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The synchronous continuous scanning method is used for the measurement of the time resolved Fourier-
transform infrared LIBS of atomic Indium.  

439x273mm (72 x 72 DPI)  

 

 

Page 1 of 14 Journal of Analytical Atomic Spectrometry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

Jo
ur

na
lo

fA
na

ly
tic

al
A

to
m

ic
S

pe
ct

ro
m

et
ry

A
cc

ep
te

d
M

an
us

cr
ip

t



Laser ablation of indium target: time-resolved Fourier-transform in-
frared spectra of In I in the 700–7700 cm-1 range
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Laser-induced breakdown spectroscopy (LIBS) in combination with time-resolved Fourier-transform technique was applied to
obtain spectra of In I in the infrared spectral region. This method was proven to be suitable for measuring the weak energy
transitions between highly excited Rydberg atomic levels. The advantage comes from the possibility of selecting an optimal time-
delay after the laser pulse, when the low intensity spectral lines are near their maximum intensity and can filter out the disturbing
high intensity lines with different emission time profiles. The time-resolved spectra were recorded in the 700–1000, 900–1300,
1200–1680, 1800–4000, 4100–5000 and 5000–7700 cm -1 ranges with a resolution of 0.017 cm-1. Using this technique, we
obtained five g- and h-levels of In I that have never been measured previously. We demonstrate a close similarity of wavenumbers
for the 7s 1

2
–7p 1

2
and 4 f –5g transitions of the In atom.

1 Introduction

Following a recent experiment 1 on laser trapping and cooling
of the In atom, it was proposed 2 that this atom could be con-
sidered a possible candidate for searching for the permanent
electric-dipole moment. In view of this proposition, several
important spectroscopic characteristics, such as hyperfine con-
stants,3 one-electron transition probabilities 4 and Stark shifts,
have been recently measured 5 and calculated. 6 However, de-
spite more than a century of spectroscopic studies, 7,8 not all
of the In Rydberg states are known.

Similar to the other elements of the third group, all of the
electronic states of In I are subdivided into two configura-
tion systems, which can be considered as excitations of one
or more electrons from the ground-state configuration 5s 25p.
The first system consists of the doublet 5s2nl 2LJ terms, whose
total orbital, L, and angular, J = L± 1

2 , momenta are de-
termined by the orbital momentum l = L of the single ex-
cited nl-electron over the closed 5s2 core. For brevity, these
terms are henceforth denoted as nlJ . The other three-electron
configuration system 5snln′l′ is due to an excitation of two
electrons, including one from the 5s core. These configu-
rations give rise to the 4P, 2S, 2P and 2D terms in the LS

† Electronic Supplementary Information (ESI) available: [details of any
supplementary information available should be included here]. See DOI:
10.1039/b000000x/
a J. Heyrovský Institute of Physical Chemistry, Academy of Sciences of the
Czech Republic, Dolejškova 3, 18223 Prague 8, Czech Republic. Fax: +420
28658 2307; E-mail: civis@jh-inst.cas.cz
b Voronezh State University, 394693 Voronezh, Russia.
c Institute of Physics, Academy of Sciences of the Czech Republic, Na Slo-
vance 2, 18221 Prague 8, Czech Republic.

coupling scheme (see Connerade and Baig 9 for the inter-
mediate coupling assignment), from which only the quadru-
plet 5s5p2 4P1/2,3/2,5/2 terms10 lie below the first ionization
threshold, while the doublet 5s5p2 2S1/2, 5s5p2 2P1/2,3/2,11–13

and 5s5pnp 2P3/2 (n = 6,7,8) 14 terms are autoionizing states
excited above the threshold. Higher excited series of dou-
bly excited In states were studied assuming more a complex
JcK coupling scheme 5s5pSc 3PJc np with Sc = 3, Jc = 0,1
(n = 6–9, 15 n = 6–26 16), Jc = 2 (n = 6–9 for Sc = 3 and
n = 6–13 for Sc = 1)16 and Sc = 3, Jc = 1 (n = 16–31). 17

A strong configuration interaction due to these two-electron
excitations influences the other states’ spectral parameters,
such as the quantum defect of the Rydberg states, fine- and
hyperfine-structure splitting, and transition amplitudes. 13

The energies of the In 5s2nl states with l ≤ 3 and n <
10 were measured by Johansson and Litzén 18 and George
et al. 19 during discharge. A higher excited (Rydberg) nl
was first obtained from a UV absorption spectra in a furnace
by Garton and Codling 20 (ns (n = 9–29), np1/2 (n = 14–23),
nd3/2 (n = 8–19) and nd5/2 (n = 8–34) series) and then
by Penkin and Shabanova 21 (ns (n = 23–30) and nd3/2,5/2
(n = 31–39) series). Some years later, the Rydberg nl states
of In were studied using two-photon laser spectroscopy. The
energies of the highly excited np3/2 (n = 11–42), np1/2
(n = 11–13) and n f5/2 (n = 8–31) states of In were mea-
sured by Mirza and Duley 22. A few years later, Neijzen
and Dönszelmann extended these measurements with a higher
level of precision using a pulsed dye laser. They mea-
sured the energies the of highly excited ns1/2 (n = 26–80),
nd3/2 (n = 25–70), nd5/2 (n = 25–80) 23 and np1/2,3/2 (n =
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24–54) 24,25 states as well as the fine structure splittings of
the np (n = 17–29, 26 n = 24–54 25) and nd (n = 17–31 26,
n = 25–70 25) levels. The fine structure splitting of the Ry-
dberg 5s2np 2P1/2,3/2 states (n = 27–35) and the isotopic shift
of the two-photon transitions in 113,115In were measured us-
ing a thermionic diode. 27 The most recent measurement of
the first In ionization potential was performed by Kasimov
et al. 28 , who measured the Rydberg np1/2,3/2 (n = 12–60)
and nd3/2,5/2 (n = 15–30) series using two-step laser excita-
tion and ionization.

However, no In I states with l > 3 (e.g., g- or h-levels) have
been observed. According to simple estimates with the help of
the Rydberg formula, 29 e.g., the 5s5g-5s6h transitions should
appear in the infrared (IR) region with wavenumbers near ν �
1300 cm-1, 5s6g-5s7h and transitions near ν � 800 cm-1. The
transitions involving higher l-states can be observed in an even
longer wavelength spectral range. To the authors’ knowledge,
there are only two IR measurements of In I spectra available:
Johansson and Litzén 18 (ν > 4180 cm-1) and George et al. 19

(ν = 2559–11518 cm-1); therefore, new IR measurements are
needed to access the high-l states.

The IR region plays an increasingly important role in mod-
ern astronomy, e.g., in studies of cool stars, planets, dust
clouds etc. The powerful capacity of IR astronomy cannot
be fully utilized without detailed spectroscopic information on
the atomic line features (in particular, wavelengths and oscilla-
tor strengths) in the IR region. 30 The aim of the present study
is to observe In I lines in the IR domain, including the 800–
2500 cm-1 range where no In I spectra have been recorded
previously. We extend the knowledge regarding the spectrum
of the neutral indium atom by reporting the energies of some
its high l (g- and h-) states and also provide the calculated
probabilities and oscillator strengths for the transitions in the
measured spectral domain.

2 Experimental methods

Time-resolved FTIR spectrometry
This work continues the series of Fourier transform infrared
(FTIR) spectroscopic studies of metal atom IR spectra. 30–38

The time-resolved FTIR spectroscopy is an experimental tech-
nique that was originally developed and used for studying the
kinetics of various physical and/or chemical 39 processes oc-
curring in dynamic systems.

FT spectroscopy has several advantages over the usual
diffraction methods. 40 For our applications, the ability to ob-
tain spectra over a wide wavenumber range (in comparison
with,e.g., the laser spectroscopy 41) and with a high spectral
resolution are the most important characteristics.These main
features allowed us to explore a wide portion of the spectrum

in the infrared region and enabled the effective search for new
spectral transitions that have not previously been observed.

In the present work, the synchronous scanning FT technique
is used.42 This time-resolved method requires the transient
phenomena (laser ablation of the metal target) to be induced
periodically and synchronously by using He-Ne laser (the in-
ternal wavenumber standard of the FT spectrometer) fringe
signals. The triggers based on the He-Ne laser fringes are
used also for the data sampling. The time synchronization of
the sample ablation and the data acquisition is controlled by a
FPGA processor programmed by QUARTUS II 7.1, Altera.

This experiment was carried out in combination with a pulse
laser whose maximum repetition rate is slower than the He-
Ne fringe frequency. In this case, there is no possibility of
sampling at each individual trigger point of the He-Ne laser.
To overcome this instrumental limitation, the 1/n sampling
method is used. 43 The laser ablation is triggered at every nth
He-Ne fringe. This undersampling condition requires n scans
(interferometer mirror movements) to assemble a complete in-
terferogram. The timing diagram for the interleaved sampling
is shown in Figure 1.

1. scan

2. scan

3. scan

Complete interferogram

He-Ne laser

Data sampling

Laser trigger

He-Ne laser

Data sampling

Laser trigger

He-Ne laser

Data sampling

Laser trigger

Complete data

Total laser trigger

Fig. 1 The timing diagram for the 1/n interleaved sampling (n = 3)

Sample preparation
The vapors of the excited In atoms are produced during the ab-
lation of the metal indium target (with a natural isotopic com-
position) by a high-repetition rate (1.0 kHz) pulsed nanosec-
ond ArF laser (ExciStar S-Industrial V2.0 1000, with a pulse
length of 12 ns, λ = 193 nm, output energy of 15 mJ, and flu-
ency of approximately 2–20 J/cm2) inside a vacuum chamber
(average pressure 10−2 Torr). The vacuum chamber scheme is
shown in Figure 2.

Emission spectra registration
The infrared emission was focused into the spectrometer using
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Fig. 2 Setup of the LIBS experiment

a CaF2 or ZnSe lens (for 2000–7700 cm-1 or 700–2000 cm-1,
respectively). The time-resolved FTIR spectra were mea-
sured using a modified Bruker IFS 120 HR spectrometer.
KBr/CaF2 optics and HgCdTe (MCT)/InSb detectors were
used for the 700–2000 cm-1 and 2000–7700 cm-1 ranges, re-
spectively. During a single measurement, 30 time-resolved in-
terferograms were registered with a maximum time resolution
of 1 μs and spectral resolution of 0.0017 cm-1.

In the emission measurement mode, the registration of rel-
atively low intensity spectral lines can be disturbed by the
strong lines occurring in the spectrum near the measured low
intensity lines. The application of the time-resolved measure-
ment made it possible to choose an optimal time-delay after
the laser pulse when the weak spectral lines are near their
maximum intensity. This method also filters out the disturbing
high intensity lines with different emission time profiles. Fig-
ure 3 shows an example of when the emission intensities of the
spectra have a complex dependence on the time delay τ after
the ArF laser pulse shot. The analysis of these atomic emis-
sion time-profiles in our LIBS experiment confirms the com-
plexity due to the non-equilibrium and non-stationary condi-
tions of the plasma for the excited states. 44

Therefore, the use of the time-resolved scheme is essential
in our experiment. This method has allowed us to measure
the weak spectral transitions that have not been previously ob-
served.

70 75 80 85 90 95 100 105 110 115 120 125 130

 7p
3/2
-8d

5/2
 (4382,191 cm

-1
)

 5g-6h (1351,920 cm
-1
)
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-1
)

E
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n
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n
a
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u
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s
)

Tim e after laser pulse (ms)

Fig. 3 Time profiles of several In emission lines

3 Results and Discussion

Table 1 reports the measured line features: wavenumbers,
widths and intensities, which were derived from fitting to a
Lorentzian line shape. The measurements were performed in
six spectral ranges: 700–1000, 900–1300, 1200–1680, 1800–
4000, 4100–5000 and 5000–7700 cm -1. Only lines within
the same spectral range have intensities with the same scale.
For all numerical values, their uncertainties are reported in
parentheses immediately following the values. They should
be treated as the rightmost significant digits, e. g., 123.4(56)
means 123.4± 5.6.

Some wavenumbers reported in other studies of In I IR
spectra18,19 are given in Table 1 for comparison. Our
wavenumbers are consistent with previous results, 18,19 when
available, within the uncertainty range. George et al. 19 re-
ported very precise (error < 0.005 cm-1) measurements of
indium iodide FT spectra in a microwave-excited discharge
tube, where the hyperfine structure for ten lines was resolved.
For some of these lines, Table 1 lists the centers of gravity of
their hyperfine patterns. The accuracy of the measurements
by Johansson and Litzén 18 is greater than 0.02 cm-1. The er-
ror estimation of the results of the present work was described
recently. 37,38

As mentioned above, no values for the In I ng and nh en-
ergy levels are available in the literature. To identify the lines
corresponding to these levels, we first calculated the approx-
imate energies of these states using the Rydberg formula. In
the case of transitions with close wavenumbers, we compared
the theoretical intensities of such emission lines that are, in
turn, dependent on the oscillator strengths of the correspond-
ing transitions. The oscillator strengths ( f -values) were cal-
culated using single-channel quantum defect theory (QDT).

a the center of gravity of the hyperfine pattern

1–12 | 3
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Table 1 Observed In I line wavenumbers νki, intensities Iki, signal-to-noise ratios (SNR), full widths at half-maxima (FWHMs)

Line wawenumbers νki (cm-1) Iki SNR FWHM Identification

Present work George
et al. 19

Johansson and
Litzén 18

(arb. u.) (cm-1)

815.430(8) 1.85×104 6.7 0.069(31) 6g–7h
840.121(29) 1.57×104 2.37 0.129(104) 6 f –7g
1190.154(5) 7.53×103 10. 0.069(18) 8s 1

2
–8p 1

2

1244.442(4) 1.33×104 16. 0.066(12) 8s 1
2
–8p 3

2

1351.920(3) 3.41×104 32. 0.088(9) 5g–6h
1392.953(4) 1.18×104 20. 0.098(11) 5 f –6g
2128.818(6) 1.05×103 10. 0.078(16) 4 f 5

2
–7d 3

2

2154.402(8) 1.73×103 9.1 0.144(24) 4 f 7
2
–7d 5

2

2161.471(4) 2.50×103 1.5 0.096(12) 5g–7h
2204.538(4) 2.77×103 9.2 0.123(14) 5 f –7g
2544.276(11) 1.47×103 7.5 0.144(33) 7d 5

2
–7 f 7

2

2559.586(8)
2559.584a 1.87×106 9.8 0.077(12) 7s 1

2
–7p 1

2
/ 4 f –5g

2559.638(1) 1.39×106 15. 0.037(3)
2569.860(6) 9.53×102 10. 0.070(18) 7d 3

2
–7 f 5

2

2671.005(1)
2671.047a 4.43×105 9.7 0.057(3) 7s 1

2
–7p 3

22671.090(2) 2.70×105 8.6 0.038(7)
2778.576(5) 1.57×103 15. 0.104(15) 6d 3

2
–8p 1

2

2783.016(10) 2.29×103 10. 0.191(32) 6d 5
2
–8p 3

2

2863.525(3) 2863.510 4.45×103 20. 0.120(10) 7p 3
2
–7d 3

2

2889.066(2) 2889.067 4.26×104 22. 0.160(5) 7p 3
2
–7d 5

2

2974.996(2) 2974.995 2.14×104 25. 0.137(6) 7p 1
2
–7d 3

2

3121.804(6) 3121.817 3.53×104 4.9 0.260(22) 6d 5
2
–5 f 7

2

3171.694(3) 3171.705 2.39×104 16. 0.123(8) 6d 3
2
–5 f 5

2

4186.610(5) 4186.614a 4186.62 5.04×105 5.8 0.186(16) 6p 3
2
–7s 1

2

4363.021(6) 4363.016 4.32×104 6.9 0.103(20) 7p 3
2
–8d 3

2

4382.191(3) 4382.197 4.57×105 12. 0.137(8) 7p 3
2
–8d 5

2

4474.490(4) 4474.496 2.03×105 17. 0.124(11) 7p 1
2
–8d 3

2

4484.795(5)
4484.882a 4484.88

2.94×105 3.3 0.113(18) 6p 1
2
–7s 1

24484.938(7) 3.61×105 3.6 0.130(29)
4486.227(9) 4486.221 4.45×105 3.1 0.241(35) 6d 5

2
–6 f 7

2

4536.097(3) 4536.095 3.18×105 20. 0.124(8) 6d 3
2
–6 f 5

2

4717.207(5) 1.86×105 8.7 0.157(17) 4 f –7g
6792.022(4) 6792.083 6792.05 2.13×106 19. 0.227(12) 5d 5

2
–4 f 7

2

6815.400(6) 6815.389 6815.39 1.56×106 30. 0.136(8) 5d 3
2
–4 f 5

2
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This theory has already been shown to be efficient in calculat-
ing the first- 45 and second-order 46,47 matrix elements in both
atoms and molecules. To demonstrate that QDT calculations
of the dipole transition matrix elements are sufficient for our
line identification, we compared some QDT-calculated In os-
cillator strengths with experimental and theoretical data avail-
able in the literature.

In Table 3, we compare the QDT-calculated f -values with
the results reported in other works and with those listed in the
NIST database. 48 For the majority of the transitions, there is
a satisfactory agreement between our QDT calculations and
the experimental results obtained using the hook method 21,49

and using all-order relativistic many-body perturbation theory
calculations. 50 For a few transitions, there are some discrepan-
cies; for instance, Safronova et al. 50 reports the 5

2 – 5
2 transition

to be the strongest in the 4 f –8d multiplet, which is most likely
a misprint because general rules suggest that such a transition
should be the weakest in the multiplet. However, the QDT
calculations themselves are not our main aim in this work; we
used these calculations in analyzing the relative intensities of
the observed IR transitions. For calculating the matrix ele-
ments of the transitions involving g and h states, we use the
energy levels values presented in Table 2.

Some difficulties arise in identifying the pair of lines at
2559.586 and 2559.638 cm-1. According to the Rydberg for-
mula and QDT calculations of line strengths, the 4 f 5

2
–5g 7

2
and 4 f 7

2
–5g 9

2
doublet should be the most prominent line near

2560 cm-1. However, the observed doublet can also be due to
the hyperfine structure of the 7s 1

2
–7p 1

2
line, whose center of

gravity at 2559.584 cm-1 was reported by George et al. 19. We
are only able to resolve a two-peak hyperfine pattern of this
line (as well as that of the 7s 1

2
–7p 3

2
line). From our experi-

ment, the 7s 1
2
–7p 1

2
line has an intensity that is approximately

4.5 times greater (summed for the both peaks) than that of the
7s 1

2
–7p 3

2
line, as shown in Figure 4(b). However, in a non-

relativistic approximation, the intensity of the 7s 1
2
–7p 3

2
line

must be two times stronger.
We hypothesize that such a mismatch in the inten-

sity distribution can be explained by the blending of the
2559.6 cm-1 line with a strong 4 f –5g line whose fine-splitting
pattern is not distinguishable from the hyperfine pattern of
the 7s 1

2
–7p 1

2
line. Indeed, the oscillator strength of the

4 f –5g line is by one order of magnitude higher than that
of the 7s 1

2
–7p 1

2
line. Therefore, the mixture of a strong

4 f –5g line breaks the non-relativistic ratio (1:2) of the inten-
sities of the 7s 1

2
–7p 1

2
and 7s 1

2
–7p 3

2
lines. Futher evidence

for the above observation comes after extraction of the 5g
level from the measured 5g–7h line at 2161.471 cm -1. Such
an extraction can be performed by combining subsequently
measured wavenumbers of the 6g–7h and 5 f –6g transitions

1392,0 1392,5 1393,0 1393,5 1394,0 1394,5

a)5f
7/2

 6g
9/2

5f
5/2

 6g
7/2

In
te
n
s
it
y
 (
a
rb
. 
u
n
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s
)

W avenum ber (cm -1
)
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 7p
3/2

 7s
1/2

 7p
1/2 

 com bined with  4f  5g

In
te
n
s
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y
 (
a
rb
. 
u
n
it
s
)

W avenum ber (cm -1
)

b)

2559,0 2559,3 2559,6 2559,9 2560,2

 

2670,6 2670,9 2671,2 2671,5

 

Fig. 4 Some parts of an emission spectra from a In I ablation
plasma: a) newly observed multiplet lines 5 f 5

2
–6g 7

2
and 5 f 7

2
–6g 9

2
;

b) 7s–7p doublet with hyperfine structures shown in the insets. Note
that the hyperfine structure of the 7s 1

2
–7p 1

2
line is combined with

the fine structure of the 4 f –5g line (see text).

with the known 19 energy value of the 5 f level. Such a proce-
dure gives E5g = 42267.182(22) cm-1, which coincides within
the uncertainty range with the E5g = 42267.175(21) cm-1 ex-
tracted from the 2559.586 and 2559.638 cm -1 lines based on
the known 19 energy of the 4 f level.

Table 2 presents the energy values, Ek, of the levels involved
in the corresponding transitions, which were extracted from
the measured νki values from Table 1. The procedure of this
refinement is briefly described in earlier papers. 33,34,36 The
energies of the ng-levels (n = 5,6,7) and nh-levels (n = 6,7)
were not known before and are measured for the first time in
the present work. Unfortunately, we were not able to resolve
the fine-structure splitting of the f -levels. Within the uncer-
tainties, our energies of the n f 5

2
and n f 5

2
levels (n = 5,6,7)

do not differ, although the fine splitting of the 5 f –6g line is
clearly observed in Figure 4(a). We note that our energies
of En f 5

2
and En f 5

2
that are listed in Table 2, coincide (within
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the uncertainty range) with the corresponding values reported
by18 and are slightly closer to more recent results. 19

Table 2 Energies of In I levels extracted from the measured spectra

Level Energy (cm-1)
This work Other sources

7h 44428.653(22)
7g 44424.807(21)
7 f 44406.254(23) 44406.31(2),18 44406.2319

6h 43619.102(22)
6g 43613.223(21)

6 f 7
2

43584.691(22) 43584.66(2),18 43584.68119

6 f 5
2

43584.673(20) 43584.66(2),18 43584.68119

5g 42267.182(22)
5 f 7

2
42220.268(21) 42220.25(2),18 42220.28119

5 f 5
2

42220.270(20) 42220.25(2),18 42220.28119

4 f 7
2

39707.601(20) 39707.59(2),18 39707.62219

4 f 5
2

39707.630(20) 39707.59(2),18 39707.16119

A large (beyond the uncertainty range) discrepancy in the
4 f 5

2
level energy is due, in our opinion, to a misprint in George

et al. 19. The only transition they were able to use for the
extraction of E4 f 5

2
is their 5d 3

2
–4 f 5

2
line at 6815.389 cm-1.

With their value of E5d 3
2
= 32892.230 cm-1, a simple addi-

tion gives E4 f 5
2
= 32892.230+ 6815.389 = 39707.619 cm -1

which agrees with our value of 39707.630(20) cm -1 (within
the uncertainty range).
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Transition Lower level Upper level ν f ik× 100
i← k (cm-1) (cm-1) (cm-1) This work Other works

ns2S – np2P
8s 1

2
–8p 1

2
40636.996 19 41827.167 19 1190.171 71.2 70.4 50

8s 1
2
–8p 3

2
40636.996 19 41881.457 19 1244.461 142 140 50

7s 1
2
–7p 1

2
36301.864 19 38861.448 19 2559.584 56.4 56.2 50

7s 1
2
–7p 3

2
36301.864 19 38972.911 19 2671.047 113 112 50

7s 1
2
–8p 1

2
36301.864 19 41827.167 19 5525.303 1.93 1.97 50

7s 1
2
–8p 3

2
36301.864 19 41881.457 19 5579.593 4.94 5.04 50

6s 1
2
–6p 1

2
24372.956 19 31816.982 19 7444.026 39.3 40.2 50

6s 1
2
–6p 3

2
24372.956 19 32115.251 19 7742.295 79.5 81.3 50

6s 1
2
–7p 1

2
24372.956 19 38861.448 19 14488.492 1.12 1.03 50

6s 1
2
–7p 3

2
24372.956 19 38972.911 19 14599.955 3.01 2.84 50

6s 1
2
–8p 1

2
24372.956 19 41827.167 19 17454.211 0.246 0.206 50

6s 1
2
–8p 3

2
24372.956 19 41881.457 19 17508.501 0.731 0.642 50

np2P – ns2S
7p 3

2
–8s 1

2
38972.911 19 40636.996 19 1664.085 41.1 42.0 50

7p 1
2
–8s 1

2
38861.448 19 40636.996 19 1775.548 39.7 40.6 50

6p 3
2
–7s 1

2
32115.251 19 36301.864 19 4186.613 26.2 27.9 50

6p 1
2
–7s 1

2
31816.982 19 36301.864 19 4484.882 25.0 26.6 50

6p 3
2
–8s 1

2
32115.251 19 40636.996 19 8521.745 2.07 2.06 50

6p 1
2
–8s 1

2
31816.982 19 40636.996 19 8820.014 2.20 2.22 50

5p 3
2
–6s 1

2
2212.599 48 24372.956 19 22160.357 9.14 14.2; 50 15.3(7); 49 14. 48

5p 1
2
–6s 1

2
0. 24372.956 19 24372.956 8.05 13.3; 50 14.1(6); 49 13. 48

5p 3
2
–7s 1

2
2212.599 48 36301.864 19 34089.265 1.44 1.53; 50 1.7; 21 1.548

5p 1
2
–7s 1

2
0. 36301.864 19 36301.864 1.38 1.60; 50 1.7; 21 1.548

5p 3
2
–8s 1

2
2212.599 48 40636.996 19 38424.397 0.545 0.541; 50 0.5821

5p 3
2
–9s 1

2
2212.599 48 42719.031 19 40506.432 0.270 0.28 21

5p 1
2
–8s 1

2
0. 40636.996 19 40636.996 0.527 0.507; 50 0.5821

5p 3
2
–10s 1

2
2212.599 48 43881.314 19 41668.715 0.155 0.16 21

5p 3
2
–11s 1

2
2212.599 48 44595.86 48 42383.261 0.0972 0.09 21

5p 1
2
–9s 1

2
0. 42719.031 19 42719.031 0.262 0.29 21

5p 3
2
–12s 1

2
2212.599 48 45067.19 48 42854.591 0.0651 0.07 21

5p 3
2
–13s 1

2
2212.599 48 45394.13 48 43181.531 0.0458 0.04 21

5p 3
2
–14s 1

2
2212.599 48 45630.44 48 43417.841 0.0335 0.04 21

5p 3
2
–15s 1

2
2212.599 48 45806.88 48 43594.281 0.0252 0.03 21

np2P – nd2D
6p 3

2
–5d 3

2
32115.251 19 32892.23 19 776.979 1.17 1.80 50

6p 3
2
–5d 5

2
32115.251 19 32915.539 19 800.288 10.9 16.6 50

6p 1
2
–5d 3

2
31816.982 19 32892.23 19 1075.248 16.3 22.5 50

8p 3
2
–8d 5

2
41881.457 19 43335.108 19 1453.651 70.5 44.4 50

Table 3 QDT-calculated (this work) oscillator strengths ( fik×100) of In I atom compared with other works. The Ritz wavenumbers ν are
calculated using the energy level values from the cited references or from Table 2 (given witout references)
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Table 3 – continued from previous page
Transition Lower level Upper level ν f ik× 100

i← k (cm-1) (cm-1) (cm-1) This work Other works
8p 3

2
–8d 3

2
41881.457 19 43335.937 19 1454.48 7.81 5.05 50

8p 1
2
–8d 3

2
41827.167 19 43335.937 19 1508.77 69.2 42.7 50

7p 3
2
–7d 3

2
38972.911 19 41836.443 19 2863.532 6.36 4.72 50

7p 3
2
–7d 5

2
38972.911 19 41861.978 19 2889.067 54.1 41.6 50

7p 1
2
–7d 3

2
38861.448 19 41836.443 19 2974.995 56.3 40.5 50

7p 3
2
–8d 5

2
38972.911 19 43335.108 19 4362.197 13.9 11.7 50

7p 3
2
–8d 3

2
38972.911 19 43335.937 19 4363.026 1.55 1.31 50

7p 1
2
–8d 3

2
38861.448 19 43335.937 19 4474.489 14.8 12.0 50

6p 3
2
–6d 3

2
32115.251 19 39048.576 19 6933.325 5.14 4.56 50

6p 3
2
–6d 5

2
32115.251 19 39098.464 19 6983.213 43.9 40.4 50

6p 1
2
–6d 3

2
31816.982 19 39048.576 19 7231.594 45.8 40.2 50

6p 3
2
–7d 3

2
32115.251 19 41836.443 19 9721.192 1.29 1.19 50

6p 3
2
–7d 5

2
32115.251 19 41861.978 19 9746.727 11.4 10.6 50

6p 1
2
–7d 3

2
31816.982 19 41836.443 19 10019.461 12.4 11.2 50

6p 3
2
–8d 5

2
32115.251 19 43335.108 19 11219.857 4.60 4.58 50

6p 3
2
–8d 3

2
32115.251 19 43335.937 19 11220.686 0.512 0.511 50

6p 1
2
–8d 3

2
31816.982 19 43335.937 19 11518.955 5.09 4.92 50

5p 3
2
–5d 3

2
2212.599 48 32892.23 19 30679.631 3.38 3.98; 50 6.0; 21 4.848

5p 3
2
–5d 5

2
2212.599 48 32915.539 19 30702.94 30.2 35.3; 50 37;21 31.048

5p 1
2
–5d 3

2
0. 32892.23 19 32892.23 29.5 36.1; 50 36;21 30.848

5p 3
2
–6d 3

2
2212.599 48 39048.576 19 36835.977 0.789 0.771; 50 0.621

5p 3
2
–6d 5

2
2212.599 48 39098.464 19 36885.865 7.12 6.81; 50 5.2; 21 4.548

5p 1
2
–6d 3

2
0. 39048.576 19 39048.576 7.25 7.24; 50 4.5; 21 3.948

5p 3
2
–7d 3

2
2212.599 48 41836.443 19 39623.844 0.295 0.271; 50 0.1421

5p 3
2
–7d 5

2
2212.599 48 41861.978 19 39649.379 2.71 2.38; 50 0.8921

5p 3
2
–8d 5

2
2212.599 48 43335.108 19 41122.509 1.22 1.13; 50 1.321

5p 3
2
–8d 3

2
2212.599 48 43335.937 19 41123.338 0.135 0.129 50

5p 1
2
–7d 3

2
0. 41836.443 19 41836.443 2.79 2.56; 50 0.5921

5p 1
2
–8d 3

2
0. 43335.937 19 43335.937 1.31 1.22; 50 0.0321

nd2D – np2P
6d 3

2
–8p 1

2
39048.576 19 41827.167 19 2778.591 2.87 4.10 50

6d 5
2
–8p 3

2
39098.464 19 41881.457 19 2782.993 3.00 4.01 50

6d 3
2
–8p 3

2
39048.576 19 41881.457 19 2832.881 0.431 0.644 50

5d 3
2
–7p 1

2
32892.23 19 38861.448 19 5969.218 1.50 1.86 50

5d 5
2
–7p 3

2
32915.539 19 38972.911 19 6057.372 1.42 1.80 50

5d 3
2
–7p 3

2
32892.23 19 38972.911 19 6080.681 0.230 0.290 50

5d 3
2
–8p 1

2
32892.23 19 41827.167 19 8934.937 0.236 0.321 50

5d 5
2
–8p 3

2
32915.539 19 41881.457 19 8965.918 0.227 0.317 50

5d 3
2
–8p 3

2
32892.23 19 41881.457 19 8989.227 0.0368 0.0509 50

Table 3 QDT-calculated (this work) oscillator strengths ( fik×100) of In I atom compared with other works. The Ritz wavenumbers ν are
calculated using the energy level values from the cited references or from Table 2 (given witout references)
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Table 3 – continued from previous page
Transition Lower level Upper level ν f ik× 100

i← k (cm-1) (cm-1) (cm-1) This work Other works
nd2D – n f 2F

6d 5
2
–4 f 7

2
39098.464 19 39707.601 609.137 27.7 16.4 50

6d 5
2
–4 f 5

2
39098.464 19 39707.63 609.166 1.39 0.819 50

6d 3
2
–4 f 5

2
39048.576 19 39707.63 659.054 31.6 17.7 50

8d 3
2
–7 f 5

2
43335.937 19 44406.23 19 1070.293 18.5

8d 5
2
–7 f 7

2
43335.108 19 44406.23 19 1071.122 17.5

8d 5
2
–7 f 5

2
43335.108 19 44406.23 19 1071.122 0.874

7d 5
2
–6 f 7

2
41861.978 19 43584.681 19 1722.703 30.6

7d 5
2
–6 f 5

2
41861.978 19 43584.681 19 1722.703 1.53

7d 3
2
–6 f 5

2
41836.443 19 43584.681 19 1748.238 29.4

7d 5
2
–7 f 7

2
41861.978 19 44406.23 19 2544.252 11.4

7d 5
2
–7 f 5

2
41861.978 19 44406.23 19 2544.252 0.570

7d 3
2
–7 f 5

2
41836.443 19 44406.23 19 2569.787 11.3

6d 5
2
–5 f 7

2
39098.464 19 42220.281 19 3121.817 47.5 50.7 50

6d 5
2
–5 f 5

2
39098.464 19 42220.281 19 3121.817 2.38 2.54 50

6d 3
2
–5 f 5

2
39048.576 19 42220.281 19 3171.705 47.0 52.4 50

6d 5
2
–6 f 7

2
39098.464 19 43584.681 19 4486.217 14.8

6d 5
2
–6 f 5

2
39098.464 19 43584.681 19 4486.217 0.738

6d 3
2
–6 f 5

2
39048.576 19 43584.681 19 4536.105 15.0

6d 5
2
–7 f 7

2
39098.464 19 44406.23 19 5307.766 6.71

6d 5
2
–7 f 5

2
39098.464 19 44406.23 19 5307.766 0.335

6d 3
2
–7 f 5

2
39048.576 19 44406.23 19 5357.654 6.92

5d 5
2
–4 f 7

2
32915.539 19 39707.601 6792.062 82.9 71.3 50

5d 5
2
–4 f 5

2
32915.539 19 39707.63 6792.091 4.15 3.56 50

5d 3
2
–4 f 5

2
32892.23 19 39707.63 6815.4 86.7 74.3 50

5d 5
2
–5 f 7

2
32915.539 19 42220.281 19 9304.742 17.8 15.2 50

5d 5
2
–5 f 5

2
32915.539 19 42220.281 19 9304.742 0.892 0.759 50

5d 3
2
–5 f 5

2
32892.23 19 42220.281 19 9328.051 18.7 15.9 50

5d 5
2
–6 f 7

2
32915.539 19 43584.681 19 10669.142 7.14

5d 5
2
–6 f 5

2
32915.539 19 43584.681 19 10669.142 0.357

5d 3
2
–6 f 5

2
32892.23 19 43584.681 19 10692.451 7.51

5d 5
2
–7 f 7

2
32915.539 19 44406.23 19 11490.691 3.67

5d 5
2
–7 f 5

2
32915.539 19 44406.23 19 11490.691 0.183

5d 3
2
–7 f 5

2
32892.23 19 44406.23 19 11514. 3.87

n f 2F – nd2D
5 f 7

2
–8d 5

2
42220.281 19 43335.108 19 1114.827 13.6 8.09 50

5 f 5
2
–8d 5

2
42220.281 19 43335.108 19 1114.827 0.907 0.539 50

5 f 5
2
–8d 3

2
42220.281 19 43335.937 19 1115.656 12.7 7.75 50

4 f 5
2
–7d 3

2
39707.63 41836.443 19 2128.813 4.92 3.28 50

Table 3 QDT-calculated (this work) oscillator strengths ( fik×100) of In I atom compared with other works. The Ritz wavenumbers ν are
calculated using the energy level values from the cited references or from Table 2 (given witout references)
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Table 3 – continued from previous page
Transition Lower level Upper level ν f ik× 100

i← k (cm-1) (cm-1) (cm-1) This work Other works
4 f 5

2
–7d 5

2
39707.63 41861.978 19 2154.348 0.326 0.228 50

4 f 7
2
–7d 5

2
39707.601 41861.978 19 2154.377 4.89 3.42 50

4 f 5
2
–8d 5

2
39707.63 43335.108 19 3627.478 0.0527 3.51 50

4 f 7
2
–8d 5

2
39707.601 43335.108 19 3627.507 0.790 0.526 50

4 f 5
2
–8d 3

2
39707.63 43335.937 19 3628.307 0.736 0.502 50

n f 2F – ng2G
6 f 7

2
–7g 9

2
43584.681 19 44424.807 840.126 99.0

6 f 7
2
–7g 7

2
43584.681 19 44424.807 840.126 2.83

6 f 5
2
–7g 7

2
43584.681 19 44424.807 840.126 102

5 f 7
2
–6g 9

2
42220.281 19 43613.223 1392.942 110

5 f 7
2
–6g 7

2
42220.281 19 43613.223 1392.942 3.14

5 f 5
2
–6g 7

2
42220.281 19 43613.223 1392.942 113

5 f 7
2
–7g 9

2
42220.281 19 44424.807 2204.526 23.2

5 f 7
2
–7g 7

2
42220.281 19 44424.807 2204.526 0.662

5 f 5
2
–7g 7

2
42220.281 19 44424.807 2204.526 23.8

4 f 5
2
–5g 7

2
39707.63 42267.182 2559.552 138

4 f 7
2
–5g 9

2
39707.601 42267.182 2559.581 134

4 f 7
2
–5g 7

2
39707.601 42267.182 2559.581 3.84

4 f 5
2
–6g 7

2
39707.63 43613.223 3905.593 21.2

4 f 7
2
–6g 9

2
39707.601 43613.223 3905.622 20.6

4 f 7
2
–6g 7

2
39707.601 43613.223 3905.622 0.588

4 f 5
2
–7g 7

2
39707.63 44424.807 4717.177 7.25

4 f 7
2
–7g 9

2
39707.601 44424.807 4717.206 7.05

4 f 7
2
–7g 7

2
39707.601 44424.807 4717.206 0.201

ng2G – n f 2F
6g 9

2
–7 f 7

2
43613.223 44406.23 19 793.007 2.84

6g 7
2
–7 f 7

2
43613.223 44406.23 19 793.007 0.101

6g 7
2
–7 f 5

2
43613.223 44406.23 19 793.007 2.74

5g 9
2
–6 f 7

2
42267.182 43584.681 19 1317.499 1.10

5g 7
2
–6 f 7

2
42267.182 43584.681 19 1317.499 0.0394

5g 7
2
–6 f 5

2
42267.182 43584.681 19 1317.499 1.07

5g 9
2
–7 f 7

2
42267.182 44406.23 19 2139.048 0.183

5g 7
2
–7 f 7

2
42267.182 44406.23 19 2139.048 0.00655

5g 7
2
–7 f 5

2
42267.182 44406.23 19 2139.048 0.177

ng2G – nh2H
6g 9

2
–7h 11

2
43613.223 44428.653 815.43 136

6g 9
2
–7h 9

2
43613.223 44428.653 815.43 2.52

6g 7
2
–7h 9

2
43613.223 44428.653 815.43 139

5g 9
2
–6h 11

2
42267.182 43619.102 1351.92 131

Table 3 QDT-calculated (this work) oscillator strengths ( fik×100) of In I atom compared with other works. The Ritz wavenumbers ν are
calculated using the energy level values from the cited references or from Table 2 (given witout references)
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Table 3 – continued from previous page
Transition Lower level Upper level ν f ik× 100

i← k (cm-1) (cm-1) (cm-1) This work Other works
5g 9

2
–6h 9

2
42267.182 43619.102 1351.92 2.43

5g 7
2
–6h 9

2
42267.182 43619.102 1351.92 134

5g 9
2
–7h 11

2
42267.182 44428.653 2161.471 12.1

5g 9
2
–7h 9

2
42267.182 44428.653 2161.471 0.224

5g 7
2
–7h 9

2
42267.182 44428.653 2161.471 12.3

nh2H – ng2G
6h 9

2
–7g 9

2
43619.102 44424.807 805.705 0.00384

6h 11
2

–7g 9
2

43619.102 44424.807 805.705 0.173

6h 9
2
–7g 7

2
43619.102 44424.807 805.705 0.169

Table 3 QDT-calculated (this work) oscillator strengths ( fik×100) of In I atom compared with other works. The Ritz wavenumbers ν are
calculated using the energy level values from the cited references or from Table 2 (given witout references)
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4 Conclusion

In this study, time-resolved FTIR spectroscopy was applied to
measure the spectra of indium atoms produced by the laser ab-
lation of an indium metal target with a natural isotopic compo-
sition. We cover the previously uninvestigated range from 800
to 2500 cm-1 and report the wavenumbers and emission inten-
sities of 34 spectral lines, from which 17 transitions were ob-
served experimentally for the first time. The experiment spec-
tral data were used for the refinement of 12 indium energy lev-
els, 5 of which (ng (n = 5,6,7) and nh (n = 6,7) states) were
previously unknown. The line classification was performed
using relative line strengths that were calculated using single-
channel quantum defect theory; these calculations show agree-
ment with the experimental and calculated data available in
the literature. We provide the calculated oscillator strengths
between the levels involved in the observed transitions.
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24 J. H. M. Neijzen and A. Dönszelmann, Physica B+C, 1981, 111, 127 –

133.
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