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Magnetised liner inertial fusion (MagLIF) has attracted attention in the past decade for its
high obtained Lawson triple products and prospects to scale to ignition. In this work, we
investigate the effect of viscosity on the sausage instability and magneto-Rayleigh–Taylor
instability (MRTI) in conditions relevant for MagLIF implosions. First, we quantify the
amount of damping that viscosity has on instability growth by deriving an expression
for the ratio between viscous and inviscid growth rates. This expression is parameterised
by a single non-dimensional number: the Galilei number Ga, which measures the ratio
of gravitational and viscous forces. We discuss in detail the physical intuition Ga pro-
vides on instability growth. The derived growth rates are then validated against FLASH
simulations. We then calculate a critical viscosity threshold ηc required for viscosity to
dampen the instability growth rate by 5 %. From this analysis, we show that, for drive
currents relevant to laboratory MagLIF experiments (of the order of tens of MA), this
critical viscosity threshold is much greater than realistic liner viscosity values except for
the shortest perturbation wavelength regimes. We conclude that viscosity does not play a
significant role in the initial linear growth of the sausage instability and MRTI in MagLIF
liners, but our results motivate future investigation into effects of viscosity in nonlinear
and high temperature regimes.

Key words: Fusion Plasma, Plasma Instabilities

1. Introduction

Over the past half-century, many concepts have been explored to design a plasma
confinement system that can produce thermonuclear fusion reactions and sustain
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FIGURE 1. Schematic diagram of forces acting on a cylindrical liner in MagLIF implosions. The
closeup shows the unstable orientation of forces such that MRTI occurs.

plasma self-heating. One goal of fusion research has been to achieve fusion ignition
with the aim of using fusion as a source of renewable energy. Specifically, inertial
confinement fusion (ICF) has attracted attention due to recent successes. Inertial
confinement fusion approaches include direct and indirect laser-driven approaches,
as well as magnetically driven approaches. Laser indirect drive ICF has gained
particularly increased consideration as it has surpassed the Lawson criterion and
achieved ignition (Le Pape et al. 2018; Kline et al. 2019; Indirect Drive ICF
Collaboration 2022).

One concept of particular interest is the pulsed-power magnetised liner inertial
fusion (MagLIF) concept. Magnetised liner inertial fusion has attracted attention
for its high experimentally inferred Lawson triple products (Knapp et al. 2022)
and prospects to scale to ignition and high gain (Ruiz et al. 2023a,b; Alexander
et al. 2025). In this work, we investigate the effect of viscosity on hydrodynamic
instabilities in conditions relevant to MagLIF implosions. In MagLIF, an electrical
pulser drives an axial surface current j onto a cylindrical liner shell, generating
an azimuthal magnetic field B. The resulting j × B Lorentz force then compresses
and implodes the liner containing deuterium–tritium fuel (McBride et al. 2018).
Additionally, MagLIF systems apply fuel preheating with a laser and an externally
applied axial magnetic field to suppress thermal conduction. Compared with laser-
driven ICF, MagLIF systems offer reduced costs, economies of scale, efficiency and
increased operational lifetime (Ellison et al. 2025b). Recent efforts have investigated
MagLIF as the mechanism for operating a fusion power plant because of these traits
(Alexander et al. 2025).

In order to maximise implosion performance and neutron yield, target designs
must be robust enough to withstand degradation from hydrodynamic instabilities.
This issue plagues not only MagLIF concepts but other fusion confinement systems
and engineering applications, such as the ablative Rayleigh–Taylor instability (RTI)
in ICF (Sanz 1994; Goncharov et al. 1996; García-Rubio et al. 2021). Of partic-
ular interest for MagLIF liners are the sausage and the magneto-Rayleigh–Taylor
instabilities (MRTI) (Hussey, Roderick & Kloc 1980; Slutz et al. 2010; Sinars et al.
2010, 2011; McBride et al. 2013; Weis et al. 2015; Ruiz et al. 2022; Dai et al. 2023;
Tranchant et al. 2025; Huang et al. 2025). These instabilities occur when perturba-
tions in the liner grow during compression as an effective gravitational acceleration
pushes the dense liner onto the driving magnetic field – a naturally unstable config-
uration. This orientation in MagLIF liners is shown in figure 1. The sausage mode
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The impact of viscosity on the linear growth of the sausage 3

exists due to the variation of the magnetic field over a cylindrically perturbed sur-
face displacement. Since the magnetic field magnitude is inversely proportional to
the radius, the magnetic field variation tends towards zero in the limit of large radius
and does not exist in the planar case. On the other hand, the MRTI mode exists due
to the acceleration of the entire plasma as a whole against a density gradient (like
the classical RTI) and does exist in the planar limit.

Recent work has been done to understand the role of viscosity in MRTI specif-
ically (Sun, Zeng & Tao 2021; Keenan & Sauppe 2023; Dai et al. 2023), since
viscosity is a well-known suppression mechanism for the classical RTI and MRTI
(Chandrasekhar 1961; Sun et al. 2021). This work investigates the effectiveness of
viscosity at mitigating the coupled sausage and MRTI in realistic conditions relevant
for MagLIF liners. We currently only investigate instability formation during the
onset and acceleration phase of MagLIF implosions. During the deceleration phase,
the radius of the liner is much smaller and the effective gravity direction is reversed,
making the inner liner radius susceptible to RTI and MRTI. The results of this work
will require slight but straightforward adjustments for analysis in the deceleration
phase, which we leave for future work.

This work is formatted as follows. First, we expand upon the linear growth rate
analysis for viscous MagLIF liner implosions derived by Dai et al. (2023). We
validate this analysis against simulations conducted in the radiative magnetohydro-
dynamics code FLASH (Fryxell et al. 2000) and show that the linear growth matches
well. We then analyse the dispersion relation to find that the plasma viscosity
required to noticeably reduce MRTI growth, under standard drive current strengths
for MagLIF implosions, must be of the order of or larger than 100 g cm−1 s−1 for
surface roughness perturbations and 0.01 g cm−1 s−1 for perturbations seeded by
the electrothermal instability. This analysis is done for both non-accelerating lin-
ers, such as during stagnation (sausage-dominated growth) and for accelerating thin
imploding liners (MRT-dominated growth). Finally, we conclude that the unmagne-
tised viscosity coefficient for high-energy density plasmas is unlikely to reach this
viscosity magnitude, especially in the thin liner case, implying that viscosity is not
an influential parameter in the initial liner instability growth except for the shortest
wavelength perturbations.

2. Sausage and MRTI growth rates

Consider a long, cylindrical liner with constant density ρ and dynamic viscosity η.
Let there be a geometrical perturbation at the outer liner–vacuum interface of the
form ξ = ξ(z). The outer radius of the liner as a function of the axial distance is
R = Rout + ξ(z), where Rout is the mean outer radius. Similarly, let Rin be the unper-
turbed inner radius of the liner. Consider the liner to be thick enough such that
feedthrough effects are neglected and that the thermal vacuum pressures for r < Rin

and r > Rout are equal. The instability growth rate for this set-up was previously
derived by Dai et al. (2023). We refer the reader to Dai et al. (2023) for a detailed
mathematical derivation of the growth rate. The growth rate for a liner with pertur-
bation wavenumber k and outer radius Rout is given by simplifying (23) in Dai et al.
(2023) as follows:

γ 2 + 2νk2

(
2 − I1(k Rout)

k Rout I0(k Rout)

)
γ −

(
2PM

ρRout
+ g

)
I1(k Rout)

I0(k Rout)
k = 0, (2.1)

where γ is the growth rate, ν = η/ρ is the kinematic viscosity, PM = µ0 I 2/8π 2 R2
out

is the magnetic pressure, µ0 is the permeability of free space, I is axial drive current
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magnitude, g is the external acceleration of the liner, h is the liner thickness and In

is the nth-order modified Bessel function of the first kind.
For a liner with k Rout � 1 (i.e. the short wavelength limit), I1(k Rout)/

I0(k Rout) → 1, which simplifies the dispersion relation as

γ 2 + 4νk2γ −
(

2PM

ρRout
+ g

)
k = 0. (2.2)

Here, 2PM/(ρRout) is the component of the growth rate due to the classical sausage
instability and g is the component due to MRTI. Explicitly solving for the growth
rate via the quadratic formula, the growth rate becomes

γ = 2νk2

(√
1

4ν2k3

(
2PM

ρRout
+ g

)
+ 1 − 1

)
. (2.3)

In their original asymptotic derivation for the small wavelength regime, Dai et al.
assumed the first term under the square root

1
4ν2k3

(
2PM

ρRout
+ g

)
� 1, (2.4)

which is an unstated part of their derivation. Applying a Taylor series to the square
root term (

√
x + 1 ≈ x/2 + 1 for x � 1), one derives (36) of Dai et al. (2023) as

follows:

γ ≈
(

PM

2
1

Rout
+ ρg

4

)
1
ηk

. (2.5)

This asymptotic form is useful since it highlights an inverse relation to k and η,
suggesting that decreasing perturbation wavelength will always decrease the growth
rate for small wavelengths. However, we will show that for this asymptotic form is
not valid for all small wavelength regimes. Rather, for small η, increases in k will
lead to an increase in growth, even in the k Rout � 1 regime. This is a particularly
important result in investigating the effect of surface roughness on MagLIF liners.

Consider (2.3) once again. For PM/ν2 � 1 or g/ν2 � 1, the assumption (2.4) is
not necessarily true, as is the case for large PM (strong compression) or small but
non-zero ν. This suggests the left-hand side of (2.4) is a non-dimensional parameter
that requires additional consideration.

We define

geff ≡ 2PM

ρRout
+ g, (2.6)

i.e. an effective gravitational acceleration consisting of the acceleration on the
surface perturbation associated with the pure sausage instability 2PM/ρRout and
acceleration associated with the acceleration of the whole liner g (i.e. the pure MRTI
mode). Substituting this definition into (2.3) results in

γ = 2νk2

(√
geffk

4ν2k4
+ 1 − 1

)
. (2.7)
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An alternative rearrangement is

γ =√
geffk + 4ν2k4 − 2νk2. (2.8)

Consider the inviscid limit, ν → 0, γ → √
geffk. For stages of the implosion when the

pressure in the liner is constant (i.e. for Rin < r < Rout), g ≈ 0 and geff ≈ 2PM/(ρRout),
which simplifies the growth rate into the classical sausage instability (Thorne &
Blandford 2017). This occurs in situations such as during stagnation. For thin liners
with liner thickness h � Rout, the pressure profile in the liner for Rin < r < Rout is
approximately linear. Thus, g ≈ PM/(ρh) � 2PM/(ρRout), consequently resulting in
geff ≈ g. In this case, (2.8) simplifies into the purely classical MRTI (Weis et al.
2015). Henceforth, we refer to arbitrary γ as γvisc and γinv = √

geffk to emphasise the
significance of viscosity.

Both the forms of (2.7) and (2.8) elucidate physical intuition that was not appar-
ent before. Note that γvisc is only a function of two parameters: geffk = γ 2

inv and
νk2, i.e. only a function of gravitational and viscous forces, respectively. In fact,
these two forces have directly competing effects, which is most easily seen in (2.8).
Gravitational forces act as a growth mechanism for MRTI (as is the case for classical
RTI), while viscous forces act as a damping mechanism, with no coupling between
the two physics. In the highly viscous limit as ν → ∞, γvisc → 0 and viscous effects
will completely eliminate instability growth. Furthermore, the growth component γinv

is proportional to
√

k and will dominate at lower k, while the damping component is
proportional to k2 and will dominate at larger k. This suggests that the ratio of these
two effects is an important parameter to understand which physics will dominate
instability behaviour.

We define the non-dimensional Galilei number as

Ga ≡ geff

4ν2k3
= geffλ

3

32π 3ν2
, (2.9)

which quantifies the effect of gravitational versus viscous forces. Here, λ = 2π/k is
the perturbation wavelength. This ratio explicitly appears in (2.7) as the first term
under the square root. Rewriting (2.5) with the definition of Ga, Dai et al.’s original
growth rate expression becomes

γvisc ≈
(

g2
eff

2ν

)1/3 (
Ga

8

)1/3

. (2.10)

Similarly, (2.7) can be rewritten in two different forms

γvisc =
(

g2
eff

2ν

)1/3
(√

Ga + 1 − 1

Ga2/3

)
(2.11)

or, equivalently,

γ̃ = γvisc

γinv
=
√

1
Ga

+ 1 −
√

1
Ga

. (2.12)

Note that, under this normalisation and definition of geff, (2.2) is equivalently

γ̃ 2 + 2√
Ga

γ̃ − 1 = 0, (2.13)

in which the corresponding normalised growth rate is more easily derived.
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Consider (2.11) and (2.12). Since Ga is a function of geff and ν, it is not immedi-
ately apparent how changing either of these parameters affects the nominal growth
rate γvisc in (2.11). However, in (2.12), the dependence on g2

eff/2ν is eliminated and
the growth rate ratio becomes solely a function of Ga. Therefore, when determining
if a sausage instability/MRTI flow configuration requires viscous modelling, one can
explicitly quantify the decrease in growth due to viscosity based only on Ga. This
is analogous to the well-known classification of laminar or turbulent flows based on
the Reynolds number Re, the ratio of inertial to viscous forces. In fact, one can
define Re ≡ u/(2νk) and the dimensionless Froude number as Fr ≡ u

√
k/

√
geff and

to define Ga as

Ga ≡
(

Re
Fr

)2

, (2.14)

where Fr is the ratio of inertial and gravitational forces and u is some characteristic
speed.

Note that, under the approximation that Ga � 1,
√

Ga + 1 ≈ Ga/2 + 1, and thus
(2.10) is approximately equal to (2.11). This implies that (2.5) is calculated under
the assumption that Ga � 1. Physically, this assumes an accelerating implosion such
that viscous forces dominate, akin to laminar flow in low Reynolds number regimes.
This is not necessarily true even under the small wavelength limit. In fact, we find in
our viscous MagLIF liner simulations that Ga � 1, akin to turbulent flows in high
Reynolds number regimes, invalidating both (2.5) and (2.10).

Dai et al.’s asymptotic form of (2.10) offers immediate physical insights that our
derived (2.11) does not. First, it is immediately clear that as Ga → 0, γvisc → 0. Since
Ga ∝ k−3ν−2, one finds that γvisc ∝ (νk)−1, as was the original conclusion by Dai et al.
(2023), which is not apparent from (2.11). However, that conclusion is only valid
for Ga � 1. For Ga � 1, (2.11) simplifies to

γvisc ≈
(

g2
eff

2ν

)1/3

Ga−1/6 = γinv. (2.15)

Therefore, for large Ga, the growth rate approaches the inviscid regime (γvisc ≈ γinv).
The modes of maximum growth for viscous instability are found from (2.7). The

wavenumber that maximises the growth rate is

kmax = max
arg k

γvisc =
( geff

32ν2

)1/3
, (2.16)

with maximum growth rate

γmax =
(

g2
eff

16ν

)1/3

. (2.17)

This corresponds to

Gamax = max
arg Ga

γvisc = 8. (2.18)

Under these conditions, γ̃ = 1/
√

2.
Equation (2.18) defines two regimes of the viscous flow. For Ga < Gamax = 8, an

increase in wavenumber k will lead to a decrease in the growth since viscous forces
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FIGURE 2. (a) Viscous growth rates γvisc via (2.11). (2.10) and (2.15) are overlaid at correspond-
ing values of g2

eff/2ν. Note that the viscous growth rate reaches a max value at Ga = 8. (b) Ratio
of growth rates γvisc/γinv via (2.12). As Ga decreases, the flow becomes more viscous, damping
the MRTI growth. (c) Growth rates for nominal k values at g = 10 (arbitrary units). Equations
(2.10) and (2.15) are overlaid at corresponding values of ν.

dominate, as predicted by Dai et al. (2023). However, for Ga > Gamax, the inverse
is true, where an increase in k decreases the growth rate since gravitational forces
dominate. Equivalently, k that approaches kmax will increase the growth rate. For
systems in which instability growth should be minimised, perturbations of wavelength
corresponding to wavenumber near kmax should be avoided. This classification for
viscosity-dominated flows (Ga � 8) and gravity-dominated flows (Ga � 8) is similar
to the classical classification of laminar (small Re) and turbulent (large Re) flows.

Figure 2 plots the growth rates in different forms to demonstrate various charac-
teristics and trends. Figure 2(a) calculates the nominal growth rate γvisc versus Ga.
Figure 2(a) visually depicts the three regimes of flow discussed: viscosity-dominated
flows for Ga � 8, gravity-dominated flows for Ga � 8 and transitional flows for
Ga ∼ 8. Dai et al.’s asymptotic expression (2.10) is depicted in dotted black lines
which are overlaid on top of the exact (2.11) growth rates. They accurately approxi-
mate growth rates for the small Ga regime/viscosity-dominated regime, as discussed
previously. Similarly, overlaid cyan circle-marked lines are calculated via the invis-
cid growth rate (2.15) and accurately approximate the growth rates for the large Ga
regime/gravity-dominated flows. For the transitional Ga ∼ 8 regime, neither (2.10)
nor (2.15) accurately predict the exact growth rate.

Figure 2(b) plots γ̃ = γvisc/γinv from (2.12). As viscosity increases, Ga will
decrease, causing a decrease in γ̃ , demonstrating that viscosity has a damping
effect on instability growth compared with the inviscid case, as is seen typically
in non-magnetised RTI (Chandrasekhar 1961). Figure 2(c) plots the growth rates
against nominal wavenumber k for various values of ν at g = 10 (chosen arbitrarily).
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FIGURE 3. Initial set-up of the imploding liner simulations for n = 4 and n = 8 modes. An axial
current of 5 MA is applied on the outer surface of the aluminium liners.

The highly viscous growth rate (2.10) only agrees for k � kmax while the inviscid
growth (2.15) only agrees for k � kmax.

Alternatively, we introduce a time scale that corresponds to a physical process
more directly relevant for MagLIF implosions. Let tcomp = √

Rout/geff, which is a
characteristic time scale for the compression of the liner. Similarly, we define an
alternative Galilei number as

Ga∗ ≡ geff R3
out

4ν2
, (2.19)

where the characteristic length is now associated with the liner outer radius, which
is assumed to be much larger than the perturbation wavelength. Under these
parameters, (2.11) can be equivalently rewritten as

γvisc = 2νk2

⎛
⎝
√

Ga∗

(k Rout)3
+ 1 − 1

⎞
⎠, (2.20)

or, non-dimensionally,

γ̃ ∗ = γvisctcomp = (k Rout)
2

(√
1

Ga∗ + 1
(k Rout)3

−
√

1
Ga∗

)
. (2.21)

The form presented in (2.21) may be useful for practical design applications. For
instance, let tMRTI = 1/γvisc be the characteristic time scale for MRTI growth. If
γ̃ ∗ = tcomp/tMRTI � 1, then MRTI growth will be negligible compared with the com-
pression time scale since compression occurs before MRTI growth can occur.
Hence, (2.21) is a more meaningful quantity for design compared with (2.12).
However, all the expressions presented are identically equivalent and may be used
for a variety of purposes.

3. Comparison with FLASH simulations

To validate the theory presented, we conduct simplified cylindrical liner implosion
simulations (depicted in figure 3) loosely based on the experimental set-up described
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by Sinars et al. (2010, 2011). The set-up itself is not directly a MagLIF simulation
as there is no preheating nor axial magnetic field, but is still a relevant process for
MagLIF. The simulation is composed of a 1 mm thick aluminium liner surrounded
by vacuum with outer radius Rout = 3.2 mm. The computational radial domain spans
r ∈ [0, 4.8] mm and the axial domain spans z ∈ [0, 2.4] mm, with periodic bound-
aries in the axial direction. The liner outer radius is initially geometrically perturbed
by an n mode perturbation, where n = 2.4 [mm]/λ. In this work, we evaluate two
sets of test cases: the n = 4 mode and the n = 8 mode. The implosion is conducted
with a constant, uniform drive current of I = 5 MA applied at the outer surface
of the liner. This corresponds to Gaη2 ≈ 1.8 × 106 and Gaη2 ≈ 2.3 × 105 for each
mode, respectively. This value was chosen to represent a lower ramp current the
liner will undergo during the onset of the sausage instability/MRTI. These simula-
tions incorporate thermal conduction and magnetic diffusion physics, but are not
significant during the simulation time.

For each set of test cases, we simulate the implosion with constant viscosity in
the liner. The viscosities tested are η ∈ [0, 100, 1000] g cm−1 s−1. All simulations
are conducted on the radiative hydrodynamics simulation code FLASH (Fryxell
et al. 2000), which has recently been validated for pulser-drive ICF target design
(Ellison et al. 2025a). An adaptive mesh refinement (AMR) algorithm is used to
automatically refine the computational mesh in regions in which the magnitude of
the second derivative-based estimator exceeds a certain density threshold. We define
the AMR refinement levels such that 	r = 	z with a maximum cell size of 50 µm
and a minimum cell size 6.25 µm. These mesh refinement parameters are the same
as those presented in MRTI MagLIF benchmark simulations presented by Ellison
et al. (2025a), which demonstrated good agreement between FLASH simulations
and experiments. All simulations are seeded with a perturbation amplitude of 50 µm;
these perturbed regions are refined via the AMR algorithm prior to the beginning
of the simulation. The simulation is run for a total of approximately 125 ns. The
Equation of State (EOS) of the liner is tabulated from common databases such as
SESAME and PROPACEOS, following the methodology of validation benchmarks
presented by Ellison et al. (2025a). We do not consider an ideal gas EOS with large
polytropic index γ to mimic an incompressible fluid. Although this would be more
aligned with the derivation of the analytical growth rates, the speed of sound of the
simulated flow would be artificially large and difficult to resolve computationally.
Furthermore, we show the results of these simulations are still consistent with the
derived theory despite using a more realistic material EOS.

Figure 4 depicts a snapshot of each test case discussed at the end of the simulation
t ≈ 125 ns. All qualitative behaviour seen aligns with what has been discussed. As
viscosity increases, Ga (or Ga∗) decreases, thereby decreasing the growth of the
main n mode. Interestingly, viscosity seems to surpress nonlinearities as well. This
is seen most prominently for the n = 8 mode, where the nonlinear MRTI spikes of
the inviscid case are curved. On the other hand, the nonlinear MRTI spikes of the
η = 100 case are completely straight and parallel to the radial axis. When increasing
viscosity further for the η = 1000 case, the perturbation remains mostly linear and
maintains a nearly sinusoidal shape.

The first two rows of figure 5 plot the fast Fourier transform (FFT) amplitudes of
the liner interface at each time step for every case. Here, we define the interface as
the density contour where ρ = 2 g cc−1. The bottom row compares the amplitude of
the largest mode with what is predicted by theory (2.20). The FFTs exhibit interest-
ing behaviour. In the inviscid test cases, there is significant growth of the harmonics
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FIGURE 4. Snapshot of the liner density at t ≈ 125 ns for the n = 4 mode perturbation simula-
tions (top row) and the n = 8 mode perturbation simulation (bottom row). Increasing viscosity
(presented in CGS units) clearly decreases the nonlinearity of the perturbation and its amplitude.

FIGURE 5. (Top row) Fast Fourier transform time histories for the initial n = 4 mode per-
turbation simulations. (Middle row) Fast Fourier transform time histories for the n = 8 mode
perturbation simulations. (Bottom row) Comparison of the simulated amplitudes versus theo-
retical amplitude ξtheo via (2.20) and Dai amplitude ξDai via (2.5). The linear growth of all
simulated cases matches almost identically with (2.20), while only η = 1000 matches with (2.5).
No ξDai is plotted for η = 0 since (2.5) predicts an infinite growth rate.
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of the principal mode (n = 4 and n = 8, respectively) as well as other various ‘noisy’
non-integer modes. This may result from numerical seeds, such as a discrepancy
between the Cartesian mesh versus the curved perturbation interface, and may lead
to higher nonlinear, multimodal growth than expected. In-depth studies isolating the
effects of numerical MRTI growth versus physical growth is an ongoing area of
research (Tranchant et al. 2025); however, the amplitude growth is still well pre-
dicted by the growth of the principal mode. When the viscosity increases to η = 100,
only the principal mode and its corresponding harmonics remain. At the largest
viscosity η = 1000, only the n and 2n modes remain, showing clear suppression of
higher modes due to increased viscosity and lower Ga. This nonlinear behaviour
is not predicted with the theory presented; although Ga values that can induce this
behaviour are not realistic in MagLIF implosions, other disciplines may find it useful
to investigate this phenomenon more deeply.

In the bottom row of figure 5, there is clear agreement between the theoretical
amplitude ξtheo expected from (2.20) and the simulated perturbation. The theoretical
growth rate is calculated using a density of ρ = 3.6 g cc−1, which corresponds to the
post-shocked aluminium density. During the simulation, the external acceleration g
is much smaller than the acceleration associated with the sausage instability due to
the relatively small driving current, as evidenced by the minimal movement of the
inner liner throughout the simulation. Therefore, the theoretical growth rates are
calculated for when g ≈ 0 and geff ≈ 2PM/(ρRout). In the n = 8 cases, nonlinear sat-
uration seems to appear once ξ = 0.3λ, with the theoretical amplitude significantly
overpredicting the simulated results. Before this threshold, the theoretical and simu-
lated amplitudes show good agreement. Note that, in the η = 1000 case, in which we
qualitatively do not see much nonlinearity in the liner outer interface from figure 4,
the theoretical and simulated amplitudes match well (albeit slightly under predicting)
throughout the entirety of the simulations. Nonetheless, the linear growth region
matches well, validating the discussions from § 2. On the other hand, ξDai from (2.5)
is only accurate for the highest viscosity test case η = 1000. This corresponds to
values of Ga ≈ 2 and Ga ≈ 0.2 for the n = 4 and n = 8 cases, respectively, again
agreeing with our earlier discussion. At smaller η (corresponding to larger Ga), the
growth is vastly overestimated.

4. Evaluating viscosity impact on implosions relevant for MagLIF

Let us define a ‘significant’ change as when γ̃ = γvisc/γinv < C , where C is some
constant (say, C = 0.95 for a 5 % decrease in growth rate). Then the condition for
viscosity to become significant from (2.12) is√

1 + Ga − 1 < C
√

Ga. (4.1)

For a given perturbation wavelength k Rout, this is equivalent to

Ga < α, (4.2)

where

α = 4C2

1 − C2
. (4.3)

Looking at the expression for Ga, this becomes apparent when

ν >

√
geff

4αk3
. (4.4)
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4.1. Case I: sausage instability-dominated growth
Consider phases in which the sausage instability will dominate, with geff ≈

2PM/(ρRout), such as during stagnation. Alternatively, during the acceleration phase
of cylindrical implosions for thick liners with aspect ratio AR = Rout/h ∼O(1), an
order of magnitude approximation for the acceleration g is

g ≈ PM

ρh
∼O

(
PM

ρRout

)
. (4.5)

Therefore, the MRTI component will still be comparable to the sausage instabil-
ity component associated with 2PM/(ρRout). The following discussion is based on
an order of magnitude analysis; we refer to this regime as the sausage instability-
dominated regime which implicitly includes cases when the MRTI component is
comparable to the sausage instability component.

Via the definition for magnetic pressure and geff ≈ 2PM/(ρRout), we can relate
dynamic viscosity and drive current from (4.4) with

η >

√
µ0

16π 2

√
ρ I 2

α(k Rout)3
≈ 10−4

√
ρ I 2

α(k Rout)3
. (4.6)

The controlling parameters in determining the significance of viscosity for
MagLIF implosions is the density of the material, the current, and the wavelength
of perturbation. Note that this is the formula for viscosity in SI units. The equivalent
formula in CGS units is

η > 10−2

√
ρ I 2

α(k Rout)3
. (4.7)

As a concrete illustrative example, consider an implosion liner of aluminium.
Consider a perturbation such that k Rout ∼O(10). The density of aluminium at ini-
tial implosion will be ρ ∼O(1) g cc−1 ∼O(103) kg m−3. We now define the critical
viscosity ηC as the minimum viscosity such that there will be a 5 % change in the
MRTI growth rate compared with the inviscid case. Thus, C = 0.95 and α ∼O(10).
The resulting critical viscosity is

ηC,SI > 10−5 I, ηC,CGS > 10−4 I. (4.8)

For MagLIF implosions, the ramp current I ∼O(1) MA, resulting in ηC,CGS ∼
O(102) during the initial onset of MRTI. At peak currents ranging from tens to
hundreds of MA, this critical viscosity increases by several orders of magnitude.

Figure 6 plots the critical viscosities of the aforementioned example over a range of
driving currents and wavenumbers. At I = 1 MA – as is the typical minimum current
for modern MagLIF implosions – and for perturbation wavelengths corresponding
to k Rout < 50, ηC ∼O(102) g cm−1s−1, matching the order of magnitude analysis
discussed. As designs improve, the driving current will increase to larger values,
increasing the critical viscosity required to affect MRTI growth. For k Rout >O(102),
the critical viscosity decreases, demonstrating viscosity’s ability to dampen shorter
wavelength modes more easily. For instance, for I = 10 MA with k Rout = 104,
ηC ∼O(10−2). If the viscosity of the imploding liner is orders of magnitude greater or
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FIGURE 6. Critical viscosity threshold ηC such that there will be a 5 % decrease in MRTI growth
k Rout ∈ (0, 50) (top) and k Rout ∈ (10, 104) (bottom) versus drive current I . For currents relevant
for MagLIF of the order of 1−100 MA, the critical viscosity threshold is of order O(102) −
O(105) for k Rout ∈ (0, 50). For very large k Rout, ηC decreases by several orders of magnitude.

lower than ηC for a given drive current and perturbation wavelength range, design-
ers will be easily able to determine whether viscosity will be an important design
consideration or not.

To estimate values of η, we consider the viscosity model described in Bergeson
et al. (2019), which models the viscosity of an unmagnetised plasma in a high-energy
density regime. We list the relevant equations in Appendix A. Again, as an illustra-
tive example, consider an imploding aluminium plasma liner with average charge
state Z̄i = 2. This is fair approximation for the low temperatures of the liner at the
onset of the implosion.

Figure 7 plots the viscosity over a range of mass densities and ion temperatures.
In all cases, η only reaches a magnitude of O(102) at temperatures greater than
107 K ≈ 1 keV; this is largely independent of the density of the aluminium liner (i.e.
how compressed it is). Consider liners with outer radii of the order of millimetres.
These results suggest that for k Rout < 50 (corresponding to perturbations with wave-
length of the order of 0.1 mm, as may be the case with surface roughness), the
effects of viscosity are largely insignificant and can be neglected for simpler analy-
sis in the initial formation of the sausage instability/MRTI. Therefore, viscosity is
not a viable mechanism or design parameter for mitigating perturbation growth in
MagLIF liners under this perturbation wavelength range.
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FIGURE 7. Aluminium viscosity for hypothetical mass densities and ion temperatures. For the
example discussed considering k Rout < 50, η > ηC = 102 only when Ti > 107 K, suggesting
viscosity will not influence MRTI growth in the initial stages of implosion.

On the other hand, consider finer resolution perturbations, such as perturbations
seeded by the electrothermal instability (ETI). The ETI may be able to seed
perturbations with characteristic wavelength of the order of 1−10 µm (Peterson
et al. 2013), which would correspond to the approximate range k Rout ∈ (102, 104).
From figure 6, for currents I ∈ (1, 100) MA, the critical viscosity ranges reaches
as low as 10−2 g cm−1s−1 at the shortest perturbation wavelengths. These are
attainable viscosity values at low temperatures, as seen in figure 7 for ρ = 3 g cc−1,
where plasmas with ion temperature of the order of 104 K ∼ 1 eV have η ∼ 10−2 g
cm−1s−1. Therefore, for the finest seeds of ETI, viscosity is suspected to be able to
dampen instability growth.

This current analysis does not include the effects of magnetisation on viscosity
which introduces anisotropic viscous diffusion for magnetised plasmas (Braginskii
1958), which we leave for future work. However, we suspect that the unmagnetised
viscosity will predict a higher viscosity coefficient compared with the magnetised
case, as thus the conclusions drawn from this work should be applicable.

4.2. Case II: MRTI-dominated growth
Consider thin liners with aspect ratio AR = Rout/h � 1, geff ≈ g ≈ PM/(ρh) since

g � 2PM/(ρRout). Following a similar methodology to § 4.1, we can relate the critical
dynamic viscosity and drive current from (4.4) as

η >

√
µ0

32π 2

√
ρ I 2

α(k Rout)2(kh)
, (4.9)

or, in terms of the aspect ratio AR,

η >

√
µ0

32π 2

√
(AR)ρ I 2

α(k Rout)3
. (4.10)

We define the critical viscosity governed by the sausage instability acceleration
geff ∼O(PM/ρRout) in § 4.1 as ηC,SI. Similarly, we define the critical viscosity gov-
erned by the thin liner MRTI acceleration geff ∼O(PM/ρh) as ηC,MRTI. The ratio of
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the two critical viscosities is

ηC,MRTI

ηC,SI
=
√

AR

2
. (4.11)

Interestingly, the critical viscosity is enhanced for AR � 1, meaning a larger vis-
cosity is required to dampen thin, accelerating liners. This results from thin liners
experiencing larger effective acceleration under the same magnetic pressure com-
pared with thick liners due to the steeper pressure gradient in the liner, requiring a
larger viscosity to counteract these forces. Section 4.1 concluded that viscosity will
not be significant in damping instability growth since realistic values of unmagnetised
plasma viscosity are significantly smaller than ηC except in the shortest perturbation
wavelengths. However, as AR increases towards larger values (thinner liners), ηC

increases proportional to
√

AR. Therefore, viscosity in very thin liners with AR � 1
will be unable to dampen the finest modes as well. However, at high AR, feedthrough
effects may become important, violating one of the initial assumptions of this work.
Future work must incorporate these effects before making conclusive statements
regarding the effect of viscosity for thin liners.

5. Conclusions

In this work, we assess the theoretical linear growth rate for the viscous sausage
instability/MRTI given by Dai et al. (2023) in the application of MagLIF implosions.
The original expression from (2.5) is accurate for large viscosity, small wavelength
set-ups, but deviates for smaller viscosity values. In determining the effect of vis-
cosity on hydrodynamic instability growth in MagLIF liner implosions, we find
that the ratio γvisc/γinv purely depends on a single non-dimensional parameter: Ga.
We adjust Dai et al.’s given expression for the case that Ga � 1, as is the case
in MagLIF liner implosions. We validate the theoretical growth rates derived with
computational MagLIF experiments conducted in FLASH. The linear growth for
the inviscid, η = 100 and η = 1000 cases all match very well between simulation and
theory and only deviate significantly in the presence of nonlinearity, which is to be
expected. Interestingly, artificially high viscosities are able to not only decrease the
amplitude of the main perturbation mode tested, but are also able to dampen higher
harmonic modes due to decreased Ga and drastically reduce nonlinearity. We sug-
gest that this may be a phenomenon that other research areas may find useful to
investigate.

By relating the gravitational acceleration geff to the MagLIF drive current I , we
are able to determine critical viscosity threshold values ηC such that viscosity will sig-
nificantly dampen instability growth, where we defined significant as γvisc/γinv < 0.95.
For drive currents of the order of MA, this critical viscosity is at a minimum of the
order of hundreds of Poise. Utilising a high-energy density plasma viscosity model
detailed in Appendix A, we find that this is an unrealistic value of viscosity that can
be reached during the linear growth stage and conclude that viscosity will not have
an effect on the liner instability growth except for the finest perturbations seeded by
ETI. Critical viscosity thresholds increase proportional to

√
AR and become more

difficult to attain for highly thin liners, reducing the influence of viscosity further.
Although viscosity may not influence the initial instability growth in liners, this

does not suggest that viscosity is not important. From our analysis, when the ion
temperature reaches the order of keV, the viscosity does in fact reach values that
are comparable to ηC . It is possible that in dense, hot regions, such as the hotspot
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or deceleration phase of the implosion, viscosity may play a significant role, but
further analysis is required to definitively draw any conclusions. This will be a valu-
able avenue to investigate further in evaluating MagLIF as a viable path for fusion
energy.

Acknowledgements

We would like to acknowledge the Modeling and Simulation team at Pacific
Fusion for all their helpful insights during this project.

Editor Troy Carter thanks the referees for their advice in evaluating this article.

Declaration of interests

R. Lau, A. Bedel and A. Sam would like to declare no conflicts of interests.
N. Meezan, S. Davidson, C.L. Ellison and F. Garcia-Rubio are employees of Pacific
Fusion Corporation.

Appendix A. High-energy density plasma viscosity model
The unmagnetised viscosity of a high-energy density plasma is approximated as

a quadrature sum of the Yukawa viscosity model for strongly coupled plasmas
(Haxhimali et al. 2015) and the Stanton–Murillo viscosity model for weakly coupled
plasmas (Stanton & Murillo 2016). We refer the reader to Bergeson et al. (2019) for
a discussion of each component in detail. For convenience, we list the overall set of
equations used to calculate the plasma viscosity. All quantities are in CGS units.

Assume that the composition of the plasma is known, i.e. for every ion species i ,
their densities ni , charge state Zi and molecular masses mi are known. Furthermore,
assume that the total ion temperature is Ti . First, effective parameters for the plasma
composition are calculated. From these inputs, we calculate the electron number
density ne =∑

i Zi ni , the total number density ni =∑
i ni , the molar concentration

of each species χi = ni/n0, the average spacing between each ion rws = (3/4πn0)
1/3,

the average molecular mass m̄ =∑
i miχi and the average charge state of the plasma

mixture Z̄ =∑
i Ziχi . The first effective parameter that is calculated is the effective

coupling parameter

Γeff =
Z̄e2

∑
i

(
Z 2/3

i χi

)
rwskB Ti

, (A.1)

where e is the elementary charge and kB is the Boltzmann constant.
The next effective parameter required is an effect screening length. The electron

Debye length is

λe =

√√√√√
(kB Ti)2 + (

2
3EF

)2
4πe2ne

, (A.2)

where

EF = �
(
3π 2ne

)2/3

2me
, (A.3)
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where � is the reduced Planck’s constant, and me is the electron mass. Similarly, the
ion Debye length for each ion species is

λi =
√

kB Ti

4π Zi e2ni
. (A.4)

Finally, the effective screening length is

λeff =
[
λ−2

e +
∑

i

(
λ−2

i

3 + Γ I S
i

)]−1/2

, (A.5)

where

Γ I S
i = (Zi e)2

kB T

(
4π

3Zi e

)1/3
(∑

i

Zi eni

)1/3

. (A.6)

The inputs to the Yukawa and Stanton–Murillo models are Γeff and effective
screening parameter κ = rws/λeff.

The Yukawa viscosity is simply

ηYVM = η0

(
0.0051

Γm

Γeff
+ 0.374

Γeff

Γm
+ 0.022

)
, (A.7)

where

η0 = n0rws exp
(−0.2κ1.62

) √
3m̄ΓeffkB T (A.8)

and

Γm = 171.8 + 82.8
[
exp

(
0.565κ1.38

)− 1
]
. (A.9)

For the Stanton–Murillo viscosity, the normalised potential is

g = (Z̄e)2

λkB T
. (A.10)

With the normalised potential, the Stanton–Murillo viscosity is

ηSM = 5m̄(kB T )5/2

16
√

π Z̄ 4e4K22

, (A.11)

where

K22 =
{

K wc
22 g < 1

K sc
22 g > 1

,

K wc
22 = −1

2
ln

(
5∑

n=1

angn

)
,

K sc
22 = b0 + b1 ln(g) + b2 ln2(g)

1 + b3g + b4g2
, (A.12)

and coefficients a and b are listed in the appendix of Stanton & Murillo (2016). The
overall viscosity of the plasma (in CGS units) is then

η =
√

η2
YVM + η2

SM . (A.13)

https://doi.org/10.1017/S0022377826101500 Published online by Cambridge University Press

https://doi.org/10.1017/S0022377826101500


18 R. Lau and others

REFERENCES

ALEXANDER, A., et al. 2025 Affordable, manageable, practical, and scalable (AMPS) high-yield and
high-gain inertial fusion. Phys. Plasmas 32, 092703.

BERGESON, S.D., BAALRUD, S.D., ELLISON, C.L., GRANT, E., GRAZIANI, F.R., KILLIAN, T.C.,
MURILLO, M.S., ROBERTS, J.L. & STANTON, L.G. 2019 Exploring the crossover between
high-energy-density plasma and ultracold neutral plasma physics. Phys. Plasmas 26, 100501.

BRAGINSKII, S.I. 1958 Transport phenomena in a completely ionized two-temperature plasma. Soviet J.
Exp. Theor. Phys. 6, 358.

CHANDRASEKHAR, S. 1961 Hydrodynamic and Hydromagnetic Stability. Oxford University Press.
DAI, J.L., SUN, Y.B., WANG, C., ZENG, R.H. & ZOU, L.Y. 2023 Linear analytical model for magneto-

Rayleigh–Taylor and sausage instabilities in a cylindrical liner. Phys. Plasmas 30, 022704.
ELLISON, C.L., et al. 2025a Validation of FLASH for magnetically driven inertial confinement fusion

target design. Phys. Plasmas 32, 093902.
ELLISON, C.L., et al. 2025b Opportunities in pulsed magnetic fusion energy. Phys. Plasmas 32, 090601.
FRYXELL, B., OLSON, K., RICKER, P., TIMMES, F.X., ZINGALE, M., LAMB, D.Q., MACNEICE, P.,

ROSNER, R., TRURAN, J.W. & TUFO, H. 2000 FLASH: an adaptive mesh hydrodynamics code for
modeling astrophysical thermonuclear flashes. Astrophys. J. 131, 273.

GARCÍA-RUBIO, F., BETTI, R., SANZ, J. & ALUIE, H. 2021 Magnetic-field generation and its effect on
ablative Rayleigh–Taylor instability in diffusive ablation fronts. Phys. Plasmas 28, 012103.

GONCHAROV, V.N., BETTI, R., MCCRORY, R.L., SOROTOKIN, P. & VERDON, C.P. 1996 Self-consistent
stability analysis of ablation fronts with large Froude numbers. Phys. Plasmas 3, 1402–1414.

HAXHIMALI, T., RUDD, R.E., CABOT, W.H. & GRAZIANI, F.R. 2015 Shear viscosity for dense plasmas
by equilibrium molecular dynamics in asymmetric Yukawa ionic mixtures. Phys. Rev. E 92, 053110.

HUANG, L., XIAO, D., WANG, X., LU, Y. & CHEN, X. 2025 Theoretical investigation of resistivity on the
magneto-Rayleigh–Taylor instability in Z-pinch plasmas. Phys. Plasmas 32, 052714.

HUSSEY, T.W., RODERICK, N.F. & KLOC, D.A. 1980 Scaling of (MHD) instabilities in imploding plasma
liners. J. Appl. Phys. 51, 1452–1463.

Indirect Drive ICF Collaboration 2022 Lawson Criterion for Ignition Exceeded in an Inertial Fusion
Experiment. Phys. Rev. Lett. 129, 075001.

KEENAN, B.D. & SAUPPE, J.P. 2023 Improved analytic modeling of the linear Rayleigh–Taylor instability
with plasma transport. Phys. Plasmas 30, 072106.

KLINE, J.L. et al. 2019 Progress of indirect drive inertial confinement fusion in the United States. Nucl.
Fusion 59, 112018.

KNAPP, P.F. et al. 2022 Estimation of stagnation performance metrics in magnetized liner inertial fusion
experiments using Bayesian data assimilation. Phys. Plasmas 29, 052711.

LE PAPE, S. et al. 2018 Fusion energy output greater than the kinetic energy of an imploding shell at the
National Ignition Facility. Phys. Rev. Lett. 120, 245003.

MCBRIDE, R.D. et al. 2013 Beryllium liner implosion experiments on the Z accelerator in preparation for
magnetized liner inertial fusion. Phys. Plasmas 20, 056309.

MCBRIDE, R.D. et al. 2018 A primer on pulsed power and linear transformer drivers for high energy
density physics applications. IEEE Trans. Plasma Sci. 46, 3928–3967.

PETERSON, K.J., YU, E.P., SINARS, D.B., CUNEO, M.E., SLUTZ, S.A., KONING, J.M., MARINAK,
M.M., NAKHLEH, C. & HERRMANN, M.C. 2013 Simulations of electrothermal instability growth
in solid aluminum rods. Phys. Plasmas 20, 056305.

RUIZ, D.E. et al. 2022 Harmonic generation and inverse cascade in the z-pinch driven, preseeded
multimode, magneto-Rayleigh–Taylor instability. Phys. Rev. Lett. 128, 255001.

RUIZ, D.E. et al. 2023a Exploring the parameter space of MagLIF implosions using similarity scaling. II.
Current scaling. Phys. Plasmas 30, 032708.

RUIZ, D.E., SCHMIT, P.F., YAGER-ELORRIAGA, D.A., JENNINGS, C.A. & BECKWITH, K. 2023b
Exploring the parameter space of MagLIF implosions using similarity scaling. I. Theoretical
framework. Phys. Plasmas 30, 032707.

SANZ, J. 1994 Self-consistent analytical model of the Rayleigh–Taylor instability in inertial confinement
fusion. Phys. Rev. Lett. 73, 2700–2703.

https://doi.org/10.1017/S0022377826101500 Published online by Cambridge University Press

https://doi.org/10.1017/S0022377826101500


The impact of viscosity on the linear growth of the sausage 19

SINARS, D.B. et al. 2010 Measurements of magneto-Rayleigh–Taylor instability growth during the implo-
sion of initially solid Al tubes driven by the 20-MA, 100-ns Z facility. Phys. Rev. Lett. 105,
185001.

SINARS, D.B. et al. 2011 Measurements of magneto-Rayleigh–Taylor instability growth during the
implosion of initially solid metal liners. Phys. Plasmas 18, 056301.

SLUTZ, S.A., HERRMANN, M.C., VESEY, R.A., SEFKOW, A.B., SINARS, D.B., ROVANG, D.C.,
PETERSON, K.J. & CUNEO, M.E. 2010 Pulsed-power-driven cylindrical liner implosions of laser
preheated fuel magnetized with an axial fielda). Phys. Plasmas 17, 056303.

STANTON, L.G. & MURILLO, M.S. 2016 Ionic transport in high-energy-density matter. Phys. Rev. E 93,
043203.

SUN, Y.B., ZENG, R.H. & TAO, J.J. 2021 Effects of viscosity and elasticity on Rayleigh–Taylor instability
in a cylindrical geometry. Phys. Plasmas 28, 062701.

THORNE, K.S. & BLANDFORD, R.D. 2017 Modern Classical Physics: Optics, Fluids, Plasmas, Elasticity,
Relativity, and Statistical Physics. Princeton University Press.

TRANCHANT, V., HANSEN, E.C., MICHTA, D., GARCIA-RUBIO, F., RAHMAN, H.U., NEY, P.,
RUSKOV, E. & TZEFERACOS, P. 2025 A two-dimensional numerical study of the magneto-
Rayleigh–Taylor instability with FLASH: application to the staged Z-pinch concept. Phys. Plasmas
32, 033901.

WEIS, M.R., ZHANG, P., LAU, Y.Y., SCHMIT, P.F., PETERSON, K.J., HESS, M. & GILGENBACH, R.M.
2015 Coupling of sausage, kink, and magneto-Rayleigh–Taylor instabilities in a cylindrical liner.
Phys. Plasmas 22, 032706.

https://doi.org/10.1017/S0022377826101500 Published online by Cambridge University Press

https://doi.org/10.1017/S0022377826101500

	Introduction
	Sausage and MRTI growth rates
	Comparison with FLASH simulations
	Evaluating viscosity impact on implosions relevant for MagLIF
	Case I: sausage instability-dominated growth
	Case II: MRTI-dominated growth

	Conclusions
	Acknowledgements
	Declaration of interests
	Appendix A. High-energy density plasma viscosity model
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


