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A new method of calculating the temperature of strongly radiative shocks (Mihalas number of order unity or lower) is
proposed. By including ionization, radiative energy and radiative flux terms in the Rankine-Hugoniot jump conditions
across the shock front, a new, self-consistent method of calculating the temperature of radiative shocks is developed.
The method is compared to those used to calculate temperature in previous works using similar methods, including those
which partially included radiative and/or ionization effects. The method is also compared to experimental data, taken
from the literature, as well as SESAME equation of state tables and radiative hydrodynamics simulations. The results
show the importance of including all radiative terms for the case of strongly radiative shocks. This result has important
implications for the design and interpretation of future laboratory experiments where ever faster radiative shocks may
be generated. Previously unseen phenomena could be accessible when the radiative energy plays a significant role in

the system.

I. INTRODUCTION

Radiative shocks are present in a myriad of astrophysi-
cal systems such as supernova explosions!-? and remnants>~,
young stellar objects®, cataclysmic variables”-8, and black
holes’. These phenomena all represent mechanisms to in-
ject large amounts of energy back into the interstellar medium
(ISM). They therefore have a significant impact on a multitude
of processes, including star formation, which is thought to be
triggered by the interaction between shock waves and molec-
ular clouds'?. Direct astronomical observation of these sys-
tems is challenging for numerous reasons. The frequency of
detectable events as well as their distance from us, and hence
the resolution with which we can observe them, are limiting
factors. Moreover, the downstream region often becomes opti-
cally thick to its own radiation, preventing it from escaping the
system, thus posing further problems. For these reasons, sim-
ulations, theoretical studies and terrestrial experiments have
all been employed to study radiative shocks. The dynamics
of these shocks waves are influenced by their strong radia-
tive energy flux and/or pressure, and therefore purely hydro-
dynamic approaches are unlikely to produce reliable results.
Coupled with the large range of spatial and temporal length
scales associated with many of these phenomena, numerical
modelling through simulations is also challenging, even with
modern computers®. Nevertheless, increasing computational
complexity has allowed progressively more detailed simula-
tions to be carried out!!.

In parallel to this, theoretical studies on the effect of radi-
ation on shock waves have been performed since the 1950s
(see e.g. the book by Zel’dovich and Raizer!? for a thorough
overview). Approximate expressions for the density and tem-
perature of air compressed by strong shock waves, taking dis-
sociation and ionization into account, were proposed!?. Using
highly idealized conditions, the structure of these shocks was
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considered, and the existence of a heated region ahead of the
shock front was predicted'*. Since then, the field has gar-
nered significant interest and there now exists a large body of
work on the subject. With regards to the structure of radia-
tive shocks, one now often distinguishes three separate zones,
as shown by fig 1. The pre-shock and post-shock regions,
stretching out to infinity ahead and behind the shock region in
the idealized case, are separated by a precursor or transition
zone of width 6. This region is caused by radiation escaping
from the heated, post-shock region to the cooler, pre-shock
region, subsequently rising its temperature over a character-
istic length ahead of the shock front. For strongly radiative
shocks with very high Mach numbers,'> showed that these
three regions could begin to merge together forming contin-
uous temperature and density profiles. Thermodynamic quan-
tities have been shown to depend intimately on the amount of
radiation re-absorbed by the system after emission, and there-
fore on the optical depth. For example, !¢ predicted an upper-
bound in the shock-induced compression ratio for optically
thick systems such as stellar interiors or supernovae (where
the length of the system is larger than the mean free path for
the thermal radiation and so is trapped in the material), the
shock induced compression ratio, while no such bound exists
in optically thin systems. Work has subsequently been done to
summarize the different ways to classify different regimes of
radiative shocks!'”'8.1 considered the energy balance of the
three region system although neglected to consider the role of
radiation energy therein. Despite the stationary nature of the
vast majority of these studies, since energy may be lost from
the system, radiative shocks are inherently unstable over a suf-
ficiently long timescale, and hence are prone to instabilities?C.
Astrophysical studies of radiative shocks (i.e. line-emission-
dominated and optically thin) in specific environments such
as stellar atmospheres”'?? or including the effect of electron
thermal conduction® have also been carried out.

Studies of radiative shocks in the laboratory have also pro-
gressed with improvements in laser technology, thus also in-
creasing our knowledge of the subject. Different target de-
signs have been employed including clusters®*, gas cells>,
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FIG. 1. Simple schematic structure of a radiative shock wave with
three regions, each having their own pressure, p; density, p; temper-
ature, T and flow velocity, u.

and shock tubes?®. These experiments have served to con-

firm many previous theoretical predictions. Radiative effects
such as the existence of shock precursor regions®’?® as well
as velocity domain oscillations*® have been observed. Recent
experiments, with larger radiation energies, have shown other
effects, less thoroughly discussed in the literature, such as the
deceleration due to radiative losses3?. However, there is still
uncertainty surrounding the temperature of radiative shocks in
such experiments due to the paucity of directly experimentally
measured data (see for example the most recent experiments
in the field*>-3! which do not make any attempt to measure this
parameter). This represents a significant problem, as the tem-
perature of a radiative shock is of prime importance in deter-
mining the extent to which the shock is in fact radiative. This
is crucial to both the design of future experimental campaigns
as well as the understanding of experimental data that is al-
ready available. Whilst technically challenging, temperature
measurements of high energy plasmas have been shown to be
perfectly achievable>33 and we hope to see more of them in
future work. Currently, other experimental parameters such
as the shock speed or post-shock density are more straight-
forward to determine and are frequently obtained. Therefore,
theoretical approaches, often applying the Rankine-Hugoniot
jump conditions, are typically invoked to determine the tem-
perature of radiative shocks in an experimental context (see
e.g.2%). There exists, however, a variety of said approaches,
many of which neglect crucial radiative effects.

In this paper, we propose a new method of calculating the
temperature of radiative shocks, in the context of laboratory
experiments, by properly including the effects of radiation in
the Rankine-Hugoniot (RH) jump conditions across a shock
front in a self-consistent manner. This represents the first
such approach to include the radiation energy in the conser-
vation equations. With future experiments at high-power laser
facilities able to generate ever stronger radiative shocks, the
inclusion of this term is shown to be of particular importance.

Il. APPLICATION OF THEORY

Employing the RH jump conditions in the purely hydrody-
namic case (that is in the absence of any radiative or ioniza-
tion terms), the post-shock temperature, 77 as a function of the

shock speed, u; may be written as

2(y—1) Amp, 5
kplh = —F ———~ 1
R .

where Z{ is the mean ionization state of the post-shock gas
with atomic number Z and atomic weight A, 7y the adiabatic
index, m,, the proton mass, kg the Boltzmann constant, ¢ the
Stefan-Boltzmann constant,

Eq. 1. provides a route to calculate the degree to which a
shock of a particular speed might experience significant ra-
diative effects!®**. Given complete control over experimen-
tal conditions and thus knowledge about the pre-shock con-
ditions, measuring the experimental shock speed is therefore
sufficient to determine the post-shock temperature. The prob-
lem here is the following: the derivation used to reach this
formula neglects radiation and ionization in the energy bal-
ance equation relating the pre-shock and post-shock regions.
Therefore if the shock speed is high enough for radiative
terms to be important, this method is inappropriate. This
method therefore cannot be used to determine the tempera-
ture of shocks, one might suspect to be radiative in nature.
Indeed, laboratory experiments have already showed that ra-
diation has a significant impact on shock speed and that a
modified version of the Rankine-Hugoniot jump conditions
are necessary>", and this comes as no surprise.

In order to quantify radiative effects of a laboratory system,
two dimensionless numbers are introduced!¢18:33:3¢  The first,
the Mihalas number R, is the ratio between the thermal energy
density and the radiative energy density. In the case of a black-
body, it is defined as

1 (14+Z%)kp pc

R=
y—1 Am, 40T3g(t)’
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p is the mass density, ¢ the speed of light, ¢ the Stefan-
Boltzmann constant, and g(7) a measure of the degree to
which the real radiative energy differs from the black body ap-
proximation as a function of the optical depth (7). The second,
the Boltzmann number Bo, is the ratio between the enthalpy
flux and the radiative flux and is defined as

Yy (1+Z%kp  puy

Bo= A, oTif(0) )

where f(7) is the emissivitiy. The two quantities have similar
forms and indeed are related by R = cBo f(7)/4u;g(7). In
order to maximize radiative effects, one therefore requires a
high temperature, low density, high-A gas.

The functions f(7) and g(t) allow the above formulae to
be applicable to grey-body emitters by taking into account de-
viations from the black-body approximation3’. They there-
fore allow the inclusion of a wealth of microphysics in a very
straightforward manner. Their forms are given by

f(r)y=14e"(t—1)-7T°E(1), 4)
and

8(1) =1—e " +1E(1), &)



where
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It is not necessary to be particularly optically thick in order to
consider g(7) = f(7) ~ 1 (for example f(1) =0.78, f(2) =
0.94, f(3) =0.982, f(4) =0.994). This is the case in general
in laboratory experiments'® and so we shall henceforth apply
this approximation.

In order to proceed, we add the appropriate radiation and
ionization terms to the equations for mass, momentum and
energy conservation across the shock front:

e The pressure of the system now not only includes the
thermal pressure, p;,, but also the radiation pressure,

Prad-

e The total internal energy of the system is expanded to
include the ionization energy, Ej,,.

e The radiative flux, F,,4, is also taken into account in the
energy equation.

e Finally, the radiative energy, E,, is also added to the
energy equation.

The inclusion of terms similar to these is not novel. For ex-
ample '° considered the so called flux-dominated regime in
which the radiative energy fluxes exceed the material energy
fluxes but the radiation pressure remains negligible, while®
included a thorough treatment of ionization effects in high-Z
gases, in the absence of radiative fluxes. Recalling the defini-
tion of the dimensionless numbers Bo and R we note that ig-
noring the radiative flux term is valid when Bo >> 1, while ig-
noring the radiative energy term is valid when R >> 1. Given
the relationship between the two, R >> Bo for non-relativistic
shock speeds. Similar to the flux-dominated regime, we define
the strongly radiative regime as the one in which not only is
the radiative flux important but also the radiation energy den-
sity becomes comparable to the material energy density, i.e.
R ~ 1 or lower, and thus the inclusion of all of the terms
outlined above is necessary.

The modified RH jump conditions for the conservation of
mass, momentum and energy may therefore be written out as
the following:

Pi1u1 = Polp (7

p1 M% + Pth1 + Praa) = PO”(Z) + Pth,0 + Prad,o (8)

(pl (81 + u%/2 +Eion,l) + Pth + Prada, + Er(zd,l )ul + Frad,l = (pO(SO + u%/z +Eion,0) + Pth0 + Pradp + Erzzd,O)”O + Frad,O 9

where € is the specific energy and the subscripts 0 and 1 de-
note the pre-shock and post-shock regions respectively.
We recall that the thermal pressure may be written as

pkpT (1+Z*)
pn=(y=1)p A, : (10)
while the radiative terms also take their usual forms
Erad = 3praa = g(1)40T*c, (11)
Fraa = f(T)0T* . (12)

These formulae implicitly assume that the radiative is emitted
and reabsorbed isotropically. At sub-relativistic speeds and in
the absence of any detailed quantum effects, isotropic emis-
sion needs no motivation however uniform absorption implies
that the optical depth is constant everywhere. As stated, previ-
ously we assume that both the pre-shock and post-shock me-
dia are optically thick and hence this also implies that the ab-
sorption of radiation ought to be uniform. Moreover, we also
assume that the two media can themselves be described using
constant thermodynamic values (i.e with no spatial variation).
In the context of fig. 1, we are therefore interested in their val-
ues at distances, D, away from the transition region, such that
D/§ >>1.

(

We now require an expression for the mean ionization state
as well as the ionization energy. In astrophysics, where hydro-
gen and helium dominate, one can assume that the gas is fully
ionized (Z* = Z), and thus the equation of state is well known.
However, this is not the case in general. In many laboratory
experiments, high-Z gases such as xenon are used in order to
study radiative effects. In this case, Z* < Z, and so assuming
a fully ionized gas is not a suitable approximation.

Instead, we follow the prescription proposed by More,
which itself is based on an extended Thomas-Fermi model®”.
Although this method was originally based on higher density
materials, it has nevertheless been shown to give accurate re-
sults in this regime®’. We have

Z=0(0Z" (13)

where ¢ (x) is a fitting function that depends on 7, Z, p and A,
as defined in*’. Explicitly, it may written as

o (x) =x/(14+x+1+2x), (14)

where x is written out using the form, a QP where o, B and
Q are fitting constants whose values are determined by fitting
with experimental data*’.

The ionization energy may also be written as

Eion=2"102*)Z , (15)



where

2 x?
lo=ZEn

BT (16)

and Ey = 13.6eV.

Next, we assume a density compression ratio of 7, as cal-
culated theoretically in*7. A similar value was found by3® for
strong shocks when taking into account detailed ionization ef-
fects, although small deviations to this value were found for
slower speeds. We also assume that the polytropic index of
the gas, 7, takes the same value on both sides of the shock,
such that eq. 10 holds in both cases (i.e. o =71 =y =5/3).

Finally, we require complete knowledge of the pre-shock
medium (p, T, up), we have all that is required to solve eqs. 7-
9 in order to obtain the post-shock temperature as a function
of the shock speed. Given we approximate the shock front as
a discontinuous jump, the former represents the initial condi-
tions of any experiment, which are typically well controlled
(i.e. the gas is at rest at room temperature at a precisely mea-
sured pressure). By plugging eqs. 7 and 8 into eq. 9 and
solving for 73, in principle this is possible to do analytically
analogous to the purely hydrodynamic case (eq.1). However,
the resulting equation is hopelessly complicated and opaque
to any analysis. Here, we perform numerical calculations us-
ing Matlab in order to generate our results, with a link to the
code provided in sec. V. We note that, although the equation is
quartic in nature, there exists only one physically meaningful
root (T» € R1).

We note several assumptions implicitly made by the use of
the RH jump conditions. Firstly, any shock heats particles in
proportion to their mass, so the ion heating by the shock is
much larger than the direct heating of the electrons. As a re-
sult, there is also a spatial scale downstream of the density
jump, on which the electron and ion temperatures equilibrate.
However, this scale can be much smaller than the radiative
scales®®, (see e.g.3” and so we ignore electron-ion equilibra-
tion here. Electron heat conduction can also introduce a spa-
tial scale, significant when a radiating shock is driven out-
ward from a hot, low-density source*!. For piston-like radia-
tive shock generators, such as gas guns or nanosecond lasers,
this effect is negligible however. Finally, we note that our ap-
proach does not take into account the stability (or lack thereof)
of radiative shocks. The conditions considered here can be
thought of as those encountered upon the formation of the ra-
diative shock, on timescales shorter than those associated with
the growth of any instabilities. Previous experiments in the
field show that said shocks may safely be considered stable
on the timescale of several nanoseconds 230,

Ill. RESULTS

In order to demonstrate the importance of properly includ-
ing radiative effects in relevant studies, we plot the post-shock
temperature as a function of the shock speed for various mod-
els and experimental studies:

e The purely hydrodynamic case, as given by equation 1.
This calculation has commonly been employed in in-
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terpreting laboratory experiments, starting with 27 and
more recently by 3*.

A more contemporary flux-balancing model, based on
work by 42 and first employed to analyse experiments
of this type by 2°. This approach notes that a constant
radiative precursor width implies that the radiative flux
from the shock, and therefore the post-shock tempera-
ture, is approximately constant over the observed time.
The latter can therefore be estimated by equating the
radiative loss flux (roughly twice the black body emis-
sion) to the kinetic energy flux of incoming particles
(half the product of the pre-shock mass density and the
shock velocity). This gives

3\ /4
T, = (pjg) a7

This method takes into account F,,; and so is well-
suited to the regime where Bo is small. However, it
also assumes that p,,; = E,,q = 0 and hence ought to
break down as R — 1 when these terms can no longer
be ignored.

Calculations including the detailed effects of ionization
and excitation, as well as the radiation energy and pres-
sure3®. The ionization structure and excitation energies
are calculated from the local temperature and density,
using the Screened Hydrogenic Model. Note that the
contribution of the radiative fluxes were neglected in
this approach.

Data taken from the SESAME equation of state tables.
This database meshes together a variety of theoretical
models, simulations and experiments using interpola-
tion techniques. The tables provide a mathematical re-
lationship between two or more of that matter’s state
functions, such as its temperature, pressure, volume, or
internal energy, over a broad range of materials and ex-
pansive regions of pressure and temperature. Full de-
tails may found on the Los Alamos website, where the
library is presently being offered to all interested users
free of charge®3.

Shock temperatures measured by the 2D radiative hy-
drodynamics code, FCI2**. Simulations included ra-
diation via a multi-group algorithm (300 groups), with
relevant opacities and equations of state taken from in-
built tables. In the simulations, a supported, planar ra-
diative shock in xenon gas was generated by the break-
out of a shock travelling through a solid target into a
gas-filled cell. The system was driven using the laser
energy deposition modules available in the code, thus
modelling a realistic laboratory experiment.

Using the method as outlined in sec. II, but only includ-
ing the ionization terms and not the radiative ones (¥,
Pyqq and E,,; are set to zero artificially).

Including the full suite of physics, including all ioniza-
tion and radiative terms as defined in sec. II (labelled as
with radiation in fig. 2).



e Two experimental studies which measured the temper-
ature of radiative shocks in high-Z gases. In the first,
absolutely calibrated self-emission from the post-shock
region was used to measure the temperature in shocked
xenon>2. In the second experiment, an X-ray Thomson
scattering diagnostic was used to probe shocked argon
gas. The temperature was determined by comparing the
measured spectrum with simulations of varying temper-

ature and employing a best-fit routine®3.

a)
1201 — Hydrodynamic
""""" ‘With Ionization
1001 x  Simulation
> —— SESAME X
— 801
= x
g
a—; 60 A X
&
=] x
& 40
201 X
0 v v .
0 50 100 150 200
Speed (km/s)
b)
400
—— Hydrodynamic
3504 Y Y .
Flux Balancing
3004 e With Ionization
2 —-—- With Radiation
2 2504
] —— SESAME
£2001 x  Simulation
(5]
& 1501
L
=
100 4
50 4
0 femme . e X"T'-X—X'X‘ =R TR
0 50 100 150 200

Speed (km/s)

FIG. 2. Post-shock temperature of radiative shocks in two ambient
media obtained by various different methods. a) 1 bar of helium gas
and b) 30 mbar of xenon gas were chosen to have the same mass
density. The former represents the control case, while the latter is
chosen to maximise radiative effects. In both cases the pre-shocked
gas is at rest at room temperature (300 K)

We first consider the two cases of a shock propagating through
30 mbar xenon and 1 bar helium gas. The pressures are cho-
sen such that the mass density between the two cases is the
same. As discussed in sec II, high A gases should be expected
to undergo larger radiative effects. Thus the helium gas is the
control, non-radiative case, while xenon is selected to maxi-
mize radiative effects. This reasoning is commonplace in ex-
periments designed to study such effects.

The results are plotted in fig. 2. In the case of xenon (panel
b)), since some fraction of the shock energy is used up in or-
der to ionize the medium or emit radiation, the addition of the
ionization and radiation terms act to lower the temperature of
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FIG. 3. Post-shock temperature of radiative shocks in 320 mbar of
xenon gas with the method outlined, with radiation and ionization
terms, as well as with ionization terms only, compared with calcula-
tions performed by38. The pre-shocked gas is at rest at a pre-heated
temperature of 0.1 eV (or 1160 K)

the shock for a given speed. For speeds lower than 20 km/s,
this effect is small and hence the purely hydrodynamic cal-
culation seems a good approximation. Inversely, for speeds
above 100 km/s this difference is significant, with radiative
effects becoming more important. Moreover, our approach
agrees well with the simulated values using FCI2, giving us
confidence in its fidelity. We note that the SESAME tabulated
data are best adapted to a higher density regime than the one
studied here, and hence they must be treated with caution. As
for the helium gas, we note that the introduction of the ioniza-
tion terms have no effect on the post-shock temperature com-
pared to the purely hydrodynamic solution. The latter predicts
a slightly higher temperature than the SESAME data as well
as the fluid code although the differences are small and the
qualitative shape of the curve is the same.

We also note a vast difference between the two methods
found in the literature. The more recent flux balancing ap-
proach predicts a significantly lower temperature than the
previously-used hydrodynamic model (T o< u? vs T o< ug/ 4).
For the parameters considered here, the former predicts a tem-
perature of 23.5 eV at a speed of 200 km/s. This compares to a
value of 27.7 eV, as calculated by our method including radia-
tive and ionizing effects and so corresponds to a difference of
16 %. Thus the flux balancing calculation is evidently an im-
provement over previous methods, and give a good estimate
of the true value.

The calculations performed by®® assume a pre-shock gas
at a temperature of 0.1 eV and therefore the results do not
directly correspond to the case of typical experimental con-
ditions (although the authors also state that this is unlikely to
make a difference). Nevertheless, we are able to compare their
results to ours, as shown in fig. 3. The graph demonstrates
that despite the model’s inclusion of more detailed ionization
physics, the reduction in temperature is still less than in our
model. This is very likely due to the lack of radiation flux
terms in the former, thus also pointing to the importance of
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FIG. 4. Post-shock temperature of radiative shocks in xenon gas as a
function of density for two different velocities, as calculated within
the purely hydrodynamic approximation as well as with the inclusion
of radiative and ionization terms.

their inclusion in order to correctly determine the post-shock
temperature. Indeed, our results suggest that radiation is more
important than ionization for the parameter regimes consid-
ered here.

It is also instructive to consider the effect of increasing pres-
sure on the post-shock temperature (see fig. 4) in more de-
tail. The gradual increase in temperature in the purely hy-
drodynamic approximation, as given by eq. 1, stems from the
change in ionization state with pressure. With the radiative
terms added, the dependence is more marked, although the
two approaches appear to converge at higher pressures. This
is because at these pressures, there the material flux is higher
and thus the ratio of the radiative flux to the material flux is
lower, reducing the relative importance of the latter.

We also compare our results with the two laboratory exper-
iments studying radiative shocks in high-Z gases as described
previously. The results of our calculations are displayed in ta-
ble I. Our method shows good agreement with the experimen-
tally measured values while the purely hydrodynamic model,
especially at higher velocities, breaks down. These two ex-
periments are quite different in nature (gas fill, temperature
diagnostic etc.) and hence this agreement is quite satisfying.

TABLE I. Experimentally measured shock velocities and tempera-
tures at different gas pressures, as taken from Refs.?233. Shock tem-
peratures calculated without radiative effects using eq. 1 (hydro), as
well as with radiative effects using the method outlined in Sec. II, are
also shown.

T (eV)

Ref Gas ug(km/s) pg (bar) Exp Hydro Rad
32 Xe 45 0.20 9+ 15% 46 14
32 Xe 41 0.20 11 +15% 40 13
32 Xe 60 0.10 15+15% 68 15
32 Xe 78 0.10 19+ 15% 101 18

3 Ar 163 0.5 344+ 14% 212 35

R (hydro)
. —— Rirad)

- Bo (hydro)
—— Bo(rad)

Dimensionless number
—
D_

10 10' 10°
Speed (km/s)

FIG. 5. Boltzmann and Mihalas numbers calculated using the hydro-
dynamic temperature, By, Rpyq, as well as the temperature calcu-
lated when including radiative and ionization effects, B,,q, R4 for
the case of 30 mbar xenon gas.

Although further comparison with experimental data would be
desirable, there is a paucity of studies in the literature in which
the temperature of a radiative shock is directly measured ex-
perimentally. Although measuring temperature is technically
feasible in plasma physics experiments, the majority of meth-
ods require the absolute calibration of a complete optical sys-
tem in a very short time frame. For this reason, this undertak-
ing is rarely carried out, with experimenters instead opting to
extract temperature by comparison with simulations.

We are now in a position to redetermine the two dimen-
sionless numbers, Bo and R, introduced previously, as a func-
tion of shock speed in xenon. We perform this for the two
extreme cases of the purely hydrodynamic model (used for
example in*®) together with our approach including all addi-
tional physics, with the results displayed in fig 5. The addition
of these terms lowers the temperature and therefore increases
the value of these two parameters, as expected. The critical
speed, for which Bo or R = 1, is therefore higher than if one
calculates the speed in the purely hydrodynamic case. Qual-
itatively this is already known, however the extent of these
deviations (four or more orders of magnitude) at shock speeds
above 100 km/s are noteworthy.

Table II displays these two parameters calculated for the

TABLE II. Boltzmann (Bo) and Mihalas (R) numbers calculated from
parameters taken from experimental studies in the literature from
2004 to 2019

Ref Gas pg(bar) ug(km/s) T (eV) Bo R

Z Xe 0.10 65 16 0.12 85
28 Xe 0.20 65 19 0.15 105
32 Xe 0.10 78 18 0.10 59
45 Xe 1.0 140 50 0.11 36
33 Ar 0.50 163 35 0.10 29
31 Xe 0.30 80 24 0.13 78
30 Xe 0.03 165 24 0.03 9




various radiative shock experiments found in the literature
over the past 15 years. All of these studies were aimed at
studying a regime in which one observes a radiative precur-
sor ahead of the shock front. Indeed, it has been shown be-
yond any reasonable doubt that the systems shown in these
experiments are subject to considerable radiative effects. This
regime is characterized by a high radiative flux and hence a
low value of Bo. However, table II shows that in almost all
experiments carried out up to the present, R > 1. That is to
say the radiative energy density was almost negligible com-
pared to the thermal energy density. It is therefore reasonable
to expect additional radiative effects to occur for strongly ra-
diative shocks where R ~ 1, as this is a regime for which there
is no experimental data.’® describes an experiment in which
R =9; i.e. radiative energy losses represented approximately
10% of the total energy of the system, compared with ~ 1 % in
previous works. In this experiment, the radiative energy den-
sity was sufficient to decelerate a strong planar shock. Such
a phenomenon had not been seen beforehand, likely due to
the high Mihalas numbers in previous experiments. This ex-
periment therefore provides evidence to support the claim that
progressing towards the regime in which R ~ 1 could unveil
new, hitherto unseen, physical processes. Appropriately de-
signed experiments at large-scale laser facilities such as the
NIF or LMJ, capable of launching shocks upwards of 200
km/s could reach these conditions. Experimental temperature
measurements at these conditions will be necessary in order
to validate simulations and models such as ours.

IV. CONCLUSIONS

Radiative shocks, ubiquitous in astrophysical systems, have
previously been studied extensively both experimentally and
theoretically. Calculating the expected post-shock tempera-
ture of said shocks is crucial in designing experiments and in-
terpreting data and many methods have been developed with
this goal in mind. Thus far, however, technical constraints
have limited experimental studies to the regime in which the
radiation energy is unimportant (R > 1). Therefore, corre-
sponding theoretical approaches have tended to neglect terms
relating to the radiative energy. In this work, we have there-
fore proposed an approach designed to include this effect, as
part of a complete description radiative and ionization phe-
nomena in idealized optically thick systems. While our model
still has limitations, it shows good agreement with hydrody-
namic simulations and, where possible, experimental data.

By calculating the Mihalas and Boltzmann numbers using
our method, a clear road-map for future studies emerges. Al-
though many past experiments have been able to probe the
Bo < 1 regime, none have been able to reach R ~ 1. In or-
der to advance our understanding of astrophysical systems,
where radiative energy densities are very high, experiments
must probe further into the R ~ 1 or even R < regime. Pre-
vious methods of calculating the post-shock temperature and
therefore this parameter would not be appropriate for this new,
strongly radiative regime.

The data that support the findings of this study are available

from the corresponding author upon reasonable request.

V. SUPPLEMENTARY INFORMATION

See supplementary material for the matlab files used to cal-
culate the temperature using the RH jump conditions includ-
ing radiative and/or ionization terms as well as in the purely
hydrodynamic case.
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