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Photoionized plasmas are common in astrophysics and cosmology, especially in space near compact objects, and there
are effects from photoionization in high-energy-density plasmas due to the large radiation fields present. Photoionized
plasmas are an active area of laboratory research and there are currently experiments to study photoionization-supported
heat fronts. These photoionization fronts differ from the physics of diffusive radiation waves, commonly called Marshak
waves, that are also an active area of research. This work uses a geometric argument to describe the expected evolution
of the photoionization front curvature, in a planar geometry. It then compares this curvature to that of a Marshak wave as
a method of diagnosing a heat front experiment. It is found that while the curvature of a planar Marshak wave increases
in time, it decreases for a photoionization front. A comparison of radiation energy and electron heat fluxes through the
container for the heat front propagating medium demonstrates that the geometric argument for the photoionization front
curvature is sufficient. This comparison also demonstrates that wall losses are not significant in a photoionization front
because the post-front region is very optically thin. A discussion of the implication this work has on material choice in

the targets for an experiment follows.

Recently, measuring and understanding the properties of
photoionized plasmas has been of particular interest.!~> This
is an interesting area of plasma physics due to the prevalence
of photoionized plasma in astrophysics with examples being
black hole accretion disks, circumstellar media around super-
novae, stellar nurseries, and the early universe.>*'° To cre-
ate a photoionized plasma, there must be a transition from
an initially cool, or cooler, state to a condition of higher ion-
ization when a photon source reaches the region of interest.
The addition of the external radiation source heats the plasma,
which leads to an increase in ionization, as a heat front. These
photoionization-driven heat fronts are important for under-
standing the escape fraction of ionizing radiation from the
first galaxies during the reionization of the universe.'®!3 It
is important to understand the line emission that comes from
recombination in these photoionized plasmas because they in-
fluence the inferred properties of observed galaxies.'> Pho-
toionization fronts are also important for understanding cir-
cumstellar interactions in supernovae.%” Specifically in type
IIn and superluminous supernova that have large regions of
radiation-heated material and produce narrow line emission
from a relatively stationary circumstellar medium (CSM).14
The limitations in spectral observations of emission from
early galaxies and the difficulty of observing the CSM of in-
dividual stars leaves room for laboratory experiments to aid
in understanding these astrophysical systems. Additionally,
no experiment, to the authors’ knowledge, has measured a
photoionization front,'3 so identifying signatures of these heat
fronts is important for developing a laboratory approach to un-
derstanding these problems.

These photoionization-driven heat fronts are typically re-
ferred to as I-fronts in the astrophysical literature, but ex-
perimental publications refer to them as photoionization (PI)
fronts. There is significant literature describing these types of

¥Electronic mail: hjlefe @umich.edu

heat fronts in astrophysics'®2? and in laboratory astrophysics

experiments>!32122 The physical picture of the simplest PI
front is an ionizing radiation source propagating through a
heated, optically thin region to a front where the colder mate-
rial upstream of the front rapidly attenuates the radiation. Due
to the supersonic nature of this heat front there is no signifi-
cant mass density change across the front, but there is an in-
crease in the electron density and plasma temperature due the
photoionization-deposited energy. How sharp this front is de-
pends on the material, source spectrum, and source flux. If the
atoms of the propagating medium have many electrons then it
takes more photon mean free paths to reach a limiting ion-
ization potential, the spectrum sets the maximum ionization
state, and the source flux determines how many photoioniza-
tions can occur in a time 8¢. The velocity of the supersonic,
PI fronts discussed here is less than the speed of light due to
the large photoionization cross section, and therefore small
photon mean-free-path, at the front. It is important to note
that there are additional physics possible in a PI front, such as
shock formation, !> that are not considered here because there
should not be significant differences to the planar geometry
curvature. These other PI fronts will have significant changes
to the velocity.

In order to characterize the physics in a heat front as a PI
front, the experimental work in this area has developed two
dimensionless numbers using the atomic rate coefficients. 322
Each ionization state transition has its own pair of dimension-
less numbers. The first, o, is the ratio of recombination from
the next, higher ionization state to the photoionization rate
into the next ionization state,

nit1 NeRiy1;
o= i+1 He l+1,l’ (1)

ni  Tiin

where n; is the number density of the ith ionization state in
ecm™3, n, is the electron number density in cm ™3, Ri11; s
the recombination rate coefficient in cm® s~!, and T’ ikl =

E, . . . L .
i Z—‘vvc oydV is the photoionzation rate in s~ !. In the photoion-
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Facility Omega-60| Z-Facility
Material Nitrogen | Nitrogen
Source brightness temperature (eV) 100 60
Number density (cm™3) 2x10% | 4x 10"
Gas Length (mm) 7 13
Source radius (mm) 1 2.5

a 0.1 0.003

B 1 1

TABLE 1. This table shows the design parameters for the known ex-
periments that investigate PI fronts with one at the Laboratory for
Laser Energetics’ Omega laser facility and the other at Sandia Na-
tional Laboratories’ Z-facility.

ization rate, Ep y is the frequency-resolved radiation energy
density integrated over solid angle in erg cm™3, v is the ra-
diation frequency in s~!, ¢ is the speed of light in cm s !,
and oy is the frequency-resolved photoionization cross sec-
tion in cm?. The recombination rate coefficient can include
many processes, and it is typically assumed to be the sum
of the three-body recombination, dielectronic recombination,
and radiative recombination rate coefficients. For a PI front,
a should be much less than one so that photoionization domi-
nates over recombination. The second dimensionless parame-
ter, B, is one plus the ratio of the electron collisional ionization
rate to the recombination rate,

ni (OV)iin

niy1 Riri

=1+ ; 2

where (ov), ;. is the electron collisional ionization rate co-

efficient in cm? s~! and the remaining values are the same as

in equation 1. The value of 8 approaches one when the num-
ber of ionization events due to electron collisions is signifi-
cantly less than the number of recombinations. The addition
of one to the ratio in equation 2 is a result of calculating the
two and three level model for ionization states and this arti-
cle uses this form to be consistent with the literature.'>>!-22
This means that in order to produce a PI front it is necessary
to have both a value of & << 1 and 8 = 1. There are, to the
Authors’ knowledge, two experiments currently investigating
PI fronts. These experiments occur at the Omega laser facility
(Omega)?*>?3 at the Laboratory for Laser Energetics and the
Z-Facility (Z)>* at Sandia National Laboratories, which pro-
vide different radiation sources and geometries. The Omega
experiments use high-energy lasers to heat a thin gold foil and
use the emission from the non-irradiated surface to drive the
heat front into a gas cell of nitrogen gas about 0.5 mm away
from the source?*?. This laser-produced source doesn’t fill
the entire cross section of the gas cell, which will lead to an
initial curvature of the front as it propagates outwards. In the
case of a Z experiment, the source is much farther away, about
45 mm, and the source is large enough to fill the whole gas cell
cross section. This leads to a more collimated source driving
the front, which will produce a flatter initial curvature. Ta-
ble I provides rough parameters of the above mentioned ex-

periments along with the expected o and f values from the
literature.>%2

PI fronts are just one type of heat front and photoioniza-
tion does not support all types of radiation-driven heat fronts.
This makes it important to determine signatures of a PI front
compared to other types of heat fronts. There has been signif-
icant work on the properties of nonlinear, diffusive radiation
waves, such as Marshak waves, in theory, computation, and
experiment?®=33. Of particular interest here, is the work of
Back et al. and Hurricane et al. that describes the experimen-
tal observation and theory of curvature in planar, supersonic
Marshak waves>’. The results of that work show a decrease
in the wave front radius of curvature, in planar geometries, as
it propagates farther from the driving source. The explanation
for this is energy transport through lossy walls that contain the
propagating medium for the supersonic Marshak wave. The
current work will show that the curvature of a PI front, in a
planar geometry, behaves in the opposite manner to a super-
sonic Marshak wave and this can be a means for distinguish-
ing the two in experiments. Marshak waves require a large op-
tical depth for diffusive transport, while PI fronts require large
photoionization cross sections in the cold material, but small
opacity behind the front, which means that these two phenom-
ena are not likely to occur in the same medium. However, this
work is a powerful result because it allows an experiment to
discriminate between physical processes in heat fronts with-
out the need to make complex measurements of opacities or
atomic rate coefficients or for the analysis to rely on sophisti-
cated simulations.

This article begins with motivation and the goals of the
work and follows with the geometry of an arbitrary point
above a finite disk emitter. Integrating over this geometry
provides an expected curvature for the Omega and Z exper-
iments based on an analysis of the average path length above
the source. It concludes with an assessment of the effects of
energy loss through the container walls in a PI front followed
by a discussion and conclusions.

Since the PI front creates an optically thin region behind the
front, the radiation streams through this material. This means
that the geometry of the source and propagating medium is
what drives the curvature of the front. Therefore, a PI front
should reach locations of equal path length from the source at
the same time, in a homogeneous and isotropic medium.

To determine the path length from the source to an arbitrary
point in space, this analysis uses a disk of radius R. Figure 1
shows the geometry of a point in space, P = P (r, ¥, z), above
a finite disk and the top-down projection to a two-dimensional
plane as well as the variables used to describe the path length
to P. The top-down projection in Figure 1 b allows for the
calculation of distance from a point on the source, u, to the
projected point P/, called [/, which then makes the total path
length [ =1 (f,w) = v/I'> + 72, where z is the height above the
projection plane. The description of the distance between any
point on a disk and a point P is,

[ = /W2 +r2—2wrcosf + 22, 3)

where w is the distance from the origin, o, to the point on the
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3D Geometry

b) Top-down Projection

FIG. 1. a) The geometry of the path, /, between a point u on a finite disk of radius R and a point in space P. b) The projection of a) into the
plane of the disk, which shows the geometry of a projected path length, I, between a point on the disk, u, and a point in the plane, P'.

disk, u, B = v — 6, and r is the distance from o to P'.

Since, in a PI front, the radiation streams to the front, a
larger average path length is equivalent to a later time when
the PI front has traveled farther. For this reason, this article
will refer to larger average path lengths as later in time be-
cause it suggests what the curvature of the front will be at
the time it travels that distance. This assumes that the source
does not change with time, but this is fine for the purpose of
this work. It is also important to discuss the validity of this
analysis at propagation distances less than one source radii.
When the front is very close to the source, the average path
length could be much larger than the minimum distance from
the source to the front. One can resolve this issue by defining
the source as multiple disks over the surface, since the ap-
proach taken here is normalized to the size of the source, with
the size of the disk determined by a solid angle of the propaga-
tion medium that is reasonable for the system of interest. The
PI front geometry would then be the sum of these wavefronts
in a method analogous to Huygen’s principle in optics, but this
work investigates the front farther away from the source and
will not discuss this point further.

L 1 R r2m 1

Numerically integrating Equation 3, normalized to the source
radius, over w and 3 provides the average path length, <%> in
Equation 4, for a driving source with a cylindrically symmet-
ric geometry in units of source radii. This averages over all
of the path lengths from each point on the disk and results in
path lengths that are always larger than the axial distance to

the point. Using this result, the curvature in the Omega ge-
ometry reveals a smaller radius of curvature initially, that in-
creases at larger average path lengths until it becomes almost
infinite, as seen in Figure 2 a. This is reasonable because, for a
system determined by geometry, as the front gets farther from
the source it looks more like a point source. Figure 2 a shows
that by about three source radii the front is relatively planar.

The curvature in the Z experiment geometry is different
from the Omega case, as stated above, due to the more col-
limated nature of the source. Figure 2 b shows a larger radius
of curvature starting very close to the source that becomes rea-
sonably planar by an average path length of two source radii.

The curvature of a planar, supersonic Marshak wave
evolves in time due to losses through walls that contain the
propagation medium?’. Ultimately, this is due to the radi-
ation transport from the source being insufficient to support
the Marshak wave against the energy losses through the walls.
Figure 2 ¢ compares the front curvature between the PI front
results and the lowest order theory for Marshak waves us-
ing a modified diffusion coefficient of 0.46 mm? ns~! and
€= %p KL (1 —a) = 0.33 with p the mass density, k the opac-
ity in cm? g~!, L the source radius, and a the wall albedo,
when the center of the fronts are at the same location.?® These
are the conditions that Hurricane and Hammer found their an-
alytic model compared well with for a beryllium tube with a
tantalum oxide foam.?? This shows that the curvature between
the two types of heat fronts is similar less than two source radii
away. After the fronts reach two and a half source radii, the
differences at the edge of the propagating medium show dif-
ferences of a quarter of a source radii. For a source with a
500 pm radius, this corresponds to differences of about 125
um near the edge of the container, which should be resolv-
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FIG. 2. The average path length from Equation 4 with a) showing
the results for the Omega experiment and b) showing the relevant ge-
ometry for the experiment on Z. The red lines are contours showing
average path lengths of one, two, three, four, and five source radii.
¢) A comparison between the PI front results from this work and
the lowest order Marshak wave theory from Hurricane ef al. using
a modified diffusion coefficient of 0.46 mm? ns~! and a wall coeffi-
cient of 0.33.2° This shows that the curvature is similar until the front
is about two source radii. Then, at about two and a half source radii
away, the difference between the front positions reaches about one
quarter of the source radius at the edge of the volume. This would be
even more exaggerated in a smaller volume.

able with currently available imaging diagnostics. Since the
model used here to determine the curvature of a PI front is
purely geometric, it is necessary to discuss how the effects
of wall losses may impact the validity of the above argument.
The following will provide energy loss rate arguments for why
these sorts of wall losses are not relevant to a PI front.

The work of Hurricane and Hammer®® suggests that im-
perfectly reflecting walls provide the mechanism for evolv-
ing the supersonic Marshak wave curvature, which effectively
amounts to an argument of the wall albedo being less than
one. This means that the radiation transport produces the en-
ergy losses that account for the decrease in radius of curvature
with time. There are more possible mechanisms for this en-
ergy loss, such as electron heat conduction through the walls
of the tube, radiation-supported shock waves, and wall abla-
tion. This work will focus on the effects of radiation transport
and electron heat conduction in PI fronts.

Plasma

FIG. 3. The assumed temperature profile of the interaction between
the post-front plasma and the container wall.

Considering the radiation transport through the container
of the propagating medium for a PI front can be accomplished
with a qualitative argument. Under the assumption that the
walls are completely transparent, the radiation emitted from
the post-front plasma escapes, which would lead to cooling.
However, the physics of a PI front is such that the number of
photoionization events far exceeds the recombination in the
system and that the post-front region is transparent®!3-21-22,
This means that the driving source will replenish any energy
emitted from the plasma through the transparent walls faster
than any loses that occur and that the radiation from the source
that escapes through the walls is not necessary to support the
front. Therefore, there are no concerns about radiation trans-
port losses in the evolution of PI front curvature.

For electron heat conduction losses, this work will consider
a section of the propagating medium container, with area A,,,
in the post-front region and will use the Spitzer-Harm electron
heat flux>*. The heat flux will assume a constant temperature,
Tp, in the post-front plasma and an exponential temperature
profile, 7, = Toe ™, in the container wall with Ty = Tp. Fig-
ure 3 shows a cartoon of the temperature profile used in this
calculation. To show the importance of the electron heat con-
duction, this analysis will compare the energy losses through
electron transport with radiation transport from the driving

_ _ JdAWQsa
= Takdadas, 7> Where Osu
Ay

is the electron heat flux, E is the photon energy, = 545 is the
solid angle at a distance D in the hemisphere from the source,
A is the area of the source, and Bg (T') is the blackbody spec-
trum. Q is then,

source through A,,. The ratio, QO

; ®)

where m, is the electron mass in eV, V,; is the electron-ion
collision rate in s~!, ¢ is the speed of light in cm s~!, n, is
the electron number density in cm3, T is the electron tem-

perature in erg, % is the temperature gradient in erg cm™!,
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FIG. 4. The values of Q for the four permutations of the decay constant A of the temperature profile in the wall and the distance, D, to the area
of the container wall A,, with a) using A = %; D =R, b)using L = 1170; D =R, c)using A = %; D = 10R, and d) using A = %; D =10R. a)
has labels for all of the lines present in the figures with the white dotted line being where 7, = T; above which values are nonphysical, The
black dot-dashed box shows expected experimental values, and the white dashed lines show where Q is 1, 0.1, and 0.01. To have a single point
at each T}, T pair in these figures, the calculation uses the maximum value of Qg for each temperature profile. The white dashed contours
show where Q equals one and the energy losses through the walls from electron heat conduction are relevant to the radiation incident on the
wall from the source. For a), b), and c) Q stays below one, and mostly below 0.1, for the conditions one would expect in an experiment’32%,
with the values above one occurring mostly occurring in the non-physical case when the plasma temperature exceeds the source temperature.
d), the least favorable case indicates that wall loses due to electron heat fluxes start to approach expected experimental conditions ten source
radii away when there are sharp temperature gradients in the wall suggesting that energy losses through the walls are generally not a concern
in PI fronts and justifies the geometric model used to evaluate the front curvature.

-2

o is the Stefan-Boltzmann constant in units of erg s~' cm
eV, and Ts is the source temperature in eV. These calcula-
tions assume 7, = 102, Z =1, and R = 0.15 cm in the wall
with Z being the average ionization of the plasma to get an
order of magnitude estimate of the electron heat flux. 7p and
A for the temperature profile in the wall parameterize Qgy.
To compare the effects of different wall materials, A will take
values of % and % to represent shallow and sharp temperature
profiles in the wall, respectively. To see how increasing the
distance from the source changes the effects of energy losses
through the container from electron transport, D will take val-
ues of R and 10R. The solid angle used for the radiation power
through the container in Equation 5 is an order of magnitude
estimate, which is fine for the goal of this argument and the

rest of the assumptions made here. Figures 4 a, b, ¢, and d
show Q for different values of Ts and 7p over all of the per-
mutations of A and D with A = I% and D=R, A = % and
D =R, using A = % and D = 10R, and A = 1R—9 and D = 10R
respectively. The white dashed contours in Figures 4 a, b,
¢, and d indicate where Q is 1, 0.1, and 0.01, the white dotted
line shows where T, = Ty, and the black dot-dashed lines show
where an experiment might exist. The regions where the ratio
exceeds one are mostly constrained to where the source tem-
perature is below the plasma temperature, below the dotted
line, which is not physical and not a concern for an experi-
ment. The source temperatures for these experiments will be
larger than 60 eV with plasma temperatures below about 40
eV and will occupy the lower right corner of the parameter
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space in Figure 4 inside the black box.!*2223 This shows that
there is a region with electron heat fluxes are below 10% of
the radiation energy fluxes for any of the four values of R and
A shown here. There are only concerns about effects on the
wall curvature due to electron heat fluxes when there are sharp
temperature gradients in the container wall, as in Figures 4 b
and d. These results suggest that one should design an experi-
ment with shallow temperature gradients into the wall and low
plasma temperatures in order to ignore the effects of electron
heat conduction on the front curvature.

These results indicate possible measurement techniques to
identify PI fronts and some aspects of the target design to con-
sider in an experiment.

The main takeaway is that it is possible to distinguish a PI
front from a supersonic Marshak wave, or any supersonic non-
linear radiation diffusion wave, through the evolution of the
front curvature with time. Due to the lack of significant wall
loses in a PI front, the radius of curvature increases as the front
propagates away from the source, in a planar geometry, which
is the opposite of a planar Marshak wave. A comparison of
the geometric model of a PI front with an analytic model of a
Marshak wave from the literature shows differences of greater
than 100 um for a 1 mm diameter source at distances of three
source radii. This suggests that existing imaging diagnostics
can provide insight into the heat front physics in an exper-
iment and identify signatures of a PI front. There are also
potential spectral signatures due to this curvature. The flatten-
ing of a PI front will reduce the volume of cool material in a
probe volume as an experiment probes farther from the source,
which means that changing the distance from the source of an
emission or absorption measurement would detect a decrease
in the line structure from lower ionization states. These are
powerful tools for evaluating the physics in a heat front exper-
iment.

Additionally, it is important to consider the effects of the
container on the heat front. Since the radiation transport is not
a significant energy loss mechanism for a PI front, a container
with a large albedo may affect the evolution of the front. If
the container is able to re-emit a large fraction of the incident
radiation it could have a significant effect on the front itself
because the post-front region becomes so transparent. This
would change the geometry of the problem and one would
need to consider two, extended sources driving the PI front.
For this reason, it would be useful to build a target for the ex-
periment out of a low-Z material so that it does not re-emit
a significant fraction of the source radiation after the front
passes. This material choice would also increase the wall
losses in a Marshak wave and exaggerate the differences in
curvature with a PI front. This article describes a geometric
model for the curvature of a PI front and notes the differences
when compared with the literature on the curvature of a Mar-
shak wave. The increase in radius of curvature with time in a
PI front is the opposite of a Marshak wave, in planar geome-
try, which is a useful diagnostic tool for any PI front experi-
ment. An analysis of the wall losses show that they are neg-
ligible compared to the energy input from the driving source
and justifies the use of a geometric model for the front curva-
ture. These results suggest a powerful method for evaluating

the physics in a heat front experiment and suggest material
choices for a PI front target that will reduce the complexity of
the data analysis.
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