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Abstract 

Interaction of a high intensity laser with matter may 
generate an ionizing radiation hazard. Very limited 
studies have been made, however, on the laser-induced 
radiation protection issue. This work reviews available 
literature on the physics and characteristics of laser-
induced X-ray hazards.  Important aspects include the 
laser-to-electron energy conversion efficiency, electron 
angular distribution, electron energy spectrum and 
effective temperature, and bremsstrahlung production 
of X-rays in the target. The possible X-ray dose rates 
for several femtosecond Ti:sapphire laser systems used 
at SLAC, including the short pulse laser system for the 
Matter in Extreme Conditions Instrument (peak power 
4 TW and peak intensity 2.4x1018 W/cm2) were 
analysed.  A graded approach to mitigate the laser-
induced X-ray hazard with a combination of 
engineered and administrative controls is also 
proposed.  

 

1.  Introduction 

A plasma is produced when a pulsed laser beam is 
focused on a solid target at peak intensities of 1012 
W/cm2 or higher [ 1 ].  Laser-plasma interactions 
subsequently accelerate electrons to high energies 

(10’s to 1000’s of keV), thereby creating “hot” 
electrons.  These hot electrons will interact with ions in 
the target and generate bremsstrahlung X-rays, which 
become an ionizing radiation source [ 2,3,4,5,6,7

 

].  
The hot electrons have a Maxwellian-like energy 
distribution characterized by an electron temperature, T. 

If the X-ray energy is high enough to exceed the 
threshold of photonuclear reactions, these reactions can 
take place in the target or walls of the experimental 
target chamber leading to the generation of neutrons 
[8].  Energetic protons can also be produced when thin 
metallic targets are irradiated by ultra-intense short 
laser pulses due to the electrostatic acceleration of 
protons at the target rear (non-irradiated) surface [9
 

].   

Measurements show that significant amounts of 
radiation can be generated from high intensity laser-
target interactions [8, 10 , 11

 

]. Therefore, it is 
necessary to analyze and evaluate the X-ray hazard 
when a high intensity laser is hitting a target in vacuum. 
However, very limited studies have been made on the 
laser-induced ionizing radiation hazard and protection 
issues.  

At laser intensities below ~1019 W/cm2, X-ray 
radiation is the main ionizing radiation of concern. The 
radiation source term depends on the X-ray flux and 
energy spectrum and is characterized by the dose rate 
per laser shot (given in mrem/J) at a given distance 
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from the target. We have reviewed available literature 
on the physics and characteristics of laser-induced X-
rays and have developed a hazard analysis 
methodology to estimate potential radiation spectrum 
and dose.  
 
We present preliminary radiation analysis results for 
several scenarios that utilize femtosecond Ti:sapphire 
(TiS) laser beams focused to small spot sizes on a solid 
target in vacuum.  The absorption and heating 
mechanism is different depending on the laser system 
parameters (laser energy, pulse width, spot size, 
repetition rate, etc.) and target conditions (material, 
phase, geometry, etc.). Although a lot of studies have 
been carried out to understand the physics of the laser-
plasma interaction [2, 12, 13, 14

 

], as stated by S. C. 
Wilks [2], new theoretical and experimental results are 
constantly refining and adding to the understanding of 
ultra-short ultra-intense  laser–matter interactions.  

In this study laser systems with intensities between 
1014 and 1020 W/cm2 were analyzed. One particular 
example is the laser system planned for the Matter in 
Extreme Conditions Instrument (MECI) at SLAC [15
  MECI is an X-ray instrument that will be able to 
create high energy density matter and measure its 
physical properties.  It is located at Hutch 6 of the 
Linac Coherent Light Source (LCLS), the world’s first 
hard X-ray free electron laser (FEL). It will utilize 
either the LCLS FEL beam and/or one or more optical 
lasers focused onto the target to create and probe 
matter in extreme conditions [

]. 

16

 

]. The hutch shielding 
is mainly designed to mitigate radiation hazards from 
FEL operation, but the shielding for potential X-ray 
radiation from laser-target interactions with the high 
intensity optical lasers is also evaluated. 

 
 Figure 1 shows the configuration and system 
components of the MECI laser system. It is a TiS laser 
with a regenerative amplifier, a subsequent multi-pass 
amplifier and a vacuum pulse compressor.  It operates 
at a wavelength of 800 nm, with capability to provide 
150 mJ pulse energy, 40 fs pulse width and 4 TW peak 
power. When focused to a spot size of 10 µm (1/e2 
radius), the peak intensity is calculated to be 2.4x1018 

W/cm2. The laser system may later be upgraded to 
have a much higher peak power of 100 TW with 
intensity of 6.4x1019 W/cm2.  
 

 
Figure 1.  Configuration for the MECI laser system 

 
 

2.  Electron source term and the 
characteristics 

Three key factors affecting the electron source term are 
evaluated: i) the laser to electron energy converhsion 
efficiency, ii) electron spectrum and electron 
temperature, and iii) angular distribution of hot 
electrons. 

2.1  Laser to electron energy conversion 
efficiency 

The electron yield is characterized by the laser-to-
electron energy conversion efficiency, which 
represents the fraction of the laser energy on the target 
converted to the total energy of hot electrons. Many 
experiments show that 10-50% of laser energy is 
converted to hot electrons at incident intensities of 1018 
to 1020 W/cm2 [17,18,19,20,21,22], though the data 
are not always conclusive and consistent. The paper 
[17], which has laser intensities similar to the MECI 
laser, gives conversion efficiencies of 12%, 18% and 
50% at 2x1018, 1019 and 3x1020 W/cm2, respectively, 
from solid targets. On the other hand, T. Guo [5] 
reports that the laser to electron energy conversion 
efficiency is approximately 30% for laser intensities 
between 5x1017 and 5x1018 W/cm2. A laser to electron 
energy conversion efficiency of 33% was used in the 
dose and shielding calculation for the National Ignition 
Facility [23

2.2 Electron spectrum and electron temperature 

]. In this study, a conservative conversion 
efficiency of 30% for laser intensity below 1019 W/cm2 

and 50% above 1019 W/cm2 was used for absolute dose 
calculations (see section 3.2).  

Three slightly different distributions (Boltzmann 
distribution [24, 25], Maxwellian distribution [26, 27], 
and Relativistic Maxwellian distribution [6, 9, 28]) 
have been used to describe the hot electron spectrum 
generated from a high intensity laser hitting a solid 
target.  Whichever formula is used, the exponentially 
decreasing feature is well known and an effective 



electron temperature, T, is the key parameter to 
characterize the exponentially decreasing slope of the 
electron spectrum. The electron spectrum studies at 
Lawrence Livermore National Laboratory (LLNL) [29

 

] 
show that the hot electron temperature depends 
strongly on the laser intensity and wavelength but not 
on the atomic number of the target.  For solid targets, 
the electron temperature is usually defined as a 
function of the normalized laser intensity (Iλ2), which 
is the product of the laser intensity, I (W/cm2), and the 
square of the laser wavelength, λ (μm). 

For normalized laser intensities in the range 1012 
W/cm2μm2 < Iλ2 < 1017 W/cm2μm2, Ref. [2] stated that 
inverse bremsstrahlung and resonance absorption are 
the dominant absorption mechanisms, with electron 
temperature expected to scale as (Iλ2)1/3. An 
experimental result of the temperature scaling is 
described in reference [30

[ ] 3
12 5-10×6 λIT ≈

], which gives  
   (1) 

where T is the electron temperature in keV,  I is the 
laser intensity in W/cm2,  and λ is the laser wavelength 
in µm. 
 
For very high normalized laser intensities, Iλ2 > 1018 
W/cm2μm2, relativistic J x B Heating becomes the 
dominant absorption mechanism. The electron 
temperature can be estimated by Equation 2 based on 
the ponderomotive force theory,  

)1037.1/0.10.1( 182 ×++−×= λIMT e

                 

(2) 
where Me is the electron rest mass (0.511 MeV) [9,26] .  
 
Reference [ 31

34.02 )( λI

] compared experiment results at the 
Rutherford Appleton Laboratory (RAL) Vulcan 
petawatt laser facility and the Callisto Ti:sapphire laser 
at the Jupiter laser facility at LLNL with a calculation 
based on the ponderomotive theory. Even though the 
experiment results show electron temperature 
increasing as , they were also observed to 
agree with the estimate using Equation 2 from 
ponderomotive scaling to within a factor of two for 
normalized laser intensities in the range 1018 
W/cm2μm2 < Iλ2 < 1020 W/cm2μm2.    
 
Results for the electron temperature using Equations 1 
and 2 and experiment results summarized in [29] are 
shown in Figure 2. Electron temperature estimates 
based on Equations 1 and 2 are observed to coincide 
when Iλ2 = 1.6x1017 W/cm2μm2.  In this study we 
decided to use Equation 1 to estimate the electron 
temperature when Iλ2<1.6x1017 W/cm2μm2, while 
Equation 2 was used when Iλ2 ≥ 1.6x1017 W/cm2μm2.  
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Figure 2.  Electron temperature, T, versus Iλ2. 

 

2.3 Angular distribution 

Reference [32

These results show that the angular distribution of hot 
electrons is not isotropic (but is not very anisotropic 
either) due to the energies of hot electrons and the 
target self-shielding. In this study, the X-ray source is 
assumed to be isotropic. This assumption probably 
results in an uncertainty factor of 2-4 in the dose rate 
estimate, depending on the laser intensity and target 
conditions.  

] has measured the angular distributions 
of hot electrons with very thin thermoluminescent 
dosimeters with a resolution of 10 degrees for 45-
degree incidence onto a target at laser intensities of 
1018-1020 W/cm2.  At an intensity of 8x1017 W/cm2, 
most of the hot electrons are at lower energies and the 
electron dose rate peaks at the target’s front side, likely 
due to target self-shielding. At an intensity of 2x1019 
W/cm2, the dose rate component behind the target 
increases. As the intensity reaches 8x1019 W/cm2, hot 
electrons are more energetic and the electron dose rate 
peaks at the back side with additional peaks in the laser 
direction.  

 

3.  X-ray spectrum and dose 

Using the electron source term discussed in section 2, 
the X-ray dose can be calculated from the 
bremsstrahlung process in a target, and using the 
estimated conversion efficiency of laser energy to 
electron energy and the electron temperature. 



3.1  X-ray spectrum 

Studies have shown that the bremsstrahlung X-ray 
spectrum can be expressed as [4, 33

                

]: 

)exp(1)(
T
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where Ep is the photon energy, T is the electron 
temperature, and C is a constant.  

C should satisfy that the integration of the energy of all 
the photons equates to the product of the laser pulse 
energy and the laser energy to X-ray energy 
conversion efficiency. Therefore C is dependent on the 
electron temperature, the laser pulse energy, and the 
laser to X-ray energy conversion efficiency. The laser 
to X-ray energy conversion efficiency is determined by 
two processes: conversion of laser energy to the energy 
of hot electrons; and conversion of the energy of hot 
electrons to bremsstrahlung.  Note that isotropic 
emission of the X-ray is assumed in the formula. 

This X-ray spectrum formula is consistent with the 
electron spectra described in section 2.2, when a 
bremsstrahlung yield spectrum of Ep

-1 or Ep
-2 is used 

[34 18].  M. H. Key et al. [ ] also mentioned that a 
Maxwellian electron energy distribution gives an e-Ep/T 
spectral shape of the bremsstrahlung. Therefore, 
Equation 3 was used to describe the X-ray source 
spectrum in the shielding attenuation calculations in 
sections 3.3 and 3.4.  

3.2   Calculations of X-ray dose 

Y. Hayashi et al. derived Equation 4 to estimate the 0-
degree photon dose generated from the interaction of a 
short pulse high power laser and a solid target [11],  
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where Hx is the photon dose in mrem/J, Pef. is the laser 
energy to electron energy conversion efficiency, R is 
the distance from the target to the measurement point 
in cm, and T is the hot electron temperature in MeV. 

The X-ray dose calculated using Equation 4 at a 
distance of 1 m is plotted as a function of the 
normalized laser intensity in Figure 3 (line with circle 
points). In this calculation, as mentioned before, a 
laser-to-electron energy conversion efficiency of 30% 
for laser intensity below 1019  W/cm2 and 50% above 
1019 W/cm2 was used. Equation 1 was used to estimate 
the electron temperature when Iλ2 < 1.6x1017 

W/cm2μm2, while Equation 2 was used to estimate the 
electron temperature when Iλ2 ≥ 1.6x1017 W/cm2μm2. 

3.3  X-ray dose estimation with 5 mm glass 
shielding 

Because the radiation hazard comes from a laser-target 
interaction in vacuum, 5-mm-thick glass view port for 
the target chamber was used to calculate the minimum 
shielding effect. The material of the glass was assumed 
as Borosilicate (Pyrex) with a density of 2.23 g/cm3. 

Calculations using the FLUKA Monte Carlo code 
[ 35 , 36

The X-ray doses with and without the 5-mm-thick 
glass shielding are summarized in Figure 3, which  
shows large attenuation from the glass shielding at low 
intensities due to the low electron temperatures. When 
the laser intensity gets higher, the attenuation becomes 
less because the electron temperature gets higher and 
then the X-ray spectrum gets harder and more difficult 
to attenuate.  

] were conducted to estimate the shielding 
attenuation for X-ray spectra at various electron 
temperatures. Equation 3 was used to describe the X-
ray source spectrum and a FLUKA source routine was 
written to sample the Equation 3.  The attenuation 
factor of 5-mm-thick glass shielding for ambient dose 
equivalent was calculated at different laser intensities. 

Table 1 gives dose estimates for several different laser 
system parameters.  The dose estimates have an 
estimated uncertainty factor of ~5, depending on 
configuration details and system parameters for laser 
and target.  For the MECI laser system with pulse 
energy of 0.15 J and laser intensity of 2.4x1018 W/cm2, 
the estimated dose at 1 m is 0.035 mrem/shot and 1250 
mrem/hr at 10 Hz. 
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Figure 3. Comparison between the dose per shot at 1 m 
with and without 5 mm glass view port shielding. 



 

Table 1.  Dose estimates (with 5 mm glass shielding) for different 
TiS laser system parameters.  A pulse width of 35 fs is assumed.   

Laser 
System 

Repetition 
rate (Hz) 

Pulse 
Energy 
(mJ) 

Spot 
size 
(μm) 

T 
(keV) 

Dose 
rate at 
1m 
(mrem/h) 

TiS 
Regen 

1000 3.5 10 18 5.6 

TiS 
MPA 

120 20 10 41 32 

TiS 
MPA - 
MECI 

10 150 10 233 1250 

 

 3.4  Additional shielding effects  

The MECI experiment resides in an X-ray hutch with 
the following shielding features:  a 10.16-cm-thick (4”) 
concrete roof, 0.79-mm-thick (1/32”) lead hutch wall, 
and 1.21-mm-thick stainless steel roll-up door.  
FLUKA was used to calculate attenuation factors of 
ambient dose equivalent for these shielding items for 
low laser intensities of 1017, 5x1017 and 1018 W/cm2.  
The X-ray source was assumed to be isotropic and 
Equation 3 was used to sample the X-ray source 
spectrum. 5-mm-thick glass shielding was assumed at 
1 m from the source before the other hutch shielding 
materials (5 m away). Therefore, the attenuation factor 
calculated for hutch shielding is for the X-ray spectrum 
already hardened by 5mm-thick glass. The calculated 
attenuation results are shown in Figure 4. 
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Figure 4.   Dose attenuation factors as a function of 
electron temperature for three hutch shielding 
materials  

Attenuation factors for these shielding items are taken 
into account for the dose estimation outside the hutch, 
which affects the hazard control and mitigation as 
described in Section 5. 

 

4.  Other factors affecting the radiation source 
terms 

Two important factors that will affect the radiation 
outputs are discussed in this section: laser pre-pulse 
effects and the use of a non-solid target. 

4.1 Pre-pulse 

Experiment has shown that a laser pre-pulse can 
increase both the electron temperature and yield 
significantly. One experiment measured the electron 
spectra at a laser intensity of 5 x1019 W/cm2 with three 
pre-pulse levels of 0.01, 0.04 and 0.84 J [29]. It shows 
that the electron spectrum becomes harder (larger high 
energy component) with a larger pre-pulse energy. The 
electron temperature for high-energy hot electrons 
becomes 5, 8.6 and 16 MeV with a 0.01-J, 0.04-J and 
0.84-J pre-pulse, while the hot electron temperature is 
estimated as ~1 MeV without a pre-pulse based on 
Figure 2.  At the same time the hot electron yield also 
increases significantly. Since a pre-pulse can make the 
electron spectrum harder and increase the yield, it can 
potentially increase the dose level.  

4.2 Non-solid targets 

In a gas target, the plasma wakefield acceleration 
mechanism is capable of accelerating electrons to very 
high energy in a small region, as demonstrated by 
experiments [ 37, 38]. Formulas to describe scaling 
laws for the maximum electron energy can be found in 
the literature [ 39 ]. Several mechanisms limit the 
energy gain in laser-plasma acceleration: laser 
diffraction, electron dephasing, pump depletion, and 
laser-plasma instabilities. The maximum electron 
energy gain depends on several system parameters. 
The maximum energy gain is lowest if the acceleration 
distance is limited by diffraction; this is the most likely 
scenario if the system is not designed for laser-plasma 
acceleration [40

Assuming a gas target with a plasma density of 1019 
cm−3, the maximum electron energy is estimated as 
163 MeV for a laser intensity of 4x1018 W/cm2 and 
1.15 GeV for 1020 W/cm2. For the gas target case, the 
laser to electron conversion efficiency is only up to 
about 1% [

], which is the case for MECI.  

41], and, therefore, the electron yield can be 
estimated as 5.8x107 electrons/pulse and 2.2x108 
electrons/pulse at laser intensity of 4x1018 W/cm2 and 



1020 W/cm2, respectively, assuming all the electrons in 
one pulse achieve the highest endpoint energy. These 
estimations for the hazard from gas targets are very 
crude, but it illustrates the potential magnitudes of the 
hazard and the need of controls of non-solid targets at 
these high intensities [42

 

]. 

5.  Mitigation of laser-induced radiation hazard 

A graded approach is proposed to mitigate the laser-
induced X-ray hazard.  Requirements for engineered 
and administrative controls are based on dose rate and 
annual dose criteria. The MECI laser system is used as 
an example to describe this approach.  The approach 
used assumes there is access to the hutch during laser-
target operations.  Consideration should be given, 
however, to eliminate the hazard inside the hutch by 
preventing access during high intensity laser-target 
operations. 

5.1  Safety Envelope, Operation Envelope and 
Configuration Control 

The Safety Envelope (SE) describes achievable laser 
and target system parameters that result in the 
maximum credible dose rate.  The SE should be used 
to determine the radiation safety system requirements, 
unless an Operation Envelope (OE) is established 
which limits some of the system parameters to lower 
the maximum dose rate.  OE parameters should be 
controlled by engineered and administrative means 
such as limiters for laser energy or repetition rate, 
control of focus spot size, laser shutters, etc. 

The SE for MECI laser operations on targets assumes 
the following parameters: 

• Maximum energy per pulse = 150 mJ, 
• Minimum pulse length = 40 fs, 
• Minimum spot size (1/e2 radius) = 10 µm, 
• Maximum repetition rate = 10 Hz.  

The corresponding laser peak intensity is 2.4x1018 
W/cm2.  The maximum occupancy time each year in 
areas with X-ray hazard is assumed to be 1000 hours.  
As noted in Table 1, MECI operation at the SE limit 
gives an estimated dose rate of 1250 mrem/hr at a 
distance 1 meter from the target (and after 5 mm glass 
shielding). 
 
A Configuration Control program is needed to ensure 
that the system capabilities and radiation safety 
controls are not changed or affected without approval. 
This program can include elements such as a Laser 
Beam Authorization document and Laser and Target 
System Configuration Checklists.  

  

5.2 Graded approach for hazard controls 

To determine the hazard controls requirements, we 
consider potential radiological doses to two classes of 
personnel and in two locations.  At SLAC, GERT 
personnel have General Employee Radiological 
Training and may not receive more than 100 mrem/yr 
for all SLAC work, while RWT personnel have 
Radiological Worker Training and cannot receive more 
than 360 mrem/yr.  For MECI laser-target operations, 
it is proposed that GERT personnel receive no more 
than 50 mrem/yr and RWT personnel receive no more 
than 150mrem/yr.  The two locations considered are:  
i) inside the hutch at 1-meter distance from the target, 
with 5 mm glass viewport shielding, and ii) outside the 
hutch at 5-meter distance from the target, with 
shielding from a 5-mm glass viewport and the 1.2 mm 
steel door.   

Because the SE for MECI laser-target operations has 
such a high potential dose rate, a redundant set of 
Beam Shut Off Ion Chambers (BSOICs) is needed to 
detect and terminate high dose rates and to limit the 
integral dose.  The BSOICs will be interlocked with 
laser operations on target.  They are required for all 
OEs, but the trip points will depend on which OE is 
approved.  They should be placed close to the target 
chamber at locations that can be most sensitive to 
detect ionizing radiation. The BSOICs should be 
sensitive enough to detect the natural background level 
of 10 µrem/h.  
 
For MECI operation, four different OEs (A, B, C and 
D) are proposed with different levels of potential dose 
rate.  These OEs are shown in Figure 5 as a function of 
pulse energy and the quantity Iλ2. Each OE has 
associated requirements for engineered and 
administrative controls, with OE level C having the 
most stringent requirements.  The proposed controls 
are set in a graded approach commensurate with the 
level of the radiological hazard.     
 
If OE level A is approved for MECI operation with 
150 mJ pulse energy and 10 Hz operation, then the 
peak intensity must be restricted to not exceed 3x1015 
W/cm2.  The only required engineered controls would 
be those for configuration control to stay within the OE 
limit on peak intensity and the BSOICs mentioned 
above.  Administrative controls would include GERT 
training for unescorted entry to the MECI experimental 
hutch, and posting of the hutch as a controlled area 
with a GERT requirement. 
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Figure 5. Four zones of radiation levels at different 
combinations of laser intensity and pulse energy (dose 
rate are at 1 m outside 5 mm glass shielding; a 
repetition rate of 10 Hz is assumed). 

If OE Level B is approved for MECI operation with 
150 mJ pulse energy and 10 Hz operation, then higher 
peak intensities up to 1.5x1016 W/cm2 would be 
permitted. Administrative controls would include 
GERT training for unescorted entry to the MECI 
experimental hutch, and posting of the hutch as a 
Radiologically Controlled Area (RCA) with a GERT 
requirement. 

If OE Level C is approved for MECI operation with 
150 mJ pulse energy and 10 Hz operation, then a peak 
intensities up to 1.6x1017 W/cm2 would be permitted. 
The hutch would be posted as a Radiologically 
Controlled Area (RCA) with access limited to RWT 
personnel carrying a personnel dosimeter.   Note that at 
a dose rate of 5 mrem/h at 1 m, the 150 mrem/y dose 
level for personnel inside the hutch corresponds to 30 
hours of laser-on-target operation. Therefore, OE 
Level C requires additional engineered and/or 
administrative measures to ensure that RWT personnel 
who access the hutch do not exceed their annual dose 
limit. 

OE Level D (shown in Figure 5) has potential dose 
rates exceeding 5 mrem/hr.  The SE for MECI is in this 
region but is not yet considered for MECI operation 
approval.  Such approval would require additional 
controls, which might include not permitting personnel 
access to the hutch during laser-target operations, and 
may also require additional shielding. 

The four OE regions shown in Figure 5 can be used to 
evaluate potential radiation hazards for a wide range of 
laser systems.  A repetition rate of 10 Hz is assumed to 
generate this figure, but since dose rate is proportional 

to repetition rate the results can be easily scaled.  Once 
the OE region is established for a given laser system, 
the corresponding radiation controls to mitigate the 
hazard can be determined. 

 

Summary 

We have presented preliminary analysis results for X-
ray radiation hazards from laser-target interactions at 
laser intensities between 1014 and 1020 W/cm2.  The 
radiation source term depends on the laser-to-electron 
conversion efficiency, the hot electron energy 
spectrum and effective temperature, and the X-ray 
spectrum and dose due to bremsstrahlung.    Estimated 
dose rates are given which have an associated 
uncertainty factor of ~5. 

The electron and X-ray energy spectrum is an 
exponentially decreasing curve characterized by an 
electron temperature, which can be estimated with two 
analytic formulas at low and high laser intensities.  The 
X-ray dose, in mrem/J,  was estimated using analytic 
equations that are based on a combination of theory 
and experiment. Shielding calculations for ambient 
dose equivalent were performed using the FLUKA 
Monte Carlo code.   Semi-quantitative effects from 
laser pre-pulse and non-solid targets were also 
discussed.   

Based on the dose estimation, a preliminary graded 
approach with a combination of engineered and 
administrative controls is proposed to mitigate and 
control the laser induced X-ray hazard.  
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