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Abstract
High resolution (3 + 1) and (2 + 1)REMPI spectra of HCl and DCl for total current detection at room temperature or TOF mass
detection after jet cooling were recorded for the spectral region 89 000–89 600 cm1. Analysis of the (3 + 1)REMPI spectra by use of
three-photon absorption modeling allowed, for the ﬁrst time, identiﬁcation and characterization of the l (3U3) states. Consistent
anomalies in spectral structures due to transitions to the j (3R) (0+) state are interpreted as being due to interactions with the
V (1R+) ion-pair states. Interaction strengths are evaluated. Simulation analyses and determination of isotope shifts allowed evaluation of vibrational and rotational spectroscopic parameters for the l (3U3) and the j (3R) (0+) states for both molecules.
 2004 Elsevier Inc. All rights reserved.

1. Introduction
(3 + 1) and (2 + 1)REMPI (resonance-enhanced multiphoton ionization) involves three- and two-photon resonance absorption, respectively, followed by one-photon
ionization. (n + 1)REMPI spectra of rotational structure
in electronic transitions of diatomic molecules have been
simulated successfully by taking account of the three(n = 3) [1–5] and two-(n = 2) [6–11] photon transition
probabilities only. This suggests that the ﬁnal ionization
step is largely wavelength independent and that the
(n + 1)REMPI spectra (n = 2, 3) can be treated as n-photon absorption spectra to a ﬁrst approximation. Furthermore, three-photon absorption spectroscopy analysis of
(3 + 1)REMPI spectra has recently proven successful at
detecting states ‘‘hidden’’ in the more commonly
used single-, and two- photon absorption techniques
[1,2,4,5]. Thus the lowest energy X = 3, U states of HBr
(l (3U3); ~m0 ¼ 80 167 cm1 for v 0 = 0 and L (1U3);
~m0 ¼ 82 837 cm1 for v 0 = 0) [1,2] and the L (1U3) states
*
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of HCl and DCl ~m0 ¼ 89981:6 cm1 for v 0 = 0 and
~m0 ¼ 90 055 cm1 for v 0 = 0, respectively) [4] were detected and analyzed in (3 + 1)REMPI spectra recorded
at room temperature. A number of higher energy X = 3
(U) states for HBr were observed in cold supersonic
expansions [5]. Three- and two-photon absorption spectroscopy has added to the rich spectroscopy of the
hydrogen halides which is characterized by a wide variation in the strengths of Rydberg to ion-pair interactions
as well as spin–orbit couplings arising from the halogen
atoms [6,7,12–19]. Furthermore, use of expressions for
rovibrational line strengths in three-photon absorption
[1,2] has been found to be useful to derive rotational population distributions in the ground states of HBr [2] and
HCl [3] from (3 + 1)REMPI spectra. The relative intensities of rotational line series have been used as evidence in
debates about the eﬀect of intermediate states on the
mechanism of multiphoton processes in two- [6,7,20]
and three-photon [2,4] absorptions to X 0 = 0 ‹ X00 = 0
transitions in Br2 [20], HBr [7], and HCl [2,4,6,7].
In this paper, we present for the ﬁrst time observation
and analyses of electronic states in HCl and DCl which
are not accessible in one- and two-photon spectra. HönlLondon expressions are used to identify and analyze
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X = 3, U states of HCl from (3 + 1)REMPI room temperature spectra and of DCl from (3 + 1)REMPI spectra
obtained after jet cooling. The states are assigned as the
l (3U3) Rydberg states corresponding to the principal
quantum number 3, belonging to the dd manifold and
state series converging to the 2P3/2 spin–orbit components of the ground state molecular ions. The analyses
allowed determination of rotational and vibrational
spectroscopic parameters for the excited electronic
states.
Furthermore (3 + 1)REMPI spectra of HCl and DCl,
involving three-photon transitions to the j (3R (0+))
states, are also recorded and analyzed for the ﬁrst time.
Clear evidence for near resonance interactions between
the j and the V (1R+) ion-pair states is seen both in the
(3 + 1) and (2 + 1)REMPI spectra of HCl and DCl.
The interaction strength is evaluated by model calculations [6], based on perturbation theory [21] and deperturbed energy levels [19].

2. Experimental
REMPI spectra of HCl were recorded at room temperature for samples in a static cell (REMPI-Current
spectra) as described before [8,22,23]. REMPI spectra
of DCl were recorded by detecting D 37Cl+ ions in a time
of ﬂight mass spectrometer attached to an ionization
chamber (REMPI-TOF spectra). Tunable radiation
was generated by an excimer laser-pumped dye laser systems. REMPI-Current spectra were recorded by use of a
Lumonics 510 excimer laser while REMPI-TOF spectra
were recorded by use of a Lambda Physik COMPex 205
excimer laser. In both cases, a Lumonics Hyperdye 300
laser was used. The bandwidth of the dye laser beam was
about 0.05 cm1. (2 + 1)REMPI spectra, for the wavelength range 223–225 nm, were obtained by using the
dye C-440 and frequency doubling with a BBO-B crystal, but (3 + 1)REMPI spectra, over 334.5–337 nm, were
obtained by using the dye LD-690 and a KDP-D crystal.
The frequency-doubled beam was separated from the
fundamental by a Pellin Broca prism.
The radiation was focused into an ionization cell between two stainless steel electrodes for recording HCl
REMPI-Current spectra. The cell contained HCl gas
samples (Merck, HCl: 99.5%) at low pressure, typically
1–5 Torr and room temperature after degassing by a
series of freeze, pump, and thaw cycles. Current pulses
in the gas due to laser pulse photoionization caused voltage drops across the electrodes. After ampliﬁcation and
integration the voltage pulses were fed into a LeCroy
9310A, 400 MHz storage oscilloscope. Finally, average
voltage values for a ﬁxed sampling time were recorded
as a function of absorbed photon energy to get the spectrum. Typically spectral points were obtained by averaging over 100 pulses.

To avoid overlap signals due to HCl impurities,
REMPI spectra of DCl were recorded after mass selection in a TOF mass spectrometer. The radiation was focused into an ionization chamber between a repeller and
an extractor separated by 19 mm for recording DCl
REMPI-TOF spectra. Gas samples from a lecture bottle
(Isotec, DCl: 99%) were pumped through a 200 lm
pulsed nozzle from a typical backing pressure of about
2 bar into the ionization chamber, which was held at
lower than about 105 mbar pressure during experiments. The distance between the nozzle and the center
between the repeller and the extractor was about
4.5 cm. The nozzle was held open for about 80 ls and
the laser beam was typically ﬁred about 600 ls after
opening of the nozzle. Ions were extracted into a 70 cm
long time-of-ﬂight tube and focused with an electric
lense onto a MCP plate detector. Voltage outputs as a
function of ﬂight time were fed into a LeCroy 9310A,
400 MHz storage oscilloscope. Average voltage outputs
for a ﬁxed number of laser pulses were evaluated and recorded on a computer to get mass spectra. Mass peaks
of chosen ions were integrated and averaged for a ﬁxed
number of laser pulses as a function of laser radiation
wavenumbers to obtain REMPI-TOF spectra. Typically
spectral points were obtained by averaging over 50
pulses.
Care was taken to prevent power broadening due to
ac Stark eﬀects by minimizing laser power. Wavelength
calibration was achieved by recording halogen atomic
lines [24] or by comparison of the strongest hydrogen
chloride rotational lines with those reported by Green
et al. [25] The accuracy of the calibration was found to
be about ±2 cm1 on the two- and three-photon wavenumber scales. Spectra intensities were corrected for
possible intensity drift during the scan. Furthermore,
the eﬀect of varying laser power was corrected for by
dividing the measured intensity by the power cubed
for (3 + 1)REMPI spectra and by the power squared
for (2 + 1)REMPI spectra.

3. Spectral analysis
Identiﬁcation and assignments of excited electronic
states was based on the rotational structure of vibrational bands in terms of positions and intensities of rotational lines. Rotational and vibrational parameters were
derived from simulation analysis of the spectra, based
on least square analysis of line positions. Deviations
from regular patterns in terms of line positions and/or
line intensities indicated perturbation eﬀects due to state
interactions. Strength of state interactions was evaluated
from line displacements.
Rotational line positions ð~mJ 0 ;v0 J 00 ;v00 ðiÞÞ for an isotopomer i (i = 1 and 2, refer to 1HCl and 2HCl (i.e.,
DCl), respectively) are derived from the expression
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~mJ 0 ;v0

J 00 ;v00 ðiÞ

¼ ~m0v0

v00 ðiÞ

þ DEJ 0 ;J 00 ðiÞ;

ð1Þ

ð~m0v0

where
v00 ðiÞÞ is the band origin of a vibrational
band. DEJ 0 , J00 (i) is the diﬀerence in rotational energies
in the ground and the excited states [1,7]. The band origin of an isotopomer i can be expressed as a function of
the electronic term value of the excited state, T0e and the
vibrational frequencies (in cm1) of the two states involved ðx0e ðiÞ and x00e ðiÞÞ [4,9,11]. The diﬀerence in the
rotational energies for isotopomer i (DEJ 0 , J00 (i) cm1)
can be expressed as a function of the rotational parameters of the two rovibrational states, Bv 0 (i), Dv 0 (i), Bv00 (i),
and Dv00 (i). For given rotational parameters for the
ground state, simulation of a rovibrational spectrum allows evaluation of the corresponding excited state values
as well as the band origin. The vibrational frequencies of
the excited states can be evaluated from the isotope shift
(i.e., diﬀerence in band origins; D~m0 ¼ ~m0v0 v00 ðiÞ  ~m0v0 v00 ðjÞ)
and the ground state vibrational frequency values
x0e ðiÞ ¼

2D~m0
þ x00e ðiÞ
ð1  qÞ

ð2Þ

and
xe ðjÞ ¼ xe ðiÞq;

1=2

q ¼ ½lðiÞ=lðjÞ

:

ð4Þ

Experimental energies of rovibrational levels in the
excited states and corresponding spacing values can be
evaluated from those in the ground state (Ev00 , J00 ;
v00 = 0) and from measured wavenumbers for the corresponding transition ð~mv0 ;J 0 v00 ;J 00 Þ
Ev0 ;J 0 ¼ ~mv0 ;J 0

v00 ;J 00

þ Ev00 ;J 00 :

ð5Þ

Deviations from regular energy level patterns in excited
states are believed to be due to state interactions. Level
to level interactions are represented by
h
i1=2
2
2
E ¼ ð1=2ÞðE01 þ E02 Þ  ð1=2Þ 4jW 12 j þ ðE01  E02 Þ
;
ð6Þ
where E01 and E02 are the zero-order rovibrational level
energies for states 1 and 2 and W12 is the matrix element
of the perturbation function/the interaction strength.
The EÕs are the resulting level energies. Comparison of
experimentally observed energy levels (Eq. (5)) and predicted energies, thus allows the interaction strength
(W12) to be evaluated from Eq. (6).
Relative line intensities (Irel) of spectra recorded at
thermal equilibrium are evaluated from
I rel ¼ CS DX expðEðJ 00 Þhc=k B T Þ;

where SDX is the multi-photon absorption strength.
E (J00 ) is the rotational energy in the ground state (in
cm1). h, c, kB, and T have the usual meaning and C
is an arbitrary constant. The multi-photon absorption
strength, SDX, is expressed as
S DX ¼ si l2i þ sj l2j ;

ð8Þ

where si and sj are Hönl-London type [21] functions of
the ground and the excited statesÕ total angular momentum quantum numbers (J00 and J 0 ) and of the total electronic angular momentum projection quantum numbers
(X00 and X 0 ) [1]. li2 and lj2 are sum and product functions of all one-photon transition moments and energy
denominators that give rise to parallel or perpendicular
transitions [2,26]. The subscript numbers i and j refer to
the order of Clebsch–Gordan coeﬃcients, in terms of
which si and sj can be written [26–28]. For two-photon
absorption strengths i = 0 and j = 2 but for three-photon
absorption strengths i = 1 and j = 3. li2 and lj2 are treated as variables in simulation. Deviations from a regular
behavior of line intensities as a function of J quantum
numbers as predicted by Eq. (7) indicate state
interactions.

ð3Þ

The simulation procedure assumes centrifugal distortion of a rigid rotor approximation to hold, hence the
energy spacing between neighbouring rotational levels
(DEJ, J  1 = EJ  EJ  1) to be expressed as
DEJ ;J 1 ¼ 2BJ  4DJ 3 :

145

ð7Þ

4. Results and analysis
The excitation wavenumber range for single color
(3 + 1)REMPI of HCl and DCl corresponds to the photon energies between one-fourth and one-third of the
ionization potential (IP is 12.748 eV = 102 820 cm1),
while the range for (2 + 1)REMPI corresponds to
the photon energies between one-third and one-half
of it ðð3 þ 1ÞREMPI : 25 705 < ~mLASER cm1 < 34 273
and ð2 þ 1ÞREMPI : 34 273 < ~mLASER cm1 < 51 410Þ.
Hence, a common resonance excitation energy range
for (n + 1)REMPI (n = 2,3) ð~mexc ¼ n~mLASER ; n ¼ 2; 3Þ is
77 115 < ~mexc cm1 < 102 820.
Figs. 1A and 2 show the (3 + 1) and (2 + 1)REMPI
spectra of HCl, respectively, in the excitation wavenumber range 89 000–89 600 cm1. Fig. 3A shows the
(3 + 1)REMPI spectrum of DCl in the region 89 070–
89 430 cm1.
Spectra due to the two-photon resonance transitions
j3R (0+) ‹ X (1R+) (v 0 = 0, v00 = 0), j3R (1) ‹ X (1R+)
(v 0 = 0, v00 = 0) and V1R (0+) ‹ X (1R+) (v 0 = 21,
v00 = 0) were identiﬁed in the (2 + 1)REMPI spectrum
of HCl [29–31]. Three overlapping vibrational bands,
two of which are centered at 89168.5 and 89282.0 cm1
are found in this region in the (3 + 1)REMPI spectrum.
The complex structure near 89 030 cm1 is believed to be
due to the j3R (1) ‹ X (1R+) transition and the band
centered at 89 282 cm1 was identiﬁed as the
j3R (0+) ‹ X (1R+) system. The separated experimental
spectra of the 89168.5 and 89282.0 cm1 bands (Figs.
1B and C and 4(top)) were formed by plotting peaks
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Fig. 1. Experimental (3 + 1)REMPI–current spectrum of HCl (A) due to the three-photon transitions j (3R) (0+) ‹ X (1R+), (v 0 = 0, v00 = 0) (B) and
l (3U3) ‹ X (1R+), (v 0 = 0, v00 = 0) (C). Separation of spectral bands (B and C) is based on the analysis mentioned in the text and partly shown in Fig. 4.

Fig. 2. Experimental (2 + 1)REMPI–current spectrum of HCl, showing spectra due to two-photon transitions (A) j (3R) (0+) ‹ X (1R+),
(v 0 = 0, v00 = 0), O, Q, and S line series. (B) j (3R) (1) ‹ X (1R+), (v 0 = 0, v00 = 0), Q series. (C) V (1R+) ‹ X (1R+), (v 0 = 21, v00 = 0), Q series.
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Fig. 3. Experimental (3 + 1)REMPI–TOF spectrum of DCl (A) due to the three-photon transitions j (3R) (0+) ‹ X (1R+), (v 0 = 0, v00 = 0) (B), and
l (3U3) ‹ X (1R+), (v 0 = 0, v00 = 0) (C). Separation of spectral bands (B and C) is based on the analysis mentioned in the text. Line overlap is observed
for peaks marked with asterisks.

Fig. 4. HCl, l (3U3) ‹ X (1R+), (v 0 = 0, v00 = 0) (3 + 1)REMPI spectrum simulation. Experimental spectrum (A), calculated rotational line
contributions (C), and simulated spectrum (B). Rotational line series, N–T, are indicated.
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which belong to one of the two bands only, eliminating
those belonging to the other band. Straight lines have
replaced spectral regions where peaks have been
eliminated.
Two overlapping vibrational bands, one at
89228.2 cm1 and another one at 89281.0 cm1are found
in the (3 + 1)REMPI spectrum of DCl. The band at
89281.0 cm1 was identiﬁed as the j3R (0+) ‹ X (1R+)
system. The separated experimental spectra are shown
in Figs. 3B and C. Furthermore, the Q branch lines of
the j3R (0+) ‹ X (1R+) system were identiﬁed in a
(2 + 1)REMPI spectrum for DCl.
Noticeably, no transition to the V1R (0+) state was
observed in the (3 + 1)REMPI spectra, neither for HCl
or DCl.
Table 1
Rotational lines of the l (3U3 ‹ X (1R+), (0, 0) band system for (A) HCl
and (B) DCl derived from (3 + 1)REMPI spectra (cm1)
J (=J00 )
(A) HCl
0
1
2
3
4
5
6
7
8
9
(B) DCl
0
1
2
3
4
5
6
7
8
9

P

Q

89168.7
89085.6
89065.1
89044.2
89022.0
88999.5

89227.6
89184.4
89172.7
89161.1
89148.3
89136.1
89123.1

R

89230.5
89251.5
89272.5
89291.7
89311.3
89330.1

89259.0
89269.2
89278.5
89287.6
89296.5
89304.3
89313.6

S

T
89292.9
89355.3
89417.1
89478.5
89539.5

89272.5
89313.9
89355.3
89395.5
89435.7

89291.4
89322.9
89354.2
89384.

89280.6
89301.7
89321.8
89341.3
89361.2
89380.8

5. HCl, DCl: l (3U3) ‹ X (1R+)
The spectrum centered at 89168.5 cm1 for HCl (see
Fig. 1C) shows the intensity patterns for rotational line
series to be expected for an X 0 = 3 ‹ X00 = 0 three-photon transition [1,2,4]. Rotational lines are listed in Table
1A. Simulation analyses, shown in Fig. 4, revealed the
spectroscopic parameters, ~m0 ; B0 ; and D0 listed in Table
2. This X = 3 state has not been observed before. We assign it to the l (3U3) state (v 0 = 0) which belongs to the dd
manifold ((r2p3)3 dd) and Rydberg series converging to
the higher energy 2P3/2 spin–orbit component of the
ground ionic state (X (2PX)), for the following reasons:
(1) First, one of four Rydberg states belonging to the
dd manifold and converging to the 2P3/2 spin–orbit component of the ground ionic state has been reported in
this spectral area, i.e., the kð3 P1 Þð~m0 ¼ 88121:6 cm1 Þ
state [31]. The remaining states that belong to this category and which are expected to be found in this region
are the k (3P0), l (3U3), and the l (3U4) states. (2) Second,
the X 0 = 3, singlet state (L (1U3)), which also belongs to
the dd manifold but converges to the 2P1/2 spin–orbit
component of the ionic state has been observed at
~m0 ¼ 89981:6 cm1 , i.e., 813 cm1 higher in energy [4].
This separation is of the same order of magnitude as
that of the spin–orbit splitting for the ground state ion
(648 cm1) [32]. (3) Third, the similarity in rotational
parameters observed for this state and the ground state
(B 0 = 10.44 cm1 and B00 = 10 439 826 cm1), implying
comparable average internuclear distances for the two
potential curves, suggests that the (0, 0) band is the dominant vibrational band. Transitions to triplet states in
single- and two-photon absorption are generally found
to be important in the hydrogen halides, suggesting that
spin–orbit coupling is signiﬁcant in these molecules.
By analogy with the analysis described above for
HCl, the band for DCl, centered at 89228.2 cm1 was assigned to the l (3U3) state (v 0 = 0). Rotational lines are
listed in Table 1B and resulting spectroscopic parame-

Table 2
Band origins (m0) vibrational frequencies (xe) and rotational parameters (B and D) for HCl and DCl states (vibrational quantum numbers v = 0)
(cm1)
State
Conﬁguration
Ion core
Compound
m0 oursÕ
m0 othersÕ
xe oursÕ
xe othersÕ
B (cm1) oursÕ
B (cm1) othersÕ
D · 103 (cm1) oursÕ
D · 103 (cm1) othersÕ
a
b

See [32].
See [29].

X1R+
2 4

rp
—
HCl

DCl

2990.9463a

2145.163a

10.439826a

5.39215a

0.50877123a

0.13627777a

l3 U 3

j3R (0+)

2 3

r2p3er
P3/2
HCl
89282.0
89282.2b
2998.0

r p 3dd
2
P3/2
HCl
89168.5

DCl
89228.2

2568.7

1842.3

10.44

5.25

1.45

3.57

2

9.64
9.657b
0.871b

DCl
89281.0
2150.2
5.06
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ters, ~m0 ; B0 ; and D0 derived from simulation analyses are
listed in Table 2. Furthermore, vibrational frequencies
(in wavenumbers) of the excited states for both compounds ðx0e ð1Þ and x0e ð2ÞÞ could be estimated from the
isotope shift value (jD~m0 j ¼ 59:7 cm1 ; Eqs. (2) and (3)).
6. HCl, DCl: j (3R (0+)) ‹ X (1R+)
Spectra due to the transition j (3R (0+)) ‹ X (1R+)
are identiﬁed both in (2 + 1) and (3 + 1)REMPI. O, Q,
and S line series are observed in the (2 + 1)REMPI spectrum, while mainly P, R, and to a lesser extent N and T
lines, are observed in (3 + 1)REMPI as to be expected
for DX = 0 (X 0 = 0 ‹ X00 = 0) transitions [2]. Irregularity
in line positions and line intensities is clearly observed in
the Q ((2 + 1)REMPI) and R ((3 + 1)REMPI) line series
for HCl and DCl as well as in the P ((3 + 1)REMPI) line
series for DCl. Correlation between line positions and
transitions to upper state rovibrational levels, which
gives consistent energy level position (Eq. (5)) is shown
in Fig. 5 for HCl and in Fig. 6 for DCl. Averaged rotational level energies are listed in Table 3. Spacing between levels (DEJ 0 , J 0  1), derived from corresponding
spectra, is also plotted in Fig. 5. Clearly deviations from
a regular pattern for DEJ 0 , J 0  1 as a function of energy
(or J; see Eq. (4)) are seen both for HCl and DCl. This

149

shows most clearly as enhanced spacing between levels
J 0 = 7 and 8 in HCl and between levels J 0 = 3 and 4 in
DCl. Rotational line intensities vs J 0 for HCl are plotted
in Fig. 7. This shows consistent drops in line intensities
to minimum values for those lines corresponding to
transitions to J 0 = 7. These observations are consistent
with near resonant state interactions between the
j (3R (0+)) and the V (1R+) states.
Deperturbed quantum levels of the V (1R+), v 0 = 24
state evaluated by Liyanage et al. are close in energy to
those of the j (3R (0+)), v 0 = 0 state for HCl as shown in
Fig. 5. More precisely, the energies of the J 0 = 7
(Ev 0 = 24, J 0 = 7 = 91 337 cm1) and 8 (Ev 0 = 24, J 0 = 8 =
91 403 cm1) quantum levels of the V state are in the
energy range marked by the levels with the same
quantum numbers of the j state (E0, 7 = 91 307 cm1;
E0, 8 = 91 481 cm1). The enhanced energy-gap observed
between these levels in the j (3R (0+)) state (Fig. 5), therefore can be explained as being due to a level-to-level repulsion between the j (3R (0+)) and the V (1R+) states with
same J quantum numbers [6,7]. The drop in line intensities
for levels close to J 0 = 7 in j (3R (0+)) ‹ X (1R+) (Fig. 7)
suggests an enhanced mixing with the V state. Judging
from the fact that no three-photon absorption due to
the V ‹ X transition is observed, an enhanced mixing
with the V state will cause a decrease in transition probabilities, hence giving rise to a lowering in intensities.

Fig. 5. REMPI spectra of HCl; correlation between rotational line positions and transitions to upper state rovibrational levels in the j (3R) (0+) state,
for P lines in (3 + 1)REMPI to left and for Q lines in (2 + 1)REMPI to right. Spacings between rotational lines (DEJ 0 , J 0  1) are plotted as
DEJ 0 , J 0  1values along the x axis vs energies (E) along the y axis in the middle of the ﬁgure (ﬁlled circles from the R line spectrum; open circles from
the Q line spectrum). Rotational levels for the V (1R+), v 0 = 24 state are also shown. J 0 numbers are indicated.
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Fig. 6. (3 + 1)REMPI spectra of DCl; correlation between rotational line positions and transitions to upper state rovibrational levels in the
j (3R) (0+) state, for P lines to left and for R lines to right. Spacings between rotational lines (DEJ 0 , J 0  1) are plotted as DEJ 0 , J 0  1 values along the x
axis vs energies (E) along the y axis in the middle of the ﬁgure (ﬁlled circles from the P line spectrum; open circles from the R line spectrum). J 0
numbers are indicated.
Table 3
Rotational energy levels of the j (3R) (0+), v 0 = 0 states for HCl and
DCl derived from analysis of (3 + 1) and (2 + 1)REMPI spectra (see
Figs. 5 and 6) (cm1)
J0

HCl

DCl

0
1
2
3
4
5
6
7
8
9
10
11

90764
90784
90823
90882
90960
91057
91173
91307
91481
91654
91852
92096

90346
90356
90375
90403
90449
90498
90558
90628
90708
90798
90898

Perturbation analyses of the energy level pattern (Fig. 5)
for the j state, based on level-to-level interactions (Eq.
(6)), revealed interaction strength (W12) between
j (3R (0+)), v 0 = 0 and V (1R+), v 0 = 24 of the order
20 ± 4 cm1.
Similarly, for DCl, deperturbed quantum levels of the
V (1R+), v 0 = 33 state are found to be close in energy to
those of the j (3R (0+)), v 0 = 0 state [19]. Hence, the enhanced energy-gap observed between levels J 0 = 3 and 4
in the j (3R (0+)) state (Fig. 6) we believe is also due to a
level-to-level repulsion interaction between the two

Fig. 7. HCl. Relative experimental line intensities as functions of J 0
quantum numbers for (A) R lines in the (3 + 1)REMPI spectrum (ﬁlled
circles) and (B) Q lines in the (2 + 1)REMPI spectrum (open circles)
for the transitions from X (1R+), v00 = 0 to j (3R) (0+), v 0 = 0.

states. Furthermore, analogous, although not quite as
clear, line intensity alterations were seen in the DCl
spectra as in the HCl spectra (see above). Perturbation
analysis of the energy level pattern (Fig. 6) for the j state
revealed interaction strength between j (3R (0+)), v 0 = 0
and V (1R+), v 0 = 33 of the order 7 ± 2 cm1.
To a ﬁrst approximation the interaction strength is
proportional to the square of the overlap integral of the
vibrational wavefunctions of concern. A wavefunction
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with higher vibrational quantum number for the interacting V state in DCl (v 0 = 33) compared to the vibrational
quantum number of the wavefunction in HCl (v 0 = 24)
will indeed overlap to a lesser extent with the corresponding v 0 = 0 wavefunctions in the j state to give rise to lower
interaction strength as observed (7 ± 2 cm1 for DCl vs
20 ± 4 cm1 for HCl).
7. Conclusions
(3 + 1) and (2 + 1)REMPI spectra for total current
detection (HCl) and molecular ion detection (DCl) over
the spectral region 89 000–89 600 cm1 were recorded.
Simulation calculations based on Hönl-London-type
expressions for rotational line strengths in three-photon
absorptions allowed identiﬁcation and characterization
of new X 0 = 3 states in HCl and DCl in (3 + 1)REMPI
spectra. The states are assigned as the l (3U3) Rydberg
states for vibrational quantum numbers v 0 = 0 and electronic conﬁgurations (r2p3)3dd which belong to series
converging to the X = 3/2 spin–orbit component of the
ground state molecular ions (X (2PX)). The analyses allowed evaluation of band origins and rotational constants for the excited states.
Spectra due to the transition j (3R (0+)) ‹ X (1R+)
were identiﬁed in the spectral region investigated. Consistent irregularities in rotational line positions as well as line
intensities were observed in the various line series both in
(2 + 1) and (3 + 1)REMPI spectra. These could be interpreted as being due to near resonance homogeneous state
interactions with the ion-pair states V (1R+), v 0 = 24 for
HCl and v 0 = 33 for DCl. Interaction strengths were
evaluated from perturbation analysis of the data.
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