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Abstract.  The use of clusters of polyatomic molecules with a rela-
tively low ionisation energy (~10 eV) is proposed for the efficient 
production of X-ray radiation. We have observed for the first time 
the generation of characteristic X-ray radiation due to L transi-
tions in iodine atoms under the high-intensity femtosecond laser 
irradiation of molecular CF3I clusters, which were a small admix-
ture to Ar carrier gas. The X-ray conversion efficiency amounts to 
~10–6 (for a yield of ~107 photons per pulse), which is an order of 
magnitude higher than the efficiency we obtained in the case of 
argon clusters under comparable conditions. 

Keywords: femtosecond laser, molecular clusters, characteristic 
X-ray radiation. 

1. Introduction

In recent years, the generation of hard (above 2 keV) charac-
teristic X-ray radiation arising from the interaction of high-
intensity (I > 1015 W cm–2) femtosecond laser radiation with 
cluster targets has been the subject of vigorous investigations 
[1, 2]. The characteristic X-ray radiation of cluster nanoplas-
mas  in  the 2 – 4-keV  range may be used  in  radiography  [3], 
because  the  radiation  of  cluster  nanoplasmas  has  a  higher 
contrast in comparison with the X-ray radiation of high-tem-
perature plasmas of solid-state  targets. The X-ray radiation 
yield increases with increasing intensity and contrast of laser 
radiation as well as with increasing cluster size [4]. 

One method of producing  large clusters  for  the efficient 
production of characteristic X-ray radiation involves the use 
of a mixture consisting of a clustering molecular gas (CO2 [5], 
SF6  [6])  and  an  atomic,  relatively  light  carrier  gas  with  a 
higher density. In this case, owing to the high heat capacity of 
the polyatomic molecules, which is due to the large number of 
their  low-lying  vibrational – rotational  levels  and  their  high 

heat  of  condensation,  the  use  of  carrier-gas  atoms  permits 
realising  efficient  thermalisation  of  the  molecules,  thereby 
fostering  their  higher-efficiency  clusterisation.  It  is  evident 
that the X-ray conversion efficiency also depends strongly on 
the  electron  density  resulting  from  the  initial  ionisation  of 
clusters by  laser radiation. One would therefore expect  that 
the  electron  nanoplasma  density  for  the  clusters  of  poly-
atomic molecules with a relatively low ionisation energy will 
be significantly higher than for atomic clusters of similar size 
usually used in experiments. Therefore, when the intensity at 
the leading edge of a laser pulse reaches the threshold inten-
sity for the first ionisation potential, an elementary molecular 
cell defined by the Wigner – Seitz radius will contain signifi-
cantly more electrons than an atomic one. The generation of 
characteristic  X-ray  radiation  in  the  energy  range  above  2 
keV induced by the interaction of femtosecond laser radiation 
with large molecular clusters has heretofore been studied only 
by the example of the processes involving K transitions in sul-
phur atoms (SF6 clusters [6]). 

In the present work we report the first-ever production of 
characteristic  iodine L-shell X-rays  generated  under  excita-
tion  of  large  CF3I  clusters  by  femtosecond  laser  radiation 
with  an  intensity  I £ 1016 W cm–2. The  choice  of  the CF3I 
molecular  gas  is  underlain  by  the  relatively  low  ionisation 
potential  (~10 eV) of  these molecules and  the circumstance 
that the energy of the characteristic X-ray lines is near 4 keV 
(4 keV for the La line and 4.2 keV for the Lb line). The char-
acteristic K line of argon corresponds to an energy of ~3 keV. 
That  is why  the X-ray yield data  in  the  interaction of  laser 
radiation with Argon clusters are conveniently used as refer-
ence data  in  the  execution of  comparison  experiments. The 
authors of Ref. [7] observed the clustering of CF3I molecules 
mixed with Ar in the 1:15 ratio for a total stagnation pressure 
of ~0.5 atm of a pulsed gas valve. Large molecular clusters 
would be expected to emerge in the higher-pressure gas mix-
ture of  this  composition  in  the gas-dynamic  expansion  into 
vacuum. And this will also favour the efficient production of 
characteristic X-ray radiation. 

In our experiments we used Ti : sapphire laser radiation [l 
. 810 nm,  tmin = 60 fs, W ~ 5 mJ, nanosecond energy contrast 
ratio ~106, 1-cm beam diameter), which was focused with a 
lens with a focal  length f = 20 cm into a gas-cluster  jet at a 
distance of 2 mm from the nozzle exit section. X-ray spectra 
were  detected  using  an  Amptek  silicon  pin  diode  with  an 
energy resolution of ~200 eV. An X-ray photomultiplier tube 
was employed to measure the integral yield of X-ray photons 
with energies higher than 2 keV. The clusters were produced 
in the supersonic gas expansion through a conical nozzle  in 
vacuum. The facility was described at length in Ref. [6]. The 
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clusterisation of the gas was controlled by the Rayleigh scat-
tering of the second harmonic of Q-switched Nd : YAG laser 
radiation. 

Figure 1  shows  the  intensity of Rayleigh  scattering as a 
function of stagnation gas pressure in the pulsed valve. These 
dependences  are  approximated  by  power  functions  with 
exponents equal to 3.2 (for the CF3I – Ar mixture) and 3 (for 
Ar),  which  testifies  to  efficient  clustering  [8]. However,  the 
intensity  of  Rayleigh  scattering  by  CF3I  clusters  in  the 
CF3I – Ar mixture  is much  stronger  than  the  corresponding 
intensity in pure argon. Since the intensity of Rayleigh scat-
tering rises with increasing cluster size and density, and since 
the density of substance being clustered in mixtures is approx-
imately  one  order  of  magnitude  lower  than  in  argon,  the 
resultant molecular clusters, as expected, are bigger than the 
argon ones. Estimates made by Hagena  formula  [8]  suggest 
that the size of the argon clusters is ~30 nm for comparable 
pressures. We  found  that  the  highest  X-ray  yield  both  for 
CF3I  and Ar  clusters was  achieved  for  a  positively  chirped 
laser pulse of about 300 fs focused at the front edge of the gas-
cluster jet. To the laser radiation with a pulse duration of 300 
fs there corresponded a radiation intensity of 2 ́  1015 W cm–2 
in a vacuum. 

Figure 2 shows the X-ray spectrum of CF3I cluster emis-
sion.  Low-energy  spectral  components  were  suppressed  by 
100-mm thick beryllium and 22-mm thick aluminium filter sets 
as well  as by an air  layer  (8  cm). An approximation of  the 
high-energy bremsstrahlung component with an exponential 
dependence permits the average electron energy in the cluster 
nanoplasma to be roughly estimated at ~1.2 keV. The con-
trast  ratio  (the  ratio between  the number of photons at  the 
peak of the characteristic X-ray spectrum and the number of 
bremsstrahlung  photons  in  this  spectral  range)  is  equal  to 
~10. The X-ray conversion efficiency amounts to ~10–6 (for a 
yield of ~107 photons per pulse), which is an order of magni-
tude  higher  than  the  efficiency  we  obtained  in  the  case  of 
argon clusters. 
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Figure 1. Intensity S of Rayleigh scattering in CF3I – Ar ( 1 ) and Ar ( 2 ) 
cluster-gas jets as a function of stagnation gas pressure p in the valve. 
The curves are approximated by power laws.
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Figure 2. X-ray spectrum for CF3I clusters.


