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Abstract.  The electron energy distribution function in the plasma 
channel produced by a femtosecond laser pulse with a wavelength of 
248 nm in atmospheric-pressure gases was considered. Conditions 
were determined whereby this channel may be employed for ampli-
fying electromagnetic waves up to the terahertz frequency range 
over the energy spectrum relaxation time ~10–7 s. Gains were cal-
culated as functions of time and radiation frequency. The effect of 
electron – electron collisions on the rate of relaxation processes in 
the plasma and on its ability to amplify the electromagnetic radia-
tion was investigated. 

Keywords: multiphoton ionisation, plasma channel, electromag-
netic radiation amplification, electron energy distribution function. 

1. Introduction

An important feature inherent in the plasma objects emerging 
in the field of a femtosecond laser pulse is their strongly non-
equilibrium character. This nonequilibrium character may be 
employed for several practical applications, in particular for 
generating VUV and soft X-ray radiation pulses of attosec-
ond duration [1, 2]. When the laser pulse duration is shorter 
than or of the order of the inverse frequency of atomic colli-
sions, the energy spectrum of the photoelectrons produced in 
the multiphoton ionisation of gases consists of a set of peaks 
corresponding to the absorption of a certain number of pho-
tons  in the above-threshold  ionisation. This electron energy 
distribution  function  (EEDF)  has  energy  ranges  which  are 
actually  characterised  by  population  inversion;  as  is  com-
monly  known,  this  can  be  used  for  amplifying  electromag-
netic radiation in the plasma [3 – 5]. As noted in Ref. [4], first 
and  foremost  the  amplification  effect  may  occur  in  gases 
characterised by the electron energy range in which the trans-
port scattering cross section increases with electron energy. In 
Ref. [6] it was shown that this kind of radiation amplification 
is possible in the radio frequency range in xenon plasmas pro-

duced by 248-nm radiation  ('W  =  5 eV) during the energy 
spectrum relaxation time. At atmospheric gas pressure and in 
the absence of electron – electron collisions this time was esti-
mated at 100 – 200 ns. 

In the present work we comprehensively analyse whether 
plasma  channels  produced  by  high-power  ultrashort  pulses 
(USPs)  of  the  visible  or  UV  frequency  range  in  different 
atmospheric-pressure gases can be employed  for amplifying 
radio-frequency  radiation.  Proceeding  from  the  Boltzmann 
kinetic  equation we analysed  the  temporal  evolution of  the 
electron energy spectrum in the relaxing plasma produced by 
the laser pulse; in doing this we took into account, in particu-
lar,  electron – electron  collisions.  The  gains  for  electromag-
netic radiation in the plasma channel were calculated as func-
tions of time and amplified radiation frequency. The condi-
tions were determined whereby this relaxing plasma may be 
used as an efficient amplifying medium for  radio-frequency 
radiation  pulses,  including  pulses  of  the  subterahertz  fre-
quency range. 

2. Formulation of the problem

In  the  analysis  of  the  properties  and  the  evolution  of  the 
plasma  channel produced by high-power  femtosecond  laser 
radiation it is well to keep in mind that the channel is formed 
only due to the multiphoton or tunnel ionisation of atoms or 
molecules, while the avalanche ionisation may be neglected. 
Furthermore, it turns out that elastic electron collisions with 
the atoms (molecules) of the medium may also be neglected 
during the course of the pulse. To be specific, we estimate the 
characteristic the electron – atom (molecule) collision time as 
Tc » 1/(Nsu), where N - 3 ´ 1019 cm–3 is the particle density 
at atmospheric pressure, s - 10 –15  cm2 is the collision cross 
section, and u ~ 108 cm s–1 is the velocity of electrons result-
ing from photoionisation. Under these conditions, Tc is equal 
to ~3 ´ 10–13 s. This signifies that the photoelectron energy 
spectrum for a laser pulse no longer than 300 fs is determined 
only by the photoionisation dynamics of atoms (molecules) of 
the gas and may be derived by solving the problem of single 
atom (molecule)  ionisation  in a  strong  laser  field. The elec-
tron spectrum evolution, which is described by the Boltzmann 
kinetic equation and is due to elastic and inelastic collisions 
with atoms (molecules) of the gas as well as by electron – elec-
tron  collisions,  takes  place  in  the  post-pulse  regime. Under 
these conditions, the problem of gas ionisation by laser radia-
tion  and  the  problem  of  photoelectron  spectrum  evolution 
can  therefore  be  treated  independently  of  each  other,  the 
solution of the former problem being the initial condition for 
the latter. 
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In our work the spectrum dynamics of the photoelectrons 
produced by l = 248 nm radiation, which corresponds to the 
photon energy 'W = 5 eV of KrF excimer laser radiation, was 
investigated  for  rare  gases  (argon,  xenon)  and  molecular 
nitrogen at atmospheric pressure. In this case, the existence of 
Ramsauer minimum of the transport cross section for scatter-
ing by rare-gas atoms may provide the necessary conditions 
for the emergence of electromagnetic radiation amplification 
in the gas. The cross section for electron scattering by nitro-
gen molecules also has an interval in which it increases with 
electron  energy. However,  the  existence  of  low-lying  vibra-
tional states makes the EEDF evolution qualitatively differ-
ent from that in rare gases. 

The photoionisation dynamics was calculated by way of 
numerical integration of the Schrödinger equation for model 
single-electron atoms with ionisation potentials Ii = 12.13 and 
15.76 eV equal to the ionisation potentials of xenon and argon 
atoms. The single-electron model of xenon atoms is similar to 
that employed in Ref. [7]. In the framework of this model the 
valence  electron motion  in  a  xenon  atom  is  defined  by  the 
potential 
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+
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where  the  smoothing parameter b = 0.0943 Å  is  so  selected 
that the ionisation potential is equal to that of xenon atoms. 
Similarly, argon atoms are modelled by the potential 
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where b = 0.0265 Å; a = 0.1; b = 0.2 Å–1. The ground state in 
potential  (2)  is  characterised  by  the  binding  energy  Ii  = 
15.76  eV,  which  corresponds  to  the  ionisation  potential  of 
argon atoms. The ionisation potential of nitrogen molecules 
(Ii = 15.58 eV) is close to that of argon atoms. That is why the 
photoionisation  probabilities  of  argon  atoms  and  nitrogen 
molecules were assumed to be approximately equal and the 
peak positions in the photoelectron spectra were assumed to 
differ  by  a  value  equal  to  the  difference  in  the  ionisation 
potentials of Ar and N2. 

The envelope of the laser pulse was assumed to possess a 
smoothed sin2 shape with leading- and trailing-edge times tf: 
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where the field intensity amplitude E0 is related to the radia-
tion intensity, which is used below, by the formula P = cE0

2 ́  
(8p)–1. In our calculations we assumed that tf = 50T (T = 2p/W 
is  the  optical  oscillation  period);  for  'W  =  5  eV  the  pulse 
duration tp = 2tf » 75 fs. 

The method for numerical integration of the Schrödinger 
equation was discussed in detail in Ref. [8]. 

3. Photoionisation of gases by a laser USP

At first we dwell on the calculated photoionisation probabili-
ties and photoelectron spectra produced by femtosecond laser 
pulses.  Figure  1  shows  the  probabilities  of  ionisation  (per 
pulse) of argon and xenon atoms. For intensities up to P ~ 
1014 W cm–2 the ionisation of xenon atoms is described by a 
cubic  dependence  on  the  radiation  intensity,  which  corre-
sponds to the third order of perturbation theory. As for argon 
atoms, the ionisation is a four-photon event described by the 

dependence vi ~ P 4 up to P < 3 ´ 1013 W cm–2. Observed in 
higher fields is the trend for saturation of the ionisation prob-
ability at a level well below unity, which is caused by trapping 
of atoms in highly excited states near the continuum bound-
ary; these states are populated due to the existence of a three-
photon resonance between the ground state and a group of 
Rydberg states (for more details, see Ref. [9]). In the case of 
ionisation of xenon atoms the like resonance is nonexistent, 
and no special features are observed in the vi (P ) dependence. 
Figure 2 shows the typical photoelectron spectra produced in 
the photoionisation of  xenon and argon atoms. For P < 
1013 W cm–2, the Stark shift of the continuum boundary may 
be neglected, and therefore the position of the first peak in the 
xenon photoelectron spectrum will correspond to an energy 
e0 = 3'W – Ii » 2.87 eV; in this case, the probability of above-
threshold absorption  is negligible. A  similar  situation  takes 
place for argon atoms. The photoelectron spectrum is domi-
nated by the peak corresponding to the four-photon absorp-
tion with an energy e0 = 4'W – Ii » 4.24 eV, while the peaks 
corresponding to above-threshold absorption are small. 

Therefore, our analysis of the calculated data suggests the 
following conclusions. For the intensity range under consid-
eration, a laser pulse duration tp ~ 75 fs, and an atomic den-
sity N - 3 ´  1019  cm–3, by  the end of  the  laser pulse  there 
forms a plasma channel in the volume defined by the param-
eters of the optical system, this channel being characterised by 
a peak energy spectrum structure and an ionisation degree 
a = Ne /N » 10–7 – 10–4 (Ne is the electron density) and over. In 
this case, the peak width De in the photoelectron spectrum is 
defined by the pulse duration and is equal to ~0.2 eV for a 
bandwidth-limited pulse. 

4. Boltzmann kinetic equation  
for the photoelectron energy spectrum

The time evolution of the plasma object produced by a femto-
second pulse was investigated proceeding from the Boltzmann 
kinetic equation for the electron velocity distribution function 
f (u, t): 
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Figure 1. Ionisation probabilities vi of argon ( 1 ) and xenon ( 2 ) atoms 
per pulse as functions of intensity P of laser radiation with l = 248 nm. 
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where E = E0cos wt is the intensity of the electric field of the 
radio-frequency  radiation  propagating  through  the  plasma 
channel and St(  f  ) is the collision integral. In the framework 
of  a  polynomial  expansion  the  distribution  function  f (u, t) 
can be represented in the form 

( , ) ( , ) ( )cosf t f t Pn n
n

u qu =/ ,  (5)

where Pn(cos q) is the Legendre polynomial and q is the angle 
between the velocity vector and the electric intensity E aligned 
with the z axis. Usually the anisotropy of velocity distribution 
is  weak  (for more  details,  see Refs  [3,  5]),  and  series  (5)  is 
restricted to only two terms of expansion: 

f (u, t) = f0(u, t) + f1(u, t)cosq,  (6)

where  the  isotropic  part  f0(u, t)  of  the  distribution  function 
describes the electron distribution over the velocity modulus 
and the small anisotropic addition f1(u, t) permits calculating 
the electric current (aligned with the z-axis) emerging in the 
plasma:
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By substituting expansion (6) in Eqn (4) it is easy to obtain the 
system of  equations  for  the harmonics  f0(u, t) and  f1(u, t) of 
the distribution function: 
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Here, ntr(u) = Nstr u and str are the transport frequency and 
scattering cross section;

4
( )St dQ f1

p W= y ;

and the function  f0(u, t)  is normalised according to the con-
dition 

4 ( , ) df t 10
2p u u u =y .  (9)

From Eqns (8) it is easy to obtain [3] the following equation 
for the EEDF n(e, t): 
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which in essence is the electron diffusion equation in energy 
space  [3,  5]. Here,  e = mu2/2; Tg  is  the  gas  temperature  (in 
what follows we assume that Tg » 0.03 eV); m is the electron 
mass; M  is  the mass of  gas  atom  (or molecule); Qee(n)  and 
Q*(n)  are  the  electron – electron  and  inelastic  collision  inte-
grals. The electron – electron collision integral is written in the 
form (see, for instance, Ref. [3]) 
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where nee is the electron – electron collision frequency and the 
integral expressions for A1(e, t) and A2(e, t) are of the follow-
ing form: 
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The inelastic collision integral 
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where  ( ) /N m2i in s e e=* *  and  is* are the frequency and cross 
section  for  the  excitation  of  the  ith  inelastic  state  with  the 
excitation threshold Ii

*, and summation in expression (12) is 
performed over all inelastic processes. 

In the analysis of the evolution of the energy spectrum we 
assume  that  the  plasma  channel  is  produced  at  the  initial 
(zero)  instant of  time, which  corresponds  to  the  end of  the 
laser pulse, and that the plasma channel has a given degree of 
ionisation  and  a  strongly  nonequilibrium  EEDF,  which  is 
subsequently approximated by a Gaussian function: 
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The given EEDF is normalised according to the condition 
3
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and the quantity  ( , )n te e   is the probability density to find 
an electron with an energy e. 
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Figure 2. Photoelectron spectra in argon for a radiation intensity P = 
3 ´ 1013 W cm–2 (a) and in xenon for P = 1013 W cm–2 (b). 
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In this work we also assume that the electromagnetic field 
of frequency w, which propagates through the plasma chan-
nel,  is weak and has no  effect on  the  time  evolution of  the 
EEDF. 

In rare gases, the energy-lowest excitation thresholds for 
electronic  states  are  equal  to  8.31  eV  for  xenon  atoms  and 
11.5 eV for argon atoms. This is significantly higher than the 
energy  peak  corresponding  to  the  photoelectrons  produced 
by  the  femtosecond  laser  pulse.  Under  the  conditions 
involved, the spectrum evolution in the rare gases is therefore 
determined only by elastic and electron – electron collisions. 
As for the EEDF evolution for molecular nitrogen, account 
should also be taken of low-lying vibrational states, which are 
characterised by large electron collisional excitation cross sec-
tions  in  the ~2 – 4 eV energy range and which substantially 
speed up the EEDF relaxation. 

Equation (10) subject to initial condition (13) was numer-
ically solved with the use of a Galerkin procedure, with trial 
function approximation by the finite-element method [10] in 
the energy range e = 0 – 10 eV. The integration steps in time 
and energy were equal to 10–13 s and 10–2 eV, the total compu-
tation time amounted to 300 ns, depending on the conditions 
of the problem at hand. The cross sections of the elementary 
processes for xenon were taken from Refs [11, 12], for argon 
from Ref. [13], and for nitrogen from Refs [14, 15]. 

Figure 3 depicts the transport cross sections for argon and 
xenon. A characteristic  feature of these cross sections  is  the 
existence of Ramsauer minimum and the portion with a posi-
tive  value  of  the  derivative  dstr /de  in  energy  ranges  of 
0.25 – 11.0  eV  in  argon  and  0.64 – 5.0  eV  in  xenon.  In  the 
energy  range  below  2.2  eV,  the  transport  cross  section  for 
argon is also characterised by positive values of the derivative  
dstr /de (Fig. 4). 

5. Amplification of electromagnetic radiation  
in the plasma channel with a strongly  
nonequilibrium EEDF

As noted above,  the authors of Refs  [5, 6] discussed the 
feasibility of amplifying electromagnetic radiation in plasma 
channels with an EEDF having an energy range with a popu-
lation inversion. In fact, the expression for the complex con-
ductance s(w) = s'(w) +  is'’(w)  at  a  frequency w  is  readily 

found from expressions (7), (8) and may be written as (see, for 
instance, Refs [3, 5]) 
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The  real part of  this  expression describes  the dissipation of 
electromagnetic wave energy in the plasma, and it is easy to 
obtain  the  relation  for  the  absorption  coefficient  at  a  fre-
quency w: 
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The  EEDF  usually  decreases  with  increase  in  energy,  i.e. 
¶n/¶e <  0, and therefore the value of integral (16) is positive: 
s' > 0 and mw > 0. However, the electron energy distribution 
which emerges in the course of gas photoionisation by a laser 
USP  necessarily  contains  domains  where  ¶n/¶e >  0.  These 
domains make a negative contribution to integral (16) and 
the  absorption  coefficient  becomes  lower.  The  authors  of 
Refs  [4,  6] drew attention  to  the  following  fact:  in  the  low-
frequency domain corresponding to the condition w < ntr (for 
the atmospheric-pressure gases under consideration, this con-
dition is fulfilled even in the subterahertz frequency range 
w £ 1012 s–1), integral (16) may turn out to be negative for the 
distribution function of the form (13) for gases with a strongly 
pronounced Ramsauer  effect.  In  this  situation  the medium 
will  be  capable  of  amplifying  radio-frequency  radiation. 
Specifically, from relation (16) we obtain the necessary condi-
tion for signal amplification: 

( )
( )

0
d
d /

tr

tr
2 2

3 2

1
e w n e

e n e
+

= G ,  (17)

which  should be  fulfilled  in  the existence domain of a pho-
tionisation peak. When w << ntr, from inequality (17), in view 
of the expression ntr ~  e str(e), we have 

( )
0

d
d

tr
1

e s e
e8 B ,  (18)

i.e.  the  transport cross section str(e) must grow with energy 
faster than e. The dependences e/str(e) are plotted in Fig. 5 for 
the gases investigated in our work. These data show that the 
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Figure 3. Transport  cross  sections  for  electron  scattering  from argon 
( 1 ) and xenon ( 2 ) atoms. 
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Figure 4. Transport cross section for electron scattering from nitrogen 
molecules.



  A.V. Bogatskaya, E.A. Volkova, A.M. Popov1114

onset  of  amplification  in  the  photoionisation  plasma  pro-
duced by l = 248 nm radiation may be expected primarily in 
xenon and molecular nitrogen. At the same time, for argon in 
the energy domain 0.8 < e <  10 eV  the quantity e/str(e)  is 
practically  constant,  i.e.  the  amplification  effect may  occur 
only for slow electrons  in a narrow energy range (e  =  0.6 – 
0.8 eV), which is supposedly hard to realise experimentally. 

Under  conditions  where  the  evolution  of  the  electron 
energy spectrum proceeds only due to their elastic collisions 
with neutral atoms, the characteristic EEDF relaxation time 
may be estimated as 

m
M
2

1.t ne
-
tr .  (19)

In our calculations an estimate of formula (19) yields te » 
10–7 s. This signifies that the effect of electromagnetic radia-

tion amplification in the plasma may be expected during pre-
cisely  this period of  time. The plasma channel  in xenon pro-
duced by femtosecond laser radiation at a wavelength l = 248 
nm  will  therefore  be  capable  of  amplifying  radio-frequency 
pulses  (up  to  the  terahertz  frequency  range)  several  tens  of 
nanoseconds in duration. In the case of molecular nitrogen the 
situation  is more  complicated. On  the  one  hand,  the  energy 
range where the amplification effect may be expected is rather 
narrow and amounts to only 1.5 – 2.0 eV. On the other hand, 
what is more important, the energy spectrum relaxation in this 
energy range proceeds primarily due to vibrational excitation 
of nitrogen molecules and is characterised by the time 

( )I
*

v

1.t e n -* ,  (20)

where Iv = 0.29 eV is the vibrational quantum of the nitrogen 
molecule; and n* = Nsv /m2e  and sv are the frequency and 
cross  section  for  the  excitation  of  the  vibrational  state 
N2(X1S, n = 1). Assuming that e = 2 eV and sv » 10–16 cm2, 
from formula (20) we obtain t* » 3 ´ 10–11 s, which is three 
orders of magnitude shorter than in rare gases. This actually 
signifies that the plasma channel produced in molecular gas 
medium is hardly applicable for amplifying radio-frequency 
radiation. 

Numerical  calculations  confirm  our  estimates.  Figure  6 
shows  the  EEDF  data  calculated  on  the  basis  of  Eqn  (10) 
neglecting electron – electron collisions in argon and xenon at 
different  instants of  time. One  can  see  that  the EEDF pos-
sesses a strongly pronounced peak throughout the simulation 
time  interval  (200 ns);  the peak position gradually  shifts  to 
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lower  energies,  the  diffusive  spreading  of  the  spectrum  in 
energy space being negligible. Furthermore,  the  lowering of 
elastic collision frequency ntr with the slowing-down of elec-
trons leads to the opposite effect – the narrowing of the peak 
in  the  photoelectron  spectrum.  Figure  7  shows  the  time 
dependences of spectrum-averaged photoelectron energy

3
( ) ( , ) dt n t /3 2

0
e e e e= y   (21)

which also indicates a siginificant slowdown of electron cool-
ing with time.

A  qualitatively  different  situation  occurs  in  molecular 
nitrogen  (Fig.  8).  In  this  case,  the  time EEDF  evolution  is 
primarily determined by the energy dependence of the cross 
sections  for  the vibrational excitation of  the nitrogen mole-
cule, which have a maximum in the 2 – 4 eV energy range. As 
a result, the initial peak in the ~4.4 eV domain vanishes in a 
time of ~10–11 and shifts to an energy domain near 1.5 eV, in 
which the collisional excitation cross section is small (~10–17 
cm2) and the effect of collisional excitation of nitrogen mole-
cules on the EEDF is therefore not so significant. Comparing 
the data given in Figs 8 and 5c shows that the plasma channel 
in nitrogen also cannot be employed for the amplification of 
radio-frequency  radiation,  including  the  10–11  – 10–10  s  time 
range. 

The calculated EEDFs were employed for calculating the 
electromagnetic radiation gain in the plasma. These calcula-
tions demonstrate  the  validity of  the  above hypothesis  that 
amplification is possible to occur only in xenon plasmas. For 
plasma channels in argon or nitrogen, attempts to make the 
gain positive do not meet with  success. Figure  9  shows  the 
calculated gain kw = – mw in the xenon plasma channel for an 
electron density Ne = 1010 cm–3 and different  frequencies of 
amplified radiation. The highest gain is achieved for the low-
est radiation frequency (w = 1011 s–1). In this case, in the pro-
cess of energy spectrum relaxation for t £ 100 ns we observed 
an increase in kw caused by the lowering of the transport cross 
section in the energy range which makes the most significant 
contribution to integral (16). With increase in radiation fre-
quency w the highest value of the gain kw shows a tendency 
for  a  decrease,  with  a  simultaneous  narrowing  of  the  time 
interval during which the gain is positive. This circumstance is 
due to the following fact: in the process of EEDF relaxation, 
with increase in amplified radiation frequency the condition 
ntr(e) > w is violated for shorter times. 

In the framework of our assumptions the gain [see expres-
sion (16)] turns out to be proportional to the degree of plasma 
ionisation,  and  therefore, on  the  face of  it,  raising  the gain 
requires  increasing  the  intensity  of  ionising  laser  radiation 
should. It is well known, however, that electron – electron col-
lisions are favourable to a faster Maxwellisation of the photo-
electron spectrum and, as a consequence, to disappearance of 
the amplification effect. In the presence of only elastic colli-
sions, electron – electron collisions begin to exert a significant 
effect on the evolution of the energy spectrum in the plasma 
provided that 

M
m2

ee

tr+a s
s ,  (22)

where  see(e)  =  (pe4/e2)L(e)  is  the  cross  section  for  elec-
tron – electron (Coulomb) collisions and L(e) is the Coulomb 
logarithm,  which  is  a  smooth  function  of  the  energy. 
Putting L » 1, we obtain that in the energy domain e » 2 eV, 
which corresponds to the peak position in the photoelectron 
spectrum, condition (22) is fulfilled for a » 5 ´ 10–7, or Ne 
» 1013 cm–3. 
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Figure 7. Time  dependences  of  the  spectrum-averaged  photoelectron 
energy in argon ( 1 ) and xenon ( 2 ) plasmas. 
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Numerical simulations confirm our estimates. The results 
of numerical solution of the Boltzmann equation depicted in 
Fig. 10 suggest that the inclusion of electron – electron colli-
sions has a significant effect on the EEDF evolution* even for 
an electron density Ne = 1012 cm–3, and for Ne = 1013 cm–3 
and t ~ 200 ns there occurs Maxwellisation of the spectrum. 
As  is  evident  from the calculations,  electron – electron colli-
sions,  in  fact,  significantly  increase  the  electron  diffusion 
coefficient  in energy  space, which  is  responsible  for a  rapid 
spreading  of  the  photoelectron  peak  and  the  consequential 
narrowing of  the  time  interval during which the gain  in  the 
channel is positive. Specifically, the data given in Fig. 11 show 
that the coefficient kw increases proportionally to the electron 
density  in  the channel; however,  this dependence  is  realised 
over a time shorter than the energy spectrum relaxation time 
defined  by  the  efficiency  of  electron – electron  collisions. 
Increasing  the  electron  density  speeds  up  the  EEDF  relax-
ation, which shortens the period of the existence of a positive 
gain  in  the plasma. For  instance,  for an electron density of 
~1013 cm–3 in the channel, the gain kw amounts to ~0.3 cm–1 
and a positive gain exists for ~20 ns. For Ne = 1012 cm–3 we 
have kw » 0.05 cm–1 and the amplification time t ~ 100 ns.  So far in the analysis of electromagnetic radiation in the 

plasma channel we assumed that the amplified radiation itself 
is  weak  and  has  no  effect  on  the  EEDF.  This  approach  is 
obviously correct when the electron energy diffusion coeffi-
cient caused by the existence of the field under amplification 
is smaller than the diffusion coefficient in energy space defined 
by  elastic  electron  collisions  with  gas  atoms  (molecules)  as 
well as electron – electron collisions. We estimate the electron 
diffusion coefficient caused by the existence of radiofrequency 
radiation  in  the plasma  (we assume  that w << ntr)  as Dw ~ 
e2E0

2e/(3mntr) and conclude that our treatment is correct when 
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For instance, for xenon atoms, áeñ » 2 eV, Tg = 300 K and an 
electron  density Ne  =  1013  cm–3,  condition  (23)  is  fulfilled 
when the intensity of radiofrequency radiation is lower than 
103 W cm–2. 

In conclusion of this Section, we note that the amplifica-
tion of the high-frequency radiation with w >> ntr,  from the 
theoretical point of view, is also possible in a plasma channel 
with  a  nonmonotonic EEDF.  In  this  case,  as  follows  from 
relation (16), to achieve the amplification regime requires that 
the condition 

[ ( )] 0
d
d

tr
2 1

e
e s e   (24)

be fulfilled in the domain of peak location in the photoelec-
tron  spectrum,  i.e.  that  the  transport  cross  section  should 
decrease with energy faster than e2. As discussed in Ref. [4], 
this type of the str(e) dependence is not typical for the known 
gases. Most  likely  it  is valid  to say  that  there  is no gaseous 
medium with the properties required for the amplification of 
high-frequency radiation. 

The  effect  of  electromagnetic  radiation  amplification  in 
the  plasma  channel  produced  in  the  ionisation  of  gas  by  a 
laser USP, which is considered in our work, is physically close 
to  the  effect  of  absolute  negative  conduction  in  a  gas  dis-
charge plasma predicted  in Refs  [16, 17], discovered experi-
mentally in Ref. [18], and discussed at length in Refs [19, 20]. 
A  negative  value  of  absolute  conductivity  signifies  that  the 

* A comparison of the data obtained in the present work with the data 
of Ref.  [6],  which  were  calculated  neglecting  electron – electron  colli-
sions for the specified electron density Ne = 1012 cm–3, suggests, in par-
ticular,  that  the duration of  the existence of a positive gain decreases 
twofold.
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electron gas is integrally moving in the direction of the field 
intensity vector of electromagnetic wave*. The physical cause 
for the emergence of absolute negative conduction is compre-
hensively discussed in Ref. [20]; it is due to the fact that the 
electrons  accelerated  by  the  field  experience more  frequent 
collisions than the electrons slowed down by the applied field. 
As a  result,  these  field-decelerated electrons make  the main 
electron contribution to the current emerging in the plasma. 
In this case, the conductivity considered as the coefficient of 
proportionality between the current density and the applied 
field turns out to be negative. A similar situation also takes 
place in the case of the oscillating electric field. 

We would also like to emphasise that the effect of negative 
conduction in plasmas may be of interest in the problems of 
radiofrequency electromagnetic radiation propagation in the 
plasma  waveguides  produced  by  femtosecond  laser  pulses 
[21, 22]. Specifically, the permittivity of a plasma medium is 
related  to  the  complex  conductivity  by  the  equation  z  =
z' + iz'’ = 1 + i4ps/w. Since the complex refractive index is 

z , the features of photoelectron energy spectrum evolution 
considered in our work may turn out to be significant also in 
studies of the optical properties of plasma waveguides. 

6. Conclusions

Therefore,  in this work we showed that the plasma channel 
produced  by  the  radiation  of  a  high-power  laser USP  in  a 
dense gas and characterised by the presence of a rather nar-
row peak in the photoelectron spectrum may be employed for 
amplifying  radio-frequency  pulses,  including  pulses  of  the 
subterahertz  frequency  range.  To  achieve  the  maximum 
effect,  for  a  working  medium  use  should  be  made  of  the 
atomic gas in which the transport scattering cross section is 
characterised by the greatest value of the derivative dstr /de in 
the energy range corresponding to the photoelectron peak. It 
was shown that the gain may amount to a fraction of inverse 
centimetre for t < 100 ns.
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