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PRELIMINARY DOSIMETRIC EVALUATION OF
ELECTRON SOURCE TERMS AT PW LASER SYSTEMS

Maria-Ana POPOVICI', Romeo IONICA?, Gh. CATA-DANIL?

Recent advances in laser technology gave rise to an increasing number of
ultrahigh intensity laser facilities. Their operation makes the requirements for
radiation protection measures as stringent as those inherent in conventional particle
accelerators. Sources of ionizing radiation at a PW laser system can be more
diverse and more hazardous, as theory and particle-in-cell (PIC) simulations of
laser driven particle acceleration foresee. This paper presents a Monte Carlo
simulation approach to the problem of radiation protection associated with PW
laser induced electron sources. FLUKA and GEANT4 codes were used to calculate
doses due to selected electron source terms. They can be obtained with any
ultrahigh power laser and represent the starting points in the radioprotection
design/verifying. Our evalution includes absorbed doses and energetic spectra of the
secondary particles.

Keywords: PW lasers, radiation protection, Monte Carlo simulation, FLUKA,
GEANTH4, dose evaluation.

1. Introduction

Petawatt-class laser systems provide ultrashort, ultrahigh intensity laser
pulses. Worldwide there are still few facilities where such lasers are in operation
or under construction, e.g. Berkeley Lab Laser Accelerator - BELLA and Texas
Petawatt Laser in USA, RAL Vulcan and Astra-Gemini in UK, POLARIS and
PHELIX in Germany, PETAL and LULLI in France, CAEP, China, J-KAREN,
Japan, etc. In Romania, the 1PW CETAL laser was completed in 2014. Romania
is also a partner in the most ambitious project concerning multi-PW laser systems,
Extreme Light Infrastructure. At the Romanian pillar, ELI — Nuclear Physics
(ELI-NP), a 2 x 10 PW laser system will be operating in 2016. A short review of
the main scientific subjects to be approached at ELI-NP is given in Ref. [1].
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In the ultrahigh intensity laser light - matter interaction theoretical and
experimental studies revealed a significant production of ionizing radiation. The
type of radiation and its spatial and temporal properties depend both on the
characteristics of the laser pulse and on the selected laser target [2]. Consequently,
the activity at ultrahigh intensity laser facilities is associated to a radiological risk
which needs to be permanently evaluated and monitored.

Any such evaluation relies on the “source term”, meaning the type and the
amount of ionizing radiation, its energy spectrum and spatial distribution. At an
ultrahigh intensity laser facility such as CETAL or ELI-NP (to mention only those
which will operate in Romania), a large variety of experiments will be performed,
resulting in emissions of electrons, photons, protons, neutrons, muons, etc., either
as primary particles or as secondaries [3]. Primary radiation will comprise
electrons, photons, protons or heavy ions, with electrons playing the leading role.
Because they are light charged particles, electrons are the first to react to the huge
electric fields in the laser pulse. Their behaviour will eventually determine the
structure of the complex radiation fields at the site of a laser — target interaction.
This is why in this preliminary study we focus on electrons, particularly hot,
relativistic ones, which are generated when incident intensities exceed the

relativistic threshold of 10'® W/ cm? [4].

The goal of this study is to determine doses due to selected electron
sources as a starting point for a complex Monte Carlo radiological
characterization of a more realistic experimental site. We took into consideration
the case of ultrahigh relativistic intensities which are expected with PW and multi-
PW laser systems like CETAL and ELI-NP. We also had in view a preliminary
cross-check of the FLUKA and GEANT4 simulations results.

2. Electron source terms

The worst radiological electron source terms are expected in laser —
plasma acceleration experiments. There are several mechanisms that generate hot
electrons by a very efficient energetic transfer between the ultrahigh intensity
laser pulse and the plasma which is instantaneously created by the pulse pedestal
when it is incident on the target. The most important are i) laser wakefield
acceleration (LWFA) with its particular self — modulated (SM-LWFA) and blow-
out/bubble regimes [5], [6] and ii) direct laser accelelation (DLA) in plasma
channels [7].

The electron source terms we selected do not fit into the category of
ideally monoenergetic, monodirectional beams. These represent the ultimate goal
of laser acceleration but there are still few experimental results of this type, to our
knowledge [8]. Moreover, radiation protection and shielding of such sources are
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well established due to currently vast experience with conventional electron
accelerators. Instead, we worked with more or less broader energetic and spatial
distributions that may be obtained (according to PIC simulations and scaling laws)
or even were determined in current experiments.

Source Term 1 (ST1) is a Gaussian energy distribution with a relatively
large width:
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where N (E)dE is the total number of electrons per sr, per pulse, in [E, E+dE],
AE is the FWHM of the distribution and N - the number of electrons per sr, per
pulse for all energies. The average electron energy Eay was identified to the
energy gain given by the scaling law [9]:
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where P is the laser power, n, - the electron plasma density and AL - the laser

wavelength. Eq. (2) describes the energy gain of electrons accelerated in the
bubble regime of the LWFA. By using the parameters of a laser delivering 10 PW

beam at 0.840 um wavelength, which propagates in an underdense plasma of

density n, = 107 em™

, we estimated a 34 GeV Gaussian distribution with a
relative spread AE/E =10%, as PIC simulations suggest [10]. The divergence of

the implemented source was 3°.
The scaling laws also include a total number of accelerated electrons per
laser pulse which is proportional to pl2:
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Source Term 2 (ST2) and Source Term 3 (ST3) are based on experimental
results of electron laser acceleration in overdense plasma obtained at SLAC, RAL
Vulcan and LULLI [11], [12], [13], [14]. The electron energetic spectrum is
approximated by a relativistic Maxwell — Boltzmann distribution [11]:
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where W, is the total energy of the electrons (a fraction of laser pulse energy),

and Tp is the hot electron temperature in MeV. The latter was calculated
according to the scaling law:

/ I 2%

where |1 is the laser intensity in W/ cm? .
ST2 is the result of sampling the energy distribution (4) with

Th =116 MeV which corresponds to a laser intensity I =10%3 W/ em? and a

wavelength of 0.840 um _ The spatial distribution was considered isotropic, a
situation which is close to some experimental observations [14].

ST3 describes experimental results in which the laser target is solid and it
is not completely ionized by the laser pulse (thick target experiments). The
electron energetic spectrum is similar to ST2. We simulated the electron beam as
a pencil beam originating close to the front face of the 2 mm thick, 2mm radius,
cylindrical laser target in gold.

ST4 is a superposition of two exponential distributions retrieved from
experimental data measured at RAL Vulcan in helium gas jet target. The
estimations were given in the final document of ELI — Preparatory Phase [15]:

dN N N,

d_E:TeXp(_E/TI)-FfeXp(_ E/Tz) (6)
The total number of electrons per sr per pulse Nj and the temperature Ti of each
thermal component are presented in the table below together with the cutoff
energy. The contribution of the second Boltzmannian term is about 16% electron
primaries in the range 100MeV-300MeV.

Parameters of ST4

Cutoff energy Ee MeV) Temperature T MeV) Particle number Ni (sr”'pulse™

300 17.6 | 3500 2.8x10’ | 1.0x10"
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3. Simulation Setup

The doses due to our choice of electron source terms were obtained by
parallel FLUKA and GEANT4 calculations. Both codes are Monte Carlo based
but FLUKA is a fully integrated physics package, while GEANT4 is a toolkit
software. They are widely used simulation tools in dosimetry.

The present Fluka simulations were carried out with the latest published
version, FLUKA 2011.2¢.0 and Flair 2.0-5 [16, 17, 18]. The 34 GeV Gaussian
electron distribution with a 10% relative spread (ST1) was defined by FLUKA
BEAM card. ST2 and ST3 were implemented by SOURCE subroutines which
sampled the relativistic Maxwellian energy distribution - Eq. (4). For the isotropic

ST2, the primary electron direction was sampled from a random (9,(P) uniform

distribution in a 47 sr solid angle. ST3 was defined as a pencil beam. The double
exponential source term was generated by a dedicated SOURCE subroutine.
Electrons whose energies were sampled from Eq. (6) were generated in a
proportion given by the ratio of the overall number of electrons per pulse in the
components, N,/Nj. The spatial distribution was uniform in azimuth and polar

angles, within a cone whose aperture is given by the full divergence angle of the
beam.

The secondaries were produced and transported with a threshold which was
100 keV for et/e- and 10 keV for all the other particles, except neutrons which

were transported down to the smallest thermal energy, 107%ev. In FLUKA, if an
interaction generates a particle whose energy is below the production/transport
threshold, the particle is not generated but its energy is deposited. Full “heavy”
ion transport was activated. To improve the statistics in sampling photonuclear
reactions, the inelastic interaction length of photons was reduced by a factor 0.02.
This common biasing technique is necessary since their cross sections are much
smaller than those of electromagnetic processes.

The GEANT4 simulations were performed with 10.00.p02 version of the
toolkit [19]. The dose was accumulated directly from energy deposition at each
step in the selected volume. As physics models we have adopted prepackaged
physics list QBBC (with default threshold of 0.7mm). Calculations with various
physics lists used in studies of shielding applications (QGSP_BERT HP,
QGSP_BIC HP, QGSP_INCLXX, Shielding) did not lead to appreciable results
differences on absorbed physical dose. The various spectral and angular
distributions of initial particles were sampled using General Particle Source (GPS)
module implemented in GEANT4 distribution.
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In Fig. 1 the simplified geometry of our simulations is presented. It consists
of a 1.3m (width)x1.4m (height)x 2.8m (length) vacuum interaction chamber in
the surrounding air. The walls are 6cm thick, in aluminum. Outside the interaction
chamber, 1m away from its window, a cube in copper of side 10cm is placed.
This is the “detector” where doses due to the electron source placed in the center
of the interaction chamber are computed. Copper was selected because it is a
material which is likely to be found in a laser interaction bunker, either as a
component of a beamdump or some experimental apparatus.

100 i

=200 -100 0 100 200 3
Z(cm)

Fig. 1. Simulation geometry

We also calculated the dose in the walls of the interaction chamber and its
window. The window geometry (cylindrical, 20 cm radius and 1 mm thick) was
chosen so that it does not drastically change the primary electron spectrum. Its
large size is designed to allow more electron primaries to leave the interaction
chamber, when they have a large spatial distribution (ST2).

4. Results

The main outcome of this study concerns doses calculated by FLUKA and
GEANT4 Monte Carlo transport codes. In Table 1 total doses absorbed in the key
elements of the geometry: “detector” copper cube, interaction chamber walls and
chamber window are presented together with the statistical relative errors. The
simulation results compare well. They are, with two exceptions, within the limits
of statistical errors.

The “all particles” fluence distribution generated by ST1 is represented in
Fig. 2. It is determined by the highly energetic primary electron beam and its very
narrow divergence. We notice a forward peaked distribution which is enhanced by
the processes that take place in the “detector” region. The 6 cm thick aluminum
interaction chamber makes the fluence behind it insignificant. In this simulation
37% of the primary energy is used in electromagnetic cascades, which give rise to
an important number of photons, (many of which are bremsstrahlung radiation in
aluminum and copper) and electrons covering a wide energy range (Fig.3a).
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Table 1. Dose (pGy/primary) due to all particles generated by the implemented electron source

Source Term 4
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Fig. 2. All particle fluence (particles/cm*/primary electron) generated by ST1 in the Oxz plane at

y= 0. The small divergence source is placed at the center of the interaction chamber
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Fig. 3. ST1 - Secondary energy spectra at the front face of the “detector *“ region, in the backward
direction. a) electrons & photons; b) neutrons, protons & muons

Due to the large number of photons that get into the detector region and
whose energy is above 0.01 GeV, neutrons are produced in giant resonance and
quasi-deuteron photonuclear reactions (see Fig. 3b). They are responsible for the
isotropic fluence distribution around the detector region. Highly energetic photons
also produce other nuclear reactions giving rise to forward peaked cascade
neutrons but also pions (positive, negative and neutral) which decay to muons
which represent a problem type of particles in shielding.
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Fig. 4. All particle fluence (particles/cm*/primary electron) generated by ST2 in the Oxz plane at y
= 0. The isotropic source is placed at the center of the interaction chamber
In fact 95% of the stars produced in this simulation were photon induced and only

3% were neutron induced.
If we look at the numbers, ST2 is less hazardous (the maximum electron

energy being 1.2 GeV, the averagy energy — 0.350 GeV, i.e. approximately 3T, )
and closer to the electron distributions that are currently obtained at the PW laser
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sites. As expected, the fluence distribution is radially symmetrical inside the
vacuum interaction chamber. Cascading of the primary electrons in the thick
chamber walls gives more radiation in the environmental air (Fig. 4).
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Fig. 5. ST2 - Secondary particles energy spectra at the front face
of the “detector “ region, in the backward direction

In Fig. 5 we can see the energy spectra of the main secondary particles
obtained at the air / copper interface. The isotropic direction of primary electrons
and the small solid angle under which electrons get into the “detector” region
make the number of nuclear interactions taking place there significantly low.
Again, the main particles responsible for nuclear interactions are photons (96.4%).
16% of the primary electron energy is found in GeV electromagnetic cascades and
practically no hadronic cascades are produced. High energy photons induce
nuclear reactions, thus giving neutrons, protons and even muons, but their fluence
is small.

The same energetic distribution of primary electrons will give an
altogether different radiation field if the divergence of the beam is extremely low,
as in ST3. The fluence due to all particles, depicted in Fig. 6, exhibits an expected
forward peaked distribution and a correspondingly good shielding given by the
interaction chamber in the backward direction. The interaction of the hot electrons
with the gold thick target generates secondaries whose fluence is observed inside
the vacuum chamber (please compare to Fig. 2). 34.6% of the incident energy per
primary can be found in the electromagnetic cascades in gold, aluminum and
copper. According to figure 7, an important number of photons with energies
above 0.01 GeV are produced in the detector region. They will induce photo-
nuclear and photo-pion reaction, thus generating neutrons, protons and pions. The
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largest fraction of muons is obtained by decaying of 7°. Most of the secondaries
generated in inelastic interactions are photons (66%) and neutrons (26%) per
incident electron primary.
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Fig. 6. All particle fluence (particles/cm*/primary electron) generated by
ST3 in the Oxz plane at y = 0. The pencil beam source is placed in front
of the laser target, at the center of the interaction chamber
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Fig. 7. ST3 - Secondary particles energy spectra at the front face of the
“detector ““ region, in the backward direction



Preliminary dosimetric evaluation of electron source terms at PW laser systems 259

300 T T T T T T T 0.01
200 - 0.001
100 00001 &
=
—
E B
2 oF 16-05 ‘a
b o
-100 16-06 E
iy
-200 | 10-07
-300 1 1 1 1 1 1 1 19-08
400  -300  -200 -100 O 100 200 300
z (em)
Fig. 8. All particle fluence (particles/cm*/primary electron)
generated by ST4 in the Oxz plane at y = 0. The isotropic
source is placed at the center of the interaction chamber
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Fig. 9. ST4 - Secondary particles energy spectra at the front face
of the “detector “ region, in the backward direction

ST4 is a source term which was obtained by modelling real experimental
data. The cutoff at 0.300 GeV makes it the least difficult source term from the
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radioprotection point of view. However it produces an important fluence of
secondary particles around the detector region. It was the only source term for
which we obtained back-reflected primaries at the air — copper interface of the
detector region and at the window, as you can notice by comparing Fig. 8 to Figs.
2, 4 and 6. Fig. 9 shows that electromagnetic cascades are again the most
significant sources of secondaries in the ST4 case. Even more so, since 64% of the
incident energy per primary is to be found there. High energetic photons induce
nuclear reactions which result in a significant number of neutrons and protons.
Muons are not important here.
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Fig. 10. All particle dose (pGy/primary electron) due to the electron
source terms in the “Detector “ region.

Finally, in Fig. 10, a comparative graph representation of doses
(pGy/primary) due to secondary particles generated by our choice of electron
source terms is presented. We emphasize that the dose deposited in the “detector”
region is mainly due to the interactions of the defined electron source in that
region. The simplified geometry reduces to a minimum the influence of the
environment. However, in a real bunker, the radiation fields would be drastically
changed by the shielding and any other existing item.

As expected, the highest doses were due to the relatively wide gaussian
energy distribution of an electron beam with low divergence. There are roughly
six orders magnitudes between the doses due to the “worst” (from a radiprotection
point of view) and the “easiest” electron source terms, ST1 and ST2. ST3 and ST4
give very close results due to an energy range which is similar (although the
energy distributions are obviously quite different), and low divergence. If it had
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not been for the nuclear interactions of the electron beam inside the laser target,
the results would have been even closer.

From an energetic point of view, ST2 is identical with ST3, but due to its
isotropic spatial distribution, it will generate a significantly lower dose in the
“detector” region. Obviously this is just a re-distribution of the total energy in the
primary beam and for this reason interaction chambers usually have thick walls
and can be fitted with suplementary local shielding.

5. Conclusions

This is a Monte Carlo simulation study meant to give a dosimetric
evaluation of several typical electron sources at ultrahigh intensity laser facilities.
We chose source terms which are predicted by theory and PIC simulations and
used scaling laws to get the corresponding parameter values at 10 PW, and source
terms which have already been measured at 1 PW, in an atempt to cover a wider
range of energies and typical energy/spatial distributions. Parallel computations
by two of the most widely used Monte Carlo radiation transport codes - FLUKA
and GEANT4 allowed for a successful cross-check of the simulations results.

“All particle” fluences were also retrieved, their distribution being
meaningful for the physical processes which are expected to generate secondaries.
Usually these are responsible for the radioprotection problems, as the primary
beam can be more or less easily stopped in beamdumps. We also calculated the
secondaries energy spectra in order to be able to compare the radiological effects
of the selected electron sources at the same position in space, after specific
interactions with the same medium.

We showed that the level of maximum energy by itself (or the energy
distribution) does not determine univoquely the total radiation dose. Similarly, the
spatial distribution is just another factor (very important however) which decides
the doses given by one source term or another. Our calculations confirm that
correct predictions of Monte Carlo codes rely entirely on a good definition of the
source terms, and this should be a matter of careful consideration where radiation
protection issues are concerned. In future, we will use our typical electron source
terms implemented in FLUKA and GEANT4 within this particular study for a
radiological characterization of a real laser accelerator experimental facility.
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