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Material effects on dynamics in triple-nozzle gas-puff Z pinches
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The gas-puff Z pinch has a long history with myriad applications as an efficient neutron or x-ray source.
Its simplicity as a load configuration makes it suitable for studying fundamental plasma physics phenomena
such as instabilities and energy transport. For example, the implosion of cylindrical shells onto a fusion fuel are
inherently susceptible to instability growth on their external surfaces; if such instabilities are unmitigated, then
the consequences in terms of degraded performance can be substantial. Similarly, mitigating heat transport from
a hot fuel to its colder surrounding container can make fusion conditions more easily achievable. Here we have
conducted a systematic study of triple-nozzle (outer liner, inner liner, fuel) gas puffs using two-dimensional (2D)
magnetohydrodynamic simulations to investigate the effect of load material on the relevant dynamics. Analogous
to past studies on spherical blast waves and converging shock waves, a trend emerges linking increased radiative
cooling, lower adiabatic index, and increased magneto-Rayleigh-Taylor instability growth. Notably, our results
suggest that, for the present configuration, Ar radiates less than both Ne and Kr during the early stages of
the implosion while mass is being swept up and perturbations begin to seed instability growth. Consequently,
pinches with Ar on the outer surface exhibit more stable 2D behavior. Here we also present a parameter scan
of thermonuclear neutron yield, Y, as a function of peak current, I and dopant concentration with Ne or Ar,
depending on the inner liner material. Above 6 MA, our results suggest ¥ o I;k and even substantial mixing
(10% by volume) of Ne into the fuel does not drastically reduce yield, suggesting an Ar/Ne/fuel configuration

may reliably achieve DD thermonuclear yields of 10'3~10'*/cm in the 10-20 MA range.
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I. INTRODUCTION

The Z pinch is a conceptually simple plasma configura-
tion with a long history of wide-ranging applications [1,2]
in which an applied axial current interacts with the self-
generated azimuthal magnetic field to radially compress the
load. Examples include deuterium-fiber Z pinches [3-5],
which were among the first concepts explored for fusion,
but were ultimately unsuccessful due to the unavoidable on-
set of plasma instabilities; wire-array Z-pinches [6], which
can be used to generate immense x-ray power and energy,
as evidenced by experiments at Sandia National Laborato-
ries which produced ~200 TW and ~2 MJ of x-rays with
tungsten wire arrays at the Z pulsed power facility [7]; and
gas-puff Z pinches [8], which have predominantly been ex-
plored as an efficient K-shell x-ray source [9-12], but have
also received some attention as a neutron source, either as
pure deuterium [13,14] or a hybrid configuration [15,16] in
which using a high-atomic-number outer shell (or “liner”)
increases load compressibility, and thus yield, due to en-
hanced radiative cooling. Here, we focus on this lattermost
configuration.

As with other inertial confinement fusion (ICF) schemes
like laser-driven ICF [17] and pulsed-power-driven magne-
tized liner inertial fusion (MagLIF) [18], compressing the fuel
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in a hybrid gas-puff to the temperatures and densities to pro-
duce substantial yield requires mitigating instability growth.
Though the seeding mechanisms vary, an instability common
to all these schemes is the Rayleigh-Taylor instability [19-21],
which develops at the interface between a heavier fluid and a
lighter fluid, with the lighter fluid driving the acceleration. In
pulsed-power-driven implosions such as MagLIF and gas-puff
Z pinches, the lighter fluid is the vacuum magnetic field and
the instability is aptly called the magneto-Rayleigh-Taylor
instability (MRTI) [22]. There are numerous approaches to
MRTI mitigation [8]; among these approaches are density-
profile tailoring [23,24], whereby the implosion trajectory is
altered by adjusting the initial density profile of the load, and
axial premagnetization, whereby an axial magnetic field em-
bedded within the load and amplified during the implosion due
to flux compression smooths out perturbations via field-line
tension [16,25]. Previous work demonstrated with radiation
magnetohydrodynamic (MHD) simulations that combining
these two mitigation strategies could be advantageous [26].
It was shown that adding a second Ne “liner” to a neon-on-
deuterium multishell pinch lowered the required axial field,
B, to stabilize the pinch by roughly half. Consequently, the
pinch was stabilized without significant penalty in thermonu-
clear neutron yield. However, the degree to which the liner
material affects MRTI growth, as well as other dynamics that
could affect neutron yield, remains an open question. Various
effects, including resistivity, radiative cooling, and pinch com-
pressibility are inextricably coupled and dependent on liner
material. Here we investigate the interaction of these effects

©2022 American Physical Society


https://orcid.org/0000-0001-5436-8933
https://orcid.org/0000-0003-2270-0473
https://orcid.org/0000-0003-0391-8944
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevE.105.045205&domain=pdf&date_stamp=2022-04-13
https://doi.org/10.1103/PhysRevE.105.045205

J. NARKIS, F. CONTI, AND F. N. BEG

PHYSICAL REVIEW E 105, 045205 (2022)

with a systematic study using one-dimensional (1D) and 2D
radiation MHD simulations.

For any neutron-producing configuration driven by pulsed
power, it is natural to question how the neutron yield scales to
larger devices. The conventional understanding is that neutron
yield for pure deuterium loads will scale approximately as
peak current, Iy, to the fourth power [27]. This scaling occurs
regardless of whether the origin of the yield is beam-target
or thermonuclear [28]. The second objective of this work is
to investigate whether similar scaling is observed with multi-
material pinches. In addition to scaling I, we also consider
the effect of liner mixing into the fuel. For ICF concepts that
are pursuing ignition, it is well known that fuel mixing can
drastically reduce neutron yield because the higher-Z contam-
inants are much more radiative, cooling the fuel as a result
[29,30]. On the other hand, it has been observed in dense
plasma focus experiments at currents up to 2 MA that a small
amount of high-Z dopant can increase yield [31]. Here we
present simulation results elucidating the potential transition
from dopants having a beneficial effect to one that is more
harmful.

The remainder of the manuscript is organized as follows:
Section II describes the simulation setup, Sec. III presents
results for I,y = 850 kA simulations, Sec. IV discusses results
of simulations investigating neutron yield scaling with /x and
dopant percentage, and Sec. V contains concluding remarks.

II. SIMULATION SETUP

The multiphysics radiation-MHD code HYDRA [32] is used
for the simulations discussed here. HYDRA is an arbitrary
Lagrangian Eulerian code with multiple radiation transport
models; here the multigroup radiation diffusion with nonlocal
thermodynamic equilibrium (non-LTE) opacities is used [33].
The resistive MHD equations are solved self-consistently with
a coupled external circuit having the two-loop structure shown
in Ref. [34], including the reported increase to inductance
to improve agreement with experimental data. Ions and elec-
trons have separate temperatures. Epperlein-Haines Lee-More
transport coefficients are used with modified thermal conduc-
tivities such that the parallel and perpendicular coefficients
are equal with zero Hall parameter. Ions are treated as an
ideal gas, and the electron EOS is calculated via the opacity
package. Postprocessing is completed with the open-source
code YORICK and Mathworks MATLAB.

The triple-nozzle gas-puff load is initialized in the simu-
lation domain with a uniform temperature of 1 eV, anode-
cathode length of 1 cm, and the initial mass density profile
(normalized to Ipzk[MA]z) shown in Fig. 1. Normalization
in this manner imposes comparable zero-dimensional (0D)
dynamics at an arbitrary peak current, a requisite for scaling
studies. This is demonstrated, for example, by invoking the
thin-shell model to obtain a dimensionless scaling parameter,
I1,

Be B N

IT ox = s
mRY ~ poR;

where 7 is the implosion timescale, /i1 = poR} is the mass per
unit length, py is initial density, and Ry is initial radius [1].
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FIG. 1. Initial radial density profile used in the simulations, nor-
malized to peak current squared. Dashed lines indicate material
interfaces.

The load is coupled to the CESZAR linear transformer driver
[34], and the charging voltage is scaled linearly to provide the
desired peak current, e.g., 200 kV gives an approximate peak
current of 850 kA, and 2.35 MV gives 10 MA. The current
rise time is ~140-150 ns for this load geometry; see Ref. [26]
for current traces at 200 kV. We note that scaling density and
current in this manner may not be experimentally practical,
but redesigning a load and driver at each current level is be-
yond the scope of this work and would introduce an additional
level of complexity that would make the phenomena studied
here, e.g., magneto-Rayleigh-Taylor instability growth, more
challenging to study systematically.

The pre-embedded axial magnetic field is scaled linearly,
with a base value of B,y = 0.3 T at 850 kA. The approach
to scale axial magnetic field linearly with peak current is
supported by a stability analysis of a dynamic Z pinch with an
embedded axial magnetic field [35]. In this work, the authors
showed that the axial magnetic field required to stabilize the
pinch is a relatively small fraction of the azimuthal magnetic
field, which scales as the ratio of current to pinch radius. It
was shown that the required initial field to stabilize the pinch,
By, can be approximately given by

I [MA]
Ro[cm]

The simulation is divided into three regions, indicated by
dashed lines in Fig. 1: the deuterium fuel or “target” in the
center; the “inner liner” of Ne, Ar, or Kr initially between
~0.8 and ~1.9 cm; and the “outer liner” of Ne, Ar, or Kr
from ~1.9 to ~3.1 cm. Peak mass density for the 850-kA
simulations were 1.0, 1.0, and 0.5 /VLg/cm3 for the target, inner
liner, and outer liner, respectively. Full width at half maxima
(FWHM) were 1 cm and 0.5 cm for the target and liners,
respectively. Axial uniformity and a 1% density perturbation
are initialized in 2D simulations to seed instability growth.

By [T] = @)

III. DYNAMICS AT I, = 850 kA

The 0D dynamics, i.e., implosion trajectory and pinch time,
are a function of load mass distribution and peak current,
both of which are mostly independent of liner material. A
typical implosion proceeds as follows: For the first ~100 ns,
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the magnetic piston sweeps up the outer liner and after it
is swept up, the B, tension is insufficient to mitigate MRTI
growth; between ~100 and ~140 ns, the outer liner merges
with the inner liner and instability amplitudes decrease or
remain constant; after ~140 ns, the liners have merged and
MRTT growth resumes and then the pinch stagnates on axis
at ~160 ns. This is summarized in Fig. 2(a), which shows
mass density contours for the Ar outer liner, Ne inner liner
configuration in 15 ns increments leading up to bang time, the
time at which dN/dt is at a maximum, where N is the number
of thermonuclear neutrons produced from the DD reaction; a
similar set of images with a Ne outer liner is shown in Fig. 5(b)
of Ref. [26].

Instability growth as a function of wavelength is quanti-
fied here by performing a fast Fourier transform (FFT) on
the radially integrated mass as a function of axial position.
Amplitudes are normalized to the total mass per unit length,
which allows for straightforward comparison across a range
of values for Ix. An example of this is shown in Fig. 2(b),
which shows normalized instability amplitude as a function
of wavelength and time for the Ar-outer-liner, Ne-inner-liner
simulation with I, = 850 kA for the 100-ns period preceding
the bang time of 159.4 ns. From these data, we see that for this
particular simulation, the . = 2 mm mode is dominant both
before and after the liners merge, with amplitudes shown in
Fig. 2(c). On merging of the liners, MRTT growth is effectively
delayed by ~25 ns: The maximum instability amplitude prior
to the liners merging of ~5.0 x 10~* s first reached at 121 ns,
and this value is not surpassed until 146 ns. A maximum
amplitude of 1.5 x 10~ is observed at 156 ns.

In order to compare instability amplitude between config-
urations, it is useful to consider a mode-independent metric
like Fourier spectral power, &2, defined here as

P(t) = / |f(k, 1)*|dk, 3)

where f is normalized FFT amplitude. As shown in Fig. 3,
instability growth is reduced in the Ar-outer-liner, Ne-inner-
liner simulation relative to the Ne-outer-liner, Ne-inner-liner
simulation. This can also be seen in the dominant mode
growth, which is A = 2 mm for both simulations; see Fig. 6 of
Ref. [26]. The trend of increasing stability does not continue
for the Kr-outer-liner, Ne-inner-liner configuration. There is
significant long-mode structure observed in this simulation
that is not reduced when the liners merge; the dominant mode
is A =5 mm. This is because longer-wavelength growth is
more challenging to mitigate with an axial magnetic field,
because the stabilizing term is proportional to the instability
wave number, k. There are additional modes at ~1 mm with
significant amplitudes at peak compression. Combined, these
results explain the greater spectral power for the Kr-outer-liner
configuration.

The increased stability in the Ar outer liner relative to
either the Ne outer liner or Kr outer liner is notable because
physical explanations for varying stability among species tend
to be attributed to phenomena that would be expected to
produce trends that are monotonic with atomic number. For
example, it has been hypothesized [8] that instability ampli-
tude can be reduced via resistive diffusion, hence one might
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FIG. 2. (a) Mass density contours for the Ar-outer-liner, Ne-
inner-liner simulation with I, = 850 kA. Contours are shown in
15-ns intervals leading up to bang time. The interfaces between inner
liner and outer liner and inner liner and target are denoted by solid
black or white lines. (b) Fast Fourier transform (FFT) amplitude of
radially-integrated density in the 60 ns prior to bang time for the same
load configuration. Amplitude is normalized to the mass per unit
length of the load. The vertical white dashed lines correspond to the
mass density contours shown in (a). The horizontal white dashed line
is the amplitude of the dominant mode, A = 2 mm, corresponding to
the plot shown in (c).

expect increasing stability from Ne to Ar to Kr, since resistiv-
ity tends to increase with atomic number.

One possible explanation draws an analogy to work on
spherical blast waves, either propagating through an ambient
medium [36-39] or in a convergent geometry [40,41]. These
works, taken in aggregate, establish a correlation between
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FIG. 3. FFT spectral power of radially integrated density in the
60 ns prior to bang time for the three Ne-inner-liner configurations
calculated according to Eq. (3).

enhanced stability and higher adiabatic index, y. It was ob-
served in Ref. [37] that the shock propagating through N
was stable, but the shock propagating through Xe was highly
unstable. A y of 1.3+ 0.1 was calculated for N, whereas
y = 1.06 £ 0.02 was inferred for Xe. The authors attribute
this to greater radiation by Xe, which will increase the de-
grees of freedom within the gas, lowering y. Noting from
theoretical estimates [36] that such blast waves will become
unstable for y < 1.2, they conclude that greater radiation by
Xe is the driver behind the observed instability. Later work
[39] also found that the shock speed must be of sufficient
strength to drive significant radiative cooling; otherwise, the
instability may not develop [38]. In convergent geometry,
Ref. [40] showed using the Chester-Chisnell-Whitam approx-
imation that all modes of a spherically converging shock in
a y =7/5 gas were unstable, and the more recent, rigorous
work in Ref. [41] showed that above a certain mode number,
perturbations are smeared out, but the range and growth rate
of unstable modes is larger for y = 7/5 than for y = 5/3.
There has also been theoretical work studying the effect of y
on Rayleigh-Taylor instability growth at an interface between
two fluids. Consistent with the aforementioned studies on
blast waves, Refs. [42] and [43] both predict that stability
increases with y, though Ref. [43] notes that increased sta-
bility with higher y may be offset with reduced stability with
increasing sound speed.

It is therefore potentially insightful to consider the effective
adiabatic indices of the loads used here. In these simulations,
the ions are treated as a monatomic ideal gas. The electron
equation of state is calculated self-consistently with the radia-
tion transport model, and the adiabatic constant for electrons,
Y, varies both spatially and temporally. The effective value
for y, for each cell can be extracted via outputted values of
the electron temperature (7,), density (p), electron pressure
(pe), and electron specific heat capacity (cpe) by adopting
Egs. (11)—(13) from Ref. [44]. Taking molecular weight to be
constant, we can write

Pe

Ye=1+
‘ peveT.

; 4)
a similar calculation for ions gives the expected unvary-
ing value of y; =5/3. The mass-averaged value of y, at
early times is significantly higher for the Ar-outer-liner, Ne-
inner-liner configuration than for either the Kr-outer-liner or
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FIG. 4. Mass-averaged adiabatic index of the electrons in the
outer liner for the three Ne-inner-liner configurations, calculated
according to Eq. (4).

Ne-outer-line configuration, as shown in Fig. 4. Noting that
the second term of Eq. (4) is proportional to Z/m;cy., where Z
is average ionization state and m; is ion mass, we can attribute
the lower y, for Ne to a larger specific heat capacity. The lower
y. for Kr is attributable to the ratio of Z/m;; in the 10s of
eV range, which is characteristic of 7, in the early stages of
the implosion, Zg./Za; is close to unity, but Kr is twice as
heavy. For example, at 100 ns the Ne outer liner has Z = 7.1,
cpe = 129 MJ/g/KeV; the Ar outer liner has Z = 8.1, cpe =
46 MJ/g/KeV; and the Kr outer liner has Z = 10.4, ¢, = 51
MIJ/g/KeV.

It is also interesting to note that early in the implosion,
the Ar outer liner does appear to be radiating less than
both the Ne and Kr pinches. Taking the same example at
100 ns, the Ne outer liner has T, = 45.6 eV and ion density,
n; = 9.8 x 10'® cm~3; the Ar outer liner has 7, = 60.1 eV,
n; = 5.1 x 10'°%cm—3; and the Kr outer liner has 7, = 52.9 eV,
n; =2.4 % 10" cm™3. Using the FLYCHK [45] code, estimated
radiative powers for Ne, Ar, and Kr liners are 2.1 x 108,
1.3 x 108, and 2.3 x 108 W/cm?, respectively. In physical
terms, this would suggest that the increased stability of the
Ar outer liner is related to its reduced radiative output at the
temperatures and densities reached by the outer liner early in
the implosion. As with previous studies in spherical geometry,
there is evidence to suggest a correlation between greater
radiative cooling, decreased adiabatic constant, and greater
instability. However, in contrast to these previous studies, the
data suggest increased radiative output may not strictly be
monotonic with atomic number.

There is a more straightforward trend with regard to sta-
bility as a function of inner liner material. The increased
compressibility is immediately apparent from density con-
tours at similar times, shown in Figs. 5(a)-5(c). While the
interface between the liner and target does appear more sta-
ble as inner liner Z is increased, the spectral FFT power is
greater, as shown in Fig. 5(d). This greater instability on the
plasma surface could be exacerbated by 3D effects, which
could increase the likelihood of instability feedthrough to the
fuel region.

Neutron yield and associated quantities as a function of
inner liner material and outer liner material are summarized
in Table I. Broadly speaking, one would expect, all other
dynamics similar, that a higher-Z inner liner and/or outer liner
will be more radiative and compressible, which would result
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FIG. 5. Density contours att = 153 ns for (a) the Ne-outer-liner,
Ne-inner-liner configuration; (b) the Ne-outer-liner, Ar-inner-liner
configuration; and (c) the Ne-outer-liner, Kr-inner-liner configu-
ration. Material interfaces are indicated by the white solid lines.
(d) Normalized FFT spectral power of radially integrated density in
the 60 ns prior to bang time for the three Ne-inner-liner configura-
tions, calculated according to Eq. (3).

in greater fuel compression, and thus higher peak temperature,
peak density, and neutron yield. There is clearly increased
compression for higher-Z inner liners, as shown both by
Fig. 5(a)-5(c) and Table I. The correlation to increased com-
pression is reduced for higher-Z outer liners but still present.
If losses are comparable between two configurations and
the extra compression is approximately adiabatic, then peak
temperature will increase as convergence ratio (Cg), the ratio

TABLE I. One-dimensional neutron yield (Ypp), target conver-
gence ratio (ratio of initial radius, ry, to final radius, r;), mass-
averaged peak target ion temperature (7; i), and mass-averaged peak
target electron temperature (7, ;) for the tested load configurations.

Load Yoo (x10%) ro/rs T; ok (keV) T, 5k (keV)
Ne-Ne-D 1.3 9.7 7.6 1.8
Ne-Ar-D 2.9 10.8 9.0 2.0
Ne-Kr-D 24 12.1 8.0 2.3
Ar-Ne-D 1.7 10.1 8.1 2.0
Ar-Ar-D 4.0 11.3 9.7 2.1
Ar-Kr-D 35 13.8 9.3 2.7
Kr-Ne-D 1.9 10.1 8.0 1.9
Kr-Ar-D 4.2 11.5 9.7 2.1
Kr-Kr-D 3.6 13.7 8.9 2.6
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FIG. 6. Neutron yield as a function of peak current, I for the
Ne-outer-liner, Ne-inner-liner, Ar-outer-liner, Ne-inner-liner, and Ar-
outer-liner, Ar-inner-liner configurations. At lower currents, yield
scales as I;>. Above 6 MA, yield scales as I;°. Between Ne and
Ar, yield is not significantly affected by liner material, particularly at
higher currents.

of initial to final radius, to the 4/3 power for cylindrical ge-
ometry. The Ne-inner-liner and Ar-inner-liner configurations
are on similar adiabats, but the Kr-inner-liner clearly lowers
the ion fuel adiabat and thus yield. There are two possible
explanations, but only one is plausible. First, the electrons
within the Kr inner liner could be colder, and so the fuel
electrons lose energy via thermal conduction, then causing the
fuel ions to lose energy via electron-ion equilibration. This is
implausible for two reasons: (1) with B,y = 0.3 T, the electron
Hall parameter greatly exceeds unity (e.g., Ref. [26] calculates
the average fuel electron Hall parameter at bang time to be
723), so electron thermal conduction is magnetically inhib-
ited, (2) the electron-ion equilibration timescale would have
to be comparable to the dwell time; it is much larger at 850 kA
such that 7; and 7, are essentially decoupled—we tangentially
note 7, is lower than 7; due to bremsstrahlung. The only other
possibility is that there are significant ion thermal conduction
losses from the fuel to the inner liner. One can therefore con-
clude that, in combination with the effectiveness of snowplow
stabilization, a lower-Z inner liner is more likely to be the
optimal choice.

IV. NEUTRON YIELD SCALING WITH VARYING I
AND DOPANT PERCENTAGE

Neutron yield scalability with current was investigated
for three configurations: Ne-outer-liner, Ne-inner-liner; Ar-
outer-liner, Ne-inner-liner; and Ar-outer-liner, Ne-inner-liner.
One-dimensional simulations were performed due to limited
computing resources. Figure 6 shows the neutron yield scaling
as a function of peak current. As stated previously, neutron
yield for pure deuterium pinches scales as I;‘k. Up to 2 MA,
we observe this scaling. Between ~2 and ~5 MA, yield scales
less: this is attributable to increased bremsstrahlung from fuel
electrons that scales with density, and consequently peak 7;
and burn width are reduced. However, beyond ~6 MA, peak
T;, peak T,, and burn width all increase with current. This can
be attributed to the increasing optical thickness of the liners;
fuel energy loss due to bremsstrahlung becomes increasingly
more difficult to absorb or transmit, and is thus reabsorbed
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FIG. 7. Neutron yield relative to the “clean,” i.e., zero dopant,
simulation at I,y = 850 kA, 10 MA, and 20 MA for the (a) Ar-outer-
liner, Ne-inner-liner, Ne-doped fuel and the (b) Ar-outer-liner, Ar-

inner-liner, Ar-doped fuel as a function of dopant percentage, up to
10% by volume.

by the fuel. Additionally, the radiation that is absorbed will
rapidly heat the electrons at the fuel/liner interface, poten-
tially providing additional mitigation of fuel electron thermal
conduction losses.

Though at higher currents there is little to distinguish be-
tween Ar and Ne as liner materials, in an experiment it would
be expected that a degree of inner liner material may mix into
the target. To study the effect of mixing in the fuel at various
current levels, here we impose up to a 10% (by volume)
dopant of inner liner material. The dopant is added at r = 0
and remains at a constant fraction throughout the fuel. The
results are shown for Ar-outer-liner, Ne-inner-liner in Fig. 7(a)
and for Ar-outer-liner, Ar-inner-liner in Fig. 7(b), where yield
has been normalized to the “clean” (0% dopant) simulation
at each current level. For both materials, yield reduction at
850 KA is insignificant, 20-30% with 10% dopant. At 10 MA,
dopant is seen to increase yield at a few percentages, then
becomes deleterious as the percentage continues to increase;
this trend is more prominent with Ar, which gave Y/Y jean =
170% at 2.5% Ar, dropping to Y/Yjean = 40% at 10% Avr.
At 20 MA, no amount of dopant is beneficial. These results
suggest an implosion on a hypothetical ~10 MA driver using
a Ar-outer-liner, Ne-inner-liner, or Ar-outer-liner, Ar-inner-
liner configuration could produce yields comparable to those
predicted by clean simulations even with significant mixing.

However, it was found that scaling B, linearly with I
does not result in comparable instability amplitudes. Simu-
lations performed at I, = 850 kA, 5 MA, and 10 MA, for
all three Ne-inner-liner simulations, showed increasing am-
plitudes from 850 kA to 5 MA and again from 5 to 10 MA.
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FIG. 8. FFT spectral power of radially-integrated density in the
60 ns prior to bang time for four Ne-outer-liner, Ne-inner-liner con-
figurations: Iy = 850 kA, I =5 MA, I,y = 10 MA, and Iy, = 10
MA with radiation suppressed. Note that bang time for I, = 5 MA
and I, = 10 MA with radiation is ~153 ns.
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This can, in fact, be attributed to enhanced radiative cooling
due to the increased load density; the 5- and 10-MA simula-
tions are 35x and 138 x heavier than the 850-kA simulations,
respectively.

To confirm the predominant driver of instability growth
here is radiative losses, a simulation with radiation disabled
for the Ne-outer-liner, Ne-inner-liner configuration for I, =
10 MA was conducted. Instability amplitudes were reduced
to those seen in the Iy = 850 kA simulation. For example,
Fig. 8 shows the FFT spectral power for Ne-outer-liner, Ne-
inner-liner simulations for I,x = 850 kA, 5 MA, 10 MA, and
10 MA with no radiation. Furthermore, while it was observed
that the outer-liner y, is lower for both Iy = 10 MA simula-
tions relative to the I, = 850 kA simulation, the decrease is
greater when radiation is enabled. For example, at # = 100 ns,
Ye =1.30,1.23, and 1.14 in the outer liner for I = 850
kA, Ix = 10 MA without radiation, and Ix = 10 MA with
radiation, respectively.

V. CONCLUSION

The primary result of this work is a possible explanation as
to why Ne, Ar, and Kr gas puff Z pinches exhibit differences in
instability growth despite being identically massed and having
nearly identical implosion trajectories in resistive MHD sim-
ulations. Previous work on blast waves propagating through
a high-atomic-number gas, Xe, was unstable relative to the
same waves propagating through a lower-atomic-number gas,
N [37], which was attributed to a lower effective adiabatic
index due to enhanced radiative cooling. We observe a similar
trend here, in that the Ar-outer-liner is more stable at early
times and a higher effective electron adiabatic index, y,, than
either Ne-outer-liner or Kr-outer-liner implosions. Relative to
Ar, the Ne-outer-liner has a greater specific heat capacity, cpe,
and the Kr-outer-liner is more difficult to ionize, i,e., Z/m; is
lower for Kr than for Ar. Both of these effects could be related
to greater radiative cooling losses in Kr and Ne than Ar in the
outer liner.

We also found that using a higher-atomic-number in-
ner liner and/or outer liner increased fuel compression and
thermonuclear neutron yield, except when the inner liner is
changed from Ar to Kr. When a Kr inner liner is used, there is
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evidence to suggest significant ion thermal conduction losses
from the hot fuel to the colder inner liner.

There were several notable results pertaining to the pre-
sented configuration scaling with peak current. First, neutron
yield as a function of peak current, I for a hybrid pinch
like those presented here appear to scale greater than pure
deuterium pinches; ¥ o Isk above 6 MA vs. I;‘k, respectively.
Second, there is evidence to suggest mixing of Ne or Ar of
10% by volume into the fuel is not deleterious for Iy, = 850
kA or 10 MA, but it is for Ix = 20 MA. Finally, instability
growth is more difficult to suppress as I is increased. Our
results suggest this is unavoidable due to enhanced radiation
as load mass is increased, so scaling B, more than linearly
with I may be necessary.

All of the presented results would benefit greatly
from companion experiments on various drivers, including

university-scale drivers like CESZAR and other, higher-current
drivers. We hope to conduct upcoming campaigns in order to
investigate the observed phenomena experimentally.
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