5 (color online). (a) Black line: HBr?>" states populated
by single Auger decay of the 3ds,, hole, and located above the
H* + Br?* (*S) limit at 50.77 eV. Grey (red) line: HBr>* states
evolving in a double Auger decay. (b) HBr?>" intermediate states
involved in the production of selected autoionizing Br** states in
reaction (2). (c) HBr>* autoionization quantum yield, deduced
from the ratio of the curves in (a). Dark (blue) and light (red)
points are obtained, respectively, from the 3ds,, and 3d;/,
decays.

We consider now the identification of the HBr** pre-
cursor states in reaction (2). They are extracted in Fig. 5(b)
from the energy distribution of the first Auger electron
associated with the atomic autoionization electrons.
Some structures are visible that are compatible with mo-
lecular Rydberg states such as those indicated in thin
(brown) line in Fig. 1. The lower energy structure at about
64 eV [Fig. 5(b) (0.3-0.5 eV)] can be assigned to an = 6
HBr?>** Rydberg state whose core is the ground HBr3™*
doublet state. Figure 5(a) displays the higher excited
HBr?** states populated by single Auger decay, as deduced
from the 3ds/, coincident Auger spectrum. These states
can eventually further decay by emission of a second
Auger electron, as represented by the (red) curve deduced
from three electron coincidences (3ds/, photoelectron and
two Auger).

Taking into account the experimental detection effi-
ciency, the ratio of the (red and black) curves from
Fig. 5(a) gives in (c) the HBr’*" “quantum yield,” as
defined by Eland [1]. It represents the autoionization
probability of these HBr?** excited states. The ~62 eV
threshold is in good agreement with a 1/R repulsive
potential correlated to H* + Br?* (*S) limit [thick dashed

(brown) curve in Fig. 1]. This supports the existence of
dissociative HBr?>* states that can release a second electron
during dissociation if they lie above the H* + Br?* (*S)
limit. The simple model puts this limit at 61 eV.

The study of double Auger decay by detection of three
electrons in coincidence has revealed different decay pro-
cesses. Direct double Auger decay has been observed and
can be interpreted thanks to the calculation of HBr**
molecular potential curves. A sequential decay process
involving dissociation of HBr>* Rydberg states provides
spectroscopic data on Br** autoionizing Rydberg series.
This study shows that even without the existence of any
stable triply charged HBr*" ions electron coincidence
electron spectroscopy gives precise information on
HBr?** potential energy curves and reveals the remaining
binding energy in the FC region.
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