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Abstract.  Based on the analytical quantum-mechanical description 
in the framework of the modified strong-field approximation, we 
have investigated high harmonic generation of mid-IR laser radia-
tion in neutral gases taking into account the depletion of bound 
atomic levels of the working medium and the electron magnetic 
drift in a high-intensity laser field. The possibility is shown to gen-
erate high-order harmonics with photon energies greater than 
10  keV under irradiation of helium atoms by intense femtosecond 
laser pulses with a centre wavelength of 8 – 10.6 mm. 

Keywords: mid-IR lasers, atoms, ionisation, high harmonic genera-
tion, X-rays. 

1. Introduction 

The  past  few  years  have  seen  a  significant  progress  in  the 
development of high-power femtosecond parametric lasers of 
near and mid-IR ranges. Different types of laser sources gen-
erating pulses with energy of the order of millijoules or higher 
have been designed; the centre wavelengths of these sources 
lie in the range 1.5 – 4 mm [1 – 3]. Fabrication of such sources 
opens new avenues in studying the interaction of high-inten-
sity laser radiation with matter. One of the areas of research, 
where  these  possibilities  manifest  themselves  most  signifi-
cantly  [4 – 9],  is  the physics of  the processes associated with 
the rescattering of electrons [10, 11] under tunnelling ionisa-
tion.  Such  processes  include,  in  particular,  high-order  har-
monic generation (HHG) of laser radiation [12, 13]. 

An  important  characteristic of  various processes  caused 
by  the  ionisation  of  gases  by  intense  laser  radiation  is  the 
average  energy Up  of  electron oscillations  in  an  alternating 
electric field with the amplitude E and frequency w: 
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where e and m are the electron charge and mass; and I and l 
are the intensity and wavelength of laser radiation. The value 

of Up determines, in particular, the high-energy boundary of 
the  plateau-shaped  distribution  in  the  HHG  spectrum  of 
gases;  the position of  this boundary  is  given by a universal 
expression [11, 14] 

'Wmax » Ip + 3.17Up,   (2) 

where Ip is the ionisation potential of an atom. 
Proportionality  of  the  electron  quiver  energy Up  to  the 

square of the laser radiation wavelength indicates the princi-
ple possibility of a significant expansion of the plateau in the 
HHG spectrum to the high-frequency region [4, 15] when use 
is made of mid-IR sources. This possibility has been vividly 
demonstrated in a recent experiment [5], where the ionisation 
of helium atoms by the radiation of a laser [2] with the centre 
wavelength l = 3.9 mm was accompanied by the emergence of 
a  coherent  broadband  supercontinuum  with  a  maximum 
energy of photons reaching 1.6 keV. 

The HHG experiments [5] with a radiation source at l = 
3.9 mm were carried out at a relatively low (3.3 ´ 1014 W cm–2) 
peak intensity of the laser pulses. This intensity is only slightly 
above  the  ionisation  threshold  of  helium  and  was  selected 
based on the condition of the smallness of the concentration 
of plasma produced by  ionisation of helium, which allows 
the phase-matched generation [16, 17] to obtain ultrabright 
HHG radiation  in  a  capillary  filled with  a  gas under high 
pressure. At the same time, of great  interest  is  the  issue of 
the  maximum  achievable  spectral  HHG  width,  which  in 
principle (with the proper solution of the problem of phase-
matching  or  quasi-phase-matching)  can  be  obtained  by 
using mid-IR sources. 

For a given wavelength of the laser source the width of the 
plateau  in  the HHG spectrum, according  to  (1),  (2),  can  in 
principle be increased by increasing intensity of the laser radi-
ation. However, one of the major limiting factors here is the 
depletion of atomic  levels at high  intensities of  the  incident 
radiation;  this effect  leads  to a decrease  in  the yield of har-
monics and cessation of growth of the spectral HHG width at 
intensities  that  significantly  exceed  the  ionisation  threshold 
[18,  19]. Another  factor  that may  limit  the  generation  effi-
ciency of harmonics and their maximum energy at high laser 
intensities is the influence of the magnetic field of laser radia-
tion.  This  influence manifests  itself  in  deviation  (‘magnetic 
drift’) of trajectories of electrons moving with subrelativistic 
velocities from straight lines and, as a result [20 – 22], causes a 
reduction of the effectiveness of the HHG mechanism which 
is based on the collision of electrons with their parent ions. In 
the course of interaction of visible or near-IR radiation with 
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neutral atoms, this factor is not important because the speed 
of a free electron under the intensities at which atoms are ion-
ised  is  in  these  cases  much  less  than  the  speed  of  light. 
However, it should be expected that, in view of the above scal-
ing of the electron quiver energy (1), the influence of this fac-
tor when use is made of long-wavelength sources can be sig-
nificant even at moderate peak intensities of laser pulses. 

Simultaneous consideration of these factors is important 
both for understanding their relative role in the HHG process 
under different conditions and for formulating general con-
clusions  about  the  limits  of  ability  to  generate  high-energy 
photons during the HHG of laser radiation in gases. Our pre-
liminary studies [23] in this direction were based on numerical 
calculations in a single-active-electron approximation [14,  24], 
using a  two-dimensional model of  the atom. These calcula-
tions,  performed  outside  the  scope  of  the  electric  dipole 
approximation,  demonstrated  the  possibility  of  obtaining 
high-order harmonics in noble gases, with maximum energies 
(depending on a particular atom) of about 1 – 7 keV at l = 3.9 
mm.  In  thses  cases,  the  generation of  high-order  harmonics 
can be largely suppressed due to the influence of the magnetic 
field of the laser pulse, and the maximum width of their spec-
trum  is mainly determined by  the  effect of  the depletion of 
atomic levels. 

For more realistic three-dimensional calculations and for 
consideration of HHG in a wider range of laser radiation and 
working gas medium parameters, we developed an analytical 
description of  the process  [25]. This description  is based on 
the most widely used analytical theory of high harmonic gen-
eration – Lewenstein’s theory [26], modified so as to take into 
account the above two factors limiting the HHG process. For 
atoms and ions with different ionisation potentials (hydrogen 
and helium atoms and a helium ion with ionisation potentials 
Ip equal, respectively, to 13.6, 24.6 and 54.4 eV) using the ana-
lytical approach developed in [25] we evaluated the achievable 
limits of the width of the HHG spectrum taking into account 
the limiting effects; the calculations were performed for laser 
sources with wavelengths l = 0.8 – 3.9 mm. For a helium ion in 
the radiation field with l = 3.9 mm we showed the possibility 
of  generating  high-order  harmonics  with  energies  up  to  30 
keV.  In  this  case,  both  the  restrictions  on  the width  of  the 
spectrum of the harmonics and on the efficiency of their gen-
eration are mainly caused by the factor related to the electron 
magnetic  drift;  the  intensity  distribution  in  the HHG  spec-
trum in this case acquires, instead of a plateau-like shape, an 
arc-like  one  with  an  intensity  peak  in  the  photon  energy 
region of 15 to 20  keV. 

Thus, it follows from the above calculations that the use 
of radiation of a recently designed femtosecond source with 
l = 3.9 mm [2] enables the generation of high harmonics with 
energies of tens of kiloelectronvolts under irradiation of ions. 
However,  it  should be noted  that  in  the HHG experiments 
neutral  gases  are  preferable,  and  the  intensity  of  the  laser 
pulses should not greatly exceed the  ionisation threshold of 
the atoms so that the concentration of the resultant plasma 
remained relatively low, which would reduce the influence of 
undesirable  effects  caused  by  the  dispersion  of  the  electro-
magnetic  waves  and  defocusing  of  the  laser  beam  in  the 
plasma. In this regard, urgent is the task of searching for the 
optimal  conditions  for  efficient  generation  of  high-energy 
photons during  the HHG process  in neutral  gases.  In  this 
paper we have  investigated  the  feasibility of using  for  this 
purpese an intense mid-IR laser radiation with the centre 
wavelength l » 10 mm. 

2. Analytical description 

The theoretical approach used  in this paper  is based on the 
modification  [25] of the analytic HHG theory developed by 
Lewenstein and co-authors. 

Lewenstein’s  theory  [26]  (see  also  [27])  is  a  quantum-
mechanical  generalisation  of  the  semiclassical  model  [11], 
which gave the explanation of the mechanism and main prop-
erties of high harmonic generation in gases. In the semiclassi-
cal model [11], the HHG is considered as a three-step process 
consisting of a tunnelling detachment of the electron from the 
atom, its motion in an oscillating electric field and return to 
the parent ion with the emission of a high-energy photon. In 
Lewenstein’s  theory,  use  is made  of  a  single-active-electron 
approximation; the electron wave function in the framework 
of  this  theory  can  be  represented  as  a  superposition  of  the 
unperturbed eigenfunction of the bound ground state in the 
atom and a set of functions of a continuum, which, in accor-
dance with the strong-field approximation, have the form of 
plane waves, excluding the effect of the Coulomb potential. 
The  time-dependent  mean  dipole  moment  of  the  system  is 
expressed by  the  integral  over  time  and  components  of  the 
canonical  momentum  of  the  electron  containing  a  rapidly 
oscillating integrand factor in the form of an exponent whose 
factor  represents  a  semiclassical  action  of  the  electron 
S( p, t, t¢ ) ( p  is the canonical momentum of the electron, t  is 
the current time and t¢ is a temporary variable of integration). 
The main contribution  to  the  integrals  in  the momentum is 
given by the stationary points of the action: ÑpS( p, t, t¢ ) = 0. 
These points, on the one hand, greatly simplify  the calcula-
tions, allowing the use of the method of stationary phase. On 
the other hand, these stationary points have a clear physical 
meaning: Their contribution to the high-frequency nonlinear 
response of the system corresponds to free electron trajecto-
ries starting at the nucleus and ending in it at a later time; this 
situation corresponds to the assumptions of the semiclassical 
theory  [11].  Thus,  the  quantum-mechanical  theory  [26]  has 
made  it possible  to maintain  the clarity of  the  semiclassical 
model and confirmed its main conclusions, by providing the 
opportunity to include purely quantum effects such as tunnel-
ling and quantum interference in the description. 

In our paper [25] Lewenstein’s theory has been modified 
so that it has become possible to describe simultaneously the 
effect of depletion of the atomic levels and electron magnetic 
drift. It should be noted that in previous HHG studies ana-
lytical approaches considered separately the influence of the 
magnetic field of the laser pulse [22, 28, 29] and the depletion 
of the ground state of the atom or molecule [26, 30, 31]. The 
approach developed in [25] takes account of these two factors 
simultaneously. The expression [25] for the alternating dipole 
moment of an atom in an external linearly polarised electro-
magnetic field has the form (hereinafter, atomic units are used): 
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Here, E(t) and A(t) are the electric field and vector potential 
of the laser pulse, respectively; t is the time of electron motion 
in free space; e is the regularisation parameter, which can be 
chosen small; dx( p)  is  the x-component of  the dipole matrix 
element  corresponding  to  the  transition  from  the  bound 
ground  state  to  the  continuum;  in  considering  the  helium 
atom in a single-active-electron approximation, for the matrix 
element  we  use  the  same  expression  as  for  hydrogen-like 
atoms: 
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S( px, t, t)  is  the  quasi-classical  action  describing  the  free 
motion of an electron  in  the  laser pulse  field,  excluding  the 
effect of the magnetic field: 
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Sm( p, t, t)  is  the  correction  (found  similarly  to  [22])  to  the 
action resulting from the expansion of the vector potential 
A(t  –  z/с)  in  a  series  over  the  coordinate  of  laser  radiation 
propagation  (we restrict ourselves  to  the  linear  term of  this 
expansion, giving  the correction of  the  first order  in  /x co   to 
A(t) in the electric dipole approximation, which, in the case of 
long-wavelength  laser  radiation,  is  sufficient  to  adequately 
take into account the effect of the magnetic field [20]); in the 
case of a laser pulse linearly polarised along the x axis, which 
propagates in the direction of the z axis, the correction to the 
action has the form 
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pst(t, t)  is  a  stationary  canonical momentum of  an  electron, 
corresponding to the trajectory starting in the nucleus at an 
instant t – t and ending in it at the instant t, with the compo-
nents 
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Integrand  factors  dx( pst(t, t)  –  A(t  –  t))E(t  –  t)  and 
dx

*( pst(t, t) – A(t)) in expression (3) for the alternating dipole 
moment define, respectively, the amplitudes of the transition 
probabilities  from  the ground  state  to  the  continuum at an 
instant t – t and from the continuum to the ground state at an 
instant t. Account for the depletion of the ground state of the 
atom is reduced to multiplication of these amplitudes by the 
amplitude of the ground state at instants t – t and t. The latter 
can be calculated as 

( )
( )

exp da t
W t

t
2

t

0
= -

l
l; Ey , 

where W(t)  is  the  instantaneous  ionisation rate of an atom. 
As an expression for W(t), we use the expression for the static 
field-induced  tunnelling  ionisation  rate  of  atoms,  corrected 
for the barrier-suppression regime, proposed in [32]: 
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where Cl
2 is a numerical coefficient, which is determined from 

the condition of normalisation of the wave function; and Z is 
the effective nuclear charge. The second exponential factor in 
(9) is necessary for an adequate description of the ionisation 
rate  in  the barrier-suppression  regime: without  it, as  is well 
known [32, 33], the ionisation rate at large E (of interest in our 
study) is grossly overestimated. 

Expression (3) clearly shows that each of the effects dis-
cussed here can be independently included or excluded from 
the calculation by inclusion or exclusion of the relevant cor-
rection factors. 

3. Results of calculations 

Below we present the results of calculations obtained by using 
the  developed  analytical  theory.  In  all  calculations  the  laser 
field was specified in the form of a Gaussian pulse with FWHM 
equal to six field cycles; the calculations were performed for a 
helium atom in a single-active-electron approximation. 

The calculations show that for a given atomic target the 
dominant mechanism  limiting  the  spectral HHG width and 
efficiency  of  the  harmonic  generation  depends  on  the  laser 
radiation  wavelength  l.  Figure  1  shows  the  HHG  spectra 
obtained in atomic helium under conditions corresponding to 
the broadest possible spectrum of the generated radiation at 
different l. 

Spectra for l = 2 mm, I = 3.7 ´ 1015 W cm–2 (black curve 
in Fig. 1a) and l = 3.9 mm, I = 2.35 ´ 1015 W cm–2 (Fig. 1b) 
have the form of steps. The occurrence of these steps is due to 
the fact that in these examples, the peak intensity of the laser 
pulse is several times higher than the value corresponding to 
ionisation  saturation of helium atoms;  therefore,  ionisation 
occurs at the leading edge of the pulse. Owing to the ionisa-
tion, the population of the ground atomic state on each half 
cycle of the laser field decreases, and consequently, the inten-
sity of the generated harmonics decreases as well. At the same 
time, as the amplitude of the laser field at the leading edge of 
the pulse increases, the emission spectrum generated in colli-
sions  of  electrons with  the  parent  ions  broadens with  each 
subsequent  half-cycle  of  the  field.  As  a  result,  a  harmonic 
spectrum  is  formed  with  an  intensity  distribution,  qualita-
tively different from the case of weak ionisation [for compari-
son Fig. 1a shows the HHG spectrum (gray curve), calculated 
by neglecting the depletion of the ground state and the influ-
ence of the magnetic field]. In the presence of strong ionisa-
tion, the harmonic spectrum shown in Fig. 1b is a set of pla-
teaus  with  cutoff  energies  corresponding  to  the  maximum 
energies of the electron returning to the parent ion for the cor-
responding half-cycles  of  oscillations  of  the  electric  field of 
the  laser pulse;  the average yield of harmonics within  these 
areas is reduced with increasing cutoff energy. With a further 
increase in the peak intensity of the laser pulse the width of 
the harmonic spectrum ceases to increase, and the yield of the 
generated  harmonics  decreases.  In  the  cases  presented  in 
Figs  1a and 1b, the magnetic field also leads to a decrease in 
the intensity of the generated harmonics (by tens of percent 
for l = 2 mm and by several times for l = 3.9 mm), but due to 
the depletion of the ground state the HHG efficiency is many 
orders of magnitude smaller than when only the effect of the 
magnetic field is taken into account. 
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Calculations for the wavelengths l = 8 and 10.6 mm show 
that in the case of long-wavelength pumping, the relative role 
of  the  factors  suppressing  the  HHG  changes  dramatically. 
This, in particular, is evidenced by the HHG spectra, which 
change  in  comparison  with  the  case  of  short-wavelength 
pumping: the spectra in Figs 1c and 1d, instead of plateau-like 
structures with sharp cutoffs, exhibit smooth arc-like distri-
butions that are typical of a situation when the magnetic drift 
plays a significant role in the dynamics of the electron [25, 29]. 
The  occurrence  of  such  distributions  is  associated with  the 
consequent effect of suppression of  the contributions of so-
called long trajectories to the high-frequency response of the 
system in a strong field (see below). 

The  increasing role of the effects at  large l, which are 
caused by the influence of the magnetic field, becomes even 
more  obvious  if we  consider Figs  2  and  3  demonstrating 
the dependence of the HHG yield on the laser intensity for 
the helium atom irradiated by  the  laser pulse  ( l  =  8  mm). 
Figure  2  shows  the  dependences  of  the  integral  HHG 
energy in the high-frequency region of the spectrum on the 
laser  intensity,  calculated  in  different  approximations 
(without account for the depletion of the ground state and 
the  influence  of  the magnetic  field,  with  account  for  the 
depletion of  the  ground  state, with  account  for  the mag-
netic field and with account for both the depletion of the 
ground state and the magnetic field). Integration was car-
ried  out  over  harmonics  with  photon  energies  greater 
than  Ip + 0.1D, where D = 3.17Up  is  the plateau width. 
These dependences indicate that at l = 8 mm the magnetic 
field exerts a strong influence on the dynamics of the elec-
tron at an intensity corresponding to the ionisation thresh-
old of helium atoms, and throughout the range of intensi-
ties, this effect is dominant in suppressing the HHG. While 
taking into account only the depletion of the atomic levels, 
the  laser  radiation  intensity  corresponding  to  the  HHG 
saturation  is  ~9  ´  1014  W  cm–2,  and  the  HHG  yield 
decreases  only  several-fold,  whereas  the  account  for  the 
influence  of  the magnetic  field  leads  to  the  fact  that  the 
saturating intensity decreases down to 7  ́   1014  W cm–2 and 
the HHG yield – by more than two orders of magnitude. 
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Figure 1. HHG spectra for the helium atom in the field of laser pulses 
(pulses with a Gaussian profile and FWHM 6T, where T  is  the  laser 
field cycle) with different centre radiation wavelengths and peak inten-
sities: (a) l = 2 mm, I = 3.7 ´ 1015 W cm–2, (b) l = 3.9 mm, I = 2.35 ´ 
1015 W cm–2, (c) l = 8 mm, I = 1015 W cm–2 and (d) l = 10.6 mm, I = 5.5 
´ 1014 W cm–2. Gray curves represent the results of calculations in the 
framework of Lewenstein’s theory without account for the limiting fac-
tors. 
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depletion of the ground state and the magnetic field (  ). 
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More detailed information about the relative role of the 
factors of HHG suppression (Fig. 3) is given by the ‘contour 
maps’ that show, as in Fig. 2, the dependences of the HHG 
yield on the peak laser intensity, calculated in various approx-
imations;  in  contrast  to  Fig.  2,  these  dependences  are  pre-
sented  in Fig.  3 with  a  resolution over  the  spectrum of  the 
generated high harmonics. 

According to Fig. 3a, the calculations in the framework of 
Lewenstein’s theory without account for the limiting factors 
give a monotonic increase in the HHG yield with increasing 
intensity I; the HHG spectra have a plateau-like shape with a 
cutoff energy linearly increasing in accordance with the uni-
versal expression (2). 

The depletion of the ground state, taken into account in 
the calculations whose results are shown in Fig. 3b, leads to a 
monotonic decrease in the HHG yield with increasing I, start-
ing with some intensity at which the ionisation rate reaches a 
critical value (see also Fig. 2). The efficiency of generation of 
high harmonics decreases with increasing their order, which 
finally leads to a limitation in the spectral width of the gener-
ated harmonics (see Fig. 3b at large I ). 

The  electron magnetic  drift,  taken  into  account  in  the 
calculations the results of which are shown in Fig. 3c, leads, 
as noted above, to the formation of the arc-shaped intensity 
distribution in the HHG spectrum: in the entire range of the 
intensities under  study,  the HHG yield has a maximum  in 
the central region of the spectrum, while both the lower- and 
higher-order  harmonics  are  strongly  suppressed.  This 
change in the HHG spectrum is due to the fact that the con-
tributions  of  different  types  of  electron  trajectories  to  the 
polarisation  response  of  the  system  turn  out  to  be  sup-
pressed to a variable degree because of the electron magnetic 
drift [29]. In the absence of the magnetic drift the HHG sig-
nal contains contributions of short (with the time of the elec-
tron motion from the moment of detachment to the moment 
of  the  return  to  the parent  ion, t <  0.65T, where T  is  the 
laser field cycle) and long (t ³ 0.65T ) electron trajectories; 
coherent summation of the contributions of these trajecto-
ries  leads  to  the  formation of  the plateau-like distribution 
with a clearly pronounced high-frequency cutoff and spec-
tral  interference  (see,  e.g.,  gray  curves  in  Fig.  1).  At  high 
intensities I,  corresponding  to  the  subrelativistic  regime of 
interaction of the electron with the laser field, the electrons 
experience a magnetic drift, and for trajectories with large t 
this drift is greater; hence, at sufficiently large I the contri-
butions of long trajectories are completely suppressed, and 
contributions of short trajectories are suppressed partially. 
As a result, the spectrum acquires an arc-like shape (Figs 1c 
and 1d), and the spectral interference of contributions from 
different  trajectories  disappears,  except  for  the  low-fre-
quency region. With increasing laser radiation intensity the 
maximum of the HHG spectrum shifts towards higher ener-
gies; however, starting with some value of I, the HHG yield 
decreases with increasing I and the broadening of the spec-
trum of high-order harmonics slows down. 

The  calculations,  the  results  of  which  are  shown  in 
Fig. 3d, demonstrate the effect of both limiting factors. In the 
case of atomic helium, in the radiation field with l = 8 mm at 
relatively low laser intensities (from the ionisation threshold 
to about I = 7 ´ 1014 W cm–2) the behaviour of the HHG spec-
trum is primarily determined by the influence of the electron 
magnetic drift; in this region the spectra in Figs 3c and 3d are 
practically  identical; position of  the maximum of  the HHG 
spectrum at I = 7 ´ 1014 W cm–2 corresponds to about 10 keV. 
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Figure 3. HHG spectra for the helium atom in the radiation field with 
l = 8 mm vs. the peak intensity of a laser pulse, calculated without ac-
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state and the magnetic field (d) (J is the spectral intensity). 
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At higher I, however, the depletion of the ground state begins 
resulting in a rapid decrease in the HHG yield with increasing 
I (see also Fig. 2), and the width of the spectrum is limited by 
the value ~18 keV. 

The  above-mentioned  information  about  the  contribu-
tions of different  electron  trajectories  to  the HHG signal  is 
graphically illustrated in Fig. 4 by the signal spectrograms for 
helium atoms in the field of the laser pulse ( l = 8 mm, I = 1.2 
´  1015 W  cm–2).  Presented  are  the  time  dependences  of  the 
squares  of  the  coefficients  of  the  wavelet-transform  of  the 
HHG signal; the wavelet analysis was performed by the ana-
lysing function 

( ) ( ( ))T t t tt 00 W F W= -W , 

where  as  the  mother  wavelet  use  was  made  of  the Morlet 
wavelet 

( ) ( )exp expi1
2 2

2

h
t

h
t
h

F = -
u u

e o

(see, e.g., [34]); t0 and W are the variables used respectively 
for  shifting  and  scaling  the wavelet-transform window;  in 
selecting the parameter  tu  equal to 5 / ln2 2p  » 13.34, the 
full  width  of  the  analysing  function  at  half-maximum  is 
equal to five cycles of the laser field. We present the results 
of the analysis of the HHG signal calculated in the electric 
dipole approximation and beyond it. In the absence of the 

electron magnetic drift (electric dipole approximation, Fig. 
4a) the HHG signal, as noted above, contains the contribu-
tions of different types of trajectories, short trajectories cor-
responding  to  high-frequency  components  with  a  positive 
chirp, long (0.65T £ t £ T ) – to high-frequency components 
with a negative chirp and even longer (t > T ) – to low-fre-
quency components with a positive or negative chirp. Due to 
the influence of the magnetic drift (calculations beyond the 
electric dipole approximation, Fig. 4b), the contributions of 
all long trajectories are completely suppressed, and of short 
ones –  in part  (the most  intense  is  the signal  in  the energy 
range ~12 keV, which  is  consistent with Fig. 3d).  In both 
cases one can see in Fig. 4 the effect of the depletion of the 
ground state, which manifests itself in a gradual weakening 
of  the  signal  over  time,  resulting  in  asymmetrical  spectro-
grams. 

Figures 1d, 5 and 6 show the results of the same analysis 
for laser radiation with l = 10.6 mm. In general, they are simi-
lar to the results for l = 8 mm. It should be noted, however, 
that at l = 10.6 mm the  restrictions on both  the HHG effi-
ciency and the width of the HHG spectrum are almost entirely 
determined by the electron magnetic drift. This, in particular, 
is evidenced by the fact that even at I = 2 ́  1014 W cm–2, which 
is only slightly above the ionisation threshold of helium, the 
contributions  of  long  trajectories  to  the  HHG  signal  are 
strongly  suppressed  in comparison with  the contribution of 
short trajectories (see Fig. 6a). The maximum HHG efficiency 
is  achieved  at  I »  5.5 ´  1014 W  cm–2  (Fig.  5);  the  photon 
energy corresponding to this maximum is ~12 keV (see also 
Fig. 1d). It is important to note that under these optimal con-
ditions,  the degree of  ionisation of  the medium  is not high, 
which is important from the point of view of implementation 
of  the  phase-matching  conditions  [16,  17]  to  obtain  ultra-
bright HHG radiation in an extended medium. Even when I = 
7.5 ´ 1014 W cm–2, the depletion of the ground atomic state 
is  negligible.  This  is  confirmed  by  the  symmetry  of  the 
spectrogram in Fig. 6b: The HHG signal generated at the 
trailing  edge  of  the  laser  pulse  is  not  weaker  than  at  its 
leading edge. 

4. Conclusions 

Theoretical calculations carried out in this paper allow us to 
elucidate the role of the factors associated with the depletion 
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of atomic levels of the working medium and the influence of 
the magnetic field of the laser pulse during the HHG of mid-
IR  laser radiation  in neutral gases and to draw conclusions 
about the maximum achievable energy of photons generated 
under these conditions. The relative role of the limiting fac-
tors is to a large extent determined by the wavelength of the 
laser radiation. When helium atoms are irradiated by intense 
femtosecond  pulses with  a  centre wavelength  of  l  =  2 – 3.9 
mm,  the  main  limiting  effect  is  the  depletion  of  the  bound 
states,  while  in  the  case  of  long-wavelength  radiation  (l  = 
8 – 10.6 mm), the main factor of the HHG suppression is the 
influence of  the magnetic  field of  the  laser radiation. In the 
latter case we should expect the HHG with photon energies 
up to 20 keV with a maximum efficiency at a radiation inten-
sity of (5 – 7) ´ 1014 W cm–2, the energy of the most effectively 
generated photons reaching 10 – 12 keV. Results of the study 
are interesting from the standpoint of clarifying the prospects 
for creating compact sources of ultrashort pulses of coherent 
hard X-rays  that  can  compete with  large-scale  synchrotron 
sources.
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Figure 6. Same as in Fig. 4b, but for l = 10.6 mm and I = (a) 2 ́  1014 and 
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