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Abstract
Advanced experimental and theoretical techniques have been applied to outstanding challenges in high energy density science. By careful selection of laser parameters, target geometries, and spectroscopic diagnostics, it is possible to investigate the intense energy flows
that are required to create hot dense matter, the plasma conditions that can be achieved, and
plasma-dependent effects on atomic energy levels. The measurements presented in this
thesis provide new experimental insight to the creation and measurement of unique high
energy density systems and demonstrate their use for sensitive atomic properties studies in
extreme conditions.
Hot and dense plasma conditions were created by high-intensity laser irradiation of
solid foils containing thin buried Al or Al/Fe tracer layers. The material response to intense heating was inferred from picosecond time-resolved intensity measurements of the Al
Heα thermal line and broadband x-ray emission. The data show two temporally-resolved
x-ray flashes when Fe is present in the layer. Fully explicit, kinetic particle-in-cell and
collisional-radiative atomic model predictions reproduce these observations, connecting
the two flashes with staged radial energy coupling within the target. The measurements
contribute novel data for predicting the behavior of energy density inhomogeneities and
understanding the response of high-energy-density systems to intense heating.
The instantaneous bulk plasma conditions were inferred using picosecond time-resolved
measurements of the Heα spectral line emission from the buried tracer layer. The measured
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xi

Heα -to-satellite intensity ratio and spectral line width was interpreted using a non-local
thermodynamic equilibrium (NLTE) atomic kinetics model to provide the plasma temperature and density as a function of time. Statistical and experimental uncertainties in the
measured data are propagated to the inferred plasma conditions within a self-consistent
model-dependent framework. The measurements show that high thermal temperatures exceeding 500 eV are achieved at densities within 80% of solid and demonstrate a rigorous
approach for future spectroscopic temperature and density measurements essential to hot
dense matter studies.
Picosecond time-resolved dense plasma line shifts of the 1s2p-1s2 transition in He-like
Al ions were measured as a function of the instantaneous plasma conditions. The data
show spectral line shifts of 5 eV for electron densities of 1–5×1023 cm−3 and temperatures
near 300 eV. Numerical ion-sphere model calculations demonstrate broad agreement with
the measured data over the full range of densities and temperatures studied, providing a
new test of dense plasma theories for atomic structure and radiation transport in extreme
environments.
The hot dense matter systems studied in this work exhibit qualities of both the plasma
and solid state. Such material resists theoretical description by the established approaches
of solid state or plasma physics, emphasizing the need for experimental data to produce
a detailed picture for how the atomic, radiative, and thermodynamic properties of matter
are modified in extreme conditions. Contributing data toward these aims is the goal of this
thesis.

xii

Contributors and Funding Sources
This work was supported by a dissertation committee consisting of Dr. Philip Nilson of
the Laboratory for Laser Energetics, Professors Dustin Froula and Eric Blackman of the
Department of Physics and Astronomy, Professor Chunlei Guo of the Institute of Optics.
All work for the dissertation was completed independently by the student unless otherwise
cited. Chapter 5 is based on a publication in Physical Review E, and chapter 6 is based on a
manuscript submitted to Physical Review Letters on February 6th, 2018. LSP simulations
presented in chapter 6 were provided by Dr. Adam Sefkow. Graduate study was supported
by the Department of Physics and Astronomy and by a Stewardship Science Graduate
Fellowship from the Department of Energy National Nuclear Security Administration.
This material is based upon work supported by the Department of Energy National
Nuclear Security Administration under Award No. DE-NA0001944, the office of Fusion
Energy Sciences under Award No. DE-SC0012317, and the Stewardship Science Graduate
Fellowship Grant Number DE-NA0002135.

xiii

List of Figures

1.1

Lines of constant Γ for Al ions. The conditions for common high-energydensity plasmas are shown along with other examples found in nature. . . .

2.1

3

A high-intensity laser pulse impinges on a solid target. Low-intensity light
preceeding the main pulse forms a short scale-length plasma in which the
high-intensity interaction occurs. . . . . . . . . . . . . . . . . . . . . . . . 15

2.2

The high-intensity laser interaction produces suprathermal electrons that
stream through the target, drawing a collisional return current from the
background plasma. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

2.3

The basic nomenclature used to describe ionic systems. . . . . . . . . . . . 27

2.4

Radiative transitions are broadly separated into three categories depending
on whether the initial and final states are bound or free (ionized). . . . . . . 31

2.5

Three radiative transitions participate in the production of bound-bound
radiation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

2.6

Schematic illustration defining the problem of radiative transfer in one dimension. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

2.7

Atomic processes in hot plasmas. . . . . . . . . . . . . . . . . . . . . . . . 38

2.8

Schematic illustration of the most frequent atomic processes. . . . . . . . . 40

LIST OF FIGURES

2.9

xiv

The three natural lineshapes for an isolated ion are shown: (a) Lorentzian,
(b) Gaussian, (c) Voigt. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

2.10 Al thermal x-ray spectra calculated for three temperatures at fixed density. . 47
2.11 Collisional-radiative calculations are shown for the the Al Heα line at fixed
temperature and a range of densities. . . . . . . . . . . . . . . . . . . . . . 48
3.1

A computer aided design (CAD) rendering of the MTW target chamber
shows the instrument configuration for the experiments carried out in this
work. The laser enters the target chamber from the left and is focused
onto a buried-layer target by an off-axis parabolic mirror at high intensity.
X-ray emission from the buried layer is recorded by two time-integrating
x-ray spectrometers and a pair of conical-crystal spectrometers coupled to
picosecond time-resolved x-ray streak cameras. . . . . . . . . . . . . . . . 51

3.2

Important operating parameters of the MTW laser system are the temporal
contrast (a) and the focal spot (b). . . . . . . . . . . . . . . . . . . . . . . 53

3.3

MTW laser grating compression chamber configuration for 2ω frequency
conversion. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

3.4

The targets are parylene (CH) foils containing a thin metallic tracer layer.
The buried layer acts as a spectroscopic tracer of the bulk plasma conditions. The outer plastic layers (tamper layers) constrain target expansion to
access the high-density plasma regime. . . . . . . . . . . . . . . . . . . . . 56

3.5

The physical picture for Bragg’s law. Radiation incident on a crystal lattice may travel different path lengths in the crystal volume. Constructive
interference results if the pathlength difference is an integer multiple of the
wavelength. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

xv

LIST OF FIGURES

3.6

The geometry of a flat-crystal spectrometer is shown in (a). Radiation from
the source is angularly dispersed as a function of wavelength by the crystal
and diverges to the detector plane. If the source emits monochromatic light,
as in (b), it is broadened by the crystal rocking curve and detected as in (c).

3.7

59

The ray paths for a conical-crystal spectrometer. The geometry functions
identically to a flat crystal spectrometer along the meridional (spectral) dimension, but focuses light to a line in the sagittal (transverse) dimension to
a line at the image plane. . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

3.8

A CAD rendering of a conical crystal spectrometer coupled to an ultrafast
x-ray streak camera at the MTW laser facility.

3.9

. . . . . . . . . . . . . . . 63

An elliptical crystal geometry is formed by curving the crystal along the
surface of an ellipse with one focus collocated with the x-ray source. Radiation that satisfies the Bragg condition at each point along the crystal
surface converges through the second elliptical focus. Apertures placed at
the second focus efficiently shield the detector from background radiation. . 64

3.10 A CAD model of the elliptical crystal spectrometer designed and fabricated
for this work is shown in (a). Example data from an Fe foil irradiated by a
10 J, 0.7-ps laser pulse is shown in (b). . . . . . . . . . . . . . . . . . . . . 65
3.11 An x-ray pulse incident from the left is converted to photoelectrons at the
cathode of an x-ray streak camera. The electrons are accelerated from the
cathode region and imaged to a phosphor screen at the back of the camera.
Light from the phosphor is recorded by a CCD camera. . . . . . . . . . . . 67

xvi

LIST OF FIGURES

3.12 (a) The number of CCD electrons detected per incident x-ray photon is
given by the detector gain. The gain quantifies the cumulative effect of
multiple conversion processes and associated losses that occur between the
photocathode and CCD detector. (b) The streak camera gain is not a single
value; it is distributed according to the statistical nature of photoelectron
generation and conversion through the system.

. . . . . . . . . . . . . . . 71

3.13 (a) Set up for streak camera sweep speed measurement. (b) The pulses were
short compared to the time resolution of the camera, providing a measurement of the temporal impulse response. . . . . . . . . . . . . . . . . . . . 72
3.14 (a) Measured dwell-time-per-pixel as a function of position on the CCD
chip. (b) Elapsed time as a function of position on the CCD chip. This is
the time base calibration. . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
4.1

(a) Synthetic Al Heα spectra calculated for a range of temperatures at fixed
electron density. (b) The Heα -satellite intensity ratio is calculated from a
collisional-radiative atomic physics model as a function of temperature at
three different densities. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

4.2

The Heα full width at half maximum (FWHM) is presented as a function
of plasma density for three different temperature conditions. . . . . . . . . 81

4.3

A synthetic Al Heα spectrum is shown for the simple case of uniform
plasma emission measured by an ideal detector. Shaded regions indicate
the integration limits for the satellite intensity ratio and arrows show the
Heα FWHM. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

LIST OF FIGURES

4.4

xvii

(a) Contour plot indicating values of the satellite intensity ratio as a function of temperature and density. The purple line shows the contour specified by the ratio (R = 2.7) measured from the spectrum in Figure 4.3. (b)
Values of the Heα FWHM as a function of temperature and density. The
purple line shows the 5.3-eV contour. (c) The two contours intersect at the
conditions for which the synthetic spectrum was calculated. This approach
is most sensitive where the contours are nearly orthogonal; this occurs for
conditions below 400 eV. . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

4.5

Simulated detector signal (blue) is shown for the general case of an inhomogeneous plasma and non-ideal detector. The smooth curve (red) shows
the radiation emitted from the inhomogeneous plasma after convolution
with the detector resolving power, but prior to the addition of streak camera noise and down-sampling. . . . . . . . . . . . . . . . . . . . . . . . . 88

4.6

The simulated detector signal (blue) is interpolated by a smoothing spline
(purple) to estimate the Heα resonance line FWHM. Shaded bands (light
blue) express the 95% confidence interval for the noisy data. Uncertainty
in the FWHM was estimated based on the likelihood for statistical signal
fluctuations to be detected as spurious FWHM crossing points (black dotted
lines). The calculations produce a probability distribution for each FWHM
crossing (black dotted line). The widths of these distributions were added
in quadrature to determine the FWHM uncertainty. . . . . . . . . . . . . . 91

4.7

Conceptual framework for estimating the probability that statistical signal
fluctuations are detected as spurious FWHM crossing points. . . . . . . . . 92

xviii

LIST OF FIGURES

4.8

(a) The measured intensity ratio and Heα FWHM specify intersecting contours in temperature and density space. A best estimate for the plasma
conditions is obtained from the weighted average of the temperatures and
densities contained in the overlap region. (b) The "best-match" synthetic
spectrum corresponding to the inferred plasma conditions is compared to
the simulated data. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

4.9

(a) A well resolved spectrum was measured from a low-density Al plasma
formed from the free expansion of an Al surface layer irradiated by a 0.7-ps,
10 J laser pulse. (b) The measured peak positions were matched to known
transition energies and fit by Bragg’s law in the spectrometer geometry. . . 96

4.10 (a) Streaked data from an Al buried layer with a 1 µm plastic overcoat.
(b) A lineout measured at t0 + 7.2 ps is averaged over the streak camera
impulse response. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
4.11 (a) An estimate for the bulk plasma conditions is obtained from a weighted
average of the temperatures and densities selected by the overlap of two
contours specified by the measured satellite intensity ratio and Heα FWHM.
(b) The synthetic spectrum corresponding the inferred plasma conditions is
compared to the measured data. . . . . . . . . . . . . . . . . . . . . . . . . 98
4.12 Streaked Al Heα data for three targets with increasing plastic overcoating
on the front (laser-irradiated) side of the target: (a) no plastic overcoat, (b)
1 µm parylene, (c) 2 µm parylene. The targets were irradiated by 10-J,
0.7-ps pulses at the laser’s fundamental wavelength. The white trace at the
bottom of each figure shows the Heα flash profile.

. . . . . . . . . . . . . 100

LIST OF FIGURES

xix

4.13 Inferred electron temperature (a) and density (b) evolution displayed as a
function of time for three targets with different amounts of plastic overcoat
on the front surface. The targets were driven by 10 J, 0.7-ps laser pulses
focused to intensities greater than 1018 W/cm2 . . . . . . . . . . . . . . . . 101
4.14 Inferred temperature (a) and density (b) evolution for buried-Al tracer layers irradiated by 10-ps, 33 J laser pulses at intensities near 1018 W/cm2 . . . 104
4.15 Streaked Al Heα data for three targets irradiated with 10-J, 0.7-ps 2ω laser
pulses. The thickness of the plastic overcoat applied to the front surface
was increased for each experiment: (a) uncoated, (b) 1 µm, (c) 2 µm. The
colorbar has been saturated in the Heα band so that satellite emission is
visible. Temperature and density data could not be obtained for the 2 µm
target due to pronounced self-absorption in the resonance line. . . . . . . . 106
4.16 Temperature (a) and density (b) evolution inferred from uncoated Al surface layers driven by 10-J, 0.7-ps 2ω laser pulses. . . . . . . . . . . . . . . 107
4.17 The temperature (a) and density (b) evolution inferred from an uncoated
Al surface layer is compared to the conditions inferred from a buried layer
with a 1 µm plastic overcoat. Both targets were driven by 10-J, 0.7-ps 2ω
laser pulses. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108
4.18 The temperature (a) and density (b) evolution inferred from an uncoated
Al surface layer is compared to the conditions inferred from a buried layer
with a 1 µm plastic overcoat. Both targets were driven by 4-J, 0.7-ps 2ω
laser pulses. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110
5.1

Schematic illustration of bound-energy-level shifts experienced by ionic
radiators immersed in a dense plasma background. . . . . . . . . . . . . . 115

xx

LIST OF FIGURES

5.2

(a) X-ray spectra from an Al surface layer at t0 + 12 ps (blue) and t0 + 275
ps (green). (b) The measured peak positions were identified with tabulated
transition energies using an analytic dispersion calibration derived from
Bragg’s law for the spectrometer geometry. A measurement of the cold Al
K-shell absorption edge was used to register the absolute dispersion (inset). 119

5.3

(a) Streaked Heα data from a freely-expanding Al surface layer irradiated
by a 10-J, 0.7-ps laser pulse. (b) Spectral lineouts measured at 9-ps intervals show the Heα line shift toward the isolated-ion transition energy as the
plasma expands. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

5.4

(a)-(c) Streaked data measured from targets with varying plastic overcoats
illuminated with 10-J, 0.7-ps laser pulses. The laser was configured for
high-contrast 2ω operations for the data in (c). (d) Spectral lineouts measured at the peak Heα intensity for each of the experiments in (a) - (c). . . . 121

5.5

(a) A measured lineout (black), consistent with conditions near 330 eV and
0.9 g cm−3 , is compared to a synthetic spectrum on an absolutely calibrated
photon energy axis. (b). The experimental data (blue) have been uniformly
shifted by 2.4 eV for comparison with the ‘best-match’ synthetic spectum
at 330 eV and 0.9 g cm−3 (red). The total resonance line shape is composed
of unresolved contributions from dielectronic satellite lines (yellow, purple)
that accentuate the red-wing of the Heα line (black).

5.6

. . . . . . . . . . . . 123

(a) Comparison of the data (black) to the analytic line-shift model (blue)
and apparent shifts (red). (b) Comparison of the data (black) to the analytic line-shift model plus apparent shifts (orange), and the line-shift model
with a scaled ion-sphere radius (purple). The optimum scale factor was
determined by a single parameter least-squares fit to the data. . . . . . . . . 125

xxi

LIST OF FIGURES

5.7

The measured Al Heα shifts are compared to line shifts calculated using
the full apparatus of the self-consistent ion sphere model. The model calculated the shifts for two different bound electron configurations, pertaining
to the excited state and ground state ion, which bracket the measured shifts. 127

6.1

Experimental setup.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132

6.2

Time-resolved data from (a) pure-Al and (b) Al/Fe admixture targets. The
spectrally-integrated temporal evolution of the Al Heα (blue) and broadband emission (black) is shown for the (c) pure-Al and (d) Al/Fe cases.
The broadband emission in (c) has been scaled by a factor of 10 for presentation clarity. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134

6.3

Simultaneous Heα (black) and broadband (blue) emission from Al/Fe admixtures. Scaled pure-Al data (brown) is overlaid for reference. The irradiation conditions were: (a) 10 J, 0.7 ps; (b) 15 J, 0.7 ps. . . . . . . . . . . 135

6.4

Schematic presentation of PIC model results: (a) The high-intensity laser
pulse heats a central portion of the target along the laser axis (b) The heated
central portion hydrodynamically decompresses along the longitudinal direction and begins to heat the surrounding dense material (c) The center of
target has disassembled, leaving intact a colder, dense annulus that heats
by radial electron transport across a sharp temperature and density gradient
(d) The entire target has heated and disassembles. . . . . . . . . . . . . . . 137

6.5

Fully explicit, kinetic, and relativistic particle-in-cell model results show
the 2D spatially resolved ion density and electron temperature as a function
of time for Al/Fe (top) and pure-Al (bottom) buried samples. . . . . . . . . 139

LIST OF FIGURES

6.6

xxii

Spatially-averaged temperature and density profiles for the on- and off-axis
regions were calculated for Al/Fe (solid lines) and Al (dashed lines) buried
layers. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141

6.7

Calculated Heα emission is compared to the measured data for Al/Fe (a)
and pure-Al (b) targets. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142

1

Chapter 1

Introduction
The study of high-energy-density (HED) matter is concerned with the behavior of materials and systems where the energy density exceeds 1011 J/m3 . This refers equivalently to
systems at pressures above one million atmospheres (1 Mbar) or 1011 Pascals [1]. This
quantity is comparable to the energy density of a hydrogen molecule and is similar to the
bulk moduli of solid materials. Thus at pressures exceeding 1 Mbar, ordinary solids become
compressible, molecular systems begin to disassociate, and collections of neutral particles
become ionized and are accompanied by a population of free electrons. Far different than
the dilute, quasi-neutral plasmas studied in the early part of the twentieth century, HED
systems resist theoretical description by the methods of traditional plasma physics. Unlike quasi-ideal plasmas, these systems may be far from equilibrium, extremely transient,
and exhibit pronounced spatial inhomogeneities. HED plasmas may be so dense that the
potential energy of individual particles may be comparable to their thermal energy, leading to prevalent many-body interactions and quantum mechanical effects. Additionally,
these systems may couple efficiently to external or self-generated radiation fields which
can play an important role in determining the system’s state and temporal evolution. Accurate theoretical descriptions and experimental measurements of the physical properties of
these systems are challenging but strongly motivated by the quest for controlled thermonuclear fusion and improved understanding of the structure and life-cycle of large stars, giant
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planets, and supernova progenitors.

1.1

High-energy-density physics

Laboratory high energy density physics focuses on the study of dense, high-temperature
matter containing free electrons not present in the solid state [2, 3]. The discipline considers situations with ionization levels and coulomb interactions beyond the scope of solid
state physics, but where particle correlations and time-dependent ionization effects prohibit classical plasma treatments. The physical parameter space that can give rise to these
characteristics is vast. HED systems can be produced at few-Kelvin temperatures by extreme compression, as in a diamond anvil cell [4, 5], or at temperatures exceeding 1012
K in current particle accelerators. Densities correspondingly range from 104 g/cm−3 at
low temperatures to 10−5 g/cm−3 at the highest temperature conditions. In the natural
world, these conditions are encountered in stellar atmospheres, giant planets and the cores
of smaller (earth sized) planets, as well as in supernovae and gamma ray bursts. Laboratory
production of HED materials at conditions relevant to this thesis is accomplished through
a variety of techniques including shock and isentropic compression, inertial confinement
fusion implosions, and rapid heating by radiation or particles on picosecond timescales.
A defining characteristic of HED plasmas is that few particles populate the Debye
sphere. The Debye sphere quantifies the typical volume over which the electrostatic potential of an individual ion is neutralized by surrounding mobile charge carriers such as
free electrons. In most classical plasmas the free electron background efficiently screens
neighboring ions, limiting the extent to which multiple particles can simultaneously interact. When relatively few particles populate the Debye sphere, strong Coulomb interactions
arise between neighboring ions and tend to continuously dominate the interparticle dynamics. In this scenario, the average particle potential energy exceeds the average kinetic
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Figure 1.1: Lines of constant Γ (blue) are plotted for an Al plasma from reference [6]. The
calculation accounts for ionization effects not considered in the simple model considered
here. Also indicated schematically are the regions of phase space corresponding to common
HED plasmas such as those produced by shock compression, high-intensity lasers, and
inertial confinement fusion devices. Astrophysical plasmas such as those found in the solar
corona and supernova remnants are shown. The conditions at the center of the sun are
similar to those produced by short-pulse lasers or fusion experiments.
energy and the plasma becomes strongly coupled. This is expressed by values of the plasma
coupling constant Γ greater than unity:

Γ =

hPotential Energyi
> 1,
hKinetic Energyi

(1.1)

Lines of constant Γ are plotted in Figure 1.1 for Al ions (blue) [6]. The calculation
accounts for ionization effects which give rise to the prominent kink in the calculated curves
at 50 eV, indicating that the plasma tends to remain more strongly coupled than a simple
model might predict for temperatures below ∼ 300 eV at a given density.
Figure 1.1 also illustrates regions of temperature-density phase space corresponding to
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plasmas encountered in common experience, astrophysical environments, and laser-driven
experiments. In the lower left of the plot at low temperature and density are common
plasmas such as those produced in flames or electrostatic discharges such as lightning or
sparks. At much higher temperature but similar density are diffuse astrophysical plasmas
such as those found in the outer regions of stellar atmospheres or the remnants of supernova
explosions. At higher density, but still weakly coupled, are plasmas produced from material
ablation by long-pulse (1 ns) lasers. These plasmas can be treated classically in most
circumstances.
The first example of a strongly coupled HED system is produced by shock-compressing
solid matter to high densities at relatively low temperature. Shocks are created by driving
a supersonic compression wave through a material initially at ambient temperature and
density. As the shock propagates, it compresses the material to several times solid density
with little heating. The result is a high-pressure system where particle correlations and
degeneracy effects can become important. In many cases, the pressures achieved in such
systems exceed several tens of Mbar. These conditions are found in the cores of rocky
planets and are achieved briefly in asteroid impacts. Laboratory experiments to replicate
these conditions use gas guns, high explosives, or moderate intensity (∼ 1014 W/cm2 ) lasers
to drive the shock.
At the extremes of temperature and density are plasmas that can be generated by inertial confinement fusion (ICF) implosions [7]. ICF plasmas are formed by symmetrically
imploding a plastic capsule containing deuterium and tritium fuel. The implosion rapidly
raises the material density to values between 102 and 103 g cm−3 . High temperatures are
achieved during the stagnation phase as the kinetic energy of the capsule is converted into
thermal energy. These plasmas routinely achieve temperatures exceeding 3 keV at pressures greater than 100 Gbar [8, 9]. Such systems closely resemble the environments deep
within stars and also provide an important platform for studying stellar nucleosynthesis,
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supernova hydrodynamics, and photoionized plasmas akin to those found in black hole accretion disks [10]. ICF experiments may hold additional promise for realizing terrestrial
fusion as a future energy source. Although implosions produce some of the most extreme
HED conditions currently achievable, these experiments can only be carried out at a few
large facilities and are inherently integrated, simultaneously combining a large variety of
physical processes. For example, effects due to radiation transport, hydrodynamic instabilities, and material equations of state may all be present in a single experiment. Each must
be separately understood and controlled in order to carry out detailed studies of a single
experimental observable.
The last region illustrated in Figure 1.1 shows the conditions achieved with short-pulse
lasers. Short-pulse, high intensity lasers can be used to produce dense, high-temperature
HED matter by rapidly heating a solid target before substantial hydrodynamic decompression can occur. The result is a transient solid-density plasma with temperatures up to 1
keV [11]. Although these conditions are less extreme than those produced by implosion
techniques, short-pulse laser experiments provide opportunities to isolate specific physical processes by experiment or target design and afford greater experimental flexibility.
The high-density conditions within these plasmas result in frequent particle collisions that
tend to maintain thermodynamic equilibrium within the sample, permitting direct access to
plasma regimes that closely resemble those within stellar atmospheres. The use of ultrafast time-resolved diagnostics maximize the ability of these experiments to address salient
questions regarding the radiative and material properties of HED systems in conditions that
are inaccessible or difficult to explore with other techniques.
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High-intensity–laser high-energy-density science

Important data for a subset of prominent open questions in HED science lie specifically
in the regions of temperature and density space accessed directly by high-intensity laser
heating. In particular, significant uncertainties remain in our understanding of radiationhydrodynamics, radiation transport, and plasma-dependent atomic properties in high-temperature
plasmas [1, 2, 12, 13], leading to an incomplete picture for how matter behaves at extreme
conditions.
HED hydrodynamics are far more complex than the hydrodynamics of ordinary plasmas. At sufficiently high temperatures, the pressure from an equilibrium radiation field can
begin to influence plasma motion, and nonlocal energy transport by photons or particles
can supplant conductive equilibrium heat transport [1]. When this is the case, the fluid
equations must be expanded to include the effects of the radiation field. High-intensity
lasers can be used to produce hot plasmas wherein radiative energy transport begins to play
an important role in the hydrodynamic evolution of the plasma, leading to opportunities for
focused studies of radiation-dominated hydrodynamics. Even if temperatures remain low
enough that the radiation pressure can be neglected, important hydrodynamic phenomena
arise from the impulsive generation of HED conditions. For example, high-intensity laser
irradiation has been used to produce strong blast waves and far-from equilibrium release
states that are quantitatively similar to some regions within supernova remnants [14, 15].
Understanding radiation transport and plasma-dependent atomic properties in highlyionized plasmas is a challenging and forefront research topic. HED equations of state
(EOS) may be included within this topic, since the macroscopic material properties depend intimately on atomic microphysics related to ionization and excited state distributions
along with ground and excited state ionization energies [16, 17]. In many HED plasmas,
mid-Z atoms are only partially ionized into open L-shell configurations with at least three
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bound electrons. Detailed enumeration of the possible bound state configurations of such
ions, including collisional and radiative cross sections and population rates, becomes an
enormously difficult task. In many cases, fully-detailed calculations remain a challenging
computational task even for relatively simple K-shell ions. More complex time-dependent
and non-equilibrium calculations are beyond current computational resources [18]. Simplifying approximations have been implemented to make these calculations tractable, but
few experiments have provided data to validate their accuracy. This task is not easy since
only indirect measurements are usually possible and may require model-dependent interpretation of experimental signatures. Still, plasmas produced by high-intensity lasers are
advantageous from an experimental perspective since they generate copious radiation that
is strongly linked to the intrinsic thermodynamic properties of the plasma. Diagnostic
methods such as time- and space-resolved x-ray spectroscopy have been developed to test
the predictions of various atomic models for opacity, [19], ionization balance [20], and
plasma-dependent atomic properties [21, 22].
Experiments to address these open questions require creative new approaches to the production of macroscopic and homogeneous samples of dense (≥ solid), high-temperature
(≥ 100 eV) matter. High-intensity short-pulse lasers furnish an important route to these
conditions by rapidly heating solid-density matter before it can expand. In practice, intense
laser heating can be combined with conventional techniques such as long-pulse shock compression to extend achievable densities beyond those of normal solids [23]. However, the
aspects that make high-intensity lasers attractive for accessing the HED regime also present
substantial experimental challenges and physical uncertainties that must be addressed for
such techniques to contribute fully reproducible studies.
The primary experimental challenges center on the ultrafast time scales characteristic
of short-pulse laser experiments. Experimental observables, such as radiation emission
and absorption features, are typically compared to model predictions calculated for a sin-
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gle temperature and density. This implies that accurate and instantaneous measurement
of the plasma conditions is an essential requirement of nearly all experiments. Such measurements require sophisticated time-resolved instruments that have limited dynamic range
and are susceptible to x-ray background generated by the laser-solid interaction. Small
samples, chosen to decrease the x-ray background and promote spatial uniformity, make
it difficult to collect statistically significant data and to confidently evaluate statistical and
systematic errors in the dataset. Compounding these challenges is the need to measure
physical observables in homogeneous and equilibrium plasmas to simplify interpretation
of experimental results and model comparisons. At present, there are no robust techniques
to determine spatial homogeneity at the micron spatial scale and straightforward experimental signatures identifying departure from thermodynamic equilibrium have not yet been
identified.
Measurements that require knowledge of the plasma temperature and density are common. The plasma conditions are conventionally inferred by comparing thermal x-ray spectra from a K-shell emitter to synthetic x-ray spectra calculated for a range of single temperature and density combinations. The temperature and density values corresponding to
the synthetic spectrum that best matches the data are taken as the measured values. These
measurements are by definition atomic-model–dependent and thus warrant special caution
since different atomic models often calculate quantitatively different spectra for the same
conditions depending on the detail, accuracy, and completeness of the atomic data used in
the calculation [24].
The physical uncertainties center on the creation and control of macroscopic samples
of uniform HED matter. Understanding how to create homogeneous samples of hot dense
matter requires detailed knowledge of the laser-solid energy coupling and the transport of
powerful energy fluxes deep into the target bulk. It has been shown that intense laser-matter
interactions accelerate highly energetic electrons into a solid target, heating it by direct col-
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lisions with bulk electrons on timescales shorter than 10 ps. This effect has been studied in
detail in mid- to high-Z elements [25–28]. Less clear however, particularly in low-Z materials such as plastics, is the contribution of resistively-dissipated return currents drawn from
the cold background plasma to balance the hot-electron current. Understanding the relative
importance of these two channels, especially in high-Z/low-Z mixtures or layered targets,
is an active area of research [29]. In addition, recent experimental results [30] show that radial non-local heat transfer plays a substantial role in transporting energy within the plasma
on longer (∼ 10’s of ps) timescales mediated by hydrodynamic phenomena. Formulating
a complete physical picture for how these plasmas are produced is a necessary step for
the production of uniform, macroscopic samples of HED matter in thermodynamic equilibrium. Fully understanding these processes will ultimately enable focused experiments
that precisely reproduce, in a terrestrial laboratory, the conditions at specific locations deep
within a star.

1.3

Purpose of this work

This work seeks to advance hot dense matter studies in three broad areas by exploring the
production of dense, high-temperature plasmas by high-intensity laser irradiation, characterizing the transient plasma conditions, and by applying this knowledge and diagnostic
capability to contribute novel radiative and material properties data in high-energy-density
matter.
The intense energy flows required to create hot dense plasma conditions were generated
by the interaction of a high-intensity laser pulse with solid plastic foils containing a thin
metallic buried layer. Energy transfer dynamics within the plasma were inferred from picosecond time-resolved measurements of the Heα thermal x-ray line emission using a fully
explicit, kinetic particle-in-cell target-heating model. The instantaneous plasma conditions
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and their uncertainties were inferred by comparing the time-resolved thermal x-ray spectra
to a non-local thermodynamic equilibrium atomic kinetics model. The well-characterized,
hot dense plasmas were used to study dense plasma spectral line shifts that originate from
free-electron modification of the atomic potential in high-density conditions.
As a whole, this work communicates a comprehensive experimental effort to understand
the production of high energy density systems by powerful energy flows, discover the timedependent evolution of the system by observing the emergent radiation field, and apply this
knowledge and capability to further understand plasma-dependent atomic properties at high
energy density.

1.4

Thesis Organization

This chapter briefly defines the high energy density regime as that region of temperature
and density phase space where few particles occupy the Debye sphere and where classical Debye shielding is no longer effective. Common laboratory and astrophysical plasmas produced by a variety of drivers are described and located in temperature and density
space. Special attention is given to high-intensity–laser heating for the production of dense,
high-temperature plasmas relevant to radiative and material properties studies in regimes
of physical parameter space that are difficult to access by conventional techniques.
Chapter two schematically reviews high-intensity–laser coupling to matter and provides a framework to understand how energy is transferred into the target. The conditions
required for thermodynamic equilibrium are introduced and implications for radiation absorption and emission are noted. A brief description of 1-D radiation transport is presented.
Chapter three describes the experimental set up. The Multi-Terawatt (MTW) laser system, target design, and x-ray spectrometer designs are reviewed. The operation of ultrafast
x-ray streak cameras is described and essential instrument limitations are measured and
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discussed.
Chapter four outlines a method to infer the bulk plasma conditions from picosecond
time-resolved spectroscopic measurements of thermal x-ray line emission. It is shown
how experimental uncertainties are quantified within a self-consistent model-dependent
framework and propagated to the measured plasma conditions. Time-resolved temperature
and density data are presented for targets irradiated by 0.7 and 10-ps laser pulses at focused
intensities up 10 1×1019 W/cm2 .
Chapter five presents picosecond time-resolved measurements of dense plasma line
shifts. At high electron densities, free-electron screening of the nuclear potential modifies
the bound energy-level structure of ions immersed in the plasma, causing x-ray line emission to shift to lower photon energies. This study reports the first line shift measurements
obtained as a function of the instantaneous plasma temperature and density. Numerical
ion sphere model calculations are broadly consistent with the measured data, providing a
sensitive test for model predictions of atomic structure in dense plasmas.
Chapter six communicates the results of experiments to study non-equilibrium energy
transfer dynamics in strongly inhomogeneous hot dense matter. This work presents the first
observation of multiple x-ray flashes from a heated buried layer. This is in stark contrast
to the single flashes observed in all previous experiments or simulations. Fully-explicit,
kinetic, and relativistic particle-in-cell model calculations connect the two flashes with
staged radial energy transfer across a steep temperature and density gradient created by
hot-electron-energy deposition near the laser axis.
Chapter seven summarizes this work and suggests opportunities for further study.
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Chapter 2

Physics Background
This chapter reviews essential background physics for the experimental studies presented
in this work. The first section surveys the principal physical mechanisms that mediate the
interaction of high-intensity laser pulses with solid matter. These processes generate high
energy electrons that rapidly deposit their energy in the solid material, heating it before significant hydrodynamic expansion can occur. Rapid heating is one of the central features of
high-intensity laser-solid interactions and the high-density conditions that are achieved tend
to drive the atomic systems toward equilibrium states. Consequently, the basic tenets of
thermodynamic equilibrium are reviewed, with attention to equilibrium velocity and population distributions, radiative processes, and one-dimensional radiation transport. These
concepts are required for the subsequent discussion of plasma spectroscopy and a basic
understanding of how detailed calculations of the emission or absorption spectrum may be
carried out in equilibrium and non-equilibrium plasmas.
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2.1
2.1.1

High-intensity laser interactions with matter
Hot-electron generation

Laser radiation impinging on a material at intensities above approximately 1012 W/cm2
forms a plasma by ionizing bound electrons from the atomic nuclei. When the laser intensity is not too much higher, perhaps up to 1015 W/cm2 , these free electrons readily
oscillate in the laser electric field. This motion heats material by direct electron-electron
and electron-ion collisions in a thin layer determined by the electron oscillation amplitude.
This energy is conveyed into the bulk material by thermal conduction. Above 1015 W/cm2 ,
laser energy-coupling quickly becomes collisionless, generally involving a number of nonlocal processes that result in highly energetic electrons and non-equilibrium heating. High
laser intensities are usually achieved by temporally compressing the laser pulse to a few
picoseconds or less, a timescale that is short compared to the typical ion inertial time. It is
thus possible for the laser to interact with a step-like density profile if proper care is taken
to avoid perturbing the target surface with low-intensity light preceding the high-intensity
pulse.
The high-intensity regime is usually defined where the normalized amplitude of the
laser electric field a0 = e E0 /me ω0 c exceeds unity. Here, E0 is the laser electric field amplitude, me is the electron rest mass, ω0 is the laser frequency, and c is the speed of light.
Equivalently, this corresponds to the intensity at which electron oscillations in the laser
electric field become relativistic, or where
s
γ vosc
e E0
posc
=
=
=
me c
c
me ω0 c

I λµ2
≥ 1.
1.3 × 1018

(2.1)

Here, the electric field E0 has been recast as the laser intensity I in units of W/cm2 , λµ
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is the laser wavelength in microns, γ is the Lorentz factor, and vosc (posc ) is the electron
oscillation or "quiver" velocity (momentum) in the transverse direction. This quantity is
obtained from the equation of motion for an electron in an oscillating electric field,

me ẍ = e E(t) = e E0 cos(ω t),

(2.2)

which is integrated once to give the electron quiver velocity,

ẋ =

e E0
sin(ω t) = vosc sin(ω t).
me ω

(2.3)

Note that Equation 2.1 scales as I λ 2 . This scaling is common to many of the processes
discussed in this section.
The general picture of laser-matter interactions in the high-intensity regime is illustrated
in figure 2.1. The laser pulse is shown impinging on a solid target from the left. The highintensity part of the pulse is preceded by a low-intensity pedestal [31] and one or more
discrete prepulses. In many laser systems, the intensity contrast (the ratio between the
pedestal and main pulse) may be of the order of 10−6 up to several hundred picoseconds
prior to the arrival of the main pulse. This low-level irradiation is enough to form a preplasma which may extend up to 15 µm from the original target surface before the arrival of
the high intensity pulse. This early irradiation may also launch weak shocks that can heat
or prematurely compress portions of the target. Implications of preplasma formation and
schemes to improve laser contrast will be discussed later.
Because of the short timescales involved, the preplasma does not extend too far away
from the target surface and the density falls rapidly. The high-intensity pulse propagates
into this short-scale–length plasma until the electron density ne becomes high enough that
the plasma frequency ω p2 = 4 π ne e2 /me matches the laser frequency. When this condition

CHAPTER 2. BACKGROUND PHYSICS

15

Figure 2.1: A high-intensity laser pulse impinges on a solid target from the left. It is
preceded by low intensity light that ablates a short scale-length plasma from the target
surface. The laser propagates in this plasma up to the critical density, where the majority
of the laser energy is coupled to the plasma. Figure redrawn from [32].
is met, plasma electrons couple resonantly to the laser electric field. The plasma density at
which this occurs is known as the critical density nc and specifies a boundary in the plasma
called the critical surface beyond which the laser field is evanescent. Numerically, the
critical density is nc = 1.1 × 1021 /λµ2 [cm−3 ] . The majority of laser-plasma interactions
important to this discussion occur at or near the critical surface.
At laser intensities near Iλ 2 ≈ 1016 W cm−2 µm2 and beyond, laser-energy coupling
is predominantly collisionless, generating energetic electrons that carry energy into the
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material. The first collisionless process that becomes important as the intensity increases
is resonance absorption. This process occurs when the laser impinges on the preplasma at
oblique incidence. The component of the electric field vector aligned with the direction
of the density gradient (the p-polarized component) resonantly excites an electron plasma
wave. The wave grows over several periods before it is damped by collisions (at the lowest
intensities) or by collisionless particle trapping or wave breaking effects [33, 34]. The
latter mechanisms transfer energy from the wave to non-thermal "hot" electrons with a
mean temperature inferred from numerical simulations that scales roughly as [35, 36]

1/3
Thot ≈ 10 TkeV I15 λµ2
[keV ].

(2.4)

Here, Tkev is the background electron temperature in keV and I15 is the laser intensity in
units of 1015 W cm−2 . Two- and three-dimensional effects cause resonance absorption to
remain important at intensities as high as Iλ 2 ∼ 1017 W cm−2 µm2 . In this picture, laserinduced ripples on the plasma critical surface provide additional interaction regions where
the laser electric field has a component aligned to the density gradient [37].
In very steep density gradients, like those obtained by high-contrast short-pulse lasers,
resonance absorption no longer provides efficient laser-energy coupling to the plasma. Consider electron oscillations driven by the p-component electric field. The electrons oscillate
along the direction of the density gradient with an amplitude xosc = e E0 /me ω02 . If this
amplitude exceeds the density scale length, the oscillation is no longer resonant with the
plasma frequency and the laser field decouples from the electrons [38].
In this situation, or analogously if the laser intensity becomes much larger than ∼ 1017
W cm−2 µm2 , electrons are no longer heated by the plasma wave since the wave does not
persist for more than one cycle. Instead, electrons are heated directly by the p-polarized
component of the electric field. In this model, electrons are pulled away from the surface
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over the first half of the laser cycle and accelerated back inwards during the second half.
The accelerated electrons propagate beyond the electric field of the laser before they are
slowed down and forced to oscillate. This process is referred to as vacuum heating or the
Brunel effect [39]. The electron temperature for this phenomenon scales roughly as [38]
1/3

[keV ].
Thot ≈ 8 TkeV I16 λµ2

(2.5)

The final acceleration mechanism discussed here is due to the oscillating component
of the ponderomotive force of the laser. The ponderomotive force results from a large
laser intensity gradient near the critical surface. Electrons are forced from regions of high
intensity near the center of the beam towards regions of lower intensity. To understand this
process, consider the equation of motion for an electron in an oscillating electric field:

me ẍ = e E(x,t) = e E0 (x) cos(ω t).

(2.6)

To simplify the analysis, the electron position x is decomposed into a slowly varying component x0 (the oscillation center) and a rapidly varying component x1 , such that x = x0 +x1 .
Since we expect much of the motion to occur near the oscillation center, the spatial part of
the electric field E0 (x) can be Taylor expanded around x0 such that,


d
me (ẍ0 + ẍ1 ) = e E0 + x1 E0 cos(ω t),
dx

(2.7)

where dE0 /dx is evaluated at x0 . An expression for x1 can be obtained by noting that
ẍ1  ẍ0 and E0  x1 dE0 /dx in Equation 2.7, leaving

me ẍ1 = e E0 cos(ω t)

(2.8)
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which is easily solved by x1 = (−e E0 /me ω 2 ) cos(ω t). This and Equation 2.8 are inserted
into Equation 2.7 to obtain
e2 E0
me ẍ0 = −
me ω 2




d
E0 cos2 (ω t).
dx

(2.9)

Using the double angle identity for cos(2θ ) and absorbing the extra factor of E0 into the
derivative yields the usual expression for the ponderomotive force in one dimension [40]:

Fp = −

1 e2 E0 dE 2
(1 + cos(2 ω t))
4 me ω 2 dx

(2.10)

The time-averaged part of Equation 2.10 leads to a steepening of the plasma profile where
the derivative of the intensity (∼ E02 ) is largest. The time-dependent term captures the
acceleration of electron bunches into the target at twice the laser frequency. If the potential
these electrons experience is thought of as an effective temperature, the mean hot electron
energy scales numerically as
s
Thot ≈ 511 

1+

I λµ2
2.8 × 1018


− 1  [keV ].

(2.11)

This, like the other mechanisms described earlier, primarily causes electron motion
transverse to the direction of laser propagation. As a result, energy coupling is inefficient at normal incidence to a step-like plasma profile. In reality, 2- and 3-D simulations
have shown that such profiles are rare, instead indicating substantial deformation of the
critical surface in high-intensity interactions. This deformation creates regions where the
p-polarized component of the laser couples very efficiently; numerical simulations indicate
that the effect can increase energy absorption by factors of five or more [37]. At the highest
intensities (Iλ 2 ≥ 1018 W cm−2 µm2 ), the laser magnetic field becomes strong enough to
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curve the trajectories of transverse-oscillating electrons directly into the target, generating
a quasi-directional hot-electron beam that propagates in the laser-forward direction. At this
point, energy transport and deposition by these electrons deep within the target becomes
important for volumetrically heating the bulk material. Nonlocal and rapid hot-electron
energy deposition is a principal advantage of intense laser heating for the creation of hot
dense matter in the laboratory.

2.1.2

Hot-electron transport and coupling

In an absolute sense, the hot-electron density is small, of the order of 5×1019 cm−3 [41].
However, the average particle energy may exceed 100 keV early in time. This energy is deposited in the target over a few picoseconds, leading to powerful energy flows that dominate
the system dynamics while hot electrons persist. These electrons also carry intense currents
of order 1 MA that exceed the maximum current that the plasma can support, given by the
Alfvén limit IA ' β γ me c2 /e = 1.7 × 104 β γ. This quantity is usually of the order of 10
kA for typical high-intensity laser-plasmas [42, 43]. Thus, in order for the hot-electron
current to propagate, an equally large counter-propagating current is drawn from the background plasma such that the net current density in the plasma is below the Alfvén limit.
This return current is relatively cold, extremely collisional, and is the dominant heating
channel in some situations.
It is important to note that the mean free path of a ∼100 keV electron is of the order
of 100 µm or more [28], far larger than the thickness of a typical target. As a result,
a large fraction of the hot electrons generated at the front surface pass through the target
without interacting. Upon reaching the rear surface, the most energetic electrons escape the
target, causing it to acquire net positive charge. This creates an electrostatic sheath field
that confines the remaining fast electrons. Unable to escape and still highly collisionless,
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Figure 2.2: High-intensity laser irradiation generates a population of extremely energetic
electrons with average energy ∼ 100 keV. In order to support this enormous current, a collisional return current is drawn from the background (cold) plasma to maintain quasineutrality. This return current is resistively dissipated, heating the target bulk. Meanwhile,
the fastest electrons escape the target, charging it and producing a sheath field that constrains slower electrons to recirculate in the target. These electrons heat the target by direct
collisions.
these electrons recirculate within the target, transporting energy transversely away from
the laser axis. This phenomenon is known as hot-electron refluxing and has been studied
theoretically and experimentally in great detail [44–48]. The effect dramatically increases
electron-energy–coupling efficiency and tends to homogenize energy deposition within the
target bulk. The physical picture is illustrated schematically in Figure 2.2.
The hot electron population deposits energy within the target by direct collisions with
background electrons and ions. These collisions can result in elastic or inelastic scattering,
ionization or excitation of bound electrons, and the emission of radiation. A single electron
may participate in multiple interactions before it thermalizes with the background plasma.
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In high- and mid-Z materials direct heating by hot electron collisions accounts for a considerable portion of the plasma heating [25]. In low-Z materials with atomic numbers Z . 10
and solid-density plasmas in which the number of return-current electrons is much greater
than the number of hot electrons, target heating is dominated by resistive dissipation of the
cold return current [26, 29]. In either case, heating is extremely rapid. Experiments and
simulation have shown that the hot electron population equilibrates with the background
plasma within ' 15 ps [47].
The presence of a preplasma extending from the front target surface concretely modifies
electron transport. The preplasma causes the critical surface, where the bulk of the laserplasma interaction occurs, to expand away from the target surface. This introduces a standoff distance between the hot-electron source and the target bulk. The extra propagation
distance allows the beam to diverge further before it enters the target, lowering the hotelectron current density and proportionately reducing the magnitude of the return current
drawn from the background plasma. This translates to reduced heating and lower plasma
temperatures, although the heating may be more uniform and incorporate a larger volume
of the target. Even small displacements of the critical surface are significant, since values of
the hot-electron beam divergence half-angle are large, typically of the order of 30◦ [49–51].
The second dominant effect is known as ‘resistive inhibition.’ It was first recognized
in the context of hot-electron preheating in ICF experiments in the early 1980’s [52]. This
effect is due to the fact that plasma resistivities are largely independent of electron density
and are therefore comparable in magnitude between the low-density preplasma and the
high-density bulk. This implies that the electric field strength in the expanding preplasma
is similar to that within the solid target. Thus electrons propagating through the relatively
tenuous preplasma experience a much larger potential barrier than if they had to propagate
through the same amount of material at solid density. This potential barrier has the effect of
insulating the target surface from the low energy electrons that tend to deposit energy most
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rapidly. Only higher-energy, less collisional electrons are able to propagate into the target
bulk. These still heat the target, but do so less rapidly and over extended length scales.
Experiments have found that even a short preplasma can substantially reduce solid-target
heating [53].
Techniques to suppress preplasma formation are widely sought to provide high-temperature
conditions at solid density. A typical method attempts to minimize laser prepulses by
frequency-converting the laser to its second harmonic. The frequency conversion process depends on the square of the laser intensity and is most efficient at high intensity.
Thus, low-intensity prepulses and pedestal are converted inefficiently, leaving residual
fundamental-harmonic light that can be rejected by properly coated mirrors or other means.
Experimental work by several groups has shown contrast improvements of up to six orders
of magnitude by this method and provides evidence for strongly enhanced heating [54, 55].
Curiously, the benefits to this technique may be twofold. Not only does the highcontrast pulse diminish preplasma formation, but the smaller laser wavelength tends to
reduce the mean energy of the hot-electron population according to Iλ 2 scaling laws. The
combination of these two effects means that increased numbers of hot-electrons with substantially lower energies are able enter the target and couple energy on few-picosecond
rapid timescales. The dominant effect is not yet clear, but research on the topic is progressing [56–58].

2.2

Thermodynamic Equilibrium

The topic of thermodynamic equilibrium governs much of plasma physics in general and
plasma spectroscopy in particular. Thermodynamic equilibrium applies to a system wherein
the electron, ion, and photon populations can be described by a single thermodynamic state
variable, such as temperature, and all forward-going processes are balanced by their corre-
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sponding inverse process. Such a system can be treated by means of statistical mechanics to
obtain the ion charge state distribution, excited state populations, and the free electron density at a specified temperature, pressure, or density. This statistical description eliminates
a great deal of complexity introduced by atomic kinetic treatments like those discussed in
section 2.3.
Strict thermodynamic equilibrium requires an unbounded, spatially and temporally uniform plasma or a plasma surrounded by an ideal blackbody cavity to ensure that the radiation field is fully equilibrated with the material. Since this is difficult to achieve in practice,
a limited framework called local thermodynamic equilibrium (LTE) is used to specify a
situation that allows the use of thermal equilibrium relations to calculate level populations,
ionization stages, and velocity distributions in the presence of a weak non-equilibrium radiation field. This poses the additional requirement that the electron density remain high
enough such that collisional rates exceed radiative rates by at least an order of magnitude
[59].
The following section presents equilibrium energy and velocity distributions, shows
how excited state and ionization state distributions are obtained in LTE, and briefly treats
the absorption and emission of radiation in one dimension. These concepts provide the
essential context for a description of collisional-radiative atomic kinetics.

2.2.1

Equilibrium velocity and energy distributions

Equilibrium energy and velocity distributions for free particles can be derived from statistical mechanics using the canonical ensemble, which states that the probability of finding
a subset of particles Nn in a macroscopic closed system of N total particles in a state with
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energy En and statistical weight gn is

Probability =

Nn
gn e−En /T
=
,
N
Z(T )

(2.12)

∑ gn e−En/T

(2.13)

where
Z(T ) =

n

is the partition function. The summation in Equation 2.13 should be replaced by integration
when the energy states are continuous. This is the case for a free electron in a plasma where
En consists only of the kinetic energy,

me 2
vx + v2y + v2z
2

(2.14)

gn −me v2 /2Te
Nn
=
e
,
N
Z(T )

(2.15)

En =

so that


where v2 = v2x + v2y + v2z . The left hand side of Equation 2.15 represents the probability
of finding an electron with a particular velocity. Thus, the expression should be normalized to unity if all velocities are considered. Replacing the total number of particles N
with the electron density ne and carrying out the normalization in velocity space gives the
appropriate prefactor and the final form for the free-electron velocity distribution function:

f (v) dv = ne

me
2π Te

3/2



me v2
4π v exp −
dv.
2 Te
2

(2.16)

The quantity f (v) dv replaces Nn and is the density of electrons with speeds between
[v, v + dv] in a system with total electron density ne and temperature Te . The added factor
4π v2 dv corresponds to the velocity element d 3 v that has been integrated over the two angular coordinates. This treatment assumes that the plasma is isotropic and that there is no
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preferential direction for the electron motion.
The energy distribution function can be obtained by substituting v =

p

2 E /me and

recognizing that dv = dE /me v to obtain
2
f (E) dE = √ ne
π



E
Te

1/2



E
dE.
exp −
Te

(2.17)

Equations 2.16 and 2.17 are called the Maxwell-Boltzmann velocity and energy distributions. It is possible to characterize the plasma solely by a single temperature when either
expression accurately characterizes the particle distributions.
This is an important consideration from an experimental standpoint where it is critical
that measurements are conducted in a system that is in- or near-LTE. Rather than ensure
LTE by direct measurement of f (E) dE, it is usual to conduct observations on timescales
that are long enough to permit plasma particles to relax into thermal equilibrium. The
timescale for electron equilibration is given by
−13



tee ≈ 3.3 × 10

Te
100 eV

3/2 

1021 cm−3
ni log Λ


[sec],

(2.18)

while electron-ion equilibration occurs on slower timescales,
−10

tei ≈ 3.6 × 10

A
Z2



Te
100 eV

3/2 

1021 cm−3
ni log Λ


[sec].

(2.19)

Here, A is the atomic mass of the ions, ni is the ion density in units of cm−3 , and the
Coulomb logarithm log Λ is a weak function of the temperature and density with values
typically between 5 and 15. More complete definitions of these timescales can be found
in various texts [6, 60]. For a typical high-intensity laser-plasma with Te ∼ 200 eV and
ni ∼ 1022 cm−3 , these formulas predict that the electrons will equilibrate within ∼10 fs
and equilibrate with the ion population in approximately 1 ps. These timescales are short
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compared to typical hydrodynamic timescales, but approach the minimum temporal resolution of many fast instruments. As a result, care must be taken when interpreting ultrafast
measurements under the assumption of LTE.

2.2.2

Equilibrium population distributions

After the electron and ion populations have equilibrated, it is necessary to determine how
the bound electrons are distributed within a given charge state. The following discussion is
restricted to singly-excited states, but generalization to multiply-excited states is possible.
Figure 2.3 displays a schematic energy level diagram to introduce the conventional nomenclature for ionic systems. The ion of interest is said to have total charge (z − 1), where
z denotes the total charge of the ion in the next higher ionization stage. For instance, if
an Al ion (Z = 13) has 10 bound electrons, the total charge of the ion is (z − 1) = 3 and
z = 4. This convention uses the quantity z to express the approximate nuclear charge felt
by the outermost electron. This electron is sometimes referred to as the optical electron
as it typically plays the dominant role in the absorption or emission of radiation. Discrete
bound energy levels are indicated by p or q with the convention that q > p. The quantities
nz−1 (p), gz−1 (p), and χz−1 (p) indicate the population density (in units of cm−3 ), the statistical weight, and ionization potential (> 0) of level p, respectively, in the ion of total charge
(z − 1). The energy difference between levels p and q is Ez−1 (p, q) = χz−1 (p) − χz−1 (q).
Once a plasma has achieved local thermodynamic equilibrium, the ionization and excited state populations of the constituent ions are distributed in predictable ways. A basic
result of equilibrium statistical mechanics is that the population density ratio between ions
with different electron configurations is given by the Boltzmann distribution


gz−1 (q)
Ez−1 (p, q)
nz−1 (q)
=
exp −
.
nz−1 (p)
gz−1 (p)
Te

(2.20)
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Figure 2.3: The basic nomenclature used to describe ionic systems is introduced in this
figure. An electron can transition between discrete energy levels p and q separated by
an energy Ez−1 (p, q) = χz−1 (p) − χz−1 (q). The electron involved in the transition, the
so-called optical electron, feels an effective nuclear charge z, but the ion total charge is
(z − 1).
This equation can be used to find the population density of state q once the population of p
is known within a given ionization stage (z − 1) with total ion density nz−1 .
This relationship can be extended to calculate the population densities of different ionization stages if the upper state q is allowed to cross the ionization limit into the continuum
of free electron states. Since the unbound energy levels are continuous, the upper level is
regarded as a free electron with a velocity in the range [v, dv] paired to the original ground
state ion (which is now in ionization stage z). Then Equation 2.20 becomes


gz (1, v)
∆E
nz (1, v)
=
exp −
dv.
nz−1 (p)
gz−1 (p)
Te

(2.21)

As before, nz (1, v) dv and gz (1, v) dv denote the population and statistical weight of the
upper (continuum) level, and ∆E is now the energy required to liberate an electron from
level p into the continuum with velocity v, simply, ∆E = me v2 /2 + χz−1 (p).
The statistical weight of the continuum level can be calculated from the volume element
d 6V in the six-dimensional position-momentum phase space. If the unit cell in the x-px
plane (for instance) has unit area δ x · δ p = h, then the number of states from the free
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electron motion is

g d 6V =

∆x · ∆px ∆y · ∆py ∆z · ∆pz
d3x d3p
=
.
h
h
h
h3

(2.22)

The element d 3 x can be replaced by 1/ne and momentum element d 3 p = 4π p2 d p can be
replaced by 4π m3 v2 dv. Factoring in the statistical weight due to the internal structure of
the ground state ion gz (1) and the free-electron spin ge = 2 gives the final form for gz (1, v):

gz (1, v) dv =

4π m3e v2 dv
ge gz (1).
ne h3

(2.23)

Substituting Equation 2.23 into 2.21 and recognizing the Maxwell velocity distribution
(Equation 2.16) gives
!

χz−1 (p) + 21 me v2
4π m3e v2
exp −
dv
h3
Te




χz−1 (p)
gz (1) ge 2π me Te 3/2
exp −
f (v)dv.
=
gz−1 (p)
h2
Te

nz (1, v) ne
gz (1) ge
=
nz−1 (p)
gz−1 (p)



(2.24)

In most situations however, it is the ion density nz (1) that is of interest, rather than nz (1, v).
This is easy to obtain by integrating Equation 2.24 over velocity space and using the normalization of the Maxwell distribution. This provides the canonical form of the well-known
Saha-Boltzmann distribution:
2 gz (1)
nz (1) ne
=
nz−1 (p)
gz−1 (p)



2π me Te
h2

3/2



χz−1 (p)
exp −
.
Te

(2.25)

In traditional plasma spectroscopy the ratio of the total ion density nz to that of the ‘atom’
density nz−1 is more important, especially for calculations of the emission spectra from an
LTE plasma. The total atom density is obtained by summing up all the individual popula-
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tions in the (z − 1) charge state:


nz−1 (1) ∞
Ez−1 (1, p)
= ∑ nz−1 (p) =
gz−1 (p) exp −
gz−1 (1) p∑
Te
p=1
=1
∞

nz−1

nz−1 (1)
=
Bz−1 (Te ),
gz−1 (1)

(2.26)

where Bz−1 (Te ) is the partition function for the internal degrees of freedom. An analogous
equation can be written down for the ions. Equation 2.25 can then be recast to give the ion
population density ratios,
2 Bz (Te )
nz ne
=
nz−1
Bz−1 (Te )



2π me Te
h2

3/2



χz−1 (1)
.
exp −
Te

(2.27)

Together, Equations 2.16, 2.20, and 2.27 fully specify the state of an equilibrium system
composed of ions and free electrons subject to appropriate normalization conditions for
mass conservation and charge neutrality. These are
Z

∑ nz = ni,

(2.28)

∑ z nz = n e .

(2.29)

z=0
Z
z=0

To calculate the equilibrium state of an atomic system, one begins by recursively applying the Saha equation (2.27) to determine the fractional population of each ionic charge
state. This provides the ionization state distribution and the self-consistent free electron
density. Within each ion, the Boltzmann equation (2.20) is applied iteratively to determine
the relative population density between ground and excited states. With this information in
hand, it becomes immediately possible to predict the plasma emission or absorption spectrum with knowledge of the appropriate radiative rate coefficients. In principle this task
is straightforward, but spectroscopically accurate calculations require detailed knowledge
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of the energy level structure and ionization potential within each ion. Dense plasma effects, such as ionization potential depression [61, 62] or plasma polarization shifts [63],
make these calculations considerably more complicated in the dense plasmas produced by
high-intensity lasers.

2.2.3

Absorption and emission of radiation

Once the equilibrium ion and excited state distributions have been established, it is possible to calculate how the system produces and interacts with radiation. The radiation field is
sensitive to the local instantaneous plasma temperature and density conditions and carries
information about the response of atomic systems to local fields and energy flows. In transient plasmas like those created by picosecond high-intensity lasers, this radiation is often
the only reliable diagnostic of the plasma state variables and diverse physical processes [6].
Photons are emitted or absorbed when an electron transitions from one bound energy
level to another, or through electron transitions between continuum and bound states. Figure 2.4 displays a simple level diagram consisting of discrete bound energy levels and
continuum states. It is conventional to classify radiation based on the final and initial states
of the transitioning electron using three main categories.
Bound-bound transitions (I) occur when an electron moves between discrete bound energy levels by either radiative decay, resonant photoabsorption, or stimulated emission.
Stimulated emission occurs when a passing photon causes an excited state to decay, resulting in photon emission. The photons that emerge from these transitions form discrete
absorption or emission line spectra.
A bound electron can absorb a photon with enough energy to liberate it from the nucleus (II). This process is called photoionization and results in continuous absorption spectra, since a photon with any energy larger than the ionization energy for a particular level
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Figure 2.4: Electronic transitions that result in the emission or absorption of a photon are
broadly sorted into three main categories based on whether the initial and final states of the
electron are bound or free– bound-bound (I), bound-free (II & III), and free-free (IV).
can participate. The reverse process is electron capture by radiative recombination (III).
Photons emitted by this process have a continuous energy spectrum equal to the initial kinetic energy of the electron plus the ionization energy of the state that participates in the
capture. Both processes are bound-free transitions.
Finally, a continuum electron propagating in the vicinity of the electric field of an ion
can emit a photon while still retaining enough energy to remain free, or it can absorb a
photon to gain additional kinetic energy (IV). The former gives rise to bremsstrahlung
radiation while the latter process is inverse bremsstrahlung. Both contribute to the free-free
part of the absorption or emission spectrum.
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Figure 2.5: Three bound-bound radiative process connect levels p and q with rates given by
Einstein’s A and B coefficients: spontaneous radiative decay [A(q, p)], resonant photoabsorption [B(p, q)], and stimulated emission [B(q, p)]
Blackbody radiation
Consider bound-bound radiation from an ensemble of ions with lower level p and upper
level q, as before. This radiation has a wavelength corresponding to the energy difference
E(q, p) between the two levels. We will obtain an expression for intensity of the radiation
field when the atomic system achieves equilibrium.
As noted above, there are three bound-bound radiative processes. These are radiative
decay, resonant photoabsorption, and stimulated emission. Each occurs with a different
rate denoted by Einstein’s A and B coefficients, A(q, p), B(p, q), and B(q, p) respectively
(Fig. 2.5). As long as no photons or ions are allowed to leave the system, the temporal
evolution of the upper state population n(q) is

n˙q = n(p) B(p, q) Iν − n(q) [A(q, p) + B(q, p) Iν ]

(2.30)

where Iν is the spectral intensity of the isotropic radiation field at the transition frequency
ν. After a sufficiently long time, the system reaches a steady state and the time derivative
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vanishes. Equation 2.30 can then be rearranged for the spectral intensity

Iν =

n(q) A(q, p)
.
n(p) B(p, q) − n(q) B(q, p)

(2.31)

As the system approaches the steady state, it is expected to be in thermodynamic equilibrium. Thus the population ratio between the upper and lower states is expressed by the
Boltzmann distribution


g(q)
E(q, p)
n(q)
=
exp −
n(p)
g(p)
T
 e 
hν
n(q)
g(q)
=
exp −
.
n(p)
g(p)
Te

(2.32)
(2.33)

Relationships between the Einstein coefficients A and B are obtained by detailed analysis
of the actual cross sections for each process and can be found in [64]. They are reproduced
here for clarity:

g(q) B(q, p) = g(p) B(p, q),

A(q, p) =

2hc3
B(q, p).
c2

(2.34)

Substituting 2.33 and 2.34 into Equation 2.31 leads to the intensity of the equilibrium radiation field,
Iν dν [W /m2 sr] =

2hc3
1
dν.
2
c exp (hν/Te ) − 1

(2.35)

This is usually called Planck’s distribution or the blackbody distribution. It has been derived
here for a narrow frequency range corresponding to the transition energy between states p
and q, but the same treatment can be applied to any other frequency range by introducing
other transitions. It quantifies the spectral intensity of the equilibrium radiation field in
a perfectly emissive and absorptive radiator at a specific temperature. In this case the
temperature explicitly refers to the Maxwellian temperature of the plasma electrons.
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In certain situations, the radiation emerging from an LTE plasma follows the blackbody
distribution over very narrow spectral ranges. This occurs near the center of extremely
strong bound-bound transition lines, where Kirchoff’s rule (see following discussion) implies that strong emission lines will also exhibit strong absorption when in LTE. Photons
in the plasma with energies approximately equal to the transition energy undergo many absorption/emission steps. This process tends to ‘thermalize’ these photons, causing them to
relax into a near-equilibrium intensity distribution. As a consequence, strong spectral lines
tend to saturate at the intensity predicted by the blackbody distribution when the plasma is
near LTE.

2.2.4

1-D radiation transport

The basic understanding of equilibrium radiative processes discussed above can now be
applied to understand how radiation flows through a plasma. This discussion of radiative
transfer, though restricted to one dimension in a homogeneous material, provides the basic
framework for understanding more complex scenarios.
Consider white light propagating in the positive z-direction that is incident on a purely
absorbing medium composed of two-level atoms with levels p and q. Radiation is absorbed
by the transition p → q in the region z ≥ 0. The incident light has intensity Iν0 before entering the medium and propagates through with an intensity given by I(z). The absorption in
the medium is quantified by the frequency-dependent absorption coefficient κν .
The radiation passing point z + dz is equal to the intensity at z decreased by however
much was absorbed across dz:

Iν (z + dz) = Iν (z) − κν Iν (z) dz,

(2.36)

so that the change in intensity is just dIν (z) = −κν Iν (z) dz. Since the medium is assumed
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Figure 2.6: Schematic illustration defining the problem of radiative transfer in one dimension. An external radiation field of intensity Iν0 impinges on a material at z = 0 that absorbs
and emits radiation. At depth in the material, the radiation has an intensity Iν (z). The goal
is to determine how the intensity varies as a function of depth.
to be homogenous, κν is a constant with respect to z and the equation can be easily solved
to obtain the intensity as a function of depth in the material:

Iν (z) = Iν0 e−κν z .

(2.37)

The quantity τν = κν z is commonly called the optical depth, and gives the characteristic
length scale for the transmitted intensity to drop by a factor of e. Materials that have
τ > 1 are called optically thick and are strong absorbers. Special care must be taken
when the optical depth becomes large because the emergent radiation field can be strongly
modified by plasma gradients along its path. As a result, it may no longer accurately encode
information about the original plasma conditions.
A more realistic scenario for many plasmas is encountered when the medium is allowed
to emit as well as absorb radiation. Photons are emitted by the transition p ← q, expressed
by the emission coefficient ην and an extra term in Equation 2.36:

Iν (z + dz) = Iν (z) − κν Iν (z) dz + ην dz.

(2.38)
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Now the change in intensity over an the length element dz is dIν (z) = (−κν Iν (z) + ην ) dz.
This is the time-independent radiation transfer equation in one dimension. Its solution is
Iν (z) = Iν0 e−κν z + Sν (1 − e−κν z ).

(2.39)

The first term is identical to Equation 2.37 and again quantifies how the external radiation
field is attenuated by the plasma. The second term captures radiation produced and attenuated within the plasma itself. The prefactor Sν = ην /κν is called the source function.
With reference to Figure 2.5, the emission coefficient is

ην = n(q) A(q, p)

hν
P(ν),
4π

(2.40)

where the factor P(ν) is the spectral line profile and is normalized to unity. Similarly, the
absorption coefficient is related to Einstein’s coefficient for resonant absorption B(p, q) but
reduced by the possibility of stimulated emission:

κν = [n(p) B(p, q) − n(q) B(q, p)]

hν
P(ν).
4π

(2.41)

These equations together give source function Sν ,

Sν =

n(q) A(q, p)
,
n(p) B(p, q) − n(q) B(q, p)

(2.42)

which is just equation 2.31 for the blackbody distribution. Therefore, as long as the plasma
is near equilibrium, the source function closely approximates the blackbody radiation intensity. This relationship between equilibrium emission and absorption coefficients is known
as Kirchoff’s rule and compactly communicates the concept of detailed balance in LTE.
Formally, detailed balance states that the ratio between the rates of forward-going and re-
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verse processes is proportional to the ratio of the final state densities of the two processes
only. Thus, once the forward-going rate has been determined, the reverse rate can be obtained without additional calculation. In the present context, Kirchoff’s rule guarantees
that the absorption spectrum can be calculated immediately once the emission spectrum is
known and vice versa. This admits significant simplification for atomic kinetics calculations since it reduces the requisite atomic data and calculations by half.

2.3

Plasma Spectroscopy

The primary goal of plasma spectroscopy is to infer characteristics of the plasma, such as
its temperature, density, or composition, based on features of the radiation that it absorbs
or emits. These features may be related to spectral line shapes, intensity ratios, or energy
shifts or may be a characteristic of the free-free spectrum, such as the slope of the blackbody
continuum. In each case the problem reduces to finding the ion and excited state population
distribution and determining the effects of the surrounding plasma on the radiation emitted
from the plasma. Once complete, synthetic spectra can be generated for various plasma
conditions and compared against experimental data to infer the actual plasma parameters.
This section describes the general method for calculating the emission spectrum from nonequilibrium population distributions.

2.3.1

Atomic processes in hot plasmas

In LTE, the ionization and excited state populations can be computed directly from statistical mechanics using Equations 2.20 and 2.27. In situations where the plasma is not in
equilibrium, the population distributions must be calculated self-consistently from coupled
rate equations that consider the important collisional and radiative processes occurring in
the plasma. This section introduces these processes and defines basic terminology.
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Figure 2.7: Atomic processes in hot plasmas. The first column shows the reaction equation
for an ion of nuclear charge Z and excited states q p. The ground state ion is denoted
by subscript 0. The following columns name the forward-going and reverse reactions and
provide the rate for each. The processes listed in bold are the most common and will be
considered in the rate equation.
Figure 2.7 lists the six most important atomic processes and their reverse processes.
The reaction equation for each is given in the first column of the table for an ion of nuclear
charge Z in the ionization state (z − 1) and with excited states p and q. Where appropriate,
the ground state ion is denoted explicitly with a subscript 0, but it is noted that state p could
also refer to ground state in some situations. The following columns name each process
and provide the rate for each. The quantity nz−1
is used to refer to the population density
q
of ions in state q with total charge (z − 1). As usual, ne refers to the free electron density.
The processes listed in bold are the most frequent and will be considered in the kinetic rate
equation.
Spontaneous radiative decay and resonant photoabsorption have been considered earlier
in the context of equilibrium radiation. The Einstein A coefficient has been used for both
here to make the inverse relationship explicit. Spontaneous decay results when an electron
in an excited state transitions to a lower level with the emission of a photon with energy hν
corresponding to the difference between the final and initial states. This same photon can
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be absorbed in a different ion to pump the reverse transition by resonant photoabsorption.
Electron impact ionization occurs when a free electron strikes an ion with enough energy to eject a bound electron into the continuum. In the reverse process, two electrons
approach an ion and one is captured into an ionic state. The second electron remains free
and carries away the excess energy. These processes are non-radiative.
Electron impact excitation results when a free electron enters the ionic volume and promotes a bound electron into a higher level. The reverse interaction can cause deexcitation
where the free electron carries away the transition energy.
In photoionization, a photon couples enough energy into the ion to liberate an electron.
In the reverse process, this electron can radiatively recombine into the ion with the emission
of a photon equal to the sum of the free electron kinetic energy and the ionization energy
of the level that the electron is captured into. These processes contribute to the free-free
component of the spectrum.
An ion can ionize itself without external interactions in a process called autoionization.
In this case, one electron in an initially doubly-excited ion spontaneously decays to a lower
state. Instead of emitting a photon, the extra energy is absorbed by the second electron and
is liberated from the ion. This can only occur if the sum of the two excited state energies is
larger than the next ionization energy. The reverse process occurs when a free electron is
captured into an ion, and the excess energy is used to excite another bound electron. This
results in the doubly-excited ion that is the initial state for autoionization. Alternatively,
radiative stabilization can follow to form a singly excited ion.
Bremsstrahlung radiation is emitted when a free electron is accelerated by the Coulomb
potential of a nearby ion, causing the emission of a photon. Inverse Bremsstrahlung occurs
when an electron absorbs a photon in the presence of an ion’s electrostatic field.
This detailed accounting provides a general first-principles framework for constructing
the emission or absorption spectrum in as much detail as required. After enumerating
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Figure 2.8: Schematic illustration of the atomic processes listed in Figure 2.7 to clarify
the physical picture. Each subfigure displays the forward-going process on the left and
the reverse process on the right: (a) Spontaneous decay and resonant photoabsorption, (b)
autoionization and dielectronic recombination, (c) photoionization and radiative recombination, (d) electron impact ionization and three-body recombination, (e) electron-impact
excitation and deexcitation.
the possible states (including multiply-excited states) available in each ion, cross sections
for each process are evaluated from the appropriate matrix element linking the final and
initial state wavefunctions. These cross sections are integrated over the electron energy
distribution to obtain the corresponding rate coefficient. In principle, this treatment can
be carried out to arbitrary precision: ionic states can be enumerated to include fine- and
hyper-fine structure, relativistically-correct wavefunctions can be calculated for an ionic
states in the external field of a plasma, and the electron energy distribution can take any
integrable form. In general practice however, spectroscopic calculations need only to match
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the resolution of the detector. As a result, calculations are usually carried out for a reduced
set of levels with simplified wavefunctions. This permits a computationally feasible effort
with a reasonable balance between detail and completeness [18].

2.3.2

Collisional-radiative atomic kinetics

Once rates for each atomic process are in hand, it is possible to immediately write down
an equation to determine the time-dependent population density for any state. One equation is written down for each state being considered, together forming a coupled set of
simultaneous differential equations. The solution of this set is the fundamental goal of
collisional-radiative atomic-kinetic modeling.
The equation for any state nz (p) balances the rate at which the state is populated against
the rate at which it is depopulated. If the system has achieved a steady state, the equation
can be expressed in relative simplicity:

∑

nke nz0 (p0 ) R(z0 , p0 → z, p) =

populating
processes

where z = 0, 1, . . . , Z,

∑

nke nz (p) R(z, p → z0 , p0 ),

(2.43)

depopulating
processes

z0 = z, z ± 1,

p = 0, 1 . . . , P,

p0 = 0, 1, . . . , P0 .

On the right hand side, R(z, p → z0 , p0 ) is the combined rate coefficient for all processes that
convert state (z, p) into other states (z0 , p0 ) [6]. The exponent k is the number of electrons
involved in each process: k = 0 for spontaneous decay, 2 for three-body recombination,
and 1 for the other processes. The highest state considered in this equation is denoted by P,
so there are ∑Zz=0 Pz total equations that can be written down. Deciding the maximum value
of P to truncate this series is an important consideration for the detail or completeness of
spectroscopic calculations.
If one considers only the boldfaced processes in Figure 2.7, the full equation for the
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temporal evolution of the population density nz−1 (p) is given by
d
n(p) =
dt

"

!

−

∑ F(p, q) + ∑ C(p, q) + S(p)

q<p

+

(2.44)

∑ C(p, q) nen(q)

q<p

q>p

#
ne +

∑ A(p, q)

n(p)

q<p

∑ [F(q, p)ne + A(q, p)] n(q)

q>p

+ [α(p)ne + β (p)] ne nz ,

where the summation convention q < p is understood to mean the sum over all levels q
that are energetically lower than level p. The first line captures the rate at which n(p) is
populated from lower levels and the third line expresses the populating rate from higher
levels. The fourth line describes how the state is populated by direct recombination from
the higher ion nz . The second line shows the rate at which the state is depopulated by
transitions to different levels or ionization events. It is emphasized that Equation 2.44 is
only one of a set of simultaneous coupled equations for each enumerated level. Since the
electron density ne is not known a priori, an initial estimate is provided by solving the Saha
equation. This guess is used to calculate the initial population distributions and update the
electron density, at which point the full set of equations must be solved again. Though
tedious, this iterative process usually converges rapidly.
In general, the explicit solution of this equation requires an enormous amount of atomic
data and quickly becomes an intractable task. The situation is simplified by assuming that
the time derivatives can be neglected. This is a reasonable assumption in high-density plasmas where any changes in the plasma temperature and density are quickly communicated to
the bound state populations, allowing them to equilibrate on rapid timescales compared to
the plasma hydrodynamic evolution. Further simplification can be obtained by neglecting
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charge states that presumably have negligible densities.The charge states with the highest
population density can be estimated ahead of time using the Saha equation. Finally, within
each charge state only a limited number of excited states are spectroscopically important.
The suitability of these simplifications must be carefully evaluated for each problem before
they are applied, but in most cases it is possible to greatly reduce the complexity of a given
problem to a point that it can be handled in a reasonable number of computations.

2.3.3

The emission spectrum

The emission (or absorption) spectrum is frequently the only experimental observable
linked to fine-scale plasma properties in high-intensity laser experiments. It provides a
valuable diagnostic of the local instantaneous plasma conditions through the temperatureand density-dependent collisional-radiative rates and is a sensitive probe for plasma-dependent
atomic microphysics that define the radiative and material properties of high-energy-density
systems. This section develops the basic terminology relevant to the plasma emission spectrum.
After calculating the population distributions by the kinetic rate equations or equilibrium relations, the quantity of first importance is the transition energies of discrete boundbound spectral lines. The energy of the photon emitted by an electronic transition between
two bound energy levels p and q is calculated from the difference in the ionization energies of the two levels and is E(p, q) = χ(p) − χ(q). For hydrogen and hydrogenic ions
of nuclear chage Z, the ionization potential is simply χZ−1 (p) = Z 2 R/p2 , where R is the
Rydberg constant is numerically equal to 13.605 eV. Thus the energy carried away by the
photon in a hydrogenic system is

2

E(p, q) = Z R




1
1
− 2 ,
p2
q

(2.45)
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which is the well-known Rydberg formula. It is assumed that levels p and q are degenerate with respect to the orbital quantum numbers. In later discussion, transitions to the
ground state ion are called resonant transitions and the associated spectral lines are known
as resonance lines.
The energy level structure of ions with many bound electrons can be extremely complicated. When there are only two bound electrons, the situation can be treated as a modification of the hydrogenic ionization energies by introducing a screening parameter θ . This
parameter attempts to account for how completely the inner electron screens the nuclear
charge. Modified in this way, the ionization energy becomes

χz−1 (p) =

(z + θ )2 R
.
p2

(2.46)

θ is dependent on the orbital quantum number of the optical electron, since some excited wavefunctions can still penetrate deep within the inner ionic volume. More sophisticated screening treatments exist for ions with many bound electrons [65] but are typically
schematic in nature to permit rapid calculation. Full analysis requires more advanced techniques with detailed wavefunctions that account for interactions with the external plasma
environment [66].
The power emitted by each spectral line is related to the Einstein A coefficient for
spontaneous radiative decay by

Pq→p = nz−1 (q) E(p, q) A(q, p).

(2.47)

Here, Pq→p corresponds to the total emission rate within the line. As an experimental tool,
this formula anticipates the use of spectral line ratios as a temperature diagnostic method.
Assuming that the Einstein coefficient is known for two transitions in the same ion, the
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intensity ratio between the lines is related to the population density of the excited states. If
the plasma is in equilibrium, this ratio is a function of the temperature only and is expressed
by the Bolztmann distribution (Equation 2.33).
The spectral distribution of the radiated energy is obtained by multiplying the total radiated power by a frequency-dependent line profile factor. This factor attempts to quantify
how energy is redistributed from the center of the line to the wings. It is particularly sensitive to microfields around emitting ions produced by the plasma background. As a result,
the line width can be used to provide information about the plasma conditions that are
impossible or difficult to obtain by other means.
Spectral lines are broadened primarily by four mechanisms that each contribute differently to the overall line shape. The first broadening mechanism arises from the finite
lifetime of the excited state and results in a Lorentzian line profile. This is known as natural line broadening. The natural line width is the minimum possible width and is almost
always overwhelmed by broadening from other mechanisms.
A second contribution to the line shape arises from the thermal motion of the emitting
ions. The ion velocities are distributed according to the Maxwell-Boltzmann distribution
along the one-dimensional detector line-of-sight. As a result, photons emitted from these
ions experience Doppler shifts that are distributed around the center of the line with a
Gaussian distribution. For plasma diagnostic purposes, the Doppler width can usually be
neglected. Simple calculations [6] show that the ratio between Doppler broadening and
the transition energy is typically of the order of 10−4 . In the absence of other broadening mechanisms, the spectral line would have a shape described by a convolution of the
Lorentzian and Gaussian profiles. This is known as the Voigt profile; the three line shapes
are shown in Figure 2.9.
The final two contributions to the line width can provide sensitive measurements of the
plasma density based on the interaction of the radiation ion with the surrounding plasma en-
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Figure 2.9: Typical spectral line shapes for isolated ions are illustrated above. Due to the
finite lifetime of the excited state, all natural line shapes are Lorenztian, as in (a). If the
plasma is at finite temperature, the thermal motion of the ions contributes additional broadening according to the Gaussian Distribution (b). The effective line shape in the absence of
external pressure broadening is given by the convolution of these two distributions, giving
rise to the Voigt profile (c). The Voigt profile has a Gaussian shape near the line center but
becomes Lorentzian in the wings.
vironment. Consider a radiator immersed in a plasma composed of free electrons and other
charged ions. The motion of these other particles causes the radiator to experience a fluctuating electrical potential with rapidly varying contributions from relatively fast-moving
electrons and low-frequency contributions from the slower ions. If the electron density is
not too high, the duration of electron-ion collisions can be considered small compared to
the average time between collisions. When this is true, rapid potential fluctuations due to
electron impacts can be thought of as near-instantaneous temporal perturbations. The result
of these interactions caused the line to acquire a broadened Lorentzian profile with a width
linearly related to the electron density ne [67].
In the other extreme, the radiator is subject to quasi-electrostatic interactions that are
far longer than the time between two collisions. This is the case when the perturber is a
slow moving ion. The physical mechanism is the electrostatic Stark effect; ionic levels
are split and shifted according to the absolute value of the magnetic quantum number. For
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Figure 2.10: Al thermal x-ray spectra calculated for three temperatures at fixed density.
The prominent x-ray lines are bound-bound resonance lines; dielectronic-recombination
satellite lines are evident on the low energy side of each. As the temperature increases,
more energy is radiated by the Al Lyα line as a consequence of increased population density
in the H-like charge state. This trend is predicted by the Saha Equation.
weak electric fields, the splitting depends quadratically on the strength of the electric field.
For stronger fields, the splitting increases linearly with field strength. The effect on the line
shape is complicated and requires specialized numerical codes to quantify accurately [68].
Plausibility arguments lead to the simple conclusion that increasing plasma densities tend
to strengthen the local electrostatic field strength and thus also the Stark-broadened widths
of spectral lines. Electron-impact and quasi-static broadening are sometimes referred to
collectively as pressure-broadening.
We are now able to consider the emission spectrum from a relatively simple plasma.
Figure 2.10 shows spectra calculated for an Al plasma at three different temperatures and
a fixed density of 1 g cm−3 [66]. The calculation was carried out by solving the full set of
collisional-radiative rate equations in detail for Li-like and higher ions while considering
only ground states in lower ions. The spectra were constructed over the photon energy
range between 1550 - 1750 eV where two prominent bound-bound transitions are present.
These are the Heα and Hα (or Lymanα ) thermal x-ray lines. The nomenclature indicates
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Figure 2.11: Collisional-radiative calculations are shown for the the Al Heα line are shown
at fixed temperature and a range of densities. As the density increases, the line is broadened
by electron-impact and quasi-electrostatic interactions with the surrounding plasma.
that these transitions occur in He or H-like ions where the subscript α denotes a transition
from n = 2 → 1. Transitions from higher excited states to the n = 1 level are denoted by
successive letters in the Greek alphabet. These lines are broadly categorized as resonance
lines since they result from transitions terminating on the ground state of the ion.
Relatively weak transitions are noted to the low energy side of each resonant line. These
result from the radiative stabilization of doubly-excited ions formed by dielectronic recombination. The physical process begins with an ion of charge z that undergoes an electron
capture event where the excess energy is used to promote a bound electron into an excited
state. This process of dielectronic recombination can result in an ion with two excited
electrons. In some cases, the lower excited electron will radiatively decay in the screened
nuclear potential modified by the higher-lying electron. Since this additional screening is
very weak, the emitted photon carries an energy very near that of the parent transition in
the higher ion. Such weak transitions accompanying strong resonant transitions are called
satellite lines. For example, the Li-like satellite lines at 1570 eV result from a transition of
the form 1s1 2p2 → 1s2 2p1 .
The effects of increasing plasma temperature are evident from the spectra. In accor-
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dance with the Saha distribution, the average charge state of the plasma tends to increase
at higher temperatures. This fact can be deduced by comparing the total power radiated
in the Heα and Lyα bands. As the temperature increases, more energy is radiated within
the Lyα band as a consequence of higher population density in the Hydrogen-like charge
state. A similar dependence can be found between satellite and resonance line ratios. This
sensitivity can be exploited to estimate the temperature of an emitting plasma.
Figure 2.11 shows the effects of increasing plasma density over a smaller spectral range
restricted to the Al Heα thermal line. The simulation shows the line shape for a range of
densities spanning nearly two orders of magnitude. The dominant effect of increasing
density is to broaden the line shape. In this simple scenario, the line shape is primarily
Lorentzian due to electron-impact broadening. By referencing line widths and intensity
ratios, it is possible to obtain quantitative estimates for the plasma conditions in the HED
regime. This topic will be the focus of Chapter 5.
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Chapter 3

Experimental Platform
This chapter describes the experimental systems that were used and designed for this research. This includes a brief overview of the Multi-Terawatt (MTW) Laser Facility, details
regarding design and fabrication of the target platform, and a focused discussion of the
time-resolved x-ray spectrometers used for these studies.

3.1

Experiment configuration

Figure 3.1 shows a computer-aided-design (CAD) model of the MTW target chamber configured for the experiments described in this thesis. The target chamber is a sphere of radius
37.5 cm with 26 diagnostic ports. The laser enters the chamber from the left and is steered
onto an off-axis parabolic mirror that focuses the beam to a target positioned at the center
of the chamber by a four-axis manipulator.
The targets were thin plastic foils containing a buried metallic tracer layer and were
directly irradiated by the high-intensity laser pulse. The tracer layer monitors energy transport within the target and serves as a spectroscopic witness of the bulk plasma evolution.
Thermal x-ray emission from the buried layer is recorded by four spectrometers, including
a pair of picosecond time-resolving spectrometers, to infer the time-dependent temperature
and density evolution of the target bulk. Heating dynamics are inferred from the temporal
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Figure 3.1: A CAD rendering of the MTW target chamber shows the instrument configuration for the experiments carried out in this work. The laser enters the target chamber
from the left and is focused onto a buried-layer target by an off-axis parabolic mirror at
high intensity. X-ray emission from the buried layer is recorded by two time-integrating
x-ray spectrometers and a pair of conical-crystal spectrometers coupled to picosecond timeresolved x-ray streak cameras.
profile of the x-ray flash. The outer plastic layers constrain early hydrodynamic expansion
and can be varied to modify density conditions in the experiment. The buried-layer depth
and composition are varied to study energy transfer dynamics in hot dense matter.
The x-ray spectrometers are configured to measure Al and Fe thermal x-ray line emission along two lines of sight from the front and rear of the target. A time-integrating
elliptical-crystal spectrometer was designed to measure x-ray emission from L-shell Fe
ions to test ionization balance predictions in plasma regimes relevant to stellar interiors. A
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flat-crystal time-integrating spectrometer (not pictured) measured Al K-shell thermal line
emission to estimate the average plasma conditions. Spectra from this instrument were used
to correct the time-resolved spectra for variations in streak camera sensitivity. Two conical
crystal spectrometers focused Al Heα emission to the input slits of a pair of ultrafast x-ray
streak cameras. The streaked data were used to infer the time-dependent plasma conditions
and understand ultrafast heating dynamics in high-intensity laser interactions.

3.2

Multi-Terawatt Laser Facility

The MTW laser facility is a university-scale, single-beam laser system at the University of
Rochester’s Laboratory for Laser Energetics. An optical parametric chirped pulse amplification (OPCPA) front end [69] is used to produce ∼250 mJ, 2.4 ns pulses at λ = 1054
nm that pass through a series of neodymium (Nd)-doped laser-glass amplifiers that combine to provide a final energy between 2 – 100 J. The fully amplified pulse is compressed
[70] in a vacuum compressor chamber to a near-transform-limited pulse length of 0.7 ps.
The compressor output can be varied to produce pulse lengths up to 100 ps in duration.
The maximum output energy at the shortest pulse length is limited to 19 J by the damage
threshold of the compressor gratings. The temporal contrast of the laser has been measured
at 108 up to 100-ps prior to the main pulse (Figure 3.2 (a)) [71].
The full-energy, compressed pulse is transported to a spherical target chamber, where
it is focused by an f/3.3 off-axis parabolic mirror. The focal spot has been imaged at low
power using a 20× microscope objective to be approximately Gaussian with an 4-µm fullwidth-at-half-maximum spot (Figure 3.2 (b)). The maximum on-target intensity is near
1 × 1019 W/cm2 at the fundamental wavelength.
The MTW laser can be frequency-doubled (λ = 527 nm) for experiments at high laser
contrast. This is accomplished by passing the compressed, full-energy beam though a
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Figure 3.2: Temporal contrast [72] (a) and focal spot (b) of the MTW laser at its fundamental wavelength. The contrast measurement shows that the contrast remains at 108 up
to 100 ps before the mainpulse. The focal spot was measured to be 5 µm FWHM using a
microscope with a 20× objective.
type-I potassium dihydrogen phosphate (KDP) crystal. Frequency doubling is a nonlinear
optical process that depends strongly on the laser intensity for efficient conversion. The
result is that low-intensity prepulses and pedestal are converted much less efficiently than
the main high-intensity pulse, so only the most intense part of the pulse is converted to
the second harmonic. Unconverted residual 1ω can be rejected by various means. The
estimated contrast improvement at MTW is of the order of 104 and other work suggests
that improvements up to 106 are possible. [73]. The high-intensity beam is converted at a
peak efficiency of nearly 80%. After passing through the KDP crystal, residual 1ω light
is rejected at a spectral contrast of the order of 1012 by six transport mirrors with 99% 1ω
extinction coatings. The conversion set-up is shown in Figure 3.3.
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Figure 3.3: The MTW laser was frequency doubled by passing the compressed full-energy
1ω beam through a type-I KDP crystal. The frequency doubled beam was transported
to the target chamber by six transport mirrors with a 1ω anti-reflective coating to reject
residual 1ω light. The transport path provided a spectral contrast of 1012 . Four of the
mirrors formed a dogleg that permitted ∼1% of the beam to enter a diagnostic station for
calorimetry, far-field imaging, and spectroscopy of the 2ω beam.

3.3

Buried-layer targets

The targets used for this research were thin plastic foils containing buried metal samples (Figure 3.4)[74]. The targets were fabricated by vapor-depositing a 0.2-µm–thin
metal layer on a 1-µm thick parylene-N plastic substrate. Metallic layers composed of
Al and Al/Fe admixtures were studied. Parylene overcoats were applied to the front (laserirradiated) side of some targets in increments of 1 µm up to a total depth of 4 µm. The
buried layer was deposited as a concentric disk 100 µm in diameter within the 200 µm
diameter parylene foil.
The goal of these experiments is to create high-energy-density plasmas for radiative
and material properties studies in temperature and density regimes that are difficult or
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impossible to access with conventional drivers. High-intensity lasers provide one path
to these conditions by coupling energy to solid material before it can expand, forming a
high-temperature plasma at solid density. In the case of simple planar foil targets, the
high-intensity interaction creates extremely transient plasmas with pronounced spatial and
temporal inhomogeneities that make them poor candidates for detailed measurements requiring uniform plasma samples.
The buried-layer target geometry attempts to remedy these issues by embedding the
thin fluor layer in an optically-thin inertial ‘tamper’. The layer serves as a witness of the
bulk plasma evolution and is purposefully thin to limit spatial gradients in the longitudinal
direction and to reduce optical depth effects that may complicate the interpretation of radiation emerging from the target. The outer tamper material constrains the hydrodynamic
expansion of the tracer and promotes spatial uniformity. Homogeneous and high-density
conditions in the layer favor rapid equilibration to near-LTE conditions.
The buried-layer target design is versatile. Simple adjustments to key design parameters
permit a wide range of physical processes to be studied independently. One important application is their use for ultrafast at-depth heating studies. Significant uncertainties remain
in how laser-generated hot-electrons transport energy to deep within the target. Research in
this area has attempted to quantify the relative importance of hot-electron energy deposition
against return-current heating by varying the thickness of the parylene overcoat [29]. The
goal is to modify energy deposition in such a way that the bulk temperature evolution becomes indicative of the dominant heating process. Analogous studies with thick substrate
layers to inhibit electron refluxing can be envisioned. Another promising avenue to study
temperature equilibration dynamics in ultrafast plasmas can be realized with multi-material
tracer-layers, where interspecies kinetic effects may become important [75].
Time-resolved measurements of thermal x-ray emission from the buried layer have been
widely applied to study the hydrodynamic evolution of high-pressure systems and plasma
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Figure 3.4: The targets are parylene (CH) foils containing a thin metallic tracer layer.
The buried layer serves a spectroscopic tracer of the bulk plasma conditions as the target
heats and expands. The outer plastic layers (tamper layers) constrain target expansion to
access the high-density plasma regime. The thickness of the plastic can be varied to probe
different energy transport mechanisms and to modify the hydrodynamic evolution of the
buried layer.
dependent atomic properties. In the first class of experiments, the bulk plasma temperature
and density are inferred as a function of time from ultrafast x-ray spectroscopic measurements [76]. Data from these experiments impose constraints on model predictions of critical material properties such as equation of state and high-pressure hydrodynamic release. If
the plasma is homogeneous and well-characterized, these systems provide opportunities to
investigate radiation transport and atomic physics in high energy density systems relevant
to stellar interiors, such as opacities of elements and mixtures, continuum lowering, and
energy-level shifts [19, 77–79].
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X-ray crystal spectrometers
Bragg’s law and flat-crystal spectrometers

The goal of spectroscopy is to resolve radiated energy into its component wavelengths or
frequencies. This is usually accomplished by angularly separating spectral components
using a dispersive medium, where the index of refraction is wavelength-dependent, or with
a diffraction grating. Diffraction gratings are surfaces with periodic grooves that result in
the constructive interference of single wavelengths as a function of space at the location
of a detector. The groove spacing should be similar to the wavelength of the radiation;
for x-rays (hν ≥ 100 eV), the groove spacing should be no greater than 1 nm. One way
to achieve the required fine spacing is to use a crystalline lattice. X-ray crystals can be
produced with a broad range of lattice spacings between 2 – 0.2 nm to cover much of the
x-ray spectrum between 100 eV – 50 keV. The diffraction of x-rays by a lattice structure is
described by Bragg’s law [80],
n λ = 2d sin(θB ),

(3.1)

where λ is the wavelength of the radiation, d is the lattice spacing, and θB is the angle of
incidence, defined from the crystal surface. The integer n expresses the diffraction order.
The physical picture is clear from Figure 3.5. Incoming radiation from the left strikes
a crystal with lattice spacing d. Some of the radiation enters the volume of the crystal
and scatters from a lower plane. The ray that enters and exits the crystal travels a distance
greater than its counterpart by an amount 2d sin(θ ). Clearly, constructive interference will
result only if the path length difference amounts to an integer multiple of the wavelength
n λ . The angle of incidence that gives rise to this constructive interference for a given lattice
spacing is called the Bragg angle.
The geometry of Figure 3.5 is the basis for all wavelength-dispersive x-ray spectroscopy.
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Figure 3.5: Bragg’s law describes the diffraction of x-rays by a crystal lattice. Radiation
impinges on the lattice from the left. The lower ray travels an extra distance (red) equal to
2d sin(θ ). The two rays interfere constructively if the pathlength difference is an integer
multiple of the wavelength.
The simplest spectrometer layout positions a flat crystal between the x-ray source and detector at a location and angle such that Bragg’s law is satisfied across the entire crystal
surface for the spectral range of interest. This is carried out by selecting a crystal with an
appropriate lattice spacing to satisfy geometric constraints introduced by experimental considerations such as stand-off distances and detector areas. Simple ray tracing techniques
typically suffice for this task.
An example ray trace for a flat crystal spectrometer for the MTW laser is shown in
Figure 3.6(a). The x-ray source is located at the center of the target chamber. An x-ray
crystal is positioned within the chamber to disperse radiation between 1400 – 1800 eV to
an external detector. The path of the lowest-energy ray is indicated. In the ideal case, the
Bragg condition is satisfied along the crystal surface at one point only for each wavelength
component of the incident radiation. In this situation the crystal functions in similar fashion
to an optical mirror, with the important exception that each wavelength is only reflected by
a small crystal patch where the Bragg condition is satisfied. Monochromatic radiation
emitted by the source would be measured as a delta function at the detector.
In practice, however, x-ray crystals have a finite resolving power due to surface roughness, lattice dislocations, and deviations from parallel between adjacent lattice planes [81].
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Figure 3.6: (a) Geometry for a flat-crystal spectrometer. Radiation emitted from the source
is scattered by an x-ray crystal. Each wavelength component of the radiation is scattered
by a particular patch of crystal where Bragg’s law is satisfied. The scattered radiation then
diverges as it propagates to the detector plane. The path of the low energy ray is shown.
This ray trace is calculated within the MTW target chamber (shown). Crystal defects cause
inefficient scattering over a larger surface area of the crystal by providing more surfaces
where the Bragg condition can be met. The intensity distribution of this scattered light
is called the rocking curve. If the source emits monochromatic light, as in (b), it will be
broadened by the crystal rocking curve and detected as (c). The rocking curve sets the
maximum resolving power of the instrument.
These imperfections cause inefficient Bragg scattering over a relatively large crystal surrounding the ideal location. The scattering efficiency around a given area element is known
as the rocking curve of the crystal. Monochromatic light from the source (Figure 3.5(b)) is
scattered by an extended portion of the crystal, causing the measured signal at the detector
to broaden into the shape of the rocking curve (Figure 3.5(c)). This effect is an important consideration for spectrometer design as it places a fundamental limit on the resolving
power of the instrument.
Flat-crystal spectrometers are attractive options for their simplicity of design, manufacture, and deployment. High resolving power can be achieved by increasing the separation
between the crystal and detector at the cost of reduced throughput and the requirement of
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a large-area detector. High throughput can be accomplished by moving the crystal closer
to the source until the rocking curve width becomes prohibitively large compared to the
required spectral resolution. An additional benefit is that large-area crystals are easy to
procure and mount to substrates.
A time-integrating flat-crystal spectrometer was used for this work to measure Al thermal x-ray radiation between 1450 – 2100 eV. The spectra were recorded by a back-illuminated
charge-coupled-device (CCD) camera with 13.5 µm pixels at a spectral resolving power
of E/∆E ∼1000. The instrument ultilized two pentaerythritol (PET) crystals in separate
channels to achieve broad spectral coverage. The spectrometer data were used to correct
the spectra from time-resolved instruments and to provide estimates of the time-averaged
plasma conditions based on thermal line intensity ratios and widths.

3.4.2

Curved-crystal spectrometers

Detector characteristics, such as size, shape, and sensitivity often impose strict constraints
that drive spectrometer design considerations. Simple flat-crystal geometries may not suffice for a variety of reasons depending on the intended application of the instrument. For
instance, experiments with buried-layer targets emit weakly due to the limited amount of
emitting mass in the target. A spectrometer based on a flat crystal design would need to be
placed impractically close to the target in order to collect enough x-rays for most detectors.
The difficulties are amplified for time-resolved detectors with one-dimensional input slits,
since most of the signal is lost outside the active region. A crystal that is curved along the
surface of a cone can overcome these obstacles by focusing light in the transverse direction,
perpendicularly to the spectrum.
In other situations where broad spectral coverage is required, a flat crystal geometry will
usually necessitate a large-area detector to collect the angularly-dispersed x-ray signal with

CHAPTER 3. EXPERIMENTAL PLATFORM

61

Figure 3.7: A conical-crystal spectrometer is useful for applications requiring highthroughput. The crystal is flat in the meridional (spectral) dimension, but curved in the
sagittal (transverse) dimension along the surface of a cone. This geometry focuses light to
a line at the image plane [82]
good resolution. X-ray films or imaging plates can be used in time-integrated devices, but
these recording media introduce separate complications. CCD cameras are a popular choice
for their ease of use, but large-format CCD chips becomes prohibitively expensive. Similar
restrictions exist for time-resolved instruments with fixed-width inputs. The solution for
these issues consists in curving the crystal along the surface of an ellipse. The ellipse
is shaped in such a way that scattered x-rays are redirected through one of the foci. The
detector position is optimized relative to the elliptical focus to subtend the required spectral
range at the required resolution.
Conical crystal spectrometer
This spectrometer crystal geometry is formed by curving the crystal along the surface of a
cone. The conical-curvature focuses light along the transverse dimension such that spectra
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are formed along a one-dimensional line. The apex of the cone defines the image plane
and is placed along the detector axis. The opening half-angle of the cone is specified by
the mean Bragg angle of the incoming radiation [83]. The crystal is positioned in the same
way as a flat crystal, since the geometry along the nodal line is identical to that of a flat
crystal (Figure 3.7).
This geometry is advantageous for recording the spectra from weakly-radiating systems or for use with inefficient recording media where signal fluence must be maximized.
Conical crystals can produce x-ray line foci as narrow as 100 µm, increasing the intensity
of the spectral image by as much as three orders of magnitude compared to the analogous
flat-crystal design [82]. These line-focusing geometries are well suited to time-resolved
applications with slit-imaging streak cameras. The conical curvature maximizes the x-ray
fluence at the input slit of the camera by focusing light that would otherwise be lost. This is
especially important for the ultrafast streak cameras used in this work where the instrument
temporal resolution element begins to approach the characteristic photon emission rate of
some x-ray lines. In these systems, few x-ray photons are emitted at any given moment and
it becomes critical to collect as many as possible.
Two conical crystal geometries were designed and implemented for this work. The
crystals were rubidium acid pthalate (RbAP) cleaved to a thickness of 100 µm and bonded
to conical Al substrates. Two crystal configurations were employed to resolve Al Heα or
Lyα thermal line radiation to the input slit of an ultrafast x-ray streak camera. The crystals
were mounted on five-axis stage packs for fine in situ alignment. A computer-aided-design
(CAD) rendering of the the spectrometer is shown coupled to an x-ray streak camera at the
MTW laser facility in Figure 3.8.
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Figure 3.8: A CAD rendering of a conical crystal spectrometer coupled to an ultrafast x-ray
streak camera at the MTW laser facility. The crystal is mounted to a five-axis stage pack for
fine alignment of the spectral line focus to the input slit of an ultrafast streak camera. Rays
traced from the source to the streak camera slit show the paths for three equally-spaced
photon energies.
Elliptical crystal spectrometer
A time-integrating elliptical crystal spectrometer was designed to study thermal x-ray emission from L-shell Fe ions in the 800 – 1200 eV spectral range. Fe was selected for these
studies because uncertainties in the opacity of L-shell Fe ions may explain discrepancies in
the location of the solar conduction zone boundary [84, 85]. An additional goal was to test
ionization balance model predictions for Fe and nearby mid-Z elements [20]. The ionization balance describes the fractional population of successive charge states of a particular
element. Despite its fundamental importance for understanding radiation transport and
energy balance within plasmas, predicting the ionization balance as a function of plasma
temperature and density remains a challenging task due to significant uncertainties in recombination and ionization rates [86].
An elliptical crystal geometry was chosen for this instrument so that emission over
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Figure 3.9: An elliptical crystal geometry is formed by curving the crystal along the surface of an ellipse with one focus collocated with the x-ray source. Radiation that satisfies
the Bragg condition at each point along the crystal surface converges through the second
elliptical focus. Apertures placed at the second focus efficiently shield the detector from
background radiation. This geometry is extremely versatile; the major and minor elliptical
axes can be varied independently to satisfy nearly any experimental constraint. Restrictions
on crystal fabrication and photometrics are the limiting factors in this geometry.
the entire spectral range could be recorded as a continuous spectrum on a 27-mm CCD
chip. The geometry is formed by curving the crystal along the surface of an ellipse and
collocating one of the elliptical foci with the x-ray source [87]. X rays that satisfy the Bragg
condition at each point along the crystal surface are redirected through the second focus.
The detector is positioned relative to the second focus to subtend the required spectral
range. Moving the detector closer to the focus increases spectral coverage and signal levels
but results in degraded spectral resolution. Apertures are placed at the second focus to
shield the detector from background radiation produced in the experiment (Figure 3.9).
This geometry is extremely flexible; the elliptical major and minor axes can be adjusted
independently to accommodate nearly any experimental constraint.
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Figure 3.10: A CAD model of the elliptical crystal spectrometer designed and fabricated for
this work is shown in (a). The instrument uses two crystals in separate channels to resolve
x-ray radiation between 800 – 1200 eV (Fe L-shell; lower channel) and 1500 – 1600 eV (Al
K-shell; upper channel). The radiation is recorded by an x-ray CCD camera. Example data
from an Fe foil irradiated by a 10 J, 0.7-ps laser pulse is shown in (b). Prominent features
indicate the presence of crystal defects introduced by warping the crystal onto an elliptical
surface. These are especially pronounced in the upper channel since no Al was present in
the target. A faint Fe spectrum can be observed underneath the defect features.
A CAD rendering of the spectrometer designed and built for these experiments is shown
in Figure 3.10(a). The instrument uses offset elliptical crystals to disperse Fe L-shell and
Al K-shell emission in two separate channels [88]. Al was included as a dopant in the
Fe targets to provide the time-resolved temperature and density conditions within the Fe
sample. The spectra were recorded by a back-illuminated x-ray CCD camera positioned
behind a 0.8-µm-thin Al light-block filter. Tungsten apertures were placed at the locations
of the second elliptical foci to reduce x-ray background at the detector. The crystals were
precision-mounted in the spectrometer body to simplify alignment to the center of the target
chamber. The paths of three equally-spaced-energy rays for each crystal are shown.
The hazards associated with elliptical crystal spectrometers are highlighted in Figure
3.10(b). The image shows time-integrated spectra from an Fe foil irradiated by a 10 J,
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0.7-ps laser pulse focused to an intensity of 1018 W/cm2 . The image clearly shows radiation from each crystal separated into two channels with photon energy increasing from
left to right. Strong linear features that might appear to be spectral lines are observed in
each channel. These are defects introduced by conforming the crystal to the surface of
the ellipse. If the radius of curvature becomes too small, parallel crystal planes experience
differential stresses that result in large scale dislocations and fractures. These are most
pronounced near the high-energy end of the spectrum where the local radius of curvature
shrinks rapidly. The severity of these features is especially evident in the upper channel
since no Al was present in the target. Nevertheless a faint Fe spectrum, too weak for quantitative analysis, is visible beneath the defect features.

3.5

X-ray streak cameras

The x-ray emission emerging from a plasma encodes an enormous amount of information
about the material and radiative properties of the system. Spectroscopic techniques are
commonly employed in high-energy-density plasmas to understand their radiation transport and material- and plasma-dependent atomic properties as a function of temperature
and density. Even in the transient plasmas produced by high-intensity laser irradiation,
time-integrated measurements reflect the intensity-averaged behavior of the system over
a large range of temperatures and densities. Time-resolved measurements are required if
physical observables are sought at single temperature and density conditions. The temporal
resolution necessary for instantaneous measurements in high-intensity laser plasmas is of
the order of ∼1 ps (Equations 2.18 and 2.19).
X-ray streak cameras are well-suited for ultrafast time-resolved spectroscopy. These
instruments record the temporal evolution of one-dimensional spatially-dispersed spectra
with few-picosecond resolution. Typically, ultrafast streak cameras record up to ∼1 ns of
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Figure 3.11: An x-ray pulse incident from the left is converted to photoelectrons at the
cathode of an x-ray streak camera. The electrons are accelerated from the cathode region
and imaged to a phosphor screen at the back of the camera. Light from the phosphor
is recorded by a CCD camera. Temporal resolution is accomplished by quickly ramping
deflector plates in the sweep region to high voltage. This disperses the electron beam along
the phosphor as a function of time. The resulting image spatially resolves the photocathode
along one axis as a function of time on the other axis.
the emitted radiation.
The design and principle of operation of a streak camera is displayed in Figure 3.11. An
x-ray pulse incident from the left illuminates the photocathode at the front of the camera.
The photocathode material is a KBr or CsI salt supported by a Be substrate. It is held in
place behind a narrow slit, usually 6 - 10 mm in length and ∼200 µm in width, to form the
input aperture to the camera. The cathode is held at a high voltage so that photoelectrons
ejected by incident photons are rapidly accelerated into the streak tube. There, electrostatic
focusing optics image the electron beam from the slit to a phosphorescent screen at the
back of the camera. Light produced by electron impacts in the phosphor is recorded by a
fiber-coupled CCD camera. The entire system is evacuated to allow free x-ray and electron
propagation.
Time resolution is provided by spatially-dispersing the electron beam along the phosphor as a function of time. This is accomplished by a pair of electrostatic deflectors in the
sweep region of the camera. The deflectors are initially held at high potential and opposite
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polarity. This causes the electron beam to bend initially towards one extreme of the phosphor screen. As time progresses, the potential configuration on the plates is reversed such
that the electron beam now strikes the opposite end of the phosphor. Specialized electronics
drive the voltage ramps on each deflector within one nanosecond. The resulting phosphor
intensity map displays the spatial distribution of incident light at the photocathode on one
axis as a function of time on the other axis.

3.5.1

Instrument limitations

In principle, nearly perfect temporal resolution can be obtained by extending the electron
drift length between the sweep region and phosphor. This increases the spatial separation
between consecutive segments of the beam at the phosphor at the expense of overall signal
intensity. As the drift length increases, fewer photoelectrons strike the phosphor in any
given area and the signal rapidly falls below detectable levels.
Moreover, the temporal resolution is limited by electron drift velocities and the accelerating voltage near the photocathode [89]. Photoelectrons are ejected from the cathode
with spatially-dependent velocity distributions determined by the energy of the incident
photon and the photocathode material. Photons with energies substantially larger than the
work function of the material eject electrons with additional kinetic energy that can be
oriented in any direction. If the electrons experience frequent collisions before leaving
the photocathode material, they may thermalize and exhibit relatively directional motion.
Still, remaining transverse (perpendicular to the voltage gradient) energies can be as large
as 4 eV. This is small compared to the ∼10 kV accelerating voltage, but provides enough
momentum to measurably increase propagation lengths through the imaging system. Electrons ejected with different transverse energies by the same impulsive x-ray source will
arrive at the phosphor at slightly different times, artificially lengthening the measured sig-
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nal. Particle-in-cell calculations for a streak camera used in this work show that the arrival
of an electron born with 3 eV transverse energy is delayed by approximately 2 ps [90]
relative to an electron with no transverse energy. Thus, an impulsive x-ray signal will be
broadened approximately into the shape of the photoelectron transverse energy distribution
at the detector.
Space charge broadening [91] within the electron beam can also significantly degrade
streak camera time resolution. The effect is due to electrostatic repulsion by copropagating
electron bunches and is most important near the photocathode where the electrons have not
yet been accelerated to high velocity. Large photoelectron densities in this region can repel
particles in all directions, broadening the pulse temporally and spatially. Spatial broadening results in deteriorated resolution along the photocathode slit causing a loss of spectral
resolving power. Space charge broadening becomes less important once the electrons have
been accelerated, but can reappear if cross-over locations exist in the electrostatic imaging
system.
An important consequence of space charge broadening is to establish a threshold for
maximum x-ray levels beyond which the measured signal will contain artifacts that are difficult or impossible to differentiate from the physical signal. Space charge effects become
more important as the x-ray flux on the photocathode increases. At a certain level, the
photoelectron density becomes large enough that space charge broadening obscures temporal and spectral features in the signal. The onset of space charge effects are slight and
can be difficult to detect but become pronounced once the x-ray fluence threshold is exceeded [92]. For the cameras used in this work, space charge broadening can be avoided by
keeping signal levels below 150 counts (analog-to-digital units, or ADU) per CCD pixel.
Although typical x-ray streak cameras are sensitive to single photon events, minimum
acceptable signal levels are usually dictated by statistical requirements in the experiment.
As in other photon-counting applications, the signal-to-noise ratio improves with signal,
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but overall levels are capped by space charge broadening. Moreover, each x-ray photon
is converted multiple times before it is finally read out from the camera. Understanding
the efficiency of each conversion process and the system gain is important for assigning
statistical significance to measured signals and ensuring the minimum levels are achieved.

3.5.2

Streak camera gain

Energy from a single x-ray photon that strikes the photocathode is carried to the CCD camera through a number of conversion processes [Figure 3.12(a)]. The photon initially ejects
an electron from the cathode that propagates through the camera to the phosphor screen
where it produces photons that are detected by the CCD camera in the form of photostimulated electrons. Each process occurs with a certain efficiency and contributes statistical
uncertainty to the measured data. The cumulative effect of each conversion process is
known as gain, and is defined as the number of CCD electrons recorded per single photon
event at the photocathode. Signal fluctuations in such systems are sensitive to the amount
of gain in the instrument and are not described by basic Poisson statistics.
An understanding of statistical uncertainties in the measured data relies on knowledge
of the streak camera gain. Rather than quantify the gain from each conversion step independently, it is convenient to study the system as a whole. This is carried out by illuminating
the photocathode with single photons and tabulating the mean number of CCD electrons
that are recorded. This operation is repeated many times to construct a distribution function for the likelihood that N CCD electrons are generated by a single-photon event [93].
The probability distribution is shown in Figure 3.12(b) for an x-ray streak camera used in
this work. The distribution is sharply peaked near 120 CCD electrons and falls rapidly for
larger values. The large peak is due to single photoelectron events where only one electron was ejected from the photocathode. Higher CCD electron counts are due to multiple
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Figure 3.12: (a) The number of CCD electrons generated per incident photon is given by
the detector gain. The gain quantifies the cumulative effect of the multiple conversions and
associated losses that occur between the photocathode and CCD camera. (b) The statistical
nature of photoelectron generation implies that multiple photoelectrons may be produced
by an individual x-ray photon. Each photoelectron ‘packet’ generates a quantity of CCD
electrons that is itself distributed with a finite width. This means that the gain is not a single
value but aggregates the overlap of many individual distributions. The plot shows the measured streak camera gain for 1 keV x-rays on KBr. The single photoelectron peak is most
prominent and a pronounced shoulder shows that the production of multiple photoelectrons
is relatively common. The individual peaks are broadened by random fluctuations at each
conversion step.
photoelectron production at the cathode. A soft shoulder to the right of the primary peak
indicates that the emission of two or three photoelectrons is relatively common. The data
suggest that as many as fifteen photoelectrons can be released by a single photon although
the probability of such an occurrence is inconsequential.
Figure 3.12(b) highlights that the number of CCD electrons generated per discrete photoelectron packet is itself distributed with finite width. The overlap of individual distributions for each extra photoelectron gives the overall gain distribution its characteristic shape.
It is not enough to simply calculate signal uncertainties based on a single value for the gain.
Uncertainty in the gain must be quantified and factored into the analysis. The simplest way
forward is to obtain the streak camera gain from the first moment of the distribution. In this
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Figure 3.13: (a) The streak camera sweep speed was measured as a function of position
on the CCD chip using two 0.5-ps pulses from the MTW laser with known temporal separation. (b) The laser pulses were short compared to the time resolution of the camera,
permitting measurement of the streak camera impulse response.
case, approximately 480 CCD electrons are produced for each incident photon. The width
of the distribution from the second moment is approximately 420 CCD electrons.
With this information in hand, it is straightforward to determine statistical uncertainties in the measured signal. Suppose that n photons strike the photocathode in any given
instant. At the CCD camera, the average number of CCD electrons from each event will
be N = G n, where G is the streak camera gain. Ordinarily G is known with perfect certainty so the variance is simply G2 n. If the gain is not known perfectly but is distributed
with a particular width, σG2 , an extra multiplicative factor F 2 = 1 + σG2 /G2 is applied to
capture the additional uncertainty introduced by the distribution width [93]. For the data
shown here, F 2 = 1.15. The final expression for the variance in number of measured CCD
electrons σN2 based on statistical fluctuations is therefore
σN2 = n G2 F 2 = N G F 2 .

(3.2)
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Figure 3.14: (a) Measured dwell-time-per-pixel as a function of position on the CCD chip.
(b) Elapsed time as a function of position on the CCD chip. This is the timebase calibration.

3.5.3

Streak camera timebase calibration

The streak camera sweep speed was measured in separate tests to determine the timebase
calibration. The goal of the calibration is to map pixel position on the temporal axis of the
streak camera CCD to elapsed time, measured from the start of the sweep.
The experiments were carried out at the MTW laser facility. The MTW laser directly
irradiated the Au photocathode of the ultrafast streak camera with 0.5-ps pulses at λ =
263 nm. Half of the beam passed through quartz etalon to create two pulses with a known
11.2-ps delay (Figure 3.13). The local dwell-time-per-pixel was calculated from the known
temporal delay and the measured pulse separation on the CCD. This process was repeated
across the CCD chip to track dwell time through the entire sweep.
The dwell time data are shown in Figure 3.14(a) as a function of position on the CCD.
The data show that the sweep speed is fastest near the middle of the chip and slows asymmetrically toward either side. This behavior results from instabilities in the voltage ramp
applied to the deflection plates during the sweep. A careful accounting of time-dependent
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variations in the sweep speed is required to accurately measure dynamic plasma processes,
such as x-ray emission rates and hydrodynamic evolution. Figure 3.14(b) shows the complete timebase calibration as the elapsed time from the start of the sweep plotted as a function of pixel position. The slope of the line is the dwell-time-per-pixel.
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Chapter 4

Thermal X-Ray Spectroscopic Temperature and
Density Measurements

4.1

Introduction

Homogeneous and well-characterized plasmas at or above solid density and with temperatures exceeding 1×106 K are required for high-energy-density radiative and material
properties studies, including measurements of ionization potential depression [94], plasmadependent atomic properties [21], and high-pressure equations of state [95]. Such measurements are required as a function of the bulk plasma temperature and density for detailed
tests of radiative and atomic model predictions. In many cases, the plasma conditions can
only be obtained through spectroscopic measurements of the emergent radiation field. This
radiation encodes detailed information about the temporal evolution of the plasma and has
been widely used to infer the physical and thermodynamic variables of state.
Most temperature and density studies within high-temperature plasmas rely on timeintegrated or single time-gated x-ray emission spectra to infer the plasma conditions from
x-ray intensity ratios and line widths or χ 2 goodness-of-fit tests [55, 56, 76, 78, 96, 97]. The
use of thermal line ratios and widths admits analytic solution based on the Bolztmann and
Saha equations and can be extended to non-LTE plasmas using collisional-radiative atomic
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models to account for nonequilibrium population distributions. A similar approach relies
on χ 2 goodness-of-fit testing to compare experimentally measured spectra to a database
of synthetic spectra calculated by an atomic physics model for a range of temperature
and density combinations. The plasma temperature and density are then specified by the
spectrum that minimizes the χ 2 statistic. Both techniques provide straightforward error
analysis for the measured plasma conditions, but rigorous evaluation of experimental and
statistical uncertainties is uncommon.
This chapter develops an approach for ultrafast time-resolved temperature and density
measurements based on thermal x-ray line intensity ratios and widths. Statistical and experimental uncertainties in the measured data are propagated to the inferred plasma conditions and quantified within a self-consistent framework. The technique is used to evaluate
the hydrodynamic evolution of buried-Al tracer layers contained within parylene foils that
were irradiated by high-intensity 1ω and 2ω laser pulses. Al Heα radiation emerging from
the buried layer was recorded by an ultrafast streaked spectrometer. The measured Heα to-satellite intensity ratio and line width was interpreted using a non-LTE atomic kinetics
model to provide the plasma temperature and density as a function of time. The technique
demonstrated here is general and extends previous work to a larger parameter space while
explicitly propagating experimental uncertainties to the inferred plasma conditions.

4.2
4.2.1

Bulk plasma conditions from thermal x-ray emission
Plasma temperature

The conventional spectroscopic technique for electron temperatures measurements relies
on the intensity ratio between spectral lines produced by a particular ion. It is preferable
that both transitions result in the ground state configuration to simplify measurement and
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interpretation. Thus, resonant lines such the Heα and Heβ are commonly used in hot plasmas. Using Equation 2.47, the intensity ratio between two lines is
Pq→p
nz−1 (q) E(q, p) A(q, p)
=
,
Pq0 →p
nz−1 (q0 ) E(q0 , p) A(q0 , p)

(4.1)

where Pq→p and Pq0 →p are the measured intensities integrated over the line shape, nz−1 (q)
is the population density of the excited state q, E(q, p) is the energy difference between the
final and initial states in each transition, and A(q, p) is Einstein’s coefficient for radiative
decay from q → p. The variable q0 is used to denote the excited state of the second line.
If the plasma is in local thermodynamic equilibrium, population ratios can be determined from the Boltzmann distribution, Equation 2.20:


gz−1 (q)
Ez−1 (q0 , q)
nz−1 (q)
=
exp −
.
nz−1 (q0 )
gz−1 (q0 )
Te

(4.2)

Substituting into Equation 4.1 provides an analytic expression for the electron temperature using tabulated values of the Einstein coefficient and statistical weight for each level.
The precision of these measurements is usually limited by experimental considerations to
10% due to uncertainty in the relative intensity calibration and spurious contributions to
the intensity integral from neighboring overlapped lines and continuum emission. A more
precise temperature determination can be achieved by measuring multiple lines in the same
spectral series and plotting the logarithm of several ratios as a function of the excitation
energies of the upper levels [64, 98]. The data should lie on a straight line with a slope inversely proportional to the electron temperature. Deviations from a linear relationship may
indicate departure from LTE conditions or errors in the tabulated constants and may signal
that the data should be corrected for spurious contributions to the integrated intensities.
Temperatures may also be estimated from the relative line intensities of transitions
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within subsequent ionization states. The Saha-Boltzmann equation (2.25) is combined with
the Boltzmann distribution to link ion populations across the different ionization stages.
This treatment requires simultaneous knowledge of the electron density but may provide
more precise values of the electron temperature as long as the plasma is dense enough for
LTE conditions to prevail [98].
A parallel technique measures the intensity of dielectronic satellite emission relative
to the parent resonance line of the next higher ion [99]. Satellite lines are formed by the
radiative stabilization of multiply excited ions created by the dielectronic recombination
process. In He-like ions, a dielectronic recombination event produces a Li-like ion in the
doubly excited state 1s2p nl, where nl denotes the principle and orbital quantum numbers of
the second excited electron. For the Heα resonance line in particular, the strongest satellite
emission occurs for n = 2 in transitions of the form 1s2p2l → 1s2 2l.
For these lines, the radiative decay of the 2p electron to the 1s shell occurs in a slightly
reduced nuclear potential established by the screening effect of the second excited 2l electron. The photon emitted in the transition carries an amount of energy that is only slightly
smaller than that of the parent (unscreened) transition. In Al, Heα satellite emission is
separated from the resonance line by approximately 20 eV. Satellite emission is typically
prominent in dense plasmas as a result of frequent dielectronic recombination events. Temperature measurements using satellite intensity ratios are conducive to time-resolved spectroscopic techniques requiring bright features within the limited spectral ranges often dictated by streak camera geometries.
Figure 4.1(a) shows synthetic Al Heα spectra calculated with a collisional-radiative
atomic physics model [66] at fixed density over a range of electron temperatures. The
spectra are normalized to the peak Heα intensity to illustrate how satellite emission varies
with temperature relative to the parent line. As the plasma temperature increases, satellite
emission is suppressed relative to the He-like parent line since recombination events occur
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Figure 4.1: (a) Synthetic Al Heα spectra calculated for a range of temperatures at fixed
electron density. The Li-like satellite emission becomes prominent at lower temperatures
as dielectronic recombination becomes more frequent. (b) The Heα -satellite intensity ratio
is tabulated from a collisional-radiative atomic physics model as a function of temperature
at three different densities. The plot emphasizes that a simultaneous measurement of the
plasma density is required to constrain the plasma temperature.
less frequently at higher temperatures.
The Heα -to-satellite intensity ratio is formed by integrating over the satellite and resonance lines while avoiding contamination from other transitions. This is not always possible as evident from figure 4.1(a). The red wing of the resonance line is enhanced by an
unresolved satellite transition that lies within the Heα line profile. It is noted that analytic
expressions break down in this circumstance and measured ratios must be compared to
values from a fully collisional-radiative kinetics calculation.
Figure 4.1(b) shows calculated intensity ratios as a function of temperature for an Al
plasma at three different densities. Recombination processes are common at low temperatures and the satellite radiation is commensurate with the Heα , giving a ratio near unity.
At the highest calculated temperature, the plasma is increasingly ionized into the H-like
charge state so Li-like satellite emission is weak.
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For the low density case (blue), minor variations in the already weak satellite emission
are magnified and the intensity ratio becomes sensitive to small changes in Te . The intensity
ratio is less sensitive at high density (red) because strong dielectronic recombination tends
to balance ionization events even at high temperatures. The figure emphasizes that the
intensity ratio does not uniquely constrain the plasma temperature without simultaneous
measurement of the plasma electron density.

4.2.2

Plasma density

Plasma densities are typically inferred from the widths or profiles of spectral lines that are
subject to Stark broadening and insensitive to the electron and ion temperatures. Starkbroadening results from the quasi-static interaction of a radiating ion with an external electric field produced by neighboring ions. The interaction can be treated electrostatically
when the interaction time is much longer than the time between two collisions. This is the
case for collisions between slowly moving ions subject to the long-range Coulomb potential. The interactions cause ionic energy levels to split and shift according to the absolute
value of the magnetic quantum number m. Local plasma microfields from surrounding
ions determine the distribution of energy levels within a given radiator and are observed as
a distortion or broadening of the natural line shape.
Analytic expressions for Stark line widths can be calculated assuming particular distributions of the local electric field. The most common treatment is due to Holtsmark [100]
who estimated the total electric field strength from all plasma particles without multipole
interactions or particle correlations. The spectral line half-width ∆ω in this approximation
is roughly

2/3

√ 2/3 h̄
ni Z 3/2
,
∆ω = 10π 3
Zm

(4.3)

which can be inverted to determine the mean charge state Z of each ion species present
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Figure 4.2: The Heα full width at half maximum (FWHM) is presented as a function of
plasma density for three different temperature conditions. Together with Figure 4.1, this
information can be used to uniquely constrain the plasma conditions.
in the plasma [97]. The electron density can be easily estimated from this quantity if the
ion density is known beforehand. Despite its seeming simplicity, this approach gives rise
to considerable experimental uncertainties much like those encountered above for intensity
ratio measurements. Suitably intense lines must be chosen that are separate from contamination by neighboring lines and recorded with sufficient resolution. It is important that
these lines should be known a priori to be free from broadening by other mechanisms, such
as electron impact and opacity broadening, which can be difficult to account for analytically. In practice, it is preferable to calculate synthetic line shapes which include additional
broadening processes and instrumental effects for comparison to the measured data. This
approach allows comparison to the entire line profile rather than relying on a single measurement of the line width.
Figure 4.2 illustrates how the Heα full-width-at-half-maximum (FWHM) varies with
density and temperature. The values are from synthetic spectra calculated with Stark, im-
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pact, Doppler, Auger, and opacity broadening contributions and include unresolved satellite
production from all levels [101]. The broadening is linear with density and has a similar
sensitivity for the temperatures shown. The discrepancy between the 500-eV case (yellow)
and lower temperatures is likely due to an unresolved satellite within the Heα line shape
that is no longer important at high temperature (c.f. Figure 4.1(a)).

4.2.3

Simultaneous temperature and density

The information in Figures 4.1(b) and 4.2 are used in conjunction with a measurement of
the Heα satellite intensity ratio and resonance line FWHM to simultaneously constrain the
plasma temperature and density based on an iterative procedure. Beginning with Figure
4.1(b), potential temperature and density combinations are identified where each curve intersects the measured intensity ratio. These combinations are checked against the tabulated
data in Figure 4.2 to discover which combination simultaneously matches the measured
line width.
This method for thermal x-ray temperature and density measurements relaxes the requirement of LTE and generalizes the approach towards non-ideal spectroscopic line shapes.
This is particularly advantageous in the high-energy-density plasma regime where high
thermal temperatures limit the availability of useful x-ray lines and dense plasma effects
tend to distort line profiles away from analytic predictions.
It is noted that the inferred temperature and density depends explicitly on the choice
of atomic model and is sensitive to the quality of atomic data and approximations used to
calculate the population distributions and synthetic spectra. The use of spectral lines from
K-shell emitters with few bound electrons simplify atomic model calculations, but recent
work indicates that differences of up to 5% in temperature and 30% in density persist,
primarily from uncertainties in numerical Stark-line-shape calculations [24].
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Moreoever, the resolution of the temperature and density grid selected for calculation
of the synthetic spectra impose limitations on the accuracy of the inferred conditions. This
makes straightforward interpretation of experimental errors difficult and impedes statistical
treatment of propagated uncertainties in the estimated temperature and density. A transparent quantitative treatment of experimental uncertainties is essential, particularly within
transient HED plasmas where the time-resolved radiation can be weak and instrument photometric properties are unfavorable.
A natural extension to the above technique follows a similar prescription but includes
a simple framework to quantify and propagate experimental uncertainties to the inferred
plasma conditions. As before, synthetic spectra are calculated over a fine temperature
and density grid and the satellite intensity ratio and Heα FWHM are tabulated for each
grid point. A measurement of both parameters specifies two overlapping contours in the
temperature and density plane and the overlap region provides the best estimate of the
plasma conditions. The contour width expresses experimental uncertainty in the measured
parameter and incorporates the temperature- and density-sensitivity of the feature at each
point in the plane. The number of temperature and density combinations within the overlap
region grows with contour width and expresses decreasing confidence in the measurement.
Statistical estimates for the plasma conditions and their uncertainties can be measured from
the extent of the overlap region along each axis.

4.3
4.3.1

Numerical demonstration
Homogeneous plasma and ideal detector

The basic features of this approach are demonstrated for the simple case of homogeneous
plasma emission measured by an ideal (noiseless) detector. Consider the synthetic Heα
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Figure 4.3: A synthetic Al Heα spectrum is shown for the simple case of uniform plasma
emission measured by an ideal detector. Shaded regions indicate the integration limits for
the satellite intensity ratio and arrows show the Heα FWHM.
spectrum shown in Figure 4.3 for a uniform Al plasma at Te = 350 eV and ρ = 1 g cm−3 .
The spectrum was calculated for a 0.2-µm-thin plasma to approximate the MTW geometry.
The spectrum shows prominent Li-like satellite emission and slight enhancement of the
red side of the Heα line shape from an unresolved satellite transition. A smaller peak near
1590 eV is called the intercombination line and results from semi-forbidden transitions that
change the spin of the optical electron. The total Heα line shape is well resolved and free
from self-absorption which might indicate spatial gradients in the plasma properties along
the detector line of sight. The spectrum has been convolved with 1.5-eV-FWHM Gaussian
response function to mimic finite detector resolution, but no noise has been added.
The satellite intensity ratio is formed from the integrated signal contained within the
shaded bands. Care is taken to avoid integrating over the intercombination line or into the
far wings where the signal may be contaminated by noise or background in the non-ideal
case. The Heα width is measured at the point that the total intensity falls to one-half of the
maximum value. For the data shown in Figure 4.3, the measured intensity ratio is 2.7 and
the Heα FWHM is 5.3 eV. The goal is to understand how these measured parameters can
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be used to infer the plasma temperature and density by comparison to an atomic physics
model.
A non-LTE collisional-radiative atomic physics model [66, 102] was used to calculate synthetic thermal x-ray spectra for comparison to the ideal spectrum. The kinetics
calculation considered collisional excitation and deexcitation, spontaneous emission, photoexcitation, stimulated emission, collisional ionization and recombination, autoionization,
dielectronic recombination, and radiative recombination. The simulations were carried out
in 1D for a 0.2 µm Al slab. Radiation transfer effects were included using an escape probability approach based on local escape factors to calculate photoexcitation rates [66]. Line
profiles were calculated with the effects of Doppler, Stark, natural, Auger, and opacity
broadening [101].
Transitions in multiply excited ions were treated in detail to provide accurate satellite
intensity ratios and to ensure that unresolved high-order satellite contributions to the Heα
FWHM were fully captured [103]. This requires calculation of dielectronic recombination
for multiply excited ions with complete level information [18]. Since fully term-resolved
collisional-radiative atomic structure calculations quickly become intractable, the present
calculations were restricted to Al XIV – IX ions with simplified configuration accounting.
Separate calculations over all charge states confirmed that population densities for ionization stages lower than Al IX are inconsequential below ∼200 eV.
The model was used to calculate synthetic spectra over a regular temperature and density grid between 0.1 – 6 g cm−3 and 100 – 600 eV in 0.1 g cm−3 and 10 eV increments.
The spectra were convolved with a Gaussian instrument response function to take into account the 1.5 eV detector resolving power. The instrument response function is required
to record accurate line widths from the synthetic data, but does not influence the satellite
intensity ratio as long as the satellites remain well-separated from the resonance line. The
satellite intensity ratio and Heα FWHM were tabulated for each temperature and density
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Figure 4.4: (a) A contour plot indicating values of the satellite intensity ratio as a function
of temperature and density. The purple line shows the contour specified by the ratio (R =
2.7) measured from the spectrum in Figure 4.3. (b) Values of the Heα FWHM as a function
of temperature and density. The purple line shows the 5.3-eV contour. (c) The two contours
intersect at the conditions for which the synthetic spectrum was calculated. This approach
is most sensitive where the contours are nearly orthogonal; this occurs for conditions below
400 eV.
grid point to form a lookup table for comparison to the measured spectra.
Figures 4.4(a) and (b) present the ratio and FWHM data tabulated from the synthetic
spectra as a function of temperature and density. It can be observed from Figure 4.4(a) that
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the intensity ratio depends most directly on plasma temperature, especially below ∼400
eV. Beyond that temperature, the intensity ratio exhibits roughly equal sensitivity to both
parameters. Figure 4.4(b) shows the Heα FWHM over the same parameter space. Its sensitivity to temperature and density is complex, but between 200 and 400 eV the FWHM
is strongly dependent on the plasma density. Precise measurements of the plasma conditions can be carried out where the two sets of contours are nearly orthogonal and changing
rapidly. For the Al Heα line, this technique is most sensitive for densities less than 2 g
cm−3 and temperatures between 200 and 400 eV. It is valid to infer conditions outside of
this range, but the precision of the measurement will suffer since the intensity ratio and
FWHM become covariate with the plasma temperature and density.
Figure 4.4 also displays the intensity ratio and FWHM measured from the spectrum
in Figure 4.3 as narrow contours in parameter space. The contours are thin since their
values could be measured with certainty from the ideal spectrum. The contours are overlaid in Figure 4.4(c) to determine their intersection. They cross at 350 eV and 1 g cm−3 ,
corresponding exactly to the conditions of the synthetic plasma emission in Figure 4.3.
As a proof-of-principle, this example shows that simultaneous measurements of the
Heα -satellite intensity ratio and FWHM can be used to accurately constrain the plasma
temperature and density. The prescription is explicitly model-dependent, but provides flexibility for measurements in non-LTE plasmas and relaxes the requirements that spectral
features are free from satellite emission and dominated by Stark broadening. Without such
generality, spectroscopic measurements in high-intensity laser-plasmas would not be feasible. Equally advantageous is the possibility to simply evaluate and propagate experimental
uncertainties to the measured plasma conditions in a self-consistent fashion. This is the
topic of the following section.
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Figure 4.5: Simulated detector signal (blue) is shown for the general case of an inhomogeneous plasma and non-ideal detector. The plasma emission was calculated from the
one-dimensional radiation transfer equation for four (Te [eV], ρ [g cm−3 ]) combinations:
(320, 1.3), (340, 1.1), (360, 0.9), and (380, 0.7). These were selected to approximate a hot,
releasing plasma. The smooth curve (red) shows the radiation emitted from the inhomogeneous plasma after convolution with the detector resolving power and prior to the addition
of streak camera noise.

4.3.2

Inhomogeneous plasma and non-ideal detector

To demonstrate the analysis under realistic conditions, synthetic spectra were combined
according to the one-dimensional radiation transfer equation (Equation 2.39) to simulate
the effect of spatial gradients along the detector line of sight. In some cases, particularly
severe spatial gradients cause dips near the center of strong lines in the emission spectrum
due to self-opacity effects as photons traverse the plasma. This effect is known as resonant
self-absorption and is a key experimental indicator of pronounced spatial inhomogeneities.
The synthetic spectrum was then convolved with the 1.5 eV spectrometer resolution and
artificially degraded by streak camera noise (Equation 3.2) and background.
The result of these calculations is shown in Figure 4.5. The simulated Heα emission
spectrum (red) was produced from synthetic spectra generated by a one-dimensional non-
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LTE atomic kinetics model for a 0.05-µm Al slab at four different temperature and density
combinations with an average temperature and density of 350 eV and 1 g cm−3 (see figure
caption). Combined, these spectra mimic the emission for the 0.2-µm-thin buried layers
used in MTW experiments. The curve showed faint indications of self-absorption prior
to convolution with the spectrometer resolving power. The smooth spectrum was sampled
at the detector resolution and noise was added based on the measured streak camera gain
(blue).
Ratio measurement and uncertainty
A linear background is subtracted from the spectrum and the Heα -satellite intensity ratio is
measured over the same spectral bands identified in Figure 4.3. The integrated intensities
in each band are relatively insensitive to statistical variations since the noise is assumed to
fluctuate symmetrically about the ideal value.
The ratio uncertainties were calculated assuming independent contributions from statistical signal fluctuations and uncertainties intrinsic to the analysis such as the selection of
integration limits. The latter were quantified by Monte Carlo studies in which integration
limits were selected by hand for a series of spectra with known ratios and varying amounts
of additive noise. The relative differences between hand-picked ratios and known ratios
were tabulated and the contribution to the overall ratio uncertainty was quantified from the
standard deviation of the relative differences. This process accurately reflects the analysis
applied to the experimental data, since integration limits must be selected by hand in case
the lines shift or are distorted. The relative error introduced by limit selection was about
10% of the measured ratio.
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The ratio uncertainty due to statistical signal fluctuations can be estimated from

σR2 = R2 

σA2Res.
A2Res.

!2
+

σA2Sat.
A2Sat.

!2 
,

(4.4)

where R is the measured intensity ratio, A[...] is the area under the satellite or resonance line
2 denotes the variance in the subscripted region.
peak, as indicated by the subscript, and σ[...]

The area under each peak is obtained by direct measurement of the number of counts above
the background level. The variance from photon statistics, in the case without background,
is equal to the area of the peak itself (σ 2 peak = A peak ). If background is subtracted, the
total variance is the sum of the variance of the total area and the variance of the subtracted
background Aback [104]. For the resonance line, this is
2
Res.
Res.
σRes.
= Atotal
+ ARes.
back = ARes. + 2 Aback .

(4.5)

The total uncertainty from statistical variations is therefore

σR2
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+
A2Res.
A2Sat.

!
.

(4.6)

For the simulated data shown in Figure 4.5, the measured ratio was 3.06 ± 0.53. This
compares well to the ratio (R = 3.01) measured from the smooth spectrum.
FWHM measurement and uncertainty
The resonance line FWHM was measured from a smoothing spline interpolation of the
noisy signal to reduce the measurement’s sensitivity to spurious signal fluctuations. The
noisy signal is reproduced in Figure 4.6 and the spline interpolation is shown in purple.
The Heα FWHM is indicated by the small black points and is 4.73 eV. Isolated hard x-ray
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Figure 4.6: The simulated detector signal (blue) is interpolated by a smoothing spline (purple) to estimate the Heα resonance line FWHM. Shaded bands (light blue) express the 95%
confidence interval for the noisy data. Uncertainty in the FWHM was estimated based on
the likelihood for statistical signal fluctuations to be detected as spurious FWHM crossing
points. The calculations produce a probability distribution for each FWHM crossing (black
dotted line). The widths of these distributions were added in quadrature to determine the
FWHM uncertainty.
events may result in elevated signal levels near the center of the line which systematically
bias the measurement toward smaller widths by artificially increasing the peak height. On
the other hand, statistical signal fluctuations near the half-maximum crossing points introduce random uncertainties that are difficult to consistently reject. It was found that these
could modify the measured FWHM by as much as 0.5 eV if unaccounted for. The spline
interpolation attempts to remove these effects by approximating the smooth distribution
underlying the noisy data.
Statistical fluctuations were considered separately as a source of uncertainty based on
their likelihood for detection as spurious FWHM crossing points. The signal variance
(Equation 3.2) is estimated from the interpolated values and detector gain to recover the
signal distribution for each energy bin. The distributions were assumed to be Gaussian as
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Figure 4.7: Conceptual framework for estimating the probability that statistical signal fluctuations are detected as spurious FWHM crossing points. Intensity data (blue points) are
measured along the falling edge of smooth function. Repeated measurements would observe variations in the measured signal according to the probability distribution functions
for each point, which are parameterized based on the measured signal and the measured
streak camera gain.
the limiting behavior of a Poisson-distributed variable and as a consequence of the central
limit theorem, which states that the distribution of sample means tends toward a Gaussian
distribution centered at the population mean. The 95% confidence interval for the data is
shown as a lightly shaded band.
Once the signal distributions are known for each energy bin, it is straightforward to
obtain the likelihood that individual signal fluctuations cross the half-maximum level by
integration of the individual distributions. The conceptual framework is illustrated in Figure
4.7. The figure shows intensity data (blue points) measured along the falling edge of a
smooth function. If the measurement was repeated, the observed signal levels would vary
according to the probability distributions shown for each point. The figure highlights that
the widths of the individual distribution functions vary with signal level and that the mean
signal in each bin is consistent with the mean of the parent distribution. The individual
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Gaussian distributions are centered at the measured signal level µi = si and the variance is
given as σi2 = si GF 2 . The probability for signal fluctuations to cross the half-maximum
level is just
Z HM

Pi =

−∞

f (s|µi , σi ) ds

(4.7)

f (s|µi , σi ) ds

(4.8)

for points above the half-maximum, and
Z ∞

Pi =

HM

for points below, where HM is the half-maximum crossing level, and f (s|µ, σ ) are the
individual Gaussian distributions. The value of Pi is maximum at the true FWHM crossing
point and falls to the left and right. These values can be used to produce a probability
distribution for each crossing point, as shown by the black dotted lines in Figure 4.6. The
width of the distribution for each crossing point is used to estimate the uncertainty; the total
uncertainty in the FWHM is obtained by adding the individual uncertainties in quadrature.
The measured FWHM for the noisy data in Figure 4.6 was 4.7±1.1 eV.
Inferred temperature and density
The measured intensity ratio and FWHM specify two overlapping contours in temperature and density phase space (Figure 4.8(a)). The contour width expresses uncertainty in
the measured parameters and conveys the sensitivity of the parameter at plasma conditions along the contour. A best estimate for the plasma conditions is calculated from the
weighted mean of the temperatures and densities in the overlap region. This is identical
to calculating the first moment of the overlapped marginal distributions along each axis.
Self-consistent uncertainties are obtained from the 2σ -widths of each marginal distribution
and closely match the extent of the overlap region along both axes. In this example, the
inferred conditions were 363±62 eV and 0.98±0.54 g cm−3 , in good agreement with the
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Figure 4.8: (a) The measured intensity ratio and Heα FWHM specify intersecting contours
in temperature and density space. The width of the contours is related to uncertainty in
the measured parameter and indicates its sensitivity at conditions along the contour. A best
estimate for the plasma conditions is obtained from the weighted average of the temperatures and densities contained in the overlap region. Uncertainties are calculated from the
overlap marginal distributions. (b) The "best-match" synthetic spectrum corresponding to
the inferred plasma conditions demonstrates excellent agreement with the simulated data.
average conditions of the original simulated spectrum. The synthetic spectrum corresponding to nearly identical conditions is compared to the simulated data in Figure 4.8(b). The
synthetic spectrum has been normalized to match the maximum intensity of the smooth
interpolation. The comparison to the noisy data is excellent and strongly motivates this
approach for analysis of experimental data.

4.4

Time-resolved Te and ne from ultrafast plasmas

Experiments to study the time-dependent bulk temperature and density evolution of rapidlyheated high energy density plasmas were carried out at the Multi-Terawatt (MTW) Laser
facility at the University of Rochester’s Laboratory for Laser Energetics. The laser directly
irradiated parylene-plastic foils containing 0.2-µm-thin buried Al layers with 1ω and 2ω
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pulses at intensities up to ∼ 1 × 1019 W/cm2 . The Al microdot was 100 µm in diameter
and is purposefully thin to limit longitudinal spatial gradients and optical depth effects.
The thickness of the parylene plastic overcoat on the laser-irradiated side of the target
was varied between 0 – 3 µm to modify the hydrodynamic expansion of the buried layer.
Thicker plastic overcoats also protect against low-intensity prepulses and offset the lasersolid interaction from the tracer layer.
A picosecond streaked x-ray spectrometer and a flat-crystal time-integrating x-ray spectrometer were configured to study Al Heα emission from the buried layer. The timeresolved x-ray spectrometer used a conically-curved potassium acid phthalate (KAP) crystal (2d = 26.62 Å) to focus x-rays to the KBr photocathode of an ultrafast x-ray streak
camera. The spectrometer has a spectral resolving power of E/∆E ∼1000 over the entire
spectral range, which includes satellite emission from Li-like ions in addition to the Heα
resonance line. The streak camera temporal axis was calibrated in separate tests and a 2-ps
impulse response was measured [47]. The streaked data were corrected for x-ray time-offlight effects and streak-tube geometric distortions. Time-integrated spectra were measured
on each shot and used to correct the streaked data for variations in spectral sensitivity introduced by the streak camera photocathode. The time-integrating spectrometer uses two
flat pentaerythritol (PET) crystals (2d = 8.74 Å) to disperse x-rays with energies between
1450 – 1900 eV to a back-illuminated Spectral Instruments 800-series x-ray CCD camera.
The spectral resolving power of the time-integrating spectrometer is near E/∆E ∼1000.
Spectrometer Dispersion Calibration
The streaked spectrometer dispersion was measured in in situ from a 0.2-µm Al surface
layer driven by a 10 J, 0.7-ps laser pulse. The free expansion of the Al layer created a hot,
relatively low-density plasma with well-resolved spectral features that could be readily
identified with tabulated transition energies. The calibration spectrum is shown in Figure
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Figure 4.9: (a) A well resolved spectrum was measured from a low-density Al plasma
formed from the free expansion of an Al surface layer irradiated by a 0.7-ps, 10 J laser
pulse. (b) The measured peak positions were matched to known transition energies and fit
using Bragg’s law for the spectrometer geometry.
4.9(a). The measured peak positions P were related to the known transition energies E via
Bragg’s Law (Equation 3.1) for the spectrometer geometry,



hc 1
+B
P(pixel) = A tan arcsin
2d E

(4.9)

where A and B are fitting parameters related to the spectrometer layout, h is Planck’s constant, c is the speed of light, and 2d = 26.64 Å. The results of the calibration are shown
in Figure 4.9(b). A conservative estimate for the uncertainty in peak position yields two
pixels, or 0.25 eV. The errors are within the width of the data points in the figure. It is noted
that bulk plasma motion could systematically Doppler-shift the measured line positions, resulting in an errant absolute dispersion calibration. Importantly, this analysis relies only on
an accurate relative calibration to record correct widths and integrated spectral intensities
from the data.
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Figure 4.10: (a) Streaked data from an Al buried layer with a 1 µm plastic overcoat. A
spectral lineout was measured by averaging over the streak camera temporal impulse response at t0 + 7.2 ps (white shaded region) (b) The measured lineout is presented with
shaded bands indicating the integration regions for the satellite intensity ratio. The FWHM
was recorded from a spline interpolation. The black dotted lines express calculated uncertainties for the FWHM.
Example analysis
A sample image in Figure 4.10(a) shows Heα emission from a buried Al layer with a 1 µm
plastic overcoat driven by a 0.7-ps, 10 J laser pulse. The white trace at the bottom of the
plot tracks the temporal profile of the Heα resonance line emission. A lineout measured
from the shaded band is displayed in Figure 4.10(b).
The data were averaged over the 2-ps streak camera temporal impulse response and corrected for variations in photocathode sensitivity after a linear background was subtracted.
The Heα resonance line, intercombination line, and Li-like satellite lines are clearly resolved. Spectra that provide evidence of self-absorption are rejected so that the dataset
reflects observations of spatially homogeneous plasma conditions to the extent possible.
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Figure 4.11: (a) An estimate for the bulk plasma conditions is obtained from a weighted
average of the temperatures and densities selected by the overlap of two contours specified by the measured satellite intensity ratio and Heα FWHM. (b) The synthetic spectrum
corresponding the inferred plasma conditions is compared to the measured data.
No other correction or filtration was applied to the data in order to preserve raw signalto-noise levels. The satellite intensity ratio was formed by integrating the raw data in the
shaded bands and the Heα FWHM was measured from the spline interpolation (red). The
black dotted lines indicate probability distributions for statistical variation in the measured
FWHM crossing points as described above. For the data in Figure 4.10(b), the ratio was
2.54±0.51 and the FWHM was 5.34±0.62 eV.
Figure 4.11(a) shows the contours corresponding to the measured intensity ratio and
FWHM in temperature and density phase space. The best estimate for the bulk plasma
conditions is obtained from the weighted average of temperatures and densities in the overlap region and is 330±56 eV and 0.91±0.32 g cm−3 . The inferred electron density is
2.22±0.83 × 1023 g cm−3 . The synthetic spectrum corresponding to these conditions is
compared to the measured data in Figure 4.11(b).
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1ω data

Streaked Al Heα data are shown in Figure 4.12 for 10-J, 0.7-ps pulses focused to intensities
exceeding 1×1018 W/cm2 at the laser’s fundamental wavelength (λ = 1054 nm). The
images show time-resolved spectra for three targets, (a) without plastic overcoating, (b)
with a 1 µm plastic overcoat, and (c) with a 2 µm plastic overcoat. The thickness of the
rear plastic layer was 1 µm in all three experiments.
For the target where the laser directly illuminated the CH overcoat (Figure 4.12(a)),
prompt emission is measured from the Heα resonance line and Li-like satellites. The resonance line is initially Stark-broadened by the dense plasma background and becomes narrower as the plasma expands. Similar behavior is noted from the initially prominent satellite
emission which quickly burns out as the plasma begins to decompress. The white trace at
the bottom of the image shows the temporal profile of the Heα flash, where t = 0 corresponds to the time when signal is first observed. The Heα radiation rises sharply to peak
intensity and then slowly decays with a measured FWHM of approximately 50 ps.
A plastic overcoat applied to the surface of the target strongly modifies the temporal
dynamics of the emitted radiation (Figure 4.12(b) and (c)). As plastic is added to the front
surface, the rising edge softens and the temporal profile becomes shorter and more symmetric. It is possible that energy deposition in the buried layer is slowed as a consequence of
increasing separation between the laser interaction region and the buried layer. The added
mass also contributes a conduction channel which may cool the buried layer in competition
with hot-electron heating. In either scenario, the Stark-broadened resonance line and strong
satellite emission persist for the duration of the experiment, suggesting that the Al tracer
remains dense until the radiation falls below detectable levels.
The temperature and density evolution for each target were inferred as a function of time
from the satellite intensity ratio and Heα FWHM as shown in Figure 4.13. The temporal

CHAPTER 4. THERMAL X-RAY SPECTROSCOPIC TEMPERATURE AND DENSITY
MEASUREMENTS

100

Figure 4.12: Streaked Al Heα data for three targets with increasing plastic overcoating on
the front (laser-irradiated) side of the target: (a) no plastic overcoat, (b) 1 µm parylene, (c)
2 µm parylene. The targets were irradiated by 10-J, 0.7-ps pulses at the laser’s fundamental
wavelength. The white trace at the bottom of each figure shows the Heα flash profile.
axis for each series is registered with respect to the time that signal is first observed in the
individual experiment; absolute comparison of the temporal dynamics between datasets
should be carried out with caution. It is difficult to estimate the temporal offset between
the laser pulse and the time that radiation is first observed since it may vary with plastic
overcoat thickness and could be strongly influenced by shot-to-shot variations in the laser
pulse and target fabrication.
The blue points in Figure 4.13(a) and (b) show the inferred plasma temperature and density in the uncoated Al layer as a function of time. The shaded band expresses uncertainty
at the 2σ confidence level. The first indication at t = 6 ps is of a ∼400 eV surface plasma
near one-third of solid density. The observed early decompression is likely the result of
low-level prepulses prior to the high-intensity interaction. The temperature evolution sug-
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Figure 4.13: Inferred electron temperature (a) and density (b) evolution displayed as a
function of time for three targets with increasing plastic overcoat thickness on the front
surface. The shaded band on each plot series expresses the 2σ uncertainty in the inferred
conditions. The targets were driven by 10 J, 0.7-ps laser pulses focused to intensities greater
than 1018 W/cm2 .
gests that the plasma has already begun to cool, presumably due to p dV expansion and
electron conduction into the surrounding plasma. Such rapid decompression is supported
by the inferred density evolution.
At later times, the inferred conditions are consistent with an approximately constant
temperature and density. This may result from the rarefaction of an expanding plume that
permits radiation to emerge from deeper layers of relatively constant temperature and density nearer to the original target surface. The plasma in this region dominates the emissivityweighted spectrometer signal as it is hotter and more dense than the material in the expanding plume. Satellite emission becomes too weak for further analysis at approximately 30
ps.
The yellow and green datasets in each plot show the temperature and density evolution
from the targets with 1 µm and 2 µm plastic overcoats, respectively. The additional plastic
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layers shield the Al tracer from direct laser illumination with the goal of forming a more
uniform plasma at higher density. Temperatures within the buried layers tends to reproduce
those of the uncoated target and the available data suggests that the plasmas appear to cool
at approximately the same rate in each case. The 1-µm overcoat target provides evidence
of heat transport into the target bulk, but the observation cannot be supported at the 2σ
confidence level. The plastic coating appears to stabilize the buried layer density during
the plasma evolution. Compared to the uncoated data, the electron density within the tracer
layer is relatively constant, and there is clear indication that the thickest plastic coating
provides the highest-density plasma.
These data are broadly consistent with the conditions inferred from similar experiments
carried out at Livermore National Laboratory in Livermore, California and at the Orion
Laser Facility in Aldermaston, England. The Livermore experiments investigated 500 Å
buried-NaF (ρNaF = 2.6 g cm−3 , compared to ρAl = 2.7 g cm−3 ) layers with 500 or 1000
Å parylene plastic overcoats [76]. These layers were deposited continuously on a 1 µm
parylene plastic substrate supported by monolithic silicon wafer. The laser delivered 150 200 mJ of 800-nm light in a 100-fs pulse focused to an intensity of 2 × 1018 W/cm2 . The
measured contrast was 10−8 up to 1-ps before the main pulse. The inferred temperatures
for both plastic overcoats linearly decrease from 400 to 300 eV over the 10-ps period that
observations are reported. The inferred density evolution decreases from 2.5 ×1023 to
0.5 × 1023 cm−3 over the same period. The peak density is reduced by approximately
1 × 1023 cm−3 for the 500-Å-thick plastic overcoat.
The Orion data [55] were obtained for 0.2 µm-thin buried Al layers with 2 µm parylene
overcoat on a 5 µm plastic support. The laser delivered 250 J in a 0.7-ps pulse at λ = 1054
nm. Peak electron temperatures were inferred from streaked spectroscopic measurements
of Al Heβ and Lyβ thermal x-ray emission as a function of the buried-layer depth. Ancillary time-integrated measurements of the Heα,β , Lyα,β and Heγ thermal lines were used
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to provide the average plasma conditions. The data indicate that the highest temperature
achieved was 500 eV for a 1 µm plastic overcoat. The peak temperature decreases sharply
as a function of overcoat thickness to ∼300 eV for a 4 µm overcoat. No heating was
observed for targets with more than a 5 µm-thick plastic layer on the front surface and
densities are not presented. The plasma conditions inferred in this work should be taken
with caution, as synthetic "best-match" spectra overlaid on the measured data do not reproduce satellite intensities relative to the parent line. This may indicate that the dielectronic
recombination process is not modeled accurately in the atomic model used to interpret the
data. Since this process strongly impacts the overall charge state distribution, temperatures
inferred by intensity ratios between lines from different ions may be suspect. Uncertainties
in the measured plasma conditions were assessed by finding the temperature and density
for which the synthetic spectra no longer appeared to match the measured data.
Figure 4.14 shows data measured from a similar series of targets irradiated with 10ps, 33 J pulses at focused intensities near 1×1018 W/cm2 . The physical picture for the
high-intensity interaction is somewhat modified by the longer pulse since hydrodynamic
motion and hot-electron heating now occur concurrently with the laser pulse. This implies
that the target no longer heats while inertially constrained (at constant volume); laser energy coupled to the target by hot-electron collisions or return currents can contribute to
hydrodynamic motion rather than simply heating the target.
The inferred temperature evolution, displayed in Figure 4.14(a), demonstrates predictable behavior largely consistent with the data obtained for 0.7-ps pulses. The average
temperature of the surface layer is measurably higher than that of the buried layers, probably as a consequence of direct laser illumination. Temperatures in the target bulk tend to
be consistent for varying overcoat layers. This may suggest that adding additional plastic
to the front surface of target does little to modify the heating dynamics.
There is evidence that peak temperatures in the target bulk are somewhat higher than
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Figure 4.14: Inferred temperature (a) and density (b) evolution for buried-Al tracer layers
irradiated by 10-ps, 33 J laser pulses at intensities near 1018 W/cm2 .
those obtained for the short-pulse–driven targets. This conclusion is reasonable given the
higher laser energy but requires caution since the error bars do not exclude the short-pulse
data. It is observed that bulk temperatures in the 10-ps dataset tend to decrease at a rate
similar to that of the 0.7-ps data. Noting that the laser is off by the time of these measurements for both cases, this perhaps signals that the dominant cooling channels are not
significantly perturbed by the longer pulse length or higher energy.
The inferred density evolution is presented in Figure 4.14(b). The general dynamics indicate that the plasma density decreases as a function of time in all cases. This observation
is supported by basic intuition. It appears that all four target geometries tend to relax to
approximately 2 × 1023 cm−3 before the signal drops below measurable levels.
More detailed attention to the data reveals inconsistencies that are difficult to explain.
First, the uncoated Al layer shows rapid decompression from an initial density that is higher
than or comparable to the peak densities observed for the buried layers. It is possible that
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higher thermal temperatures in this system lead to higher free-electron densities as a consequence of greater mean ionization. It is noted that similar dynamics are observed from
the uncoated target in the best-compression dataset suggesting that additional explanation
is required. It is possible that the Al preplasma created on the front surface of this target by
low-intensity prepulses is better able to constrain the remaining material as a consequence
of its higher mass. A simpler explanation posits that center portion of the Al layer is completely ablated by the laser pulse, leaving an initially hot and high-density outer annulus
that has not yet begun to decompress.
The buried-layer data present similar disparities. It is observed that the peak inferred
electron densities do not track with increasing plastic overcoat thickness. In particular, the
target with the 2 µm-thick overcoat displays the lowest, albeit most steady, density evolution. A repeat experiment carried out with the same laser conditions closely reproduces
the inferred temperature and density evolution, suggesting that the data in the figure are not
spurious. It is difficult, however, to imagine a simple explanation for this observation. The
plot also shows data from targets with 1 µm and 3 µm plastic overcoats. The highest peak
density is inferred for the target with the thickest plastic overcoat and the two series present
similar release dynamics. It is interesting to note that the plastic overcoating does not stabilize the hydrodynamic evolution for the 10-ps data as it appeared to for the short-pulse
data.

4.4.2

2ω data

Bulk temperature and density measurements were carried out using frequency-doubled
pulses from the MTW laser. Previous work [29, 56] suggests that contrast improvements
conferred by the frequency-doubling process reduce hydrodynamic motion prior to the
high-intensity interaction. The resulting plasma is created at a higher initial density than an
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Figure 4.15: Streaked Al Heα data for three targets irradiated with 10-J, 0.7-ps 2ω laser
pulses. The thickness of the plastic overcoat applied to the front surface was increased for
each experiment: (a) uncoated, (b) 1 µm, (c) 2 µm. The color bar has been saturated in the
Heα band so that satellite emission is visible.
analogous system driven by a 1ω pulse. There is additional evidence that certain aspects of
the laser-generated hot electron spectrum are favorably modified by the shorter wavelength
irradiation, according to the I λ 2 scaling law for mean hot-electron energies discussed in
Chapter 2. Frequency-doubling the laser pulse results in a four-fold reduction of the mean
hot-electron energy and strongly accentuates collisional energy-coupling rates. Thus the
plasmas created by 2ω pulses should also exhibit higher thermal temperatures than their
1ω counterparts.
Figure 4.15 shows streaked Al Heα data measured from targets with 0, 1, and 2 µm
plastic overcoats driven by 0.7-ps, 10-J 2ω pulses. These parameters are identical to the
1ω data set presented in Figure 4.12. The primary observation from the uncoated target
is of a strongly truncated flash relative to the 1ω data. This may be indicative of higher
pressure conditions that accelerate hydrodynamic decompression. The temporal dynamics
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Figure 4.16: Temperature (a) and density (b) evolution inferred from uncoated Al surface
layers driven by 10-J, 0.7-ps 2ω laser pulses. The blue data points show shot-to-shot reproducibility within the temperature (density) and temporal error bar.
of the buried-layers tend to exhibit faster rise times in the Al Heα band. The Heα spectral
width appears to be enhanced, signaling high-density conditions. Generally, strong satellite emission should be observed at high density, so relatively weak satellite emission is
therefore suggestive of high temperatures.
The temperature and density dynamics inferred from two uncoated Al tracer layers
driven by 10-J, 0.7-ps laser pulses is shown in Figure 4.16 to demonstrate that the data
are generally reproducible on a shot-to-shot basis. The more complete data set (yellow
points) is consistent with temperatures approximately 200 eV higher and a nearly threefold increase in density compared to the corresponding 1ω data. It is notable that the
plasma appears to decompress more rapidly in the present case, but ultimately equilibrates
at conditions similar to those of the 1 ω data. The blue data points were measured from
an identical experiment and imply similar dynamics. Further analysis of the spectroscopic
data underlying this series was prohibited by weak signal levels and poor signal-to-noise
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Figure 4.17: The temperature (a) and density (b) evolution inferred from an uncoated Al
surface layer is compared to the conditions inferred from a buried layer with a 1 µm plastic
overcoat. Both targets were irradiated by 10-J, 0.7-ps 2ω laser pulses. It is emphasized that
the first observation from the buried-layer (blue points) is consistent with the production of
a solid-density Al plasma.
characteristics. It is emphasized that the absence of an absolute timing fiducial for these
experiments means that data sets could be shifted relative to each other by up to five picoseconds (roughly two temporal resolution elements). This allowance permits excellent
agreement between the two data sets.
Figure 4.17 compares the evolution of the uncoated Al layer with that of a 1 µm buried
layer for 10-J, 0.7-ps 2ω pulses. Peak thermal temperatures in the Al tracer layer are
comparable for the two target geometries early in time. As the experiment progresses,
the temperature in the buried-Al layer tends to remain elevated before decreasing rapidly.
A similar effect is noted in the inferred density evolution. The plastic overcoat evidently
permits the formation of a solid density plasma that quickly relaxes to pressure equilibrium with the surrounding plastic. The entire system then freely releases after a period
of relatively stable conditions. These dynamics are comparable to those inferred from the
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corresponding 1ω data but take place at considerably higher temperatures and densities.
No data were available for 2 µm overcoat targets as a result of strong self-absorption in the
spectroscopic data.
Finally, data from 1- and 2-µm buried layers are presented in Figure 4.18 for 4-J, 0.7-ps
2ω pulses. This data is significant in that sufficient signal levels were obtained to permit
temperature and density analysis. Analogous 1ω experiments showed that adequate signal
levels were only obtained for a minimum of 6 J, and then only from uncoated Al layers.
This is perhaps the strongest, and certainly most straightforward indication of enhanced
heating by 2ω pulses. These data show slightly reduced peak temperatures relative to the
10-J datasets and are consistent with stable temperature and density conditions. Hightemperatures are still expected for these low laser energies as a result of the reduced mean
hot-electron energy. There is little evidence to suggest that increased plastic overcoating
modifies the plasma dynamics in a measurable way over the short duration of the observation.
Bulk heating by frequency-doubled laser pulses has been investigated at the Orion laser
facility [96]. The experiments investigated 0.2 µm-thin buried Al layers with a 2 µm parylene overcoat supported by a 5 µm plastic backing. The laser (λ = 527 nm) delivered 70
J in a 0.5-ps pulse focused to a 50-µm diameter spot to uniformly illuminate the buried
layer. An ultrafast streaked spectrometer measured Al Lyα,β and Heβ thermal line emission from the buried-layer. The plasma temperature was inferred by comparing integrated
line intensities and line shapes to non-LTE synthetic spectra calculated within the detailed
configuration accounting approximation. The density was determined from the synthetic
spectra that best matched the measured line shapes. The data indicate that the buried-layer
achieves a peak temperature of 750 eV approximately 9-ps after the high-intensity interaction, after which the plasma cools at about 6 eV/ps. Density data are not reported. While
the inferred temperatures are consistent with the data presented in this work, the cooling
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Figure 4.18: The temperature (a) and density (b) evolution inferred from an uncoated Al
surface layer is compared to the conditions inferred from a buried layer with 1-µm-thick
plastic overcoating. Both targets were driven by 4-J, 0.7-ps 2ω laser pulses.
rate is nearly 4 times slower. An explanation is not clear, although uniform heating by
the large focal spot at Orion may produce a homogeneous system wherein energy is not
transported radially away from a hot central column. This would eliminate a potential
energy-loss channel present in the MTW experiments.
The interpretation of these experiments by numerical models is challenging. A theoretically complete model should self-consistently calculate details of the preplasma formation, high-intensity laser interaction, hot-electron–energy coupling, non-LTE atomic kinetics, and hydrodynamic evolution at extreme temperatures and densities. Such calculations
are at the limit of, but tractable to current computational resources [57, 105]. Simplified
approaches incorporate basic hot-electron transport solvers into radiation-hydrodynamics
models to replicate the main features of electron-energy deposition. These models [19], or
further simplifications that simply impose a volumetric heat source [106] struggle to match
the experimental data. Recent work compared calculations from the latter model to 2ω data

CHAPTER 4. THERMAL X-RAY SPECTROSCOPIC TEMPERATURE AND DENSITY
MEASUREMENTS

111

from the Orion Laser [96]. The volumetric heat source was a Gaussian energy ramp equal
in duration to the measured Orion pulse. The energy delivered to the target was adjusted
so that the peak temperature matched that observed in the experiment. The study found
that this simple model predicted rapid cooling to 200 eV within 23 ps of the laser pulse,
while the data indicate a temperature of 700 eV at this time. It is evident that more realistic
models with fewer simplifying assumptions are required. Chapter 6 presents preliminary
calculations carried out using a fully-explicit particle-in-cell model that represents the current minimum level of complexity required to predict the heating and evolution of these
systems.

4.5

Summary

This chapter presents a technique for time-resolved spectroscopic temperature and density
measurements in ultrafast plasmas created by a high-intensity laser. The plasma conditions
are inferred from thermal x-ray line ratios and widths using a non-LTE atomic kinetics
model and it is shown that self-consistent uncertainties in the inferred conditions are obtained from the propagated experimental uncertainties. This technique is explicitly applicable to non-LTE plasmas and is generalized to include multiple spectral-line–broadening
mechanisms.
This approach was used to track the bulk temperature and density evolution in plastic
foils containing a thin spectroscopic tracer layer. The targets were rapidly heated by a
high-intensity laser pulse and thermal x-ray line emission from the buried tracer layer was
recorded by a picosecond streaked x-ray spectrometer. Experiments carried out with 16-J,
0.7-ps pulses at the laser’s fundamental wavelength demonstrate the production of a ∼350
eV plasma at approximately 30% solid density. The data suggest that additional plastic
coating on the front target surface results in a more uniform plasma at higher density.
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Experiments with 33-J, 10-ps pulses show 500 eV temperatures at lower density, suggesting
that the longer pulse length permits increase hydrodynamic motion during the experiment.
Additional studies were carried out for 0.7-ps, 10- or 4-J pulses at the laser’s second
harmonic. The frequency-doubled pulses created high thermal temperatures in these experiments, consistent with enhanced hot-electron–energy coupling observed in previous
work. Improved laser contrast reduced minimized hydrodynamic motion prior to the highintensity and resulted in high-density conditions. These experiments demonstrated approximately 600 eV thermal temperatures and densities within 80% of solid.
Accurate and quantitative spectroscopic measurements of the bulk plasma conditions
and their uncertainties are required for all hot dense matter studies. The measurements and
methods presented in this chapter are an important contribution to this challenge, but significant obstacles remain. Of central importance is improving the detail and completeness
of atomic models and their underlying atomic data [107]. This demanding work will unify
atomic model predictions over large regions of parameter space and lessen the extent to
which spectroscopic measurements are strongly model dependent. At present, there is no
obvious method poised to provide fully model-independent evaluation of plasma temperatures and densities.
Although model-dependent measurement techniques are likely to remain the only viable method for the foreseeable future, significant opportunities exist for advanced and
valuable measurements. Paramount to improving the quality of all dense, high-temperature
plasma data is ensuring that measurements are carried out in an equilibrium system. Current arguments for guaranteeing that a system has achieved an LTE state usually rely on
balancing relaxation rates (Equations 2.18 and 2.19) with the estimated hydrodynamic
timescales of the system. Since relaxation times decrease with plasma density, the emphasis
has been on providing high-density conditions to help establish thermal equilibrium. Understanding how to provide a robust experimental signature of equilibrium conditions will
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stimulate detailed atomic, radiative, and materials properties studies over a larger region of
physical parameter space as it becomes possible to explicitly differentiate measurements
at LTE and non-LTE conditions. One potential approach would combine emission and absorption measurements of select transitions to determine whether the plasma is near LTE
using Kirchoff’s Law (Equation 2.42). A parallel and important part of this work will be
to field spatially and spectrally-resolved measurements to determine if the plasma is free
from pronounced spatial gradients.
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Chapter 5

Picosecond Time-Resolved Measurements of Dense
Plasma Line Shifts

5.1

Introduction

Understanding the energy level structure of ions in a dense plasma is important for correctly
interpreting and modeling atomic structure and radiation transport in extreme environments
[6, 98], including stellar atmospheres [108] and imploding inertial fusion capsules [7]. The
potential in and near an ion immersed in a dense plasma is influenced by its bound electrons, free electrons, and neighboring ions. These influences can change the radiative and
thermodynamic properties of the plasma by modifying the energy levels that are available
to an ion and causing energy level shifts [63, 109].
Spectral line shifts in dense plasmas originate from free-electron modification of the
ionic potential [6, 98]. Free electrons in the ion sphere screen the nuclear charge and
shift bound energy levels toward the continuum. The energy separation between levels is
decreased for a given bound-electron configuration, and emission lines are shifted to lower
photon energies. The physical picture is shown schematically in Figure 5.1.
While dense plasma line shifts have been described mathematically [110–113] and confirmed experimentally [97, 114–117], few measurements have tested line-shift model pre-
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Figure 5.1: Schematic illustration of bound-energy-level shifts experienced by ionic radiators immersed in a dense plasma background. The Heα excited state is shown on the left
hand side of the diagram for an isolated ion. Free electrons with enough energy to penetrate
the ion sphere screen the nuclear potential, causing the bound energy levels to shift towards
the continuum. The separation between energy levels is decreased and photons emitted by
radiative transitions are shifted to lower energies.
dictions at high energy density, leading to an incomplete picture for how this process is
understood and modeled in extreme conditions. Data comparisons to line-shift model predictions in this regime have been hampered by the difficulty of obtaining uniform, wellcharacterized, and high-energy-density plasmas. Line shift measurements are especially
needed in hot dense plasmas to provide a stringent test for analytic and detailed atomic
kinetics and radiative-transfer calculations.
This chapter reports picosecond time-resolved measurements of dense plasma line shifts
of the 1s2p-1s2 transition in He-like Al ions as a function of the instantaneous plasma conditions. Line shifts were measured with picosecond time resolution for electron densities
of 1–5×1023 cm−3 and temperatures between 250–375 eV. The plasma conditions were
inferred with well-quantified errors from spectroscopic measurements of the Al Heα complex as described in Chapter 5. The line-shift data are compared to a self-consistent ion
sphere model developed by Hansen et al. [118] and a generalized analytic model proposed
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by Li et al. [119] based on a parameterization of numerical ion-sphere model calculations.
The predicted line shifts show broad agreement with the data over the full range of densities studied, with evidence for deviation from the experimental data at the most extreme
conditions.

5.2

Experiment details

The experiments were carried out at the Multi-Terawatt (MTW) laser facility at the University of Rochester’s Laboratory for Laser Energetics [69]. The laser directly irradiated smallmass targets with 0.7-ps, ≤16-J pulses at the laser’s fundamental wavelength (λ = 1054
nm) or second harmonic. The laser was focused to an ∼5 µm full width at half maximum
(FWHM) focal spot by a f/3.3 off-axis parabolic mirror at normal incidence to the target at
intensities greater than 1018 W/cm2 . The targets were thin plastic foils with a thin buried Al
microdot. The microdot was vacuum deposited in a 0.2-µm thin layer on a 1-µm parylene
support. The thickness of the front parylene overcoat was varied between 0 and 2 µm to access different plasma densities. The Al microdot was kept purposefully thin to limit spatial
gradients, while the outer plastic layers constrain sample expansion to achieve near-solid
density conditions [120].
High-intensity laser pulses with low contrast reduce the maximum electron density that
can be achieved in buried-layer target interactions by causing the target to prematurely heat
and decompress [29]. In the experiments reported here, electron densities of up to 2×1023
cm−3 where achieved at the laser’s fundamental wavelength with a measured temporal
contrast of the order of 108 up to 100 ps prior to the main pulse [71]. Experiments with
high-contrast, frequency-doubled pulses achieved electron densities of the order pf 5×1023
cm−3 . Based on previous work and the measured contrast of the 1ω beam, the temporal
contrast of the frequency-doubled beam is estimated to be 1012 . However, no on-shot
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contrast measurement was available for this particular experiment. Residual 1ω light was
rejected at a spectral contrast of the order of 1012 by six transport mirrors each with 99%
anti-reflective coatings for 1ω light.
Picosecond streaked x-ray spectroscopy was used to infer the density and temperature
of the Al layer. For this measurement, a conically-curved potassium acid phthalate (KAP)
streaked x-ray spectrometer was used in combination with a time-integrating flat pentaerythritol (PET) crystal spectrometer. The streaked spectrometer was configured to study Al
Heα (1s2p-1s2 ) thermal line emission with spectral resolving power E/∆E ∼ 1000 and
2 ps temporal resolution [47]. Time-integrated spectra were measured on each shot and
used to correct the streaked spectra for variations in spectral sensitivity introduced by the
photocathode [121].
It is noted that the plasma-induced line shifts measured in the experiment could be
exaggerated or disguised by streak-camera CCD clocking errors. The CCD clocking was
measured off-line using a structured photocathode illuminated by a static x-ray source. The
tests identified a 0.46±0.01◦ correction that was applied to the experimental data. Separate
tests with low-density, laser-driven Al plasmas confirm that the clocking offset was properly
corrected.

5.2.1

Spectrometer dispersion calibration

The streaked x-ray spectrometer dispersion was measured in situ using the emission lines of
He- and Li-like Al ions in a low-density plasma formed by the free expansion of a uncoated
Al microdot illuminated by a 10-J, 0.7-ps laser pulse. A well-resolved emission spectrum
was selected after the plasma was allowed to expand for 12 ps after the high-intensity pulse
(Figure 5.2(a)). The initial Heα and intercombination line positions cannot be directly
identified with tabulated transition energies because the plasma environment modifies the
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ionic energy level structure. The Li-like satellite lines are not expected to measurably shift
because of the extant screening effect of the n = 2 spectator electron [122]. The green trace
in Figure 5.2(a) corresponds to the latest time in the plasma evolution that could be reliably
measured, approximately 275 ps after the arrival of the high-intensity pulse. At this late
time the plasma emission is largely due to isolated radiators and the Heα resonance line and
intercombination lines are observed at a higher photon energy compared to earlier times.
The observed position of these lines is constant in time and provides an energy fiducial to
register the dispersion.
The measured fiducial position P was related to the photon energy E via Bragg’s law
for the spectrometer geometry,



hc 1
+B
P(pixel) = A tan arcsin
2d E

(5.1)

where A and B are fitting parameters related to the spectrometer layout, h is Planck’s constant, c is the speed of light, and 2d = 26.64 Å. The results of the calibration are shown
in Figure 5.2(b). A conservative estimate for the uncertainty in peak position yields two
pixels, or 0.25 eV [123].
Additional Al K-edge measurements were carried out to verify the calibration. A 2µm Al filter placed over the detector aperture was backlit by laser-produced x rays and
the K-shell absorption edge at 1559.6 eV was recorded. The measured edge location is
free from plasma effects and provides an absolute energy fiducial to confirm the dispersion
slope and offset (Figure 5.2(b), inset). Uncertainty in the location of the K edge is slightly
larger (∼0.4 eV) than uncertainties in calibration line positions due to degraded spectral
resolution at the edge of the streak camera field of view where the K edge was measured.
This uncertainty provides the dominant contribution to the calculated error in the measured
shifts. The overall uncertainty in the dispersion is within the width of the data points.
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Figure 5.2: (a) X-ray spectra from an Al surface layer at t0 + 12 ps (blue) and t0 + 275
ps (green). Well-resolved spectral features measured early in time were registered to the
late-time emission to account for residual dense-plasma effects. (b) The measured peak
positions were identified with tabulated transition energies using an analytic dispersion
calibration derived from Bragg’s law for the spectrometer geometry. A measurement of
the cold Al K-shell absorption edge (inset) was used to register the absolute dispersion and
confirm that Doppler shifts from bulk plasma motion were not present.
An important point for these measurements is that the dispersion was established selfconsistently without reference to external plasma-dependent fiducials. Previous work [124–
126] relied on time-averaged measurements of the Kα line shape to set the dispersion. The
technique presented here provides the dispersion over the full spectral range of interest,
registered to the cold Al K-shell absorption edge.

5.3

Experiment data

Figure 5.3(a) shows streaked Heα data from a rapidly heated Al surface layer. The Heα
resonance line is observed to be slightly red-shifted at early time before the plasma has
begun to decompress. The line centroid is observed to shift towards higher photon energy
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Figure 5.3: (a) Streaked Heα data from a freely-expanding Al surface layer irradiated by a
10-J, 0.7-ps laser pulse. The resonance line is observed at a red-shifted photon energy early
in time while the plasma is dense. (b) Spectral lineouts measured at 9-ps intervals show
the Heα line shift toward the isolated-ion transition energy (dash-dotted line) as the plasma
expands. Time increases along the vertical axis. A lineout taken at the latest measurable
time shows the Heα line at the transition energy tabulated for the low-density limit.
later in the experiment while the plasma expands. These dynamics are clarified in Figure
5.3(b), where spectral lineouts are measured at various times during the plasma expansion.
Lineouts corresponding to later times are vertically shifted and normalized to unit intensity. The resonance-line shape is initially broad and shifted to lower photon energy. As time
progresses, the line narrows and shifts toward the tabulated isolated-ion transition energy
indicated by the vertical dot-dashed line. The position of the Heα resonance line is constant
at late times and is observed at the tabulated transition energy. The shifts presented in the
figure are relatively small because the plasma forms at an initially low density. However,
this data highlights the sensitivity required of benchmark line shift measurements, particularly in mid- to high-Z plasmas where the Stark-broadened line widths may exceed the
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Figure 5.4: (a)-(c) Streaked data measured from targets with varying plastic overcoats illuminated with 10-J, 0.7-ps laser pulses. The laser was configured for high-contrast 2ω
operations for the data in (c). The peak electron density achieved in the experiment increases from left to right. (d) Spectral lineouts measured at the peak Heα intensity for each
of the experiments in (a) - (c). The isolated-ion transition energy is indicated. The data
show increasing red-shift as a function of the electron density.
spectral shift [6].
Similar data are presented in Figure 5.4. Streaked spectra are shown in (a)-(c) for three
experiments designed to achieve increasing peak electron densities. This is accomplished
by increasing the thickness of the plastic overcoating at the laser’s fundamental wavelength;
the highest density was achieved using the frequency-doubled beam. The data are shown on
a common photon energy axis to permit qualitative comparison. The Heα line is broadened
and progressively shifted in each subsequent experiment. Lineouts measured at the time of
peak emission are shown in Figure 5.4(d) quantify this trend.
The spectral shifts were quantified by the difference between the first moment of the
measured Heα line shape and the predicted (unshifted) Heα line shape using
!−1
Shift =

∑ si
i

∑ (Eir si) ,
i

(5.2)
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where si denotes the integrated signal in the ith spectral resolution element and Eir =
Ei − E pred. is the relative energy coordinate, measured from the predicted isolated-ion transition energy. The sum is carried out over the line shape with limits selected to fully encompass the Heα line without contamination from the intercombination line or broadband
continuum.
The uncertainty in the measured shift was calculated assuming independent contributions from dispersion calibration error and statistical signal fluctuations. Recognizing that
the prefactor in equation 5.2 is the reciprocal of the total integrated signal Stot in the peak,
the shift uncertainty can be calculated from

2
σShift

=

1
Stot

!2

∑
i

σsi Eir

+ σEir

2


+

Shift
Stot

2
,

(5.3)

where the first term corresponds to uncertainty in the signal in each resolution element
√
with σsi = si , the second term captures uncertainty in the dispersion calibration (approximately 0.25 eV), and the third term is the contribution from the total integrated peak signal.
Combined with additional uncertainty from the position of the K-shell absorption edge,
typical values for the shift uncertainty were of the order of 0.6 eV.
An example shift measurement is presented in Figure 5.5(a). The measured spectrum
is shown by the black trace and is consistent with conditions near 330 eV and 0.9 g cm−3 .
In previous discussions, the data were uniformly shifted to higher photon energies to show
agreement with the synthetic spectra. Figure 5.5(a) shows the data on the true photon
energy scale. The region of interest used to calculate the spectral line centroid is highlighted in blue and the measured centroid position is indicated. The red trace shows a
synthetic spectrum calculated for a low-density plasma at the temperature inferred from
the measurement. The calculated Heα resonance line is extremely narrow and centered on
the isolated-ion transition energy. The spectral line shift (∆hν) is shown as the separation
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Figure 5.5: (a) A measured lineout (black), consistent with conditions near 330 eV and
0.9 g cm−3 , is compared to a synthetic spectrum on an absolutely calibrated photon energy
axis. The synthetic spectrum was calculated for the same temperature, but low-density
limit of the measured data. The spectral line shifts were quantified by the difference in
the first moment of the line shapes (b). The experimental data (blue) have been uniformly
shifted by 2.4 eV for comparison with the ‘best-match’ synthetic spectrum at 330 eV and
0.9 g cm−3 (red). The total resonance line shape is composed of unresolved contributions
from dielectronic satellite lines (yellow, purple) that accentuate the red-wing of the Heα
line (black).
between the measured and synthetic Heα resonance lines.
A comparison between the measured data (blue) and ‘best-match’ synthetic spectrum
(red) is reproduced in Figure 5.5(b). The data have been uniformly shifted by 2.4 eV since
the atomic kinetics model used here does not consider dense plasma line shifts. At high
plasma densities, the Heα emission (black) is strongly enhanced by unresolved dielectronic
satellite emission (yellow, purple). Emission from Li-like ions perturbs the red wing of the
Heα line and will accentuate the measured shifts. It is noted that these satellites are blended
into the total line shape and thus cannot be separated by high-resolution spectroscopic measurements. This effect was quantified as an apparent shift in the best-match synthetic spectrum for each experimental measurement. The apparent shifts in the best-match synthetic
spectra were tabulated for each data point to estimate the magnitude of this effect.
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5.4

Results and interpretation

Figure 5.6(a) shows the measured Heα line shifts for inferred electron densities between
1 – 5×1023 cm−3 (black circles). The dataset is composed of well-resolved spectra with
no self-reversal. The error bars are shown for a few representative data points at low,
medium, and high density. The asymmetric vertical error bars reflect the uncertainty in the
measured location of the Al K-shell absorption edge used to register the absolute dispersion
calibration. This uncertainty does not propagate to the inferred temperature or density since
those quantities are sensitive only to the relative dispersion. The data show a nearly linear
shift with increasing electron density [127]. The highest electron densities measured were
near 80% of solid and were achieved with the high-contrast 2ω drive. The data were
selected over a small range of temperatures between 250 and 375 eV.
The apparent shifts calculated from the synthetic spectra confirm that the observed
shifts are not due to satellite-line contamination. These data are plotted in red and the typical error is within the data point. The magnitude of the apparent shift appears to decrease
with electron density because the 2ω drive for high-density studies produced proportionately higher temperatures that suppress satellite enhancement of the red wings of the line
profile [99].
Predictions from a generalized analytic ion-sphere model proposed by Li et al. [119]
are compared to the data (blue triangles). The analytic approach relies on the self-consistent
field ion-sphere model [108, 128–130] to obtain the self-consistent density distribution of
bound and free electrons within the ion sphere. Relativistic atomic structure calculations
of the bound wave functions are carried out in a screened nuclear potential determined
from the electron density distribution. Detailed scaling studies were performed to obtain
a generalized density- and temperature-dependent formula for the energy level structure in
the plasma.
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Figure 5.6: (a) Comparison of the data (black) to the analytic line-shift model (blue) and
apparent shifts (red). Error bars on the model predictions show how much variation is
introduced by the density uncertainty in the corresponding data point. (b) Comparison of
the data (black) to the analytic line-shift model plus apparent shifts (orange). This addition
attempts to capture the effects of line broadening and satellite blending that are unaccounted
for in the model. The line-shift model with a scaled ion-sphere radius is shown in purple.
The optimum scale factor was determined by a single parameter least-squares fit to the data.
For each data point in Figure 5.6(a), the analytic formulation was used to predict the
line shift at the inferred temperature and density. The calculation is monoenergetic and considers only the 1s2p-1s2 transition. The calculation agrees well with the data at low density
but diverges at higher densities, likely because the calculation neglects unresolved satellites and contributions to the line shape. An attempt was made to recover this information
by adding the apparent shifts to the ion-sphere model predictions. This addition produces
better agreement at low and moderate densities, as shown in Figure 5.6(b) (orange). The
error bars indicate uncertainty in the calculated shift based on the density uncertainty in
the corresponding data point. The temperature uncertainty was neglected since the model
exhibits weak dependence on electron temperature (Te−0.25 ).
Sensitive spectral measurements of this nature may prove to be a valuable test of elec-
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tron screening models in extreme conditions. For example, improved agreement between
the analytic model and experimental data is obtained for an ad hoc 10% reduction of the
ion-sphere radius [Figure 5.6(b)](purple). The optimum reduction was determined by a
single parameter maximum-likelihood least-squares fit to the data that considered uncertainties in the inferred densities and line shifts. The quality of the match is surprisingly
sensitive to the scale factor. It is noted that a 40% increase in the inferred densities can
reproduce the improved agreement. It is unlikely, however, that the analysis overestimates
the inferred densities by that amount and it is improbable that densities above solid were
achieved in the experiment.
A second self-consistent field model for ions in dense plasmas (MUZE) [118] was
used to calculate Heα line shifts for comparison to the measured data. Unlike the previous analytic approach, which attempts to parameterize energy-level shifts as a function of
the plasma conditions and initial state quantum numbers, MUZE provided shifts based on
explicit calculations of the energy level structure of He-like Al ions at the plasma temperatures and densities measured in the experiment. MUZE constructs the electron distribution within the ion sphere with radius determined by the solid-density atomic spacing.
The calculations are carried out for an average atom in a uniform background charge density provided by nearby ions. Non-relativistic wavefunctions are calculated from the nonrelativistic Schrödinger equation in an initial potential obtained from approximate boundand free-electron densities. Exchange and correlation effects were included using the formalism of Rozsnyai [131]. The potential is updated based on these wavefunctions and the
procedure is repeated until self-consistent solutions for the wavefunctions and potential are
achieved.
MUZE calculations are compared to the data in Figure 5.7. The Heα line shifts were
calculated for two bound electron configurations, corresponding to the initial excited state
(purple) and final state (teal). The bound- and continuum-electron wavefunctions were re-
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Figure 5.7: The measured Al Heα shifts (black) are compared to line shifts calculated explicitly with the full apparatus of the self-consistent ion-sphere model. The calculations
produced shifts for two bound electron configurations, pertaining to the excited state (purple) and ground state (teal) ion. Each configuration modifies the free-electron screening
within the ionic volume differently and results in diverging estimates for the Heα shift. A
simple average of the two estimates (orange) may resolve the discrepancy.
calculated until the self-consistent solution was obtained for the specified electron density
[132]. It is interesting to note that neither scenario fully captures the electron configuration
in which the transition occurs. Prior to the transition, the steady-state ionic potential is
modified such that the energy-level spacing is reduced according to the values given by the
purple curve. Afterwards, the potential is modified according to the teal curve. It is not
known, however, which potential the transition actually occurs in (The dynamics of orbital
relaxation are largely unknown at present [133]) and it is likely that the respective calculations over- or underestimate reality. One option is to simply average the two calculations as
an attempt to capture both potentials; this provides the curve shown in orange. This manipulation produces excellent agreement with the measured data, suggesting that current ion
sphere models are accurate for few-electron ions in this density regime.
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5.5

Summary

In summary, spectral line shifts of the 1s2p-1s2 transition in He-like Al ions have been
studied as a function of the instantaneous plasma conditions at high energy density. The
line shifts were measured using a picosecond time-resolved x-ray spectrometer with an absolutely calibrated spectral dispersion. Buried-layer targets and a high-contrast 2ω laser
driver provided access to densities near 80% of solid. The plasma conditions were inferred by comparing the measured spectra to calculations from a NLTE collisional-radiative
atomic physics model. A generalized analytic line-shift model was found to be broadly consistent with the experimental data for all but the highest densities studied. Separate explicit
ion-sphere model calculations also show good agreement. These findings are important to
understanding plasma-dependent atomic structure and radiation transport in high-energydensity environments.
The observations presented in this chapter are a strong contribution towards understanding the energy-level structure of atomic systems in a dense plasma environment. Absolute
measurements of spectral line shifts as a function of the instantaneous plasma conditions
are a sensitive diagnostic of perturbations to the nuclear potential within the ion sphere.
Such measurements should therefore be considered crucial for testing self-consistent field
ion sphere models of the atomic potential in dense, high temperature plasmas. In particular,
these measurements may be able to differentiate between approximate expressions for the
ion sphere radius that are necessary for ionization potential and equation of state models
[6].
Clear interpretation of line shift measurements is enhanced when the spectral line is
free from satellite contamination and when the shift exceeds the natural line width of the
transition. The data presented in this chapter overcome these difficulties by detailed atomic
modeling, but future measurements should be carried out using thermal x-ray lines high
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in the series of a given charge state to meet such criteria. For example, line shift models
predict shifts of ≈30 eV for the Heβ at the electron densities achieved in this work [132].
There is strong indication that emission edge shifts exhibit similar properties and are good
candidates to measure dense plasma effects on atomic structure [79].
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Chapter 6

Energy Transfer Dynamics in Strongly Inhomogeneous Hot Dense Matter Systems

6.1

Introduction

The hot dense plasma states studied in this thesis are generated and controlled by intense
energy flows in conditions far from thermal equilibrium. Understanding how these energy flows interact with solid matter is essential for controlling energy density inhomogeneities and optimizing the design of high-temperature opacity and equation of state studies [84, 120, 134, 135]. Correctly modeling how material properties change under intense
heating accompanied by thermal decompression is a crucial part of this work [136, 137].
Clear and reproducible measurements of energy transport in the strongly inhomogeneous
regime are sparse and theoretical modeling is difficult [138], requiring spatially, spectrally,
and temporally resolved measurements to test detailed energy transport and radiation hydrodynamic model predictions [53, 139–141].
This chapter describes picosecond time-resolved measurements of energy transfer across
steep density and temperature gradients in hot dense matter. These experiments show, for
the first time, two time-resolved x-ray flashes from a heated buried sample. Hot electrons generated by a tightly focused high-intensity laser pulse heated the center of a plastic
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foil containing a thin Al or Al/Fe-admixture metal layer. The laser focal spot radius was
approximately 20× smaller than the radius of the metal layer to accentuate radial gradients between the heated on-axis volume and the surrounding material. Energy transfer dynamics were inferred from picosecond time-resolved measurements of the Al Heα thermal
line and broadband x-ray emission using a two-dimensional, fully-explicit particle-in-cell
(PIC) [142] and collisional-radiative atomic kinetics model [66]. The two x-ray flashes
were caused by hot-electron–driven heating of the central volume followed by radial nonequilibrium energy transfer to a surrounding dense annulus. The Fe admixture slows the radial energy transfer to the annulus and provides increased inertia to keep the material intact
long enough to measure a second time-resolved x-ray flash. This staged energy coupling
within the target is governed spatially and temporally by the hydrodynamic disassembly
of the center of the target. The observations impose new stringent constraints for testing
heating model predictions in warm and hot dense matter. This work contributes novel data
toward the fundamental science needed to understand the time-dependent response of materials to intense energy flows in order to predict the behavior of extreme high-energy-density
systems.

6.2

Experiment details

The experiments were carried out at the Multi-Terawatt (MTW) Laser Facility [69] at the
University of Rochester’s Laboratory for Laser Energetics. Figure 6.1 shows the experimental setup. The laser directly irradiated thin-foil targets with 10- or 15-J, 0.7-ps pulses
at the laser’s fundamental wavelength (λ = 1054 nm). The laser was focused to an ∼5µm full-width-at-half-maximum (FWHM) focal spot by an f/3.3 off-axis parabolic mirror
at normal incidence to the target at intensities greater than 1018 W/cm2 . The measured
temporal contrast of the laser is 108 up to 100 ps prior to the main pulse [71].
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Figure 6.1: Experimental setup.
The targets were thin, 200-µm-diameter plastic foils with a concentric buried Al or
Al/Fe microdot that was 100 µm in diameter [74]. The large microdot radius relative to
the laser focal spot helps form pronounced radial temperature and density gradients in the
plasma. The microdot was vacuum deposited as a 0.2-µm thin layer on a 1-µm parylene-N
support. The Al/Fe admixture was deposited from a uniformly co-mixed alloy consisting
of 53 at. % Al and 47 at. % Fe. A 2-µm parylene overcoat was applied to the front of each
target to constrain hydrodynamic expansion of the buried layer prior to and after the arrival
of the high-intensity pulse. The microdot is purposefully thin to limit spatial gradients and
optical depth effects in the longitudinal direction [143].
An ultrafast streaked x-ray spectrometer measured Al Heα thermal line emission and
the emergent broadband radiation between 1590 and 1660 eV. The spectrometer uses a
high-throughput conically-curved potassium acid phthalate (KAP) crystal to focus x-rays
to the input slit of a picosecond x-ray streak camera. The measured streak camera temporal
impulse response is 2 ps and the temporal axis was calibrated in separate tests [47]. The
spectral resolving power of the instrument is E/∆E ≈ 1000.
Non-local thermodynamic equilibrium (NLTE) collisional-radiative atomic kinetics calculations [66] show that the He-like Al XII charge state population increases monotonically
with temperature below ∼300 eV and that above 150 eV it is sufficiently populated to produce detectable Heα line emission. Comparison between pure-Al and Al/Fe data show
increased broadband emission when Fe is present, providing an observable link to hot-
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electron bremsstrahlung emission at early times and thermal blackbody radiation at later
times.

6.3

Data

Figures 6.2 (a) and (b) show time-resolved Al Heα thermal line and broadband emission
from buried Al or Al/Fe microdots that were irradiated by 15-J, 0.7-ps pulses at focused
intensities near 1×1019 W/cm2 . Experiments with Al sample layers measured consistently
higher signal levels compared to identical experiments with Al/Fe admixture samples. Radiation transfer calculations using an escape probability approach [66] show that the emergent Heα flux is not suppressed by optical depth effects from the Fe admixture. Thus,
low signal levels from the Al/Fe targets likely result from the lower concentration of Al
radiators and, importantly, suggest that the Fe admixture tends to reduce the plasma temperature. The images reveal relatively strong initial broadband emission when Fe is present
in the layer due to enhanced bremsstrahlung emission during the hot-electron pulse.
Spectrally-integrated data in the Heα and broadband spectral bands are displayed below
the streak images to show the time-dependent x-ray emission from both targets. The pureAl data [Figure 6.2(c)] is characterized by a single x-ray flash in the Heα and broadband
spectral ranges. The broadband emission and Heα intensify simultaneously–implying hotelectron heating–and exhibit similar temporal profiles. The Al Heα rises in ∼11 ps and is
approximately Gaussian with a 17-ps FWHM.
In contrast, two distinct Heα flashes are observed when Fe is added to the buried layer
[Figure 6.2(d)]. As with the pure-Al target, the first Heα flash rises simultaneously with
the bremsstrahlung emission, indicating that it is coincident with the hot-electron pulse.
The first x-ray flash peaks within 8 ps and is characterized by a 6.5-ps FWHM. This early
emission is nearly quenched within 15 ps, confirming that it is closely linked to the laser-
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Figure 6.2: Time-resolved data from (a) pure-Al and (b) Al/Fe admixture targets. The
spectrally-integrated temporal evolution of the Al Heα (blue) and broadband emission
(black) is shown for the (c) pure-Al and (d) Al/Fe cases. The broadband emission in (c) has
been scaled by a factor of 10 for presentation clarity.
generated hot-electron source [47]. A second x-ray flash emerges at roughly t0 + 20 ps.
This reemergence is particularly prominent in the Al Heα line, but enhancement of the
falling edge in the broadband emission is evident. Temporal overlap from the first peak
makes it difficult to quantify the Heα rise time, but the FWHM can be estimated to be ∼30
ps. The prolonged duration of the second flash relative to the first suggests that significant
energy transfer continues within the target bulk long after the initial hot-electron energy
deposition.
Figure 6.3 shows additional data to confirm the observations at lower laser intensity.
Dashed lines represent Heα emission from pure-Al buried-layers measured in reference
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Figure 6.3: Simultaneous Heα (black) and broadband (blue) emission from Al/Fe admixtures. Scaled pure-Al data (brown) is overlaid for reference. The irradiation conditions
were: (a) 10 J, 0.7 ps; (b) 15 J, 0.7 ps.
experiments. Single x-ray flashes consistent with previous studies were measured in each
reference experiment. The temporal profile is generally symmetric with slight softening of
the falling edge. The data have been scaled by the indicated factor for comparison to the
Al/Fe admixture data (black and blue points). High signal levels are characteristic of the
pure-Al data.
Raw lineouts measured from the Al/Fe admixture data are fit by a pair of exponentially
modified Gaussian functions to characterize the temporal dynamics. Shaded regions display the 95% confidence interval for the best fit including simultaneous uncertainty in the
fit parameters and statistical uncertainty in the measured signal. Two separate x-ray flashes
are evident in the Heα and broadband data and are nearly coincident across spectral bands,
implying approximate thermal equilibrium between Al and Fe ions. It is noted that the fast
rise time of the first flash broadly tracks the early x-ray emission measured from pure-Al
targets. In each case, x-ray emission measured from Al/Fe admixture samples continues
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for ≥25 ps longer than emission from the corresponding pure-Al experiment. Importantly,
the temporal separation between the two flashes increases for lower laser intensities.
Salient asymmetries are noted between the first and second x-ray flashes. The radiative
output of the second Heα flash exceeds that of the first by a factor of two or more, signaling substantial energy input into portions of the buried layer after the hot electron pulse.
The data further show that the second flash tends to rise more gradually than the first, indicating that the late-time energy transfer occurs more slowly than by hot-electron–energy
deposition. In the broadband, prominent bremsstrahlung emission shortly after the laser
impinges on the target tends to accentuate the first flash relative to the second, reversing the
asymmetry observed in the Heα band.

6.4

Interpretation

Fully explicit, kinetic, electromagnetic and relativistic particle-in-cell (PIC) calculations
using the LSP code [142, 144] were carried out for a 10-J, 0.7-ps laser pulse corresponding to the data in Figure 6.3(a). The 2D PIC simulations were initialized with a realistic
preplasma profile based on radiation-hydrodynamics modeling of the measured MTW prepulse up to an intensity of 1017 W/cm2 [145]. The laser-irradiation geometry, including f /#
and focal spot size, was reproduced in the PIC model. The code launched electromagnetic
waves from the simulation boundary and therefore modeled the laser-plasma interaction
self-consistently without prescribing an ad hoc electron energy distribution. This fully explicit scheme does not admit physical approximations in contrast to implicit, hybrid fluidkinetic, or electron-injection PIC methods. The plasma density and mean ionization state
were evolved in conjunction with an inline particle-based radiation package for accurate
hot-electron energy coupling and transport. The model includes proton acceleration by
quasi-static external sheath fields (target normal sheath acceleration, or TNSA) [145, 146]
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Figure 6.4: Schematic presentation of PIC model results: (a) The high-intensity laser pulse
heats a central portion of the target along the laser axis. (b) The heated central portion
hydrodynamically decompresses along the longitudinal direction and begins to heat the
surrounding dense material. (c) The center of target has disassembled, leaving intact a
colder, dense annulus that heats by radial electron transport across a sharp temperature and
density gradient. (d) The entire target has heated and disassembles.
and was extended up to 100 ps after the high-intensity interaction
The simulation results are illustrated schematically in Figure 6.4. The calculations show
that an approximately cylindrical volume of radius ∼20 µm centered on the laser axis is
preferentially heated by resistive return currents and direct hot-electron collisions in the
20 ps following the high-intensity laser interaction [Figure 6.4(a)]. Escaping fast electrons
cause target charging and bolster hot-electron confinement and recirculation. The prompt
on-axis heating generates an initial x-ray burst from this volume that is quenched as the
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material hydrodynamically releases along the laser axis. The release originates from thermal decompression of the initial dense, high-temperature plasma. The on-axis material is
constrained in the transverse direction by surrounding matter and thus decompresses longitudinally. Quasi-electrostatic fields generated by a proton sheath [146] expanding from the
rear surface set the preferential direction. The first x-ray flash is quenched by this release
as the intensity of the emitted radiation is strongly dependent on the density (≈ n2 ). The
remaining hot and relatively diffuse on-axis material is surrounded by an annular region
of lower temperature and higher density material. A steep temperature gradient between
the on-axis material and the outer annulus drives transverse heat conduction into the outer
portion of the target across a sharp density gradient [Figure 6.4(b) and (c)]. Delayed x-ray
emission emerges from the annulus as it begins to heat approximately 20 ps after the laser
pulse terminates. Off-axis heating is monitored from the time-dependent radiation intensity
and records non-equilibrium energy transfer to the surrounding dense material. The present
experiment accentuates this secondary heating stage by minimizing the size of the laser focal spot relative to the buried-layer radius and by including Fe ions in the tracer material.
X-ray emission quenches once the entire target fully disassembles [Figure 6.4(d)].
The simulation results for Al/Fe and pure-Al tracer layers with 2-µm plastic overcoats
are presented in Figure 6.5. Figure 6.5(a) shows the spatially resolved electron density
20 ps after the high-intensity laser interaction. The original position of the tracer layer
is indicated by the shaded rectangle. The center of the target has released, leaving intact
a cold outer annulus. Detail views of the tracer ion density are presented for Al/Fe and
pure-Al tracers in Figures 6.5 (b)-(d) and (f)-(h), respectively, in 10-ps intervals between
10 and 40-ps after the high-intensity laser interaction. The images show rapid decompression at the center of buried layer and highlight the extended time that the Al/Fe admixture
remains intact relative to the pure-Al case. A well-defined annulus is clearly present in the
Al/Fe sample while the Al layer has largely disassembled by 40 ps. The spatially-resolved
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Figure 6.5: Fully explicit, kinetic, and relativistic particle-in-cell model results show the 2D
spatially resolved ion density and electron temperature as a function of time for Al/Fe (top)
and pure-Al (bottom) buried samples. (a) Calculated two dimensional electron density 20
ps after the laser pulse. The shaded rectangle shows the original location of the buried layer.
Detail views of the buried-layer ion density and electron temperature are shown for Al/Fe
(b-e) and Al (f-i) samples at 10, 20, 30 and 40 ps after the laser pulse. The calculations
shown the formation of a hot, low density plasma on the laser axis that drives radial energy
transfer to a colder, dense annulus. The pure-Al layer achieves a much higher temperature
than the Al/Fe sample and disassembles nearly twice as fast. Note that separate electron
temperature color bars are used for the Al/Fe and pure-Al.
electron temperatures show strongly inhomogeneous energy density conditions and sharp
variation in the radial direction.
The steep radial gradient between the on-axis material and the outer annulus is formed
by localized hot-electron and return-current energy deposition near the laser axis. This
temperature gradient drives strong transverse energy transfer to the colder, dense annulus.
These experiments accentuate this secondary heating stage by minimizing the size of the
laser focal spot relative to the buried-layer radius and by including Fe ions in the tracer
material.
Admixture Fe ions reduce the peak temperature achieved in the experiment and dra-
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matically slow the hydrodynamic decompression of the buried layer, allowing the on- and
off-axis heating stages to be temporally resolved. The spatially-resolved temperature and
density evolution was averaged over the on- and off-axis regions of the target to guide interpretation of the target dynamics (Figure 6.6) The simulation data indicates that maximum
on-axis thermal electron temperatures in pure-Al layers are as much as 50% greater than in
the admixture case and that heating occurs nearly twice as fast. The result is that transverse
energy transport to the off-axis Al is rapid and x-ray emission from the on- and off-axis
material is coincident. As a result, the two x-ray flashes cannot be resolved in the pure-Al
case. This is in contrast to the Al/Fe admixtures which heat gradually to lower temperatures and exhibit relaxed temperature gradients between the on- and off-axis regions. The
reduced temperature gradient slows radial energy transfer, giving the on-axis material time
to heat and decompress–forming the first x-ray flash–before the outer annulus heats sufficiently to create the second x-ray flash. Lower temperatures and the increased inertia of the
relatively massive Fe ions keep the sample intact long enough, as seen in Figure 6.6(b), to
observe energy transfer to the annulus and the second x-ray flash.
The spatially averaged temperature and density evolution for each region of the target were provided to a fully time-dependent collisional-radiative atomic kinetics model to
estimate the time-resolved radiation emerging from the target [66] (Figure 6.7). Separate
calculations for the on- and off-axis material were combined to account for the spatial
averaging that occurs in the time-resolved measurement. The calculated Al Heα signal
(blue) is compared to the measured data (black) for the Al/Fe and pure-Al tracers respectively. Thin blue traces show the relative contributions from the on- and off-axis material
to the spatially-integrated signal. Shaded bands accompanying the measured data show
the calculated 95% confidence interval. In general, the calculated Heα signal shows good
agreement with the data from both Al/Fe and pure-Al tracers. Simulations of the Al/Fe admixture reproduce the sharp rising edge of the initial flash and capture the slower rise time
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Figure 6.6: Average time-dependent conditions within the buried layer were determined by
spatially-averaging the calculated temperatures (a) and densities (b) in the on- and off-axis
regions of the target. The Al/Fe target heats to a lower temperature and exhibits reduced
temperature gradients compared to the pure-Al case. These profiles were provided as input
to a NLTE collisional-radiative atomic physics model to predict Heα emission from the
PIC model results.
of the second flash from the off-axis material. This provides confidence in the calculation
of laser-electron energy coupling and hot-electron transport and in how energy transfer to
the outer annulus is being modeled. The temporal delay and decay time of the two x-ray
flashes is similarly well matched, indicating that the material release and hydrodynamics
are being modeled reasonably to permit straightforward identification of the energy transfer dynamics. Enhanced radiative output is observed from the second x-ray flash because a
larger volume of matter heats during the second stage.
Simulations for pure-Al layers broadly reproduce the single flashes observed in the reference experiments [Figure 6.7(b)]. In reality, the single flash is composed of coincident
separate emission from the inner and outer regions of the target, but the energy transfer
is so rapid that the two are not separately resolved. The rising edge of the single flash is
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Figure 6.7: Calculated Heα emission (blue) is compared to the measured data (black) for
Al/Fe (a) and pure-Al (b) targets. Shaded bands on the data provide the 95% confidence
interval for the data. Thin blue traces show the relative contributions from the on- and
off-axis material to the spatially-integrated signal.
composed of contributions from the falling edge of the first flash and the rising edge of
the second flash. This is illustrated by the slight shoulder on the rising edge of the model
output that corresponds to the initial flash. It is noteworthy that these contributions add in
such a way to reproduce the measured data. The energy radiated from these targets emanates predominantly from the second flash and is ultimately truncated by hydrodynamic
release. Although the plots show normalized intensities, the peak calculated Heα emission
from the pure-Al targets is approximately 12× greater than that from the Al/Fe admixture,
reasonably close to the ∼14× factor observed in the experiment [Figure 6.3(a)].
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6.5

Summary

In summary, energy transfer properties of hot, dense, and inhomogeneous plasmas have
been observed with picosecond time-resolved x-ray spectroscopy. Energy transport was
studied by purposefully accentuating the spatial gradients inside the plasma and timeresolving the plasma emission, providing new experimental insight into the behavior of
hot dense matter and the intense energy flows that are required to create it. The observed
energy transfer dynamics are widely applicable to hot dense matter studies with all highenergy-density drivers, including x-ray free electron lasers [147], high-current Z-pinches
[148–150], and direct and indirect laser-drivers [151]. The data show two reproducible,
x-ray flashes separated in time, signaling sequential phases in the energy transfer dynamics and material response to intense heating. The experimental observations are consistent
with fully-explicit, parameter-free particle-in-cell and collisional-radiative atomic model
predictions that connect the two x-ray flashes with hot-electron and return-current heating of on-axis material, followed by non-local radial energy transfer to surrounding dense
matter.
The data and their interpretation presented in this chapter initiate new opportunities to
observe the energy transfer and thermodynamic properties of warm and hot dense matter
in extreme conditions. The temporal dynamics of the thermal x-ray line emission from
strongly inhomogeneous systems can be used to provide a sensitive record of the system’s
response to intense heating accompanied by thermal decompression. With sufficient temporal resolution, the rising edges of the x-ray emission can be used to constrain heating
rates for a variety of energy deposition channels, while the falling edges monitor the hightemperature release of the heated material. Tightly-focused and high-power laser pulses
allows the system to access high-temperature conditions and also establishes extremely
sharp temperature gradients in the target, providing an important extension to current and
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proposed differential heating measurements [152]. Temporally- and spatially-resolved observations of the plasma temperature and density will expand the value of this data by
providing heating-model–independent measurements of the intrinsic transport properties
of the sample material.
Future studies will constrain the energy transport properties of complex mixtures or
high-Z atomic systems by modifying the composition of the buried layer. In such circumstances, the on-axis material may not decompress rapidly enough to permit temporal resolution of the second x-ray flash. Time-resolved energy transfer to the high-Z or material or
mixture can be regained by depositing the material in an annulus that is bounded radially by
a low-Z spectroscopic tracer material. The bulk energy transport properties of the high-Z
material can be inferred by observing the transit time of the heat front through the annulus.
This configuration makes possible measurements in pure high-Z systems where the inclusion of a K-shell spectroscopic admixture is undesirable or intractable due to optical depth
limitations. Experiments in such complex geometries will be challenging due to diagnostic
and target fabrication considerations, but provide the experimental flexibility required for
advanced studies of the energy transport properties of HED matter.
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Chapter 7

Summary
This thesis communicates a comprehensive experimental effort to create and control extreme high energy density matter in the laboratory. Experimental radiative, atomic, and
material properties data are sparse or non-existent in the hot dense matter regime, but are
crucial to understanding the structure and evolution of stars and other astrophysical plasmas
and underpin the theoretical models required for controlled thermonuclear fusion research.
Recreating stellar-interior conditions in the laboratory is a grand challenge for high energy
density science, requiring innovative techniques to extend physical parameter space beyond
the conditions achieved by conventional high-energy-density drivers.
The work described here contributes novel data toward the fundamental understanding
and measurement of hot dense matter systems produced by high-intensity laser irradiation
of thin plastic foils containing buried spectroscopic tracer layers. The buried layer is purposefully thin to sample near-homogeneous conditions within the target and to limit optical
depth effects on the emitted radiation. Near solid-density conditions are maintained by the
exterior plastic overcoating which constrains the hydrodynamic expansion of the heated
layer. Thermal x-ray line emission from the buried layer was recorded by time-integrating
and picosecond time-resolving x-ray spectrometers to monitor the target heating dynamics,
plasma conditions, and plasma-dependent atomic properties.
The instantaneous temperature and density evolution of the buried layer was inferred
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from time-resolved measurements of the Heα spectral line complex using a non-local thermodynamic equilibrium (NLTE) collisional-radiative atomic physics model to interpret the
satellite intensity ratio and resonance line width. A generalized self-consistent approach
for spectroscopic temperature and density measurements in NLTE conditions is presented
in Chapter 4. It is shown how uncertainties in the inferred conditions are quantified simultaneously based on the experimental uncertainties and the photometric properties of
the detector. While spectroscopic techniques to estimate the plasma conditions are used
widely, rigorous evaluation of experimental and statistical uncertainties and their propagation to the inferred temperature and density is uncommon.
The time-resolved plasma temperature and density were obtained over a wide range of
laser irradiation conditions and buried-layer depths. The data show that electron temperatures above 400 eV can be achieved at solid-matter densities. Data from parallel experiments using a high-contrast frequency-doubled pulse are consistent with higher temperature and density conditions relative to analogous 1ω experiments. An important finding of
these studies is that the 2ω beam provides enhanced heating of deeply buried layers.
This ability to characterize the plasma conditions with quantified uncertainties permits
significant new opportunities to study how the energy level structure of ions and their interaction with radiation is modified in extreme conditions. For ions immersed in a dense
plasma environment, free-electron screening of the nuclear potential causes atomic bound
energy levels to shift asymmetrically toward the continuum, decreasing the energy separation between levels. This causes spectral lines to shift toward lower photon energies relative to the isolated-ion transition energy. Detailed measurements of this effect are needed
in mid- and high-Z ions to test ion sphere models for the atomic potential in dense plasmas.
Observations of the density-dependent redshift of the Al Heα resonance line are presented in Chapter 5. This study provides the first measurements of the absolute spectral line
shift as a function of the instantaneous plasma conditions. Most prior studies report strictly
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time-integrated measurements of the shifts and associated plasma conditions or derive the
plasma conditions from the output of radiation-hydrodynamic simulations. This work capitalizes on the high-temperature and -density conditions produced by intense laser irradiation to extend the measurements to 80% of solid density, far higher than most previous
data. The measured spectral line shifts demonstrate broad agreement with the predictions
of ion sphere models for the measured conditions, although there is evidence for deviation
at the highest densities. Future work should extend these measurements to higher densities
using shock-compression techniques in conjunction with intense laser heating. It is likely
that uncertainties in line shift measurements could be minimized by choosing high-lying
spectral lines that are predicted to be free from satellite-line contamination and to shift by
as much as 10 eV or more, even for modest plasma densities.
Chapter 6 provides new experimental insight into the energy-transport properties of hot
dense matter and the intense energy flows that are required to create it. Such measurements
are crucial for creating the uniform extreme conditions widely sought for material and radiative properties studies at high thermal temperatures approaching 1 keV. Moreover, purposefully driving inhomogeneous energy density conditions is a requirement for all equilibrium and non-equilibrium energy transfer studies. The experiments used a tightly-focused
intense laser pulse to drive localized energy deposition near the laser axis in a plastic foil
containing a thin buried Al/Fe admixture layer. Energy transfer from the hot on-axis region
to a surrounding annulus of colder, dense material are recorded by the time-dependent Al
Heα thermal line emission. The streaked data show two time-resolved x-ray flashes, in contrast to the single flashes observed in all experiments with pure-Al layers. The two flashes
are connected to staged radial energy coupling to the target by fully explicit, kinetic, and
relativistic particle-in-cell modeling. The calculations show that radial energy transfer is
slowed when Fe is present in the buried layer, allowing the heating stages to be separated
spatially and temporally by the hydrodynamic disassembly of the center of the target.
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These experiments present new opportunities to directly observe the interaction of hightemperature plasmas in direct contact with warm dense matter. The results presented in
Chapter 6 strongly motivate future studies with complex mixtures or high-Z atomic systems and can be extended beyond the simple geometries studied in this work. For example,
measuring the transit time of the heat front through a radial transport barrier could be used
to provide valuable electron conductivity data and constrain heating model predictions for
the barrier material. Choice of spectroscopic dopants and transition lines affords experimental flexibility to probe various regions of the electron energy distribution or change
sensitivity to the plasma temperature.
This work uses ultrafast time-resolved x-ray emission spectroscopy to study the dense,
high-temperature matter created by high-intensity laser irradiation of multi-layered targets.
The combination of these elements as described in this thesis represents an advanced and
novel approach to hot dense matter studies that is unique to the field. High-intensity shortpulse lasers are able to create solid-density plasmas at high thermal temperatures exceeding
500 eV, allowing laboratory experiments in matter regimes inaccessible to conventional
drivers. Such experiments are poised to contribute new and valuable atomic, radiative,
and material properties data to extend our understanding of the natural world to extreme
astrophysical objects and deep within stars. The work presented here shows that careful
selection of experimental geometries, laser parameters, and diagnostic techniques allows
individual physical processes to be separately controlled and observed, a fundamental requirement for testing the predictions of astrophysical and dense plasma theories. This thesis presents new data toward these aims to strengthen the present understanding of atomic,
radiative, and thermodynamic properties of extreme materials in the high energy density
regime.
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