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High energy Rydberg and ion-pair states, state
mixing and excitation dynamics of HI†
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Mass resolved multiphoton ionization data for two-photon resonant excitations (REMPI) in the region of
74 000–75 000 cm1 were recorded for HI. Spectra structures of fragment and molecular ions derived
from the data were analyzed to derive information relevant to the energetics and state mixing of
ion-pair and Rydberg resonance states as well as for the excitation dynamics. Four new ion-pair
vibrational states (V1S+(v0 = m + i); i = 16–19) and two Rydberg states (j3S(0+; v0 = 1) and N1P1(v0 = 2)) were

Received 2nd September 2019,
Accepted 8th October 2019

identified and characterized. Spectral perturbations allowed characterization and quantization of both homoge-
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neous and heterogeneous state interactions and mixing of the Rydberg states and ion-pair states. Intensity
alterations, with respect to energy level excitations and ion masses, are found to be clear indications of state
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mixing as well as branching into different fragmentation (both photodissociation and photoionization) channels.

I. Introduction
It is convenient to divide molecular energy into three major
regions depending on the characteristics of the dominant
electronic states involved, i.e. the ground, valence and Rydberg
state regions. The density of states increases with energy to
allow gradual enhancement in state interactions and, therefore,
richer excitation dynamics. The Rydberg state region characteristically involves interactions between Rydberg and valence states as well
as between diﬀerent Rydberg states to allow intersystem crossing
and/or (pre)dissociation processes to occur. Such processes are
relevant to selective formation of reactive fragment species useful
in photochemical synthesis, the understanding of atmospheric and
interstellar photochemical reactions and mechanisms of plasma
chemistry. High energy state interactions can be seen as spectral
perturbations in the form of spectra line shifts and/or intensity
anomalies. The hydrogen halides are ideal candidates for exploring
such eﬀects due to their heavy (halogen atoms) vs. light (hydrogen)
fragment particle (hence low reduced mass) combination which
generally results in easily resolvable rotational spectra structures
and, therefore, relatively clear distinction between diﬀerent perturbation eﬀects.
Although less explored than the lower energy regions, significant
amount of data has been collected relevant to the Rydberg state
region of hydrogen iodide (HI). Large number of Rydberg states and
ion-pair vibrational states (levels) have been characterized and
assigned in absorption1–3 and REMPI4–10 for the excitation energy
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region of about 66 000–74 000 cm1. Photofragmentation processes
have been explored by REMPI,4–10 photoelectron spectra11–15 and
velocity map imaging (VMI)16,17 studies. Rydberg to ion-pair state
interactions have been seen as line shift and/or line intensity effects
within rotational line series.6–10 These effects have been interpreted
as being due to energy level-to-level state interactions and mixing to
a different degree, either due to strong homogeneous (DO = 0)
or weak heterogeneous (DO a 0) state couplings. Such data as
well as mass dependent intensity alterations in REMPI spectra
have been found to be informative about photofragmentation
processes.9,10,18–22
In this paper we extend the exploration region of Rydberg
and ion-pair states and relevant interactions for HI to the
energy-rich photoexcitation region of about 74 000–75 000 cm1 for
two-photon resonant excitations followed by photofragmentation
(both photodissociation and photoionization) processes to form
the fragment ions (H+ and I+) as well as the parent molecular ion
(HI+). The data allow identification of new Rydberg and ion-pair
states and vibrational levels as well as a characterization of
particularly clear homogeneous couplings as non-degenerate
level interactions/mixing and heterogeneous couplings as neardegenerate level interactions/mixing between Rydberg and ionpair states. State mixing is found to play an important role in
excitation processes. Furthermore, we emphasize to demonstrate
the usefulness of perturbation effects and signal intensities in
understanding molecular excitation dynamics.

II. Experimental
The experimental apparatus and equipment parameters resemble
that described in previous publications.10,23,24 Mass resolved
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REMPI data for HI molecular beam were collected. A molecular
beam was created by jet expansion of a diluted gas mixture of HI
and argon (HI : Ar B 1 : 2) through a 500 mm pulsed nozzle with
backing pressure of about 2.0–2.5 bar. Pressure inside the ionization
chamber was about 10-6 mbar during experiments. The pulsed
nozzle was kept open for about 140 ms and a laser excitation beam
was typically fired 460 ms after its opening. The excitation radiation
was generated by a Nd:YAG laser (EKSPLA NL300 Series, 355 nm)
pumped Coherent ScanMatePro dye laser (C-540A dye) followed by a
frequency doubling with a BBO crystal. The laser beam was focused
on the molecular beam by a 200 mm quartz focal lens between a
repeller and extractor plates. Ions were directed into a 70 cm long
time-of-flight (TOF) tube and detected by a microchannel plate
(MCP) detector to record the ion yield as a function of mass and
laser radiation energy. Signals were fed into a LeCroy WaveSurfer
44 MXs-A, 400 MHz storage oscilloscope and recorded. To prevent
saturation effects and power broadening the laser power was
minimized. Laser calibration was based on observed atomic lines
of iodine (2+1) REMPI peaks. Accuracy of calibration was typically
found to be about 2.0 cm1 on the two-photon wavenumber scale.
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spectra for HI+, I+ and H+ were derived from the data (see Fig. 1
and 2 and ref. 25).
The I+ REMPI spectra show number of iodine atomic lines,
which are due to (2+1) REMPI of I(3/2) (herby named I) and I(1/2)
(hereby named I*) via resonant excitation to atomic Rydberg states
(I**). The I and I* atoms are believed to be mostly formed by onephoton non-resonant excitation of HI via the repulsive valence states
(HI*; A-band) which correlate with H + I/I*. In addition, a number of
molecular spectral lines, due to two-photon resonant excitations to
ion-pair and Rydberg states followed by further photoexcitation and
fragmentation processes were observed in all the REMPI spectra. The
position and relative intensities of the molecular spectral lines were
used to assign excited states (levels) as well as to determine photofragmentation processes involved. Four vibrational states (levels) of
the ion-pair state (V1S+) and two Rydberg vibrational states were
identified and assigned in the spectral region. Spectral perturbations,
appearing as line shifts and intensity anomalies are indicative of
both homogeneous and heterogeneous couplings between the
Rydberg states and the ion-pair state. Corresponding interaction
strengths and state mixings were quantified. Photodissociation
and photoionization processes, following the resonant excitations,
are discussed in Section IV.

III. Results and analysis

A.

Mass resolved REMPI data were collected for the two-photon
excitation region of about 74 000–75 000 cm1 for HI.25 REMPI

Fig. 1 shows REMPI spectra due to two-photon resonant transitions
from the ground molecular state of HI (X1S+(v00 = 0)) to four

Ion-pair vibrational states

Fig. 1 Mass resolved (H+(red), I+(blue) and HI+(black) ions) (2+n) REMPI spectra as a function of two-photon excitation wavenumber for HI. Rotational
line assignments for two-photon resonant transitions from the ground state X1S+(v00 = 0) to the ion-pair vibrational levels V1S+(v 0 = m + i) for i = 16 (a), 17
(b), 18 (c) and 19 (d) (m is an unknown integer; see main text) are indicated. Iodine atomic lines due to two-photon resonant transitions from ground state
iodine atoms to atomic Rydberg states (I**) are also indicated. Spectra due to transitions from ground molecular state to the j3S(O = 0+; v 0 = 1) and N1P
(O = 1; v 0 = 2) Rydberg states are also marked (d).
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Fig. 2 Mass resolved (H+(red), I+(blue) and HI+(black) ions) (2+n) REMPI spectra as a function of two-photon excitation wavenumber for HI. Rotational
line assignments for two-photon resonant transitions from the ground state X1S+(v00 = 0) to the Rydberg states j3S(O = 0+; v 0 = 1), O and S lines (a),
j3S(O = 0+; v 0 = 1), Q lines (b) and N1P (O = 1; v 0 = 2), Q lines (c) are indicated. Q rotational lines for two-photon resonant transitions from the ground
state to the ion-pair vibrational states (levels) V1S+(v 0 = m + 19), J 0 = 7 (b) and J 0 = 2 and 3 (c) are indicated. Iodine atomic line due to two-photon resonant
transitions from the ground state to an atomic Rydberg state (I**) is indicated in (a).

vibrational states (levels) of the ion-pair electronic state
(V1S+(v 0 = m + i)), where m is an uncertain integer number8
and i = 16, 17, 18 and 19 (hereby named V(m + i)). The lowest
energy vibrational state (level) (i = 16) has been observed before
in absorption8 where it was assigned as V(m + 14). More recent
analysis of previously unobserved vibrational states (levels),7,9
lower in energy, however, allow it to be reassigned as V(m + 16).
Whereas, O, Q and S lines were identified for V(m + 16), only Q
lines were observed for V(m + i); i = 17–19. Peak positions are
listed in Table 1. Analysis of the peak positions by a traditional
line fitting, allowed determination of relevant spectroscopic
constants (see Table 2). The spectrum for the V(m + 19) state
(level) shows severe irregularities in the peak positions as well as
line intensities due to state interaction (see below). Spectral
simulations26 by assuming the effect of interaction with a
Rydberg state, close in energy (see below) allowed determination
of corresponding deperturbed spectroscopic constants (see
Section IIIC and Table 2). Signal strengths (intensities) for the
ions (H+, I+ and HI+), behave as I(I+) Z I(H+) B I(HI+), for all the
four ion-pair spectra, virtually independent of J 0 for V(m + i) for
i = 16, 17 and 18 but J 0 -dependent for i = 19 (see more detailed
analysis below).
B.

Rydberg states

Fig. 2 shows REMPI spectra due to resonant transitions from
the ground molecular state of HI (X1S+(v00 = 0)) to two Rydberg
states with band origins of 74 735 and 74 899 cm1 (Table 2).

23156 | Phys. Chem. Chem. Phys., 2019, 21, 23154--23161

The 74 735 cm1 spectra show O, Q and S lines for J 0 Z 0
(Table 1), relatively strong in intensity, indicative of an O 0 = 0
(S) state. This assignment is further supported by an observed
non-degenerate interaction and mixing with the V1S+(m + 19)
ion-pair state (level) of an intermediate strength (see more
detailed analysis below). The state can neither be a vibrationally
excited E1S+((s2p3)6pp) nor H1S+((s2p3)5dp) state, since it does not
fit into the corresponding vibrational state series. Energetically it fits
the first vibrationally excited state of j3S(O = 0+) with the electronic
configuration (s2p3)5dp. We, therefore, assign the 74 735 cm1
band to the transition from the ground state to the j3S
(O = 0+; v 0 = 1), (s2p3)5dp state (hereby named j(1)). The signal
intensities vary as I(HI+) 4 I(I+) 4 I(H+). Spectral simulation
obtained by assuming the eﬀect of interaction between the
74 735 cm1 (j3S(O = 0+; v 0 = 1)) state and V1S+(O = 0+; v 0 =
m + 19), close in energy (see below) allowed determination of
corresponding deperturbed spectroscopic constants (Table 2).
The spectra at 74 899 cm1 show weak Q lines, only, with
small perturbation eﬀects as line shifts due to interactions with
the V1S+(m + 19) ion-pair state (level), close in energy, suggesting
that it is due to a heterogeneous coupling (DO a 0), hence
O 0 a 0. The spectral structure resembles what to expect for an
absorption to an O 0 = 1 (P) state and fits, energetically, the
second vibrationally excited state of the N1P1 state with
the electronic configuration (s2p3)5ds. We, therefore, assign the
74 899 cm1 band to the transition from the ground state to
the N1P1 (O 0 = 1; v 0 = 2), (s2p3)5ds state (hereby named N(2)).
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Table 1 Rotational lines for HI due to two-photon resonant transitions to
four vibrational levels, v 0 = (m + i); i = 16, 17, 18 and 19 of the V1S+ ion-pair
1
0
0
0
state and to the j3S
0+ (v = 1) and N P1(v = 2) Rydberg states. J = J .
(a) Wavenumbers for measured REMPI transitions in HI for V1S+ ’’ X1S+
(m + i, 0). (b) Wavenumbers for measured REMPI transitions in HI for
1 +
j3S
0+ ’’ X S (1,0). (c) Wavenumbers for measured REMPI transitions in
HI for N1P1 ’’ X1S+ (2,0)

(a)
16

16

17

18

19

J

O( J)

Q( J)

S( J)

Q( J)

Q( J)

Q( J)

0
1
2
3
4
5
6
7
8

74054.0
74025.2
73988.8

74091.7
74086.1
74075.2
74059.6
74040.0
74014.5
73984.4

74371.2
74365.6
74354.4
74339.2
74320.0
74297.2
74268.8
74231.7

74616.4
74611.2
74600.8
74585.3
74566.4
74540.4
74512.9
74478.8

74926.0
74919.3
74906.9
74887.6
74860.4
74826.5
74784.4
74746.1
74660.8

R( J)

S( J)

74113.7
74123.7
74128.1

(b)
J

O( J)

0
1
2
3
4
5
6
7
8
9
10

74698.8
74672.9
74645.6

P( J)

Q( J)

n0/cm1
0

State i (v = m + i) Our

74735.2
74734.6
74733.7
74731.6
74728.4
74724.1
74717.2
74699.2
74721.2
74712.0
74698.4

O( J)

P( J)

0
1
2
3
4
5
6
7
8

Q( J)

74794.0
74770.4
74836.5
74816.8
74865.2
74853.2
74930.0
74908.9

R( J)

S( J)

74898.8
74898.2
74896.5
74895.6
74893.6
74891.3
74888.5
74885.4

The signal intensities vary as I(HI+) 4 I(I+); I(H+) negligible.
Analysis of peak positions by a traditional line fitting and a
simulation, allowed determination of relevant spectroscopic
constants (see Table 2).
State interactions

Clear irregularities in rotational line positions are observed
both for the V(m + 19) (Fig. 1d) and j(1) (Fig. 2a and b) spectra.
This appears, in particular, as enhanced gaps between the J 0 = 7
and 8 peaks in the Q line series for V(m + 19) (Fig. 1d) and in the
S line series for j(1) (Fig. 2a) as well as a severe rearrangement of
the Q rotational lines for j(1) (J 0 = 5–10) (Fig. 2b). The rotational
energy levels (EJ 0 ) of the excited states were derived from the
line positions for given (known) energy levels of the ground
state.27,28 These are shown in Fig. 3a for the V(m + 19) and j(1)
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VS
V1S+
V1S+
V1S+
V1S+

B 0 /cm1
Others
a

16
17
18
19
19

74 091.0 74 090
74 372.0
74 615.4
74 926.0
74 924.0b

Our

D 0  103/cm1

Others Our

Others

a

0.588a

3.71 3.724
3.90
3.76
3.18
3.05b

2.26
0.42
3.67
7.65
3.83b

(b)
n0/cm1
State

v0

Our

j S
0þ
j3 S
0þ
N1P1
N1P1

1
1
2
2

74735.2
74738.0c
74899.2
74899.1c

3

B 0 /cm1
Others

Our

D 0  103/cm1
Others

6.05
6.10 c
6.16
6.17c

Our

Others

1.12
1.48c
0.39
0.62c

a
Assigned as V(m + 14) in ref. 2. b Deperturbed values derived by taking
account of interaction with j3S(O = 0+; v 0 = 1). c Deperturbed values
derived by taking account of interaction with V1S+(O = 0+; v 0 = m + 19).

(c)

C.

(a)

1 +

i: 16

J

Table 2 Band origin (n0) and rotational constants (B 0 and D 0 ) attained by
traditional line fitting and simulation26/deperturbation (see main text).b,c (a)
V1S+ ion-pair vibrational states/levels. (b) Rydberg states

states (levels) as well as for the N(2) state. The observed spectral
perturbations are due to level-to-level interactions between the
V(m + 19) and j(1) states, which appear as repulsions between
energy levels of same J 0 values, which increase with decreasing
energy difference between the levels (DEJ 0 ) to reach maxima for
the closest to degenerate (near-degenerate) levels of J 0 = 7–8.
Spectral simulation (see above) allowed determination of the
zero order (unperturbed) energy levels (EJ00 ) (Fig. 3a) and the
0
0
corresponding spectroscopic constants (B0 and D0 ) for both
states,
0

0

EJ00 ¼ n 0 þ B0 J 0 ðJ 0 þ 1Þ  D0 J 02 ðJ 0 þ 1Þ

2

(1)

Fig. 3b shows the energy mismatch of the perturbed and
unperturbed levels (EJ 0  EJ00 ) as a function of J 0 (reduced term
plots). The plots show a characteristic ‘‘near-mirror image’’
eﬀect, such that an increase in EJ 0  EJ00 , for one of the states,
results in a decrease in the corresponding value for the other
state and vice versa. Thus, a gradual increase in EJ 0  EJ00 is
observed for the V(m + 19) state (level) (decrease for j(1)) as J 0
increases from 0 to 7 followed by a reversed behavior for higher
J 0 s. The repulsion eﬀect is largest for J 0 = 7. Furthermore, an
interaction strength of W12 = 22.3 cm1 was derived from
the perturbed and deperturbed energy levels of both states
based on,10
EJ 0 ðiÞ ¼

 1h

2 i1=2
1 0
EJ 0 ð1Þ þ EJ00 ð2Þ  4jW12 j2 þ EJ00 ð1Þ  EJ00 ð2Þ
2
2
(2)

where the numbers 1, and 2 refer to the two states, j(1)
and V(m + 19), respectively. Based on this value and the
energy diﬀerence for the J 0 levels of the interacting states
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Fig. 3 Eﬀects of state interactions. (a) Rotational energy levels of the j3S(O = 0+; v 0 = 1), V1S+(O = 0+; v 0 = m + 19) and N1P (O = 1; v 0 = 2) states, derived
from the REMPI spectra (solid lines) and derived by deperturbation calculations (zero order energy levels; broken horizontal lines). Major level-to-level
state interactions are indicated by broken leaning lines. (b) Diﬀerence between perturbed (experimental; EJ 0 ) and unperturbed (zero order; EJ00 ) energy
levels (EJ 0  EJ00 ) as a function of J0 (reduced term plots) for the j3S(O = 0+; v0 = 1), V1S+(O = 0+; v0 = m + 19) and N1P (O = 1; v0 = 2) states. Notice that the y-axis
scale for the N(2) state (right) is expanded by a factor of four. (c and d) Relative ion-signal intensities (I(H+)/I(HI+) (c) and I(I+)/I(HI+) (d)) vs. J0 derived from the
Q-rotational lines for the j(1) and V(m + 19) spectra. (e) Relative ion-signal intensities (I(I+)/I(HI+)) vs. J0 derived from the Q-rotational lines for the N(2) spectrum.

(DEJ 0 = EJ 0 (1)  EJ 0 (2)) the fractional state mixing (c12 and c22)
could also be evaluated from (see Table 3),
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
jDEJ 0 j2 4jW12 j2
1
c22 ¼ 
2jDEJ 0 j
2
c12 = 1  c22

(3)

The eﬀect of this state interaction also appears as lineintensity alterations as a function of J 0 . Thus the ratios of
fragment ion intensities (I(H+) and I(I+)) to the parent molecular
ion intensities (I(HI+)) for the Q lines of the j(1) spectrum is

23158 | Phys. Chem. Chem. Phys., 2019, 21, 23154--23161

found to rise as J 0 gets closer to the near-degenerate energy
levels to reach a maximum for J 0 = 7 (Fig. 3c and d). This is
particularly evident for I(H+)/I(HI+). In a corresponding way
these ratios drop for J 0 s closest to the resonant energy
levels ( J 0 = 5–8) by comparison with the values for the lower
J 0 s ( J 0 = 1–4) in the case of V(m + 19). This is due to an enhanced
state mixing as J0 gets closer to the near-resonant levels, reaching a
maximum for J0 of about 7. Thus, as the ion-pair character of the j(1)
state increases, channels for fragment ion formations are enhanced
over those for forming HI+ or, correspondingly, as the Rydberg state
character of the V(m + 19) state (level) increases, channels for
fragment ion formations diminish compared to those for HI+.
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Table 3 Rydberg to ion-pair state interactions. (a) j(1) vs. V(m + 19)/
homogeneous (DO = 0) coupling: parameters derived from deperturbation
analysis of the j(1) Rydberg state (state labelled 1 in table) and V(m + 19)
ion-pair state (level) (state labelled 2 in table) spectra. J 0 level proximity
(DEJ 0 = EJ 0 (1)  EJ 0 (2)/cm1), interaction strength (W12/cm1) and fractional
state mixing (c12, c22). (b) N(2) vs. V(m + 19)/heterogeneous (DO a 0)
coupling: parameters derived from deperturbation analysis of the N(2)
Rydberg state (state labelled 1) and V(m + 19) ion-pair state (state labelled 2)
spectra. J 0 level proximity (DEJ 0 = EJ 0 (1)  EJ 0 (2)/cm1), interaction strength
(W12 = 0.75(J 0 (J 0 + 1))1/2/cm1) and fractional state mixing (c12, c22)

(a)
J0

DEJ 0

W12

c12

c22

0
1
2
3
4
5
6
7
8

190.8
184.7
173.5
156.2
132.0
102.4
67.2
47.3
60.4

22.3
22.3
22.3
22.3
22.3
22.3
22.3
22.3
22.3

0.986
0.985
0.983
0.979
0.971
0.950
0.875
0.669
0.838

0.014
0.015
0.017
0.021
0.029
0.050
0.125
0.331
0.162

J0

DEJ 0

W12

c12

c22

1
2
3
4
5
6

20.5
9.0
8.5
35.2
67.1
106.9

1.06
1.84
2.60
3.35
4.11
4.86

0.997
0.953
0.906
0.991
0.996
0.998

0.003
0.047
0.094
0.009
0.004
0.002

(b)

The spectral simulation/deperturbation analysis revealed
lowering in the rotational constant (B0 ) for the V(m + 19) ion-pair
state (level) (3.05 cm1 instead of 3.18 cm1) but increase in the B0
constant for the j(1) state (6.10 cm1 instead of 6.05 cm1). This is in
agreement with expectations, since the interaction appears as a
compression of energy levels for the Rydberg state but as an
expansion of levels for the ion-pair state.6
Small localized line shifts are evident from the Q(2) and Q(3)
lines of the N(2) spectra (Fig. 2c). Energy level shifts derived
from analysis of the data reveal a weak near-degenerate interaction of N(2) with the V(m + 19) state (level) for J 0 = 2 and 3 (see
Fig. 3a and b). The interaction strength (W12), which is assumed
to vary with J 0 for a heterogeneous (DO a 0) interaction, as,10,29
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
0
0
W12 ¼ W12
constant
(4)
J 0 ðJ 0 þ 1Þ; W12
was found to be about 2 cm1 for J0 = 2–3 and to give the largest
state mixing of about 0.91 (Rydberg state): 0.09 (ion-pair state) for
J0 = 3 (Table 3b).25 Furthermore, the ratio of iodine ion intensities
(I(I+)) to the parent molecular ion intensities (I(HI+)) for the Q lines
of the N(2) spectrum is found to rise as J0 approaches the neardegenerate energy levels to reach a maximum for J0 = 3 (Fig. 3e).

IV. Discussion
A.

State energetics

The energies of the states and levels observed and characterized
here are shown in Fig. 4 along with other known and predicted
ion-pair and Rydberg states (levels). Fig. 4c shows the vibrational
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Fig. 4 Energetics of ion-pair and Rydberg states for HI. (a) Energies of the
ion-pair and the 1,3S and 1,3D Rydberg states with p Rydberg electrons.
(b) The 1,3P Rydberg states with s and d Rydberg electrons. Red and blue
lines correspond to previous observations,2,7–9 whereas green lines are our
present observations (solid lines) and predictions (broken lines). Vibrational
level numberings are shown in parenthesis on top of every line for the
Rydberg states. Vibrational levels for the V ion-pair state are labeled as
v 0 = m + i; i = 0, 1, 2,. . . (see main text). (c) Vibrational energy levels for the
E1S+ (blue), H1S+ (green), j3S (purple) and V1S+ (red) states (in middle) as
well as vibrational energy level spacing (DE(v 0 + 1, v 0 )) for the V1S+ ion-pair
state (black curve tilted to the left) and rotational constants (B 0 (v 0 )) (tilted to
the right).

states of the V ion-pair state and some O 0 = 0 Rydberg states along
with plots of energy spacing between adjacent levels (tilted to the
left) and rotational constants (tilted to the right).
Whereas, the overall spacing between levels for the ion-pair
state decreases with energy (higher v 0 ), as might be expected for
an unperturbed state, large variation in the values is observed.
The corresponding rotational constants (B 0 (v 0 )), which might be
expected to decrease with v 0 , also vary largely. These observations
can be attributed to level-to-level interactions of the V state with
Rydberg states, near in energy,6,28 of which homogeneous
(DO = 0) couplings are the strongest. Such interactions appear
as enhanced energy gaps between the vibrational levels of the V
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state above and below those of the interacting O 0 = 0 Rydberg
states as well as expansions of the corresponding rotational
levels, hence, increase in B 0 (v 0 ) values. Thus, the enhanced energy
gaps between the V(m + 18) and V(m + 19) levels (Fig. 4c),
compared to the adjacent energy gaps and the corresponding
increase in the B 0 (v 0 ) value for V(m +18) must be due to the
interaction with the j(1) state, analogous to similar eﬀects
observed for interactions between j(0) and V(m + 10)/V(m + 11).
Whereas, these state interactions cause the eﬀective rotational
constants for the ion-pair vibrational states to increase, an
opposite eﬀect, of decreasing rotational constants, is found
for the corresponding Rydberg states. The apparently smaller
rotational constant for j(0) than for j(1) suggests that j(0)
interacts stronger with the ion-pair state than j(1), which in
turn causes the rotational constant for the V states (levels) close
to j(0) to be significantly larger than those neighboring the j(1)
state. An apparently enhanced energy gap observed between
V(m +16) and V(m + 17) (Fig. 4c) could be due to interactions of
either one or both of the H(2) and E(3), O 0 = 0, states, which are
hidden, but expected to be close in energy.
B.

Photofragmentation processes

Variations in relative spectral line intensities with J 0 quantum
numbers and/or ion masses are informative regarding photofragmentation processes, which are involved. Based on the
perturbation analysis due to the j(1) and N(2) vs. V(m + 19)
state interactions (see Section IIIC, above; Fig. 3c–e) an ion-pair
character of mixed states (at long internuclear distance range)
favors fragment ion formation, whereas a Rydberg character (at
short internuclear distance range) favors the parent molecular
ion formation. This can also be seen from the observed relative
line intensities of the ion-pair state spectra (I(I+) Z I(H+) B
I(HI+)) on the one hand and the Rydberg state spectra (I(HI+) 4
I(I+) 4 I(H+) for j(1) and I(HI+) 4 I(I+); I(H+) B 0 for N(2)) on the
other hand (see Sections IIIA and IIIB). These observation are in
agreement with general findings for the hydrogen halides.9,10,18–22
It has been argued10,16 that the major channels responsible
for the ion formations following two-photon resonant excitations
to HI**(Rydberg and ion-pair states) in the region of about 72
650–73 260 cm1 follow a further third-photon excitation to a
superexcited state (HI#). HI# lies above the molecular ion ground
states (i.e. the energy threshold for H(n = 1) + I+(3P2) formation)
and belongs to a Rydberg series that converges to the A2S+ state (i.e.
[A2S+]5dp). The relevant fragmentation and/or photofragmentation
processes as summarized schematically in Fig. 5 (see channels 3a–
3d and 4). There is a reason to believe that the same ionization
processes are active in the higher energy region, below the A2S+
state, studied here. Furthermore, formation of H+ by dissociation of
HI# to form the ion-pair fragments H+ + I is also energetically
feasible (channel 3e in Fig. 5).
Such a process would involve a cross over from the superexcited Rydberg state (HI#) to the ion-pair state above its dissociation
limit. This is likely to occur by analogy to the many crossovers
(interactions) from Rydberg states to the bound region of the ionpair state which have been observed after two-photon resonant
excitations. Furthermore, observations of analogous channels in
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Fig. 5 Schematic energy diagram for excitation processes of HI in the
two-photon energy region of 74 000–75 000 cm1. Vertical black arrows
denote photon absorption. Blue arrows denote fragmentation (autoionization
(3a) and dissociation (3b, 3c, 3d, 3e, 4)) processes. The numbers inside boxes
are the number of photons absorbed prior to the fragmentation processes.
HI** and HI# are resonant and superexcited neutral molecular states,
respectively. HI+ and HI+* are ground and excited ion states, respectively.
I, I* and I** are ground, spin–orbit excited and Rydberg states of iodine
atoms, respectively. Ions detected are highlighted by red circles.

related compounds, HCl,30 CH3Br31 and CH3I,32 makes it a likely
channel to be involved. Channel 3a is believed to form HI+
primarily in low vibrational (v+) levels without significant further
photodissociation (channel 4) in the cases of short range
(dominating Rydberg character) excitations, whereas high v+
levels are populated, followed by significant photodissociation
for long range (dominating ion-pair character) excitations.
Channel 3b for, formation of I+, via autoionization of an atomic
iodine Rydberg state (I**), has been found to be important both
for short range (Rydberg character) and long range (ion-pair
character) excitations. The fragmentation channels 3c and 3d
for formation of the excited I (I**) and H (H*(n = 2)) atoms, prior to
photoionization, are believed to occur primarily for long range
(ion-pair character) excitations. Based on the relative ion signal
intensities observed for the ion-pair states (I(I+) Z I(H+) B I(HI+)),
the largely mixed Rydberg state, j(1) (I(HI+) 4 I(I+) 4 I(H+)) and the
weakly mixed Rydberg state N(2) (I(HI+) 4 I(I+); I(H+) B 0) the
following conclusions are made:
(i) Formation of HI+ (low v+) by channel 3a is the dominant
channel via a Rydberg state (short range) excitation.
(ii) The fragment channels 3b and/or 3c leading to I+ formation
are the dominant channels via an ion-pair state (long range)
excitation.
(iii) The channels 3a/4, 3d and 3e leading to H+ formation
are negligible for Rydberg state (short range) excitations.

V. Summary and conclusions
Mass resolved multiphoton ionization (MR-MPI) data for HI were
collected for the two-photon resonant excitation region of 74 000–
75 000 cm1. HI+, I+ and H+ signals as a function of excitation
wavenumber (MPI spectra) were derived from the data. All spectra
show peak structure due to two-photon resonant transitions to
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Rydberg and ion-pair states (levels) followed by further fragmentation and/or ionization processes, i.e. (2+n) molecular REMPI.
In addition, the I+ spectrum shows atomic lines due to (2+1)
REMPI of ground state iodine atoms formed after one-photon
non-resonant excitation via the A-band. The molecular REMPI
spectra show irregular structure, to a large extent, which is due
to a large density of states and/or state mixing within the molecule
in the resonant energy region. Four new ion-pair vibrational states
(levels) and two new Rydberg states could be identified and
characterized. Spectral perturbations in the form of line shifts
and line intensity alterations allowed characterization and quantization of both strong homogeneous (non-degenerate level-to-level
interactions) and weak heterogeneous (near-degenerate level-tolevel interactions) state couplings between the Rydberg states and
the ion-pair state. Relative signal intensities, with respect to
different ions and excitations, were interpreted in terms of varying
photofragmentation (photodissociation and photoionization) processes following the resonant excitations. Channels of fragment
ion (H+, I+) formations are found to dominate for excitations via
the ion-pair states (long internuclear distance excitations) whereas
parent ion (HI+) formation dominates for excitations via the
Rydberg states (short internuclear distance excitations), in
agreement with observations for lower energy excitations. Thus,
intensity ratios of fragment ion signals over parent ion signals
as a function of quantum energy levels ( J 0 ) are good indicators
of ion-pair to Rydberg state mixing.
The results of this paper add important information to the
energetics and fragmentation processes of the hydrogen halides.
It will hopefully render further theoretical interpretation of the
characteristics involved. The paper is of importance to shed light
on the eﬀect of various competing channels and excited Rydberg
and valence (ion-pair) states and state mixing on the photoexcitation dynamics of molecules in general.
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2014, 140, 244304.
9 H. R. Hrodmarsson, H. Wang and Á. Kvaran, J. Chem. Phys.,
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19 Á. Kvaran, K. Matthiasson and H. Wang, J. Chem. Phys.,
2009, 131, 044324.
20 K. Matthiasson, J. Long, H. Wang and Á. Kvaran, J. Chem.
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H. Lefebvre-Brion and F. Keller, J. Chem. Phys., 1993, 99,
4986–4992.
31 A. Haflijason, P. Glodic, G. Koumarianou, P. C. Samartzis and
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