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Photofragmentation, state interaction, and energetics of Rydberg
and ion-pair states: Resonance enhanced multiphoton ionization of HlI

Helgi Rafn Hrédmarsson, Huasheng Wang, and Agust Kvaran?
Science Institute, University of Iceland, Dunhagi 3, 107 Reykjavik, Iceland

(Received 9 April 2014; accepted 5 June 2014; published online 24 June 2014)

Mass resolved resonance enhanced multiphoton ionization data for hydrogen iodide (HI), for two-
photon resonance excitation to Rydberg and ion-pair states in the 69 600-72 400 cm~! region were
recorded and analyzed. Spectral perturbations due to homogeneous and heterogeneous interactions
between Rydberg and ion-pair states, showing as deformations in line-positions, line-intensities,
and line-widths, were focused on. Parameters relevant to photodissociation processes, state interac-
tion strengths and spectroscopic parameters for deperturbed states were derived. Overall interaction
and dynamical schemes to describe the observations are proposed. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4883900]

. INTRODUCTION

Spectroscopic and photofragmentation studies of
the hydrogen halides have proven to be very valuable
to various contemporary fields of photochemistry such
as atmospheric chemistry,"? astrochemistry,>* and pho-
tochemical synthesis.5 The UV, VUV, and multiphoton
excitation spectroscopy of these compounds is very rich
in structure showing clearly resolved rotational bands due
to excitation to Rydberg and ion-pair states.®”'! Spectral
perturbations showing as line shifts”% 101220 and/or as
line intensity fluctuations’-®10:12-19:21=23 " are  frequently
observed as effects of state interactions and/or predis-
sociation processes.” 12131821 These are seen both in
absorption”>?*2?° and REMPI spectra.”$10,12-20,23,30-32
Pronounced ion-pair to Rydberg state mixing have been
observed experimentally’-!012-14.16-20.22,24-26.30.31,33 g
predicted theoretically.?'3* Furthermore, perturbation effects
have been shown to be valuable in spectral assignments.'”

The spectroscopy of the hydrogen halides has proven to
highlight clearly the effects of various perturbation terms ne-
glected in the Born-Oppenheimer (BO) approximation, par-
ticularly in the cases of interaction between electronically ex-
cited Rydberg states (2 =0, 1, 2, ...) and ion-pair vibrational
states (2 = 0), where both homogeneous (A2 = 0) and het-
erogeneous (A2 > 0) couplings are observed. In the rota-
tional part of the Hamiltonian, Hrt, there are three terms that
are neglected in the BO approximation, which are responsible
for perturbations between different electronic states. These
terms are the following:

() (1/2uR*)(L*S™ + L~S*), which causes spin-electronic
homogeneous (A2 = 0) perturbations.

(i) —(12uR*)(J*S~+ J=S*), which is the S-uncoupling
operator.

) Author to whom correspondence should be addressed. Electronic mail:
agust@hi.is. Telephone: +354-525-4672, +354-525-4800. Fax: +354-
552-8911.
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(iii) —(12uR*>)(J*L~ + J~LT), which is the L-uncoupling
operator.

The last two terms are responsible for the heterogeneous
(AQ2 > 0) perturbations.

Interpretations of observed perturbation effects have in
turn allowed distinctions between various photodissociation
and photoionization pathways.'2

A number of papers have been published, which place
emphasis on state interactions, energy transfers, and pho-
todissociation processes, in HC1'6:18:30:31.35-40 anq HBr.!8-20
Whereas most of the studies of hydrogen iodide (HI) have
focused on the spectral assignments and the energetics of the
Rydberg and ion-pair states, little emphasis has been placed
on spectral perturbations for HI. Apart from statements con-
cerning perturbation observations,'’-?>33 no detailed analyses
of the spectral perturbations for HI have been reported. In this
paper we will emphasize the perturbation effects, involving
both homogenenous and heterogenenous state interactions,
between the following Rydberg and ion-pair states:

(i) The H'X*(v' = 1) and the m*T1,(v' = 0) Rydberg states
and the V! 2+ (v = m + 6) ion-pair state.

(i) The O'X* (v = 0) and K°*IT;(v' = 1) Rydberg states and
the V! (1 = m + 7) ion-pair state.

(iii) The I' A>(v' = 0) Rydberg state and the V!Z+(1' =m
+ 9) ion-pair state.

Ginter et al.” have reported perturbation observations in
the absorption spectra due to transitions to the V! L+ = m
+ 6, m + 9) and K’T1,(v' = 1) states and Pratt and Ginter®?
mention intensity anomalies in a REMPI spectrum for a res-
onance excitation to the I' A,(v' = 0) state. (Vibrational lev-
els of the V state are labeled as v =m +i,i =0, 1,2, ...
where m is an unknown integer.) Here line-shifts (LS) as well
as line-intensity (LI) and line-width (LW) alterations, here-
after referred to as LS-, LI-, and LW-effects, respectively, are
considered. Quantitative and qualitative information, relevant
to photodissociation processes, state interaction and spectro-
scopic parameters for HI are derived.

© 2014 AIP Publishing LLC
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Il. EXPERIMENTAL

Mass resolved REMPI data were recorded for a HI
molecular beam, created by jet expansion of a pure gas sam-
ple through a pulsed nozzle. Ions were directed into a time-
of-flight tube and detected by a microchannel plate (MCP)
detector, to record the ion yield as a function of mass and
laser radiation wavenumber.

The apparatus used is similar to that described in
Refs. 16, 18, 30, 32, and 41-43. Therefore, only a brief de-
scription is given here. The radiation was focused onto the
HI molecular beam (HI gas sample obtained from Matheson
Gas Products, Inc.) by a lens with a 20 cm focal length in-
side an ionization chamber between a repeller and extractor
plates. The number of photons per pulse inside the chamber
is estimated to be about 10'* and the photon density about
10'® cm~2. The gas sample was pumped through a 500 um
pulsed nozzle from a typical backing pressure of about 2.0—
2.5 bar. The pressure inside the ionization chamber was
around 107% mbar during experiments. The nozzle was kept
open for about 200 us and the laser beam was typically fired
500 ps after the nozzle was opened. Ions were extracted into
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a time-of-flight tube and focused on a MCP detector, from
which the signals were fed into a LeCroy WaveSurfer 44MXs-
A, 400 MHz storage oscilloscope and stored as a function of
ion times-of-flight and laser radiation wavenumber. Average
signals were evaluated and recorded for a fixed number of
laser pulses. The data were corrected for laser power and mass
calibrated to obtain ion yield as a function of mass and exci-
tation wavenumber. REMPI spectra for certain ions as a func-
tion of excitation wavenumber were obtained by integrating
mass signal intensities for the particular ion. Care was taken
to prevent saturation effects as well as power broadening by
minimizing laser power. Laser calibration was based on ob-
served (2 4+ 1) iodine atom REMPI peaks.** The absolute
accuracy of the calibration was typically found to be about
4+2.0 cm™! on the two-photon wavenumber scale.

lll. RESULTS AND ANALYSIS

Mass resolved (2 4+ n) REMPI spectra of HI were
recorded for the two-photon resonance excitation region
69 600-72400 cm~'. Figs. 1(a)-1(c) show spectra for the
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FIG. 1. REMPI spectra for H*, I*, and HI* and J' assignments of rotational peaks corresponding to two-photon resonance excitation from the ground state to
H'=T( =1) (@), VIZT =m + 6) (a), i’ (v =0) (a), 0'SHW =0) (b), VIZHW =m+7) (b), ' Ay(v' =0) (), VIZT(W =m +9) (c). 2+ 1)
REMPI iodine atomic lines are also marked.** The H* spectrum in (c) is intensified (x30).
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excitation regions 70 710-70 960 cm~ !, 71 100-71490 cm™!,
and 7193072030 cm™~!, respectively. Peaks due to the two-
photon resonance transitions from the ground state X' 2+ to
H'=T0 = 1), m?TL0 =0), VIZT(0 =m+6) (a), BT, (v
=1),0'zt( =0), VISt =m + 7) (b), I' A,(v' = 0),
and VIZ+(V' = m 4+ 9) (c) (hereafter named H(1), m(0), V (m
+ 6), k(1), 0(0), V(m + 7), I(0), and V (m + 9), respectively)
are assigned.'”? It should be noted that the original assign-
ment of the H(1) state by Ginter et al.?>3* to the E'S*(v/
= 0) state was reassigned recently.!” All the major types of
spectral perturbations (line-shift (LS), line-intensity (LI), and
line-width (LW)-effects) are observed in the spectra. In par-
ticular, severe LS-effects are seen in the Q line series for the
H(1) and O(0) spectra, where irregular orders of J/ quantum
numbers are observed (see 1(a) and 1(b)). Analogous effects
have been observed for HCL.!>!® Less severe but clear LS-
effects are seen in the Q line series for the V (m + 6) spectrum
(Fig. 1(a)) and in the S line series for the O(0) spectrum
(Fig. 1(b)). Other spectral perturbations, which will be dealt
with in more detail below, are less obvious, but significant.

LS-effects refer to deviation of line positions from reg-
ular patterns due to rotational energy level shifts because of
excited state interactions. This typically shows as nonlinear-
ity in plots of the energy level spacing (AEy y_; = E(J') - E(J’
— 1)) vs. J'.16:18-20 Regular patterns of rotational line positions
are determined by transitions to regularly arranged rotational
energy levels according to standard energy expressions for un-
perturbed states, depending on rotational (B,) and centrifu-
gal distortion (D,) constants as well as on J' quantum num-
bers. As an attempt to evaluate the spectroscopic constants,
hence the unperturbed energy levels, as well as state inter-
action strengths (W), from the observed data, simplified de-
perturbation calculations were performed. Either interactions
between one Rydberg vibrational state (1) and one ion-pair
vibrational state (V (v'); (2)) closest in energy or between two
Rydberg states (1a and 1b) and one ion-pair state (2) were
considered. The diagonal matrix elements were expressed
by the standard energy expressions for the unperturbed en-
ergy levels depending on the spectroscopic parameters (see
Table I).*>4 The off-diagonal matrix elements are the interac-
tion strengths (the W’s; Table I). The perturbed energy levels
were derived from the observed spectral lines and known en-
ergy levels for the ground state. The spectroscopic parameters
for the states involved as well as the W’s were searched for
in the deperturbation procedure. In the cases of homogeneous
(A2 = 0) interactions, the W’s were assumed to be indepen-
dent of J', whereas for heterogeneous (A # 0) interactions,
W =W (J (J' + 1), where W’ is a constant.

LlI-effects appear as abnormal enhancements or drops in
ion signal intensities as a function of the J' quantum number.
Frequently, “mirror effects” have been observed in the inten-
sity alterations for HCl and HBr,'®2? in such a way that the
ion signal intensity via resonance excitation to one interact-
ing state decreases whereas the ion signal intensity via exci-
tation to the other interacting state increases. This is associ-
ated with different ionization processes for the two interacting
states. Therefore, ionization of Rydberg states is dominantly
found to produce parent molecular ions, whereas ionization
of ion-pair states mainly forms fragment ions.?%3%3! There-

J. Chem. Phys. 140, 244304 (2014)

TABLE I. Hamiltonian matrix elements used to derive interaction strengths
(W) and spectroscopic parameters (v, B’, and D') by diagonalization for
two-state interaction (a) and a three-state interaction (b). In (a), 1 is a Rydberg
vibrational state and 2 is an ion-pair vibrational state (VizH() (see text).
v? and v? are the relevant term values (band origins). B’y and B, are the
rotational constants and D’| and D', are the centrifugal distortion constants.
W2 are the interaction parameters. In (b), 1a and 1b are Rydberg vibrational
states and 2 is an ion-pair vibrational state (VizH()) (see text). u?u, v?b,
and vg are the relevant term values (band origins). B'1,, B'1p, and B are
the rotational constants and D'1,, D'1p, and D’; are the centrifugal distortion
constants. Wy, and Wy are the interaction parameters.

(a)

1 2
1 E? Wiz
2 Wia EJ
(b)

la 1b 2
1a EY 0 Wia2
1b 0 EY, Wip2
2 Wia2 Wip2 EY

EY =04+ B{J'(J +1)— D{JA(T + 1)
E9 =1+ ByJ'(J + 1) = Dy J"*(J' + 1)
EY =v) + B J(J +1)— D) J*J + 1)
EY =V, + B}, J'(J' +1)— D}, J?(J + 1)?
ES =)+ ByJ'(J'+ 1) = DyJP(J + 1)

fore, ion signal intensity ratios, such as I(XT)/I(HX*) vs. J'
(X = Cl, Br), have proven to be very useful measures of the J’
dependent Rydberg to ion-pair state interactions,!® !8-20,30.31
Furthermore, constant ratio values, independent of J', for
the Rydberg states are found to be indicative of dissociation
channels.6-20:25:30.31.33,3540 Apn  approximation expression
for the ion signal intensity ratio in the case of level-to-level in-
teractions for two states (1 and 2) has been derived.!®18.20.30
The expression depends on the fractional state mixing (c% / c%),
state interaction strength (W),), and J' dependent energy level
differences (AEy) for the two states as

1xY  [r+ad-y)
THED = o -3 (1a)
’ 2 _ 2
c% _ l B \/(AEJ) 4(Wi2) : c% -1 c%, (1b)

2 2|AE |

and

I(XT) = apcd + Bicts I(HX") = ajct + Bacd;
Yy = Bi/aa; ay = pi/o,
where o1, 81, a2, and B, are the ionization rate coefficients. y
and oy are measures of X ion formations via dissociation of
the Rydberg state, relative to that of the formations of X™ via
excitation of the ion-pair state (y) and relative to that of the
formation of HX™" via excitation of the Rydberg state (ay).
Fits of this expression to ion signal intensity ratios vs. J' have
allowed evaluation of fractional state mixing as well as the
parameters y and o.!%18:20:30

The LS- and LlI-effects are found to measure the same
effects, namely, bound-to-bound state interactions. The LI-
effects, however, are much more sensitive to weak interac-
tions compared to the LS-effects. Thus, weak interaction of

a=oay/ug;
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FIG. 2. Figures derived from analysis of REMPI spectra for the H'St0 = 1), VIZHW =m + 6), and m*TI>(v' = 0) states (Fig. 1(a)): (a) Rotational energy
levels; near- and off-resonance interactions are indicated. (b) Spacing between rotational levels (AEy y_;) as a function of J'; experimental values. (c) Relative
ion-signal intensities ((I")/I(HI*)) vs. J' derived from the Q rotational lines for the V (m + 6) state. (d) Rotational line-widths vs. J' derived from the Q lines

of the I'™ signals for the H(1) and V (m + 6) states.

triplet states and ion-pair states in HCI were found to show
clear LI-effects but no significant LS-effects.*

The LW-effects appear as J' dependent bandwidths of the
ion signals independent of whether it is a parent or a frag-
ment ion. The effects are primarily due to J' dependent life-
times associated with predissociation processes of Rydberg
states.'®2 These can involve one or more predissociating
gateway states in which case the LW-effects also will depend
on bound-to-bound state interactions. Thus ion-pair states,
which do not predissociate easily, directly,'®" can show dra-
matic LW-effects due to interactions with one or more predis-
sociating Rydberg states in which case the lifetime, hence the
line-width, will depend on the Rydberg to ion-pair (bound-to-
bound) state interactions as well as predissociation processes
of the Rydberg states.”’ Therefore, the rate of dissociation
(1/7,) of an ion-pair vibrational state (2) has been expressed
as a sum of terms, each of which is assumed to be a product
of a predissociation rate (1/z};) for a particular Rydberg state
(1i) and a J' dependent coupling rate (f};(J')) for the Rydberg
to ion-pair state interaction,” i.e.,

1 1
— = fullH—. ©)
; Tii

T2

Lower limit lifetimes (7.,,) can be derived from the line-
widths (I") by?°

Tmin(ps) = 5.3/ T'(cm™). 3)

A. Off- and near-resonance interactions between
the H'x+(v' = 1) and m*II,(v' = 0) Rydberg states
and the V'X* (v’ = m + 6) ion-pair state

The clear LS-effects seen in the spectra of the H(1)
Rydberg state and the V (m + 6) ion-pair state, mentioned be-
fore, where the Q lines for H(1), J/ = 6 and 7 are found to
be “clenched” between the corresponding lines for the V (m
+ 6) state (Fig. 1(a)) is indicative of near-resonance inter-
actions. Fig. 2(a) shows the energy levels derived from the
rotational lines. Since the H(1) and V(m + 6) states share
the same symmetry (' X%), off-resonance perturbations are
also to be expected. Since the band origin (v°) of the V(m
+ 6) ion-pair state is higher than that for the H(1) state and
that the rotational constant for the ion-pair state is smaller,
the energy levels of the Rydberg state (H(1)) “catch up” with
those of the ion-pair state to exhibit the near-resonance inter-
actions for J/ = 6 and 7 (see Fig. 2(a)). The overall interaction
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TABLE II. Parameter values, relevant to state mixing, derived from peak intensity-shifts and intensity-ratios (/(I*)/I(HI*)) as a function of J' (see text), as
well as spectroscopic parameters (see Table I) for the state systems H(1), V(m + 6), and m(0) (a), O(0) and V (m + 7) (b), and 1(0) and V (m + 9) (c).

(a)
H':* (v = 1) Rydberg state/1a VIS+(' = m + 6) ion-pair state/2 m*T(v' = 0) Rydberg state/1b
J res® 6/7 6/7 6/7
|AEy |(cm™") for J' e 50.4/23.0 35.6/21.0
Wia2! Wipa(cm™h) 12.3 3.3
€3 (¢3) for J'res 0.93 (0.07)/0.67 (0.33) 0.98 (0.02)/0.95 (0.05)
v0(cm™1) 70855.5° 70952.3P 70841.5P
70854.0° 70954.0° 70840.0°
70850.5¢ 70948.6¢ 70837.6¢
B,(cm™1) 5.77° 4.16P 6.32°
5.94¢ 3.56° 6.21°
6.004 4,094 6.114
D,(cm™") 0.0022° 0.0031° 0.0025°
—0.0011° 0.0024¢ 0.0012¢
0.01284 0.00444 0.00019¢
(b)
0'=* (1" = 0) Rydberg state/1 VIS+(v = m + 7) ion-pair state/2
J s 718
|AEy|(cm™") for J'res 32.8/32.8
Wia(ecm™) 11.0
? (c3) for J'res 0.86 (0.14)/0.86 (0.14)
y 0.93
o 0.52
v0(cm~1) 71294.7° 71478.4°
71290.0° 71478.0°
71301.9¢
B,(cm™") 6.25° 2.95%
6.31¢ 2.96°
5.82¢
D,(cm™") 0.0023° —0.0023°
—0.0017¢ 0.0022¢
()
I' A>(v/ = 0) Rydberg state/1 VIS+O0 =m + 9) ion-pair state/2
J res® 2/3
|AEy|(cm™b) for J' e 12.5/8.5
Wia(em™) L1f
1,3f

c% (c%) for J'es

v(em™)

B,(cm™)

Dy(cm™!)

71989.4%
71990.0°
71989.1°
6.31°
6.306°
6.312°
0.00024°
—0.00024°
0.00027°

0.99.(0.01)/0.98 (0.02)
0.99 (0.01)/0.97 (0.03)
0.0040
69

72023.2°
72023.0°
72022.44
2.84°
2.85¢
2.792¢
0.0001°
—0.0002¢
—0.00046¢

4J es = J' levels closest to resonance interactions (see Figs. 2-4).
YDeperturbed values; this work.

¢Undeperturbed (perturbed) values; this work.

dFrom Ref. 25.
¢From Ref. 33.

fSince the interaction strength, Wy,, is J' dependent (see text), we present the values obtained from both rotational levels that experience the near-resonance interaction.
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effect shows very clearly by the graphs of AEy y_; vs. J' for
the states involved (see Fig. 2(b)). These show “near-mirror
image” effects, such that an increase in AEy y_;, for one of
the states, results in a decrease in the corresponding AEy y_;
value for the other state and vice versa. This can be explained
in the following way with a reference to Fig. 2(a). For the
low J's the rotational energies of the V (m + 6) ion-pair state
are “pushed” upwards and the rotational energies of the H(1)
Rydberg state are “pushed” downwards. For J' = 7, however,
where the energy of the H(1) state exceeds that of the V(m
+ 6) ion-pair state, the Rydberg state experiences a signifi-
cant increase in energy and the ion-pair state a correspond-
ing lowering in energy resulting in increases and decreases in
the corresponding AE; ¢ values, respectively. For J' > 8, off-
resonance interactions cause the H(1) levels to be “pushed”
upwards and the V (m + 6) levels to be “pushed” downwards.
Energy levels for the m(0) state, derived from the R spectral
lines, are shown in Fig. 2(a) and a corresponding AEy y_; vs.
J' plot is shown in Fig. 2(b). These also show weak but clear
effects of near-resonance interactions between the m(0) and
the V(m + 6) states for J/ = 6 and 7. Since the total elec-
tronic angular moment quantum numbers (£2) of these states
differ by two (AQ = 2) the interaction must involve a mix-
ing with an Q = 1 state.'>?33! Deperturbation analysis for
three states interactions, based on the assignments shown in
Fig. 1(a), hence the energy level structure presented in 2(a)
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and 2(b), gave the rotational constants, B,, and D, shown in
Table II.

The presence of LI-effects further evidences these state
interactions. The largest ion intensity ratios, (/(I")/I(HIY)),
are observed for the Q lines of the V(m + 6) state, show-
ing characteristic lowering in the values as the J's increase
from O to 6 and an increase for J' = 7-8 (Fig. 2(c)). The cor-
responding ratios for the R lines of the m(0) state are much
smaller and constant for J/ = 2-5 whereas the value for J'
= 7 is significantly larger.** The intensity ratios derived from
the Q lines of the H(1) state for J/ = 0—4 are found to be
close to constant. Due to severe peak overlaps in the region
of the Q lines for the H(1) state, it is difficult to determine
the ion intensity ratios (/(I")/I(HI™)) for those J' levels which
exhibit near-resonance interactions, quantitatively. Neverthe-
less, there is a qualitative indication of enhanced ratio values
with J' for the /' = 5-8 peaks. All in all, these observations
are indicative of near-resonance interactions for the J' = 6-7
levels and gradually decreasing mixing of the V (m 4 6) state
with Rydberg states as the J' numbers deviate from J' = 6 and
7. Furthermore, the constant intensity ratio values, indepen-
dent of J, for H(1) and m(0) suggests that predissociation of
both Rydberg states is important (see above).

Line-widths derived from the Q lines for the H(1) and
V(m + 6) spectra are shown in Fig. 2(d). Line-widths for
the m(0) state (R and S series), were found to be constant,

- 0's'(0)

- o V(m+7)
—o— k'I1,(1)
-
T T T T T
2 4 6 8 10

(b)

L -o-1"-0(0)
1.2 —-m-HI"-0(0)

0.8+
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LW /cm
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0.0+

(d) J'

FIG. 3. Figures derived from the analysis of the REMPI spectra for the BIL( =1), 0=t =0),and VISt = m + 7) states (Fig. 1(b)). (a) Rotational
energy levels. Near- and off-resonance interactions are indicated. (b) Spacing between rotational levels (AEy y_1) as a function of J'; experimental values.
(c) Relative ion-signal intensities (I(I7)/I(HI*)) vs. J' derived from the Q rotational lines for the O(0) state. (d) Rotational line-widths vs. J' derived from the Q

lines of the I and HI* signals for the O(0) state.
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independent of J', within experimental error, with an aver-
age value of about 0.5 cm~'.** The line-widths, hence the
lifetimes, of the H(1) and V(m + 6) states are comparable
in terms of the absolute values (0.6-1.9 cm™!) and its J' de-
pendence. By analogy with previous observations for HBr!®
this suggests that the lifetime of the H(1) state is primarily
determined by that of the V(m + 6) state following its state
interaction. Whereas the large average internuclear distance
of the V state makes crossing to repulsive states, hence pre-
dissociation, highly improbable,'®?* Rydberg states, on the
other hand, are either in close vicinity of, or crossed by, repul-
sive states to make predissociation processes more probable.
Therefore, predissociation of the V(m + 6) state is believed
to occur via gateway Rydberg states. The predissociating m(0)
state is likely to be an important gateway state for the overall
H(1) and V (m + 6) states predissociation.

B. Off- and near-resonance interactions between
the O'x*(v' = 0) and K*TI;(v' = 1) Rydberg states
and the V' * (v’ = m + 7) ion-pair state

In a previous work by Pratt and Ginter,*> a new Rydberg
state was observed at about 71300 cm™! with the ' X+ sym-
metry showing evidence of perturbation effects. This state has
been deduced to have a (o°7%)4fr Rydberg orbital and was
given the notation O' X+ (v = 0). It should be noted that the
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Rydberg parentage of all of the states mentioned in this paper
has been addressed before.!” It was noted that this Rydberg
state was experiencing some perturbation effects due to in-
teractions with the V(m + 7) ion-pair state.'” Here, we will
clarify, qualitatively and quantitatively, the nature of this in-
teraction. Furthermore, we will consider evidences for a pos-
sible interaction involvement of the k°*IT;(v' = 1) state, which
is close in energy.

The REMPI spectra of the O(0) and the k(1) Rydberg
states as well as the V(m + 7) ion-pair state are displayed
in Fig. 1(b). The severe LS-effects seen in the spectrum of
the O(0) Rydberg state for the Q lines, J/ = 7-8, which are
found to be “clenched” between the corresponding Q lines of
the V(m + 7) state are indicative of near-resonance interac-
tions. Fig. 3(a) shows the energy levels derived from the rota-
tional lines. It shows that a slight enhancement in the energy
gap, AEyg 7, of the O(0) state matches a decrease in the corre-
sponding analogous gap for the V(m + 7) state. Slight off-
resonance interaction effects are also experienced between
levels for different J' values. These effects are clearly seen
by the plots of AEy y_; vs. J' for the O(0) and V(m + 7)
states in Fig. 3(b), which exhibit “near-mirror image” effects.
Closer inspection of the plots reveals larger enhancement of
the AEqg value for the V(m + 7) state compared to that of
its corresponding lowering for the O(0) state. This could be
due to a near-resonance interaction between the J' = 9 levels

3.0

25 —v— H -V(m+9)

2.0

LW /cm

T T T T T
0 2 4 6 8

(d) Jr

FIG. 4. Figures derived from the analysis of the REMPI spectra for the I' Ay(v/ = 0) and V!S+(/ = m + 9) states. (a) Rotational energy levels. Near-
resonance interactions are indicated. (b) Spacing between rotational levels (AEy y_1) as a function of J'; experimental values. (c) Relative ion signal intensities
(I(IH)/I(HTT)) vs. J' derived from the Q rotational lines for the 1(0) and V (m + 9) states. (d) Rotational line-widths vs. J' derived from the Q lines of the H

signals for the V(m + 9) state.
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of the V(m + 7) and the k(1) states'” resulting in still larger
energy-gap, AEyg, for the V(m + 7) state (see Fig. 3(a)) as
well as a lowering in AEgg for the k(1) state.!” Furthermore,
the drop in AEyg g for the k(1) state is found to be compensated
by enhancements in AEjg9 and AEj; jo for k(1).!” Due to the
lack of observed Q rotational lines for the V(m + 7) spec-
trum for J' > 9 the effect of a near-resonance interaction with
the k(1) state could not be taken into account in a depertur-
bation analysis. Deperturbation analysis for two-state interac-
tions, O(0) and V (m + 7), based on the assignment shown in
Fig. 1(b), hence the energy level structure presented in
Figs. 3(a) and 3(b), gave the rotational constants, B, and D,,
shown in Table II.

The near-resonance interactions between the O(0) and the
V(m + 7) states are further evidenced by LI-effects. The ion
intensity ratios, I(I")/I(HI*"), as a function of J' (Fig. 3(c)) for
the O(0) state show slight but significant enhancements for J/
= 7-8. The calculated values, acquired from fitting the data
points, are presented in Table II. The relatively large nonzero
value derived for y indicates the importance of a predissoci-
ation for the O(0) state, either direct or indirect via gateway
Rydberg state(s).

Energy
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Finally, we consider LW-effects. The line-widths of the O
lines of the O(0) state, derived from the It and HI* spectra,
are presented in Fig. 3(d). The line-widths for the k(1) state
are found to be virtually unchanged with J/, within experi-
mental error and comparable in magnitudes to those for the
0(0) state.** The line-widths of the ion-pair state are found to
be larger,* hence lifetimes shorter, than those for the Rydberg
state. The line-widths of the O(0) system show resemblance to
that of the intensity ratios as a function of J' (Fig. 3(c)), both
showing a maxima for J/ = 7. These observations, along with
the LI-effects suggest that the predissociation of the O(0) state
is partly determined by that of the V(m + 7) state'® follow-
ing the state interactions as described above. Predissociation
of the V(m 4 7) state will occur via gateway Rydberg states
among which the k(1) state is likely to be important.

C. Near-resonance interactions between the ' A,(v’
= 0) Rydberg state and V'X*(v' = m + 9) ion-pair state

REMPI spectra of the I(0) Rydberg state and the
ViZtm + 9) ion-pair state show the J' = 2 and 3 Q lines
of the 1(0) state to be “clenched” between the corresponding
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FIG. 5. Semi-schematic figures showing the HI energetics, state interactions, and energy transfers of relevance to the data presented in this paper (see text) for
the H'Z+(V = 1), VIZT(/ = m + 6), and m*[1,(v' = 0) states (a), the O'TT(/ = 0), VIZT(/ =m + 7), and K°I1;(/ = 1) states (b) and the I' Ax(v/ = 0)
and VIZH (v = m + 9) states (c). Electrostatic, rotational, and spin orbit couplings are marked E, JL, and SO, respectively. Red boxes represent the ion-pair
states. Blue boxes are Rydberg states and black curves are repulsive states. The boxes with solid lines represent Rydberg states, which couple with the ion-pair
states. The boxes with broken lines are gateway states with respect to predissociation. Relative importance of couplings and transfers is indicated by different
boldness of arrows and broken lines as well as by the use of brackets or not. The colored arrows indicate the major paths towards predissociation.
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O lines of the V(m + 9) state.'” Energy levels derived from
the spectra are displayed in Fig. 4(a) and plots of AEy y_; vs.
J' are shown in Fig. 4(b). Although AQ = 2 for these states
near-resonance interactions might be expected to be found for
those levels in the case of a mixing with an Q2 = 1 state,
by analogy with the observation discussed in Sec. III A. No
significant line-shifts due to near-resonance interaction for J/
= 2-3 are observed, however, whereas an indication of near-
resonance interactions with the V(m + 9) state, J/ = 5-7, is
clearly found. Since no Rydberg state with near-resonances
for J/ = 5-7 have been observed,!”?>:3* the corresponding
LS-effects must belong to an interaction between the V(m
+ 9) state and a hidden state. The hidden state could be ei-
ther a non-observable state due to selection rules for one- and
two-photon transitions or a state experiencing weak transition
probabilities for transitions from the ground state. Whereas no
significant LS-effects are observed for J' = 2-3 due to V(m
4+ 9) and 1(0) interactions (Fig. 4(a)), LI-effects show as clear
ion intensity ratio (/(IT)/I(HI*")) alternation with J' for 1(0)
(Fig. 4(c)) indicating weak state interactions. This demon-
strates nicely the larger sensitivity of LI-effects compared to
that of LS-effects to weak state interactions (see above). Anal-
ysis of the intensity ratios, reveal weak interaction strength
(W12) and small y value (see Table II) compared to that de-
rived for the O(0) state (see Sec. III B). The small y value
suggests that predissociation of /(0), either direct or indirect
via gateway Rydberg state(s), is of minor importance. Fur-
thermore, there are indications of a slight decrease in the line-
widths with J' for J/ > 2 in the case of the I(0) state,** suggest-
ing that the lifetime of the /(0) state is primarily determined
by these states coupling and by an indirect predissociation of
the V(m + 9) state. Furthermore, there are also evidences for
enhancements in the linewidths of the H* ion signals for the
V(m + 9) state as a function of J' for J/ = 2 as well as for
J = 6 (Fig. 4(d)) further indicating the importance of the
state interactions in determining the lifetime of the ion-pair
state.

IV. SUMMARY AND CONCLUSIONS

Mass resolved REMPI spectra for HI, showing reso-
nance excitation to Rydberg states and ion-pair vibrational
states in the two-photon resonance excitation region 69 600—
72400 cm~!, were recorded and analyzed. Three sys-
tems of states, all of which have been shown to involve
perturbations,'”?%:3% were addressed independently in terms
of state interactions. This was done by interpreting observed
line-shifts, line-intensity alterations, and line-width effects. In
cases when the different observations depend on the same dy-
namical properties, the analysis results were found to be sup-
portive in nature. Quantitative analysis revealed interaction
strengths and spectroscopic parameters for deperturbed states
derived from analysis of the line-shifts and parameters (y
and o) relevant to photodissociation processes derived from
the line-intensity alterations. Small but significant changes
are derived for the spectroscopic parameters, since observed
line-shifts are near-resonance in nature, showing as local-
ized shifts of lines and energy levels but limited alterations
in overall trends. Nonzero y values, derived, are measure of
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the significance of dissociation channels,!'6-20.23.30,31,33,35-40

These analyses as well as interpretation of spectral line-
widths, hence state lifetimes, allow proposition of state in-
teractions and energy transfers involved in photofragmenta-
tion processes for the three energy systems, with reference to
Fig. 5,447 as follows:

(i) Fig. 5(a): The H(1) Rydberg state couples mainly with
the V(m + 6) state by a strong electrostatic (E) interac-
tion to result in an effective energy transfer from the H(1)
state to the V(m + 6) state, followed by further transfer
to a manifold of predissociating Rydberg states. Among
those is the blended m(0) state, which can predissociate
via a strong electrostatic interaction with the repulsive
aT1 valence state. Energy flow via direct coupling of the
H(1) state with Rydberg states is small.

(i) Fig. 5(b): The O(0) state couples moderately with the
V(m + 7) state by an electrostatic interaction (E) as well
as with a Rydberg state close in energy by a rotational
coupling (JL). Energy transfer from the O(0) state mainly
occurs via the V(m + 7) state to a manifold of predisso-
ciating Rydberg states including the k(1) state which pre-
dissociates via an electrostatic interaction with the repul-
sive a*IT state. The direct coupling of the O(0) state with
a Rydberg state is likely to involve the a' IT Rydberg state
which can couple strongly to the repulsive A'TT state.

(iii) Fig. 5(c): The blended 1(0) Rydberg state couples weakly
to the V(m + 9) ion-pair state whose lifetime is deter-
mined by further coupling to predissociating Rydberg
states. A near-resonance interaction between the V(m
+ 9) state and a hidden Rydberg state is observed.
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