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What to see and what not to see in three-photon absorption:
„3¿1… REMPI of HBr
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Hönl–London type approximation expressions are derived for transition strengths of the
⍀⬘⫽0,1,2,3, ←⍀⬙⫽0 共⌺, ⌸, ⌬ and ⌽←⌺兲 three-photon transitions for diatomic molecules
belonging to Hund’s case 共a兲 and intermediate 共a兲–共b兲 coupling schemes. These are used to
demonstrate what may be seen and what may not be seen in three-photon absorption spectra. The
forms are used to simulate room temperature 共3⫹1兲REMPI spectra of HBr, for different electronic
transitions. The analysis as well as comparison with 共2⫹1兲REMPI spectra is used to demonstrate the
usefulness of three-photon absorption spectroscopy to identify excited states and to derive
spectroscopic parameters. A Rydberg state, not observed in single or two-photon absorption, with
band origin 82 837 cm⫺1 was identified and analyzed for the first time. It was assigned as the
L 1 ⌽(3) ((  2  3 )5d ␦ )) state, 共0,0兲 band. © 2000 American Institute of Physics.
关S0021-9606共00兲00929-6兴

INTRODUCTION

pressions for line strengths which allow selection rules and
spectra line intensities to be evaluated.
In this paper we present simplified and useful Hönl–
London type approximation expressions for rotational line
strengths for electronic transitions from a ⍀⬙⫽0 共alternatively ⌺兲 state to ⍀⬘⫽0, 1, 2 and 3 共alternatively ⌺, ⌸, ⌬ and
⌽兲 states. This is of relevance to the work on the halogen
containing compounds mentioned above. The expressions of
concern are derived from more general ones given by Halpern et al.29 These are used to demonstrate what may be seen
and what may not be seen in three-photon absorption spectra
due to electronic transitions from of ⍀⬙⫽0 共⌺兲 ground state
molecules. Furthermore 共3⫹1兲REMPI and 共2⫹1兲REMPI
spectra for HBr are compared and/or simulated, using the
expressions for the rotational line strengths.

Although single-photon absorption has dominated in
high-resolution spectroscopy throughout the years, one-color
multiphoton absorption has gained increasing importance recently as LASERS have become more commonly available.1
Thus, for example, rotational 共2⫹1兲 REMPI spectroscopy of
the halogens,2–7 interhalogens2,8 and the hydrogen
halides,2,9–18 which has been emphasized in our laboratory
recently,2–9 has proved to be very useful in this respect. Advantages of using multiphoton absorption methods instead of
classical single-photon absorption methods in electronic
spectroscopy are associated with 共i兲 different selection rules
and 共ii兲 use of lower energy photons in particular. Since the
total angular momentum of a molecule can increase with the
number of absorbing photons, more and/or different states
can be accessed as the number of absorbing photons increases. Lower energy, yet higher density, LASER radiation
with a larger flux of lower energy photons can sometimes
replace synchrotron sources which, while more difficult to
operate, are frequently used in single-photon excitation studies in the VUV spectral region.
While the use of one-color two-photon absorption has
become common in high-resolution spectroscopy recently,
the same cannot be said about the use of one-color threephoton absorption. Most high-resolution spectroscopy work
involving three-photon absorption has been done by using
the REMPI technique for small gas phase molecules, such as
H2 , 19 O2 , 20 CO2 , 21,22 CS2 , 23–25 and Cl2 . 26 Both single27
and two-photon28 absorption spectra studies of diatomic molecules primarily make use of simple Hönl–London type ex-

EXPERIMENT

The apparatus used has been described in detail
elsewhere2–4 so only a brief report will be given here. Tunable radiation was generated by an excimer laser-pumped
dye laser system. For wavelengths less than about 330 nm,
the laser output was frequency doubled by suitable SHG
crystals. The frequency-doubled beam was separated from
the fundamental by a Pellin Broca prism. The radiation was
focused into an ionization cell between two electrodes. The
cell contained gas samples at low pressure, typically ⭐5
Torr. 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
multichannel analyzer for peak height measurements and recording. Finally average pulse heights for a fixed sampling
time were recorded to get the spectrum. Typically spectral
points were obtained by averaging over 100 pulses. The
bandwidth of the dye laser beam was about 0.05 cm⫺1. Care
was taken to prevent power broadening due to ac Stark effects by minimizing laser power. Wavelength calibration was
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achieved by recording chlorine, bromine and iodine30 atomic
lines or by comparison of the strongest hydrogen chloride
rotational lines with those reported by Green et al.15 The
accuracy of the calibration was found to be about ⫾2 cm⫺1
on the two- and three-photon wave number 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 共3⫹1兲REMPI spectra and by the power
squared for 共2⫹1兲REMPI spectra.
THEORY AND SPECTRA STRUCTURE

The one color three-photon transition probability 共兲,
can be expressed as29,31

⬀

冏兺

i1,i2

具  1 兩 M̄•Ē兩  i2 典具  i2 兩 M̄•Ē兩  i1 典具  i1 兩 M̄•Ē兩  0 典
共  i2,0⫺  兲共  i1,0⫺2  兲

冏

, 共1兲

where  0 ,  i1 ,  i2 and  1 are the wave functions for the
ground state (  0 ), two virtual intermediate states (  i1 ,  i2 )
and the resonance excited state (  1 ).  is the photon frequency and  i1,0 and  i2,0 are the frequencies corresponding
to the energy-differences between the ground state and the
two virtual intermediate states, i1 and i2, respectively. The
operators are the inner products of the molecular dipole moments, M̄, and the electric field of the exciting light, Ē.
Approximate expressions for three-photon absorption
line strengths (S ⌬⍀ ), for linearly polarized light, have been
derived from Eq. 共1兲 for diatomic molecules belonging to
Hund’s case 共a兲 and intermediate 共a兲–共b兲 coupling
schemes.29 The approximation is based on the assumptions
that 共i兲 the denominator in Eq. 共1兲 changes insignificantly
with frequency, corresponding to largely off-resonance intermediate virtual states and 共ii兲 that intermediate virtual states
of the same symmetry are replaced by a single representative
state. The general formulas for the three-photon absorption
strength are of the form
S ⌬⍀ ⫽s 1  21 ⫹s 3  23 ,

共2兲

where s 1 and s 3 are functions of the ground and the excited
states total angular momentum quantum numbers 共J ⬙ and J ⬘ 兲
as well as the total electronic angular momentum projection
quantum numbers 共⍀⬙ and ⍀⬘兲. The expressions for s 1 and
s 3 , given by Halpern et al.,29 are written in terms of
Clebsch–Gordan coefficients 共transformation amplitudes兲 of
the form (J ⬘ j⫺⍀ ⬘ ⫾(⍀ ⬘ ⫺⍀ ⬙ ) 兩 J ⬙ ⫺⍀ ⬙ ) for j⫽1 共i.e., first
order coefficients32兲 and j⫽3 共third order coefficients33兲, respectively.  21 and  23 are sum and product functions of  储
and  ⫾ values 关see Eqs. 共29a兲–共29d兲 given by Halpern
et al.29兲兴, which represent the collective effect of all one photon transition moments and energy denominators that give
rise to parallel or perpendicular transitions, respectively,

 储 ⫽ 具 ⍀ 兩 M̄"Ē兩 ⍀ 典 ,

共3a兲

 ⫾ ⫽ 具 ⍀⫾1 兩 M̄"Ē兩 ⍀ 典 .

共3b兲

Although these parameters can, in principle, be measured
from spectra, in some cases, treating these as variables or
fitting parameters is more appropriate. We have carried the

expressions for the three-photon absorption strength, as
given by Halpern et al.,29 a step further by substituting the
Clebsch–Gordan coefficients by its counterpart functions of
J ⬘ , J ⬙ , ⍀⬘ and ⍀⬙ 共Refs. 32, 33兲 for ⍀⬙⫽0, ⍀⬘⫽0, 1, 2 and
3 and for different rotational series, N(J ⬘ ⫽J ⬙ ⫺3) to T(J ⬘
⫽J ⬙ ⫹3) 共see Table I兲. Valid regions and regions of nonzero
values for the expressions are specified in the table. These
approximation expressions are particularly suitable for direct
evaluation of rotational line intensities as functions of J ⬙
(⫽J in Table I兲 and allow easy investigation of selection
rules.
From Table I, it is clear that only N, P, R and T lines 共not
O, Q and S lines兲 will be seen for ⌺–⌺ three-photon transitions. In the case of a zero  23 value 共i.e., S ⌬⍀ ⫽s 1  21 兲 only P
and R branches with the same line strengths as in singlephoton absorption spectra will be seen.27 For the other transitions 共⌸, ⌬, ⌽←⌺兲 all rotational line series 共N to T兲 can be
expected to be seen, while in the case of the ⌸←⌺ transition
a spectrum showing P, Q and R lines only, as in singlephoton absorption, will be seen in the case of a zero  23
value.
The structure of the three-photon strength can be seen
from diagrams of the type shown in Fig. 1 for the ⌺ ⫹ – ⌺ ⫹
transition. The intermediate states of a given type are shown
as dashed lines 共one line for each group of electronic states
that can enter into the process兲 and the possible transitions
are drawn by using well-known one-photon selection rules.
More detailed analysis of the J dependence of individual
transitions is helpful in organizing the various terms that
contribute to the amplitude.34 Thus, from selection rules for
single-photon transitions, it can be seen directly that a
⌺ ⫹ – ⌺ ⫹ transition only displays N, P, R and T lines and
cannot display O, Q and S branches. It can also be found out,
by multiplying the number of exit 共absorbing兲 lines by the
number of entrance lines for each virtual state 共each broken
line on the figure兲, that the P and the R branch transition
strengths contain 17 terms each, and that the N and the T
branch amplitudes each have 4 terms. Thus, the four channels leading to N lines are:
共 1 兲 ⌺ ⫹ 共 1;J⫺3 兲 ←⌺ ⫹ 共 i2;J⫺2 兲 ←⌺ ⫹ 共 i1;J⫺1 兲

←⌺ ⫹ 共 0,J 兲 ,
共 2 兲 ⌺ ⫹ 共 1;J⫺3 兲 ←⌸ ⫺ 共 i2;J⫺2 兲 ←⌺ ⫹ 共 i1;J⫺1 兲

←⌺ ⫹ 共 0,J 兲 ,
共 3 兲 ⌺ ⫹ 共 1;J⫺3 兲 ←⌺ ⫹ 共 i2;J⫺2 兲 ←⌸ ⫺ 共 i1;J⫺1 兲

←⌺ ⫹ 共 0,J 兲 ,
共 4 兲 ⌺ ⫹ 共 1;J⫺3 兲 ←⌸ ⫺ 共 i2;J⫺2 兲 ←⌸ ⫺ 共 i1;J⫺1 兲

←⌺ ⫹ 共 0,J 兲 .
The relative line strengths of the various line series for
dominant first order 共S ⌬⍀ ⫽s 1  21 ; ⌺,⌸←⌺兲 and third order
共S ⌬⍀ ⫽s 3  23 ; ⌺,⌸,⌬,⌽←⌺兲 contributions are listed in Table
II. These ratios are derived from the limit values of the relevant expressions in Table I as J goes to infinity.
In order to calculate or simulate a three-photon absorption spectrum, line positions as well as line intensities need
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TABLE I. Three-photon rotational line strengths, S ⌬⍀ ⫽s 1  21 ⫹s 3  23 for the transitions ⍀⬘←⍀⬙⫽0; ⍀⬘⫽0,1,2,3 共⌺,⌸,⌬,⌽←⌺兲. s 1 and s 3 are expressed as
functions of J (⫽J ⬙ ) shown below and  21 and  23 are defined by Halpern et al. 共Ref. 29兲 and were treated as variables in our simulation calculations 共see
text兲. Valid regions and regions of nonzero values for the s 1 and s 3 functions are indicated. Lowest J numbers to be observed in each rotational line serie
are highlighted in bold.
⍀⬘⫽0共⌺兲

Rot. line
seriess i

s1

⍀⬘⫽1共⌸兲
s3

s1

⍀⬘⫽2共⌬兲a

⍀⬘⫽3共⌽兲a

s3

s3

s3

N(J⫺3←J;
J⭓3)

0

1 共 J⫺2 兲共 J⫺1 兲 J
70 共 2J⫺3 兲共 2J⫺1 兲
J⭓3

0

1 共 J⫺1 兲 J 共 J⫺3 兲
70 共 2J⫺3 兲共 2J⫺1 兲
J⭓4

1 J 共 J⫺4 兲共 J⫺3 兲
70 共 2J⫺3 兲共 2J⫺1 兲
J⭓5

1 共 J⫺5 兲共 J⫺4 兲共 J⫺3 兲
70 共 2J⫺3 兲共 2J⫺1 兲
J⭓6

O(J⫺2←J;
J⭓2)

0

0

0

1 共 J⫹1 兲 J
210 共 2J⫺1 兲
J⭓3

2 共 J⫹1 兲共 J⫺3 兲
105 共 2J⫺1 兲
J⭓4

3 共 J⫺4 兲共 J⫺3 兲
70 共 2J⫺1 兲
J⭓5

P(J⫺1←J;
J⭓1)

1
J
27
J⭓1

3 共 J⫺1 兲 J 共 J⫹1 兲
350 共 2J⫹3 兲共 2J⫺3 兲
J⭓2

1
共 J⫺1 兲
27
J⭓2

1
共J⫹1兲共J⫺6兲2
1050 共 2J⫹3 兲共 2J⫺3 兲
6⬎J⭓2; J⭓7

1
共J⫹3兲2共J⫺2兲
42 共 2J⫹3 兲共 2J⫺3 兲
J⭓3

3 共 J⫺3 兲共 J⫺2 兲共 J⫹2 兲
14 共 2J⫹3 兲共 2J⫺3 兲
J⭓4

Q(J←J;
J⭓0)

0

0

1
共 2J⫹1兲
27
J⭓1

1 共 2J⫹1 兲共 J⫺1 兲共 J⫹2 兲
175 共 2J⫹3 兲共 2J⫺1 兲
J⭓2

1
共2J⫹1兲
7 共2J⫹3兲共2J⫺1兲
J⭓2

1 共2J⫹1兲共J⫺2兲共J⫹3兲
7 共2J⫹3兲共2J⫺1兲
J⭓3

R(J⫹1←J;
J⭓0)

1
共 J⫹1 兲
27
J⭓0

3 J 共 J⫹1 兲共 J⫹3 兲
350 共 2J⫺1 兲共 2J⫹5 兲
J⭓1

1
共 J⫹2 兲
27
J⭓0

1
J 共 J⫹7 兲 2
1050 共 2J⫺1 兲共 2J⫹5 兲
J⭓1

1 共 J⫺2 兲 2 共 J⫹3 兲
42 共 2J⫺1 兲共 2J⫹5 兲
J⫽1, J⭓3

3 共 J⫹4 兲共 J⫹3 兲共 J⫺1 兲
14 共 2J⫺1 兲共 2J⫹5 兲
J⭓2

S(J⫹2←J;
J⭓0)

0

0

0

1 J 共 J⫹1 兲
210 共 2J⫹3 兲
J⭓1

2 J 共 J⫹4 兲
105 共 2J⫹3 兲
J⭓1

3 共 J⫹5 兲共 J⫹4 兲
70 共 2J⫹3 兲
J⭓1

T(J⫹3←J;
J⭓0)

0

1 共 J⫹1 兲共 J⫹2 兲共 J⫹3 兲
0
70 共 2J⫹5 兲共 2J⫹3 兲
J⭓0

1 共 J⫹4 兲共 J⫹2 兲共 J⫹1 兲
70 共 2J⫹5 兲共 2J⫹3 兲
J⭓0

1 共 J⫹5 兲共 J⫹4 兲共 J⫹1 兲 1 共 J⫹6 兲共 J⫹5 兲共 J⫹4 兲
70 共 2J⫹5 兲共 2J⫹3 兲
70 共 2J⫹5 兲共 2J⫹3 兲
J⭓0
J⭓0

a

s 1 ⫽0 for all rotational line series.

to be calculated. Line positions for rovibrational lines
(  J ⬘ , v ⬘ ←J ⬙ , v ⬙ /cm⫺1 ) can be expressed as
o

 J ⬘ , v ⬘ ←J ⬙ , v ⬙ ⫽  v ⬘ , v ⬙ ⫹⌬Ē J ⬘ ,J ⬙ ,
o
 v⬘,v⬙

共4兲
⫺1

is the band origin 共in cm 兲 of a vibrational
where
band. ⌬Ē J ⬘ ,J ⬙ is the difference in rotational energies 共in

cm⫺1兲, depending on the rotational parameters 共B ⬘ , D ⬘ , B ⬙
and D ⬙ 兲 and the rotational quantum numbers (J ⬘ ,J ⬙ ) for the
two states as
⌬Ē J ⬘ J ⬙ ⫽ 共 J⫹⌬J 兲共 J⫹⌬J⫹1 兲 B ⬘ ⫺ 共 J⫹⌬J 兲 2
⫻ 共 J⫹⌬J⫹1 兲 2 D ⬘ ⫺J 共 J⫹1 兲 B ⬙ ⫹J 2 共 J⫹1 兲 2 D ⬙ ,
共5兲
where J⫽J ⬙ and ⌬J⫽J ⬘ ⫺J ⬙ . The relative rotational line

TABLE II. The intensity ratios of the line series for the cases when the
transition strength, S ⌬⍀ ⫽s 1  21 , ⍀⬘⫽0, 1←⍀⬙⫽0 共⌺,⌸←⌺兲 and S ⌬⍀
⫽s 3  23 , ⍀⬘⫽0,1,2,3←⍀⬙⫽0 共⌺,⌸,⌬,⌽←⌺兲 for three-photon absorptions.

FIG. 1. Structure of the three-photon transition amplitude for a diatomic
molecule showing intermediate/virtual states and one-photon transition moments for ⌺–⌺共⍀⫽0⫺⍀⫽0兲 overall transitions.

Transition

Absorption
strengths

N

O

P

Q

R

S

T

⌺←⌺
⌺←⌺
⌸←⌺
⌸←⌺
⌬←⌺
⌽←⌺

s 1  21
s 3  23
s 1  21
s 3  23
s 3  23
s 3  23

0
5
0
15
3
1

0
0
0
10
8
6

1
3
1
1
5
15

0
0
2
12
0
20

1
3
1
1
5
15

0
0
0
10
8
6

0
5
0
15
3
1
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FIG. 2. HBr, E( 1 ⌺ ⫹ )←X( 1 ⌺ ⫹ ), 共0,0兲 spectra analysis: Observed 共2
⫹1兲REMPI spectrum 共top兲, observed 共3⫹1兲REMPI spectrum共below兲, calculated rotational line contributions 共bottom兲 and simulated spectrum 共underneath exp. spectra兲. Rotational line numbers are J ⬙ values. The
V( 1 ⌺ ⫹ )⫺X( 1 ⌺ ⫹ ) 共v ⬘ ⫽m⫹4,0; Q lines兲 spectrum overlaps partly in the
共2⫹1兲REMPI spectrum 共77 840–77 580 cm⫺1兲. The sharp line at 78 069.3
cm⫺1 is a bromine atomic line 共two-photon transition 4 P o1/2← 2 P o3/2兲. The
broad feature near 78 060 cm⫺1 in the 共3⫹1兲REMPI spectrum is of unknown origin.

intensities (I rel), for a vibrational band are proportional to
the product of the Boltzmann population and the threephoton absorption strength, S ⌬⍀
I rel⫽CS ⌬⍀ exp共 ⫺Ē 共 J ⬙ 兲 hc/kT 兲 .

共6兲

Finally rotational lines are either displayed as lines from zero
or as Gaussian-shaped functions for specified bandwidths.
Calculated spectra for three-photon absorption, relevant to
共3⫹1兲REMPI of HBr are to be found on the Web.34
The following main characteristics of three-photon absorption spectra can be derived from calculated spectra
and/or Tables I and II:
共a兲

共b兲

共c兲

⍀⬘⫽0←⍀⬙⫽0共⌺←⌺兲 共see Fig. 2兲:
共i兲 No O,Q, and S lines are to be observed.
共ii兲 Only P and R lines are to be observed if  23 ⫽0.
共iii兲 The ratio of the N and T lines over the P and R
lines (I(N,T)/I( P,R)) increases as  21 /  23 decreases
关see Eq. 共2兲兴.
共iv兲 The relative intensities of the first rotational lines
in the P and the R line series 共J ⬙ ⫽1 and 0, respectively兲 drop as  21 /  23 decreases and equal zero for
 21 ⫽0.
⍀⬘⫽1←⍀⬙⫽0共⌸←⌺兲 共see Fig. 3兲:
共i兲 The ratio of the N, O, Q, S and T lines over the P
and R lines (I(N,O,Q,S,T)/I( P,R)) increases as
 21 /  23 decreases.
共ii兲 The relative intensity of the first rotational line in
the R series (J ⬙ ⫽0) drops to zero as  21 /  23 decreases.
共iii兲 the rotational line J ⬘ ⫽2←J ⬙ ⫽0(S) is not expected to be seen.
⍀⬘⫽2←⍀⬙⫽0共⌬←⌺兲:
共i兲 The Q line intensities are weak and decrease rapidly
with increasing J.

FIG. 3. HBr, k( 3 ⌸ 1 (1))←X( 1 ⌺ ⫹ ), 共0,0兲 共3⫹1兲REMPI spectrum analysis:
Observed 共3⫹1兲REMPI spectrum 共top兲, calculated rotational line contributions 共bottom兲 and simulated spectrum 共underneath exp. spectrum兲. Rotational line numbers are J ⬙ values. Some overlapping spectra features, yet
unassigned, are observed in the region 80 200–80 400 cm⫺1.

共d兲

共ii兲 The rotational line for J ⬙ ⫽0 in the S series is not
expected to be seen.
共iii兲 The rotational line for J ⬙ ⫽1 in the R series sticks
out and the line for J ⬙ ⫽2 is not expected to be seen.
⍀⬘⫽3←⍀⬙⫽0共⌽←⌺兲 共see Fig. 4兲:
共i兲 The S and the T line series show characteristic overall drop in intensity 共for room temperature兲 with J starting from its first line 共J ⬙ ⫽1 for S and J ⬙ ⫽0 for T兲.
共ii兲 Characteristic large gap between the first rotational
lines in the Q line series and those in the P or R line
series is expected to be seen.

RESULTS AND ANALYSIS

共3⫹1兲REMPI spectra for HBr 共ionization potential
⫽94 125 cm⫺1兲 might be expected to be observed in the

FIG. 4. HBr, L( 1 ⌽(3))←X( 1 ⌺ ⫹ ), 共0,0兲 共3⫹1兲REMPI spectrum analysis:
Observed 共3⫹1兲REMPI spectrum 共top兲, calculated rotational line contributions 共bottom兲 and simulated spectrum 共underneath exp. spectrum兲. Rotational line numbers are J ⬙ values. Some unidentified overlapping spectrum
is to be found in the region 82 650–82 830 cm⫺1.
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TABLE III. H81Br: Band origins (  0 ) and rotational parameters 共B ⬘ and D ⬘ 兲 for states analyzed by simulations of 共3⫹1兲REMPI
(E( 1 ⌺ ⫹ ),H( 1 ⌺ ⫹ ),k( 3 ⌸ 1 (1)),L 1 ⌽(3)) and 共2⫹1兲REMPI (E( 1 ⌺ ⫹ ),H( 1 ⌺ ⫹ )) spectra.

a

B ⬘ /cm⫺1

0

HBr
Ion core

v⬘

Our work

Other work

⌸ 1/2
⌸ 3/2

0
0

77 933⫾2
79 640⫾2

⌸ 3/2
⌸ 1/2

0
0

80 379⫾3
82 837⫾3

77 939.5
79 646.3
79 645.5
80 386

State

Configurations:

E( 1 ⌺ ⫹ )
H( 1 ⌺ ⫹ )

(  2  3 )5p 
(  2  3 )5d 

2

k( 3 ⌸ 1 (1))
L( 1 ⌽(3))

(  2  3 )5d ␦
(  2  3 )5d ␦

2

2

2

Our work

D ⬘ ⫻103 /cm⫺1

Other work

7.72⫾0.04
7.015⫾0.040
8.125⫾0.050a
8.39⫾0.05

7.721
7.029
7.193
8.13

Our work
0.3⫾0.1
⫺2.6⫾0.1
0.5⫾0.1
0.85⫾0.10

Other work
0.3
⫺3.3
0.6
0.07

Ref.
Other work
16
36
16
36

Values for the ⫹ and ⫺ components were found to be identical within experimental uncertainties.

wavelength region 319–425 nm, corresponding to the resonance excitation region 64 590–94 125 cm⫺1. We scanned
the region 77 000–86 200 cm⫺1 共348–390 nm LASER excitation兲. The same excitation region was scanned in order to
record 共2⫹1兲REMPI spectra 共232–260 nm.兲 The region
above 83 200 cm⫺1 in 共3⫹1兲REMPI shows very rich and
complicated structure while the region below this limit, although showing some overlap of spectra, was found to be
more accessible for analysis. As a first guide toward analysing vibrational bands we found it very useful to plot up values of spacings between neighboring rotational peaks
(⌬ v J,J⫹1 ) as a function of integer number 共n兲 and to compare these with the first order approximation equations (D ⬘
⫽D ⬙ ⫽0) for the spacing values as a functions of J quantum
numbers
⌬ v J,J⫹1 ⫽2 共 B ⬘ ⫺B ⬙ 兲 J⫹2 共 兵 ⌬J⫹1 其 B ⬘ ⫺B ⬙ 兲 ,

共7兲

where J⫽J ⬙ and ⌬J⫽J ⬘ ⫺J 共⌬J⫽⫺3 for N lines, ⫺2 for O
lines, etc.兲. These expressions are linear functions of J with
slope values independent of rotational line series (2(B ⬘
⫺B ⬙ )), which allows an easy estimate of 共i兲 the B ⬘ constants for known B ⬙ and 共ii兲 intercept values for the various
line series. Afterwards J quantum numbers could be evaluated to assign rotational lines. In what follows we will describe analysis of two ⌺–⌺ spectra bands both observed and
recorded in 共3⫹1兲 and 共2⫹1兲REMPI as well as one ⌸–⌺
and one ⌽–⌺ system observed in 共3⫹1兲REMPI.
E „ 1 ⌺ ¿ …] X „ 1 ⌺ ¿ …, „0,0…

Figure 2 shows 共2⫹1兲 共top兲 and 共3⫹1兲 共below兲 REMPI
spectra in the excitation region 77 500–78 300 cm⫺1. The
main features of the spectra can be assigned to the E( 1 ⌺ ⫹ )
←X( 1 ⌺ ⫹ ), 共0,0兲 system which has been seen before, both in
single-photon absorption35 and in 共2⫹1兲 REMPI.9,16 The 共2
⫹1兲REMPI spectrum also shows Q lines due to the
V( 1 ⌺ ⫹ )←X( 1 ⌺ ⫹ ) ( v ⬘ ⫽m⫹4,0) system9 in the 77 800–
77 500 cm⫺1 region. Furthermore, some unidentified broad
feature is seen in the 共3⫹1兲REMPI spectrum near 78 060
cm⫺1. The E( 1 ⌺ ⫹ )←X( 1 ⌺ ⫹ ) spectrum shows clear rotational line series: 共i兲 O, Q and S branches in 共2⫹1兲REMPI
and 共ii兲 N, P, R and T branches in 共3⫹1兲 REMPI. These
observations are in agreement with expectations: Observed
and absent rotational line series follow the selection rules
given by Bray and Hochstrasser28 for two-photon absorption
and above for three-photon absorption. The intensity structure of the 共2⫹1兲REMPI spectrum broadly follows the pre-

dicted intensity based on the transition strength expressions
derived by Bray and Hochstrasser28 as shown by Kvaran
et al.9 At the bottom of Fig. 2 are shown calculated rotational
line contributions to the 共3⫹1兲REMPI spectrum obtained by
using the calculation procedure described above. A simulated spectrum is shown directly underneath the experimental
spectrum.
Simultaneous simulations of the 共2⫹1兲 and 共3
⫹1兲REMPI spectra revealed the spectroscopic parameters
listed in Table III along with values obtained by others. The
determination of these parameters is solely based on the
comparison of the positions of calculated and experimental
rotational lines, but independent of line intensities as seen by
inspections of Eqs. 共4兲 and 共5兲. The simulation procedure
was carried out by a least squares analysis technique. The
relative intensities of the rotational lines in both spectra are
determined by Eq. 共6兲 for the 共3⫹1兲REMPI spectrum and by
an analogous expression for the 共2⫹1兲REMPI spectrum.9
The only adjustable fit parameters are  21 and  23 in the
former case and analogous parameters 共 I2 and  2S 兲 in the
latter case.9 The main effect of changing the ratio of these
parameters is to change the relative intensities of line series
(I(N,T)/I( P,R) in 共3⫹1兲REMPI as mentioned above and
I(O,S)/I(Q) in 共2⫹1兲REMPI9兲 and to a lesser extent, to
change the relative intensities within the line series. In order
to obtain the best relative intensities of line series in the
共3⫹1兲REMPI simulation a ratio of  21 :  23 ⫽2:3 was used
(  21 :  2S ⫽3:20 was used in the 共2⫹1兲REMPI spectrum9,16兲.
In both spectra the ratio of experimental to calculated rotational line intensities is found to increase with J quantum
number for all line series. There could be two explanations
for this effect: 共i兲 Either the approximate expressions for the
line strengths 共Table I兲 are not fully appropriate to describe
the line intensities due to break down of the approximations
involved 共see above兲 and/or 共ii兲 a well known perturbative
interactions between the E Rydberg state and the V( 1 ⌺ ⫹ )
ion-pair state9 could be the cause of this. Since an analogous
effect does not seem to be equally large in the next neighbor
⌺-Rydberg state spectrum for the H( 1 ⌺ ⫹ ) state 共 0
⫽79 640 cm⫺1 ; see below兲, which is not found to interact
strongly with the V( 1 ⌺ ⫹ ) state, we feel that the latter explanation is more likely. The intensity structure of the line series
broadly follows the predicted intensity based on the transition strength expressions 共Table I兲.
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The main features of the spectra in the excitation region
79 200–79 850 cm⫺1 can be assigned to the H( 1 ⌺ ⫹ )
←X( 1 ⌺ ⫹ ), 共0,0兲 system, which has been observed both in
single-photon absorption36 and 共2⫹1兲REMPI.16,37 Q branch
lines due to the V( 1 ⌺ ⫹ )←X( 1 ⌺ ⫹ ) ( v ⬘ ⫽m⫹7,0) system as
well as S branch lines due to the F( 1 ⌬(2))
←X( 1 ⌺ ⫹ ) (1,0) system overlap in the region of the O lines
in the 共2⫹1兲REMPI spectrum. Spectroscopic parameters derived from simultaneous simulations of 共3⫹1兲 and 共2
⫹1兲REMPI spectra are listed in Table III along with values
derived by others.  21 :  23 ⫽2:3 was used in the simulation of
the 共3⫹1兲REMPI spectrum, while  I2 :  2S ⫽1:6 was used for
the 共2⫹1兲REMPI spectrum. The spectra follow closely the
theoretical predictions in terms of line intensities and selection rules analogous to those found for the E←X spectrum
as mentioned above.

made by using the approximation expressions described
above. Spectroscopic parameters derived from the simulation
are listed in Table III.
The upper state for this system has not been observed/
assigned before. Three of four Rydberg states belonging to
the d ␦ manifold ((  2  3 )5d ␦ ) and diverging to the
ground state ion ( 2 ⌸ 1/2) have been reported in this spectral
area, i.e., the k 3 ⌸ 2 (2) (  0 ⫽82 676.9 cm⫺1 ), 36 K 1 ⌸(1) (  0
⫽83 453 cm⫺1 ) 16,36 and l 3 ⌽ 2 (2) (  0 ⫽82 583 cm⫺1 ). 16 The
remaining state, which belongs to this category and which is
expected to be found in this region is the L 1 ⌽(3) state,
which is not accessible by single and two-photon absorption.
There is also a reason to believe that a singlet state will have
relatively high transition probability. The similarity in rotational parameters observed for this state and the ground state,
hence comparable average internuclear distances for the two
potential curves, suggests that the 共0,0兲 band will be the
dominant vibrational band. We therefore assign this band to
L 1 ⌽(3), 共0,0兲.

k „ 3 ⌸ 1 „1……] X „ 1 ⌺ ¿ …, „0,0…

CONCLUSIONS

Figure 3 shows the 共3⫹1兲REMPI spectrum in the excitation region 80 200–80 550 cm⫺1. The main features of the
spectrum can be assigned to the k( 3 ⌸ 1 (1))←X( 1 ⌺ ⫹ ), 共0,0兲
system, which has been observed in single-photon
absorption.36 Some overlapping spectral features, yet unassigned, are observed on the low wave number side of the Q
branch. The spectrum shows clear P, Q and R line series,
while other rotational line series 共N, O, S and T兲 are much
weaker or undetectable. Calculated rotation contributions
and a simulated spectrum are also shown in the figure for the
rotational parameters listed in Table III. The calculated spectra were derived for  21 :  23 ⫽1:1, but spectra for virtually
undetectable N, O, S and T line series but unchanged structure of the P, Q and the R series could be obtained for
 21 :  23 ⭓1.

L „ 1 ⌽„3…… ] X „ 1 ⌺ ¿ …, „0,0…

Figure 4 shows the 共3⫹1兲REMPI spectrum in the excitation region 82 650–83 100 cm⫺1. The main features of the
spectrum could be explained as being due to a
⍀⬘⫽3←⍀⬙⫽0共⌽←⌺兲 transition as shown by a comparison
with the simulated spectrum and the calculated rotational
contributions 共Fig. 4兲. Some unidentified overlapping spectrum is found in the region 82 650–82 830 cm⫺1. A large gap
is observed between the Q branch and the first rotational
band on its high wave number side as to be expected for a
⌽←⌺ spectrum, since R lines for transitions from J⫽0 and
1 will not be seen. The Q branch peak is particularly sharp,
suggesting that the rotational constant for the upper state
closely resembles the one for the ground state. In such a case
rotational lines will overlap in a characteristic way, so that
peaks in the S line series will overlap every other peak in the
R branch and peaks in the T line series will overlap every
third peak in the R branch. Similar holds for the peaks in the
N, O and P line series. Intensity alterations in the observed
spectra show reasonably good agreement with the prediction

Easy to use, expressions for transition strengths of threephoton absorptions due to ⍀⬘⫽0,1,2,3←⍀⬙⫽0 共alternatively: ⌺,⌸,⌬,⌽←⌺兲 transitions of diatomic molecules are
presented in this paper. Characteristics of the corresponding
three-photon absorption rovibrational spectra are discussed
and demonstrated with reference to Rydberg excitation in
HBr. 共3⫹1兲 and 共2⫹1兲 REMPI spectra of HBr were recorded
at room temperature over the spectral region 77 000–86 200
cm⫺1. Useful guidelines for first step analysis of rotational
structure are given. Both 共3⫹1兲 and 共2⫹1兲REMPI show
spectra due to the E( 1 ⌺ ⫹ )←X( 1 ⌺ ⫹ ), 共0,0兲 and the
H( 1 ⌺ ⫹ )←X( 1 ⌺ ⫹ ), 共0,0兲 transitions, while the k( 3 ⌸ 1 (1))
←X( 1 ⌺ ⫹ ), 共0,0兲 transition is only observed in 共3⫹1兲
REMPI. These were simulated to demonstrate the usefulness
of the transition strengths for spectra analysis and to derive
spectroscopic parameters for the excited states involved.
Good agreement is found between 共2⫹1兲 and 共3⫹1兲REMPI
spectra and with others data in terms of evaluated rotational
parameters. Band origins for the E(0,0), H(0,0) and k(0,0)
bands are found to be slightly, but significantly, lower than
what is reported in the literature 共see Table III兲. A 共3
⫹1兲REMPI spectrum due to a ⍀⬘⫽3←⍀⬙⫽0 共⌽←⌺兲 transition at  o ⫽82 837 cm⫺1 was observed for the first time.
Simulation of the spectrum allowed evaluations of spectroscopic constants for the newly observed state, which is assigned as the L 1 ⌽(3) Rydberg state and the 共0,0兲 vibrational
band. This state has the electronic configuration (  2  3 )5d ␦
and ion core term symbol 2 ⌸ 1/2 . Generally 共3⫹1兲REMPI
spectra, along with expressions for three-photon line
strengths, are found to be useful spectroscopic tools, either
by supporting and adding to observations obtained by other
methods or in order to explore new territories and identifying
new excited states.
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