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Abstract

High-intensity lasers are an effective source for the acceleration of high-energy particles. Using different interaction
configurations, such facilities can be optimized for the acceleration of electrons, protons, heavy ions, high-energy
photons, or neutrons. The shielding of these facilities to ensure the safety of personnel has always been a critical
requirement and is a fundamental step within the design phase. The knowledge of radiation source terms through both
experiments and modelling is now well understood and for the most part can be dealt with through the use of shielding
and specialized beam dumps. Unlike most other particle accelerators most high-power laser facilities are still accessed
by personnel post shot with little or no remote handling capabilities. As a result, the secondary activation and control
of components that lie around the interaction is of great importance to safety. In this paper, we present a 10 year
history of activation data on the Vulcan petawatt facility and discuss the primary sources of activation and the potential
impact on future laser facilities.
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INTRODUCTION

The Vulcan Petawatt Facility (Hernandez-Gomez et al.,
2006) is a Nd:Glass laser system that uses optical parametric
chirped pulse amplification system (Chekhlov et al., 2006) to
generate short pulse, high contrast laser pulses with energies
up to 400 J on target for high-intensity plasma physics exper-
iments. The facility operates with a parabolic f/3 focusing
optic to reach intensities of up to 1021 W/cm2 and typically
fires to target at a rate of 1 shot every 45 minutes. At these
intensities, the laser-target interaction can be optimized for
the production of hundreds of MeV electrons (Kneip et al.,
2011) using gas jets (Azambuja et al., 1999), tens of MeV
photons (Ledingham et al., 2000) using thick solid targets,
MeV neutrons using deuterated targets, and protons/ions
of tens of MeV per nucleon (Robson et al., 2007). All of
the accelerated particles/radiation has the capability to gen-
erate activity within the components surrounding the laser-
target interaction, the experimental vacuum chamber and
potentially the target area itself. For many experiments, the
secondary activation of sample foils is often used for

diagnosing the radiation/particle flux and directionality
(Clarke et al., 2006) since the isotope can often be identified
and the exact source of radiation characterized (Clarke et al.,
2008; Gunther et al., 2013).

As part of the inherent safety systems in place at the
Vulcan Facility, activation monitoring, material logs, and
control of activated materials have been in place since the
start of operations in 2002. Over this period, 46 experiments
were undertaken and almost 3000 high power laser shots
delivered to target. Dose rates from active components
are measured using Thermo Scientific Mini 900D dose rate
monitors. Typically, 3–4 laser shots are taken before the
interaction chamber is let up from vacuum to atmosphere.
Access to the interaction chamber can be achieved within
15 minutes following the last shot.

Most of the produced radiation is emitted into divergent
beams with cone angles typically of tens of degrees. With
the benefit of the inverse square law, no measurable dose
rates (above 0.2 μSv/hr on contact) have been measured out-
side of about 0.5 m radius around the laser-target. Within this
0.5 m sphere, a typical shot run will see the activation of mul-
tiple components. Activated components are removed where
possible and logged for time and current dose rate. Identifi-
cation of nuclides is performed (where unknown) through
either gamma spectroscopy using a high purity germanium
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detector, sodium iodide scintillators in either single or coinci-
dence mode or simply through half-life measurements. Irra-
diating radiation/particles can be identified through the
likely transitions such as (p, n), (γ, n), (n, ǹ), or in many
cases simply by the positioning with respect to targets —

for example, in ion acceleration experiments dominated by
target normal sheath acceleration (Carroll et al., 2008)
proton activation is expected along the target normal. Analy-
sis of the data obtained throughout the operational history de-
monstrates that almost all components with measurable dose
rates are derived from proton activation.
With a high-energy laser source of several hundred Joules,

total proton yields can easily exceed 1014 protons with over
1010 protons at energies above 8 MeV where the primary
(p, n) reaction cross-section peaks typically occur. This rep-
resents an overall conversion efficiency of up to 15% into
protons (Brenner et al., 2014). The primary (p, n) reactions
dominate the observed activation, but higher energy reactions
such as (p, xn) and (p, n+ p) are also commonly observed
and provide a small contribution to induced activities.
Since not all experiments generate a substantial proton
yield many experiments produce little or no activated

products — gas/cluster targets, thick solid targets (Yuan
et al., 2010), double pulse configurations etc. The compiled
10 cm dose rate (μSv/hr) measured at 10 cm for activated
components can be seen in Figure 1. The time stamped
data supports the proton activation hypothesis, since acti-
vated data appears only in clusters around specific
experiments.
In-chamber handling procedures have been developed to

reduce accessible dose rates as far as practicably achievable.
This requires the constant monitoring of accessible dose rates
and understanding the route of activation. Where possible,
these routes are removed but this is not always practical.

ANALYSIS

The activated components are allocated into one of two main
categories — (1) experimental samples and (2) machine
components. The contribution to dose rates greater than
10 μSv/hr at 10 cm on accessing the interaction chamber is
shown in Figure 2.

Experimental Samples

Mapping of the spatial and energy distribution of accelerated
protons is critical to many of the ion acceleration experiments
performed at the facility and there are only a few techniques
available for single shot measurements. The two main
sample types used to diagnose the emitted proton beams
— “Radiochromic/Gafchromic film” and “Activation
stacks.” Radiochromic film (Nurnberg, 2009) is a dose sen-
sitive film that changes color to represent the level of dose
to which it is exposed. This is commonly used to provide a

Fig. 2. (Color online) Breakdown of activated components less than
10 μSv/hr at 10 cm from the Vulcan petawatt facility, based on category
type over the entire period.

Fig. 1. (Color online) Measured dose rates from chamber activated com-
ponents on the Vulcan petawatt facility, August 2003 – December 2012
plotted as (a) time stamped and (b) individual items.
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spatial profile of the emitted particle beams at multiple ener-
gies. When exposed to high levels of protons, 13N is also pro-
duced within the plastic substrate, with a half-life of
9.97 minutes and is one of the most commonly observed pro-
ducts. The activation stacks are used for determining absolute
proton spectra, typically through the 63Cu (p, n) 63Zn reac-
tion with a half-life of 38.5 minutes (Santala et al., 2001)
and are often used in conjunction with the Radiochromic/
Gafchromic film. The only steps available to minimize the
produced activation is by using thin materials or where
stacks are required for energy measurement through depth
penetration, the use of separating filters with either very
long or very short half-lives.

Machine Components

Machine components are the components and equipment re-
quired to either deliver the laser beam to target or to diagnose
the laser-target interactions and are not intentionally acti-
vated. This category is subdivided into three — “targets
and mounts,” “plasma mirrors,” and “engineering and beam-
line.” The first category contains any equipment directly
associated with the target and its mounting. Plasma mirrors
(Ziener et al., 2003) are glass substrates used to provide an
enhancement of the laser pulse contrast. All other items,
such as experimental and opto-mechanical equipment, diag-
nostic mounting, and general optics are included in the

engineering and beamline category. Initially, most of the acti-
vation observed in this category was through the activation of
stainless steel components such as opto-mechanical posts/
pillars and bolts. These typically become active through the
52Cr (p, n) 52mMn reaction with a half-life of 21.1 minutes.
The typical concentration of chromium within a stainless
steel component is on the order of 10–15% with almost all
of this (84%) being 52Cr. Where possible, components are re-
moved from the proton emission cone or substituted with
custom aluminum components. The resultant activation of
the aluminum is dominated by the 27Al (p,n) 27Si reaction
with half-life of about 4 seconds. This rapidly decays
before the chamber is accessible and hence accessible dose
rates are negligible. Where neither of these is possible, alumi-
num shielding is used to moderate the protons to energies
below the cross-section thresholds. In cases where substi-
tution or shielding are simply not possible and components
cannot be extracted for storage, administrative controls are
used to restrict working around these components. In
recent years, the greatest contribution to the accessible
doses has been through the use of plasma mirrors. These
are disposable optics used to improve the laser contrast by
generating a “switch-on” of the mirror part way into the
rising edge of the main laser pulse. On smaller scale laser
systems, a dedicated plasma mirror system can be installed
part way through the beam propagation but as the beam
diameter increases this becomes more intrusive. In these

Fig. 3. (Color online) Measured decay products from an activated plasma mirror from Target Area Petawatt. Data is taken using a Scionix
2”NaI detector coupled to a Canberra Osprey MCA running in multi-spectral scaling mode. (a) Multi-spectral scaling buffer data showing
full spectrum against elapsed time (from measurement start), (b) snapshot of the spectrum showing the 511 keV peak from the β+ decay,
and (c) plotted net peak area of the 511 keV decay with associated fit for the 11C decay and a presently unidentified component with an
approximate half-life of 2.3 hours.
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cases, the plasma mirrors are used close (within a few cm’s)
to target after the main focusing optic. In such circumstances,
the plasma mirror substrate is likely to be within the proton
emission cone and at such close proximity to the target has
a potential for high activation. Borosilicate glass (BK7) or
equivalent is the typical material used at present for these
components. The boron content is around 10% and 11C is
generated through the 11B (p,n) 11C reaction with a half-life
of 20.4 minutes. A typical example of plasma mirror acti-
vation can be seen in Figure 3. Accessible dose rates from
plasma mirrors can approach several hundreds of μSv/hr at
10 cm and are required to be extracted and stored until appro-
priately decayed. With up to four exchanges per day this is
currently within the capability of the facility without employ-
ing specialist remote handling but replacement of BK7 with a
lower boron content glass is in progress to reduce accessible
dose rates.

FACTORS FOR HIGH REPETITION FACILITIES

The development of high-intensity laser facilities continues
to be rapid, and new facilities such as those for the extreme
light infrastructure (http://eli-laser.eu/index.html) will
begin to come online within the next few years. With a con-
tinually evolving physics program, many of these facilities
will achieve the same level of single-shot activation as the
current Vulcan facility, but at greatly increased shot rates.

This is of major concern for the protection of personnel.
As the shot repetition rate increases, the activated com-
ponents begin to see repetitive activation before they have
significantly decayed. This leads to activation build-up, and
continues to increase until the “saturation regime” is reached
where the decay between shots is equivalent to the activity
generated by the following shot. In addition, low level impu-
rities which currently do not significantly contribute to
exposure levels become an important factor for high rep-
etition rates. To demonstrate this, Figure 4 plots the (p,n)
generated isotopes from both engineering grade aluminum
(6082) and stainless steel as their relative cross-section
(peak cross-section multiplied by the percent of the isotope
present) against the isotope half-life. This creates a map on
which the area of concern for personnel exposure can be
drawn. For the Vulcan facility, this is in the region of relative
cross-section less than 1 × 10−3 mbarn and a half-life be-
tween 1 minute and 2–3 hours. More rapid half-lives decay
prior to personnel being able to access the interaction
chamber and longer half-life isotopes will have a very
small emitted dose rate. Currently within this region there
are no generated aluminum isotopes and only two from the
stainless steel — the 52Mn from the 52Cr (p, n) 52mMn reac-
tion discussed earlier and 54Co from the 55Fe (p, n) 54Co re-
action with a half-life of 1.48 minutes.
As the shot repetition rate increases, the potential build-up

of activation pushes the region of concern to lower relative

Fig. 4. (Color online) Generated isotopes through (p,n) reactions in stainless steel (red) and 6082 grade aluminum (blue) plotted as pro-
portional peak cross-section against half-life.

R. J. Clarke et al.458

https://doi.org/10.1017/S026303461400038X Published online by Cambridge University Press

http://eli-laser.eu/index.html
http://eli-laser.eu/index.html
http://eli-laser.eu/index.html
https://doi.org/10.1017/S026303461400038X


cross-sections (almost proportional to the increase in shot
rate) and also toward longer half-lives. Even looking at
only these primary reactions, it is clear that for a high-
repetition rate facility, the number of additional isotopes con-
tributing to exposure (and as such the associated dose rates)
are dramatically increased. The longer half-life components
dominate the residual dose rates following the end of oper-
ations and will dictate the time before personnel can access
the facility. Considering the level of contaminants in the
engineering grade aluminum it is clear that an increase in rep-
etition rate of a factor of 103 will bring a large number of iso-
topes to the activity level currently observed within stainless
steel components through the 52Cr (p, n) 52mMn reaction.
This 103 increase only represents a repetition rate of
0.5 Hz. With almost 60% of all activated components ob-
served on the current petawatt facility measuring greater
than 1 μSv/hr at 10 cm, scaling to Hz repetition rates clearly
poses a large increase in the radiation hazards to which per-
sonnel may be exposed. At such repetition rates it may no
longer be possible to maintain safe operations through the
substitution of materials or administrative controls and a
full remote handling infrastructure may be required. The ac-
cidental exposure of components in such laser facilities be-
comes a significant risk and could bring future large scale
laser facilities into the activation territory of large electron ac-
celerators or pulsed neutron sources where component activi-
ties approaching PBq levels are commonly observed.

CONCLUSIONS

High-intensity laser facilities operating at intensities in the
region of 1019W/cm2 or above can easily generate levels
of activity that must be both monitored and controlled to mi-
tigate unwanted exposure to personnel. The primary acti-
vation observed to date is generated through (p, n)
reactions and is highly dependent upon the proton energies
and numbers. Many of the most active materials have been
found to be samples to which the experimental visitors
want immediate access for data analysis and therefore strin-
gent operational rules are required to control this material.
However, the activation of machine components dominates
the overall number of activated components as well as the
highest dose rates, especially when employing plasma mir-
rors close to focus. The primary techniques for minimizing
the levels of activity are through the substitution of materials
in use — predominantly stainless steel (containing chro-
mium), borosilicate glass (containing boron), plastics and
copper, which are also present in brass components. The con-
trol of experimental configurations to minimize components
within the emitted proton cones (presently dominated along
target axis) is key to maintaining a minimum level of acti-
vation on both current facilities and planned upgrades.
Current high-intensity laser systems can be operated with

relatively simple controls to prevent or control unwanted
exposure but the future position of large facilities is not
quite as clear. As facilities are developed to produce higher

powers, intensities and/or energies, the immediate level of
activation will potentially increase, and may eventually
become comparable to that of facilities such as pulsed neu-
tron sources or electron accelerators. As the proton and elec-
tron energies increase further, the potential for spallation and
high-energy cascades also increases, putting further empha-
sis on neutron activation which currently contributes only a
small proportion of the observed activities within laser facili-
ties. Finally, the ever increasing repetition rate of high-
intensity facilities poses a large concern for the build-up of
activation. Significant activity is likely to be achieved
through low level material impurities and the need for
remote handling systems and even more stringent control
of equipment and facility construction materials is required.
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