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High energy state interactions, energetics and
multiphoto-fragmentation processes of HI†
Meng-Xu Jiang and Ágúst Kvaran

*

Mass resolved multiphoton ionization data for two-photon resonant excitations (REMPI) in the 69 000–
79 000 cm1 region were recorded for HI. REMPI spectra of fragment and molecular ions were derived
from the data and analysed to obtain information relevant to the state interactions, energetics and
photofragmentation processes of intermediate Rydberg and ion-pair states (HI**). Spectral perturbations
observed as line shifts and intensity anomalies acted complementarily to demonstrate the effects of the
state interactions. The interaction strength and character mixing of Rydberg states and Rydberg and ionpair states of different interaction types and the states energetics were quantified by deperturbation
analysis for the high energy region of 75 000–79 000 cm1, which is dense in states. Energetics of new, not
previously observed, Rydberg states, detected in the lower energy excitation region of 69 000–75 000 cm1
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was characterized by simulation calculations. Ion intensity borrowing effects, found in the spectra of interacting states, are evidence of alterations in two-photon transition probabilities due to state mixing. Based on
variations in relative spectral line intensities the major photofragmentation processes involved are proposed.
These involve one-photon excitation of the intermediate states (HI**) to form repulsive superexcited states
(HI#) followed by autoionization, dissociation, photodissociation and photoionization processes to form ions.
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The importance of state interactions in multiphoton-fragmentation processes is evident from the work.

I. Introduction
Hydrogen halides are ideal candidates for high energy
photofragmentation, state interaction and energetics studies
of molecules by spectroscopic means. This is due to their
heavy (halogen atoms) vs. light (hydrogen) fragment particle
combination which generally results in highly resolvable rotational
spectral structures and a relatively clear distinction between
diﬀerent perturbation eﬀects of Rydberg and valence states.1–21
In this respect hydrogen iodide (HI), with its large iodine atom
mass, is particularly interesting. A large number of Rydberg and
ion-pair vibrational states (HI**) have been assigned and characterized both in absorption21–23 and resonance enhanced
multiphoton ionization (REMPI)24–30 for the excitation energy
region of about 66 000–75 000 cm1. Photofragmentation processes have been explored by mass resolved REMPI,24–30 photoelectron spectra31–35 and velocity map imaging (VMI)36,37 studies.
In our previous work on mass resolved REMPI of the
hydrogen halides (HCl,38–40 HBr38,41,42 and HI28–31,43) we have
observed and analysed a number of spectral perturbations
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which appear as spectra line shifts (LS-effect), line intensity
irregularities (LI-effect) or line width variations (LW-effect).
These effects have been interpreted to be due to state interactions between Rydberg and ion-pair states or between different
Rydberg states. The interactions involve energy level-to-level
repulsion effects which forms the basis of the LS-effects and
state mixing which can affect transition probabilities or changes
in predissociation mechanisms, hence the lifetime, which can
appear as the LI and LW-effects. Interactions between states of
the same symmetry or for unaltered total electronic angular
momentum quantum numbers, i.e. homogeneous interactions
(DO = 0), are the strongest. These can appear as line shifts
(LS-effects) and smooth variations in line intensities (LI-effects)
and/or line widths (LW-effects) for transitions to a wide range of
energy levels (off-degenerate interactions).29,38,39,41,42 In contrast
interactions between states of different symmetry/different total
electronic angular momentum quantum numbers, i.e. heterogeneous interactions (DO a 0), are weaker. These characteristically
appear as localized LS-, LI- and/or LW-effects corresponding
to transitions to few (typically two) energy levels close in energy
(near-degenerate interactions).9,10,29–31,39,42,43 Interactions between
states of different spins, such as singlet-to-triplet interactions as
well as for different total electronic angular momentum quantum
numbers, are particularly weak near-degenerate interactions. These
characteristically only appear as weak localized LI- and/or
LW-effects without any significant LS-effects.40 Deperturbation
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analyses of LS-effects have allowed the evaluation of state interaction strengths as well as zero order rotational energy parameters
0
0
(B0 and D0 ), corresponding to unperturbed states.31,38 While
analyses of LI-effects have allowed estimates of interaction
strengths9,39,40 intensity anomalies (both LI- and LW-effects) have
been mainly proved to be useful for qualitative identification of
state interactions.28–31,42,43 The nature and strength of excited state
interactions and mixing determine intersystem crossing, which can
further affect photofragmentation processes such as photodissociation and photoionization in multiphoton excitations.
Therefore, mass resolved REMPI spectral analyses in association
with state interaction analyses have been proved to be useful
tools for interpreting photofragmentation processes.
In this paper we present and characterize state interactions
and relevant dynamics observed in mass resolved REMPI
involving two-photon resonant excitations to the Rydberg and
ion-pair (valence) states of HI in the high energy region of
75 000–79 000 cm1, which is dense in states and has not been
explored before. This energy region is rich in the number and
variety of Rydberg and ion-pair vibrational states and involves
both state interactions between Rydberg and ion-pair states and
between Rydberg states of different strengths, both homogeneous
and heterogeneous in nature. H+, I+ and HI+ REMPI spectra
derived for this excitation energy region allow identification and
characterization of the following four (a–d) state interactions by
simultaneous analysis of line shift (LS), line intensity (LI) and line
width (LW) spectral perturbation effects:
(a) P1D2 [1/2]4fp (v 0 = 0) Rydberg state 2 k3P2 [1/2]5dd (v 0 = 1)
Rydberg state, (DO = 0)
(b) j3S0+ [1/2]5dp (v 0 = 1) Rydberg state 2 V1S+ (v 0 = m + 22)
ion-pair state, (DO = 0)
(c) M1P1 [1/2]7ss (v 0 = 0) Rydberg state 2 V1S+ (v 0 = m + 29)
ion-pair state, (DO a 0)
(d) r3P0 [1/2]7ps (v 0 = 0) Rydberg state 2 V1S+ (v 0 = m + 36)
ion-pair state. (DO = 0)
Furthermore, detailed exploration of the lower energy spectral
region of 69 500–75 000 cm1 allowed the observation and
characterization of four new states to fill a gap of unidentified
states in a series of HI Rydberg states.44 All the analyses
presented in this paper allowed the characterization of state
energetics as well as predictions of multiphoton-fragmentation
processes involved upon its excitations. Furthermore, the work
demonstrates the importance of the nature of intermediate states
in stepwise photoexcitations on selective fragment formation.
Figures and tables that are necessary to explain the data and
interpretations are included in the main text, whereas further
useful supporting material can be found in the ESI (ref. 45).

II. Experimental
The experimental apparatus and equipment parameters
resembled that described in previous publications.28–31 Mass
resolved REMPI data for HI molecular beam were collected
for the two-photon excitation region of 69 000–79 000 cm1.
A molecular beam was created by jet expansion of a diluted gas
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mixture of HI in argon (HI : Ar B 1 : 2) through a 500 mm pulsed
nozzle with a backing pressure of about 2.0–2.5 bar. Pressure
inside the ionization chamber was about 106 mbar during
experiments. The pulsed nozzle was typically kept open for
about 140 ms. The excitation radiation was generated by a
Nd:YAG laser (EKSPLA NL300 Series, 355 nm) pumped Coherent
ScanMatePro dye laser (C-540A and C-503 dyes) followed by
frequency doubling with a BBO crystal. The laser beam was
focused on the molecular beam using 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 using a
microchannel plate (MCP) detector to record the ion yield as a
function of mass and laser radiation wavenumber. Signals were
fed into a LeCroy WaveSurfer 44 MXs-A, 400 MHz storage
oscilloscope. To prevent saturation effects and power broadening the laser power was minimized. Laser wavenumber calibration was based on observed iodine atom (2 + 1) REMPI lines.
The accuracy of calibration was typically found to be about
2.0 cm1 on the two-photon wavenumber scale.

III. Results and analysis
Mass resolved REMPI data for HI were collected in the form of
ion intensities as a function of excitation wavenumber for the
two-photon excitation region of 69 000–79 000 cm1. REMPI
spectra of ions formed (H+, I+ and HI+) were derived from
the data as intensities vs. two-photon excitation wavenumber
(see Fig. 1 and Fig. S1, S2 in ref. 45). The spectra show structure
due to two-photon resonant transitions from rotational energy
levels in the ground electronic state to large number of Rydberg
and ion-pair vibrational states, prior to n photon ionization, i.e.
(2 + n) REMPI spectra. In addition, atomic iodine lines due to
(2 + 1) REMPI of ground state iodine atoms via Rydberg states
(I**) were detected. An emphasis was laid on the search for
perturbation effects as deviations from a regular spectral structure.
This appears in the form of spectral line shifts (LS-effect) and line
intensity anomalies (LI- and LW-effects) and is indicative of
state interactions. Furthermore, detection of predicted spectra,
yet unobserved, was searched for.44 Detailed exploration of the
data revealed four systems (a–d) of perturbations/state interactions
in the high energy/larger density of states region of 75 000–
79 000 cm1 (i.e. a: 75 000–75 200 cm1, b: 75 300–75 700 cm1, c:
77 000–77 300 cm1 and d: 78 500–78 700 cm1), including
observations of two new ion-pair vibrational states and three new
Rydberg states (see Section A below). In addition, exploration of the
lower energy region of 69 000–75 000 cm1 revealed four new
Rydberg states (see section B below). Analyses (see below) further
revealed reassignments of some previously observed spectra.
The molecular spectra, which were analysed, were simulated
using the PGOPHER software46 (see Fig. S3 in ref. 45)
by assuming an unperturbed spectral structure where the
rotational energy (EJ 0 (i); cm1) for a state i is described by the
expression
Ej 0 (i) = n0 + B 0 J 0 (J 0 + 1)  D 0 J 0 2(J 0 + 1)2,

(1)
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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, (a) P1D2 [1/2]4fp(v 0 = 0) and k3P2 [1/2]5dd(v 0 = 1), (b) j3S0+[1/
2]5dp(v 0 = 1) and V1S+ (v 0 = m + 22), (c) M1P1[1/2]7ss(v 0 = 0) and V1S+ (v 0 = m + 29), and (d) r3P0 [1/2]7ps(v 0 = 0) and V1S+ (v 0 = m + 36) are indicated (m is
an unknown integer). Iodine atomic lines due to two-photon resonant transitions from ground state iodine atoms to atomic Rydberg states (I**) are also
indicated. The H+ spectrum in (a) is magnified (5).

and the line intensities are determined by transition probabilities
for two-photon absorption47–49 between two states for a Boltzmann distribution. Best fit of experimental and calculated spectra
allowed the determination of the band origin (n0) and the
rotational constants, B0 and D0 , assuming known spectroscopic
constants (B00 = 6.43 cm1 and D00 = 2.05  104 cm1) for the
ground state X1S+ (v00 = 0) (see Table 1). Significant discrepancy
in line positions and intensities between the calculated and
experimental spectra was an indication of perturbation effects
due to state interactions.
Deperturbation analysis with respect to discrepancies in line
positions (LS-eﬀects) (hence discrepancies in level energies)
allows the determination of zero order parameters for the band
0

0

origin (n00) and the rotational constants (B0 and D0 ) corres

ponding to the energies of unperturbed states EJ00 ðiÞ ,
0

0

0

2

EJ00 ðiÞ ¼ n 00 þ B0 J 0 ðJ 0 þ 1Þ  D0 J 2 ðJ 0 þ 1Þ ;

i ¼ 1; 2

where W12 is the interaction strength. This gives

1
EJ 0 ðiÞ ¼ EJ00 ð1Þ þ EJ00 ð2Þ
2
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ

2ﬃ
1
4jW12 j2 þ EJ00 ð1Þ  EJ00 ð2Þ ;

2

(4)
i ¼ 1; 2

For homogeneous interactions, W12 is a constant, whereas for
heterogeneous interactions
0 pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
W12 ¼ W12 ðJ 0 ðJ 0 þ 1ÞÞ
(5)
0

where W12 is a constant. The fractional state mixing (c12 and
c22) were evaluated from the energy diﬀerence of the J 0 levels for
the interacting states (DEJ 0 = EJ 0 (1)  EJ 0 (2)) and W12 as,9,40
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
jDEJ 0 j2 4jW12 j2
1
(6)
c22 ¼ 
2jDEJ 0 j
2

(2)
c12 = 1  c22

The Hamiltonian matrix for interactions of two states (i = 1, 2)
between energy levels with the same J 0 quantum numbers is,50
"

EJ00 ð1Þ

W12

W12

EJ00 ð2Þ

#
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(3)

Intensity anomalies in the form of LI-eﬀects and/or
LW-eﬀects are indicative of J 0 dependent state mixing. A change
in states mixing corresponds to a change in the states character. Thus, an increasing mixing of a Rydberg state with the
ion-pair state for a hydrogen halide molecule (HX) corresponds
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Table 1 (a) State interactions; characterization of spectra and states involved in state interactions a–d (see the main text). Rydberg and ion-pair states
specifications (Ry2S+1LO[Oc]nll) (see the main text), vibrational quantum numbers (v 0 ), parity, band origin (n0), rotational parameters (B 0 , D 0 ), relative
intensities, quantum defect values (d) and line series derived from Rydberg state spectra. (b) New Rydberg states; characterization of spectra and states
(see the main text). Rydberg state specifications (Ry2S+1LO[Oc]nll) (see the main text), vibrational quantum numbers (v 0 ), parity, band origin (n0), rotational
parameters (B 0 , D 0 ), relative intensities, quantum defect values (d) and line series derived from Rydberg state spectra

State specifications

v0

Parity

n0/cm1

B 0 /cm1

D 0  104/cm1

Int.c

Quantum
defect d

Line series
observed

(a)
P1D2 [1/2]4fp

0

e
f

O, Q, S
P, R

I(HI+) 4 I(I+) 4 I(H+)

e

ms

2.39

Q,S

I(I+) 4 I(HI+) 4 I(H+)

j3S0+[1/2]5dp

1

e

vs

2.36

Q

I(I+) 4 I(HI+) c I(H+)

V1S+

m + 22

e

Q

I(I+) 4 I(H+) 4 I(HI+)

e

M1P1 [1/2]7ss

0

e
f

O, Q, S
P, R

I(HI+) c I(I+) 4 I(H+) E 0

e

V 1S+

m + 29

e

Q

I(I+) 4 I(H+) E I(HI+)

r3P0 [1/2]7ps

0

e

Q

I(I+) 4 I(HI+) c I(H+)

e

V1S+

m + 36

e

9.8a
30.9b
7.8a
7.9a
7.0b
54.0a
54.8b
12.0a
38.8b
81.0a
50.6b
20.0a
26.0a
38.4b
28.0a
35.8b
65.0a
27.1b

1.20

1

6.11a
6.27b
6.15 a
6.26a
6.26b
5.14a
5.16b
2.80a
2.98b
5.97a
5.72b
5.87a
2.98a
3.46b
6.30a
6.33b
3.90a
3.48b

ms

k3P2 [1/2]5dd

75124.9a
75123.0b
75124.6a
75123.0a
75124.0b
75546.1a
75546.0b
75612.6a
75610.0b
77212.1a
77214.0b
77211.9a
77226.8a
77224.0b
78623.0a
78625.0b
78655.0a
78654.0b

Q

I(I+) 4 I(H+) 4 I(HI+)

e

(b)
d3P1[3/2] 6ps

3

w

3.56

w
w

4.14
4.13

O, Q, S
P, R
O, Q, S
P, R
P, R
O, Q, S
P, R

e

2
2

3.7
18.0
8.4
35.8
57.8
—
—

I(HI+) 4 I(I+) 4 I(H+)

m3P2[1/2]7ss
m3P1[1/2]7ss

6.08
5.93
5.58
5.69
5.10
5.90
5.81

3.67

0

69691.6
69691.6
74500.9
74509.4
74484.1
74571.3
74581.8

vw

f3D2 [3/2]7pp

e
f
e
f
f
e
f

m
vw

3.96

m
s

3.76

ms

Relative ion intensities

I(HI+) 4 I(I+) 4 I(H+)
I(HI+) 4 I(I+) 4 I(H+)
I(HI+) 4 I(I+) 4 I(H+)

Ref.
d,e

e
d,e

d,e

d,e
e
e

a
Undeperturbed (perturbed) values; this work. b Deperturbed values; this work. c Definitions of abbreviations: vw: very weak; w: weak; m: medium
intense; ms: medium-to-strong; (s: strong), vs: very strong. d Ref. 44. e This work.

to an enhanced ion-pair character of the Rydberg state and vice
versa. This can alter transition probabilities as well as fragmentation
(both photodissociation and photoionization) processes, hence
relative ion signal intensities and line widths. Variations in ratios
of fragment ion intensities (I(H+), I(X+)) over the parent molecular
ion intensities (I(HX+)) or the total ion intensities as a function
of J0 have proven to be a useful tool as an indication for state
mixing (hence state interaction), both quantitatively29,38–40 and
qualitatively.29–31,43 Thus, in the case of Rydberg to ion-pair state
interactions such intensity ratios typically increase by an enhanced
ion-pair state character (decrease by an enhanced Rydberg state
character) in the state mixing. Due to large density of states, hence
severe overlap of spectral peaks, evaluations or estimates of line
intensity ratios and line widths as a function of J0 could merely be
used here as qualitative indications of the state mixing and/or in
support of the line shift/deperturbation analysis described above.
Assignment or reassignment of Rydberg and ion-pair state
spectra was based on a number of factors. First, rotational line
assignments and state symmetries were determined from the
spectral structure. Second, a distinction between 1S(O = 0)
Rydberg and ion-pair states could be made based on the
rotational constants B 0 derived from the simulations as well
as relative ion-intensities. Thus, the B 0 values for the ion-pair
vibrational states are generally found to be lower than those for
the Rydberg states and the relative ion intensities typically vary
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as I(I+) Z I(H+) B I(HI+) for the ion-pair states and as I(HI+) 4
I(I+) 4 I(H+) for the Rydberg states. Third, detailed quantum
defect analyses of the Rydberg states were particularly useful
in this context. This was performed by using the following
expression for the band origin (n0):
n 0 ðHI ½Oc ; vnllÞ ¼ IEð½Oc ; vÞ 

R1
ðn  dðlÞÞ2

;

(7)

where HI**[Oc, v]nll refers to a Rydberg state which converges
to either of the two spin–orbit components (Oc = 3/2, 1/2) of
the ground ionic state HI+(X2P) at the vibrational level v, for a
Rydberg electron with a principal quantum number n, in a
molecular orbital l, corresponding to an iodine atom orbital l.
IE([Oc, v]) is the ionization energy of HI(X1S+ (v00 = 0, J00 = 0)) to
form HI+([Oc, v]).51 RN is the Rydberg constant and d(l) is the
quantum defect value, which depends on l. By matching
experimental and calculated band origins (n0) for known values
of IE and n, d(l) could be derived. The d(l) values are characteristic
for Rydberg state series and have been found to be close to those
of the iodine atom (i.e. about 4.00, 3.50, 2.40 and 0.05 for the
s(l = 0), p(1), d(2) and f(3) Rydberg electrons, respectively52) within
the ranges of about 3.5–3.7, 2.3–2.5 and 1.0–1.3 for the p(1), d(2)
and f(3) HI molecule Rydberg electrons, which are relatively
large values due to the heavy iodine atom.44 Fourth, vibrational
quantum numbers, v 0 , for ion-pair vibrational states are labelled
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as v 0 = m + i, where m and i are positive integers; m is unknown
whereas i ranges from zero upwards.23,43,44 The choice of i values,
which are uncertain,44 is based on a realistic pattern of the
vibrational ladder.
A.

State interactions

In what follows perturbation analysis relevant to four state
interactions (a–d) of different strength and nature observed
in the high energy, two-photon excitation region of 75 000–
79 000 cm1 will be described:
(a) Rydberg to Rydberg state interaction; 75 000–75 200 cm1,
1
P D2 [1/2]4fp(v 0 = 0) 2 k3P2 [1/2]5dd(v 0 = 1); DX = 0
HI+, I+ and H+ REMPI spectra for the two-photon excitation
region of 75 000–75 200 cm1 are shown in Fig. 1a. Perturbations
in a medium-to-strong (ms) spectrum with a band origin of n0 =
75 124.6 cm1 for I(HI+) 4 I(I+) 4 I(H+), O, P, Q, R and S lines
due to transition to the P1D2 [1/2]4fp(v 0 = 0) Rydberg state were
identified.44 These appear as LS-effects and intensity anomalies
(LI/LW-effects) for low J 0 values ( J 0 E 2–3) in the Q line series of
the HI+ spectrum in particular (see Fig. 1a). A closer look at the
spectral structure in this region reveals a new state spectrum
close in energy with medium-to-strong (ms) O, Q and S lines of
I(I+) 4 I(HI+) 4 I(H+) for a band origin of 75 123 cm1. Fitting of
the Q-lines structure by Gaussian line shapes allowed evaluation
of peak positions for both state spectra and an estimate of peak
intensities for the P1D2 [1/2]4fp(v 0 = 0) spectrum. The rotational
energy levels (EJ0 ) of the excited states were derived from the line
positions for given (known) energy levels of the ground state
(Fig. 2a).43 These show that the largest repulsion effect, hence
largest mixing, is to be expected for the near-degenerate J 0 = 2–3
energy levels. Judging from a coupling scheme for bound states
within the hydrogen halides53 a perturbing state for the 1D2 state
could either be a 1P1 or a 3P2 state in which case the interaction
would be due to a heterogeneous (DO a 0) L-uncoupling (JL) or a
homogeneous (DO = 0) spin–orbit (SO) coupling, respectively. A
quantum defect value of d = 2.38 is obtained by assuming that
the Rydberg state is the v 0 = 1 level of the k3P2 [1/2]5dd state, in
close agreement with d = 2.36 derived for the k3P2 [1/2]5dd(v 0 = 0)
state.23 We, therefore, assign the perturbing state spectrum to
the k3P2 [1/2]5dd (v 0 = 1) state.
Fig. 2b shows the energy mismatch of the perturbed and


unperturbed levels EJ 0  EJ00 as a function of J 0 (reduced term
plots) for the two states. It shows the largest change in energy
for the near-degenerate levels J 0 = 2. Line intensities and line
shapes could not be derived from the data to deduct precise
intensity ratios and line widths (see above) as a function of J 0
for both spectra because of severe overlap of peaks. Total ion
intensities vs. J 0 derived from the P state spectrum, however,
show a clear maximum for J 0 = 2 and a gradual decrease with
J 0 Z 2 (Fig. 2c). Furthermore, there is an indication that the ion
intensity ratio, I(I+)/I(HI+), for the Q line of J 0 = 2 level for the P
state spectrum is low compared to other lines in the series and
its line width is significantly larger. All these observations
suggest that state interaction between the two Rydberg states
(P and k) is involved. By assuming a homogeneous interaction,
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Fig. 2 Eﬀects of state interaction P1D2 [1/2]4fp(v0 = 0) 2 k3P2 [1/2]5dd(v0 = 1).
(a) Rotational energy levels of the P1D2 [1/2]4fp(v0 = 0) and k3P2 [1/2]5dd(v0 = 1)
states, derived from the REMPI spectra (solid lines) and derived using deperturbation calculations (zero order energy levels; broken horizontal lines). Levelto-level state interactions are indicated by solid (near-degenerate interactions)
and dotted (oﬀ-degenerate interactions) black lines. (b) Diﬀerence between
perturbed (experimental; EJ0 ) and unperturbed (zero order; EJ00 ) energy levels


EJ 0  EJ00 as a function of J0 (reduced term plots) for the P and k states.
(c) Total ion intensities (I(total)) vs. J0 derived from the Q lines of the P spectrum.

hence W12 = constant (see above), deperturbation analysis gives
the zero order band origins and rotational constants listed in
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Table 2 State interactions; J’ level proximity (DEJ’ = EJ0 (1)  EJ’(2)/cm1),
interaction strength (W12/cm1) and fractional state mixing (c12, c22)

P1D2 [1/2]4fp(v 0 = 0) 2
k3P2 [1/2]5dd(v 0 = 1)

j3S0+[1/2]5dp(v 0 = 1) 2
V1S+ (v 0 = m + 22)

J’

DEJ 0

W12

c12

c22

J’

DEJ 0

W12

c12

c22

2
3
4
5
6
7

1.4
1.6
2.5
3.5
4.8
8.1

0.7
0.7
0.7
0.7
0.7
0.7

0.647
0.753
0.917
0.960
0.979
0.993

0.353
0.247
0.083
0.040
0.021
0.007

0
1
2
3
4
5
6
7

64.5
61.7
53.4
40.3
23.9
12.8
28.4
54.0

6.4
6.4
6.4
6.4
6.4
6.4
6.4
6.4

0.990
0.989
0.986
0.974
0.923
0.438
0.947
0.986

0.010
0.011
0.014
0.026
0.077
0.562
0.053
0.014

M1P1 [1/2]7ss(v 0 = 0) 2
V1S+ (v 0 = m + 29)

r3P0 [1/2]7ps(v 0 = 0) 2
V1S+ (v 0 = m + 36)

J’

DEJ 0

W12

c12

c22

J’

DEJ 0

W12

c12

c22

1
2
3
4
5

9.1
4.9
21.8
43.5
70.5

0.6
1.0
1.4
1.8
2.2

0.996
0.959
0.996
0.998
0.999

0.004
0.041
0.004
0.002
0.001

1
2
3
4
5
6

27.6
20.0
14.4
20.5
40.1
59.9

7.2
7.2
7.2
7.2
7.2
7.2

0.927
0.848
0.531
0.857
0.967
0.985

0.073
0.152
0.469
0.143
0.033
0.015

Table 1a for both interacting states. The rotational constant of
B 0 = 6.26 cm1 for the k3P2 [1/2]5dd(v 0 = 1) state is lower than
the value of B 0 = 6.40 cm1 for k3P2 [1/2]5dd(v 0 = 0)23 as might
be expected and supports the new state assignment. A value of
W12 = 0.7 cm1 was obtained for the interaction strength, which
allowed determination of the fractional state mixing (c12 and c22)
as a function of J 0 (Table 2). Thus, a maximum percentage
mixing of about 65% : 35% is obtained for the J 0 = 2 levels.
(b) Rydberg to ion-pair state interaction; 75 300–75 700 cm1,
3  +
j R 0 [1/2]5dp(v0 = 1)2 V1R+ (v0 = m + 22); DX = 0
HI+, I+ and H+ REMPI spectra for the two-photon excitation region
of 75 300–75 700 cm1 are shown in Fig. 1b. A very strong (vs)
spectrum with a band origin of n0 = 75546.6 cm1 for I(I+) 4
I(HI+) c I(H+), Q lines only, showing some perturbations has been
assigned to the H1S+[3/2]6dp (v0 = 0) Rydberg state.44 The perturbations appear as LS-effects as well as LI/LW-effects in the Q line
series for J 0 = 4–6 in particular. A closer look at the spectral
structure in this region reveals a new state spectrum close in
energy with medium intense (m) Q lines only, of I(I+) 4 I(H+) 4
I(HI+) for a band origin of 75612.6 cm1 and typical structure of
an ion-pair state spectrum. This was considered to be the perturbing state spectrum. Energetic reconsiderations as well as the
perturbation analysis described below revealed a reassignment
of the n0 = 75546.6 cm1 band in terms of the spectral lines (see
Table 1a) as well as the electronic state specifications (see more
details below). The rotational energy levels (EJ0 ) of the excited states
were derived from the line positions (Fig. 3a). These show that the
largest repulsion effect, hence largest mixing, is to be expected for
the near-degenerate J0 = 4–5 levels. A quantum defect value of d =
2.36 is obtained by assuming that the Rydberg state is the v0 = 1
level of the j3S0+[1/2]5dp state in perfect agreement with the
values of d = 2.37 and 2.37 for the j3S0+[1/2]5dp (v0 = 0, 2) states,
respectively. We, therefore, reassign the n0 = 75546.6 cm1 band
spectrum to the j3S0+[1/2]5dp (v0 = 1) state. The new ion-pair state
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spectrum at n0 = 75612.6 cm1 is assigned to the V1S+ (v0 = m + 22)
state, which is missing in the ion-pair vibrational ladder.44


Fig. 3b shows the reduced term plots ( EJ 0  EJ00 vs. J 0 ) for
the two states. 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 and the largest change in energy for
J 0 = 5. This is a characteristic eﬀect of a level-to-level repulsion
interaction of medium strength for the near-degenerate levels
of J 0 = 5. Striking intensity anomalies are also observed in the
region of the J 0 = 4–6 lines for both state spectra. These appear
as a large drop in total ion intensities of the J 0 = 5 peaks in the
j3S0+[1/2]5dp (v 0 = 1) REMPI spectra accommodated by an
increase in the total ion intensities of the corresponding peaks
( J 0 = 5) in the V1S+ (v 0 = m + 22) spectra (Fig. 1b and 3c).
Although relative fragment ion signals to the parent ion signal
could not be determined precisely for the j3S0+[1/2]5dp (v 0 = 1)
spectrum there is an indication of a rise in a plot of the ratio of
I(I+)/I(HI+) vs. J 0 for the near-degenerate levels J 0 = 4, 5 (see
above). Similarly, while line widths could not be determined for
the J 0 = 5 lines there is a clear indication of a rise in plots of line
widths vs. J 0 towards the near-degenerate J 0 region (see Fig. 3c).
By assuming a homogeneous interaction, hence W12 = constant
(see above) deperturbation analysis gives the zero order band
origins and rotational constants listed in Table 1a for both
0
interacting states. Thus, the rotational constant of B0 ¼
5:14 cm1 for the j3S0+[1/2]5dp(v 0 = 1) state is in between those
of the v 0 = 0 (5.37 cm1) and v 0 = 2 (5.09 cm1) states as
expected, which further supports the new assignment. A value
of W12 = 6.4 cm1 was obtained for the interaction strength,
which allowed the determination of the fractional state mixing
(c12 and c22) as a function of J 0 (Table 2). A maximum percentage mixing of about 50% is obtained for the J 0 = 5 levels.
(c) Rydberg to ion-pair state interaction; 77 000–77 300 cm1,
1
M P1 [1/2]7sr(v 0 = 0) 2 V1R+ (v 0 = m + 29); DX a 0
HI+, I+ and H+ REMPI spectra for the two-photon excitation
region of 77 000–77 300 cm1 are shown in Fig. 1c. A medium
intense (m) spectrum with a band origin of n0 = 77226.8 cm1
for I(I+) 4 I(H+) B I(HI+), Q lines only, showing some
perturbations, has been assigned to the V1S+ (v 0 = m + 29)
ion-pair vibrational state.44 The perturbations appear as
irregularities in line intensities (LI/LW-effects) near J 0 = 2. An
exploration revealed a new state spectrum close in energy with
very weak (vw) O, P, Q, R and S lines, of I(HI+) c I(I+) 4 I(H+) B 0
for a band origin of 77212.1 cm1, which was considered to be a
perturbing Rydberg state spectrum. The structure of the spectrum
indicated that it is due to a transition to a 1P1 state. An interaction
between a 1S+(0) (V1S+ (v 0 = m + 29)) and a 1P1 state is due to a
heterogeneous (DO a 0) L-uncoupling (JL).53 Simulation
calculations allowed evaluation of first order (without taking
account of perturbation) spectroscopic parameters (n0, B 0 and
D0 ; eqn (1)) corresponding to the two different parity doublet
components e and f8 (Table 1a). The rotational energy levels (EJ0 )
of the excited states were derived from the line positions (Fig. 4a).
These show that the largest repulsion effect, hence largest mixing,
is to be expected for the near-degenerate J 0 = 1–2 levels.
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Fig. 3 Eﬀects of state interaction j3S0+[1/2]5dp(v 0 = 1) 2 V1S+ (v 0 = m + 22). (a) Rotational energy levels of the j3S0+[1/2]5dp(v 0 = 1) and V1S+
(v 0 = m + 22) states, derived from the REMPI spectra (solid lines) and derived by deperturbation calculations (zero order energy levels; broken horizontal
lines). Level-to-level state interactions are indicated by solid (near-degenerate interactions) anddotted (oﬀ-degenerate
interactions) black lines.

(b) Diﬀerence between perturbed (experimental; EJ 0 ) and unperturbed (zero order; EJ00 ) energy levels EJ 0  EJ00 as a function of J 0 (reduced term plots)
for the j and V states. (c) Total ion intensities (I(total)) vs. J 0 derived from the Q lines of both spectra. (d) Rotational line widths vs. J 0 derived from the Q lines
of the I+, H+, HI+ ion signals for the j state.

A quantum defect value of d = 3.96 is obtained by assuming
that the Rydberg state is the v 0 = 0 level of the M1P1 [1/2]7ss
state, which is close to that derived for the analogous C1P1
[1/2]6ss(v 0 = 0) state of d = 3.97.22 We, therefore, assign
the perturbing Rydberg state spectrum to the M1P1 [1/2]7ss
(v 0 = 0) state.
A small but significant shift in energy levels (for J 0 = 1 in
particular) due to the interaction is detected (see Fig. 4a). The
perturbation mainly appears as line intensity drops for the J 0 = 2
peaks in the REMPI spectra for the V1S+ (v 0 = m + 29) state
(Fig. 1c and 4b). Furthermore, a significant increase in the
ratios of the fragment ion intensities (I(H+), I(I+)) over the
molecular ion intensities (I(HI+)) as well as in the line widths
as a function of J 0 is also seen in the V1S+ (v 0 = m + 29) state
spectra for J 0 = 2 (see Fig. 4c). By assuming a heterogeneous
0
interaction with J 0 dependent W12 (for W12 ¼ constant; eqn (5))
deperturbation analysis gives the zero order band origins and
rotational constants listed in Table 1a for both interacting
0
states. A value of W12 ¼ 0:4 cm1 was obtained, which allowed
determination of the fractional state mixing (c12 and c22) as a
function of J 0 (Table 2). A maximum percentage mixing of about
96% : 4%, only, is obtained for the J 0 = 2 levels.
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(d) Rydberg to ion-pair state interaction; 78 500–78 700 cm1,
r P0 [1/2]7pr(v0 = 0) 2 V1R+ (v0 = m + 36); DX = 0
HI+, I+ and H+ REMPI spectra for the two-photon excitation region
of 78 500–78 700 cm1 are shown in Fig. 1d. Spectra in this region
have not been assigned before. Two new spectra of Q lines only
were identified in this spectral region, one, strong (s), with a band
origin of n0 = 78623.0 cm1 for I(I+) 4 I(HI+) c I(H+) and another
one, medium-to-strong (ms), with a band origin of n0 = 78655.0 cm1
for I(I+) 4 I(H+) 4 I(HI+). Both spectra show relatively large
perturbation effects near the region of the J 0 = 3–4 lines, suggesting that the state interaction involved is homogeneous (DO = 0).
The perturbations appear primarily in the form of LS-effects but
also as LI/LW-effects. Judging from the spectral structures and
simulation calculations the former spectrum is identified as a
Rydberg state spectrum with a relatively high rotational constant
(B 0 = 6.30 cm1) for the excited state, whereas the latter is found to
be an ion-pair state spectrum with a lower rotational constant
(B 0 = 3.90 cm1) for the excited state (Table 1a). Fitting of the
rotational line peak structures allowed evaluation of peak
positions for both state spectra. The rotational energy levels (EJ0 )
of the excited states were derived from the line positions (Fig. 5a).
These show that the largest repulsion effect, hence largest mixing,
3
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Rydberg state spectrum to the r3P0 [1/2]7ps (v 0 = 0) state. The new
ion-pair state spectrum is assigned to the highest, yet unobserved
ion-pair vibrational state V1S+ (v 0 = m + 36).44

Fig. 4 Eﬀects of state interaction M1P1 [1/2]7ss(v0 = 0) 2 V1S+ (v0 = m + 29).
(a) Rotational energy levels of the M1P1[1/2]7ss(v0 = 0) and V1S+ (v0 = m + 29)
states, derived from the REMPI spectra (solid lines) and derived using deperturbation calculations (zero order energy levels; broken horizontal lines). Levelto-level state interactions are indicated by solid (near-degenerate interactions)
and dotted (oﬀ-degenerate interactions) black lines. (b) Total ion intensities
(I(total)) vs. J0 derived from the Q lines of the V spectrum. (c) Rotational line
widths vs. J0 derived from the Q lines of the I+, H+, HI+ ion signals for the
V state.

is to be expected for the near-degenerate J 0 = 3–4 levels. A
quantum defect value of d = 3.76 is obtained by assuming that
the Rydberg state is the v0 = 0 level of the r3P0 [1/2]7ps state,
in reasonable agreement with that derived for the d3P0 [1/2]6ps
(v 0 = 0) (d = 3.65) state. We, therefore, assign the new perturbing
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Fig. 5 Eﬀects of state interaction r3P0 [1/2]7ps(v 0 = 0) 2 V1S+ (v0 = m + 36).
(a) Rotational energy levels of r3P0 [1/2]7ps (v 0 = 0) and V1S+ (v 0 = m + 36)
states, derived from the REMPI spectra (solid lines) and derived using
deperturbation calculations (zero order energy levels; broken horizontal
lines). Level-to-level state interactions are indicated by solid (neardegenerate interactions) and dotted (oﬀ-degenerate interactions) black lines.
(b) Diﬀerence between perturbed
(experimental;
EJ0 ) and unperturbed (zero


order; EJ00 ) energy levels EJ 0  EJ00 as a function of J0 (reduced term plots)
for the r and V the states. (c) Total ion intensities (I(total)) vs. J 0 derived from
the Q lines of both spectra.
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Fig. 5b shows the reduced term plot ( EJ 0  EJ00 vs. J 0 ). It
shows the characteristic ‘‘near-mirror image’’ eﬀect (see above
and ref. 31 and 43), and the largest change in the energy for J 0 = 3,
a characteristic eﬀect of a level-to-level repulsion interaction of
medium strength for near-degenerate levels close to J 0 = 3. Line
intensities and line shapes could not be derived easily from the
data to deduct precise intensity ratios and line widths as a
function of J 0 . Total ion intensities vs. J 0 derived from both spectra,
however, show minima and maxima for J 0 = 3 for the r and V
spectra, respectively (Fig. 1d and 5c). By assuming a homogeneous
interaction, hence W12 = constant, deperturbation analysis gives
the zero order band origins and rotational constants listed
in Table 1a for both interacting states. A value of W12 =
7.2 cm1 was obtained for the interaction strength, which allowed
determination of the fractional state mixing (c12 and c22) as a
function of J 0 (Table 2). A maximum percentage mixing of about
53% : 47% is obtained for the J0 = 3 levels.
B.

New Rydberg states

In what follows identification and characterization of four new
Rydberg states (a–d) observed in the two-photon excitation
region of 69 000–75 000 cm1 will be described:
(a) d3P1 [3/2]6pr (v 0 = 3), n0 = 69691.6 cm1. Very weak (vw)
but clear O, P, Q, R and S lines of relative signal intensities
as I(HI+) 4 I(I+) 4 I(H+) were observed for n0 = 69691.6 cm1.
The overall spectral structure is indicative of a P-Rydberg state
spectrum with B 0 values of 6.08 cm1 and 5.93 cm1 for the e
and f parity doublet components, respectively, derived from the
simulation (Table 1b). Quantum defect analysis suggest that
this could be v 0 = 3 of the d3P1[3/2]6ps state with d = 3.67, in
close agreement with the value of d = 3.65 for the d3P1[3/2]6ps
(v 0 = 0) and (v 0 = 1) states.54 Furthermore, the B 0 values derived
are close to those obtained for the d3P1[3/2]6ps (v 0 = 0) and
(v 0 = 1) states of 6.065 cm1 and 5.926 cm1, respectively.54
(b) f3D2 [3/2]7pp (v 0 = 0), n0 = 74500.9 cm1. Weak (w) O, P,
Q, R and S lines of relative signal intensities as I(HI+) 4 I(I+) 4
I(H+) were observed for n0 = 74500.9 cm1. The overall spectral
structure is indicative of a D Rydberg state spectrum. Simulation
calculations revealed B 0 values of 5.58 cm1 and 5.69 cm1 for
the e and f parity doublet components, respectively, split by
about 8.5 cm1 (Table 1b). Quantum defect analysis suggest that
this could be v 0 = 0 of the f3D2 [3/2]7pp state with d = 3.56 in
close agreement with the values of d = 3.52 and d = 3.54 for
the 7pp states g3S0+ [3/2]7pp (v 0 = 0) and F1D2 [1/2]7pp(v 0 = 0),
respectively.44 Instead we reassign a spectrum with a band origin
of n0 = 74 271 cm1, which has been assigned to the f3D2
[3/2]7pp(v 0 = 0) state before,44 to the F1D2 [1/2]6pp (v 0 = 2) state
with d = 3.59 in perfect agreement with the same value (d = 3.59) for
both F1D2 [1/2]6pp (v0 = 0) and (v0 = 1) states.28,30,44 A gradual
decrease in the B0 values with v0 for the vibrational states of F1D2 [1/2]
6pp from 6.32 cm1 (v0 = 0)28,44 to 6.13 cm1 (v0 = 1)30,44 to 5.93 cm1
(v0 = 2),44 as expected, further supports this reassignment.
(c–d) m3P2[3/2]7sr (v 0 = 2); n0 = 74484.1 cm1 and m3P1[3/2]
7sr(v 0 = 2); n0 = 74571.3 cm1. Two weak (w) spectral systems of
P, R and O, P, Q, R, S lines, of relative signal intensities as I(HI+)
4 I(I+) 4 I(H+) were identified for n0 = 74484.1 cm1 and
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n0 = 74571.3 cm1, respectively. Only limited number of
spectral lines could be observed for these systems in a region
(74 440–74 620 cm1) of largely overlapping spectral lines. Both
spectral structures are indicative of P Rydberg states. A B 0 value
of 5.10 cm1 was obtained for the n0 = 74484.1 cm1 system
(P and R lines/f parity doublet component only) and B0 values of
5.90 cm1 and 5.81 cm1 were obtained for the e (n0 = 74571.3 cm1;
O, Q, and S lines) and f (n0 = 74581.8 cm1; P and R lines) parity
doublet components, respectively (Table 1b). Quantum defect
analyses suggest that these could be v 0 = 2 of the m3P2[3/2]7ss
and m3P1[3/2]7ss states with d = 4.14 and 4.13, respectively, in
close agreement with the corresponding values of d = 4.09 and
4.04 for the v 0 = 0 state23,44 and d = 4.12 and 4.09 for the v 0 = 1
state.23,44 The decrease in the B 0 value for v 0 = 2 compared to
those for the v 0 = 0 and 1 states,23,44 as expected, further
supports these assignments.

IV. Discussion
A.

State interactions and energetics

Fig. 6 shows the fractional state mixing as a function of J 0 for
the four state interactions describe above (a–d; see Section III, A)
as derived from the deperturbation analysis. The major characteristics are as follows:
(i) In all cases the largest mixing (minimum diﬀerence in c12
and c22) is obtained for the nearest-to-degenerate J 0 levels ( J 0 = 2
for (a), J 0 = 5 for (b), J 0 = 2 for (c) and J 0 = 3 for (d); see broken
vertical lines in Fig. 6), i.e. for the smallest energy diﬀerence
between interacting levels (DEJ 0 ) in each case (see Table 2).
(ii) ‘‘Sharper mixings’’ (narrower peaks in plots shown in
Fig. 6) are obtained for the Rydberg to ion-pair state interactions
(b–d) than for the Rydberg to Rydberg state interaction (a), i.e.,
the mixing is dominant for the nearest-to-degenerate levels in
the case of the Rydberg to ion-pair interactions (b–d), whereas it
changes more gradually for a larger range of J 0 levels in the case
of the Rydberg to Rydberg state interaction (a). This is a result
of a larger difference in rotational level spacing/rotational constants B 0 for Rydberg and ion-pair states (see Fig. 3a, 4a and 5a)
than for two Rydberg states (see Fig. 2a).
(iii) The mixings are by far bigger for the homogeneous (DO = 0)
state interactions (a, b, d) than for the heterogeneous (DO a 0)
interaction (c).
There is a close correlation between the mixing, as determined by the line shifts (Fig. 6), and the total ion intensity
alterations observed (Fig. 2c (case (a)), Fig. 3c (case (b)), Fig. 4b
(case (c)) and Fig. 5c (case (d))).
(a) P(v 0 = 0) vs. k(v 0 = 1): a gradual decrease in the total ion
intensity of the Q lines for the P(v 0 = 0) state spectrum with J 0 for
J 0 = 2–7 (Fig. 2c) matches the corresponding decrease in mixing
between the P(v 0 = 0) and k(v 0 = 1) Rydberg states (Fig. 6a).
(b) j(v 0 = 1) vs. V(v 0 = m + 22): ‘‘sharp’’ minima and maxima
observed in the plots of the total ion intensities vs. J 0 for J 0 = 5 of
the Q line series for the j(v 0 = 1) and V(v 0 = m + 22) spectra,
respectively (Fig. 3c), match the corresponding maximum in
the mixing (Fig. 6b).
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Fig. 6 Fractional state mixing (c12 and c22; see eqn (6)) as a function of J 0 for the state interactions P1D2 [1/2]4fp (v 0 = 0) vs. k3P2 [1/2]5dd (v 0 = 1) (a),
j3S0+[1/2]5dp (v 0 = 1) vs. V1S+ (v 0 = m + 22) (b), M1P1 [1/2]7ss (v 0 = 0) vs. V1S+ (v 0 = m + 29) (c) and r3P0 [1/2]7ps (v 0 = 0) vs. V1S+ (v 0 = m + 36) (d).

(c) M(v 0 = 0) vs. V(v 0 = m + 29): a drop in the plots of total ion
intensity vs. J 0 for J 0 = 2 of the Q lines for the V(v 0 = m + 29) state
spectrum (Fig. 4b) matches the corresponding maximum in the
mixing (Fig. 6c).
(d) r(v0 = 0) vs. V(v0 = m + 36): minima and maxima observed in
the plots of the total ion intensities vs. J0 for J0 = 3 of the Q line series
for the r(v0 = 0) and V(v0 = m + 36) spectra, respectively (Fig. 5d),
match the corresponding maximum in the mixing (Fig. 6d).
All these ion intensity observations (cases a–d) can be
associated with ‘‘intensity borrowing’’ of one of the spectra from
the other of the two interacting states due to corresponding
changes in transition probabilities (i.e. ‘‘transition probability
borrowing’’) due to mixing. Thus, in the (b) and (d) cases, where
simultaneous total intensity maxima and minima of rotational
lines for the nearest-to-degenerate J 0 levels are observed, these
must be due to an ‘‘intensity borrowing’’ by V(v 0 = m + 22) from
j(v 0 = 1) (case (b)) and by V(v 0 = m + 36) from r(v 0 = 0) (case (d)).
Only total ion intensity plots could be derived for one of the two
interacting states for the cases (a) and (c). The clear drop in the Q
line intensity of the V(v 0 = m + 29) spectrum for J 0 = 3, however, is
a strong indication of an intensity borrowing by M(v 0 = 0) from
V(v 0 = m + 29) (case (c)). Although the observed decrease in the
ion intensity of the Q lines for the P(v 0 = 0) state spectrum with J 0
could be an effect of changing transition probabilities, it is likely
also to be associated with an ‘‘intensity borrowing’’ of P(v 0 = 0)
from k(v 0 = 1) (case (a)). In summary the ‘‘intensity borrowing’’
effects are as follows:
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(a) P1D2 [1/2]4fp (v 0 = 0), [ms] ( k3P2 [1/2]5dd (v 0 = 1), [ms]
(b) j3S0+[1/2]5dp (v 0 = 1), [vs] ) V1S+ (v 0 = m + 22), [m]
(c) M1P1 [1/2]7ss (v 0 = 0), [vw] ( V1S+ (v 0 = m + 29), [m]
(d) r3P0 [1/2]7ps (v 0 = 0), [s] ) V1S+ (v 0 = m + 36), [ms]
where the relative total intensities are marked inside square
brackets and the arrows indicate the ‘‘intensity flow’’. Furthermore, the eﬀect of ‘‘intensity borrowing’’, for the b, c and d
cases, matches the relative total intensities of the interacting
state spectra (see inside square brackets above) such that the
lower intensity spectrum in each case gains intensity from the
higher intensity spectrum.
The results presented here involve observations of (2 + n)
REMPI spectra due to resonant transitions to three nss, (O a 0)
Rydberg states, M1P1 [1/2]7ss (n0 = 77214.0 cm1), m3P2[1/2]
7ss (n0 = 74484.1 cm1) and m3P1[1/2]7ss (n0 = 74571.3 cm1 (e))
and its characterization (see Table 1). While several nss Rydberg state spectra of HI have been observed in absorption23
corresponding (2 + n) REMPI spectra have been found to be
virtually unobservable.26 Thus, only one weak spectrum (for the
m3P2[1/2]7ss (v 0 = 0) Rydberg state; n0 = 70841.5 cm1) has
been reported.28 Weak or negligible intensities in (2 + n) REMPI
are due to low transition probabilities for the two-photon
resonant excitation step as governed by the unfavourable
selection rule for electron transition from npp to s orbitals.
This is in contrast with the more favourable selection rule
for transition from npp to p orbitals of 1S and 1D states, which
are easily detected in (2 + n) REMPI.26,28–31 The detections
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of the nss, (O a 0) state spectra observed, all of which are in
a high energy (hence high density of states) excitation region
(2hn 4 74 400 cm1; see above), could be a reason of a state
mixing which causes ‘‘intensity borrowing’’. Thus, the M1P1
[1/2]7ss state is known to mix with the V1S+ state (see above)
and the m3P2[1/2]7ss and m3P1[1/2]7ss states are observed in
a spectral region of largely overlapping spectra, which indicates
a high density of states close in energy.
The new and reassigned Rydberg state spectra described above
(Section III, A and B) add to and clarify further an ever growing
scheme of Rydberg state series which are converging to either of the
two spin–orbit components (Oc = 3/2, 1/2) of the ground ionic state
HI+(X2P) (see ref. 28–31). Furthermore, the two new ion-pair vibrational states (V(v0 )), of n0 = 75610.0 and 78654.0 cm1, identified (see
Section IIIA) were assigned to the vibrational quantum numbers v0 =
m + i where m is an unknown integer and i = 22 and 36, respectively.
These assignments were based on an assumption of a realistic
continuation of an irregular vibrational energy ladder affected
by severe interactions with Rydberg states (see ref. 28–31).
B.

Photofragmentation processes

Variations in relative spectral line intensities with ion masses
and/or J 0 quantum numbers are informative regarding photofragmentation processes, which are involved.
The relative ion signal intensities observed for the Rydberg
state spectra in the lower energy region of 69 000–75 000 cm1,
which vary as I(HI+) 4 I(I+) 4 I(H+) (see Table 1b), are typical for
HI spectra of Rydberg states which experience limited mixing
with the ion-pair state.28,29,43,44 Typical relative ion intensities for
ion-pair vibrational states in the same excitation region, on the
other hand, vary as I(I+) 4 I(H+) Z I(HI+).28–30,43,44 Spectra of
Rydberg states which are strongly mixed (e.g. homogeneously
coupling (DO = 0)) with the ion-pair state show relative ion
intensities intermediate between those for ‘‘pure’’ Rydberg states
and ion-pair states, depending on the interaction strength.
Commonly/typically I(I+) 4 I(HI+) 4 I(H+) is observed (see
Table 1b and ref. 29, 30 and 44). As shown in Table 1a the
relative ion intensities for Rydberg as well as ion-pair
state spectra in the higher energy excitation region of 75 000–
79 000 cm1 are along the same lines as observed for the lower
energy region. This suggests that the same major fragmentation
(both dissociation and ionization) processes apply for both

regions. It has been proposed that ion formation in multiphoton
ionization via two-photon resonant excitations less than about
75 000 cm1 to intermediate Rydberg and ion-pair states
(HI**(v 0 )) involves further third photon excitation of the intermediate states or its coupled conjugates to superexcited state(s)
(HI#) followed by a number of fragmentation (autoionization,
dissociation, photodissociation and ionization) processes (see
Table 3).31,43 The proportion of the various HI**(v 0 ) photofragmentation steps depends on the fractional contributions of
the Rydberg and ion-pair character in state mixing (fractional
state mixing), hence the internuclear distance range during the
excitation (see Table 3). The process of HI# dissociation to form
I+ directly ((iii) in Table 3) is limited to energies above the
threshold for I+ + H + e formation of about 108 939 cm1
(three-photon excitation; corresponding to a two-photon excitation
of about 72 626 cm1). However, the spectrum for the d(v0 = 3) state
(n0 = 69691.6 cm1 (Table 1b)), for which a three-photon excitation
to form HI# is less than the threshold, shows relative ion intensities
comparable to that for higher energy states (i.e. I(HI+) 4 I(I+) 4
I(H+)). Similar observations have been found for more low energy
Rydberg state spectra reported earlier.28,29 Furthermore, there are
no obvious transitions in terms of relative ion intensities for the
ion-pair vibrational state spectra to be seen for excitations on either
side of the I+ + H + e energy threshold.28–31 We, therefore, conclude
that the channel of I+ formation by direct dissociation of HI# ((iii) in
Table 3) is not a major channel for I+ formation in the total
excitation region of concern and that photoionization of I** after
dissociation of HI# to form H + I** is the main source for I+
formation (channel (iv) in Table 3). It should be emphasized,
however, that a minor contribution from channel (iii) cannot be
ruled out. In conclusion Fig. 7 summarizes the major photofragmentation processes, which we propose, that applies for the
two-photon excitation region of about 69 000–79 000 cm1 and can
explain the major relative ion intensity observations as shown in
the figure.
The higher excitation energy region (2hn = 75 000–79 000 cm1/
3hn = 112 500–118 500 cm1), including the state interactions
presented in this paper, corresponds to three-photon excitations to energies within the bound region of the excited
molecular ion state HI+*(A2S+) (112 580–122 667 cm1) which
correlates with H + I+*(1D2) (see Fig. 8). It has been argued that
a superexcited state (HI#) in a Rydberg series which converges

Table 3 Proposed main photofragmentation processes after (2 + 1) resonance enhanced multiphoton excitation via Rydberg and ion-pair states or its
coupled conjugates to form superexcited state(s), HI#.31,43

No.
i
ii
iii
iv
v
a

Number of photons
required/n in nhn

Processes after HI#
formation

Processesa

Ions formed

3
3
4
3
3
4
3
4

HI# - HI+ (v+low) + e
HI# - HI+ (v+high) + e
HI+ (v+high) + hn -H+ + I
HI# - H + I+ + e
HI# - H + I**
I** + hn - I+ + e
HI# - H* + I
H* + hn - H+ + e

A
A
PD
D
D
PI
D
PI

Internuclear
distance range

Relative state
charactera

HI+
HI+
H+
I+

Short
Medium

Ry c I-p
Ry E I-p

Medium to long

Ry o I-p

I+

Medium to long

Ry o I-p

Medium to long

Ry o I-p

H

+

Definitions of abbreviations: A: autoionization; PD: photodissociation; D: dissociation; PI: photoionization; Ry: Rydberg states; I-p: ion-pair state.
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Fig. 7 Schematic diagram for the main photofragmentation process involved
in (2 + n) REMPI via resonant excitation to Rydberg and ion-pair states and mixed
states vs. internuclear distance/distance ranges for two-photon excitation of
69 000–79 000 cm1 (see the main text for further clarification). Dominant
Rydberg state, ion-pair state and mixed state characters are indicated in blue, red
and black, respectively. HI# denotes repulsive superexcited state(s) formed. Ions
formed are highlighted by red circles. A number of photons required for species
formed are indicated in the right. The relative weight of processes and ion
formations are indicated by arrows and circles with different boldness. Typical
relative ion intensities observed are indicated at the top.

to the HI+*(A2S+) ionic state (i.e. a bound [A2S+]5dp state) plays
an important role in multiphoton ionization processes.36,55,56
We disfavor, however, major importance of states within Rydberg
series which converge to the HI+*(A2S+) ionic state for HI# in the
(2 + 1) resonance enhanced multiphoton (REMP) excitation
scheme presented here for the following reasons. First, excitations
from a bound HI** Rydberg or ion-pair state to a bound superexcited HI# state, with discrete energy levels, will involve resonant
transitions from HI** to HI# built on top of the initial resonant
transitions from HI(X) to HI**, which would affect relative
intensities of individual spectral lines within the rotational line
series. That contradicts our observations for relative rotational
line intensities, which, in the cases of negligible state interactions
for HI**, match smoothly varying intensities with J 0 quantum
numbers built on top of a single resonant transition step between
discrete rotational energy levels of two states only. Second, there is
no obvious alteration in the relative ion intensities seen for
excitations corresponding to three-photon excitations on either
energy-side of the convergence limit (i.e. the HI+*(A2S+) low energy
limit) for [A2S+]nll Rydberg states. We, therefore, conclude that
the superexcited state HI#, formed prior to the major ionization
channels (Fig. 8) is a continuum state of non-discrete energies.
These could be repulsive states which correlate diabatically with
H*(n = 2) + I/I* and H(n = 1) + I** and belong to Rydberg series
which converge to the corresponding repulsive ionic states which
correlate with H+ + I/I* and H(n = 1) + I+(3P2,1,0), respectively
(see Fig. 8) to give the H* and I** fragments by direct dissociation
prior to photoionization. This is along the same lines as our
findings for the corresponding HBr# superexcited states involved
in (2 + n) REMPI of HBr in the case of H+ formation.18,57,58
Changes in rotational line widths of ion signals due to
interactions between Rydberg and ion-pair states have been

This journal is © the Owner Societies 2022

Fig. 8 Potential energy curves, asymptotic energies and photon
excitations relevant to the two-photon excitations to the high energy region
of 75 000–79 000 cm1 (three-photon excitations of 112 500 (blue)–
118 500 cm1 (red)), which is dense in states (see the main text for further
clarification). The potential curves for the X2P, A2S+, [A2S+]5dp and the
repulsive states are derived from ref. 35, 36, 59 and 60 respectively.

interpreted in terms of changes in lifetime as a result of alterations in the states character due to its mixing.28–31 Alternatively,
changes in line widths due to the interactions/state mixing (see
Fig. 3d and 4c) can be associated with changes in velocities (hence
kinetic energies) of the ions, formed due to opening of, or changes
in the contributions of, new fragmentation channels. Such effects
could alter the time of flight of the ions (in the TOF tube), hence
the arrival time at the MCP detector, to change the line widths,
which, as a result, will depend on the fractional mixing of the
states and the proposed fragmentation scheme in Fig. 7.

V. Summary and conclusions
Mass resolved REMPI data for HI were collected for the twophoton excitation region of 69 000–79 000 cm1. HI+, I+ and H+
REMPI spectra, derived from the data, reveal the rotational
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structure due to two-photon resonant transitions from the
ground molecular state (X1S+ (v 0 0 = 0)) to a large number of
Rydberg and ion-pair vibrational states. Different ion REMPI
spectra for individual vibrational transitions are identical in
terms of rotational line positions but differ in relative ion
intensities. Individual ion spectral structures (with respect to
line positions and relative intensities), in many instances,
could be simulated by calculated spectra due to two-photon
transitions to rotational energy levels of excited vibrational
states by assuming statistical (Boltzmann) population distributions
to derive spectroscopic parameters involved. Spectral perturbations
in the form of deviations from regular patterns (with respect to line
positions, relative intensities as well as line widths) as predicted by
the simulation calculations, however, were observed in some
instances, indicating state interactions. Four sets of vibrational
spectra, each for two spectra close in energy, in the higher energy
region of 75 000–79 000 cm1 were found to display clear spectral
perturbations in a consistent manner with respect to both line
shifts and line intensity anomalies. These observations were found
to be due to state interactions between the corresponding two
excited states in each set. Deperturbation analysis, based on
deviations of line positions, hence rotational energy levels, from
regular patterns allowed evaluation of interaction strengths and
fractional state mixing as well as zero order (unperturbed) spectroscopic parameters. Anomalies in total ion intensities as a function
of rotational quantum numbers J0 were indicative of intensity
borrowing vs. intensity giving effects due to character mixing of
the interacting states. Rydberg to Rydberg and Rydberg to ion-pair
state interactions for both homogeneous (DO = 0) and heterogeneous (DO a 0) couplings between states were identified and
characterized. These analyses as well as simulation calculations for
spectra in the lower energy region of 69 000–75 000 cm1 further
allowed identification and characterization of seven new, not
previously observed, Rydberg state spectra and two new ion-pair
vibrational state spectra. Furthermore, the analysis revealed
reassignment of one Rydberg state spectrum previously observed.
Among the new Rydberg state spectra, observed, there were three
weak ones due to transitions to nss Rydberg states (O a 0), rarely
seen in (2 + n) REMPI due to un-favourable selection rules. Most
likely these are observable due to intensity borrowing from interacting state(s) with higher transition probabilities for two-photon
absorption. The assignment of the Rydberg state spectra relied on
quantum defect analysis, which are subject to deficiencies. We
believe that experiments on the isotopologue DI and relevant
isotope shift analyses might be useful to complete the present
picture of the HI Rydberg state structure.
It has been proposed that ion formation in multiphoton
ionization via two-photon resonant excitation to intermediate
states (HI**(v 0 )) involves further third photon excitation to
superexcited state(s) (HI#) followed by a number of fragmentation
processes (see Table 3). Variations in relative spectral line
intensities with ion masses and J 0 quantum numbers are found
to be informative regarding the photofragmentation processes
involved. Relative ion signal intensities (I(HI+) vs. I(I+) vs. I(H+)) are
found to be comparable for all spectra of pure Rydberg states,
which experience limited mixing with the ion-pair vibrational
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state (I(HI+) 4 I(I+) 4 I(H+)) on one hand and for ion-pair state
spectra (I(I+) 4 I(H+) Z I(HI+)) on the other hand in the overall
excitation region (69 000–79 000 cm1). The relative ion intensities of
spectra for Rydberg states mixed with the ion-pair state are intermediate between these cases, depending on the interaction strength.
Typically, I(I+) 4 I(HI+) 4 I(H+) for large mixing/strong (homogeneous) coupling (see Fig. 7). Analysis of the rotational structure of
Rydberg state spectra reveals that these are formed by two-photon
resonant rotational transitions from the ground state to the Rydberg
states followed by ion formation processes without any further
resonant excitation steps. These observations indicate that superexcited states (HI#) involved are repulsive states correlating diabatically with I** + H and/or H* + I/I*, where I** is iodine atom Rydberg
states and H* is H*(n = 2). The major ionization channels are
proposed to consist of autoionization to form HI+ prior to photodissociation to form H+ and one-photon ionization of the I** and H*
fragments to a degree which depends on the Rydberg and ion-pair
state character of the resonant intermediate state HI** and corresponding dominant internuclear distance as indicated in Fig. 7.
In addition to presenting specific information relevant
to state interactions (interaction strength and state mixing
parameters) and energetics (spectroscopic information) of
high energy HI states this paper includes information relevant
to the relationship between high energy molecular state properties and photofragmentation (photodissociation and photoionization) processes. The importance of state interaction strength,
nature and mixing of resonance states in multiphoton-fragmentation processes is evident by the examples presented here.
Furthermore, the eﬀect of state mixing, hence state character, on
transition probabilities is evident by ion intensity borrowing vs.
intensity giving eﬀects clearly seen in REMPI spectra of the interacting states. More generally this work demonstrates how a stepwise photoexcitation to metastable (superexcited) states via neutral
molecular states can allow selective fragmentation, depending on
the nature and/or degree of state mixing of the intermediate states.
We, therefore, feel that this paper is of importance to shed light on
the eﬀect of excited state properties on competing channels in
photoexcitation dynamics of molecules in general.
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58 H. Hrójmarsson, A. Kartakoullis, D. Zaouris, P. Glodic,
H. Wang, P. C. Samartzis and Á. Kvaran, Phys. Chem. Chem.
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