
 

 

Ionizing Radiation from Optical Laser Light Interacting with Matter:  
Simulations with Particle in Cell Code and FLUKA 

J. Bauer1, T. Liang1,2, J. Liu,1 and S. Rokni1  
1SLAC National Accelerator Laboratory, Menlo Park, CA 94025, U.S.A. 

2Georgia Institute of Technology, Atlanta, GA 30332, U.S.A. 
 
 
Abstract 
 
The SLAC National Accelerator Laboratory’s Radiation Physics Group continued its studies of interactions 
between matter and highly focused high-power optical laser light by putting its predictions of ionizing radia-
tion hazards on stronger theoretically supported footing. 
The MEC Short-pulse Laser (part of SLAC’s LCLS experimental area) routinely operates with pulses of 1 J 
energy on target.  Strong focusing optics leads to power densities up to 1020 W/cm2.   Interaction of this beam 
with solid targets can create hot electrons with a temperature of a few MeV, while interactions with gas 
targets can accelerate electrons up to 200 MeV. 
Recent work focused on ab-initio predictions of the dose yield from solid-target interactions through the 
Particle-In-Cell (PIC) code EPOCH.  The simulation set up a plasma in two dimensions and combined it 
with the incoming electromagnetic fields from an incoming laser pulse.  It then sequentially applied 
Maxwell's equations (electric and magnetic fields) to learn how this laser pulse affects the plasma’s electrons 
and ions over time.   
The energy spectra and angular distributions of the hot electrons created by this interaction were extracted.  
A FLUKA simulation based on these spectra and on the angular distributions then led to dose yields [1] that 
were compared to measurements [2], and allowed studies of the shielding efficiency of various materials.   
The paper will present these PIC and FLUKA studies and their results, and share about the latest develop-
ments at SLAC’s high-power laser facilities.    
 
 
 
Introduction 
 
The Radiation Physics Group at SLAC started to study the issue of ionizing radiation from laser-target inter-
actions when the MEC instrument at LCLS proposed operating a high-intensity short-pulse laser.  This laser 
operates now with intensities up to 1020 W/cm2 (1 J, 40 fs, focused to a spot size of a few μm) at up to 5 Hz 
and is being upgraded for an increase by at least one order of magnitude in intensity.  More and more labora-
tories around the world are having similar lasers and similar research programs, and some at even higher 
irradiances. 
During laser experiments, targets may be solid foils (metals, plastics), liquid targets (liquid hydrogen, deute-
rium) that are injected as a thin jet into the evacuated target chamber, or gas targets, like gas jets or gas in 
small cells.  Solid targets will mainly create accelerated electrons, with their energy following a Maxwellian 
distribution, but also also accelerate protons or other ions.  That proton/ion acceleration is more pronounced 
for liquid targets.  MEC’s gas target experiments, however, are pursuing electron acceleration through 
Plasma Laser Wakefield Acceleration (up to a few 100 MeV electron energy), such that these electrons emit 
X-rays through their Betatron motion in the electric field, which is created by the interaction of the laser with 
the gas.   
Interaction of the laser beam with gas targets are relatively well understood and, due to their very directional 
ionizing radiation, can be shielded in a “straight-forward” way, but the creation of ionizing radiation from 
laser beam interaction with solid targets is less well understood.   
This paper describes recent simulations of the laser beam’s interaction with solid targets based on PIC simu-
lations followed by FLUKA simulations [1] and concludes with radiation measurements from a gas target 
experiment. 
 



 

 

Simulation of Laser-Plasma Interaction  
 
Fig.1 is a sketch of the interaction that is described in the PIC and the multi-particle transport code:  When a 
laser beam hits matter, it heats up the material and, from a relatively low intensity on, turns the material on 
the surface into a plasma.  For laser beams like the one at MEC, this plasma forms only in the first few μm of 
the target’s surface.  Only a fraction of the laser pulse is needed to form this plasma, and even a pre-pulse of 
the laser (a small pulse arriving shortly before the main pulse) may be sufficient for ionization to occur.  
After the pre-pulse, all the remaining laser pulse interacts with and is absorbed in the plasma.  There the 
energy of the laser beam is converted into heat, including kinetic energy of electrons.  Most of the electrons 
will have lower energy (cold electrons), but some electrons reach higher energies (hot electrons, up to a few 
MeV, as is the case for the MEC laser).  These hot electrons can escape the plasma (to later interact with 
other materials through Bremsstrahlung) and can also create electric fields that pull also ions away from the 
target.  All this but the Bremsstrahlung generation can be simulated in using PIC code.  For simulation of 
Bremsstrahlung generation, we use instead the particle transport code. 

 
Fig.1 - Schematic of interaction of laser beam with a solid target 

We chose the PIC code EPOCH [3] in its 2-dimensional version.  The plasma was defined to be 4 μm thick 
with Cu ions, but other ions were also implemented to test dependency on the type of ions.  Towards the side 
with the laser beam, the plasma density dropped exponentially to capture the plasma’s fuzzy edge from when 
it is created by a laser pre-pulse, for example.  Due to computational limitations, the PIC code does not simu-
late each electron and ion, but combines electrons and ions into so-called ‘macroparticles.’  Laser light with a 
Gaussian profile and 1/e2 spotsize radius of 2 μm approaches the plasma at normal incidence.  The laser 
pulse lasts for 40 fs (FWHM with a Gaussian distribution).  The energy in the laser pulse corresponds to the 
simulated irradiance (chosen from 1017 W/cm2 to 1022 W/cm2). 
The PIC code then applies the Maxwell Equations, stepping in 0.1 fs steps, cycling between (1) determining 
the electric and magnetic fields based on the laser beam and the location and velocity of the macroparticles, 
and (2) applying these fields to the macroparticles and calculating their new location and velocities.  We 
followed these iterations for a total of simulation time of 600 fs, tracked the direction and energy of any 
macroparticle (electrons and ions) that exited the defined area during the simulation time, and recorded the 
direction and energy of all macroparticles still remaining in the simulation area at the end of the simulation 
time.    
Fig.2 shows two snapshots of this simulation.  The color indicates the electron density.  Red indicates the 
high density of the plasma; the rainbow colors to its left show the exponential drop in density, the so-called 
‘density ramp.’  The picture on the right side is from 150 fs into the simulation, at a time when the laser 
(arriving from the left) has already fully deposited its energy in the plasma and created a 'crater' on the 
plasma's surface.  One sees also electrons leaving towards the right. 
Those directions and energies of the particles were the source term for subsequent FLUKA simulations [4] to 
estimate the ionizing radiation dose outside the target and outside the target chamber, in which the experi-
ment is set up.   
Choices to be made for the FLUKA simulations are, for example, target material, target thickness, and the 
location of the source term within the target material.  Wherever possible, we varied these parameters to find 
the parameters with the most conservative outcome, which is in our case the source term that yielded the 
highest dose.  In the same way, parameters were also varied for PIC code simulations, like the thickness of 
the density ramp.  The metric for comparison was again the highest source term with the highest dose. 
 



 

 

        
Fig.2 - Snapshot of PIC simulation area; left distribution of plasma before laser pulse arrives;  

right area at time 150 fs, after the laser pulse has deposited its energy into the plasma. 

 
Results from PIC Simulation 
 
The energies and directions of the macroparticles that exited the simulation area during the simulation and 
that were still left in the simulation area at the end of the simulation were plotted in various ways to parame-
terize the results and allow them to serve as source term for FLUKA simulations.  
A typical result for the energy distribution of the electrons is shown in Fig.3.  A large number of cold elec-
trons (lower energy) is seen, but for radiological purposes, the hot electrons are more important.  They 
follow a Maxwellian distribution, in this case with a hot electron temperature of 2.1 MeV.   

 
Fig.3 - Example of electron spectrum, with fit to a Maxwellian distribution 

The angular distribution is shown in Fig.4, with the forward-directed distribution (around 0°) to the left, and 
the backward-directed distribution to the right (around 180°).  The vertical scales are equal to illustrate how 
in this case the number of hot electrons in forward direction dominates over the number in backward 
direction.   
The next plots summarize these and other parameters for a variety of irradiances.  Fig.5 plots the hot electron 
temperature versus irradiance on the left, on the right the fraction of laser energy that is converted to ionizing 
radiation, and Fig.6 plots the ratio of forward to backward hot electron dose yield.  Note that for the latter the 
ratio is below 1 for lower irradiances, where more hot electrons come out in the backward than in the 
forward direction. 
 



 

 

         
Fig.4 - Distribution of number of electrons versus angle with respect to the  

forward direction (left) and backward direction (right). 

        
Fig.5 - Hot electron temperature (left) and conversion ratio from laser energy into hot electron energy (right) versus 

laser intensity.  The blue lines are from the PIC simulation; references to other work can be found in Ref. [1]. 

 
Fig.6 - Ratio of number of hot electrons going in forward and backward directions. 

Results from FLUKA Simulations 
 
The figures shown above allow us to build for various irradiances the source terms for the FLUKA simula-
tion.  The result from one such FLUKA simulation is shown in Fig.7, to the left with just hot electrons going 
into the backward direction, to the right with hot electrons going into the forward direction.  Since the 
plasma is always created only at the surface of the target, the FLUKA simulation has its source term placed 
just a few μm inside the target, on the side where the laser hits.  This leads the forward-directed hot electrons 
to interact more easily with the target and less with the target chamber wall, while the backward-directed hot 
electrons only encounter a few μm of matter from the target and instead interact relatively more with the 
target chamber wall, as can be seen when comparing the two plots of Fig.7. 



 

 

         
Fig.7 - FLUKA simulations of dose yield (mSv/J) from backward-directed  

hot electrons (left) and forward-directed hot electrons (right) 

As already mentioned, parameters were varied during the simulations to determine the setting that gives the 
highest dose outside the target chamber.  The final results are summarized in Fig.8.  For various intensities 
(horizontal axis), we show here the dose yield (dose per incoming laser pulse energy, i.e., in mSv/J) at 1 m 
behind a 2.54 cm thick aluminum shield (the typical thickness of the target chamber).   
The three black lines indicate the dose yield for 0°, 90°, and 180° (with respect to the laser direction) from 
the above-described PIC and FLUKA simulations.  These data are now being used by SLAC to determine 
controls for laser experiments with solid targets. For reference, we also plot the previous model we deve-
loped (based on theoretical considerations and limited simulations from literature, coupled with input from 
measurements).  In contrast, our new PIC/FLUKA-based dose yields are from ‘ab initio’ calculations, based 
on basic physics concepts.   
The data points are measurements the Radiation Physics Group performed during actual experiments at MEC 
and (for one of the data sets) at the Titan laser facility at Lawrence Livermore National Laboratory [4].  

 
Fig.8 - Final dose yield at 1 m (in mSv/J) from PIC/FLUKA simulations, plus previous model and measurements 

Further comparison between the simulated results and actual measurements at MEC is shown in Fig.9.  
Instead of assuming an idealized experiment (like in Fig.8), we attempted here to add all available details, 
like locations of the radiation meters and the exact geometry of the target chamber.  In Fig.9, the dose yields 
are plotted along the angle to the laser direction.  We see that the measurements follow the shape of the 
simulation dose yields (note the logarithmic vertical scale).   Since the simulation was always selecting the 
worst parameters (highest dose), we expect measurements to always be below the PIC/FLUKA result, and 
this is indeed true in Fig.9.   



 

 

 
Fig.9 - Comparison dose yield from PIC/FLUKA simulation based on actual experimental  

conditions and shielding at MEC, compared to measurements. 

Tenth Value Layers of Shielding Material 
 
The spectra obtained from the PIC simulations were also applied to determine the efficacy of various 
shielding material.  For this, we again used the spectra from the PIC simulations as FLUKA source term, and 
calculated the transmission factors for concrete (Fig.10), glass, aluminum, iron, lead, and tungsten. 

  
Fig.10 - Transmission versus thickness of concrete for various laser intensities 

This allowed us to calculate the Tenth Value Layer (TVL) for the first layer of the shielding, and the equili-
brium TVLe for the subsequent layers.  The results are shown in Fig.11.  These results may be used in esti-
mates of shielding requirements for experiments and the design of laser facilities. 

     
Fig.11 - First Tenth Value Layer (left) and equilibrium Tenth Value Layer (right) results 

versus laser intensities and for various shielding materials 

 



 

 

Spectrometer Measurements 
 
The energy spectra from the PIC code simulation were fitted with a Maxwellian distribution, but for higher 
irradiances, the hot electrons might follow a relativistic Maxwellian instead.  To conduct a measurement that 
can distinguish between these two models, we added small ‘spectrometers’ as described in Fig.12 inside the 
target chamber during one experiment.   

 
Fig.12 - Schematic and photograph of one of the 'spectrometers' that were set up at about 30 cm distance from the 

target during an experiment at MEC.  The radiation from the target was entering from the left side. 

The readings of the dosimeters were then plotted as a ratio to the reading of the dosimeter in the front; 
estimated dose ratios in these dosimeters as obtained from FLUKA simulation was plotted on top of these 
data (Fig.13).  One can see that the simulation agreed with the data well when a non-relativistic Maxwellian 
was used in the simulation, but that the simulation from a relativistic Maxwellian disagreed with the data.  
This experimental measurement also agrees with the PIC simulations discussed above. 

 
Fig.13 - Comparison of spectrometer measurements (colored) vs predictions based on non-relativistic Maxwellian 

distribution (black solid line) and relativistic Maxwellian distribution (dashed black line) 

Gas Target Experiments 
 
MEC’s gas target experiments exploit Plasma Laser Wakefield Acceleration with a setup as sketched in 
Fig.14.  In this experiment, a focused laser beam passes through a small amount of gas (helium or helium-
nitrogen mix) to create a plasma that accelerates electrons to a few hundred MeV.  These accelerated 
electrons undergo Betatron oscillations and emit X-rays.  These X-rays are of lesser concern for radiation 
protection, since their photon energy and total power are low enough to be easily stopped by the lead shiel-
ding of the hutch walls (0.8 to 1.6 mm lead).  The accelerated electrons, however, with 100s of MeV, require 
thick shielding along the fan, into which the electrons are bent by a permanent magnet.  Experimenters pro-
vided the source term of the accelerated electrons as shown in Fig.15 (left), an exponential function of the 
number of electrons vs. energy.  The distribution was normalized to 1.5% of the laser energy on the target.  



 

 

This spectrum served as source spectrum to FLUKA simulations, and its shape was later confirmed by 
measurements of the actual spectrum (Fig.15 right).    
 

 
Fig.14 - Schematic of gas target experiment (Plasma Laser Wakefield Acceleration)  

         
Fig.15 - Assumed energy spectrum (left) of the electrons emitted from the gas cell; an actual measured energy 

spectrum is shown on the right, with arbitrary units on the vertical axis (plot courtesy of F. Albert, LLNL).  

FLUKA simulations led to the requirement for an 8 cm thick tungsten cylinder plus a 10 cm thick lead block, 
into which the permanent magnet sends the electrons.  This shielding was estimated to be sufficiently thick 
to reduce the dose outside the hutch to 0.1 mSv in total for the few-week long experiment.  The implementa-
tion of this shielding is shown in Fig.16, and the expected doses per FLUKA simulations in Fig.17. 

 
Fig.16 - Drawing of tungsten and lead local shielding within the experimental setup on the 2 m diameter breadboard of 

the target chamber 



 

 

  
Fig.17 - FLUKA simulations of gas target experiment with the shielding shown in Fig. 16 above.   

The left plot zooms in onto the target chamber.  The right plot includes the whole hutch,  
with predictions of the dose during the experiment outside the hutch. 

During the experiment, radiation monitors outside the hutch detected a total dose of 84 μSv in the forward 
direction (behind the local shielding), which is very close to, but still below the goal of 0.1 mSv.  During the 
experiment, the hutch was not accessible.  There, next to the target chamber, pocket ion chambers maxed out 
several times within a day above their 2 mSv range.  Active radiation monitors, also next to the target 
chambers, saw for the whole experiment a total dose of up to 12 mSv.    
 
Conclusion 
 
For ionizing radiation hazards from laser interactions with solid targets, the SLAC Radiation Physics Group 
obtained hot electron spectra from ab-initio calculations by running PIC code simulations.  These spectra 
were the basis for FLUKA simulations that resulted in predictions for dose per incoming laser energy.  A 
comparison of these predictions with actual measurements showed very good agreement.  The source terms 
also allowed determination of Tenth Value Layers of various shielding materials.   
Spectroscopic measurements also confirm the PIC code result that the hot electron spectrum follows better a 
non-relativistic Maxwellian than a relativistic Maxwellian distribution.   
Finally, we report on measurements of radiation doses taken during a Plasma Laser Wakefield experiment.  
These measurements show that the local shielding in forward direction was as efficient as predicted by 
FLUKA simulations.  
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