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Abstract. X-ray emission from laser generated plasma was studied at low (1010 W/cm2) and high (1018 
W/cm2) intensity using ns and fs laser, respectively. Plasma characteristics were controlled trough the laser 
parameters, the irradiation conditions and the target properties. The X-ray spectra were acquired using fast 
detection technique based on SiC diodes with different active regions. The X-ray yield increases with the 
atomic number of the target, both at low and high intensity, and a similar empirical law has been obtained. 
The X-ray emission mechanisms from plasma are correlated to the plasma temperature and density and to the 
Coulomb charge particle acceleration, due to the charge separation effects produced in the non-equilibrium 
plasma. Functional dependences, theoretical approaches and interpretation of possible mechanism will be 
presented and discussed. 

1 Introduction  
When a high intensity laser pulse (I = 1010-1018 W/cm2) is 
focused on the surface of a target placed in vacuum the 
generated plasma acts as source of photons, from IR to X-
rays regions, high energetic and thermal electrons and 
ions. So the possibility to obtain very compact X-rays 
source with high time and space resolution has given a 
great impulse in this research field. 
From the theoretical point of view the laser-matter 
interaction and the consequent X-rays production has 
been widely reported in literature [1]. There are three 
fundamental emission processes due to free-free, free-
bound and bound-bound electrons transitions. In the first 
case, the emission in a continuum spectrum is due to the 
interaction between electrons and the Coulomb potential 
of ions, the so called bremsstrahlung effect. The second 
process leads again to the emission of a continuum 
spectrum and is due to the re-combination phenomena 
through the passage between an initial free electron state 
to a bound electron state. The last mechanism produces 
line spectrum due to transition between discrete energy 
levels [2]. The ratio in which Bremmstrahlung or 
recombination phenomena occurs, is strongly influenced 
by the atomic number of the target. In particular, the ratio 
of the spectrally integrated recombination (Wr) and 
Bremsstrahlung (WB) intensities: 
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in which EH=13.6 eV is the Hydrogen ionization energy, 
Z is the atomic number and kBT is the plasma temperature. 
For low Z and/or high temperature plasmas, the 
Bremsstrahlung emission overcomes the recombination 
emission. Concerning the X-rays pulse duration, the 
overall emission is comparable with the laser pulse but 
changes according to the considered spectral range: the 
higher is the energy of the considered photons the shorter 
is the duration of the plasma emission. Finally the peak of 
X-ray emissivity is located in the plasma region which 
combines both high temperature and high electron 
density, typically just beyond the critical surface density. 

2 Experimental set-up  
The experiments were carried out using the so called time 
of flight technique (TOF) in which the radiations energy 
can be determined by the time to cross a known distance. 
The electronic chain is reported in Fig. 1a and consists in 
a fast storage oscilloscope (Tektronix TDS5104B, 5 Gs/s 
sampling rate) connected to the detector through a 
coupling capacitance C while the detector is biased 
independently via the resistance R. 
Choosing the appropriate values for R and C, which 
determine the decay constant of the electronics, it is 
possible to put in evidence the very fast component of the 
spectrum, essentially due to the prompt photon and 
electron emissions, or to the slow component due to ions 
detection. There are many advantages in the use of the 
TOF technique. First of all, it gives the possibility to  
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Fig. 1. Description of the TOF technique set-up a) and of the geometry of the SiC AZ 80 b) and SiC IAZ4 c) detector. 
 
monitor very well high particle flux, without any 
problems concerning pile-up effects. This technique gives 
also time information because it is based on the time of 
arrival of radiation to the detector. 
Finally it can be applied in a wide range of laser intensities 
and conditions. In fact the results presented in this work 
have been acquired using three lasers operating in Italy, in 
Czech Republic and in France: 

     ● Nd:YAG laser, 1064 nm, 3 ns, 1010 W/cm2 @ UniME; 
     ● Iodine laser, 1315 nm, 300 ps, 1016 W/cm2 @ PALS; 
     ● Ti Sapphire laser, 800 nm, 1018 W/cm2 @ CELIA. 

The disadvantage to use TOF approach for photon 
measurements consists in the photon energy evaluation 
which is not immediate. In fact, while the energy of the 
particles can be determined with high precision from their 
time of flight from the target to the detector, photons 
arrive almost instantaneously to the detector, travelling 
with a velocity c along limited flight distances of the order 
of 1 m. However, some estimation about the mean energy 
of photon can be done by using different absorbers placed 
in front of the detector, as described in [3]. The used 
detectors are based on Silicon Carbide (SiC) material. 
Thanks to the physical properties of this semiconductor, 
the detectors have a high temperature operability (up to 
1240 °C), fast response (900 cm2/Vs electron mobility and 
110 cm2/Vs holes mobility), and they can be used with 
high electrical field having a breakdown electric field of 
3 MV/cm. Moreover they have got peculiar characteristics 
to be employed in harsh environment such that which 
characterize the diagnostic of plasma generated by laser. 
SiC detectors have an high resistance to damage due to 
radiations thanks to the higher displacement energy (25 
eV) with respect to Silicon (13.5 eV). But the key point is 
the fact that because of the high value of the bandgap these 

detectors cut the very high intensity visible radiation 
emitted from the laser-generated plasmas, which 
represents the main source of noise. 
The used devices, schematized in Fig. 1b and 1c, were 
designed and fabricated in the STMicroelectronics and 
CNR-IMM clean room facilities and are widely described 
in previous paper [4]. 
They have different geometry of the top metallization 
layer and different thickness of the n-doped 4H-SiC 
sensible layer. 
They give complementary information being the first 
device, labeled SiC IAZ4, able to detect low energy ions, 
electrons, soft X-rays and UV [5] due to the active region 
directly exposed to radiation and to the low thickness of 
the active region (4 µm). On the other hand the second 
detector, labeled SiC AZ 80, presents a thick top 
metallization (Ni2Si, 200 nm thick) and a deep active 
region about 80 µm applying 600 V and for these reasons 
is very efficient in detecting hard X-rays and high ions 
energy [6]. 

3 Results  
A typical TOF spectrum, acquired at PALS facility, is 
shown in Fig. 2.  
It was obtained irradiating a polyethylene target (10 µm 
thick) and detecting through the SiC AZ 80 placed in 
forward direction, at 0° with a flight distance of 72 cm.  
It presents a fast intense peak, called photopeak, due to 
hard X–rays and UV.  
It is followed by an edge due to hot relativistic electrons 
and a little tail due to cold electrons.  
Instead the last wide structure is due to protons, to carbon 
ions and at time of flight higher than 150 ns to the massive 
slower CxHy groups.  
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Fig. 2. TOF spectrum obtained at PALS facility irradiating PE 
target. 
 
The two electron components can be distinguished using 
a Maxwell-Boltzmann distribution with two different 
temperatures: 

              𝑓𝑓 𝑣𝑣 = 23
456#7

4𝜋𝜋𝑣𝑣94 exp −23>3*

46#7
       (2) 

where m and ve are the electron mass and velocity, 
respectively. 
Considering the ion acceleration due to charge separation 
effects in the plasma, the ions follow a Coulomb 
Boltzmann Shifted functions [7]: 

    𝑓𝑓 𝑣𝑣 = 𝐴𝐴 2
456#7

@
𝑣𝑣@exp − 2

46#7
𝑣𝑣 − 𝑣𝑣6 − 𝑣𝑣A 4             

     (3) 

where v represents the total velocity along the normal to 
the target surface and is due to the sum of thermal velocity 
vth, adiabatic expansion velocity vk and Coulomb velocity 
vc. 

3.1. Target parameters  

The first analysis concerns the dependence of X-rays 
emission on the target composition. In the graphs of Fig. 
3 are plotted the maximum yield as a function of the 
atomic number. 
The spectra regard measurements performed both at low 
intensity (Nd:YAG laser in Messina) and at high in-
tensity (Ti Sapphire laser at CELIA), were acquired using 
SiC IAZ 4 and SiC AZ 80, both in backward direction. In 
both situations a similar behavior was obtained and the 
experimental results follow the empirical law: 

            𝑌𝑌 = 15.47	×	[1 − exp	(−0.0245×𝑍𝑍)	]	       (4) 

              𝑌𝑌 = 3.40	×	[1 − exp	(−0.02×𝑍𝑍)	]             (5) 

These results can be explained taking into account that 
increasing the atomic number of the target more electrons 
are injected into the plasma as a consequence of the 
ponderomotive force. The higher electron density 
promotes the particles acceleration with a consequent  
 

Fig. 3. Dependence of X-rays emission on the atomic number of 
the target. 

Fig. 4. Dependence of X-rays emission on the thickness of the 
target.  
 
increase of the photon emission and of the plasma 
temperature. 
Also the influence of the target thickness was evaluated 
and the experimental results were reported in Fig. 4. 
In particular these data were obtained at high intensity 
laser, detecting the photons emitted in backward direction 
from Au targets (2.48, 15, 25 and 50 µm thick). The graph 
shows an initial increase and then saturation.  
In fact, increasing the thickness of the target the amount 
of material involved in the laser ablation processes also 
increases until, for thickness of about 30 µm, the 
saturation is reached. The saturation occurs when the 
target thickness is higher than the penetration depth of the 
laser into the target. 
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3.2. Laser parameters  

Many plasma parameters depend on the Iλ2 factor, being I 
the laser intensity and λ the laser wavelength [8]. In order 
to test the influence also on the X-rays emissivity, the 
laser intensity has been modified changing separately the 
laser energy, the focal position and the pulse duration, as 
reported in Fig. 5, Fig. 6 and Fig. 7, respectively. The 
spectra were obtained irradiating, at low laser intensity, a 
multilayer target consisting in Carbon and Nickel, while 
at high laser intensity a thin target of Gold was used. In 
both cases the detectors were placed in backward 
direction. As expected by increasing the laser power, a 
linear increase in photons yield is also observed. 

Fig. 5. Dependence of X-rays emission on the laser energy. 
 
In fact, increasing the laser intensity, electrons can gain 
more energy leading to a greater emission of photons. 
Also the focal position plays an important role as can be 
seen in Fig. 6: the position in which laser is focused, with 
respect the target surface, not only determines the size of 
the laser spot but a proper choice of this distance can 
induce self-focusing effects and non-linear acceleration 
enhancement. 
In this way it is possible to explain the presence of a 
second peak for FP = 50 µm, in addition to the maximum 
obtained for FP = 0 µm. 
A similar dependence on the focal position was observed 
also for the ion yield as reported in literature [9].  
Finally also the effects of pulse duration have been 
analyzed. 
For low intensity laser, graph placed in the top of Fig. 7, 
were taken in consideration data from literature [10], in 

which the conversion efficiency was investigated as a 
function of the laser pulse duration, using a Nd:YAG laser 

Fig. 6. Dependence of X-rays emission on focal position of the 
laser. 

Fig. 7. Dependence of X-rays emission on the laser pulse 
duration. 
 
with an intensity of 1013 Wcm-2, focalized on a bulk Sn 
target. The photon emission increases with the pulse 
duration, because electron can interact for longer times 
with the laser pulse, gaining more energy. However, when 
the laser pulse becomes too long, the overall laser 
intensity decreases leading to the reduction of photon 
emission. For high intensity laser only the first region was 
investigated due to the constrains imposed by the laser 
configuration parameters. The lower and the higher pulse 
duration cannot be investigated with our method of 
analysis. 

EPJ Web of Conferences 167, 03004 (2018) https://doi.org/10.1051/epjconf/201816703004
PPLA 2017

4



 

4 Conclusion 
In this work the X-rays emission of laser generated 
plasmas was characterized, analyzing how it is influenced 
by the target composition and laser parameters. 
Concerning the target influence, our data performed on X-
rays can be combined with other works [11]-[13] about 
ions. Also in this case the same behavior was obtained: 
higher is the atomic number and higher is the total yield. 
Moreover, the analysis of experimental data shows also 
an increase of plasma temperature and of equivalent 
accelerating voltage for ions [14], confirming the 
considerations done about the increase of the electron 
current injected into plasma.  
Data concerning the laser influence can be interpreted 
considering the Iλ2 factor. For example the ponderomotive 
energy that for high laser intensities represents the energy 
transferred to electrons is given by [8]: 

         𝜀𝜀O =
9*+P

*Q*

RS5*23A*
= 9.33×10URV 𝐼𝐼𝜆𝜆4 	 in (eV)      (6) 

where e is the electron charge, E0 the electric field of the 
electromagnetic wave, me the electron mass and c the 
speed of light in vacuum.  
Many other plasma parameters depend on the Iλ2 factor, 
such as the shockwave pressure, the ion temperature, the 
emitted ion current and the electric field generated as a 
result of charge separation effects or the hot electron 
temperature, kThot, given by the relation [8]: 

   𝑘𝑘𝑘𝑘YZ[ = 1 + ]Q*

4.^×R_`a!b*/A2* − 1 ∙ 511	(keV)   (7) 

All the presented results show that the target parameters 
as well as the laser parameters play a fundamental role in 
the generation of X-ray from laser-target interaction. 
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