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Abstract.  We have performed experiments on the generation of rela-
tivistic electron beams in helium gas jets (electron density ~1020  cm–3) 
using a femtosecond Ti : sapphire laser. Electron beams with a total 
charge of 0.2 – 0.5 nC, a maximum electron energy of up to 60 MeV, 
and a divergence of up to 300 mrad are recorded. The generated elec-
tron beams are converted into bremsstrahlung X-rays using a Ta 
plate 2 mm thick. The average dose of bremsstrahlung radiation in 
the air at a distance of 1 m from the source was 5.4 ±1.7 mrad per 
pulse. The emitting region size measured by the blurriness of the 
X-ray image is about 650 mm (FWHM).

Keywords: laser-plasma acceleration, dense gas jets, relativistic 
electrons, bremsstrahlung X-ray radiation, radiography.

1. Introduction

Laser-plasma  electron  beam  accelerators  are  attractive 
sources of bremsstrahlung X-rays (BXRs) with unique char-
acteristics: high quantum energy (tens of MeV), short pulse 
duration (units of ps), and small size of the emitting region 
(hundreds of microns) [1, 2]. The disadvantage that prevents 
the  widespread  practical  application  of  such  sources  in 
pulsed radiography is the small number of accelerated elec-
trons.

Recently,  significant  progress  has  been  made  in  laser-
plasma generation of electron beams in low-density gas tar-
gets (ne ~ 1018 cm–3); however, the total charge of the beams 
accelerated in such targets does not exceed several tens of pC 
[3,  4]. One of  the ways  to  increase  the number of  electrons 
accelerated in a laser plasma is to increase its density [5, 6].

In this work, we experimentally investigate the generation 
of accelerated electron beams during the interaction of high-
intensity ultrashort laser pulses with high-density gas targets 
(up to 2 ́  1020 cm–3). The characteristics of the generated elec-
tron beams (energy spectrum, total charge, and angular diver-
gence) are studied under various conditions of gas target irra-
diation (jet density and focusing sharpness).

The generated electron beams were converted into BXR 
flashes using a tantalum converter. The X-ray source param-

eters that are important for applications in the field of radiog-
raphy are determined: the source yield, its spectrum, and the 
emitting region size.

2. Experimental

Experiments on the generation of relativistic electron beams 
from  dense  gas  jets  were  carried  out  using  a  femtosecond 
Ti : sapphire laser with a centre laser wavelength llas = 800 nm, 
pulse duration tlas = 25 fs, and energy Elas up to 2.5 J. A lin-
early  polarised  laser  beam with  an  aperture  of  80 mm was 
focused by an off-axis parabolic mirror with a relative aper-
ture of  1:10. The beam diameter  2r0  in  the  focal plane was 
14.8 mm (FWHM), and 50 % of the incoming energy was con-
centrated inside this region. The laser radiation intensity dur-
ing the experiments was (1 – 3) ´ 1019 W cm–2.

As a target in our experiments, we used He jets emitted by 
an aluminium conical nozzle with an outlet channel of Æ1 mm 
and a critical diameter of 0.45 mm [7]. The  laser beam was 
focused onto the gas target using an auxiliary solid-state tar-
get, which, when adjusted, was brought to the front geometric 
edge of the nozzle outlet. The pulsed gas supply to the nozzle 
channel was performed using a high-speed Parker Hannifin 
gas valve as part of the target assembly. The gas density in the 
jet was determined by the pressure in the gas supply system, 
which was regulated in the range of 10 – 60 atm.

The  spatial  distribution  of molecular  density  in  gas  jets 
was measured  in a vacuum chamber using a pulsed Mach –
Zehnder  interferometer  [8]. A  laser source with l = 532 nm 
and t = 7 ns was used in the measurements. To simplify the 
measurements, we used Ar  as  a working  gas,  the  refractive 
index of which is several times higher than that of He. Since 
Ar  and He  are monoatomic  gases  with  the  same  adiabatic 
exponent  ( g = 5/3),  the molecular density profiles  in  the  jet 
will be similar when these gases are used. The spatial distribu-
tion of the refractive index was reconstructed using the Abel 
convolution  [9]  under  the  assumption of  axial  symmetry of 
the gas jet. Figure 1a shows an example of the reconstructed 
electron density distribution  in a  jet  for He at a pressure of 
45 atm (recalculated according to Ar data). The correspond-
ing density profiles of the gas jet, measured at various heights 
z from the nozzle cutoff, are shown in Fig. 1 b. It can be seen 
that the density profile at z = 1 mm (the height of the  laser 
beam  focusing  in  the  experiments)  is  dome-shaped  with  a 
front of ~530 mm (at a level from 0.1 to 0.9). According to the 
results of measurements,  the  electron density on  the gas  jet 
axis  in  the  experiments  could vary  in  the  range  (0.4 – 2.2) ´ 
1020 cm–3.

The scheme of experiments on measuring the parameters 
of electron beams generated by the interaction of ultrashort 
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laser pulses with gas jets is shown in Fig. 2. The energy distri-
bution of accelerated electrons was measured using a scintilla-
tion spectrometer with plane-parallel magnets (NdFeB). The 
spectrometer of electrons was placed at a distance of 72 mm 
from  the  gas  target  along  the  laser  beam propagation  axis. 
The magnetic field in the gap between the magnets was 0.77 ±  
0.04 T. An electron beam deflected in the magnetic field was 
directed  onto  a  thin  Gd2O2S : Tb  (Kodak  Lanex  Regular) 
scintillation screen. To protect  the screen from the effect of 
laser radiation passing in the forward direction, a Ti foil with 
a thickness of 50 mm was installed in front of the screen. Due 
to the small thickness of the scintillation screen, its sensitivity 
to electrons with energies from 1 to 100 MeV is almost con-
stant [10, 11]. The scintillation screen glow caused by acceler-
ated electrons was recorded by a 16-bit CCD camera with a 
lens mounted in front of the camera. In the recording channel, 
optical  filters  SZS-21  and OS-11  [12] were used,  separating 
out radiation with a spectrum in the vicinity of 546 nm. To 
reduce  the noise when recording  images on  the  scintillation 
screen, the CCD camera was removed from the zone of direct 

exposure to a beam of relativistic electrons using a rotary Al 
mirror. The  spectrometer design made  it  possible  to  record 
electrons with  an  energy  of  12 MeV  and  higher.  The  spec-
trometer energy resolution was ~3 % for electron energies of 
20 MeV and ~24 % for energies of 100 MeV.

The angular divergence and total charge of the accelerated 
electron beams were measured from images obtained on the 
same scintillation  screen  in  the absence of a magnetic  field. 
The screen was located at a distance of 210 mm from the gas 
target; a 300-mm-thick Pb filter was installed in front of the 
screen, which cut off low-energy electrons with energies of up 
to several MeV [13] and served as a shield against direct inci-
dence of laser radiation onto the screen. The screen glow was 
recorded using the optical path of a magnetic electron spec-
trometer.

In addition, in the experiments, the glow of the interac-
tion  region of  laser  radiation with  a  gas  jet was  recorded. 
The images were recorded using a side-mounted 8-bit CCD 
camera (Fig. 2) in the spectral range of 0.38 – 0.42 mm, which 
was provided by  the  installation of SZS-21 and FS-7  light 
filters.

When  BXRs  were  generated  by  accelerated  electron 
beams, a flat Ta converter with a thickness of 2 mm was used 
in experiments (Fig. 3). The converter was placed behind the 
gas target at a distance of 2 mm from it. The generated brems-
strahlung  radiation  was  released  from  the  vacuum  target 
chamber through an Al-flange with a thickness of 16 mm. The 
energy  fluence  of  X-ray  radiation  emitted  in  the  forward 
direction (in a cone with an angular opening of ±2.5°) with-
out taking into account the re-scattered X-rays was measured 
with  an  SSDI-40  pulsed-current  scintillation  detector.  The 
detector’s sensitive volume (a Æ63 ´ 63 mm polystyrene cylin-
der) was located outside the vacuum chamber at a distance of 
400 cm from the tantalum converter.

To measure the transverse size of the BXR emitting region 
in experiments, a 200-mm-thick tungsten block was installed 
behind the Ta converter, one of the side surfaces of which had 
a curvature radius of 500 mm and was oriented tangentially to 
the laser beam axis (see Fig. 3). The block was an opaque bar-
rier for BXR quanta with energies up to several tens of MeV 
and was used to form a contrast difference in its intensity at 
the detector. Shadow X-ray images were recorded on photo-
stimulated  storage  phosphor  screens  (BAS-MS  imaging 
plates, Fuji), which were installed outside the target chamber 
at a distance of 150 cm from the converter. The transverse size 
of the emitting region was determined by the blurring of the 
shadow edge in the image.
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Figure 1. (Colour online) (a) Spatial distribution of electron density in 
the gas jet and (b) electron density profiles at various heights z from the 
nozzle cutoff (He, 45 atm).
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Figure 2. Scheme of experiments on laser-plasma acceleration of elec-
trons.
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3. Experimental results

3.1. Measurement of characteristics of accelerated electron beams

Figures 4 and 5 show the imprints of the generated electron 

beams on the scintillation screen, recorded in the absence of a 
magnetic field. At a gas pressure in the nozzle system up to 
10  atm  (ne ~  4  ´  1019  cm–3),  bright  spots  from  collimated 
beams with a divergence of ~10 mrad are observed against 
the  background  of  a  glow  caused  by  a  shapeless  beam  of 
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Figure 3. Scheme of experiments on generation of BXRs.

Figure 4. (Colour online) Imprints of electron beams on the scintillation screen in three subsequent pulses at a helium pressure of 10 atm in the gas 
nozzle system.

Figure 5. (Colour online) Imprints of electron beams on the scintillation screen in three subsequent pulses at a helium pressure of 60 atm in the gas 
nozzle system. A grid with an angular step of 100 mrad is applied to the images.
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greater divergence (Fig. 4). The angular instability of the col-
limated part of the beam reached 30 mrad from pulse to pulse.

As  the  gas  pressure  in  the  nozzle  system  increases  to 
60 atm (ne ~ 2.2 ´ 1020 cm–3), the glow brightness of the scin-
tillation screen increases (Fig. 5). The brightness distribution 
of  the  electron  beam  on  the  screen  has  an  inhomogeneous 
structure;  no  separate  collimated  beams  are  observed.  The 
angular size of the beam’s bright part, which contains more 
than 50 % of glow energy, reaches ~300 mrad.

An example of images of the glow of plasma channels in 
the region of laser radiation interaction with a helium jet in 
the  gas  supply  system  at  pressures  of  10  and  60  atm  is 
shown in Fig. 6. At high pressures, filamentation with the 
formation  of  multiple  plasma  channels  is  observed.  The 
bright,  inhomogeneous  glow  along  the  channel  is  inter-
rupted before  reaching  the gas  jet axis. At  low pressures, 
filamentation is not observed. The maximum glow bright-
ness  falls  on  the  gas  target  axis.  The  glow  images  of  the 
plasma channels are qualitatively consistent with the sizes 
of  the  imprints  of  electron  beams  on  the  scintillation 
screen: the angular opening of the beams increases during 
filamentation.

Since  the  sensitivity  of  the  used  scintillation  screen was 
nearly constant for electrons with energies above 1 MeV [10], 
the  brightness  of  the  imprints  on  the  scintillation  screen 
served as a measure of the electron beam charge Qbeam that 
caused this glow:

( , )d d
Q

I x y x y
,

beam
monitor

X Y

0

x=
y

,  (1)

where I(x, y)  is the beam image brightness at the point with 
spatial coordinates x and y; and xmonitor is the sensitivity of the 
image recording system.

Figure 7  shows  the  results of measurements of  the  total 
charge of electron beams (given per unit of laser pulse energy) 
generated  at  various  densities  of  the  gas  target.  With  an 
increase  in  the  jet  density,  a  proportional  increase  in  the 
charge  of  the  generated  beams  is  observed.  The maximum 
total  charge  of  the  beam measured  in  the  experiments was 
0.5 ± 0.1 nC. In this case, the displacement of the laser beam 
waist relative to the nominal position at a distance of up to 

800  mm  did  not  lead  to  a  significant  decrease  in  the  total 
charge of the beam.

Figure 8 shows the results of measurements of the spectra 
of  electron  beams  generated  in  experiments  at  various  gas 
pressures  in  the  nozzle  system.  Images  of  electron  beams 
deflected in a magnetic field, obtained using a magnetic scin-
tillation spectrometer, are shown in Fig. 8a. Figure 8b shows 
the  energy  spectra  of  electron  beams  accelerated  in  experi-
ments with gas jets of various densities. All recorded electron 
beam  spectra  are  exponential.  Electron  spectra  [dNe /dE ~ 
exp(–E/Te)] with a temperature Te from 2.7 to 7.4 MeV were 
observed.

With an increase in the gas pressure in the nozzle system 
from 10  to  60  atm,  the maximum  recorded  electron  energy 
monotonically decreased from 60 to 20 MeV (Fig. 8c).

It should be noted that  in experiments conducted at gas 
pressures  less  than 30 atm, accelerated electron beams with 
energy spectra covering the high-energy region (Fig. 8a) were 
not  recorded  by  a  magnetic  spectrometer  in  every  pulse. 
Apparently,  this  is  due  to  the  significant  instability  of  the 
beam’s angular directivity in this lasing regime. On the con-
trary, at a high gas pressure (more than 30 atm), the images of 
the deflected  electron beam were  reliably  recorded, and  the 
energy  spectra  of  the  electron beams were  characterised  by 
good stability. 

3.2. Measurement of BXR source characteristics

The energy flux of X-rays that has passed through the SSDI-
40 sensitive volume is related to the charge Qdet  taken from 
the detector as follows:

( ) ( )
d
d dQ k E
E
N w E E Edet

E

0

max

h F= =g
g

g g g gy ,  (2)

where Еg is the energy of quanta; dN/dЕg is the spectrum of 
quanta; w(Еg) is the absorption coefficient of radiation energy 
in the scintillator; k is the instrument constant; h(Еg) = kw(Еg) 
is the detector sensitivity; and
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is the radiation energy fluence.
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Figure 6. (Colour online) Photographs of  the  glow of  the  interaction 
region of a laser pulse with a gas helium target. The laser pulse propa-
gates from left to right: (a) p = 10 atm, Elas = 1.68 J; (b) p = 60 atm, 
Elas = 1.74 J. A spatial grid with a step of 400 mm is superimposed on the 
images.
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The detector sensitivity h was measured using a 60Co iso-
tope source only for quanta with an energy of Eg = 1.25 MeV. 
Therefore, when measuring the BXR energy fluence having 
a continuous spectrum, it is necessary to take into account 
the  coefficient w (Eg). For  the detector  in use,  the values of 

w (Eg) for quanta with energies of 0.1 and 1 MeV are no more 
than twofold different.

The BXR yield as a function of the gas pressure in the 
targets assembly system is shown in Fig. 9. With an increase 
in the gas jet density, it grows according to a close-to-expo-
nential  law.  The  gas  target  displacement  from  the  beam 
waist position by 400 – 800 mm led to a significant increase 
in  the  BXR  yield,  especially  at  a  low  jet  density.  This 
regime was  subsequently  chosen  as  the  optimal  one. The 
statistics of measurements of the BXR yield in the specified 
regime in a series of more than 70 shots with fixed param-
eters is shown in Fig. 10. The BXR yield was (7.1 ± 2.5) ´ 
109 MeV J–1 sr–1.

Measurements of the transverse size of the BXR emitting 
region were performed in a similar regime (see Fig. 3). Since 
the recording was carried using the photostimulated imaging 
plates, the measurements were only conducted in a few exper-
iments. Images from the detectors were read out with a spa-
tial resolution of 25 mm. The emitting region size was deter-
mined  by  the  width  of  the  line  spread  function  (FWHM) 
obtained  during  image  processing  with  allowance  for  the 
magnification factor determined by the recording geometry. 
Based  on  five  experiments,  the  source  size  amounted  to 
650 mm.
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Figure 8. (Colour online) Energy spectra of electron beams at various 
helium pressures:  (a) original  images,  (b) energy distributions of elec-
tron beams, and (c) dependence of the maximum recorded electron en-
ergy on the gas pressure.
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Figure 9. Specific (per unit of laser energy) BXR yield as a function of 
the helium pressure and focusing conditions: ( ) tight focusing and ( ) 
at a detuning of – 400 mm.

B
X

R
 y

ie
ld

/1
09  M

eV
 J

–1
 s

r–1

0 10

10

15

20 30 40 50 60 70

5

Shot number

Figure 10. X-ray yield in a series of experiments with fixed parameters: 
Elas = 2.06 ± 0.06 J, tlas = 27 fs, focusing detuning – 800 mm, and helium 
at a pressure of 60 ±  2.5 atm. The horizontal line indicates the average 
yield in the series, equal to (7.1 ± 2.5) ´ 109 MeV J–1 sr–1.
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4. Discussion of the results

The results of measurements of the characteristics of electron 
beams  accelerated  in  experiments  have  shown  that  they  all 
have  energy  spectra  of  the  form  dNe /dEe ~ Ee exp(–Ee /Te) 
with  an  effective  ‘temperature’  Te.  This  shape  of  electron 
spectra  is  typical of  the SM-LWFA regime  [14]  that occurs 
when  exposed  to  a  laser  pulse,  the  duration  tlas  of  which 
exceeds the period  /m n ep e e

2pt =  of plasma oscillations of 
the medium. In our experiments, the ratio tlas /tp varied in the 
range 1.6 – 3.5 (valid only for the axial region of the jet, where 
tp is minimal). Previously, a decrease in the maximum energy 
of accelerated electrons was already observed with an increase 
in the density of electrons in the medium during acceleration 
in the SM-LWFA regime [15]. 

Note that the experimentally observed decrease in the par-
ticle energy is accompanied by an increase in their number. In 
this  case,  the  laser  pulse  energy  conversion  into  electrons 
remains virtually unchanged and, regardless of the gas den-
sity, amounts to 0.2 % – 0.25 %. This effect can probably be 
explained  by  a  secondary  process:  After  depletion  of  the 
laser driver energy, the accelerated electrons themselves gen-
erate a plasma wave, into which, due to self-injection, new 
electrons are drawn from the periphery of the plasma chan-
nel. There is a transition from the laser wakefield accelera-
tion  (LWFA)  regime  to  the  so-called  plasma  wakefield 
acceleration (PWFA) regime  [16]. In this case,  the original 
electron  beam  loses  energy  to  maintain  the  plasma  wave, 
and this energy is partially transferred to electrons acceler-
ated in the PWFA regime [17].

The higher the plasma density, the earlier the depletion of 
the laser pulse energy and the transition to the PWFA stage 
occur. The place where the acceleration regimes change can 
be determined from experimental images of the gas jet by the 
cutoff position of the plasma glow at the frequency of the sec-
ond harmonic of laser radiation. Figure 11 shows the depen-
dence of the beam charge on the coordinate of the glow cutoff 
point relative to the jet axis Xd, according to which the earlier 
the PWFA stage starts, the more electrons are recorded in the 
experiment. Thus, the beam charge grows at the PWFA stage.

The energy distribution of BXR quanta generated in the 
converter under the action of an electron beam with an expo-
nential spectrum is well described by an analytical function of 
the form [1, 14, 18]

d
d
E
Ng  ~ expb E

T
T
E1 e

e
- + -c cm m

  expb
E
E

E
T

T
Ee

e

0
+ - - -c cm m,  (3)

where E0 is the maximum energy of electrons in the beam; and 
the constant b »  0.83. Using  the  shape of  the  spectrum (3) 
and the results of measuring the X-ray yield, the BXR spec-
trum on the rear side of the Ta converter was reconstructed 
(Fig. 12). When reconstructing the spectrum, the dependence 
of the SSDI detector sensitivity h on the quantum energy was 
taken into account (the detector was only calibrated for Eg =  
1.25 MeV):

( )
(1.25 )

( )
MeV

E
w

w E
h h=g

g (1.25 MeV).

The coefficients w(Eg) were calculated using the database [19].

The  average  BXR  dose  generated  at  a  distance  of  1 m 
from the source was 5.4 ± 1.7 mrad per pulse. The conversion 
of laser radiation energy into BXR energy (according to mea-
surements near the axial direction) is 1.1 ́  10–3 sr–1. In conclu-
sion,  we  note  that  the  SM-LWFA  and  DLA  acceleration 
regimes at betatron resonance are currently the most promis-
ing in terms of generating beams of accelerated electrons of 
moderate  energies  (tens  of MeV)  with  a  large  total  charge 
[20, 21].

5. Conclusions

Experiments on the generation of relativistic electron beams 
in dense helium jets have been performed using a femtosec-
ond  laser.  Accelerated  electron  beams  with  total  charge  of 
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Figure 11. Dependence of the electron beam’s total charge Qbeam on the 
coordinate of the abrupt termination point of the plasma channel glow 
relative to the  jet axis Xd (according to  images from the side camera) 
when focusing the laser pulse onto the gas jet edge (– 500 mm). The verti-
cal line shows the position of the gas target axes.

0 4 8 12 16 20
Quantum energy/MeV

Quantum energy/MeV

104

105

106

107 100 10110–1

108

109

1010

B
X

R
 s

p
ec

tr
u

m
/M

eV
 J

–1
 s

r–1

B
X

R
 s

p
ec

tr
u

m
/

M
eV

 J
–1

 s
r–1

0

1

2

3

Figure 12. Reconstructed BXR spectrum on the rear side of a 2-mm-
thick Ta converter (focusing with a detuning of – 800 mm, helium pres-
sure  is 60 atm). The  inset  shows  the  same  spectrum on a  linear  scale 
along the ordinate axis.
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0.2 – 0.5 nC (Ee > 4 MeV), exponential energy spectra with a 
maximum electron energy of up to 60 MeV and a divergence 
of up to 300 mrad have been recorded.

It is shown that with an increase in the gas jet density, an 
increase  in  the number of accelerated electrons  is observed, 
accompanied by a decrease in the particle energy.

When  converting  electron  beams  to  BXR,  the  average 
radiation dose recorded at a distance of 1 m from the source 
is 5.4 ± 1.7 mrad per pulse. The transverse size of the emitting 
region of the tantalum converter is determined from the X-ray 
image of an object with a large optical thickness and amounted 
to ~650 mm (FWHM).

It should be noted that the use of a gas target will allow 
implementation of pulse-periodic regimes of the source oper-
ation, which  is promising for solving problems of high-spa-
tial-resolution stationary radiography.
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