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Velocity map imaging (VMI) data and mass resolved REMPI spectra are complementarily utilized to
elucidate the involvement of homogeneous multistate interactions in excited state dynamics of HBr. The
H!Z*(v' = 0) and EXS*(v/ = 1) Rydberg states and the VIE*(v'= m + 7) and V'E*(v'= m + 8) ion-pair states
are explored as a function of rotational quantum number in the two-photon excitation region of
79100-80700 cm™X. H* and Br* images were recorded by one- as well as two-color excitation
schemes. Kinetic energy release (KER) spectra and angular distributions were extracted from the data.
Strong-to-medium interactions between the E(1) and V(m + 8)/V(m + 7) states on one hand and the
H(0) and V(m + 7)/Vim + 8) states on the other hand were quantified from peak shifts and intensity
analysis of REMPI spectra. The effects of those interactions on subsequent photoionization and photolytic
pathways of HBr were evaluated in one-color VMI experiments of the H" and two-color VMI experiments
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|. Introduction

Since the introduction of Velocity Map Imaging (VMI) by Eppink
and Parker," the study of photofragmentation dynamics has
exploded with the applications of both 2D and 3D imaging
methods.>” Such experiments yield a wealth of dynamical infor-
mation regarding the nature of fragmentations and the aniso-
tropy of photoproduct scattering.

Multiphoton excitations of the hydrogen halides have become
a benchmark for studies of high energy Rydberg and valence
states and the interactions between them. At high energies, the
density of states increases, resulting in complex, perturbed
spectra where excitation dynamics involve predissociation, auto-
ionization, and numerous state interactions in addition to direct
photolysis channels through repulsive states. The dynamics
information reservoir on the hydrogen halides is steadily increas-
ing with extensive work performed on HCI,>>® HBr,'>?%28733
and HL'>***> Multiphoton excitation coupled with velocity
map imaging have been complimentarily utilized to elucidate
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photofragmentation pathways in HCL,*™*® HBr,***%4749-51
and HL*®

For HBr, specifically, studies include examination of low energy
repulsive state dynamics,***%°>°3
mediate Rydberg states*®*”*" and jon-pair states,"””*! superexcited
state reconstructions,”® and formation of bromine atoms from
clusters.”* Some of the experimental studies have utilized ab initio
calculations,*>*®*® which turned out to be useful correcting
potential curves,”>° as well as resolving properties such as ion
distributions,*® spin-orbit branching ratios,”” and anisotropy
parameters.>®

Recently, one color VMI coupled with (2 + n) REMPI of HBr
were used to investigate the effect of interactions between the
E'Z*(v' = 0) Rydberg state and the V'Z*(v' =m + i, i = 4, 5), ion-
pair states on subsequent processes such as photoionization
and photofragmentation.” The state interactions had previously
been studied by mass resolved REMPI, based on spectral pertur-
bations.”® An energetic scheme was proposed to explain the
observed perturbation effects. It was found to be helpful in

photodissociation through inter-

resolving the fragmentation processes examined in the VMI
studies,”” which demonstrated that the total kinetic energy
releases and angular distributions of the fragmentation pro-
cesses were largely dependent on E and V state quantum level
resonance excitation and state mixings. More recently a joined
study of one-color mass resolved REMPI and VMI of H' of HBr,
for resonance excitations to the interacting 6pn°~~(0"; v’ = 0)
Rydberg state and the V'Z*(0"; v/ = m + 17) ion-pair state
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revealed the effect of weaker triplet-to-singlet state interaction
on photofragmentation dynamics.

In both VMI studies, the initial excitation involved two-photon
transitions from the molecular ground state (c°n*) via “virtual
states” which can borrow character from the repulsive valence
states (o”n’c*), 2’1, o+, A'T1; and (on*c*) 'L, o accessed by the
first photon.?®**%°25%%0 The a°[1; and A'Il; repulsive states
correlate with H + Br(’P;,,), whereas the a’Il, and t*Z", ; states
correlate with H + Br*(*Py,). For simplicity we will hereafter use
Br to denote Br(*P;,,) and Br* to denote Br(*P;,). Therefore, the
one-photon channels are:**"*'

HBr(X'Z" v =0, J) + hv —» HBr(2’1,/A'Tl;) > H+ Br (1a)

HBr(X'Z" v'= 0, J') + v —» HBr(a’ll,:/t’~*- ;) — H + Br*
(1b)

The two-photon resonance excitations can either involve transi-
tions to Rydberg states, (6°n*)nl/, or ion-pair vibrational states
(on®c*) or corresponding mixed states (commonly denoted
here as HBr**),

HBr(X'=" v =0, J) + 2hv

— HBr** two-photon resonance excitation (2)

The absorption of the third photon can involve excitations
to singlet and/or triplet repulsive superexcited Rydberg states
(HBr"; **%, “*II) which correlate with H*(n = 2) + Br/Br*.
Excitation to those states is followed either by dissociation or
autoionization to form vibrationally excited HBr" or HBr'* ions
(Gzns):ez,as

HBr** + hv — HBr’(*%, ““II) photoexcitation  (3)

HBr*(*IT) — H*(n =2) + Br dissociation (4a)
HBr’(*”%) - H*(n = 2) + Br/Br* dissociation  (4b)

HBr(1°%, VT1) — HBr'(*Tl;,; v')/HBr ([T, ") + e~
autoionization (40)

The contributions of the various processes (4) are found to be
largely dependent of the nature and mixing of the HBr** state
which govern the strength of the photoexcitation process (3)
and its dependence on the internuclear distance.

Finally, absorption of a fourth photon produces the detectable
ionized fragments. Thus, the vibrationally excited HBr'/HBr* ions
are excited to repulsive states which correlate with H" + Br/Br*
while the H* fragments, produced in (4a) and (4b) are ionized

HBr'(v")/HBr'*(v') + hv — H' + Br/Br* photodissociation

(5a)

photoionization
(5b)

H*(n =2) + Br/Br* + hv — H' + Br/Br* + e~

The neutral Br/Br* fragments produced by the processes above
can be detected by (2 + 1) REMPI:

Br/Br* + 2hv — Br** resonance excitation  (6a)

Br** + hv — Br' + e~ ionization (6b)
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The results mentioned above®"** became an impetus to study the
effects of high energy multistate interactions of varying strength
on photofragmentation processes, on a quantum energy level
basis. Such studies provide valuable information on how state
interactions affect competition between photolytic and ionization
pathways in highly excited molecules. In this paper we present
data relevant to the effect of singlet-to-singlet state interactions
between two Rydberg and two valence states on vibrational and
rotational energy level basis. The E'S*(v' = 1) ((c®>n’)6pn) and
H'Z'(v' = 0) ((6°n*)5dn) Rydberg states and the V'Z*(v' = m + 7)
and V'Z'(v' = m + 8) ion-pair (valence) states ((on*)c*) of HBr,
which are known to exhibit homogeneous Rydberg-to-valence
states interactions,® were studied by mass resolved REMPI and
one- as well as two-color VMI of the H' and Br" ions, respectively.
J-dependent state mixing as well as state-to-state interaction
strengths were extracted from the REMPI spectra for the states
involved. Anisotropy parameters relevant to the initial resonance
excitation step for the H'Z*(1' = 0) state were estimated from line
intensities. Kinetic energy release (KER) and angular distribu-
tions derived from one-color velocity map images of the ions
allowed characterization of the H' generation pathways following
the interaction. The two-color experiments for Br' detection, in
particular, proved to be very useful to shed light on the nature of
the initial two-photon resonance excitation step. In what follows,
the resonance excited states listed above, will be nicknamed E1,
HO, V7 and V8 respectively.

Il. Experimental

The VMI setup used in this work has been described in detail
before.®>°® Hence, only a brief description will be given here.

A supersonic molecular beam, typically of a mixture of 15%
HBr in He, was formed by expansion through a home-made
piezoelectrically actuated nozzle valve (1 mm orifice) before
being skimmed (1.5 mm, Beam Dynamics) prior to entering
the detection chamber of the VMI setup. A stagnation pressure
of P, < 1 bar was used.

A photolysis/photofragment ionization laser beam is focused
(f =30 cm) on the geometric focal point of a single-electrode
repeller-extractor plate arrangement where it intersects the colli-
mated molecular beam at right angles. In one-color experiments,
the laser beam (typically 1.5 m]J per pulse) is generated by a
pulsed Nd*":YAG (Spectra Physics Quanta Ray Pro 250) pumping
a master oscillator - power oscillator system (Spectra Physics
MOPO 730-10) set at the appropriate wavelength. In two-color
experiments, a second excimer-pumped (Lambda Physik LPX300,
operating with XeCl) pulsed-dye laser’s (Lambda Physik LDP3000)
pulses are used with an appropriate dye and a BBO crystal (output
typically around 1 mJ] per pulse) to ionize quantum-state-
selectively (i.e. by REMPI) photofragments generated by the
MOPO system. In this case, the two lasers are counter-
propagating and focused onto the collimated molecular beam
by f= 30 cm lenses. To detect Br and Br* fragments (see below),
260.622 nm and 262.540 nm laser pulses were used for the
probe (ionization) laser system to achieve (2 + 1) REMPI
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through the 4s*4p*(°P,)5d(* D5 ,) and 4s°4p*(°Po)5p(*P; ,) inter-
mediate Rydberg states, respectively.

The probe laser pulses were delayed with respect to the photo-
lysis pulse, in order to allow a sufficient density of photofragments
to build up prior to REMPI detection. Moreover, the time delay had
to be carefully adjusted in order to avoid “fly-out” of the photo-
fragments. Typically, the delay was set at about 10 ns.

Kinetic energy and angular distributions of photofragments
were extracted from images following inverse Abel transforms,
(see ref. 67 and references therein) which provided 2D-cuts for
the 3D projections of the distributions.

lll. Results
A. Mass resolved (2 + n) REMPI

Mass resolved (2 + n) REMPI spectra of HBr in the two-photon
excitation region 79 100-80 700 cm ™" have been reported in ref. 33.
Therein, the REMPI spectra of the resonance Rydberg states E1 and
HO and the ion-pair states V7 and V8 are presented. An energy
diagram of these states, derived from the spectra, is presented in
Fig. 1. Perturbation effects in the spectra appear as deviations from
linearity in plots of energy level spacing AEy y_; (= E(J') — E(J — 1))
as a function of J' (Line-shift (LS) effects)*"*> and as anomalies in ion
signal intensity ratio (I(Br")/[(HBr")) as a function of J' (Line intensity
(LI) effect). These effects have been interpreted qualitatively as being
due to non-degenerate interactions between the Rydberg states and
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Fig. 1 Rotational energy levels derived from observed (2 + n) REMPI
spectral lines for the E'’T*(v' = 1) and H'Z(v' = 0) Rydberg (blue) and
the VIZ*(v/ = m + 8) and V!Z*(v/ = m + 7) ion-pair (red) resonance excited
states. Level-to-level non-degenerate interactions between the Rydberg
and ion-pair states are indicated by broken lines. Alterations in state mixing
are shown, roughly, by varying thickness of the broken lines.
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the ion-pair states (e.g see ref. 24, 33 and 41). The observations
qualitatively agree with a model of energy level mixings of the same J’
quantum numbers, for interacting states. Thus the interactions are
manifested as “repulsions of the energy levels” inversely proportional
to the energy differences. In ref. 33, weak, near-degenerate inter-
actions between the V7 state and the F'A,(v'= 0) Rydberg state for
J'=5-6 was identified and quantified.*> Now we will use the REMPI
data reported in ref. 33 to further quantify interactions between
the E1, HO, V7 and V8 states.

The shared symmetry (*Z*) of the E1, HO, V7, and V8 states
means that they will exhibit relatively strong non-degenerate
interactions.”®*"*" By assuming minimum interactions between
the Rydberg states, on one hand, and between the ion-pair states,
on the other hand, the Hamiltonian matrix simplifies to,

X\Xj v7 HO V8 E1l

V7 ng WHO,V7 0 We1 V7
HO Wiiov Efro Whio,vs 0

V8 0 Whio,vs Evg We1,vs
E1 We1v7 0 We1vs Ep,

where E%; are the deperturbed energies of the excited states (X),
given by
Ex(J) ="+ BJ(J +1) )

as a function of the /' quantum numbers, where the parameters
1 and B’ represent the band origins and the rotational con-
stants, respectively. The non-zero off-diagonal matrix elements
(Wxixj3 i # J) represent the interaction strengths between the
Rydberg and ion-pair states and are independent of J, since the
interactions are homogeneous (AQ = 0).”®

For level-to-level interactions between a Rydberg state (Xi = Ry)
and one ion-pair state (Xj = V) the following expression holds*® for
the fractional state mixing (cg,” and c¢y°).

L \/(AERy‘,V(J/))Z - 4(WRY-V)2, o =1 —cry* (8)

) 2|AERyv(J)]

CRy

where AERyv(J') is the energy difference between levels of same
J values for the two states. This expression indicates that Rydberg
state, Ry, exhibits 100% Rydberg character (cg,” = 1) when Wyyy = 0
(which amounts to 0% ion-pair character), and 50% Rydberg
character and 50% ion-pair character (cg,” = ¢y* = 0.5) when
AEgyv(J') = 2Wryv. A corresponding approximation expression
can be derived for interactions between a Rydberg state, Ry and
two ion-pair states (Vi and Vj) by applying two interaction terms
and an appropriate normalization,

1 \/(AERy,Vi(-]/))z_ 4(WRy,Vi)2
CRy = = "
3 3|AERyvi(J)|

\/ (AEry (7))~ 4(WRY‘VI')2V 5
3|AERyv;(J")] C
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where ¢,” represents the combined fractional contribution of
both ion-pair states (Vi and Vj) (i.e. the total ion-pair character
in the mixed state). ¢y” can be further fragmented into the ion-
pair contributions of each individual ion-pair state as:

, 1 vQAEMyAJQY-—4(W@%w)
i =37 (10)
3 3’ERy,Vi(J,)’

2

where 7 = 7 and 8. The maximum individual ion-pair fraction
1\ . .
(CV,«2 :5) is obtained when 2Wgyy; = AEgyvi(J'), and the

minimum (cy;* = 0), when Wryvi = 0. The total as well as the
fractional ion-pair contributions (V7 and V8) to the E1 and
HO Rydberg states mixing, as a function of J' are presented
in Fig. 2a and b, respectively. W values from Table 1, derived
as described in the next paragraphs, were used. For the HO
state, the overall mixing decreases up to J' = 5 and increases
forJ’ = 6, 7. This is the effect of two components: a decreasing
contribution of the V7 state and an increasing contribution of
the V8 state, which is onset between J' = 4 and J' = 5 (Fig. 2a).
For the E state, fractional mixing decreases with J'. The
contribution of V8 state decreases with J', whereas the V7
state contribution is almost stable and slightly decreases
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Fig. 2 Total (black) and fractional (blue and red) mixing of the H'Z*(v/ = 0)
(a) and E=*(V' = 1) (b) Rydberg states with the VZ*(v' = m + 8) and
VIZH(V = m + 7) ion-pair states as a function of J'.
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Table 1 Interaction strengths (Wry,) and rate parameters (x,7)%® for the
ElZ*(v' = 1) and H!Z*(v/ = 0) Rydberg states (Ry) mixed with the VIZ*(v/ =
m + 7), and VIZ*(v' = m + 8) ion-pair states, derived from signal intensity
ratios (see main text and egn (9)-(11))

H'Z (v = 0) E'Z'0v =1)
Weyv'-mezylem 82 250
Weyv'-msg)lcm " 102 68
o 0.7 3
y 0.4 0.4

above J' = 5 (Fig. 2b). It is noteworthy that the V8 contribution
decreases with J' for E1 and increases for HO, whereas the V7
contribution decreases for HO but remains steady for most low
J's in the case of the E1 state.

Approximate values for the interaction strengths, Wgyvi
were derived by substituting eqn (9), above, into an expression
for the intensity ratios I[Br']/[HBr'] as originally derived by
Kvaran et al.*®

I[Brt]

B (X(V + v (1 —7))
T[HBrt]

(1 —cv?)

where o is a measure of the relative rate of the main forma-
tion channel of Br' from the ion-pair state (ay) to the main
formation channel of HBr" from the Rydberg state (ag,) (i.e.
o = ay/agy) and y measures the relative rate of formation of Br'
from the diabatic Rydberg state (fig,) to that of its formation
from the diabatic ion-pair state () (i.e. y = Pgry/oy). The
derived values are shown in Table 1. Based on the interaction
strengths, the E1-V7 interaction is about three times stronger
than the HO-V7 interaction and the HO0-V8 interaction is
about 50% stronger than the E1-V8 interaction. This suggests
that the E1 state interacts mainly with the V7 state and HO
mainly with the V8 state. The values for the interaction
strengths were further used to perform simultaneous three-
state deperturbation analyses for the two Rydberg states, E1
and HO interacting with the two ion-pair states, V7 and V8.
Derived spectroscopic constants are presented in Table 2,

(11)

along with parameters derived from standard fittings of the
perturbed spectral data.

Comparison of the deperturbed energies (E(J')), according
to eqn (7), and the corresponding perturbed energies (Ex;( J)) in
the form of the difference values (Ex;(J') — E%{J')) as a function
of J' for the four resonance states of concern is presented in
Fig. 3.

Positive difference values of about 90-100 cm ™" for the E1
state is indicative of an accumulative upwards repulsion of the
levels due to the interactions with the V8 and V7 states, whereas
negative J'-dependent values for the V7 (—40 to —100 cm ™)
state is indicative of an accumulative downwards repulsion due
to the interactions with the HO and E1 states. The dip in the
plot for the V7 state near J/ = 5-6 is indicative of a near-
degenerate interaction with the F*A,(0) state, which has been
discussed in detail previously.*® The difference values for the
V8 state switch from negative values for low J' (up to J' = 4) to
positive values for higher J' (—30 to +50 cm ') as a result of the
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Table 2 Band origins (1°) and rotational constants (B,/, D, ) derived from perturbed mass resolved REMPI spectra (“Measured"), deperturbation analysis
("Deperturbed”) of the spectra along with values derived by others from measured spectra

Plem ™t B,//em™! D,/ /em™!
State Deperturbed/measured/others® Deperturbed/measured/others>® Deperturbed/measured/others*”
VIS0 = m+7) 79584 + 11/79481.3/79480.3 2.7 + 0.2/3.6/— —/0.000/—
H12+(v’ =0) 79817 + 31/79645.6/79645.5 7.7 £ 0.5/7.1/7.193 —/0.010/0.0006
VIZ'W = m + 8) 80056 + 35/80029.0/80029.7 2.8 £ 0.6/4.4/— —/0.0027/—
E12+(v’ = 1) 80076 + 4/80166.3/80168.8 6.3 £ 0.5/6.4/5.93 —/—0.008/—0.028
100+ e ——* 4 ,
- E's*(v'=1)
50
£
(] 0 - )
= imi
&=~ WAL
% 50 4]
' -100 V1Z+(v' =m+7)
=~
J
W -150 -
Ttz
- W(V = O)

T T T T T
0 2 4 6 8

Jl
Fig. 3 Reduced term value (RTV) plots for the E!Z*(v/ = 1) and H'Z*(v/ = 0)
Rydberg states (blue) and the VIZ*(v' = m + 8) and V'Z'(W = m + 7)
ion-pair states (red).

accumulative upwards and downwards J'-dependent repulsions due
to the interactions with the HO and E1 states, respectively. A large
downward repulsion of the HO state levels (—220 to —170 cm™ "),
which is due to the accumulative upwards and downwards
J'-dependent repulsions due to the interactions with the V7
and V8 states, respectively, is indicative of the larger interaction
effect of the V8 state rather than the V7 state (see Table 1).

B. One color VMI

H' images and kinetic energy release (KER) spectra. H'
images were recorded for one-color, two-photon resonance
excitations from the ground state X0(/J”) to the HO(J = 0-9)
and E1(J' = 0-6) Rydberg states, and the V7(J = 1-8) and
V8(J' = 0-7) ion-pair states of HBr for the Q rotational lines
(J/ =J)). In all of the images, two intense rings are observed at
low and medium KERs and a group of weaker ones for high
KERs (see Fig. 4). These images resemble those previously
reported for various Rydberg and ion-pair states of HBr.>>"%*
The two intense inner rings correspond to photofragmentation
of superexcited states towards H*(n = 2) + Br/Br* (see mecha-
nisms 4a and 4b in Section I) and subsequent photoionization of
H*(n = 2) (process 5b in Section I). The innermost ring corre-
sponds to the formation of Br* + H*(n = 2) (named Br* channel
hereafter) whereas the ring of medium KER corresponds to the
formation of Br + H*(n = 2) (Br channel hereafter). The weaker
outermost rings correspond to H' formed by autoionization
of superexcited HBr (channel 4c in Section I) followed by

11358 | Phys. Chem. Chem. Phys., 2017, 19, 11354-11365

Fig. 4 One color H* velocity map images and corresponding kinetic
energy release (KER) spectra for two-photon resonance excitations to
the @ E(V' =1);J =3, ) V(V =m+8);J =1, (c) HV = 0); J = 4 and
(d) V(v = m + 7); J = 2 resonance energy levels via the Q branch. The
image intensity scale has been adjusted for the outer rings to be visible.
The KER spectra are normalized to the peak of the innermost ring (Br*
channel; see main text). The laser polarization is indicated by the double
arrow in panel (a).

photodissociation of the molecular ion in various vibrational
levels (v') (channel 5a in Section I) (HBr" channel). Fig. 5 shows
the KER spectrum for the HO(J = 0) resonance state, as an
example. The two KER peaks at ~0.4 and ~0.8 eV correspond
to the two intense inner rings in Fig. 4, whereas the group of
high energy peaks between 1.3 and 2.5 eV correspond to the
outermost rings.

The relative signal strengths (I,.;) of the various channels,
defined as the integrated signal intensities, I(i), of the channels
(i) divided by the total integrated intensities (XI(i)) (i.e. L = I(i)/Z1(i))
are shown in Fig. 6 as a function of J' for the various resonance
states. For the V8, HO and V7 states the I, values vary, overall,
as channel Br* > channel HBr" > channel Br, whereas, for E1
all the I, are comparable. There is a clear distinction between
the J' dependences of I, for the Br channel on one hand and
the Br* and HBr' channels on the other hand. The I, for the
Br channel varies only slightly with J/ in all states. The I,
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Fig. 5 H* kinetic energy release (KER) spectrum for resonance excitation
from the ground state, X(v/ = 0, J” = 0) to the H(v' = 0, J’ = 0) state. Peaks
corresponding to H* formation via the Br* (~0.4 eV) and Br (~0.8 eV)
channels (see main text) are marked. Predicted peak positions (assign-
ments of peaks), with respect to the intermediate vibrational levels of the
HBr*/HBr** ionic states (v*) (1.3-2.5 eV) for the HBr* channels are also
shown.
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Fig. 6 Branching ratios: relative integrated H* signal intensities (/,e;; see
main text) of the various H* formation channels (Br* (red), Br (blue) and HBr*
(black)) as a function of J' (for J” = J’; Q lines) for the resonance excited
states E(v' = 1) (a), VIV' = m + 8) (b), H(V' = 0) (c) and V(V' = m + 7) (d).

plots for the Br* and HBr' channels show more significant
variations with J' as well as “near-mirror image effects” such
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that increases in values for one of those channels correspond to
decreases in the other and vice versa. These effects will be
discussed further in Section IV.

Angular distributions of H*. Most of the rings display shapes
corresponding to overall parallel transitions (Fig. 4). Only the
rings, corresponding to the Br channel, for V8, J/ = 6 and HO,
J' = 4-5 display structure of overall perpendicular transitions.

In an attempt to quantify the anisotropy of the rings/channels,
the angular distributions were fitted by a simplified expression
corresponding to a one-step photodissociation,*”

P(0) = A(1 + ByPy(cos(0)) + faP4(cos(0))) (12)

where 8, and f, are the corresponding anisotropy parameters
and A is a scaling factor. The beta parameters, being “effective”
parameters for the overall photodissociation/photoionization
processes that lead to H' formation, can then be related to the
overall transition symmetry and the corresponding dynamics.
In most cases insignificant variations in the parameter f5,/angular
distributions were observed with J'. Therefore, we present only
averaged values of the 8, parameter for the various H' formation
channels in Table 3. One J’-dependent observation is a significant
lowering in f3,, hence increasing perpendicular character of the
corresponding transition, observed for the Br channel of the V8
ion-pair resonance state, with increasing J/ for J' = 0-6.°® A
second J-dependent observation occurs in the HO state, where
a minimum value of the f3, parameter (hence, largest perpendi-
cular transition character) is obtained for ' = 4-5 (see Fig. 7a
and ref. 68). For the E1, V8 and HO states the f, parameters
vary, mostly, as channels HBr" > channels Br* > channels Br,
whereas for the V7 state, channels Br > channels HBr" >
channels Br* (see Table 3 and ref. 68).

The mass resolved REMPI spectra of the HO resonance
state showed clearly resolved O and S rotational lines, which
allowed a “two-step analysis” of the angular distributions, corre-
sponding to a one-step resonance excitation followed by a
second ionization step.*®*"®® The angular distributions were
expressed by

P(60) = APH(0)Pyn(0) (13)

for
Pe(0) = 1 + fraPs(cos(0)) + B aPa(cos(0)) (14a)
Ppon(0) = 1 + Bpn2Pa(cos(0)) +fpn,aPa(cos(0))  (14b)

Table 3 Averaged (over J') o values for the VIE*(v/ = m + 7) and VIZ* (V' =
m + 8) ion-pair and the EXZ*(v' = 1) and H!Z*(v' = 0) Rydberg resonance
states derived from the angular distributions of the H* images for the
major formation channels (see main text), by assuming a one-step
photodissociation®

Average values of f3,

State Br channels Br* channels HBr" channels
v7 1.6 + 0.1 0.6 + 0.1 1.3 + 0.1
HO 0.3 +04 1.1+ 0.1 1.7 £ 0.2
%] 0.4 + 0.5 1.2 £ 0.3 1.4 £ 0.1
E1 0.6 + 0.1 1.3 £ 0.2 1.6 = 0.1
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Fig. 7 Anisotropy parameters for the H* formation via the H* + Br
channels for the resonance excitations to the H'=*(0) Rydberg state as a
function of J’ for J” = J’ (Q lines). (a) Anisotropy parameters, B, (blue) and
P4 (violet) obtained from “one-step analysis” (see main text). (b) Anisotropy
parameters, f, o (blue) and f4 on (violet), obtained from “two-step analysis”
(see main text).

where P¢(0) and Ppp(0) represent the distributions of the reso-
nance excitation and photofragmentation steps, respectively.
The anisotropy parameter of the resonance step, fi,, were
estimated from>"°

2 — 20Re[h]

fe =SS

(15)

where the b parameter was extracted from the intensity ratios of
the Q, S, and O rotational lines based on,

Io 1077+ 1) Q7" +3) 1 J'

=~ = b 16.

53 o Mo s o (163)
Io 107+ 1)[ 2277 —1) 17 +1)

fo _ b 16b
o 30— s (16b)

Thus, f¢,= —0.92 was obtained which corresponds to a virtually
pure perpendicular (X « IT « X) resonance transition, in close
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correspondence with our previous two-step analysis for the
E'X*(0) resonance state.”> For a fixed value of Pea = —0.92,
the anisotropy parameters, fpn2, fpna, and P4, were derived
from fittings of the angular distribution by eqn (13). Generally
the Boh, and Bph 4 parameters are found to be larger than the
corresponding f3, and 3, parameters, derived from the one-step
analysis, whereas the J'-dependent variations are found to be
virtually unchanged. This is analogous to what has been found
for the E'S'(v’ = 0) resonance state.”’ Fig. 7b shows the J’
dependent parameters for the Br channel. The two-step analysis
of the other channels (Br*, HBr'/HBr ™), gave fi,n , values about
+2 for all J's, corresponding to a purely parallel photofragmen-
tation transition. The B¢, parameter was found to be about
constant (~0.3 & 0.1) for all the H' formation channels. We
suggest that the parameters derived by the one-step analysis
(8> and f,) can be viewed as lower limit values for the corres-
ponding photofragmentation steps (Sph,2, fph,a)-

C. Two color VMI

Br' images and kinetic energy release (KER) spectra. Images
of Br" were recorded for two-photon resonance excitation from
the ground state to the HO and E1 Rydberg states and the V7
and V8 ion-pair states, as a function of J’, following (2 + 1)
REMPI of Br(*P;,) and Br*(*Py;,) (see Section II). Only one
major ring was observed for the Br fragment with angular
distribution suggesting a perpendicular transition, whereas in
Br* images two major rings are present, the inner corres-
ponding to parallel and the outer to perpendicular transition.
Kinetic energy release (KER) spectra were derived from the
images (Fig. 8). The peaks in the Br spectra appear at approxi-
mately 1.0 eV kinetic energy, which correspond to one-photon
photodissociations to form H + Br (see process (la) in
Section I). The lower energy KER peak in the Br* spectra appear
at ~0.8 eV, which corresponds to one-photon photodissocia-
tions to form H + Br* (1b). The higher energy KER peak, which
appear at ~5 eV, corresponds to the two-photon molecular

Fig. 8 Two-color Br velocity map images and corresponding kinetic
energy release (KER) spectra for two-photon resonance excitations to the
H(' = 0); J’= 0 energy level via the Q branch (a) — for (2 + 1) Br REMPI
detection and (b) — for (2 + 1) Br* REMPI detection (see Section II).The KER
spectra are normalized to the peak of the innermost ring (Br* channel;
see main text). The intensity of the image in (b) is adjusted to make the
outer ring visible. The laser polarization is indicated by the double arrow in
panel (a).

This journal is © the Owner Societies 2017



Paper

resonance excitation followed by predissociation via the repulsive
states that yield H + Br*.

Angular distributions of Br'. One-step analyses (eqn (12)) of
the angular distributions (see Fig. 8) gave values for the aniso-
tropy parameter f3, of about —1 for all the Br rings and about +2
for all the lower energy Br* rings. This corresponds to purely
perpendicular and parallel transitions for the two one-photon
photodissociation channels (1a) and (1b), respectively. Values
for f5, of about —1, corresponding to virtually purely perpendi-
cular two-photon transitions were derived from the higher
energy Br* rings for the E1, V8 and V7 resonance states. For the
HO state an average value of about —0.3 was obtained suggesting
dominating perpendicular transitions with some parallel transi-
tion contribution. These findings will be further discussed in
next Section.

IV. Discussion
A. Mass resolved (2 + n) REMPI

The deperturbation analysis of the REMPI spectra coupled with
intensity ratio analyses, described in Section III, A, reveal strong to
medium interactions between the Rydberg states, E1 and HO and
the ion-pair states V8 and V7 (Table 1) and allow evaluations
of spectroscopic parameters for the states (Table 2). The non-
degenerate level-to-level nature of the interactions appears as
mixing (Fig. 2) and repulsion (Fig. 3) of levels with same J/ quantum
numbers varying smoothly with J'. The fractional mixing of the E1
state with the jon-pair states is found to decrease with J' (Fig. 2b),
which is in agreement with earlier predictions®® based on signal
intensity ratios. Fractional mixing of the HO state with the ion-pair
states is found to be minimal for // ~ 5 (Fig. 2a), which is also in
agreement with predictions based on signal intensity ratios.*® The
interactions result in greater divergences of the rotational energies
(increasing E(J') — E°(J")) with J' for the ion-pair states but in
corresponding compressions (decreasing E(J') — E°(J') with J') of
the levels for the HO state (Fig. 3), as might be expected.'®

B. One color VMI

The H' formation channels, observed occur via one-photon transi-
tions from the mixed resonance excited states (E1, HO, V8 and V7;
HBr**) to repulsive superexcited states (HBr”) in the Rydberg
series which converge to the ionic states, B°L" (6*(m,m;)0*") and
*M(c'n’c*")*"*1*%* and which correlate with H*( = 2) + Br*/Br
(Fig. 9a). Considering one-electron transitions and the principal
electron configurations, ([o*n’]5pn") for E1, ([o*n’J4dr") for HO
and (c'nc*") for V8 and V7, the Rydberg electrons must occupy a
5pn orbital in the case of the E1-V8, V7 mixed states and a 4dr’
orbital in the case of the HO-V8, V7 mixed states. Although the
selection rule for spin conservation favours the involvement of
singlet Rydberg states, triplet states cannot be ruled out. Therefore,
possible Rydberg states are ““II([B*Z";0%(m m;)o*'Ryn') and
3% (PM;0'rc*'|Ryn') for Ryn = 5prm and 4dm, respectively.
Three major transitions for each mixed state systems are, there-
fore, expected to be involved, two from ([c”n’JRyr') (E1/HO;
dominating short-range excitations) and one from (c'n’c*")
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Fig. 9 (a) Potential curves of the states involved in the H* formation
following two-photon resonance excitation of HBr to the E(V' = 1),
H(V' = 0), V(v = m + 8) and V(vV' = m + 7) mixed states, asymptotic

energies of fragments and relevant transitions (see main text). The
potential curve for the B states (green solid curve) was derived from
Fig. 1 in ref. 50. The potential curves for the ionic states (broken curves)
were derived from ref. 56. The potential curve of the H state was derived
from known origins of the v/ = 0, 1, 2 states.?® The shape of the repulsive
states correlating with H* + Br/Br* and H** + Br are based on preliminary
ab initio calculations,”* which suggest that the curves might be of shapes
close to that of the BT ionic state.”* (b) Potential curves of the states
involved in the two-photon resonance excitation, asymptotic energies
of the fragments detected by two-color experiments and relevant transi-
tions (see main text). The relevant potential energy curves were derived
from ref. 53.
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(V8, V7; longer-range excitation), as (orbital transitions are high-
lighted, underlined and bold)

(a) HBr* {E/H'T([I; 6°x* |Ryn') } + /v

— HBr# {*11([B*Z+; Gz(nin}l,)c_*']Rynl)}

*

perpendicular core electron transition/n — ¢

(b) HBr {E/H'L([*IT; 6*n’| Ryn') } + v
— HBr#{1'3Z([2H; cs'n%jl] Ryn')};

parallel core electron transition/¢ — ¢

(¢) HBr*{V'E(c'n*c™")} + v
— HBr#{l’3E([2H; 01n30*1]Ryn1)};
parallel core to Rydberg electron transition/m — pn

The superexcited HBr#{!4X([*IT; o'n’c*'|Ryn') } states will
correlate with H* + Br* as well as the H* + Br fragments,
corresponding to the two spin-orbit components of the ion
cores, whereas the HBr*{'*TI([B’Z"; o*(nln} )" '|Ryn' )} states
will only correlate with H* + Br. Furthermore, these can auto-
ionize to form HBr™* and HBr'(X°T1(c’n?)) via the Auger effect.
We will now consider how the results presented in Section III B
match these proposed excitation processes.

The resonance transitions for the mixed HO state (see
Section II B) as well as the E'X*(1 = 0) state®® are found to be
largely perpendicular (i.e. £ « IT « X). There is not a reason to
expect a large variation in the character of those transitions
over the relatively short excitation region of concern here. We,
therefore, suggest that the major variations in the overall
parallel vs. perpendicular transition characters as a function
of J, as well as for the different channels (a)-(c) (see above) are
associated with the steps following the resonance excitation to
HBr**. Therefore, in the cases of the Br* and Br channels,
variations in the transition characters will be determined by the
relative contributions of the steps (a)-(c) above. In the case of
the HBr' channels both the steps (a)-(c) and photodissociation
of HBr'/HBr™ need to be considered.

Br channel. Judging from the relative intensities (I, of the
KER spectra for the various main channels (Fig. 6) the con-
tributions of the Br channels to the overall signal is found to be
lower for the ion-pair states (V8 and V7) than for the Rydberg
states (E1 and HO). This suggests that the Br signal can be
largely associated with short range (short internuclear distance)
transitions corresponding to larger Rydberg character of the
mixed states. Furthermore, there is a slight enhancement in
those signals for the V8 state with J/ for J/ = 0-6, which
correlates with the predicted lowering in the ion-pair character,
hence increasing Rydberg character, with J' (Fig. 2a and b).
Relatively low f3, values (0.3-0.6) for the Br channels for all the
states except V7 compared to those values for the other channels
(1.1-1.7) (Table 3), hence relatively larger perpendicular transi-
tion contribution (i.e. excitation channel (a) above), further
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supports this. The dip observed in the plots for 8, and fpp,» vs.
J' for the Br channels (Fig. 7), hence increased perpendicular
transition contribution, for J/ = 4-5, correlates well with the
predicted minimum of the ion-pair character in the mixed HO
state of J' ~ 5 (see Fig. 2a and ref. 33). Furthermore, a decreasing
B, value with J' for J' = 0-6 of the V8 state (see Section III B and
ref. 68) also correlates nicely with the observed increase in I
with J' for the Br channel (Fig. 6).

The Br* and HBr" channels. The close correlation between the
Iq vs. J' plots for the Br* and HBr' channels, that appear as “near-
mirror image effects” (Fig. 6), strongly suggests that these channels
involve joined transitions from the resonance excited state(s)
followed by a competition between the HBr'*/HBr" and H* + Br*
formations, depending on the degree of the state mixing. This
suggests that the Br* and HBr' contributions are a reflection
of the degree of state mixing. Considering this and the fact
that the sum of the relative intensities (see Fig. 6) for those
two channels (I(Br¥) + Ioj(HBr")) are found to be larger for the
ion-pair states (V8 and V7) than for the Rydberg states (E1 and
HO) makes us believe that these signals are largely associated
with long range transitions corresponding to larger ion-pair
states character of the mixed states.

C. Two color VMI

The perpendicular nature of the one-photon transition which
results in the Br formation (see Section III C and Fig. 8) is in
agreement with observations by others for the excitation energy
region of concern (39 700-40 300 cm ™~ '; 248-252 nm).*>* It indicates
that excitations to the repulsive a’IT, and AT, valence states
(electron configurations (6*1*)c*”°) from the X'E* ground state
(o?n*) are the major transitions (1 — o*; see eqn (1a) in Section 1)
involved (see Fig. 9b). The absence of Br peaks (Fig. 8), corres-
ponding to energy release of two-photon absorption to the
resonance states indicates that these intermediate states are of
minor importance as predissociating states for all the resonance
excited states (E1, HO, V8 and V7).

The parallel nature of the one-photon transition which results
in Br* formation (see Section III C and Fig. 8) is also in agreement
with observations and predictions by others.”>**®® 1t indicates
that excitations to the repulsive t°~"; ;- valence states ((on*)o¥)
from the ground state are the major transitions (c — ¢*) involved
(see Fig. 9b). The observation of the higher kinetic energy ring,
corresponding to two-photon excitations, and its perpendicular
transition symmetries, for the Br* detection, for all the states, on
the other hand, indicates that two-photon resonance transitions
via the a’Tl,,+ and A'Tl; states to give overall perpendicular
resonance transitions (X « Il « X) is a precondition. This
requires that the repulsive t*Z", o state/s do not partake as virtual
states in the two-photon resonance excitations, in agreement with
the calculated fi¢, parameter for the HO state (fiz, = —0.92). A likely
predissociation pathway is through interaction between the HO,
E1, V7 and V8 mixed states and the t’T* state to give H + Br*
(eqn (1b) in Section I). The large average internuclear distance of
the V state makes crossing to the repulsive states highly improb-
able. The Rydberg states, however, are crossed by the repulsive
states, thus making predissociation processes more probable.
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Hence, the predissociation is likely to occur via a dominating
Rydberg state character of the mixed states.

V. Conclusions

By joint forces of mass resolved (2 + 1) resonance enhanced
multiphoton ionization ((2 + n) REMPI) spectra of HBr and
velocity map imaging (VMI) of H' ions in one-color experiments
and of Br' ions in two-color experiments the excitation dynamics
of the interacting E'Z'(v' = 1) (ie. E1) and H'S'(V' = 0) (HO)
Rydberg states and the V'Z*(v' = m + 8) (V8) and V' (v' = m + 7)
(V7) ion-pair states has been further clarified.

The aforementioned (2 + n) REMPI processes can be viewed
as if they are occurring via two groups of strongly interacting
and J'-dependently mixed resonance states, namely the E1, V8
and V7 states on one hand and the HO, V8 and V7 states on
the other hand (Fig. 10). The interaction strengths and the
fractional mixings were quantified by analysis of spectral
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Fig. 10 (a) Schematic figure of the major one-photon transitions (blue
arrows) as well as photodissociation (gray arrows) and autoionization (red
arrows) processes following two-photon resonance transitions to the
E(v' = 1), H(V' = 0), V(v = m + 8) and V(v' = m + 7) mixed states, prior to
jonization (see main text). Orbital transitions and the nature (parallel/
perpendicular transitions) of the photoexcitations are indicated. (b) Schematic
figure of the major transitions (blue arrows) involved in the two-photon
resonance transitions to the E(v' = 1), H(v' = 0), V(V' =m + 8)and V(v =m + 7)
mixed states as well as photodissociation and predissociation processes
(gray arrows) (see main text). Orbital transitions and the nature (parallel/
perpendicular transitions) of the photoexcitations are indicated.
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perturbations, which also allowed characterization of the
deperturbed states involved.

KER spectra and angular distributions of the ions, derived
from the one-color H' images allowed clarification of the photo-
ionization processes of the mixed resonance states to form the H"
ions. The processes are believed to involve one-photon transi-
tions to superexcited Rydberg states HBr* “*IT and HBr* '~
which correlate with H*(n = 2) + Br(*P;,,) (i.e. the **I1 states and
the lower spin-orbit components of the "% states) and H*(n =
2) + Br*(°Py),) (the higher spin-orbit components of the “*%
states) and converge to the ionic states, B’Z" and I, respec-
tively. Excitations to the lower energy superexcited states
involve both parallel and perpendicular transitions, largely
associated with short range transitions corresponding to domi-
nating Rydberg character in the mixed resonance states, whereas
those to the higher energy superexcited states are parallel in
nature, largely associated with long range transitions corres-
ponding to dominating ion-pair character in the mixed resonance
states. The former transitions will lead to dissociations to form
H* + Br, prior to further one-photon ionization of H* to form H'.
The latter transitions can lead to dissociations to form H* + Br*,
prior to further one-photon ionization of H* to form H' as well as
autoionization to form HBr'* and HBr'* prior to photodissocia-
tions to form H'(Fig. 10a).

KER spectra and angular distributions of the ions, derived
from the two-color Br' images allowed clarification of photoexci-
tation and photodissociation processes involved in the resonance
excitation step. In addition to contributing to the character of
virtual states for the two-photon resonance excitations the repul-
sive valence states, which correlate with the H + Br/Br* fragments,
also act as intermediate states for corresponding one-photon
photodissociation processes. Thus, H + Br and H + Br* fragments
are found to be formed by one-photon excitations to the a*TI/A'TI
and t°Z" states, respectively. Whereas no or negligible H + Br
formation is found to occur by predissociation of the mixed
resonance excited state H + Br* is formed by predissociation by
the t>X" state at short ranges, corresponding to a dominating
Rydberg state character of the mixed states (Fig. 10b).
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