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Abstract 

 

Experimental and Radiation-Hydrodynamics Modeling Studies of 

Warm Dense Matter at the Texas Petawatt Laser 

 

Rebecca Amelia Roycroft, PhD 

The University of Texas at Austin, 2020 

 

Supervisor: Bjorn Manuel Hegelich 

 

We present experimental and simulation studies of warm dense matter produced by 

isochoric heating at the Texas Petawatt Laser Facility. Experimental studies of warm dense 

matter can provide measurements of equation of state, thermal conductivity, and other 

physical quantities, with the goal of more accurate modeling. This work presents results of 

experiments at the Texas Petawatt laser in which aluminum foils and carbon foams are 

isochorically heated with a laser-accelerated proton beam, as well as radiation-

hydrodynamics simulations of the heated targets. The brightness temperature over time of 

the heated target is measured by a streaked optical pyrometer. We have observed peak 

brightness temperatures from 1-10eV.  

We model the cooling and expansion of the heated target in xRAGE, an Eulerian 

radiation-hydrodynamics code. We present our xRAGE modeling results for both solid 

aluminum targets and CRF (carbon) foam targets, showing that foam appears to cool 

slowly on the pyrometer due to partial transparency. In order to properly process 

simulations of cooling foam, accounting for optical depth in a photosphere calculation is 

necessary.  
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Chapter 1:  Background, Motivation, and Theory 

Introduction to Chapter 1: What is warm dense matter? 

Within this text, there is a discussion of the design and calibration of an optical 

system, a chapter on radiation-hydrodynamics simulations and how to compare them 

meaningfully to experimental measurements, and a discussion of the results of multiple 

experiments at the Texas Petawatt Laser Facility. However, the binding tie for all this work 

is its application to the study of warm dense matter, a type of plasma.  

So, we will first briefly cover the question of “what is a plasma?” and then will 

discuss warm dense matter specifically. A good resource for general plasma physics is 

available online from University of Texas professor Richard Fitzpatrick [1]. Plasma is 

classified as the fourth state of matter (in addition to solid, liquid, and gas). The defining 

characteristic of a plasma is that it is ionized (ie, at least some of the electrons are not 

connected with the atomic nuclei). Plasmas are often discussed in terms of “electrons” and 

“ions”—this convention will be used throughout the text. The electrons are the ionized 

electrons unless otherwise stated. The ions are the positively charged atoms (much heavier 

than the electrons and less mobile). The electron density is referred to as ne (typically with 

units of electrons/cm3); while the ion density is ni (units of ions/cm3). The two are related 

by the ion charge state, Z, where 𝑛𝑒 ≈ 𝑍𝑛𝑖 . This is a statement of the plasma’s “quasi-

neutrality”: the idea that while the plasma is ionized, it does not (as a whole) have a 

negative or positive charge.  

Ionization of matter often occurs when a gas is heated to the point where the 

electrons leave their bound states, so plasma is often referred to as “an ionized gas.” 

However, plasmas that are not exactly ionized gases exist everywhere in nature—in the 

cores of planets, throughout stars, and in inertial confinement fusion capsules, to name a 



 

few. These plasmas are ionized matter, but they are too dense to be classified as gases. It 

is in this realm (broadly known as “high energy density plasma physics”) that warm dense 

matter lies.  

Warm dense matter is broadly defined as the state of matter on the cold edge of 

plasma physics (spanning 1-100 eV) and a range of densities around the solid density, ne ~ 

1023-1025 electrons/cm3. Warm dense matter is difficult to model theoretically because the 

Coulomb coupling parameter and the electron degeneracy parameter are both of order 

unity, making simplifications normally used in plasma physics and condensed matter 

physics inaccurate.  

A brief discussion of the physical meaning of the Coulomb coupling parameter and 

the electron degeneracy parameter is warranted at this point. This discussion draws from 

the following sources: the Los Alamos National Laboratory dense plasma theory website 

[2], and Drake’s high energy density physics textbook [3]. The Coulomb coupling 

parameter, Γ, is the ratio of the potential energy of an electron in a plasma to its kinetic 

energy: 

 

Γ ≡
𝐸𝑃

𝐸𝐾
≈

(𝑍𝑒)2

4𝜋𝜖0(𝑘𝐵𝑇)𝑅0
 

(1.1) 

Where Z is the (average) ion charge state, e is the electron charge, ε0 is the 

permittivity of free space, kB is the Boltzmann constant, T is the electron temperature, and 

R0 is the interatomic spacing (𝑅0 ∝ (𝑛𝑖)−1/3). For Γ<<1, the plasma is weakly coupled—

this is the typical domain of plasma physics (Γ=0 corresponds to the ideal gas limit). For 

Γ>>1, the matter behaves more like a solid or liquid (and therefore equations of state used 

for condensed matter are applicable). In warm dense matter, however, Γ~1, so neither ideal 

gas nor condensed matter simplifications can be made.   



 

The electron degeneracy parameter (η) is the ratio of the Fermi energy (εF) to the 

electron thermal energy (kBT). The Fermi energy is described physically as the energy at 

the highest occupied state when the plasma has all its electrons in their lowest possible 

state. As we recall from quantum mechanics, electrons cannot all be in the same state due 

to the Pauli exclusion principle. The electrons make their way into the lowest possible 

states when the plasma is very cold or very dense (or both). Equation 1.2 gives an 

expression for the electron degeneracy parameter:  

 

η =
𝜀𝐹

𝑘𝐵𝑇
=

(
ℏ2

2𝑚𝑒
) (3𝜋2𝑛𝑒)2/3

𝑘𝐵𝑇
 

(1.2) 

Where ℏ is Planck’s constant, me is electron mass, and ne is the electron density. 

For η <<1, the system is not degenerate, which is the case in most of plasma physics. For 

η >>1 (i.e., low temperature, high ne), the system is degenerate and simplifications to the 

equation of state based on quantum mechanics can be made. For warm dense matter, 

however, η~1.  

Figure 1.1 shows a density/temperature diagram that outlines the region of WDM 

(including the lines for Γ=1 and η=1) and highlights the parameters that have been achieved 

in the experiments presented here. Our experiments achieved temperatures 1-10 eV at solid 

density and lower, which we attained by heating solid foils and lower density foams. 



 

 

Figure 1.1: Density/temperature plot showing the warm dense matter regime 

(represented by the green cloud), reproduced from Wikimedia Commons [4] 

and adapted to indicate the parameters accessed by the experiments 

described in this dissertation. 

As shown on figure 1.1, warm dense matter is found in many systems of interest 

both in nature and in the laboratory: imploding ICF capsules, interiors of planets, and stellar 

atmospheres are just a few places where understanding the physical properties of warm 

dense matter could be useful.  

Before beginning a detailed discussion of the specific motivations for the work in 

this dissertation, we will note that warm dense matter was highlighted as one of ten 

important areas of high energy density physics research by the Department of Energy 

Office of Science in 2009 [5]. The DOE report asks, “what are the material and transport 

properties of warm dense matter?”. This dissertation serves as a detailed report on recent 



 

(2016-present) efforts at the Texas Petawatt laser facility toward this end. It also covers 

what has been accomplished in modeling the Texas Petawatt warm dense matter 

experiments with the radiation-hydrodynamics code xRAGE at Los Alamos National 

Laboratory.  

Section 1.1: Applications of this Work  

There are many reasons to study warm dense matter, and the idea behind this work 

is to build a general platform for experimental and simulation studies of this enigmatic state 

of matter. However, the experiments and simulations discussed in subsequent chapters 

have some specific applications.  

The first and most often stated purpose of warm dense matter experiments is to 

measure the equation of state (EOS), as theoretical treatments are challenging. An equation 

of state provides closure to the hydrodynamics equations (discussed in the next section, 

1.2); therefore, having an accurate equation of state model or table is essential for 

performing hydrodynamics simulations of physical systems, including those mentioned 

above.  

An equation of state is a relation between the thermodynamic properties of a given 

material. These properties (as defined in xRAGE [6]) are pressure (P), temperature (T), 

specific internal energy (e), specific entropy (S), and specific volume (V). 

In order for a measurement to constrain an EOS model or table, the experiment 

must measure at least two of the previously mentioned thermodynamic properties. The 

experiments at the Texas Petawatt laser facility that are discussed in this dissertation only 

measure the temperature of the material and not any of the other thermodynamic properties. 

It is common to measure the expansion (and therefore the pressure) of the material 

concurrently with the temperature in order to make an equation of state measurement—in 



 

fact, at one point in time the University of Texas’ Center for High Energy Density Science 

had a working warm dense matter expansion diagnostic [7]. Therefore, adding or 

refurbishing an expansion diagnostic is an area of ongoing work for the group of students 

working on warm dense matter measurements at the Texas Center for High Energy Density 

Science.  

It is also possible to measure other transport properties of warm dense matter using 

experimental and simulation platforms similar to the ones described in this dissertation. 

There have been measurements of thermal conductivity of warm dense aluminum at the 

Jupiter Laser Facility in Livermore with a time resolved brightness temperature 

measurement [8,9]. There are also a few novel diagnostics from the High Energy Density 

Science group at the SLAC National Accelerator Laboratory that measure (or plan to 

measure) AC [10] and DC [11] conductivity of warm dense matter. This is noted because 

with careful design of heated targets and chamber layout, measurements other than 

equation of state are also possible with the experimental and simulation capabilities 

discussed in this dissertation.  

Another commonly stated but less commonly implemented goal of warm dense 

matter laboratory studies is to create and study conditions of interest to astrophysics or 

planetary science. A group at UT Austin and Sandia National Laboratory have performed 

a series of experiments with a heated gas cell where the photospheric hydrogen lines are 

measured and compared to white dwarf atmosphere theory [12]. Our 2017 warm dense 

matter experiment campaign aimed at exploring the potential use of our heating platform 

to achieve conditions analogous to white dwarf atmospheres and envelopes at the Texas 

Petawatt.  

Specifically, we sought to study white dwarf star atmospheres with carbon lines 

(DQ) by heating carbon foams to ~1 eV. White dwarf stars are of interest as the final 



 

evolutionary phase for ~97% of all stars in the universe, most of which have either 

hydrogen- or helium-rich atmospheres. The DQ white dwarf is a class of helium-rich white 

dwarf stars with a substantial concentration of carbon in its atmosphere. The atmospheres 

of DQ white dwarf stars have effective temperatures ranging from 5000 – 25000 K (0.5 – 

2 eV) [13,14,15] and electron densities from ~1015-1018 cm-3, placing their atmospheres 

adjacent to the warm dense matter parameter space (admittedly too low on the density side). 

Figure 1.2 shows electron density and temperature of several DQ white dwarf atmospheres, 

corresponding to stars with a range of effective temperatures [16]. Once again, the 

experiment platform discussed here lacks diagnostics to measure all relevant quantities in 

order to constrain any models. However, this work was meant more as an exploratory look 

at whether we could achieve warm dense carbon plasmas with our isochoric heating 

platform, and understand the results of our diagnostics via radiation-hydrodynamics 

modeling. The results of this warm dense carbon experiment are discussed in chapter 4. 

  

 

Figure 1.2: Temperature and electron density as a function of optical depth for several 

different Teff of DQ white dwarf atmospheres [16]. The temperature is 

solidly in the region of warm dense matter, while the density is low for the 

general definition of warm dense matter.  



 

Having made the case for why warm dense matter studies are important and what 

specific properties of warm dense matter are accessible for measurement by the 

experiments at the Texas Petawatt laser facility, we now present some basic background 

information, intended to orient readers to the most important concepts for discussing the 

experiments and simulations presented in the subsequent chapters.  

Section 1.2: Hydrodynamics 

In this section we will discuss the basics of hydrodynamics and how it relates to 

our simulations of warm dense matter experiments. Here, we will only cover general 

concepts, and will discuss methods specific to the LANL radiation-hydrodynamics code 

xRAGE [6] in the simulation methods section (chapter 3).  

Radiation-hydrodynamics codes are typically hydrodynamics codes that also 

include radiation packages, which can be turned on and off depending on the application. 

For the applications discussed here, hydrodynamics is essential to modeling. Radiation 

diffusion is not essential in this regime—we didn’t even have the radiation diffusion 

package turned on for the majority of our simulations. This section presents an introduction 

to the Euler equations of continuity, conservation of momentum, and conservation of 

energy, known collectively as the Eulerian hydrodynamics equations. The general 

applicability of the equations here is for a description of the plasma as a compressible fluid. 

Eulerian hydro-codes start with this basic framework and build up in complexity with 

additional features for a variety of conditions.  

This section draws from the discussions in the textbooks by Zel’dovich and Raizer 

[17] and Drake [2]. The “hydrodynamics” in “radiation hydrodynamics codes” is built from 

the following equations. The continuity equation (1.3) conceptually states that any change 

in density is accompanied by a spatial flow (ie, conservation of mass). 



 

 
𝜕𝜌

𝜕𝑡
+ ∇ ∙ 𝜌𝒖 = 0 

(1.3) 

 

Where  is the fluid’s mass density and u is the vector fluid velocity (components ux, uy, 

and uz).  

Equation 1.4 is a statement of the conservation of momentum (Newton’s second 

law), where the left side is the total time derivative of the velocity and the right side is the 

resulting force.  
𝜕𝒖

𝜕𝑡
+ 𝒖 ∙ ∇𝒖 =

−1

𝜌
∇𝑝 

(1.4) 

Where u is the fluid velocity, and p is the pressure.  

The final Eulerian hydrodynamics equation is the statement of the conservation of 

energy, presented in the Zel’dovich textbook thus:  

 
𝐷𝜀

𝐷𝑡
+ 𝑝

𝐷𝑉

𝐷𝑡
= 𝑄 

(1.5) 

  Where  is the specific internal energy, V is the specific volume (1/), and Q is the 

energy from external sources (per unit mass per unit time). The term 𝑝
𝐷𝑉

𝐷𝑡
  describes the 

compression work and is commonly referred to as “pdV work”. The derivative in equation 

1.5 is defined as: 
𝐷

𝐷𝑡
≡

𝜕

𝜕𝑡
+ 𝒖 ∙ ∇ 

(1.6) 

Equations 1.3, 1.4, and 1.5 form a solvable system of 5 equations with 5 unknown 

functions (ρ, p, ux, uy, and uz)—assuming Q is known and that we can express  in terms of 

the other functions. This is where equation of state, which gives relations between all the 

thermodynamic functions (pressure, temperature, specific internal energy, specific entropy, 

and specific volume), is needed.  



 

Having good EOS models or data is essential to the working of the hydrodynamics 

codes that are based off the Euler equations above. Many different equation of state models 

are commonly used in hydrodynamics codes. One standard is the SESAME equation of 

state library maintained by Los Alamos National Laboratory [18], which is a collection of 

equation of state and transport data for over one hundred materials. The SESAME tables 

are generated using a variety of methods, including theoretical and empirical models. 

Another common equation of state model used in warm dense matter hydrodynamics 

simulations is the quotidian equation of state (QEOS) [19], a theoretical model equation of 

state designed especially for high energy density physics applications.  

The simulations in this work all use SESAME EOS tables; we reference the specific 

material table and its construction where relevant.  

Section 1.3: How to create warm dense matter—isochoric heating 

Now that we have discussed the basics of what goes in to modeling warm dense 

matter experiments, we will now discuss background material regarding the experimental 

challenges surrounding warm dense matter. The first challenge is creating warm dense 

matter itself in the laboratory. The second challenge is measuring relevant quantities to 

determine material and transport properties. The remainder of this chapter is devoted to the 

creation of warm dense matter at short pulse laser facilities. (The second challenge has 

already been discussed in this chapter, and there will be further detail on our warm dense 

matter diagnostics in chapter 2).  

Two common ways to access the warm dense matter regime in the laboratory are 

through shock compression and isochoric heating. Shock compression has been used to 

create high energy density matter for equation of state experiments since at least 1996 [20], 

and has been used to measure the equation of state at ~Mbar and higher pressures for a 



 

variety of materials including copper [20], aluminum [21] [22], iron [23], and carbon [24]. 

In all the referenced experiments, the shock wave has been produced by means of direct or 

indirect drive from lasers (though not ultrashort pulse lasers, like the Texas Petawatt).  

Isochoric heating, the technical definition of which is discussed below, is another 

method by which warm dense matter can be created and studied in the laboratory. It is a 

way to access areas of temperature/density space that are away from the shock Hugoniot. 

Isochoric heating at short pulse laser facilities has been used to create warm dense matter 

for which equation of state measurements have been made for both aluminum [25] and 

copper [7]. 

Many of the experimental (and especially diagnostic) techniques are transferrable 

between laser shock compression EOS experiments and isochoric heating EOS 

experiments. For example, streaked optical pyrometry is a standard diagnostic for 

measuring temperature at laser driven shock experiments at the OMEGA laser facility [26]. 

The University of Texas streaked optical pyrometer is covered extensively in this 

dissertation.  

“Isochoric heating” means literally “heating at constant volume.” The idea behind 

isochoric heating is to heat the material faster than it can expand. For a quick estimate of 

the expansion timescale for a heated plasma, we can look at the analytical description of a 

freely expanding plasma (discussed in the textbook The Physics of Laser Plasma 

Interactions by Kruer [27]). Kruer’s description starts out with the one-dimensional 

versions of the continuity and momentum equations (equations 1.3 and 1.4), where the 

fluid (describing the motion of the heavier ions) is only subject to the force exerted by an 

electric field (due to electron pressure): 

 



 

𝜕𝜌

𝜕𝑡
+

𝜕

𝜕𝑥
(𝜌𝑢) = 0 

(1.7) 

  
𝜕𝑢

𝜕𝑡
+ 𝑢

𝜕𝑢

𝜕𝑥
= −

𝑍𝑒𝐸

𝑚𝑖
 

(1.8) 

Here u is the one-dimensional fluid velocity, e is the electron charge, and E is the electric 

field.  

The electric field is described by the force equation: 

 

𝑒𝐸 = −
1

𝑛𝑒

𝜕𝑝𝑒

𝜕𝑥
 

(1.9) 

Where ne is the electron density and pe is the electron pressure. Using an ideal gas 

equation of state (pe=nekTe), the assumption that ne=Zρ, and the assumption that the 

electrons are isothermal, substituting (1.9) into (1.8) gives: 

 
𝜕𝑢

𝜕𝑡
+ 𝑢

𝜕𝑢

𝜕𝑥
= −𝑐𝑠

2
1

𝜌

𝜕𝑛

𝜕𝑥
 

(1.10) 

Where 𝑐𝑠 = (
𝑍𝑘𝑇𝑒

𝑚𝑖
)

1/2

  is the ion sound speed.  

Kruer then builds the self-similar solution (i.e., assuming that ρ=f(x/t) and u=g(x/t), 

where f and g are unknown functions) for a freely expanding plasma (equation 1.11). 

 

𝜌 = 𝜌0exp (−
𝑥

𝑐𝑠𝑡
) 

(1.11) 

Therefore, to be isochorically heated, a plasma must generally be heated on a 

timescale faster than d/cs, where d is the material thickness. For a 1 eV hydrogen plasma, 

cs~104 m/s (it’s actually lower than this, because Z<1 at this temperature). If this plasma 

were 10 µm thick, then d/cs~10-9 s, or ~1ns. If the plasma we create expands on the 

timescale of ~1 ns, then we must heat it faster than that. In our isochoric heating platform 



 

at the Texas Petawatt laser facility, we heat samples with a laser-accelerated ion beam on 

~ps timescales and probe them as they cool and expand.  

Section 1.4: Energy source for isochoric heating—ions accelerated by short pulse 

laser 

Isochoric heating experiments at short pulse laser facilities are typically set up in a 

configuration where the laser accelerates protons or heavier ions off of a primary target. 

These ions typically have a range of energies and there is a range in the time-of-flight to 

traverse the distance between the primary and secondary target. Once the ions reach the 

secondary target, the deposit their energy in that target. 

The timescale of heating is determined by the time-of-flight spread of the fastest 

and slowest ions. In some experiments, having quasi-monoenergetic ion beams is 

preferred, because that allows for faster and more targeted heating. This sort of ion beam 

is difficult to create in the laboratory, however. We note here that, while the ion beam 

produced in these experiments is not monoenergetic, the spread in time-of-flight for the 

proton beams is ~30 ps, much faster than the ~ns expansion time scales. 

There is a long history of short pulse laser accelerated ion beams being used for 

isochoric heating. Laser ion acceleration was discovered in 2000 [28], and the earliest 

isochoric heating study using this energy source is from 2003 [29]. Since then, short pulse 

laser isochoric heating has been shown with laser accelerated proton beams, laser 

accelerated ion beams [30,31], and even direct heating from the laser pulse [32].  

For this isochoric heating platform, we employ ~MeV energy protons accelerated 

via the target normal sheath acceleration (TNSA) mechanism [28, 33, 34] that arises from 

the short pulse laser interaction with micrometer scale solid targets. Figure 1.3 provides an 

overview of the TNSA mechanism for ion acceleration.  



 

 

Figure 1.3: Overview of TNSA mechanism. Protons are accelerated by means of a sheath 

field from the back surface of the target. 

In the TNSA regime, the plasma is mostly opaque to the laser and much light is 

reflected back. The direct laser plasma interaction occurs at the front surface of the foil, 

where the laser ionizes some of the target atoms. An important thing to note is that in most 

short pulse laser systems, there is not just a main pulse but also some number of “pre-

pulses”, which can be intense enough to ionize the target atoms as well. The plasma created 

by the pre-pulse interactions with the target is called the “preplasma.” Many short pulse 

laser experiments require high contrast (ie, the ratio of main pulse intensity to prepulse 

intensity should be high), but fortunately TNSA can still happen with a sizable preplasma, 

because all we want is to create a sizable number of hot electrons at the front surface of the 

foil.  

Once the hot electrons have been generated from the laser-target interaction, those 

electrons travel through the foil and establish a sheath field traveling off the back surface 

of the foil. Generally, all foil targets have some hydrocarbon contaminants on their surface, 

which the hot electrons ionize and accelerate. Protons are easiest to accelerate via TNSA 



 

because they are the lightest ions, though TNSA can accelerate the carbon ions in the 

hydrocarbon contaminants as well.  

Section 1.5: Stopping of ions in the secondary target 

The final step in the creation of warm dense matter is for the TNSA protons to 

deposit their energy into a secondary target. The average rate of energy loss (and therefore 

energy deposited) of the proton in the target per unit distance is defined as the “stopping 

power,” typically expressed as 
𝑑𝐸

𝑑𝑥
, where E is energy and x is distance.  

Energy deposition is done mainly by means of coulomb collisions (the “electronic 

stopping power”)—the positively charged ions are diverted and slowed though their 

collisions with the negatively charged electrons in the secondary target. The contribution 

from elastic collisions between nuclei (the “nuclear stopping power”) is much lower. This 

is shown in figure 1.4, which is a plot of data for stopping power of protons in (room 

temperature, solid density) aluminum from the NIST PSTAR database [34].   

 

Figure 1.4: Stopping of protons in cold, solid density aluminum as a function of proton 

energy from PSTAR (https://physics.nist.gov/cgi-bin/Star/ap_table.pl)  

https://physics.nist.gov/cgi-bin/Star/ap_table.pl


 

For this work, we used the databases SRIM [35] and PSTAR [34], which both use 

a combination of cold stopping power theory (Bethe-Bloch [36]) and experimental 

corrections to generate stopping power tables [37].  

To calculate the energy deposited into each zone of the heated target, we use the 

approximation that, given the instantaneous energy of the proton, the rate of energy loss in 

the zone is assumed to be the total stopping power (
𝑑𝐸

𝑑𝑥
) given by the chosen database/model. 

This is called the “continuous slowing down” approximation in the literature.  

In general, as a particle slows down, its 
𝑑𝐸

𝑑𝑥
 slowly increases in each zone until it has 

lost most of its energy. At this point, the particle deposits the remainder of its energy and 

then stops. This peak in 
𝑑𝐸

𝑑𝑥
 is called the Bragg peak. For example, figure 1.5 shows stopping 

power calculations for a proton with several different starting energies in a 10 µm thick Al 

foil. Protons with energy less than 800 keV stop completely in the foil, and release energy 

at their Bragg peak. Higher energy protons deposit energy as well, but are merely slowed, 

rather than stopped, in the foil.  

 

Figure 1.5: dE/dx for a single proton with starting energy of 500 keV, 700 keV, or 1 

MeV stopping in a 10 µm thick Al foil. There is a spike in dE/dx as a proton 

stops and gives up its remaining kinetic energy. 



 

The intuitive (and overly simplistic) description for dE/dx increasing as the energy 

is lost is that the coulomb collision frequency is inversely proportional to the (particle 

velocity)3. So, as the particle’s kinetic energy decreases, the collision frequency 

increases—and with each collision, the particle loses some amount of energy. Equation 

1.12 gives the large angle coulomb collision frequency:  

 

𝜐large angle =
4𝜋𝑍2𝑒4

𝑚2𝑣3
 

(1.12) 

Where Z is the target ion charge state (we assume that the incident charged particle 

is a proton), m is the proton mass, and v is the proton velocity.  

We note that there is an effort to develop stopping power models for the stopping 

of protons (and especially heavier ions) in warm dense matter. Recently, stopping power 

measurements were made at the Trident laser facility [38]. This is an area of ongoing 

research, therefore, new tables with warm stopping are not available yet. So, all stopping 

power calculations in this work were done using cold models. 
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Chapter 2:  Experimental Methods 

This chapter details the technology used to perform isochoric heating experiments 

discussed in this dissertation. First, we present some information on short pulse lasers in 

general, which are essential for producing the proton beams responsible for isochoric 

heating. We also present information about the specific systems for the Texas Petawatt 

laser facility (TPW) where the experiments were performed. Next, we present information 

on the experimental setup within the soft focus (f/40) target chamber of the TPW. Finally, 

we describe the diagnostics for measuring the temperature and ion spectrum. The time 

resolved temperature diagnostic was a streaked optical pyrometer (SOP); it was built 

specifically for this project. Most of the discussion in this chapter is centered on its design, 

construction, and calibration.  

Section 2.1: Short Pulse Lasers 

Paragraphs with the style Heading 4,h4 applied can be extracted to appear in the 

table of contents with the style TOC 4. In order to achieve the observed isochoric heating, 

a proton or ion beam produced by the short pulse laser plasma interaction is needed. Lasers 

have existed since the 1960s, but short pulse (~fs pulse duration) lasers have only been able 

to achieve high intensities for a few decades, since the method needed to amplify short 

pulse lasers, chirped pulse amplification (CPA), was invented in 1985. Advances in laser 

technology, including the invention of CPA, won the Nobel Prize in 2018 [1,2]. 

Since this isn’t a laser physics dissertation (though all this work certainly would not 

have been possible without short pulse lasers), we will only briefly discuss the operating 

principles of CPA here. Figure 2.1 shows the basic operating principles of CPA [3].  

 



 

 

Figure 2.1: Wikipedia image [3] showing the principle of CPA: a short pulse is stretched 

spectrally such that it is low power, then it is amplified, and finally it is 

compressed back into a short pulse 

Short laser pulses start out in an oscillator, where some gain medium is given 

energy and a laser pulse is produced. Then the pulse must be amplified—however, giving 

a short pulse lots of energy will result in damage to the laser optics, making high power 

lasers untenable. This is the innovation of CPA—to stretch a short pulse, amplify the 

stretched pulse, and then compress the amplified pulse in a final step, to deliver high power 

pulses.  

The Texas Petawatt and all other high-power lasers use this amplification 

technique—this is what allows the petawatt to achieve >1015 W/cm2 intensity on target.  

The other amplification technique worth noting here (as it is used at the TPW and 

other lasers at the University Center for High Energy Density Science) is optical parametric 

amplification (OPA). This is a process in which a pump laser gives its energy to the main 

pulse by wave mixing within a 𝝌(2) nonlinear crystal—BBO for the first stage and LBO for 

the later stages. (This happens within the “power amplifiers” area of figure 2.1.)  



 

Moving from short pulse laser systems in general to the Texas Petawatt specifically, 

figure 2.2 shows a facility layout diagram [4]. The Texas Petawatt has a couple of pump 

lasers and therefore a couple of OPA stages (in the “laser bay” in figure 2.2). After the 

OPA stage of amplification, the main pulse is given even more energy by flashlamp-

pumped Neodymium-doped glass. The flashlamps are given their energy from capacitor 

banks in the “pulsed power” area of figure 2.2.  

After all amplification has occurred, the pulse is sent to the compressor (which 

marks the beginning of the vacuum system for the TPW—after compression, the pulse is 

intense enough to ionize the air, so all TPW experiments with the amplified short pulse are 

done under vacuum.  

 

 

Figure 2.2: Texas Petawatt facility layout, adapted from the image at: 

http://texaspetawatt.ph.utexas.edu/facility-layout.php [4] 

http://texaspetawatt.ph.utexas.edu/facility-layout.php


 

The specifics of the TPW pulse [5] are as follows. It delivers a short pulse beam 

with 150 fs pulse duration, and up to 150 J of energy. Its picosecond intensity contrast was 

measured to be ~5x108 following an upgrade in 2015 [6]. The short pulse beam can be 

focused either by an f/3 off axis parabola into the TC1 target chamber or by an f/40 

spherical mirror into the TC2 target chamber (the location of the TC2 chamber is noted in 

figure 2.2 because this is where the WDM experiments were performed). 

Section 2.2: Experiment Setup 

The short pulse Texas Petawatt beam is focused into TC2 and irradiates a solid gold 

target, producing TNSA-accelerated protons. A secondary target (called the package) is 

mounted 300µm behind the ion source and is heated by the proton beam to WDM 

conditions. Figure 2.3 shows a schematic of the experiment. 

 

 

Figure 2.3: Experiment schematic. The Texas Petawatt short pulse laser accelerates 

protons off the first target, and the proton beam deposits energy and heats 

the second target (package). The second target emits blackbody radiation 

which is measured by the SOP, while the energies of the protons that are not 

stopped in the package are measured by the Thomson parabola 

spectrometer. 



 

The target is positioned nearly normal to the laser beam (angled about 2⁰ to prevent 

reflections back up the laser chain), and the heating package is mounted directly behind the 

target. A streaked optical pyrometer (SOP) images the rear surface of the package, while 

the Thomson parabola spectrometer (TP) is placed directly behind the target to measure 

the energies of the TNSA protons. Figure 2.4 shows the layout of the experiment in the 

target chamber. 

 

 

Figure 2.4: Layout of experiment inside TPW vacuum chamber. The TNSA protons that 

pass through the target are diagnosed by a Thomson parabola spectrometer, 

while blackbody radiation from the target is captured and imaged onto the 

slit of the SOP. 

The TNSA targets were 5 µm thick Au foils, while the heating packages were 7 µm 

and 10 µm thick Al foils, and 100 µm thick, 60 mg/cc CRF (carbon) foams [7]. We first 

chose to heat aluminum foils, as aluminum is a standard choice for warm dense matter 

experiments and has been studied extensively [8, 9]. There is a modern equation of state 



 

for aluminum in the SESAME database [10]. Once we were able to observe heating in 

aluminum with our diagnostics, we moved on to the experimental package, the 60 mg/cc 

CRF foam.  

The targets were mounted on either side of 300µm thick Al stalks, each with a 2 

mm diameter hole. The stalk provided the spacing between the proton source and the heated 

package. Figure 2.5 (left) shows a microscope image of a mounted target (with no heating 

package). We position the target such that the short pulse beam hits the middle of the hole, 

but having a 2 mm target size allows for some uncertainty in laser pointing. 

 

 

Figure 2.5: (Left) Microscope image of a mounted target. The Au foil is glued to the far 

side of the stalk. A heating package would be glued to the near side, in order 

to create the necessary 300 m spacing. To allow accurate imaging of the 

diagnostics on either side of the stalk, small wires are glued to the sides of 

the stalk (visible in the top left of the image). (Right) Microscope image of a 

60 mg/cc CRF foam. The pores are not visible in this image—divots are 

flaws in sample around the edge. 

We looked at the foams under a microscope (figure 2.5, right) to determine an upper 

bound on the pore size, which was determined to be ~1 µm. Many pores are smaller, but 



 

we will not be able to determine the true pore size distribution until we have more 

sophisticated a microscope setup at our disposal. With this experiment setup and 

configuration of targets, we sought to measure both the proton spectrum and time-resolved 

brightness temperature of warm dense aluminum and warm dense CRF foams. The 

methods with which we measured these quantities are the subjects of the remainder of this 

chapter.   

Section 2.3: Streaked optical pyrometer (SOP)1 

A major challenge in warm dense matter experiments is the measurement of 

temperature, which is a key variable of the EOS, thermal conductivity, and other physical 

quantities of interest. Several mechanisms for temperature measurements have been 

successfully explored, including optical pyrometry, x-ray Thomson scattering (XRTS) 

[11], and neutron resonance spectroscopy (NRS) [12]. Both NRS and XRTS have the 

advantage of probing the bulk material, while pyrometry is a surface measurement. XRTS 

is impractical for experiments with the conditions reported here because a bright, short-

pulse x-ray backlighter, such as an XFEL, is needed. NRS is impractical for a similar 

reason, since it would require a large neutron source, either spallation driven or from a 

nuclear reactor—the latter of which is not pulsed, and would therefore not allow time-

resolved measurements. Neither of those facilities currently exist in conjunction with the 

high intensity short pulse lasers required for isochoric heating, though laser generated 

pulsed neutron sources have been proposed for temperature measurements [13] and could 

in principle be developed on future multi-beam petawatt lasers. Streaked optical pyrometry 

then becomes the preferred method for this type of experiments as it uses the light emitted 

 
1 Content in this section was published in R. Roycroft, et al, “Streaked optical pyrometer for proton-driven 

isochoric heating experiments for solid and foam targets”. AIP Advances 10, 045220 (2020). The work in 

this publication was all completed as part of R. Roycroft’s PhD.  



 

by the plasma itself to determine a temperature, with no backlighter needed, and is also a 

time resolved measurement.  

Streaked optical pyrometry (SOP) is a common diagnostic for time-resolved 

heating in plasma, first developed in 1985 [14]. Since then, various facilities have 

developed SOP systems for their own applications [15,16,17,18]. The concept is to 

accurately measure the thermally emitted light from a plasma, with appropriate spatial, 

temporal, and spectral resolution to discern the instantaneous spectral radiance at the points 

of interest, ideally in a wavelength range for which the plasma emits similarly to a 

blackbody. A streak camera is employed to achieve fast diagnostics of a dynamically 

evolving plasma. To successfully employ SOP measurements, precision is needed in 

imaging, timing, solid angle, and photon count, meaning that the system must be carefully 

calibrated. No appropriate reference for radiance exists at these timescales (~ps) and 

radiation intensities (~108 W/sr/m2), so calibration of the optics must be done separately 

from calibration of the streak camera, and the system’s imaging resolution must be 

carefully measured. 

The SOP measures the surface brightness temperature of the plasma, that is, the 

temperature is inferred from converting the intensity of light measured by the SOP to an 

equivalent blackbody temperature. (Implicit in this method is the assumption that the 

plasma is emitting similar to a blackbody.) The spectral intensity of a given wavelength 

emitted by a blackbody source at any temperature is given by the blackbody formula: 

 

 

 
𝐼𝜆  = 𝜀𝜆 ×

2ℎ𝑐2

𝜆5

1

−1 + 𝑒ℎ𝑐/(𝜆𝑘𝑇)
 W/sr/m2 

 

(2.1) 

Where ελ is the emissivity at the given wavelength, h is Planck’s constant, c is the speed of 

light, k is Boltzmann’s constant, and λ is the radiation wavelength (all in SI units). The 



 

absorptivity is related to the emissivity for a blackbody in local thermal equilibrium by 

Kirchoff’s law: αλ=ελ (where αλ is the absorptivity). In this way, reflecting light off the 

plasma at the same wavelength as the pyrometer measures can give the emissivity. 

We have designed the SOP specifically to measure temperatures with a lower limit 

of 0.4 eV. It is calibrated to measure temperatures up to 25 eV, but could measure higher 

brightness temperatures with calibrated intensity reducing filters—we observed peak 

temperatures around 1 eV on most shots, and our hottest shot reached 10 eV, but the design 

allows for measurement a range of temperatures by using a variety of filters and streak 

camera settings. (The settings must be changed shot to shot to achieve the full range of the 

diagnostic—on a single shot the measurable temperature range is more limited). 

The pyrometer images the 400 nm blackbody radiation from a heated plasma onto 

a Hamamatsu C7700-01 streak camera, which temporally sweeps with a ~5 ps time 

resolution on the fastest setting. The 400 nm wavelength was chosen because it lies in the 

visible range and avoids a harmonic of the ~1 m wavelength glass lasers, such as the 

Texas Petawatt and Trident Laser at LANL. (Additionally, we had a ready source of 400 

nm light from a doubled Ti:Sapphire laser, which we used to calibrate the pyrometer.) 

The optical schematic for our pyrometer is shown in Figure 2.6. An f/5 achromatic 

lens collects light from the heated matter, which is relay-imaged onto the streak camera slit 

by means of a second achromatic lens. A bandpass filter is placed before the streak camera 

to admit light of a narrow frequency band (5 nm or 20 nm depending on the filter) 

centered around 400 nm. The light that passes through the filter is sent through the slit to 

the streak camera, which produces a streaked image of the heating over time. 



 

 

Figure 2.6: SOP Schematic. Light emitted by the plasma target is collected and 

collimated by the first achromat lens and then imaged onto the streak 

camera entrance slit by the second achromat. The entrance pupil can be 

restricted with an iris in order to reduce aberrations. An interference filter 

centered at 405 nm blocks harmonics of the laser wavelength. 

In this particular SOP, we used the following: 

• Streak camera: Hamamatsu C7700-01 

• Lens 1: Thorlabs ACA-254-100-A 

• Lens 2: Newport PAC095 

• Interference filter: interchangeably Thorlabs FBH405-10 (10nm bandwidth), 

Thorlabs FBH400-40 (40nm bandwidth) 

We measured the transmission of these optics at the University of Texas using a 

spectrophotometer (figure 2.7). 

 



 

 

Figure 2.7: Spectral transmission of SOP optics measured with a spectrophotometer at 

the University of Texas at Austin. 

The total transmission of the optical system (figure 2.7) allows one to calculate the 

radiance of the source, from the number of counts measured by the streak camera detector. 

Streak cameras [19] are a type of ultrafast camera where incoming light comes 

through a slit (allowing for a 1-dimensional spatial measurement), hits a photocathode, and 

thus converts the optical signal into an electrical signal. The electrons then are “swept” by 

internal electronics to hit a detector. Therefore, the photons that arrive at the photocathode 

first are registered at a different place on the detector than the later photons. In this way, a 

streak camera is able to take images in two dimensions: one spatial and one temporal. The 

streak camera used in these experiments has a ~5 ps resolution.   

When converting the streak camera measurement to a temperature, we set the 

emissivity (ε) equal to 1 based on calculations from Celliers and Ng [20] which show that 

ε≅1 for conditions similar to this experiment, particularly at later times (>20 ps). Knowing 

that the emissivity is close to 1 around the critical density layer, we can use equation 2.1 to 

calculate the radiance for a perfect blackbody at the desired temperature range. We note 

that the most common way to correct for gray body emissivity is by performing a time 



 

dependent reflectivity measurement, since reflectivity is equal to 1- ε. This measurement 

can be accomplished by use of Fourier domain interferometry (FDI) [21] or velocity 

interferometry (VISAR) [22] and has been demonstrated in several recent papers [18, 23]. 

We plan to field FDI concurrently with SOP at the Texas Petawatt for this purpose in future 

experiments.  

The wavelength-integrated radiance as a function of temperature (generated by 

equation 2.1) scaled by the spectral transmission curve (Figure 2.7) is shown in Figure 2.8.  

 

Figure 2.8: Wavelength-integrated radiance as a function of brightness temperature. 

The expected number of streak camera counts as a function of temperature depends 

on the wavelength-integrated radiance (R(T)) as well as the following factors (the 

measurement of which is discussed in subsequent paragraphs, along with their estimated 

uncertainties): (1) Light collection solid angle (sr), which is controlled by the entrance 

pupil iris. (2) System resolution r (m2/pixel), which can only be changed by swapping out 

the achromatic lenses. (3) The sweep speed (sweep) controlled on the streak camera. (4) 

The slit size multiplier, controlled on the streak camera by manually opening and closing 

the slit. (5) The streak camera sensitivity S (counts/Joule). The following formula is used 



 

to compute the counts registered by the streak camera as a function of brightness 

temperature, measured in eV: 

 

𝐶𝑜𝑢𝑛𝑡𝑠 =  ℛ(𝑇) [
𝑊

𝑠𝑟 ∙ 𝑚2
] ∗ Ω[𝑠𝑟] ∗ 𝑟 [

𝑚2

𝑝𝑖𝑥𝑒𝑙
] ∗ 𝑠𝑤𝑒𝑒𝑝 [𝑠] ∗ 𝑠𝑙𝑖𝑡 𝑚𝑢𝑙𝑡𝑖𝑝𝑙𝑖𝑒𝑟

∗ 𝑆 [
𝑐𝑜𝑢𝑛𝑡𝑠

𝐽
] 

(2.2) 

 

Figure 2.9A shows an example of expected brightness temperature as a function of 

streak camera counts for TPW shot 11441 (10 nm bandwidth filter, 60 m slit, 1 ns sweep 

speed). The data has 12-bit resolution so the maximum number of counts before saturation 

is 4095. Figure 2.9B shows a converted streak camera image, having applied the data from 

2.9A. 

 

Figure 2.9: (A) Brightness temperature (solid blue) as a function of counts recorded by 

the streak camera. The camera settings are tuned to observe 1-2 eV 

brightness temperatures. The dashed red lines are the upper and lower 

bounds for the brightness temperature based on the measurement 

uncertainties. (B) Streak camera image converted from counts to brightness 

temperature (shot 11441, package: 10 µm Al) 

We measured the streak camera sensitivity using the upgraded THOR laser at UT 

Austin (Ti:Sapphire, 800 nm, 30 femtoseconds, 10 Hz repetition rate) [24]. We sent the 



 

frequency doubled laser pulse (filtered with the same 405 nm interference filter used in the 

SOP) to the streak camera and a calibrated energy meter, using a calibrated beamsplitter to 

give streak camera and energy data concurrently. A schematic of the measurement is shown 

in Figure 2.10. 

 

Figure 2.10: Schematic of streak camera calibration. The THOR laser sends frequency 

doubled pulses at the optical system, which are sampled concurrently by the 

streak camera and NIST-traceable energy meters.  

We integrated our measurements over multiple shots (with the slit fully open, and 

the gain set to maximum) and thus were able to determine the number of counts registered 

by the streak camera per Joule of incident energy. We took calibration data at several sweep 

speeds relevant to our experiment: 1 ns, 2 ns, and 5 ns, as well as 100 ns. Our results are 

summarized in table 2.1; the counts/J are consistent to within 2σ (~4%) for all sweep speeds 

and there is no evidence for a trend. For all of our measurements, the gain was at the 

maximum setting. We show a sample calibration image in Figure 2.11.  

 

 



 

 Average (Counts/J) Standard deviation (Counts/J) 

Sweep speed: 1ns 5.91421E+19 1.98926E+18 (~3%) 
Sweep speed: 2ns 6.03628E+19 1.18593E+19 (~20%) 
Sweep speed: 5ns 5.26659E+19 4.81417E+18 (~9%) 
Sweep speed: 100ns 5.96613E+19 1.86053E+18 (~3%) 

Table 2.1: Summary of calibration results for the sweep speeds tested.  

 

Figure 2.11: Streak camera image, integrated over 10 shots, 1 ns timescale. The slit was 

fully open and the 30 fs pulse duration was much faster than the sweep 

speed, in order for the streak camera to see the full pulse energy.  

We calculated the solid angle of light collection by measuring the distance from the 

light source (heated package) to the entrance pupil of the optical system (located at the first 

lens) and the diameter of the entrance pupil.  An error of 2 mm in positioning the target 

exactly at the prescribed position on every shot contributes a 6% uncertainty in the solid 

angle calculation. 

We measured a (1.50.2)x10-11 m2/pixel system spatial resolution in situ using a 

resolution target and a blue laser pointer as a backlighter. 



 

Section 2.4: Thomson parabola spectrometer 

The Thomson parabola spectrometer (TP) [25, 26] is a standard diagnostic for 

characterizing MeV ion beams and consists of a magnetic yoke and chargeable electrodes. 

Ions are collected through a pinhole, and deflection by electrodes separates out species, 

charge state, and energies. The ions deflected onto an imaging plate, which is processed in 

order to give a spectrum for counts/MeV/msr. Figure 2.12 shows an image of a TP installed 

at one of our TPW experiments.  

 

 

Figure 2.12: Thomson parabola spectrometer at the Texas Petawatt. Several different 

Thomson parabolas were used to collect ion spectrum data for this 

dissertation, though they all have the same operating principles. The ions 

from the TNSA interaction enter the spectrometer from the right, go through 

the pinhole, are deflected by the magnets and the electrodes, and are 

recorded by a removable imaging plate at the rear side of the spectrometer. 

While the Thomson parabola spectrometers used in this experiment are calibrated 

for energy, the individual imaging plates are not calibrated for conversion from “counts” 

to “number of protons”. There are established methods for calibrating imaging plates for 



 

number of ions [27,28], but this calibration was not performed for these imaging plates on 

this experiment. 

Once the ions are deflected by the magnets and electrodes, they make a parabolic 

trace on the imaging plate, which can be scanned and then converted into a spectrum. 

Figure 2.13 shows a raw TP proton trace. 

 

 

Figure 2.13: Raw Thomson parabola trace from TPW shot 11440. The deflection from 

the magnets and the deflection from the electrodes is used to calculate the 

used to calculate the proton energy along with the ion’s charge to mass ratio. 

The calibration of the imaging plate can convert counts into numbers of 

protons.  

The Thomson parabola used in this experiment has a low energy cutoff at ~1.5 

MeV. This means that it only sees the protons that deposit less energy. At the time of this 

writing, our main use of the TP is as a check on if the laser shot produced protons. A full 

discussion of the resulting TP measurements and their usefulness is included in chapter 4.  
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Chapter 3:  Simulation Methods 

These experiments are simulated in one dimension using xRAGE [1], an Eulerian 

(ie, based off of the Euler equations as discussed in chapter 1) radiation-hydrodynamics 

code developed in a collaboration between Science Applications International Corp. and 

Los Alamos National Laboratory. In an Eulerian code, the fluid moves through a fixed 

grid, with adaptive mesh refinement to resolve regions of interest (such as shocks) in more 

detail. The relevant physics models used in these simulations are hydrodynamics and 

partial ionization. We also considered the effects of thermal conduction and radiation 

diffusion, but those turned out to be small effects in this temperature/density regime. The 

experiment is modeled by setting a starting density and temperature for each region of the 

material, and then allowing the material to cool and expand into a low-density background 

gas.   

Section 3.1: Calculation setup 

In order to explain the methods that we’ve used with the end goal of simulating the 

expansion and temperature over time of a plasma isochorically heated by an ion beam, we 

will walk through the calculation setup and post-processing for a sample shot. This shot is 

TPW 9626, in which the heated package was a 10 m thick Aluminum foil.    

Our simulations in xRAGE begin with a heated plasma—a starting condition for 

the plasma’s density and temperature. xRAGE does not have the capability to model the 

energy deposition due to the electronic stopping of ions in cold matter—that is the domain 

of kinetic codes, like particle-in-cell (PIC). As discussed in section 1.5, for this project we 

have used cold stopping power data which is readily available from both SRIM and PSTAR 

[2,3]. Below (figure 3.1) we have plotted the stopping power (dE/dX) and range for protons 

in aluminum as given by the PSTAR database. 



 

 

 

Figure 3.1: (Left) Proton stopping power in aluminum as a function of proton energy 

(Right) Proton range in aluminum as a function of proton energy (from 

PSTAR database). 

The protons with lower energy have a higher stopping power in aluminum and thus 

deposit more energy (the fastest protons have a lower probability to interact with the Al 

atoms at all—recall the coulomb collision frequency given in equation 1.12).  

For a 10 m thick aluminum foil, all protons with energy below 800 keV are 

stopped, with the lowest energy protons (<500 keV) stopping toward the front of the foil. 

An individual proton will deposit the most energy at its Bragg peak. Therefore, having a 

monoenergetic proton spectrum would allow for targeted proton energy deposition depths. 

However, the proton spectrum in this experiment is certainly not monoenergetic, so heating 

throughout the foil is expected. In the following section, we will show how the energy 

deposited in the foil is calculated.  

The proton energy spectrum measured by Thomson parabola spectrometer is shown 

in figure 3.2, along with an estimate of the low energy proton trend. This is the starting 

point for our dE/dx calculation, as the protons are the source of the energy.  



 

 

Figure 3.2: Proton spectrum for Shot 9626. A low estimate of the number of protons 

before the TP cutoff is given by the flat cutoff (shown in orange), where the 

number of protons is assumed to be constant below ~1.5 MeV. 

We then fed these spectra (normalized to the same number of protons) through the 

data in 3.1, recording the total energy deposited into each zone (one zone is 1/8 m) of the 

heating package. Figure 3.3 shows energy deposition rate for the 2 spectra shown in Figure 

3.2. 

 

 



 

 

Figure 3.3: Energy deposited by the 2 spectra (normalized) in each 1/8m zone of a 

10μm thick Al foil. The spectrum with assumed low energy protons has a 

higher dE/dx, corresponding to more heating. The raw TP spectrum with no 

low energy protons has some energy deposition, but is much lower than the 

spectrum that accounts for some low energy protons.  

Since a higher energy deposition rate corresponds to more heating in the foil, the 

low energy protons (<800 keV), which have their Bragg peak somewhere inside the 10 m 

foil, contribute significantly more to the heating than the high energy protons, which 

deposit little energy as they pass through the package. This is shown in figure 3.3 with the 

dE/dx starting out higher at the front of the package and getting lower for the spectrum 

with low energy protons (orange), while the spectrum without low energy protons slowly 

increases in dE/dx (blue).  

This dE/dx is converted into a specific internal energy (SIE, energy per unit mass) 

input to xRAGE. We adapted the SIE calculations from work by Bang et al [4], where the 

basic idea is to multiply the energy deposited in each zone by the normalized spectrum by 

the number of incident protons divided by the number of target protons.  

 



 

SIE=

𝑑𝐸
𝑑𝑥

*𝑁𝑖𝑜𝑛𝑠 ∗ (Fraction not stopped in previous zones)

𝑁𝑡𝑎𝑟𝑔𝑒𝑡
 

 

(3.1) 

The resultant SIE is sourced into xRAGE. The parameter Nions is selected in order 

to give the starting temperature that matches best with the SOP observations. Since, in this 

experiment, the Thomson parabola diagnostic was not calibrated for number of ions, a 

range of reasonable values are chosen for Nions, consistent with ~1% laser energy to proton 

beam energy conversion. We start the simulation with an initial energy deposition, as 

shown in figure 3.4.  

 

Figure 3.4: Initial temperature profile of foil due to SIE source specified by the 

deposition calculations detailed above. 

From there, the Al foil expands over time into a low-density background gas (for 

this simulation, deuterium with density 1e-4 g/cm3), according to the hydrodynamics 

equations and other physics packages in xRAGE. For our simulations of aluminum, we are 

using the SESAME 3720 [5] EOS table.  



 

Section 3.2: Post-processing for aluminum foil 

For each timestep (in these simulations, dt≈0.5 ps), xRAGE gives us data on several 

variables (specified for each simulation). For these simulations, we receive data on electron 

density (ne), material density (ρ or ‘rho’) and material temperature (‘tev’ in the xRAGE 

naming convention).  

In order to compare the streaked optical pyrometer data with xRAGE, post-

processing of the material temperature profiles (like the one shown in figure 3.4) is needed. 

Throughout the literature [6,7,8,9], it is noted that, for optically thick heated packages 

starting at solid density, the comparison between the material temperature at a given 

“emitting layer” (ie, the layer where most of the thermal emission is coming from) and the 

temperature read by the pyrometer is sufficient. This emitting layer is around the critical 

density surface for the wavelength observed by the SOP. The critical density of a plasma 

is defined as the place where the laser frequency (ω) is equal to the plasma frequency (ωp) 

(equation 3.2). 

 

𝑛𝑐 =
𝜔2𝑚𝑒

4𝜋𝑒2
= 1.1e21 ∗ (

1

𝜆[𝜇m]
)

2

cm−3 
(3.2) 

 

Which, for 400 nm light, is 6.88x1021 cm-3 or 1.14x10-2 mol/cm3. 

In figure 3.5(B), we have plotted the location of the 400 nm critical density on the 

temperature profiles. We calculate the 400 nm critical density location for each timestep, 

using electron density profiles also calculated by xRAGE. We then plot a temporal lineout 

of the SOP image against the critical surface temperature at each time. 



 

 

Figure 3.5: (A) Density profiles at 0, 100, and 500 ps for the simulation of shot 9626. (B) 

Temperature profiles at 0, 100, and 500 ps for the same simulation as in (A), 

along with vertical lines showing the location of the 400 nm critical density 

at 100 and 500 ps. 

From here, we are able to obtain a plot of rear surface temperature as a function of 

time, and compare it to data from the streaked optical pyrometer (for example, figure 3.6).  

 

 

Figure 3.6: Brightness temperature (BT) from SOP plotted on top of xRAGE simulation 

results for temperature at rear critical density surface.  

Section 3.3: Post processing for CRF foam 

The post-processing is somewhat more involved for the CRF foams. For this 

section, the discussion will use a sample shot from our heated CRF data set, TPW shot 



 

11477. The simulation is set up in the same way as with aluminum, using cold stopping 

power data for 100 µm thick, 60 mg/cm3 carbon calculated by SRIM. Figure 3.7 shows the 

basic dE/dx calculation for shot 11477. 

 

 

Figure 3.7: Proton spectra (A), dE/dX (B), and fraction of spectrum stopped in each zone 

for an example proton spectrum (C), for shot 11477. The package is 100 µm 

thick CRF. The zone size for all CRF simulations is 1 µm. 

Since the foams start out at 60 mg/cm3, they start out underdense (ie, the starting 

density is less than nc) for 400nm, so calculating a critical density location is impossible. 

Figure 3.8 shows profiles at 0, 100, and 500 ps of material density and temperature for a 

simulation of shot 11477 (package was ~100 µm thick CRF with a starting density of 60 

mg/cm3). For the simulations shown in figure 6, we used SESAME [10] EOS 7834. For 

400 nm, the foams have an optical depth of 𝜏~2, so radiation comes from throughout the 

foam thickness. Therefore, we must do a photosphere calculation.  

 

 



 

 

Figure 3.8: (A) Density profiles at 0, 100, and 500 ps for a sample CRF simulation (of 

shot 11477). (B) Temperature profiles at 0, 100, and 500 ps for the same 

simulation as in (A). 

The concept of this calculation is to find the specific intensity of the light emitted 

(from the simulated foam), and to convert that into an equivalent blackbody temperature, 

which can then be compared to the SOP lineout data. This calculation follows the 

“fundamentals of radiative transfer” discussion in Radiative Processes in Astrophysics by 

Rybicki and Lightman [11]. 

We evaluate the solution to the radiative transfer equation, 
𝑑𝐼

𝑑𝜏
= −𝐼 + 𝑆, where I is 

the specific intensity, S is the source function, and 𝜏 is the optical depth. The solution for 

the transfer equation with a constant source is 𝐼(𝜏) = 𝐼(0) + 𝑆(1 − 𝑒−𝜏), which means 

that the light coming from any material is equal to the light from the backlighter I(0) plus 

the light from the source function, diminished by e-𝜏.  This form of the solution is useful 

for making an estimate of the light intensity from any material, though for our calculation, 

we take into account a non-constant source and changing optical depth.  

For this experiment we have no backlighter, and our source is blackbody radiation. 

However, this source is non-constant, because the blackbody function is temperature 

dependent (and the material is not heated completely uniformly). Therefore, we must 

integrate over the entire material (including a change of variables from optical depth to 



 

physical path length of light in the material). Equation 3.3 is the equation used for the 

specific intensity from a foam target:  

 

𝐼(𝑠) = ∫ 𝑒−𝜏(𝑠′)𝐵(𝑠′)𝜌(𝑠′)𝜅(𝑠′)𝑑𝑠′ 
𝑠

0

 

 
(3.3) 

 

Where B is the blackbody function (𝐵𝜈(𝑇) =
2ℎ𝜐3/𝑐2

exp(ℎ𝜐/𝑘𝑇)−1
), s is the path length in 

the material, ρ is the density of the material, and 𝜅 is the opacity. Using this framework, 

we calculate path length (accounting for the pyrometer’s angled line of sight to the heated 

package), opacity, and optical depth at each zone in the material, based on the material 

density and material temperature profiles from xRAGE at each timestep.  

We used opacity data [12] from LANL for all these calculations (the carbon opacity 

for 1 eV, 2 eV, and 3 eV is plotted in figure 3.9).  

 

Figure 3.9: TOPS opacity data for carbon at 60 mg/cm3 at several different temperatures, 

and also over the wavelength band of interest (ie, the band where the SOP 

measures). 



 

Our first step is to calculate the optical depth at each point in the material, 𝜏=ρ*𝜅*s. 

The optical depth at two different simulation time steps for the sample CRF shot (shot 

11477) is shown in figure 3.10.  

 

 

Figure 3.10: (A) Material temperature and resulting optical depth for the sample CRF 

simulation (of shot 11477), at 0 ps. (B) Material temperature and resulting 

optical depth for the same simulation, at timestep 500 ps.  

After computing the blackbody function, path length, and optical depth at every 

point in the material for a given timestep, we evaluate equation 3.3 to give the specific 

intensity at that timestep. This intensity is then converted into an equivalent blackbody 

temperature, and plotted against the SOP lineout at each timestep, allowing for direct 

comparison between the simulation and pyrometry measurement.  

Ideally, both post-processing methods should give similar results for the aluminum 

foil shots, where the optical depth is large (𝜏>>1). Using both methods on a single 

simulation for the example aluminum foil shot (TPW shot 9626), the resulting equivalent 

temperature comes out nearly identical for the first 50 ps of the simulation, with the 

opacity-processed temperature coming out a bit lower as the simulation progresses.  



 

 

Figure 3.11: Post processing of a simulation of shot 9626, using both the 

opacity/photosphere processing and the n-critical processing. The processes 

give identical equivalent temperatures early on, while the opacity processing 

delivers lower equivalent temperatures later in the simulation.  

The two processing methods are not fully equivalent but the opacity processing 

method is more complete for the purposes of processing both aluminum and CRF xRAGE 

simulations.  

Section 3.4: Physics considerations 

In the previous simulations, we have turned on packages in xRAGE for 

hydrodynamics, partial ionization, and 3T physics. We know we need hydrodynamics 

(because otherwise the plasma would do nothing) and partial ionization (because warm 

dense plasmas are definitely partially ionized). 3T physics (ie, separate temperatures for 

ions, electrons, and radiation) is needed in order for the partial ionization package to work. 



 

At certain points in the simulation process, however, we tried using a few other 

physics packages. The results for turning on heat conduction and radiation diffusion are 

presented briefly below.  

Heat transport is possible in plasmas where there is a temperature gradient, though 

the conductivity models for warm dense matter are an area of current research [9,13]. We 

used a few different conductivity models that are available in xRAGE (both the analytical 

Spitzer conductivity and the tabular SESAME conductivity for Aluminum). However, we 

found that neither of these had a very large effect on the simulation at these temperatures 

and in this material.  

Figure 3.12 shows a sample simulation (for shot 11441, with the n-critical 

processing as we performed these simulations before developing the opacity processing 

method—our takeaway remains the same) with heat conduction on and off, running for 

both 500 ps and 5 ns (to see if the influence was more pronounced at longer timescales). 

 

 

Figure 3.12: (Left) Output of two runs, one with heat conduction on and one with it off, 

running for 500ps. (Right) Same as left figure but the simulation ran for 5ns. 

Notes: “BT” stands for “Brightness temperature,” ie, the quantity that the 

SOP measures; “doheat” refers to the command in xRAGE which turns heat 

conduction on. 



 

We also tried turning on radiation diffusion, which also did not have a large effect 

on the simulation results. For example, figure 3.13 shows some sample profiles for a heated 

10 µm thick aluminum foil (zone size 1 µm). For one run, we had radiation diffusion 

“dorad” turned on, and for the next run, we kept everything the same with radiation 

diffusion turned off. There is no discernable difference here, and certainly no difference in 

the temperature at the critical surface. 

 

Figure 3.13: (Left) Material temperature profiles for a run with radiation diffusion turned 

on (the package is 10 µm thick aluminum, the zone size is 1 µm). (Right) A 

comparison the lineouts at 500 ps for the run on the left and an equivalent 

run with radiation diffusion turned off. Note: “dorad” refers to the command 

in xRAGE which turns radiation diffusion on. 

We were also interested in determining if there was any effect of the background 

gas density on the simulations. Having a density closer to vacuum is closer to the physical 

reality of the experiment but takes up more computing resources. We ran simulations of 

both aluminum foil sample shots (TPW shot 11441 and TPW shot 9626) with three 

different background gas densities (1x10-4 g/cm3 being the standard density used in the rest 

of the simulations). The results of these simulations are shown in figure 3.14. For the colder 

simulation (shot 11441) there is no discernable difference between the different 



 

background gas densities. For the hotter simulation (shot 9626), there is some difference 

at the very edge of the expanding plasma, but no difference at the critical density layer. 

  

 

Figure 3.14: (Left) Material temperature profiles for a simulation of shot 11441 at 3 

different background gas densities. (Right) Material temperature profiles for 

a simulation of shot 9626 at 3 different background gas densities.  

Finally, we worked on implementing a way to account for proton time of flight in 

the input simulation setup. At the time of performing this work, we were not aware of a 

way to implement a space-and-time dependent energy source in xRAGE. At the time of 

writing, we have some ideas as to how it might be done, but it would take a lot of work. 

The xRAGE capability is to add energy over time to an entire material, not to a specific 

zone in the material (while the original dE/dX calculations are all based on specifying the 

starting energy in each zone of the material). Nevertheless, all progress in this work so far 

is discussed below.  

 The way we went about this was to divide the proton spectrum up into “regions” 

(of equal number of data points, the number of regions is arbitrary) and consider their dE/dx 

separately. For example, in figure 3.15, we have the familiar spectrum for shot 9626, cut 



 

into 3 regions. Then on the right, we have run the dE/dx calculation on each region 

separately. 

 

Figure 3.15: (Left) Proton spectrum for shot 9626, cut into 3 regions of equal number of 

data points. (Right) dE/dx for each region treated separately.  

In order to match with the SOP observed temperature and be consistent with ~1% 

laser energy conversion, we set a value for the SIE in the final zone. This is consistent with 

the methods presented by Bang et al [4], as we do not have a quantitative measure of energy 

deposited. We then determine how much each region of the proton spectrum contributes to 

the energy deposition in the final zone.  

For the example in figure 3.15, the material is divided into 10 1 µm-thick zones. 

The SIE that gives the desired starting temperature in the final zone is 3.4x1012 erg/g. If 

the dE/dx from spectrum regions 1, 2, and 3 must contribute all of this energy, then most 

of it comes from the region 3 protons, some of it comes from the region 2 protons, and very 

little of it comes from the region 1 protons. We calculate the amount of energy that ought 

to come from each spectrum region accordingly and input that into the simulation at the 

time when the slowest proton in the region would arrive at the package. 



 

 

Figure 3.16: (Left) Temperature profiles for the first 30 ps of a simulation with no time 

dependent energy source. (Middle) Temperature profiles for the first 30 ps 

of a simulation where there is a time dependent energy source. Note that at 0 

ps, the final 1 µm of the material is at background temperature, this 

temperature slowly increases as energy is added. (Right) Comparison of 

temperature profiles for the simulation with the time dependent source and 

without the time dependent source. Note that the rear surface is largely the 

same for both simulations while the interior of the package is much hotter 

for the time dependent energy source (this is physically inaccurate for the 

experiments). 

There is one final thing to note, and it is the thing that makes this work most 

obviously incomplete and inadequate in its present state. If the entire heated material starts 

off at background temperature, then adding this energy in staggered amounts to the entire 

heated material does not reproduce the heating results very well—the spatial dependence 

of dE/dx as discussed in section 3.1 is important as well. So, what we have done is initialize 

the dE/dx at t=0 as given by the calculations described in section 3.1, except leaving the 

final ~1 µm of the material to start at background temperature. Then the energy is added 

across the entire material, heating the interior unrealistically, and heating the final ~1 µm 

to what it is supposed to be. 

This entire process makes some difference for shot 9626 (with n-critical processing 

at least). The peak critical surface temperatures are equivalent, but the decay is different—

adding more energy over the first 30 ps of the simulation means that the critical surface 

temperature remains higher as the material cools. As of this writing, the simulation that 



 

doesn’t add extra energy matches better, presumably due to the inaccuracies discussed 

above. 

 

Figure 3.17: Simulation of shot 9626 with time dependent energy source and without. 

Adding a time dependent energy source only slightly increases the 

temperature at the critical surface.  

This addition of extra energy over time makes a more significant difference for 

some of the colder aluminum shots. (This result is discussed in section 4.5.)  

Overall, we have shown that we have a simulation platform that is able to use an 

inference of the proton energy spectrum (from the Thomson parabola measurements) to 

simulate and match the SOP signal. There is still work to be done, especially with the 

inclusion of a time dependent energy source to account for the proton time of flight (this 

work is in progress). Radiation-hydrodynamics simulations are an important tool for 

picking out some of the physics responsible for effects seen in diagnostics. Additionally, 

once equation of state measurements are enabled by the addition of more diagnostics to the 

experimental platform, simulations will be necessary to evaluate existing EOS models.  
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Chapter 4:  Results from TPW isochoric heating experiments and 

xRAGE simulations of the experiments 

There were two experimental campaigns for Texas Petawatt isochoric heating, one 

in April 2016 and one in September 2017. In this section, we present the results of those 

two experimental campaigns, the results of the simulations for these experiments, and what 

the information from comparing simulation and experiment data can tell us about the 

material properties of warm dense aluminum and warm dense carbon foam.  

As an overview of both the heating and xRAGE simulation results, table 4.1 shows, 

for each shot for which we did extensive simulations, the laser energy to proton energy 

conversion needed to heat the package to the observed temperature. The literature quoted 

value for highest laser energy to proton beam energy using TNSA is 9% [1]. While the 

values in table 4.1 are lower, this is expected because we were using a more softly focused 

(f/40) short pulse beam.   

 

TPW shot 

Number 

Package Laser energy on 

shot 

Laser->Proton Energy 

Conversion 

9626 10 µm Al, solid 123.0 J ~1.5% 

11477 ~100 µm CRF, 60 mg/cc 98.9 J ~3.2% 

11485 ~100 µm CRF, 60 mg/cc 100.4 J ~0.8% 

Table 4.1: Laser energy to TNSA proton energy for each simulated shot discussed in this 

dissertation, the energy conversion is based on the Nions needed to heat the 

package to the measured temperature on shot.  

Section 4.1: Measurement of TNSA proton pulse2 

During the first experiment in the campaign, we took measurements with proton 

source targets ranging from 1-5 µm of Au (Figure 4.1A). The figure reports the number of 

 
2 Content in this section was published in R. Roycroft, et al, “Streaked optical pyrometer for proton-driven 

isochoric heating experiments for solid and foam targets”. AIP Advances 10, 045220 (2020). The work in 

this publication was all completed as part of R. Roycroft’s PhD. 



 

counts obtained by the Thomson parabola as “arbitrary units”—while the Thomson 

parabola spectrometers are calibrated for energy, the individual imaging plates are not 

calibrated for conversion from “counts” to “number of protons”. 

From the data in figure 4.1A, we determined that 5 m Au was a good choice for 

the proton source target. For the subsequent experiments in this run, we used 5 m Au 

proton source targets and measured several shots with proton spectra using the Thomson 

parabola shown in Figure 4.1B (right).  

 

Figure 4.1: Proton energy spectrum measurements for the first experiments in the 

campaign (A, left) and the second set of experiments (B, right). The 

Thomson parabola spectrometers had a low energy cutoff at about 1 MeV. 

Shot-to-shot variations are considerable, but we conclude the most effective 

proton source target thickness is 5 m Au.  

Section 4.2: An overview of the heating results3 

The information that can be obtained from SOP data alone (without simulations) is 

already fairly rich. This section presents the SOP heating results for both experimental 

 
3 Content in this section was published in R. Roycroft, et al, “Streaked optical pyrometer for proton-driven 

isochoric heating experiments for solid and foam targets”. AIP Advances 10, 045220 (2020). The work in 

this publication was all completed as part of R. Roycroft’s PhD. 



 

campaigns. In subsequent sections, we take a representative sample of these heating results 

and analyze them through xRAGE simulations. 

During our campaign on the f/40 beamline at the Texas Petawatt laser, we observed 

peak brightness temperatures from 10 m thick aluminum foils ranging from 1-10 eV. The 

variation in temperature arose from variations in on-target focusing and energy, with no 

deliberate changes in laser parameters. (The laser energy was systematically lower in the 

second set of experiments than in the first set of experiments, however.)  

Using formula (2.2) with the conversion R(T) given in Figure 2.9 (generated for the 

appropriate streak camera and filter settings), we calculated the brightness temperature in 

eV using the number of counts registered on the streak camera. From the processed SOP 

image, we took a lineout of the brightest region and included the uncertainty as calculated 

for the appropriate experiment settings as shown in Figure 2.9 by the red dashes. An 

example (background-subtracted counts and converted brightness temperature) is shown 

in Figure 4.2. The lineout in figure 4.2C of the heating has t=0 corresponding to the heating 

onset (i.e., any temperature higher than background). 

 

Figure 4.2 (A) Background-subtracted counts recorded by streak camera for shot 11441. 

(B) Brightness temperature in eV calculated from the raw counts after 

processing. (C) Time lineout of brightest region including upper and lower 

bounds introduced by the conversion uncertainties shown in Figure 4. 



 

The brightness temperatures measured in the first experimental campaign (2016) 

were hotter overall (we hypothesize that higher laser energy and intensity led to 

acceleration of more protons). Three heating images from the first experimental campaign 

are shown in Figure 4.3.  

 

Figure 4.3: Heating observed on shots taken during the first experiment of the campaign, 

with 10 m Al packages. (A) Shot 9620, (B) Shot 9626, (C) Shot 9632. The 

largest Thomson parabola proton count was observed for shot 9632, but this 

did not translate into a higher temperature. Shot 9626 had the highest 

temperature ever observed on this platform. (Note: the horizontal stripes in 

the middle and right images are due to laser light reflections and are not 

from the heated package.)  

The streaked optical pyrometer is able to spatially resolve the extent of the ion beam 

heating as well. This capability is useful for experiments on the Trident Laser Facility [2,3], 

where the pyrometer described in chapter 2 was also fielded, in which it is important to see 

the differences in heating of two foils placed side by side that are heated by the same ion 

beam. For the lens setup of the first experimental campaign, the SOP has the spatial scale 

0.48±0.04 pixels/µm (measured with a resolution target). We took horizontal lineouts of 

the streak camera images shown in figure 4.3 at the heating onset to demonstrate the spatial 

extent of the heating (figure 4.4).  



 

 

Figure 4.4: Horizontal lineouts of heating at onset for shots from the first experiment of 

the campaign.  

For the second experimental campaign (2017), the results are much the same. For 

this campaign’s lens setup, the spatial resolution was 0.26±0.02 pixels/µm. We also tried 

two different aluminum thicknesses for the heated packages, 10 µm and 7 µm. The spatial 

extent of the heating is consistently 300-500 µm, even though the overall brightness 

temperatures are lower. We note that the 7 µm Al shots are (as expected) slightly hotter 

than the 10 µm Al shots, with the exception of shot 11443, which was the coldest shot of 

the campaign (where heating was still observable by the SOP).  

 

Figure 4.5: (A) Lineouts from second experiment, heated packages were 10 µm Al. (B) 

Lineouts from second campaign, heated packages were 7 µm Al. 



 

Heating results for the two foam shots taken during the 2017 experimental 

campaign are shown in figure 4.6. Our foam packages were 100 m thick and had a density 

of 60 mg/cm3. We found that the foam cools much more slowly than the aluminum. 

Lengthening the time window for shot 11485, we observed that the foam heated up again 

after ~1 ns. Despite these differences, WDM conditions were still achieved when heating 

the foam targets with the laser-driven MeV proton beam.  

 

 

Figure 4.6: (A) Heating of a 60 mg/cm3 carbon foam over a 1 ns window (shot 11477). 

(B) Heating of a 60 mg/cm3 foam over 5 ns (shot 11485). (C) Lineout of the 

hottest region for shot 11477, 600 ps of heating shown. (D) Lineout of 

hottest region for shot 11485, 3 ns of heating shown.  

Section 4.3: xRAGE analysis of “well behaved” aluminum shots 

In the first experimental campaign (April 2016) we achieved high enough 

temperatures in aluminum that the heated foils (SOP data shown in figure 4.3) are 

comparatively easy to model. Our sample shot for this dataset is shot 9626, the hottest of 

all the shots with a peak brightness temperature of ~9 eV.   



 

 

Figure 4.7: (A) Material temperature profiles showing the location of the 400 nm critical 

surface for 100 ps and 500 ps. (B) Lineout of the hottest region for shot 

9626, with a comparison of the material temperature at the critical surface 

for each timestep. 

This simulation matches well with the SOP measurement. We conclude from this 

that we observed typical isochoric heating behavior from aluminum (at least for this shot 

and the others from the 2016 experiment: shots 9620, 9626, and 9632).  

Section 4.4: Analysis of CRF foam shots 

In a comparison between the “well behaved” aluminum SOP data (ie, figure 4.7) 

and the CRF SOP data, one trend is immediately clear: foam does not cool in the same way 

that the aluminum does. Unlike the aluminum shots, the SOP shows little cooling of the 

foam target—the temperature does not drop off after the initial slight amount of cooling. 

However, with our post-processing method that accounts for partial transparency, 

simulations do match with the lack of cooling over a 500 ps timescale.  

We were able to successfully measure heating and proton spectra concurrently for 

two shots of heated 60 mg/cm3 CRF packages—shot 11477 and shot 11485. Figure 4.8 

shows SOP lineouts for brightness temperature as a function of time, plotted against 3 

xRAGE simulations for each shot, showing an upper, middle, and lower bound for the laser 



 

energy to proton energy conversion. Each xRAGE simulation is identical except for a 

different number for Nions in equation (3.1). 

 

 

Figure 4.8: (A) SOP lineout and 3 xRAGE simulations for shot 11477, which was hotter 

and had less noise on the SOP than shot 11485, shown in (B).  

While these two shots were taken on the same day and under similar conditions, on 

one shot (11477), a much higher peak brightness temperature was achieved, due more ions 

being accelerated and better coupling to the Texas petawatt short pulse beam (notably, the 

laser energy recorded for shot 11485 was higher than that for shot 11477—see table 4.1). 

Such variation can be understood due to changes in the focus of the laser on the primary 

target.  

We compared our carbon foam plasma conditions with modern DQ white dwarf 

atmospheres [4,5,6] in Figure 4.9. The right panel shows that the temperature of our two 

experiments is consistent with DQ atmospheres, but the left panel shows that our electron 

densities are about 1020 to 1021 cm-3, which is three to four orders of magnitude higher than 

the atmosphere densities. These densities would correspond to layers of the atmosphere 

well below the photosphere (see figure 4.10). A higher density case would still be of 

considerable interest for an EOS measurement, as Bergeron, Saumon and Wesemael [7] 



 

show that pressure ionization has a strong effect on the ionization balance. Though we note 

that, in order to probe the pressure ionization regime of white dwarf envelopes, the foam 

would have to have a higher density (~1 g/cm3) and considerably higher temperature (~60 

eV). Temperatures in this range are achievable with isochoric heating platforms and have 

been observed in experiments that are optimized for high temperature, using methods such 

as ion beam focusing [8]. 

 

Figure 4.9: (Left) Simulation of warm and hot DQ atmosphere electron density, along 

with xRAGE simulations of TPW CRF shots 11477 and 11485. (Right) 

Simulation of warm and hot DQ atmosphere temperature as a function of 

optical depth, plotted alongside the same parameters in the xRAGE CRF 

simulations. The Hot DQ models have a pure C composition while the warm 

DQ models have N(C)/N(He) = 0.1. The electron density in the experiment 

is 3-4 orders of magnitude higher than the electron density for the DQ white 

dwarf atmospheres.  



 

 

Figure 4.10: A calculation from Blouin [4] showing the density as a function of 

temperature in the envelope (not the atmosphere) of a 24000 K hot DQ 

white dwarf with mass=Msun. The dashed red lines represent the electron 

density achieved by the 60mg/cm3 heated foams and the corresponding 

temperature (~20 eV). 

With better optimization of proton heating, we could achieve package temperatures 

in the range of tens of eV. This would certainly be an area of interest for equation of state 

studies, necessitating additional diagnostics, such as a Fourier domain interferometer to 

measure expansion and plasma reflectivity and/or radiography to measure expansion. 

 Unfortunately, since we do not reach DQ white dwarf atmosphere conditions, it 

would not make sense to add a diagnostic to measure photospheric spectral lines, unless 

we used a different target that started with a carbon vapor at <1 mg cm-3 to come close to 

DQ atmosphere conditions. 



 

One curious effect that is seen in shot 11485, is that, when we opened the SOP time 

window for a longer time (5 ns as opposed to 1 ns for all other shots), we saw slow heating 

of the foam about 2 ns after the initial heating (shown in figure 4.11).  

 

Figure 4.11: Brightness temperature for a 100m thick carbon foam with density 

60mg/cc, measured over 5ns. (Left) Full streak camera image. (Right) 

Central lineout. 

The heating at late times (as we opened the window to 5 ns for this shot), is 

anomalous and we are using xRAGE to interrogate possible causes for this heating. These 

efforts are discussed in section 4.6.  

Section 4.5: xRAGE analysis of “poorly behaved” aluminum shots 

The aluminum heating in the 2017 experimental campaign was considerably colder 

than the aluminum heating in the 2016 experiments. Additionally, for all aluminum foils 

(heated to <2 eV), the onset of heating is still fast, but cooling is slower. Our sample shot 

is shot 11441, though all the shots show the same behavior.  



 

 

Figure 4.12. (Left) Full streak camera image for shot 11441 (Right) Lineout for highest 

peak brightness temperature compared with xRAGE (using critical density 

surface post-processing). The dashed red lines represent the SOP 

measurement uncertainty. 

Shot 11441 had a 10 µm thick Al foil package, and the maximum brightness 

temperature observed by the SOP is 1.1 eV. Our simulation shows that xRAGE keeps up 

with the slower cooling trend for ~150 ps, but then cools more quickly than the SOP 

observed brightness temperature. Including a time dependent energy source (the sort of 

source described in section 3.4, which captures some of the nuance of proton time of flight 

but adds in additional inaccuracies) allows the simulation to keep up for longer, but the 

critical surface temperature still decreases while the SOP data plateaus.  

We also tried using the photosphere processing on shot 11441, to determine the 

relevance of optical depth effects (we note that in a quick calculation with opacity from 

TOPS, aluminum at this temperature and solid density should have an optical depth of 

~200). Figure 4.13 shows a comparison of the xRAGE simulation (no time dependent 

energy source) with the opacity post processing and the critical density surface post 

processing. 



 

 

Figure 4.13. Comparison between SOP data and a single xRAGE simulation, processed 

with the n-critical method, and processed with the opacity method. 

As is evident from figure 4.13, the equivalent blackbody temperature calculated is 

about 1.5x lower when using the ‘opacity processing’ method. This leads us to ask, ‘why’? 

And why do both methods work fine for shot 9626 but only n-critical works for shot 11441? 

We hypothesize that this difference is due to the non-monotonic behavior of the 

temperature profile and the location of the critical density surface. Figure 4.14 shows 

profiles for density and temperature for the simulation of shot 11441, including a vertical 

line with the location of n-critical at 500 ps.  

 

Figure 4.14. Density and temperature profiles for the sample simulation of shot 11441. 



 

For all the simulations of shot 11441, there is some non-monotonic behavior in the 

temperature profiles given by xRAGE—this also seems to be almost exactly where the 

critical density surface lies. We are not sure if this behavior is spurious or not. One check 

we made was to run the simulation at lower background gas densities, but xRAGE still 

came up with the non-monotonic temperature profiles (the result of this check is presented 

in figure 4.15).  

 

Figure 4.15. Temperature profiles at different background gas densities at 100 ps for the 

simulation of shot 11441. The bump in the temperature profile remains 

unchanged at lower background gas densities. 

Now, we turn to the behavior of the opacity at this area of concern. Figure 4.16 

shows the opacity profile (interpolated from the TOPS database) overlaid with the density 

(‘rho’) and temperature (‘tev’) profiles given by xRAGE at 100 ps.  



 

 

Figure 4.16. Opacity profile (interpolated from the TOPS database) overlaid with the 

density (‘rho’) and temperature (‘tev’) profiles given by xRAGE at 100 ps. 

There is a spike in the opacity profile right at the critical surface, which coincides 

with the bump in the temperature profile that we are not sure is a real effect. We think that 

the opacity processing method is underrepresenting the equivalent blackbody temperature 

because of this spike in the opacity profile. The simulation essentially is telling us that there 

exists a low density but opaque layer of gas coming from the heated package. Is this 

physically true (meaning that the interior plasma might be hotter than the SOP is reading 

by quite a lot) or is this opaque layer an artifact of the simulation? We suspect that it is an 

artifact of the simulation, and need to do more work to diagnose and fix the issue. 

Fortunately, this effect only seems to be very relevant for our cooler aluminum shots. So, 

perhaps the experimental data is not what’s “poorly behaved” at low (<2 eV) 

temperatures—perhaps it’s the xRAGE simulations that are behaving poorly in this regime.  



 

Section 4.6: Discussion of other possible explanations for the late time heating in Al 

and CRF 

We also used xRAGE to investigate other possible explanations for the observed 

“additional heating” in the CRF foam and the aluminum. We conclude that thermal 

conduction is far too small of an effect to be observable by the SOP in these experiments. 

We conclude that shock heating from the heated ion source foil is not responsible for 

shorter timescale (<1 ns) anomalous heating but that more work is needed to determine if 

it is responsible for the heating observed after 2 ns in shot 11485. 

Estimation of length and time scales for thermal conduction effects 

In section 3.4, we showed that thermal conduction should not have much of an 

effect on the aluminum simulations. However, we also made an estimation of what the 

length and time scales ought to be (being able to estimate the scale of the effect is important 

when checking the validity of simulation results). 

Thermal conduction is a diffusive energy transport process characterized by a 

gradient in temperature between one area of the plasma and an adjacent area. The heat 

equation describes this process:  

 
𝜕𝑇

𝜕𝑡
= 𝛼∇2𝑇 

(4.1) 

 

Where T is the temperature, and 𝛼 =
𝜅

𝜌𝐶𝑉
 is the thermal diffusivity:  is the thermal 

conductivity,  is the mass density, and CV is the specific heat (at constant volume, due to 

the heating process being isochoric).  

Following the discussion of solutions to the heat equation in the textbook by 

Carslaw and Jaeger [9], we look to estimate a characteristic diffusion length by 

constructing solutions for the one-dimensional heat equation.  



 

The simplest particular solution is: 

 

𝑢(𝑥, 𝑡) = 𝑡−1/2𝑒
(

−𝑥2

4𝛼𝑡
)
 

(4.2) 

 

This corresponds to the physical situation of a heat source at x=0 diffusing into an 

infinite one dimensional medium. (Boundary conditions can be imposed to construct a 

more physically relevant solution.)  The characteristic diffusion length (the distance at 

which the original temperature is reduced to 1/e of its original value) therefore is 𝐿𝐷 =

2(𝛼𝑡)1/2.  

From here, in order to estimate the length and time scales at which thermal 

conduction would affect the rear surface temperature of the plasma, all we need are values 

for  and Cv. Because we expect that the front surface temperature is ~3 eV, we estimated 

the diffusion length assuming this is the temperature. 

As we would do when running xRAGE, we can look up values for  in the 

SESAME database. For aluminum, we use SESAME table 23714, computed by Rinker 

[10]. For solid density (2.7 g/cm3) and 3 eV temperature, the thermal conductivity reported 

is 1.58e23 cm-1s-1.  

For Cv, we used the heat capacity for an ideal electron gas, (3
2⁄ )𝑛𝑒𝑘𝐵. We used 

the xRAGE partial ionization package to calculate ne for solid density 3 eV aluminum 

(1.558e23 electrons/cm3).  

This gives an estimated characteristic diffusion length at 1ns (the maximum 

measurement time for our SOP when observing aluminum) to be 0.5m. At these 

conditions, the effect of thermal conductivity is only seen 0.5m from the hotter front 

regions, and not at the rear surface in any discernable way. An experiment measuring the 



 

thermal conductivity would have to use much thinner heated packages to see the effects at 

this timescale. 

We did the same analysis for CRF, using conductivity data in SESAME 27834, also 

computed by Rinker. For the foam density (0.06 g/cm3) and 3 eV, the reported thermal 

conductivity is 3.16e21 cm-1s-1. Our xRAGE simulations say that ne for the 3 eV foam is 

1.6e21 electrons/cm3. Using the same formula as above, the characteristic diffusion length 

for a 3 eV 0.06g/cm3 foam over 5 ns is ~1.6 µm. This is clearly too small an effect to be 

seen in 100 µm thick foam. 

Shock heating from primary foil 

Another possible explanation for the anomalous heating seen in the CRF is shock 

heating from a collision with the primary foil. The standoff distance between the primary 

ion source foil and the heated package is 300 µm, so with a sufficiently hot primary foil 

and enough time, shock heating due to a collision between the primary foil and the package 

could show up at the rear surface of the heated package and therefore be seen by the SOP. 

We have briefly investigated, with xRAGE, the estimated timescale for shock 

heating in the cases of both the aluminum packages and the CRF packages. We set up our 

simulation with two foils at the starting temperature (we set the initial Al foil to 1 keV, 

though we do not have a sophisticated model for how much a ~90 J laser pulse would heat 

the foil—using published heat capacities, it does seem like the laser pulse could heat the 

primary target to the ~keV temperature range). Figure 4.17 shows the initial setup of our 

calculation. Both packages are set at 2 eV to represent the heating observed for shots in 

2017. The background gas is deuterium at 0.024 eV and 1x10-4 g/cm3 (the same as all the 

other simulations presented here). 



 

 

Figure 4.17: (Left) Simulation setup for Au colliding with Al package (both solid 

density). (Right) Simulation setup for solid Au foil colliding with 60 

mg/cm3 CRF package. 

We then allow the foils to hydrodynamically expand. The results of both 

simulations are shown in figures 4.18 and 4.19. Figure 4.18 shows temperature profiles for 

the expansion of 1 keV Au and 2 eV Al. This simulation ran for 1 ns because that was the 

maximum time window that we used for any given aluminum package SOP shot. 

  

 

Figure 4.18: Temperature profiles over 1 ns of a 1 keV gold foil expanding over a 300 

µm standoff distance into a 2 eV aluminum foil. 



 

If the temperature of the primary foil is 1 keV or less, it will not hit the secondary 

foil in time for any shock heating to occur (for this sort of heating to be relevant, the 

primary foil must start at higher than 2 keV, and the effect wouldn’t occur in the first 500 

ps of cooling). Therefore, for the “poorly behaved” aluminum shots, we can rule out shock 

heating by the primary foil to be the cause of the slow cooling that the SOP observes.  

For shot 11485 with a CRF package, we kept the window open for much longer on 

the SOP. In this case, shock heating remains a possibility for the late time heating. For shot 

11485, the cooling works as we understand it (starting with some initial heating and then 

cooling) for the first ~1.5 ns of the SOP window (see figure 4.11) and then begins to display 

a slow heating trend (much more gradual than the isochoric heating observed at the onset). 

Figure 4.19 shows temperature profiles for an expanding 1 keV gold foil into a 2 eV foam.  

 

 

Figure 4.19: (Left) Expansion of a 1 keV Au foil toward a 2 eV CRF foam between 0 ps 

(the start of the simulation) and 1 ns. (Right) Expansion of Au foil into CRF 

between 1 and 2ns. A large spike in material temperature is seen as the Al 

enters the CRF. 

As in the previous simulation, the expanding Au doesn’t hit the package until ~1.2 

ns into the simulation. This simulation ran for longer than the Au/Al case because the SOP 



 

window was open for longer. We will note again that 1 keV was only a rough estimate for 

the primary target temperature and the timescale for expansion is highly dependent on the 

starting temperature of the primary target. However, given that the SOP window was open 

longer, we aren’t able to rule out shock heating from the primary target simply based on 

the timescale argument as we are able to do with the Al package shots.  

One feature to note here is that when the primary target hits the secondary target, it 

creates a spike in the temperature profile as the hot material collides with the colder 

material. As is, this certainly wouldn’t result in the gradual extra heating that we see, but 

we must be careful here when considering the limitations of hydrodynamics simulations. 

Colliding plasmas like this are an inherently kinetic process, so being able to accurately 

model what will happen to the rear surface temperature as measured by the SOP during 

this collision would require inclusion of kinetic effects, either with a particle-in-cell (PIC) 

code or radiation-hydrodynamics/PIC hybrid code. Given that these simulations are 

preliminary, we can only say that for shot 11485, the gradual increase in temperature might 

be due to shock heating from the primary target, but that simulations with a different code 

and a better estimate of the temperature of the primary target need to be done in order to 

convincingly make this case.  
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Chapter 5: Conclusions and Future Work 

Warm dense matter is matter near the solid density (ne ~ 10 22 to 1025) with 

temperatures of a few eV. In this dissertation, we describe warm dense matter and place in 

the context of high energy density physics. We have placed our experiment at the Texas 

Petawatt laser and our simulations with xRAGE in the greater context of measuring the 

material and transport properties of warm dense matter to improve simulations for 

applications of wider interest, with a specific focus on the case study of carbon-rich DQ 

white dwarf atmospheres and envelopes.  

We describe the design and calibration of an ultrafast streaked optical pyrometer 

(SOP) with ~5 ps resolution for measuring the time-resolved surface blackbody 

temperature of an isochorically heated plasma. With its variety of settings and calibrated 

filters, the pyrometer can perform time resolved temperature measurements for WDM 

experiments at a variety of short-pulse laser facilities (ideal short-pulse wavelength of 1 

µm) for a range of target densities. We describe the aluminum foil and carbon foam 

experiments done at the Texas Petawatt using the SOP as our primary diagnostic.  

Proton energy  deposition-based modeling of heating is complicated by the 

presently available Thomson parabola data. For the experiments described here, we are 

able to measure the proton spectrum for energies >2 MeV concurrently with the heating on 

each shot. With calibration of the Thomson parabola diagnostic to measure the number of 

ions and a better model for the low energy ion spectrum, we would be able to use our 

modeling techniques to more accurately relate the proton dE/dX to the observed heating 

on each shot. Currently, we demonstrate that we have the infrastructure for calculating 

proton dE/dX using our best estimate of the number of protons and spectrum for protons 

at energies <2 MeV. 



 

With our simulation platform, we show that post-processed xRAGE simulations do 

a good job of matching the cooling trend for the first 500 ps of the simulation for both 

aluminum shots with peak brightness temperature >2 eV and for heated CRF. We also 

show that the opacity/photosphere method of processing the xRAGE simulations is 

necessary to match the SOP data from the CRF shots.  

In comparing our carbon foam plasma conditions with DQ white dwarf atmosphere 

parameters, we find the electron densities in the experiment are about 1020 to 1021 cm-3, 

which is three to four orders of magnitude higher than the white dwarf model photosphere 

densities. These densities would correspond to layers of the atmosphere well below the 

photosphere. This experiment has been an important step toward understanding what DQ 

white dwarf conditions are accessible in isochoric heating experiments on the Texas 

Petawatt laser.  

There are many avenues that future work on this project could take. The most 

obvious and necessary thing to add is additional diagnostics in order to make EOS 

measurements. We also need to change our Thomson parabola spectrometers so that they 

can measure the proton energy spectrum below 2 MeV. Plasma expansion measurements 

can be accomplished in several ways, a few suggestions are: Fourier domain interferometry 

(FDI) [1], velocity interferometry (VISAR) [2], or a radiograph diagnostic—either a multi-

frame or streak camera that looks at the expanding surface.  Because FDI has previously 

been fielded at UT Austin for EOS measurements [3], we plan to refurbish this diagnostic 

in order to perform FDI measurements concurrently with SOP measurements at the Texas 

Petawatt.  

Once we are able to measure the equation of state, it would be interesting to 

continue our studies of DQ white dwarf-like conditions, using the same package but 

heating it to ~20 eV, creating conditions more analogous to the DQ white dwarf envelope. 



 

An equation of state measurement would be interesting here, and it is possible to heat 

packages to tens of eV with more optimization of the TNSA proton beam. Specifically, 

using hemispherical or other structured primary targets [4] has been shown to produce 

hotter temperatures in isochorically heated targets [5] than with a flat foil setup.  

On the simulation side, there are several improvements and extensions of this work. First, 

implementing the time dependent proton source correctly in xRAGE will take some work 

and experimentation, but there might be better ways to do it than the one presented at the 

end of chapter 3. We have an idea for how to make the time dependent energy source also 

spatially dependent. Also, if xRAGE ever adds a reduced physics model for stopping of 

ions in targets, that could make our proton source modeling much more realistic. Second, 

in order to truly diagnose the cause of additional heating in the 2 ns and up time range for 

TPW shot 11485, kinetic simulations of the foil/foam collision as well as a more accurate 

idea of the initial foil temperature are needed.  

Finally, there are measurements beyond equation of state that can be made with this 

isochoric heating experiment platform. Measurements of the thermal conductivity of 

aluminum have been done by a group at LLNL [6,7]—with careful target design, this type 

of measurement could also be done at the Texas Petawatt. There have also been some 

efforts to bring the SLAC probe for DC conductivity [8] to the Texas Petawatt, the concept 

for such an experiment is shown in figure 5.1. 



 

 

Figure 5.1: Conceptual diagram for an experiment at the Texas Petawatt using the SLAC 

probe for DC conductivity of warm dense matter. This diagram [9] is 

courtesy of B.K. Ofori-Okai, who designed the diagnostic, the concept of 

which is to use the Texas Petawatt probe beam to create a source of THz 

radiation which is then able to probe the heated package.  

 

This diagnostic has not yet been fielded at the Texas Petawatt, but making such a 

measurement of proton-heated warm dense matter would be of interest as we are trying to 

understand more about the transport properties of WDM generally.  

We have shown the applicability of our experiments to DQ white dwarf 

atmospheres and shown that our simulations, including the post processing method 

developed to account for partial transparency of the foam, match well with the pyrometry 

measurements. The future work for this project is mainly adding diagnostics in order to 

make direct measurements of EOS and transport properties.  
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