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* S.A. Slutz et al. Physics of Plasmas
17, 056303 (2010)
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The Z facility provides a unique opportunity to test

magnetized and preheated fuel

Zis the worlds largest
. pulsed power machine 30
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A MagLIF point design for Z is being

We are using Lasnex to simulate MagLIF
*Well benchmarked

*Radiation hydrodynamics

*Includes the effect of B on alphas

Preliminary point design parameters

*Beryllium liner R, 2.7 mm
sLiner length 50 mm
*Aspect Ratio R /AR 6

eInitial fuel density 0.003 g/cc
*Preheat temperature 250 eV
sInitial B-field 30 Tesla
*Peak current 27 MA
«Convergence Ratio 23

*Peak Pressure 3 Gbars
*Fuel Energy 120 KJ
*Total absorbed energy 600 KJ
*Final fuel density <on axis> 0.5 gl/cc
*Peak central averaged Tion 8 keV
*Final peak B-field 13500 Tesla
1D Yield 500 kJ
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Direct magnetically driven implosions could be about 50
times more efficient than indirect radiation driven
implosions

However, the natural geometry is cylindrical
e reduced volume compression (pr and T, difficult)

« implosion velocity is slow Vi, ~ 12 cm/us for instability-robust
liners

Fuel magnetizing and preheating is a potential solution

- the attainment of ignition conditions with slow implosions and
modest radial convergence
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fa,the fraction of the a energy deposited in
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Conduction losses aredmportant for small pr
P, <60"*F,(6,B/p)
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Axial a-trapping requires closed field lines or
moderately high fuel @sity so that

pAz>0.5g/cm’
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CR,, = Convergence Ratio (Ry/R;) needed to obtain 10 keV (ignition)

with no radiation or conductivity losses

Lasnex simulation with constant velocity

0 5 10 15 20 25 30
Velocity (cm/us)

Fuel can be heated to ignition
temperature with modest Convergence
Ratio when the initial adiabat is large

» adiabat set by implosion velocity (shock) or

« alternatively by fuel preheat
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Conditions for heating of DT gas

The critical density for green light is 17 mg/cc in DT

...initial gas density is 2-3 mg/cc implies absorption by
inverse bremsstrahlung

The gas can be held in place by a thin plastic foil

...a 1l pwindow will have less areal density than the gas

The total laser energy is modest
E..=maLoC,0 C,~1.2x10°J/g/keV

r V(L 0
Elaser ~ 34( j ( j( ,00 J( jk\]
0.3cm/ \lcm Almg/cc \0.1keV
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Laser absorption is dominated by inverse bremstrahlung

1 2 2 Y12 2 ~1/2
a_ K = Yeie [1_ ‘02] Ky ko ~1.37X10°(pA, Z,) (1-227pZ, /7 )

=32
@, 0

The gas heating is described by the equation C, % = ﬂ — Kkl

dt dz

2/3 2/3 £k | 2/5
| = Io{l_iJ 0= 90[1—LJ where 6, :( 0 OtJ
Z, Z, 2C,

which has solutions

04

The laser light propagates further into the gas as it
heats up due to areduction in k. Thus a “bleaching
E wave” is developed

Temperature profiles are flatter
when conduction is included!

Temperature (keV)

1.0
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Simulations indicate the Z-Backlighter Laser

could preheat fuel for experiments on Z

*The gas can be held in place by
a 1 u plastic foil

*The critical density for green
light is 4-7 x initial fuel density
absorption by inverse
bremsstrahlung

5ns 8 ns 11 ns|
800 - . *The total laser energy needed
5[}0: Laser propagation_direction :_ <10 kJ
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A small laser entrance hole (LEH)

actually increases the yield

Yield contours (color) from a series
of 1D Lasnex simulations
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The loss of fuel through the laser entrance

hole should be manageable
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Axialloss Ly, =CO'"*(A=2m7)(VO ~6/L)

<

2r

axial

A

——  Radialloss L, =CO0"*(A=2arL)(VO~0/r)

Lag /L = (L/1)" ~ (0.5/.02)" = 2500

rad axial —

Axial losses are being addressed with fully
integrated simulations, see Adam Sefkow'’s talk
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MagLIF benefits from short implosion times

and 1s robust to mix due to low Z liner

Thptimal fuel density is determined 20% mix degrades the
by the balance betv_ve_en PdV heating and yield by only 50%
Bremstrahlung radiation losses - R
100ns I I
Pfinal = g/cc 08 -
imp
*purely axial fields can be used on Z, since c o6l A
o 7| ]
PAz>0.5 forsmall Az % _ ]
2 04f .
>. | o
02 ]
The preheat energy is roughly proportional [
to the implosion time ool . .. ..0 oL
*Fuel preheat requires < 10 kJ for Z (z;,,,= 100 0.1 1.0 10.0 100.0

ns) mass fraction Be %

Preheat feasible with a laser
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The Nernst term has a significant effect

on profiles and the yield

Solid curves with Nernst term
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, 1he MRT instability determines performance of

MagLIF and other implosion systems
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The Magneto-Rayleigh-Taylor 2D Lasnex Be liner simulations AR=6
instability degrades the yield as *60 nm surface roughness

sresolved wavelengths 200-1600 um

the aspect ratio is increased due _
swavelengths of 300-600 um near stagnation

to decreased liner pr
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We are benchmarking Lasnex with Magneto-Rayleigh-

Taylor instability experiments

Preshot
Lasnex simulated
radiograph

Axial distance (mm)

Dark = opaque

-4 -2 0 2 4
Radius (mm)
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We have initiated studies of liner implosion stability,

e.g. D. Sinars et al. PRL 105, 185001 (2010)

‘te smuaton | &°
I L ] Experiments are progressing
fl ¢ : with beryllium liners
g 400 um o » Some information about the inner
g ooOf wavelength ® . surface can be obtained due to the
] C ® : lower opacity
L o’ ] *Higher energy back lighters are
X | ' under development
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3D simulations capture features of multi-mode MRT

growth (see C. Jennings’ and R. McBride’s talks)

Z Experiments Gorgon 3D Simulations Gorgon 3D Simulations
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100.0 F S— S S 5 Liner parameters:

R,/AR =6, CR = 20, B=30, Preheat temp~250
eV, Initial fuel density 2 - 5 mg/cc
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+
6 E ppsorbea Heating all of the fuel to ignition
- temperature “Batch burn” doesn’t lead
) to high gain!

4+ ce=heating

no=heating
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2 . ] propagated radially into a cold dense
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Ol e . '

20 30 40 50 60

Peak Current (MA)

() sandia Ntional Laboratores
T



High Gain is required for Inertial

Fusion Energy (IFE)

Potential High-Gain
MagLIF

Laser beam

Axial distance —>
& B-field —>P

Drive current

Radius =—>

Fusion energy requires G, fRPUD =1

G>50

G = Gain=Yield/liner absorbed energy
e = electricity production efficiency~0.4
fp = fraction of power recirculated~0.25
1o =driver efficiency ~ 0.2 for magnetic implosions

High Gain is obtained by only heating a small

central portion of the fuel during compression
*minimizes compressive heating
*burn wave propagates into cold fuel as a deflagration

B, decreases radial heat transport

sincreases self-heating in the hot spot

edecreases burn wave propagation into cold fuel

Jones and Mead, Nuclear Fusion 1986 suggested
magnetized fuel is not compatible with propagating burn!

Is there a regime that allows both enhancement of
hot spot ignition and burn wave propagation?
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Radial propagation in magnetized fuel was

studied with a simple stagnation model

1 ’, B v

A 1.0 constant ]
2 pressure [ density 7
= ]
S n .

5 _
Q N p
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© o ]
s | —
o o ]
Z 3 ]

0.0F
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1D Lasnex simulations were performed starting at an idealized stagnated
state with the following attributes:

epressure equilibrium
ecentral hot spot Tion=10 keV @ center
sspecific areal density of the hot spot and the surrounding metal liner were

varied

The ratio of the yield from the cold ice layer to the yield from the hot
spot is a measure of the propagation, i.e. Y g4/ Yhot
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There is an optimal magnetic field strength

for radial propagation

} T T T T
‘ 0.15 gas density =10 g/cc -
8 “h I
g Y /Y. =8
= Id" " hot™
n\:d 6 :;9 0.10 e
X .
e S
~~~~~~~~ o 0.05
e
2 =
0 5 . 000 . . ..
0.04 0.05 0.06 0.07 0.08 0.09 0.10 0.11 2 4 6 8 10
hot spot areal density (g/cm?) liner areal density (g/cm?)

*The inhibition of thermal conduction and alpha transport lowers the hot
spot areal density required for for ignition

*Too large a B-field inhibits propagation into the cold fuel

Minimum hot spot areal density is a weak function of gas density, but is
significantly affected by the areal density of the liner

*More confinement time allows slower burn propagation!
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Further optimization is possible

fuel is not on a low isentrope
*no current pulse shaping

Margin increases with current
>50% as | => 70 MA

Initial gas density increases with

current

*not at vapor pressure
slaser energy =>22 KJ
epulse length => 30 ns
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High Gain MagLIF is robust to errors in

magnetic inhibition modeling

Magnetic inhibition of thermal
conduction depends on @, 7,

Keons = KoF(M, @, 7,)

cond

Magnetic inhibition of a-particle
{1 transport depends on @ 7

D,=D,,G(M,0,7,)

a““a”ae

Initial B-field is varied to obtain
1 maximum yield for (M,,M,)

-1.0 -0.5 0.0 0.5 1.0
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The Magneto-Rayleigh-Taylor instability is

always a concern

The simulated yields are not robust to short

wavelengths
2D simulations had stronger growth than

2D simulations experiments at short wavelengths (Sinars et
Al liners RIAR=6 al. PRL 105, 185001)
3.0} ' ' 1 3D simulations indicate that 2D simulations
2 5 ! 1 may be pessimistic at short wave lengths
I 1 *RMS amplitudes less than 20 nm may be
= 207 400 1 required, which could be achieved with
o i ] L
3 {5 ] polishing
s 4ol ]
T 1.0 : ;
> X ]
0.5¢ B
oot . ... ... TR S
1 10 100 1000

Surface roughness (nm RMS)
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Summary: the promise

Simulations indicate that MagLIF could produce significant fusion

yields on Z
*Scientific breakeven may be possible (yield > energy absorbed by the fuel)

Simulations further indicate that High-Gain Magnetized Inertial Fusion

is possible on future accelerators delivering more current.
*Gains of 1000
*Yields of 10 MJ/cm

MagLIF has the potential to provide a means to generate electricity with

fusion
eLaser energy is a small fraction of energy delivered to the liner
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Summary: the challenges

Fully integrated 2D simulations are needed to determine
sthe thermal end losses

*the loss of DT fuel through the laser entrance hole

*the effect of axially nonuniform laser preheating of the fuel

Non ideal MHD can affect the imbedded magnetic field. Magnetic field
measurements will be required

*Bdot probes will probably breakdown before the peak field is reached
*Proton imaging will be difficult due to large azimuthal B-field of the drive
eFaraday rotation could be promising, but requires development
«Zeeman-splitting measurements will also require development

Non fluid phenomenon could affect heat loss from the DT plasma

*Hybrid PIC simulations could address this issue

*Diagnostics?
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Summary: more challenges

The Magneto-Rayleigh-Taylor instability could seriously degrade yields
*Need to determine a specification for surface roughness

*Simulations of the MRT are very challenging, both high resolution and 3D may be
required

*Higher photon energy backlighting will be needed to radiograph liner implosions
at stagnation

«Can solid liners be maintained using pulse shaping?

«Can the surface be engineered to be robust to MRT, e.g. helical perturbations

Mix of liner material could degrade yield
*Rayleigh-Taylor instability could be mitigated by the axial field (Ryutov)

*Spall on the inner surface (can pulse shaping mitigate this effect)

Can instabilities in the magnetized plasma enhance heat transport to
exceed Bohm?

The nearly constant pressure fuel may be less unstable than magnetic confined
plasmas

However, there is a large temperature gradient near the liner (drift instabilities)
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There is an optimal initial B-field which depends on

the convergence ratio and drive current

Aspect ratio =6

OvAT)
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Initial Bfield
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