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ABSTRACT

A six-month research effort has advanced the hybrid kinetic-fluid modeling capability required
for developing non-thermal warm x-ray sources on Z. The three particle treatments of
quasi-neutral, multi-fluid, and kinetic are demonstrated in 1D simulations of an Ar gas puff. The
simulations determine required resolutions for the advanced implicit solution techniques and
debug hybrid particle treatments with equation-of-state and radiation transport. The kinetic
treatment is used in preliminary analysis of the non-Maxwellian nature of a gas target. It is also
demonstrates the sensitivity of the cyclotron and collision frequencies in determining the
transition from thermal to non-thermal particle populations. Finally, a 2D Ar gas puff simulation
of a Z shot demonstrates the readiness to proceed with realistic target configurations. The results
put us on a very firm footing to proceed to a full LDRD which includes continued development
transition criteria and x-ray yield calculation.
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0.1. Introduction

Z-pinch implosions on Sandia’s Z Machine are efficient sources of warm x-rays from thermal
K-shell Heα and Lyα emission[14, 23, 13, 2, 1, 24, 28]. For example, Ar gas puffs generate
∼ 3.3 keV photons with a peak yield of ∼ 350 kJ and Al wire arrays generate ∼ 3.3 keV photons
with a peak yield of 375 kJ [12]. This report addresses the effort to extend the spectral range of
Sandia’s warm x-ray sources.

Thermal emission becomes less efficient as the x-ray energies exceed the plasma temperature
( 2.5 keV), with published yields above 15 keV of less than 10 kJ [12]. This is seen in the yields
from various warm x-ray source materials versus energy from Ref. [1], included for reference
here in Fig. 0-1. Non-thermal warm x-ray emission scales more favorably with x-ray energy, as
shown in Fig. 0-2, which is reproduced from Ref. [3]. In non-thermal emission, a higher-Z
material is weakly ionized, retaining most of its inner shell electrons. Particle impact ionization
strips an electron from the 1s orbital state, which is subsequently filled by an electron from the 2p
state. The resulting “cold Kα” x-ray emission suffers less radiative losses from heating and
ionization than thermal emission.

Figure 0-1. The yields from various warm x-ray source materials versus en-
ergy from Ref. [1]. The yield is binned in kJ/keV.

While non-thermal x-rays have been measured on Z and non-thermal production would extend
our spectral reach, we need the tools to model this process. The magnetohydrodynamic (MHD)
codes [17, 32] used are fast but lack non-thermal physics. We are developing a hybrid modeling
capability that uses the fast features of MHD-type particles to the greatest extent possible, then
transitions to slower but more complete particle treatments to correctly capture the particle energy
spectra that generate non-thermal emission. This capability is founded on the fully-relativistic
particle-in-cell (PIC) code CHICAGO, which already features hybrid fluid-kinetic modeling
[36, 7, 5, 33, 26]. The fluid and kinetic particle treatments are reviewed in Sec. 0.2 and the
transitions techniques between these treatments are described in Secs. 0.5 and 0.6.

This six-month research effort focused on a model of an Ar gas puff [20] accomplishing four
tasks. First, the gas-puff pinch is modeled in 1D separately for the non-transitioning
quasi-neutral, multi-fluid, and kinetic treatments. Convergence studies with these simulations
determine the spatial and temporal resolutions required. These results, presented in Sec. 0.3, may
be applied to the implosion phase. The relatively large radius of a gas-puff target makes a larger
grid size than found in liner-type targets. The grid is most efficiently constructed of variable size
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Figure 0-2. Warm x-ray yields as a function of photon energy from ther-
mal (blue) and non-thermal (green) sources on Z. (Figure reproduced from
Ref. [3].)

with the highest resolution confined to the region of the pinch. The pinch resolution will be
determined in a follow-on study.

For the second task, multiple kinetic 1D simulations, with Z̄ initialized to 1, 2, and 6, provide the
most realistic transport and demonstrate the energy and spatial distributions for interpenetrating
electrons and ions. These also demonstrate the utility of the Hall parameter as a transition
criterion. However, they necessitate additional convergence studies due to the increase in electron
population with the initialized Z̄. This is in addition to determining the required resolution in the
pinch region and the viability of other transition criteria, such as the Dreicer field [15, 16]. The
kinetic dynamics are discussed in Sec. 0.4.

The third task uses the resolutions determined from the first task. Simulations are initialized as
quasi-neutral and multi-fluid and successfully transitioned to multi-fluid and kinetic, respectively.
This required code improvements to match the electron-ion species pairs and debugging in the
equation of state (EOS) algorithm. The code modification are briefly discussed in Sec. 0.5. The
results of the particle-treatment transitions are then discussed in Sec. 0.6.

Lastly in Sec. 0.7, realistic 2D Ar density distributions are used to initialize a 2D gas puff
simulation to test run time and stability. This test is in progress.

The results put us on a very firm footing to proceed to a full LDRD which includes continued
model development for transitions in the particle treatment and warm x-ray yield calculation.
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0.2. Particle equations of motion in the hybrid PIC code CHICAGO

The fundamental equations governing particle and field propagation are the Lorentz force on an
individual particle and Maxwell’s equations:

mα

d(γαvα)

dt
= qα(E+vα ×B)−ναβ mα(vα −vβ ) (0.1)

εµ
∂E
∂ t

= ∇×B−µj (0.2)

∂B
∂ t

= −∇×E (0.3)

∇ ·E =
ρe

ε
(0.4)

∇ ·B = 0.

PIC codes typically solve Eqs. 0.2 through 0.4 for the fields. Eq. 0.1 is the equation of motion for
kinetic particles, where νi j is the collision frequency. This collision term may be replaced by a
binary collision model. The Coulomb collision frequency is supplied by Spitzer for species α

scattering off species β [27]:

ναβ =
4
√

2πe4Z2
αZ2

β
nβ lnΛαβ

(4πε0)2 3mαmαβ

(
Tα

mα

+
Tβ

mβ

)−3/2

, (0.5)

where mαβ = mαmβ/(mα +mβ ) and lnΛαβ is the Coulomb logarithm.

In the kinetic treatment, the electron cyclotron frequency (ωce) and plasma frequency (ωpe) must
be resolved to some level to capture the collisions and orbits generated by Eq. 0.1. The required
ωce and ωpe resolution are determined by the specific implicit technique used in the particle push.
The value of ωce∆t = 1.5 that is used in simulations in this report is enabled by the Magnetic
Implicit solution in CHICAGO [18, 34]. Still, high combined spatial and charge resolution is
required in the kinetic simulations due to the artificial collisionality inherent in an
energy-conserving algorithm. This artificial collisionality is reduced by a cloud-in-cell treatment
[8, 35]. In a previous SAND report, we noted that energy and momentum conservation require a
grid resolution related to the electron collisionless skin depth, ls = c/ωp [26]. A value of ∆x = 6ls
was stable for densities 1016−1019 cm−3. Code issues that are under investigation include 1) the
maximum allowable ωce∆t, 2) the nature of the artificial collisionality, and 3) the most stable
cloud-in-cell function.

In addition to the kinetic particle treatment typical of PIC codes, CHICAGO includes fluid
treatments for particles, modifying Eq. 0.1 (with particle energy equations) while retaining
Eqs. 0.2 through 0.4. This is possible because particles are separate entities from the grid cells.
The multi-fluid treatment, or inertial fluid, available in CHICAGO is the most similar to kinetic and
has the same spatial resolution requirements. This is because the equation of motion for inertial
fluids is identical to kinetic with the addition of the pressure term which describes intra-species
collisions [33]. The standard collision term is retained for inter-species scattering. The equations
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of motion for electron and ion species, without the thermal force, are [36, 30, 33]

me
dve

dt
= −e

(
E+

ve

c
×B
)
− ∇pe

ne
−meνei(ve−vi),

mi
dvi

dt
= eZ̄

(
E+

vi

c
×B
)
− ∇pi

ni
−miνi j(vi−v j),

(0.6)

The inertial fluid model avoids numerical cooling by including a separate equation for particle
energy. The electron and ion internal energies advance using [29, 33]

dUα

dt
= − pe∇ ·vα

nα

+
∇ · (κe∇Tα)

nα

+∑
β

ναβ

mαmβ

mα +mβ

(vβ −vα)
2

+∑
β

3mαναβ

mα +mβ

(Tβ −Tα)+ Ėrad. (0.7)

The last term accounts for emission/absorption of radiation when an EOS treatment is used.
Viscosity terms may be added to Eq. 0.6 and Ref. [30] suggests this is useful to avoid numerical
problems at shock fronts. The viscosity tensor is part of the suite of classical transport coefficients
along with electrical conductivity, thermal conductivity, and thermoelectric coefficients [10, 4, 9].
It is represented as [9]

Π
α
kl =−µ

α
klmnνmn (0.8)

where Πα is the pressure tensor for species α , µα
klmn is the viscosity tensor for species α , and

νmn =
∂vn

∂xm
+

∂vm

∂xn
− 2

3
δmn∇ ·v.

The maximum values for the viscosity coefficients are determined by the simulation spatial and
temporal resolution. For electrons, µe

max = 0.5∆x2/∆t, and for ions, µ i
max = (mi/me)µ

e
max.

While the kinetic treatment is typically the most accurate, multi-fluid particles have the advantage
of faster simulation run times for a few reasons. First, collisions within a species are not modeled
but are assumed to obey a Maxwell distribution. This, in turn, enables the number of particles, or
charge resolution, to be reduced, particularly when the Eulerian remap is used. Third, an EOS
treatment is available for multi-fluid in which the electron and ion charge-to-mass is adjusted
based on Z̄.

The quasi-neutral treatment [30, 31] is the fastest of the three and enjoys a lower resolution
requirement because electron inertia is neglected. In the quasi-neutral model, the assumption is
ρe ∼ 0 or, equivalently,

ne =
Ni

∑
k=1

Z̄nk,

where Zk is the charge state of the kth ion. Therefore, it is possible to follow an ion macroparticle
which carries the fluid information for the inertia-less electrons (which have no equation of
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motion). This treatment most closely resembles MHD. The equation of motion for the composite
ion-electron macroparticle is [30]

mini
dv
dt

= j×B−∇(pe + pi), (0.9)

where pe is the electron pressure. When multiple quasi-neutral ion species are modeled, the
current becomes [30]

j = σ

[
E+v+×B− 1

ene
(∇pe +β∇Te)−

me

e

Ni

∑
k=1

νek(vk−v+)

]

where

v+ =
Ni

∑
k=1

ρkvk

and

ρk =
Z̄nk

ne
.

The current is substituted for the electric field such that the MHD multi-ion momentum equations
are

mini
dvk

dt
= ρkj×B−∇pk−ρk∇pe +ρkβne∇Te

−nkmk

Ni

∑
k=1

νkl(vk−vl)

−nemeνek(vk−v+)+ eneρkνek(vk−v+)×B

+ρkneme

Ni

∑
k=1

νel(vl−v+)+
me

e
(ρkνe−νek)j (0.10)

The fields, currents, densities, and electron pressure gradient are all calculated at the nodes and
then interpolated to the macroparticle position when Eq. 0.9 is applied.

0.3. Ar gas puff 1D models for each particle treatment

Simulations are first conducted in 1D without transitions to separately exercise the particle
equations of motion described in Sec. 0.2. One goal is to identify the spatial and temporal
resolution necessary for each treatment to remain numerically stable during implosion. A second
goal is to verify the EOS and radiation transport implementation. All identified code issues are
resolved, with details provided in Sec. 0.5.

The 1D simulations use a simple linear pulse rise, which is unrealistically fast. The peak current
of 15.5 MA is reached in 69 ns. The initial distribution of gas density is more realistic, taken from
the two-jet configuration published in Ref. [24]. This distribution is plotted in Fig. 0-3a.
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Figure 0-3. The evolution of Ar ion and electron densities in a 1D quasi-
neutral simulation. The density distributions are shown separately for ions
(black) and electrons (red) at four times during the pinch: a) 0.5, b) 10, c) 50,
and d) 90 ns.

The quasi-neutral and multi-fluid versions use an EOS treatment, which is possible in CHICAGO

for tables converted to the Propaceous format. The Ar ’leos180’ local-thermal equilibrium (LTE)
EOS and opacity table with electron conductivity is used in the results presented here. This table
was selected over the ’5173’ sesame table, which evolved to Ar+18 nearly immediately in the
simulations. Because the gas temperature and velocity depend significantly on table accuracy,
other available tables will be investigated in follow-on studies.

The resolution and code requirements for each particle treatment are presented below.

0.3.1. Quasi-neutral 1D Ar gas puff

The quasi-neutral simulations use an Eulerian remap to restore the value of one particle per cell
after each time step. While this remap has been associated with numerical diffusion, none is
observed in the 1D tests when using ∆r = 10, 20, 50 µm and ωce∆t = 1.

The gas implosion is demonstrated in Fig. 0-3. The electron densities, shown in red, are
determined by the EOS. The initial, low Z̄ state is seen in Fig. 0-3a. However, by 10 ns
(Fig. 0-3b) the electron population in the bulk of the stationary gas has increased. This must be
the result of radiation transport and will be reviewed as the EOS table is further vetted.
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The EOS table is also responsible for the opacities that contribute to the total radiation energy loss
plotted in Fig. 0-4. This loss increases as the plasma collapses on axis, but this pinch behavior is
omitted in Fig. 0-4 for questions of accuracy. The radiation transport and plasma pressure will be
included in the future pinch-resolution studies.

Figure 0-4. Total radiation energy loss in the quasi-neutral and multi-fluid 1D
simulations.

In the quasi-neutral simulations, the implosion dynamics are convergent with cell sizes of
∆r = 50, 20, and 10 µm and ωce∆t = 1. This enables gas puff implosions to be resolved more
coarsely at larger radii, before the particles transition to multi-fluid or kinetic. However, the
dynamics of the pinch are likely not captured with ∆r = 10 µm. The resolution required within
r . 3 mm will be investigated in follow-on studies in conjunction with the requirements of
multi-fluid and kinetic.

0.3.2. Multi-fluid 1D Ar gas puff

The multi-fluid simulations are run with an Eulerian remap, an EOS, and radiation transport,
similar to the quasi-neutral simulations as show in Fig. 0-4. There are a number of fluid
parameters, such as the viscosity in Eq. 0.8, that are typically tuned for z-pinch load modeling.
We have reviewed and removed the viscosity and minimized the other diffusive streaming
parameter. It was determined that these parameters do not enable coarser resolution. The impact
of the Eulerian remap will be investigated in a follow-on study.

The multi-fluid simulation shown in Fig. 0-5 has ∆r = 10 µm and ωce∆t = 1. The resolution
study is in progress with the diffusive fluid parameters removed.

0.3.3. Kinetic 1D Ar gas puffs

The kinetic particles are incompatible with an EOS treatment because the EOS assumes local
thermalization and Maxwell energy distributions. The kinetic alternative is to model ionization as
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Figure 0-5. The evolution of Ar ion and electron densities in a 1D multi-fluid
simulation. The density distributions are shown separately for ions (black)
and electrons (red) at four times during the pinch: a) 0.5, b) 10, c) 50, and d)
90 ns.

an additional particle interaction to the Coulomb collisions in Eq. 0.1. Interaction tables are
constructed for use in CHICAGO which include cross sections for elastic scattering with neutrals,
momentum transfer, and impact ionization. Photoionization is also available.

This kinetic ionization treatment is not used in this study. It is computationally expensive
because, in addition to the calculation of each interaction, each resulting ionization state must be
tracked separately. This is beyond the scope of the current study which aims only to determine
required resolution. Instead, multiple kinetic 1D simulations, with static Z̄ of 1, 2, and 6 are
conducted. So while energy distributions and collisions are more accurately (discretely)
represented, the ionization states and, hence, conductivity are over-simplified.

The kinetic simulations of Ar+, Ar2, and Ar6 demonstrate the energy and spatial distributions for
interpenetrating electrons and ions, which is an advantage over fluid treatments. They also
demonstrate the increased spatial resolution required and the electron density increases with Z̄.
The Ar+ and Ar2 simulations are stable with ∆r = 5 µm and ωce∆t = 1.5. Ar6 required
∆r = 0.5 µm to resolve the electron densities during implosion.

The densities from the Ar2 simulation are shown in Fig. 0-6. The distributions are analogous to
those in Fig. 0-3 but with the fixed ion-electron ratio. The plots in Fig. 0-6 also show the
cell-to-cell fluctuations that are a hallmark of kinetic models.

The static values of Z̄ impact the implosion velocities, which are plotted in Fig. 0-7 as functions
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Figure 0-6. The evolution of Ar ion and electron densities in a 1D kinetic
simulation initialized to Ar2+. The density distributions are shown separately
for ions (black) and electrons (red) at four times during the pinch: a) 0.5, b)
10, c) 50, and d) 90 ns.

of time for each simulation. A modest increase in average vr is noted in Fig. 0-7 as Z̄ is increased.
The reversal of the accelerations in the figure is a result of the fast pulse rise, which plateaus at
69 ns while the mass swept up is increasing. This is expected to delay the pinch, as shown in
Fig. 0-6d.

0.4. Physics identified in the kinetic Ar gas puff

The drawbacks of the kinetic model, at present, are the omission of the Z̄ and radiation transport
calculations. These impact the velocity, temperature, and, hence, conditions during pinch.
Nonetheless, the 1D kinetic simulations highlight some important physics that is not captured in
an MHD model of a z-pinch load. The results generate more realistic particle interpenetration,
non-Maxwellian distributions, and collisionality. This physics is expected to impact warm x-ray
targets, as detailed below.

In a kinetic simulation, the velocity distributions are discrete. Therefore, the ions in the leading
edge of the plasma, referred to here as the sheath, are subject to discrete v×B forces. This creates
a spatially varying kinetic energy distribution as ions with higher initial vz achieve a higher final
−vr at each time step. As the current increases in time, the final −vr also increases. Using the 1D
simulations in Sec. 0.3.3, snapshots of the spatial distributions of Ar+ kinetic energy (γ−1) are
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Figure 0-7. 〈vr〉 as a function of time from 1D kinetic simulations of Ar+, Ar2+,
and Ar6+. Velocity units are γ/c.

shown in Fig. 0-8. Figures 0-8a and b show lower energy ions, those accelerated first, penetrating
deeper into the gas, with higher energy ions nearer the sheath. These persists through the pulse
rise. Figures 0-8a and b show that distributions during peak power have transitioned to more
uniform in energy with the highest energy ions throughout the gas.

The net result is that as the plasma implodes, higher energy ions from the sheath penetrate the
colder gas. The stationary gas is heated through radiation transport, and this interpenetration may
heat it further.

The non-Maxwellian distributions suggested for Ar+ in Fig. 0-8 are determined here for
electrons. The electron energies are recorded in the first mm of the sheath to capture just the
accelerated electrons. Figure 0-9 plots the energy distributions at 50, 60, 70, and 80 ns into the
implosion. The energy distribution is increasingly poorly defined by a Maxwell distribution as the
high-energy tails are increasingly populated. This high-energy tail is predicted to be responsible
for warm x-ray production [19].

The criteria for transitioning from the multi-fluid to the kinetic treatment may also be explored
with the 1D simulations from Sec. 0.3.3. While more extensive analysis of criteria, such as the
Dreicer field and Hall parameter, will be conducted in a follow-on study, a preliminary study of
the Hall parameter shows potential for discriminating between thermal and non-thermal particle
populations.

The Hall parameter (ωc/νc) is calculated as a function of radius and time for the Ar+ and Ar2+

simulations in Sec. 0.3.3. The collision frequency is calculated using Eq. 0.5 with the
cell-averaged electron and ion temperatures. The magnetic field in each cell is used to calculate
the local ωc. The radial distributions of νc and ωc are plotted for a single snapshot in time (45 ns)
in Fig. 0-10.

Figures 0-10a and b show that mobility is dominated by the electron mass. The differences in Z̄
between Figs. 0-10a and b is negligible on the log scale. The physics that creates the contrast in
Fig. 0-10 is the v×B sweep of particles into the colder plasma, shown in Fig. 0-8. The values of
νc in the sheath (r ∼ 3.65 cm in the figure) are below the minimum scale value. However, the
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Figure 0-8. Distributions of ion kinetic energy, recorded as γ−1, versus r for
a Ar+ plasma. Distributions are shown at a) 50 ns, b) 60 ns, c) 70 ns, and d)
80 ns into the implosion.

region behind the sheath (r ∼ 3.1−3.6 cm) has a non-negligible νc which is a result of the hotter,
accelerated particles mixing with the colder plasma. The interior plasma (r < 3.1 cm) remains
cold and highly collisional, with a small cyclotron frequency.

The differences in the electron and ion mobility are stark in Fig. 0-10 because both νc and ωc are
(essentially) linear in mass. However, the mass dependencies cancel in ωc/νc so only the Z̄
differences appear in Fig. 0-11. The distinct regions of sheath, mix, and cold plasma in Fig. 0-10
are also visible in Fig. 0-11. The Hall parameter is seen to vary by many orders of magnitude
between regions, providing conclusive discrimination between thermal and non-thermal
populations. It is also possible that either νc or ωc alone may identify the non-thermal populations
of accelerated particles during an implosion.
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Figure 0-9. Kinetic distributions of electron energy within 1 mm of the edge of
the plasma for the Ar+ 1D simulation. Distributions are shown at four times
during the implosion. A 0.013-keV Maxwellian is shown for reference.

Figure 0-10. The radial distribution of νc and ωc for a) Ar+ and b) Ar2+ at 45 ns
into the 1D simulations.
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Figure 0-11. The radial distribution of the Hall parameter (ωc/νc) for a) Ar+
and b) Ar2+ at 45 ns into the 1D simulations.
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0.5. CHICAGO code development

There are two particle migration models available in CHICAGO to transition between the particle
equations of motion. One is a transition of individual particles as they exceed a directed or
thermal energy threshold [36, 7] and he other is an en masse transition for all particles from one
treatment to another [5]. The individual migration model required no new development. This
algorithm may now be specified for multiple ion species within a single simulation. This final
feature will likely be required in models of a non-thermal warm x-ray source.

The en masse migration was initially strictly implemented to receive particle species in a
prescribed order and to migrate a quasi-neutral particle to a single kinetic species. This has been
made more general to enable transitions to multiple ion species based on a specified fractional
split, and the recipient species may be kinetic or multi-fluid. There is also no longer a prescribed
order. Instead, the code searches for the appropriate ion/electron pairs as recipient species based
on the ion’s equation of motion.

The EOS algorithm was modified to enable a single table to describe multiple ion species. This is
solely for defining a single physical ion as both multi-fluid and quasi-neutral. Maintaining charge
conservation is more difficult in the multi-fluid treatment as ions change Z̄ and this charge must
be scattered to surrounding electrons. The Eulerian remap mitigates this problem by essentially
creating a more matched pair of electron and ion macroparticles. The electron associated with the
two ion equations of motion have been deconflicted.

A complete model of a non-thermal warm x-ray source may require the execution of both particle
migration models in a single simulation. The combination of en masse and individual transitions
in a single simulation has not been tested. Examples of the individual transitions are presented in
Sec. 0.6.

0.6. Ar gas puff 1D models with transitions in the equations of motion

The 1D quasi-neutral simulation plotted in Fig 0-3 is modified here to transition the quasi-neutral
particles en masse to multi-fluid. The migration switch time in CHICAGO is arbitrarily set to
49 ns. The particle densities before and after the transition are plotted in Fig. 0-12. The
quasi-neutral electron species, which have no equation of motion, become a separate fluid
species, with inertia, after the transition.

The smoothness of the transition is demonstrated in the densities in Fig. 0-12 and the total ion
kinetic energies in Fig. 0-13. It should be noted that the en-masse transition was only previously
demonstrated for quasi-neutral to kinetic [5].

The transition of individual particles as they exceed an energy threshold is tested for multi-fluid to
kinetic. This technique has been expanded to be more versatile since it was last published [7].
This transition in CHICAGO may now be triggered on kinetic energy, perveance, fluid
temperature, or the kinetic-to-thermal energy ratio. Only kinetic energy is tested here. The
transition criterion ultimately selected will be based on an analysis of kinetic distributions, similar
to those in Sec. 0.4.
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Figure 0-12. The Ar ion and electron densities in a 1D simulation in which the
particles transition from a) quasi-neutral to b) multi-fluid en masse at 49.0 ns.

Figure 0-13. Total Ar ion kinetic energy in a 1D simulation in which the par-
ticles transition from quasi-neutral (red) to multi-fluid (blue) en masse at
49.0 ns.

For the transition test shown in Fig. 0-14, the EOS treatment has been removed so the kinetic
electrons are not under-resolved. The resolution is 10µm, sufficient for the initial implosion. The
kinetic ions are seen to transition in the sheath, which may be a requirement for a gas puff model.

0.7. 2D model of the Ar gas puff shot z2559

A more realistic model of an Ar gas puff is performed in 2D quasi-neutral to establish the
framework for future shot modeling. The shot uses a realistic driving pulse created by the
BERTHA circuit model of a Z forward-going wave [21, 6] at 85-kV Marx charge. The simulation
is based on the published gas shell distributions from an 8-cm-diameter nozzle [25] emitting two
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Figure 0-14. Ar+ densities with transitions enabled from multi-fluid (black) to
kinetic (red). The number of particles transitioning increases with the pulse
rise from a) 10 ns to b) 20 ns.

concentric annular shells with outer-to-inner shell mass ratios of 1:1.6 [24, 20]. Among the Z
shots that use this configuration are z2381 at 70-kV Marx charge, and z2559, z2560, and z2561 at
85-kV Marx charge. The gas density distribution used during implosion is determined from a
GORGON [11] hydrodynamic simulation of the flow of gas from the nozzle with constant
pressure until steady-state is reached [22]. This steady-state gas distribution, with the MHD floor
density, is shown in Fig. 0-15.

Figure 0-15. The gas density distribution in a 2-shell Ar gas puff determined
from a GORGON hydrodynamic model [11] of the gas nozzle with two con-
centric annular shells [22].

The gas distribution in Fig. 0-15, without the floor density, initializes the 2D CHICAGO

simulation. This simulation uses ∆r,z = 20 µm and ωce∆t = 3.0. Gas breakdown and radiation
transport are modeled using the Ar ’leos180’ LTE EOS and opacity table. The resulting evolution
of the Ar ion and electron densities are illustrated in Fig. 0-16 which shows the density contours
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of both species at 0 and 6.4 MA (60 ns) into the simulation. The bulk value of Z̄ at 60 ns is ∼ 5 in
the inner shell, ∼ 5 in the outer shell, and 11-14 in the sheath.

Figure 0-16. The Ar ion and electron density distributions in a 2D quasi-
neutral simulation of shot z2381. The Ar ion densities are shown at left for
a) 0.5 ns and c) 60 ns. The electron densities are shown at right for b) 0.5 ns
and d) 60 ns.

Preliminary results from the 2D simulation suggest the major issue for modeling gas puff targets
is the combined large volume (196.3 cm3) and high spatial resolution (1,875,000 grid cells). The
spatial and temporal resolutions will increase as particle transitions and load physics are
introduced to the simulations. Therefore, load simulations will be more efficiently modeled on the
large capacity computing platforms.
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0.8. Conclusion

We have reported on a six-month research effort to advance the hybrid kinetic-fluid modeling
capability required for developing non-thermal warm x-ray sources on Z. This research effort
focused on a model of an Ar gas puff [20] accomplishing four tasks. First, the three particle
treatments of quasi-neutral, multi-fluid, and kinetic were exercised on a 1D model of the Ar gas
puff. This determined particle resolution requirements. Second, the 1D models were used to test
transitions between the particle treatments. Third, kinetic 1D simulations demonstrated the
energy and spatial distributions for interpenetrating electrons and ions. These also demonstrated
the utility of the Hall parameter as a transition criterion. Fourth, a 2D Ar gas puff simulation
establishes the capability for modeling with realistic pulse-power and gas-nozzle
configurations.

We identified items as incomplete from this six-month project that will be addressed in a
follow-on study. These include

• the required resolution in the pinch region,

• the diffusivity of the Eulerian remap,

• other EOS/opacity tables, and

• an extensive analysis of particle treatment transition criteria, such as the Dreicer field and
Hall parameter.

The gas pinch temperature and velocity depend significantly on the opacities and conductivities
provided by the EOS tables, and some table inaccuracies were discovered in testing. Therefore,
other available Ar tables will be investigated in the future.

A complete model of a non-thermal warm x-ray source will require the execution of both particle
migration models in a single simulation. The combination of en masse and individual transitions
in a single simulation has not been tested.

In addition to the unfinished analyses in this research effort, a future LDRD will investigate

• the maximum allowable ωce∆t,

• the nature of artificial collisionality and the role of fluid streaming parameters in load
modeling,

• the most stable cloud-in-cell function, and

• the resolution required for wire arrays and advanced x-ray sources.

The tasks that have been accomplished increase confidence that we can develop a modeling
capability for developing improved warm x-ray sources. The incomplete tasks listed above are in
the scope of a future LDRD. Additionally, we will continue model development for transitions
between the particle treatments and connections to a non-local thermal equilibrium look-up table
for estimating the warm x-ray yields.
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