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Abstract 
 

A controllable tritium beam provides an invaluable tool for the study of nuclear reactions 

involving neutron rich nuclei such as 
6
He, 

9
Li and 

11
Be. Other potential applications in 

the field of inertial confinement fusion (ICF) include independent measurements of the 

tritium-tritium (TT) reaction and triton-driven fast ignition. However, the handling of 

diffusive, radioactive tritium is very challenging for accelerator facilities. On the other 

hand, target normal sheath acceleration (TNSA) can produce beams with isolated, 

miniature (500x500x25µm³) converter targets, requiring only micro Curies of activity. 

The focus of this project was the development of such a TNSA-based triton beam 

platform. 

The TNSA experiments were conducted at the two LLE laser facilities Multi Terawatt 

(MTW) and OMEGA-EP (Extended Performance). While the aspects of TNSA were 

studied on the low energy (~20J), high repetition (20 min shot cycle) MTW system, the 

nuclear experiments were conducted on the high energy (1.25kJ) OMEGA-EP system. 

A central part of this work was the design and fabrication of deuterium- and tritium- 

doped targets to be used in TNSA experiments. The loading procedures were 

continuously optimized using results from the MTW platform. From these experiments, it 

was found that exposure of the titanium target to high pressure (~950 Torr), high 

temperature (400°C) molecular deuterium maximizes the total deuterium yield of the 

targets. The laser energy has a strong impact on both the total deuterium yield and 

spectrum, with the higher laser energies accelerating more deuterons to higher energies. 
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A major experimental result of this work was the manipulation of the deuteron spectra –

by increasing the laser energy – from an exponential to an exponentially modified 

Gaussian shape, with maximum mean beam energies of 0.5 ± 0.2 MeV. A custom ion 

dynamics code was developed as part of this project to interpret this result. On OMEGA-

EP, an exponential spectrum with mean 2.3 ± 2.3 MeV and energies up to 12 MeV was 

measured. The total deuteron yields were comparable on both systems, namely approx. 

3‧10
11

 deuterons/shot. 

Nuclear experiments utilizing this beam were exclusively conducted on OMEGA-EP to 

use existing nuclear diagnostics. The experiments were performed in the standard two 

target configuration, where one (converter) target generates the beam and the second 

(active) target catches it. Before the main experiment with tritium, two deuterated foils 

were used to induce DD fusion. In these experiments, DD fusion neutrons were observed 

at two different angles. 

An experiment with a tritiated converter and a deuterated active target was conducted in 

the so called “joint shot” configuration, using the tritium handling infrastructure of 

OMEGA and the high-intensity OMEGA-EP beamlines. A beam containing 10
12

 tritons 

with exponentially decreasing energy spectrum up to 10MeV was generated, sufficient to 

induce DT fusion in the active target and produce 10
8
 neutrons.  
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Chapter 1: Target Normal Sheath Acceleration 
 

This chapter introduces the acceleration mechanism used in this study to produce ion 

beams, target normal sheath acceleration (TNSA). After a brief historical introduction, 

recent theoretical models are presented. Based on these models, a custom ion dynamics 

code is introduced that uses relativistic point charge potentials to model the final stages of 

the ion acceleration. The simulation results are compared to key experimental studies, 

providing an outlook towards the experimental part of this work. 

 

Introduction 
 

Laser ion acceleration (LIA) mechanisms, in particular target normal sheath acceleration 

(TNSA), have attracted significant interest over the past two decades. Figure 1.1 shows 

the results of a simple Google search inquiry for scientific publications including the 

given keywords. 
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Figure 1. 1: Recent publications with the keywords “LIA“ or “TNSA“.  

This constant growth has been made possible by the availability of more powerful lasers, 

which allow for the experimental study of effects that are accessible only at very high 

intensities. The theoretical foundations of a laser (Light Amplification by Stimulated 

Emission of Radiation) were laid by Einstein as early as 1917 [1.1]. Nevertheless, it took 

more than 40 years to realize Einstein’s ideas experimentally with visible light [1.2, 1.3]. 

Initially, the applications for lasers seemed to be very limited, and they were referred to 

as “solution seeking a problem” [1.4]. However, only three years after this demonstration, 

lasers were already used in experiments to excite atoms in solid targets. In these pioneer 

studies [1.5], relatively low energy (<0.5J) laser pulses were shot on solid targets to 

produce low energy (thermal) singly ionized atoms. Follow-up studies [1.6] demonstrated 

that for higher ion energies, higher laser power is required. However, the laser hardware 
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poses a technical limit on the maximum amplitude of the radiation. This problem was 

solved in 1985 by Strickland and Mourou [1.7-1.8] by the technique known today as 

Chirped Pulse Amplification (CPA). Very biefly, a laser pulse wave packet is directed 

into a suitable optical fiber, where it stretches due to different phase velocities in the new 

medium. The resulting lower amplitudes allow for further amplification before the pulse 

is recompressed to even higher amplitudes by optical gratings. With this technique, the 

power of a laser system can be increased by about nine orders of magnitude. 

The intensities achieved with CPA systems are on the order of 10
18

 – 10
20

 W/cm². The 

interaction between these intense laser pulses and solid targets has attracted substantial 

theoretical and experimental interest. One particular process, target normal sheath 

acceleration (TNSA), generates beam-like, multi-MeV particle clouds. This opens up 

numerous potential applications, from “tabletop” nuclear experiments to proton beam 

medical therapy. In this study, the intrinsic miniaturization of TNSA “accelerators” was 

exploited to generate radioactive beams. 
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The TNSA process, which will be discussed in more detail in the following sections, is 

qualitatively depicted in figure 1.2. An intense (>10
16

 W/cm²) laser pulse impinges on a 

planar target several micrometers thick. The pulse primarily accelerates the electrons of 

the target substrate and pushes them through the target. On the target rear, they form an 

electron sheath that rapidly expands into the vacuum, creating an enormous Coulomb 

field (~TV/m). The surface layers of the target rear, primarily consisting of hydrocarbons, 

are ionized and hydrogen, carbon and (in doped targets) deuterium or tritium ions are 

accelerated in the Coulomb field of the electrons. The acceleration process ends when the 

positive charge left behind on the target by the electrons is neutralized by a current 

through the (grounded) stalk, which causes a decay of the accelerating field. 

Figure 1. 2: TNSA: A short laser pulse releases energetic electrons from a solid target, 
which accelerate surface layer ions. 

Expanding electron sheath 

Surface layer 

Expanding ion 

sheath 

Target substrate 

Laser pulse 
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The compact (500x500x25µm³) target size allow for easy isolation and control of the ion 

source, which makes TNSA attractive for the generation of radioactive beams. These 

“exotic beams” typically require specialized accelerator infrastructure, which makes these 

facilities extremely rare. However, one isotope beam currently unavailable at any open-

access facility worldwide is tritium. The radiological hazards involved in handling the 

highly diffusive, radioactive tritium gas and the resulting contamination of exposed 

surfaces led to a stop of conventional accelerator experiments involving tritium. 

Nevertheless, tritium beams provide unique opportunities to study nuclear reactions 

between light nuclei. 

Tritium induced reactions would greatly benefit ab initio nuclear structure modeling of 

the neutron rich isotopes of helium [1.9], lithium [1.10-1.11] and beryllium [1.12]. The 

exotic halo nucleus 
6
He can be formed as intermediate compound nucleus in the tritium-

tritium reaction T(t, 2n)α. Another neutron-rich isotope of interest for microscopic 

nuclear theory is 
11

Be, which can be formed from natural 
9
Be by a neutron pair transfer 

9
Be(t, p)

11
Be. A similar pair transfer experiment can be done using natural 

6
Li to produce 

8
Li. These nuclei have also been suggested to play an important role in the astrophysical 

r-process as “seed nuclei” [1.13]. In addition, high uncertainties in nuclear reaction rates 

for heavier neutron rich nuclei, such as produced in reactions like A(t, p)B, still limit the 

modeling of the r-process [1.14]. 

A tritium beam would also be an invaluable tool for inertial confinement fusion (ICF) 

research. An independent measurement of the rarely studied tritium-tritium (TT) reaction 
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will provide a better understanding of the total neutron spectrum, which contains DD, DT 

and TT fusion neutrons, along with several elastic and inelastic scattering reactions. 

An alternative approach to reach ICF ignition is the so called “fast ignition” in which 

energetic particles impinge on a pre-compressed target. Multi-MeV electrons have been 

demonstrated to increase the neutron yield under these conditions [1.15], but TNSA-

generated ion beams promise simpler target geometry and more (spatially) precise energy 

delivery [1.16]. Introducing highly energetic fuel in the form of tritium into a pre-

compressed target can be expected to facilitate the fusion reactions even more. 

Lastly, there is a constantly rising demand for miniaturized neutron sources for neutron 

imaging or the generation of radioactive isotopes. One potential solution is a laser-driven 

neutron source. Pioneering experiments [1.17, 1.18] utilizing TNSA proton or deuteron 

beams impinging onto beryllium targets have produced appreciable neutron yields. A 

similar configuration with a tritium beam inducing DT fusion will benefit from the 

approximately 50 times larger reaction cross section. 

 

Theoretical model of TNSA 
 

Overview of the TNSA stages 

 

Target normal sheath acceleration is a complex, multi-step process that can broadly be 

divided into five steps. First, the prepulse of the laser system with intensities on the order 

of 10
10

 – 10
12

 W/cm² generates a pre-plasma. This pre-plasma efficiently absorbs the 
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energy of the main pulse in the second step (approx. 10
18

 – 10
20

 W/cm²), ejecting hot 

(T~1MeV) electrons. Next, these electrons migrate through the target and leave the rear 

surface, generating a strong electric field between them and the positively charged target. 

During the fourth phase, this electric field ionizes and accelerates atoms from the rear 

surface. Finally, a current from the grounded stalk neutralizes the target and reduces the 

accelerating field, leaving the freely expanding ions (compare figure 1.2) 

The theoretical modelling of this project focused on the final two stages of the process, 

due to the complexity of the interactions between radiation and an over-dense plasma. 

However, a brief summary of the initial stages is given below. 

 

Generation of a pre-plasma 

 

The initial interaction of the laser pulse with the solid target is simple heating. The 

conduction electrons oscillate in the external radiation, random collisions dissipate that 

energy and heat up the target. As soon as the temperature reaches the material’s boiling 

point, surface layers start evaporating rapidly and form a neutral cloud. Random energy 

exchanges in this neutral cloud lead to the production of small quantities of free 

electrons. These electrons will respond to the electric field component of the radiation 

and begin to oscillate. Although an ideal simple harmonic oscillation will not lead to a net 

energy gain of an electron, random collisions in the plasma disturb the equilibrium, 

causing an increase in thermal energy of the electron. When the electron thermal energy 

reaches the ionization threshold of the vapor, a chain reaction starts that increases the 
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number of free electrons exponentially. At this point, the impinging radiation is 

efficiently absorbed by the electrons, leading to further heating [1.19]. 

This process leaves a pre-plasma with a (to first order) exponential density profile at the 

target front, which can now interact with the main pulse. 

 

Interaction of the main pulse with free electrons 

 

The much more intense main pulse now impinges on ionized matter which can directly 

respond to the electric field of the radiation. This plasma will oscillate in response to 

density inhomogeneities and/or external fields. The resonance frequency for an electron 

density ne of these plasma oscillations is 

𝜔𝑝𝑙𝑎𝑠𝑚𝑎 = √
𝑛𝑒𝑒2

𝜖0𝑚𝑒
 

where e is the elementary charge, me the electron mass and ε0 the vacuum permittivity. 

Electromagnetic waves can travel in a plasma with very little attenuation if their 

frequency is below ωplasma, but if it is above, the plasma becomes intransparent and the 

radiation is reflected [1.20]. Thus, the “critical density” beyond which the plasma is 

intransparent or overdense for ωlaser = 1.8‧10
15

 Hz (the used laser frequency) becomes 

𝑛𝑒 =
𝜔𝑙𝑎𝑠𝑒𝑟

2𝜖0𝑚𝑒

𝑒2
≈ 1.01

𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠

𝑛𝑚3
 Eqn 1.1 
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The pre-plasma electron density slowly increases towards the target, reaching its 

maximum of about 1200 electrons/nm³, the solid titanium electron density, at the target 

surface. 

The electric field component of the incoming laser pulse will stimulate electron 

oscillations in the plasma and induce a standing wave. However, the energy transfer from 

the laser to the plasma will average to zero over one period. Several specialized 

mechanisms described briefly below have been proposed to circumvent this problem. 

Usually, the plasma resonance frequency does not coincide with the frequency of the 

laser. However, the plasma density and with it the resonance frequency generally 

increases towards the target. There will be one point where the plasma resonance 

frequency exactly matches the laser frequency. At this point, resonance absorption occurs 

and the resulting oscillation amplitudes become so large that the standing wave breaks. 

The subsequent turbulences in the electron density eject energetic electrons into the 

target. 

Brunel heating occurs when the change in plasma density is steep enough for the 

electrons to oscillate between regions of different field strengths. Non-resonant electron 

oscillations between overdense and underdense plasma regions can lead to a partial 

shielding of the electrons from the laser radiation. This imbalance allows the electrons to 

accumulate a net energy gain. However, since the direction of Brunel electron 

acceleration equals the direction of the electric field of the laser pulse, this mechanism is 

rather inefficient for normally incident pulses. 
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J x B heating extends Brunel heating to include magnetic effects. Although magnetic 

forces do no work, sufficiently fast electrons respond to the magnetic field of the laser 

radiation and get deflected into shielded regions. Again, only steep plasma profiles that 

allow partial shielding will result in net accelerations. This mechanism acts in the 

direction of the laser propagation, which makes it efficient for normally incident pulses 

[1.21]. 

 

With these three mechanisms, energy can be transferred from the laser to the electrons. 

To obtain an estimate for the energy scales involved in these processes, one can calculate 

the energy contained in the simple harmonic motion of an electron in the electric field of 

the laser. Applying Newton’s second law, 

𝑚𝑒�̈� = 𝐸0𝑒 sin𝜔𝑡 

the velocity amplitude becomes 
𝐸0𝑒

𝑚𝑒𝜔
, where e is the elementary charge, me the electron 

mass and ω the angular frequency of the laser impinging with the electric field amplitude 

E0. One can insert this into the classical kinetic energy equation, 

𝐸 =
𝑒2𝐸0

2

4𝑚𝑒𝜔
2
 Eqn 1.3 

 

where the extra factor of ½ represents the cycle averaging. Deriving a force from this 

energy by taking the gradient recovers the ponderomotive force [1.22], which can also be 
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derived directly by expanding the oscillating electric field to second order and averaging 

over one period [1.23] 

𝐹 = −
𝑒2

4𝑚𝑒𝜔2
∇(𝐸0

2) Eqn 1.4 

 

Typical laser intensities of I = 10
18

 W/cm² at 1053nm wavelength (ω = 1.8‧10
15 

Hz) 

produce electric field strengths of 𝐸0 = √
2𝐼

𝜖0𝑐
≈ 2.7 ∙ 1012𝑉/𝑚, which, substituted into 

the above expression, gives a ponderomotive energy of approximately 100keV. 

For energies so close to the electron rest mass, the relativistic form should be used. 

Starting with Newton’s second law, 

𝑃 = ∫𝐹𝑑𝑡 

𝑚𝑒𝑣

√1 −
𝑣2

𝑐2

=
𝐸0𝑒

𝜔
sin𝜔𝑡 

Solving for the maximum velocity v gives 

𝑣 =
1

√(
𝑚𝑒𝜔
𝐸0𝑒

)
2

+
1
𝑐2

 

Substituting this back into the relativistic gamma factor yields 

𝛾 = √1 + (
𝑒𝐸0

𝑚𝑒𝑐𝜔
)
2
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Since 

𝐸 = 𝑚𝑒𝑐
2(𝛾 − 1) 

substituting 𝐸0 = √
2𝐼

𝜖0𝑐
 where 𝐼 =

𝐸

𝑡∙𝐴
 gives the final result 

 

𝐸 = 𝑚𝑒𝑐
2 (√1 + (

2𝑒2

𝑚𝑒
2𝑐3𝜖0

)
1

𝜔2

𝐸

𝑡 ∙ 𝐴
− 1)

≈ 511𝑘𝑒𝑉 (√1 + 7.31 ∙ 10−5
𝑝𝑠 ∙ µ𝑚2

𝐽 ∙ 𝑛𝑚2

𝐸 ∙ 𝜆2

𝑡 ∙ 𝐴
− 1) 

 

Eqn. 1.5 

 

The above equation suggests a linear relationship between the ponderomotive energy and 

the square root of the laser energy, an essential relationship to be used for simulations and 

data interpretation. 

Several reviews [1.21, 1.24, 1.29] have indicated that this ponderomotive energy provides 

a reasonable estimate for the electron temperature, based on Particle in Cell (PIC) 

simulations [1.25, 1.26]. Experimentally, it has been observed that the electron 

temperature is proportional to the square root of intensity [1.27], which is also consistent 

with equation 1.5. The electrons move in the direction of laser propagation and therefore 

do not follow the isotropic Maxwell-Boltzmann distribution, but rather a simple 

Boltzmann distribution [1.28], 
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𝑃(𝐸) ∝ 𝑒−𝐸/𝑘𝑇 

where kT is the mentioned ponderomotive energy in the vicinity of several hundred keV.  

This model of electrons in a “thermal bath” of photons can be theoretically justified if the 

electrons suffer enough collisions with other electrons to randomly distribute their 

energy. In the previous calculation of the harmonic oscillation of the electron in the laser 

radiation, the oscillation amplitude becomes 
𝐸𝑒

𝑚𝑒𝜔2 ≈ 0.15µ𝑚, using the previously given 

laser parameters. This is about eight times the mean free path of an electron in a metal 

(see below), which means that the electron should encounter about 30 collisions per 

period. For realistic laser pulses of 10ps, there are about 20,000 periods, resulting in a 

total of about 500,000 collisions, which is more than enough to randomly distribute the 

energy. 

The total number of electrons can be estimated straight-forwardly by assuming an 

average electron energy of kT and dividing the experimentally known total laser energy 

by that amount, 

𝑁 =
𝐸𝑙𝑎𝑠𝑒𝑟

𝑘𝑇
 Eqn 1.6 

 

Substituting the ponderomotive energy for the electron temperature, which is 

proportional to the square root of the laser energy, yields 

𝑁 ∝
𝐸𝑙𝑎𝑠𝑒𝑟

√𝐸𝑙𝑎𝑠𝑒𝑟

= √𝐸𝑙𝑎𝑠𝑒𝑟 Eqn 1.7 
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so the number of electrons increases as the square root of the laser energy. 

A typical laser energy of 10J and an (assumed) electron temperature of 100keV would 

result in approx. 6‧10
14

 electrons. Of course, this optimistic estimate assumes that the 

entire laser energy is transferred to the electrons, which is likely not the case. The 

efficiency factor is a slowly varying function of intensity and in the vicinity of 10 – 15% 

[1.37]. Another factor lowering the total number of electrons is the positive charging of 

the target as the electrons leave it. This causes lower energy electrons to fall back and not 

contribute to TNSA [1.29]. Estimating this factor is considerably harder, so several 

simulations were run to find an amount reproducing the experimental data. 

 

Electron transport and spatial distribution 

 

The electrons generated at the front (laser-facing) side have to penetrate the target 

substrate to reach the rear surface. Approximately 10
12

 electrons are injected into the 

target over timescales of the laser pulse duration on the order of a few picoseconds. The 

associated current is on the order of 10-100kA, so within the electron bunch roughly of 

the same diameter as the laser focal spot, magnetic fields of hundreds of teslas are 

generated. It has been suggested [1.30] that such self-generated magnetic fields are strong 

enough to bend back an electron beam propagating in vacuum. However, the conduction 

electrons available in a metallic target will respond to the rapidly changing magnetic field 
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and generate large return currents to cancel the magnetic field. This return current heats 

the target and interacts with the main current, causing beam divergence and potentially 

filamentation [1.31]. The modelling of these mechanisms is well beyond the scope of this 

work. However, an estimate of the collisionary broadening of the electron beam once it 

reaches colder areas in the target is given below. 

The electron energy losses in titanium at energies between 0.1 and 1 MeV vary between 

1.3 and 0.6 keV/µm [1.32]. The low energy electrons have not enough energy to escape 

the target on the rear (non-laser facing) side, but are emitted from the target front and 

accelerate ions “backwards” to energies of a few hundred electron volts [1.33, also see 

1.5-1.6]. This front surface acceleration (FSA) generally produces lower energy ions 

emitted at larger angles compared to TNSA [1.34]. Thus, high intensities generating 

hotter electrons are needed to move from a low energy, backward ion emission to a 

forward directed, multi-MeV ion beam. For the study discussed in chapter 5, the protons 

emitted in this process represent a source of neutron background since they induce (p, n) 

reactions in the target chamber [1.35]. 

Another aspect is the collisionary broadening of the electron density. The comparatively 

low electron mean free path [1.36] of just 20nm implies hundreds of collisions with other 

electrons in the target, which alters the trajectories of the electrons. To computationally 

investigate this effect, a custom relativistic point charge dynamics simulation was utilized 

(see appendix 1.1). The simulation consists of a projectile electron with random kinetic 

energy drawn from a Boltzmann distribution at 300keV. The electron propagates through 
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a bath of thermal electrons that enter and exit the simulation volume according to 

periodic boundary conditions. The volume was selected such that the electron density in 

room temperature titanium, gold and aluminum was resembled. Several thousand 

simulations were executed to obtain reasonable statistics on the spatial and energy 

distribution of the electrons. 

 

Figure 1. 3: Dispersion of a T=300keV electron beam in different media. 

Figure 1.3 shows the electron densities after 2.5fs, when the fastest electrons have 

travelled 0.75µm. The projectile electrons start on the left at the center of the vertical axis 
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and propagate towards the right. From these plots, it is evident that a denser (19.3 g/cm³) 

gold target would disperse the electrons much more than a lighter (2.7 g/cm³) aluminum 

target. The intermediate titanium case (4.5 g/cm³) falls in between. One measure of the 

beam width is the average radial distance of an electron from the z-axis, or 

𝑅 =
1

𝑁
∑√𝑥2 + 𝑦2 

Figure 1.4 shows a plot of this quantity as a function of the position of the fastest 

electrons. 

 

Figure 1. 4: Radial electron beam dispersion for different substrates. 

As expected, the mean radial distance from the z-axis increases the fastest for gold 

(magenta), and the least for aluminum (red). All curves were fitted to parabolas after 

200nm to allow for a transition to random motion in the x and y direction. As indicated by 
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the perfect R
2
 values, quadratic functions are an excellent representation of the data, 

which was also found by other authors [1.37] for much larger thicknesses. Based on these 

findings, the quadratic may be extrapolated to the experimental target thickness of 25µm 

so that an initially infinitely small electron beam has a final radius of 23.1µm. This is still 

smaller than the target size 500x500µm², but it cannot be regarded as a point source. 

This result will be implemented in the following simulations that model the energy 

transfer from the electrons to the ions. 

The presented calculations on electron energy loss and density broadening suggest the 

use of thin targets together with high laser energies to maximize the electron energy at 

the target rear, which raises the energy available for TNSA. Indeed, it has been 

demonstrated that thinner foils produce more energetic TNSA protons [1.38]. However, 

an unavoidable side effect of high laser intensities is a prepulse, created for example by 

amplified spontaneous emission (ASE) [1.39]. This laser prepulse will perturb the target 

significantly, and while the generation of some pre-plasma is desired for TNSA (see 

above), a perturbation of the steep density gradient at the target rear is disadvantageous. 

If the ions on the target rear side have already expanded, the charge separation between 

the hot electrons and the ions is smaller, decreasing the electric fields [1.26]. This 

theoretically predicted effect has been verified experimentally [1.40, 1.41]. This implies a 

“sweet spot” in target thickness relative to laser pulse duration. According to Wilks 

[1.26], the perturbation travels roughly at the speed of sound, so the minimum target 

thickness is given by the speed of sound times the laser pulse duration. For the titanium 
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substrates used in this study, this evaluates to 60nm, which is well below the limit of 

approx. 25µm imposed by mechanical stability (also compare chapter 4). 

 

Ion sheath expansion 

 

The final steps in the TNSA process are the electron sheath expansion into the vacuum 

behind the target and the subsequent acceleration of ions. The previously used ion 

dynamics program may be used for this problem as well, with adjusted boundary 

conditions. The quantities of interest to be extracted from the simulations are the final ion 

energy spectrum and ion densities as a function of time. In addition, the force component 

normal to the target on each particle was also tracked over time and histogrammed. This 

will provide a quantitative measure of shielding and other dynamic effects of the 

problem. 

 

Simulation of MTW Experiments 
 

General boundary conditions for MTW experiments 

 

The majority of experiments conducted for this work were executed using the MTW laser 

facility (see chapter 4), which emits at 1053nm with laser pulse durations from 1 – 10 ps 

and energies from 1 – 23J. The focal spot is fixed, forming an ellipse with semi-minor 

axis 2.5µm and semi-major axis 3.0µm, giving an area of 2.36‧10
-7

 cm². For a shot at 
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10ps and 20J, the laser intensity becomes 𝐼 =
20𝐽

10𝑝𝑠∙2.36∙10−7𝑐𝑚²
= 8.5 ∙ 1018𝑊/𝑐𝑚², so 

the electron temperature can be estimated from the ponderomotive potential (see above) 

to be approx. 1MeV. This temperature is assumed to be constant throughout the 

simulation, i.e. the electrons are not decelerated by the ions. Finally, a rough estimate for 

the number of electrons, not taking efficiencies into account, is 𝑛𝑒 =
20𝐽

1𝑀𝑒𝑉
= 1.3 ∙ 1014. 

It is assumed, based on literature [1.24, 1.29] and previous calculations, that these 

electrons are ejected at the target rear within a cone with half-opening angle of 20°. The 

initial position of the electrons is random within a radius of 23µm. The ions have no 

initial velocity but are also randomly distributed in the given target volume 

500x500x25µm³. Since the majority of experiments was done with deuterium as a 

surrogate, all ions were assumed to be deuterons. 

Predicting the number of ions participating in the TNSA process is considerably harder. 

Assuming surface water layers as primary proton source with a molecule size of 

(0.27nm)³, an area of 1µm² going 1nm deep has approximately 10
8
 protons. However, 

determining how much area until what depth participates in the process is very 

challenging. Experimental estimates [1.42] suggest an area of 200µm in diameter, going 

30nm into the target, so that 10
13

 protons are available. Typically, 10
11

 – 10
12

 protons are 

observed experimentally. The deuteron numbers observed in this study (see next chapter) 

were in the vicinity of 10
10

 – 10
11

, which was the number of ions assumed for the 

simulations. 
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TNSA simulation 

 

For this simulation, an electron population of 2‧10
11

 at 100keV and a deuteron population 

of 1‧10
10

 deuterons were assumed, which corresponds to a relatively low laser intensity. 

 

Figure 1. 5: Deuteron densities for the discussed calculation at the indicated times. 

Figure 1.5 shows the deuteron density for different times after the beginning of the 

simulation. In the first (t=0.05ns) plot, the original target edges are still identifiable, but 

the deuterons in the center have been accelerated forward by the electrons (not shown). 

Slower electrons (0.1-1keV) “co-propagate” with the ions and partially shield the 
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forward-moving ions from each other, so they travel more beam-like, instead of 

“Coulomb-exploding”. Most of the ions move in the forward direction; however, some 

are repelled by the Coulomb interaction and leave in the opposite direction. Note that 

predominantly, the ions from the center of the target participate in the process. 

 

 

Figure 1. 6: Distribution of forces on the deuterons from the discussed calculation. 

Figure 1.6 shows the relative probability of a specific force (in the target normal 

direction) acting on a given ion for different times during the TNSA process. The force 

distribution is generally very narrow, indicating that each ion feels approximately the 
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same force. During the beginning, there is a substantial exponential tail to the 

distribution, giving rise to forces of up to 2‧10
-10

 N; however, the distribution is still 

sharply peaked at a force close to zero. Since all ions feel a similar, small force, they 

dissipate relatively slowly, with the original target still being identifiable after 0.2ns, as 

indicated by figure 1.5. The relatively similar, small forces should also lead to a narrow 

energy spectrum with predominantly low energies. 

 

Figure 1. 7: Deuteron energy spectrum for the discussed calculation. 

This is reflected in the final energy distribution shown in figure 1.7. It is relatively 

narrow, with most particles still having energies close to zero. However, it has an 

appreciable tail up to about 0.4MeV. This distribution containing two exponential decays 

with different temperatures has been observed for protons [1.43, 1.44, 1.45, 1.37] and 
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theoretically predicted by several 1D plasma models [1.26, 1.46, 1.24] and Particle in 

Cell (PIC) simulations [1.47]. Qualitatively, it can be understood as the sum of several 

effects [1.48]. Since the laser beam typically covers only part of the target, the ejected 

electron sheath that accelerates the ions is inhomogeneous, resulting in an electric field 

that tends to be stronger in the center. This produces more energetic ions in the center and 

less energetic ones in the periphery (also compare the ion densities in figure 1.5). Another 

broadening effect comes from the three dimensional nature of the target; protons at the 

target surface partially shield the electric field so that the protons coming from deeper 

within the target see a lower accelerating potential. Lastly, TNSA is a nonstationary 

process; the accelerating electric field actually changes over time, which further increases 

the spread in energies (compare the forces in figure 1.6). 

 

Parameter sensitivity and discussion 

 

The behavior of the presented TNSA simulation depends on the parameters electron 

temperature, number of ions and number of electrons. First, the electron temperature was 

varied from 100 to 800keV, keeping all other parameters constant. Such an increase in 

electron temperature can be achieved experimentally by increasing the laser intensity. 

This change had little effect on the force distribution and final energy spectrum (see 

figure 1.8), which reflects the fact that a large portion of the electrons move close to the 

speed of light at all tested temperatures. With the electron dynamics being essentially the 

same, the ion dynamics are not expected to change. 
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Figure 1. 8: Deuteron energy spectra for different electron temperatures. 

Next, the number of electrons was varied between 10
11

 and 5‧10
11

, keeping the number of 

ions and electron temperature constant. This had a more significant impact on the energy 

distributions. As discussed before, equation 1.7 states that the number of electrons is 

proportional to the square root of the laser energy, so this scenario corresponds to a 

stepwise increase of the laser energy. 
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Figure 1. 9 Deuteron energy spectra for different electron numbers. 

Figure 1.9 shows how the deuteron energies move towards higher energies as the number 

of electrons is increased. This intuitively makes sense since the higher electron numbers 

generate a stronger electric field for the deuterons to accelerate in. The overall shape of 

the distribution does not change. 

Last, the number of ions was varied from 10
10

 to 8‧10
10

 with the number of electrons and 

their temperature constant. This had a significant impact on the ion energy spectrum. 
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Figure 1. 10 Deuteron energy spectra for different ion numbers. 

Figure 1.10 shows that with an increased deuterium population, the deuterium spectrum 

transitions from exponential to exponentially modified Gaussian. This interesting 

behavior was also experimentally observed and is discussed in more detail below for the 

case of 8‧10
10

 deuterons. Several studies [1.44, 1.49] have observed exponentially 

modified Gaussian spectra for the heavy ions, in particular C
6+

, suggesting that the higher 

charge causes this behavior. 
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Figure 1. 11: Distribution of forces on the deuterons from the discussed calculation. 

Figure 1.11 shows the forces (in the target normal direction) that the deuterons are 

experiencing as a function of time. It has an asymmetric Gaussian shape with a maximum 

around 1.0‧10
-10

N for t<0.2ns and a long exponential tail up to 7‧10
-10

N. Comparing this 

histogram to figure 1.6, this much broader distribution must have been caused by the 

additional deuterons repelling each other. These higher forces make a rapid dissipation of 

the ion cloud plausible; largely different accelerations generate different ion populations 

moving at different speeds. Note also that for times between 0 and 0.2ns, forces close to 

zero are very unlikely, which is in sharp contrast to the ideal TNSA case. This broad 

distribution of forces, as opposed to a relatively sharp peak around 0N, causes a 

suppression of the low energies and a much broader energy spectrum, as indicated by the 
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final ion energy spectrum (figure 1.10). On the other hand, the high energies are still 

limited by the TNSA mechanism. The combination of these effects creates an asymmetric 

Gaussian with a peak that can be moved by increasing the ion density. Figure 1.10 shows 

several ion spectra for different ion densities. 

 

It is expected that heavier elements like carbon, that are always part of the beam due to 

contaminants, will increase the Coulomb-explosion effect. Therefore, a TNSA 

experiment with three ion species was simulated. Each ion is either light (mass 1, or H
+
), 

intermediate (mass 2, or D
+
) or heavy (mass 12, or C

2+
), and all ions are randomly 

distributed within a target of size 500x500x25µm³. To resemble the natural abundances 

in the beam, the ratio of H
+
:D

+
:C

2+
 was selected 3:1:1. These changes had the effect of 

broadening the force distributions even more, so that the low energies were highly 

suppressed, and the mentioned peak structure was enhanced. 

 

Conclusions 
 

In this chapter, the TNSA process was modeled to predict the deuteron spectrum under 

different conditions. Two main scenarios are of experimental interest – the increase of 

electron numbers and temperature due to a higher laser energy and the increase of ion 

numbers due to a different target and/or higher laser energy. It was demonstrated that the 

exponential ion energy spectrum reported in literature can be reproduced at a variety of 

electron temperatures and numbers. The spectrum can also be moved towards higher 
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energies with more electrons. A different spectrum, following an exponentially modified 

Gaussian (EMG) structure, can be obtained at relatively high ion populations, when the 

ion-ion interactions suppress low energies. 
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Appendix 1.1: Relativistic Point Charge Dynamics Simulation 
 

General aspects of the Ion Dynamics approach 

 

The molecular dynamics approach generally considers the motion of a finite set of 

particles in their respective potentials. Considering only two body forces, the force 

experienced by the i
th

 particle by the other (i – 1) particles is 

𝐹𝑖⃑⃑ = ∑ 𝐹𝑖𝑗⃑⃑⃑⃑ 

𝑛

𝑗=0,𝑖≠𝑗

 

where 𝐹𝑖𝑗 is the force of particle j on particle i. The force represents a crucial part of the 

model. While this choice can be challenging for simulations on the molecular level, the 

electromagnetic force between two ionized particles, such as found in a plasma, is well-

defined. In the following section, the electric scalar and magnetic vector potentials are 

introduced that consider the electrostatic (Coulomb), as well as the magnetic (Biot-

Savart) interaction. Given the force, the acceleration of the i
th

 particle can be calculated 

using Newton’s second law [1.50], and repeating this calculation for every particle, all 

individual accelerations can be obtained. Given all initial positions and velocities, the 

equations of motion can be numerically integrated to obtain the velocities and positions 

of all particles as a function of time. 

The following derivation of the electromagnetic potentials between two point particles in 

arbitrary motion follows the heuristic approach suggested by Griffiths [1.51]. The 
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electromagnetic interaction between two point charges can be summarized in the electric 

scalar and magnetic vector potentials 

𝑉(𝑟 ) =
1

4𝜋𝜖0
∫

𝜌(𝑟′⃑⃑  ⃑)

|𝑟 − 𝑟′⃑⃑  ⃑|
𝑑𝜏′ 

𝐴 (𝑟 ) =
𝜇0

4𝜋
∫

𝐽 (𝑟′⃑⃑  ⃑)

|𝑟 − 𝑟′⃑⃑  ⃑|
𝑑𝜏′ 

where 𝑟  is the vector from the chosen origin to the observer and 𝑟′⃑⃑  the vector from the 

same origin to the charge or current element 𝑑𝜌 or 𝑑𝐽  contained in the volume element 

𝑑𝜏′. For relativistically moving particles, the finite speed of light requires that the charge 

and current densities are evaluated at the so-called retarded time, which is the current 

time offset by the time needed for the fields to travel, 

𝑡𝑟 = 𝑡 −
|𝑟 − 𝑟′⃑⃑  ⃑|

𝑐
 

The volume element 𝑑𝜏′ must also be adjusted accordingly. Consider a volume element 

that travels from 𝑧 = −∞ towards the observer at the origin. It is bound by Δz = z1 – z2, 

where z2 is closer to the observer. The light from z1 requires the time Δt = Δz/(c-v) to 

travel through the volume and reach z2, from where it leaves together with the light from 

z2 to the observer. But within the time Δt, the point z2 has moved by d=v‧Δt, so the total 

volume appears to be longer by that amount, 

∆𝑧′ = ∆𝑧 + 𝑑 = ∆𝑧 + 𝑣 ∙
∆𝑧

𝑐 − 𝑣
= ∆𝑧 ∙ (1 −

𝑣

𝑐
)
−1
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Note that the transverse dimensions x and y are not affected. If the volume moves at an 

angle relative to the observer, the motion is projected onto the vector connecting the 

volume and the observer, (𝑟 − 𝑟′⃑⃑  ⃑), such that the volume of the element becomes 

𝜏′ = 𝜏
1

1 − (𝑟 − 𝑟′⃑⃑  ⃑) ∙ 𝑣 /𝑐
 

A point charge contained in this volume produces the electric potential 

𝑉(𝑟 ) =
1

4𝜋𝜖0
∫

𝜌(𝑟′⃑⃑  ⃑)

|𝑟 − 𝑟′⃑⃑  ⃑|
𝑑𝜏′ 

=
1

4𝜋𝜖0

1

|𝑟 − 𝑟′⃑⃑  ⃑|
∫ 𝜌(𝑟′⃑⃑  ⃑) 𝑑𝜏′ 

=
1

4𝜋𝜖0

𝑞

|𝑟 − 𝑟′⃑⃑  ⃑|

1

1 − (𝑟 − 𝑟′⃑⃑  ⃑) ∙ 𝑣 /𝑐
 

And similarly, a moving point charge produces the magnetic potential 

𝐴 (𝑟 ) =
𝜇0

4𝜋
∫

𝜌(𝑟′⃑⃑  ⃑)𝑣 

|𝑟 − 𝑟′⃑⃑  ⃑|
𝑑𝜏′ 

=
𝜇0

4𝜋

𝑣 

|𝑟 − 𝑟′⃑⃑  ⃑|
∫ 𝜌(𝑟′⃑⃑  ⃑) 𝑑𝜏′ 

=
𝜇0

4𝜋

𝑞𝑣 

|𝑟 − 𝑟′⃑⃑  ⃑|

1

1 − (𝑟 − 𝑟′⃑⃑  ⃑) ∙ 𝑣 /𝑐
 

From these potentials, the force of one charge on another can be calculated.  
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Numerical integration using Runge Kutta 4 (RK4) 

 

A standard integration algorithm is Runge Kutta 4 (RK4), which uses a weighted average 

of four accelerations to compute the velocity and similarly a weighted average of four 

velocities to compute the position. A single, one-dimensional integration step from y(t) to 

y(t+Δt) using y’(t) is performed using the four auxiliary slopes 

𝑚 = 𝑦′(𝑡, 𝑦) 

𝑛 = 𝑦′ (𝑡 +
∆𝑡

2
, 𝑦 + 𝑚

∆𝑡

2
) 

𝑞 = 𝑦′ (𝑡 +
∆𝑡

2
, 𝑦 + 𝑛

∆𝑡

2
) 

𝑝 = 𝑦′(𝑡 + ∆𝑡, 𝑦 + 𝑞∆𝑡) 

such that finally, the next y is 

𝑦 = 𝑦0 + (
𝑚 + 2𝑛 + 2𝑞 + 𝑝

6
)∆𝑡 

With these four function evaluations, the error of this method is proportional to (Δt)
4
. 

This makes it significantly more accurate than Euler’s method, whose error grows as Δt 

but requires only one function evaluation. Although even higher order methods have been 

conceived, the gain in accuracy becomes less per function evaluation [1.52]. Therefore, 

RK4 maximizes the use of each function evaluation, which explains its widespread 

implementation and utilization for this work.  
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Chapter 2: Diagnostics 
 

This chapter introduces the diagnostics used to evaluate the ion beams generated in this 

study using the TNSA mechanism. Since the majority of the data was recorded by 

Thomson Parabolas, this chapter puts special emphasis on the instrument physics and 

associated data analysis. Radiochromic film is used to support and complement the main 

data, and will also be introduced. At the final stage of the experiment, neutrons 

origination from DD and DT fusion also required neutron time of flight (nTOF) 

scintillators. 

 

Thomson Parabola ion spectrometers 
 

In the early stages of the experiment, a characterization of the generated TNSA beam is 

most desirable. Since TNSA beams consist of several ion species with individual energy 

spectra, a charged particle spectrometer that can differentiate between species and 

energies is required. A standard diagnostic that can resolve energy spectra of ions with 

different charge-to-mass ratios is a Thomson Parabola (TP). The instrument was 

conceived by Thomson as early as 1907 [2.1]. 

 

Instrument physics 

 

Initially, the incoming particles are collimated by a small pinhole (typical diameter of the 

order 100µm) to a narrow beam. For the calculation, the beam is assumed to travel in the 
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�̂� direction. After a small forceless drift, the beam encounters a homogeneous magnetic 

field pointing in the �̂� direction. All charged particles in the beam feel the Lorentz force 

𝐹 = 𝑞𝑣 × �⃑�  

Since the force is always perpendicular to the direction of motion, the particles’ trajectory 

will be a circle with radius 

𝑅 =
𝑚

𝑞

𝑣

𝐵
 Eqn 2.1 

 

where 𝑣 = |𝑣 | and 𝐵 = |�⃑� |. Evidently, particles with the same 
𝑚

𝑞
 are deflected the same 

amount if their velocities do not differ. 

After the magnetic deflection, the beam drifts through a field free region, after which it 

encounters a homogeneous electric field pointing in the �̂� direction (the same direction as 

the previous magnetic field). This time, all charged particles experience the electrostatic 

force 

𝐹 = 𝑞�⃑�  

The electric field is usually generated by a parallel plate capacitor with plate separation d 

held at potential V, such that the force becomes 

𝐹 = 𝑞
𝑉

𝑑
�̂� 

Since the force is always in the �̂� direction, the particles will continue to move at constant 

speed in the �̂� direction but uniformly accelerate in the �̂� direction with 

𝑎 =
𝑞

𝑚

𝑉

𝑑
 Eqn. 2.2 
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forming a parabolic trajectory. 

Again, particles with the same 
𝑞

𝑚
 will be deflected the same way, even regardless of 

velocity. 

After the electric deflection, the particles suffer a last drift and finally impinge on an 

image plate that records the final position. The exact position of an ion of given q/m and 

energy on the image plate is calculated in the following section. 

 

Trajectory calculation 

 

To ease the following calculations, the three dimensional trajectories of the ions are 

separated into a magnetic and an electric deflection plane. Each plane is divided into the 

regions discussed in the previous section. The three drift regions correspond to z1, z2 and 

z3, whereas the electric or magnetic field regions are labeled zE and zB. The top sketch of 

figure 2.1 shows the magnetic deflection plane (x-plane). 
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The incoming particle beam is forced on a circular path inside the homogeneous 

magnetic field pointing into the page, as described above. In the remaining regions, the 

beam follows a forceless, constant velocity trajectory within this plane. In the bottom 

sketch, a close-up of the magnetic deflection is shown. Using the Pythagorean Theorem, 

the y-deflection can be calculated from R, the previously derived deflection radius, 

𝑦𝐵 = 𝑅 − √𝑅2 − 𝑧𝐵
2 

The velocity changes from the initial 𝑣 = 𝑣0�̂� to 

𝑣 = 𝑣0 sin(𝜃) �̂� + 𝑣0cos(𝜃)�̂� 

where θ is the angle between the final velocity vector and the z-axis. It can be found from 

figure 2.1 using elementary trigonometry, 

Figure 2. 1: Magnetic deflection plane in a Thomson Parabola. 

z1 zB z2 zE z3 

�⃑�  
�⃑�  

z 

y 

R 

zB 

R – yB θ 

yB 

z 

y 
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𝜃 =
𝜋

2
− arccos (

𝑧𝐵

𝑅
) 

Since the electric deflection to be discussed is in the x-direction, the given y- and z-

components of the velocity remain constant. 

Therefore, the total y deflection on the image plate becomes 

𝑦 = 𝑦1 + 𝑦𝐵 + 𝑦2 + 𝑦𝐸 + 𝑦3 

𝑦 = 𝑦𝐵 + 𝑣𝑦 ∙ 𝑡2 + 𝑣𝑦 ∙ 𝑡𝐸 + 𝑣𝑦 ∙ 𝑡3 

where t2, tE, and t3 represent the time the ion stays in the corresponding region. They can 

be calculated by dividing the (z-) length of the interval by the (constant) z-velocity. 

Therefore, 

𝑦 = (𝑅 − √𝑅2 − 𝑧𝐵
2) + 𝑣0 sin(𝜃)

𝑧2

𝑣0 cos(𝜃)
+ 𝑣0 sin(𝜃)

𝑧𝐸

𝑣0 cos(𝜃)

+ 𝑣0 sin(𝜃)
𝑧3

𝑣0 cos(𝜃)
 

𝑦 = (𝑅 − √𝑅2 − 𝑧𝐵
2) + tan(𝜃) ∙ (𝑧2 + 𝑧𝐸 + 𝑧3) Eqn. 2.3 

 

The electric deflection plane (y-plane) is shown in figure 2.2. 

 

 

 

 

 

 
Figure 2. 2: Electric deflection plane in a Thomson Parabola. 

z1 zB z2 zE z3 

�⃑�  
�⃑�  

z 
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In the region of the homogeneous electric field, the ions are deflected on a parabolic 

trajectory, as described above. In the remaining regions, they follow a forceless, constant 

velocity trajectory within this plane. 

The time the ions spend within the electric field is given by 𝑡𝐸 =
𝑧𝐸

𝑣𝑧𝐸

=
𝑧𝐸

𝑣0 cos(𝜃)
, so the x-

deflection caused by the electric field becomes 

𝑥𝐸 =
1

2
𝑎𝑡2 =

1

2
𝑎

𝑧𝐸
2

𝑣0
2 cos2(𝜃)

 

The final velocity in the x-direction is 

𝑣𝑥 = 𝑎 ∙ 𝑡 =
𝑎 ∙ 𝑧𝐸

𝑣0 cos(𝜃)
 

Therefore, the total deflection on the image plate in the x-direction becomes 

𝑥 = 𝑥1 + 𝑥𝐵 + 𝑥2 + 𝑥𝐸 + 𝑥3 

𝑥 = 𝑥𝐸 + 𝑣𝑥 ∙ 𝑡3 

𝑥 =
1

2
𝑎

𝑧𝐸
2

𝑣0
2 cos2(𝜃)

+
𝑧3

𝑣0 cos(𝜃)
∙

𝑎 ∙ 𝑧𝐸

𝑣0 cos(𝜃)
 

𝑥 = 𝑎
1

𝑣0
2 cos2(𝜃)

(
1

2
𝑧𝐸

2 + 𝑧3𝑧𝐸) 

 

𝑥 = 𝑎
1 + tan2(𝜃)

𝑣0
2

(
1

2
𝑧𝐸

2 + 𝑧3𝑧𝐸) Eqn 2.4 

 

In summary, the traces on the image plate are given by the pair (x, y) parameterized as 
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(
𝑥
𝑦) =

(

 
 

𝑎
𝑚

2𝐾𝐸
(1 + tan2(𝜃)) (

1

2
𝑧𝐸

2 + 𝑧3𝑧𝐸)

(𝑅 − √𝑅2 − 𝑧𝐵
2) + tan(𝜃) ∙ (𝑧2 + 𝑧𝐸 + 𝑧3)

)

 
 

 Eqn 2.5 

 

where 

𝜃 =
𝜋

2
− arccos (

𝑧𝐵

𝑅
) 

𝑅 =
𝑚𝑣0

𝑞𝐵
=

√2𝑚𝐾𝐸

𝑞𝐵
 

𝑎 =
𝑞

𝑚

𝑉

𝑑
 

and KE is the initial kinetic energy. These pairs (x, y) trace out a parabola for particles of 

the same charge-to-mass ratio q/m but different energies, with the higher energies being 

closer to the origin. Each ion species with a distinct q/m produces its individual parabola. 

These characteristic parabolas have motivated the instrument name. 

This calculation assumes homogeneous fields, ignoring any fringing effects to be 

expected in a real instrument. Numerically solving Maxwell’s equations to include these 

effects has demonstrated that fringing can be neglected for the used instrument [2.2]. 

The given analytic expressions can be used to uniquely relate the final position of a 

particle on the image plate to the particle’s charge-to-mass ratio and velocity, or 

momentum. However, particles of the same charge-to-mass ratio, such as deuterium (D
+
) 

and six fold ionized carbon (C
6+

), cannot be distinguished. Physically, this corresponds to 

overlapping parabolic traces on the image plate. Detailed “background” measurements 
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are necessary to correct for this effect. Note that the very nature of the deflecting Lorentz 

force together with Newton’s Second Law 

𝑟 ̈ =
𝑞

𝑚
(𝑣 × �⃑� + �⃑� ) 

always causes this ambiguity, regardless of the structure of the involved (electric and 

magnetic) fields. 

 

Thomson Parabola settings optimization 

 

Since TNSA beams contain multiple ion species, the ability to distinguish closely spaced 

lines corresponding to slightly different charge-to-mass ratios q/m is essential. The finite 

pinhole size causes each line to have a width and potentially overlap with another line. 

The q/m resolution intrinsically depends on the ion specie’s kinetic energy, as all traces 

converge at the origin and correspondingly spread out moving away from it. The lower 

energies, lying further away from the origin, are therefore better resolved. There are two 

experimental parameters that can be adjusted to manipulate the resolution of a Thomson 

Parabola, namely the bias voltage and the pinhole diameter. However, increasing the 

resolution with either parameter comes with a tradeoff to be discussed in the following 

paragraphs. 

The bias voltage determines the separation of the traces in the x-direction, so a higher 

voltage can increase the resolution by moving the traces further apart. Figure 2.3 shows 

an example resolution calculation (see appendix 2.1) for lines close to the deuterium line 

with q/m=1/2, the line of most interest. The plots correspond to the OMEGA-EP 
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Thomson Parabola TPIE (see following sections for details, [2.2]) operated at the 

indicated voltages with a fixed pinhole 500µm in diameter. The different lines show from 

what (hypothetical) ion characterized by q/m a deuteron of given energy is resolved. If 

the deuteron energy and charge-to-mass ratio of the contaminant falls below the 

applicable trace, the deuteron can be resolved from the contaminant’s line, if it falls 

above the trace, it cannot. For instance, a common line close to the deuteron line is O
7+

 

charge-to-mass ratio ~0.44 (see dotted lines). At a 10kV bias, all deuterons below 12MeV 

are resolved from O
7+

. Generally, lower energies are much better resolved than high 

energies, and increasing the bias voltage will improve resolution. However, the resolution 

gain achieved by increasing the voltage is relatively low, and also carries the 

disadvantage of increasing the lowest observable energy (see the following paragraphs). 

Hence, the voltage for this study was chosen to be 9kV, the closest experimentally 

realizable voltage to 10kV. 
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Figure 2. 3: TPIE resolution for different voltages. 

The larger deflection of ions creating the higher resolution will cause low energy ions to 

be deflected beyond the physical limits of the image plate. The low energy cutoff was 

calculated using equation 2.4 and the lateral dimension of the image plate. The electric 

deflection x must not exceed this size, 

𝑥 =
𝑞

𝑚

𝑉

𝑑

𝑚

2𝐾𝐸
(1 + tan2 (

𝜋

2
− arccos (𝑧𝐵

𝑞𝐵

√2𝑚𝐾𝐸
))) ∙ (

1

2
𝑧𝐸

2 + 𝑧3𝑧𝐸) 

where KE is the initial kinetic energy of the ion. For TPIE, the effective size of an image 

plate taking all offsets into account is x = 0.05m. Substituting the other dimensions of 

TPIE together with a deuteron charge to mass ratio of ½ and (numerically) solving for KE 

delivers 

𝐾𝐸𝑚𝑖𝑛 = 47.631 ∙ 𝑉 + 73966 Eqn 2.6 
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where KEmin is in eV and V in V. Thus, the cutoff energy for the applied 9kV evaluates to 

501keV. 

An analogous calculation for TPIS, the MTW Thomson Parabola (see following sections, 

[2.3]) with image plate size x = 0.06m and slightly different dimensions yields, for 

deuterons (q/m=1/2), 

𝐾𝐸𝑚𝑖𝑛 = 6.25 ∙ 𝑉 + 17310 Eqn 2.7 

 

where KEmin is in eV and V in V. The cutoff energy for the applied 17kV evaluates to 

127keV. (The choice of 17kV represents the maximum permitted voltage, which was 

required to maximize the resolution.) 

The second adjustable parameter of a TP is the pinhole size, which collimates the 

incoming ion beam. A smaller pinhole will naturally increase resolution since the line 

width decreases correspondingly. Figure 2.4 shows the effect of the pinhole size on 

resolution for the OMEGA-EP parabola TPIE and the MTW parabola TPIS, which has a 

fixed pinhole radius. The voltages are fixed at the experimental values, 17kV for TPIS 

and 9kV for TPIE. 
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Figure 2. 4 TPIS and TPIE resolution for different pinhole radii. 

From figure 2.4, it is evident that the TPIS resolution is always inferior to the TPIE 

resolution. The reason for that are the longer magnetic (10cm vs. 5cm) and electric (22cm 

vs. 10cm) drift distances (compare figures 2.7-2.8), which increase the deflection, 

moving the traces further apart. As discussed, a smaller pinhole increases the resolution; 

a radius of 125µm for TPIE already resolves the D
+
 line from O

7+
 until energies well 

above the OMEGA-EP region of interest from 0 to 20MeV. Since the TPIS pinhole 

radius is fixed, no optimization can be done; the D
+
 line starts overlapping with the O

7+
 

line around 2.0MeV and with the C
5+

 line around 3.8MeV. However, since signal of the 

higher ionization states of oxygen and carbon was generally low (compare chapter 4, 

figure 4.7) this was considered acceptable. 
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A disadvantage that comes with reducing the pinhole size is that all lines become weaker 

because fewer ions are permitted to enter the instrument.  Typical sizes range from a 

radius of 50µm to 500µm. The two Thomson Parabolas used in this study, TPIS and 

TPIE, are a distance of 35cm and 40cm away from the target chamber center (TCC). 

Assuming the standard 1/r² law of decrease in intensity, the fraction of ions entering TPIS 

with a 50µm pinhole is 5.1‧10
-9

, whereas the corresponding number for TPIE is 3.9‧10
-9

. 

Typical TNSA deuteron yields encountered ranged from low 10
10

 to low 10
12

. For a 

50µm pinhole, a total number of deuterons between 50 and 5000 enter the instrument, 

distributed over an energy range of several MeV. The utilized image plates (see next 

section) require about 8 deuterons for a one photo-stimulated luminescence (PSL) unit, 

with typical background signals around 0.3PSL. With a desired signal to noise ratio of at 

least 300%, 8 deuterons are required for a positive detection in a particular bin, and for an 

energy spectrum containing 100 bins, about 1000 deuterons will be required. From this 

example calculation, it is evident that the lower yield shots require a larger pinhole, 

which will increase the total number of deuterons entering the instrument quadratically. 

Comparing the two Thomson Parabolas, one can see that TPIE has a much higher 

resolution, but it comes at the cost of much lower signals (the pinhole diameter is 100µm 

vs. 400µm) and higher cutoff energies (127keV vs. 501keV). 
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Image Plates 

 

As mentioned previously, the image plate makes the parabolic traces produced by the 

particles visible after their deflection in the fields. The image plate can be any material 

that reacts with impinging radiation. A commercial standard is BAS-TR, which consists 

only of the photosensitive layer and a plastic backing. BAS-SR, on the other hand, has a 

plastic coating protecting the photosensitive layer; however, the impinging ions are 

attenuated before detection. When radiation impinges onto the photosensitive layer, 

certain atomic states are excited. The loci of this excitation can be determined by 

stimulating the corresponding area with a suitable wavelength and observing any emitted 

radiation, the photo stimulated luminescence (PSL). Commercial scanners employing 

monochromatic lasers fully automate this procedure, delivering the parabolic traces 

minutes after the shot. After readout, the image plate can be regenerated by exposure to 

white light and used again. 

The relationship between the PSL of an image plate and absolute particle yield is 

typically found experimentally using a calibrated particle source such as an accelerator. A 

separate study [2.3] conducted at the SUNY Geneseo tandem accelerator found this 

relationship, the image plate sensitivity, for the same image plates used in this study 

(Fujifilm BAS-TR). Figure 2.4 shows the sensitivities measured by Freeman et al [2.3] 

for deuterons as dots and a cubic fit through them. 
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Figure 2. 5: PSL sensitivity for the image plates used in this study as function of deuteron energy. 

The response increases slowly from 0.09 PSL/deuteron at 0.5 MeV to reach its maximum 

of 0.16 PSL/deuteron around 1.8 MeV and then slowly decrease to 0.13 PSL/deuteron for 

higher (>3.0 MeV) energies. The data can be fitted reasonably well with a cubic function 

(blue solid line) which can be conveniently incorporated in the analysis program. 

Separate publications [2.4] suggest that the fit may be extrapolated to lower energies. 

 

TP data processing 

 

After digitization of a particular image plate, the data is summarized in a numeric matrix 

that contains the PSL yield for each pixel in x (direction of electric deflection) and y 

(direction of magnetic deflection). The linear pixel size can be set by the scanner and was 

chosen 100µm for this campaign, such that the area of one pixel is 0.01mm². This way, 
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the position of traces on the image plate can be converted to meters and compared to 

theoretical computations. Finally, the origin of the experimental image plate has to be 

found and offset to match the simulation. Fortunately, x-rays are produced during the 

performed experiments, which are not deflected in the TP and therefore produce a spot at 

the true origin. This spot can be found either manually or automatically and defined as 

new origin. 

As a good first start, theoretical traces for expected species such as H
+
, D

+
 and several 

carbon ions were computed with the nominal fields and overlaid with the experimental 

traces. This way, all ion species in the beam were identified. Additionally, the low and 

high energy cutoffs could be determined by identifying the ends of each parabola on the 

image plate and calculating the corresponding energies by solving the above formula for 

kinetic energy. As expected from the TPIS electric field calculation (see section “TP ion 

spectrometer (TPIS) on MTW”), the voltage used to compute the traces had to be reduced 

by about 20% to obtain a good fit with the data. 

To obtain energy spectra dN/dE from the mentioned matrix, the PSL yield for each pixel 

has to be re-binned from a space into an energy bin. One way of accomplishing this is 

defining an energy region of interest and a bin width. A particular bin has a lower and 

upper energy limit, which can be converted to lower and upper spatial (pixel) limits on 

the image plate. All particles that impinged on the image plate between these limits fall 

into this one energy bin. Computationally, these can be summed by cumulating all 

intensity within a rectangle whose corners are defined by the given limits. This procedure 
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causes nonuniformly spaced bins on the image plate given uniformly spaced energy bins. 

In particular, the bin size decreases with increasing energy, so bins at low energies 

typically correspond to large rectangles that include a significant amount of pixels off the 

trace, whereas at high energies, the bins correspond to rectangles smaller than the width 

of the trace. This problem was approached by utilizing spatial bins of fixed size for 

readout and re-binning the intensity from these into linearly spaced energy bins. The 

reliability of this method was tested by simulating an image plate with ions of a given 

energy distribution, which was recovered by the described analysis. 

 

Radio chromic film (RCF) 
 

In addition to a charged ion spectrometer, a detector capable of measuring the spatial 

beam profile is required since the ions emitted in a TNSA experiment typically form a 

cone centered around the target normal with a half-opening angle of about 20 – 30° (see 

chapter 1 for a literature review and chapters 4 and 5 for results of this study). This 

geometry has to be known exactly to fully characterize the beam and capture most of it in 

a nuclear experiment. Commonly, radio chromic film (RCF) placed parallel to the target 

a few centimeters away is used for spatial beam profile measurements. 

RCF contains a dye that activates when exposed to radiation. The original film is 

colorless, but exposure to ionizing radiation breaks certain molecular bonds in the 

substrate such that a permanent change in color occurs. The degree of coloring is 

proportional to the impinging radiation across a large range of intensities. This allows for 
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an exact reconstruction of the beam geometry, but not its ion composition or spectrum. A 

variety of dyes are available [2.5]. 

The RCF is insensitive to visible light and can therefore be conveniently digitized using a 

commercial document scanner. 

 

RCF and TP combination detectors 
 

Film detectors and ion spectrometers may be combined to simultaneously obtain the 

beam geometry and the spectrum of all involved ion species. One way of achieving this 

involves introducing a small hole or slit in the RCF film, which otherwise covers the 

entire beam. In this configuration, the film captures the beam geometry, while some ions 

can reach a Thomson Parabola for a spectral measurement. An example of such a 

configuration for a typical TNSA experiment is shown in figure 2.6.  

Since the beam typically varies slowly in the center, an approximately 5mm diameter 

hole at the center of the RCF causes no significant loss of data. Similarly, since the TP 

pinhole is much smaller than that, it suffers no loss in intensity either. 
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A second method uses stacks of films and absorbers like aluminum instead of just one 

layer. The individual films give the beam geometry as a function of energy, since the ions 

lose some amount of energy in each layer but are only stopped and detected when they 

have almost zero energy (Bragg peak). This way, low energy ions are stopped and 

recorded in earlier layers, whereas higher energy ions make it to later ones. From the 

known energy loss per distance travelled in the absorber, the particle energy can be 

reconstructed.  

 

 

 

TiD target 

RCF  

~10
18

 W/cm² 

laser pulse 

�⃑�  �⃑�  

TP 

Figure 2. 6: Thomson Parabola and RCF combination detector. 
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TP ion spectrometer (TPIS) on MTW 
 

Instrument layout 

 

The Thomson Parabola qualified for use on the MTW laser facility is the Thomson 

Parabola Ion Spectrometer (TPIS) [2.3]. A sketch of the instrument is shown in figure 

2.7. The magnetic field between the (red) permanent magnets is 0.53T, and the voltage 

between the (green) parallel plates can be up to 20kV. The pinhole radius is fixed at 

200µm, while the entire instrument is 35cm from the target chamber center (TCC). To 

ensure a long mean free path of the ions, TPIS is pumped down to 1‧10
-5

 Torr during 

operation. 

 

 

Figure 2. 7: TPIS detailed layout. Picture taken from Ref 2.3. 

The designers of the instrument calibrated both the magnetic and electric field, as well as 

Fujifilm BAS-TR image plates, at the SUNY Geneseo tandem accelerator. The 

accelerator delivered monoenergetic beams of protons, deuterons and alphas in the range 
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of a few MeV. The magnetic field was measured to be within 8% of the magnet 

supplier’s specification, but the electric field exceeded that of parallel plate capacitor by 

about 20% and had to be re-modeled using Finite Element Methods (FEM). The image 

plates were absolutely calibrated for protons, deuterons and alphas at different energies 

by exposing them for about 0.8 seconds to the corresponding beam. The beam current 

was obtained from the charge accumulated on the TPIS entrance aperture, which was 

cross-calibrated with a regular Faraday cup before each exposure. The image plates were 

read 7 minutes after the experiment, and show that their sensitivity to deuterons rises 

from about 0.1 PSL/deuteron below 1MeV to a maximum of 0.16 PSL/deuteron around 

1.5MeV, after which it decreases slowly back towards 0.1 PSL/deuteron for energies 

around 4MeV (see figure 2.4) [2.3]. 

 

TPIS operation 

 

If TPIS has been exposed to air for extended periods of time, such as during storage 

between campaigns, it has to be re-conditioned for operation. This is done by evacuating 

the instrument to its operation pressure (1‧10
-5

 Torr) and incrementing the voltage across 

the plates in steps. Electrons accelerated from contaminated plates can emit x-rays and 

cause sparks, which would blacken the image plate in a short time. The radiation hazard 

posed by the bremsstrahlung was verified to be insignificant using a Geiger counter. 

Nevertheless, to limit all risks, the high voltage power supply was set to a maximum 

current of 2µA, and the conditioning was done in 2kV increments from 0 to ±10kV on 
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each plate. During each step, it was confirmed that the current stayed below 1µA, which 

indicates clean plates. After conditioning, the full bias voltage of 20kV, corresponding to 

an effective 17kV, can be turned on instantly for operation, which takes about 20s. 

Between shots, the TPIS turbopump is shut off and the diagnostic is slowly purged with 

dry nitrogen. Since the target chamber (TC) has its own purge cycle, a gate valve 

separating TC and TPIS is closed beforehand. As soon as the pressure inside TPIS 

reaches one atmosphere, the ambient lights are turned off, the image plate is transferred 

into a storage cassette and a new one is inserted. After that, the nitrogen purge is 

terminated and the pumps are activated again. The image plate is read out approx. 5 mins 

after the shot and regenerated under fluorescent light. As soon as the TC pressure is 

below 10
-4

 mbar, the gate valve is opened and the system is ready for the next shot. 

Finally, the bias voltage is remotely activated 20s before the shot. This minimizes the 

amount of bremsstrahlung picked up by the image plates. 

The image plates were read using the Canon Typhoon FLA 7000 scanner together with 

the Fujifilm Multi Gauge software package (Version 3.11). The scanner contains its own 

cassette that can be equipped with the image plate to be read. Of course, the transfer has 

to be done at reduced ambient lights. In the software, the scanning laser and any color 

filters can be selected, as well as the sensitivity and the pixel size. Lastly, the coordinates 

of the image plate in the cassette have to be specified. The scanner delivers an image of 

the traces on the image plate, which are not visible with the naked eye, and outputs the 

data as .img and the setup as .inf files. These raw data files can be converted to PSL units, 

for example using Matlab. 
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It was mentioned previously that both the beam geometry and spectrum can be obtained 

with a TP-RCF combination. For several studies, TPIS was operated in this 

configuration. For that, an OMEGA-EP frame specifically designed to hold stacks of 

RCF (NTA Assy 90 107 – TIM 14) was attached to a one inch optical post using a 

standard optical clamp. Several extra blind holes were drilled into the TPIS TC flange to 

hold the optical post using an optical pole mount. The holes in the RCF are 5mm in 

diameter, compared to a 400µm diameter pinhole inlet of TPIS. Alignment of these two 

holes was done in situ, using a small laser pointer that could be attached to the target 

positioner instead of a target. The distance from TCC to the RCF was measured to be 

21.0cm, and the RCF squares inserted into the holder will be 6cmx6cm. In this 

configuration, the RCF square captures 6.5‧10
-3

 rad of the total solid angle, or about ±8° 

from the beam axis in the polar angle theta. 

 

TP ion energy analyzer (TPIE) on OMEGA-EP 
 

Instrument layout 

 

The Thomson Parabola Ion Energy Analyzer (TPIE) [2.2] was designed to be fielded 

through an OMEGA-EP ten-inch-manipulator (TIM). These TIMs are inserted into 

standard ports for fielding diagnostics and sometimes targets at OMEGA-EP. A top view 

sketch of the instrument is presented in figure 2.8. The target chamber center TCC is at 

minimum 36.2 cm away from the pinhole with an adjustable diameter from 100µm to 

1mm. While a smaller pinhole increases the resolution, the signal strength decreases, as 
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discussed. Two sets of permanent magnets are available to establish a homogeneous 

magnetic field of either 0.5T or 0.8T. The maximum voltage that can be applied to the 

electrodes is 25kV, producing a field strength of 25kV/cm. Both the magnetic and 

electric field point upward in figure 2.8. A major difference from the TPIS layout is the 

adjustable distance between the electrodes and the image plate. The final drift distance 

can be 10, 50 or 80cm. Long drift distances amplify the deflection of the ion beam and 

thereby increase the separation of traces on the image plate. This leads to increased high 

energy resolution but also to a higher low energy cutoff, since low energy ions are 

deflected beyond the physical limit of the image plate. 

  

Figure 2. 8: TPIE detailed layout by Dino Mastrosimone. 

The instrument was calibrated by shooting carbon targets on OMEGA-EP to produce 

hydrogen and carbon traces. The magnetic deflection was measured to be consistent with 

a homogeneous magnetic field of strength 0.56T. However, the electric deflection 

required a 20% weaker homogeneous electric field than expected from the applied 
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voltage. The fringing fields were numerically calculated, but the difference in deflection 

compared to a homogeneous electric field was insignificant. Therefore, the physical 

charge present on the image plates must be less than predicted. The authors hypothesize 

that the intense x-ray radiation causes significant photoelectron generation in TPIE, 

which reduces the charge on the positive electrode. However, this effect cannot be easily 

predicted and must be experimentally determined [2.2]. 

 

TPIE operation 

 

All diagnostics on OMEGA-EP, including TPIE, are maintained and operated by 

Engineering Service Technicians (ESTs). The requested settings, including pinhole size 

and voltage, are submitted in the form of Shot Request Forms (SRFs) that can be filled 

out and retrieved online. The instrument alignment is modelled in the CAD program 

VisRad and summarized in the SRFs as well. The details of OMEGA-EP campaign 

planning, including diagnostics, are discussed in chapter 5. However, appendix 2.2 shows 

an example setup sheet for TPIE, containing all settings and alignment information. 

Therefore, setting up TPIE mainly requires finding the correct parameters for alignment, 

as discussed in the next chapter. An RCF aperture can also be added to TPIE, which in 

this case is supported by a separate ten inch manipulator (TIM 14). Finally, the image 

plates are digitized by an EST, and the data is uploaded to the LLE operations website. 
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Neutron time of flight spectrometers 
 

One method of obtaining a neutron spectrum is using scintillators in a neutron time of 

flight (nTOF) configuration. The following sections give a brief introduction to 

scintillators and the photomultiplier tubes necessary to amplify their signal, as well as 

how both are used at the LLE in an nTOF measurement. 

 

Scintillators 

 

This section gives a general overview over scintillator physics based on the reviews by 

Knoll and Leo [2.6-2.7]. In a scintillator, the impinging radiation excites certain atomic 

or molecular states, which decay with characteristic times ranging from 1ns to several 

microseconds, emitting light. The mechanisms of this process depend on the material; the 

presented discussion puts emphasis on organic scintillators since these were used in this 

study. Organic scintillators exploit the delocalized electrons in hydrocarbons such as 

benzene. The electrons occupy a discrete set of states in the potential of the entire 

molecule with level spacings around 1 – 10eV. External radiation lifts the electrons to the 

higher levels, and the subsequent decay back to the ground state is accompanied by the 

emission of light. There are several decay paths, each corresponding to an individual 

emission wavelength and decay time. The light output as function of time follows the 

familiar decay law 

𝐼 = 𝐼0𝑒
−

𝑡
𝜏 
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where I0 is the intensity at t = 0, assuming the signal rise time is negligible, and 𝜏 the 

lifetime of the level. While the typical decay time is just a few nanoseconds, long-lived 

states can cause a significant afterglow in the scintillator. In that case, the total signal 

becomes the sum of all decays, weighted appropriately. Experimentally, the convolution 

of the exponential decay with a Gaussian (or exponentially modified Gaussian 

distribution, EMG) has proven the best model. The signal is changed further by the 

scintillator’s (energy-dependent) conversion efficiency from radiation to scintillation 

photons. The total output function can be approximately determined via measuring x-ray 

photons from a known source and accounted for as part of the instrument response 

function (IRF). 

The light output of a scintillator increases approximately linearly with the incident 

radiation energy for energies above some threshold on the order of 100keV, depending on 

the radiation. This linearity, if preserved by the subsequent amplification process, can be 

exploited to obtain an energy spectrum of the incident radiation. The response also 

depends on the incident radiation type. The following discussion focuses on the 

interaction of neutrons with scintillators, since the nuclear reactions of studied in this 

work produced neutrons. Scintillating materials cannot be excited by neutrons directly; 

rather, a neutron has to transfer its energy to secondary (charged) particles that 

subsequently cause the scintillation. Protons are particularly suitable as neutrons lose the 

most energy in elastic collisions with particles of equal mass. 
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Light amplification by Photomultiplier tubes (PMTs) 

 

The light output by a scintillator is far too small in most cases for direct conversion into 

an electronic signal by for example a photodiode. Instead, photomultiplier tubes (PMTs) 

convert the scintillator light into a current and amplify it approximately seven orders of 

magnitude. Elementary properties of PMTs, as described by Knoll and Leo [2.6, 2.7], are 

presented below. 

The first stage of the instrument is the photocathode, a thin semiconductor coating on the 

entrance window inside the PMT. The scintillation photons trigger the photoelectric 

effect on the photocathode and thereby transfer their energy to photoelectrons. If the 

photoelectrons overcome the work function of the photocathode, an electric field focuses 

and directs them towards the amplification stage of the PMT. The amplification stage 

consists of several (10-14) dynodes that are held at successively higher potentials. The 

initial photoelectrons are accelerated towards the first dynode and release more secondary 

electrons after falling onto it. These electrons are accelerated to the next dynode, where 

they release even more electrons, and so on. The dynodes are usually bent pieces of metal 

that are arranged such that the electrons move on a zigzag trajectory between them. Since 

the amplification involves random many-body collisions, the total gain can be different 

for two identical scintillation photons. In addition, electronic effects in the PMT blur the 

original scintillator light output; the finite resistance and capacitance of the dynodes and 

other circuit elements in the PMT effectively form an RC circuit with its own decay 

constant. Finally, the photon-to-electron conversion efficiency of the photocathode 
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further changes the output. The overall instrument response function has to be measured, 

for example with a known neutron source. After the IRF is adequately modeled, the total 

charge measured at the last dynode can be related to the scintillator photon energy, and 

thus the original proton recoil spectrum. 

 

Scintillators in a neutron time of flight configuration 

 

As discussed in the previous section, it is unlikely that a neutron deposits all its energy in 

a scintillator, especially if it is thin. In that case, the reconstruction of neutron energy 

from scintillator light alone is impossible. An alternative method relies on neutron time of 

flight. In this configuration, the scintillator is simply used as event detector that outputs 

some signal if a neutron travels through. The energy is not reconstructed from the 

scintillator signal amplitude but from the time when it occurs. To employ this technique, 

an absolute timing (t = 0) has to be known to calibrate the scintillator output, which is 

recorded as a function of time. One possibility is provided by the x-ray signal produced in 

many nuclear experiments. Since x-rays always move at the speed of light, t=0 can be 

reconstructed using the known distance from the detector to the target. Once the spectrum 

is calibrated absolutely in time, it can be transformed from time space to energy space. 

Classically, the relation between the two random variables neutron time of flight and 

neutron energy is 

𝐸 =
1

2
𝑚𝑣2 =

1

2
𝑚𝑛

𝑑2

𝑡2
 Eqn 2.8 
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where mn is the neutron mass, d the distance from target to detector, and t the neutron 

time of flight, whose distribution 
𝑑𝑁

𝑑𝑡
(𝑡) was measured. The transformation of 

𝑑𝑁

𝑑𝑡
(𝑡) to 

𝑑𝑁

𝑑𝐸
(𝐸) involves the inversion of the above equation and multiplication by the Jacobian 

matrix, which in this case contains just one element, |
𝑑𝑡

𝑑𝐸
|: 

𝑑𝑁

𝑑𝐸
(𝐸) =

𝑑𝑁

𝑑𝑡
(𝑡(𝐸)) ∙ |

𝑑𝑡

𝑑𝐸
| 

where, using the above equation, 

|
𝑑𝑡

𝑑𝐸
| = 𝑑√

𝑚

8
∙ 𝐸−3/2 Eqn 2.9 

 

Another way of converting the spectrum consists of re-binning the data, which avoids the 

Jacobian term that dominates the signal for low energies (E
-3/2

 blows up at the origin). 

Similarly to the Thomson Parabola analysis presented in “TP data processing”, an energy 

region of interest is divided into multiple bins. Each bin has a lower and an upper energy 

limit, which can be converted to the corresponding upper and lower time bin limit. The 

counts in the time bins between these limits are then added and assigned to the energy 

bin. 

The neutron time of flight scintillators to be used in this study were designed for 

capturing the neutron spectra of cryogenic inertial confinement fusion (cryo ICF) targets. 

These targets produce more than 10
14

 deuterium-tritium (DT) fusion neutrons over a time 

of about 1ns, which makes so-called pulse mode spectroscopy impossible. Very briefly, 
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in pulse mode, the PMT charge of each event is measured and related to the energy of the 

radiation event that caused it. The alternative mode of operation is current mode, where 

the current across the PMT is measured as a function of time. For long response times of 

the scintillator-PMT system relative to the time between two events, the only information 

that can be extracted from the current is an average event energy and the event rate [2.7]. 

However, if the response time is reasonably low compared to the neutron time of flight 

(for 14MeV neutrons, v=5.2cm/ns, so for a detector 10m away, Δt=192ns), an 

oscilloscope can resolve the different neutron energies. 

 

“8x4 13m nTOF” on OMEGA 
 

For this study, the existing “8x4 13m nTOF” neutron time of flight scintillator on 

OMEGA was used for neutron spectroscopy. The detector was designed to measure the 

neutrons emitted from deuterium-tritium (DT) and deuterium-deuterium (DD) reactions 

produced in inertial confinement fusion (ICF) experiments. These experiments produce 

about 10
14

 neutrons and a large x-ray signal over timescales of about 1ns, as discussed. 

Long lived states in the scintillator, excited by the x-rays, tend to obscure the neutron 

signals of interest. A fast scintillator that has been demonstrated to have sufficiently low 

afterglow on OMEGA is xylene doped with the dyes PPO and bis-MSB. However, even 

if the scintillator response to the x-rays is reasonably short, the photomultiplier tubes 

(PMT) used for amplification introduce an electronic afterglow due to internal circuits. 

This problem was avoided by switching off the unit during the x-ray pulse and turning it 
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back on after. This so-called “gating” eliminates most of the x-ray signal [2.8]. The entire 

detector consists of a stainless steel cylinder with silica windows for four PMTs, holding 

3 liters of scintillation fluid. The PMTs (Photek PMT-240) are connected to 1GHz digital 

oscilloscopes (Tektronix  DPO-7104). The detector was placed at a fixed distance 13.4m 

away from the target chamber center (TCC) and angle of 79° relative to the beam axis 

(see figure 2.9). Two collimators, 70cm of high-density polyethylene and 1m of concrete, 

filter out the majority of the signal generated by low-energy neutrons scattering in the 

target chamber and x-rays [2.9]. 

 

Figure 2. 9: Neutron time of flight geometry for the 13.4m nTOF on OMEGA (by Chad Forrest). 

The instrument response function of the scintillator-PMT system was measured by Chad 

Forrest in a separate experiment using a short, high-intensity x-ray pulse at known time 
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t=0, which is equivalent to a short neutron pulse. The system’s response is shown in 

figure 2.10. One can see that the short pulse, mathematically described by a Dirac Delta 

Function, generates a signal spreading over tens of nanoseconds and following an EMG 

profile, as discussed before. A realistic x-ray (or neutron) spectrum, modelled as 

sequence of Delta pulses, would produce a signal proportional to the sum of all EMGs for 

each pulse. Mathematically, this procedure is a folding of the data with the scintillator-

PMT response, and to recover the original neutron spectrum from the data, the given IRF 

has to be unfolded from the data. 

 

 

Figure 2. 10: Response function of the PMTs of the 13.4m nTOF (measured by Chad Forrest). 

Another necessary correction is the sensitivity of the scintillator to different neutron 

energies. Since a neutron source with controllable energies was not available, this 

quantity was simulated in the Monte Carlo neutron transport code MCNP [2.10] by Chad 
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Forrest. The result is shown in figure 2.11. It is evident that low neutrons generate a small 

response that slowly increases to reach a plateau around 17MeV. Since in this case, there 

is a single response value for each neutron energy, the signal in each bin of the neutron 

spectrum can simply be divided by the sensitivity corresponding to the bin energy. 

 

 

Figure 2. 11: Light sensitivity of the scintillator fluid used in the 13.4m nTOF (simulated by Chad Forrest). 
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Appendix 2.1: Quantification of the q/m resolution of a TP 
 

The parametrization for the TP parabolic traces is (equation 2.5) 

(
𝑥
𝑦) =

(

 
 

𝑎
𝑚

2𝐾𝐸
(1 + tan2(𝜃)) (

1

2
𝑧𝐸

2 + 𝑧3𝑧𝐸)

(𝑅 − √𝑅2 − 𝑧𝐵
2) + tan(𝜃) ∙ (𝑧2 + 𝑧𝐸 + 𝑧3)

)

 
 

 

The deuterium line is obtained by substituting q/m = 1/2, where each (x, y) pair 

corresponds to a unique kinetic energy, forming the ideal TP trace. In this calculation, it 

was assumed that the ions enter the instrument through an infinitely small pinhole and 

travel parallel to the instrument axis (the z-axis). In reality, the finite pinhole size causes 

the inflowing beam to have a width and velocities slightly deviating from the z-axis. 

However, since none of the quantities in the above equation depends on the initial (x, y), 

any offset in this plane simply shifts the final position of the beam by the same amount. 

The traces on the image plate therefore have a width approximately equal to the pinhole 

diameter. Lines corresponding to ions with close charge-to-mass ratio overlap, making a 

distinction impossible.  

A practical definition for two lines to be resolved is that between them, there has to be at 

least as much distance as the width of one line. The width of the lines is assumed to be 

equal to the pinhole diameter, as discussed above. Therefore, two lines are resolved if 

their centers are 2 pinhole diameters apart. Using elementary calculus and trigonometry, 

the charge-to-mass ratio of a hypothetical ion whose line lies just outside this distance 

can be calculated as a function of energy. 
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For each point on the q/m=1/2 trace, an offset perpendicular to the trace and equal to 2 

pinhole diameters is introduced. As shown in figure 2.12, the line perpendicular to the 

real TP trace intersects with the trace at an angle θ, which can be found from the 

derivative of the trace.  

 

 

 

 

 

 

 

 

Since the function y(x) is difficult to obtain from the parametric equation, the derivative 

was computed numerically using a three-point Newton-Cotes formula. Using elementary 

trigonometry, the offsets in the x and y direction are found to be 

∆𝑥 = cos (
𝜋

2
− 𝜃) ∙ 𝑑 

∆𝑦 = sin (
𝜋

2
− 𝜃) ∙ 𝑑 

For each of these offset points, a unique kinetic energy and charge-to-mass ratio can be 

found by inverting the above equations, for example using the multivariate Newton 

method.  

𝜃 = arctan(
𝑑𝑦

𝑑𝑥
) 

ideal TP trace 

Δy 

Δx 

real TP trace 

Figure 2. 12: Derivation of a real TP trace from the ideal trace and the pinhole radius 
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Appendix 2.2: Example setup sheet for TPIE from SRF 75174 (Feb-04-

2020 ride-along) 

 

Figure 2. 13: Example setup sheet for TPIE. 

Shown above is an example setup sheet for TPIE required to use the diagnostic on a 

regular OMEGA-EP shot. The pinhole diameter, as well as the bias voltage and the 

magnetic field can be specified. In addition, the image plate material and scanning 

procedures can be selected under “Detector” and “IP scanning parameters”. Lastly, 

alignment information has to be inferred from VisRad and entered under “Distance” and 

“Steering”.  
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Chapter 3: Target Preparation and Handling 
 

This chapter describes a major experimental part of this thesis, the preparation and 

handling of deuterium and tritium doped titanium targets. Throughout the project, target 

designs were evaluated and optimized for maximum deuteron yield at controllable 

energies. Details on the experimental outcomes are discussed in chapters 4 and 5. 

 

Target design objectives 
 

The previous chapter gave a review of an idealized TNSA process, with the target 

consisting only of deuterons. However, real targets contain a diverse population of 

different species that participate in the TNSA process to varying degrees. Early studies 

[3.1, 3.2] have found that untreated solid targets always produce a proton beam. This was 

quickly attributed to the contaminants present on any surface, which include water and 

hydrocarbons from the atmosphere that bind to the target. For this study, a large 

deuterium or tritium abundance in the beam is most desirable. Since the lighter ions tend 

to receive most of the energy available [3.3], it is desirable to reduce the proton 

population as much as possible. A simple technique also employed in this work is heating 

the target to boil off the water. Temperatures close to the melting point of the respective 

metal have demonstrated that the proton abundance in the ion beam can be reduced by an 

order of magnitude, while heavier species increase by the same amount [3.4, 3.5]. Similar 
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cleaning effects can also be achieved by sputtering [3.6] or low-intensity, in-situ laser 

irradiation [3.7]. 

A commercially available, simple to handle target to generate a deuterium beam is 

deuterated polyethylene. Several experiments have demonstrated that multi-MeV beams 

with yields in the 10
11

 can be generated from these targets, strong enough to induce 

nuclear reactions [3.8, 3.9]. However, plastic targets tend to generate inferior beams due 

to poor electron conductance [3.4], and a high carbon contamination is inevitable. 

Additionally, the main advantage of simple handling does not transfer to experiments 

with tritiated plastic. In fact, tritiated polyethylene is structurally unstable due to the beta 

decay of tritium [3.10]. An alternative is a heavy water target, either in the form of ice 

[3.11, 3.12] or small droplets [3.13, 3.14]. These targets produce very clean beams (up to 

99% deuterons) but require difficult in-situ fabrication in the target chamber. Although 

analogous experiments with tritium are conceivable, radiation safety procedures prohibit 

the necessary in-situ fabrication. 

To meet the criteria required by tritium, an alternative, metallic target was designed. 

Certain metals like titanium can form hydrides (denoted TiD for deuterium or TiT for 

tritium) that store the deuterium at high densities, with 1-2 deuterons per titanium atom. 

At low temperatures (<325°C), the hydrogen is stored in interstitial titanium lattice sites, 

with unaffected titanium-titanium bonds in the crystal. The amount of hydrogen that can 

be stored per titanium atom in this so-called “alpha phase” is relatively low (<0.2). If the 

temperature is increased to about 350°C [3.15], the system enters the “alpha+beta phase”, 
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in which some of the hydrogen binds to titanium, forming a hydride, whereas other 

hydrogen is still occupying the interstitial sites. Since the hydride crystal size is typically 

different from the metal crystal size, the resulting stress in the crystal causes so-called 

“hydrogen embrittlement” that weakens the mechanical stability of the crystal (compare 

chapter 4). If enough hydrogen is supplied, eventually a pure hydride forms with all 

titanium atoms bonding to hydrogen and creating a new crystal (the “beta phase”). In this 

phase, the titanium to hydrogen ratio is 1:2. A prerequisite for deuterate formation in 

titanium is a reduced surface, since it is energetically more favorable to form titanium 

oxide. It has been shown [3.16] that the presence of oxygen in a titanium lattice can 

reduce the hydrogen uptake by an order of magnitude. On a reduced surface, molecular 

deuterium will dissociate into atomic deuterium and migrate into the crystal. However, 

any air exposure will reverse the process and form a thin oxide layer on the surface. 

The target design presented in figure 3.1 accounts for the restrictions discussed. A thin 

layer of TiD is formed on top of a titanium substrate (see next section). One way of 

forming the TiD layer is the evaporation of titanium under a deuterium atmosphere. The 

atomic titanium is expected to pick up deuterons during its travel from the source to the 

target substrate and deposit as TiD onto the titanium. This principle and the experimental 

realization combines the two steps done by Kherani and Shmayda [3.17], who deposited 

thin titanium films on stainless steel and subsequently exposed it to tritium gas for 

tritiation. An alternative way of forming the TiD layer is the direct exposure of the 

titanium substrate to high temperature and pressure deuterium gas. This encourages the 
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isotopic exchange of protons in the surface water layers with deuterons, which 

subsequently migrate into the metal bulk. 

A final gold layer is applied above the TiD to limit the mentioned oxidation and reverse 

isotopic exchange of deuterium with protons after the treatment. The experimental 

objective is to fabricate targets using this technique with deuterium first and then use the 

gained experience to produce tritiated targets. 
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Target substrate 
 

The target substrate used for all campaigns is titanium. Commercially available titanium 

foils (impurities <5ppm, predominantly iron) of 25µm thickness were cut into flags 

consisting of a main square, the actual target, and a “flagpole” providing the mechanical 

support for the square (see figure 3.2). This flagpole was in turn glued or crimped to the 

standard LLE target stalk, which can be fielded in the Target Chamber (TC). The 

motivation behind moving the connection point away from the main target is to protect 

the connection from the heat applied during the deuteration process. The full assembly, 

consisting of target flag attached to the LLE stalk, was provided by LLE target 

fabrication. 

The aim of the target preparation procedure developed and optimized as major part of this 

work was to maximize the amount of deuterium (and later tritium) loaded into these foils. 
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The deuteration system 
 

An evaporator system was built on-site at LLE to hydride titanium foils for use as TNSA 

targets. A rendered CAD drawing of the main chamber is shown in figure 3.3. 

 

The system consists of a main chamber, a 2 ¾ inch conflat flange (CF) six-way cross in 

which the hydriding will take place. The targets are retracted into the chamber through a 

gate valve by a linear and rotary manipulator attached to a small disk. This disk has holes 

of the same dimension as the MTW target positioner, so that targets can be hydrided in 

the same configuration as they will be shot on MTW. A power feedthrough is attached to 

one of the horizontal ports of the six-way cross. Inside the chamber, the feedthrough is 

connected to a tungsten wire. Depending on the current and wire geometry, different 

materials, most importantly gold and titanium, can be evaporated. A bare tungsten 

filament can also just be used as energy source inside the chamber. The alignment of 

targets as well as the evaporation progress can be monitored through the viewport 

opposite of the power feedthrough. A pyrometer can also directly measure the filament 

temperature through this viewport. The two last ports of the six-way cross are used for 

the gas feed-in (deuterium during loading and nitrogen during target transfer) and 

vacuum delivery and diagonstic. Figure 3.4 sketches the layout of these two auxiliary 

systems. 
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Figure 3. 3: Rendered CAD drawing of the deuteration system by Cody Fagan. 
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On the left, the vacuum delivery and diagnostic is shown. A 2 ¾ inch CF cross holds a 

high vacuum ion gauge and valves 1 and 3. Valve 3 leads directly to a scroll pump that 

will produce a rough vacuum of approx. 2‧10
-2

 Torr in the main chamber if valve 1 is 

closed. In high vacuum mode, valve 3 is closed and valves 1 and 2 connected to the 

turbomolecular pump are open. The turbo pump, backed by the scroll pump, will 

accomplish approx. 1‧10
-7

 Torr in the main chamber. If the chamber is continuously 

Figure 3. 4: Stick diagram of the deuteration system. 
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pumped for a week without being opened to atmosphere in between, a base pressure of 

8.8‧10
-9

 Torr can be achieved. The linear and rotary manipulator is differentially pumped 

by the scroll pump, whose upstream pressure is monitored by a low vacuum convection 

gauge. 

On the right, the gas feed in is shown. A 2 ¾ inch CF to ¼ inch VCR fitting converter is 

connected to a ¼ inch tee that either connects the dry house nitrogen at 20 PSI for 

purging or the research grade deuterium (99.999% D2) at approx. 1‧10
-3

 Torr for loading 

to the main chamber. Both flows are electronically controlled with a pneumatic valve. 

For deuterium, an additional needle valve was inserted to precisely control the chamber 

pressure. 
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Figure 3. 5: High temperature and pressure deuteration chamber with targets. 

 

A part of the gas delivery system was adjusted to serve as a small, high-temperature high-

pressure (high T/P) exposure chamber. Separated from the remaining system by a valve, 

this chamber can be purged with gas and evacuated through the main chamber. However, 

its small size allows for efficient long term (days) heating and pressurizing. Since the 

chamber is too small to insert the fully assembled target, only the flag is loaded and later 

crimped to the stalk (see figure 3.5). 
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Evaporative deuteration of targets 

 

Following the previously mentioned suggestion by Kherani and Shmayda [3.17], the 

prototype target design consisted of the mentioned titanium substrates, onto which a thin 

(approx. 1µm) titanium layer was evaporated under a deuterium atmosphere of 5mTorr. It 

was hypothesized that during its travel from filament to target, the titanium atoms pick up 

deuterium and condense as TiD on the target surface. On top of this TiD layer, several 

nanometers of gold were evaporated to protect the surface from oxidation. 

Using the methods described in appendix 3.1, targets with different thicknesses were 

prepared. The targets were positioned in line of sight with the applicable filament. A 

small disk with blind holes was attached to the manipulator to hold up to nine targets for 

simultaneous deuteration. One experimental challenge consists of aligning all targets the 

same way to receive the same TiD thickness. A target is perfectly aligned if the target 

surface normal points towards the filament, which corresponds to a relative angle of 0°. 

This alignment was done by eye with an estimated error of 10°. After the alignment, the 

main chamber was evacuated to a base pressure of approx. 10
-7

 Torr. Then, small 

quantities of deuterium were bled in during the evaporation process using a finely 

adjusted needle valve to keep the pressure around 10
-3

 Torr. This ensured a clean 

deuterium atmosphere in the chamber. During deuteration, the titanium “flagpole” 

holding the square tends to bend (compare figure 3.2). This could be a result of the 

deuteration, but also due to the nitrogen gas flowing over it during unloading. Bending 

back targets can be done by pushing on the flagpole with a thin needle or tweezers, 
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without touching the square. Several targets demonstrated that this can be done without 

significant loss of deuterium, as long as the actual target is not touched. 

 

Diffusive deuteration of targets 

 

Evaporatively deuterated targets produced only moderate deuteron yields, with a typical 

thickness of 1µm of evaporated titanium producing approx. 10
11

 deuterons/sr (see chapter 

4). An alternative approach consists of simply exposing a titanium foil to a high 

temperature and pressure deuterium gas. It was shown that this method, although being 

much simpler, produced higher total deuterium yields. 

Chemical reactions, in particularly hydriding, tend to run more effectively at elevated 

temperatures (~350°C) and pressures (>1atm). Since the main chamber of the evaporator 

system cannot be heated to such high temperatures due to thermal losses, the subsequent 

studies shifted deuteration to the small high T/P chamber. Since the glue attaching the 

flagpole to the MTW stalk fails at these high temperatures, the targets had to be 

assembled after loading. Only the flag target was exposed to the high pressure high 

temperature deuterium, while the stalk was stored in a nitrogen-purged glovebox for 

assembly. After loading, the flags were transferred to the glovebox and attached to the 

stalks using a thin (0.4mm inner diameter, 0.55mm outer diameter, length 4mm) 

aluminum tube. One end of the tube was crimped to the target flagpole, and the other to 

the MTW target stalk. 
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Targets deuterated at temperatures exceeding 350°C produced upwards of 10
12

 

deuterons/sr, which made this method the preferred loading procedure (see chapter 4 for 

details). 

 

The tritiation system 
 

The radiological hazards involved with tritium require the minimization and 

simplification of the presented deuteration system before it can be used for tritiating 

targets. The main chamber resembled the small high T/P cell, with the difference that it is 

large enough to fit a fully assembled target inside. It consists of a 1 1/3’’ (micro) CF 

nipple attached to a vacuum compatible valve. This reduces the volume to about 9.8cc. 

The open valve end of the system is connected to a port of the Isotope Separation System 

(ISS), which is used to purify fuel for ICF experiments, carrying high purity tritium. 
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Figure 3. 6: Original engineering drawings of the tritiation system by Cody Fagan. 

As shown in figure 3.6, the fully assembled targets are tritiated in a custom micro CF 

flange onto which an extension was welded. The micro CF nipple is long enough to hold 

the target stalk of length 65mm. A gasket filter prevents any potential debris from 

entering ISS, and the valve is used to separate the chamber from ISS during tritiation. 
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Micro CF sized heaters (120V, 124W) were attached to the thermal mass that can heat the 

entire system to approx. 500C. 

 

Diffusive tritiation of targets 

 

The tritiation of targets in the presented setup was subject to some limitations required by 

ISS delivering the tritium. In particular, the long, high temperature deuteration 

temperatures could not be realized since the tritium would migrate out of the system. To 

circumvent that, the target was pre-treated with a 1nm palladium coating to act as a 

catalyzer for hydrogen uptake and baked at 480°C for 30 minutes to boil off 

contaminants, particularly water. The main exposure was done inside the ISS glovebox 

and consisted of a 2h exposure at 225°C. Two targets were separated to evaluate the 

amount of tritium and outgassing rate. 

These separated targets were heated to 750°C while argon was flowed over them. The 

argon was directed through two water aliquots in series to dissolve the tritium, and a 

liquid scintillation fluid was mixed with the water to count the sample. This technique 

has been applied successfully in separate studies [3.18, 3.19] and is absolutely calibrated. 

The activity was measured to be 500±10µCi (± counting statistics), which corresponds to 

a total of 10
16

 tritons in the target, which represents a titanium to tritium ratio of 100:1. 

To assess the tritium outgassing and the associated radiological risk, the experiment was 

repeated using ambient air to determine an outgassing rate of 90nCi/min, which was 

considered acceptable. 
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Target transfer 
 

After deuteration in the main chamber, the deuterium supply is shut and the valve 

connecting house nitrogen at 20 PSI is opened. As soon as atmospheric pressure (14.7 

PSI) is reached, the valve is closed and kept in stand-by. It is opened again 

simultaneously with the gate valve, so that nitrogen continuously flows over the targets as 

they are taken out of the chamber. Inside this nitrogen puff, the targets are quickly moved 

to a small container pre-filled with dry nitrogen. In this container, they are transferred to 

a glovebox continuously purged with dry nitrogen (dew point < – 40°C). After 

deuteration in the high T/P chamber, the entire chamber is disconnected from the main 

system, with the gas valve closed, and transferred to the glovebox. The targets are 

removed from the chamber and crimped to the target stalk in the glove box under dry 

nitrogen. This ensures minimum air exposure of the targets and avoids the difficult to 

control nitrogen puff. The targets can be stored several days inside this glovebox until 

they are individually transferred in small, nitrogen purged containers to the MTW or EP 

target chamber. 

When fielding on MTW, the target chamber is slightly overpressurized with dry nitrogen 

as well to generate a cover gas at the MTW opening in which the targets are finally 

fielded for shooting. After the transfer, the target chamber is immediately closed and 

pumped down to shootable vacuum (< 10
-4

 mbar). On EP, the target can be fielded either 

through the regular target positioner EP-TPS83 or the ten-inch-manipulator TIM10. The 

target positioner can be pumped down faster, whereas the ten-inch-manipulator can be 
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purged with dry nitrogen. However, short (~20s) air exposure of the target is unavoidable 

in both cases, since neither system can be overpressurized with dry nitrogen. On EP, the 

fielding is done by an Engineering Service Technician (EST) according to a protocol (see 

appendix 3.2 of this chapter). 

 

Figure 3. 7: Nitrogen-purged glovebox for storage and transfer of deuterated targets. 

 

The tritiated targets were loaded in the described tritiation system, which itself is 

contained within the ISS glovebox filled with helium. Therefore, the transfer between the 

tritiation system and the individual containers could be done without exposure to air. The 
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containers were pre-filled with helium and transferred to the OMEGA target chamber 

immediately after the target transfer. 
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Appendix 3.1: Evaporation procedures 
 

To evaporate the different metals titanium, gold and palladium, several evaporation 

techniques were developed and optimized, which mainly differ in the filament attached to 

the feedthrough. In the simplest configuration, a tungsten wire 0.3mm in diameter and 

15cm in length is wound to a coil 3mm in diameter. A current of 7.5A results in a voltage 

of 12.3V, dissipating 93W of power. Using a commercial pyrometer, the temperature of 

the filament was measured to be approx. 2300°C. In this configuration, the filament acts 

solely as energy source in the chamber, and long (> 2 weeks of continuous operation) 

lifetimes of the filaments can be achieved. 

Evaporating titanium requires a significantly more complicated filament. Initial attempts 

of copying the aforementioned filament design using titanium wire instead were of 

limited success. The filaments consisted of 7cm long, 0.5mm diameter coiled titanium 

wire and were operated at 4.0A and 3.9V, which heated them up to 1440°C (Ti melting 

point is 1670°C), as measured by the pyrometer. However, these filaments tended to have 

short lifetimes (<48h) that ended with the center of the coil melting and breaking the 

contact, while most of the material was not evaporated.  

Following a suggestion from literature [3.20], the filament design was changed to 

tungsten-titanium coils that consisted of 7cm tungsten wire (0.3mm diameter) and 5cm 

titanium wire (0.5mm diameter) held together by another, ultrathin (0.05mm diameter) 

tungsten wire. These bimetal coils typically evaporate 25mg of the available 44mg of 

titanium, or approx. 57% within 24h. After that, about 500nm of titanium has been 
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evaporated onto the target about 3cm away. Typical currents and voltages used were in 

the vicinity of 9.2A (the power supply’s current limit) and 2.9V, dissipating 26.7W at a 

filament temperature of 1560°C. The voltage across the filament was found a reliable 

indicator of the titanium left. It typically increased over 20h by about 40% to reach a 

plateau, indicating a higher resistance due to the thinner, remaining tungsten. Since one 

filament provides only approx. 500nm, higher thicknesses require multiple filaments. To 

exchange a filament, the chamber was continuously purged with dry nitrogen, and the 

power feedthrough was taken off and equipped with a new filament. After the 

feedthrough was remounted, the purge was shut off, the chamber was evacuated, and 

evaporation under deuterium was continued. 

Secondly, a third filament design has to be used for gold evaporation. Both the simple 

(pure gold) and advanced (tungsten-gold coil) filament designs failed because of the low 

electrical resistivity of gold. At room temperature, the resistivity of gold is 2.4‧10
-8

 Ωm, 

compared to 4.2‧10
-7

 Ωm for titanium. Assuming similar wire geometries, the total 

resistance is of gold is 18 times lower than that of titanium. Since 𝑃 = 𝐼2𝑅, the maximum 

current of 10A dissipates 18 times less power in the gold filament, which is not enough to 

heat the wire appreciably. The alternative filament design consists of a 5cm 0.3mm 

diameter tungsten wire shaped into a planar triangle whose apex coincides with the 

middle of the wire. Around the apex, 1cm of 0.5mm diameter gold wire is coiled. As 

opposed to the other filaments, which are relatively robust to changes of the applied 

current, the gold will quickly melt and drop off the tungsten at too high currents. For each 

new filament, the current was slowly increased until the gold melted, and then held 
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constant. When the filament was re-used in a later experiment, it was operated at this 

current. Typical currents and voltages at this operating point were in the vicinity of 4.0A 

and 1.3V, dissipating 5.2W. 

Lastly, for palladium deposition, only very thin (~1nm) layers are desired that act as a 

catalyst. Since the resistivity of palladium is still comparable to that of titanium (1.05‧10
-7

 

Ωm), a simple filament consisting of a single 5cm long, 0.5mm diameter wire was wound 

into a coil. A current of 6A, at a voltage of 2V heated the center of the wire to about 

1000°C to deposit 1nm every 10 minutes. 
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Appendix 3.2: Deuterated target fielding procedures on OMEGA-EP 
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Figure 3. 8: Deuterated target fielding procedures on OMEGA-EP.  
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Chapter 4: Deuterium Experiments on MTW 
 

This chapter outlines the experiments conducted as part of this thesis on the Laboratory 

for Laser Energetics Multi Terawatt facility (MTW). Due to its low energy yet high 

intensity laser system, MTW accomplishes a high shot frequency of one shot per 20 mins. 

This makes it particularly useful for survey-type experiments. After a few pilot studies, 

several major campaigns were conducted between 2019 and 2021 to thoroughly optimize 

the targets and laser characteristics. In these studies, deuterium was used as surrogate for 

tritium to avoid the contamination of the MTW facility. 

 

The MTW laser system at the Laboratory for Laser Energetics 
 

The MTW system is a neodymium:glass laser that emits at 1053 nm and a peak intensity 

of 2‧10
19 

W/cm², accounting for pulse durations between 0.5 and 100 ps, energies 

between 1 and 25 J, and a 5-µm-diam spot size. The system consists of four stages that 

are in total 25 meters long. The first stage produces the seed laser pulse in an Nd:glass 

cavity and stretches it to 2.4 ns. In the second stage, this long, low amplitude pulse is 

amplified to approximately 250 mJ. The additional energy is provided by Nd:YLF lasers 

that optically pump the amplifier. The main amplification takes place in the third stage, a 

glass amplifier, which raises the energy to about 20J. Here, the beam is amplified in 

several Nd:glass discs that are optically pumped with flash lamps. The last stage, a 

compressor employing optical gratings, compresses the pulse back to pico- or 
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femtosecond length, giving it its high power. The limiting stage in terms of shot 

frequency is the glass amplifier, which takes between 20 to 45 minutes to cool down, 

depending on the desired laser energy [4.1]. The quick shot cycle (~20 min), which can 

result in 16-17 on target shots per day, makes thorough explorations of the relevant 

parameter space possible. 

 

MTW campaign procedures 
 

The Principal Investigator (PI) is heavily involved with the planning and execution of an 

MTW campaign. Beam time is typically awarded to in-house users based on a first-come 

first-serve basis. Once beam time has been awarded to a project, the campaign planning is 

mainly done by the PI. That involves selecting, ordering and/or assembling targets, as 

well as contacting diagnostic specialists to arrange for the setup of diagnostics. Three 

page summary presentations on the goals and expected results of a campaign, as well as 

laser, diagnostic and target requirements, are prepared by the PI and sent to all involved 

people. MTW shot time is typically awarded in weeks, where the first day is required for 

aligning the laser and adjusting its energy and pulse duration. After that has been 

accomplished, the laser alignment diagnostics are removed from the target chamber and 

replaced with the diagnostics desired for the campaign. Usually, the campaign can begin 

around noon of the second day. 

Only one laser specialist operates the laser system, and an MTW experimental operator 

assists the PI in setting up the detectors and fielding the targets. The campaign is 
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executed informally, and decisions on laser settings and targets can be changed 

throughout the shot day by verbal communication. In general, the PI is responsible for 

supplying targets and operating all relevant diagnostics. At the beginning of each shot 

day, the PI briefs all involved technicians at 8:45am, covering the laser settings, target 

and diagnostic configurations, as well as any unanticipated problems. 

 

General features of MTW deuteron beams 
 

As mentioned previously, large survey studies were conducted on MTW to examine the 

effect of different target and laser parameters on the beam quality. This section discusses 

general features of the deuteron beam that were consistently observed independently of 

these parameters. 

 

Heavy ion beam contamination 

 

It was noticed early that the TNSA beam generated from deuterated titanium foils 

contains a diverse population of other ions. Figure 4.1 shows two representative datasets 

obtained with the MTW Thomson Parabola TPIS (see chapter 2), a deuterated target on 

the left and an untreated on the right. Traces from several ion species can be identified; 

besides the expected titanium and deuterium, the most prominent contaminants are 

protium and carbon. However, other atmospheric contaminants like oxygen and nitrogen 

are also present, albeit in much lower abundances. As discussed in the previous chapter, 
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the C
6+

 and the O
8+

 line fall onto the D
+
 line and thus create a “background”. However, it 

can be seen that these lines are very faint in the case of a non-deuterated target, so the 

signal of a deuterated target is expected to be dominated by deuterium. The following 

paragraphs quantify this observation for the most prominent contaminant after hydrogen, 

namely carbon. 

  
Figure 4. 1: Raw image plates from a shot with a deuterated (left) and an untreated (right) target. 

Figure 4.2 shows the yields of the five distinguishable ionization states of carbon for 

deuterated targets (red, 31 samples) and all carbon ionization states for untreated targets 

(blue, 5 samples). This data summary was compiled from different experiments, each 

with slightly different target loading conditions. To account for the expected differences, 

the carbon yields were normalized to the total carbon yield of each shot. The error bars 

correspond to one standard deviation, inferred assuming the experiments represent a 

Gaussian sample. The carbon species abundances for the deuterated targets are 
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consistently low relative to the ones of the untreated targets, which indicates that some 

carbon has been replaced by deuterium. Taking the error bars into account, it is evident 

that the deuteration at least does not increase the carbon content of the targets. Therefore, 

the untreated targets’ average C
6+

 yield serves as a good orientation for the false 

deuterium signal for any shot. 

 

 

Figure 4. 2: Relative abundance of carbon ions of deuterated (red) and untreated (blue) targets. 

One can clearly identify C
2+

 as the most abundant carbon ion, contributing more than half 

the total carbon yield. From C
2+

 towards the higher ionization states, an exponential 

decrease in total yields is observed. This general trend can be explained with a closed 

carbon electron shell, in particular the 2s orbital. It requires relatively little energy to 

remove the first two electrons from a carbon atom, but breaking the 2s and later the 1s 

orbital is significantly harder. This is an effect also observed by Clark et al [4.2]. 
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Therefore, the abundances for the higher ionization states are suppressed. On the other 

hand, the laser has sufficient energy to remove the relatively loosely bound outmost 

electron, so the case of removing just one electron becomes unlikely. These two effects 

cause an accumulation of doubly ionized carbon. Note that the C
5+

 abundance can also be 

used to estimate the C
6+

 abundance, or the false deuteron signal (see chapter 2). Since C
5+

 

lies at the tail end of the exponential ion distribution, the difference between C
5+

 and C
6+

 

is small. 

 

Aluminum absorber experiments 

 

An independent approach to distinguish the deuterium signal from heavy ion 

contaminants like C
6+

 and O
8+

 is using thin absorber foils that have a larger stopping 

power for high ionization states. According to the Bethe-Bloch equation, the energy loss 

of an ion per unit distance is proportional to Z
2
, the square of the ion charge. Therefore, 

the highly charged ions C
6+

 and O
8+

 will be stopped much faster than the lower charged 

D
+
. Using the Bethe-Bloch equation for a standard aluminum absorber, the thickness 

required to remove the highest energy C
6+

 ions at 4MeV was found to be approx. 3µm. 

Figure 4.3 shows a SRIM [4.3] simulation of the integrated total ranges of C
6+

 compared 

to H
+
 (which behaves like D

+
 in this calculation) for different initial ion energies. 
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Figure 4. 3: SRIM prediction of ranges of C
6+

 and H
+
 in aluminum. 

The expected C
6+

 energies are in the vicinity of 2-3 MeV, which corresponds to a range 

of ~2.5µm in aluminum. Note that the deuterons at the expected energy of 500keV have a 

range of 5µm. An aluminum foil of 3µm thickness should therefore absorb all carbon 

ions while every deuteron above 0.5MeV can pass. The outcome of a representative 

experiment is shown in figure 4.4 on a logarithmic scale. 
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Figure 4. 4: Raw image plate of a shot with a deuterated target and a 3µm thick aluminum absorber covering the 
white area. 

The 3µm aluminum foil was taped with vacuum-compatible tape onto the image plate. 

Since the electric and magnetic deflections happened before the ions passed the filter, the 

energy calibration is conserved. The region covered is clearly identifiable as the white 

rectangle; the foil shielded the image plate from any kind of low-energy ion radiation. 

Similar to figure 4.1, the first line from the top is protium, followed by deuterium and 

several carbon lines. These are clearly visible on the uncoated portion of the IP, but are 
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blocked, except for very high energies, by the aluminum foil. The fact that the deuterium 

line is still very strong with the absorber in place is definite evidence of deuterons, since 

they are not stopped by the absorber. 

 

TNSA beam opening angle 

 

As discussed in chapter 1, TNSA beams are shaped conically with opening angles of tens 

of degrees, strongly depending on target and laser. The opening angle of the TNSA 

beams generated on MTW was measured in an independent experiment using radio 

chromic film (see chapter 2). An example (exposed) film is shown in figure 4.5. 

 

 

Figure 4. 5: Example RCF. Areas of high ion intensity are darker. 

 

One can see that the beam was not centered on the film; as a result, only a quarter of the 

beam was captured. In general, the RCF only captures the entire beam for the low power 

shots and the clipped data of the higher power shots has to be fitted, for example with a 

two dimensional Gaussian, to infer a width. From the standard deviations of the Gaussian 
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fit, the half width half maximum (HWHM) was calculated and converted to a beam 

opening angle, assuming a conical beam shape. Figure 4.6 shows that the opening angle 

is generally increasing with laser power, up to about 15°, a value cited in various 

publications [4.2, 4.4]. 

 

 

Figure 4. 6: Beam opening angle as a function of the laser power. 

 

TNSA energy spectrum at high laser energies 

 

The initial MTW campaigns were executed at the maximum laser energy (23J) and 7ps 

pulse duration. These experiments unambiguously showed a deuteron spectrum slightly 

different from proton spectra reported in literature. The majority of publications report an 

exponential proton energy spectrum using untreated metallic targets (see chapter 1). 

Therefore, it was conjectured that deuterons should have an exponential spectrum as well. 
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However, this study has consistently observed exponentially modified Gaussian spectra 

for deuterons emitted from titanium. Figure 4.7 shows example deuteron and proton 

spectra for shot 10856 (high energy) on a semi-logarithmic scale. 

  
Figure 4. 7 Raw image plate and corresponding deuteron and proton spectra for a high-energy shot with a 
deuterated target. 

For energies above 1MeV, both the proton and deuteron spectra are exponential, as 

expected. However, around 0.5MeV, a distinct peak is observed in the deuterium 

spectrum. These two features contribute to an overall exponentially modified Gaussian 

(EMG) shaped spectrum. It was verified that the instrument low energy cutoff (approx. 

130keV) and the subsequent data analysis (see chapter 2) does not artificially cause this 

result. Chapter 1 discusses how these results may be explained by an increased ion-ion 

repulsion in high-energy shots that liberate large amounts of ions. The section 

“Deuterium spectrum as a function of laser energy and pulse width” of this chapter 
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discusses additional data showing that the peak can be shifted by changing the laser 

energy and completely disappears at low (<7J) laser energies. The proton spectrum also 

shown in figure 4.7 suggests that this effect is much smaller, if present at all, for protium. 

The spectrum can be fitted well with a line towards energies lower than 0.5MeV, where 

the detection threshold for protium begins. The interesting EMG spectrum of the 

deuterons was observed for heavier species, most notably C
n+

, by other authors as well 

[4.2], which suggests that the higher charge causes this behavior.  

 

The effect of different deuteration mechanisms on the deuteron yield 
 

Several studies were conducted using different deuteration mechanisms to identify the 

deuteration procedure maximizing the deuteron yield. 

 

Evaporation of TiD onto a titanium substrate 

 

One method of fabricating a deuterated TNSA target consists of condensing a titanium 

deuterate (TiD) layer onto a titanium substrate providing mechanical support (see chapter 

3). Titanium targets were prepared by evaporating different thicknesses of titanium under 

5mTorr of molecular deuterium at room temperature onto the surface. For each thickness, 

several targets were prepared simultaneously in the same deuteration setup to examine 

reproducibility. All titanium targets were shot with a laser energy of 22.7 ± 0.9 J and a 

laser pulse duration of 7.3 ± 0.6 ps (mean ± stdev). 
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In these experiments, protium was still observed to be the dominant ion species, with 

total yields exceeding 10
12

. However, for the larger thicknesses, deuterium is clearly the 

second most abundant species in the beam, with a total of 2.0‧10
11

 deuterons/sr, or 

approximately 6.0‧10
10

 deuterons for the maximum thickness of 1000nm. As expected, 

carbon ions in various charge states constitute the third most abundant species, although 

being a factor of two lower than deuterium. 

 

Figure 4. 8: Deuteron yields of targets with different thicknesses of TiD evaporated onto the rear surface. 

Figure 4.8 shows the deuteron yield as a function of evaporated titanium thickness, where 

each data point represents the average of all identical targets in the set and the error bars 

the corresponding standard deviation. The variations in yield for identical targets result 

from slight misalignments of the targets, which cause TPIS to sample the beam further 

away from the center, where the intensity is highest (also compare figure 4.5). 

The expected result of this study was that for titanium targets, the deuterium yield 

increases with the evaporated TiD thickness. However, the increase is relatively flat, with 

a maximum yield of approx. 6.0‧10
10

 deuterons in this configuration. This demonstrates 
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that targets with a thin TiD layer on the surface certainly produce a deuterium beam, but 

each nanometer of evaporated titanium produces only 1.54‧10
8
 ± 0.18‧10

8
 deuterons/sr. 

Assuming pure TiD on the surface and that the entire 500x500µm² surface participates, 

there are approx. 10
13

 deuterons per nanometer available. This suggests that no TiD was 

formed and the deuterium simply dissolved at very low concentrations in the titanium, so 

alternative loading means were considered. Typically, a metal is hydrided by exposing it 

to hydrogen gas at elevated temperatures and pressures (see chapter 3). 

 

Diffusion of deuterium into a titanium substrate 

 

To investigate if exposing titanium targets to high temperature and pressure deuterium 

gas produces deuterium-richer targets, the targets were exposed to molecular deuterium at 

a fixed pressure of 950Torr for a fixed time of 24h but varying temperatures between 100 

and 400°C. 

Similar to the previous approach of evaporating a thin deuterated layer, hydrogen 

remained the most abundant ion species, with total yields in the 10
12

. However, the 

deuteron yields could be increased substantially. Figure 4.9 shows a summary of the total 

deuteron yields as function of the deuteration temperature. As expected, higher 

deuteration temperatures increase the total deuterium yield, which can be explained by 

more efficient deuteration at high temperatures (compare chapter 3). 
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Figure 4. 9: Deuteron yields for targets exposed to 1atm of deuterium at the indicated temperature. 

The approximately exponential increase in total deuterium yield with temperature 

encourages going to even higher temperatures for further gains in yield. Following this 

approach, several targets were deuterated at 500°C and otherwise identical conditions. 

However, these targets showed substantial deformation and fragility, so that they could 

not be used in a TNSA experiment. Therefore, an exposure at 400°C and 950Torr for 24h 

proved to be the best compromise between yield increase and target stability. 

 

Cycled short term deuterium diffusion 

 

The final experiment involving tritium requires shorter, low temperature gas exposures 

due to the limitations of the LLE tritium infrastructure. Hence, several short-term 
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exposure techniques were developed to yield results comparable to the long-term 

exposures. 

It was conjectured that repeated exposure to high pressure and temperature deuterium 

interleaved with phases of high vacuum (< 5‧10
-7

 Torr) could facilitate the “pumping” of 

deuterium into the targets and thereby accelerate the loading process. An initial vacuum 

phase encourages the outgassing of protium and hydrocarbons from the titanium surface, 

while a following high pressure deuterium phase fills the now available sites with 

deuterium. The presented experiments have shown that such a “single” exposure still 

leaves many protons on the surface. Therefore, repeating this cycle should eventually 

cause the removal of all protium in favor of deuterium. This hypothesis was examined 

experimentally using a 20 minute deuteration cycle.  

 

Figure 4. 10: Deuteron yields for targets exposed to 1atm of deuterium for 20 mins for the indicated number of 
times. 

Figure 4.10 shows the total deuteron yields for several targets that were deuterated using 

the cycled exposure method. The error bars were computed as the standard deviation 
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from variations of identically loaded targets, which were shot with identical laser 

parameters. The variations are caused by slight bending of the targets (as discussed 

before), which cannot be undone without breaking the target. From figure 4.10, it is 

evident that this deuteration method increases the yields from the “background” signal of 

3‧10
10

/sr particles (the average several untreated targets) to approx. 3‧10
11

 deuterons/sr, 

comparable to the targets that had a single, 24h deuterium exposure. However, the 

deuteron yields do not increase as the number of cycles increases; a target exposed to 

approx. 900Torr of molecular deuterium at 350°C and subsequent vacuum of approx. 

1‧10
-7

Torr four times produces the same yield as a target that went through ten cycles, 

within error. In addition, the significant changes in pressure caused a stark decrease in 

mechanical stability of the targets. Therefore, this deuteration method has proven 

unsuitable for further use. However, it demonstrated that a target’s deuterium content 

after 24h can be achieved after only 1h under otherwise equal deuteration conditions. 

 

Thin film deposition and pre-conditioning of targets 

 

It is well-known that palladium serves as a catalyst for various chemical reactions and 

can also dissolve considerable amounts of hydrogen in its crystal lattice. These 

characteristics motivated a target design in which a 1nm thick layer of palladium was 

evaporated onto the titanium substrate to facilitate the deuterium uptake. The targets were 

then heated to 450°C under vacuum to expedite the outgassing of any contaminant 

species. Finally, the targets were cooled to 200°C and exposed to 950Torr of deuterium 
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gas for 1h. This short exposure with a thin palladium layer produced yields similar to a 

24h exposure at the same temperature and pressure. 

 

The effect of different laser parameters on the beam 
 

Deuterium yield a function of laser energy and pulse length 

 

Using the diffusive method at elevated temperatures for deuterating targets, a series of 

identical targets was prepared and shot at varying laser pulse durations and energies. 

While the minimum laser energy can be arbitrarily low, the deuteron signal decreases 

below recognition below about 5J for 10ps and about 1J for 5ps (compare figure 4.11). 

The maximum laser energy at a given pulse duration is limited by the laser hardware and 

corresponds to 12J for 5ps and 20J for 10ps. Therefore, the laser energy was varied 

between these limits for the pulse durations 5ps and 10ps and the total deuterium yields 

were measured and plotted in figure 4.11. 
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Figure 4. 11: Deuteron yields for identical targets with increasing laser energy. 

Each data point in figure 4.11 represents the deuterium yield of one individual shot, and 

the error bars represent one standard deviation. For both the 5 and 10ps dataset, an 

increase in total deuterium yield with increasing laser energy is evident. This intuitively 

makes sense since a higher laser energy is able to remove more TNSA electrons at higher 

temperatures, which generate a stronger electric field that can accelerate more ions 

(compare chapter 1). 

 

Proton and Deuteron highest observed energies 

 

The highest observed proton and deuteron energies were independently found from re-

analyzing the Thomson Parabola data and plotted against laser energy for different laser 

pulse durations in figures 4.12 and 4.13. Each datapoint corresponds to the cutoff energy 
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of an individual shot at the given laser energy and pulse duration. The laser energy and 

pulse duration errors are too small to be plotted, whereas the error in the cutoff energy 

was determined from the finite widths of the deuterium and hydrogen lines on the image 

plate (compare chapter 2). 

 

Figure 4. 12: Proton highest observed energies for identical targets at the indicated laser energy. 
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Figure 4. 13: Deuteron highest observed energies for identical targets at the indicated laser energy. 

The solid lines represent a least squares fit based on the function 

𝐸𝑐𝑢𝑡𝑜𝑓𝑓 = 𝑎 ∙ 𝐸𝑙𝑎𝑠𝑒𝑟
𝑏 

In chapter 1, it was concluded that the electron temperature is proportional to the square 

root of the laser energy (see chapter 1, equation 1.5). It is also reasonable to assume that 

the highest ion energies are (to first order) proportional to the electron temperature, so the 

overall relationship between ion cutoff and laser energy should resemble the square root 

dependence. This relationship was suggested by 1D plasma models [4.5, 4.6] and 

confirmed by various experimental studies [4.2, 4.7-4.11] with b ranging from 0.35 to 

0.55. In this study, it ranged from 0.5-0.6 for protons and 0.8 for deuterons.  
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Deuterium spectrum as a function of laser energy and pulse length 

 

In several survey studies, the deuterium spectra were obtained as a function of increasing 

laser energy. For these studies, identically deuterated targets were used (D2 gas exposure 

at 350°C for 24h). While the focal spot size was kept constant, the energy was varied 

between 2 and 20J for the pulse durations 1, 5, 7, and 10ps. 

Figure 4.14 shows the measured deuteron spectra. Since the yields are known to increase 

with laser energy (see previous section), all spectra were normalized. 
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Figure 4. 14: Normalized deuteron spectra for identical targets at the indicated laser parameters. 

 

Since the focal spot size was the same for all shots, the relative laser intensity can be 

compared by simple ratios of energy to pulse duration. For instance, 7.1J/5ps≈10.4J/7ps 

(both yellow on their plots), which have very similar spectra. 

The spectra show a trend from exponential spectrum at low energies to an exponentially 

modified Gaussian spectrum at higher energies. These exponentially modified Gaussian 

spectra (discussed briefly before) were consistently observed for all high laser energy 

shots and represent a major finding of this work. This finding was discussed in chapter 1 
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as the result of increased ion-ion interactions. Higher laser energies remove more ions, 

which repel each other, suppressing low energies. In the following section, the Gaussian 

part of the spectra is fitted and the obtained mean and width are examined as a function 

of laser and target characteristics. 

 

Gaussian fits to high energy shots 

 

Several studies were conducted exclusively at fixed (high) energies and pulse durations to 

study the effect of target characteristics on the beam. The changes in total deuterium 

yield have been discussed previously, whereas this section discusses the differences in 

the spectrum. Data from the two main datasets, the evaporative and diffusive loading, 

were analyzed. All experiments were conducted at fixed laser energy 22.7 ± 0.9 J and a 

laser pulse duration of 7.3 ± 0.6 ps (mean ± stdev). As previously discussed, at high laser 

energies, the deuterium spectrum becomes an exponentially modified Gaussian. The 

Gaussian part of the spectrum was fitted and plotted in figures 4.15 and 4.16 for the two 

mentioned cases. Each datapoint represents one individual shot, and the error bars 

represent one standard deviation. 
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Figure 4. 15: Deuteron mean beam energies as function of the evaporated TiD thickness. 

From figure 4.15, it is evident that there is no relation between evaporated TiD thickness 

and deuteron mean energy or width. A horizontal line may be drawn through the 

datapoints, which results in a global mean beam energy of 0.56 ± 0.06 MeV and a global 

width of 0.37 ± 0.05 MeV. This indicates that the spectrum is independent from the 

amount of deuterons and protons, and only depends on the laser parameters. 
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Figure 4. 16: Deuteron beam energy and width as function of the deuteration temperature. 

However, for the diffusively deuterated targets, a slow increase in beam mean energy and 

width is evident from figure 4.16. This is consistent with the model developed in the 

previous chapter, which suggests that low deuteron energies become suppressed when an 

increased amount of ions is present. Since the diffusively loaded targets had a much more 

dramatic yield increase with exposure temperature than the evaporatively loaded targets 

had with thickness, the effect should be more pronounced in the former case. 

 

Conclusions 
 

Each of the deuteration procedures discussed in this chapter produced targets able to 

generate a TNSA deuteron beam. However, the high temperature and pressure deuterium 

gas exposure proved more efficient than the evaporation of titanium under a thin, room 
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temperature deuterium atmosphere. While the maximum deuteron yield of the former was 

in the low 10
12

/sr, the latter delivered at most 10
11

/sr. It was also demonstrated that 

reducing the exposure time from 24h to 1h does not significantly reduce the final 

deuteron yield. The deuteron beam spectrum depends weakly on the number of deuterons 

in the target, with an increased suppression of low energies for higher yield shots. This 

was explained in the previous chapter with an increase in ion-ion interactions. 

Changing the laser energy provides a powerful tool to control the deuteron beam. At 

higher laser energies, more particles participate in the TNSA process, and at the same 

time, more energy is transferred to an individual deuteron. In addition, the beam spectrum 

can be manipulated, from exponential at low energies to exponentially modified Gaussian 

at high energies. This effect is consistent with the model presented in chapter 1, where 

increased ion-ion interactions facilitated by large ion populations suppress low deuteron 

energies. 
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Chapter 5: Deuterium and Tritium experiments on 

OMEGA/OMEGA-EP 
 

The OMEGA-EP (extended performance) laser system at the Laboratory for Laser 

energetics provides comparable intensity, yet two orders of magnitude higher on-target 

energy than MTW. To scale up the experiments done on MTW, a pilot campaign was 

done with deuterium as surrogate, to examine the feasibility of the generated deuterium 

beams for nuclear experiments. Finally, a tritium campaign was performed in December 

2020 that produced a triton beam strong enough to induce deuterium-tritium (DT) fusion. 

 

The Omega-EP facility at the Laboratory for Laser Energetics 
 

The OMEGA-EP laser system was completed in April 2008 to complement the high 

energy, long pulse OMEGA 60 system (30kJ, 1ns) with a high energy, short pulse 

(1.25kJ, 1ps) system for high energy density physics and direct drive inertial confinement 

fusion (ICF) research. Two of the four OMEGA-EP beamlines can deliver short pulses, 

the so called backlighter and sidelighter. The initial laser pulse is provided by a 

commercial laser operated in phase-lock. Very briefly, the standing waves (or modes) 

inside the laser cavity are “locked” in their relative phases such that the total intensity 

adds to a very narrow wave packet. These wave packets have lengths of approx. 200fs, 

which is stretched to 2.4ns by optical gratings. A first amplification takes place in an 

“optical parametric chirped-pulse amplifier”, which performs the optical pumping with 
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an Nd:YLF laser, which, in turn, is pumped by flash-lamps. This stage amplifies the laser 

energy by eight orders of magnitude to about 250mJ. This pulse is directed into the 

beamline, which consists of two “levels”. The first level leads the beam through a 7-disk 

booster amplifier into the second level, a laser cavity. Here, a 11-disk main amplifier 

amplifies the pulse during four transitions until it is redirected out of the cavity, back 

through the 7-disk booster amplifier and finally compressed in a second set of optical 

gratings. At this point, the pulse has about 1kJ in energy, 1 – 100ps in duration, and is 

directed onto the target [5.1, 5.2]. 

 

OMEGA-EP campaign procedures 
 

The OMEGA-EP laser system supplies up to fifty times higher on-target energy than the 

MTW system described in the previous chapter. As a result, the planning and execution 

of a campaign is more formal. Beam time can be awarded through various research grants 

such as National Laser Users’ Facility (NLUF) or Laboratory Basic Science (LBS); 

typically, one to two days are awarded. The formal preparations for a campaign begin 

three months before the actual shots. 

Several instruments are available on OMEGA-EP and are operated by engineering 

service technicians (ESTs) upon request by the PI. However, any modifications of these 

instruments and/or new diagnostics have to be formally approved by the facility. For this 

campaign, the existing Thomson Parabola TPIE, RCF film stack and the neutron time of 

flight scintillators, as described in chapter 2, were used. The laser parameters (energy, 
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duration, focal spot, pulse shape) can be requested within the performance limits of 

OMEGA-EP to be found on the LLE OMEGA-EP operations website [5.3]. For this 

campaign, the laser emitted at maximum energy (1.25kJ), 10ps pulse duration, and a 

focal spot diameter between 30 and 300µm. The PI also prepares a sketch of the target 

with dimensions, target material and quantity, (the so-called “target request summary”) 

and shares it with the in-house target fabrication or a commercial vendor. The request for 

the targets used in this study is shown in appendix 5.2. The alignment of the laser beam, 

target and diagnostics is done virtually using the software package VisRad. VisRad is a 

simplified computer-aided design (CAD) software with target chamber templates and 

laser orientations for the LLE, NIF and Laser MegaJoule [5.4]. It represents the shared 

format for target fabrication and alignment. A VisRad representation of the targets used 

in the EP campaigns for this work can be found in appendix 5.3. Instrument settings, laser 

parameters, target information and alignment for each individual shot are summarized in 

so-called Shot Request Forms (SRFs). The SRFs can be viewed online [5.3], and a full 

example is shown in appendix 5.1. 

After these formal preparations, a first meeting with the PI and EP staff is held to identify 

and problems, typically 3 months before the shots. Following this meeting, the PI 

prepares a detailed shot plan for the campaign and uploads all materials to the proposal 

page of the OMEGA-EP operations. Two weeks before the campaign, a second “2-week 

brief” is held with the EP staff to address any further issues, which can be resolved in the 

final “1-week brief”. On the shot day, the PI briefs two shifts of technicians operating the 

laser and diagnostics at 8:30am and 13:30pm. The technicians will execute the 
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experiment according to the specifications in the SRFs and VisRads; minor diagnostic or 

alignment changes can be communicated with the shot director. The data for each shot is 

uploaded in real time to the “Shot Images and Reports” page (under OMEGA-EP 

operations, “Shot day”) to be evaluated during the day so the PI can adjust accordingly. 

 

General beam features and scalability of MTW results 
 

Heavy ion beam contamination 

 

The most striking difference between ion beams generated on OMEGA-EP compared to 

MTW is the much higher abundance of q/m=1/2 species. This can be explained with the 

much higher laser energy, which is enough to fully ionize most accelerated particles. 

Unfortunately, the previously observed contamination species carbon, oxygen and 

nitrogen all have a charge-to-mass ratio of ½ in their highest ionization state. A 

representative image plate of an untreated titanium target is shown in figure 5.1 on a 

logarithmic color scale. The q/m=1/2 line caused by O
8+

 and C
6+

 is clearly the strongest 

line, even compared to hydrogen. Since the deuterium signal is expected to be on the 

order of the hydrogen signal, subtraction of this relatively large background signal leads 

to substantial uncertainties in the final deuteron spectrum. 
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Figure 5. 1: Raw image plate dataset produced by an untreated target. 
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Step absorber experiments 

 

One alternative is the use of an absorber (also compare chapter 4). From the presented 

data, the carbon and oxygen energies were found to range up to 67MeV (assuming C
6+

) 

and 89MeV (assuming O
8+

). A simple SRIM [5.5] calculation reveals a maximum range 

in aluminum of 85µm for this carbon energy and 71µm for this oxygen energy. Using an 

aluminum filter 100µm thick to eliminate these contaminants would block all deuterons 

below 3.5MeV. An alternative suggested in literature [5.6] is a step filter placed directly 

in front of the IP that is thin in regions where low-energy particles are deflected and 

becomes thicker in the regions of higher energy. Figure 5.2 shows a sketch of the TPIE 

image plate with energy scales for carbon and deuterium. The scale indicates the vertical 

position where a C
6+

 or D
+
 ion of a given energy would fall. As previously discussed, 

particles with the same charge-to-mass ratio and velocity fall onto the same loci. 

However, since C
6+

 is more massive than D
+
, the energy required for a carbon to have the 

same velocity as a deuteron is six times higher, which is reflected in the different energy 

scales. In addition to the energy scales, figure 5.2 shows four aluminum absorbers of 

indicated dimensions. The thicknesses were chosen to match laboratory supplies, whereas 

the sizes were selected such that at the lower end of each foil, a C
6+

 at energy 

corresponding to the loci is still absorbed. The maximum C
6+

 energies absorbed in each 

foil, as well as the minimum D
+
 energies permitted through, are summarized in the table 

below.  
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Figure 5. 2: Sketch of the step absorber placed in front of the image plate. 

 

 

Aluminum 

thickness (µm) 

C
6+

 minimum 

energy (MeV) 

D
+
 minimum 

energy (MeV) 

10 12.0 0.80 

20 22.5 1.25 

50 46.5 2.25 

100 75.0 3.50 
Table 5. 1: Minimum energies required for D

+
 and C

6+
 ions to penetrate aluminum of indicated thickness. 
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With this filter, all C
6+

 ions up to an energy of 75MeV are absorbed, which is slightly 

more than the experimentally observed highest energy of 69MeV. The layered design 

reduced the lowest observable deuteron energy from 3.5MeV to only 0.8MeV, which is 

comparable to the TPIE instrument cutoff of 0.5MeV (compare chapter 2). Since the 

electromagnetic deflection occurs before the ion’s energy is altered in the absorber, the 

energy calibration of TPIE is conserved. 

Figure 5.3 shows experimental data obtained using this filter, for an untreated (left) and a 

deuterated (right) target. The laser parameters were chosen identical (OMEGA-EP 

“sidelighter”: 663J on target energy, 10ps pulse width, 200µm focal spot diameter) 
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Figure 5. 3: Raw image plate data with step absorber produced by an untreated (left) and deuterated (right) target. 

 

From the untreated target, only protons can pass the filter, so the second line emitted 

from the deuterated target has to be deuterium. Also observe the end of the filter about 

2/3 down the image, where a few faint lines from heavy contaminants are visible. 
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Deuteron beam on OMEGA-EP 
 

Titanium targets, doped with deuterium, were shot on OMEGA-EP with different laser 

parameters to examine the effect on the ion beam. The beam spectrum was measured 

using TPIE, equipped with the previously discussed filter, and an RCF film stack to 

obtain the spatial beam profile. The stack consists of several RCF films with interleaved 

100µm aluminum absorbers, which stops the low-energy ions early whereas the more 

energetic ones are permitted further into the stack. 

 

Beam spectrum and profile 

 

Several laser intensities were tested with identical targets to examine how the deuteron 

beam can be controlled with different laser parameters. Figure 5.4 shows four deuteron 

spectra observed with the indicated laser parameters. The two low-intensity spectra 

(335J, 200µm giving 9.4‧10
16

 W/cm² and 663J, 300µm giving 1.1‧10
17

 W/cm²) both 

follow an exponential trend; however, the higher energy spectrum includes significantly 

more ions, especially at low energies. This suggests that for the same laser intensity, a 

higher laser energy is preferable because it accelerates more deuterons. The higher laser 

intensities (663J, 100µm giving 8.4‧10
17

 W/cm² and 663J, 50µm giving 3.4‧10
18

 W/cm²) 

do not change the exponential shape of the spectrum, but move it towards higher 

deuteron energies. The total yields range from approx. 2‧10
11

 deuterons at low energies to 

10
12

 deuterons at the higher ones. 
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Figure 5. 4: Deuteron spectra for identical targets at the indicated laser parameters. 

Compared to the MTW deuteron spectra, both the total deuteron yield and the average 

per deuteron energy could be increased by about one order of magnitude (typical MTW 

deuteron yields are in the 10
11

s with average energy of about 1MeV). Since all obtained 

spectra resemble an exponential distribution similar to the low-energy shots on MTW, the 

ion-ion interactions found responsible for the asymmetric Gaussian spectra on the high-

energy MTW shots seem to be less significant. 

However, moving an exponential spectrum to higher energies was computationally 

reproduced in a scenario where the number of TNSA electrons increase. This increase 
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can be accomplished by a higher laser intensity (compare equation 1.7), which is 

consistent with the experiment. 

The RCF films were scanned and three representative examples are shown in figure 5.5. 

The shown images represent RCF data for shots at the fixed laser energy and pulse 

duration 663J and 10ps. However, the focal spot radius decreases from 300µm over 

200µm in the center to 100µm on the right. The RCF stack contained several films with 

interleaved absorbers, such that an energy-dependent beam profile was captured. The 

energy of the particles that cause the film coloration is indicated next to the image. Films 

had dimensions 6x6cm² and were put 9.3cm from the target, such that a half-opening 

angle could be calculated assuming a conical beam shape. The corresponding contours of 

5° – 30° are shown on the plots.  
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Figure 5. 5: RCF data produced by identical targets with 
the indicated laser parameters. 
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One can see that low intensities accelerate only very few ions to low energies (compare 

TPIE data) with a relatively low beam opening angle, similar to the MTW experiments. 

However, increasing the intensity drastically increases the number of ions and their 

energy. It is also evident that the less energetic ions tend to have a larger beam opening 

angle, whereas the high energy ions stay closer to the beam axis, which is consistent with 

the findings of other authors [5.7]. Compared to MTW, where the maximum beam 

opening angle was 20°, the EP beams exceed 30° due to the much higher laser intensities. 

 

Deuterium-deuterium fusion 

 

Deuterium-deuterium fusion is a well-studied nuclear reaction. The cross section has no 

resonances in the energy window of interest from 0 to 10MeV, and slowly increases to 

about 0.2 barns at 1MeV. In the experiment to be discussed, a deuteron beam was shot 

onto a thick (100µm) CD foil, which stops all deuterons with energies less than 2.4MeV. 

The energy loss of the deuterons in the foil was calculated using SRIM, and taken into 

account when the reaction cross section was used to calculate the number of reactions. 

Figure 5.6 shows an example calculation for a beam containing 10
12

 deuterons, each at 

energy 2.4MeV. The blue trace shows how the beam energy decreases from initially 

2.4MeV to zero at a thickness of 95µm. The red trace shows the total number of DD 

fusion reactions up to the specified thickness. The number increases almost linearly, since 

the reaction cross section varies only slowly. Utilizing a realistic deuteron spectrum from 
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figure 5.4 in a Monte-Carlo type calculation in the given framework results in the 

expectation of 1.2‧10
8
 DD fusion reactions. 

 

Figure 5. 6: Deuteron beam energy loss in CD (blue) and the resulting number of DD reactions (red) as function of 
target depth. 

The reaction Q-value is 3.27MeV. In the experiment to be discussed, a deuteron with 

known energy is shot at a stationary deuteron, which produces a 
3
He and a neutron or a 

triton and a proton. Since only neutrons are detected, the first configuration is of interest. 

The energy of the neutron can be predicted based on energy and linear momentum 

conservation, given the angle at which the neutron was detected. Such a calculation for 

the two detection angles 90° and 130° is shown in figure 5.7. In the 130° case, the 

neutron energy does not significantly change with increasing deuteron energy. This result 

is caused by the high backscattering angle and the equal masses of the projectile and 

target; in this scenario, the momentum transfer from projectile to target is very efficient. 
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In the 90° case, the neutron energy monotonically increases with the deuteron energy, 

indicating that the initial momentum of the deuteron increasingly contributes. 

 

Figure 5. 7: Kinematically allowed neutron energies as function of the deuteron energy for two angles. 

 

Nuclear reaction experiments with a CD catcher target 

 

The deuteron beam discussed in the previous section was directed onto a commercial 

deuterated polyethylene (CD) target in a separate experiment. The CD target was 100µm 

thick, exceeding the anticipated range of most deuterons, to catch all deuterons. The laser 

energy was chosen 1088J (maximum) at a focal spot size of 300µm. Although higher 

deuteron beam yields and energies can be accomplished with lower focal spots, the also 

increased proton energies cause (p, n) reactions that increase the neutron background 
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(compare chapter 1). Two existing neutron time of flight detectors, located at 90° and 

150°, were used to detect the expected DD fusion neutrons.  

 

Figure 5. 8: Raw nTOF signal for shot 34022 at 90°. 

 

Figure 5. 9: Raw nTOF signal for shot 34022 at 130°. 
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The raw signal from two neutron time of flight scintillators at 90° and 130° is shown in 

figures 5.8 and 5.9. Observe the two horizontal scales give the raw time of flight and the 

inferred neutron energy. The x-rays generated in the laser-target interaction can be used 

as intrinsic timing calibration. For instance, figure 5.8 shows the narrow x-ray peak 

around -50ns, which means that given a detector distance of 8.4m, 

𝑡 = −50𝑛𝑠 −
8.4𝑚

0.3𝑚
𝑛𝑠

= −78𝑛𝑠 

corresponds to t0. While there are certainly peaks in the indicated areas, the general noise 

level is of the same order of magnitude, which makes the signal not inconsistent with the 

hypothesis of DD fusion neutrons but also represents no direct proof. 

Using the known neutron sensitivity of the scintillator and the instrument response 

function of the scintillator-PMT system, the data can be unfolded using a forward-fit 

technique to yield the spectrum presented in figures 5.10 and 5.11. An absolute 

calibration of the entire system is also available from previous ICF experiments. 
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Figure 5. 10: Converted neutron spectrum for shot 34022 at 90°. 

 

Figure 5. 11: Converted neutron spectrum for shot 34022 at 130°. 

The fitted peak structures (red dashed lines) in the plot are consistent with the kinematic 

analysis presented in the previous section; the Gaussian fit parameters are 2.5 ± 0.6 MeV 

for the 90° nTOF and 2.7 ± 0.2 MeV for the 130° nTOF. Since the neutron energy 

increases rapidly with the deuteron energy at 90° (compare figure 5.7), these low energies 
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close to the lowest possible 2.54MeV indicate that most deuterons are slowed down to 

low energies before they react. The total number of fusion neutrons in the 90° case is 

3.3‧10
7
 and in the 130° case 4.0‧10

7
, which is lower than the expected 1.2‧10

8
 neutrons. 

This discrepancy is most likely due to the (optimistic) assumption that all deuterons in the 

beam make it to the target, which, given the large beam-opening angle, is unlikely.   

 

Triton beam on OMEGA/OMEGA-EP 
 

Tritiated titanium targets were shot in a “joint shot” configuration, in which one of the 

OMEGA-EP beams is directed into the OMEGA target chamber. This configuration was 

necessary to employ both the high OMEGA-EP laser intensities and the tritium 

infrastructure on OMEGA. Similar to the deuterium experiments, a first beam 

characterization experiment was conducted with TPIE and then, the beam was directed 

onto a commercial CD foil to induce DT fusion. A neutron time of flight scintillator at 

79° relative to the triton beam axis was set up to detect any neutrons. 

 

Beam spectrum 

 

Since the tritiated titanium foils used in the experiments represent a radiological hazard, 

parameter scans as presented for the deuterated targets are not possible. The intensity 

selected was 2‧10
18

 W/cm², created by a 1.25kJ, 10ps, 30µm focal spot diameter pulse. 

The triton spectrum obtained with this configuration is shown in figure 5.12. Similar to 
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the deuteron spectrum, it has an exponential shape with a maximum energy of 

approximately 10MeV, with most energies below 5MeV. This compares well to the 

maximum deuteron spectrum obtained at similar laser intensities. The total number of 

tritons in the beam is slightly exceeds 10
12

, and since the total amount of tritons in the 

target is 10
16

 (see chapter 3), the TNSA efficiency (accelerated vs. available particles) is 

0.01%. 

 

Figure 5. 12: Triton spectrum. 
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Deuterium-tritium fusion 

 

Deuterium-tritium fusion is a well-studied nuclear reaction with high potential for 

utilization in future nuclear fusion power plants. Out of the hydrogen fusion reactions, it 

possesses the highest reaction cross section, which peaks at approximately 100keV with 

more than 5 barns. This broad resonance is caused by an excited state in the compound 

5
He nucleus. In the experiment to be discussed, a triton beam was shot onto a 100µm 

thick CD target. Using SRIM, the expected energy loss of the tritons was calculated to 

determine the number of reacting particles from the energy-dependent cross-section. The 

blue trace in figure 5.13 shows the energy of a beam initially consisting of 10
12

 tritons, 

each with energy 2.4MeV. After about 95µm in the CD foil, the tritons are stopped. The 

red trace shows how many fusion reactions were induced at which distance. Notice the 

rapid increase around 90µm of penetration, when the triton beam has slowed down to 

100keV, the resonance energy. In this calculation, a total of 7.3‧10
7
 DT fusion reactions 

occurred. Utilizing the previously shown triton spectrum in a Monte-Carlo type 

calculation in the given framework results in the expectation of 3.1‧10
8
 DT fusion 

reactions. 
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Figure 5. 13: Energy loss of the triton beam in CD (blue) and the resulting number of DT reactions (red) as function 
of target depth. 

The reaction Q-value is 17.59MeV, which is a result of the high binding energy of the 

fusion product, the 
4
He nucleus. In the experiment to be discussed, a triton with known 

energy is shot at a stationary deuteron, which produces the mentioned 
4
He and a neutron. 

The energy of the neutron can be predicted based on energy and linear momentum 

conservation, given the angle at which the neutron was detected (79°). Such a calculation 

is shown in figure 5.14. For small triton energies, the neutron energy is close to 14MeV, 

or 4/5 of the Q-value, which is the mass ratio of the reaction products as required by 

linear momentum conservation. As the triton energy increases, some of its energy is 

transferred to the ejected neutron, so the neutron energy increases monotonically with the 

triton energy.  
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Figure 5. 14: Kinematically allowed configurations at θ=79° 

 

Nuclear reaction experiments with a CD catcher target 

 

The described tritium beam was directed onto a commercial CD foil of thickness 100µm. 

The neutron time of flight scintillator on OMEGA is shielded by a concrete collimator, 

such that low energy neutrons from (p, n) reactions, which obscured the OMEGA-EP 

neutron spectra, were removed. The detector is located 79° off the beam axis and 13.4m 

away from the target chamber center. 

14

14.5

15

15.5

16

16.5

17

17.5

18

0 2 4 6 8 10

N
e
u
tr

o
n
 e

n
e
rg

y
 (

M
e
V

) 

Triton energy (MeV) 



156 

 

 

Figure 5. 15: Raw nTOF signal. 

The raw time of flight signal is shown in figure 5.15. There are three main features. 

Although the gating eliminates most of the x-ray signal, an appreciable x-ray signal was 

recorded, which serves as an intrinsic timing calibration to determine t=0. The second 

feature is the scintillator decay, beginning at 50ns, where the PMT gate is turned off. 

After about 150ns, the long-lived states have decayed and the scintillator is ready to 

detect the signal of interest, the small DT fusion neutron peak at about 210ns. 

Using the previously described sensitivity and instrument response function, the data was 

unfolded using a forward-fit technique to yield the spectrum presented in figure 5.16. An 

absolute calibration of the entire system is also available from previous ICF experiments. 
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Figure 5. 16: Converted neutron spectrum with DT peak fit. 

The final neutron spectrum shows a clear peak at 14.2MeV, which corresponds to 

deuterium-tritium (DT) fusion neutrons produced by approx. 0.1MeV tritons. This 

indicates that most reacting tritons are slowed down in the CD foil to an energy close to 

the mentioned resonance before they react (also compare figure 5.13). The total number 

of fusion neutrons is 1.0‧10
8
, which is again lower than the predicted 3.1‧10

8
. Similar to 

the previous section, this overestimate is likely caused by the CD foil not catching all 

tritons.  

 

Conclusions and outlook 
 

In this work, target normal sheath acceleration (TNSA) was employed to produce a triton 

beam, using tritium-doped titanium targets and the OMEGA-EP laser at the Laboratory 

for Laser Energetics (LLE). Based on several survey studies on the downscaled Multi-
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terawatt (MTW) facility at LLE using surrogate deuterium-doped targets, two 

experimental campaigns at OMEGA-EP and OMEGA were conducted using deuterated 

and tritiated targets. Both experiments produced a beam containing approx. 10
12

 

deuterons or tritons, which followed an exponential energy distribution with highest 

energies of 12MeV (deuterons) or 10MeV (tritons). Both beams were directed onto 

100µm thick commercial deuterated polyethylene (CD) foils to induce deuterium-

deuterium (DD) and deuterium-tritium (DT) fusion. In the DD experiment, only faint 

neutron signals just above the detection threshold were observed. However, the DT 

experiment produced approx. 10
8
 well-resolved fusion neutrons. This demonstrates that 

the produced beams are feasible for nuclear reaction experiments. 

Future nuclear reaction cross section measurements would greatly benefit from a triton 

beam with controllable yield and spectrum. The MTW studies have demonstrated that the 

laser energy provides a way to manipulate the ion spectrum, where, under the right 

conditions, an almost Gaussian spectrum can be obtained. Further exploration of the 

OMEGA-EP parameter space is necessary to extend this result to higher laser energies. 

This study has also shown that another powerful factor is the target design. Several 

studies [5.8, 5.9] suggest that a very narrow (FWHM ~1MeV) can be generated by a 

microstructured target that consists of a heavy substrate with a thin, light coating on top. 

During the TNSA process, the heavy ions remain almost stationary compared to the 

quickly leaving electrons. This creates a quasi-constant electric field, in which all light 

ions receive approximately the same amount of energy. In addition, limiting the size of 
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the light coating compared to the total target area avoids the fringing fields at the edges of 

the targets.  



160 

 

Appendix 5.1: Full SRF 75174 (Feb 04 2020 ride-along) for shot number 

31489 
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Figure 5. 17: Example Shot Request Form (SRF). 
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Appendix 5.2: Example target request summary 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The example target request summary shows the target design used during this work. On 

the left, the grey titanium flag, cut from one piece, is shown together with a thin 

aluminum tube that is used to crimp it to the EP stalk. On the right, the full assembly is 

shown. Typically, 30 titanium flags are requested for an EP shot day. 

Ti 

5
m

m
 

0
.5m

m
 

0.5m
m 

OD 0.3mm 

3mm 

44 mm 

Al tube, ID 0.2mm, OD 0.3mm              

V=π‧0.3‧(0.015²-0.01²)cm³=1.2E-4cm³     

M=1.2E-4cm³‧2.7g/cm³=0.3mg 

Ti foil, 500x500x25µm 

(0.05²+0.008‧0.5)‧0.002cm³‧4.5g/cm³=60µg 

Standard 

EP base 

SiC stalk, 0.14mm diameter 

π‧0.014²‧0.44cm³‧3.2g/cm³=0.9m

g 

Figure 5. 18: Original target request summary for OMEGA-EP campaigns. 
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Appendix 5.3: Example VisRad drawing 
 

 

Figure 5. 19: VisRad CAD drawing of an OMEGA-EP nuclear experiment. 

The depicted screenshot taken from the VisRad software shows the EP backlighter beam 

(green cone) impinging onto a titanium target (left golden flag on sliver stalk). The 

ejected particles are caught by a second titanium target (right golden flag on silver stalk). 

The directions of the laser beam (backlighter beam line) and the sliver stalks (EP-TPS 83 

and EP-TPS 7) are fixed, so the angle between the golden flags and the sliver stalks has 

to be adjusted accordingly. 
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