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Abstract
A new project is underway at the National Ignition Facility with the goal of applying a seed magnetic field to the fusion

fuel in an indirect drive hohlraum implosion and quantifying the effect on the hot-spot temperature, shape and neutron

yield. Magnetizing fusion fuel is calculated to reduce heat loss from the implosion core by constraining the motion of

electrons and fusion-generated alpha particles; this can improve the chances of achieving high-gain fusion in a laboratory

plasma. We describe the goals of this project and the significant scientific and technological challenges which must be

overcome for this project to succeed.

Keywords Inertial confinement fusion � Indirect drive � Magnetized ignition � National IgnitionFacility

Introduction

Creating and maintaining self-sustaining nuclear fusion

reactions in the laboratory, such that energy output exceeds

energy input, continues to challenge physicists worldwide.

Indirect drive inertial confinement fusion (ICF) experi-

ments on NIF have recently obtained a nuclear energy

output which is � 5 times the energy coupled into the

fusion fuel and some recent experiments have achieved a

burning plasma [1–4]. A burning plasma occurs when the

total fuel re-heating energy from alpha particles generated

in deuterium–tritium (DT) nuclear reactions exceeds the

total mechanical (PdV) work done to assemble the hot-

spot. Ignition occurs when the self-heating overpowers all

loss mechanisms and the temperature rises in an increasing

‘‘explosive’’ fashion. These results are very encouraging

and suggest that self-sustaining nuclear fusion in the lab-

oratory is nearly within hand. Once laboratory fusion is

achieved remaining challenges include understanding

burning plasma physics, creating implosion designs which

achieve higher fusion energy gain and increasing margin

and robustness in the current designs. Margin offers the

possibility of making trade-offs between design choices

that can make ignition easier.

Pre-magnetizing the DT fuel with a seed field in the

range of � 40 T is an idea that has been around since the

1950s [5] and offers the possibility of increasing perfor-

mance, margin and robustness of ICF designs, even if they

have reached the burning plasma regime [6]. This paper

describes an ongoing project at NIF to magnetize the fusion

fuel in an ICF implosion [7, 8] and presents the techno-

logical challenges and the design choices made for the NIF

project. The project goal is to pre-magnetize the deu-

terium–tritium fuel in a hohlraum target to � 40 T prior to

firing the NIF laser which initiates the implosion. This
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requires developing a cryogenic pulsed-power capability,

inventing a new high-resistivity hohlraum material,

developing new DT ice layer thermal control methods,

using target physics models to innovate a new magnetized

implosion design and performing target physics experi-

ments to quantify the magnetization effects on implosion

performance. The outline of the rest of this paper is as

follows: ‘‘Approaches to Laboratory Fusion’’ section

reviews several methods for achieving laboratory fusion

and describes some of the important physics considerations

for magnetized ICF. ‘‘Previous and Current Work on

Magneto-inertial Fusion’’ section reviews the history and

current status of magnetized ICF fusion efforts. ‘‘Magne-

tization Considerations and General Criteria’’ section

describes the technological challenges for the NIF mag-

netized ICF project; ‘‘Future Plans’’ section describes the

planned NIF experiments and ‘‘Conclusions’’ section pre-

sents conclusions.

Approaches to Laboratory Fusion

Figure 1 shows three approaches to laboratory fusion and

indicates their differences in terms of the range of plasma b
and the Hall parameter, v. Magnetized plasma systems are

generally characterized by these two parameters defined as

b ¼ nT

B2=ð2l0Þ
; ð1Þ

v ¼ xcesei: ð2Þ

In these expressions, n is the plasma electron density, T is

the plasma electron temperature expressed in energy units,

B is the magnetic field amplitude, l0 is the free space

permeability, xce ¼ eB=me is the electron cyclotron fre-

quency, e is the elementary charge, me is the electron mass,

sei ¼
3

ffiffiffiffiffiffi

me
p ðTÞ3=2

4
ffiffiffiffiffiffi

2p
p

nke4
is the electron-ion collision time and k is

the Coulomb logarithm. The plasma b is the ratio of

thermal pressure to magnetic pressure and if close to unity

indicates that the particles and field are equally important

in the plasma dynamics. The Hall parameter describes the

effect of the magnetic field on transport parameters. When

v[ 1 the electron mean-free-path becomes limited to the

Larmour radius provided that it is less than the unmagne-

tized electron-ion collisional mean-free-path. The conse-

quence of this is that particle and energy transport can be

significantly reduced perpendicular to the local magnetic

field direction. The classical Braginskii transport coeffi-

cients [9] are written with explicit dependence on v and

show that for v[ 1 transport across the magnetic field is

reduced. Along the field the transport is unchanged. Sadler

gives a recent discussion of the parametric space for

magnetized high-energy-density plasma [10]. He points out

that the ‘‘ram pressure’’ due to plasma flow should be

included in the plasma pressure when the Mach number is

not small.

Magnetic Confinement Fusion (MCF) plasma systems

[11], which include tokamaks, stellarators and reversed-

field pinches [12], typically have a particle energy density

(thermal pressure) smaller than the magnetic energy den-

sity so that b\1 . This means that the plasma remains

confined as long as the magnetic field is confined and the

instabilities that cause cross-field transport are minimized

and controlled. The Hall parameter is typically large in

these systems so that the electrons are magnetized, and heat

and particle transport across the B-field direction is sig-

nificantly reduced relative to along the field direction.

In contrast to MCF plasmas, magnetized ICF hot-spot

plasmas typically have b in the range of 40 to 100 which

means that the high density plasma effectively ‘‘pushes

around’’ the magnetic field. Simulations show that v is 2 to

5 in the hot-spot and � 1 in regions of the hohlraum

plasma so that the field suppresses electron thermal trans-

port perpendicular to the magnetic field direction.

Several research groups are developing the fusion

approach knows as magneto-inertial fusion (MIF) which is

in the parameter regime in Fig. 1 that lies between mag-

netized ICF and MCF. Research efforts on this topic

include the MagLIF project at Sandia National Laboratory

(SNL) [13, 14], the mini-MagLIF project at the Laboratory

for Laser Energetics (LLE) [15, 16], the dense plasma

focus system [17, 18] at several National Laboratories in

the US and the shear stabilized Z-pinch at the University of

Washington [19]. The interested reader is referred to the

references listed for these projects as well as Lindemuth’s

article on MIF [20].
Fig. 1 Three approaches to laboratory fusion are shown according to

the effect of the magnetic field on transport (the Hall parameter) and

the relative importance of the magnetic field on plasma dynamics

given in terms of the plasma ‘‘beta’’
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The Lawson Condition for Magnetized ICF

The Lawson condition [21, 22] consists of a simple product

of fuel density, n, and energy confinement time, sE, which
must exceed a minimum threshold value to achieve self-

sustaining fusion burn or ignition. Lawson originally

derived the condition by requiring that the sum of the input

power and plasma heating power from fusion products

equals or exceeds the sum of the radiative and conduction

power losses from the plasma. Since the original paper, the

Lawson criterion has been recast as an nTsE product with T

being the plasma temperature.

The Lawson condition has been extended to ICF and is

typically expressed in terms of the ‘‘p-s’’ product where p

is the hot spot pressure and s is the time that the hot spot

remains in a compressed core at stagnation before the high

pressure causes the hot spot to expand and fall apart

[23–25]. In a uniform plasma with n ¼ ni ¼ ne and T ¼
Ti ¼ Te (where the subscripts i and e correspond to ion and

electron quantities) the different expressions for the Law-

son condition are related as ps ¼ 2nTsE. For a 50-50 D-T

plasma a threshold for nTs of 4:6� 1014 s keV/cm3 at

T ¼ 14 keV is required for ignition [26]. The p-s product is
not useful in practice since it is given as the product of two

quantities which must be inferred from other measure-

ments. It is more useful to express the generalized Lawson

criterion (GLC) in terms of the hot spot temperature, T , and

the areal fuel density, qR, which is the integral of the fuel

density along the radial direction [27]. Specifically, this

results in a threshold condition on qRT2 [28]. Neutron

energy spectra give a measure of T and the value of qR and

can be obtained from secondary neutrons or initial condi-

tions of the DT fuel in the capsule and the hot-spot shape

from X-ray measurements.

An approximate condition for a magnetized self-sus-

taining burning ICF plasma can be constructed by starting

with the power balance in the unmagnetized hot spot

[29, 30]. The rate of change of the hot-spot internal energy

is dE=dt ¼ PF � PM � Pr � Pe, where E is the hot spot

energy, PF is the fusion power as defined earlier, PM is the

mechanical power, Pr is power lost by radiation, and Pe is

power lost through electron thermal conduction. In general

there is an additional loss term from mix which depends on

the compression which has not been included in this

description. At stagnation we set the mechanical power to

zero and then look for the hot-spot conditions that give

dE=dt� 0. All the remaining terms can be expressed as

functions of qR and T , giving

qR½g=cm2� � 10�4feT
7=2

1017hrvifa � 0:385T1=2

� �1=2

; ð3Þ

where 0\fe 	 1 is a multiplication factor which approxi-

mates effects that modify the electron thermal conduction

(such as magnetic fields), T is the hot spot temperature in

keV and fa is the fraction of alpha particle energy which

reheats the hot spot; typically, fa � 0:75. The reaction

cross-section, hrvi, is only a function of T and can be

estimated using the improved formula from Bosch and

Hale [31]. The bracketed term in Eq. (3) must be non-

negative and shows that there is a minimum value of T ¼
4:3 keV for fa ¼ 1. If the hot-spot temperature falls below

this minimum value then radiation losses exceed heating

from the nuclear reaction products and a self-heating hot-

spot is not possible.

Applying a magnetic field to the fuel which is large

enough to fully magnetize the electrons in the hot-spot

(v � 1) effectively reduces the electron thermal conduc-

tion to a fraction, fe, of the unmagnetized value. For a

spherical hotspot, the minimum fe ¼ 0 occurs for a purely

azimuthal B-field where the field lines are closed. A simple

axial current or more complex current topologies have been

suggested for achieving closed field lines [33]. For now, we

consider a purely axial, z-directed field. Typically an initial

Bz develops a radial component as the implosion proceeds,

so a pure Bz in the hot-spot is unrealistic. However, an axial

field gives the smallest fe for a field with no azimuthal

component.

The value of fe to use for a magnetized implosion can be

estimated by considering the B-field induced reduction to

the electron thermal energy just due to conduction: otUe ¼
�r � qe with heat flux qe ¼ �$

j � rTe and conductivity

tensor
$
j . The total power loss from a sphere is

Pe ¼ �
H

qe � dA, integrated over its surface. For a purely

radial temperature variation and an axial field, fe ¼
PeðBÞ=PeðB ¼ 0Þ ¼ 1=3þ ð2=3Þj?=jjj where jjj is the

unmagnetized value and j? is perpendicular to B. Note that

the Righi–Leduc j^ contribution vanishes for our geome-

try. For v � 1, j?=jjj ! 0 and fe ! 1=3.

The approximate effect of magnetization on the hot-spot

parameters for a good performing NIF implosion such as

NIF shot N170601 [34] is shown in Fig. 2. This fig-

ure shows a group of DT layered implosions performed on

NIF over eight years, plotted according to their ion tem-

perature and core areal-density values [32]. The dotted gray

line shows the boundary calculated for a self-heating hot

spot according to Eq. (3) where fa ¼ 0:75 (typical of NIF

implosions) and fe ¼ 1 corresponding to no applied B-field.

An igniting plasma, which undergoes runaway self-heating,

must be to the right and above this boundary. Shot

N170601 is identified in Fig. 2 as the red point at T ¼ 4:56

keV and qR ¼ 0:256 g/cm2. Simple scaling formulas

derived by Hurricane [32] show that if the electron thermal
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conductivity is reduced to 1=3 of its classical value then the

ion temperature increases by approximately 31=3 and the

qR value changes by 3�1=3. This places the magnetized

version of N170601 at T ¼ 6:57 keV and qR ¼ 0:18 g/

cm2. Decreasing fe from 1 to 1=3 in Eq. (3) causes the

dotted gray line to shift to the blue line plotted in Fig. 2.

The effect of magnetization on the Lawson condition is to

reduce the qR required for a self-heating hot-spot to 1=
ffiffiffi

3
p

of the unmagnetized value at the same T, allowing for

designs with less hot-spot compression. The expected hot-

spot conditions of magnetized N170601 is shown in Fig. 2

as the second red point which now sits squarely in the self-

heating hot-spot region. Note that the increase in Tion also

causes a decrease in areal density for the same drive

because of the higher hot-spot backpressure. A conse-

quence of this reduced areal density is a reduction in the

slowing down of the alpha particles, fa. However, the

compression-amplified hot-spot magnetic field is large

enough to trap the alpha particles increasing their energy

deposition; this recovers most of the reduction in fa
[35, 36].

Capsule-only radiation-magnetohydrodynamic simula-

tions with the Lasnex code [37, 38] approximately repro-

duce the simple scaling of the hot-spot conditions at

stagnation when applying a B-field [39]. The unmagnetized

simulation uses a small level of fuel preheat to approximate

the sources of experimental degradations and match the

data. Using the same preheat degradation for a magnetized

simulation shows a hot-spot trajectory that reaches

stagnation parameters close to the simple scaling estimates

for T and qR for the magnetized version of N170601.

Previous and Current Work on Magneto-
inertial Fusion

The idea of combining inertial and magnetic confinement

dates back at least to 1962 and the work of George Linhart,

who proposed using it with explosive drivers [5]. Over the

next several decades, as laser, particle-beam, impact, and

other drivers were developed, researchers proposed adding

magnetic fields to fuel volumes in these systems as well

[40–42]. The idea is that, according to the ‘‘frozen-in law’’

of magnetohydrodynamics, an initial seed magnetic field

can be amplified enormously as the plasma-and conse-

quently the magnetic field-is compressed. Experiments

show that an initial shock generated by the X-ray drive

preheats the fuel converting it to a low temperature plasma

with high conductivity which then ‘‘locks’’ the magnetic

field into the fuel. Behind the shock, the inward advancing

ablator and fuel compress the fuel ahead of it as the shock

converges in 2D (cylindrical) or 3D (spherical) geometry.

Without a shock there would need to be another source to

significantly increase the material’s electrical conductivity.

Magnetized ICF schemes have been explored exten-

sively using radiation magneto-hydrodynamic simulation

tools [6, 43–46] but the experimental study is still in its

early stages [33, 47–49]. Modeling of an applied seed

magnetic field in the DT fuel of an ICF implosion shows

that the internal B-field flux remains approximately con-

served during the implosion. This leads to amplification of

the hot-spot B-field by the factor C2
R where CR is the

convergence ratio or the initial outer radius of the fuel

divided by the final fuel radius at stagnation. Scaling

estimates based on an adiabatic hot-spot compression give

v�C2
R and v[ 1 throughout the implosion. In addition to

magnetizing the electrons, the amplified B-field causes the

Larmour radius of the 3.5 MeV alpha particles generated

through D-T fusion reactions to be smaller than the hot spot

size so the alphas become trapped and stay in the hot-spot

for longer time. Both effects lead to a higher temperature

hot-spot and the potential to boost marginally igniting

designs to the runaway self-heating regime. The simula-

tions also show the potential of the hot-spot B-field to

mitigate certain short scalelength Rayleigh–Taylor insta-

bilities that can generate mix between the ablator and fuel

and degrade the implosion [6, 43, 46]. Applying a seed

field to a high fusion gain design or one that is significantly

far from self-heating does not substantially improve the

implosion performance; the magnetic field is most effective

Fig. 2 Ion temperature versus areal density for eight years of NIF DT

layered implosions from 2010 to 2018 [32]. The curves indicate the

threshold beyond which a self-heating plasma is achieved with fuel

magnetization (solid blue line) and without fuel magnetization

(dashed gray line). Simple scaling calculations show how a 30-T

seed field would change the hot-spot conditions for shot N170601 (red

dots) (Color figure online)
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at pushing designs close to the ignition boundary over the

boundary.

Typically, there is a non-zero resistivity to the fuel-ab-

lator plasma which allows the compressed field to diffuse

into the lower field regions. The extent of this diffusion is

characterized by the magnetic Reynolds number, which is

expressed as

Rm ¼ l0rvL: ð4Þ

Here, v is a characteristic plasma velocity, L is a charac-

teristic size of a plasma structure, r is the plasma con-

ductivity, and l0 is the permeability of free space. If Rm is

of order unity or smaller, then the magnetic field diffuses

away too quickly to affect the implosion; if Rm is large,

then the magnetic field will remain frozen into the plasma.

For a typical NIF ICF implosion, v� 200 km/s, L� 50 lm
and the material is cold until heated by the first shock. The

plasma resistivity for Z ¼ 1 and a Coulomb logarithm of 5

is approximately q ¼ 1

r
� 15:2 lX-cm (100 eV=Te)

3=2

giving Rm � 100ðTe=100 eVÞ3=2. Since the capsule does not
converge much before the shocks break out into the DT

fuel, the field will be frozen into the hotspot as it implodes

if the shocks heat it to above 30 eV, which they typically

do.

The Nernst effect [9, 50] entails the advection of mag-

netic field by the heat-carrying electrons toward lower

temperature. In an ICF implosion the thermal gradient

tends to be radially outward for much of the implosion

time, so the Nearnst effect may increase the B-field in the

central hot-spot.

Recent laboratory experiments using magnetized fusion

fuel by the US National ICF Program have shown

promising results. Starting in 2010, researchers at the

Laboratory for Laser Energetics (LLE) at the University of

Rochester, New York, successfully demonstrated magnetic

compression in a cylindrical direct-drive implosion [48]

with a seed B-field of 8 T aligned primarily along the

cylinder axis. Proton deflection measurements indicated a

core B-field of about 4 kT which was roughly consistent

with an amplification of the seed field by the expected C2
R.

This was followed in 2011 by the first magnetized laser

direct-drive spherical implosion experiment [33, 49] with a

seed B-field of 8 T. In broad accordance with model pre-

dictions, they achieved a modest but observable 15%

increase in ion temperature and a 30% increase in neutron

yield.

Several years later in 2014, magnetized fuel was tested

as part of the Magneto-Inertial Magnetic Direct Drive (MI-

MDD) program at the Sandia National Laboratory, Albe-

querque, New Mexico. This experiment employed the

MagLIF (Magnetized Liner Inertial Fusion) approach, a

magneto-inertial fusion scheme which uses the inward

directed Lorentz force generated by an intense current

through a cylindrical metal liner to rapidly compress the

enclosed fuel [44]. The team compared MagLIF’s baseline

performance with configurations in which the deuterium

fuel was both magnetized and laser preheated. With both of

these additional conditions, the experiment achieved a

roughly threefold increase in plasma temperature and a

200-fold increase in neutron yield [13, 14]. Cylindrical

implosions are a continued area of study focusing on the

‘‘mini MagLIF’’ target [15, 16].

In 2015, scientists at LLNL started a three-year project

to lay the groundwork for magnetized indirect-drive

experiments on the NIF [6, 43]. The theoretical part of this

work showed that implosions close to triggering a fusion

burn can be pushed over the threshold with a 50 T seed

field pre-imposed in the fuel. Hohlraum modeling of

magnetized targets with high hohlraum gas-fill density

showed a modest increase in the plasma temperature, with

higher Te and lower ne in the equatorial channel between

capsule blowoff and high-Z wall offering the prospect of

improved inner-beam propagation. This work also found

that the field could guide hot electrons generated by laser-

plasma instabilities to the capsule and increase their

deposition in the DT fuel, depending on when and where

the electrons are produced [51]. The experimental part of

this project developed a pulsed-power system consisting of

a 4 lF capacitor that is charged to 40 kV and uses a spark

gap switch and a low inductance stripline with a rise time

of several microseconds when driving current through a

solenoidal copper coil. Figure 3 shows a simplified sche-

matic of the first pulser system currently used to magnetize

targets on NIF and which is very similar to the original

pulser tested only in the laboratory [6]. The resistance is a

single lumped element representation of the total resistance

in the current path including the hohlraum coil and the

inductance includes both the hohlraum coil (about 100 nH)

and the stripline inductance. During the lab pulser tests,

experimenters applied the pulsed-power system to a coil

Fig. 3 Simplified schematic shows the fast pulser system developed

for magnetizing NIF targets
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wound around a high-Z metal cylinder with a measured

electrical resistivity of 50 lX-cm and measured 50 T using

a B-dot probe placed inside the cylinder. This provided an

existence proof for being able to diffuse an imposed B-field

through a high-Z hohlraum and into the region which

would contain the fuel. More recent studies, discussed

below, show that a hohlraum with electrical resistivity

above 100 lX-cm is required for the cryo magnetized

hohlraum. A second NIF pulser is currently under con-

struction which will be used to magnetized DT cryo-lay-

ered implosions. This new system will be placed outside of

the target area to increase neutron shielding and will be

capable of reaching 60 T.

Also in 2015 Montgomery [52] demonstrated improved

coupling to a hohlraum plasma using the Omega laser at

the Laboratory for Laser Energetics. The experiment found

that applying a 7.5 T B-field to a gold hohlraum with a 5

micron thick wall and a CH gas-fill increased the hohlraum

plasma temperature from 3.6 to 4.6 keV or about 30%. The

measurements were made using the optical Thomson

scattering instrument.

A second three-year project at LLNL started in 2019

with the goal of demonstrating key scientific elements of

magnetized NIF implosions experimentally [7, 8]. The

project focuses on quantifying the magnetic field effects on

room temperature gas-filled capsule implosions (not ice

layered). In addition, it develops the method for imple-

menting magnetized fuel on cryogenically layered DT

implosions. If the magnetized room-temperature NIF

implosions show close to the simulated performance

improvement, then this technology for applying a seed

magnetic field to DT fuel will be made available to aug-

ment any DT implosion design on NIF. The results will

inspire future design options that combine magnetic and

inertial confinement fusion physics to possibly achieve

high fusion-energy gain.

Magnetization Considerations and General
Criteria

Magnetizing a cryo fuel layer in an indirect drive hohlraum

requires overcoming a number of significant scientific and

technological challenges which are summarized in a set of

requirements listed in Table I. A sketch of the magnetized

room temperature hohlraum target planned for use on NIF

is shown in Fig. 4a. Visible on the outside of the hohlraum

is the solenoidal coil of insulated copper wire. The fol-

lowing sections discuss each requirement in the table,

providing further description and implications.

Induction Voltage Breakdown Considerations

Requirement 1 is important for successfully magnetizing

the DT fuel. Tritium decay in the DT fuel creates b-par-
ticles (electrons) with an average energy of 5.7 keV [53].

These primary electrons collide on D and T (either in the

gas or ice) and create secondary electrons. The increase of

the B-field during magnetization and the induced loop

voltage in the fuel vapor has the potential to trigger an

avalanche breakdown creating a plasma with sufficient

conductivity that it could exclude the B-field from soaking

into the entire fuel volume. An estimate shows that this is

very unlikely. Each beta decay electron generates about

165 secondary electrons as it collisionally slows down

loosing about 34.6 eV each time it ionizes a D or T. The

beta decay rate per tritium atom is 1:782� 10�9/s. For a

50:50 D-T gas near the triple point the vapor pressure is

about 600 Torr at � 18 K which gives an electron density

Fig. 4 a Sketch shows the magnetized room temperature Au:Ta

hohlraum with a solenoid coil for magnetizing the fuel; LEH is the

laser entrance hole. b Sketch of the magnetized cryogenic hohlraum

target design which uses a double-stack coil to achieve higher

magnetic fields
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of 2:9� 1020/cm3. Near the edge of the capsule the mag-

netically generated electric field for the fast pulser shown

in Fig. 3 is about 75 V/cm. The reduced electric field is

given by E=ne ¼ 75/2:9� 1020 � 1� 1017 ¼ 0:026 Td,

where the unit is Townsend ¼ V-cm2. Note that the

reduced electric field value is smaller in the solid. The

reduced electric field needs to reach about 100 Td for

avalanche breakdown so the DT vapor is far from this. This

consideration does not prohibit use of a fast pulser.

Diamagnetic Considerations

Requirement 2 limits the potential degradation of the B-

field from diamagnetic effects. The HDC (High Density

Carbon) capsule and DT fuel are both diamagnetic. This

means that in the relation B ¼ lH ¼ l0ð1þ vmÞH vm\0

for a diamagnetic material. The diamond shell has vHDC ¼
�2:1� 10�5 and for solid DT at a density of 0:2 g/cm3,

vDT ¼ �2:5� 10�6. Jackson [54] gives a solution for the

field inside a shell with magnetic susceptibility. Approxi-

mating the effect on the field using only the HDC ablator

(since vHDC is about 10x of vDT ) we find that the field at the

center of the capsule is Bðr ¼ 0Þ�B0ẑ 1� 2

3
v2HDC

D
a

� �

where D is the HDC shell thickness and a is the shell inner

radius. Estimating the effect we find that the change in the

central field is about DB=B� � 2� 10�11 which is neg-

ligible. Most materials except for superconductors have a

value of vm within a factor of 50 of the HDC value. This is

the case for other ablator materials such as CH or Be which

will also give a negligible change in the applied B-field.

Note that a Be capsule is only viable provided it has a

sufficiently low electrical conductivity.

Hohlraum Material

Estimates show that a Au hohlraum cannot meet Require-

ments 3-5 if used with the fast pulser. The field soak-

through process in a conducting cylinder (good approxi-

mation to a hohlraum) is diffusive with an e-fold diffusion

time given by s ¼ l0rRd=2, where r is the material con-

ductivity which depends on the material temperature, R is

the cylinder radius and d is the wall thickness. The soak

through time is about 2.5 ls for a typical gold hohlraum

with R ¼ 2:7 mm and d ¼ 30 lm. The eddy currents in the

gold wall generate Ohmic heating increasing the temper-

ature by [8]

DT ¼ B2
0

2l0

Rxs
dqmCp

p
4

ð5Þ

where qm is the material mass density, Cp is the specific

heat and tpeak ¼ p=ð2xÞ is the time to reach peak magnetic

field. Note that DT is independent of the wall thickness

(since s=d is independent of d) but is linearly dependent on

x showing that a slower pulser rise-time leads to a lower

temperature increase. If the change in material temperature

is significant the dynamics of B-field soak-in must include

the temperature-dependent resistivity A fast pulser with a

several microsecond B-field ramp-up time will heat the

gold wall to melt temperature for B0 � 10 T. Estimates as

well as detailed simulations of the field soak-in time, wall

temperature increase and wall motion which include the

temperature-dependent Au resistivity are shown in Ref.

[8].

Figure 5a shows the time-dependent B-field measured

with a B-dot probe placed inside a solenoidal coil com-

pared with the B-field inside a 10 micron thick Au cylinder

placed inside the solenoidal coil. Each of these cases was

tested with a fast 2.5 ls rise-time pulser. The field inside

the Au cylinder shows an initial delay relative to the case

without the Au cylinder. Then, the B-field inside the Au

cylinder catches up and reaches the same peak field as the

coil without the Au cylinder. The reason for this is that

eddy currents heat the wall causing the resistivity to

increase and this allows the B-field to soak in more

quickly. Even though the field soak-through is accept-

able in this case the hohlraum wall temperature increase

and wall motion exceed the requirements in Table 1.

The hohlraum wall is allowed to move up to 50 lm
before the location of the NIF lasers on the hohlraum wall

move enough to change the symmetry of the X-ray drive on

the capsule resulting in a significant implosion asymmetry

[55]. During magnetization the difference between the B-

field on the outside and inside of the hohlraum generates

inwardly directed radial magnetic forces which apply

inward pressure on the hohlraum. If the inward pressure

exceeds the mechanical buckling pressure the hohlraum

Fig. 5 a Plot shows that the B-field measured with a B-dot probe on

the inside of a Au cylinder is delayed due to the soak-in time through

Au when compared with the B-field without the Au. b Plot shows the

B-field measured inside a AuTa4 cylinder is nearly indistinguishable

from the B-field measured with no cylinder. The band around each

line corresponds to the measurement error bars
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walls can begin to move inward leading to a displacement

given by [8]

Dr ¼ �r̂
B2
0

2l0

s
qmd

p
4x

: ð6Þ

Note that Dr is independent of wall thickness (as we saw

with DT) but it is proportional to 1=x so that a faster pulser

leads to a smaller wall displacement. A sufficiently slow

pulser will generate a B-field pressure that is unable to

overcome the buckling pressure of the hohlraum. In this

case there is no wall motion. Estimating the wall motion

with a 30 T B-field and using the temperature-dependent

Au hohlraum gives an inward movement of about 300 lm.

The hohlraum wall is limited to a 2000 K increase in

order to not risk melting any portion of the DT ice layer

before the implosion. Thermal conduction from a 2000 K

heated hohlraum wall through the gas is too slow to affect

the capsule. However, radiative heat transfer from the hot

wall, even for as short as � 2 ls, poses a potential melt

threat to the carefully grown DT fuel ice layer. Simulations

using COMSOL [56] show that a wall temperature sud-

denly increased to 2000 K for 2 ls may cause a � 1 lm
layer of ice near the ablator to melt, creating a potential

degradation to the implosion. Implosion simulations which

include a 10 lm liquid DT region against the inner surface

of the ablator show negligible performance degradation

[57]. This project includes plans for an experiment in a

surrogate geometry to benchmark the transient COMSOL

thermal simulations with parameters close to the actual NIF

experiment to verify the effect of thermal radiation on the

capsule and DT ice layer.

Having ruled out Au as a possible hohlraum material for

use with the fast pulser an estimate shows that a hohlraum

resistivity of q� 100 lX-cm satisfies the first three

requirements for a fast pulser (� 2 ls rise-time) and a

B-field up to 50 T. This created the need for a new hohl-

raum material which meets Requirements 3-6.

A parallel research effort exploring alternative hohlraum

materials discovered that an alloy of 80% Ta and 20% Au

atomic showed a resistivity of [ 100 x that of Au,

exceeding the requirement of q� 100 lX-cm [58–61]. The

choice of this alloy was guided by the Norbury-Linde rule,

which says that alloys with large valence differences have

more defects which result in increased electrical resistivity.

The new hohlraums are made by co-sputtering Ta and Au

onto a mandrel in the shape of the hohlraum. The resulting

alloy has a glassy character to it. An overcoat of 120 lm
epoxy for mechanical strength is placed on the coating and

the mandrel is etched away making this coating process

similar to how a Au hohlraum is made (apart from the

epoxy). The sputter coating process creates some vari-

ability in the coating thickness depending on the angle

between the surface normal and the source location so 15

lm was set as the nominal wall thickness. Typical NIF

hohlraums use a 30-lm-thick gold wall (about the thick-

ness of a human hair). A minimum wall thickness of 8 lm
is required for a 6 to 7 ns NIF laser pulse to keep the X-ray

diffusion front (Marshak wave) from breaking out of the

exterior surface of the Au wall and reducing the capsule

drive.

Figure 5b compares measurements of the B-field inside

a finite length cylinder of AuTa4 as current is applied to the

wire solenoid surrounding the cylinder to measurements of

the field without the AuTa4 cylinder. The AuTa4 cylinder

was tested at a slightly lower current than the Au cylinder

already discussed in Fig. 5a so the peak B-field is lower.

This cylinder survives after the experiment and shows

almost no difference between the B-field measured with or

without the cylinder. The Au cylinder was broken into

many small pieces.

Since the initial discovery of the Au:Ta alloy, research

has developed coating techniques which can further

increase the coating resistivity with better control of film

microstructure and residual stress. In addition, coatings of

AuTaxOy and Au:Bi have been investigated. Oxygen con-

taining AuTaxOy alloys could have very high electrical

resistivity of [ 1010 lX-cm. The Au:Bi choice is the

Table 1 Requirements for the pulser-target system

Num. Description Requirement Comments

1 Limit to oB=ot Precludes avalanche breakdown in DT For all internal hohlraum materials

2 Capsule diamagnetism [ 95% of B-field Easy to meet

3 Bin / Bout at peak [ 0.95 Set by soak-in time

4 DRwall \ 50 lm Maintains drive symmetry

5 DTwall \ 2000 K Maintains ignition quality DT layer

6 X-ray conversion [ 95% of Au wall Experimentally verified

7 Coil debris Minimize mass, ensure melt Determined by simulations and lab expts.

8 Coil movement Allowed outside stay-out zones Keep diagnostic views open
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corresponding alloy of gold with a higher Z material that

follows the Norbury-Linde rule.

X-ray Conversion

Requirement 6 assures that a new hohlraum material has

nearly the same laser-to-X-ray conversion efficiency as

pure Au so that any benefit of magnetization is not weak-

ened by reduced X-ray drive. Radiation-hydrodynamic

simulations show that a broad range of Au:Ta mixtures are

equally effective at converting laser power to X-ray drive

in the hohlraum as pure gold. Experiments performed on

the Omega laser at the Laboratory for Laser Energetics

(LLE) using laser drive on a foil for several different Au

and Ta alloys show X-ray conversion within 95% of the

pure Au result [62]. These results will be reported sepa-

rately. The measurements and simulations also show

m-band line emission at slightly lower energy than pure

Au. Radiation hydrodynamic simulations which include a

Tungsten doped capsule show that the m-band is absorbed

in the Tungsten dopant and does not result in any signifi-

cant pre-heat differences.

Coil Debris and Movement

Requirements 7 and 8 determine the size of Cu wire that

can be used to generate the B-field. Requiring that the Cu

wire melts just after peak current is considered necessary

for mitigating the debris risk to the NIF optics or diag-

nostics [63, 64]. Given a fixed temperature increase to melt

the radius of the wire scales as the fourth root of the current

rise time, t0 [65]. A fast pulser with a current rise of 2

microseconds using 26 gauge wire reaches melt in about 2

ls, near peak current. If the pulser were slowed to rise time

of 1.25 ms (slower by 625 times) this would require a

factor of 5 increase in wire radius which is a factor of 25

increase in the coil debris mass. This larger coil mass may

require some type of kevlar netting (for example) placed

next to the coil to mitigate the large amount of debris

ejected toward the NIF optics and diagnostics. Measure-

ments in an offline lab using 26 gauge wire show debris

particles from exploded coils in the several to 20 lm size

range when fully melted and in some cases as large as 500

lm when partially melted.

Energizing the Cu coil causes magnetic forces to axially

compress and radially expand the coil. This movement has

been observed in both experiment and modeling. Since the

coil trajectory is not toward the hohlraum it does not

mechanically influence the hohlraum wall motion. How-

ever, the coil motion eventually interferes with the line of

sight of the equatorial diagnostics viewing the hot spot

through hohlraum windows. This sets a maximum time

allowed to reach peak current.

Additional Considerations

One additional consideration that is not a requirement but

should be mentioned involves the shock wave launched in

the hohlraum gas-fill during magnetization. Interferometry

measurements inside a 5 mm diameter Cu cylinder during

external magnetization show a converging cylindrical

shock wave in the hohlraum fill gas that moves toward the

capsule location. Wall heating alone is insufficient to create

this shock [66]. ALE3D [67, 68] simulations reproduce the

shock wave with a Au hohlraum and show that it is gen-

erated mostly by the sudden movement of the wall. At an

applied field of B ¼ 30 T simulations show that magneti-

zation of a high electrical resistivity AuTa4 hohlraum

creates a gas density perturbation of only a few percent.

However, for B ¼ 50 T the simulated shock wave in a

cryogenic hohlraum with 0.3 mg/cc of He gas-fill is

stronger reaching a dne=ne � 0:2. At the time in the simu-

lations corresponding to the lasers firing for a NIF shot, the

shock has not reached the capsule. The hohlraum gas-fill

density is low enough that this shock only has a negligible

effect on backscatter, refraction and X-ray drive symmetry.

Alternative Pulser Ideas

Given the above considerations we chose to use a fast

pulser based on electronics like what is shown in Fig. 3 and

combine it with a AuTa4 hohlraum having � 100 lX-cm.

This combination results in a solution that meets the

Table I requirements. There were several other types of

pulsers considered which were not selected but we believe

it’s helpful to describe these other options below.

For example, a slow pulser which ramps the external

magnetic field in about 1 ms provides an option that can

likely be used with a Au hohlraum. A slow pulser allows

plenty of time to soak the B-field through the wall of a Au

hohlraum and only increases the wall temperature a few

hundred Kelvin. In addition, the inward wall pressure is

below the buckling pressure for the cylindrical hohlraum so

there is no wall motion. The wire size must increase sig-

nificantly to hold off melt until peak current; this intro-

duces some debris concerns which would need to be

characterized and possibly mitigated. The energy storage

required for the slow pulser is about 1 MJ (250 times the

fast pulser).

Superconducting magnets are another option for mag-

netization. Magnets made of highly specialized conductors

have achieved up to 45.5 T [69]. The conductors must be

cooled to liquid He temperature and remain insulated from

heat sources. The superconducting coils require cooling

infrastructure which is bulky creating lots of potential to

interfere with the required NIF laser beam and diagnostic
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lines of sight. In addition, the potential debris issues are

significant. In light of these considerations we did not

prioritize the superconducting magnet option for this

project.

A third option considered is to combine the fast pulser

with a slotted hohlraum. The slotted hohlraum uses a

number of axial slots to disrupt the eddy currents and allow

the B-field to diffuse more quickly to the inside of the

hohlraum. Estimates based on the loop voltage across the

slots and the Paschen breakdown voltage shows that a

minimum of 4 evenly-spaced slots are required. ALE3D

simulations show that there must be at least 16 slots to

sufficiently disrupt the eddy currents and meet the wall

motion and heating requirements. A hohlraum design with

sixteen or more slots is significantly challenging so this

option was deprioritized.

Pulser for Cryogenic Implosions

The pulser currently in use for all NIF magnetized room

temperature experiments, which include implosions, gas-

pipes, Discovery Science experiments and X-ray source

development, can achieve a peak field of about 30 to 35 T

and is adequate for magnetizing room temperature gas-

filled capsule implosions. However, to test the effect of

magnetization on cryogenic DT-layered targets a new

pulser integrated into the NIF cryogenic target positioner

and capable of � 50 T is required. The new pulser is under

construction and will be located outside the target bay in

the switchyard to reduce the risk of neutron damage. The

current is transported through the cryogenic target posi-

tioner to the target with a combination of coax cables and

striplines. Figure 4b shows that the magnetized DT ice

layer targets will use a two-layer coil on each half of the

hohlraum to achieve the higher field. Thermal simulations

show that the coil and hohlraum temperatures must be

independently controlled to obtain the spherically sym-

metric isotherms required to obtain an ignition quality DT

ice layer.

Future Plans

The first NIF magnetized implosions have started and use

room temperature targets with neo-pentane (C5H12) at 60

Torr for the hohlraum gas-fill and pure D2 at 18,000 Torr as

the capsule fill. These experiments will quantify the mag-

netization effect on the neutron yield and ion temperature.

Simulations predict an increase of 1 keV (� 35%) in the

ion temperature and a factor of 1.6 to 2 increase in the

yield. Energy spectra measurements of the 2.45 MeV pri-

mary neutrons will show both the change in yield and ion

temperature. Comparing the experiments to simulations

will quantify the effect of magnetization on performance.

Clues to the magnitude of the compressed hot-spot B-

field will be found by analyzing the secondary neutron

spectral data. The primary yield from D–D nuclear reac-

tions generates isotropic 2.45 MeV neutrons and 1.01 MeV

tritons. The tritons can then react with D generating sec-

ondary neutrons at 14.1 MeV. The neutron spectra from a

magnetized implosion may be different when measured

along the B-field direction or orthogonal to it [70]. If the

hot-spot B-field is sufficiently amplified a triton can be

trapped in the hot spot provided its Larmour radius

(qL ¼ vT=Xc where vT is the triton speed at 1.1 MeV and

Xc is the cyclotron frequency of the triton) is less than the

hot-spot radius. Secondary neutron spectral measurements

on SNL’s MagLIF project have shown differences in the

secondary neutron energy spectra along and across the B-

field which have been used to estimate the internal (com-

pressed) B-field [71, 72]. In general, the secondary spectra

are affected by both the local B-field and the total qR and

will require analysis to separate out the effects from each

other.

Interpreting the magnetized hot-spot shape will require

new analysis methods since it can be affected by hot-spot

physics as well as the hohlraum drive. Capsule modeling

using a spherically symmetric X-ray drive shows that the

J � B force on the plasma is outward (adding to the kinetic

pressure) and stronger at the equator than the poles tending

to make the hot-spot shape oblate [39]. But a second effect

caused by greater thermal conduction to the poles than the

equator causes more ablation at the poles and subsequently

a larger pole radius tending to make the hot spot prolate. In

addition to these capsule effects the B-field may modify the

cross-beam energy transfer [73–75] or affect the conver-

sion of laser power to X-ray drive. Both of these effects can

alter the symmetry of the X-ray drive generated from inside

the hohlraum and can lead to an asymmetry in the hot-spot

shape at stagnation. We will need to rely on experiments to

determine the relative significance of each of these effects.

The planned magnetized cryogenic DT-layered implo-

sion design is selected on the basis of its demonstrated

reproducibility and robustness in unmagnetized NIF

experiments [76, 77]. If magnetization proves effective, we

will develop new implosion designs that fully leverage the

magnetic-field-induced enhancement. This could entail

adding a magnetic field to several of the best-performing

NIF platforms or something quite different. We expect a

magnetic field to create the possibility to push a range of

implosion designs closer to, or into, the ignition and high

fusion-energy-gain regime.
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Conclusions

In conclusion, application of a seed magnetic field to

indirect drive implosions on NIF is an ongoing project with

a number of science and technology challenges. Expecta-

tions based on simulations are that the B-field should lead

to a factor of 2 increase in yield and � 35% increase in the

ion temperature. Once demonstrated, magnetization can be

used to assist many ignition designs. The discovery of a

high electrical resistivity AuTa4 alloy with laser to X-ray

conversion very close to Au has led us to a design choice of

a fast pulser with the new hohlraum material. This can

meet the requirements for magnetization outlined in

Table 1. We have carefully considered a number of physics

issues in the context of magnetization and described the

design choices we’ve made to respond to them. Magnetized

implosion experiments have now begun and we will

describe the result in a separate article.
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J.R. Rygg, F.H. Séguin, R. Betti, Laser-driven magnetic-flux

compression in high-energy-density plasmas. Phys. Rev. Lett.

(2009). https://doi.org/10.1103/PhysRevLett.103.215004

48. J.P. Knauer et al., Compressing magnetic fields with high-energy

lasers. Phys. Plasmas 17, 056318 (2010)

49. P.Y. Chang, G. Fiksel, M. Hohenberger, J.P. Knauer, R. Betti,

F.J. Marshall, D.D. Meyerhofer, F.H. Séguin, R.D. Petrasso,
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