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ABSTRACT

Monte-Carlo Simulation and Measurements of Electrons,
Positrons, and Gamma-rays Generated by Laser-Solid Interactions

by
Alexander Hastings Henderson

Lasers have grown more powerful in recent years, opening up new frontiers in physics.
From early intensities of less than 1010 W/cm2, lasers can now achieve intensities over
1021 W/cm2. Ultraintense laser can become powerful new tools to produce relativistic
electrons, positron-electron pairs, and gamma-rays. The pair production efficiency is
equal to or greater than that of linear accelerators, the most common method of antimatter
generation in the past. The gamma-rays and electrons produced can be highly collimated,
making these interactions of interest for beam generation. Monte-Carlo particle transport
simulation has long been used in physics for simulating various particle and radiation
processes, and is well-suited to simulating both electromagnetic cascades resulting from
laser-solid interactions and the response of electron/positron spectrometers and gammaray detectors. We have used GEANT4 Monte-Carlo particle transport simulation to
design and calibrate charged-particle spectrometers using permanent magnets as well as a
Forward Compton Electron Spectrometer to measure gamma-rays of higher energies than
have previously been achieved. We have had some success simulating and measuring
high positron and gamma-rays yields from laser-solid interactions using gold target at the
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Texas Petawatt Laser (TPW). While similar spectrometers have been developed in the
past, we are to our knowledge the first to successfully use permanent magnet
spectrometers to detect positrons originating from laser-solid interactions in this energy
range. We believe we are also the first to successfully detect multi-MeV gamma rays
using a permanent magnet Forward Compton Electron Spectrometer. Monte-Carlo
particle transport simulation has been used by other groups to model positron production
from laser-solid ineraction, but at the time that we began we were, as far as we know, the
first to have a significant amount of empirical data to work with. We were thus at liberty
to estimate the initial conditions, compare simulation results to data, and adjust as needed
to obtain a better estimate of the actual initial conditions. We have also developed a new
method for measuring the yield and angular distribution of gamma-rays using a twodimensional dosimeter array.

In this work, we examine the experimental and simulation

results as well as the physical processes behind them. In addition, the gamma-rays
produced by our experiments could be useful for photo-nuclear reactors and homeland
security purposes. In our experiments, we measured narrow energy-band positrons and
electrons which have potential medical uses.
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Chapter 1
Introduction To Ultra-Intense Laser-Solid Interactions and Monte-Carlo
Simulations

This thesis deals with the subject of ultra-intense short-pulse laser-interaction with solid
targets and the resultant creation of copious gamma-rays and electron-positron pairs in
the case of high-Z (atomic number) targets. The primary tool to model the physics of
such complex interactions is Monte Carlo simulations. In this introductory chapter we
first give an overview of the basic physics of laser-solid interactions, Monte Carlo
simulations, and detectors and methods to measure the emergent charged particles and
radiation.

Lasers have grown more powerful in recent years, opening up new frontiers in physics.
From early intensities of less than 1010 W/cm2, lasers can now achieve intensities over
1021 W/cm2. The mixed units are standard, with laser energies being measured in Joules
and the focal spot size originally being measured in centimeters, though with modern
lasers 10 micrometer focal diameters are common. In this range, when the laser strikes a
solid target relativistic "hot" electrons are accelerated and copious gamma rays and
electron-positron pairs are produced if the target has a high density and high Z-value.
The pair production efficiency is equal to or greater than that of linear accelerators, the
most common method of positron generation in the past [Hirose et al 2000, KrauseRehberg 2006, compare H. Chen et al 2010 and Chapter 4.7 below]. The gamma-rays
and relativistic electrons produced can be highly collimated, making these interactions of
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interest for beam generation.

Recent experiments at the Titan laser at the Lawrence Livermore National Lab and the
OMEGA EP laser at Rochester University successfully detected positrons prior to the
start of our research, providing motivation for our experiments [H. Chen et al 2009 and
H. Chen et al 2010]. We initially designed our experimental program at the Texas
Petawatt Laser (TPW) and accompanying simulations to attempt to maximize positron
production in laser-solid interactions (see chapter 4). Our TPW experiments measured,
and our simulations supported, higher positron yields and positron/electron ratios closer
to unity than any previous experiments that we are aware of. In the process, we
developed ways to model and characterize the gamma-ray distribution and discovered
that its properties are such that they may be appropriate for some astrophysical and
homeland security applications (see Chapters 3 and 5). We used a dosimeter array to
measure gamma yield and angular distribution (Chapter 5.1 and 4.2, respectively). We
also developed a new Compton spectrometer (Chapter 3) to measure the gamma-ray
spectrum. We believe our Compton spectrometer measurement of TPW gamma-rays is
the first such attempt in laser experiments. Monte-Carlo simulation also proved useful to
calibrate charged particle magnetic spectrometers (see Chapter 2) and gamma-ray
Compton spectrometers (Chapter 3). In the case of the Compton spectrometers, we
believe we have created a cheaper and more compact spectrometer than previous groups.
In this chapter we will cover the basic physics of laser-solid interactions and of the
instruments and methods used to measure the radiation these interactions emit.

3

1.1 Particle Transport Simulations Using Monte-Carlo Methods

Monte-Carlo methods have long been used in physics for modelling various particle and
radiation processes [Carver and Cashwell 1975]. Monte-Carlo models are particularly
well-suited for electromagnetic cascades inside dense materials. It is also highly useful
for designing and modeling particle detectors. We used the GEANT4 (GEometry ANd
Tracking version 4) platform to design and model the detector responses for both charged
particle spectrometers (Chapter 2) and Compton gamma-ray spectrometers (Chapter 3),
as well as for simulating the creation of these particles from electron beams (produced by
laser-solid interactions) on gold targets, and their passage through those targets (Chapters
4 and 5) [Agostinelli et al. 2003, Allison et al. 2006].

Ideally for the simulation of a physical system, one would like to follow every individual
particle and its interactions and trajectories over the entire region and time of interest.
However, real systems may consist of a huge number of particles undergoing a very large
number of processes. For example, a simplified plasma system of 1010 particles each
undergoing a process every femtosecond evolving over a nanosecond would have 1016
processes to compute. With a gigahertz processor this would take 107 seconds to process,
or nearly a year. Even with large parallel clusters of thousands of processors, this is too
slow to solve practical problems and is thus impractical. Various simplifying
assumptions can be made to make a simulation representative of the whole picture. One
approach is to use Monte-Carlo methods to assemble a statistically representative sample.
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Monte-Carlo methods are so named because of their similarity to playing a game of
chance at, e.g., a Monte Carlo casino and recording the results to determine the
probability distribution of a particular game. Similarly, if we know something about the
initial conditions and the probabilities of the individual processes, then we can build up a
probability distribution of the results with only a fraction of the particles and complexity
of the full system. There are important differences, however. In the game of chance
either the process probabilities are known and the results relatively easily calculable (e.g.,
the probablity of different poker hands), or the process probabilities are not known but
the process is easily repeatable so that an experimental distribution can easily be built up
(e.g., slot machines). In physics, Monte-Carlo simulations are instead used for systems
where the interactions are too complex to be calculated explicitly or if there are too many
different types of processes occurring that direct analytical calculation is not possible.
Monte-Carlo simulations can also be used to selectively include only certain physical
processes to see if, for instance, the widening of an electron beam passing through a filter
is primarily due to bremsstrahlung scattering or primarily due to multiple elastic
Coulomb scatterings.

Monte-Carlo simulation using computers was first proposed in 1949 [Metropolis and
Ulam]. Monte-Carlo simulation takes a system where the initial conditions and
interaction probabilities (cross-sections) are known and runs a sample through the system
that is large enough to build up results that are statistically representative. In MonteCarlo simulations we use simulation sample sizes many orders of magnitude lower than
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the actual number of particles of a real physical system. For instance, in our laser-solid
experiments, a few times 106 beam electrons generally suffice for simulation, but the
actual system has a few times 1012 to 1013 beam electrons.

There is another related criteria for numerical particle simulations using Monte-Carlo
methods to be useful, and that is that the particles of interest, frequently beam particles
are treated as "test" particles and do not interact with each other or change the medium
they interact with (i.e. the targets are fixed). Both conditions are needed to insure that the
interaction probabilities remain static and thus predictable. If the former condition is
violated, in addition to the medium interaction probabilities, there would need to be
probabilities for each beam particle to interact with each other, greatly increasing the
simulation complexity. If the latter criterion is violated, the probabilities would change
as the medium changes, making it necessary to also simulate the evolving medium, due to
interactions with the beam particle, again greatly increasing the complexity. A different
sort of simulation, particle-in-cell (or PIC) simulation, can address some of these
problems, but PIC simulation and its relation and coupling to Monte-Carlo simulation is
outside of the scope of this thesis. Interested readers are encouraged to see Bridsall and
Langdon, 1991.

Within a gold target, particles do not interact with each other much, nor do the parameters
of the target change significantly over the time scales considered. Therefore, we judged
the GEANT4 platform to be appropriate for our purposed. GEANT4 uses Monte-Carlo
methods to track particles through a medium. The interaction physics are handled by the
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CLHEP (Class Library for High Energy Physics) software package [Lönnblad 2002].
Both GEANT4 and CLHEP are object-oriented codes written in C++. For more on
GEANT4 and our implementations of it, see Appendix 1.

1.2 Laser-Solid Interactions and Hot Electron Generation

High-powered lasers incident on solid-density targets will accelerate electrons through a
variety of mechanisms including pondermotive acceleration, resonance absorption,
Vacuum heating, the anomalous skin effect, Sheath inverse-bremsstrahlung, and
relativistic jxB heating [Gibbon 2005 pp. 36-39, 153-169]. Ordinarily there would also
be collisional absorption, where electrons jitter in the laser's field and collide with each
other which transfers the jitter (no net displacement) energy into heating of the plasma
that forms. Collisional absorption dominates at low powers, but ceases to be effective at
high powers as the electron energies become too high, and their mean free path too long,
to thermalize by this mechanism over the time-scales concerned. [Gibbon 2005 pp. 153155] The non-collisional aborption methods, rather than expanding more or less omnidirectionally, tend to accelerate electrons forward into the target. Some thermalization
also occurs, but these electrons are accelerated to much higher energies. Consequently,
they are called suprathermal or "hot" electrons.

Ponderomotive acceleration is a process whereby electrons will be pushed away from
regions of high field towards regions of lower field , either due to intensity variation in

7
the laser itself or due to the reduction of the laser field strength as it penetrates into the
plasma density gradient. [Gibbon 2005, pp. 36-39 and Wilks et al 1992]. Because the
heated plasma blows off from the target and thus decreases in density as it goes away
from the target, the net acceleration will tend to be into the target along target normal, if
the density gradient is the primary factor. However, variations due to the finite laser
pulse (intensity rising and falling as the pulse passes) will tend to accelerate electrons
along the laser axis (towards laser forward). Then, some portion of the electrons moving
under the influence of the laser will be moving forward at the height of the pulse, and as
intensity falls the rest of the cycle will be insufficient to restore them to their original
position. Figure 1.1 shows an illustration of the process, for both density-gradient and
finite pulse sources. For particularly high-intensity lasers, the intensity variation will
tend to dominate, accelerating electrons primarily along laser forward. For our
experiments, we conclude that intensity-variation ponderomotive acceleration dominates
over all other acceleration mechanisms, since the electron distribution peaks near laser
forward (see Chapter 4.3). The variety of other methods will therefore be covered only
briefly.

laser
Electron
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Figure 1.1a: For a continuous laser, an electron in a vacuum will simply move in a closed
trajectory.

Figure 1.1b: But with a density gradient that passes the critical density point, the laser
reflects, and if the path of the electron takes it past the point of reflection, suddenly there
is no laser field to drive it back the other way and it thus acquires a net momentum into
the target. This will also happen with a more gradual gradient, even one that doesn't pass
the critical density, leading the electron on a curved but non-circular path which, on
average over many electrons, will cause an acceleration along the gradient.

9

Figure 1.1c: Now suppose we have a short laser pulse. The laser starts to move the
electron in a circle...
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Figure 1.1d: ...but the laser pulse has ended before it completes the circle, so if it was
already going forward at that point, it will keep going. Some electrons will of course be
moving backwards, but those do not go through the target and so are not relevant.

In resonance absorption, plasma waves are generated by electromagnetic waves incident
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at an angle and are subsequently damped by other processes, such as wavebreaking, thus
heating the electrons. This process is complex, but in brief, the incident and reflected
wave combined will have an evanescent wave penetrate to the critical surface, at which
point the wave frequency and the electron plasma frequency equal, so that a plasma wave
is driven. The incident wave has to have a p-polarized component or the evanescent
wave will not point in the correct direction. In effect, the EM wave "tunnels" to the
critical surface and "resurrects" as a plasma wave, mathematically similarly to quantum
tunneling. If the angle reflection surface is too distant from the critical surface, the
tunneled wave will be too small to matter. At normal incidence we have a problem
similar to a purely s-polarizated wave in that there is no component of the electric field
along the density gradient. The mode coupling (EM to plasma) occurs where the wave
frequency matches the plasma frequency: before this point, the medium is not dense
enough and plasma waves will rapidly disperse. If the density gradient is too steep,
however, the plasma waves will also be unable to form as their wavelength will exceed
the density scale, again causing them to disperse. [Gibbon 2005, pp. 155-156 and Kumar
et al. 2013]

In vacuum heating (also known as the Brunel mechanism), electrons in a steep density
gradient are dragged out of the target and driven into it again by the wave. At the steep
gradient the wave amplitude falls off rapidly and the electron continues on relatively
unhindered by the field. This is similar to density-gradient ponderomotive acceleration,
but in this scenario there is a medium discontinuity that is not considered for
ponderomotive acceleration. [Gibbon 2005 pp. 156-162]
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The regular and anomalous skin effects both consider electron collisions with ions as a
means of energy transfer. In the regular skin effect, electrons oscillating with the laser
collide with nearby ions within a skin depth and thus transfer energy from laser to plasma
as the electrons are deflected away from their pure laser field motion. In the anomalous
skin effect, the collision length is larger than the skin depth, so that the coupling between
laser and plasma energy becomes inherently non-local, creating a non-thermal
distribution. [Gibbon 2005 pp. 137-142 and pp. 163-165]

In inverse brehmsstrahlung, electrons absorb photons from the laser field, receiving net
energy and thus heating the plasma. At high intensities, this is not efficient, but sheath
inverse bremsstrahlung may be. In sheath inverse bremsstrahlung, the electron is
reflected off a sheath potential that exists at the plasma boundary in the course of
oscillating in the laser's EM field. If the reflection time is much less than the laser wave
period, then this process will impart energy to the electron. If the reflection time is larger,
the electron's wave motion will dominate and while energy will still be transferred, it will
be negligibly small. This sheath potential is owing to the pondermotive potential created
by the plasma gradient, and thus ponderomotive acceleration must also be present
whenever sheath inverse bremsstrahlung occurs. [Catto and More, 1977]

Nonrelativistic JxB heating is a specific form of pondermotive acceleration: the electrons
acquire an oscillatory velocity from the E-field, creating a current which interacts with
the B-field, driving them across the density gradient, which corresponds to a field
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gradient, thus creating a new force into the overdense medium. This only works with a
steep density gradient and an overdense material which reflects the incident light wave.
This form is not expected to be significant for the high-intensity lasers we are
considering, but the relativistic counterpart may be. Relativistic JxB heating is
essentially the same, only now the electrons have a relativistic velocity, causing them to
see additional oscillatory E-and B-fields which vary along the density gradient, which
once again allows for a ponderomotive force to exist. Of note is that this is in addition to
the normal ponderomotive force. [Gamaly 1998, Kruer and Estabrook 1985, and Wilks
1993]

Most of the above mechanisms accelerate electrons along target normal, but as noted, and
as supported by earlier work by other groups, electrons in high-intensity lasers are
actually accelerated closer to laser forward. [Andreev et al 1999]. Indeed, a simplistic
consideration will show that if the laser absorption is significant, the hot electrons must
be accelerated between laser forward and target normal. See figure 1.2 for accompanying
visuals. If, as in Figure 1.2 a, the laser absorption is near-0, then the laser reflects nearly
perfectly, and the laser-momentum along the y-axis in the figure is conserved by the laser
itself. The only direction, then, that there is any available net momentum is along the xaxis (target normal). The target or ions may also recoil to conserve momentum, and the
electrons may have some angular spread (ie, they may travel in a cone), but the average
momentum for whatever hot electrons there are must be directed along target normal in
this scenario. Contrariwise, if as in Figure 1.2 b, the laser is completely absorbed, then
the available momentum is along laser forward. In this case, the recoil of the target could

14
lead to the hot electrons having net momentum in some other direction, but the simplest
assumption is that target/ion recoil and average hot electron momentum are both along
laser forward. If the hot electrons were to be the only source of absorption, then their
average momentum would clearly have to be along laser forward. Since the variation
between these cases should be continuous, for any significant laser absorption, we can
see that the hot electrons average momentum should fall somewhere between these two
extremes.

y
Laser Forward

Reflected Laser
θ

x

θ
Electrons

θ

Target Normal

Incident Laser

Figure 1.2 a: Laser Incidence Scenario 1, near-perfect reflection.

15

Laser Forward

θ

y

Electrons

x

Target Normal

θ
Incident Laser
Figure 1.2 b: Laser Incidence Scenario 2, total absorption

We note that the preceding considerations are simplistic, but this does show why our
initial assumption was that the peak of the hot electron distribution (and thus the gammaray distribution) would fall somewhere between target normal and laser forward. For the
most part, this assumption was born out (see Chapter 4.3), with the angular distribution
generally peaking near laser forward, suggesting that the ponderomotive force dominates.
H. Chen et al. [2009] have found previously that ponderomotive scaling is inadequate to
explain the hot electron temperature for their experiments near 1020 W/cm2 intensities, but
Wilks [1993] derived a ponderomotive scaling law that is close to our results, though
there is some deviation (see section 1.5 below). Myatt et al [2009] note that with
significant pre-plasma, which we expect in our experiments, ponderomotive scaling is
more likely to apply. Therefore, we conclude that some form of ponderomotive force
dominates in our experiment, but is not the sole significant process.

In light of our results centering at laser forward, and since it is known that the TPW has a
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significant pre-plasma, it is worth examining underdense-plasma acceleration
mechanisms. Notable mechanisms in this regime for our experiments are laser wakefield
acceleration (LWFA), Raman scattering, and ponderomotive channel formation. The
literature [Gibbon 2005 pp. pp. 90-96] also notes that harmonic wave generation can
occur in an underdense plasma, but this requires multiple optical cycles and the TPW is a
short pulse laser.

In LWFA the charge seperation between electrons and ions is considered. The
ponderomotive force of the laser creates the initial charge separation, but as it passes the
ions, which are assumed to be fixed, part of the oscillating force of the laser will actually
be working with the ions to create a large oscillation. In at least some areas of the
plasma, the final ponderomotive acceleration before the laser has passed will be directed
into the target at the point when the electrostatic force from the charge separation is
pointed in the same direction, creating an acceleration too great for the electrostatic
charge separation alone to reverse, thus giving the electrons a net acceleration into the
target [Gibbon 2005 pp. 64-82]. This is not essentially different from finite-laser-pulse
ponderomotive acceleration, but it adds considerations of the ions and charge separation
and thus arrives at slightly different results.

Forward and backward Raman scattering (RFS and RBS, respectively) both result from
instabilities in a relativistic plasma. The plasma wave equations are non-linear, and so
there is some momentum transfer between the oscillatory and non-oscillatory plasma
modes, meaning some of the energy of the oscillating wave will be transferred into a net
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acceleration. In the relativistic regime, RFS accelerates less with increasing laser
intensity, and thus as intensity increases this method of acceleration into the target
becomes less significant compared to other methods. In the strongly relativistic limit,
RBS accelerates less as laser intensity increases as well, though more slowly than RFS,
and may remain significant for back-scattered electrons, though in our experiments we
were not concerned with measuring these. [Gibbon 2005 pp. 83-90]

Ponderomotive channel formation is not an acceleration mechanism per se, but only a
means by which the ponderomotive force may be carried closer to the overdense solid
surface. For a sufficiently intense laser, if the plasma wave timescale (roughly 1 over the
plasma frequency) is much shorter than the pulse length, then the ponderomotive force
will have time to push electrons out of the path of propagation entirely before the laser
pulse has passed, reducing the effective density and allowing more of the laser energy to
penetrate to the critical surface [Gibbon 2005 pp. 106-109]. This will cause the overdense acceleration mechanisms mentioned above to become more significant. The TPW
has a 150 fs pulse length for the primary pulse, so the preplasma must have a very low
density (10-5 times critical or lower) for the plasma time scale to be short enough to
accommodate this effect, and thus it is not likely to amount to more than a small
correction. That we do not see more of the over-dense target-normal acceleration
mechanisms attests to this fact.

From our experimental data, we estimate from 7 to 30% (depending on target and laser
parameters) of laser energy is converted to hot electrons. Previously, Key et al. [1998] by
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matching observation with simulation results estimated a conversion efficiency of 30%
with a 1020 W/cm2 laser on Al and Cu, Wharton et al. [1998] similarly observed around 33
% for a 4 x 1019 W/cm2 laser on Cu, Wilks et al. [1992] used Particle-in-Cell (PIC)
simulation to obtain 30-50% conversion efficiency for around 1019 W/cm2, all higher than
we generally observe. However, the experimental runs of the Key and Wharton groups
assumed an electron cone of 30-90 degrees half-angle, which may skew the results too
high, and we considered only electrons accelerated into the target, which may skew our
results slightly low. Myatt et al. [2007] used experimental K-alpha emission lines to
estimate the absorption to hot electrons driven into the target for a 1018-1020 W/cm2 laser
incident on Cu foils and obtained an absorption of 10%, close to our results. Our results
are detailed more in Chapter 5, and given these results and considerations, we do not find
any essential conflict between our results and previous work.

1.3 Gamma-ray and Pair Creation Processes

When the hot electrons are sufficiently high in energy (kinetic energy > 1.022 MeV),
bremsstrahlung gamma-rays are copiously produced and positron/electron pairs may be
formed in a high-Z target by two different channels: the Trident process and the BetheHeitler process. The Trident process occurs when an electron scatters off of a nucleus
and produces an electron/positron pair, but the original electron is not captured. Hence,
three branches emerge from one input, like a trident. The Bethe-Heitler process, on the
other hand, is a two-stage process whereby a relativistic electron undergoes
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bremsstrahlung and the gamma ray subsequently hits a nucleus and produces a pair, being
absorbed in the process. [Heitler 1954] Figure 1.3 illustrates both of these processes.
The gamma-rays have a small interaction cross-section for pair-production, but the crosssection for bremsstrahlung is so much higher than for the Trident process that the BetheHeitler process is the dominant positron production method for target thicknesses greater
than a few tens of microns [Nakashima and Takabe 2002]. The reason is that as the
thickness increases, the number of gammas increases, and thus the probability of gammaray pair-production increases quadratically with thickness, even though the cross-sections
remain the same.

e+
γ
e-

Z
e-

Z
ee+
e-

Z

e-

Figure 1.3: Illustration of Bethe-Heitler process (top) and electron trident process
(bottom).

These processes plus other electromagnetic processes such as photoelectric and Compton
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scattering produce an EM cascade, and therefore Monte-Carlo simulation is most useful
for studying them. The Bethe-Heitler process in particular lends itself to Monte-Carlo
simulation as it requires multiple steps and can produce pairs from even third- or fourthgeneration gamma rays., i.e., gamma-rays compton scatter electrons which undergo
brehmsstralung to produce a new gamma-ray which may either repeat the process or
undergo pair production. The energy is reduced at each step. But, as we are dealing with
hot electrons with energies up to 100 MeV (see Chapter 4.1), it can take many steps to
drop below the pair-production threshhold of 1.022 MeV. For our laser targets most
bremsstrahlung gamma-rays emerge without being absorbed. Hence they provide a good
diagnostic of the hot electrons and the physics of the laser-solid interaction. Thus
measuring the gamma-ray output and spectrum is a key goal of our experiments.

1.4 EM Cascades and Monte-Carlo Simulations

An electromagnetic cascade is any process or set of processes whereby one
electromagnetic particle (photon or charged particle) produces more particles, which can
then continue the process. For example, in our simulations we begin with the hot
electrons. Through ionisation, they produce more beam electrons directly (stripping
atoms of their electrons), which electrons can then ionise even more atoms, creating a
cascade. As a multi-step process, the hot electrons can undergo bremsstrahlung,
producing gamma-rays which undergo pair production and compton scattering, putting
more electrons into the beam which can also undergo bremsstrahlung. Notice that both of
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these sets of processes occur at once, and in general there will be multiple competing
processes. This, combined with the potential for multiple elastic scatterings within the
medium, makes the output very difficult to calculate analytically. However, for lasersolid interactions in a dense, high-Z target, the beam particles do not interact with each
other within the solid target, nor is the target altered significantly, making it ideal for
Monte-Carlo simulation. Figure 1.4 gives a simulated electromagnetic cascade from hot
electrons in a laser-solid interaction, made using our GEANT4 Monte-Carlo code.
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Figure 1.4: Diagram of a simulated electromagnetic cascade from a GEANT4 MonteCarlo simulation. Gamma-rays are green, electron are red, and positrons are blue. Only
a few positrons are produced so one of the positron tracks is circles above.

23
1.5 Target Normal Sheath Acceleration

Target Normal Sheath Acceleration (TNSA) is an effect previously studied (see Perego et
al. [2011] and Zani et al. [2011] for theoretical and experimental considerations,
respectively) whereby a charge separation on emergence from the target accelerates
positrons and decelerates electrons. While we do not incorporate this effect into our
simulations, it does help to explain some observed phenomena and so we will briefly
touch on it here.

The initial acceleration of electrons separates them from ions and creates a current
through the target. In a conductive material, atomic electrons can move relatively freely
and will create a return current, preventing the electron self-generated current from
stopping the hot electrons [Gibbon 2005 pp. 192-197]. Then, as electrons leave the
target, the target acquires a new positive charge, and the conductive electrons will
naturally be repelled, causing this positive charge to accumulate on the surface. Then the
electrons leaving the target and the ions in the target act like a parallel plate capacitor
(Figure 1.5), creating a nearly-constant electric field over the surface area of the emergent
electron 'cloud'. This field will reduce the energy of the electrons and increase the energy
of the positrons. This field is reduced as electrons disperse, and since the particles do not
emerge all at once, different particles will experience different accelerations from the
field. Since this effect is due to an inherent change in the medium, it is not directly
modellable using our GEANT4 Monte-Carlo simulation. If we have some knowledge of
the field parameters and how they change in space and time then it can be incorporated,

24
but this requires some separate PIC simulation work or other form of modelling and thus
we do not consider it here, noting only when it is expected to explain some
experimentally observed deviation from simulated results.

+
+
+
+

-

+
+

-

-

Figure 1.5: Electrons leaving the rear surface of the target while the ions are left behind
results in a charge separation.

1.6 Previous Works on Hot Electrons and Pair Production

There has been much work done in the simulation of laser-solid interactions. With
respect to the hot electron temperature, Wilks [1993] derived a ponderomotive scaling
law:
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1/ 2

T hot =[(1+ I λ u /(1.4∗10 )) −1]∗511keV

(Eq. 1.1),

with I in W/cm2 and λ in microns. This equates to 14 MeV for the Texas Petawatt Laser
at 1 x 1021 W/cm2. Myatt et al. [2007] estimate a temperature in the MeV range for a
1018-1020 W/cm2 laser incident on Cu foils , Beg et al [1997] obtain a temperature of up to
400 keV for 5x1018 W/cm2 laser on various solid targets, Nakashima and Takabe [2002]
estimate 4 MeV for a 1020 W/cm2 laser incident on gold foils, Hatchett et al [2000] obtain
around 4 MeV for a similar laser on solid gold targets, H. Chen et al [2010] obtain about
3 to 9 MeV for a 1 x 1019 to 5 x 1020 W/cm2 laser on solid gold targets, and Wilks [1993]
estimates a temperature of an MeV from PIC simulations of a 1019 W/cm2 laser. We
estimate temperatures of 9 to 18 MeV for a 5 x 1020 W/cm2 to 1 x 1021 W/cm2 laser on
solid gold targets, close to the ponderomotive scaling and consistent with the scaling
trends observed by H. Chen et al [2010] and others on high-intensity lasers.

As positrons are not produced in significant quantities below 1019 W/cm2 [Nakashima and
Takabe 2002], there is less available data on these. Yan et al [2012] used Monte-Carlo
simulation to predict that the positron spectra will be sharply peaked due to TNSA
effects. We do observe this in our experiments, though since we do not attempt to
incorporate TNSA effects in our simulation and thus consider only things such as positron
yield and ratio and not spectrum. H. Chen et al [2010] observe similar results for
positron spectra with a 1 x 1019 to 5 x 1020 W/cm2 laser on solid gold targets. Yan et al
[2012] also estimate a positron yield per kJ of hot electron energy of about 1012, or about
3.2 x 108 per Joule of laser energy with a 500 J, 1020 W/cm2 laser incident on gold. H.
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Chen et al [2009] estimate 2 x 10-2 positrons per hot electron, or 107 to 108 per Joule of
laser energy on the laser mentioned above. Nakashima and Takabe [2002] used
simulation to determine positron spectrum and track yield for lasers on gold foil against
various parameters. They neglected TNSA effects and found that the positron spectra
peak at 1-2 MeV, and we similarly find a peak from about 1.5 to 2.5 MeV without
including sheath fields. They find that the yield saturates near 1021 W/cm2 with a value of
1.8 x 108 positrons per Joule of laser energy for a 280 J laser. Myatt et al [2009] did
extensive analytic computations which for our approximate laser-to-hot-electron
conversion rate of 10% (see Chapter 5.1) would give a yield of about 108 positrons/J of
laser energy. We measure 1.6 x 107 to 8.0 x 108 positrons per Joule of laser energy for
gold for a 120 J laser with intensity 5 x 1020 to 1 x 1021 W/cm2 and 2.2 x 107 to 1.2 x 109
positrons per Joule for platinum, and simulations are well-matched for gold. Our gold
results are reasonably consistent with previous results. We are using a higher-intensity
laser, and do occasionally see a slightly higher yield.

1.7 Charged Particle Spectrometers and Monte-Carlo Simulations

Charged particles in motion are bent by a magnetic field in accordance with their energy.

In the relativistic limit, this goes not according to the well-known gyroradius
but according to

r g=

mv
|q|B
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rg =

γ β mc
|q|B (Eq. 1.2),

where γ is the relativistic Lorzentz factor, β=v/c, q is the charge on the moving particle,
m is its mass, B is the magnetic field, and v is the velocity perpendicular to the field.
Thus, if we construct an apparatus with a known magnetic field, then we can determine
the energy of the electrons based on the radius of curvature. This is easiest if the
magnetic field is approximately constant.

A constant magnetic field is most easily achievable with electromagnets, but since these
could be disrupted by the electromagnetic pulse that comes from the laser-target
interaction in our experiments, we found it best to use two permanent magnets held at a
constant distance apart. The field is not precisely constant in this case, but it is close
enough that deviations from this amount to a first-order correction. For similar reasons
we used image plates (IPs) as the particle detector medium as opposed to, say,
scintillators. The linear distance L along the IP at the edges of the magnet from the front
2
of the field region to the point where the particles impact goes as L=√2 r g d−d where d

is the transverse distance from the pinhole to the edge of the magnet, typically 1 inch in
our spectrometers. Figure 1.6 shows a picture of the assembled spectrometer and a top
view of the spectrometer cutout showing L and d.
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Figure 1.6: Photo of spectrometer, with parts labeled. Image plates are not pictured.

The magnetic field is not precisely constant, and the pinhole has a non-zero width.
Consequently, there are corrections that must be made to these simple calculations. By
measuring the field at regular intervals using a Hall probe and linear positions (see Figure
1.7) we can construct a 3D field geometry that can be programmed into a Monte-Carlo
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simulation along with the physical geometry. We can calibrate the position-versus-energy
relationship for the range of possible incident energies, angles and positions for a positron
or electron passing through the pinhole. This results in an energy versus L relationship
that is not strictly one-to-one, so deconvolution matrices must be constructed using
Monte Carlo simulations. However, this process is relatively easily implemented with a
mathematical program such as MATLAB. See Taylor et al [2015] for more on our
deconvolution methodology, and Chapter 2 for further discussion on the deconvolution
results.
Hall Probe (not pictured) attaches here.

Figure 1.7: Photo of linear positioner. Hand-cranks allow positioning to millimeter
precision or better.
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1.8 Gamma-ray Characterization

In our experiments we have high-intensity, high-energy gamma-rays that emerge in very
short bursts. These are very difficult to measure: single-photon counting methods such
as scintillators cannot handle high intensity and cannot measure signals on time-scales
below 10 ns, while we have time scales in the 100 fs to ps regime. For gamma-rays of
energies up to 5 MeV, we can use filter stack spectrometers (FSS). When passing
through a given material of a given thickness, gamma-rays will be attenuated according
to their energy. However, above 5 MeV, the scattering cross-section becomes nearly flat
in energy regardless of material, rendering this method unusable. A full study of this
method is beyond the scope of this thesis, but see chapter 5.2 for our use of this method,
and C. D. Chen et al [2008] for a fuller analysis and explanation of it.

To characterize the energy spectra above 5 MeV, previous laser experiments used a
collection of radioisotopes of different gamma-neutron absorptions thresholds [Leemans
et al], but this approach was impractical for the TPW due to a lack of nearby isotope
measuring facilities. Hence we used a method known as Forward Compton Electron
Spectroscopy. Any gamma-ray will undergo some Compton scattering whereby a
gamma-ray is deflected by an electron and imparts some momentum to it. If the electron
is scattered forward in a small angle φ (from the direction of the incident gamma-ray),
then the energy of the electron and its angle are related to the original gamma-ray energy
according to:
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2

2 γ(1+(1+γ) ϕ )
Ee =Ei
1+2 γ (1+(1+γ)2 ϕ 2)

γ=

where

(Eq. 1.3),

Ei
me c2

, Ei is the incident gamma-ray energy, and φ is the electron angle. For

known φ and electron energy Ee, this formula is numerically invertible for Ei. In the
cases we are considering here, the gamma-ray energy is much greater than the binding
energy of the electron to the atom, so the atomic electrons are effectively free. Thus, we
can construct an instrument to measure the gamma-ray spectrum by placing a Compton
converter and electron collimator in front of a magnetic spectrometer of the type
discussed in Chapter 1.2. Deconvolution of the gamma-ray spectrum using this technique
requires end-to-end Monte Carlo simulations. Chapter 3 discusses the details of our
Compton spectrometer, and Chapter 5 discusses the results.

There has been much research into measuring the total x-ray and gamma-ray dosage
delivered in the past, for the sake of worker safety. See e.g. Brodsky and Kathren [1989]
for a historical overview, and e.g. Amis et al [2007] for modern standards. Commercial
dosimeters, placed in an array with sufficient coverage, can get us the total gamma-ray
dosage from our experiments. We need some independent knowledge of the spectrum to
get more than a rough estimate of the gamma-ray fluence from this, which we supply
with a combination of the spectrometer measurements mentioned earlier and MonteCarlo simulation. However, assuming the gamma-ray spectrum is not very sensitive to
angle (and our Monte-Carlo simulations suggest that it is not), then we do not need the
exact spectrum to obtain an angular distribution, but can compare the dosage level on the
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different dosimeters. Figure 1.8 shows a picture of a dosimeter array used in our
experiments. See Chapter 5.1 for more details.

Figure 1.8: Dosimeter array affixed to the exterior of target chamber 1 (TC1) at the
Texas Petawatt Laser. The window near the picture center is at target normal, and the
covered porthole to the right of that is near laser forward.

1.9 Previous Works on Laser-Solid-Interaction-Producted Gamma/X-Rays and
Compton Spectrometers
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With regards to the gamma-rays produced in the target, we are, as far as we know, the
first group to use a Compton spectrometer to measure the high-energy gamma-ray
spectrum. However, Hatchett et al [2000] measured the middle-energy spectrum (5-25
MeV) using photo-activation and find a temperature of around 4 MeV for the gammarays for a 1020 W/cm2 laser incident on solid gold targets, somewhat less than our
measured temperature of 6.6 MeV (see Chapter 5), but we did have an order-ofmagnitude larger intensity. Beg et al [1997] used a similar procedure and determined
with a 5 x 1018 W/cm2 laser on solid plastic targets that the x-ray/gamma-ray distribution
has at least 2 distinct temperatures. We similarly obtain two temperatures, but with a
different transition point, and we do not measure to as low an energy as they did, so it is
possible either that the transition point is pushed up by the higher intensity or that there
are at least three distinct temperatures. Hatchett et al [2000] also measured 10 MeV +
gamma-rays as having a widely varying angular distribution, with a 100 degree FWHM
and a centroid that varied by as much as +/- 35 degrees, far more variable and wider than
we measure, but then we included gamma-rays of much lower energies, down to the 100
keV range, and this may explain the differing results. See Chapter 4.2 for more on our
angular distribution results. Sheng et al [2000] using PIC simulation obtained results
closer to our experimental results, showing for a dense medium the gamma-rays above
0.5 MeV peak near laser forward. Hatchett et al [2000] also estimated a 2-6% laser to xray conversion efficiency, using a high-energy, lower-intensity laser, overlapping with our
estimates of about 1-4%.
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Previous groups have made forays into the area of Forward Compton Spectrometers.
Ahren et al in 1973 constructed such a detector using a beryllium converter that could, in
principle, measure gamma-rays from 10 to 300 MeV, and which was tested to measure
up to 140 MeV, with a resolution of under 10% over the whole range. This range requires
a long (~1 m) track of an electromagnet, which was not feasible for our purposes.
Matscheko and Ribberfors in 1987 used thin lucite to construct a Compton spectrometer
that functioned at a much lower energy range than we needed, from 20-200 keV with a
resolution of around 2% or better. In 1991, Morgan et al used a beryllium converter and
a sophisticated non-uniform focusing magnet to construct a Compton spectrometer with
an operational range from 0.3 to 25 or 27 MeV, depending on the exact configuration,
with a resolution better than 1%. The sophisticated magnetic set-up they used was not
practical for the fabrication processes we had readily available. More recently, in 2012,
Reims et al. used a PMMA plastic converter, a single-pixel detector and right-angle
scattering to use Compton scattering to detect gamma-rays up to 110 keV in energy with
a resolution of around 1%. This is, once again, far below the range which we wish to
measure.

1.10 Gamma and Pair Plasmas in Astrophysics and Other Applications

Pair plasmas exist in many astrophysical phenomena such as black hole discs and jets,
quasars,the region around gamma-ray bursters, and pulsar wind nebulae and similar
systems. Most pairs are created by gamma-rays in the double-gamma pair creation
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process: γ + γ = e+ + e-.

Black hole and GRB jet emissions display characteristics of pair plasmas. The bulk
Lorentz factor is so high that the energy requirement may be unrealistically large were it
composed of ions and electrons [Beloborodov 1999 and Meszaros et al 2001]. Similar to
smaller black holes, quasar systems are so high-temperature/high-energy that they may
produce enough pairs through electrodynamic interactions that the pair plasma
component dominates over the regular (proton-electron) plasma component [Wardle et al
1998].

Gamma-ray bursts have an extremely high relativistic gamma value which would require
unreasonably high accelerating energies for protons/ions, suggesting a pair plasma is the
predominant medium. As these occur from core collapse supernovae or blackhole/neutron star binaries, there is a lot of energy available to create pairs. [Piran 2004,
Meszaros 2002] Similarly, pulsar winds and other relativistic shock systems function
similarly to quasars, with local temperatures exceeding the equivalent rest-mass of the
pair, resulting in copious pair creation and the possible domination of the pairs over the
protons. [Asseo 2003 and Iwamoto 1989]

Since copious pairs are produced by laser-solid interactions, and if the parameters can be
tuned such that a pair plasma exists for some length of time at the rear of the target, then
this system can be used to study some aspects of the astrophysical systems mentioned in
this section. Monte-Carlo simulation can aid in this by narrowing down the parameters
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needed to achieve this result. In our experiments, we have achieved up to 20%
positron/electron ratios for large-diameter (3-4.5 mm) targets, which is on the correct
track, but the pair density on emergence form the target is currently too low for the
system to be considered a plasma (see Chapter 4.7). Ratios of 30% or more were
achieved by using very thick (8 mm or more), smaller-diameter (2-3 mm) rod targets and
gathering data at oblique angles, but we have only a few such shots with data and thus not
enough basis for comparison with simulation and so these results are not discussed
further here. In principle a higher-intensity laser should allow for increased pair yield
and thus pair density [Myatt et al 2009].

There are also other applications for laser-solid interactions, which will be detailed more
in Chapter 6., but which we touch on briefly here. Electron, photon, and positron beams
may be used to diagnose and treat cancer. The gamma-ray fluence produced by lasersolid interactions is equivalent to a gamma ray burst (GRB) at 30 parsecs. Finally, there
are potential homeland security applications for using gamma-rays to interrogate
shielded, hidden nuclear material.
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Chapter 2
Magnetic Spectrometers and Calibration by GEANT4 Simulations

Chapter 1, section 2 outlines the physics of charged particles traveling in magnetic fields.
If the magnetic field is nearly constant then the particle energy will correlate simply with
the radius of curvature. In that case, if a detector capable of recording charged particle
impacts, such as an image plate (IP), is positioned along the sides of a magnetic "track",
the energy spectrum of the charged particles can be determined.

2.1 Magnetic Spectrometer Design

To create a nearly uniform magnetic field, one needs two flat, uniform magnets (dipoles)
held a constant distance apart, creating a magnetic "capacitor" (see figure 2.1).
Electromagnets can be used for this purpose, which allows some degree of tunability.
However, in our experiment the electromagnetic pulse (EMP) which follows the laser
shot is likely to disrupt such magnets, so we must resort to permanent magnets. This
gives rise to the fairly simple design seen in figure 2.2. If we have a 6" long magnet and
want the maximum energy electron it registers to be 50 MeV, with a lateral distance from
pinhole to IP of about 3 cm, then rearranging eq. 1.2 and making appropriate
substitutions, we get from eq. 2.1 that we will need a field of about 4 kG or 0.4 T. This
necessitates the use of rare-earth magnetics, specifically NdFeB magnets that we bought
from different manufacturors at different times for different spectrometers.
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B=

γv perp me c 100∗9 .1∗10−28∗3∗1010∗3∗1010
~ 4000 Gauss= . 4 T
er
4 . 8∗10−10∗40

(2.1)

In addition, we require a collimator to ensure that electrons enter the field in a fairly
small area and with a small angular spread, and that gamma radiation from the lasertarget interaction does not have an outsize effect. Lead works well for blocking incident
electrons and gamma-rays, but our early testing shows that it also produces secondary xrays which may make it through and raise the background level. Hence, our collimator
consists of alternate layers of lead and copper. The conductive copper does a good job of
confining any secondary electrons within itself, thus removing them from the
background. Figure 2.3 illustrates the collimator, while figure 2.4 shows a sample IP.

Figure 2.1: Representation of the magnetic field of the spectrometers used in our
experiments.
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Figure 2.2a: Side view diagram of magnetic charged particle spectrometer.

Figure 2.2b: Top view cutaway diagram of magnetic charged particle spectrometer.
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Figure 2.3: Diagram of spectrometer gamma-ray filter/electron collimator.
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Figure 2.4: Sample image plates.

We constructed three spectrometers based on these principles, labeled hereafter by their
track lengths and the name of the university at which they were constructed: Rice 6",
Rice 8", and Rice 10". Since the length of the magnets was limited to 6" or less, our Rice
10" spectrometer contains 2 sets of magnets, 6" and 4", held together to create a longer
track. This spectrometer has an applicable energy range of extending to ~130 MeV in
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theory, though in practice we find an increase in background above 60 MeV owing to the
necessity of a support yoke to hold 2 sets of magnets together and at a fixed distance
from their counterparts. This yoke was made of aluminum, which when struck by
particles (especially protons) travelling through the field will tend to produce a large
number of secondaries. The 6" and 8" spectrometers, which contain only one pair of 6"
magnets apiece, do not have this draw-back but are also limited in their applicable energy
range by the magnet length. In addition, the Rice 8" spectrometer only had 6" magnets,
but had an additional track length past the magnets to measure high-energy particles,
which can travel in a vacuum at constant momenum and strike the IP at a larger distance.
The final applicable energy ranges for these three spectrometers and the low-energy 6"
spectrometer provided by the University of Texas at Austin (UT 6") used in one Compton
spectrometer configuration (see Chapter 5) are summarized in Table 2.1.

Spectrometer

Minimum Energy Measurable

Maximum Energy

(MeV)

Measurable (MeV)

Rice 6"

1

54.5

Rice 8"

0.5

66.1

Rice 10"

1.0

139.4

UT 6"

0.29

19.59

Table 2.1: Energy Ranges of the various spectrometers used in our experiments.
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2.2 Simulation Geometry

The physical geometry seen in figure 2.2 was programmed into a GEANT4 Monte-Carlo
simulation. The collimation was modeled using restrictions on particle injection. Particle
injection occurred near the front of the magnets, as the iron yoke and collimators at the
front render the fringe field outside the magnets negligible along the particle path. The
field was then set to exist only in the gap between the magnets.

As mentioned in Chapter 1.7, the magnetic field in the gap was measured by means of a
hall probe and linear positioner (Figure 1.7). A 3-D grid was assembled from these
measurements and programmed into the GEANT4 simulation. Injected particles are bent
by the field and strike the portion of the geometry corresponding to the IPs, at which
point they are stopped and recorded. In this manner, the simulation is fully-3-D, and can
construct a 2-D map of the Image Plate response, which can be compressed down to 1D
at the end if necessary, or kept as 2-D for better consideration of non-symmetric
background subtraction.

2.3 Simulation Methodology

Electrons or positrons were injected in the simulation just in front of the magnets over a
disc of the same size as the pinhole and with an angular spread consistent with the
pinhole length. One thousand particles were injected at each energy, at which point the
energy was incremented and a thousand more particles injected. In this manner, a
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correspondence was established between the particle locations on the IP and the energy at
injection. The energies covered the range from 0.1 MeV up to 10 MeV past the
maximum energy measurable by the spectrometer determined by analytic estimates. That
maximum measurable energy is about 50 MeV for Rice's 8" spectrometer and 130 MeV
for Rice's 10" spectrometer. The energy was incremented in 0.1 MeV intervals. By
considering only the peak position for each energy, we can construct a simple energyversus-position curve. This is compared with linear accelerator results in section 2.4
below.

Considering the spread of points, either in 2-D or compressed to 1-D, we can obtain the
convolution matrix element for taking electrons of a given energy to an IP image. We
then apply a pseudo-inverse function supplied by MATLAB: a method of numerically
obtaining an approximate inverse matrix that, while not an exact inverse, can be made
arbitrarily close through iteration. We then obtain a deconvolution matrix that will take
the element matrix of an IP into an energy spectrum. Figure 2.5 shows sample IP images
from a laser-solid interaction experiment and the deconvolved images that result. Note
that for deconvolution experimental data one must also apply background subtraction
algorithms. This has been applied in this case, but the details of the process are beyond
the scope of this chapter. See Taylor et al [2013] for a treatment of backgroundsubtraction in these experiments.
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Figure 2.5 a: Electron image plate from a laser-solid experiment and the deconvolved
spectrum.
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Figure 2.5 b: Image plate and deconvolved spectrum for the positrons for the same shot
as part.
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2.4 Simulation Results and Comparisons with LINAC and Radioisotope Results

Our 6", 8", and 10" magnetic spectrometers were all analyzed using the above methods
and calibrated using a combination of radioisotopes (Sr-90) and a linear accelerator
(LINAC). The latter was done at Louisiana State University (LSU) Mary Bird Cancer
Center (MBCC) in Baton Rouge, Louisiana. Figure 2.6 shows the energy-position points
obtained from these results, along with the simulation curve. While the agreement is not
perfect, it is very good and thus we can conclude that our methodology is sufficiently
accurate for use in our experiments.

Energy vs Position Spectrometer Calibration
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Figure 2.6: Calibration curve from simulation compared with LSU Mary Bird Perkins
Cancer Center linear accelerator calibration points in terms of energy and distance
traveled in the magnetic field between the magnets.

46

Once we determined the accuracy of this method, we used this method to calibrate our
three spectrometers and deconvolve the data from them for several years of data on lasersolid interactions performed at the Texas Petawatt Laser (TPW). Also, accurate
correspondence between electron/positron energy and the 2D distribution on an image
plate is, as we shall see in Chapter 3, essential to constructing and using a gamma-ray
Compton Electron Spectrometer.
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Chapter 3
Forward Compton Electron Spectrometers (FCES): GEANT4 Simulation and
Interpretation

Recalling eq. 1.3 in Chapter 1.8, the Compton scattering formula in terms of photon
frequency is:

E e =E γ , f − E γ , i=h ν f −h ν i=h ν i

ϵ=

where

ϵ(1−cosθ)
1+ϵ(1−cosθ) (3.1)

h νi
me c 2

. For angles << 1 (in radians, i.e., the small-angle approximation)

equation 3.1 becomes:

2 ϵ(1+(1+ϵ)2 ϕ2 )
E e =E i
1+2 ϵ(1+(1+ϵ)2 ϕ2) (3.2)

Equation 3.2 cannot readily be analytically inverted in terms of elementary functions, but
it can easily be inverted numerically and is one-to-one between Ee and Ei for known φ,
given that the energies must be real, non-negative numbers. Thus, by collimating
Compton electrons, say, using a block of teflon with a narrow hole drilled through it, we
can gather only electrons within a small known angle range and from the electron's
energy determine the original gamma-ray's energy. Since gamma-rays are little
attenuated by glass portholes or air, they can be detected outside of the target chamber,
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giving us additional room for a detector based on this principle.

3.1 Compton Converters and Magnetic Spectrometers

In order to construct an effective Compton spectrometer, we require a converter material
such that not only will allow enough photons undergo Compton scattering to create a
measurable signal, but wherein the bulk of the Compton electrons will escape from the
material. In addition, we want to suppress photons (or electrons) from interactions other
than Compton scattering, as this will create background that will mask the signal. A lowZ solid material is thus ideal, because while the Compton cross-section is linearly
dependent on Z, pair creation and bremsstrahlung scale roughly as Z2. Morgan et al
[1991] used beryllium, but beryllium is toxic to machine and so was deemed unsuitable
with our available facilities. Polyethylene is a good alternative, and we used only that for
some of our calibrations. Matscheko and Ribberfors [1987] and Reims et al [2012] used
lucite, but for our purposes polyethylene was similar enough in terms of Compton
scattering cross-section and more readily available. For the TPW experiments, we
wished to measure gamma-rays with energies ranging from 5 to 50 MeV. For 5 MeV
electrons, the mean free path in polyethelyne is about 0.5 cm, but the required thickness
of polyethelyne to stop 1% of the 50 MeV photons is about 2 cm, leading to potential
problems [Berger et al 2005 and Berger et al 2010]. Furthermore, in early tests we found
that enough primary electrons penetrated the glass separating the spectrometer from the
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target to raise the background to unacceptable levels. Hence. for our TPW experiments
we used a combination of polyethylene to block primary and secondary electrons coming
from the target and copper or tin of variable thicknesses as a Compton converter. Our
Monte-Carlo simulation helped account for the electron attenuation seen in this set-up.
More non-Compton photon-produced secondary particle (photo-electrons, e+/e- pairs,
and bremsstrahlung photons produced by the secondary electrons) are produced by
copper and tin, but because our magnetic spectrometers detect both electrons and
positrons, by subtracting the positive-side background from the electron signal, we can
remove the effects of pair production, as well as the background from gamma-rays and xrays that are not stopped in the Compton converter. There are still secondary electrons
produced by either electrons ionizing atoms or electrons producing bremsstrahlung
radiation that produces more secondary electrons which create additional background. In
addition, our 6", 0.6 T magnetic spectrometer, hereafter referred to as Rice 6”, could only
measure electrons down to about 5 MeV. These two effects combined mean that for highenergies we used Rice 6", as for experiments in 2012. This measured gamma-rays in a
range of 7-40 MeV (see Section 2) using 12.5 mm of polyethelyne and 7 mm of copper or
tin. For lower-energy measurements we used a 0.13 T, 6" magnetic spectrometer
supplied by UT, hereafter referred to as UT 6", and 4-12.5 mm of polytheylene followed
by 0-4 mm of copper. With various combinations this allowed measurement of gammarays in the 0.5-18 MeV range, but difficulties in deconvolution mean that this data is not
presented here. However, the LSU Mary Bird Perkins Cancer Center x-ray beamlines
that we used for calibration peak in the 1-2.5 MeV range, meaning that a UT 6"
configuration was necessary, in this case using 2 mm of polyethelyne and 1 mm of Cu
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since we had no need to measure electrons above about 10 MeV. See Section 2 below for
the results.

As discussed above, the energies of the Compton electrons produced by these converters
correspond to the original gamma-ray energy. In Section 2, we already covered the
construction of magnetic spectrometers specifically designed to measure electrons.
Hence, all we need to do is attach the gamma-ray collimator, Compton converter, and
Compton electron collimator to the front of a magnetic spectrometer and we have our
gamma-ray spectrometer. Figure 3.1 shows a diagram for a Forward Compton
spectrometer using Rice 6”.

Plastic filter

Converter

6 mm
Incident
Gamma Rays

Magnet
Image plate (over gap)
Magnet

High-Z
Gamma Collimator

Teflon electron collimators: up to 5.1 cm long

Figure 3.1: Diagram of the Compton spectrometer set-up.
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3.2 Simulation/Calibration Methodology and Results

Since we had already performed simulations of the magnetic spectrometer, we split the
Compton spectrometer simulation into two parts. First, Gamma rays are injected at fixed
energies and over an appropriate range of angles and positions in space corresponding to
the collimator. Then, emergent particles are injected into a simulation of the magnetic
spectrometer, with an angular collimator added to the front. This allows us to either
create a single convolution matrix correlating the gamma-ray energy to the image plate
positions, or two matrices, one for each step of the process, which allows for more
flexibility in calibration.

Figure 3.2 shows a map of the IP output for a monoenergetic 16 MeV gamma-ray input
for one of the Rice 6” FCES configurations. This means that for a given detected
electron energy, say 5 MeV, all photons of energy greater than this will contribute
something to the signal. Therefore, we can only adequately model the gamma-ray
spectrum up to the maximum measurable electron-cut-off, which is 50 MeV. In
experiments, we generally find that the signal becomes undetectable above 40 MeV. The
low-energy cut-off for our polyethelyne/copper converter, the point beyond which a
significant portion of the Compton electrons interact again before exiting the converter, is
7 MeV.
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Figure 3.2 Simulated Compton spectrometer IP for a 16 MeV mono-energetic gammaray input. While secondaries are dispersed across the IP, there is a clear primary signal.

As we widen the acceptance angle, more particles are admitted into the detector and thus
a stronger signal is measured, but the relationship between electron energy and gammaray energy becomes less exact. With careful Monte-Carlo simulation we can construct a
deconvolution matrix between gamma-ray energy and electron energy, which allows us to
maximize the resolution with fewer particles and reduces the required cost and size of the
spectrometer. There is still a limit to the resolution, however. Because the key point of
energy is not the electron peak but where the cut-off energy is (beyond which there are no
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electrons, because this is the original gamma-ray energy), we must judge the resolution
by the Compton edge. This is called the edge response method and is done by measuring
the distance it takes to go from 10 % to 90% of the plateau, as opposed to the full-widthat-half-maximum of a peak [Smith 2011]. Figure 3.3 shows an example simulation of
gamma-ray to IP image for a mono-energetic input, giving an example of the resolution
we obtain. In the range of 7 to 40 MeV with the Rice 6” spectrometer, we find a
resolution of 10-20%, starting at 10% and becoming worse as the energy increases.
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Figure 3.3 a: Simulated Compton spectrometer response to 15 MeV mono-energetic
gamma-rays.
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Figure 3.3 b: Simulated Compton spectrometer response to 35 MeV mono-energetic
gamma-rays. By comparing the peak positions for the different energies in parts a) and
b), the edge response distance seen in a) (about 0.5 cm) can be converted to an energy
(about 2.5 MeV, or about 17%). Depending on energy, resolution ranges from about 10
to 20 % for the high-energy configuration seen here. The low energy configuration used
for testing on a medical x-ray beam line has a higher average resolution.

The primary sources of background are incident gamma-rays that make it through,
secondary electrons produced by the Compton electrons, and electron/positron pairs
produced by the gamma-rays. There is not much that can be done about the middle
source, but the other two will create signals that are symmetric on both sides of the
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magnet. Thus, by measuring the positron side as well as the electron side, which our
magnetic spectrometers were already designed to do, we can reduce the background
significantly by subtracting the positron side from the electron side. Figure 3.4 shows a
diagram of our deconvolution process.

Initial images
e- plate, “A”
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internal background (including
pair production).

1E+20
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1E+00
0

Separate out the magnet regions
(“s” and “t” from “n”) to
determine external background.

20

40 60
Energy

80 100

Deconvolve this electron
spectrum into a gamma-ray
spectrum
s
n
t
Compute n – (t+s)/2

Deconvolve this image into
an electron spectrum

Figure 3.4: Diagram of Compton spectrometer deconvolution process.
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Figure 3.5 shows the detected electron spectrum from the MBPCC gamma-ray beam-line
after passing through a converter, as seen on UT 6". There is a secondary peak near 9
MeV which is a result of some of the primary electrons which generate the gamma-ray
beam making it through the gamma-ray conversion filter and the Compton filter. We note
in passing that the physical beam energy does not exactly equal the nominal beam energy
of 10 MeV. This peak highlights the need to insure that such electrons are properly
filtered out, e.g., with a magnet in front. The Compton peak is at 1.3 MeV, which
corresponds to an x-ray peak of about 1.5 MeV. The literature suggests that a 10 MV
electron beam should have a photon peak near 0.85 MeV. [Baumgartner, Steurer, and
Maringer 2009] Our results are more consistent with an 18 MV electron beam. [Ding
2002 and Mesbahi and Nejad 2008] Our experiments used slightly different beam
converter and beam flattener. There will be some attenuation in the Compton converter
itself, and there is some margin of error to both the beam energy and the measured
energy, but it does not seem likely that the difference should be this great, especially
since the energy of the residual electrons is measured as expected. More data is needed
to resolve this. For the moment we can offer no clear explanation. However, it is worth
noting that the shape of the spectrum is both clear and acceptably close to expectations,
once we exclude the effect of the primary electrons making it through the various filters.
So at the very least we can extract a gamma-ray temperature using our Compton
spectrometer. In laser experiments, we observe gamma-rays that have already passed
through a strong magnet inside the target chamber (the fringe field of 0.6 T magnetic
spectrometers), so there should be very few primary electrons in the measured spectra.
However, there will be unavoidable secondaries produced by the glass porthole and
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chamber wall which we expect are largely filtered out by the polyethylene.
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Figure 3.5: Deconvolved x-ray spectrum from a beam-line at the Lousiana State
University Mary Bird Perkins Cancer Center.

3.3 Potential Applications: Medical Beamline Calibration

Medical x-ray/gamma-ray beamlines sometimes function in the MeV range for use in
radiotherapy. Since MeV gamma-rays are very penetrating, characterizing the spectrum
is very difficult. Characterizing the spectrum accurately is important for modelling the
dosage to patients and minimizing unnecessary radiation delivered to healthy tissue.
Scintillators and high-purity germanium detectors are appropriate for the majority of
current radiotherapy gamma-ray beamlines, but for germanium detectors the maximum
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measurable energy is 10 MeV, and for a high-resolution spectrum the maximum energy is
much lower, a few MeV [Molnar, Revay, and Belgya 2002]. Consequently, germanium
detectors cannot characterize the tail of higher-energy beamlines, and this can be
significant. For such beamlines, Compton spectrometers may be preferable. In addition,
even for beamlines where scintillators and germanium detectors can measure the whole
energy range, Compton spectrometers can provide an independent method of confirming
the beamline's spectrum.
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Chapter 4
GEANT4 Simulation of EM Cascades: Initial Conditions and Simulation
Calibration

The GEANT4 Monte-Carlo simulation was also used to simulate electromagnetic
cascades. As discussed in Chapter 1.5, electromagnetic cascades occur when a particle,
through some process or series of processes, creates more of that same species of particle.
In solids, this process is essentially random and stochastic, making it ideally suited for
Monte-Carlo simulation. In order to carry out this, we must have some means of
approximating the random distribution to which we will fit the initial conditions of the
incident particles, in this case hot electrons. The parameters we need are the energy
spectrum, angular distribution, and for a small number of the applications the temporal
distribution of the hot electrons.

4.1 Hot Electron Spectrum: Maxwell Approximation and Data-Driven Model

There are two basic approaches for approximating the hot electron spectrum: analytic
and data-driven. In the analytic approximation, if we refer to the literature [Gibbon 2005
p. 171 and Bezzerides, Gitomer, and Forslund 1980], the hot electron spectrum is
generated by processes that are themselves random and stochastic in nature to a sufficient
extent that the energy spectrum will approximate a Maxwellian distribution. Contrarily,
as intensity increases, some acceleration mechanisms diminish in importance while
others increase [Gibbon 2005 p. 169], so this may not continue to hold.
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We take the measured tail of the emergent electron spectrum, which will not interact
much with a thin (0.35 mm) gold target to obtain a Maxwell temperature to input. We
also take the whole measured spectrum for a 0.35 mm gold target as the hot electron
spectrum, recognizing that this involves some error in the lower energies. Figure 4.1
shows the measured spectrum and a fit to the tail to obtain a temperature. Next, we
simulate a target of the same thickness with each of these spectra and compare the
simulated emergent electron spectrum with the measured emergent electron spectrum,
then adjust the input spectrum to remove discrepancies and repeat. We found that this
only needs to be done twice to obtain a good match.
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Figure 4.1 Measured 0.35 mm electron spectrum, with an exponential fit to the tail. The
exponential fit corresponds to a temperature of 7.7 MeV.
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Figure 4.2 shows this comparison between these methods. While both match the peak
and high-energy tail, the Maxwell distribution does a worse job of matching the spectrum
at lower energies, though it is not an unreasonable approximation. In both cases,
simulation shows a “spike” of Compton electrons at a lower energy and to a greater
degree than what the spectrometers see, while neither shows the spike that may also be
Compton electrons at a slightly higher energy (around 2.5 MeV). The lower-energy
Compton electrons in the simulation are mostly below the applicable range of the
spectrometer and would not be seen anyway, but they do have a residual effect, driving
up the low-energy side of the rise to the peak, and that is not seen. They may be cut off
by a sheath field (see Chapter 1.5), and our positron data (Chapter 4.5) indicates that such
a field is present. In the other case, the peak at 2.5 MeV that our spectrometers see may
be due to Compton scattering in the spectrometer's lead and copper filter, which is not
reproduced in these simulations.
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Figure 4.2: Comparison between measured electron spectrum for a 0.35 mm target and
two different simulation methods.
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4.2 Angular Distribution: Data-Driven Model Approximation

The interaction of the laser with the solid, as outline in Chapter 1.4, accelerates electrons
mostly in one direction but with a random off-set, which will be exacerbated by the
scattering in the target. Since there are enough accelerating events to produce a Maxwell
distribution, we expect that the initial hot electron angular distribution will be a 2-D
Gaussian distribution about this center, with an azimuthal symmetry. Also as outlined in
Chapter 1.4, there are different accelerating mechanisms, some of which center about
target normal and some about laser forward. In the high-intensity regime, the laserforward processes are expected to dominate, but the target-normal processes may still
make a noticeable contribution, distorting the spectrum somewhat from a simple laserforward-centered Gaussian. As we will see, the initial hot electron angular distribution
can still be said to be approximately Gaussian, but with a center shifted slightly towards
target normal.

We had only 2-3 spectrometers measuring the electron spectrum directly, so we had no
means of measuring the electron angular distribution directly, though we can fit our data
to a distribution if more than one spectrometer got a sufficiently strong signal. However,
since the hot electrons are relativistic, the bremsstrahlung photons will have
approximately the same angular distribution as the incident hot electrons. Furthermore,
since these photons have gamma-ray energies, only a fraction of them interact with the
target assuming it's not too thick. While for the electrons, we would need a target much
thinner than 1 mm to assure that the emergent electrons had not undergone too much
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scattering. However, with gamma-rays a target even a few millimeters thick is
acceptable.

As outlined in Chapter 1.3, we used dosimeters attached to the exterior of the target
chamber to measure the total gamma-ray output and the angular distribution. In cases
where there were enough unblocked dosimeters to measure the angular distribution, the
data was well represented by an azimuthally symmetric Gaussian distribution centered
along the plane of the laser. In all cases where the angle between laser forward and target
normal was kept below 35 degrees, the distribution was centered within 10 degrees of
laser forward. Figure 4.3 shows a few gamma-ray distributions and the Gaussian fit,
collapsed onto the laser plane, while figure 4.4 shows these examples in terms of the
theta angle for the dosimeter position with respect to the distribution center (not
necessarily laser forward). Table 4.1 summarizes the results from experiments in 2012
and 2013. In general, the distribution is centered near the laser plane and near laser
forward, but it may be as much as ten degrees off of laser forward and a degree or two off
of the plane. In some cases, it is even a few degrees off of laser forward away from target
normal, which may be due to the target being slightly mis-aligned. The FWHM also
varies widely, from 13 degrees to 53 degrees. In 2013, where the angle between laser
forward and target normal was nearly constant, the distribution center averages to 2
degrees towards target normal from laser forward and the FWHM averages to about 42
degrees, so for simulation of that year we use a FWHM of 42 degrees and a distribution
center of laser forward.
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Gamma Ray Angular Distribution: 2012, Day 5
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Figure 4.3 a: Gamma ray angular distribution on Day 5 of the 2012 TPW experiments.
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Figure 4.3 b: Gamma ray angular distribution on Day 6 of the 2012 TPW experiments.
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Gamma Ray Angular Distribution: 2013, Day 7
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Figure 4.3 b: Gamma ray angular distribution on Day 7 of the 2013 TPW experiments.
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Figure 4.4 a: Simulated gamma-ray angular distribution for a 1 mm gold target with laser
forward at 30 degrees to target normal, integrated over the azimuthal angle.
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Figure 4.4 b: Gamma ray angular distribution on Day 5 of the 2012 TPW experiments,
integrated over the azimuthal angle.
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Figure 4.4 c: Gamma ray angular distribution on Day 6 of the 2012 TPW experiments,
integrated over the azimuthal angle.
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Gamma Angular Distribution: 2013, Day 7
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Figure 4.4 d: Gamma ray angular distribution on Day 7 of the 2013 TPW experiments,
integrated over the azimuthal angle.
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Year, Day

Angle between
target normal and
laser forward
(Degrees)

Angle Between Target Normal
FWHM of
And Peak of Gamma Distribution Gamma
(Degrees)
Distribution
(Degrees)

2012, 1

25

35

19

2012, 2

25

21

13

2012, 5

35

31

31

2012, 6

45

25

28

2012, 7

40

21

26

2012, 8

40

24

36

2012, 10

35

29

39

2013, 5

17

11

43

2013, 6

17

7.6

53

2013, 7

17

23

46

2013, 9

17

18

29

Table 4.1: Summary of Au dosimeter angular distribution results. Several days were
unusable due to a large number of obstructions inside the chamber.

We average the fit parameters for all shots at or near a particular angle and round to the
nearest 5 degrees for the center or degree for the full-width at half-maximum. This
distribution is used as an input for the simulation, and then the output distributions of the
electrons and positrons are determined. This is useful for looking for peaks in the
positron yield, for easier measurement, and looking for possible peaks in the
positron/electron ratio, to get closer to a pair plasma in a limited region. Figure 4.5
shows simulated positron and electron angular distributions for a 1 mm gold target,
integrating over the azimuthal angle and dividing by the sine of theta to adjust for the
differing surface areas, as well as the resulting angular distribution of the
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positron/electron ratio. Both angular distributions are, generally, Gaussian distributions
about laser forward, and the ratio is nearly flat. The ratio does slightly increase with
increasing angle, peaking near 75 degrees, since the positrons are all pair-produced and
thus have a wider angular distribution than the electrons, which are primarily the incident
hot electrons, since pairs must be produced with the positron and electron having
opposite momenta in the pair's center-of-mass rest frame.
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Figure 4.5a: Simulated electron angular distribution for a 1 mm gold target with laser
forward at 30 degrees.
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Figure 4.5b: Simulated positron angular distribution for a 1 mm gold target with laser
forward at 30 degrees.
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Figure 4.5c: Simulated electron angular distribution for a 1 mm gold target with laser
forward at 30 degrees.
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In some cases in the 2013 experiments, we had magnetic spectrometers at two different
angles, so we can use these points to fit an azimuthally symmetric Gaussian distribution,
assuming a center at laser-forward, and compare them with the angular distributions
measured above. Table 4.2 shows the angular distribution fits of the positrons and
electrons for the experimental runs. In general, the electron angular distribution
measured by this method is narrower than the estimated gamma-ray distribution. Both
the measured electron and positron distributions are much narrower than the
corresponding simulated distributions as well. The positron discrepancies may be due to
focusing by the sheath field: Bartal et al [2011] showed that protons can be focused in
this manner and the same principle applies. In the case of the electrons, while not
directly focused by the sheath field, high-angle electrons are likely to have lower
momenta and thus are more likely to reflux into the target due to the sheath field, thus
effectively narrowing the distribution. Simulation does not include these effects, so they
will also cause a discrepancy if they are significant.
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Target
Thickness
(mm)

Target
Measured Electron
Diameter (mm) Angular Distribution
FWHM

Measured Positron Angular
Distribution FWHM

1

2

26.3

Not Measurable

1

4.5

25.0

24.7

3.2

6

23.4

23.6

4

6

33.0

22.4

4

3

20.8

22.7

4

3

23.8

Not Measurable

4

3

20.9

19.5

0.5

4.5

29.6

Not Measurable

0.65

4.5

20.9

Not Measurable

0.37

4.5

24.1

19.2

0.25

4.5

22.6

Not Measurable

0.9

4.5

18.2

24.2

0.45

4.5

17.0

19.7

0.53

4.5

20.0

Not Measurable

0.1

4.5

Not Measurable

18.0

Table 4.2: Estimated full-width at half-maxima (FWHM) of electron and positron
distributions from experimental data. The angle between laser forward and target normal
was 17 degrees throughout.

4.3 Temporal Distribution

Now that we have energy and angular distributions, we have the necessary components
for most current purposes. Looking forward, there are applications that may necessitate
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knowing the temporal distribution of the outgoing electrons. Sheath fields (see Chapter
1.5) are dependent on this distribution, as well as the self-generated magnetic fields of the
electrons. These self-generated magnetic fields exists not only outside the target but for
targets with lower conductivity, they also can exist within the target. GEANT4 tracks the
time progression of all particles, so this is easily implemented in the simulation, if we
have an estimate of the incident hot electron's temporal distribution.

The primary laser pulse is roughly Gaussian with a FWHM of about 150 FS. We adopt
this same shape for the incident hot electron temporal pulse. This is not precisely correct,
but based on Gaul et al [2010], it should be correct to a reasonable approximation. Figure
4.6 shows a comparison between the incident electron temporal distribution and the
exiting electron and positron temporal distributions. The emergent temporal distributions
are more dependent on the energy/momentum distribution than the initial temporal
distribution. It rises rapidly as the higher energy the particles are, the closer their
velocities are to each other and to the speed of light, and tapers off as slower particles
emerge. The positrons emerge at about the same time as the electrons, as while the
positrons are lower energy and thus slower on average, at these energies and scales the
difference in travel time is not significant. Future work by our group may use this
emergent temporal data to either feed a PIC simulation or an analytic model to model the
sheath field.
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Figure 4.6 a: Incident electron time pulse. It is input as a Gaussian with a Full Width at
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Half Maximum of 150 fs, the approximate shape and duration of the primary laser pulse.
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Figure 4.6 b: Emergent electron time pulse from a 1 mm gold target, at the rear of the
target, i.e. 1 mm from the injection point. Importantly, it is in picoseconds rather than
femtoseconds, and is non-Gaussian.
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Figure 4.6 c: Emergent positron time pulse from a 1 mm gold target, at the rear of the
target, i.e. 1 mm from the injection point. As with the emergent electron pulse, it is in
picoseconds rather than femtoseconds, and is non-Gaussian.

4.4 Simulated Electron Spectra: Comparisons With Data

Now we simulate a range of parameters in thickness, target diameter, angle between
target normal and laser forward. We then can compare with simulation and attempt to
identify/predict trends. Thicknesses ranged from 0.1 mm (100 microns) to 1 cm, target
diameters ranged from 2 mm to 100 mm (effectively infinite), and angles between target
normal and laser forward ranged from 0 to 45 degrees. Actual experiments had a
minimum angle between laser forward and target normal of 17 degrees, but the normal
incidence results are instructive.

76

To begin with, we show examples of the angle-integrated spectra. Figure 4.7 shows the
angle-integrated emergent electron spectra for targets of thickness 0.5, 1, 3, and 6 mm
with a laser incidence angle of 25 degrees to target normal. The non-Compton peak
location gradually moves to lower energy and reduces in height, eventually merging with
the Compton peak, rendering the whole spectrum nearly-exponential, with just a slight
bump in it. The very low-energy Compton electrons must come from near the target's
back surface (opposite laser incidence), so the Compton spectrum is only going to depend
on the number of gamma-rays, which depends only weakly on thickness for millimeterscale targets, but the primary electrons, incident on the target from the laser direction,
will gradually be stopped by the target. Hence, the primary peak gradually reduces in
magnitude and moves to lower energy as some electrons are stopped and the rest lose
energy on average, but the Compton spectrum remains roughly the same. We did not
have any clean shots with target thickness of 6 mm, but this trend seems to roughly hold
up to 5 mm (see figures 4.9 and 4.10 below).
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Figure 4.7: Comparison of angle-integrated emergent electron spectrum with increasing
thickness. The incident electron spectrum was the data-driven spectrum derived from the
spectrum seen in figure 4.1. Laser forward is at 25 degrees to target normal.

Next we examine the spectra at specific angles in simulation. We had at most two angles
in experiments, and often only one spectrometer had a detectable positron signal, so good
comparisons of these trends with data are not possible at this time. Figure 4.8 shows the
emergent electron spectra at target normal, laser forward, and at 45 degrees from laser
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forward on both the target normal side and the opposite side. The spectra are for a 1 mm
target with laser forward at 25 degrees to target normal. We see from this that the
emergent electron spectral peak is only weakly angle-dependent between laser forward
and target normal, though the tail of the spectrum does become cooler (the slope of the
exponential tail becomes steeper) the further from laser forward it is measured. At higher
angles, not only does the spectrum become even cooler, but the peak is at a lower energy.
Both effects occur because lower-energy electrons are more likely to be deflected at
larger angles in processes such as bremsstrahlung and elastic Coulomb scattering.
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Figure 4.8: Comparison of emergent electron spectrum at different angles for a 1 mm
target with laser-forward at 25 degrees to target normal. The incident electron spectrum
was the data-driven spectrum derived from the spectrum seen in figure 4.1.

Now we compare simulated spectra with measured spectra. Figure 4.9 shows four such
comparisons and 0.35, 1, 3, and 4 mm with spectrometers positioned at 8 degrees from
laser forward, away from target normal, with the simulated spectra selecting out the angle
of the spectrometer, though with a larger solid angle for run-time reasons. From this we
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see that 0.35 and 1 mm match fairly well, but at 3 and 4 mm only the high-energy slope
really matches. In experiment, there is still a pronounced peak at 3 and 4 mm that has
disappeared in simulation. This discrepancy may be a result of a combination of sheath
field effects and the effects of hot electrons interacting with each other, neither of which
is covered by the simulation. The sheath field and the halting effect of the portion of the
electron current in the target that is not neutralized by a return current [Gibbon 2005 pp.
192-197] will slow or stop some electrons, which could result in intermediate energy
electrons being slowed to lower energies, perhaps energies too low for the spectrometer
to see, resulting in this shape. However, the sheath field is higher at 0.35 mm and 1 mm
than at 3 and 4 mm, so this is not an entirely satisfactory answer. The other possibility is
that the background subtraction algorithms, calibrated for use with the stronger signals at
lower thicknesses, are not appropriate at the higher thicknesses where the underlying
signal is weaker. More data at higher thicknesses needs to be processed to study this
discrepancy.
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Figure 4.9: Comparison of emergent electron spectra between experiment and simulation
at different thicknesses. The angle between laser forward and target normal, the angle of
detection, and the target diameter were chosen in simulation so as to match the available
experimental data. The incident electron spectrum was the data-driven spectrum
derived from the spectrum seen in figure 4.1.
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4.5 Simulated Positron Spectra: Comparisons With Data

Now consider the positron spectra under the same scenarios as the emergent electron
spectra above. Figure 4.10 shows the angle-integrated positron spectra at 0.5, 1, 3, and 6
mm with laser incidence angle of 25 degrees to target normal. Here we see that the
spectral shape does not change with thickness, but that the number of positrons increases
up through this thickness. This occurs because the production of positrons outpaces their
absorption in the target until the hot electrons and the gamma-rays they produce are
sufficiently depleted in the target. We will explore the limits of this in section 7: at
sufficiently high thickness the positron yield reaches a maximum.
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Figure 4.10: Comparison of angle-integrated emergent positron spectrum with increasing
thickness. Laser forward is at 25 degrees to target normal. The incident electron
spectrum was the data-driven spectrum derived from the spectrum seen in figure 4.1.

Figure 4.11 shows the positron spectra with a 1 mm target with laser incident angle of 25
degrees to target normal, with the spectra taken about the same angles as in the electron
section. The positron spectral peak does not vary significantly with angle, but then it is
already quite low. Similar to the electron spectrum, the positron spectrum becomes
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cooler (the exponential tail becomes steeper) at laser angles, and in fact the difference
between the laser-forward and target normal spectra is much more pronounced in the
positron spectrum than the electron spectrum. Pair production produces two particles
(electron and positron) with correlated momenta and thus has larger average deflection
than the primary electrons which in general scatter only through small angles, accounting
for the more significant variation in the spectrum with angle for the positrons compared
to the electrons. This is also why the positron spectrum right at laser forward is sparse
with a high scatter.
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Figure 4.11: Comparison of emergent positron spectrum at different angles for a 1 mm
target with laser-forward at 25 degrees to target normal. The incident electron spectrum
was the data-driven spectrum derived from the spectrum seen in figure 4.1.

Figure 4.12 shows four such comparisons at 0.5 and 3 mm with angles between target
normal and laser forward of 35 degrees and 40 degrees, respectively, with the simulated
spectra selecting out the angle of the spectrometer, though with a larger solid angle for
run-time reasons, both with the simulated spectrum as-is and with it shifted in energy to
compare spectral shapes. In the case of the positrons, the sheath field shifts the spectrum
up in energy, and the simulation does not reproduce the sheath field. That the spectral
shape matches with this simple adjustment demonstrates that the sheath field must have a
relatively simple geometry during the time period in which the positrons are affected by
it.
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Figure 4.12: Measured emergent positron/electron spectra compared with simulation.
Figures a) and c) show the raw simulated spectra and b) and d) show the simulated
spectrum shifted upward in energy to replicate the effects of a sheath field and show that
the shapes are approximately correct above the energy by which it was shifted.

4.6 Electron/Positron Ratio: Data and Simulation Trends

The positron to electron ratio can be rather quickly estimated by comparing activation
levels on their respective plates. From figure 4.13 we can see that the maximum
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positron/electron ratio observed at a given thickness increases with increasing thickness,
except for an outlier at 0.5 mm. The variability is due to a variety of effects such as laser
variability and differences in the target geometry, laser angle, and detector angle. The 0.5
mm outlier may be due to unusually high background on that shot. Physically, the
increase in ratio is due both to the production of more positrons and to the stopping of
incident electrons and is expected.
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Figure 4.13: Measured emergent positron/electron ratio versus thickness. The targets are
gold and laser forward is from 17 to 45 degrees. The scatter is mainly due to the different
laser incidence angles and detector angles.

Figure 4.14 shows the simulated ratio versus thickness of gold with diameter of 4.5 mm
and thicknesses up to 10 mm (1 cm). This simulation data is shown angle-integrated, at
laser-forward, at target normal, and matched with spectrometer positions and compared
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with spectrometer data. When angle-integrated, the ratios are lower due to copious lowenergy Compton and electron-ionisation electrons which are deflected significantly. We
see from 4.14 a that the overall ratio rises steadily to about 4 mm and then levels off. At
laser forward, we have the problem that the targets have a finite diameter so after a
certain point laser forward does not see the entire target thickness. This causes the dip
past 4 mm, and we see a continued rise after that as the thickness seen begins to increase
again, but we do not yet see the leveling out as the high-angle, low-energy electrons are
not seen at this angle. At target normal, the thickness seen by gamma-rays along that
angle is not dependent on target diameter, so we see a smoother peak and gradual
decrease in ratio as primary electrons begin to be stopped. If we had continued the laser
forward ratio, it would presumably turn-over at the point where the thickness seen for the
given target diameter roughly equals the thickness of the turn-over point at target normal.
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Positron/Electron Ratio at Laser Forward
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Figure 4.14: Simulated emergent positron/electron ratio versus thickness. Figure a) is
angle-integrated, b) is at laser forward, and c) is at target normal. Laser forward is at 25
degrees to target normal and the target diameter is 4.5 mm.
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Figure 4.15 amalgamates experimental data by thickness, and in cases where this means
averaging over different angles between laser forward and target normal, the simulation
angle between laser forward and target normal is taken as 25 degrees, which was one of
the most common angles used. Our spectrometers do not see electron below 2-5 MeV
(depending on which spectrometer), so figure 4.15 cuts off electrons below that energy to
compare to data. From figure 4.15 we can see that while the ratio in simulation is
consistent at a lot of points, it is far off at others, particularly at 3 mm thickness at target
normal. It is worth noting that the 4 mm target normal shot has a smaller target diameter
and a smaller angle between laser forward and target normal, which explain the odd jump
in simulation. We can see by comparing the scales of 4.15 a) and 4.15 b) that the
simulated positron/electron ratio is generally higher at laser forward. This is likely due to
the high Lorentz factor of the electrons and positrons resulting in a collimation along the
original direction of electron propagation. Regardless, it is clear from both simulation
and experiment that the positron/electron ratio increases with target thickness up to at
least 4 mm. This occurs because while the positrons are produced throughout the target,
most of the emergent electrons are the primary hot electrons, which have to traverse the
entire target and thus their probability of absorption in the target increases faster with
thickness than the probability of the positrons being absorbed. More data is needed at
higher thicknesses to determine experimentally whether the leveling-out or turn-over
occurs at higher thicknesses.
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Figure 4.15: Simulated emergent positron/electron ratio versus thickness comparing
simulation and experiment, with the simulation matching and target normal, spectrometer
positions and target diameters. Angle between laser forward and target normal is
matched between simulation experiment when enough shots at the same angle were
available, otherwise 25 degrees was used in simulation. Figure a) takes data at laser
forward and figure b) at target normal. In figure a), the 2 mm points overlap.

4.7 Positron Yield: Data and Simulation Trends

The activation level of the image plate after image subtraction, in a form called the PSL
value, correlates with the number of positrons or electrons striking the plate in a linear
fashion. We have had some difficulties determining the conversion coefficient for our
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image plate/scanner combination, so we can get no more than a very rough estimate of
positron yield. In the following discussion, we apply a conversion factor of 200, which
should be accurate to within a factor of 4 at least, and apply an arbitrary scaling factor to
the simulation results [Bonnet et al 2013, Hidding et al 2007]. In a few runs, we had
measurable positron signals on spectrometers at two different angles, so we can fit a laser
forward centered Gaussian distribution in the laser plane, then integrate assuming
azimuthal symmetry about laser forward to obtain a total positron yield. This can then be
compared to simulation.

Figure 4.16 shows the experimental data for positron yield in terms of positrons per Joule
of laser energy versus target thickness, with the simulation data superimposed. There are
a few outliers, which we can only guess as being due to odd laser variations. Experiment
and simulation both show an increase with thickness up to around 0.5 mm. At 3.2 mm,
the simulation also mirrors the experimental trends. However, at 1 mm and 4 mm, the
simulation does not seem to track with the experimental data at 1 mm or 4 mm. There is
a large spread in experimental points at 4 mm. Part of this is seen in simulation, and
results from the use of two different target diameters. The remaining spread is likely due
to laser variability, but more data is needed to confirm this. In general, the positron yield
in experiment around 1.5-3 *108 positrons per Joule of laser energy. Linear accelerators,
colliding an electron beam with a target to produce positrons, have comparable yields per
unit of beam energy, though the intensity from a linear accelerator is lower and thus the
positron density is lower [Krause-Rehberg et al 2006].
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Figure 4.16: Experimental emergent positron yield per unit hot electron energy with
simulated positron yield with matching target diameters and angle between target normal
and laser forward. We multiply the simulated yield per Joule of electron energy by 0.09
to obtain an estimate of the yield per Joule of laser energy for the simulation. There are
two experimental points which overlap at 4 mm thickness and about 2.6 * 108 positrons
per Joule of laser energy.

At higher thicknesses, the limited and differing target diameters affect trends in positron
yield both because some gamma-rays that produce positrons do not pass through the
entire thickness, reducing the yield, and because this affects the angular distribution and
thus makes the calculations of yield from spectrometer data less accurate. These effects
are also dependent on the angle between laser forward and target normal, as that
determines how much of the primary electron cone, and thus how much of the gammaray cone, does not see the full target thickness. Figure 4.17 shows the results with a very
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large target diameter with the laser forward coincident with target normal to eliminate the
effects of both angular dependence and finite target diameter. Here, the yield increases
fairly uniformly up to 3 mm, at which point it has shallow downward slope. The
maximum yield occurring near 3 mm is consistent with earlier experiments by H. Chen et
al [2009], though in light of our current data it is clear that this result may not always
hold as there are many factors that can influence positron yield, including the limited

Positrons/J of Hot Electron Energy

diameter effects presented above.
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Figure 4.17: Simulated emergent angle-integrated positron yield per unit hot electron
energy. Based on our data, multiplying by 0.15 should give the yield per Joule of laser
energy. The simulation used a target with an effectively infinite diameter and with laser
forward coincident with target normal.
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Chapter 5
Gamma Ray Production and Measurement: Simulation and Data

The gamma-rays produced by hot electrons undergoing bremsstrahlung with target nuclei
can be simulated using GEANT4. As outlined in Chapter 1.3, high-energy gamma rays
are difficult to measure, and so we use a mix of tools to do so. In the case of the
Compton spectrometer, we compare with simulation, calibrated against the other
instruments, to confirm that it is measuring what it is supposed to measure. As outline in
Chapter 1.9, our Compton spectrometer may have other applications, and the gamma-rays
produced by the laser-solid interactions may be useful for studying analogues to
astrophysical systems. [Henderson et al 2014 and Liang 2012] Chapter 3 gives the
details of our Compton spectrometer.

5.1 Gamma Yield: Data and Connection to Laser-Hot Electron Coupling

In Chapter 4.2, our dosimeter array was used to obtain an angular distribution of
the gamma-rays. This distribution can be integrated to obtain a gamma-ray yield, based
on the dosimeters being ~1m from the target. This gives us dose times area, which can be
converted into energy using the manufacturer specifications of the dosimeters. Next, we
must correct for attenuation in the tank wall and other obstructions using the simulated
gamma-ray spectrum and NIST data [Berger et al 2010]. The tank walls are ~1cm thick
steel. Table 5.1 shows the results of for the 11 usable gold target data-sets. Each data set
is an accumulation from 2 to 8 shots.
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Year, Total
Number of Average Laser Total
Average
Efficiency
Day Laser
Shots
Energy Per
Gamma
Gamma Energy (%)
Energy (J)
Shot (J)
Energy (J) Per Shot (J)
2012, 219
1

5

43.5

1.70

0.34

1.4

2012, 477
2

5

95.4

6.74

1.35

0.94

2012, 341
5

3

114

3.22

1.07

1.9

2012, 404
6

4

101

7.69

1.92

2.1

2012, 510
7

5

102

10.8

2.16

1.5

2012, 602
8

6

100

9.04

1.51

1.6

2012, 786
10

8

98.3

12.6

1.58

1.4

2013, 730.7
5

8

91.3

9.97

1.25

3.8

2013, 521
6

5

104

20.0

4.00

3.7

2013, 574
7

5

115

21.3

4.26

1.5

2013, 758
9

7

108

11.1

1.59

2.8

Table 5.1: Summary of Au dosimeter laser-energy-to-gamma-ray-energy conversion
efficiency results. Several days were unusable due to a large number of obstructions
inside the chamber.

For a 100 J laser, we find a laser-to-gamma-ray conversion efficiency of 0.94 to 3.8%,
with a mean of 2%. With the simulation hot-electron-to-gamma-ray conversion
efficiency of 7-32%, this implies a laser-to-hot-electron conversion efficiency of 5-30%.
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As mentioned in Chapter 1, Previous literature using lower-intensity lasers and assuming
a wider angular distribution suggest a higher conversion ratio from laser energy to hot
electrons, from 30-50% [Key et al 1998, Hatchett et al 2000, Wharton et al 1998, Wilks et
al 1992 and Wilks 1993]. However, some experiments by other groups using higherintensity lasers suggest a conversion rate closer to 10% [Myatt et al 2007], and Hatchett
et al [2000] estimate a laser-to-gamma-ray conversion efficiency of 2-6% with a higherenergy, lower-intensity laser, in both cases overlapping with our range. Also, as can be
seen in figure 5.1, there is no clear correlation between laser intensity and conversion
efficiency, where previous literature [Key et al 1998 and Beg et al 1997] suggests that
there should be a positive correlation. These results, together with the narrowed spectral
peak seen in Chapter 4.1, suggests that in the 1021 W/cm2 intensity regime, and possibly
even lower, processes such as self-generated fields and preplasma conditions become
important that were not applicable at lower intensities. The lower conversion efficiency
also suggests that the angular distribution of the electrons is narrower than that assumed
by Key et al [1998] and Hatchett et al [2000].
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Figure 5.1: Laser intensity versus gamma production efficiency.

5.2 Low-Energy Spectra: FSS and Simulation Comparisons

Filter-stack spectrometers (see Chapter 1.3) were used to measure the gamma-ray
spectrum from 1 to 5 MeV. Figure 5.2 shows a sample spectrum comparing FSS results
to simulation results. At the higher end of the spectrum, simulation results match the
measured spectrum very well. There is a "bump" between 1 and 3 MeV that our
simulation cannot account for, and which is not present in all shots. It is possible this is
an artifact of the deconvolution procedure, as it occasionally showed up in calibration
against a known spectrum that had no such bump, but as it did not always do so we
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cannot adequately explain it. Simulation matches the spectrometer results down to 0.5
MeV.
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Figure 5.2 FSS (red) comparison with simulation (blue). The low-energy peak goes past
the top of the graph, but we believe it to be artificially high due to deconvolution and data
limitations.

Figure 5.3 shows the "tail" of the FSS spectrum extracted and fit to an exponential
distribution in a log-linear plot. By fitting all useable spectra to these, we obtain an
effective temperature of 1.6-2.9 MeV, with a mean of 2.1 MeV. As we will see in the
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next section, the high-energy gamma-ray temperature was much higher. Gibbon [2005
pp. 169-172] states that at lower intensities, there are two clearly differentiated electron
temperatures. These results are consistent with that assertion: the x-rays in these
energies are likely created by lower-temperature electrons which our electron
spectrometers fail to detect owing to a combination of their attenuation inside the target
and x-ray background masking the signal on the IPs. We refer to the temperature of these
lower-energy x-rays as the "soft x-ray temperature", Ts. These gamma-rays may be
produced by secondary electrons inside the target, or they may correlate to the soft
electron temperature. Soft electrons are electrons that thermalize in the pre-plasma. For
the TPW, the short pulse length means that they would be produced by the laser prepulse. This issue of secondary electrons versus pre-pulse electrons can only be settled
with systematic study of lower-Z and thinner targets in future experiments.
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Figure 5.3 FSS tail fit to an exponential distribution. From the exponent, a tempearture
can be derived. The spectrometer fit is shown slightly past the theoretical maximum
accurately measurable energy of 5 MeV to show a clearer fit.
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5.3 High-Energy Spectra: FCES and Simulation Comparisons

Figure 5.4 shows several deconvolved FCES spectra for 1mm thick gold targets,
overlayed with simulation results. The applicable range of this particular FCES
configuration was 7 MeV to 50 MeV. The Compton converter was a mix of 12.5 mm of
polyethylene and 7 mm of copper. The measured spectrum matches the simulated
spectrum with an energy resolution of 10-20%. See Chapter 3.2 for more on the energy
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resolution. On some shots the energy resolution was lower due to a weak signal.
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Figure 5.4 Compton spectrometer results showing the measured spectrum and simulation.
The x-axes are different to show the different ranges of applicability for different
configurations.
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We can measure a gamma-ray temperature, Tgamma, using the high-energy tail of this
distribution, as shown in Figure 5.5. From the TPW 2012 data, we obtain a mean
gamma-ray temperature of 5.5 MeV, significantly higher than the soft x-ray temperature,
Ts, of 2.1 MeV, as stated earlier. Simulation, also in Figure 5.5, using the input electron
spectrum noted in Chapter 4.1, shows a Tgamma of 7.0, reasonably close to the measured
temperature, given that we only had a few shots with detectable gamma signals and thus
large uncertainty in their temperature. The effective gamma-ray temperature is lower
than the effective hot electron temperature, Te. but this is to be expected: the gamma-rays
are produced by bremsstrahlung, and thus have a lower energy on average than the
generating electron, but the process is still stochastic so it is still possible to extract a
temperature, which will be lower than that of the generating electrons [Johns and Lin
1992]. Finally, figure 5.6 shows the FSS and FCES spectra overlayed with simulation, all
adjusted to a common scale.
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Figure 5.5 a: FCES gamma spectrum tail fit to an exponential distribution. From the
exponent, a temperature can be derived.
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Figure 5.5 b: Simulated gamma spectrum tail fit to an exponential distribution. From the
exponent, a temperature can be derived.
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Figure 5.6 FCES and scaled FSS gamma spectra combined and compared with scaled
simulation (light blue line). The FCES spectra is extended down to 5 MeV and the FSS
spectra is extended up to 7 MeV to provide a region of overlap.
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5.4 Applications: Photo-Fission Reactors, Homeland Security, and Gamma Ray
Bursts

In our experiments, we measured photo-activation of gold and copper targets, as well as
of carbon atoms in the glue used to affix some targets, using a scintillator after the shots.
Photo-activation occurs when gamma-rays interact with a nucleus and free a neutron. In
many cases, the resulting nucleus is unstable and will decay over time after the laser shot.
If such gamma rays were to be directed at e.g. depleted nuclear fuel, the resulting
reactions would create isotopes with a higher radioactivity which can act as an energy
source for an electric plant. Not only would such a reaction not be sustainable without
the laser, building in a fail-safe feature, but it would provide a productive use for depleted
material from nuclear weapons and reactors. The process would need to be more energyefficient to be practical for power generation, but more research on photo-nuclear
reactions is needed to determine how much more. For a more complete treatment, see
Cowan et al [2000].

In addition, high-Z, high-density materials such as uranium scatter gamma rays in a
certain energy range more than any common shielding material such as lead. Thus, by
irradiating a shielded container, e.g. a freight container, one could determine whether it
contained any nuclear material. This could be useful for Homeland Security. For this
use, the process would need to be made much more compact and energy-efficient, but it
remains a long-term possibility.
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Also, the gamma-ray energy fluence from our laser-target interactions on emergence is

~10

10

-10

12

2
ergs/cm , which overlaps the gamma-ray energy fluence range of a Gamma
11

Ray Burst (GRB) at a distance of 30 parsecs, 10

2
ergs/cm . The GRB interacts with the

interstellar medium (ISM) at this distance, and there is some evidence that it heats and
destroys dust grains. [Galama and Wijers 2001 and Fruchter, Krolik, and Rhoads 2001]
Therefore, if we were to place some sort of medium approximating the ISM behind the
target in a laser-solid experiment, we could study an approximation of a GRB incident on
the ISM in the lab.
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Chapter 6
Future Applications and Conclusions

In this thesis, we have endeavored to show the application of Monte-Carlo simulation to
designing both laser-solid interaction experiments and instruments to measure them. In
this chapter, we will review specific potential technological and astrophysical
applications of the experiments and the usefulness of Monte-Carlo simulation to these
ends.

6.1 Medical Applications: Beamlines and Radiation Therapy

Multi-MeV electron beams are often used to treat tumors near the body surface, since
they have a short stopping distance and thus can avoid damaging deeper tissue.
[Hogstrom and Almond 2006] For such electron beam therapy, current methods have
difficulty directly measuring the distribution of the dosage received by the patient, either
having to use a 'phantom' beforehand or else inferring the dosage received at the organs
by what radiation emerges after the entire passage through the body [Hogstrom and
Almond 2006]. Meanwhile, positron emitters are used in medicine to diagnose tumors
via the characteristic 511 keV annihilation radiation. Such Positron Emission
Tomography (PET) techniques are already well-established for imaging the annihilation
radiation from positrons [Muehllehner and Karp 2006]. If, therefore, a mixed beam of
positrons and electrons has them at the same energy, then the positron annihilation lines
can be used to trace where the electron beam is being delivered, thus directly checking
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whether the treatment is both treating the whole tumor and not irradiating healthy tissue.
This would provide real-time feedback to the physician, an improvement over current
methods where treatment must be finished, time must pass, and some other method such
as positron emission tomography and MRI must be employed to confirm the effects of
the dosage. This approach requires sharply peaked spectra at specific energies, as well as
an appropriate mix of positrons and electrons, which our experiments suggest can be
achieved with a certain level of control over the laser and target parameters. This is far
from a medically applicable beam, but it serves as a proof-of-concept. The sheath normal
field is part of this effect and thus Monte-Carlo simulation would need to be paired with
PIC simulation in order to determine this range. See Chapter 4.4 and 4.5 for a little on
this, and Perego et al. [2011] and Zani et al. [2011] for more on sheath fields in general.

Medical x-ray radiation beam lines have spectra extending up to 14 MeV, as mentioned in
Chapter 3.4. Existing methods of calibrating the highest energies of these beam-lines are
either difficult to deploy (scintillators) or expensive (Germanium spectrometers). Our
Compton spectrometer design is inexpensive, simple, and relatively compact. Our
calibration results (Chapter 3.2) demonstrate that a Compton spectrometer can adequately
cover the required range.

6.2 Astrophysical Applications: Gamma-ray Bursts, Black-Hole Jets, and More

As outlined in Chapter 1.7, gamma-ray bursts, black hole jets and discs, quasars, and
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pular wind nebula all display characteristics suggestive of a pair plasma. They all appear
to have very high relativistic Lorentz factors, which would require an enormous amount
of energy were the emitting part of the system not composed primarily of leptons. The
pair plasma may arise from gamma-ray interactions, such as those arising from
relativistic shocks and other sources producing such a high temperature that pair
productions are relatively likely. Laser-solid interactions may be able to produce a pair
plasma, as suggested in Chapters 4.6 and 4.7. Thus, laser-solid interactions may provide
a way of studying pair-dominated plasmas in-laboratory. Monte-Carlo simulation may
help find the region of parameter space where this system is achieved.

High-energy gamma rays are also produced in our laser-solid experiments via highenergy hot electrons undergoing bremsstrahlung. As indicated in Chapter 5.1, the
gamma-ray energy fluence on emergence is roughly equivalent to that of a GRB at a
distance of 30 parsecs, where the gamma-ray burst may heat and destroy dust grains.
[Galama and Wijers 2001 and Fruchter, Krolik, and Rhoads 2001] Hence, by placing a
medium approximating the ISM behind the target in an experiment like ours, it should be
possible to study some of the effects of GRBs on the ISM in the lab.

6.3 Photo-activation: Photo-Nuclear Reactors and Homeland Security

Photo-activation is a (γ, n) reaction whereby a photon knocks a neutron out of a nucleus,
potentially resulting in an unstable isotope. As mentioned in Chapter 5.5, depleted nucear
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fuel can be activated in this way so that it can power a nuclear reactor. Such a reactor
would have a built-in safety mechanism, in that the photon beam would have to stay on to
sustain the reaction, and thus something going wrong would not only shut down the
reaction, but the material would no longer be hot enough to melt through the
containment, as happened at Three Mile Island.

In addition, there are potential homeland security applications for high-energy gammarays. Multi-MeV gamma rays are capable of penetrating lead, but they have a shorter
mean free path in heavy radioisotopes, such as uranium and plutonium. Photoactivation
can occur, causing characteristic decays in the radioisotopes that can be detected even
through shielding. Thus, such gamma rays could be used in interrogating shielded
containers that are suspected to contain nuclear contraband.

The uses of high-energy gamma-rays deteailed in the preceding two sections all require
that the gamma-rays first be properly characterized, which is accomplished as outlined in
Chapter 1.7, and the results of which are collected in Chapter 5, except for the angular
distribution which is considered in Chapter 4.3. The GRB studies require some
additional set-up as well, as noted above. The material interrogation method, meanwhile,
requires that the process be refined to be more compact and efficient for practical, largescale use and is thus a potential application only in the longer-term.

6.4 Conclusions: Usefulness of MC Calibrations and Simulations, FCES
Applicability, and Improving Pair Production Efficiency
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Chapters 4 and 5 show that our GEANT4 Monte-Carlo simulation, when provided with
the correct initial conditions, can adequately represent the electromagnetic cascade that
occurs in the solid target in laser-solid interaction experiments. Observed electron,
positron, and gamma-ray spectra can be reproduced in a certain energy range, and the
positron and gamma ray yields and positron/electron ratio can be approximately
reproduced. This means that future experiments of this sort can benefit from MonteCarlo simulation in the design phase. Previous work in this area by other groups lacked
the volume of experimental data we had available to design and calibrate our simulations.
In the future, Monte-Carlo and PIC simulations can be coupled to perform end-to-end
simulations of laser pair and gamma-ray creation.

Chapters 2 and 3 show the applications of Monte-Carlo simulations to the design and
calibration of detectors. As seen in Chapter 2, these simulations have proven to provide
accurate results for the response curves of magnetic electron/positron spectrometers in
the region where electron beam lines can provide independent calibration, and thus are
believed to provide good response curves in the upper energy ranges where the available
electron beams cannot provide calibration. We believe we are the first group to measure
laser-generated positrons and electrons in these energy ranges using permanent-magnet
spectrometers. In addition, to the extent that it could be checked, Chapter 3 shows that
Monte-Carlo simulation provides a reasonable calibration of our Compton Spectrometer
design, enabling us to measure gamma-ray spectra in an energy range which is very
difficult to measure by other means. To our knowledge, we are the first to use a
permanent-magnet Compton Spectrometer to measure this gamma-ray spectra in this
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energy range.

Finally, as noted in Chapter 4, the pair production efficiency of laser-solid interactions is
comparable to or even greater than that of linear accelerators. In the distant future if pairs
are to be used for energy storage, it is necessary to develop efficient ways of converting
energy into pairs. While far from a practical solution to this problem, laser-solid
interactions may represent an important step towards such a solution.
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Appendix
Our GEANT4 Monte-Carlo Program

In this appendix we outline the details of our GEANT 4 code. We assume the reader has
some familiarity with object-oriented programming. Resources regarding this practice
are readily available on the world wide web. The GEANT4 libraries are dependent on
the CLHEP libraries which specify geometric shapes and certain mathematical algorithms
which GEANT4 uses [Agostinelli et al. 2003, Allison et al. 2006, Giani et al. 1998,
Lönnblad 2002]. GEANT4 generates primary particles and gives them some initial
momentum, then tracks them through a medium. There are three primary types of classes
the user must create to specify the model, which are the physics list, geometry, and
detection classes.

The GEANT4 system provides basic classes to simulate two-particle physical interactions
as well as the basic mechanics of elementary particle Monte-Carlo methods. For our
simulation, we used the Compton scattering, Photoelectric effect, gamma-to-e+/e- pair
creation, Rayleigh scattering, collisional ionization and Coulomb scattering,
bremsstrahlung, pair annihilation, and multiple scattering processes. The multiple
scattering process is an advantage of GEANT4, and some similar codes, as it allows
multiple Coulombic elastic scatterings to be handled in a single calculation under certain
assumptions. GEANT4 specifically uses Lewis Theory to model this process, which
assumes a homogenous, infinite medium where each individual scatter is through a small
angle [Lewis 1950] . A "User Physics List" class specifies what particles are allowed
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both as primaries and secondaries, and what processes they are to undergo. We needed
only positrons, electrons, and photons, so those and the above processes were all we used.

The GEANT4 and related CLHEP libraries provide objects describing geometric
volumes. In the "User Geometry" class, one large volume is designated as the base or
"world" volume in which other volumes are placed. The "world" volume for our code
consists of vacuum, though non-vacuum materials may be used if appropriate for the
situation being modeled. Either the gold target or the spectrometers are then created
within the "world" volume using the appropriate volumes. Finally, some sort of
"detector" volume must be created. For the gold targets, the "detector" was made a
spherical volume outside the target, the results of which could then be selected out in
post-processing to approximate experimental detector positions. For the spectrometer
simulations, this detector volume was placed where the image plates were placed in the
actual spectrometers.

Next, there must be some user-specified class that tells the program where to detect
particles and what to record. It is possible to create a "Hit Detection" class which handles
this, but the skeleton of our code, produced by Dr. Pablo Yepes, used a version of the
GEANT4 library that predates this implementation, and thus we handled it in a different
manner. A user may specify a "User Stepping Action": actions which are to be carried
out at each step any particle makes in the simulation. Obviously care must be taken to
keep this from greatly increasing processing time. We have the program check to see if
the particle has crossed into one of the "detector" volumes in the step, and return if not.
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This means in most steps very little happens in this class, which reduces drag on
processing time. If the particle has passed into a detector volume, then the particle's type
(electron, positron, or photon), energy, momentum vector, and position vector are passed
to a "Histogram" or "Histo" class to be recorded.

The Histogram class records the particle table to an ordered list of n-tuples, i.e., vectors
containing n entries. These n-tuples are contained within a "ROOT" file. These files are
written and read using CERN's ROOT program and code library [Brun and Rademakers,
1997]. ROOT refers to the fact that it is intended as the "root" or framework of a datamanipulation structure, though it can also stand for "Rapid Object Oriented Technology."
ROOT provides a variety of data analysis tools, and depending on the simulation, we
have constructed post-processing programs using it that can examine whatever subset of
the data that we wish in terms of type, position, and/or energy, and can assemble this data
into histograms or other types of trend charts.

The main program takes its input data from a macro file, which used the ".mac"
extension. The angular distribution, shift of the injection angle from target normal, and,
when Maxwell energy distributions are used, the temperature can be specified from here.
The output file name can also be set in some cases, though when the program is run
across multiple processors only part of the name is specified here. In order to run on
Rice's computing clusters, a ".pbs" script is used, which submits the job to the cluster
along with one or more macro files. In this case, the macro file only specifies the first
part of the file name. The rest of the file name is based on the process number, which is
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unique for any given run. A special combiner script is run in ROOT to join the parallel
files together.

Our post-processing programs, "DataProcessor" for target simulations and
"DetectProcessor" for detector simulations, loop through the ROOT data trees and
increment histograms if the entry fits the specifications for particle type, energy, position
and in the case of the DataProcessor class, angle. The latter two can be specified at runtime, and the program assembles histograms for all three types of particles, as that does
not greatly increase the processing time, which is only 10-30 minutes for about 107
particle, originating from 5 x 106 incident hot electrons. If the graphs that the ROOT
program outputs are not sufficient, then the histogram contents may be printed out into a
text file using ROOT command-line redirects and subsequently input into a spreadsheet.
In general, the data sets are too large to be put into spreadsheets from most commercially
available programs (such as "Excel") as-is.

The most recent version of our program uses GEANT4 version 4.10.0, with associated
CLHEP libraries that the install process downloads. Our program was designed using the
earlier "GEANT4 Make" system, which has been deprecated, but has backwardscompatibility support. Using it requires additional configuration. For guides concerning
the set-up and use of GEANT4, and the aformentioned configuration, see
https://geant4.web.cern.ch/geant4/support/userdocuments.shtml. For the GEANT4 code
library itself, see: http://geant4.web.cern.ch/geant4/support/source_archive.shtml.
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For ROOT we generally use the latest version on Linux. The Windows version has
various compatability issues and is not recommended for use. ROOT is hosted at
https://root.cern.ch/drupal/.

Our programs are, in essence "LaserPW", "Detector", and "GaDetect", for the target
simulation, electron/positron spectrometer simulation, and Compton gamma-ray
spectrometer simulation, respectively. "SugarLaserPW" is the version specially coded for
Rice's computing clusters, originally for one named "Sugar" but moved to "Davinci"
when "Sugar" was decomissioned. It was updated appropriately for the different system.
These codes can be found at the time of writing at student-101-hbh15207.rice.edu:/home/Xan/Geant4/Work for the non-parallelized codes and student-101hbh15-207.rice.edu:/home/Xan/sugarLaserPW for the parallelized codes. Access
available on request.
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