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Numerous	
  studies	
  have	
  been	
  performed	
  to	
  study	
  
instabili5es	
  in	
  the	
  context	
  of	
  ICF	
  and	
  magne5cally	
  
driven	
  implosions	
  

2	
  

In all fusion concepts, It is critical to understand and mitigate the 
growth of instabilities  

R.W. Lemke et al.  

Wire array Z-pinch 

B.A. Remington et al., Phys. Rev. Lett. (1991); + many 
others (single-mode, multi-mode, 3D, etc.). 



MAGNETO-­‐RAYLEIGH	
  TAYLOR	
  
INSTABILITIES	
  	
  AND	
  SURFACE	
  
INITATION	
  

3	
  



•  The Magneto-Rayleigh-Taylor 
instability degrades the yield as 
the aspect ratio is increased  
(due to decreased liner ρR) 

•  Max. current = 30 MA  
•  Convergence ratio = 20 
•  B-field = 30 Tesla 

Aspect Ratio = R0/ΔR 
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Reducing	
  the	
  implosion	
  velocity	
  requirements	
  through	
  fuel	
  
hea5ng	
  and	
  magne5za5on	
  allows	
  us	
  to	
  use	
  thicker,	
  more	
  
massive	
  liners	
  to	
  compress	
  the	
  fuel	
  that	
  are	
  more	
  stable	
  

Radius (µm) 

•  Simulations of AR=6 Be liner show 
reasonably uniform fuel compression 
and sufficient liner ρR at stagnation to 
inertially confine the fuel—important 
because fuel density is low! 

S.A. Slutz et al., Phys. Plasmas 17, 056303 (2010).  



Fundamental	
  liner	
  instability	
  experiments	
  represent	
  an	
  important	
  
example	
  of	
  a	
  sustained	
  focused	
  science	
  effort—we	
  are	
  transi5oning	
  
from	
  experiments	
  on	
  ini5a5on/accelera5on	
  stages	
  to	
  decelera5on	
  stage	
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Publications to date include 4 PRLs, 5 PoPs, more in prep. 



We observe excellent agreement between theory and 
experiment for single-mode MRT growth experiments 

D.B. Sinars et al., Phys. Rev. Lett. (2010); D.B. Sinars et al., Phys. Plasmas (2011). 
 



Previous	
  experiments	
  have	
  also	
  studied	
  mul5-­‐mode	
  MRT	
  growth	
  in	
  
Beryllium	
  liners	
  with	
  ini5ally	
  flat	
  contours	
  

R.D. McBride et al., Phys. Rev. Lett. 109, 135004 (2012). 
 
 



Helical	
  perturba5ons	
  are	
  also	
  being	
  inves5gated	
  as	
  a	
  
means	
  to	
  mi5gate	
  instabili5es	
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Lincoln single-mode MRT 
λ=400 µm test target 

Single-mode MRT 
λ=400 µm, 45° pitch target 

Fundamental mode  
grows like  

~Zero growth in  
Fundamental mode 

λkp = 4πΔcos
2θ

λkp = 4πΔcos
2θ

Joint LANL/VNIIEF helical liner  
Experiment on PEGASUS* 

*B. G. Anderson et al., Pulsed Power Plasma Science (2001).  



We	
  have	
  begun	
  to	
  study	
  nonlinear	
  MRT	
  instabili5es	
  and	
  mode	
  
coupling	
  in	
  carefully	
  seeded	
  mul5-­‐mode	
  experiments	
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For k<(1/h), linear theory increasingly poor 
approximation as amplitude goes to ~1/k ,. 
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Simulation 
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x-ray image 
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calculation 
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calculation 

Amp. ~ 1/k 

*Ryutov, Derzon, & Matzen, Rev. Mod. Phys. 72, 167 (2000) 

HYDRA Simulations 



Ini5al	
  results	
  indicate	
  that	
  we	
  are	
  doing	
  a	
  reasonable	
  job	
  of	
  
modeling	
  mul5mode	
  MRT	
  instability	
  growth	
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How	
  do	
  different	
  modes	
  of	
  the	
  MRT	
  instability	
  interact	
  with	
  
each	
  other?	
  

Helically-perturbed 
target shows both 
helical structure and 
the usual cylindrically 
symmetric structure 
superimposed at late 
times! 

D.B. Sinars, K.J. Peterson, unpublished. 

Overlapping 
λ = 400,550 
µm seeds 

 
Similar idea 
to work by 
Douglas et 

al. (PoP 
1998) 



Experiments	
  have	
  shown	
  that	
  surface	
  roughness	
  and	
  small	
  
defects	
  are	
  not	
  the	
  dominant	
  source	
  of	
  MRT	
  instabili5es	
  

12	
  

��$�(�"��*%# �)���0�"%&����$��2 �"�&%" )� $���
*���$ '/��*%��/$��#�$*�""3����$���*���)/(�����*%&%"%�3�

Standard process 
(50 nm RMS) 

After axial polishing 
process applied  
(50 nm RMS) 

axial machining and polishing 
(60 nm RMS) 

IV
.

D
IS

C
U

S
S

IO
N

A
plot

of
the

peak-to-valley
M

R
T

instability
am

plitude
versus

tim
e

for
the

k¼
400

l
m

data
is

show
n

in
F

ig.
11.

W
e

estim
ate

an
error

in
the

cross
tim

ing
betw

een
the

radiograph

tim
es

and
the

m
easured

current
at

6
1.0

ns.
T

he
error

in
the

am
plitude

is
dom

inated
by

the
shot-to-shot

uncertainty
in

the
m

agnifi
cation

of
about

6
3%

and
the

statistical
variation

in
the

am
plitude

from
one

feature
to

another,
for

a
total

uncer-
tainty

of
about

6
5%

.
A

lso
plotted

is
the

am
plitude

of
sim

u-
lated

radiog
raphs

of
four-w

ave
2D

L
A

S
N

E
X

calculatio
ns.

T
he

sim
ulations

used
a

uniform
density

w
ith

an
initial

surface
roughn

ess
that

approxim
ated

the
m

easured
surface

roughness
of

the
A

l.
T

he
sim

ulations
capture

the
overall

trend
and

late-
tim

e
am

plitudes
rem

arkab
ly

w
ell,

tho
ugh

they
appear

to
underpred

ict
the

early-tim
e

am
plitude

grow
th.

W
e

com
pare

these
results

to
analytic

theory
for

the
grow

th
of

the
m

agneto-R
ayleigh–T

aylor
instability.

T
he

lin-
earized

equations
describing

the
grow

th
of

the
M

R
T

instabil-
ity

am
plitude

can
be

described
by

tw
o

second-order
differential

equations
(E

qs.
53

and
54

of
R

ef.
2),

w
ith

a
total

of
four

solu
tions

(one
exponentially

grow
ing,

one
exponen-

tially
decaying,

and
tw

o
oscillatory

solu
tions).

R
earranging

these
equations,

w
e

can
derive

an
equation

fo
r

the
exponen-

tially
grow

ing
and

decreasing
solutions,

d
2g

dt 2
¼

c
2ðtÞg;

(1
)

w
here

g
is

the
am

plitude
and

c
2¼

kg(t)
(k

is
the

w
avenum

ber
of

the
perturbations

given
by

2
p
=k

).
In

our
original

publica-
tion

1
w

e
com

pared
the

experim
en

tal
am

plitude
grow

th
against

only
the

expon
entially

grow
ing

solu
tion

of
E

q.
(1),

w
hich

w
as

estim
ated

as
g¼

g
0

exp
[G

(t)],
w

here
G

(t)
¼
Ð

t0 cðt 0Þdt 0.
T

he
decaying

exponential
term

does
becom

e
negligible

but
at

early
tim

es
it

nearly
cancels

out
the

am
pli-

tude
grow

th
from

the
positive

root.
T

hus,
our

original
publi-

cation
overestim

ated
the

am
plitude

grow
th

predicted
by

theory
.

It
w

o
uld

be
m

ore
accurate

to
use

the
fi

rst-order
W

K
B

approxim
ate

solution
of

E
q.

(1)
w

ith
the

initial
conditions

g
(t¼

0)¼
g

0
and

dg=dt(t¼
0)¼

0,
w

here
g

0
is

the
initial

peak-to-valley
am

plitude
of

the
sinusoidal

perturbation,w
hich

is
g¼

g
0

cosh
[G

(t)].It
is

also
possible

to
num

erically
integrate

E
q.

(1)
w

ith
the

sam
e

initial
conditions.

W
e

did
this,

calculat-
ing

the
acceleration

g(t)
from

N
ew

ton’s
second

law
to

be

F
IG

.
8.

(C
olor)

A
l

liner
data

obtained
during

series
2

using
the

single-fram
e

6.151
keV

backlighter.
T

he
M

R
T

instability
w

as
seeded

in
the

upper
half

of
the

targets
(2–4.2

m
m

)
w

ith
various

sinusoidal
perturbations.

T
he

rest
of

the
target

w
as

m
achined

as
sm

ooth
as

possible.
(a)

F
ull

radiograph
im

age
from

z2102
(t¼

47.8
ns),taken

w
hen

the
ablation

jets
w

ere
w

ell-defi
ned.

(b)
F

ull
radiograph

im
age

from
z2064

(t¼
75.4

ns),taken
at

a
later

tim
e

in
the

im
plosion.

F
IG

.
9.

(C
olor)

E
xpanded

view
s

of
the

z2064
radiograph

data
show

n
in

F
ig.

8.
T

he
im

ages
show

n
have

been
cropped

and
rotated

so
that

the
z-axis

is
hor-

izontal.(a)
D

iagram
illustrating

the
position

and
am

plitudes
of

the
sinusoidal

perturbations
applied

to
the

2–4.2
m

m
region

of
the

target.N
ote

the
distorted

vertical
scale.

(b)
L

eft
and

right
side

radiograph
im

ages
of

the
perturbed

region
of

the
target.

A
red

line
show

s
the

initial
liner

contour
from

part
(a)

on
the

scale
of

the
im

age.
(c)

L
eft

and
right

side
radiograph

im
ages

of
the

unperturbed
region

of
the

target.
N

ote
the

decreased
azim

uthal
sym

m
etry

relative
to

(b).

0
5
6
3
0
1
-6

S
in

a
rs

e
t
a
l.

P
h
ys.

P
la

sm
a
s

1
8
,
0
5
6
3
0
1

(2
0
1
1
)

D
ow

nloaded 09 Aug 2012 to 198.102.153.2. R
edistribution subject to AIP license or copyright; see http://pop.aip.org/about/rights_and_perm

issions

IV
.

D
IS

C
U

S
S

IO
N

A
plot

of
the

peak-to-valley
M

R
T

instability
am

plitude
versus

tim
e

for
the

k¼
400

l
m

data
is

show
n

in
F

ig.
11.

W
e

estim
ate

an
error

in
the

cross
tim

ing
betw

een
the

radiograph

tim
es

and
the

m
easured

current
at

6
1.0

ns.
T

he
error

in
the

am
plitude

is
dom

inated
by

the
shot-to-shot

uncertainty
in

the
m

agnifi
cation

of
about

6
3%

and
the

statistical
variation

in
the

am
plitude

from
one

feature
to

another,
for

a
total

uncer-
tainty

of
about

6
5%

.
A

lso
plotted

is
the

am
plitude

of
sim

u-
lated

radiog
raphs

of
four-w

ave
2D

L
A

S
N

E
X

calculatio
ns.

T
he

sim
ulations

used
a

uniform
density

w
ith

an
initial

surface
roughn

ess
that

approxim
ated

the
m

easured
surface

roughness
of

the
A

l.
T

he
sim

ulations
capture

the
overall

trend
and

late-
tim

e
am

plitudes
rem

arkab
ly

w
ell,

tho
ugh

they
appear

to
underpred

ict
the

early-tim
e

am
plitude

grow
th.

W
e

com
pare

these
results

to
analytic

theory
for

the
grow

th
of

the
m

agneto-R
ayleigh–T

aylor
instability.

T
he

lin-
earized

equations
describing

the
grow

th
of

the
M

R
T

instabil-
ity

am
plitude

can
be

described
by

tw
o

second-order
differential

equations
(E

qs.
53

and
54

of
R

ef.
2),

w
ith

a
total

of
four

solu
tions

(one
exponentially

grow
ing,

one
exponen-

tially
decaying,

and
tw

o
oscillatory

solu
tions).

R
earranging

these
equations,

w
e

can
derive

an
equation

fo
r

the
exponen-

tially
grow

ing
and

decreasing
solutions,

d
2g

dt 2
¼

c
2ðtÞg;

(1
)

w
here

g
is

the
am

plitude
and

c
2¼

kg(t)
(k

is
the

w
avenum

ber
of

the
perturbations

given
by

2
p
=k

).In
our

original
publica-

tion
1

w
e

com
pared

the
experim

en
tal

am
plitude

grow
th

against
only

the
expon

entially
grow

ing
solu

tion
of

E
q.

(1),
w

hich
w

as
estim

ated
as

g¼
g

0
exp

[G
(t)],

w
here

G
(t)

¼
Ð

t0 cðt 0Þdt 0.
T

he
decaying

exponential
term

does
becom

e
negligible

but
at

early
tim

es
it

nearly
cancels

out
the

am
pli-

tude
grow

th
from

the
positive

root.
T

hus,
our

original
publi-

cation
overestim

ated
the

am
plitude

grow
th

predicted
by

theory
.

It
w

o
uld

be
m

ore
accurate

to
use

the
fi

rst-order
W

K
B

approxim
ate

solution
of

E
q.

(1)
w

ith
the

initial
conditions

g
(t¼

0)¼
g

0
and

dg=dt(t¼
0)¼

0,
w

here
g

0
is

the
initial

peak-to-valley
am

plitude
of

the
sinusoidal

perturbation,w
hich

is
g¼

g
0

cosh
[G

(t)].Itis
also

possible
to

num
erically

integrate
E

q.
(1)

w
ith

the
sam

e
initial

conditions.
W

e
did

this,
calculat-

ing
the

acceleration
g(t)

from
N

ew
ton’s

second
law

to
be

F
IG

.
8.

(C
olor)

A
l

liner
data

obtained
during

series
2

using
the

single-fram
e

6.151
keV

backlighter.
T

he
M

R
T

instability
w

as
seeded

in
the

upper
half

of
the

targets
(2–4.2

m
m

)
w

ith
various

sinusoidal
perturbations.

T
he

rest
of

the
target

w
as

m
achined

as
sm

ooth
as

possible.
(a)

F
ull

radiograph
im

age
from

z2102
(t¼

47.8
ns),taken

w
hen

the
ablation

jets
w

ere
w

ell-defi
ned.

(b)
F

ull
radiograph

im
age

from
z2064

(t¼
75.4

ns),taken
at

a
later

tim
e

in
the

im
plosion.

F
IG

.
9.

(C
olor)

E
xpanded

view
s

of
the

z2064
radiograph

data
show

n
in

F
ig.

8.
T

he
im

ages
show

n
have

been
cropped

and
rotated

so
that

the
z-axis

is
hor-

izontal.(a)
D

iagram
illustrating

the
position

and
am

plitudes
of

the
sinusoidal

perturbations
applied

to
the

2–4.2
m

m
region

of
the

target.N
ote

the
distorted

vertical
scale.

(b)
L

eft
and

right
side

radiograph
im

ages
of

the
perturbed

region
of

the
target.

A
red

line
show

s
the

initial
liner

contour
from

part
(a)

on
the

scale
of

the
im

age.
(c)

L
eft

and
right

side
radiograph

im
ages

of
the

unperturbed
region

of
the

target.
N

ote
the

decreased
azim

uthal
sym

m
etry

relative
to

(b).

0
5
6
3
0
1
-6

S
in

a
rs

e
t
a
l.

P
h
ys.

P
la

sm
a
s

1
8
,
0
5
6
3
0
1

(2
0
1
1
)

D
ow

nloaded 09 Aug 2012 to 198.102.153.2. R
edistribution subject to AIP license or copyright; see http://pop.aip.org/about/rights_and_perm

issions

Observed Instability growth is not 
linearly proportional to the amplitude 
of the initial perturbations. 

Ao = 60 nm 
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Is	
  the	
  electro-­‐thermal	
  instability	
  the	
  main	
  seed	
  for	
  the	
  
magneto-­‐Rayleigh-­‐Taylor	
  instability?	
  

K.J. Peterson et al., Phys. Plasmas (2012); K.J. Peterson et al., Phys. Plasmas 20, 056305 (2013). 

Experimental (left) & simulated (right) radiographs 

Time Est. MRT 
(λ=100 µm) 

h=0.06Agt2 Observed 

A 0.36 µm 
 

6.2 µm 13 ± 7 µm 
 

B 24 µm 41 µm 80 ± 7 µm 

Perturbation Growth Comparison 

8

rates of electrical wire explosions were studied with dif-
ferent rates of current density rise27. Surprisingly, with
a 50 ns current rise time the instability growth is sub-
stantially reduced to the point that instability growth is
almost imperceptible.The reason behind this somewhat
paradoxical result is that the reduced current skin depth
has increased the Joule heating such that it melts ma-
terial behind the di�usion wave almost immediately to
temperatures greater than 8 eV and into the Spitzer-
like conductivity regime. Although the electrothermal
instability growth rates are higher than the other cases,
there is very limited growth time and consequently much
less instability development. More importantly, instabili-
ties are significantly reduced during the MRT dominated
phase as the rod is compressed. Figure 13 shows the same
simulations 30 ns later and well in to the MRT growth
phase. With the 50 ns rise time pulse, not only are the
electrothermal instabilities substantially reduced, but so
is MRT instability development. This also suggests elec-
trothermal instabilities are the seed for MRT instability
growth in these types of implosions.

FIG. 12. Log density contours from 2D Al solid rod simula-
tions with current rise times of 50 ns, 100 ns, 150 ns, and 200
ns at a time near peak expansion of the rod when electrother-
mal instabilities are fully developed in each case.

VI. SURFACE ROUGHNESS

Another series of solid rod Al simulations was per-
formed to examine the sensitivity of instability devel-
opment to initial surface roughness. These simulations
utilized the same spectrum of initial perturbations and
varied only the initial surface roughness amplitude. As
shown in Figure 14, there is little correlation between
the initial surface roughness and the integral instability
development at later times. These simulations still need
to be examined in greater detail to fully understand how
this result manifests itself. However, recent experimen-
tal evidence appears to be consistent with these results
as well36. These results suggest that it is electrothermal
instability growth which seeds subsequent MRT instabil-
ity growth and that surface roughness plays a relatively
minor role.

FIG. 13. Log density contours of the 2D Al solid rod simu-
lations shown in Fig. 12 but 30 ns later in time and well in
MRT stage of instability development.

FIG. 14. Areal density perturbation as function of time for
Al rod simulations with various multipliers on the amplitude
of the initial surface roughness.

VII. SUMMARY

We have presented new high resolution 2D simulations
of instability growth in solid Al rods driven with 100 ns,
20MA current pulse. From the onset of electric current,
large perturbation growth occurs which is the result of
electrothermal instabilities. Even after pressure varia-
tions have become large enough to redistribute mass, the
nature of the instability growth observed remains consis-
tent with the presence of electrothermal instabilities until
the outer surface layers of the rod begin to compress un-
der magnetic pressure. We conclude that the simulated

Calculations suggest 
instability growth is 

independent of the initial 
surface roughness 



Electrothermal	
  instabili5es	
  occur	
  when	
  material	
  
conduc5vity	
  is	
  dependent	
  on	
  temperature	
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Theory 

Aluminum 

Filamentations (a)

(b)



Electrothermal	
  instabili5es	
  occur	
  when	
  material	
  
conduc5vity	
  is	
  dependent	
  on	
  temperature	
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Striations 

(a)

(b)

Theory 

Aluminum 

Filamentations (a)

(b)



Electrothermal	
  instabili5es	
  occur	
  when	
  material	
  
conduc5vity	
  is	
  dependent	
  on	
  temperature	
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Then, η increases which consequently further 
 enhances the localized ohmic heating (η j2), 

which leads to increased  

Striations 

Consider a small temperature perturbation due 
to localized variations in ohmic heating 

 - surface contaminants (variations in η ) 
 - surface roughness (Bθ ~ I/r, in cylinders) 
  

(a)

(b)

Temperature perturbations 
give rise to pressure 

variations which eventually 
redistribute mass  

Theory 



Liner	
  Compression:	
  Is	
  it	
  possible	
  to	
  suppress	
  the	
  growth	
  of	
  
the	
  magneto-­‐Rayleigh-­‐Taylor	
  instability?	
  

§  No	
  ETI	
  growth	
  in	
  plas2c	
  coa2ng	
  
§  Carries	
  very	
  liRle	
  current	
  
§  Theore2cally	
  ETI	
  stable	
  

§  Demonstrated	
  to	
  help	
  suppress	
  
early-­‐2me	
  growth,	
  but	
  will	
  it	
  
help	
  with	
  full	
  implosion?	
  (more	
  
Z	
  shots	
  in	
  2015	
  on	
  this	
  topic)	
  

K.J. Peterson et al., Phys. Rev. Lett. 112, 135002 (2014).  See also GO5.00012 on Tues. 



2D	
  Hydra	
  simula5ons	
  also	
  predicted	
  drama5c	
  
differences	
  in	
  instability	
  growth	
  in	
  imploding	
  liners	
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Be AR=6 liner 

70 µm  
coating 

Log ρ 



Recent	
  experiments	
  confirmed	
  that	
  coated	
  
aluminum	
  imploding	
  liners	
  exhibit	
  a	
  drama5c	
  
reduc5on	
  in	
  instability	
  growth	
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Uncoated liners 

70 micron coated liners 



Coated	
  Be	
  liners	
  also	
  show	
  instability	
  improvement	
  at	
  
similar	
  5mes	
  compared	
  to	
  uncoated	
  Be	
  liners,	
  but	
  not	
  as	
  
drama5c	
  as	
  the	
  Aluminum	
  data	
  

Be coated liner 

§  Less correlation 
§  Smaller 

amplitude MRT 
§  Smaller 

wavelength MRT 
§  More stable inner 

surface 

§  A more 
quantitative 
analysis is 
underway 
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R.D. McBride et al.,  
POP 20, 056309 (2013) 
 



We	
  are	
  beginning	
  to	
  simulate	
  ETI	
  effects	
  on	
  
MagLIF	
  liners	
  in	
  3D	
  

§  Challenging	
  zoning	
  requirements	
  
§  Large	
  Eulerian	
  cells	
  (>1	
  μm)	
  are	
  not	
  

sufficient	
  to	
  resolve	
  ETI	
  

§  Bz	
  field	
  introduces	
  boundary	
  
condi2on	
  complexi2es	
  

§  Link	
  different	
  spa2al	
  scales	
  	
  
§  High	
  resolu2on	
  surface	
  ETI	
  

simula2ons	
  
§  Lower	
  resolu2on	
  liner	
  

dynamics	
  simula2ons	
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Do electrothermal instabilities explain why large 
initial density perturbations have been 
historically been required to simulate Z-pinch 
liners and wire arrays? 



HELICAL	
  INSTABILITIES	
  

22	
  



What	
  is	
  the	
  physical	
  mechanism	
  behind	
  the	
  helical	
  
instability	
  seen	
  in	
  magne5zed	
  liner	
  implosions?	
  Does	
  it	
  
help	
  mi5gate	
  liner	
  instability	
  growth?	
  

§  Observed	
  pitch	
  angle	
  inconsistent	
  with	
  
expected	
  Bθ	
  vs.	
  Bz	
  at	
  radiograph	
  2me	
  

§  Idea	
  1:	
  Angle	
  is	
  “frozen	
  in”	
  at	
  early	
  2me	
  
when	
  two	
  are	
  comparable—simula2ons	
  
suggest	
  a	
  helical	
  perturba2on	
  early	
  on	
  
persists	
  (Awe)	
  

§  Idea	
  2:	
  Bz	
  permeates	
  en2re	
  load	
  region,	
  
could	
  be	
  swept	
  up	
  and	
  compressed	
  
making	
  Bz	
  large	
  at	
  this	
  2me	
  (Ryutov)	
   23	
  23	
  Same target, un-magnetized 

Axially magnetized implosion 

T. J. Awe et al., Phys. Rev. Lett. 111, 235005 (2013). T. J. Awe et al., Phys. Plasmas 21, 056303 (2014). 



7.2 degree helix etched onto liner 
surface at 20 micron grid resolution  

 
•  Helical structure persists 

throughout implosion and 
grows enough to be 
retained in radiographs 
during implosion 

 

Initial Conditions 

CR 6.4 

Qualita5ve	
  agreement	
  in	
  3D	
  simula5ons	
  can	
  be	
  
achieved	
  by	
  seeded	
  an	
  ini5al	
  helical	
  structure	
  

GORGON1  

Z 2480 Data  

HYDRA2 

1 Christopher Jennings Simulation, 2 Adam Sefkow Simulation 
  



Bz,0 =10 T  No Bz field 

3090 ns 

3082 ns 

If initially seeded by a helical structure, an applied Bz is not 
required for the perturbation to persist	
  

This hypothesis will soon be tested on Z 



Without	
  a	
  pre-­‐imposed	
  helical	
  structure,	
  modeling	
  
helical	
  instability	
  development	
  in	
  magne5zed	
  liner	
  
implosions	
  has	
  been	
  difficult	
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Roosevelt I Experiment  
with applied Bz field §  Mul2ple	
  simula2on	
  codes/models	
  

§  HYDRA,	
  GORGON,	
  ALEGRA	
  
§  Perturba2on	
  Seed?	
  
§  Missing	
  physics?	
  ETI?	
  

�7/�!/01��:&�));C*�$+�2<���)&+�/�&*-),0&,+�
�:-�/&*�+10�-/,8&����70�9&1%�0�8�/�)�+�9�&+0&$%10�

�� ��2&�0�2&�,��<*',�0'��**<�1<++�20'��
1208�280�1A�:��1���&�*'��*�1208�280�1�

�� �1��- ��-+.0�11'�*���*��20-��1�
+'3%�2�1���%��(�6,%�',12��'*'3�1�

�� ��%,�3��"�*��0��8����+8*3I)���;�0�<1�
�11-�'�2���:'2&�*�2�I3+��',12��'*'3�1�

4 mm CR 
=2.7 

CR 
=6.4 

CR 
=2.9 

CR 
=6.9 

CR 
=2.0 

No B-field 

Highest CR 
imaged to 
date 

T.J. Awe et al., submitted to Phys. Rev. Lett. 

GORGON Simulation1  
with pre-imposed helical perturbations 

ALEGRA Simulation2  
with nominal surface roughness 

See O.Tu_C12  
for further discussion and theory  

1 Christopher Jennings Simulation, 2 Matthew Martin Simulation 
  



The connection (if any) between ETI and observed 
helical instabilities on pre-magnetized liners is not yet 
understood 



We	
  are	
  working	
  on	
  understanding	
  the	
  role	
  of	
  surface	
  
roughness	
  and	
  volume-­‐distributed	
  impuri5es	
  in	
  
seeding	
  ETI,	
  through	
  current	
  redistribu5on,	
  in	
  3D 

§  Experiments	
  at	
  UNR	
  are	
  
providing	
  new	
  insights	
  on	
  early	
  
2me	
  surface	
  ini2a2on	
  and	
  early	
  
stages	
  of	
  3D	
  ETI	
  development	
  

§  Data	
  provides	
  enormous	
  
constraints	
  on	
  simula2ons	
  

§  Theore2cal	
  work	
  is	
  underway	
  to	
  
explain	
  the	
  observed	
  structures	
  

Awe et al, PRL 2013 

I~15 MA 

I~0.726 MA 

I~0.825 MA 

Striation form of 
ETI? 

Visible emission of R~0.5 mm Al rod, Bz=0 
 

Filamentation 
form of ETI? 

Data taken at Zebra generator, UNR 
Courtesy T.J. Awe 
 
 
 Edmund Yu 



We	
  are	
  currently	
  studying	
  how	
  a	
  collec5on	
  of	
  bumps/
pits,	
  as	
  well	
  as	
  volume-­‐distributed	
  impuri5es,	
  
redistribute	
  current	
  and	
  generate	
  ETI 

Current “bunches up” here 
èδ(ηj2)>0 
èδT>0 
èδη>0 (η rises with T) 
èδ(ηj2)>0 
i.e. this region is ETI 
unstable, and is seeded by 
current redistribution  
 
 3D MHD simulation (ALEGRA)  

confirms this intuition.  

5µm deep pit, I=2.75 MA 

Bump, 
Bz=0 

Pit, Bz=0 Pit, Bz=Bθ	



J 

5µm tall bump, I=2.75 MA 

ETI-unstable regions have exploded 
(2 adjacent pits can “correlate”) 

I=2.75 MA 
Bz=20 T 

Edmund Yu 



We	
  have	
  recently	
  examined	
  ETI	
  mi5ga5on	
  with	
  thick	
  
dielectric	
  coa5ngs	
  on	
  magne5zed	
  liners	
  	
  	
  

§  Helical	
  structure	
  s2ll	
  present	
  with	
  dielectric	
  coa2ng	
  added	
  
§  Radiographs	
  demonstrate	
  remarkable	
  implosion	
  uniformity	
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Alterna5ve	
  Explaina5ons	
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STAGNATION	
  AND	
  FUEL	
  ASSEMBLY	
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We are exploring fundamental processes that limit 
compression and thermalization 

§  Non-­‐uniform	
  compression	
  or	
  fuel	
  
hea2ng	
  could	
  excite	
  a	
  fully	
  3D	
  
velocity	
  field	
  

§  Spa2al	
  non-­‐uniformi2es	
  can	
  lead	
  
to	
  par2ally	
  stagnated	
  plasma	
  
with	
  significant	
  residual	
  kine2c	
  
energy	
  

§  Significant	
  vθ	
  (see	
  vor2ces),	
  
which	
  can	
  generate	
  centrifugal	
  
force	
  

Z=3.5 mm 

P=1e12 J/m3 contour 

t=2519.8 ns 

 E.P. Yu, A.L. Velikovich, and Y. Maron, Physics of Plasmas 21, 082703 (2014). 
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Uncorrelated	
  perturba5ons	
  can	
  feed	
  through	
  to	
  fuel	
  
at	
  stagna5on	
  

§  Finite	
  azimuthal	
  structure	
  very	
  
detrimental	
  to	
  final	
  compression	
  

§  Varia2ons	
  in	
  emission	
  data	
  is	
  a	
  result	
  of	
  
both	
  opacity	
  and	
  emission	
  varia2ons	
  

Chris Jennings 



Neutron Pulses & Yields 
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Can	
  we	
  measure	
  and	
  model	
  decelera5on	
  instability	
  
growth	
  in	
  liner	
  implosions?	
  

§  Difficult	
  to	
  image	
  instability	
  growth	
  
with	
  sufficient	
  2me	
  and	
  spa2al	
  
resolu2on	
  and	
  photon	
  energy	
  
during	
  stagna2on	
  phase	
  

§  We	
  are	
  currently	
  looking	
  at	
  
designing	
  valida2on	
  experiments	
  
to	
  image	
  decelera2on	
  instability	
  
growth	
  at	
  larger	
  radii	
  as	
  well	
  as	
  
draw	
  inferences	
  from	
  related	
  data	
  

Chris Jennings 



We	
  are	
  also	
  studying	
  our	
  predic5ve	
  capability	
  to	
  
symmetrically	
  compress	
  fuel	
  in	
  high	
  convergence	
  
implosions	
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Despite	
  a	
  rather	
  azimuthally	
  symmetric	
  assembly	
  of	
  
fuel	
  at	
  stagna5on,	
  images	
  captured	
  post-­‐bounce,	
  reveal	
  
a	
  3D	
  disassembly	
  

§  Post	
  stagna2on	
  radiography	
  does	
  NOT	
  show	
  a	
  cylindrical	
  
shell	
  bouncing	
  off	
  of	
  stagnated	
  fuel	
  

§  Disassembly	
  shows	
  a	
  high	
  degree	
  of	
  3D	
  structure	
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Conclusions 	
  	
  

§  Our	
  ul2mate	
  goal	
  is	
  to	
  be	
  able	
  to	
  develop	
  and	
  validate	
  a	
  predic2ve	
  
capability	
  for	
  the	
  growth	
  and	
  scaling	
  of	
  the	
  most	
  important	
  instabili2es	
  for	
  
MDI	
  approaches	
  

§  We	
  are	
  making	
  significant	
  progress	
  in	
  our	
  understanding	
  and	
  control	
  of	
  
instabili2es	
  in	
  magne2zed	
  liner	
  implosions	
  	
  
§  Controlled	
  single	
  and	
  mul2mode	
  MRT	
  valida2on	
  experiments	
  
§  Influence	
  of	
  surface	
  roughness	
  and	
  correla2on	
  on	
  instability	
  growth	
  
§  Electrothermal	
  instabili2es	
  
§  Helical	
  structures	
  

§  Understanding	
  and	
  mi2ga2on	
  of	
  electrothermal	
  instabili2es	
  appears	
  
promising,	
  many	
  open	
  up	
  design	
  space	
  for	
  MDI	
  targets	
  

§  We	
  have	
  demonstrated	
  the	
  capability	
  to	
  predict	
  and	
  control	
  instability	
  
growth	
  in	
  high	
  convergence	
  implosions	
  

§  We	
  are	
  con2nuing	
  to	
  develop	
  3D	
  simula2on	
  capabili2es	
  to	
  beRer	
  
understand	
  fuel	
  compression,	
  thermaliza2on,	
  and	
  effect	
  of	
  magne2za2on	
  
on	
  instability	
  development	
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Backups	
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Radial Field and Density Distribution 
through mid-plane 

10 T initial applied Bz 
3093ns (half way up neutron pulse rise) 

Additional field components are being introduced 
by shape of imploding surface 
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Be AR=12 liner Log ρ 

2D	
  Hydra	
  simula5ons	
  also	
  predicted	
  drama5c	
  
differences	
  in	
  instability	
  growth	
  in	
  imploding	
  liners	
  


