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Abstract.  We report the results of the spectral and temporal inves-
tigations of air plasma glow with a temporal resolution of ~ 2 ps. 
The plasma was produced by 950-nm laser pulses 60 fs in duration. 
It is shown that the spectrum obtained for a numerical aperture 
NA > 0.1 is dominated by atomic and ionic lines of oxygen and nit-
rogen against the background of a high-intensity continuous spec-
trum in the visible region. For NA < 0.07, the lines of the second 
positive system of molecular nitrogen N2 and the first negative sys-
tem of N2

+  molecular ions make their appearance in the spectrum. 
For NA < 0.03, the spectrum consists only of the molecular lines of 
N2 and N2

+ . The emission intensity peaks of these lines lag behind 
the laser pulse by 10 – 12 ps, but the atomic lines begin to shine 
80 – 100 ps after the instant of irradiation. The characteristic time 
of line glow decay to a 1/e level amounts to 18 ps for N2

+ , to 27 ps 
for N2, and to 20 ns for atomic lines.

Keywords: femtosecond laser radiation, focusing in the air, numeri-
cal aperture, molecular and atomic emission lines, radiation pulse 
duration, second harmonic, spectral line, plasma radiation.

1. Introduction

The  temporal  glow dynamics  of  the  plasma produced  by  a 
femtosecond radiation pulse was first studied in Ref. [1]. To 
produce  the  filament plasma, use was made of neodymium 
laser  radiation with  a wavelength  of  1.053 mm and  a  pulse 
duration of  500  fs. The  spectra were  recorded with  a  time-
gated spectrometer (the shortest width of 4.5 ns) and a streak 
camera (without spectral resolution). Three stages of plasma 
glow were revealed. Prevailing at the first stage are the molec-
ular  lines  of N2  and  N2

+  (the  2+  system  of N2  dominates), 
which manifest  themselves  immediately  after  the  laser  irra-
diation (the time t0) with a characteristic decay time t » 60 ps. 
A continuous spectrum with t » 30 ns becomes prevalent at 
the second stage, 1 ns after t0. As it decays, at the third stage, 
atomic lines of oxygen and nitrogen begin to show up, which 
shine during t » 1 ms. In Ref. [2], the duration of N2 glow in 
the filament was measured at ~ 85 ps by pump – probe tech-
nique. At the same time, in Ref. [3] the duration of only the 
rise time of the N2

+ and N2 glow was measured at 150 – 200 ps. 
However, it is pertinent to note that the minimal signal expo-
sure time was equal to 100 ps. Recent measurements [4] by a 

streak camera with a high time resolution (30 ps) showed that 
the N2

+ glow rise time was determined by the time resolution 
and that t = 600 ps. The authors of  this work associate  the 
value of  t with  the  free-electron  lifetime  in  the  plasma and 
believe that it is determined by the electron quenching of the 
upper state of N2

+ (B2 uS+).
The use of interferometry and the pump – probe technique 

permits measuring  the  electron  density  (Ne)  in  the  filament 
plasma with a subpicosecond time resolution [5, 6]. As shown 
in Ref. [6], the electron density depends on the nitrogen pres-
sure and decreases by more than an order of magnitude (from 
1017 to 6 ́  1015 cm–3) during 1 ns at a pressure of 1 atm. At the 
same time, several papers report that the characteristic den-
sity (Ne) decay time is 1 – 10 ns [7 – 9].

Therefore, the data on the temporal evolution of the glow 
characteristics  and  the  electron  density  of  the  plasma  pro-
duced by a femtosecond radiation pulse in the air are rather 
contradictory and invite further investigation.

Our work was aimed to study the temporal dynamics of 
the emission spectrum and the electron density of the plasma 
produced by femtosecond radiation pulses with the use of a 
streak camera, which provides a temporal resolution of 2 ps. 
We present data on  the dynamics of  the emission  spectrum 
and  the  electron plasma density  in  the  air,  and  analyse  the 
production mechanisms of excited particles and the kinetics 
of their quenching.

2. Experiment

2.1. Experimental facility and methods

In our experiments we employed a Ti : sapphire laser system 
(Avesta Ltd.), which generated laser radiation at a centre wave-
length l = 950 nm with a pulse duration of 60 fs (FWHM), an 
energy of up to 15 mJ, and a pulse repetition rate of 10 Hz. 
The radiation was focused in the atmospheric air using lenses 
with focal distances F = 3 – 326 cm. The pulse-to-pulse energy 
jitter measured ±  5 %.  The  initial  beam  had  a  diameter  of 
10 mm (at a 1/e2 level), a radiation quality factor M2 = 1.5, 
and a close-to-Gaussian transverse intensity profile. In some 
experiments the radiation was partly converted to the second 
harmonic (SH) in a 2-mm thick KDP crystal. The SH fulfilled 
the  function of  recording  the  instant of  laser  irradiation on 
the time scale. The experimental facility used to carry out the 
measurements is schematised in Fig. 1.

The glow dynamics of different plasma components was 
measured transversely to the filament direction. To this end, 
two condensers collected the plasma radiation and focused it 
on the spectrometer slit. After the spectrometer the radiation 
was  directed  to  the  entrance  slit  of  the  streak  camera.  The 
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time- and spectrum-resolved image at its output was recorded 
with a CCD matrix. Next the information was transferred to 
a computer via an interface and processed. The spectrometer 
(Acton Spectra Pro SP-2300) was equipped with three inter-
changeable  gratings:  50,  300,  and  1200  grooves mm–1.  The 
highest spectral resolution for the minimal entrance slit was 
equal to 0.27 nm. The streak camera (Hamamatsu, Universal 
Streak Camera C10910) had two time bases: the fast base (the 
shortest  sweep  duration  of  100  ps)  and  the  slow  one  (the 
shortest sweep duration of 1 ns). The highest time resolution 
of the streak camera was equal to 0.644 ps. In the pulse accu-
mulation regime the time resolution amounted to 4.3 ps for 
10000 shots owing to the jitter of streak-camera triggering. To 
reduce  the  jitter,  in  the measurements  the  camera was  trig-
gered with a PIN diode, which recorded the scattered pump 
radiation and was placed near the spectrometer. The resultant 
signal from the streak camera was averaged over 300 pulses. 
To compensate for the retardation time of the sweep unit of 
the streak camera, the laser radiation traversed a distance of 
about 14 m and was only then focused. The measurement of 
plasma channel diameter in time was performed in the scheme, 
in which  the  radiation was  focused  along  the  spectrometer 
slit.  In  this  case,  the  spectrometer  was  switched  to  the  ‘0’ 
regime, whereby the spectral resolution was absent. To esti-
mate the electron density, we also studied in our experiments 
the dynamics of Stark broadening of the hydrogen line Нa. In 
this  case,  the  fundamental  harmonic  radiation was  focused 
into a cell filled with a 15 : 1 nitrogen – hydrogen mixture at a 
total pressure of 1.5 atm. The time integrated spectra of the 
filament  plasma  glow  were  recorded  by  an HR-4000  spec-
trometer (Ocean Optics, 200 – 1100 nm) with a spectral resolu-
tion of 0.75 nm.

2.2. Streak camera calibration

Combining the spectrometer with the streak camera gives rise 
to an error in the determination of the instant of appearance 
of different wavelengths. This  is caused by the fact  that  the 
radiation  of  different  wavelength  l  traverses  different  dis-
tances  to  the  streak  camera photocathode owing  to disper-
sion.  For  a  sweep  duration  shorter  than  1  ns  this  error 
becomes significant. To determine the time delay for the radi-
ation  of  different wavelength, we  performed  temporal  cali-
bration of the instrument. For a light source, use was made of 
a highly directional supercontinuum in a broad spectral range 

(350 – 1000 nm)  [10]. For so broad a spectrum of the super-
continuum and  its  rather  long  transportation path,  the dis-
persion  of  the  air  might  affect  the  calibration  accuracy. 
However, our estimates showed that the transportation of the 
radiation with l = 350 nm (n350 = 1.00028973) and 1000 nm 
(n1000 = 1.00027505) through a distance of 14 m gives rise to a 
time difference Dt = Dn ́  l/c = 0.685 ps, where Dn is the differ-
ence between the refractive indices n of the air at these wave-
lengths, l is the path length, and c is the speed of light. The-
refore, the dispersion of the air makes a contribution compa-
rable with  the  time  resolution  of  the  instrument.  By way  of 
example Fig. 2 shows the picture of lagging of the short-wave-
length  supercontinuum  components  from  the  long-wave-
length ones in the range from 350 to 600 nm. One can see that 
the l = 375 nm radiation lag from the l = 600 nm radiation 
amounts to 5 ps. The calculated time difference for the radia-
tion  of  different  wavelength was  taken  into  account  in  the 
recording of the temporal behaviour of plasma glow spectra.

Prior  to  the  experiments,  we  also  performed  the  wave-
length  calibration  of  the  spectral  instrument  as  regards  the 
positions of spectral lines and their intensities with the use of 
an Hg – Ar lamp and a blackbody radiation source. To deter-
mine the limiting time resolution of the streak camera, the SH 
radiation pulses of 50 fs duration were directed to the spec-
trometer input in the absence of condensers. In this case, the 
highest resolution was equal to 2 ps for a 5 mm wide slit of the 
chronograph and a storage of 300 pulse signals.

3. Experimental results

The shape and glow of the plasma depended heavily on the 
focal lens distance. Figure 3 shows the photographs of plasma 
glow and supercontinuum emission in three cases. For a tight 
focusing (F = 3 – 10 cm) the glow resembled the emission of an 
optical breakdown observed in the nanosecond range of radi-
ation pulse duration. In this case, an extremely nonuniform 
conical  supercontinuum  was  observed  behind  the  plasma 
object. Its glow changed from pulse to pulse. A longer plasma 
channel of varying intensity was produced for F = 11 – 50 cm. 
The supercontinuum in the form of a bright yellow ring pos-
sessed  a  certain  angular directivity, which depended on  the 
pump energy. For F = 100 – 300 cm, the length of the plasma 
channel (filament) measured 10 – 100 cm. For a certain pump 
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Figure 1. Schematic of the experimental facility:  
( 1 ) Ti : sapphire laser; ( 2 ) KDP crystal; ( 3 ) optical delay line; ( 4 ) PIN 
diode; ( 5 ) delay generator; ( 6 ) streak camera; ( 7 ) SP-2300; ( 8 ) PC; ( 9 ) 
CCD matrix; ( 10 ) condensers; ( 11 ) plasma; ( 12 ) light guide; ( 13 ) HR-
4000; ( 14 ) lens; ( 15 ) mirrors.
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Figure 2. Spectral-temporal image of the glow of directional supercon-
tinuum in the 350 – 600 nm spectral range.
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energy there appeared an axially directed white supercontin-
uum behind the filament.

The  temporal dynamics of  the plasma glow was  investi-
gated in the two first cases, since the plasma glow intensity in 
the third case was too low to be recorded. Figure 4 shows the 
time-integrated spectrum in the 200 – 1100 nm range for F = 
3 cm. One can see that only atomic and ionic lines of nitrogen, 
hydrogen, and oxygen are observed in the plasma glow aga-
inst the continuum background. Figure 5 depicts the dynam-
ics of the atomic glow development in this case. As is seen in 
the  inset,  the glow onset  is delayed by 87 ps  relative  to  the 

onset of the laser pulse. A similar delay was also observed in 
Ref. [3]. The intensity peaks ~ 0.2 ns after the glow onset. The 
glow intensity decay time at a level of 1/e is equal to 20 ns. The 
intensities of continuum and of atomic and ionic lines decrease 
sharply with  increasing  lens  focal distance.  In  this  case,  the 
lines of the 2+ system of molecular nitrogen N2 and the 1– sys-
tem of the N2

+ ions begin to manifest themselves clearly in the 
short-wavelength part of the spectrum. The integral spectrum 
recorded for F = 20 cm and a pump energy of 8 mJ  is pre-
sented in Fig. 6, 7. Attention is drawn to the fact that the ion 
glow duration is much shorter that the glow duration of neu-
tral molecules. For  instance,  for N2 molecules  the duration 
t » 150 ps, while for N2

+  ions t £ 50 ps. The real duration 
may be appreciably shorter, because the time resolution for 
this sweep is not high enough. Attempts to record the plasma 

F = 3 cm
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Figure 3. ( Colour online ) Photographs of the plasma ( on the left ) and 
supercontinuum ( on the right ) glow for different lens focal distances.
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Figure 4. Spectral  composition of  the plasma  radiation  for F = 3  cm 
and Е = 15 mJ.
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Figure 5. Temporal shapes of the radiation of the atomic lines of nitro-
gen and oxygen at 746 and 777 nm, respectively, and of the laser radia-
tion at 950 nm; F = 3 cm, the sweep durations are equal to 200 ns and 
5 ns (in the inset).
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Figure 6. Spectral composition of the plasma radiation for F = 20 cm 
and E = 8 mJ.
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Figure 7. ( a )  Spectral  streak  picture  of  the  emission  recorded  in  the 
range 250 – 530 nm and ( b ) temporal radiation behaviour for N2

+ and 
N2; E = 13 mJ, F = 32 cm, the sweep duration is equal to 1 ns.
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spectrum under  these  conditions with  the use of  the  fastest 
sweep (100 ps) did not meet with success because of the high 
jitter in the triggering of the streak camera. However, it was 
possible to record a stable signal using a sweep of 200 ps dura-
tion.  In  this  case, we  used  the  procedure  of  rejecting  some 
photographs.  Figure  8  shows  the  results  of  processing  the 
spectral-temporal picture of the N2 and N2

+ line glow in the 
plasma.

The pulse  shape of  the SH with l = 475 nm defines  the 
transient characteristic and the time resolution of the instru-
ment  under  concrete  recording  conditions.  To  within  this 
accuracy it may be said that the glow peaks of N2 molecules 
and  N2

+  ions  lag  behind  the  laser  pulse.  The  N2
+  ion  glow 

duration amounts to ~ 18 ps at a level of 1/e and to ~ 13 ps at 
a level of 0.5. The half-amplitude glow duration of N2 mole-
cules is also short (~ 20 ps).

An  analysis  of  the  above  data  brings  up  the  question: 
what processes are responsible for so short a  lifetime of the 
upper states of N2

+ and N2? It is well known that the radiative 
lifetime amounts to 60 ns for N2

+ and to 30 ns for N2 [1, 11], 
and  so  their  spontaneous  decay  cannot  determine  the  life-
times observed in our work. Collisions with neutral particles 
may be another quenching process. However, our measure-
ments showed that the N2

+ and N2 glow duration is indepen-
dent  of  the  nitrogen  pressure  in  the  0.1 – 3  arm  range.  The 
same was observed in Ref.  [4],  though at a  low N2 pressure 
(~ 8  Torr).  Furthermore,  in Ref.  [1]  it  was  shown  that  the 
characteristic lifetime of the В2 uS+ state amounts to ~ 60 ps at 
atmospheric pressure, which is more than three times longer 
than our measured figure. The authors of Ref. [4] arrived at a 
conclusion that that the В2 uS+ state lifetime is determined by 
the electron – N2

+ collision frequency. To estimate how likely 
it  is  in  our  case,  we  measured  the  plasma  electron  density 
from the broadening of the Нa hydrogen line (l = 656.3 nm) 
[12] at different points in time. Figure 9 shows the time depen-
dence  of  the  hydrogen  line  broadening  and  the  calculated 
electron density values.

The electron density was calculated under the assumpti-
ons of Stark line broadening and local thermodynamic equi-
librium (LTE). According to Ref. [7], this assumption is adm-
issible  in our  conditions. The presence of  continuum  in  the 
vicinity of the l = 656.3 nm line limited the accuracy of mea-
surements  at  the  initial  points  in  time  (up  to  50  ps).  To 
improve the accuracy, an approximation curve  is plotted  in 

the drawing. As is seen in Fig. 9, during the first 100 ps there 
occurs a rapid lowering of the electron density, which subse-
quently slows down.

Additionally we estimated the electron density proceeding 
from the intensity of plasma radiation. To estimate the diam-
eter of the beam waist and then the intensity, we measured the 
diameter of the plasma channel and the variation of its glow 
intensity with  time. In  these experiments,  the  focal  lens dis-
tance was  equal  to  6.5  cm  and  the  pulse  energy was  3 mJ. 
Figure 10 shows the results of processing the spatiotemporal 
recording. 

One can see  from Fig. 10a that  the normalised distribu-
tion of the plasma channel radiation intensity remains invari-
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able throughout the time period 0.5 – 3 ns and that its diame-
ter is ~ 120 mm. From the relation dpl = dwaist/K1/2, where K = 
9.6  [1]  is  the  Keldysh  coefficient  and  dpl  and  dwaist  are  the 
respective diameters of the channel and the waist, we find the 
waist diameter: dwaist = 0.12 ́  3.1 = 0.37 mm. The peak radia-
tion  intensity  in  the  waist  plane  for  such  this  size  and  an 
energy of 3 mJ amounts to I0 » 1014 W cm–2. According to 
Ref. [13], which studied the dependence of the electron den-
sity Ne on the intensity I0, for I0 = 1014 W cm–2 the density Ne 
= 1018 cm–3, which is close to the figure obtained from our mea-
surements of  the Stark broadening of  the Нa  line. Further-
more, a plasma electron density of ~ 1018 cm–3 was obtained 
also in Ref. [14] under conditions similar to ours. As is seen in 
Fig. 10b, on the plasma channel axis the radiation intensity 
decay to a level of 0.5 amounts to 34 ps and to a level of 1/e to 
60 ps. Proceeding from so short a decay time, one may con-
clude  that  the  lines of N2

+  ions and N2 molecules main  the 
main contribution to the plasma glow under these conditions 
(see Fig. 7b).

4. Discussion of results

The  variation  of  the  spatial  and  spectral-temporal  plasma 
parameters  under  NA  variation  is  due  to  the  difference  in 
radiation energy  input  to  the plasma. For  large NA (short-
focus focusing) the nonlinear and geometrical foci are close to 
each other. As a result, nearly all radiation passes through the 
plasma, which  increases  the  absorbed  energy  fraction. This 
gives rise to a higher electron density and increases the rate of 
exchange processes with participation of electrons, the rate of 
dissociative  recombination  of  molecular  ions  in  particular. 
Therefore, the radiation arising from the В2 uS+ – Х2

gS+ transi-
tion may not be observed. If it is assumed that N2 in the state 
C3Пu  is produced via  the dissociative recombination of N4

+ 
[2],  the  radiation  of  the  second  positive  system  of  nitrogen 
would be absent, too. By contrast, the production probability 
of atomic and ionic excited states becomes high in this case.

For small NA (long-focus focusing) the geometrical factor 
plays a minor role. The Kerr effect comes into play far ahead 
of the geometrical focus and the nonlinear phase accumula-
tion takes effect. As a result, in the central part of the beam 
there appears a high gradient of the phase distribution with a 
large on-axis phase  lag. This  increases  the on-axis  intensity 
and gives rise to plasma production. On further propagation 
of the radiation, the phase gradient changes the sign, which 
limits the inflow of energy from the periphery and lowers the 
on-axis  intensity  [15].  This  is  also  fostered  by  the  resultant 
plasma.  Therefore,  for  small NA  there  exists  a mechanism 
which  impedes  the  unlimited  growth  of  radiation  intensity. 
The low intensity and the consequential low electron density 
will  serve  to  lengthen  the  lifetimes of  the excited  states and 
enhance the glow of N2

+ and N2.
As is clear from Fig. 8, the radiation pulses of molecules 

and molecular  ions  of  nitrogen  are  rather  short  unlike  the 
pulses described in other works. In this case, the N2

+ and N2 
glow intensity peaks of lag behind the laser pulse, which testi-
fies to the population of excited levels after laser irradiation. 
Since the radiation pulse shape is defined by the rates of the 
mechanisms responsible for the production and quenching of 
excited particles, we analyse the most important of them.

We begin with an analysis of ion production mechanisms. 
Figure 11 shows the potential curves of N2 and N2

+ as well as 
the production probability of N2 autoionising states in rela-
tion to exciting photon energy [16]. The lifetimes of autoionis-

ing states are extremely short: 10–13 – 10–14 s. Their decay gives 
rise to an ion and an electron, which carries away the energy 
defect. As is clear from the inset in Fig. 11, the auotionisation 
level 3sg of energy 15.58 eV possesses the highest production 
probability. This level is at perfect resonance with the ground 
state Х2

gS+ (n'' = 0) of N2
+ ions. At the same time, the energy 

of 12 photons with l = 950 nm amounts to 15.66 eV, and the 
population probability of the Х2

gS+ (n'' = 0) level via the auto-
ionising  state  3sg  is  therefore  very  high. The  interaction  of 
ions in the Х2

gS+ (n'' = 0) state with three pump photons may 
give rise to the population of the vibrational – rotational levels 
of the В2 uS+ state with n' = 3, since the energy of these three 
photons is at resonance with the Х2

gS+ (n'' = 0) – В2 uS+ (n' = 3) 
transition. When  the  pump  intensity  is  high  enough,  there 
appears a possibility of direct population of the В2 uS+ (n' = 3) 
state by 15 photons. Our observed radiation with l = 391.4 
and  427.8  nm  nevertheless  corresponds  to  the  transitions 
from the upper state В2 uS+ with zero vibrational number. It is 
well known that  the  fastest vibrational  relaxation of  ions  is 
possible in the course of Coulomb collisions with electrons (a 
so-called e – V relaxation). The rate of this process was theo-
retically  studied  in  Ref.  [17],  where  the  vibrational  energy 
exchange was  calculated with  the  inclusion  of  autoionising 
state production via the following reaction chain:

( ) ( )N e N*
i2 2"n e++ + - ,  ( ) ( )N N e**

j2 2" n e++ + - l .  (1)

Figure 12 depicts the calculated vibrational-energy quen-
ching rate, beginning with level n'' = 3 of the ground state of 
N2

+  in  the  electron  temperature  (Те)  range  100 – 10000  K 
(~ 0.01 – 1  eV)  [17].  If  it  is  assumed  that  in  our  conditions 
Те » 5000 K [7], according to calculations the rate coefficient 
for  the  e – V  relaxation  from  n''  =  3  to  n''  =  0  amounts  to 
~ 10–8 cm3 s–1. For Ne = 1016 – 1017 cm–3 this yields characteristic 
times t = 10–8 – 10–9 s. Therefore, the lag of the l = 391.4 and 
427.8 nm line glow peaks relative to the laser pulse is hard to 
explain by the e – V process. It is pertinent to note that Ref. [17] 
is  the  only  paper  which  discussed  the  e – V  process.  Fur-
thermore, the calculations of Ref. [17] were performed assum-
ing Maxwellian  electron  velocity  distribution.  In  our  case, 
this condition may break down for a time period of tens of 
picoseconds after the action of a laser pulse.
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The В2 uS+ (n' = 3) state of N2
+ may also be populated due 

to  the multiphoton  ionisation of  the N2 molecule,  as noted 
earlier. However, this is a low-probability process: according 
to the Frank – Condon principle, a higher probability is inherent 
in the transitions between these states without a change of the 
vibrational quantum number n'' – n' = 0 – 0, 1 – 1, 2 – 2, 3 – 3.

Electron impact is another way of excitation of the В2 uS+ 
(n' = 0) from the Х2

gS+ (n'' = 0) state [18, 19]. This transition 
cross section s was experimentally measured and theoretically 
calculated in Ref. [20]. This cross section peaks for an electron 
energy  of  3.5  eV  to  range  up  to ~3 ́  10–16  cm2.  It  is  well 
known that the rate coefficient k of the process may be esti-
mated in terms of the cross section as k = s u , where  u  is 
the average electron velocity. In Ref. [18], the electron energy 
distribution function was calculated for the filament plasma 
in relation to the polarisation of pump radiation. For a linear 
polarisation,  the  distribution  function  exhibits  a maximum 
about  0.5  eV,  but  a  significant  fraction of  electrons has  an 
energy of 3.5 – 4 eV, which is sufficient for exciting the transi-
tion under discussion. For these energies the electron velocity 
amounts to 1.2 ́  108 cm s–1, so that k = 3 ́  10–16 ́  1.2 ́  108 = 
3.6 ́  10–8 cm3 s–1. If the density of this fraction of electrons is 
equal to 5 ́  1016 cm–3, the characteristic excitation time t = 
(3.6 ́  10–8 ́  5 ́  1016)–1  =  500  ps.  Consequently,  the  В2 uS+ 
(n' = 0) state excitation by electron impact also takes a long 
time.

Proceeding from the aforesaid, one may draw the follow-
ing conclusions. The direct multiphoton mechanism of  the 
В2 uS+ (n' = 0) state population is ruled out because of the lag 
of the peak of N2

+ lines glow. The Х2
gS+ (n'’ = 0) – В2 uS+ (n' = 0) 

transition  excitation  by  electron  impact  is  a  faster  process 
than the e – V relaxation  in the upper state В2 uS+.  It  is note-
worthy that the lag of N2

+ radiation peak was also observed in 
many  other  papers,  both  in  the  measurements  of  filament 
plasma luminescence [2 – 4] and of the superradiation gener-
ated in the filament [21, 22].

We analyse the duration of N2
+ ion glow. As noted above, 

the upper electronic state may be quenched either by neutral 
particles or by electrons. Our estimates of the most probable 
processes in the plasma are collected in Table 1 assuming that 
Ne = 1017 cm–3 and Те = 5000 K.

Proceeding  from  the  reaction  rates  presented,  one  may 
conclude that the main processes occur on a time scale of tens 
of  picoseconds.  Three-body  reactions  are  the  fastest  ones. 
After being produced, the N2

+ ions rapidly transform to N4
+ 

by reaction 4. Competing with this process are reactions 1, 2, 

and 5: they all decrease the N2
+ density significantly. However, 

it is noteworthy that reaction 4 becomes the dominant one if 
Ne » 1016 cm–3. This  inference  is experimentally borne out. 
Specifically, for a tight radiation focusing (NA > 0.1) and a 
high electron density (Ne = 1018 cm–3), molecular lines are not 
seen in the plasma glow, which is dominated by the lines of 
atoms and their ions. Conversely, for a weak focusing (NA < 
0.03) the spectrum contains the lines of only N2

+ an N2. The 
emergent N4

+  ions disappear  in  a  very  short  time primarily 
due to reaction 8 with the production of N2 in the state C3Пu, 
which  is  the  upper  state  for  the  2+  system  transitions.  The 
rapid decay of the electron density observed in Fig. 9, is pre-
cisely what defines the two characteristic time intervals in the 
glow of N2

+ and N2: the moments of fast and slow decay.
The appearance of atomic or molecular lines depends pri-

marily on the electron density and temperature. A low elec-
tron temperature (Те £ 1000 K) and (or) a high electron den-
sity (Ne ³ 1017 cm–3) determine a high rate of reactions 1 – 3, 
which quench  the  excited  states of N2

+. When  the  electrons 
manage to acquire sufficient energy (over 1 eV) from the field 
of the pump wave, their loss and disappearance of N2

+ slows 
down, like the transfer of their acquired energy. This is pre-
cisely the scenario, in our view, observed in Ref. [1], in which 
the pump duration amounted to 500 fs.

5. Conclusions

We have measured the spectral, temporal and spatial dynam-
ics of the plasma produced by a femtosecond radiation pulse 
in  the air, with a  time resolution of a  few picoseconds. For 
given parameters of the laser beam, the plasma glow spectrum 
was shown to depend on the focusing conditions (numerical 
aperture NA). For high (over 0.1) NA, the spectrum is domi-
nated by the lines of atoms and their ions, while for low (less 
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Table 1. Parameters of quenching reactions.

Reaction 
number

Reaction and rate coefficient 
/cm3 s–1

Reference
Characteristic 
decay time/ps

Reactions with participation of 
electrons

1 N2
+ + e ® N + N 

k = 1.34 ́  10–7
[23] 74

2 N2
+ + e + е ® N2(Х1Sg

+) + е 
k = 6.35 ́  10–25

[6] 157

3 N2
+ + e + N2(X1Sg

+) ® 2N2(X1Sg
+)       

k = 5.29 ́  10–30
[23] 90000

Reactions with participation of 
neutral particles

4 N2
+ + 2N2 ® N4

+ + N2 
k = 1 ́  10–28

[23] 23

5 N2
+ + O2 + N2 ® NO+ + N2 + NO [1, 24]  56

6 N2
+ + O2 ® NO+ + N + O 

k = 8 ́  10–10
[11] 220

7 N2
+ + N2 ® N + N3

+ 
k = 3 ́  10–10

[11, 23]  159

Reactions of N4
+ quenching

8 N4
+ + e ® N2(C3Пu) + N2 

k = 1.7 ́  10–6
[25]  6

9 N4
+ + е ® 2N2(X1Sg

+)
k = 4.9 ́  10–7

[6, 23] 20

10 N4
+ + N2 ® N2

+ + 2N2(X1Sg
+) 

k = 8.3 ́  10–13
[23] 57000
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than 0.03) NA the spectrum shows the lines of only N2
+ and 

N2. For NA = 0.3, the onset of the glow of oxygen and nitro-
gen lines is delayed relative to the instant of plasma produc-
tion by 80 – 90 ps. The production of molecular ions of nitro-
gen occurs due to  its multiphoton ionisation and the subse-
quent finish excitation by electron impact. The delay of N2

+ 
glow peak observed for NA = 0.03 is due to the finite rate of 
the electron excitation of the В2 uS+ (n' = 0) state and the high 
rate of its quenching in the course of ion collisions with neu-
tral particles. The similarity of the leading edges of the ionic 
(l = 391.4 nm) and molecular (357.7 nm) radiation intensity 
pulses as well as our analysis of the reaction rate coefficients 
count in favour of the mechanism of the N2(C3Пu) upper state 
production of the second positive system of nitrogen via the 
dissociative  recombination  of  N4

+.  The  short  duration  of 
molecular  glow  is  due  to  a high  rate of  their  quenching by 
electron impact. Under our conditions the duration of nitro-
gen ion glow pulse was equal to 18 ps, and that of molecular 
nitrogen to 27 ps at 1/e level of the peak. The existence of the 
second, slower stage in N2 and N2

+ glow is caused by a high 
rate of electron disappearance at the first points in time after 
irradiation. The diameter of the plasma channel remains inva-
riable for 3 ns, while its glow intensity falls off by more than 
an order of magnitude. Therefore, the filament plasma recom-
bines practically completely without expanding.
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