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Abstract.  We study the broadening and shift of N I ( l = 746.8 nm) 
and O I ( l =777.4 nm) lines in a plasma of filaments generated by 
a tightly focused femtosecond laser pulse (0.9 mJ, 48 fs). It is shown 
that the dynamic Stark effect makes a major contribution to the 
broadening and shift of the N I line ( l =746.8 nm). It is found that 
amplified spontaneous emission of a regenerative amplifier and 
post-pulses break the LS coupling for the O I 3p 5P energy level, 
lead to the generation of side bands related to the Rabi splitting of 
levels and result in pulsed emission of the first positive system of N2. 

Keywords: filament, dynamic Stark effect, Rabi splitting, line 
broadening and shift.

1. Introduction

In recent years the study of filamentation processes of femto-
second laser radiation in the atmosphere attracts significant 
interest [1 – 4]. In the case of weak focusing or free propaga-
tion of a laser beam, the dynamic balance between the pro-
cesses of plasma defocusing and Kerr self-focusing leads to 
the formation of a long plasma channel, or a so-called fila-
ment with a peak intensity of ~5 ´ 1013 W cm–2. In the case 
of tight focusing of a laser beam, a major role in the filament 
formation is played by the geometric focusing, the intensity 
of  the  laser  radiation  in  the  focal  point  exceeding  5  ´ 
1013 W cm–2  [5]. Moreover,  in  the  case of  tight  focusing of 
laser pulses due to lens aberrations, a complex pattern of the 
radiation  intensity  distribution  having  a  form of  a  glowing 
cone-shaped structure is observed [6]. 

The plasma of filaments generated by femtosecond pulses 
is characterised by low temperatures and electron concentra-
tions [7, 8]. These features cause a low emission intensity of 
the  continuous  spectrum,  intense  molecular  emission  and 
short lifetime of emission lines. The temporal characteristics 

of the filament radiation in air depend on the duration t of the 
initial ultrashort pulse. For example, for t = 500 fs at the ini-
tial stage the molecular components dominate in the emission 
of the filament plasma, followed by the continuum emission, 
then  a  few  nanoseconds  later  the  continuous  spectrum  is 
replaced with  atomic  lines  [9]. At  t  =  48  fs  the  continuous 
spectrum  has  a  very  low  intensity,  the  molecular  lines  are 
observed immediately after the action of laser radiation, while 
the atomic lines appear with a delay of 50 – 80 ps [6]. As shown 
in Refs [6, 9], in the emission spectrum of filaments one can 
observe  unresolved  and  abnormally  broadened  triplets  N I 
(3p 4S – 3s 4P)  and O I  (3p 5P – 3s 5S). Earlier Martin  et  al.  [9] 
with the data of Ref.  [10] taken into account supposed that 
the  observed  broadening  of  lines  is  due  to  the  saturation 
effect. It is also worth noting that the extremely high value of 
the parameter of Stark broadening by an electron impact for 
the O I line (777.4 nm) in the plasma of filaments was experi-
mentally determined in Ref. [11]. The authors give the follow-
ing  explanation  to  this  fact:  “the  unknown  mechanism  of 
broadening of the oxygen atom line can be related to its high 
chemical activity”. At the same time,  in the scientific  litera-
ture there are no papers considering anomalously broadened 
lines at the initial stages of the filament plasma development, 
except for papers [6, 9, 11]. Thus, the aim of the present paper 
is to study the dynamics of broadening and shift of the triplet 
N I (3p 4S – 3s 4P) and O I (3p 5P – 3s 5S) lines and to determine 
the  mechanism  responsible  for  the  large  broadenings  and 
shifts.

2. Experimental setup

Figure 1 presents a schematic of  the experimental  setup  for 
studying  the  spectral  and  temporal  characteristics  of  the 
plasma emission and the laser pulse passed through the fila-
ment.  The  laser  radiation  was  generated  by  a  Tsunami  + 
Spifire Pro 40F-1W Ti : sapphire laser system ( 1 ) (the centre 
wavelength l = 800 nm, the spectral FWHM 35 nm); the out-
put beam diameter amounted to 7 mm. The filament ( 4 ) was 
formed in air, where the lens ( 3 ) ( f = 5 cm) focused the fem-
tosecond  pulses  ( 2 )  (the  pulse  duration  48  fs,  the  energy 
0.9 mJ,  the peak power 18 GW,  the  repetition rate 1 kHz). 
The  spectrum  of  the  laser  pulse  was  approximated  by  a 
Gaussian  function.  The  plasma  radiation was  projected  on 
the  input  slit  of  a  Spectra  Pro  2500i  spectrograph  ( 7 ) 
(Princeton Instruments) by a silica lens ( 5 ). To suppress the 
spectral lines in the second order of the diffraction grating, a 
KS15 filter ( 6 ) was installed in front of the spectrograph slit. 
The instrument function width of the spectrograph amounted 
to 0.34 nm. The  filament plasma radiation was  recorded at 
the angle 90° to the direction of the laser beam propagation. 
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A PicoStar HR gated ICCD camera ( 8 )  (12 bit, La Vision) 
served as a radiation detector. In the registration of the trip-
lets N I (3p 4S – 3s 4P) and O I (3p 5P – 3s 5S) we used an expo-
sure of 0.2 ns with a delay step of 1 ns. The characteristics of 
the emission lines are presented in Table 1. The dynamics of 
intense pulsed emission of the first positive system of nitrogen 
B 3Pg – A 3S u+  was  studied  with  an  exposure  delay  step  of 
0.1  ns. The diameter dpl of the plasma channel was estimated 
from Fig. 3a of Ref. [6] and amounted to ~60 mm. According 
to Ref. [9], the diameter of the laser beam in the focal point of 
the lens is  d k dlas pl= . The number of photons k necessary 
for  the  ionisation  of  oxygen  and  nitrogen  molecules  was 
determined from the dependence of the ionisation rate on the 
intensity  of  laser  radiation  (see  Ref.  [12]).  In  the  range  of 
intensities 5 ´ 1013 – 2 ´ 1014 W cm–2 we obtained k(N2) » 5.97 
and k(O2) » 4.77. The mean number of photons necessary to 
ionise an air molecule was determined using the formula k = 
k(N2)h(N2) + k(O2)h(O2), where h is the relative contribution 
to the air ionisation adopted from Ref. [12]. As a result, for 
the laser pulse energy E = 0.9 mJ and duration t = 48 fs the 
peak intensity is found to be equal to I = 4ln 2E/(tpd 2las) » 9 ´ 
1013 W cm–2.

In the study of the emission dynamics of atomic lines, we 
found strong pulsed emission of  the  first positive  system of 
nitrogen,  caused  by  the  Rabi  splitting  of  the  oxygen  atom 
energy levels in a strong laser field. We recorded for the first 
time this behaviour of the molecular nitrogen emission in the 
process of filamentation in air. To check that the radiation is 

not an artefact, the experimental setup was modified. The sys-
tem ( 1 ) was replaced with a Tsunami + Spifire Pro 40F-5W 
system  with  an  additional  double-pass  amplifier  (800  nm, 
65 fs, 1.7 mJ), and the spectrograph ( 7 ) and the ICCD camera 
( 8 ) were replaced with a Spectra Pro 2300i spectrograph and 
a PiMax3  camera  (16 bit). The  laser  radiation was  focused 
using the same lens ( 5 ). The new geometry of the experiment 
allowed  one  to  record  the  spectrum  of  laser  pulses  passed 
through the filament and the side satellite related to the Rabi 
splitting of the O I levels. To avoid the saturation and bloom-
ing of the ICCD camera by the laser radiation, we used a CC1 
filter  ( 9 ) with  an  attenuation  coefficient  nearly  constant  in 
the range from 700 to 850 nm. The Pi-Max3 ICCD camera 
has  a wide  dynamic  range, which  allowed  the  recording  of 
spectral  lines weak as  compared  to  the  intense  line of  laser 
radiation.  The  radiation  passed  through  the  filament  was 
recorded with an exposure of 3 ns.

3. Results and discussion

3.1. Broadening and shift of lines

As  mentioned  above,  Ilyin  et  al.  [6]  observed  an  anoma-
lously broadened line, the characteristics of which are pre-
sented in Table 1. Figure 2 shows the dynamics of the line 
shift and broadening, recorded in Ref. [6]. For oxygen atoms 
the broadening and shift correspond to the unresolved trip-
let O I (777.4 nm), for nitrogen – to the most intense line N I 
(746.8 nm). The line shift was calculated as follows: at t > 
110  ns  the mean  value  of  the  line  centre  was  determined, 
which then was subtracted from the value of the line centre 
at 0 < t < 150 ns. At t > 110 ns the lines were considered 
unshifted  for  the  following  reasons.  First,  the  numerical 
modelling shows that for I = 8 ´ 1013 W cm–2 and t = 100 fs 
the concentration of electrons decreases by three orders of 
magnitude during 100 ns, while the temperature of air mol-
ecules  remains  virtually  unchanged  [13].  Second,  the  line 
width for N I (746.8 nm) is equal to the instrumental width 
at  t > 100 ns  (Fig.  2b). Therefore,  the Stark and Van der 
Waals mechanisms cannot essentially affect the line shift at 
t > 110 ns. 
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Figure 1. Schematic of the experimental setup.

Table 1. Characteristics of emission lines.

Atom l/nm
Energy of 
the term/eV

Transition
Line 
strength 
(a.u.)

N 1

742.4

12 – 10.73 3p 4S3/2 – 3s 4P1/2, 3/2, 5/2

4.56

744.3 9.73

746.8 16.13

O I
777.19

10.73 – 9.14 3p 5P3, 2, 1 – 3s 5S2

59.9

777.42 42.8

777.54 25.7
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The O I and N I lines exhibit a red shift and, as was already 
mentioned above, an extremely large width. The initial shift 
of the nitrogen line is three times greater than that of the oxy-
gen line, the N I line (746.8 nm) being broader than the O I 
triplet at t < 15 ns. In Ref. [6], it is shown that the filament 
plasma consists of  electrons, molecules, molecular  ions and 
atoms. To determine the effect of different mechanisms on the 
shift and broadening of  lines,  it  is necessary to estimate the 
concentrations of the above plasma particles. The concentra-
tion of electrons ne can be estimated in the following way:

ne »  ( )0.21 ( ) .R I R I N0 79O N2 2 t+^ h , 

where R(I ) is the ionisation rate from Ref. [12] and N = 2.5 ´ 
1019 cm–3. For I = 9 ´ 1013 W cm–2 and t = 48 fs we obtain ne 
» 8 ´ 1017 cm–3. Allowing for a fast decrease in the electron 
concentration, we assume in further estimates that during the 
first nanoseconds the mean concentration of electrons is ne = 
5 ´ 1017 cm–3. These times correspond to large values of the 
width and shift (Fig. 2). The model of plasma dynamics for 

filamentation in air presented in Ref. [14] yields the following 
concentration of particles at I = 4 ´ 1013 W cm–2 and t » 1 ns: 
nO ~ 5 ´ 1016 cm–3 and nN ~ 5 ´ 1014 cm–3. According to this 
model, it is possible to take into account that n(O2

+) » ne >> 
n(N2

+). Thus, we obtain n(O2) » 5 ´ 1018 cm–3 and n(N2) » 2 ´ 
1019 cm–3. The initial temperature of the electrons should be 
taken equal to Те = 104 K, which is close to the temperature of 
electrons, obtained  in Refs  [13, 14]. According  to Ref.  [14], 
the temperature of heavy particles is T = 320 K.

For the filament plasma, the line shift d is caused by the 
Stark and Van der Waals effects, while  the  line width w  is 
determined  by  the  instrumental, Doppler,  resonance,  Van 
der Waals and Stark broadenings. The widths and shifts of 
the  emission  lines,  calculated  using  the  formulae  from 
Refs [15, 16] and the above values of temperature and concen-
tration, are presented in Table 2. The polarisabilities of atoms 
and molecules, necessary  for calculating  the Van der Waals 
broadening, were borrowed from Refs [17, 18]. According to 
the presented data, the major contribution to the line shift is 
introduced by the Stark effect, while the broadening is deter-
mined  by  the  instrumental  and  Stark  mechanisms,  which 
agrees with the results of Refs [9, 11]. However, the data of 
Table 2 do not explain the maximal values of the line width 
and shift in Fig. 2.

Martin  et  al.  [9]  made  a  suggestion  that  the  saturation 
broadening is a cause of the large line widths. According to 
Siegman  [10],  the  saturated  line  half-width  is  expressed  as 
Dnb = Dna ´  1 /I Isat+ , where Dna is the line half-width in the 
absence  of  saturation  (in  our  case  caused  by  the  electron 
impact broadening); I is the line radiation intensity; and Isat = 
hn/(steff) is the saturation intensity. Martin et al. [9] state that 
for  the  filament  plasma  I >>  Isat,  which  leads  to  the  line 
broadening. The cross section of induced emission is given by 
the relation s = gr l2/(2p)2Dna, where gr is the probability of a 
spontaneous transition [6]. The time of recovery of the level 
populations is teff = (g1 + g20)/(g1g2), where g1 and g2 = g21 + 
g20 are the rates of transition of the particles from the lower 
laser  level  1  (3s 5S) and  the upper  laser  level  2  (3p 5P)  to all 
lower levels [10]. The energy level diagram of the oxygen atom 
is presented in Fig. 3. The rate g21 corresponds to the transi-
tion 3p 5P – 3s 5S, the rate g20  to the transition 3p 5P –  2p4 3P, 
and  the rate g1  to  the  transition 3p 5S – 2p4 3P. The radiative 
transitions to the ground state are forbidden by the selection 
rules.  The  transitions  from  the  ‘laser’  levels  to  the  levels 
2p4  1D and 2p4  1S have zero cross sections [19]. The rate of the 
particle departure is expressed as follows: 

  expk g
g

T
E E

n
e

eji ij
j

i j ig =
-

c m ,

where kij are the excitation rate constants from Ref. [19] and 
E is the energy of the level.

The calculations show that g1 » g20, g21 >> g20, and g21 >> 
gr. Therefore, teff » 2/g21, and the saturation intensity is Isat » 
1.7 ´ 106 W cm–2. The maximal intensity Imax = DN0hnL/ teff, 
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Figure 2. Time dependences of the line shift and broadening. Solid lines 
are the approximations by exponential functions with the decay time t.

Table 2. Widths (w) and shifts (d ) jf lines.

Atom l/nm
Stark/nm Van der Waals/nm Resonance/nm Doppler/nm Instrumental/nm
wS dS wV dV wres wD winst

N I 746.8 0.48 0.25 0.04 0.027 5.9 ´ 10–6 2.6 ´ 10–3
0.34

O 1 777.4 0.32 0.07 0.035 0.023 – 2.5 ´ 10–3
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where L  is the size of the medium, in which the radiation is 
generated; and DN0 is the unsaturated population inversion. 
In  Ref.  [9]  the  oxygen  line  was  recorded  in  the  transverse 
direction; therefore, L ~ dpl /2 = 0.1 mm. In the spectra pre-
sented in Refs [6, 9], the N II and O II lines are absent, i.e., the 
recombination pumping of the levels 3p 5P and 3s 5S is negligi-
bly small. Thus,  the oxygen atoms are  initially generated  in 
the ground state via  the reaction of dissociative recombina-
tion [20], after which the transition to the levels 3p 5P and 3s 5S 
occurs. Assuming that DN0 ~ n(3s 5S) and that the population 
distribution for the levels 3s 5S and 2p4 3P is a Boltzmann one, 
we obtain Imax » 80 W cm–2. Thus, the assumption I >> Isat of 
Ref. [9] appears to be incorrect, and the large line widths can-
not be explained by the saturation effect.

3.2. Side satellite generation

To clarify the mechanism of large emission line widths in the 
process of filamentation, the step of the exposure delay was 
reduced to 0.1 ns. In some cases the high-power pulsed emis-
sion  of  the  first  positive  system  of  N2(B 3Pg – A 3S u+)  was 
observed  that  has  not  been  previously  reported.  The  time-
resolved  images  of  the  plasma  emission  spectrum  are  pre-
sented in Fig. 4. The rounded lower corners of the images are 
due to the partial overlap of the ICCD matrix and the photo-
cathode. At t = 0.1 ns one can see a weak O I line (777.4 nm) 
and a N2 (3 – 1) line with the centre wavelength l = 760.6 nm 
(3 and 1 are the vibration quantum numbers of the upper and 
lower level, respectively), as reported in Ref. [6]. The emission 
spectrum  consists  of  two  spatially  separated  regions.  The 
most  intense  region  is  located  closer  to  the  focusing  lens. 
Apparently,  the  lens  aberrations  [6]  and/or  the  post-pulses 

[21] are responsible for the spatial separation of the filament 
plasma  radiation.  The  strongly  broadened  triplet  N I  is 
formed later (at t = 0.7 ns). Then the  intensity of the (3 – 1) 
line rapidly grows, the line becomes more expressed in com-
parison with the line O I (t = 2 ns), and its intensity reaches a 
maximal value at t = 2.5 ns. At t varying from 2 ns to 3.1 ns in 
Fig.  2  the  following  peculiarity  is  observed:  the  size  of  the 
emission zone of the molecular lines (3 – 1) and (4 – 2) rapidly 
grows  and  exceeds  the  initial  size  of  the  filament  emission 
zone at t = 0.1 ns, while for the atomic lines O I and N I the 
size of the emission zone remains unchanged. The zone exten-
sion is asymmetric, i.e., the emission zone is elongated towards 
the  laser beam. At  t = 2.8 ns  the  intensity of  the  (3 – 1)  line 
decreases, and the (4 – 2) line centred at l = 748.4 nm becomes 
more intense. Then the emission of the lines of the first posi-
tive system abruptly terminates (t > 3.1 ns). The high-power 
radiation  at  (3 – 1)  and  (4 – 2)  transitions  looks  as  induced 
radiation with the characteristic time ~1 ns. 

The time-resolved spectra of plasma emission correspond-
ing to Fig. 4 are presented in Fig. 5. It is seen that pulsed emis-
sion of N2 molecules is initially accompanied by the broaden-
ing of O I lines and by an increase in their intensity. Then the 
continuum emission, corresponding to the (7 – 6) transition of 
the first positive system, ‘hides’ the oxygen line. Note that the 
weak pulsed emission of the first positive system was observed 
in Ref. [6] at t = 2 and 3 ns.

This behaviour of  the  low-intensity  first positive  system 
(compared to the second positive and the first negative sys-
tems of N2)  is  rather  strange,  since  the  radiative  lifetime of 
vibration sublevels for the level B 3Pg with n' = 3 and 4 is equal 
to 8.3 and 7.5 ms, respectively [22].

The  authors  of  papers  [23,  24]  observed  the  broadband 
satellites, shifted to the blue and to the red with respect to the 
emission line of the Ti : sapphire laser for the filaments excited 
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Figure 3. Energy level diagram of O I.
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Figure 4. Time-resolved images of the plasma emission spectrum in the 
range 740 – 800 nm (3 – 1 and 4 – 2 are the vibration quantum numbers). 
The laser radiation propagates upwards.
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by a laser pulse in oxygen. The Rabi oscillations were gener-
ated  at  the  O I  3p 5P – 3s 5S  transition  by  the  second  laser 
pulse with t ~ 1 ps and I ~ 109 – 1010 W cm–2. Therefore, in 
our case the side satellite shifted to the blue and having the 
intensity by an order of magnitude exceeding the intensity of 
the red-shifted satellite [23] can give rise to the emission of 
the (3 – 1) and (4 – 2) lines. In our case the second picosecond 
pulse is absent, but under tight focusing of the radiation the 
post-pulses and  the amplified  spontaneous emission  in  the 
regenerative amplifier (ASE) [7, 25] possess enough intensity 
to generate side satellites related to the Rabi splitting of the 
O I levels. To check the presence of side satellites in the spec-
trum,  the experimental  setup was modified as described  in 
Section 2.

The  spectrum of  the  laser  radiation  passed  through  the 
filament is shown in Fig. 6. The time is counted from the max-
imum of the laser pulse at the wavelength l = 813 nm, i.e., the 
main pulse having the duration 65 fs terminates at t » 1.5 ns. 
The spectrum of the main pulse is strongly shifted to the blue 
and is transformed into three peaks. This behaviour is due to 
the  self-phase  modulation  in  the  medium  with  Kerr  and 
plasma nonlinearities [26]. The intensity of the laser radiation 
rapidly  decreases  with  time,  the  time  of  the  side  satellite 

appearance being t = 5.3 ns, which differs from t = 1.8 ns for 
a  smaller  energy  pulse  (see Fig.  4). With  allowance  for  the 
exposure time equal to 3 ns, one can suppose that the dura-
tion of side satellite emission does not exceed 3 ns. In the new 
geometry of the experiment, the side satellite with the centre 
at  the wavelength l » 735 nm is shifted with respect  to the 
emission lines of N2, 760.6 nm (3 – 1) and 748.4 nm (4 – 2). At 
t > 2 ns, in Fig 6 one can observe the blue shift of the laser 
wavelength  amounting  to  10 – 15  nm  and  decreasing  with 
time. 

The  interaction of high-power  laser radiation at  the  fre-
quency w with oxygen atoms near the 3p 5P – 3s 5S transition 
leads  to  the  appearance  of  side  satellites  at  the  frequencies 
w + W '. The generalised Rabi frequency is expressed as W ' = 

2 2D W+ , where D is the frequency detuning from the centre 
frequency  of  the  exciting  laser  pulse,  and   /F 'mW =   is  the 
Rabi frequency depending on the reduced dipole matrix ele-
ment m and the amplitude of the electric field F. The dipole 
matrix element is  Sm = , where S  is the line strength from 
the NIST database [27] (its values are presented in Table 1). 
Here  and  below  one  should  distinguish  between  the  line 
strength S  and the total spin quantum number S. For a laser 
pulse with a spectrum shifted to the blue by 10 nm the detun-
ing  is D » 0.026 eV. Note  that  in  the example presented  in 
Fig. 6 the side bands corresponding to the J' = 3 – J = 2 and 
J' = 2 – J = 2 transitions are absent. For example, for the J' = 
3 – J = 2 transition and the intensity I = 2 ´ 1010 W cm–2 the 
peak in the vicinity of 717 nm should be observed, which con-
tradicts the experimental results presented  in Fig. 6 and the 
results of Refs [23, 24]. Apparently, this contradiction may be 
explained by  the breakdown of  the LS coupling  for  the O I 
3p 5P level in the strong laser field [28 – 30]. If the perturbation 
caused  by  the  strong  laser  field  considerably  exceeds  the 
spin – orbit coupling, then, according to Ref. [28], the atomic 
states cannot be described in the basis |n, L, S, J, MJñ. At I ~ 
1010 W cm–2 the Rabi splitting is  'W ' = 0.08 eV (J' = 1 – 
J  = 2), which is by two orders of magnitude higher than the 
multiplet splitting DLS = 7 ´ 10–4 eV for the oxygen atom. 
Under  such  conditions  the  electric  field  couples with  the 
total orbital  angular vector L. According  to Ref.  [31], S  
for  the  nlSL – n'l'SL'    transition  is  determined  by  the 
expression
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From Eqn (1) it is easy to obtain S  = 25.7 a.u. Therefore, for 
D » 0.026 eV the mean intensity of laser radiation is I = 2.5 ´ 
1010 W cm–2 at 5 £ t £ 8 ns (Fig. 6) and I = 1.2 ´ 1010 W cm–2 
at t = 2.5 ns (see Fig. 5) (side satellite at l » 750 nm).

Note that the intensity I ~ 1010 W cm–2 of the nanosecond 
component of the femtosecond pulse is sufficient to support 
the absorption wave  (laser-supported detonation wave,  fast 
ionisation  wave)  in  the  process  of  the  air  breakdown  by  a 
nanosecond  laser  pulse  (Fig.  6)  [32,  33].  However,  in  the 
experiment the breakdown was not observed. 

The condition for the breakdown initiation is determined 
by the following criterion [34]: in the focal volume, there must 
be at least 1013 – 1014 electrons. If we assume the focal volume 
to  be  a  cylinder with  a  diameter dpl  =  60 mm and  a  length 
2 mm [6], then for the electron concentration ne = 8 ́  1017 cm–3 
we obtain 4.5 ́  1012 electrons in the focal volume. Because the 
volume of the plasma channel is much smaller, we can con-
clude that in our case the breakdown is impossible.
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Figure 5. (Colour online) Emission spectrum dynamics of the filament. 
The background level is shown by the yellow colour.

R

700 720 740 760 780 800 820
8

6

4

2

0

Wavelength/nm

Ti
m
e /n
s
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yellow colour.



  A.A. Ilyin, S.S. Golik, K.A. Shmirko, et al.154

Using  the  above  results,  the  pulsed  emission  of  the  first 
positive system can be described in the following way. In the 
experiment, the repetition rate of the laser pulses amounts to 1 
kHz. The A3S +u  level is metastable with the radiation lifetime 
~2 s; therefore, the filament is surrounded by N2 (A3S +u) mole-
cules pushed from the filamentation region by the shock waves 
generated by the preceding femtosecond pulses. The blue shift 
of the spectrum of the main femtosecond pulse (Fig. 6) pumps 
the B 3Pg level, and in a few nanoseconds, the laser field (ASE 
+ post-pulses)  generates  the  side  satellites. The more  intense 
component causes the induced radiation and the appearance of 
intense lines of the first positive system (see Figs 4 and 5). The 
asymmetry of the emission zone in Fig. 4 can be explained by 
more intense radiation of side satellites in the backward direc-
tion, as well as by the lens aberrations [6]. 

3.3. Shift and broadening of lines in a strong laser field

The dynamic Stark effect in the near-resonance strong laser 
field described above leads to the generation of side satellites 
and  to  the  possible  LS-coupling  breakdown.  For  the 
3p 4S3/2 – 3s 4P5/2  transition  of  nitrogen,  the  detuning  D  = 
0.11  eV  is  much  greater  than  the  Rabi  frequency  'W'  = 
0.04  eV. Thus, nitrogen  is  characterised by a nonresonance 
dynamic Stark effect that changes the atomic level energy by  
[35 – 37]
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where as  and at  are  the dynamic  scalar  and  tensor polaris-
abilities, respectively; and M is the projection of J. The tensor 
part  in Eqn (2)  is responsible  for  the splitting of  the energy 
level  and  disappears  in  the  process  of  averaging  over  M. 
Therefore,  the  line  shift df  corresponds  to  the  difference  of 
scalar polarisabilities of the upper (u) and the lower (l) level: 
df = – l2F 2(– a su + a sl )/(4hc). Taking into account the shift dcol 
related  to  the  collisions  with  plasma  particles  and  caused 
mainly by the Stark effect (see Table 2), the line shift can be 
expressed as d = dcol + df. In our case, the laser pulse spectral 
width amounts to ~35 nm; therefore, df is determined by the 
relation:
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where l is expressed in nanometres and e is the photon energy. 
The laser pulse spectrum is approximated by the function I = 
I0g(e), where I0 is the intensity in the line centre (W cm–2) and 
g(e)  is  the normalised  laser pulse spectrum described by the 
Gaussian function.

In contrast to the O I 3p 5P level, the N I 3s 4P level has a 
much  stronger  spin – orbit  coupling  and  the  separation 
between the energy level is DLS = 10–2 eV so that as is deter-
mined by the formula [35]:
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In Eqn (4), {. . .} is the Wigner 6j symbol;  n J nJw l l  is the angular 
frequency of  the  n J nJ-l l   transition; wn J nJl l   is  the width of 
the lines lying within the laser emission spectrum; and K = 0 
and 2 for the scalar and tensor polarisabilities, respectively. 
To calculate  ( )

nJ
Ka  one needs the values of the line strength and 

the wavelength for the  n J nJ-l l  transitions presented in the 
ASD database [27]. However, for highly excited states and the 
levels lying above the ionisation potential, such information is 
absent. Nevertheless,  the higher  the  energy of  the  level,  the 
smaller the line strength. For example, S (3p 4S3/2 – 3s 4P5/2) = 
16.13  a.u.  and S (4p 4S3/2  –  3s 4P5/2)  =  0.14  a.u. We  should 
emphasise that  ( )

nJ
Ka  in Eqn (4) is inversely proportional to the 

transition frequency. Thus, we can suppose that the contribu-
tion  of  highly  excited  sates  and  the  states  with  the  energy 
exceeding  the  ionisation  threshold  is  negligibly  small.  The 
result of our calculations of the difference of polarisabilities 
– a(4S3/2) + a(4P5/2) based on Eqn (4) are shown in Fig. 7. It is 
seen that within the laser pulse spectrum it is mainly negative, 
i.e., the N I (746.8 nm) line will be shifted to the red in corre-
spondence with Eqns (3) and (4). In our case, the total shift at 
t = 1 – 2 ns equals 0.58 nm (see Fig. 2). By subtracting the col-
lision  Stark  shift  0.25  nm  (Table  2)  we  obtain  a  shift  of 
0.33  nm  due  to  the  dynamic  Stark  effect.  For  I  =  1.2  ´ 
1010 W cm–2  this  value  corresponds  to  the blue  shift  of  the 
laser pulse spectrum by 17 nm. 

Using the results of Ref. [37], the line width in the strong 
laser field can be estimated as follows:

3.336 10 S Pw w w/ /f f f
18 2 4

3 2
0 4

5 2l#= +- ^ ^h h6 @,

where l is measured in nanometres and wf (2S + 1LJ) is the level 
width equal to the separation between the magnetic sublevels 
of  the  J  level.  The  level  width  is  determined  according  to 
Eqn (3), where [– a su (e) + a tl (e)] is replaced with 3[J(2J – 1)]–1 

´ |at(e)|(M 2 – M'2), with the difference M 2 – M'2 being maxi-
mal. The tensor polarisability is expressed as [35]
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Figure 7. ( 1 ) Polarisability difference between  N I 4S3/2 and 4P5/2 levels 
and ( 2 ) laser pulse spectrum.
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Thus the line width wf caused by the splitting of levels in the 
strong laser field with the intensity I = 1.2 ´ 1010 W cm–2 is 
equal to 1.98 nm. Assuming the collision Stark broadening 
to produce a Lorentz line contour, we obtain the final line 
width w = 0.534wL + (0.2169w 2L + w 2inst)

1/2 [38], where wL = wcol 
+ wf. Neglecting the Van der Waals broadening, we obtain 
the  total  line  width  w  =  2.51  nm,  which  is  close  to  the 
experimental line width 3.16 nm (see Fig. 2b). This makes 
it  possible  to  conclude  that  the  level  splitting  due  to  the 
dynamic  Stark  effect  makes  the  greatest  contribution  to 
the  line  broadening.  From  the  above  formula,  it  is  seen 
that  the  accuracy  of  wf  calculation  strongly  affects  the 
accuracy of the determination of the total line width. The 
calculations  of  the  line  broadening  and  shift  due  to  the 
dynamic Stark effect carried out by us are approximate for 
the  following  reasons.  First,  the  instantaneous  shape  of 
the laser pulse spectrum at the delays 0 – 3 ns is unknown 
and  cannot  be  approximated  by  the Gaussian  function 
(Fig. 6). Second,  the position of  the  intensity maximum 
of the side satellite in Figs 4 and 5 is given approximately, 
so  that  the  intensity I = 1.2 ´ 1010 W cm–2  is determined 
approximately too. We should note that at I = 1.5 ´ 1010 W 
cm–2  the calculated  line width  is equal  to  the experimental 
one (3.16 nm). Thus, the nonresonance dynamic Stark effect 
and the Stark effect caused by the interaction with charged 
particles lead to the line broadening and shift in the filament 
plasma.

For the O I line (777.4 nm) the calculation of broadening 
and shift as a result of the resonance dynamic Stark effect is a 
very  complicated  problem  and  requires  using  the  density 
matrix  formalism  [23],  since  it  is  necessary  to  consider  the 
elastic and inelastic collisions of electrons with atoms depend-
ing  on  the  electron  temperature  and  concentration. 
Nevertheless,  some  qualitative  considerations  are  possible. 
The  time dependence of  the width and  shift  of  lines  is well 
approximated by the function f(t) = aexp(–t/t) + b, where t is 
the characteristic decay time (see Fig. 3). Except for the width 
of the N I line (746.8 nm) , the shifts and the width of the O I 
line  (777.4  nm)  have  nearly  similar  characteristic  times  t  = 
15.7 –  16.2  ns  (Fig.  2). Allowing  for  the weak  temperature 
dependence of the parameter of the line shift due to the elec-
tron impact, we can suppose that the characteristic time of the 
electron concentration decay amounts to ~16 ns. Therefore, 
the shift of lines is determined mainly by the electron impact, 
while the dynamic Stark effect affects the line shift only at the 
initial moments of filament plasma evolution due to the rap-
idly  decreasing  intensity  of  ASE  and  post-pulses.  The  fast 
decrease in the width of the N I (746.8 nm) line (t = 10.1 ns, 
see Fig. 2) is most probably related to the decrease in the laser 
radiation intensity.

4. Conclusions

We have shown that the broadening and shift of lines emit-
ted under the conditions of filamentation of tightly focused 
laser pulse in air is caused mainly by the laser field of ASE 
and  post-pulses.  This  field  leads  to  the  breakdown  of  LS 
coupling for the O I 3p 5P level, to the generation of side sat-
ellites and to  the high-power radiation of  the  first positive 
system of N2, not described previously in the scientific litera-

ture. The generation of side satellites can become a powerful 
tool in remote sensing of different media with the radiation 
of a Ti : sapphire  laser, provided  that  the emission  line of 
the elements comprising the medium is close to the O I line 
(777.4 nm). One should allow for the fact that the induced 
radiation of the first positive system can be an obstacle for 
the  detection  of  the  lines  of  other  elements,  which  was 
observed in the filaments generated at the water surface [39]. 
It is also reasonable to detect the lines of elements in femto-
second  laser-induced  breakdown  spectroscopy  with  a  cer-
tain delay, at which the  laser  field of ASE and post-pulses 
does not affect the contour of the detected lines.
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