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Outline

• RT vs MRT, anisotropy and feedthrough1

• Effects of magnetic shear on MRT2

MRT i t f il d i b MA LTD3• MRT experiments on foil driven by MA-LTD3

• Ongoing works

1Y. Y. Lau, et al., Phys. Rev. E 83, 066405 (2011).
2P. Zhang, et al., Phys. Plasmas (Feb 2012 issue).
3J. Zier, et al., Phys. Plasmas (March 2012 issue).
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• Rayleigh-Taylor (RT)

– Driven by fluid or kinetic HeavyHeavy

(Light)(Light) StableStable
InterfaceInterface

pressures 
– Isotropic on interface

gg HeavyHeavy
UnstableUnstable
InterfaceInterface

• Magneto-Rayleigh-Taylor 
(MRT) LightLight

– Driven by magnetic pressure 
and kinetic pressure

– B-field creates anisotropy 
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AnisotropyAnisotropy

Degree of MRT anisotropy depends 
on the fraction of magnetic pressure 
in providing the acceleration.

Wh t l ?What else?
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Feedthrough Factor:
ξ(stable interface)/ξ(unstable interface) ξ( ) ξ( )

Light Heavy Light

RT “stable”RT “unstable”

g (gravity in rest frame)

a  (= –g = acceleration in lab frame)



Our Model : Ideal MHD
(in rest frame of interfaces)(in rest frame of interfaces)

p gρ ρ∂⎛ ⎞+ ⋅∇ = −∇ + × −⎜ ⎟
v v v J B xp g
t

ρ ρ+ ∇ ∇ + ×⎜ ⎟∂⎝ ⎠
v v J B x

( ) 0ρ ρ∂
+∇ ⋅ =v( ) 0

t
ρ+∇

∂
v

0∇⋅ =v Fluid incompressible0∇ v

( )
t

∂
= ∇× ×

∂
B v B

Fluid incompressible

Frozen-in Law
t∂

0μ∇× =B J
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Equilibrium Conditions:
in Rest Frame of Interfaces

ρ01, ρ02, ρ03, B01, B02, B03, 
Δ, g, are arbitrary 
constantsconstants

i li f ti f
0 0ˆ ˆy zB B= +0B y z

p0 is a linear function of x 
within each region I, II, 
and III. 

( ) ( )
2 2

01 03
02 01 032 2

g p pρ β α− +
⎡ ⎤ ⎡ ⎤

Δ = + − +⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎢ ⎥

B B

Weight of Region II supported by pressure difference between I and III:

( ) ( )02 01 03
0 02 2μ μ⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦

Pressure balance across the upper and lower interface:

( ) ( )
2 2

03 02
03 03

0 02 2
p pα α

μ μ
+ −

⎡ ⎤ ⎡ ⎤
+ = +⎢ ⎥ ⎢ ⎥

⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦

B B ( ) ( )
2 2

02 01
02 01

0 02 2
p pβ β

μ μ
+ −

⎡ ⎤ ⎡ ⎤
+ = +⎢ ⎥ ⎢ ⎥

⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦

B B;
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Perturbation Analysisy
Within each region (I, II, and III):

0 1( ) ( ) ,

[v ( ) v ( ) v ( )]

y z

y z

i t ik y ik z

i t ik y ik z

p p x p x e ω

ω

− −

− −

= +

+v v v v1 1 1 1 1

1 1 1 1

[v ( ), v ( ), v ( )] ,

[B ( ),B ( ),B ( )] .

y z

y z

y
x y z

i t ik y ik z
x y z

x x x e

x x x e ω − −

= + = =

= + = +

0

0 0

v v v v

B B B B
⇒

Subscript 0: Unperturbed quantities
Subscript 1: Perturbation quantities

Total perturbation pressure is continuous at the upper 
and lower interfaces  =>  MRT dispersion relation
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MRT Dispersion Relationp

4 2 0R S4 2 0R Sω ω− + =

01 02 03 01 02 03( , , , , , , , , , ),y zR R g k kρ ρ ρ= ΔB B Β

⇒

01 02 03 01 02 03( , , , , , , , , , ).y zS S g k kρ ρ ρ= ΔB B B

d 1 3Four modes:  ,ω ω ω ω= ± = ±

1   most unstable mode's eigenfrequencyω ≡

2
2
1 2 4

R R Sω = − −
2 4
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Extension of Harris’ Model: Nonzero B03
(UM Experiment)

2
03 0 02/uV B μ ρ≡

2 /V B μ ρ≡

( )( )2 2 2 2

2 2 2 2
z l z ugk k V gk k V

k
k V k V

− +
Δ 0, →Δk

01 0 02/V B μ ρ≡

2 2 2 2

2 2

z l z u

z l

k V k V

kg k V

+

−

( ) =1Im ω

1, >>Δk

2 2

2 2
z l

z u

gk k V
gk k V

−
+ 0, →Δk

( )2 2

2 2 2 2

2

2
z lk

z l z u

gk k V
e

kg k V k V
− Δ

−

− +

1F ≈

1, >>Δk



e− Δk

2 2 2 2 2 22 2 2 2 2 2/ ,   / ,    /  ( 1 for MRT)  u z u zkg b k V kg b k V kgγ γ= = = <
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The two interfaces are decoupled when 

λ = 1mm, Δ = 1mm

2 1 6.28
1

k mm
mm
π

Δ = × =

kΔ

⇒

1mm

Feedthrough Factor 0.0019,as if .ke− Δ< = Δ →∞

=> MRT on one interface cannot affect the
opposite interface
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One Interface (kΔ >2):
Kruskal Schwarzchild (1954)Kruskal-Schwarzchild (1954)

Chandrasekhar (1961)

x

ρ02, B02 = 0
zg

ρ01 = 0, B01 = ẑB01z

y
g

2 2 2
zkg k vω = − + ,  where

2
2 01

0 02

zBv
μ ρ

= 2 2
y zk k k= +,  

2 2
zk v kg>MRT is stable if

0 02μ ρ



Conclusions

• Anistotropy and feedthrough in MRT was solved for 
3 regions with 2 interfaces, with an arbitrary mix of 
kinetic and magnetic pressure in each region

• Classical theories of Taylor, Chandrasekhar, Harris, 
are recovered as limiting cases

• MRT retains significant growth if it is not stabilized 
by magnetic field line bending

• MRT feedthrough is significantly reduced in modes 
that bend the magnetic field linethat bend the magnetic field line

Ref.: Y. Y. Lau et al., Phys. Rev. E 83, 066405 (2011)
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Effect of Magnetic Shear on MRT*

B0z

currentcurrent

I II III

B0θ

Cause: diffusion of B0θ within liner 
+ pre-imposed B0z
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*S. Slutz et al., Phys. Plasmas 17, 056303 (2010).



Equilibrium B :Equilibrium B0 :
III. B03 = (0,          0,       B03z)
II B = (0 B ( ) B )II.  B02 = (0,  B02y(x),       B03z)
I.   B01 = (0,      B01y,       B03z)

B01y = const, B03z = const.
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B02y(x) profile

02 01

1sinh 1
( ) ; 01y y

x

B x B xδ
⎡ ⎤⎛ ⎞−⎜ ⎟⎢ ⎥Δ⎝ ⎠⎣ ⎦= × ≤ ≤ Δ1sinh

δ

δ= “skin depth”,
in units of Δ
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Analytic Results on Two LimitsAnalytic Results on Two Limits

• B02 (x) = B01 (Zero magnetic shear)B02y(x) = B01y (Zero magnetic shear)
– bl = 0 mode always unstable, regardless of bu

• δ=0 (Infinite magnetic shear)
– MRT is stabilized if bu > 1

2 2
2 201 03( ) ( );   

( ) ( )l u
k B k Bb b

kg kgμ ρ μ ρ
⋅ ⋅

= =
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Solve for eigenvalue ω and eigenfunction ξx :

( ) ( ) ( ) ( )2 22 2 2 0
0 0 0 0 1

0 0

1 1 0,x
x

d dd k B k g k B
dx dx dx

ξ ρρ ω ρ ω ξ
μ μ

⎧ ⎫⎡ ⎤ ⎡ ⎤⎪ ⎪− + ⋅ − − − + ⋅ =⎨ ⎬⎢ ⎥ ⎢ ⎥
⎪ ⎪⎣ ⎦ ⎣ ⎦⎩ ⎭

∞ < < ∞x−∞ < < ∞

2 2(0, , ),     y z y zk k k k k k= = +
2 2

2 201 03( ) ( );   
( ) ( )l u

k B k Bb b
kg kgμ ρ μ ρ

⋅ ⋅
= =

0 02 0 02( ) ( )kg kgμ ρ μ ρ

Can show: b = 0 modes are most unstable
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Can show: bl = 0 modes are most unstable 



Growth Rate (bl = 0)

bu = 1

I i ti h d MRT th t

22

Increasing magnetic shear reduces MRT growth rate, 
but cannot completely eliminate it



B0z ~ 3 B0θ

B0z ~  B0θ0z 0θ

B0z ~ 0.3 B0θ
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Feedthrough Factor (bl = 0)

b =1 bu=1bu=1 u

The feedthrough factor is virtually independent of magnetic shear
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Conclusions on Effects of Magnetic 
Sh MRTShear on MRT

• The bl = 0 modes are the most unstable

• Increasing magnetic shear reduces MRT growth 
rate, but cannot completely eliminate it.  A large 
B0z is required to affect MRT growth.

• The feedthrough factor is vitually independent of 
magnetic shear
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Use of low density foam to create a final axial 
magnetic field of order B0θ upon compression

0ˆ zzB Conservation of Mass

magnetic field of order B0θ upon compression

0R Conservation of Magnetic Flux

2 2
0 0( ) 2L F L LR R R Rπ ρ π ρ− = Δ

R

0 g
2 2
0 0 0( ) 2L z LR R B R RB θπ π− = Δ

BρLR
0 0

0

F z

L

B
B θ

ρ
ρ

⇒ =

0
ˆB θθ

0
0

0
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BR R
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θ⇒ = + L
R
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R
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Δ



Assume:Assume:  
20
30 T

RA
B

=

0

0

30 T
1500 T

zB
B θ

=
=

3.3 mmLR =

0 8.08 mmR⇒ =0

0
0

8.08 mm

0.037 g/cc for Be
50

z L
F L

R
B
B

ρρ ρ

⇒

⇒ = = =
0 50B θ

Such a low density foam or gas, upon compression, 
may create an applied axial magnetic field that exertsmay create an applied axial magnetic field that exerts 
some control of MRT by magnetic shear.
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TensionerTensioner AnodeAnode
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PreshotPreshot ImageImagePreshotPreshot ImageImage
Laser Image TimesLaser Image Times

 P
la
te

 P
la
te

 P
la
te

 P
la
te

ilil

Re
tu
rn

Re
tu
rn

Re
tu
rn

Re
tu
rnFo
i

Fo
i

~1cm~1cm



t = 38 ns, I = 215 kAt = 38 ns, I = 215 kA t = 90 ns, I = 468 kAt = 90 ns, I = 468 kA

t = 129 ns, I = 529 kAt = 129 ns, I = 529 kA t = 179 ns, I = 602 kAt = 179 ns, I = 602 kA



t = 16 ns, I = 104 kA t = 63 ns, I = 354 kA

t = 94 ns, I = 501 kA t = 179 ns, I = 606 kA



t = 199 ns, I = 603 kAt = 199 ns, I = 603 kAInitial Foil Initial Foil 
PositionPosition

Return Return  Return Return MidMid‐‐PlanePlane
PlanePlane PlanePlane



Kinetic Kinetic 
PressurePressure

od
e

od
e

no
de

no
de

PressurePressure

ur
n 
A
n

ur
n 
A
n

ur
n 
A
n

ur
n 
A
n

ft
 R
et
u

ft
 R
et
u

ht
 R
et
u

ht
 R
et
u

Le
f

Le
f

Ri
gh

Ri
gh



od
e

od
e

no
de

no
de

oi
l

oi
l

ur
n 
A
n

ur
n 
A
n

ur
n 
A
n

ur
n 
A
n

de
d 
Fo

de
d 
Fo

II11II11 II22 II22

ft
 R
et
u

ft
 R
et
u

ht
 R
et
u

ht
 R
et
u

Ex
pa

nd
Ex
pa

nd1111 22 22

Le
f

Le
f

Ri
gh

Ri
ghEE



od
e

od
e

no
de

no
de

oi
l

oi
lLargestLargest LargeLarge

ur
n 
A
n

ur
n 
A
n

ur
n 
A
n

ur
n 
A
n

de
d 
Fo

de
d 
Fo

II11II11 II22 II22

LargestLargest LargeLarge

ft
 R
et
u

ft
 R
et
u

ht
 R
et
u

ht
 R
et
u

Ex
pa

nd
Ex
pa

nd1111 22 22

BB‐‐FieldField BB‐‐FieldField

Le
f

Le
f

Ri
gh

Ri
ghEE



Kinetic Kinetic 
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Case
Expected Fluid 
Configuration

Observed Fluid Configuration
e‐folding 
time (ns)g ( )

Large Offset 
Left Side

‘Light’ B‐field 
accelerates 

‘Heavy’ Plasma
Highest magnetic pressure drives fastest 

growth on MRT unstable interface
98

y g

Large Offset
‘Light’ B‐field 

Early expansion allows right side 
magnetic pressure to produce MRTLarge Offset 

Right Side
decelerates 

‘Heavy’ Plasma

magnetic pressure to produce MRT 
unstable interfaces after interfaces 
decouple; unstable after crosses axis

114

Nearly 
Centered

No driving 
acceleration

Both sides show similar growth rate due 
to early expansion followed by later 

time magnetic compression
~ 106



Shot 309
T = 38 ns,  I = 215 kA

Shot 301
T = 199 ns I = 603 kAT = 199 ns,  I = 603 kA
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t = ~190 nsPreshot Image
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µMachined foils – a brief introµMachined foils a brief intro
Example of patterned foil

• ~3 mW power incident on foils
• Holes ~40µm diameter

S i 150

1cm

• Spacing ~150µm
• Line spacing ~150µm
• Holes fully penetrate material 400 

Al f il cnm Al foil
– Mass removal determined by hole 

size

Patterned aluminum 400nm foilImage from Sinars et al.

40µm~40µm



Our UMµM facility, 2mm wavelength mass 
b i 400 Al f ilperturbation on 400 nm Al foil

Micro-pattern of removed holes used to create macro pattern of mass p p
removal corresponding to the wavelength of MRT which we are 
attempting to excite

Light shines 
th h

1cmCurrent
through 
µMachined holes

Resulting pattern of mass perturbation 
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Shot 441 – ~2 mm seeding wavelength
Boxes used location/sizeO i i l f il Boxes used – location/size 

arbitray.  Simply demonstrating 
effect

Original foil 
mass 

distribution

Light
Heavy

C

2 mm

C
urrent

214 ns
Max I: 467 kA @ 154 ns
Laser at 214 ns

214 ns



Seeded vs. unseeded – clear indications of 
expansion perturbation near seeded wavelengthexpansion perturbation near seeded wavelength

Shot 325 (old Nd:YAG) and 439 (new laser) – no 
seeding

Shot 441 – seeded at ~2 
mm, new 150 fs, 775 nm 

laserlaser
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214 ns 207 ns 215 ns
Peak I: 467 kA @ 154 ns

214 ns
Peak I: 464 kA @ 206 ns

207 ns
Peak I: 535 kA @ 169 

215 ns



Shot 443 – Initial tests on 1 mm wavelength -
Effect of seeding seems to weakenEffect of seeding seems to weaken

Detail view

1 mm
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Max I: 600 kA @ 161 ns

156 ns
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