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Abstract
We have extensively modeled a neon photoionization experiment on the Z machine at
Sandia National Laboratories. Using a suite of modeling codes, we have reproduced
the experimental environment and simulated the physical conditions inside the neon
plasma. We have matched a synthetic spectrum to the absorption spectrum taken
during the experiment. Analyzing the spectra by measuring equivalent widths of
lines and plotting them on a curve of growth, we have determined that the ionization
balance of 1% Ne VIII , 95% Ne IX, and 4% Ne X for the laboratory spectrum nearly
matches the simulated ionization balance of 1% Ne VIII, 91 % Ne IX, and 8% Ne X. We
have found our simulated plasma to be slightly overionized in comparison to the neon
in the experiment, though the simulated physical conditions can still be matched to
features in the absorption spectrum. Our analysis also indicates that photoionization
is a necessary ingredient in the ionization of the neon gas cell plasma. With more
refined spectral analysis t echniques, we can provide astronomers with information
that they can use to better interpret spectra of photoionized astrophysical obj ects.
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Chapter 1
Introduction
Astronomers seeking information about distant plasmas must rely on analysis
of the obj ect's spectrum in order to det ermine properties such as its t emperature,
density, and ionization state. To interpret data in a reliable way, an accurate model
of such a spectrum is required. While collisional plasmas have been modeled and
their spectra benchmarked quite extensively, photoionized plasmas have not received
as thorough a treatment. Many objects of current astrophysical interest, including
x-ray binaries and active galactic nuclei, produce massive regions of photoionized
plasmas. By achieving a better understanding of the spectra of photoionized plasmas,
conditions in these extreme environments may b e more accurately det ermined.
To that end, a series of experiments at Sandia National Laboratories have been
designed to simulate physical conditions in a photoionized plasma by subjecting neon
gas to a high-intensity x-ray flux. Through measuring properties of the plasma such as
its temperature and density while simultaneously obtaining a spectrum, it is possible
to benchmark specific spectral features with conditions inside a laboratory plasma.
Having a knowledge of how plasma properties correlate to an absorption or emission
spectrum helps astrophysicists perform the reverse process - taking the spectrum of
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a photoionized plasma and deducing its temperature, density, and ionization balance.

1.1

Photoionized Plasmas

A plasma can be thought of as a fluid of ions and free electrons that have become detached from their atoms. Electrons are ejected by acquiring energy in one of
two processes. In a collisional plasma, ions and fast-moving free electrons strike ions
and neutral atoms, dislodging bound electrons. If the kinetic energy of the incoming
electron exceeds the binding energy of an electron, it may be ejected. In a photoionized plasma, atoms can absorb photons carrying an energy greater than the electron
binding energy. This energy goes toward dislodging the electron, with any remaining
energy taken away in the form of electron kinetic energy.
In a thermally equilibrated collisional plasma, the ionization fraction is determined exclusively by the temperature of the plasma. The ionization balance between
ionization and recombination for a given charge state is given by

(1.1 )

where ne is the electron number density, C i is the collisional ionization rate for the
ith

charge state of the atom,

ni

is the ion number density in that charge state,

is the recombination rate for the i

+ 1th

charge state, and

niH

CYHI

its number density.

Since both the collisional ionization rate and the recombination rate are temperaturedependent quantities, the fraction of ions in a particular charge state is determined
by the plasma temperature [1 ]. As the temperature of such a plasma is increased, the
electrons will move at a greater speed, making more energy available for collisions
and ionization.
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The ionization balance equation for a photo ionized plasma introduces another
term, which accounts for the presence of an ionizing radiation field. As a result, a
photoionized plasma may be ionized to the same degree as a collisional plasma that
has a much higher electron temperature. The ionization parameter, ~

=~
neT

[1], is a

measure of the additional ionization arising from the incident flux. The origins of this
term and how it fits into the ionization balance equation will be derived in subsection
1.1.2.
The mechanisms for populating excited states in ions of a photoionized plasma are
different from those in a collisional plasma. Like the ionization process itself, excited
state population in collisional plasmas arise from electron-ion collisions. More specifically, at high temperatures, collisional ionization will be balanced by dielectronic
recombination, wherein the excess energy of an electron falling into a bound excited
state excites a second electron within the ion. Cooler photo ionized plasmas balance
ionization with radiative recombination, where this excess energy is carried away via
a photon [2].
Due to the different physics involved in producing excited electrons in collisional
and photo ionized plasmas, the spectra of these two plasma types will be very different. The population mechanisms dictate the orbital in which an excited electron is
most likely to be found and determine the distribution of atomic level populations.
Additionally, the strength of a given spectral line is dependent upon the number of
ions in the plasma that have an electron in the starting orbital of the associated transition. As photoionized plasmas tend to have electrons in different orbitals than in
collisional plasmas, their spectra will also possess different lines (see Figure 1.1). It
is for this reason that models of spectra for collisional plasmas are inadequate in the
analysis of photo ionized plasmas.
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Figure 1.1: Model iron spectra from a collisional (or coronal) plasma and a photoionized (XPN) plasma. Though both possess the Fe XVII-XIX charge states, their
temperatures and spectra are radically different. While the photoionized plasma experiences transitions from the 3s to the 2p state, the collisional plasma undergoes
many more 3d---+2p transitions. This phenomenon can be explained by the mechanisms through which these energy levels become populated in the different plasmas.
Collisions tend to excite electrons from the ground state into the 3d state, while
radiative recombination deposits electrons in the 3s state. Figure taken from [2].

1.1.1

Astrophysical Objects and Spectral Analysis

Photoionized plasmas feature prominently in two objects of interest to astronomers,
x-ray binaries and active galactic nuclei. As depicted in Figure 1. 2, in an x-ray binary
a black hole or neutron star siphons material off of its main sequence companion and
onto its surface. During the accretion process, the gravitational potential energy of
the mass from the companion star is converted to heat , as the t emperature of the gas
rises to millions of degrees Kelvin. Blackbody radiation at these temperatures leads
to the release of a copious amount of x-rays , which in turn ionize the surrounding
gas. An active galactic nucleus consists of a supermassive black hole at the core of a
galaxy that accretes mass from hundreds of stars. In a similar process to that in the
x-ray binary, the energy from mass plummeting onto the accretion disk of the black
hole is ultimately released in the form of x-rays .

6

Figure 1.2: An artist's conception of an x-ray binary. Stellar material falls onto
the accretion disk of a black hole, heating the plasma and emitting a large xray flux. The cirsumstellar gas that absorbs these photons and ionizes into a
plasma is the subject of the present investigation. Image Credit: Fahad Sulehria,
http:j /www.novacelestia.com.

Both of these accretion-powered objects are enshrouded by photoionized plasmas
that produce complicated spectra. Astronomers rely on theoretical models of these
spectra, both line and continuum features, to constrain properties of the plasma
such as its temperature. As demonstrated in Figure 1.3, computing ratios of the
strengths of different emission lines is a common tool used to diagnose the density of
an astrophysical plasma [3]. Line ratios can even be used to determine the dominant
mechanism behind heating and ionization in the plasma [4].

If astronomers can

determine accurately the properties of this circumstellar plasma, they will be able
to form a clearer picture of the processes occurring in these extreme astrophysical
environments.
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Figure 1.3: Above is an 0 VII emission spectrum from the x-ray binary EXO 0748-67,
taken from [3]. The ratio of the flux in the 'forbidden' (f) line to that in the intercombination (i) line indicates that the plasma is dominated by photoionization and
also constrains its electron density. After measuring the upper limit of that line ratio
to be 0.19 , it was det ermined that the density must be greater than 2.0 x 10 12 cm- 3 .
In analyzing the x-ray binary Hercules X-I , the ratio G = (f + i)jr for similar spectral lines was computed in order to verify that photoionization dominates collisional
processes in ionizing and heating the plasma [4].

1.1.2

Io n izat ion P arameter

As described above , the ionization parameter is a measure of the over-ionization
in a plasma due to an incident radiation field. Such a value is useful when comparing
environments of vastly different scale in both distance and particle density.

The

gas cell experiments being modeled include a radiation source of a much smaller
power than exists astrophysically, while the photoionized plasma is many orders of
magnitude nearer to the source, and also at a greater density.
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In order for the

experiments to accurately approximate the environment around an x-ray binary, the
ionization parameter in the laboratory must match that in the astrophysical situation
under investigation.
To begin the derivation, which is taken from [5], start with the ionization balance
equation for a photoionized plasma, similar to equation 1.1, but with an additional
term that accounts for the radiation.

(1.2)

where f3i is the photoionization rate for the ith charge state of the atom. The energy
density of radiation for a given photon energy at a distance r from an isotropically
emitting source is given by

(1.3)

where L is the power of the radiation source, and

IE (E)

is a normalized function that

reflects the shape of the spectrum. The rate at which ionization from the i charge
state into the i

+ 1 charge state

takes place can be written as

(1.4)
Xi

where

(Ji

Xi

(E) is the photoionization cross section for charge state i and

Xi

is the pho-

toionization threshold energy. This integral sums up the amount of absorption of
photons with enough energy to ionize the atom out of that charge state. If that entire integral term is shortened into a single value (Pi, the photoionization rate can be
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rewritten as

(1.5)
and the ionization balance equation as

(1.6)

Allowing the ionization parameter, essentially a ratio of the number of photons to the
number of electrons per unit volume, to be written as

(1. 7)

we can rearrange the ionization balance equation to

(1.8)
Noting that the fraction ~
is simply the ratio of ions in the i
(](i+l

+1

charge state

to those in the i charge state for a collisional plasma, the amount of overionization
in a photoinized plasma is given by

¥!

i.

As both of the other factors

¢i

and C i

are determined by the temperature of the plasma, for a particular temperature the
ionization parameter is the sole determinant of the amount of ionization that takes
place as a result of photoionization versus collisional ionization [5]. Logically, a more
luminous radiation source will generate more photoinization in a plasma, as will a
source that is closer to the plasma. A plasma that is less dense will have fewer
electrons to recombine with recently photoionized atoms, and ions will exist in higher
charge states.
An active galactic nucleus can emit photons at a luminosity of 1040 W or 1047 erg
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S-1 [6]. The surrounding gas has a density on the order of 10 14 particles/cm3 . If we
assume that this plasma is mostly fully ionized hydrogen, the number of electrons per
ion will be near 1, and the electron density will also be around 10 14 cm- 3 . Plasma
at a distance of 1000 AU, or approximately 10 15 cm will experience an ionization
parameter of 1000 erg cm S-I. Ionization parameters on this order are typical around
x-ray binaries as well. While the emitting source is less powerful, the circumstellar
gas is also much closer. The figure of 1000 erg cm S-1 is what experimentalists strive
for in the laboratory in order to model the real astrophysical environment.

1.2

Laboratory Experiments

Astronomers investigating distant objects cannot measure their properties in the
same way that an experimental physicist uses a thermometer to directly obtain the
temperature of a sample. However, it may be possible to recreate the conditions in
these exotic environments in the laboratory. Clearly, the distance scale of astrophysical objects is many orders of magnitude greater than the size of a lab. In laboratory
astrophysics experiments, intrinsic properties such as the density, temperature, or
ionization parameter of the plasma under investigation approach the values found
cosmically. Through understanding the physics on a miniaturized scale, astronomers
can better interpret findings from objects that are much larger, more maSSIVe, or
more luminous.
The experiments modeled here attempt to simulate the conditions in the photoionized plasmas that surround x-ray emitters like x-ray binaries and active galactic
nuclei. In order to accomplish this, the experiments require a sufficiently powerful
x-ray source and a suitable gas sample that can be photoionized into a plasma. Recall
that the these experiments should produce an ionization parameter ~
11

~
equivaneT

lent to those found in astrophysical environments. There are three parameters that
could conceivably be adjusted in order to alter

~,

the power of the emitting source, the

density of the photoionized plasma, and the distance from the plasma to the source.
Since the x-ray power is fixed at its maximum experimental value, only two of these
parameters can be freely altered.
Adjustments to both the electron density of the plasma and the distance from the
plasma to the x-ray source involve experimental tradeoffs. Positioning the plasma as
close as possible to the source will dramatically increase the ionization parameter.
However , because the cell containing the plasma has finite length, the plasma at the
back end will be further away from the source than the plasma at the front. This
phenomenon will cause considerably more flux to be absorbed at the front than at the
back, giving rise to temperature gradients in the plasma that may produce undesired
hydrodynamics effects. Additionally, non-uniformity in the ionization paramet er will
make it difficult to benchmark spectral features with a specific value

of~.

Similarly,

minimizing the density seems like a reasonable way to increase the ionization parameter. But, as noted in [7], if the density is made too low, there will not be enough
photon absorption or emission to produce a workable spectrum. Considerations like
these must be kept in mind when designing a plasma photoionization experiment.

1.2.1

Z-Pinch

The x-ray source is an imploding cylindrical plasma, known as a z-pinch, formed
by the vaporization of a tungsten wire array. At the Z facility at Sandia National
Laboratory in New Mexico, large capacitor banks discharge and release a 20 MA pulse
of current in the span of 100 ns. This current travels through a cylindrical array of
between 120 and 360 wires each 7-12 /-lm in diamet er , positioned at a distance of 2
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Figure 1.4: A photograph of a 4 cm diameter array of 240 tungsten wires, each 7.5
/-Lm across. Figure from [9].

cm from the central axis (see Figure 1.4) [8]. As the current passes through the wires,
they are rapidly vaporized and ionized by ohmic heating, quickly coalescing into a
single cylindrical shell.
For an individual wire, current flowing in the negative z-direction produces a
clockwise magnetic field. The superposition of the magnetic fields from each of the
wires in the array will create a clockwise field around the entire cylinder. One could
also imagine the wire array as a single large wire that has had concentric cylindrical
shells removed. Because of symmetry, the removal of these shells affects only the
magnitude, not the direction, of the resulting magnetic field. By the right hand rule,
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Figure 1.5: The current into the page creates a uniform clockwise magnetic field
around the outside of the wire array. The Lorentz (F = J x B) force on the wires,
which have vaporized into a plasma, propels them toward the axis of the array. Figure
from [7].

wires with a current in the negative z-direction in a region of a clockwise magnetic
field will experience a force inward toward the z-axis (Figure 1.5). This pinching
motion toward the z-axis is what gives the Z-pinch its name.
This fairly uniform cylindrical shell of plasma implodes onto its axis at a velocity
of nearly 100 km/s or 10 cm/ /-LS. As a piece of plasma approaches the axis, it is
stopped by the force imparted by the imploding plasma on the opposite side of the
cylinder. Approximately 100 ns after the initial pulse of current, the plasma stagnates
on its axis and transfers its kinetic energy to thermal energy, heating the pinch to a
temperature of greater than 200 eV. At this point the optically thick and thermally
equilibrated pinch behaves like a blackbody, emitting up to 200 TW of x-rays in a
burst that lasts for 5-10 ns [8]. The total energy emitted by this z-pinch can approach
2 MJ, with an electrical to x-ray energy conversion efficiency as high as 10%, making
the Z machine the most efficient x-ray source in the world.
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Experiments have been conducted to study how changes in various parameters,
such as the number and thickness of wires and the diameter of the array, affects the
power output of the z-pinch [9]. The main concern is minimizing Rayleigh-Taylor
instabilities, which form out of asymmetries in the cylindrical array and cut down on
the emitted x-ray flux. Instabilities cause regions of the plasma to move in directions
other than radially inward. As a result, the cylindrical shell of imploding plasma
becomes thicker, such that when its inner boundary begins to stagnate, heat up, and
emit x-rays, the outer portion is still accelerating inward. As the number of wires in
the array was increased from 120 to 240, smoothing out non-uniformities, an increase
in radiated x-ray power from 170 TW to 230 TW was observed. A technical upgrade
to the facility currently taking place will increase the maximum x-ray power output
to 350 TW and the energy output to 2.8 MJ.

1.2.2

Gas Cell Experiments

To simulate the photoionized plasma around a powerful, astronomical x-ray source,
a small cell filled with neon gas is placed a few centimeters from the axis of the zpinch. The cell itself is 1 x 2 x 2.34 cm in size, with the short side oriented in the
direction of the radius of the pinch (see Figure 1.6). That is, radiation from the pinch
will pass through 1 cm of neon. Containing the gas is a set of mylar walls 1.5 /-lm
thick at the front and back with respect to the direction of radiation, and on one side
of the gas cell [8].
As the intense x-ray radiation strikes the gas cell, the mylar walls vaporize, first
in the front, then in the back. Radiation penetrates these walls, heating and ionizing
the neon gas into a plasma. At the same time, the imploding mylar walls, which
are much more dense than the gas they are containing, drive shock waves into the
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Figure 1.6: A photograph of the experimental set-up for the gas cell z-pinch experiments. The pinch, at the center, is surrounded by a metallic hohlraum and set on
top of a surface that re-radiates some of the emitted x-rays into the gas cell. The
spectrometer that takes an absorption spectrum during the shot is positioned a few
meters behind the gas cell. Figure from [8].

neon plasma, further heating the mylar-neon boundary. This shock heating is an
effect completely unrelated to the photoionization being investigated, and ought to
be minimized in subsequent experiments. Simulations indicate that over the duration
of the x-ray burst, the shock penetrates approximately 3 mm into either side of the
gas cell, leaving roughly 5 mm unaffected.
In the experiments presently being modeled, a single absorption spectrum was
taken of the neon gas cell, using the pinch itself as the backlighter. This absorption
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spectrum is what the present modeling studies are attempting to reproduce. Though
the spectrum is not time-dependent, it can be assumed that much of the spectrum
comes from around the time of peak x-ray emission. In future experiments, it will be
possible to take time-dependent spectra, as well as spectra in both absorption and
emission. Emission spectra are considered more useful to model because data from
the astrophysical objects themselves typically come in the form of emission spectra.
To get a sense of how well the neon gas experiments approximate astrophysical
conditions, a comparison of the ionization parameters in each environment is needed.
In the gas cell experiments described below, the z-pinch puts out a maximum power
on the order of 100 TW or L = 10 21 erg/so Since the near wall of the neon gas cell
is 5.7 cm from the pinch axis, and the gas cell itself is 1.1 cm thick, the center of the
plasma is approximately r

= 6.2 cm from the radiation source. The gas cell is filled

with neon at a mass density of 3.6 x 10- 5 g/cm3 or a number density of 1.1 x 10 18
ions/cm3

.

If each neon atom is ionized an average of 8 times, then the electron

number density will be ne

= 8.8 x 10 18 cm- 3 . Inserting these numbers into equation

1.7, the ionization parameter for the laboratory experiments comes out to 3 erg cm
S-I.

While this figure is appoximately two orders of magnitude lower than the value

of 1000 erg cm

S-1

that was calculated for a theoretical x-ray binary, there are regions

where an ionization parameter of 3 erg cm

1.3

S-1

can be found.

Present Goals

To complement the experimental work, we have undertaken an extensive modeling
campaign to benchmark spectra from photoionized plasmas. Since accurate laboratory measurements of the temperature, density, and ionization balance inside the neon
plasma may be difficult to produce, calculations have been run to simulate the exper17

imental environment, predict conditions inside the gas cell, and produce a synthetic
spectrum similar to that taken in the laboratory. Modeling codes provide another
tool with which astrophysicists can come to understand the spectral signatures of
photoionized plasmas.
The present work uses both "forward" and "backward" modeling to ascertain the
conditions inside the neon plasma and to relate them to spectral features. The first
technique relies on knowledge of experimental properties, such as the the pinch power,
to compute the physical conditions that arose inside the gas cell. These calculated
conditions can then be benchmarked against the spectrum that was taken during
the experiment. The second method relies on comparing the spectrum obtained in
the experiment to a theoretical spectrum based on simulated plasma properties. By
matching a theoretical spectrum to the one taken in the laboratory, we can infer the
physical conditions in the laboratory plasma from the simulated plasma properties
that produced the theoretical spectrum. Using curve of growth analysis to det ermine
the ionization balance of the neon plasma, this work represents the first attempt to
quantitatively constrain the plasma properties in the neon gas cell experiments. This
thesis describes the techniques and results of this modeling campaign.
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Chapter 2

Modeling
In order to benchmark spectral codes of photoionized plasmas, the codes themselves must be t ested against a set of data. Fortunately, this data is now available
in the form of an absorption spectrum taken from the neon gas cell photoionization
experiments at Sandia National Laboratories. The spectrum produced by this suite
of modeling codes will be compared to the experimental spectrum to determine how
well real photoionized plasma spectra conform to what is predicted theoretically. Ideally, the model spectrum will match up with the experiment in a precise enough way
that quantitative constraints can be imposed on the physical conditions inside the
neon plasma. Ultimately, these codes can be used to derive similar constraints on
the t emperature, density, and ionization balance inside an astrophysical photoionized
plasma.
To model the z-pinch experiments at Sandia and produce a theoretical absorption
spectrum for comparison to the measured spectrum, a suite of three modeling programs was employed. The first , VISRAD , visually displays the environment around
the gas cell, and from the emitted pinch power calculates the photon flux on every
surface of the environment [10]. The key output is a time-dependent and frequency-
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dependent spectrum on the front surface of the gas cell. HELlOS performs hydrodynamics calculations of the gas cell (mylar walls and neon plasma) that receives this
incident spectrum to determine time-dependent physical conditions- temperature,
density, velocity, ionization balance- inside the cell [12]. SPECT3D takes both of
these outputs, the incident spectrum and the plasma conditions- as well as an atomic
model- and produces a time-dependent theoretical spectrum for the neon plasma in
the gas cell [16]. The output of SPECT3D is the final neon spectrum to be compared
to laboratory data. See Figure 2.1 for a flow chart of the modeling prodedure.

2.1

VISRAD

VISRAD is a 3-D viewfactor code that determines thermal and radiation properties over a grid of surfaces that model an experimental setup. See Figures 3.1 and
2.3 for VISRAD representations of the gas cell experiment. Beginning with the geometrical arrangement and albedos of the surfaces as well as the power output of
one or many radiation sources, this program calculates the temperature and both the
absorbed and emitted spectra on every surface of the grid. VISRAD does this by
solving a set of coupled time-independent power balance equations that take into account absorption and re-radiation of incident light. Though the program can produce
outputs that vary at different time steps, time-dependence only arises when the inputs to these equations- geometry, albedo, or radiative power- are changed with time.

In essence, the program performs a series of independent steady state calculations.
VISRAD balances the power emitted by a surface element against the radiation
it absorbs from every other surface element for each element in the grid, taking into
account the albedo of the surface and the angles between different elements. This
angular dependence can be thought of as a measure of the solid angle subtended by
20

one surface as viewed by another. The power balance equation is given in [11] as

where

Bi

(2.1)

(Xi LFijBj = Qi
j

Bi -

is the total radiation per unit surface area leaving surface i,

of that surface element,

Fij

(Xi

is the albedo

is the "viewfactor" between surfaces i and j or the fraction

of energy leaving surface i and arriving at surface j, and
that originates in the surface. These

Qi,

Qi

is the amount of radiation

essentially the power per unit area produced

by that surface element, are determined by dividing up the power originating in a
target, such as the z-pinch, over the grid elements that make up the target. Since each
surface element is modeled to emit as a blackbody, the flux emitted per unit surface
area provides a measure of the temperature of the surface, with B
2.4).

=

aT; (see Figure

The temperature Te is defined as the emission temperature of the surface.

Similarly, the total flux per area incident on the surface, given by q =

Lj FijBj,

denotes a radiation temperature Tr for the surface, defined as q = aT;.
The viewfactors

Fij

are calculated exclusively from the geometry of the surface

elements in question. Very simply, the power per area emitted by one element and
received by the other is proportional to the area of one element "viewed" by the other
and inversely proportional to the square of the distance between them. Rigorously,
it is given by

F;· - _1_
2) A
27r

i

JJ
Ai

Aj

coseicosej dkdA·
R2
2)
7r

(2.2)

ij

This double integral sums over the area of both surfaces, accounting for the angle
between the normal to that surface and the straight line between it and the other
element (see Figure 2.5).
Though the code itself is time-independent, a series of timesteps can be set up so

21

that several time-independent calculations spaced along a temporal grid compose a
virtually time-dependent simulation. Since the next phase of modeling, the hydrodynamics program HELlOS , is itself a time-dependent code, the time-dependence of
a VISRAD-produced spectrum on the face of the gas cell is necessary. By adjusting parameters such as the pinch radius, pinch power, and albedos of surrounding
metallic surfaces in accordance to their values as measured during the experiment,
the spectrum incident on the gas cell as a function of time can be computed.
With the factors
albedos

D:i

Fij

determined by the geometry of the workspace, and the surface

and powers Qi entered by the user based on experimental (or theoretical)

data, VISRAD solves an enormous system of equations to determine each of the B i .
From this calculation, the emission and radiation temperatures of each surface are
also computed. As each surface emits as a blackbody, with a spectrum specified by
the emission temperature of the element, VISRAD can compute the total frequencydependent flux received by each element.

VISRAD has the capability to display

not merely the incident spectrum on a surface element, but the particular spectrum
originating from each of the other surfaces that contribute to the total. It can also
calculate the blackbody spectrum corresponding to the radiation temperature or total
flux incident on that element. The time-dependent spectrum striking a particular
surface can be written to a file to be input into the hydrodynamics code HELlOS or
the spectral synthesis code SPECT3D.

2.2

HELlOS

HELlOS is a I-D time-dependent radiation-hydrodynamics code that can model
physical and radiative conditions in plasmas. In either spherical, cylindrical, or planar
geometry, a sample composed of one or many materials can be modeled to match the
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composition and configuration of a sample radiated in an experiment. Taking as its
input the time-dependent spectrum incident on a surface as calculated in a VISRAD
simulation, as well as equation of state and opacity data for each material, HELlOS
computes the time- and position-dependent temperature, density, velocity, ionization,
and other properties of the plasma. The outputs from HELlOS are written to a file
that can be read in by the SPECT3D spectral synthesis code.

2.2.1

Conservation Equations

HELlOS solves equations for conservation of mass, momentum, and energy throughout the plasma, allowing for points in a one-dimensional grid to move, but not overlap,
throughout the calculation [13]. Zoning can be adjusted in such a way that the initial length of a zone differs from one region to the next. Mass conservation in this
Lagrangian code assumes that no mass crosses between zones, so that within every
zone of the grid
(2.3)
where p is the mass density, r is the position variable, and 8 is a parameter equal to
1 for planar geometry, 2 for cylindrical geometry, and 3 for spherical geometry. For
modeling the hydrodynamics of plasma from the front to the back of the rectangular
gas cell, planar geometry is used. Momentum conservation in planar geometry is
given by

au =

-

at

a

--(P+q)
amo

(2.4)

where u is the fluid velocity, approximating ions and electrons to be a single fluid,

P is the total pressure in the plasma, from both matter and radiation, and q is the
von Neumann artificial viscosity, a computationally useful quantity that smooths over
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shock discontinuities. Discrete time steps are advanced by constraining the fractional
change in anyone of several parameters (such as the volume of an arbitrary zone)
to not exceed a certain value from one calculation time to the next. Despite the
single-fluid approximation, separate equations for the conservation of energy in ions
and electrons are required. These take into account heat diffusion and conduction,
as well as radiation absorption and emission, and allow for distinct ion and electron
temperatures in the plasma. The equations for planar geometry reduce to

(2.5)

and

where Te,i is the electron or ion temperature,
conductivity,

Wei

Ce,i

is the specific heat,

is the coupling term for electron-ion collisions,

~e,i

Ee,i

is the thermal
is the specific

internal energy for electrons or ions, V is the specific volume, or the inverse of the
density, and the RAbs,Em terms represent the absorption and emission of external
radiation. The radiation terms require adding up the absorption and emission of
photons over a discrete frequency grid, with opacities defined for every frequency
range. Radiative emission and absorption are given by
R

Em

=

87r( kTe)4 ~( PE
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C
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X
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and
N

RAbs

= C L(O";AEg)
9

24

(2.8)

where x

=

;;e'

the ratio of photon energy to the electron thermal energy, 9 is the

frequency group index for a partitioning of N groups, Eg is the energy density of
radiation of that particular group, with

a-:

E

and

a-:

A

the Planck emission and ab-

sorption opacities, a measure of the plasma's propensity to interact with photons.

2.2.2

Atomic Models

In order to determine these opacities, as well as accomplish the more general task
of predicting the degree of ionization and excitation in a simulated plasma, a model for
the population of atomic energy levels and ionic stages is required. In the assumption
oflocal thermodynamic equilibrium (LTE), where thermodynamic properties like the
plasma temperature vary slowly enough in time that the system is considered to be in
equilibrium at a particular location and time, the charge state and level populations
are dictated by the Saha equation and Boltzmann statistics respectively. HELlOS
also has the option of starting a simulation under LTE conditions, but then switching
to a collisional-radiative (CR) non-LTE model once the temperature in a particular
zone reaches a pre-determined minimum value. Without LTE, HELlOS must solve
atomic rate equations to calculate level populations. The most general form of this
equation is

dn.
dt

_%

where
Wij,ji

ni

N

=

-n°%"'-w;
..
~
%J

is the number density of the

i=h

ith

N

+ "'n·-W;··
~
J
J%

(2.9)

i=/=j

level, N is the total number of levels, and

are the sum of populating and depopulating rates between levels i and j. The

first subscript denotes the origin of the electron, while the second subscript denotes
its destination. The population rate for upward transitions includes the effects of
collisional excitation and ionization, photoexcitation and photoionization, and autoionization, which occurs when one of two excited electrons de-excites and donates
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its energy to the other excited electron, which is ejected from the ion. Downward
atomic transitions include deexcitation, spontaneous and stimulated emission, and
radiative and dielectronic recombination.
Though HELlOS possesses these non-LTE collisional-radiative modeling capabilites, the atomic models and rates themselves must be provided by an outside source.
The program Atomic Model Builder allows the user to select the allowable energy levels for particular charge states of a given atom [14]. This alone dictates which atomic
states i will be included in the calculations of equation 2.9. Atomic cross-sections
and other excitation/ deexcitation rates that go into the total population rates have
been calculated by the ATBASE atomic physics codes [13].

2.2.3

Opacity and Equations of State

Calculation of the frequency-dependent opacities (see equations 2.7 and 2.8) required to compute the amount of radiative absorption and emission in the simulated
plasma is done using PROPACEOS , an opacity and equation of state code [15]. Tables for the opacity of a plasma over discrete ranges of temperature and density can be
computed either with or without LTE. Though for modeling the neon gas cell experiments a non-LTE CR model is usually employed within HELlOS, an LTE model is
considered sufficient for tabulating frequency-dependent opacities in PROPACEOS.
Atomic level populations are therefore determined by the Boltzmann distribution,
with data for the opacity of bound-bound, bound-free, and free-free transitions again
provided by ATBASE codes [13]. These opacities therefore take into account both
continuum and line phenomena. When a CR model is not in use, HELlOS determines
the opacity and equation of state from a look-up table based on the temperature and
density of the plasma.
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The Planck absorption and emission opacities are given by
1

PA _

J:;+1 Bv(T)"'v dx

-

p J:;+1 Bv(T)dx

aPE

_ _ ---::-::-_X-,,--g_ _
' fl/,-------:-_
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(2.10)

and
9

f

1

P

Xg

+1

'Y1

dx

J:;+1 Bv(T)dx

(2.11)

where Bv(T) is the Planck function for blackbody emission at the temperature T, "'v
is the coefficient of absorption, and

r]v

the emissivity of the plasma. For a plasma

in local thermodynamic equilibrium, there is zero net energy flux, so the amount of
radiative heating and cooling in a particular zone must be equivalent. The emissivity
is equal to the product of the absorptivity and the incident flux, and the absorption
opacity is equal to the emission opacity.
In order to relate the density and ion and electron temperatures of the plasma
to its pressure, HELlOS needs an equation of state model for every material in the
simulation. Though PROPACEOS has the capability to generate equations of state
over a discrete grid of temperature and density values, the present simulations employ
data from the SESAME codes. Logically, the neon plasma is modeled by a neon
equation of state. However, the equation of state for mylar is approximated to be
that of polystyrene, a hydrocarbon with similar composition and physical properties
to those of mylar (ClOH s 04)' This approximation suffices for the modeling work
presently conducted.

2.3

SPECT3D

SPECT3D is a spectral synthesis code that simulates the time-dependent spectrum
produced by a plasma with HELlOS-determined physical conditions interacting with
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a VISRAD-produced incident radiation field [16]. Like HELlOS, SPECT3D uses a
collisional-radiative model to compute radiative properties from the populations of
atomic levels specified in a detailed configuration accounting (DCA) atomic model.
It can calculate these level populations either assuming LTE, in which populations
are determined by the Boltzmann and Saha equations, or without LTE, in which
populations are determined by the solution of a set of atomic rate equations (equation
2.9) based on the temperature, density, and radiation incident on the plasma. Our
simulations use a non-LTE model ofthe neon with 391 allowed energy levels, including
135 levels of Ne VII, 114 of Ne VIII, 119 of Ne IX, and 16 of Ne X. SPECT3D
calculates the spectra of plasmas simulated in either 1-D, 2-D, or 3-D by determining
the absorbed and emitted radiation along different lines of sight through the plasma
onto the detector.
The frequency-dependent flux incident on the detector is determined by summing
up the flux over all of the lines of sight [17].

The intensity of radiation along a

particular line of sight is equal to

(2.12)

where
8

1/-

7]1/

K-1/

(2.13)

+ (J"1/

and
(2.14)
The parameter 81/ represents a kind of emission ratio, with 7]1/ the frequency-dependent
plasma emissivity,
figure

T1/(Z)

K-1/

the absorption coefficient and

(J"1/

the scattering coefficient. The

is the optical depth a distance z along the line of sight from the detector,
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with TM ax representing the total optical depth and I;;L the intensity of the backlighter.
Each of these terms is determined by the collisional-radiative calculation described
earlier.
To compute the flux along a line of sight, we must multiply these intensity values
by the solid angle subtended, such that

(2.15)

This is essentially a sum of the flux emitted by the plasma and the flux remaining
from the backlighter, with
(2.16)
representing the intensity of plasma emission, ,6.0~ the solid angle of plasma subtended along the line of sight, and ,6.0BL the solid angle subtender by the backlighter. Finally, we sum up the flux over all lines of sight to find the total flux at that
particular frequency,
(2.17)
As SPECT3D computes the frequency-dependent flux over a range of frequencies
both in the continuum and within spectral lines, it constructs a complete spectrum.
SPECT3D has the capability to model the det ection system in a variety of ways,
such as using multiple pixels for light collection and specifying a finite spectral resolution. Since our model relies on a 1-D hydrodynamics simulation with no spatial
variation over the face of the detector , we have elected to use only a single pixel detector with a resolution matching the experimental value of E / dE

=

800. To produce

an absorption spectrum, the user can specify time-dependent properties of a backlighter with finite spatial extent. For simplicity, our models use a uniform 2000 eV
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continuum backlighter throughout the entire simulation.
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Pinch Properties
(R(t), T(t))
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(geometry, albedo)
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Incident Spectrum
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Plasma Properties
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SPECT3D
I
Synthesized Spectrum
Figure 2.1: A flow chart of the inputs and outputs of the modeling programs. Red
boxes are used to represent the programs themselves, while black borders surround
pure inputs and blue borders surround outputs of one program that may be inputs
for a subsequent program. The final product is a synthetic absorption spectrum that
will be compared to the spectrum taken during the gas cell experiment.
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Figure 2.2: A snapshot of the VISRAD workspace used to model the neon gas cell
experiments. Geometric data such as the positions and sizes of the different components are interpret ed and rendered into a 3-D environment. The z-pinch is shown at
the center, surrounded by a metal hohlraum, the "current return can" , whose experimental purpose is to maintain current flow down the z-pinch plasma. The surface
representing the front of the gas cell is to the right . Re-emitted radiation from the
metal surfaces underneath and surrounding the hohlraum contribute greatly to the
spectrum incident on the face of the gas cell.
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Figure 2.3: A snapshot showing the wire mesh grid of surface elements that comprises
the workspace. VISRAD calculates the frequency-dependent flux in and out of every
one of the hundreds of planar elements. For the present modeling purposes, the target
representing the face of the cell is composed of a 5 x 5 grid, with each surface element
a 4 mm x 4 mm square. The current return can, particularly the flanges extended
outward at the top and bottom of the hohlraum, have been gridded much more finely.
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Figure 2.4: A snapshot showing the emission t emperature on every surface of the
environment at time t = 100 ns of the calculation. By this time, the pinch has heated
to well over 200 eV or 2 million Kelvin. The hohlraum has also undergone significant
heating due to absorption of pinch photons, as has the face of the gas cell. As one of
its options, VISRAD can represent some surfaces as solid and others as mesh when
they obscure the view of other elements.
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Figure 2.5: The viewfactor b etween two surfaces elements is essentially a measure of
the solid angle subtended by one surface as viewed the other. It is directly proportional to the area of a surface element and the cosine of the angle between the line
normal to a surface and the line between the surfaces and inversely proportional to
the square of the distance between them. Figure taken from [7].
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Chapter 3
Results
The results displayed in this chapter highlight the many different parameters that
can be adjusted when running a simulation.

Adjustments of the assumed power

profile emitted by the z-pinch, the location on the gas cell from which the incident
spectrum was taken, and the number of levels in an atomic model are a few of the
factors that affect the final synthetic spectrum. Though we eventually decided from
which section of the front of the gas cell we would take the spectrum and ultimately
settled on a particular atomic model, our inability to pin down the pinch power led
us to run three independent sets of simulations and produce three sets of synthesized
spectra.

3.1

Modeling Shot Z543 and VISRAD Inputs

The pieces of data that VISRAD requires as input , such as the geometry of the
experimental setup and the time-dependent power and radius of the emitting source
come primarily from the experiments themselves. The pinch power profile is measured
by an x-ray diode, and the time-dependent pinch radius is determined by analyzing
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photographs from a gated x-ray framing camera.

Because some of the measured

power is the result of wall re-emission and not direct pinch radiation, the uncertainty
in the pinch power figures may be as high as 25% [8]. The emission temperature of
the z-pinch is therefore calculated by solving equation 3.2, which relates the emitted
power to the pinch temperature and surface area, for T. The specific experiment
being modeled is shot Z543 on the Z machine at Sandia, since the highest-quality
absorption spectrum was measured on this particular shot. Ultimately, the goal is
to simulate the exact time-dependent properties of the pinch and the gas cell in that
experiment in order to reproduce the absorption spectrum that was taken.

3.1.1

Experimental Geometry and Surface Albedos

As indicated in Figure 3.1, for this shot, the gas cell, modeled as a 2 x 2 cm
square, was positioned 5.7 cm from the axis of the z-pinch and 0.76 cm above the
metallic floor. The hohlraum containing the pinch is a cylinder with a diameter of 5.0
cm and a height of 2.0 cm. The cover on top of the hohlraum and the floor beneath
it extend radially outward an additional 0.82 cm beyond the cylinder, composing a
surface referred to as the "flange". The rest of the floor extends to a radius of 7.0
cm, 1.3 cm beyond the gas cell, and is referred to as the "apron."
Since much of the radiation incident on the face of the gas cell has been re-radiated
by the flange and apron, the time-dependent reflectivities of these surfaces are critical
pieces of data. As shown in figure 3.2, the albedo, or fraction of light reflected by a
surface, rapidly increases as the pinch begins to implode. The albedo increases more
gradually from 40 ns to 80 ns for the flange , before levelling off around 0.8. Other
than a spike in reflectivity at 60 ns and a value of 0.6, the apron albedo levels out at
0.5 by 40 ns, and assumes that value from 70 ns until the end of the experiment. This
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Figure 3.1: Above is a VISRAD representation of the neon gas cell experiment at the
peak pinch power time of 100 ns. The square on the right side of the image represents
the front face of the cell, which is 2 cm on a side and positioned 5.7 cm from the pinch
axis and 0.76 cm above the floor. The blue and white annuli represent the metallic
surface surrounding the pinch, known as the "apron" and the "flange" respectively.
The apron has an inner radius of 3.32 cm and an outer radius of 7 cm, while the
flange extends inward to the hohlraum, 2.5 cm from the pinch axis. The hohlraum,
or current return can, connects the top and bottom flanges at a distance of 2.5 cm
from the pinch axis, is 2 cm tall.

albedo data, which is derived primarily from simulations of the reflective materials,
has been provided by Greg Rochau.

3.1.2

Pinch Profiles

The other experimental factors that must be entered are the power and radius of
the imploding z-pinch as a function of time. By specifying these two properties, an
emission temperature for the pinch is also specified, since we can relate the power
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Figure 3.2: The albedos of metallic surfaces as a function of time are indicated above.
As the pinch collapses, the flange and apron reflect a greater fraction of the light
radiated by the pinch plasma. Some of this reflected or re-emitted light is ultimately
absorbed by the gas cell.

emitted by a blackbody to its area and the flux at its surface by

(3.1 )

where L is the emitted power (energy/time), A is the surface area of the blackbody,
and F is the flux (energy/time/area) at its surface.

For a cylindrical pinch this

equation becomes
(3.2)
where r is the radius of the pinch, l is its length,

(J

is the Stefan-Boltzmann constant,

and T is the pinch emission temperature. In fact, any two out of the power, radius,
and temperature are sufficient to determine the emission properties of the z-pinch.
It is important to understand how each of these properties affects the spectrum

emitted by the pinch. The power can be thought of as a measure of the total amount
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of energy per unit time, summed over all frequencies of light. Increasing the power
by increasing the pinch radius, without changing the emission temperature, simply
increases the quantity of photons emitted. It has no effect on the quality or shape of
the spectrum, since the emission temperature alone determines the relative amount
of flux emitted at different frequencies, with

v3

F(v, T)OC---;-hv-e kT

-

1

(3.3)

When scaling the pinch power, one must be mindful of how a simultaneous adj ustment
(or non-adjustment) of the pinch radius affects the emitted spectrum.
For the present simulations, three different power profiles have been used, based
on different assumptions about the actual power for the shot being modeled, Z543.
A plot of the time-dependent pinch powers used in the VISRAD modeling is shown
in Figure 3.3. Unfortunately, there is no definitive measurement for the pinch power
profile of shot Z543, and we are left to reconstruct it based on the power profiles of
a different shot, Z541. Incidentally, there is no definitive power profile for that shot
either, but two different profiles that appear equally valid. For simplicity, the three
power profiles have been labeled "Original", the high estimate for the Z541 power
that peaks at 168 TW, "Low", a scaled down version of the low estimate for the Z541
power, peaking at 90 TW, and "Canonical", a scaled version of the average of the two
Z541 estimates, peaking at 118 TW. Besides obvious differences in the peak power,
the Original simulation assumes a gradually increasing power profile from 60 to 90
ns, while both the Canonical and Low simulations assume that the power is virtually
negligible until 80 ns. Because the latter two models experience a more rapid increase
in the power between 80 and 95 ns, they actually experience more z-pinch emission
for a brief interval.
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Figure 3.3: A plot of the three power profiles used in the present modeling. Each
profile gradually increases from the beginning of the experiment to about t = 90 ns ,
at which point the power rapidly increases, peaking at 100 ns before falling off again
to a lower constant value (10-20 TW) by 110 ns. The "Original" power profile is
the higher of two power profiles taken for shot Z541 , which peaks at 168 TW. The
"Low" profile takes the lower of the Z541 profiles (which peaks at 115 TW) and scales
it down by the ratio of the total energies measured for shots Z541 and Z543. The
"Canonical" profile is an attempt to scale an average of the two Z541 profiles, and is
simply the Low profile scaled up by a factor of 1.3. The Low and Canonical pinch
power profiles peak at 90 TW and 118 TW, respectively.

Despite the uncertainty in the pinch power, it was decided that the quality of
radiation, determined by the pinch emission temperature, would remain constant
throughout . As a result, when the power numbers were adjusted from one model to
the next , the pinch radius had to be adjusted proportionally to the change in power
(see equation 3.2). As shown in Figure 3.4, the scaling of the radius with power to
keep the emission t emperature the same in all simulations was generally successful.
Though there is a discrepancy in the emission temperature as great as 20 eV between
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Figure 3.4: In order to keep the spectral energy distribution the same, the pinch
radius has been scaled so that surface area alone accounts for the reduction in power
of the Z543 simulations in comparison to the Original. To avoid problems associated
with scaling at early times, the radii are forced to be the same until 80 ns. Another
consequence of imperfect scaling is that the radii for the Canonical and Low simulations are higher than the Original between 80 and 100 ns, even though those are
emitting a higher power for only a fraction of that time. This manifests itself in a
large discrepancy between emission temperatures if the Original simulation and the
other two between 60 and 90 ns. At times after 100 ns, the Canonical and Low radii
are lower than in the Original simulation, suggesting better scaling with the power.
Consequently, the emission temperatures of all three simulations are nearly the same
at late times. The Low simulation maintains almost perfect scaling after 90 ns , while
the Canonical simulation is about 10 eV cooler.

the Original simulation and the other two between 60 and 90 ns , after this time there
is good agreement , especially between the Original and Low simulations.

At the

peak pinch power time of 100 ns , the Canonical simulation is emitting radiation at
a blackbody temperature of approximately 10 eV cooler than the others. Since the
power emitted at a given time scales as the t emperature to the fourth power , most of
the photons are emitted at times when the emission temperatures are close to each
other.
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3.2

VISRAD Results

The primary result of interest in the VISRAD simulations is the spectrum incident
on the face of the gas cell. This output will be ultimately used as input for simulations
in HELlOS to calculate physical conditions in the gas cell, and in SPECT3D to
complete the model of a hot plasma absorbing radiation. As described above, there
are several different VISRAD simulations, each derived from a particular pinch power
and radius profile, that produce different spectra incident on the face of the gas cell.
Additionally, while the gas cell in the experiment receives a spectrum that changes
continuously across its face, the simulated gas cell is partitioned into a 5 x 5 grid with
25 different incident spectra produced over its face.

3.2.1

Spatial Differences Across the Gas Cell

Simulations indicate that there are non-negligible differences between the amount
of flux incident on different cells in the 5 x 5 grid, especially in the vertical direction.
The flux per unit area absorbed in a particular cell is most easily represented by the
radiation temperature, originally defined in Section 2.1 as Tr = (~) -L As depicted in
Figure 3.5, there is as much as a 7 eV (or 13%) variation in the radiation temperature
from the top to the bottom of the gas cell. Recall that the flux incident on a surface
is proportional to the fourth power of the radiation temperature of that surface, so
a 13% difference in radiation temperature corresponds to a 63% difference in the
incident radiation flux. Most of the variation occurs at the very top of the gas cell,
from which a direct view of the z-pinch is partially obscured (see Figure 3.6). As
expected, there is symmetry in the x-direction as a result of cylindrical symmetry in
the experimental geometry.
The effect of this obscured VIew IS manifest in the difference not only in the
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quantity of radiation, as measured by the radiation temperature, but in the quality
of radiation, the overall shape of the spectrum, between the top and the center of
the gas cell. Because of geometry, the center of the gas cell receives more radiation
from the z-pinch itself than the top of the gas cell (see Figure 3.7). This direct
pinch radiation is much hotter than radiation from the surrounding metallic surfaces,
with more energetic photons. As a result, the center of the gas cell receives a higher
fraction of high-energy (> 1000 eV) photons. The flux at higher energies falls off more
gradually at the center of the gas cell relative to the top.
Though VISRAD produces an incident spectrum for each cell in the 5 x 5 grid
that composes the front of the neon gas cell, HELlOS can only use one of them as
its input. As a result, there is some flexibility in being able to choose the specific
cell from which this spectrum is taken. For the simulations described throughout
the remainder of this thesis, spectra from the exact center of the gas cell have been
used. Although the radiation temperature in this cell is 2.6% higher than the mean,
it is the median of all 25 values. Therefore, its spectrum is believed to be the best
representation of the spectrum received by the gas cell in the experiment.

3.2.2

Different Pinch Profiles

Having decided that further modeling in HELlOS and SPECT3D will use the
spectrum incident at the center of the gas cell, we can now compare the radiation
between simulations using different pinch power profiles. The radiation temperatures
at the gas cell center, as shown in Figure 3.8, mirror the emitted pinch radiation
in each of these simulations. This makes sense, as the radiation temperature is a
measure of the total incident radiation, Tr = (~) ±, which, for a given geometry, is
dependent exclusively on the pinch power. Recall that in the Original simulation,
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there is non-negligible photon emission from 60 to 90 ns, whereas in the Canonical
and Low simulations, significant pinch emission begins at around 85 ns. Logically,
the Canonical simulation, which is simply a scaled up version of the Low simulation,
produces more radiation than Low throughout the entire simulation.

For a brief

period around 90 ns, the Canonical and Low simulations produce more radiation at
the gas cell than the Original, though by 95 ns the Original simulation is again the
strongest. At the peak power time of 100 ns, the Original simulation produces a
radiation t emperature of 54.8 eV , compared to 49.9 eV in the Canonical simulation
and 46.7 eV in the Low simulation.
These radiation temperatures are reflected in the difference in the total flux at the
gas cell between the simulations. By the relation F = cyT 4 , the Original simulation
produces a total flux of 0.93 TW / cm 2 at t

= 100 ns, while the Canonical simulation

produces a flux of 0.64 TW / cm 2 , and the Low simulation produces a flux of 0.49
TW /cm 2 . Figure 3.9 shows the spectra incident on the gas cell center at 100 ns. In
general, the shape of the spectra are identical. Though the total spectra produced
are not exactly Planckian, the radiation at the gas cell is a sum of the blackbody
spectra emitted by each of the VISRAD surfaces. Since the emission temperature of
non-pinch surfaces is proportional to the amount ofradiation they receive, re-radiated
photons will arrive at the gas cell at lower energies in simulations where these surfaces
do not receive as much radiation. Consequently, as the amount of radiation put out by
the z-pinch increases from one simulation to another , so does the energy of non-pinch
photons. This explains why the peak photon energy of the total spectrum increases
from the Low to the Canonical to the Original simulation. Much of the difference
in the spectra at photon energies of more than 600 eV results from differences m
radiation directly from the z-pinch.
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3.3

HELlOS Results

HELlOS includes a wide array of parameters that can be adjusted from one simulation to the next. Choices to be made include the number of zones in the grid , the
equality or inequality of the ion and electron temperatures, and the assumption of
LTE versus relying on detailed atomic models to calculate opacities and atomic level
populations. We found very little difference between simulations using 60 zones and
120 zones, and also between 2-T (Te ::j:. Ii) and 1-T (Te = Ii) simulations. Since the
60 zone (20 zones in each of the front mylar wall, the neon gas, and the back mylar
wall) simulations and the 1-T simulations were less computationally difficult, those
options have been used in all subsequent simulations. Changes in the opacity and
atomic models cause dramatic differences in the simulated plasma conditions. Once
we decided on particular atomic and opacity models , we ran simulations comparing
the different incident radiation fields described in the previous section.

3.3.1

DCA vs. non-DCA

Since atomic models used in simulations that do not assume LTE are generally
referred to as detailed configuration accounting (DCA) models, we have named simulations that use these models as DCA simulations. Conversely, simulations that
assume LTE and use opacity look-up tables are known as non-DCA simulations.
Since there are two materials involved in each simulation (mylar walls and neon gas)
it is possible to choose a DCA model for one material and a non-DCA material for
another. Since Atomic Model Builder allows the user to select any or all of the energy
levels for each charge state of the atom, there is a lot of latitude in choosing the level
of complexity of an atomic model. While the addition of more allowed energy levels
may improve the accuracy of a model, it is also more computationally expensive.
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We have compared simulations with a few different atomic models for both neon
and mylar, using the Original incident radiation field calculated in VISRAD. Each
of these uses a non-DCA material for the mylar. The DCA simulations have been
labeled by the number of allowed neon energy levels they contain. For example, the
DCA1392 model includes a total of 1392 allowed energy states distributed over the
11 charge states of neon (see Table 3.1).
Table 3.1: The distribution of allowed energy levels over the different charge states
of neon in the DCA1392 atomic model
Charge State Allowed Energy Levels
Ne I
102
Ne II
148
Ne III
146
Ne IV
95
NeV
106
101
Ne VI
Ne VII
171
Ne VIII
252
Ne IX
205
NeX
65
Ne XI
1

In our models, these levels are all the lowest energy states within that particular
charge state. The DCA3049 model has a similar ratio of energy levels between charge
states, with more than twice as many in each and a total of 3049. A comparison of
the temperatures produced in each ofthese simulations is shown in Figure 3.10. With
DCA simulations considered to be more accurate than non-DCA simulations and the
3049-level simulation not much different than the 1392-level simulation, we decided
that future simulations for the purpose of producing a SPECT3D spectrum would
use the DCA1392 model for neon.
We also tested a DCA model for the mylar, a weighted composite model of carbon,
hydrogen, and oxygen. This model consists fractionally of 5/11 carbon, 4/11 hydro-
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gen, and 2/11 oxygen, with a total of 161 carbon levels, only a single ground state for
hydrogen , and 215 levels in oxygen. This mylar model contains a total of 377 energy
levels and is therefore named DCA377Mylar. To gauge the impact of a mylar DCA
model, we compared the temperature and density produced in a purely non-DCA
simulation to one that uses a non-DCA model for the neon, but the DCA377Mylar
model for the mylar. The results are shown in Figure 3.11. While the densities are
virtually identical, there are noticeable differences in the temperatures between the
two simulations.
Despite this difference, and the idea that DCA models more accurately represent
the material than non-DCA models, we chose to use a non-DCA model for the mylar in
future simulations. Such a model is less computationally taxing , especially considering
that a simulation with a DCA model for both the neon and the mylar would take
days to run. Since only one DCA model at a time is feasible, we det ermined that it
is more important to have a more accurate, DCA model for the neon plasma that we
are studying. All simulations referred to in the remainder of this Thesis will be those
with the DCA1392 neon model and a non-DCA mylar model.

3.3.2

D ensity

The time-dependent density of the simulated mylar and neon is the best representation of how mass is moving within the gas cell. Figure 3.12 shows the evolution
of the mylar and neon densities in a DCA1392 simulation using the Original incident
radiation field. The time-dependent spectrum on the face of the gas cell is applied at
the left mylar wall, initially situated at x

= O. The mylar sheet quickly vaporizes into

a plasma, as its density drops by a factor of 2 in the first 50 ns . Since momentum
must be conserved , as ablated mylar plasma is eject ed to the left , other mylar zones
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must be propelled to the right, into the neon. As a result , the dense mylar at high
pressure drives a shock wave into the neighboring neon gas. As the shock wave passes
through a neon zone, it becomes compressed, increasing its density. Eventually, the
back mylar wall undergoes similar heating and vaporizes, creating a similar, leftwardpropagating shock wave. By the end of the simulation, beyond 110 ns, only the inner
4 mm of neon plasma is still at its initial density.
The velocity of the plasma in the Original simulation, shown in Figure 3.13, corroborates what was indicated by the time-dependent density in the gas cell. Mylar
begins to ablate on the left side of the gas cell almost immediately, and on the right
side after 96 ns. The ejection of mylar to the outside of the gas cell propels neon
plasma toward the interior. Despite this hydrodynamic motion, there is a significant
volume of neon that remains stationary, unaffected by shocks. In taking an emission
spectrum in future experiments , the spectrometer should be placed between 4 and 8
mm from the pinchward side of the gas cell.
Though each of the three simulations- Original, Canonical, and Low- is slightly
different, the phenomenon of shock propagation is prominent in all of them. These
similarities and subtle differences are highlighted in Figure 3.14. The general profile
of the density as a function of position is the same in all three simulations. The only
differences between them are in the density of the ablated mylar from the left wall
and in the propagation of the shock wave into the gas cell. The Low simulation, with
a weaker incident spectrum, shows slightly less mylar vaporization by 100 ns , with a
shock wave that has propagated less into the gas cell. As a result , more of the neon
is at its original density of 3.6 x 10- 5 g cm- 3 .
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3.3.3

Temperature

Besides the density, the other key physical property of the gas cell plasma is its
temperature. Since we have elected to run only 1-T calculations, the ion and electron
temperatures are forced to take on the same value. Both time- and spatial-dependent
temperatures in the gas cell for the Original, Canonical, and Low simulations are
shown in Figure 3.15. Between 90 and 100 ns, the t emperatures in the center of the
neon increase from less than 5 eV to hotter than 40 eV. By the peak pinch power
time of 100 ns , the amount of heating has levelled off, with only modest increases in
the temperature through the end of the simulation. At 104 ns, we observe that the
left mylar wall has ablated in all three simulations, and heated to greater than 50 eV.
Shock heating from the vaporized mylar wall exceeds 75 eV, while the neon in the
gas cell is between 40 and 50 eV. The shock at the back mylar wall is less extreme,
particularly in the Canonical and Low simulations, and there is less mylar ablation
to the right. In simulations using a stronger incident spectrum, the shock wave is
driven further into the gas cell.
Since each simulation uses the same model for mylar and neon, in terms of both
composition and initial physical conditions, we might expect that the heating in the
gas cell should correspond to the incident power of the particular incident spectrum
assumed. However , as shown in Figure 3.15, the neon in the Canonical and Low
simulations are at nearly the same temperature after the peak of pinch emission at
100 ns. This effect may be a result of changes in neon opacity as radiation is pumped
into the gas cell.
Opacity, the measure of a material's tendency to absorb incident photons, is the
property that most directly affects the heating of a photo ionized plasma. As shown
in Figure 3.16, the absorption opacity of neon is highly temperature-dependent, de-
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creasing significantly at higher temperatures. This phenomenon may be responsible
for the near equality of temperatures in the Low and Canonical simulations at late
times. Because the incident power is greater, the Canonical simulation reaches higher
temperatures faster than the Low simulation; but once those higher temperatures
are reached, the neon does not absorb as much energy from the incoming photons.
Therefore, the temperature of the Low simulation neon is allowed to "catch up" and
reach the same temperature as the neon in the Canonical simulation.

3.3.4

Ionization Balance

The property most directly associated with the spectrum of a plasma is its ionization balance. This determines the relative abundance of different charge states,
and consequently, different atomic states from which transitions can occur. Recall
that the strength of an absorption line is proportional to the number of ions in the
initial state of its associated transition. Figure 3.17 shows the ionization fractions of
neon IX and neon X at different times in our three simulations. As expected, the
Original simulation, with the most powerful incident radiation field, experiences the
most ionization, with 17% of the gas cell occupied by Ne X at 104 ns. The Canonical
and Low simulations show less neon ionization, with only 9% and 6% Ne X at 104 ns,
respectively. It is interesting to note that, though the temperatures in the Canonical
and Low simulations are about the same at 100 ns and 104 ns, their ionization balances are different. This difference can mostly likely be explained by photoionization.
The Canonical simulation uses a slightly stronger incident radiation field, so there are
more photons to ionize those neon atoms that have not been ionized collisionally.
Based on these ionization fractions , we can make predictions about the strengths of
different absorption lines in these simulations. Table 3.2 shows the ionization balance
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Table 3.2: Ionization fractions in the center of the gas cell of the three of the highest
charge states of neon at 100 ns.
Ne VIII Ne IX Ne X
Original
90%
9%
<1%
Canonical
93%
5%
<2%
Low
6%
90%
3%
in the neon gas cell for the different simulations at 100 ns. The Original simulation
produces a mean charge state in the center of the gas cell of +7.98. Therefore, we
expect to observe strong lines in Ne IX, and moderate lines in Ne X, with very weak
lines in Ne VIII and lower charge states. The Canonical simulation has a mean charge
of + 7.95. Based on the greater abundances of Ne IX and Ne VIII, lines in these charge
states ought to be stronger than the Original simulation, while its Ne X lines should
be weaker. The neon in the Low simulation is ionized to an average of +7.95. From
the ionization balance we can infer that its Ne IX lines should be comparable to the
Original simulation, while its Ne VIII lines should be the strongest and Ne X lines
the weakest out of all the simulations.

3.4

SPECT3D Results

Arguably the most important product of the modeling campaign, the final spectra
calculated in Spect3D represent the only simulated results that can be directly compared to experimental data. While absorption spectra are more immediately relevant
in that regard, SPECT3D can also produce synthesized emission spectra based on the
properties of the emitting plasma and an incident radiation source. These spectra
may become useful after future experiments, which will utilize emission spectra in
addition to absorption spectra. Though for the purposes of modeling shot Z543 it is
necessary to include the radiation field incident on the gas cell, an interesting theoret-
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ical experiment can be conducted that tests the effect of leaving this radiation out of
the simulation. This experiment calculates the neon spectrum including, and then excluding the incident radiation, and essentially measures the degree of photoionization
in the plasma.

3.4.1

Absorption and Emission Spectra

The synthesized time-dependent absorption and emission spectra provide insight
into the differences in the gas cell conditions between the three simulations, and will
ultimately be compared to the spectra taken on the z-pinch experiments. Since we
will want to compare these spectra with a real spectrum taken at a finite resolution,
we have artificially set the SPECT3D output spectrum to have a resolution of E/dE

= 800. The absorption spectra shown in Figure 3.18 are computed using a 2000 eV
blackbody as a backlighter. Lines in Ne VII, VIII , IX, and X are shown at times t

= 96 ns, 100 ns, 104 ns , and 110 ns over photon energy ranges of 880-920 eV and
1010-1080 eV.
As the predominant charge state shifts from Ne VIII to Ne IX between 96 ns and
100 ns, absorption lines in Ne VII and Ne VIII weaken in every simulation, while lines
in Ne IX and Ne X become stronger. In particular, Ne VII features between 890 and
900 eV diminish substantially in the Low simulation, become barely noticeable in the
Canonical simulation,and disappear entirely in the Original simulation. Additionally,
Ne VIII lines between 900 and 910 eV and between 1030 and 1050 eV weaken in each
simulation between 96 and 100 ns. The Ne IX line at 1073 eV and the Ne X line at
1021 eV become much stronger during this time. The features in these highest charge
states, particularly Ne X , are much stronger in Original simulation, which includes
a stronger incident radiation field and also hotter and more greatly ionized plasma.
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For the most part, these lines remain at the same strength between the peak incident
power time of 100 ns and the end of the simulation at 110 ns.
A synthetic emission spectrum was produced by running the same simulation
without a backlighter to provide photons for the simulated plasma to absorb. As
shown in Figure 3.19, many of the features in the absorption spectra also appear
in the emission spectrum. The same energy levels are involved, with the electron
transitioning in the opposite direction. Logically, the strengthening or weakening of
emission lines mirrors that in the corresponding absorption lines, if we assume that
the population mechanism for the higher of the two energy levels changes with time in
a similar manner to that for the lower energy levels. In the Original simulation, Ne VII
and Ne VIII lines in the 880 to 920 eV photon energy range, as well as between 1030
and 1050 eV, dissipate after 96 ns. At 100 ns, the Ne X line at 1021 eV which appears
like a weak absorption line at 96, becomes a strong emission line. Surprisingly, the Ne
IX line at 1074 eV, which strengthens with time in absporption, weakens in emission
between 96 ns and 100 ns. It must be the case that while the lower energy level
- which is responsible for absorption - becomes more greatly populated throughout
the simulation, the higher energy level - which is responsible for emission - becomes
less populated. Aside from that particular Ne IX transition, these results agree with
what we found in the time-dependent absorption spectra and ionization fractions in
the Original simulation.
Using the spectral synthesis code PRISMSPECT, a predecessor of SPECT3D, we
have run "toy" simulations to model the temperature dependence of neon emission
lines. In this steady state simulation, we modeled neon using the DCA1392 atomic
model, setting the density to be the experimental density of 3.6 x 10- 5 g cm- 3 , the
thickness to be 1.1 cm in planar geometry, and the incident radiation field to be a
blackbody with a spectral temperature of 208 eV and a radiation temperature of 50
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eV. We have run three simulations, setting the temperature of the neon plasma at 50
eV, 30 eV, and 10 eV. The resulting spectra are displayed in Figure 3.20.
As expected, emission lines in less ionized charge states, Ne VII and Ne VIII,
are stronger in the coolest simulation, while lines in more ionized charge states, Ne
IX and Ne X , are stronger in the hotter simulations. Continuum features such as
the radiative recombination emission at photon energies beyond the Ne IX K-shell
edge at 1195 eV depend strongly on the plasma temperature.

As electrons have

more kinetic energy in a hotter plasma, there will be more emission of photons at
higher energies. Conversely, cooler plasmas will have sharper radiative recombination
continua. PRISMSPECT indicates that the 50 eV simulation has a mean charge of
+8.62 , the 30 eV simulation has a mean charge of +8.21 , and the 10 eV simulation has
a mean charge of +6.96. Given these values, we would expect that the mean charge
of such a plasma at the HELlOS-simulated t emperature of 45 eV would be around
+8.5, which is slightly higher than the mean charge indicated in the time-dependent
SPECT3D simulation. This can likely be explained by the absence of simulated mylar
walls in the PRISMSPECT simulations.

3.4.2

Effects of Photoionization

To measure the contribution of photoionization to the total neon ionization, we
can compare a SPECT3D spectrum of a plasma with HELlOS-calculated properties
receiving a VISRAD-produced radiation field to a simulation without the incident
radiation. Since the t emperatures and densities of the neon plasma are identical in
both simulations, the simulation that also includes the incident radiation allows for
additional ionization due to absorption of those photons. The difference between them
demonstrates the isolated effect of photoionization. The average charge state of the
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neon in each simulation can be approximated by analyzing the transitions associated
with each spectral line. For example, if an absorption spectrum contains very strong
lines belonging to transitions within the neon IX (or He-like, with 8 of 10 electrons
removed) charge state, and equally weak lines of Ne VIII and Ne X, we can be fairly
certain that the average charge state of neon is around +8. A more quantitative
t echnique for measuring the plasma ionization balance based on spectral analysis will
be described in section 4.2. A comparison of spectra produced using the Canonical
simulation, both with and without an incident radiation field , is shown in Figure 3.21.
The spectrum in black is from the simulation that includes the VISRAD-generated
incident flux, and that in red is from the simulation with no incident flux , hence the
title "No Flux" . Both have used a resolution of E / dE = 800.
At 96 ns , the No Flux simulation possesses strong lines in Ne VII below 900 eV,
and weak lines in Ne IX at 922 eV and 1127 eV. Its Ne VIII lines, both at 904 eV and
between 1150 eV and 1200 eV , are about as strong as those in the regular Canonical
simulation. The radiation-included simulation has fairly strong lines in Ne IX and
very weak lines in Ne VII. The fraction of Ne VIII appears to be nearly the same in
both simulations, though in No Flux a majority of the remaining neon is less ionized
than Ne VIII , while in the original simulation most of the neon is more ionized. The
continuum level of the No Flux simulation is approximately twice as weak as that
in the radiation-included simulation. This indicates that absorption from bound-free
transitions in lower charge states of neon is more prevalent in that simulation. From
this analysis , we can conclude that the average charge state at 96 ns is somewhere
between Ne VIII and Ne IX (+7 and +8) in the regular simulation, while in the No
Flux simulation it is between Ne VIl and Ne VIII (+6 and +7) .
At 100 ns, the No Flux simulation has weak lines in Ne VII below 900 eV and
strong lines in Ne VIII at 904 eV and around 1180 eV. Its Ne IX lines at 922 eV and
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1074 eV are also stronger than before, indicating an average charge state between
+7 and +8 (SPECT3D's Drilldown feature shows a mean charge of around +7.8).
The regular simulation has virtually no Ne VII features, and only weak Ne VIII lines
around 900 eV and above 1150 eV. It still has strong Ne IX lines at 922 eV and 1074
eV. A new feature in the spectrum at 100 ns is the Ne X line at 1021 eV, which is
non-existent in the No Flux simulation and fairly strong in the regular simulation.
Drilldown shows a mean charge of nearly +8.3 in the regular simulation. Again, the
No Flux simulation appears to have neon on the order of one charge state less ionized
than the simulation that includes the photoionizing radiation.
Spectral analysis indicates that photoionization accounts for a difference of roughly
one charge state between the two SPECT3D simulations. Though significant, the effect of photoionization is not overwhelming in comparison to collisional ionization,
which is assumed to be the sole cause of ionization in the No Flux model. In fact,
direct photoionization does not even appear to be the primary mechanism for removing electrons from neon atoms, accounting for an average of one electron out of seven.
This phenomenon may be explained by the fact that the ionization parameter in the
experiments, which the models are simulating, is fairly low compared to astrophysical environments where photoionization is a more significant effect. In the relatively
low-density gas surrounding an x-ray binary, there are more photons to cause ionization than there are collisions with electrons and ions. It is likely that , if in future
experiments the z-pinch emits at a greater power and the gas cell is filled to a lower
number density, photoionization will have a greater effect.
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Spatial-Dependent Gas Cell Radiation Temperature at 100 ns
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Figure 3.5: A contour plot showing the spatial variation in the radiation t emperature
across the face of the gas cell for the Original simulation. The mean radiation temperature over the 25 grid points on the gas cell is 53.4 eV, with a standard deviation
of 2.5 eV. The bottom section of the gas cell receives considerably more radiation
than the top , where there is a large radiation t emperature gradient. Because the horizontal center of the gas cell face is slightly closer to the pinch than either of the sides,
there is also an increase in received radiation when moving toward the center in the
x-direction. However , variations in this direction are largely negligible in comparison
to variations in the vertical direction.
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Figure 3.6: The lines of sight from the top center (left) and dead center (right) of
the gas cell to the pinch are different enough to significantly affect both the quantity
and quality of incident radiation at the peak pinch power time of 100 ns. In these
snapshots, it appears that while the center of the gas cell has an unobstructed view of
the pinch, the top of the gas cell "sees" only the lower half of the pinch. The emission
t emperature of each surface is shown to highlight the difference in the quality of
radiation originating from particular surfaces. Direct pinch radiation is much hotter ,
with its spectrum p eaking at a higher frequency than radiation from the surrounding
metal.
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Spectra at the Gas Cell Center at 100 ns

Spectra at the Gas Cell Top at 100 ns

>

1.4x10-3

1.4x10·1

1.2x10·l

1.2x10·3

1.0x10-3

>

N!i!.

E

~
x

1.0x10·3

N!i!.
8.0x10-4

-

E

8.0x10-4

x

6.0x10··

~

Total Flu x
Pinch Flux

6.0x10-4

u:"

-

Tota l Flux
Pinch Flux

u:"
4.0x10'"

4.0x10··

2.0x10'"

2.0x10-4

0.0

0.0
1000

2000

1000

3000

Photo n Energy (eV)

2000

3000

Photon Energy (eV)

Figure 3.7: A comparison of the spectra incident on the top (left) and center (right)
of the gas cell in the Original simulation at the peak pinch power time of 100 ns.
Because the top of the gas cell has an obscured view of the pinch, the pinch will
contribute fewer high-energy photons to the spectrum at the top of the gas cell than
at the center. The maximum of pinch flux (at 600 eV) is twice as high at the center
than at the top of the gas cell, while the peak total flux is only 20% higher. For
wavelengths around and below 500 eV, the pinch contributes less than 30% of the
total flux at the center and less than 20% at the top. The flux from the pinch at a
photon energy of 1000 eV is more than 2.1 times greater at the center than at the
top of the gas cell.

60

Radiation Temperature at the Gas Cell Center
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Figure 3.8: The radiation temperatures at the center of the gas cell reflect differences
in the total amount of absorbed radiation in the three simulations. Early in the
simulation, at times before 90 ns, the radiation temperatures are nearly identical.
By the peak power time of 100 ns, the Original simulation is 4.9 eV hotter than the
Canonical simulation and 8.1 eV hotter than the Low simulation. Since the incident
power is proportional to the fourth power of the radiation temperature, at 100 ns the
Original simulation produces 45% more incident flux than the Canonical simulation
and 87% more flux than the Low simulation.

61

Spectra at the Gas Cell Center at 100 ns
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Figure 3.9: The Canonical and Low simulations produce weaker spectra at the gas
cell, with their peaks of total radiation only 75% and 59% of the Original value. A
large amount of this difference is due to direct pinch radiation, particularly at photon
energies grater than 600 eV. The pinch component of the total spectrum peaks at
around 625 eV in the Original simulation, compared to 590 eV in the Canonical
simulation and 620 eV in the Low simulation, suggesting uniformity in the quality of
emitted pinch radiation. However, this uniformity in spectral quality is not present
between the total spectra.
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Ion Temperatures at 104 ns

Ion Temperatures at 96 ns
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Figure 3.10: The position-dependent temperatures of the plasma in three different
simulations at 96 ns (left) and 104 ns (right). Initially, the mylar walls are at positions
x = 0 and x = 1.1 em, with neon gas occupying the zones in between. At 96 ns, the
left mylar wall, which directly receives the incident radiation, has ablated and heated
to more than 45 eV in the non-DCA simulation and 40 eV in both of the DCA
simulations. The neon plasma is at around 30 eV in the DCA simulations and 25
eV in the non-DCA simulation. By 104 ns, there is noticeable shock heating in the
mylar walls to 80 eV in both DCA simulations, while the interior of the gas cell is
slightly cooler at 45 eV. The non-DCA simulation is much hotter in the neon, and
also possesses a strong temperature gradient. There is little difference between the
simulation using 1392 neon energy levels and that using 3049 energy levels.
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Ion Temperatures at 100 ns

Mass Density at 96 ns
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Figure 3.11: A comparison of the DCA377Mylar simulation and a fully non-DCA
simulation, with the densities at 96 ns on the left and the t emperatures at 100 ns on
the right. In both simulations , the left mylar wall has undergone significant ablation,
while the central 9 mm of neon remains at its initial density. There are minor differences in the density in the right mylar wall. The temperature differences at 100
ns are substantial, owing to the great er heating (and deficiencies in cooling) in the
non-DCA simulation. Both the left mylar wall and the central neon zone are roughly
10 eV cooler in the DCA377Mylar simulation.
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Mass Density in the Original Simulation
10°

M
E

10-'

-

10-'

-

!2

SOns
90ns
96 ns
102ns
108 ns

~

Z'
-u;

10"

c

Q)

0
10'"

10"

10"
-1

0

2

Position (em)

Figure 3.12: The density of the mylar and neon of the gas cell as a function of position
and time. Initially, the 1.4 /-Lm-thick mylar walls at x = 0 and x = 1.1 cm are at a
density of 1.39 g cm- 3 , with the neon at a density of 3.6 x 10- 5 g cm- 3 . By 90 ns,
the front mylar wall has begun to vaporize and ablate to the left. Since the density of
mylar is much greater than that of the neon gas, a shock wave is driven into the gas
cell. By 100 ns, the density in the mylar shock wave has dropped to less than 10- 3 g
cm- 3 , and the neon near the left mylar boundary has been compressed, increasing its
density by an order of magnitude. By 110 ns , the right mylar wall has also ablated,
driving a shock wave into the neon. At the end of the simulation, only the central
4 mm of neon plasma is at the same density it was initially, with shock compression
increasing the density on either side.
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Fluid Velocity in the Origina l Simulation
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Figure 3,1 3: The time-dependent fluid velocity in the Original simulation highlights
both mylar ablation and the shock wave driven into the neon plasma. Negative
velocities indicate flow to the left and positive velocities indicate flow to the right.
On the left side of the gas cell , mylar ablates to the left and drives neon plasma to
the right , indicated by the right-ward propagating spike in right-ward velocity. The
opposite is true on the right side of the gas cell. By the end of the simulation, only
the central 4 mm of neon remains stationary.
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Mass Density at 100 ns
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Figure 3.14: There are subtle differences between the position-dependent densities
within the gas cell in the three simulations. At 100 ns, the Canonical simulation has
experienced the most ablation , with low-density mylar plasma more than 7 mm to
the left of the original wall location. The Original and Canonical simulations have
similar shock profiles at the left mylar-neon boundary, while the Low simulation, with
its weaker incident power, lags behind. The Canonical simulation has also experienced
slightly more ablation at the back mylar walL
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Ion Temperatures at 104 ns

Ion Temperatures in the Neon
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Figure 3.15: Temperature profiles of the gas cell in the Original, Canonical, and Low
simulations, as functions of both time and position. On the left is the time-dependent
t emperature in the center of the neon (zone 30 out of 60) , while on the right is the
t emperature over the entire gas cell at time t = 104 ns . With little radiation incident
on the gas cell up to 80 ns, the temperatures only begin to rise significant after 90 ns .
Up to 98 ns, the neon plasma in the Original simulation is hotter than that in the
Canonical simulation, which is hotter than that in the Low simulation. After 98 ns ,
neon in the Low and Canonical simulations are virtually at the same t emperature. At
104 ns , the Canonical and Low plasmas are cooler than the Original by an average of 5
eV in the center of the gas cell. Though their neon temperatures are almost identical,
the Canonical and Low simulations differ by roughly 4 eV in the temperatures of the
ablated mylar plasma.
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Neon Planck Absorption Opacity
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Figure 3.16: PROPACEOS-determined absorption opacities indicate that for a uniform neon plasma, the absorption of photons drops off precipitously as the temperature is increased. This phenomenon is especially pronounced between 200 and 900
eV, the same photon energy range as most of the incident radiation. For example,
at 500 eV, there is an 80-fold decrease in opacity when the temperature is increased
from 10 to 30 eV, and an additional 40-fold decrease between 30 and 50 eV.
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Figure 3.17: Ionization fractions for Neon IX and Neon X at three times around
the peak pinch radiation in the Original (top left) , Canonical (top right) , and Low
(bottom) simulations. In the Original simulation, there is a small fraction of Ne IX in
the gas cell at 96 ns, but a more substantial fraction (90%) at the time of peak power
at 100 ns. By 104 ns, the neon has become further ionized, with around 82% Ne
IX and 17% Ne X. The Canonical simulation, with a weaker incident power profile,
shows less ionization. There is 93% Ne IX and 5% Ne X in the gas cell at 100 ns,
and 90% Ne IX and 9% Ne X at 104 ns. The Low simulation produces even less
ionization, with only 87% Ne IX and 3% Ne X at 100 ns and 91 % Ne IX and 6% Ne
X at 104 ns.
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Figure 3.18: Time-dependent spectra highlight the differences in the Spect3D outputs of the three simulations, including lines in four different charge states over two
different frequency ranges. In the 880-920 eV frequency range (left), we observe that
lines in neon VII and neon VIII get stronger from the Original to the Low simulation,
particularly at 96 ns. By 100 ns, the Ne VII lines have virtually disappeared in every
simulation, and the Ne VIII lines have weakened. In a related effect, the Ne IX and
Ne X lines in the 1010-1080 frequency ran'ge (right) become weaker from the Original
to the Canonical to the Low simulation. The Ne VIII lines around 1040 eV , strongest
in the Low simulation, weaken between 96 ns and 100 ns, while Ne IX and Ne X lines
strengthen. These results are a reflection of the time-dependent ionization fractions
shown in Figure 3. 17.
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Figure 3.19: A synthesized emission spectrum using the Original simulation includes
the same transitions and lines as the absorption spectrum in Figure 3.18. At 96 ns, Ne
VII and Ne VIII features between 880 and 920 eV (left) appear more like absorption
lines than emission lines, while the Ne VIII lines around 1040 eV appear like typical
emission lines. By 100 ns, these Ne VII and Ne VIII features, as well as the Ne IX
line at 1074 eV, have weakened considerably, while the Ne X line at 1021 eV has
strengthened substantially. These time-dependent spectral changes generally mirror
those in the absorption spectra.
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Temperature-Dependent Emission Spectra
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Figure 3.20: PRISMSPECT-generated temperature-dependent emission spectra modeling a neon plasma of uniform density receiving incident radiation. Ne VII lines
between 890 and 900 eV are strongest in the simulation using 10 eV plasma, and
virtually non-existent at hotter temperatures. Ne VIII lines between 900 and 920
eV and between 1030 and 1050 eV are also strongest at the coolest temperature and
progressively weaker at warmer temperatures. The Ne IX line at 1074 eV appears to
be nearly the same strength in each simulation, while the Ne X line at 1021 eV is
much stronger in the 50 eV simulation than in either of the other two. The width of
the Ne IX K-shell edge at 1195 eV also varies strongly with temperature, and several
Ne X features appear at higher photon energies in the 50 eV simulation.
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Absorption Spectra at 96 ns

Absorption Spectra at 100 ns
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Figure 3.21: This comparison between synthesized spectra produced in SPECT3D
with and without the incident radiation field highlights the role of photoionization
in ionizing the neon in the gas cell at 96 ns (left) and 100 ns (right). In the "No
Flux" model, SPECT3D only takes into account the physical characteristics of the
plasma (T, p, etc.) as det ermined by HELlOS. At 96 ns, neon VII lines below 900 eV
are much stronger in the No Flux simulation, while Ne VIII lines around 904 eV and
between 1100 and 1200 eV are of comparable strength. The Ne IX lines at 922 eV and
1127 eV are weaker in the No Flux simulation. These spectra indicate that the neon
is ionized an average of one charge state more in the simulation that directly includes
photoionization. The underionization of the No Flux simulation is more apparent at
100 ns. The Ne X line at 1021.5 eV is quite strong in the original Canonical Z543
simulation, and non-existent in No Flux. The Ne IX lines at 922 eV and 1074 eV
are roughly the same strength in both simulations. The original simulation no longer
possesses Ne VII features , and its Ne VIII features are weaker than in No Flux.
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Chapter 4
Comparison to Experimental Data
The ultimate purpose of this work is to compare computationally-produced spectra
to experimentally-produced spectra in order to benchmark physical conditions against
spectral features . By matching a SPECT3D spectrum, whose ionization balance has
been calculated in HELlOS , to the spectrum taken in the neon gas cell experiments,
we can quantitatively constrain the ionization inside the gas cell with a fair degree
of accuracy. We hope to make specific claims about the relationship between the
temperature and ionization in a neon plasma and the spectral lines that are taken
from that plasma. Eventually, astrophysicists will be able to look at a spectrum from
a photoionized neon plasma and deduce these properties.

4 .1

A Qualitative Appraisal

Since we are interested in the relative strengths of absorption lines and not the
continuum radiation, we divide out the continuum to leave a spectrum of intensity
1 in the continuum and an intensity ranging between 0 (total absorption) and 1 (no
absorption) for absorption lines. To do this, we take a spectrum, like one shown in
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Flux Through Gas Cell Center at 12.26 Angstroms
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Figure 4.1: The flux of radiation into the gas cell at a representative wavelength of
12.26 A, roughly the middle of the wavelength range of our spectrum, peaks sharply
around 100 ns. Since the spectrum taken during the gas cell experiment is timeintegrated , it can be thought of as an integral of the spectrum at every time during
the experiment. Those times with the most flux will contribute the greatest to the
total spectrum. Therefore, we believe that the spectrum taken in the laboratory
represents the gas cell conditions between 96 and 104 ns. The inset shows the flux
plotted with a logarithmic y-axis.

section 3.3.1 , and approximate the continuum by a linear or quadratic function over
the small wavelength range we would like to study. We then divide the spectrum
by the continuum function to produce a transmission spectrum for that wavelength
range. The x-ray spectrum taken in the laboratory stretches from 9.5 Ato 14.5

A.

The lines in Ne VIII, Ne IX, and Ne X that we analyzed fell into three wavelength
ranges, between 10.6 and 11.2 A, between 11.6 and 12.2 A, and between 13.2 and
14.0

A.

While the data spectrum is time-integrated over the entire duration of the experiment , the model spectra must be chosen from one particular time in the simulation.
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Absorption Spectra Comparison
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Figure 4.2: Ne IX lines between 10.6 and 11.2 angstroms, all transitions out of the
ground state, show excellent agreement between each of the models and the data
spectrum. The measured spectrum experiences a signal to noise ratio of 10: 1. By
dividing out the continuum in the model spectra, the continuum appears as a flat
line of transmittance 1. The three model spectra are almost exactly the same in
the strength and breadth of their absorption lines. Two unidentified features in the
experimental spectrum between 10.9 and 11.0 angstroms do not appear in our models.
They appear too narrow to be actual lines, but too deep to be merely noise.

As shown in Figure 4.1, the data spectrum is a sum weighted by the flux of radiation
striking the gas cell, most of which occurs around the peak between 96 ns and 104
ns. However, model absorption spectra in Figure 3.18 suggest that continuum levels
actually peak at 110 ns, though they do not increase consistently throughout the simulation. We have chosen the model spectra from the peak pinch power time of 100 ns,
figuring this to be a representative time late in the simulation. A comparison of the
three model transmission spectra and the one experimental transmission spectrum is
shown in Figures 4.2, 4.3, and 4.4.
We observe that the synthetic spectra model lines of Ne IX very accurately, par-

77
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Figure 4.3 : The 11.6 angstrom to 12.2 angstrom range contains several lines in Ne
VIII and one line in Ne X. Each of the model spectra appear too weak in their Ne VIII
lines and much too strong in their Ne X lines, especially the Original simulation. This
suggests that the models may be overionized, with too much Ne X and not enough
Ne VIII , in comparison to the neon in the experiment.

ticularly those lines at 10.64, 10.76, and 11.00 angstroms. The model Ne IX line at
13.45 angstroms appears too deep and too narrow in comparison to the data. In general, Ne VIII lines, especially those at 11.90, 11 .95, and 11 .98 angstroms, are weaker
in the models than in the data. The Ne VIII lines at 13.65 and 13.71 angstroms are
modeled to the proper depth, but not the proper width. This may be a result of those
features being a blend of several absorption lines over a wavelength range that is narrower than the resolution of the spectrometer. The only Ne X line in our wavelength
range , at 12.14 angstroms , is much stronger in the models than in the experiment.
This feature shows the greatest discrepancy between the simulated spectra and the
laboratory spectrum.
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Absorption Spectra Comparison
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Figure 4.4: The 13.2 angstrom to 14.0 angstrom range shows a pair of lines in Ne
VIII and one line in Ne IX. The Ne IX line at 13.45 angstroms and the Ne VIII lines
at 13.65 and 13.71 angsrtoms appear deeper , yet narrower in the models than in the
data. While the Ne IX feature is a single absorption line, the Ne VIII features are
blends of multiple lines over a wavelength range that is narrower than the resolution
of the spectrometer. It is interesting that while the Original simulation produces a
line very similar to the other models at 13.65 angstroms, its line at 13.71 angstroms
is shallower than the others. This indicates that the population of the 1s22s1 state of
Ne VIII is nearly the same in all three simulations, while the population of the 1S22p1
state is less in the Original simulation.

Synthesizing these results, we can conclude that the model spectra show roughly
the right amount of Ne IX, not enough Ne VIII , and too much Ne X. The models are
all overionized in comparison to the data. This may be a result of our selecting the
model spectra at 100 ns versus the data being a composite spectrum over the entire
experiment. Since the measured spectrum includes times when there is less ionization,
with more Ne VIII and less Ne X , they will be averaged into the total experimental
spectrum. If future experiments produce time-dependent spectra, it will be much
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easier to compare model spectra at one particular time to an experimental spectrum
at a particular time.
All three of the model sepctra show this overionization, and there are only subtle
differences between them. The Original simulation, with the greatest incident flux,
hottest plasma, and greatest ionization, has weaker Ne VIII lines and a stronger Ne
X line than either of the other two models. The Canonical and Low simulations, with
very similar temperatures and ionization balances, produce nearly identical spectra.
Taking a broader look, even the spectrum produced in the Original simulation is not
much different than either of the other simulations. All three simulated spectra appear much more similar to each other than to the data. This result suggests that the
simulated neon absorption spectra are highly insensitive to the incident power profile , despite the fact that the Original simulation produces 1.8 MJ of radiation, the
Canonical simulation 1.2 MJ, and the Low simulation 0.9 MJ. This may be explained
by the temperature dependence of neon absorption opacity. As demonstrated in section 3.3.4, neon absorbs much less radiation as its temperature increases, so once the
neon reaches temperatures of around 50 eV, very little of the additional radiation is
absorbed. Because the simulated spectra are so similar, the quantitative comparisons
between the measured spectrum and a model spectrum, as described in the following
section, will use the Canonical simulation.

4.2

Quantitative Analysis

While a qualitative discussion of the comparison between a synthesized spectrum
and a measured spectrum can describe the accuracy of the model and diagnose plasma
properties in broad, general ways, quantitative measures prove much more useful for
constraining the physical conditions inside the gas cell. For example, one can observe
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that a model spectrum has stronger lines in Ne X than the data, while the data has
stronger lines in Ne VIII. From this, one could conclude that the model has more Ne
X and less Ne VIII in comparison to the actual gas cell. While true, such a description
does not provide any concrete, quantifiable information, such as the fractions of Ne
VIII and Ne X in the data versus in the model. Ideally, we would like to employ
a measure of precisely how much stronger one line is than another, and relate this
number to properties of the neon plasma.

4.2.1

Equivalent Width and Curve of Growth

One quantitative measure of the strength of an absorption line is its equivalent
width. Since an absorption line is broadened over a small range of frequencies, measuring the depth at the center of the line is not sufficient; we must find a way to sum
the depth of the line over the entire range. Thus, equivalent width is defined to be
the width of a box with a depth of 1 and the same integrated area, after dividing out
the continuum flux, as the line being measured [18]. A graphical representation of
equivalent width is shown in Figure 4.5.
Mathematically, equivalent width is defined to be

(4.1)

where Fc is the continuum flux outside the absorption line and FA is the wavelengthdependent flux in the absorption line.

The integral is performed over the entire

wavelength range of that particular line. The parameter Tv is the frequency-dependent
optical depth, a measure of the e-folding drop in the intensity of light due to absorption
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Figure 4.5: The equivalent width of an absorption line is defined so that the area of
a rectangle of width Wand depth 1 is the same as the integrated area of the line.
Figure taken from www.physics.utoledo.edu.

[19]. It is commonly represented as

T

=

J

n(J'dl = N(J'

(4.2)

where (J' is the absorption cross section, n is the number density of absorbers, and N is
the column density, the areal density of absorbers "seen" down a line of sight. Equivalent width is a function of the optical depth, and therefore a function of the column
density of atoms involved in the atomic transition associated with that absorption
line. By comparing equivalent widths of spectral lines in different ionic stages, one
could compute the ratio of ion densities for those specific charge states.
In order to gather quantitative data about the density of different charge states
based on the equivalent width of an absorption line, there needs to be a specific, known
relation between Wand N . The graph of this relationship between the column density
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Figure 4.6: A sample curve of growth for the Sun is a logarithmic plot of the equivalent
width W -scaled by the wavelength of the line- on the y-axis and the column density
N -scaled by the oscillator strength f of the particular transition and the wavelengthon the x-axis. At low densities, on the "linear" section of the curve of growth, the
equivalent width scales proportionally with N. At slightly higher column densities,
the center of the line has saturated and the curve of growth becomes "flat". At much
higher densities, absorption in the wings becomes significant and the curve of growth
assumes a square-root relation. Figure taken from web.njit.edu.

and the equivalent width is known as a curve of growth. A sample curve of growth is
shown in Figure 4.6. It is typically represented as a logarithmic plot of
of N f A, where

f

r as a function

is the "oscillator strength" of the transition, the relative probability

of that particular transition from its initial energy level [19]. A possible technique for
using a known curve of growth goes as follows. First, calculate the equivalent width
for a particular absorption line and calculate log (W/ A). Then, using the curve of
growth, determine the value of log (N fA) that corresponds to that equivalent width.
After calculating log (f A) , determine log N by subtracting log (f A) from log (N fA).
This gives the column density of the initial energy level of the transition.
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When an absorption line is optically thin (T

«

1), as more ions are added, each

absorbs the same fraction of photons, and the amount of absorption increases linearly
with the number of particles, so that W ex N [18, 19]. Rigorously, we find that

(4.3)

where e is the charge of an electron, me its mass, and c the speed of light in a vacuum.
In cgs units, this relation reduces to

8.85 x 1O- 13 Nf,\

:).. =

(4.4)

If an absorption line is determined to be optically thin, measuring the equivalent width

of a line of known oscillator strength is sufficient to determine its column density.
When the center of the line becomes optically thick (T ~ 1) and eventually saturates, the only increase in the equivalent width comes from the optically thin wings.
Since the wings of the line are not especially deep in comparison to the center,
the equivalent width does not change greatly when more absorbers are added, and

W ex Vln( N). This relation comes from the general form of the curve of growth for
a Dopppler-broadened absorption line
W).. = -2b

-

,\

c

1 [1 00

0

exp( -Toe _x2 )]dx

(4.5)

where
TO =

Vife 2 Nf'\
meC

=

1.497

b

X

b

10- 2 Nf'\

(4.6)

is the optical depth at the line center and b = V2':'[ is the Doppler broadening term.
For small values of

TO,

the linear realation from above is recovered. For large values
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of TO, the integral in equation 4.5 asymptotically approaches .Jln TO so that the curve
of growth on the fiat part of the spectrum obeys the relation

WA
)..

2~ I 1.497 X 10- 2 N f)..
c

n(

J2,:,[

)

(4.7)

For a transition of known oscillator strength for an atom of known mass m in a plasma
of known temperature T, a measurement of the equivalent width will allow one to
invert the above equation to compute the column density.
Eventually, enough ions will be added so that the wings contribute significantly
to the equivalent width. At this point, the increase in the equivalent width will be a
result of natural or pressure broadening effects in the Lorentzian wings, which scale
with the square root of the density. Therefore, the equivalent width itself scales as

W ex

VN.

Since none of the absorption lines in our spectrum is strong enough to fall

in the "square root" section of the curve of growth, a rigorous mathematical discussion
is omitted. By taking a ratio of the column densities of different charge states, we
can construct an ionization balance out of spectral information. We can compare
ionization balances between the model spectrum and the measured spectrum, as well
as between these spectrally-determined values and those predicted by our HELlOS
simulations.

4.2.2

Curve of Growth Analysis

In order to determine the column densities of each charge state of neon and produce an ionization balance, we first had to calculate the equivalent widths of several
absorption lines. In the IRAF suite, we measured the equivalent widths of absorption
lines by specifying a pair of end points corresponding to the continuum and integrating the area between the continuum line and the spectrum. Since the continuum
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points are specified by the user, there is a certain degree of human error involved in
calculating equivalent widths, especially for a noisy spectrum where the continuum
is difficult to define. Because of this, we can assume that the equivalent widths for
the Data spectrum have a systematic error of 10%. As a check, we are also subjecting the Canonical model spectrum to this curve of growth analysis. Since the model
spectrum has a smooth continuum, it has virtually no error in the equivalent widths.
Table 4.1: The measured equivalent widths of lines in Ne VIII, Ne IX, and Ne X for
both the data spectrum and the Canonical spectrum.
Charge State Wavelength (A) Strength (f) Data EW (A) Canonical EW (A)
Ne IX
10.64
.0185
.0059
.0069
Ne IX
10.76
.0240
.0087
.0078
Ne IX
11.00
.0501
.0096
.0087
11.91
.1035
.0025
.0016
Ne VIII
Ne VIII
11.95
.1371
.0028
.0020
11.98
.0359
.0013
.0009
Ne VIII
NeX
12.13
.4140
.0055
.0145
Ne IX
13.45
.7210
.0271
.0259
13.71
.3870
.0061
.0060
Ne VIII

The measured lines include four lines in Ne VIII, four in Ne IX, and one line in Ne
X. The results are displayed in Table 4.1. Since the curve of growth plots W>./ A as
a function of N f A, the oscillator strengths (1) for each of the lines have been taken
from SPECT3D. The spectral resolutions of both the experimental detector and the
simulated spectrum are broad enough that in some instances what appear to be single
lines are actually blends of multiple lines. In these cases, the oscillator strength that
appears in the table is a sum of the strengths of all the blended lines. Comparing
the equivalent widths of lines in the Data to those in the Canonical simulation, we
note that the Ne VIII lines, especially the trio between 11.90 and 12.00 angstroms,
are consistently weaker in the Canonical spectrum. Aside from the line at 10.64
angstroms, the Ne IX lines are all slightly weaker in the Canonical spectrum, while
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the lone Ne X line is much stronger in the Canonical spectrum.
There are two different ways to calculate the column density for each of the neon
charge states based on these equivalent widths. The first is to plug the values of the
equivalent widths, wavelengths, oscillator strengths, and Doppler broadening terms

(b) into equation 4.4 or 4.7 to solve for the column density N for each line. The four
N values for Ne VIII can be averaged to determine the column density of Ne VIII,
and likewise for Ne IX. The other way to determine N is to plot WAf A as a function of

N j A. Equations 4.4 and 4.7 describe curve fits for the data points corresponding to
each line. The column density is found by matching the data points for a particular
charge state at a particular guessed value for the column density to a curve fit line.
The data points for each line were defined to be (NjA,WA/A). Since we do not
know the value of N, we can adjust it until the data points most closely fit the curves
of growth. In essence, the x-coordinates of the data points are being scaled to the
right as we ratchet up the column density. The curve fit for the linear part of the
curve of growth (equation 4.4) cannot be adjusted. However, the curve fit for the flat
part of the curve of growth (equation 4.7) depends on a b parameter that does not
have a precisely-known value in the experiment or the simulation. Therefore, when
determining the column density by fitting to the flat curve of growth, this parameter
can be simultaneously adjusted. Plots fitting a linear curve of growth to data points
for Ne VIII and flat curves of growth to data points for Ne IX and Ne X in both the
data and the Canonical simulation are shown in Figure 4.7.
From fitting data points to curves of growth, we determine the column densities
of the different charge states of neon. Assuming that the neon exists only in these
three charge states, we calculate the ionization fractions. Table 4.2 highlights the differences in ionization balance between the data spectrum and the spectrum produced
in the Canonical simulation. These results may also be compared to Table 3.2, which
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displays ionization fractions taken from the center of the gas cell in HELlOS. The
data shows that Ne VIII comprises 0.5% of the gas cell, versus 0.3% in the Canonical
simulation. Meanwhile, the neon represented by the data is only 3.6% Ne X, while
that in the Canonical simulation is 8.6% Ne X. The fractions of Ne IX were comparatively closer, at 95.9% in the data and 91.1% in the simulation. There appears
to be roughly 60% more NeVIll in the data and more than twice as much Ne X in
the simulation. As determined qualitatively in the previous section, the neon in the
Canonical simulation is overionized in comparison to the neon in the experiment.
Table 4.2: Calculated values of the column densities and ionization fractions for Ne
VIII, Ne IX, and Ne X based on curve of growth analysis. Values are in cm- 2 .
Ne VIII
Ne IX
NeX
Data
1.8 x 10 16 /0.5% 3.2 x 10 18 /95.9% 1.2 x 10 17 /3.6%
Canonical 1.3 x 10 16 /0.3% 3.4 x 10 18 /91.1% 3.2 x 10 17 /8.6%

As a check of the self-consistency of the model using the curve of growth technique,
we can compare the ionization fractions in the Canonical simulation calculated using
equivalent widths to those computed by HELlOS. In theory, these values should be
exactly the same. At 100 ns, the simulation time at which the Canonical spectrum
is taken, the HELlOS ionization fractions are 2% Ne VIII, 93% Ne IX and 5% Ne
X. The curve of growth method therefore underestimates the amount of NeVIll
by a factor of 6 and overestimates the amount of Ne X by a factor of 1.7. This
discrepancy may result from our taking the ionization fraction from one particular
zone in the HELlOS simulation, versus the curve of growth determining a column
density integrated through the entire gas cell. An integrated column density would
include zones where neon is shock-heated, and therefore more ionized than the center
of the gas cell. Another explanation for the disparity in these simulated column
densities is the inherent uncertainty in column density measurements conducted using
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the equivalent width and curve of growth techniques.
Another interesting comparison is that between the HELlOS-calculated ionization
fractions and those from the data. The fraction of Ne VIll in the experimental gas cell
appears to be roughly 25% of that in HELlOS Canonical simulation, while the fraction
of Ne X is only 70% of the HELlOS-calculated value. It is unexpected that the data
would indicate lower fractions of both Ne VIII and Ne X; neon that is underionized
in the data versus the simulation should have less Ne X , but more Ne VIII. This
result may also reflect uncertainty in the curve of growth t echnique. The differences
between the data and the simulation indicate that the Canonical simulation is a good ,
but not perfect model of the gas cell ionization as it happens in the experiment. The
model appears to ionize the neon more than in the experiment. As mentioned earlier,
this effect may be the result of the data spectrum being taken over the entire duration
of the experiment, while the model spectrum is selected from a particular time in the
simulation when there is a high degree of ionization.
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Figure 4.7: These manually-adjusted fits represent the linear part of the curve of
growth for Ne VIII (top), and the flat part of the curve of growth for Ne IX (middle)
and Ne X (bottom) for both the data (left) and the Canonical simulation (right).
The y-axis is the ratio of the equivalent width to the wavelength of the line, while
the x-axis is the product of the column density, the oscillator strength, and the line
wavelength. Each data point corresponds to one absorption line, with its x-coordinate
determined by assigning a value to the column density. The shape of the curves of
growth are determined by equation 4.4 for the linear curve of growth and equation
4.7, with b an adjustable parameter, for the flat curve of growth .. The values of N
and b are therefore determined to be thooo values that produce the closest fit of the
data points to the curve. This "eyeball" method is inherently imprecise, and future
analysis should implement computationally-determined values.

Chapter 5
Conclusions
Comparisons of neon absorption spectra produced by modeling codes to the spectrum measured in the laboratory demonstrate excellent agreement between the two.
Each of the lines present in the laboratory spectrum appear in the synthesized spectra,
with equivalent width measurements indicating that the strength of lines, particularly
in the Ne IX charge state, are very similar between them. Fitting a curve of growth
to specific lines within the Ne VIII, Ne IX, and Ne X charge states, we found an
ionization balance for the data spectrum (1%-95%-4%) that were reasonably close
to one produced computationally (1%-91%-8%) . The modeled plasma appears to be
slightly overionized in comparison to the plasma inside the neon gas cell, particularly
when comparing the strength of the Ne X line at 12.14

A.

Quantitatively benchmarking plasma conditions such as the ionization balance
to an absorption spectrum is a challenging enterprise, with some uncertainty in the
numerical accuracy. Within reasonable error, our work has shown that a neon plasma
at a density of 3.6 x 10- 5 g cm- 3 receiving flux at an ionization parameter of 3 erg
cm

S- l

will heat to 40 eV and achieve an ionization balance of roughly 2% Ne VIII,

92% Ne IX, and 6% Ne X. These approximate values have been confirmed both by
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straightforwardly modeling the conditions inside the gas cell and also by analyzing
the spectra produced theoretically and in the laboratory.
More generally, we have demonstrated that photoionization is an important ingredient in the ionization of the neon gas cell. While some heating and ionization
occur at mylar-driven shock waves, most of the plasma is uneffected by hydrodynamic
motion over the course of the experiment. Since our models have indicated that the
plasma achieves its greatest ionization after 96 ns, future experiments utilizing timedependent spectrometers should capture the spectra between t = 96 ns and t = 110
ns. Our simulations have shown that the ionization of the neon plasma is fairly insensitive to the amount of incident radiation, and also that such a phenomenon may be
the result of the temperature-dependence of neon absorption opacity. The incident
radiation itself depends heavily on surface re-emission, and future modeling of z-pinch
radiation experiments should continue to include VISRAD view factor simulations.
Future work will focus on improving both the model of the neon gas cell experiment and the methods of analyzing spectral data. In particular, the curve of growth
technique should be refined to provide a more accurate measure of the column densities of different charge states of neon, possibly by utilizing computational tools to
find the best fit for the curve of growth to a group of data points. Though it may
be more pertinent for collision-dominated plasmas, further benchmarking of spectral features against the plasma temperature would nicely complement the ionization
balance benchmarking begun here.
On the experimental side, the measurement of time-dependent spectra will allow
for a much simpler comparison of laboratory data to a modeled spectrum. There will
be less confusion about the model spectrum being selected at a particular time versus
the laboratory spectrum being an integrated sum over the entire duration of the
experiment. It will also be helpful to take emission spectra in addition to absorption
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spectra, since astronomers study the emission spectra of photo ionized astrophysical
objects. If possible, future experiments could take advantage of the upgraded ZR
facility at Sandia to provide a greater pinch power output and an ionization parameter
closer to those in astrophysical environments.
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