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ABSTRACT

Temperature Measurements in Radiative Shock Experiments
by
Anthony J. Visco

Chair: R. Paul Drake

At significantly large pressures, shock waves can be driven that are so energetic that
radiation starts to play an important role in the dynamics of the system. Radiative
shock waves are found in many astrophysical systems, including supernovae and explosive jets, but can also be created in large laser facilities, where pressures caused by
laser ablation can easily be in the megabar range. Millimeter-scale targets are filled
with a high-Z gas, in this case argon, and irradiated with beams from the Omega
laser at the Laboratory for Laser Energetics, causing a shock wave to propagate in
the gas at velocities high enough to be in the radiation flux dominated regime.
In this thesis we discuss experiments to measure the temperature in the radiative
shock system. In one experiment the method of x-ray Thomson scattering was employed. This was the first time the technique was used in measuring radiative shock
systems. Temperature measurements can be inferred from the detailed spectrum of
radiation that has been scattered from the shocked plasma. The use of x-rays has
the advantage of being able to penetrate the dense post shocked region.The application of this method to a radiative shock system is explained and a discussion of
the measured temperature and its interpretation are discussed. The results of the
ix

measurement confirm experimentally the formation of an optically thin hot layer in
the shock transition, indicating the shock is in the radiative regime. The experiment
demonstrates the applicability of x-ray Thomson scattering for measuring radiative
shock systems. In a second experiment, measurements of the self emission from the
dense shocked argon plasma were made using a streaked optical pyrometer. The inferred temperature is discussed, as are the difficulties due to radiative effects from
the shock wave, in using optical frequencies.
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CHAPTER I

Introduction

1.1

Shock waves

Shock waves are ubiquitous in the interstellar medium, acting as a fundamental
energy source[67] and driving the dynamics of the objects that they encounter[50].
Yet we rarely experience them in our ordinary lives. Our common experiences with
shock waves are from supersonic aircraft or energetic explosions, examples of which
are seen in Figure 1.1. We see there is an abrupt change in the conditions of the air,
typified by a sharp increase in the density of the medium, seen as dark lines in the
images. Shock waves are disturbances that propagate faster than the speed of sound,
characterized by an abrupt change in the properties of the fluid medium. In the
mathematical limit, a shock can be considered a surface of discontinuity in the fluid
parameters as determined by the inviscid flow equations. To clarify this statement,
consider the Euler equations which govern the dynamics of inviscid fluids[26]:

∂ρ
+ ∇ · ρu = 0,
∂t


∂u
ρ
+ u · ∇u = −∇p,
∂t


 

∂
ρu2
u2
ρ +
= −∇ · ρu  +
+ pu .
∂t
2
2
1

(1.1a)
(1.1b)
(1.1c)

Figure 1.1:

Shown here are shadowgraphs of shock waves. The left shows the shocks
emanating from the explosion and the supersonic projectile of an AK-47
rifle[49]. The right shows shocks produced by a model X-15 inside a wind
tunnel.http://www.hq.nasa.gov/office/pao/History/SP-60/ch-5.html

Here ρ is the mass density, u is the bulk velocity of the fluid, p is the pressure,  is the
internal energy per unit mass, and γ is the ratio of specific heats, also known as the
polytropic index. Here and in what follows, we only consider non-relativistic fluids.
These equations fundamentally represent the conservation of mass (1.1a), momentum
(1.1b), and energy (1.1c) in a fluid. It is important to note that in the energy equation,
the fluid is assumed to be polytropic, meaning p ∝ ργ . In the linear regime, the Euler
equations readily admit wave solutions that propagate at the speed of sound of the
medium, defined by c2s = ∂p/∂ρ|s = γp/ρ[69, 101]. When the amplitude of the
disturbance is great, non-linear terms in the fluid equations start having a greater
effect, significantly altering the character of the flow. Indeed, as an acoustic wave can
only support pressure modulations on the order of the initial pressure of the medium,
for significantly high pressures, the fluid cannot respond by radiating the energy away
via sound waves. In such a disturbance, the compressed regions of the acoustic wave
tend to outrun the less dense fluid that precedes it, causing a steepening of the wave
that ultimately results in an abrupt transition. At this point in its evolution the
disturbance is supersonic and can continue to propagate in the medium until it loses

2

enough energy through dissipative mechanisms.

1.2
1.2.1

Equations of State and the Shock Hugoniot
The Rankine-Hugoniot Relations

The study of shock waves has an illustrious history, having drawn the interest of
many notable scientists including Stokes, Thomson, Lord Rayleigh, and Riemann[88].
Stokes was the first to recognize the possibility of discontinuous solutions (shocks)
in his work “On a Difficulty in the Theory of Sound.” However, it wasn’t until the
work of Rankine[81] in England and Hugoniot in France that shock waves were put
on sound theoretical footing. The equations that bear their names, the RankineHugoniot relations, describe the conservation of mass, momentum, and energy across
a surface of discontinuity in the fluid. The so-called jump conditions for a shock wave
are given by:

ρ0 u0 = ρ1 u1 ,

(1.2a)

ρ0 u20 + p0 = ρ1 u21 + p1 ,


 




u21
u20
+ p0 u0 = ρ1 u1 1 +
+ p1 u1
ρ0 u0 0 +
2
2

(1.2b)
(1.2c)

The above equations are understood to be in the frame of reference where the shock
is stationary, called the shock frame. In our notation the subscript 0 denotes the
unperturbed fluid variables ‘upstream’ of the shock and the subscript 1 denotes the
‘downstream’ quantities that have been affected by the passing of the shock. The
jump conditions can be formally obtained from the Euler equations by considering the
length of the disturbance to be vanishingly small and integrating the fluid equations
across the shock. Details of this calculation can be found in many books on plasma

3

physics [12, 26, 101, 69]. Unlike the case of the adiabatic sound wave which returns
the medium to its initial state after its passage, the shock wave irreversibly alters the
fluid as it propagates, suggesting an increase in entropy of the system. The jump
conditions for the entropy s across a shock in a polytropic gas with specific heat cV
are given by[26]:


s 1 − s 0 = cV

p1
ln
p0



ρ0
ρ1

γ 
(1.3)

Curiously, even though viscous terms are not present in the Euler equations, eq.
1.3 shows that entropy increases across the shock. This is indicative that dissipative
process are involved in the shock dynamics and that one must include viscous terms in
the equations to capture the structure of the shock. The effect of viscosity is to spread
out the discontinuity in space, causing the thickness of the transition to be on the
order of several mean free paths of a particle in the fluid. The jump conditions reveal
the primary effects of a passing shock are to heat and compress the fluid through
which it propagates.

1.2.2

Equation of State

In general, the fluid equations require an equation of state (EOS) to form a closed
set. In order to model a fluid system, one additionally needs to understand the relationship between pressure, density, internal energy and temperature. In the case of a
polytropic gas, the ideal gas law is assumed. However, as the pressures and densities
in a fluid become too great, Coulomb corrections, pressure ionization, molecular disassociation, and quantum effects can come into play, requiring the need for a more
detailed EOS. A common approach is to employ the Thomas-Fermi model [89], which
includes effects of ionization and Fermi-degeneracy. Another approach is to use a tabular EOS, the most commonly used being the SESAME table, developed by G. Kerley
at Los Alamos National Laboratory. In this thesis, we are particularly interested in
4

systems whose pressures exceed 1 Mbar, which can only be achieved by dynamic
shocks. The EOS in this regime is of great importance in astrophysics and inertial
confinement fusion (ICF). For example, the properties of compressed hydrogen and
its isotopes play an important role in the modeling of planetary interiors[90]. In addition the efficient compression of deuterium in ICF capsules is highly dependent on
the EOS and plays a critical role in the design of ICF experiments[64]. Controversy
arose over the EOS of deuterium that started a drive for more accurate measurements
of the shock Hugoniot. Using laser driven shocks to study compression in liquid
deuterium, a maximum compression of ρ1 /ρ0 = 6 was measured[21, 17] , which deviates significantly from the SESAME EOS which predicted a compression of 4.4. This
deviation is seen in the figure 1.2 as the grey diamonds. The shock Hugoniot for deuterium, to be discussed below, is calculated from both SESAME tables (dashed) and
a model developed by Ross[86]. The high compressibility was interpreted as a result
of the dissociation of the molecular fluid into the monatomic metallic fluid phase[13].
Correspondingly, a number of experiments with higher sensitivity were performed,
seen as the red triangles in the plot. The results of these experiments contradicted
the original experiment, though they confirmed the need for more precise measurement of the EOS. Further experiments were also found to be in agreement, seen as the
blue circles in the figure. The result of the controversy was the development of more
precise experimental methods and new models for the EOS of hydrogen[72, 43, 86],
including a revised version of the SESAME table[48].

1.2.3

Shock Hugoniot

The conservation of mass, momentum, and energy across a shock are very general
and offer a method for experimentally determining the EOS. The passage of a shock
wave significantly alters the properties of the fluid from the initial state. By varying
the initial conditions of the material through which the shock propagates, one can

5

Figure 1.2:

Shock Hugoniots for D2 derived from SESAME tables (dashed line) compared with a newer model[43] (solid line.) The grey diamonds correspond
to measurements made by DaSilva et al. [21]and Collins et al.[17], the red
triangles are from experiments performed by Knudson et al., [51, 54]and
the blue circles were from Hicks et al.[41]. The figure is adapted from [41]

access a continuum of final states. For a given initial state of the fluid, the locus of
possible states accessible by the passage of shock waves of varying strength is called
the shock Hugoniot. The Hugoniot curve is traditionally represented by the function.

p1 = H(V1 , p0 , V0 ),

6

(1.4)

where the specific volume V = 1/ρ. The choice of the downstream parameter is arbitrary. The upper plot in figure 1.2 shows an example of the shock Hugoniot in
deuterium, plotted as pressure versus density. The Hugoniot curves are also often
plotted as functions of shock velocity, as shock velocity is one of the simplest measurements to make in the lab. The dashed line represents the Hugoniot calculated
from SESAME EOS tables compared to the dashed line which was calculated from
the ‘dissociation’ model[43]. The data points in the figure are from shock compression
experiments that are explained below. As seen in the figure, the shock Hugoniot is
an excellent method for testing existing models of the equation of state, as well as a
means of creating EOS tables based on empirical observations.
In the controlled environment of the laboratory, the initial conditions, and thus
the upstream properties of a fluid, are known to a great deal of certainty. What is
required is a method for obtaining the post-shock parameters. The shock velocity is
a parameter that can be measured with good accuracy, either by measuring the time
it takes for the shock to transit an obstacle of a known width or by using optical
methods, including radiography[85] and interferometry[13]. As the measurements
take place in the laboratory, we transform the downstream particle velocity u1 to the
laboratory frame of reference, under the condition that the upstream velocity in the
lab is zero. This yields: up = us −u1 , where up is the particle velocity in the laboratory
frame. Since in the regime of interest the pressure produced by the passing shock is
at least a million times greater than the initial pressure, we neglect the downstream
pressure in the jump conditions. Under these assumptions the jump conditions can

7

be written as

V0
us
=
,
V1
us − up
us up
,
p1 =
V0
1
1 − 0 = p1 (V0 − V1 ).
2

(1.5a)
(1.5b)
(1.5c)

By experimentally measuring the shock velocity and the downstream fluid velocity
in the lab, equations (1.5a) and (1.5b) allow one to calculate the downstream pressure. The energy equation (1.5c) shows that in a strong shock, the amount of energy
imparted into a unit mass of the fluid by shock compression p1 (V0 − V1 ) is divided
equally between internal energy 1 − 0 and kinetic energy u2p /2. It has been shown
that it is possible to make direct, simultaneous measurements of us and up in shock
driven laboratory experiments using x-ray transmission[40, 17] or Doppler shifts of
neutron resonances [79] in the case where the shock is driven by a nuclear explosion.
However, it is much more common to calculate the post-shock fluid velocity using the
techniques discussed below.

1.2.4

Experiments to Measure the Shock Hugoniot

We present different experimental methods for calculating the shock Hugoniot.
While the list is not comprehensive, it represents the more common approaches to
the measurements.

1.2.4.1

Direct Flyer Plate Measurements

Strong shock waves can be created in a material by impacting it with a ‘flyer
plate’ that has been accelerated to high velocities. In the simple situation where the
impactor and stationary target are of the same material and thermodynamic state, the

8

shock waves traveling through the impacter and target (moving in opposite directions)
are identical and the pressure and particle velocity on either side of the contact surface
are equal. The particle velocity in the target, which we desire to measure, is up . The
particles in the impacter (in the lab frame) ahead of the shock move with the velocity
of the flyer plate uf , and thus the absolute jump in particle velocity across the shock in
the impacter is uf −up . As we started with the target being at rest, the jump in velocity
across the shock in the target is simply up . Therefore, since the shocks are identical, it
must be uf − up = ul , or up = 1/2uf . Thus, by measuring the shock velocity and flyer
plate velocity, one is able to calculate a point on the Hugoniot. The accuracy of this
method depends on the conditions of the flyer plate. The plate must be accelerated
to high velocities, be planar on impact, and most importantly, be in a well defined
thermodynamic state[30]. Various methods have been developed in order to launch
flyer plates that satisfy these conditions, including gas guns [46, 71, 75], laser ablation
[78, 92, 16], plasma acceleration[30], magnetic acceleration[63, 53, 51, 55], and that
create shocks that can compress the material into the Mbar regime. Figure 1.3 shows
a drawing of a typical gas gun system. In this experiment, which measured the shock
Hugoniot in Al, the flyer plate velocity was measured using time-distance records of
the flight past spark shadowgraph stations[20] and the shock velocity was measured by
shorting pins[37]. In other experiments the plate velocity was measured using velocity
interferometry (Velocity interferometer system for any reflector[2].) VISAR can also
be used to measure the shock velocity [30] if the shock surface is reflective enough,
though typically the velocity is calculated from time of shock breakout through a
target of known width using a streak camera[55].
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Figure 1.3:

1.2.4.2

Light-gas gun system for measurements of shock Hugoniot in Al taken
from [46]. Here the flyer-plate velocity is calculated using spark shadowgraphy and the shock velocity using shorting pins.

Impedance Matching

If one has a thorough knowledge of the EOS of a particular material, the knowledge
can be exploited in order to make EOS measurements of another material. The
method is called impedance matching, though this is a misnomer as it is based on
making measurements of the relative impedance a material has to the passage of a
shock wave. The high compression shock waves can be generated by flyer plates and
both indirect[40] and direct[4, 76, 56, 94, 96] laser irradiation of a material. Figure 1.4
shows a sketch of an impedance matching experiment to measure the EOS in liquid
deuterium.[54]. A flyer plate, in this case titanium, is launched by magnetic fields
into an aluminum drive plate that covers a cryogenic cell containing the deuterium.
The shocked state created by the impact in both the flyer plate and the drive plate
were determined from a measurement of the flyer plate velocity (VISAR) and the
known EOS of both the titanium and aluminum. The method can be understood
from the pressure - particle velocity (p − up ) graph in the lower part of the figure.
The initial pressure and fluid velocity in the driver plate are zero in the lab frame,
while the fluid velocity of the flyer plate, which also has zero initial pressure, is equal
to the flyer plate velocity. Thus we can create a shock Hugoniot for both the titanium
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Figure 1.4:

Impedance matching experiment to determine EOS in liquid deuterium
using a magnetically launched flyer plate. The top figure shows a sketch
of the experiment and the lower sketch shows the Hugoniot curves that
were used to determine the state of the D2 . The step in the Al drive
plate is included to obtain more accurate information about the shock.
The figure was adapted from [54].

and aluminum, represented in the graph as a dashed and solid grey curve respectively.
We take advantage of the fact that the pressures across the material interface must be
equal, concluding the shocked state of the drive plate must be where the two Hugoniot
curves intersect, represented as point A on the graph. When the shock reaches the
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Al-D2 interface a shock is driven into the cell and either a shock or rarefaction wave
is driven back into the Al. As the upstream conditions ahead of the new wave in the
Al are known (point A), they become the new initial conditions for another shock
Hugoniot, called the aluminum release in the figure. The post-shock pressure in the
D2 , as a function of the particle velocity is given by equation 1.5b. Using a streak
camera to measure shock outbreak and thus the shock velocity in the D2 , a curve of
pressure versus particle velocity can be plotted. Again using the continuity of pressure
across the material interface, we are able to determine the post-shock pressure and
fluid velocity in the D2 by its intersection of the line given by 1.5b with the Al release
Hugoniot, represented as point B in the graph. Thus we are able to determine a point
in the D2 Hugoniot, from which the EOS can be calculated. A similar approach can
be taken by using laser irradiation to launch a shock wave through a substrate with
two materials (see Fig. 1.5.) The shock velocity is measured by using an optical streak
camera to measure the transit time through both of the well characterized materials,
in this case gold and aluminum. By measuring the shock velocity in the material
with a known EOS (Al), the compressed state can be determined. When the shock
reaches the interface, a shock will propagate into the Au and another will be reflected
into the Al. The initial state of the shocked Al, through which the reflected shock
will travel, has been determined, and thus a new Hugoniot curve can be constructed.
The measured shock velocity in the Au allows a line defined by equation 1.5b to
be constructed. The intersection of this line with the new Hugoniot curve gives the
desired conditions in the Au. Figure 1.5 shows the output from the streak camera
and a sketch of the substrate in the experiment. Here again the step in Al is used to
more precisely determine the shock velocity.
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Figure 1.5:

1.2.4.3

Impedance matching experiment to determine EOS in gold using shock
compression by laser irradiation. The top figure shows the output from
an optical streak camera and the lower sketch shows a sketch of the Al-Au
substrate. The figure was taken from [96].

Reflected Shock Technique

Another method for measuring the EOS is the reflected shock technique. Calculations of the shock Hugoniot using different models show that changes in the
predicted compression were enhanced by the passing of a second shock, indicating
the effects of molecular dissociation are increased when a shock wave was reflected
from a boundary[73, 74, 54]. Since experiments employing double shocks are sensitive
to differences in the EOS that result from dissociation, they offer an excellent method
for testing existing models. In essence, the reflected shock technique is a variation of
impedance matching. Figure 1.6 shows a sketch of the experiment performed at the
Naval Research Laboratory (NRL.) Laser irradiation produces a shock in the
Al. pusher which travels into the deuterium sample of known width. The shock
encounters the Al witness plate where a shock is transmitted into the Al and another
shock is reflected into the deuterium. The shock breakout, recorded on a streak
camera, is used to calculate the shock velocity in the Al, which can be used with the
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Figure 1.6:

Reflected shock experiment to determine the EOS in deuterium using
double shock compression by laser irradiation. A streak camera is employed to measure the shock velocity in the Al witness plate. The pressure
downstream of the reflected shock is found from the Al EOS. The figure
was taken from [73].

known EOS of Al. to determine the pressure behind the shock. Since the pressures
and particle velocities are conserved across the interface, the properties of the double
shocked deuterium are determined.

1.2.4.4

Wave Reverberation Technique

Another experiment that attempts to increase the accuracy in measurements of
the EOS of deuterium is the wave reverberation method. The primary difficulty
in the previous methods is the high precision in the measurement of the shock and
particle velocity required to accurately infer the compression. For highly compressible
materials such as deuterium in which up approaches us , moderate uncertainties in up
and us lead to significant uncertainties in the inferred compression. The method
makes use of the fact that the liquid deuterium sample must be contained in a cell
composed of higher shock impedance materials (see fig. 1.4), which in this experiment
are Al and sapphire. After the shock traverses the cell, shock waves are transmitted
into the window and reflected back into the deuterium. The reflected shock then
encounters the moving D2 -Al interface where another wave is reflected back into
the deuterium. The reflected wave then traverses back across the (smaller) cell and
14

Figure 1.7:

Reverberating shock experiment to determine the EOS in deuterium. The
lower graph shows the process of the shock bouncing back and forth between the Al/D2 interface. The top graph shows times that the shocks
encounter the window as measured by a streak camera. The figure was
taken from [52].

impacts the window. Figure 1.7 shows this process graphically. The ratio of the time
it takes the first and second shock (t2 − t1 ) to the time it takes the original shock to
reach the interface (t1 − t0 ) is directly related to the density of the deuterium in its
initially shocked state. The explicit relationship is given by[52, 54]:
tr
(t2 − t1 )
= ρ0 us1
=
ti
(t1 − t0 )



1
1
+
ρ1 us1 ρ2 us2


(1.6)

Here the subscripts indicated the different states of the D2 as indicated in figure 1.7.
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Furthermore, it is shown [52] that to a very good approximation ρ2 ≈ 1.9ρ1 and
us3 ≈ us2 ≈ 1.1us1 for liquid D2 . Thus to a very good approximation tr /ti ≈ 4.24ρ1 .
The time ratio is measured by a single streak camera and can be calculated to great
accuracy.

1.2.4.5

Chirped Pulse Reflectometry

The chirped pulse reflectometry method allows for a simultaneous measurement
of both the shock and particle velocity[5]. By using a Michelson interferometer, a
probe pulse can be split into two colinear probe pulses that are separated in time by
∆t = 10ps. The two pulses are reflected from the interface, in the case of the cited
experiment aluminum and quartz, onto a high resolution visible spectrograph. Before
the shock breakout, the probe reflects from the unperturbed interface, resulting in an
interference pattern due to the temporal separation of the probes. After the breakout,
the moving aluminum quartz interface causes the interference pattern to shift due to
the phase shift of the two probe beams. Thus the velocity of the interface, or the
particle velocity in the fluid, can be measured. Though not done in this experiment,
with further arrangement, the shock breakout time and thus shock velocity could also
be measured, giving a simultaneous measurement of both shock and fluid velocity.

1.3

Effect of Radiation on Shock Waves

The previous discussion relied on the assumption that the shock system could be
viewed as a purely hydrodynamic system. It is amazing that even with the inclusion
of viscous forces, we expect the jump conditions to hold true. The dissipative mechanisms that result in the entropy change across the shock only affect the thickness and
structure of the shock transition, but not the changes in the fluid variables between
initial to final state. These changes are determined completely by the conservation
of mass, momentum, and energy. However, the introduction of significant radiation
16

does fundamentally change the dynamics of the shock system. Here we qualitatively
examine some of the changes. In a hydrodynamic shock, the shock first accelerates
and heats the ions, which in turn equilibrate with the electrons. Since the momentum change of the ions require only a few gas kinetic collisions, the thickness of the
abrupt transition is on the order of a mean free path of the ions. On the other hand,
it takes many collisions to distribute the energy over the various internal degrees of
freedom, including ionization and recombination. Thus the transition between the
initial and final conditions of the fluid can be separated into two regions of different
thicknesses, a very thin shock front and a relaxation region, the thickness of both
being determined by the mean free path of the particles. In a shock where there is
sufficient heating of the electrons by the ions, the radiation pressure and radiation
flux starts playing an important role in the structure. The thickness of the transition
is determined by the largest scale length of the system, in this case the mean free
path of the photons, which is typically much larger than the mean free path of a
particle. The radiation is absorbed ahead of the shock and heats the gas, creating
a radiative precursor, which is a hallmark of a radiative shock. A heat conduction
wave is propagated ahead of the shock, the dynamics of which are governed by the
photon absorption in the fluid. As the absorption changes with temperature, this is
an inherently non-linear process. The radiation also leads to an increase in pressure
and some density increase, as well as slowing down the upstream flow (in the shock
frame.) Behind the shock front, the heated fluid radiates away some of its energy,
leading to a decrease in pressure and an increase in density. The detailed response of
the fluid depends on the relative importance of the radiation to the dynamics of the
system.
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1.3.1

Radiation Hydrodynamic Equations

To capture the contributions of radiation on the dynamics of the system, we must
introduce new terms in the fluid equations and evaluate when these terms play a
signficant role. In an inviscid fluid where there is no significant thermal heat transport
and the radiation is isotropic, the radiation-hydrodynamics are given by[26]



∂ρ
+ ∇ · ρu = 0,
∂t

∂u
ρ
+ u · ∇u = −∇(p + pR ),
∂t


 


∂ ρu2
u2
+ ρ + ER + ∇ · ρu  +
+ (ER + p + pR )u = −∇ · FR .
∂t
2
2

(1.7a)
(1.7b)
(1.7c)

Here pR , ER , FR are the radiation pressure, radiation energy density and radiation
flux, respectivly. In a similar manner to the hydrodynamic case, jump conditions
from the initial to final state of the shock system can be derived. This was first
accomplished by Marshak in 1958[65]. The radiation modified jump conditions are

ρ 0 u0 = ρ 1 u1 ,
(1.8a)
ρ0 u20 + p0 + pR0 = ρ1 u21 + p1 + pR1 ,


ρ0 u0 0 +


2

p 0 u0
+
ρ0
2

(1.8b)


p1 u21
+ FR0 + (ER0 + pR0 )u0 = ρ1 u1 1 +
+
+ FR1 + (ER1 + pR1 )u1 ,
ρ1
2
(1.8c)

where again the 0 and 1 subscripts note the upstream and downstream conditions
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respectively. The importance of the radiative terms can be accessed by comparing
them to the relevant fluid terms. One can compare the radiation flux FR = σT 4 ,
where σ is the Stefan-Boltzmann constant and T is the temperature, to the material
energy flux FM = ρ0 cV T or alternately the radiation pressure pR = 4σT 4 /(3c), where
c is the speed of light, to the thermal pressure in the fluid p. The results of these
comparisons in xenon and CH can be seen in figure 1.8.

Figure 1.8:

Regimes in optically thick media where different radiative effects are important. The stronger radiative effects are to the right of the boundaries.
The figure was taken from [25].

In the figure, the lines denote when the radiation parameter (FR or pR ) equals the
material parameter, and the spaces to the right are where the radiation parameter
is greater. We see from the figure that in optically thick (described below) systems
there is an order of magnitude in shock velocity where the radiative fluxes influence
the dynamics of the system even though the radiation pressure is negligible. For
optically thin systems even higher velocities are required, since the radiation flux and
pressure are multiplied by an emission coefficient. Due to the difficulty of producing
high velocity shocks in the laboratory, most of the experiments are in the radiation
flux dominated regime. In this case, we can neglect the radiation pressure pR and
radiation energy density ER = 3pR in (1.8). This regime is referred to as the radiation
flux dominated regime.
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1.3.2

Radiative Shock Regimes

In the flux dominated regime, the response of the system is determined by the
absorption of the fluid, both in the upstream and downstream of the shock. The
detailed structure of both the shock transition and the precursor region is determined
by the variations in the opacity[11]. A convenient measure of the absorption is the
optical depth. The frequency dependent optical depth,between points s and s0 in the
fluid, is given by[26]
Zs0
τν =

χν (s0 )ds0 .

(1.9)

s

Here χν is the spectral total opacity and s characterizes the path of the radiation.
If there is significant absorption and τν  1, the system is referred to as optically
thick, while the opposite case is called optically thin. The optical depth in the regions
upstream and downstream of the shock provides a convenient way of classifying flux
dominated radiative shocks.

1.3.2.1

Thick-Thick Shocks

A shock traveling through medium that is optically thick both upstream and
downstream is classified as a thick-thick shock. This regime has been extensively
studied and is presented in books on radiation hydrodynamics [80, 69, 26] as well
as discussed in theory papers[8]. Michaut[68] was able to derive scaling lines in this
regime in order to connect the experiments to astrophysics. These shock waves are
predicted to be in hot stellar interiors, in supernovae, and in pulsars, but as the
radiation is absorbed in the surrounding medium, they are difficult to detect. In the
thick-thick regime, theory shows there is a limit to the compression. For example, an
ideal gas with γ = 4/3 has a maximum compression of 7.
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1.3.2.2

Thick-Thin Shocks

This regime is characterized by an optically thick downstream region but an optically thin upstream region. Radiation from the hot post-shocked region behind the
viscous shock can pass easily ahead of the shock, creating a cooling layer downstream
of the shock and heating the upstream region. The cooling causes the pressure behind the shock to decrease below the ram pressure from the incoming flow of fluid,
which causes the layer to collapse until the pressure balance is regained. In these systems the compression behind the shock can far exceed the hydrodynamic case. This
regime is the most common in laboratory experiments[10, 47, 85, 29]. In astrophysics,
these shocks are found in supernovae, when the blast wave emerges from the stellar
interior[28]. More detailed analysis of these systems can be found in the book by
Drake[26] and in recent theory papers[66].

1.3.2.3

Thin-Thick Shocks

These shocks are optically thick upstream but thin downstream. These types
of shocks are difficult to produce and may only exist as the system transitions to
another regime. If the upstream region is optically thick, as the shock passes through
the medium the downstream region will become thick as it accumulates the upstream
material and radiatively cools.

1.3.2.4

Thin-Thin Shocks

In this regime both upstream and downstream are optically thin. In these systems
the shocks can radiate away their energy, leading to the cooling of the post-shocked
region, which corresponds to a decrease in pressure and an increase in density. In
theory there is no limit to the density that can be obtained, but in reality the collapse
is controlled by external factors such as magnetic fields or energy sources that limit
the final temperature[25]. Since radiation can readily escape both upstream and
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downstream, these types of shocks are the most commonly observed in astrophysics.
It is thought, for example, these shocks are produced in supernova remnants[14].

1.3.3

Brief Summary of Radiative Shock Experiments

Radiative shocks play an important role in both astrophysics and ICF since they
combine hydrodynamics and radiation physics in a nontrivial way. With the increased
capabilities to create such systems in the laboratory, controlled experiments to study
their dynamics have been performed. In the experiment of Bozier et al.[10], a planar shock was driven in a Xe filled cell and the radiative precursor was observed.
In this experiment, only the velocity of the shock and precursor were determined.
Keiter et al. also performed experiments in planar geometry, in this case an aerogel
foam. By measuring the absorption features, the temperature in the precursor region was inferred. In further work studying planar shocks in Xe, the shock velocity,
electron density, and integrated temperature were measured[9, 29, 97, 57]. These
measurements were made using VISAR, a Mach-Zehnder interferometer, and an optical pyrometer respectively. Further study showed the precursor velocity was slowing
down, which was attributed to lateral radiative losses[36]. Reighard et al. used radiography to image radiative shocks in xenon and measure the shock velocity[85, 84].
The images showed structure at the shock front and further work was performed by
Doss et al. to obtain higher resolution images[23]. This work led to the discovery that
the radiation from the shock launched additional shocks from the walls of the gas cell
and that these shocks could be related to the velocity of the radiative shock[24].

1.4

Summary of Chapters

The introduction has defined the radiative shock systems and offered motivation
for the importance of their study. The shock Hugoniot was discussed and methods
for obtaining these curves was described. The effect of radiation on the equations
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of motion were described and related to the effects on the structure of the shock
wave. A brief summary of laboratory experiments and the measurements that were
obtained was also provided. Chapter 2 discusses the facilities and experimental techniques needed to access regimes where radiative effects become important. This is the
emerging field of High Energy Density Physics (HEDP). A discussion of the relationship between laboratory experiments and astrophysics is described. In chapter 3 a
new technique for measuring shock temperature, called X-ray Thomson Scattering, is
explained. The regimes of applicability are discussed and the theory is explained. The
experiment that utilizes this technique is described and the results and comparisons
to simulations are discussed. This work was presented in Physical Review Letters[99].
Chapter 4 describes an experiment using streaked optical pyrometry (SOP.) The
results of the experiment are presented and the limitations of this technique are discussed. In chapter 5, conclusions and future directions of radiative shock experiments
are discussed. Finally, appendix A describes an experiment to measure the temporal
dispersion of a spectrometer. The theory of the dispersion is discussed and the results
reported. This work was originally presented in Review of Scientific Instruments[98].
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CHAPTER II

High Energy Density Physics

2.1

High Energy Density Physics

High Energy Density Physics is the study of systems that have pressures greater
than 1 million atmospheres. These types of pressures can be found in astrophysical
systems such as exploding stars, or the interior of planets and stars and are characterized by incredible temperatures, often at or above 100 million degrees Kelvin.
At these energy densities, the behavior of the ionized matter acts very non-linearly
and often classical plasma theory is not a valid approximation. The early interest
and experiments on these types of systems came after the development of the nuclear bomb in 1945. By the 1950s both nuclear fusion and fission had been achieved,
through increasingly complicated devices. The detonation of a weapon causes a chain
of process from chemical reactions to nuclear burning, of which not all of the details
were well understood by the physicists involved. In order to better study the material
properties and opacities under these extreme pressure conditions, and to understand
the effects of large pulses of high frequency radiation that had been observed in nuclear detonations, large pulsed power systems were built in both Europe and the
USA. The pulsed power system used a large current of electricity to implode a wire
array, converting large amounts of electrical energy into x-rays. The generated high
flux of x-rays could be used to create the HEDP environment needed to simulate
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the environment and effects of a nuclear explosion.The current generation of pulsed
power machine is the Z-machine at Sandia National Laboratory, capable of delivering
20 Mega amps of electricity, and yielding Mega Joules of x-ray energy. The field of
HEDP got a large boost with the discovery of the laser in 1960 and the subsequent
drive for laser fusion.

2.2

Brief History of Laser Fusion

It was not long after the invention of the laser in 1960 that physicists began to
explore the idea of using powerful, short duration pulses to create the conditions to
cause thermonuclear burn. By the early 70s laser light had been focused to intensities
greater than 1017 W/cm2 resulting in radiation pressures on the order of 108 atms.,
where P ' I/c, and I is the intensity. It had been shown by Lawson in 1957[61]
that in order for a successful thermonuclear reactor, not only must the temperature
be sufficiently high to overcome the Coulomb barrier, the reaction must be sustained
for some time. The reason is due to the inevitable losses of the energy from the
fuel that doesn’t contribute to the nuclear reaction, but must be compensated for
by an adequate release of energy from the reaction. Lawson’s criteria determines
the conditions in a reactor necessary to achieve ignition by calculating when power
produced from the fusion reactions in the fuel is sufficient to overcome the losses in the
system. For the case of deuterium fuel, under the assumption of a Maxwell-Boltzmann
velocity distribution, the Lawson criteria is given by:
3ne kB T
1 2
ne hσvi Ef ≥
4
τE

(2.1)

The first term in 2.1 accounts for the power produced by fusion, with hσvi being the
reaction cross section, averaged over velocity assuming a Maxwellian distribution, and
Ef is the energy given to the charged fusion particles. The second term pertains to the
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energy lost to the system in one confinement time τE . At the time, the conventional
method for controlled nuclear fusion was to use magnetic confinement[38]. In this
configuration, the density is set by limitations of material properties and the objective
was to produce sufficient confinement times to satisfy the Lawson criteria. In a seminal
paper in 1972, Nuckolls[77] observed that one could also create conditions for fusion
by using lasers to create a dense enough environment, while the confinement time
would be determined by the inertia of the matter. Using the process of laser ablation,
discussed below, the density of the fuel could be raised considerably. Nuckolls showed
that by compressing a spherical capsule of deuterium by a factor of 104 , the calculated
energy requirement of the laser, under the assumption of conversion efficiencies of
10% ∼ 40%, would be decreased from 108 ∼ 109 J, which dwarfs the powers available
on today’s laser system, to 105 ∼ 106 J. By this time, there was considerable interest
in inertial confinement fusion (ICF) around the world, and it led to a series of lasers
designed, with ever greater capacity, to study laser fusion. The history of the creation
of new laser facilities is a fascinating look at how physics requirements drive the
formation of new technologies. Many unforeseen problems were addressed and new
diagnostic techniques were developed to analyze the experiments, including the code
LASNEX[102] which has become the primary code employed in modeling ICF physics
and target designs. Indeed, the rise of the field of HEDP is dependent on the new
technologies required to create and analyze these environments. Here we give a short
account of the history of the ICF program, focusing primarily on developments in
the United States. The first laser developed in response to the interest in ICF was
the Janus laser in 1974. Janus, like most of the glass lasers that followed, used a
neodymium doped silica glass as its amplifying material. This lasing material was
chosen as simulations showed that the 1.06 µm wavelength light was short enough to
couple efficiently with the target. Capable of producing 30 ∼ 300 ps pulses focused
down to a 10 µm spot, Janus could produce powers ∼ 0.4 T W . Janus was never
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designed to reach ignition conditions, where there is a sustained reaction in the fuel,
but did demonstrate nuclear fusion, yielding ∼ 106 neutrons in 1975[1]. Built to study
the properties of the laser beam, the Cyclops laser was built shortly after Janus in
1976. As the laser beams are amplified to high intensity, the large associated electric
fields became strong enough to cause the Kerr effect[100], where the index of refraction
changes as a response to the electric field. Small variations in light intensity in the
beam cause portions of the beam to self focus. The resulting high intensity ‘filaments’
are powerful enough to cause damage to the lasers optics. Work on Cyclops led to the
better designed glass and the implementation of spatial filters to clean up the beam.
The technique is to focus the beam through a pinhole, since the modes of higher
spatial frequency would be deflected from the center line and could be blocked at the
pin hole. Since the diffraction from the center is quite small, very long spatial filters
are needed to smooth the beam, making long beam lines necessary in powerfull lasers
even today. After the successful beam smoothing demonstrated on Cyclops, a year
later in 1976 the Argus laser was constructed to further push the energy and power
of the laser. This led to the 20 beam Shiva laser in 1977, capable of delivering 10 kJ
of energy in a 1 ns pluse. It was at Shiva that a major design change occurred in the
laser program. It was discovered that large percentages of the laser energy were going
into heating the electrons in the ablating plasma to incredible energies, in a process
called stimulated Raman scattering (SRS). SRS acted not only to heat the electrons,
but also scattered twice as much power out of the beam. Not only was the laser losing
power to the electrons, which were not effective in heating the rest of the target, the
hot electrons were changing the conditions in the deuterium targets. The solution
to this problem was to use higher frequency light, which did not react as strongly
with the plasma. The development of the technology to efficiently change the laser
frequency was developed at the Laboratory for Laser Energetics on the Omega laser,
which is described below. These discoveries led to the creation of the Nova Laser in
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1984. Progress toward fusion was slowed by occurrence of laser plasma instabilities,
particularly the Raleigh-Taylor instability[26]. The instability caused large mixing in
the deuterium-tritium capsules and destroyed the required uniformity of implosion
necessary for ignition. The instability was caused by the nonuniform compression of
the capsule. The problem was particularly pronounced in the direct drive approach.
In direct drive, the laser is focused on the target itself, and any irregularities in the
beam profile will be amplified as an instability. In another approach, the indirect
drive scheme, the target is placed in a gold cylinder, called a hohlraum, which is
irradiated with laser beams. The heated hohlraum emits soft x-rays that heat the
capsule and cause the ablation process. Indirect drive has more uniform heating and
is less prone to instabilities. The Nova laser was designed to do indirect drive and
could deliver 40 - 50 kJ of laser energy though 10 beams.
It was during this time period that physicists began to explore the idea of using the high pressure environment created by the laser as a platform for performing
experiments relevant to astrophysical systems. In a paper by Ryutov [87], it was
demonstrated that the Euler equations, used to describe the small HEDP systems
created by the laser, could be scaled to describe the large scale phenomena of super
nova and astrophysical jets. Though the laser generated systems would not be as
large or violent as their astrophysical counterparts, by a careful choice of conditions,
the physical evolution of the plasma systems would be identical. For the first time
ever, physicists could perform experiments in the controlled environment of the laboratory to study astrophysical systems that had only been accessible by telescopes for
centuries. The most recent laser in the ICF program, the National Ignition Facility
(NIF) laser has the required energy of a mega Joule to achieve ignition, as calculated
by Nuckolls[77]. Unlike the Omega laser, the NIF delivers the laser energy in two
large cones of beams, a geometry that is more suited for indirect drive experiments.
The NIF laser has the potential to finally achieve thermonuclear ignition of the deu-
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terium capsule, an accomplishment that would reflect over 50 years of effort. Beyond
ICF, the laser platforms have demonstrated the large potential for well defined and
measured experiments in the HEDP regime.

2.3

Omega Laser

To create the high energy density environment necessary to observe a radiative
shock in our experiment, the Omega Laser was employed. Located at the Laboratory
for Laser Energetics (LLE) at the University of Rochester, Omega uses neodymium
doped silica glass disk and rod amplifiers, pumped by flash lamps, to amplify beams
of infrared light. A seed beam is created in the main oscillator after which the pulse
is shaped and fed into the 60 amplifier chains. The infrared light is then converted to
0.351 µm ultraviolet light by passing it through two potassium dihydrogen phosphate
crystals. The first crystal doubles a fraction of the infrared light and the second
crystal combines frequency doubled and unconverted radiation into the desired UV
radiation, with efficiencies up to 70%[7]. As the laser was originally intended for
direct drive fusion experiments, the 60 beams relayed to the chamber are uniformly
distributed around the 3.3 m diameter spherical target chamber, in a configuration
that resembles a soccer ball. The beams converge in the center of the sphere and
are focused, using f/6.7, fused silica, aspheric lenses, to spot size on the order of
1 mm. The unconverted light still left in the beams is focused away from the center
so as not to interfere with the experiment, though in more powerful lasers like the
NIF, this unconverted light can be a cause of concern. In order to mitigate the laser
plasma instabilities caused by an uneven intensity profile in the beams, Omega further
conditions the beams using distributed phase plates(DPP) and smoothing by spectral
dispersion (SSD.) Hot spots of intensity caused by spatial variations in the near field
phase front of the beam can be lessened by breaking up the beam into many beamlets,
modifying the phase of each, and recombining the beam at the target plane. DDP
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a)

b)

Figure 2.1:

Omega Laser Facility at the Laboratory for Laser Energetics. a)Shows
a drawing of the entire laser system. b)Close up of the target chamber.
The entry ports for the lasers are numbered.

uses small hexagonal elements to break up the beam and modify the phase of each
beamlet by introducing optical path differences. Further smoothing of the beam can
be achieved by spectrally dispersing the light onto the DPP, so that ideally, each
element of the DPP is irradiated by a different frequency. The relative phase between
two beamlets from different elements of the plate will vary in time according to
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their frequency differences, resulting in an interference pattern that changes in time,
soothing the time averaged beam. In this way, SSD smooths out the high intense
regions, resulting in a very even time averaged intensity profile. By using these beam
smoothing techniques, Omega can achieve a uniformity in the profile of a single beam
to 1 ∼ 2%. The beam smoothing comes with a price in terms of the energy available
per beam. Though each beam has a maximum energy on target of 500 J, the use
of the smoothing techniques lowers the energy deliver to about 400 J. The Omega
laser is a good platform for producing radiative shocks as it allows the delivery of
considerable energy to a small volume over a short time. Next we consider how this
capability can be employed to create the laboratory experiments on radiative shocks.

2.4

Creating a Radiative Shock in the Laboratory

Figure 2.2 a) shows the basic setup for creating radiative shocks, based on similar
laser targets that have successfully produce radiating shock systems[85]. A 20 µm
thick 2.5 µm diameter beryllium disk, referred to as a drive disk, is centered on top of
a gas filled cell with an inner diameter of 600µm, shown in the figure as a polyimide
tube. The gas cell is often referred to as the shock tube. In the experiment argon gas
was chosen for two reasons. First, the radiative effects of a system are proportional
to the atomic number of the gas[29], hence high Z materials like xenon and argon
are chosen. Second, the cooling in Ar is slower and more spread out than in Xe, so
we hope to be able to measure the spatial profile of the shock in the cell. The disk
acts as a flyer plate which, due to its large mass relative to the gas, drives the shock.
The shock is created by focusing 10 of the Omega laser beams on to the top of the
drive disk into a nominally 1 mm spot. The laser delivers 3.8 kJ of 0.351 µm light
for a duration of 1 ns, creating an intensity of 4.7 × 1014 W/cm2 . Most of the UV
light is absorbed in the drive disk, rapidly ionizing and heating the electrons. The
heated beryllium plasma expands explosively from the surface of the disk, generating
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Figure 2.2:

a) Sketch of simple experimental setup to illustrate concepts of the experiment. b) View from the center of the Omega target chamber. Be plasma
is seen ablating from the top surface of the drive disk, moments after the
drive beam lasers have fired.

large thrust due to the conservation of momentum, similar to the thrust from a rocket
engine (in the rocket case the rapid heating is due to chemical reactions.) The process
is called laser ablation. Figure 2.2 b) shows an actual image of a target that has been
irradiated by the Omega laser. The ablated plasma from the target is clearly visible,
resembling the exhaust of a rocket. The ablation of the plasma creates considerable
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pressure in the drive disk, which drives a shock ahead of the ablating plasma front.
Under some approximations the pressure can be approximated. It is assumed that all
of the laser energy is absorbed, and that a fraction of the energy goes to the streaming
plasma. Using a flux limited model for heat conduction the ablation pressure can be
approximated by [64]

Pablation ≈ 40

I15
λµ

2/3
(M bars).

(2.2)

In equation (2.2) the intensity is in units of 1015 W/cm2 and the laser wavelength λµ is
given in microns. The pressure created in our experiment if found to be ∼ 45 M bars,
or 45 million times atmospheric pressure (1bar ∼ 1atms.) The shock driven by these
pressures travels through the Be drive disk and into the shock tube to create a shock
in the gas. As discussed in the introduction, the shock must have a velocity above
a limiting value for radiation to play a considerable role; i.e. for the shock to be
considered a radiative shock. Since the Be disk, converted to a plasma by the passing
shock, is driven into the shock tube where it follows the radiative shock in the argon,
we will approximate the shock velocity as the velocity of the drive disk. Simulations
show this is a reasonable approximation. The velocity of the disk can be calculated
using the rocket equation[91]

∆v = vex ln

m0
mf


(2.3)

where ∆v is the change in velocity of the drive disk, vex is the velocity of the ablated
Be plasma streaming from the disk, m0 is the initial mass of the disk, and mf is
the final mass of the disk. Here it is assumed that the velocity distribution of the
ablated plasma can be characterized by a single velocity vex Assuming a constant
mass ablation rate ṁ, pressure is related to the Be plasma velocity by transfer of
momentum, namely
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Pablation = ṁVex .

(2.4)

Using the same conditions as in (2.2), the mass ablation rate is given by

5



ṁ = 2.6 × 10

I15
λµ

1/3

(g/cm2 /s)

(2.5)

Using (2.5),(2.4), and (2.2) in the rocket equation yields

∆v = 1.5 × 108 (I15 λ2µ )1/3 ln

m0
mf

(2.6)

To approximate the change in mass due to the ablation process, we assume that
ablation in only significant during the time the laser beam is irradiating the plasma.
Using the pulse duration of 1 ns and the equation for the ablation rate we can
calculate mf . Using the parameters in the experiment, equation (2.6) gives a velocity
of 147 km/s, a velocity that is in good agreement with simulations. To demonstrate
that these velocities will put the shock in the radiative regime we consider the ratio
of the incoming kinetic energy and the energy lost by an optically thick layer through
radiation. As discussed in the introduction, to be in the radiative regime the ratio
must be greater than one.
σT 4
>1
ρ0 u3s /2

(2.7)

Here we assume the shock is in steady state and has a Maxwell-Boltzmann velocity
distribution. The temperature in the post-shocked region can be related to the shock
velocity through the strong shock relation in an ideal gas [26]

kB T = Amp

(2γ − 1)
u2s ,
2
1 + Z(γ − 1)

(2.8)

where A is the atomic weight. For the ionization of the Ar we choose Z = 8, as in
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this a Ne-like state, with a closed p-shell. Further ionization takes considerably more
energy and it is unlikely for the temperatures generated by the passing shock. Using
γ = 5/3 in (2.8), (2.7) gives ratio on the order of 105 , demonstrating that radiative
effects will be important in the system.

2.5

Targets

The measurement to be made determines the detailed design of the target. Diagnosing a system that has thickness [85] on the order of 50 µm moving at ∼ 150 km/s
is a considerable challenge. The physics captured in the simple shock tube design
must be accessed without significantly disturbing the system, or short of that, taken
in the region near the center of the shock tube where there isn’t as much of an effect
caused by ports that must be added to allow the measurement to be made. The
targets can be modeled, and designed using a CAD program. The CAD model is
used to check alignment of the diagnostics and look for interference with the laser
beams in the target chamber. Figure 2.4 a) shows an example of a CAD model
of an experimental target. The large shield is to protect the diagnostics from direct
exposure to the ablating drive disk plasma. In the case of this target, a quartz window
allows the passage of radiation to be collected by a pyrometer. The actual target can
be quite complicated, as illustrated in 2.4 b), but these are just added complications
in order to get a different measurement of the simple shock tube experiment. After
validating that the target geometry will accomplish the experimental objectives, the
CAD model is then used to create mechanical drawings that are used by a precision
machinist to create the structure of the modeled target. Additional fabrication is
done by a team of students and technicians at University of Michigan. The laboratory
houses a fabrication system that can also be used to characterize the targets. The
system consists of multiple stages that make it possible to move the target in three
dimensions with µm accuracy, and rotate the target to within a tenth of a degree. Two
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Figure 2.3:

a) Computer-assisted drawing of a laser target designed to produce and
measure the temperature in a radiative shock system. The drive disk is
visible and sits above a Ar filled shock tube. The mount stalk doubles
as the fill tube. b) Picture of an actual target. The gas filled shock tube
and diagnostic ports are seen in the picture.

orthogonal viewers allow measurements of the targets to be made with an accuracy of
∼ 50 µm. The viewers can also be used to imitate the camera and diagnostic views in
the actual Omega target chamber. The targets are also pressure tested up to 4 atms.,
though they are only filled to 1.1 atms., corresponding to 0.0018 g/cc of argon, when
they are shot.
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Figure 2.4:

2.6

Target fabrication system at the University of Michigan. The system is
housed in a clean room and allows for construction and measurements of
the target with a precision of 50 µm.

Simulations

The experimental design was based in part on the results of simulations. The
radiation hydrodynamics code HYADES[60] is a one dimensional Lagrangian code,
using tables for its EOS and opacities and employing a multi-group radiation transport model. An example of the HYADES output is seen in figure 2.5. Due to the
simulations being in one dimension, the effects of radial losses of energy are neglected
and the code tends to over shoot both the shock position and the heating of the
electrons by the shock[84]. We account for this error by reducing the laser irradiance
in the code enough to ensure the shock is at an experimentally determined position
after a given time. In the figure the mass density (g/cc) is seen as a black line, and
the blue and red lines are the ion and electron temperatures (eV ) respectively. The
shock transition occurs where the ion temperature peaks, and seen as a rapid transition in the mass density. The region ahead of the shock, preheated by radiation, is
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an immediate sign of radiation effects. The shock front rapidly heats the ions which
then equilibrate with the electrons, after which the electrons produce considerable
amounts of radiation. The shock transition is followed by a cool dense region of Ar
plasma that has lost significant energy through radiation. This structure is characteristic of a radiative shock. The Ar/Be transition is seen as a discontinuity in the
graph, since there is no mixing in the code. The relative position of the drive disk
and the shock front verifies our prediction that the beryllium velocity is close to the
shock velocity. The instantaneous velocity of the shock front is found from the simulation to be ∼ 160km/s, very close to our approximation. The simulation predicts
a post-shock electron temperature maximum at ∼ 60 eV .
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Simulated profiles produced by the 1-d Lagrangian code Hyades. Mass
density ρ is seen as black, electron density ne in red and ion density Ti as
a dashed blue line. The structure of the profiles indicates the system is
in the radiative regime.

To account for the three dimensional effects introduced by the diagnostic ports
in the target, a two dimensional simulation was employed. The CRASH code[95] is
a block adaptive mesh code, developed by scientists at the University of Michigan’s
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Center for Radiative Shock Hydrodynamics, that is used to simulate multi-material
radiation hydrodynamics. The code uses a radiation diffusion model in either the grey
or multi group method and uses a flux limited diffusion approximation. Example
output of simulations in argon gas are seen in figure 2.6. The top plot shows the
electron density, on a log scale, in the shock tube experiment. In this simulation, direct
evidence of the importance of radiation to the system is seen by the shocks launched
from the walls ahead of the primary shock. Here, the radiation from the shock is so
extreme that it causes the heating and ablation of the shock tube material, creating
what has been termed ‘wall shocks[24].’ The wall shocks are evident as regions of
high electron density, which can have important consequences in the absorption and
emission of radiation. The wall shock phenomena can complicate the measurements of
the central region of the shock tube by optical methods. More on this will be discussed
in chapter 4. The lower image shows the electron temperature of the system. The
ionizing precursor is labeled and seen clearly in both images. The hottest temperature
in the shock is found to be ∼ 72 eV , but this only occurs as hot, bright regions in the
shock transition. The average temperature in the heated plasma behind shock front
is ∼ 50 eV , lower than the HYADES simulations. This is due to the lateral losses of
the two dimensional simulation. Both one and two dimensional simulations predict
that the experimental system created on the Omega laser is in the radiative regime.
Further experimental evidence discussed in chapter 3 confirm the predictions of both
the simple estimates and the simulations.
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Figure 2.6:

Simulations from the CRASH code of a radiative shock in argon. The
top image is of electron density on a Log scale. Evidence of radiation is
seen by the shocked wall material near the shock transition. The bottom
image is of the electron temperature in eV . The precursor region is clear
ahead of the shock
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CHAPTER III

X-ray Thomson Scattering

3.1

Introduction

Scattering experiments have a long history and have played a fundamental role
in the development of modern physics. In 1909 Rutherford used scattering of alpha
particles to fundamentally change the view of the atom. The emergence of statistical physics and quantum mechanics are closely related to discovery of x-rays by
Röntgen and their subsequent use in spectrally resolved scattering experiments. In
1906 the scattering of light from free electrons was explained using classical theories
by Thomson[93], whose name is given to the technique of X-ray Thomson Scattering
(XRTS.) In 1923, Compton[19] used a semi-classical formulation of x-rays scattered
from electrons in a metal, to explain the red shifted (Compton shift) line in the
spectrum of the scattered light. In Compton’s model, a quanta of light carrying momentum ~k, where ~ is Planck’s constant and k is the wave number, loses some of
its momentum to the electron in an inelastic collision, causing the scattered photon
to have a reduced energy. This experiment put the concept of quantized light on
firm experimental footing. In 1929 Dumond[27] measured the broadening of the redshifted Compton line at large angles. The diffuse structure of the line was related to
the velocity distribution through Doppler broadening and verified the Fermi energy
distribution for electrons in solids. This experiment required the x-ray film be ex41

posed for a week in order to capture the broadening of the Compton feature. This
is due to the very small cross section for scattering from an electron. The Thomson
cross section is given by,

σT h =

8π 2
r = 6.66 × 10−25 cm2 ,
3 0

(3.1)

where r0 is the classical electron radius. Thus, a large photon flux is required to make
precise measurements of the scattered spectrum. In the era of large laser facilities,
high photon flux can be generated by irradiating foil targets, making the XRTS
technique a useful method for measuring the conditions of dense plasmas. XRTS has
previously been employed to determine the plasma conditions in experiments studying
inertial confinement fusion[35], isochoric heating[34], supersonic heatwaves[39], and
compressed warm dense matter.[62, 58, 59]

3.2

Theory

Figure 3.1 shows the geometry for a scattering event. The plasma is irradiated by
non-polarized x-rays created from a laser heated plasma source, Mn in the case

ks

E0

Figure 3.1:
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θ/2

e-

k0

Scattering geometry for XRTS. The probe radiation E0 comes in from the
left with wave vector k0 . The radiation scatters of the electron through
an angle θ and has the new wave vector ks in the direction of the detector.
The shift in wave number is given by k.

of our experiment. The incident radiation E0 is characterized by the wave vector k0
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with k0 = 2π/λ0 . The radiation that scatters off of an electron in the direction ks ,
defined by the scattering angle θ, is collected by the detector. As explained by
Compton, in the scattering process the photon transfers momentum ~k and energy
~2 k 2 /2me to the electron, where ~ is Planck’s constant, k = ks − k0 and me is the
electron mass. In the non-relativistic limit and for small momentum transfers, k can
be directly calculated from figure 3.1: k = 2k0 sin(θ/2). The vector is completely
determined by the probe energy and the geometry of the experiment through the
relation

k=

4π
sin(θ/2).
λ0

(3.2)

The scale length over which the electron density fluctuations are probed is determined
by λ∗ = 2π/k. The ratio of this scale length to the screening length in the plasma
λs defines the dimensionless scattering parameter α, which determines the scattering
regime of the experiment.
α=

1
kλs

(3.3)

In the case where one probes on scales longer than the screening length, individual
motions of the electrons are not resolvable and the scattering takes place from the
collective motions of the electrons in the plasma. On the other hand, by probing
on small scales with respect to the screening length, the electrons within the screening cloud can contribute to the scattering, and the scattered spectrum reflects their
distribution. The two regimes are called collective and non-collective scattering. To
determine the screening length of the plasma two dimensionless parameters are constructed. First, the degeneracy parameter is used to estimate the role of quantum
statistical effects in the plasma, and is given by the ratio of thermal energy to the
Fermi energy EF [42]
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Θ=

kB Te
~2
, EF =
(3π 2 ne )2/3 ,
EF
2me

(3.4)

where kB is the Boltzmann constant, Te is the electron temperature and ne is the
electron density. For Θ < 1 the electrons populate states in the Fermi sea and the
role of quantum mechanics becomes important. In this case the λs is given by the
Thomas-Fermi screening length. For Θ > 1 quantum effects become less important.
In our experiment, simulations show the electron density is between 1019 − 1022 cm−3
and the electron temperature is between 30 − 60 eV , depending on the region of the
shock being probed. This yields a large range for Θ, the smallest, Θ ≈ 55, being in
the dense region behind the shock. Thus, to good accuracy, we neglect the quantum
effects in the experiment. The second parameter is the coupling parameter, defined by
the ratio of Coulomb energy between two particles having a mean separation distance
d to the thermal energy. Employing the Wigner-Seitz radius for d, the coupling
parameter is given by[42]
e2
, d=
Γ=
4π0 dkB Te



4πne
3

−1/3
,

(3.5)

where e is the electron charge and 0 is the permittivity of free space. In the case where
Γ > 1 the plasma is in the coupled regime and correlations between the electrons
must be taken into account. If Γ  1, the plasma is considered an ideal plasma
and the electrons have a classical Maxwell-Boltzman velocity distribution. Again, by
comparing to simulations, we find the coupling parameter takes on a range of values,
the largest being Γ ≈ 0.06. Since the shocked plasma is not strongly coupled, we will
approximate it as an ideal plasma. For an ideal plasma, the Debye length can be used
for the screening length, given by [26]

λD =

0 kB Te
ne e2
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1/2
.

(3.6)

Using equations (3.3) and (3.6), the scattering regime of the experiment can be determined. The scattering parameter takes its largest value in the dense, hot post-shock
region with α = 0.03. The experiment is thus in the non-collective scattering regime
where the individual motions of the electrons, directly related to the electron temperature, determine ‘shape’ of the scattered spectrum.
For a detector at position R, the power of scattered radiation Ps from a scattering
volume containing N electrons into the frequency interval dω and solid angle dΩ is
given by[31]

Ps (R, ω)dΩdω =

P0 r02
N S(k, ω) | k̂s × (k̂s × Êo ) |2 dΩdω.
2πA

(3.7)

In equation (3.7), P0 is the power of the incident probe x-rays, A is the area that is
irradiated by the probe, and S(k, ω) is the dynamic structure factor. The polarization
of the probe beam is accounted for by the vector triple product. For unpolarized light,
as is the case of our experiment, | k̂s × (k̂s × Êo ) |2 = 21 (1 + cos2 θ). The frequency
dependence of the power is contained in the dynamic structure factor (DSF.) The
DSF is a measure of the correlations between the electrons that give rise to variations
to the scattered power. It is formally defined as the Fourier transform of the electronelectron density fluctuations[44]. In essence, it is this term that gives the shape to
the scattering spectrum. For the case of non-collective scattering, the DSF reflects
the velocity distribution of the electrons, which, for an ideal plasma, is related to the
electron temperature in the plasma.

3.3

Experiment

The XRTS experiment was performed using the Omega laser at the University
of Rochester. A computer assisted drawing (Vectorworks) and picture of the actual
target are seen in figure 3.2. The gas filled ‘shock tube’ was precision machined
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Figure 3.2:

Target design for XRTS experiment. The beryllium drive disk sits on top
of a shock tube that is precision machined into the acrylic body. The gold
shield protects the spectrometer from direct exposure to the manganese
x-ray source, but allows scattered light at a defined angle to pass. The
mount stalk doubles as a gas fill line.

into a piece of acrylic at the University of Michigan. The diameter of the cylinder
was 600 ± 20 µm, which is the nominal size of the polyimide tubes used in previous
radiative shock experiments performed by the Drake group[85, 84, 24, 23]. The acrylic
serves as a scaffold to hold the drive disk, diagnostic shield, and the fill tube, as well
as a way to mount the target to the target positioning system in the laser chamber.
Notches were cut into the acrylic to act as well defined markers for the purpose of
positioning the target and an alignment flag was used to ensure rotational alignment.
The argon gas is fed through the mounting stalk into the cell via a 50 µm hole bored
through the acrylic to pressures of 1.1 atm ± 10%. The positive pressure is to ensure
that any leak results in an outflow of the argon to prevent the contamination of the
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gas. A 20 µm ± 20% thick beryllium disk with a ≈ 2.5 mm diameter was glued into
a counterbore in the acrylic, establishing a gas tight fit. A 50 µm thick 500 µm
diameter Mn dot, positioned 3000 µm ± 3% from the back of the drive disk and
700 µm ± 9% from the shock tube axis, was used as the x-ray probe source. To
minimize the absorption of the probe x-rays, the acrylic along the line of sight to
the detector was bored out and capped off by a 5 µm thick polyimide film that is
essentially transparent to x-rays. A gold foil was employed to shield the spectrometer
from direct exposure to the probe photons, but allow photons scattered through an
angle of 79o ±16o to reach the detector. To allow the passage of the scattered photons,
a 400×600±10 µm, viewing window was cut into the gold foil, with the longer length
of the rectangular window orthogonal to the shock tube axis. The precise placement
of the Mn probe source with respect to the viewing window determined the scattering
angle θ. The fundamental physics of the the shock tube experiment is the same, the
only changes were to allow for the XRTS technique. A sketch showing the fundamental
design of the experiment is shown in figure 3.3. Ten drive laser beams, each having
a wave length of 0.35 µm, converged on the Be drive disk, delivering 39 kJ ± 1% of
energy. To avoid ‘hot spots’, 11 Å smoothing by spectral dispersion[6] was employed
and the beams were focused, using distributed phase plates, into a 820 µm spot fullwidth half maximum (FWHM). The beams had a 1 ns FWHM, flat-topped temporal
profile, with 100 ps rise and fall times. This produced a spatially averaged irradiance
of 7.4 × 1014 W/cm2 ± 3% at the face of the Be drive disk. These conditions cause a
shock wave to form in the Be which propagates into the Ar and drives a shock with
velocities on the order of 150 km/s, as reported by Reighard[83] and confirmed in
experiments described in chapter 4 of this thesis. At these velocities, the shock is
expected to be in the flux dominated regime. As a simple estimate, in the strong
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Figure 3.3:

Sketch of the experimental setup. The shock is launched by irradiating a
20 µm thick Be drive disk with 10 drive beams, averaging 3.9 kJ ± 1%.
An additional 8 probe beams were focused on a 500 µm diameter Mn disk
to produce the probe x-rays which scatter from plasma in the scattering
volume and are dispersed by a crystal spectrometer. A Au shield with
a 400 × 600 ± 10 µm viewing slit ensures that only photons scattered
through an angle of θ = 79o ± 16o are observed by the spectrometer.

shock limit, the temperature of the post-shock material is given by

k B Ti =

Amp (2γ − 1)
.
Z + 1 (γ + 1)2
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(3.8)

Based on this estimate and the results of simulations, the shock heats the ions to
nearly 1 keV , causing ionization, further heating of the free electrons from the ionizing
precursor, and copious emission of radiation. To probe the plasma, an additional
8 laser beams of 0.35 µm wavelength were focused onto a Mn dot. The laser heated
dot becomes ionized and emits He-α x-rays with energies of 6.15 and 6.18 keV . Photons from the probe source are scattered from the plasma that is in the scattering
volume, defined by the intersection of the probe beam x-rays and the projection of the
viewing window into the plasma. The gold shield is positioned to ensure only photons
scattered through the correct angle will be detected by the spectrometer (see figure
3.3.) This allows us a method of measuring different parts of the shock. Since different parts of the shock system will be in the scattering volume at different times, by
varying the delay between the drive beams and the x-ray source beams, we can probe
the different regions as they travel through the scattering volume. In the experiment
the probe was delayed by 15 ns and 19 ns in order to probe the ionizing precursor
and the dense region behind the shock respectively. The scattered light is spectrally
resolved by a Bragg crystal spectrometer, which utilizes a highly oriented pyrolytic
graphite (HOPG) crystal, operated in second diffraction order. The dispersed light
is then amplified by a gated, 4 strip micro channel plate (MCP) with a 180 ps gating
time that is coupled to the spectrometer. The gating sets the length of time the
plasma in the scattering volume is observed. In this time the shock moves ≈ 25 µm
which is negligible compared to the axial length of the scattering volume which must
be integrated over. The output of the MCP is recorded by a C.C.D. camera, which
can be seen in figure 3.4. While the MCP has 4 strips, it was found that strip 3 (from
top) had the least noise and was best suited for the analysis. The lower image in
figure 3.4 shows a line out taken from the data, shown in blue. The red line in the
image is of the Mn source. The source spectrum, produced by irradiating a Mn disk
and using the HOPG spectrometer to disperse the signal, was provided from an
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Figure 3.4:

Raw data from XRTS experiment. The image at top is the output from
the C.C.D. camera that is coupled to the MCP. The four strips of the
MCP are seen in the image. Below is a line out taken from the data,
shown in blue, along with a line out of the source, taken from a glowing
Mn disk. The line out is taken from the third MCP strip. The Compton
scattered signal is clearly visible. The peak observed at 2.96 keV is the
Cl Ly-α line in 1st order, due to the film the Mn was mounted upon.

experiment performed by H.J. Lee [62]. Prominent in the spectra are the 6.15 and
6.18 keV Mn lines. In the case of the scattered spectrum, the peaks are due to the
near elastic scattering from tightly bound electrons. The peak seen at 2.96 keV is
the Cl Ly-α line in 1st order, due to the film the Mn was mounted upon. Comparing
the source spectrum to the scattered spectrum, it is easy to see the Compton down
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shifted peak, labeled in the figure. The broadening of the signal at higher energies
is also caused by the scattering process. The three peaks offer an easy way of calibrating the spectrum. Using an algorithm based on the geometry of the spectrometer
developed by T. Döppner, from the known energy of the three peaks in the spectrum,
a parabolic dispersion relationship can be calculated.

3.4

Analysis

As described above, the spectrum from radiation scattered off of an ideal plasma
in the non-collective regime can be related to the temperature through the velocity
distribution. In this regime, the photons scattered from the free electrons experience
both a Compton shift due to the transfer of momentum and a Doppler shift, given
that there is a component of velocity in the direction of the spectrometer. The energy
shift due to inelastic scattering is given by [33]

∆E =

~2 k 2
± ~k · v
2me

(3.9)

where v is the velocity of the electron. The first term is due to Compton scattering
and is determined by the geometry of the experiment and the energy of the probe
x-rays. As such, it contains no diagnostic information about the probed plasma. In
the case of our experiment, ~2 k 2 /2me ≈ 60 eV . The second term represents the
Doppler shift due to the motion of the electron, causing a red shift if the motion is
away from the detector and a blue shift if towards. As each of the electrons involved
in the scattering process is in a different state of motion, described by the velocity
distribution, the effect is to broaden the Compton downshifted line. In this way the
shape of the inelastic scattering is directly related to the velocity distribution of the
electrons. In the case of an ideal plasma, the velocities are described by the the well
known Maxwell-Boltzmann distribution[82]
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r
f (vs ) =

me
me vs2
exp[−
].
2πkb T
2kb Te

(3.10)

As the motions of the electrons are isotropic, we take the vector in the direction of
the detector as the coordinate axis and define vs as the velocity along this direction.
Equation (3.10) gives us the fraction of the electrons in the scattering volume that
has a velocity within the range vs and vs + dvs , which, according to equation (3.9),
can be converted to the fraction of electrons that will shift the photon energy by a
given amount. Since the power of radiation arriving at the detector is proportional
to the number of scattering electrons, (3.10) determines the number of inelastic scattered photons with a given energy that will be collected in a unit time. Thus, the
Maxwell-Boltzmann distribution determines the shape of the inelastic spectrum as a
function of the electron temperature. The method we use to determine the temperature is to fit the measured inelastic spectrum with a simulated spectrum based on the
analysis above. To analyze the data we employ a code developed by G. Gregori which
determines the simulated inelastic spectrum resulting from scattering from both of
the probes energy lines, convolved with the instrument function of the spectrometer.
In order to fit the elastic spectrum, we must first extrapolate it from the data. It
was shown by Chihara[15] that contributions from bound and free electrons to the
scattered signal could be separated through the DSF

tot
0
See
(k, ω) = |f (k) + q (k)|2 Sii (k, ω) + ZSee
(k, ω) + Sbf (k, ω) .

(3.11)

In equation (3.11) the first term describes the correlations for the electrons that
follow the motion of the ions. It accounts for elastic scattering from both tightly
bound electrons, through the ion form factor f (k), and those in the screening cloud,
through q(k). The ion structure factor Sii (k, ω), represents the correlations between
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the ions. The contribution to the scattering by free electrons is given by the second
0
term. The dynamic structure factor for free electrons, See
(k, ω), describes the density

fluctuations of the free electrons and is multiplied by the degree of ionization Z . The
final term accounts for the inelastic scattering from loosely bound electrons that are
liberated into the continuum through the scattering process. In the plasmas probed
in this experiment, for the level of ionization (Z > 4), corresponding to temperatures
observed in radiative shock systems, the bound-free contribution is negligible to the
total signal. Therefore, by subtracting the elastic signal from the total spectrum, by
equation (3.11), one can recover the inelastic spectrum. The elastic spectrum, con-
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Figure 3.5:
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Total scattered spectrum (dashed) for probe delayed 15 ns from the drive
beams plotted with elastic spectrum (blue) obtained from an undriven Ar
gas filled target. The inelastic spectrum (black) is obtained by subtracting
the elastic spectrum from the total spectrum. The data are smoothed over
a range of pixels on the order of the resolution of the instrument.

volved with the response of the spectrometer system, is obtained by measuring the
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spectrum of x-rays scattered from an undriven target, containing cold Ar gas. Analysis of scattered signal from the un-driven target shows the x-rays to not significantly
heat the cold Ar. Since there are no free electrons, the total spectrum is composed
of the elastic spectrum and the inelastic spectrum due to scattering from the loosely
bound electrons (last term in (3.11).) Since the scattered power due to the boundfree transitions from n = 3 electrons is 2 orders of magnitude smaller than the elastic
scattering in the cold gas, the measured spectrum, to good approximation, can be
considered the elastic spectrum. The accuracy of this method depends on the reproducibility of the experiment. Calculations show that the error arising solely from
potential variability of the experimental configuration will affect the inferred temperature by ±5%. The results of this procedure are seen in figure 3.5, in this case
for a probe beam that was delayed from the drive beams by 15 ns. At this time we
expected the ionizing precursor to be in the scattering volume. The line-outs of the
data were smoothed over several pixels, corresponding to the spectral resolution of
the detector (FWHM of source spectrum ∼ 25 eV.) The total scattered spectrum is
seen as a dashed line and the elastic spectrum as a blue line. The difference between
these spectra gives the inelastic spectrum, seen as a black line.
To determine the temperature from the inelastic scattering spectrum, simulated
spectra were constructed and fit to the data. The effect of the instrument was accounted for in the simulated spectra. The quality of the fit was determined using an
algorithm based on the χ2 error analysis. Since we are in the classical regime, the
simulated spectra depends only on the electron temperature. Figure 3.6 shows the
inelastic spectrum along with theoretical spectra for various electron temperatures.
The best fit for Te in the image is 34 eV ± 14%. Similar analysis was done for the two
shots where the probe was delayed 19 ns, during which time the hot post-shock material is expected to be in the scattering volume. Best fits determine Te to be 60 eV ±8%
and 44 eV ± 11%. It should be noted that Te obtained in this way is essentially a
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Inelastic spectrum from a probe delayed 15 ns from the drive beams
plotted with theoretical spectra for various electron temperatures. The
best fit gives 34 eV ± 14% for plasma in the ionizing precursor.

measure of the second moment of the velocity distribution, and is a weighted average
due to the large size of the scattering volume. Simulations predict the scale length
over which the variables significantly change near the shock transition is on the order
of 50 µm, much smaller than the 400 µm length viewed by the spectrometer. In
this region, the observed spectrum represents scattering from a non-uniform plasma
that has large gradients in its parameters. As the spectrum is a convolution of contributions from all of the plasma in the scattering volume, it represents a weighted
average across the volume. We denote the temperature deduced by fitting the inelastic spectrum to the complex observed spectrum as the apparent temperature Tef f .
The measurement only corresponds to the actual temperature when the temperature
in the scattering volume is constant. To assess the effect of varying plasma conditions
in the scattering volume, we simulated the system in 1D using the Hyades code[60],
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with the irradiance matched to correspond to the observed shock position in prior
experiments. The scattering volume was divided into 10 µm long sub-volumes, a scale
length at which the plasma properties are approximately constant. Using the results
of the simulation, a temperature can be assigned to each sub-volume and therefore,
under the assumption of a Maxwell-Boltzmann distribution, the expected scattering
spectrum can be calculated. Next we determine the relative contributions of each
sub-volume to the total signal. The absolute number of photons measured by the
detector is given by[33]


Nphotons =

EL
ηx
hν



Ωplasma
ηatt
4π



ne σ T h `
(1 + α)2




Ωdet
Rcrystal ηdet ,
4π

(3.12)

where EL is the probe laser energy, ηx is the conversion efficiency of laser energy to
probe x-rays, ηatt is the attenuation of the x-rays through the probed plasma, Ωplasma
is the solid angle of x-rays subtended by the plasma, ` is the photon path length
through the plasma, Ωdet is the solid angle subtended by the detector, Rcrystal is the
integrated reflectivity of the crystal, and ηd is the efficiency of the detector. The first
term, representing the number of photons generated by the probe source, is the same
from shot to shot, as is the last term which accounts for the effect of the instrument.
The second and third terms reflect the attenuation and scattering from plasma in the
scattering volume, both of which are dependent on the electron density. As many of
the variables in equation (3.12) are difficult to measure and quantify, it only provides
an estimate of the number of detected photons. However, (3.12) allows us to model
the total spectrum as a superposition of the spectra from each sub-volume, weighted
by the electron density. The apparent temperature is seen as the green line in figure
3.7, calculated at both 15 and 19 ns delays. As discussed above, the apparent
temperature converges with the actual temperature when there is little change in the
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Simulated profiles and data at 19 ns (top plot) and 15 ns (bottom plot),
with regions of Be and Ar labeled. The blue and red curves show ne
and Te as indicated. The scattering fraction is proportional to ne and
also follows the blue curve. The green curve is the apparent temperature,
described in the text. The black dots are the measured temperatures, for
both 19 and 15 ns data. The right coordinate shows both values of ne
and the fraction of the probe power scattered to the detector.

plasma parameters in the scattering volume. The apparent temperature is sensitive to
the sharp gradients in the parameters near the shock transition, which tend to cause
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the apparent temperature to be lower than the largest temperature in the scattering
volume. The simulated local temperature, represented by the red line in the figure, has
its maximum at the shock front as Tes = 67 eV , which is 33% larger than the maximum
of the apparent temperature due to the effect of weighing by electron density, seen
in blue. The measurement of such a high temperature is evidence that the shock
transition was in the scattering volume, because for the hot, thin plasma to give a
significant contribution to the scattered signal it must have a considerably higher
density than the larger precursor region that also occupies the scattering volume.
The fraction of probe power scattered to the detector is proportional to ne and also
follows the blue curve. The scattering fraction is obtained by averaging over both
scattering angle and solid angle with the assumption that these quantities and the
polarization term do not vary axially. The black dots in the figure show the measured
data with error bars, located at the position expected to be viewed by spectrometer.
The uncertainty in the location with respect to the shock is taken to be 225 µm,
based on the observed variability reported by Doss et al[24] and the uncertainty in
the measured temperature is due to the single-temperature fit. At 15 ns the radiative
precursor was probed. The measurement is shown to be in good agreement with the
simulations, and since the temperature doesn’t vary significantly in the scattering
volume, represents a reasonable measurement of the local temperature. At 19 ns
the shock is expected to be in the scattering volume. The apparent temperature
varies significantly within the error range in axial position due to the uncertainty in
the actual shock location from shot to shot. This explains the 26% difference in the
measured temperature at this delay.

3.5

Discussion

The temperature measurements allow us a way of demonstrating, from experimental data, that the shock is strongly radiative. This demonstration proceeds as
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follows. The incident kinetic energy flux at the shock transition is Ek = ρ0 u3s /2. Under the assumption of a classical Maxwell-Boltzmnn distribution, the plasma emits
a Planckian spectrum, modified by an emissivity. The total radiation energy flux
4
, where  is a modified
leaving the two sides of the hot, shocked layer is ER = 2σTes

emissivity, σ is the Stefan-Boltzmann constant and Tes is the maximum value of the
electron temperature. For the system to be in steady state, the incident kinetic energy must be able to sustain the radiative energy losses, implying ER ≤ Ek , which
places an upper limit on . The largest temperature measured was 60 eV , which we
take as a lower limit on the maximum temperature due to the effects of the weighted
average. Relying on the comparison of maxima in the simulations, we estimate the
actual value of Tes to be 80 eV . The difference vs the simulated value may be due
to over ionization to Z ∼ 11 in the code, whose hydrogenic, average atom ionization
model does not account for the closed shell of Ne-like Argon, which has an average
ionization of 8. Considerable energy is required to have an average ionization beyond
this state. The high measured temperature is due to the hot, dense, post-shocked Ar
that is cooling by radiation. However, for a shock to be in steady state, the emission
temperature from a brightness measurement can be no larger than 45 eV , obtained
by setting  = 1 and us = 163 km/s the flux equations. This is the upper limit on
the temperature in an optically thick post-shock material. The simulations in figure
3.7 suggest that actual value should be smaller, which is sensible since not all of the
incoming kinetic energy is converted into radiation. The amount of mass swept up
by the shock causes a compression of between 10 and 30 and referring to tables of
Plank mean opacities, we find the optical depth ranges from 4 to 7, so that  would be
above 0.99, if the layer were at a constant temperature. However, for average velocity
of us = 163 km/s and Tes = 60eV , the conservation of energy requires  ≤ 0.16 at
the front. This is an upper limit on  for two reasons. First, experiments in Xe have
shown that after traveling distance on the order of 3 mm, the instantaneous velocity
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of the shock is significantly lower than the average velocity. Simulations suggest that
the instantaneous velocity at this time is 138 km/s. Second, as explained above, the
measured apparent temperature is lower than the local temperature of the hot, dense
layer. Using the expected values of us = 138 km/s and Tes = 80 eV , we find a much
lower value of  ≤ 0.03. Since the shocked compressed material is optically thick, this
implies that, in order to maintain the energy balance, the shocked layer also includes
an optically thin, hot layer (which is the only way to make   1) followed by lower
temperature material. The formation of this cooling layer is a result of radiative
effects[26], indicating that the shock is strongly radiative.

3.6

Conclusions

In the described experiment, we have used the scattering of x-rays to measure a
weighted, averaged electron temperature in laboratory driven radiative shock waves.
In the precursor region, the averaged temperature is a reasonable measure of the local
electron temperature. Measurements of the hot, dense, post-shock region enabled
us to provide the first direct demonstration that these shocks are in the strongly
radiative regime. These measurements give us a more detailed understanding of the
shock structure in the radiative regime and allow for more precise specification of
the relation of these laboratory systems to astrophysical systems. The work lays
the foundations for future XRTS experiments to measure the spatial profile of the
temperature, ionization, and density.
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CHAPTER IV

Streaked Optical Pyrometry

4.1

Introduction

The relationship between the temperature of an object and its thermal radiative
emission was discovered by Max Planck in the late 1800s. His revolutionary theory
not only led to the development of quantum mechanics, it also introduced a way to
infer temperatures from the thermal emission of an object. Optical pyrometers are
passive detectors that measure the emission of an object. They have been used in
HEDP to infer temperatures, such as in shock compressed deuterium [18], as well as to
measure emission from radiative shock systems.[97, 9, 57]. In the cited experiments,
the pyrometer was aligned to look up the shock tube axis and measure the emission
from the shock. Such measurements were necessarily integrated along the entire shock
system, though the collected emission was dominantly from the precursor region.
Here we describe an experiment to measure the optical emission of a radiative shock
in argon gas. The experiment looks orthogonal to the shock tube axis and collects
optical radiation from all parts of the shock, depending on which part of the system
is being observed. The radiation is interpreted as coming from the surface of the
plasma, from which the temperature can be related to the emission of the optical
wavelength measured. Fundamentally, the measurement is of the surface emission
temperature at the 590 nm wavelength. The emission is recorded by a streak camera
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that allows for the temporal resolution of the collected light, from which the region of
the shock system that emitted the radiation can be inferred. In this way the spatial
profile of temperature in the system can be calculated.

4.2

Experiment

The Omega Laser at the University of Rochester was used to create the radiative
shock. The target is seen in figure 4.1 as both a computer assisted drawing and an
actual picture. The large structure seen in the image was an acrylic shield designed
to protect the diagnostics from the emission of the hot ablating plasma. The planned
target attempted to make measurements of both self-emission from the radiative
shock, using an optical pyrometer, and x-ray radiography to image the dense shock
transition. The second target, labeled backlighter in the figure, was the source of
x-rays which were to be transmitted through diagnostic windows in the target and
imaged by a
static pinhole camera array. The thin 50 µm film of the windows can be seen as
yellow in the close-up image. The back lighter used a potassium chloride micro-dot
fitted above a 20 µm diameter tapered pinhole as its x-ray source. The micro-dot was
irradiated by an additional 4 Omega laser beams causing copious emission of x-rays in
a cone which illuminated the target. Unfortunately, the x-ray imaging scheme failed,
due to a lack of contrast in the captured image. It may be possible to increase the
contrast in the image by filtering out higher energy x-rays, but as of date no successful
images of shocks have been performed in argon gas. The essential part of the target
is the package below the shield, also precision machined into a piece of arcylic. It
consists of a 600 ± 20 µm diameter 4 mm long shock tube bored into the acrylic
and filled to 1.1 atms ± 10% of argon gas (0.0018 g/cc). The gas is fed into the cell
through a 50 µm hole in the acrylic via the mount stalk, which also serves to hold
the target and align it in the omega target chamber. The dimensions of the shock
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Radiography
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Figure 4.1:

Diagnostic
Shield

CAD drawing and photograph of a laser target designed to produce a
radiative shock. The main diagnostic in the experiment is a streaked
optical pyrometer to measure the emission from shock. The SiO2 window
allows passage of optical radiation from the shock tube to be collected by
the pyrometer.

tube were chosen so as to closely match the shock tube dimensions of shock tubes
from previous successful radiative shock experiments[85, 84, 24, 23]performed by the
Drake group. Fixed on top of the shock tube is a Be drive disk, set into a machined
counter bore for positional accuracy and glued into place to ensure a gas tight seal.
The drive disk has a ∼ 2.5 mm diameter and is 20 µm ± 20% thick. To measure the
optical emission from the shock system, a 600 ± 20 µm diameter cylinder was bored
into the acrylic, with its center 3000 µm ± 3% from the back of the drive disk along
the shock tube axis. The cylinder was bored into the acrylic at right angles to the
shock tube, creating a 600 µm long cavity that allows the passage of radiation from
the shock to be measured. The cavity is capped off by a viewing window, glued into
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place to maintain the seal of the entire system. The window was a 1 mm diameter
500 µm thick disk made of quartz (SiO2 ), a material predicted to transmit 90% of the
relevant light (590 − 850 nm). Although the targets pictured in the figure are quite
complicated, the essential physics is nearly the same as in the standard shock tube
experiment. The changes are due to the additions of features on the target that are
designed to allow observations of the shock without seriously perturbing the system.
However, as discussed below, the diagnostic ports can play a large role in the physics

10 drive
beams

streakcamera
slit

Optical
Pyrometer

20 μm thick
Be drive disk
Observed
plasma

SiO2 window

Ar gas
filled acrylic
“shock tube”

gas fill tube

Figure 4.2:

Sketch of the experimental setup. The shock is launched by focusing 10
Omega laser beams into a 820 µm diameter spot onto the top of a 20 µm
thick beryllium drive disk. Each beam delivers an average of 3.9 kJ ± 1%
of energy in a 1 ns pulse, giving a total irradiance of 7.4×1014 W/cm2 ±3%.
A quartz window seals the 600 µm diameter counterbore that allows the
camera access to the shock system. The slits on the streak camera only
allow light from a 25 × 600 µm viewing rectangle to be collected. A
streaked optical pyrometer records the emission of the passing shock for
a duration of 1 ns.
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of the system, and careful thought must go into their implementation. The basic
experiment is shown in the sketch in figure 4.2. Ten Omega laser beams are focused
on to the top of the Be drive disk into a spot with a 820 µm diameter, full width at half
maximum (FWHM). The laser beams were conditioned with both 11 Å smoothing by
spectral dispersion[6] and distributive phase plates and delivered 3.9kJ ± 1% in 1 ns
flat-toped pulses with 100 ps rise and fall times. The spatially averaged irradiance
at the drive disk was 7.4 × 104 W/cm2 , creating tremendous pressures through laser
ablation. A shock is driven through the drive disk and into the argon gas where it
travels at velocities fast enough to be in the flux dominated regime. The shock in the
argon gas will travel down the shock tube until it passes in front of the viewing window
where the the self-emission of the compressed argon plasma can be recorded by the
pyrometer. Based on previous work[83], the shock traveling in the argon gas will take
19 ns to travel the 3000 µm to the viewing region, at which time it has achieved
steady state. Emission from the radiation heated precursor and the shocked plasma
travels down the viewing counterbore and passes through the quartz window where it
is collected by a f /3.3 telescope and relayed by a series of transport optics, including
a dove prism to rotate the image, to be focused at the entrance slit of a streak camera.
The camera is set to start its 10 ns streak 19 ns after the drive beams have fired. The
two orthogonal slits of the camera control the light allowed to enter the camera and
define the area viewed by the camera. The target is positioned to accuracies of 10 µm
in such a way that one slit of the camera is lined up with the shock tube axis in the
target and the other slit is orthogonal to it. The orthogonal slit was closed down to
Ws = 500 µm, imaging a length along the shock tube axis of 25 µm, when viewed
though the M = 20× magnification set by the optical system. The longer length
of the viewing area is across the shock tube axis and is 600 µm. Thus the streak
camera images a rectangular region 600 × 25 µm at the target chamber center that
it then streaks in time, where the streak is along the 25 µm length. The target was
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positioned to give the camera a look straight up the viewing counterbore and into the
shock tube. The detector is a Hamamatsu C4187 streak camera, that was operated
with a temporal window of 10 ns. The camera incorporates a S20 photocathode to
generate electrons and a micro channel plate (MCP) to intensify the signal. The
MCP is coupled to a P20 phosphor output which is read by a CH350 CCD camera.
The final output from an unbinned CCD is a 16 bit 2048 × 2072 array, though in this
experiment the array output had 3 × 3 binning. The limiting resolution element of
the camera system is the phosphor, with an object plane resolution of ∼ 10 µm. The
camera looks across the entire diameter of the shock tube but only views a 25 µm
length along the axis, effectively looking at a cross section of the shock tube (including
the counterbore). As time progresses in the experiment, the shock system will move
through the field of view of the camera, exposing different regions to the camera at
different times. As the camera is streaked over 10 ns, the time evolution of the surface
temperature in the regions viewed by the camera can be calculated. Under certain
assumptions, the measured temperatures can be converted from a function of time,
to a spatial profile of the temperature in the radiative shock system.

4.3

Results

Figure 4.3 shows the CCD output from the experiments, measured in analog-todigital units. Time goes from top to bottom in the figure and t = 0 corresponds to
a delay of 19 ns from the drive beams. The spatial axis is horizontal with the origin
being taken in the middle of the slit, as labeled in the figure. The slit edges are
clear in the figure, from which the length of the viewing area can be calculated. The
dimension of a pixel (∆x) on the CCD array maps to 0.68 µm in the source plane
(shock tube), or to ∼ 2 µm for a superpixel (3 × 3 binning B). From the number of
pixels in the image, the camera views ∼ 600 µm across the shock tube. The lower
left of the figure shows the series of timing pulses used for temporal calibration of the
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streak data. The pulses are referenced to the main Omega driver and conveyed to
the end of the streak camera slit by fiber optic cables. They have a 200 ps Gaussian
profile and are separated by 548 ps. The total integration time of any pixel viewing
the plasma is determined by the sweep rate of the camera η. For a typical 10 ns streak
time, the integration time is 170 ps, during which a shock with a average velocity of

SOP slit

4500

counts (ADU)

wall

0

timing
pulses

Figure 4.3:

CCD output in analog-to-digital units with time in ns running top to
bottom. The streak camera slits are clearly visible in the image. Timing
pulses are fed to the slit by a fiber optic cable and are used for temporal
calibration. Due to a slight rotational offset, the camera is looking slightly
off of the shock tube center and images some of the wall of the viewing
counterbore.

∼ 150 km/s moves approximately 25 µm. This temporal resolution sets the
limitation on the spatial accuracy of the temperature profile that can be inferred
along the the shock tube axis. The asymmetry seen in the data is due to a rotational
misalignment, calculated from the data to be ∼ 10o around the shock tube axis. As
shown in figure 4.4, the error in rotation θ causes the camera to look slightly off of the
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shock tube center. The area viewed will also include the counterbore wall, but still
allows a good line of sight to the center of the shock tube. The brightest region in
the data corresponds to the region just behind the shock where the electrons are the
hottest. The shock transition arrives just ahead of the brightest region, from which
we estimate the average shock velocity from the data. By knowing the position the
SiO2
window
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20 μm thick
Be drive disk

shock tube
cross section

wall
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θ

slit
Optical
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Figure 4.4:

Cross section of the target that the camera views during the streak. The
slight error in angle causes the region viewed by the camera to include
the wall of the counterbore. During the 1 ns sweep, different regions will
pass through the viewing area, allowing a spatial profile of temperature
to be calculated.

camera is viewing and the time at which the shock transition arrives, the average
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velocity is calculated as ∼ 160 km/s ± 11%.
Assuming the incident light is parallel to the normal of the detector, the number
of photons collected over the integration time ∆t by an array element of the camera
I (in ADU) can be related to the temperature of the plasma under observation by[70]
Z Z

Z

Z
Tx (λ)SR(λ)Ls (λ)dtdλdAdΩ.

I=

(4.1)

∆t all λ Apix Ωlens

In equation (4.1), λ is the wavelength, Tx is the product of the transmission/reflection
spectrum of the optical elements of the system and SR is the wavelength dependent
sensitivity of the streak camera system in units ADU/(energy/pixel). Both of these
terms account for instrument function of the diagnostic on the measured photon
count. Ls is the spectral radiant power per unit area of plasma mapped by the pixel
and relates the plasma temperature to the photon emission. The integrals count
the contributions of different wave lengths and different areas of the mapped plasma
collected over the entire integration time. Here Ωlens is the solid angle subtended
by the lens of the telescope and Apix is the area of plasma mapped by the pixel.
The optical system uses a long pass filter with a cut off wavelength of 590 nm and
the photocathode has a detection limit at 850 nm, corresponding to the band of
wavelengths that must be integrated over. Under the assumption that the plasma
being observed has a Maxwellian velocity distribution, a reasonable assumption at
the expected densities, the spectral radiant power is given by Planck’s law
1
2hc2
Ls (λ, T ) = 5
,
λ exp(hc/λT ) − 1

(4.2)

where c is the speed of light, h is Planck’s constant and T is the temperature of the
source. Using (4.2) for the source, equation (4.1) can be solved for the temperature,
yielding
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T =

hc/λ0
.
ln(1 + A/I)

(4.3)

Here λ0 is the centroid wavelength of the measured light and A is given by:

A=

2B∆xWs Ωlens < Tx SR > hc2 G
.
ηM 5 λ50

(4.4)

In equation (4.4) < Tx SR > is the average of the product of transmission and system
response functions, and G is a factor proportional to the gain across the MCP, both
found experimentally.
Applying 4.3 to the data, the temperature found from the measured emission
of the system was calculated. The maximum temperature found in the streak was
22 eV , far lower than predicted by simulations or back of the envelope calculations.
Assuming the shocked plasma has a constant velocity equal to the average velocity of
160 km/s, a line out along the time axis has a one to one correspondence to the spatial
profile of the shock system. Here we average the calculated temperature across the
shock tube. Figure 4.5 shows the resulting temperature profile. The instantaneous
velocity of the shock system is most certainly slower than the measured average
velocity, which would compress the spatial scale lengths in the image. About 200 µm
of the precursor region ahead of the shock was measured and calculated to be heated
to 7 eV . Next, the hot post-shocked plasma region, heated to 22 eV and having
an axial length of ∼ 400 ± 12% is seen in the streak, followed by the post-shocked
region that has cooled to 4 eV by the end of the streak. The different regions seen
in the calculated temperature profile are consistent with theory and simulations, but
the detailed temperatures and spatial scales do not match well. The temperature is
much lower, by a factor of 3-5, than simulations predict, and the scale lengths of the
system are much larger in the measurements than those found in simulations. The
scale lengths are difficult to determine due to the uncertainty in the instantaneous
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Lineout taken along the time axis of the streak camera output. The counts
are averaged across the shock tube and translated to temperatures using
(4.3).Assuming a constant velocity, the lineout can be transformed into
a temperature profile along the shock tube axis. The different regions of
the radiative shock are seen in the image.

shock velocity, and the difficulty in precisely determining where one region ends and
another begins in the data. However the basic shape and scale of the calculated
temperature profile are in reasonable agreement with simulations.

4.4

Discussion

There are many things to consider in interpreting the low values of inferred temperature in the shock tube. The most obvious consideration is the effect of the counterbore on the measurement. Is there large attenuation that reduces the signal due
to significant heating and ionization in the counterbore gas? Next is the assumption
that the radiation from the observed plasma was well described by a Planckian distribution. This assumption only holds well if the material is optically thick, otherwise
a frequency dependent emissivity term must be added to equation (4.2) to properly
handle the emission. Finally, the effect of the radiation on the quartz window must
be considered. The large transmission of the quartz will rapidly be reduced as it is
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ionized. The observed data shows that the quartz did not simply black out the emission from the shock tube, but it is possible it significantly attenuates the signal. The
answer to such questions requires some detailed knowledge of the system. To better
understand the radiative shock system in argon gas and the effect of the new geometry
created by adding the counterbore to the shock tube, the experiment was modeled
in 2 dimensions by the CRASH code developed at the University of Michigan. An
example of the code output is seen in figure 4.6 which shows the electron
Streak
Camera

counterbore

Te (eV)

Figure 4.6:

Simulation of the electron temperature at 19 ns. The line of sight of the
streak camera is shown as a dotted line. The counterbore gas has already
been heated to several eV.

temperature in the gas cell. The streak camera is shown along with a line indicating
the field of view of the camera. In the image, the camera should be measuring the
precursor region just before the shock transition, but it is evident that the gas filling
the counterbore has heated up, and could be attenuating the signal. Closer inspection
of the images reveals that there is a heated layer in front of the quartz window, caused
by the radiation from the shock that may start contributing to the measured signal.
Furthermore, the high pressure region behind the shock is sure to start expanding into
the counterbore as it passes. If the material is optically thick the cooling edge of the
expanding shock will be the only region from which emission is collected. Figure 4.7
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shows simulations of the the counterbore area at three separate times when different
regions of the shock are in view. At 16 ns the shock transition has not yet come into
view but the counter bore has already had considerable heating from the preheated
argon in the center of the shock tube, averaging 3 eV . At 19 ns the camera is looking
side on at the shock. By this time the gas in the counterbore has been heated to the
order of a hundred thousand degrees and has been ionized. The plasma is undoubtedly
starting to absorb in the optical frequencies and even contributing its own emission to
the measured signal. The passing shock launches another shock into the counterbore
seen in the figure at 21 ns. The expanding shock is still ∼ 40 eV , though it is cooling
as it expands into the counterbore. The signal measured by the pyrometer will have
contributions from all of these effects. The extent to which signal can propagate
through the plasma to the camera is determined by absorption. For the frequency
range measured by the pyrometer, the absorption of radiation occurs dominantly
due to free-free transitions of the electrons in the plasma through the mechanism
called inverse bremsstrahlung[26]. In a fully ionized plasma, the frequency dependent
absorption coefficient due to inverse bremsstrahlung can be approximated by:[22, 45]

κν =

1
16πZn2e lnΛ(ν)
2
3/2
2
3cν (2πme kb T ) (1 − νp /ν 2 )1/2

(4.5)

√
Where lnΛ(ν) is the maximum of [1, 24 − ln( ne /Te )]), Z is the ionization and νp is
the plasma frequency, given by[26]
s
ωp = 2πνp =

4πne e2
.
me

(4.6)

The optical radiation collected by the camera is highly absorbed in regions where the
plasma frequency is close to, but lower than the measured frequency. If the plasma
frequency is higher than the measured frequency, the radiation is completely reflected
and cannot penetrate the plasma. These regions are called critical surfaces and have
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t = 16 ns

t = 19 ns

t = 21 ns

Figure 4.7:

Simulations of the shock during the streak time. At 16 ns the precursor
region is being viewed by the camera. At 19 ns the shock transition is
being recorded. The primary shock has left the field of view of the camera
after 21 ns, but a secondary shock is expanding up into the counterbore.
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electron densities higher than some critical density nc . The critical density is where
the plasma frequency equals the the frequency observed by the camera. Any plasma
behind a critical surface with respect to the camera is effectively hidden and has no
impact on the measurement. Critical regions also complicate the analysis as they can
introduce large refraction of the emitted radiation. Applying the results of CRASH
simulations to equation (4.5) reveals that there are critical regions in the shocked
plasma of the experiment. Their effect on the signal, if any, is determined by the
absorption in the plasma surrounding them.
The amount of attenuation of radiation by the gas in the counterbore can be
characterized by the optical depth
Zr
τν =

κ0ν (x)dx,

(4.7)

s

where s is the position of the telescope of the pyrometer, r is a point in the plasma,
and x is the spatial coordinate parallel to the line of sight of the detector. Here κ0ν is
the absorption coefficient, adjusted for self-emission, defined by:[101]

κ0ν = κν (1 − e−hν/kT )

(4.8)

Using the results of the CRASH simulations with (4.7) and (4.5), the optical
depth as a function of radial position for a given axial position (window center)
can be constructed. To clarify, consider figure 4.6. Along the line of sight of the
camera, radiation from a given element of plasma is absorbed as it travels through
the intervening plasma to the camera. The amount of attenuation is characterized by
the optical depth between the radiative element and the camera. The optical depth
can be plotted for all elements in the plasma as a function of radial position, with
the center of the shock tube as the origin. The plots of optical depth are taken at the
three times given in figure 4.7, or equivalently, in the precursor region, the shock
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transition, and the post-shocked region where a secondary shock is expanding into the
counterbore. Figure 4.8 shows the resulting plots. The electron density, normalized
to the critical density, is also plotted as a function of radius. In the plots, the origin is
taken as the shock tube center. In the precursor region the optical depth is relatively
small, though clearly there is some attenuation in the counterbore region,which starts
at 300 µm in the plots. At 19 ns, seen in the middle plot, the region in front of
the quartz window has become highly absorbing due to heating from the radiative
shock. The relatively flat profile in the optical depth between the hot shocked region
near the center of the shock tube (see figure 4.7 ) and the window shows that the
attenuation of the photons from the shocked plasma will be dominated by the region
in front of the window. This attenuation at the window front will cause the inferred
temperature to be much less than the actual temperature in the shock tube. The
bottom plot shows the optical depth in the post-shock region. Here there are critical
regions in the plasma, with ne /nc > 1, where radiation with the optical frequency
of the pyrometer cannot penetrate. The absorption coefficient is denoted in the
plot as -1 in these regions, though the actual value of κν here is infinite. These
regions are effectively screened from the pyrometer by the highly absorbing interlaying
plasma. The optical depths predicted by the simulations suggest that the heating of
the window by radiation from the shock system causes it to become a good absorber
of the relevant radiation and must be taken into consideration when inferring the
temperature from the emission of the system.
Though the critical surfaces in the plasma are hidden from the camera, there are
still concerns about the effects of refraction in the plasma generated in front of the
window. The magnitude of this effect can be evaluated by employing the ray tracing
equation:[3]
dr
∇n dr
d2 r
=
×(
× )
2
ds
ds
n
ds

(4.9)

Here n is the index of refraction at given frequency, r is the position vector in the
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plasma, and s is the distance along the path of the light. The index of refraction can
be related to the electron density through the square root of the plasma dielectric
permittivity:

n=

√



(4.10)

In the plasma the dielectric permittivity can be written as:

ωpe
ω
4πe2 ne
=1−
me ω 2
ne
=1−
nc

=1−

(4.11)
(4.12)
(4.13)

Using (4.10) and (4.13) we can rewrite the gradient term in (4.9) as:

∇n
∇
=
n
2
−∇ne /nc
=
2(1 − ne /nc )
∇ne
=
2(ne − nc )

(4.14)
(4.15)
(4.16)

To determine the effect of the gradient term we will compute (4.16) along the line of
sight of the detector and neglect the axial direction. Under this restraint the gradient
operator can be replaced by a derivative with respect to the radial position and a
plot of (4.16) versus radial position can be generated. The result of this calculation
is seen in figure 4.9, taken at 21 ns and shown with the normalized electron density
as a reference. The large gradients are hidden from the detector behind the critical
surface, though they tend to be short in space and therefore would only cause an
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offset of the image. The gradients due to the heated plasma in front of the window
will cause a similar offset, though they are small in size and there should not be a
significant refraction effect.
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∇n/n as a function of radial position. The sharp gradients near the
critical surface are hidden from the detector.

The assumption that the emission from the shocked system can be treated as a
blackbody, without including the counterbore, will lead to inferring temperatures in
the shock tube that are lower than the actual temperatures. As a more appropriate source term in equation (4.1), we will use the solution of the radiative transfer
equation[101] in integral form to describe the emission of radiation coming from the
‘surface’ of the plasma system, or more specifically through the window of the target.
The equation accounts for contributions from all of the plasma along the line of sight
of the camera, including the counterbore, to the measured signal and is given by

L0s

Zs
=

κν Ls (ν, T )e−

Rs
x

κν dx0

dx

(4.17)

so
Zs

=

ξν (x)dx
so

where:
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(4.18)

ξν (x) = κν Ls (ν, T )e−

Rs
x

κν dx0

(4.19)

Here Ls is the Planckian Intensity distribution as a function of frequency and the
integral is taken through the entire plasma along the line of sight to the SOP telescope.
In equation (4.17) we have employed Kirchoff’s law in relating the spectral emissivity
to the radiation intensity

jν = κν Ls (ν, T ).

(4.20)

In general, detailed information about the system is required to be able to use (4.17).
The integrand of the radiative transfer equation, ξν , represents the contribution to
the final signal of each element along the line of sight. The κν Ls (ν, T ) term is the
spectral emissivity as a function of the radial distance and the exponent accounts
for the attenuation of the radiation along the path to the camera. Using CRASH
parameters and equation (4.5), we can construct ξν (x) and determine the detailed
source of the measured radiation. Figure 4.10 shows the result of the calculation. In
the precursor region, 94% of the signal comes from the argon plasma in the cell, though
it has been attenuated by the window. As the temperatures do not vary appreciably in
this region, the inferred temperature from the emission measurement can conceivably
be connected to the temperature in the shock tube, but the attenuation effects of
the window must be taken into account. At 19 ns the heated window is starting to
dominate the emission being measured. By absorbing the radiation from the hot shock
transition, the window obscures the hot plasma and 75% of the radiation collected by
the camera comes from this area. However, at this time the radiation from the shock
does contribute to the signal and will be measurable in the streak. This is the reason
the spatial profile obtained from the streak in the experiment section had the right
‘shape.’ By 21 ns the measured signal is almost entirely from the emission from the
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window region. Though the window is not brighter, the emission from the shocked
plasma in the cell is readily absorbed and doesn’t play a significant role in the final
signal. The absorption takes place not only at the window, but in the heated plasma
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Intensity per unit length as a function of position as measured by the
streak camera. Here the three times are the same as depicted in figure
4.7.

in the counterbore as well. This explains the late time signal in the streak (see figure
4.3.) Refering to figure 4.4, the slight rotational misalignment causes the SOP to
look at the counterbore wall in the target. As the shock passes it heats the acrylic
which starts to radiate. These photons don’t travel through as much argon and are
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not attenuated as much as photons coming down the tube center. Therefore, the wall
emission continues to contribute to the signal till the end of the streak, even though
most of the signal is from the window.

4.5

Conclusions

We have attempted to infer the temperature history from the optical emission
of a radiative shock system. There are two problems inherent in the design of this
experiment. The first is the addition of the counterbore that was necessary to view
the shock system by optical radiation. The addition of this to the system caused
new dynamics to occur that significantly alter the system from the standard shock
tube system we set out to study. These ports can be used in experiments to make
useful comparisons if the measurement can be limited to the area near the shocktube
center, where the perturbations from the standard case are not significant. The
significant problem encountered in measuring optical emission is that of absorption
in the system. Inverse bremsstrahlung absorption is very sensitive to the free electron
density, which increases due to heating by the radiation from the shock. This makes
the use of viewing ports impractical for optical emission measurements in radiative
shock systems as they will start to become good absorbers through ionization. The
problem is more complicated due to the radiation acting on the walls of the shock tube.
As discussed by Doss[24], in laser generated radiative shock systems the radiation
from the shock will create so much heating that the shock tube will respond by
launching wall shocks. These shocks must be accounted for as they will certainly
absorb the optical radiation from the main shock. In the precursor region, where the
temperature is fairly even throughout the field of view of the camera, this method may
be able to give good temperature measurements, but would require an understanding
of the absorption properties of the window as it was heated. However, for emission
measurements of the precursor temperature a much simpler method would be to look
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straight up the shock tube axis at the approaching shock. Once the shock transition
is in direct line of sight with the window, the absorption at the window front becomes
significant and radiation from the window will be needed to be accounted for, though
the contribution of the hot shocked plasma will still be evident in the data. At this
point it is difficult to assign a temperature from the measured emission due to the
effects of the counterbore and window. Due to the wall shocks inherent in radiative
shock systems, the absorption of optical radiation makes this method problematic for
detailed temperature measurements of laser generated radiative shock systems.
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CHAPTER V

Conclusions and Future Directions

5.1

Conclusions

Radiative shocks are very common in high energy density environments and are
likely to be a part of any large laser experiment. These shocks are interesting physical systems as they combine radiation physics and hydrodynamics in a non trivial
way. As the possible energy densities of laboratory systems rises, the role played by
radiation increases. In order to probe ever higher pressures and compressions requires
depositing more energy into the system, implying that the accompanying shocks will
begin to enter the flux dominated regime. To be able to make useful EOS measurements in these types of system, the radiation hydrodynamics of the shocks must be
well understood.
This thesis has presented experiments designed to make temperature measurements on radiative shock systems. The shock system was created using the Omega
laser at the University of Rochester. A CAD program was used to design special
laser targets and to test the experimental geometry. Each target was specifically designed in order to meet the objectives of the experiment, in the case of the described
experiments, to measure radiation from the target. The targets were precision machined from acrylic and then assembled and characterized on the fabrication system
at the University of Michigan. Detailed characterization of the targets must be per84

formed in order to be able to interpret the results of the data. Once the targets have
been designed and measured, they are taken to the Laboratory for Laser Energetics
where the experiment is performed. The laser setup and diagnostic conditions are
all specified by the primary investigator. The resulting data was analyzed and compared to simulations generated using the CRASH code, developed at the University
of Michigan.
In one experiment described, detailed temperature measurements of the shocked
system were attempted using a streaked optical pyrometer. The self-emission from
the radiating shock was collected, from which the temperatures were inferred. In our
experiment we looked orthogonal to the shock tube axis, and recorded a 10 ns sweep.
When the camera is viewing straight up the shock tube, the signal is necessarily an
integration of all contributions all along the shock tube. By looking orthogonal to
the shock tube axis, the camera measures emission from different parts of the shock
system as they pass into the view of the camera. Furthermore, by knowing the precise
location viewed by the camera, the average velocity of the shock can be calculated
from the time of arrival of the shock. Assuming that the shock system travels with a
constant velocity, a spatial profile of the temperature can be calculated.
The effects of radiation from the shock system makes inferring temperature from
optical measurements complicated. Radiation from the shocked plasma escapes ahead
of the system and preheats the upstream plasma. Since the bremsstrahlung absorption
is sensitive to free electron density, the heated plasma starts to absorb the measured
optical frequencies well and conceals the hot shocked plasma that we are interested
in measuring. Thus measurements that look up the shock tube will measure the
precursor region. The issue is only slightly alleviated by looking orthogonal to the
shock tube through a counterbore, but eventually the radiation from the shock will
cause the inter lying plasma to start absorbing signal from the shock. The problem
is compounded by radiation heating of the shock tube, which launches wall shocks in
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response. These shocks absorb optical radiation well and will obscure the hot regions
in the center of the shock tube from the camera.
With a decent understanding of the attenuation of optical radiation by the wall
shocks, the temperature profile in the precursor region can be reasonably calculated
from the emission data. However, once the hot shock transition has moved into the
camera’s field of view, effects of the counterbore become important. The simulations
show the primary shock expands into the counterbore and radiation drives shocks from
the walls, all of which affect the measured signal. Due to complications introduced
by the counterbore, detailed knowledge of the system is required to be able to infer
temperature from the emission measurements. In the end, it is difficult to see a path
to using optical pyrometry to measure the temperature in a system where radiation is
so important. The effect of the radiation of the system is to obscure the hot, shocked
region from the optical pyrometer.
In the XRTS experiments absorption did not play as important of a role due to
the high energy of the photons being measured. The method also has the advantage
of only making measurements in the scattering volume, defined by the intersection
of the probe beam and the projection of the window into the plasma. The scattering
volume is a region around the center of the shock tube, so even though a counterbore
was employed to measure the scattered radiation, the measurement is of the shock
tube and not the counterbore. Thus the effects of adding the counterbore on the dynamics of the shock tube system are mitigated. The high energy x-rays, produced by
irradiating a manganese source, were scattered off the shock system and the spectrum
of scattered radiation was analyzed. High energy photons are ideal for measuring the
dense shocked region since they are very penetrating. The geometry and source wavelength determined the scattering to be in the non-collective regime, and the individual
electrons in the scattering volume were scattered from. For non-collective scattering,
the inelastic spectrum is related to the velocity distribution of the electrons, which in
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the classical regime, depends only on temperature through the Maxwell-Boltzmann
velocity distribution. By fitting the observed inelastic spectrum with a theoretical
spectrum based on the velocity distribution, an average temperature in the scattering
volume can be determined. For measurements of systems where the plasma conditions don’t vary appreciably across the scattering volume, the inferred temperature
represents the actual temperature in the scattering volume. This is the case when
the precursor region is in the scattering volume, where the method yielded a temperature of 34 eV . When there is considerable variation of the plasma parameters in the
scattering volume, like near the shock transition, the inferred temperature represents
a weighted average of the plasma temperatures. The less variation in the scattering
volume the closer to an actual temperature the measurement produces. The choice of
a large scattering volume, with respect to the scale lengths of the gradients in the system, was due to the need to collect enough scattered light for the inelastic spectrum
to be distinguished from the noise of the camera. The temperatures of 44 and 60 eV
inferred at 19 ns represent a weighted temperature average, with the peak temperature in the volume being higher than the average. Using the measured temperatures
and shock velocities from the XRTS experiment allowed the experimental verification
that the shock was indeed in the radiative regime. The experiment represents the
first application of XRTS to a radiative shock system.

5.2

Future Directions

The results of the XRTS experiment immediately suggest future experiments to
make more accurate temperature measurements. A large issue regarding the temperature measurements is the weighted averaging that is introduced by the large
scattering volume. The axial length of the volume, over which the sharp gradients in
the plasma occur, could be reduced by narrowing the viewing window of the shield.
In a smaller volume the plasma parameters don’t vary as much and the temperature
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inferred would be much closer to the actual local temperature. The smaller the axial
length viewed, the more accurate the measurement becomes, though experimentally
the slit length is limited by available intensity of scattered x-rays. Doing simultaneous x-ray radiography of the shock tube would give precise knowledge of the region
of the shock system being measured and thus a spatial temperature profile could be
generated. Another possibility is to use a streak camera to measure the scattered radiation, where length of the streak is determined by the duration of the x-ray source.
In this way the change in the spectrum as a function of time can be measured.
Another promising approach being developed is to use an imaging x-ray crystal
spectrometer[32] to measure the shock system. The spectrometer uses a toroidally
curved crystal that images along a one dimensional spatial profile while simultaneously
dispersing along the other. By imaging along the length of the shock tube, the
spectrum from the different regions of the shock are simultaneously measured and a
precise temperature profile can be generated.
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APPENDIX A

Temporal dispersion of a spectrometer

A.1

Introduction

Optical spectrometers are instruments that are employed by several diagnostic
systems at many HEDP facilities, including the full-aperature backscattering station (FABS) at the National Ignition Facility.[? ] FABS is designed to measure
backscattered light from stimulated Raman scattering (SRS) and stimulated Brillouin scattering (SBS) instabilities in plasmas. For SBS and SRS the wavelength is
sensitive to electron temperature and electron density, respectively[? ]. Furthermore,
experiments at the Nova Laser facility have demonstrated the accuracy of Thomson
scattering in the measurements of density, electron temperatures, and average ionization levels[? ]. Additional experiments have used the Thomson scattering technique
to measure incoherence and collective features of laboratory plasmas[? 34]. Since
plasmas produced by intense laser light are often short lived, with parameters changing on time scales of tens to hundreds of picoseconds, temporal resolution of spectral
features are important to investigating these plasmas. One limitation on the temporal resolution is the time smear introduced by the spectrometer. The optical path
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length through the spectrometer varies for rays reflected from different parts of the
diffraction grating, causing a delay for different parts of the pulse. The difference in
path length is calculated and shown to only depend on order, wavelength, and number of groves illuminated. Here we report on an experiment conducted at the Jupiter
Laser Facility at Lawrence Livermore National Laboratory to test these calculations.
The temporal dispersion was measured for many gratings ans spectrol orders. Masks
were also used to limit the number of grooves illuminated as well as to study the
relationship between the area of the grating illuminated and the temporal instrument
function.

A.2

Theory

The physics of the temporal broadening introduced by a spectrometer is shown in
figure ??. The dispersion is a result of the path length difference that light travels
through the spectrometer. In a standard spectrometer with reflective optics, the
only path difference is introduced by the effects of the diffraction grating. The path
difference

Figure A.1:

Grating geometry is shown. The path difference along the length of the
grating are one cause of the temporal smearing. The angle labeled β
in the figure is actually negative β, given the measurement convention
described in the text.
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of radiation reflected from adjacent grooves, ∆l, is given by

∆l = d(sin α + sin β),

(A.1)

where the angles α and β are seen in the figure. The path difference of light across
the entire grating,∆ltot is the sum of the path differences from all of the n grooves in
the grating and is given by

∆ltot = nd(sin α + sin β), or

(A.2a)

∆ltot = nmλ0

(A.2b)

where m is the spectral order, n is the total number of grooves illuminated, and λ0 is
the wavelength of the laser pulse. Here we have used the grating equation to simplify
the equation. Photons arriving at the detector from opposite ends of the grating are
thus offset temporally by

δtg =

nmλ0
.
c

(A.3)

It is clear from equations (??) and (??) that there is no temporal broadening for
the zero order case for which α = −β. This is sensible as the zeroth-order case
corresponds to a purely reflective imaging system, through which all optical paths
are equal.

A.3

Experiment

To measure the time smear introduced by the grating, a 300 f s laser pulse was
propagated through a Czerny-Turner spectrometer and imaged by a streak camera
(Hamamatsu C7000-S20). A 1 m diffraction grating spectrometer (Acton, AM510)
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was employed for the experiment. The theory of diffraction grating spectrometry is
well established and can be found elsewhere[34, 31]. The laser pulse duration is much
smaller than the time resolution of the spectrometer, thus any variation in structure
in the pulse is unresolvable and any measured temporal profile can be attributed to
optical path differences across the grating. To measure the temporal dispersion, a
1ω (1053 nm) laser pulse is frequency doubled and sent through the spectrometer.
The resulting 2ω light is focused in the plane of the entrance slit using an f /5 lens that,
when passing through the entrance slit, slightly overfills the f /# of the spectrometer
(f /7), ensuring that the grating is fully illuminated. The streak camera slit is aligned
to the exit plane of the spectrometer.
The streak camera was operated at various sweep speeds from 0.5 to 5 ns, depending of the available laser signal. The temporal resolution of the streak camera is
∼ 1% of the sweep time, making any broadening introduced by the camera negligible
compared to the dispersion introduced by the grating.
The temporal smear was measured for 300, 1200, 1800, and 2400, lines/mm gratings and for five spectral orders using the 300 lines/mm grating. To test the dependence of the broadening on the number of grooves illuminated, measurements were
made using a variety of optical masks. The masks were placed in front of the first
spherical mirror to limit the area of the grating that is illuminated by the laser.
Different mask geometries were used and correlated with the temporal instrument
function.

A.4

Results

Figure ?? is a typical image recorded by te streak camera, in this case using a 1800
lines/mm grating and a 1 ns sweep. The 300 f s pulse has been streched out by the
spectrometer to ∼ 300 ps. Light imaged at different times is reflected from different
parts of the grating. Another feature seen in the image is the temporal separation of
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wavelengths or ”chirp” introduced by the finite bandwidth of the laser

Figure A.2:

Raw data obtained from the streak camera for a 1800 lines/mm grating
and a sweep rate of 1 ns.

and the slight variations of the incident angle across the grating. A chirp is a signal in
which the frequency changes in time. One observes the chirp in the spectrum detected
by the streak camera; longer wavelengths arrive later in time. It is worthwhile to
discuss the origin of this effect in the present data and then its relevance to the more
complex spectra of interest for applications. The chirp arises because short pulses
inherently have a large bandwidth. Specifically, any feature in the signal having
a duration ∆τ will necessarily have a frequency spread of at least ∆f = (2π∆τ )−1
cycles/s. To understand the chirp at the exit plane of the spectrometer, it is important
to realize that both the time the light arrives at the spectrometer and its wavelength
are directly related to the position on the grating from which it was reflected. Light
coming from the end of the grating closer to the camera arrives earlier than light
from the grating’s opposite end. Furthermore, light incident on different parts of the
grating will make different angles with respect to the grating normal, corresponding
94

to different wavelengths that satisfy the grating equation. The signal observed at any
given wavelength on the exit plane is produced by only a limited number of grooves
on the grating, and correspondingly experiences less smearing in time than the total
signal does. If one can clearly see such chirp in the data, one can infer something about
the duration of the event that produced the signal. In contrast, in an application
producing a complex spectrum (or with large spectral bandwidth compared to ∆f ),
one may well be unable to observe the chirp. In this case the time resolution of the
measurement corresponds to the total duration of the signals observed in the present
measurements and described by the theoretical relations above.

Figure A.3:

Temporal profile of a measured pulse. The sharp rise and fall of the
intensity define the temporal width of the pulse.

Figure ?? shows a temporal profile of a measurement made in first order (m = 1)
with n ∼ 28700 grooves illuminated. A polynomial function is fit to the background
noise and two lines are fit to the sharp rise and fall of the signal. The intersection of
the two edge lines with the polynomial fit define the beginning and end of the pulse,
which defines the temporal dispersion (δtg ). The error bars in later figures reflect our
assessment of the accuracy with which (δtg ) can be determined from the data.
Figure ?? shows the linear relation between the number of grooves illuminated
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Figure A.4:

Dependence of temporal dispersion on the number of grooves illuminated.
Different gratings are employed to vary the number of grooves illuminated.

and the temporal broadening. Different gratings were used to change the number of
grooves illuminated. To vary the length of the grooves in the grating being illuminated, spectral masks were employed. Using square masks of varying sizes, it can be
demonstrated that the temporal broadening of the pulse depends on the length of the
grating orthogonal to the grooves. Masking of the height of the grating only serves
to reduce the transmission of the system. The mask was put in front of the mirror,
therefore the projection of the mask onto the grating was used to determine the
number of grooves illuminated. In figure ??, the broadening is seen to be linear with
respect to the number of grooves illuminated, as predicted by the theory. In a similar
fashion, the dependence of the dispersion on the spectral order was measured using
the 300 lines/mm grating for several spectral orders (m = 1, 2, 3, 4, 5). For higher
spectral orders, the signal intensity was only slightly above the background, creating
greater errors in the method for measuring the broadening. Figure ?? shows the
results of the measurements.
Figure ?? shows a measurement made when the grating was not uniformly filled:
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Figure A.5:

Dependence of temporal dispersion on the number of grooves illuminated.
Masks are used to restrict how much of the grating is illuminated.

Figure A.6: Dependence of temporal dispersion on spectral order.
namely, the intensity peaked at the center of the grating and fell off significantly at
the edges. Since the laser spot is imaged onto the grating, any variation in intensity
along the length of the grating (orthogonal to the grooves) will be detected as an
intensity variation in time in the streak camera image. Variations in the beam profile
can be clipped out by employing an optical mask on the spherical mirror.
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Figure A.7: Dependence of temporal dispersion on spectral order.

A.5

Conclusions

The time smear introduced from path length differences through the spectrometer
has been analyzed and found to only depend on the order of the grating, wavelength,
and the number of grooves illuminated, in accordance with the theory developed.
Furthermore, the shape of the instrument function is related to the intensity distribution on the grating and the effects introduced by optical masks were discussed and
correlated with the temporal instrument function.

98

BIBLIOGRAPHY

99

BIBLIOGRAPHY

[1] Ahlstrom, H. (1975), Laser fusion experiment at the lawrence livermore laboratory.
[2] Barker, L., and R. Hollenbach (1972), Laser interferometer for measuring high
velocities of any reflecting surface, Journal of Applied Physics, 43 (11), 4669–
4675.
[3] Benkevitch, L., I. Sokolov, and D. Oberoi (2012), Algorithm, Applied Journal
of Physics Supplement.
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Glenzer, and E. C. Morse (2008), Demonstration of x-ray thomson scattering
using picosecond k-alpha x-ray sources in the characterization of dense heated
matter, Physics of Plasmas, 79 (10), 10E739, doi:10.1063/1.2965778.
[59] Kritcher, A. L., et al. (2009), Measurements of ionic structure in shock compressed lithium hydride from ultrafast x-ray thomson scattering, Phys. Rev.
Lett., 103 (24), 245,004, doi:10.1103/PhysRevLett.103.245004.
[60] Larsen, J., and S. Lane (1994), Hyades- a plasma hydrodynamic code for dense
plasma studies, Journal of Quantitative Spectroscopy and Radiative Transfer,
51 (12), 179–186.
[61] Lawson, J. (1957), Some criteria for a power producing thermonuclear reactor,
Proc. Phys. Soc. B, 70 (6), 6 – 10.
[62] Lee, H. J., et al. (2009), X-ray thomson-scattering measurements of density and
temperature in shock-compressed beryllium, Phys. Rev. Lett., 102 (11), 115,001,
doi:10.1103/PhysRevLett.102.115001.
[63] Lemke, R., M. Knudson, C. Hall, T. Haill, P. Desjarlais, J. Asay, and
T. Mehlhorn (2003), Charaterization of magnetically accelerated flyer plates,
Phys. Plasmas, 10 (4), 1092–1099.
[64] Lindl, J. (1995), Development of the indirecdrive apprach to inertial confinement fusion and the target physics basis for ignition and gain, Phys. Plasmas,
2 (11), 3933 – 4024.

104

[65] Marshak, R. (1958), Effect of radiation on shock wave behavior, The Physics
of Fluids, 1 (1), 24–29.
[66] McClarren, R., R. Drake, and J. M. adn J.P. Holloway (2010), Theory of radiative shocks in optically thick media, Phys. Plasmas, 17, 093,301–1 – 093,301–11.
[67] McKee, C. F., and B. Draine (1991), Interstellar shock waves, Science,
252 (5004), 397 – 403.
[68] Michaut, C., E. Falize, C. Cavet, S. Bouquet, M. Koenig, T. Vinci, A. Reighard,
and R. Drake (2009), Classification of and recent research involving radiative shocks, Astrophysics and Space Sciences, 332 (1-4), 77 – 84, doi:10.1007/
s10509-008-9966-5.
[69] Mihalas, D., and B. Weibel-Mihalas (1999), Foundations of Radiation Hydrodynamics, Dover, New York.
[70] Miller, J., et al. (2007), Streaked optical pyrometer system for laser-driven
shock-wave experiments on omega., Rev. Sci. Intsr., 78 (3), 034,903–1 –
034,903–7.
[71] Mitchell, A., and W. Nellis (1981), Shock compression of aluminum, copper,
and tantalum, Journal of Applied Physics, 52 (5), 3363 – 3374.
[72] Morales, M., L. Benedict, D. Clark, E. Schwegler, I. Tamblyn, S. Bonev, A. Correa, and S. Haan (2011), Ab initio claculations of the equaion of state of hydrogen in a regime relevant for inertial fusion applications, High Energy Density
Physics, 8, 5–12.
[73] Mostovych, A., Y. Chan, T. Lehecha, A. Schmitt, and J. Sethian (2000), Reflected shock experiments on the equation-of-state properties of liquid deuterium at 10 - 600 gpa (1 - 6 mbar), Phys. Rev. Lett., 85 (18), 3870 – 3873.
[74] Mostovych, A., Y. Chan, T. Lehecha, L. Phillips, A. Schmitt, and J. Sethian
(2001), Reflected shock experiments on the equation-of-state properties of liquid
deuterium at 10 - 600 gpa (1 - 6 mbar), Phys. Plasmas, 8 (5), 2281 – 2286.
[75] Nellis, W., A. Mitchell, M. van Thiel, G. Devine, R. Trainor, and N. Brown
(1983), Equation of state data for molecular hydrogen and deuterium at shock
pressures in the range of 2-76 gpa (20 - 760 kbar), Chem. Phys., 79 (3), 1480 –
1486.
[76] Ng, A., D. Pargeniuk, and L. D. Silva (1985), Hugoniot measurements for lasergenerated shock waves in aluminium, Phys. Rev. Lett., 54 (24), 2604–2608.
[77] Nuckells, J., L. Wood, A. Thiessen, and G. Zimmerman (1972), Laser compression of matter to super-high densiites: Thermonuclear (ctr) applications,
Nature, 239, 139 – 142.

105

[78] Ozaki, N., et al. (2001), Planar shock wave generated by uniform irradiation
from two overlapped partially coherent laser beams, Journal of Applied Physics,
89 (5), 2571 – 2575.
[79] Ragan, C., M. Silbert, and B. Diven (1977), Shock compression of molybdenum
to 2.0 tpa by means of a nuclear explosion, Journal of Applied Physics, 48,
2860–2870.
[80] Raizer, Y. P. (1967), Physics of Shock Waves and High Temperature Phenomena, Dover, New York.
[81] Rankine, W. (1870), On the thermodynamic theory of waves of finite longitudinal disturbance, Phil. Trans. R. Soc. Lond., 160, 277–288.
[82] Reif, F. (1965), Fundamentals of Statistical and Thermal Physics, McGrawHill series in fundamentals of physics: and undegraduate textbook program,
McGraw-Hill, Boston, Massachusetts.
[83] Reighard, A. (2007), Collapsing radiative shock experiments on the omega laser,
Ph.D. thesis, University of Michigan, 915 E. Washington st. Ann Arbor, Mi
48109-1070.
[84] Reighard, A. B., R. P. Drake, J. E. Mucino, J. P. Knauer, and M. Busquet
(2007), Planar radiative shock experiments and their comparison to simulations,
Physics of Plasmas, 14 (5), 056504, doi:10.1063/1.2714023.
[85] Reighard, A. B., et al. (2006), Observation of collapsing radiative shocks in laboratory experiments, Physics of Plasmas, 13 (8), 082901, doi:10.1063/1.2222294.
[86] Ross, M. (1998), Linear-mixing model for shock-compressed liquid deuterium,
Phys. Rev. B, 58 (2), 669 – 677.
[87] Ryutov, D., R. P. Drake, J. Kane, E. Liang, B. A. Remington, , and W. M.
Wood-Vasey (1999), Similarity criteria for the laboratory simulation of supernova hydrodynamics, The Astrophysical Journal, 518 (2), 821–832.
[88] Salas, M. (2007), The curious events leading to the theory of shock waves, Shock
Waves, 16, 477–487.
[89] Salzmann, D. (1998), Atomic Physics in Hot Plasmas, 1 ed., Oxford University
Press, New York.
[90] Smoluchoski, R. (1967), Internal structure and energy emission of jupiter, Nature, 215, 691 – 695.
[91] Sutton, G., and O. Biblarz (2010), Rocket Propulsion Elements, 8 ed., John
Wiley and Sons, Inc., New Jersey.

106

[92] Swift, D., J. Niemczura, D. Paisley, R. Johnson, and S. Luo (2005), Laserlaunched flyer plates for shock physics experimements, Rev. Sci. Intsr., 75,
093,907–1 – 093,907–9.
[93] Thomson, J. (1906), Conductivity of Electricity through Gases, Univ. Press,
Cambridge.
[94] Trainor, R., J. Shaner, J. Auerbach, and N. Holmes (1979), Ultrahigh-pressure
laser-driven shock-waves experiments in aluminum, Phys. Rev. Lett., 42 (17),
1154–1157.
[95] van der Holst, B., G. T. ans I.V. Sokolov, K. Powell, J. Holloway, E. Myra,
Q. Stout, M. Adams, J. Morel, and R. Drake (2011), Crash: A block-adaptivemesh code for radiative shock hydrodynamics–implementation and verification,
Astrophysical Journal Supplenment Series, 23, 1–51.
[96] Veeser, L., J. Solem, and A. Lieber (1979), Impedance-match experiments using
laser-driven shock waves, Applied Physics Letters, 35 (10), 761–763.
[97] Vinci, T., M. Koenig, A. Benuzzi-Mounaix, C. Michaut, L. Boireau, S. Leygnac,
S. Bouquet, O. Peyrusse, and D. Batani (2006), Temperature and electron
density measurements on laser driven radiative shocks, Physics of Plasmas,
13 (7), 079903, doi:10.1063/1.2202311.
[98] Visco, A., R. P. Drake, D. Froula, S. Glenzer, and B. Pollock (2008), Temporal
dispersion of a spectrometer, Rev. Sci. Intsr., 79 (10), 10F545–1 10F545–4.
[99] Visco, A. J., R. P. Drake, S. Glenzer, T. Döppner, G. Gregori, D. Froula,
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