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Abstract.  Different regimes of electron acceleration from solid foils 
and low-density targets are investigated using three-dimensional 
numerical simulations. The size of the plasma corona is shown to be 
the main parameter characterising the temperature and number of 
hot electrons, which determine the yield of X-ray radiation and its 
hardness. Also studied is the generation of X-ray radiation by laser-
accelerated electrons, which bombard the converter target located 
behind the laser target. 

Keywords: femtosecond laser radiation, electron acceleration, X-ray 
radiation.

1. Introduction

Bright X-ray sources with radiating spot dimensions of several 
micrometres  are  in  great  demand  in  therapy, medical  diag-
nostics, biology, and materials  science. Similar sources may 
also be used for the strength bench test of microchips, which 
is important for improving the reliability of the components 
of  computer  systems  operating  in  space  and  safety  systems 
(inspection). 

Micrometre-sized  sources  of  laser-accelerated  electrons 
based on the interaction of high-intensity femtosecond laser 
pulses with different targets are perfectly suited for producing 
X-ray pulses either due to the electron radiation (for instance, 
betatron  radiation)  in  the  laser  target  itself  or  due  to  their 
conversion to continuous (bremsstrahlung) or linear (charac-
teristic) radiation in a converter target. 

X-ray sources with a moderate radiation penetration depth 
intended  for  inspecting  quasi-static  objects  might  be  made 
using  femtosecond  lasers with  a moderate  output  power  to 
provide  the  generation  of  photons  with  energies  of  several 
tens of kiloelectronvolts. However, a high laser-pulse repeti-
tion rate  is required  in  this case. Here,  the greatest promise 
is  shown by  a  phase  contrast  technique, which  has  already 
been  used  for  obtaining  microtomograms  of  a  biological 
sample [1]. Of indisputable interest is the more distant prospect 
of generating hard (~1 MeV) radiation pulses with a bright-

ness sufficient for producing images in one shot. The use of 
two-to-several of  such pulses with a  short  (pico- and nano-
second) time delay would make it possible to study fast pro-
cesses  occurring deep  in  a dense  substance  and would be  a 
diagnostic breakthrough in high energy density physics. 

The development of a commercial X-ray source based on 
a laser with a short pulse duration encounters the problem of 
low conversion  efficiency  to X-rays, which  is usually under 
10–4 for the multikiloelectronvolt energy range and is several 
orders of magnitude lower for the gamma-ray range (above 
100 keV). Naturally  its  improvement  involves  the quest  for 
the most efficient targets and interaction schemes with laser 
pulses. Discussed  in  this  connection  are massive  [2 – 4]  and 
thin [5] dense solid and liquid targets, gaseous [1] and cluster 
[6] media, micro- and nanostructured targets  [7, 8]. Another 
important factor involves the invention of interaction schemes 
that may be  realised, not only  theoretically but also practi-
cally, for lasers with a high pulse repetition rate. 

From the standpoint of laser-plasma interaction, efficient 
generation  of  X-ray  pulses  invites  maximising  the  number 
of accelerated electrons of prescribed energy required for the 
production  of  photons with  desired  energy.  Studied  in  our 
work are different targets (superthin solid foil, the like semi-
transparent foil, a thin film of a low-density material, a dense 
target with a preplasma) for determining the highest-efficiency 
targets for the purpose specified, even if not meeting the crite-
rion for technology reliability at this stage of investigations. 
Here, use  is made of  the same simple method of generating 
X-rays as in a microfocus X-ray tube, when a laser-accelerated 
electron beam bombards the target. For the sake of definite-
ness we consider the generation of hard X-ray (gamma ray) 
radiation in the range of hundreds of kiloelectronvolts. 

2. Electron acceleration from solid  
and low-density targets

The main task of simulations was the search for an optimal 
target  for  generating  an  electron  beam  directed  behind  the 
target. One might expect that the use of thin foils or low-den-
sity targets would be advantageous for accelerating electrons: 
our  previous  investigations  and  previous  investigations  of 
other groups suggest that it is these targets that provide the 
formation  of  an  efficient  virtual  cathode  for  the  forward-
generated electrons under the conditions of relativistic trans-
parency.  This  was  borne  out  by  efficient  ion  acceleration 
behind the target [9]. The target transmittance to laser radia-
tion is determined both by the electron density ne [targets with 
a density below the relativistic critical density, ne < a0 nc, where 
nc = w02me /(4pe2) and a0 = eE/(me w0c) is the dimensionless field 
amplitude E for laser radiation with a wavelength l = 2pc/w0, 
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are transparent to the light] and by the target thickness l (solid 
targets thinner than the relativistic skin layer thickness may 
also be transparent to light when l <~ la0 nc /(pne) [10]). Below 
we consider both cases and compare the electron spectra pro-
duced under pulsed laser irradiation of semitransparent and 
opaque targets. Furthermore, a study is made of electron gen-
eration from targets with a preplasma – the plasma corona, 
which emerges at the front target surface, because either the 
laser pulse is preceded, for technical reasons, by a relatively 
long (multipico- or nanosecond-long) low-intensity light signal 
(a prepulse) or an additional weak laser pulse is intentionally 
employed to control the parameters of this corona. 

The interaction of laser radiation with substance or plasma 
(depending  on  the  importance  of  including  ionisation)  was 
simulated with the fully relativistic three-dimensional particle-
in-cell Mandor  code  [11].  In  our  three-dimensional  simula-
tions, a linearly polarised laser pulse 30 fs in duration (with 
a Gaussian temporal intensity distribution) was focused to a 
4-mm sized focal spot with a Gaussian radial intensity distri-
bution on the front side of the target. The peak intensity of 
laser  radiation  was  equal  to  5 ́  1019 W  cm–2,  which  corre-
sponds to a laser pulse energy of 0.3 J and a0 = 6 for a wave-
length l = 1 mm. In all simulations the laser pulse was incident 
on the target along its normal. 

Initially, for a target we used a 10- or 20-nm-thick plasma 
layer consisting of fully ionised carbon ions and electrons. The 
ion density corresponded to the real solid density (~1 g cm–3, 
which  corresponded  to  an  electron density ne =  200 nc). To 
study  the  effect  of  ionisation  on  the  electron  acceleration, 
simulations were carried out with the inclusion of ionisation 
of a 10-nm-thick carbon target. Next, simulations were made 
with the inclusion of a preplasma at the front (irradiated) side 
of  the  target. The preplasma was modelled using  a  linearly 
growing electron density, which varied from zero to the elec-
tron critical density nc over a length of 4 to 10 mm. The thick-
ness of  the main  target was  equal  to 20 nm. We emphasise 
that the target thickness is unambiguously related to the gra-
dient of ne for the linear density profile under consideration; 
in this case, the gradient length and the target thickness coin-
cide to an order of magnitude. Additional simulations were 
made for a low-density plasma layer (also consisting of fully 
ionised  carbon  ions  and  electrons) with  an  electron density 
ne = 5 nc and a thickness of 0.2 – 0.9 mm. 

In our  three-dimensional  simulations, we employed grid 
steps of 0.01, 0.05, and 0.05 mm in x, y, and z axes, respec-
tively.  The  laser  pulse  was  polarised  along  the  z  axis  and 
propagated along the x axis. The total computational domain 
had the following dimensions: 25 mm in the longitudinal direc-
tion and 20 mm in both transverse dimensions. The simulation 
time was equal to 100 fs. 

The electron beam accelerated by the laser pulse is used in 
the second (converter) target for producing X-ray radiation. 
Since the second target is some distance away from the first 
one, it would be natural to take into account only those elec-
trons  which  fly  within  some  solid  angle  about  the  normal 
behind the  target;  the cone opening  is defined by the  trans-
verse  converter  size and  the  converter  separation. For defi-
niteness, the element of cone is assumed to make an angle of 
45° with  the  target  normal  (and with  the  direction  of  laser 
beam incidence). This ensures the delivery of all high-energy 
electrons to the second target if its transverse size exceeds the 
distance from the laser target. Therefore, recorded in our sim-
ulations was the spectrum of electrons emanating into a cone 
with a total opening angle of 90°. 

Figure 1 serves to illustrate the effect of the target thick-
ness on the spectra of electrons accelerated from a low-den-
sity target. We note that the number of hot electrons is little 
changed with target thickness variation from 0.6 to 0.2 mm, 
although decreasing  the  thickness  results  in an  insignificant 
increase  in  the  number  of  highest-energy  electrons  (with 
energies above 10 MeV) owing to a decrease  in the number 
of electrons with energies of 5 – 10 MeV. The targets of this 
thickness are partially transparent to the laser radiation. The 
partial  pulse  passage  through  the  target  provides  electron 
acceleration  from  the  entire  target  volume and  the  efficient 
ejection of the highest-energy electrons behind the laser target. 
Increasing  the  target  thickness  (up  to  0.9 mm)  has  the  fol-
lowing  effect:  when  the  electrons  are  ‘bunched  up’  by  the 
ponderomotive force of the laser pulse, due to the correspond-
ing increase in the electron density in the plasma of sufficient 
thickness it becomes opaque. This causes a decrease in energy 
and number of energetic electrons behind the target. 

Nonuniform plasma simulations suggest  that  the size of 
the  plasma  corona  exerts  the most  significant  influence  on 
electron acceleration (Fig. 2). A nearly total reflection of the 
laser pulse with a perfect contrast ratio from a uniform solid 
target does not result in the generation of a large number of 
hot  electrons  [curve  ( 2 )  in  Fig.  2].  Decreasing  the  target 
thickness to a size which make the target semitransparent for 
the laser light (to 10 nm) entails some increase in the number 
of hot electrons. The inclusion of ionisation affects only slightly 
on the spectrum of hot electrons and changes it insignificantly 
[compare  curves  ( 1 )  and  ( 6 )  in  Fig.  2].  About  the  same 
number of electrons emanates from a low-density target with a 
density of the order of the relativistic critical density [curve ( 3 )]. 
We note that it is precisely these two last-named targets (the 
solid semitransparent one and the target with a close-to-critical 
density)  that  are  optimal  for  ion  acceleration  [9].  But  elec-
trons are most efficiently accelerated from subcritical density. 
That  is why lowering the target density,  for  instance due to 
the emergence of a lengthy plasma corona at the target side 
under irradiation, entails a significant increase in the number 
of hot electrons. This is clearly seen in Fig. 2 [curves ( 4 ) and 
( 5 )], which shows  the electron spectra  for  the  target with a 
preplasma (the target itself is opaque for the laser radiation). 
In  this  case,  lengthening  the  preplasma  size  increases  the 
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Figure 1. Spectra  of  the  electrons  emanated  in  a  solid  angle with  an 
opening of 90° behind the target at the instant of simulation termina-
tion (t = 98 fs)  in the  irradiation of a  low-density target (ne = 5nc) of 
thickness ( 1 ) 0.2, ( 2 ) 0.4, ( 3 ) 0.6, and ( 4 ) 0.9 mm.
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number  and  temperature  of  hot  electrons.  This  growth  of 
electron acceleration efficiency is related to the good chan-
nelling of the laser pulse during its propagation through the 
subcritical  increasing-density  plasma  and  efficient  energy 
transfer of the laser beam to the energy of hot electrons accel-
erated behind its  front. The  latter  is achieved,  in particular, 
due to the development of plasma instabilities and stochastic 
electron heating in complex laser-plasma fields [12 – 15]. The 
electron generation efficiency would be expected to rise until 
the  laser beam is completely depleted  in the  lengthy plasma 
corona. 

3. Employment of accelerated electron beams 
for generating X-rays 

The  electron beams  accelerated  by  a  short  laser  pulse were 
used to generate X-ray radiation from the second target (con-
verter target) placed immediately behind the laser target. To 
analyse the resultant X-ray radiation, the electrons accelerated 
in  the  laser  target, whose  parameters were  calculated  using 
the Mandor three-dimensional simulation code, were used as 
input data  for  the GEANT-4 code  [16, 17]. The  function of 
converter detector was fulfilled by a tantalum foil of thickness 
16 mm  to  8 mm. The  choice  of  this  converter  is  typical  for 
obtaining  hard  X-ray  and  gamma-ray  radiation,  which  is 
justified due to a sufficiently high radiation yield, low residual 
radioactivity, optimal physicomechanical properties, and sim-
plicity of fabrication. The source of electrons incident on the 
converter  target was  assumed  to  be  point-like;  the  energies 
and  momenta  of  all  electrons  were  transferred  from  the 
Mandor code. The simulations were made for three cases of 
laser-accelerated electron generation: with the use of a uniform 
solid  laser  target  (with and without  the  inclusion of  ionisa-
tion) and the preplasma target. 

The outcome of our simulations was the radiation trans-
mitted  through  the detector and  the reflected radiation and 
their  angular  distributions.  Furthermore,  we  simulated  the 
transmitted and reflected electron fluxes. For a thick target, 
the main contribution to the secondary radiation spectrum is 
made  by  the  bremsstrahlung  rather  than  the  characteristic 

radiation.  This  is  clearly  seen  in  Fig.  3,  which  shows  the 
dependence  of  the  secondary X-ray  spectrum on  the  target 
thickness in the case when the electrons are accelerated in a 
10-nm-thick solid target. The number of photons with energies 
above 300 keV is greatest for a converter target of thickness 
800 mm. For X-ray radiation with energy ranging from tens 
of  electronvolts  to  300 keV  it  is  advantageous  to  employ  a 
120-mm  thick  converter  target. Thin  targets  (tens  of micro-
metres  in  thickness)  turn  out  to  be most  advantageous  for 
generating individual monoenergetic characteristic lines.

Qualitatively, the same dependence is also typical for the 
electrons accelerated in preplasma targets. However, their use 
leads  to  the  highest X-ray  energy  flux,  as  is  seen  in Fig.  4, 
which shows the X-ray spectra  for electrons accelerated  in 
different  laser  targets and  the  same converter  target.  In  the 
tantalum  target  irradiation,  the  number  of  photons  in  the 
domain of the spectrum maximum (200 – 400 keV) is approxi-
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Figure 2. Spectra  of  the  electrons  emanated  in  a  solid  angle with  an 
opening of 90° behind the target at the instant of simulation termina-
tion (t = 98 fs) in the irradiation of solid targets of thickness ( 1 ) 0.01 
and ( 2 ) 0.02 mm, a low-density (ne = 5nc) 0.4-mm thick target ( 3 ), as well 
as a 0.02-mm thick target with a preplasma with a density which linearly 
varies from zero to the critical density over a length of ( 4 ) 4 and ( 5 ) 10 mm. 
Curve ( 6 ) represents the simulation spectrum of electrons accelerated 
from a 0.01 mm target with the inclusion of ionisation.
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Figure 3. X-ray spectra from the converter target irradiated by the elec-
trons, which are accelerated in a solid semitransparent tantalum laser 
target of thickness ( 1 ) 16.5, ( 2 ) 120, and ( 3 ) 800 mm.
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Figure 4. X-ray spectra of an 800-mm thick converter target irradiated 
by the electrons accelerated in ( 1 ) a preplasma laser target as well as 
in ( 2 ) a low-density target and ( 3 ) a solid target with the inclusion of 
ionisation. 
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mately  six-to-seven  times  greater  with  the  use  of  electrons 
accelerated in target with a 10-mm-long preplasma than with 
the electrons accelerated in low-density or solid laser targets. 
For the energetic tail of the spectrum (energies above 1 MeV) 
this difference may range up to several orders of magnitude. 

The simulated X-ray radiation exhibits a slightly directional 
angular distribution. The X-ray energy flux  is characterised 
by a higher directionality in the irradiation of the converter 
target  by  the  electrons  accelerated  in  solid  and  low-density 
targets. The directionality  is also  improved on  lowering  the 
thickness of converter  target  (Fig. 5). The angular width of 
the energy flux of secondary radiation increases with increas-
ing thickness of the converter target as well as in the irradia-
tion of the converter target by the electrons accelerated in a 
preplasma laser target. The resultant angular distribution  is 
accounted for by the initial directionality of the electron beam 
accelerated in a laser target.

4. Conclusions

The acceleration of electrons in different targets irradiated by 
a short (30-fs long) laser pulse with an energy of 300 mJ was 
studied  by  three-dimensional  numerical  simulations.  It was 
shown  that  the  use  of  low-density  targets  with  an  electron 
density  ne »  5nc  or  semitransparent  solid  foils,  which  are 
optimal for ion acceleration, does not maximise the tempera-
ture and number of particles in the generated electron beams. 
By contrast, targets with a plasma corona are advantageous 
to employ. It was found that the number and energy of the 
accelerated  electrons  emanated behind  the  target  are  deter-
mined by the dimension of target preplasma and increase with 
its thickness, i.e. the laser-to-hot electrons energy conversion 
coefficient increases, as does the hard X-ray radiation yield. 

An important finding of our investigation is that going to 
a lengthy corona (10 mm) does not yet result in the saturation 
of this conversion coefficient and, hence,  the optimal target 
for X-ray generation corresponds to an even longer corona. 
Moreover, although our preliminary  simulations  (less accu-
rate) for preplasma dimensions of 20 and 30 mm showed some 
tendency for a lowering of the growth rate for the hot electron 

yield with increasing corona thickness, they did not correspond 
to the optimal preplasma dimension, which was supposedly 
longer than 30 mm. Three-dimensional simulations of electron 
acceleration  in  such  a  preplasma  requires  large  computa-
tional  resources  and  is  our  task  for  the  nearest  future. We 
emphasise that obviating this problem by way of two-dimen-
sional simulations leads to fallacious results, because it pro-
vides  an  incorrect  description of  laser  pulse propagation  in 
subcritical plasmas  [18].  In particular, because of erroneous 
description of the channelling of a laser pulse in two-dimensional 
simulations, its on-axis intensity may be several times lower in 
comparison with three-dimensional simulation data [19].

Therefore,  our  conclusion  that  the  highest  hard  X-ray 
yield would be expected from targets with a lengthy plasma 
corona gives hope for the high efficiency of a layered target 
consisting of a low-density substance and a metal substrate. 
In this case, the preplasma might be produced and controlled 
by a low-intensity nanosecond prepulse. At present, there exists 
a  technology  for  producing  low-density  (50 – 100 mg  cm–3) 
and highly homogeneous (with pore dimensions under 100 nm) 
films of nanocarbon tubes [20].

The characteristics of electron beams obtained in our three-
dimensional simulations were used to analyse the secondary 
X-ray radiation from a converter target. The electrons accel-
erated by a short  laser pulse with an energy of 300 mJ  in a 
target with a 10-mm-thick preplasma were shown to generate 
4 ́  109 X-ray photons with energies ranging from 100 keV to 
2 MeV in the irradiation of an 800-mm-thick tantalum target. 
The laser-to-hard X-ray energy conversion coefficient amounts 
to ~10–5, which is quite efficient for gamma-ray photons with 
energies of several hundred kiloelectronvolts. 
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