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This paper investigates the impact of an applied magnetic field on the yield and hot-spot temperature of
inertial confinement fusion implosions. A scaling of temperature amplification due to magnetization is shown
to be in agreement with unperturbed 2-D extended-magnetohydrodynamic simulations. A perfectly spherical
hot-spot with an axial magnetic field is predicted to have a maximum temperature amplification of 37%.
However, elongation of the hot-spot along field lines raises this value by decreasing the hot-spot surface area
along magnetic field lines. A scaling for yield amplification predicts that a magnetic field has the greatest
benefit for low temperature implosions; this is in agreement with simplified 1-D simulations, but not 2-D
simulations where the hot-spot pressure can be significantly reduced by heat-flow anisotropy. Simulations
including a P2 drive asymmetry then show that the magnetized yield is a maximum when the capsule drive
corrects the hot-spot shape to be round at neutron bang-time. The benefit of an applied field increases when
the implosion is more highly perturbed. Increasing the magnetic field strength past the value required to

magnetize the electrons is beneficial due to additional suppression of perturbations by magnetic tension.

I. INTRODUCTION

Magnetic fields applied to inertial confinement fusion
(ICF) implosions compress with the plasmal?, reaching
strengths that can magnetize electron thermal conduc-
tion losses from the hot fuel. This was first demonstrated
on the OMEGA Laser Facility, where an axial 8T mag-
netic field increased the hot-spot temperature and yield
by 15% and 30% respectively®. Larger magnetic fields
are anticipated to have a greater impact on the target
performance?, with some calculations showing a relax-
ation of the ignition cliff when thermal conduction is
magnetized>:S.

In addition to improvements in bulk target perfor-
mance, an applied field fundamentally changes perturba-
tion growth. Tension in the magnetic field lines through
the Lorentz force can stabilize the Rayleigh-Taylor insta-
bility (RTI)"; 2-D simulations have demonstrated severe
reductions in growth rates due to this phenomenon®®?
(although recent 3-D simulations demonstrated that the
2-D RTT suppression is greatly exaggerated!?). In addi-
tion, suppressing thermal conduction into perturbations
reduces ablative stabilization and can result in greater
perturbation growth during hot-spot stagnation®!0. In
direct-drive implosions a magnetic field can also result
in greater drive-phase asymmetries by suppressing non-
radial heat-flow in the conduction zone'!-'2,

This paper demonstrates a simple scaling of hot-spot
temperature and yield amplification due to an applied
magnetic field. This scaling is shown to be applicable to
a wide range of ICF designs, including both directly and
indirectly driven systems and implosions of both spher-
ical and cylindrical geometries. The changing impact of
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a magnetic field when low-mode drive asymmetries and
higher mode perturbations are present is then explored.

In the presence of a magnetic field, electron thermal
conduction becomes anisotropic:

q=—K| (é . VTe) b—r1bx (VTe X é) —kpbX VT, (1)

Where b is the magnetic field unit vector. The first
term on the right () is heat-flow along magnetic field
lines, which is unchanged by magnetization. The second
term (k) is heat-flow perpendicular to magnetic field
lines, which becomes suppressed as the electron magne-
tization increases. The magnetization is characterized
by the Hall Parameter, w.7. (the product of the electron
gyrofrequency and the electron-ion collision time), which
scales as:
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where Z.;p =< Z? > | < Z > is the effective ioniza-
tion averaged over ion species. Equation 2 shows that a
low density and high temperature plasma is more easily
magnetized than a high density, low temperature plasma.
A DT plasma with w7, = 1 will have perpendicular ther-
mal conductivities suppressed by 69% (k1 /k = 0.31)'2.
For w.7, = 10 this is reduced to x1 /k < 0.01.

The final term in equation 1 is the Righi-Leduc heat-
flow, which represents the heat-flow deflected by the mag-
netic field, transferring heat perpendicular to the tem-
perature gradient. For a DT plasma this effect peaks
for were & 0.6, giving ki, /K = 0.44. Righi-Leduc heat-
flow is typically ignored in magnetized ICF implosions,
for two reasons. Firstly, the Hall Parameter of the com-
pressed fuel is typically much greater than 1, resulting in
kA being small. Secondly, implosions are most frequently



modeled in 2-D%6:14721 where éx VT, is mostly out of the
simulation plane and has no effect. However, 3-D simu-
lations of the magnetized ablative-RTI have found that
Righi-Leduc can seed higher mode perturbations when
the plasma is moderately magnetized!?.

While the heat-flow in equation 1 is anisotropic, it is
useful to define an effective thermal conductivity, ke,
for characterizing magnetized implosions. k. is defined
such that an unmagnetized implosion has xcrf = 1. The
effective thermal conductivity has different definitions in
cylindrical and spherical geometries.

Magnetized cylindrical implosions have been con-
ducted on the OMEGA Laser Facility, both with!'®22 and
without?? laser preheat. If the axial length-scale is as-
sumed to be much greater than the radial, the heat-flow
is everywhere perpendicular to an applied axial magnetic
field. This orientation is optimal for magnetization, al-
lowing for full suppression of electron heat-flow. There-
fore, for cylindrical implosions, ke = m_//i”. For the
purposes of this paper, x is calculated using the burn-
averaged w7, (i.e. the integral over space and time of
weT. weighted by the fusion reaction rate). The burn-
average is utilized as the focus is on hot-spot quanti-
ties that relate to the fusion performance (for example,
the burn averaged ion temperature, which is similar to
the ion temperature measured by the spread of neutron
energies®?).

Magnetized spherical implosions without applied per-
turbations are inherently two dimensional; an axial field
is normal to the capsule surface at the pole and in the
plane of the surface at the waist. If the plasma is com-
pletely magnetized (w7, > 1) then the heat-flow will be
suppressed in 2 out of the 3 possible dimensions. There-
fore, for spherical implosions, kefr =1/3 + 2/<;l/3/<;“3’25.
In reality the applied axial magnetic field bends during
the implosion, resulting in a non-axial component that
reduces the magnetic field effect.

A scaling for the hot-spot temperature with k.¢y can
be simply derived from the change in temperature due to

a heat-flow divergence?®:
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Where T}, is the hot-spot temperature (assuming the
electrons and ions are fully equilibrated), Ry is the hot-
spot radius, P, is the hot-spot pressure and 44 is the
stagnation time-scale. A Spitzer thermal conductivity
has been assumed?”. By assuming that the hot-spot ra-
dius, pressure and stagnation time are not affected by the
magnetic field, the temperature scales as T ~ /1;2/ TA
more thorough derivation and discussion will be given in
section II. This scaling, as well as the subsequent scaling
for fusion yield, will be compared with two types of simu-
lations. Firstly, 1-D calculations using a prescribed ke
are conducted. These do not include any MHD physics;
instead the thermal conductivity in the fuel is artificially

reduced. By keeping the simulations 1-D there is no im-
pact from thermal conduction anisotropy on the implo-
sion shape. Subsequently, the scalings are tested against
full 2-D extended-MHD simulations, where an applied
field strength is prescribed and the effective thermal con-
ductivity is calculated using the burn averaged electron
magnetization.

The simulations in this paper use the Gorgon
extended-MHD code?8 30, Heat-flow in Gorgon is
treated anisotropically, using a scheme that is designed
to minimize numerical diffusion perpendicular to the
field lines3'32. The magnetic transport includes bulk
plasma advection, resistive diffusion, Nernst and cross-
gradient-Nernst33, as well as Biermann Battery magnetic
field generation33436,  The magnetic transport algo-
rithm uses updated magnetic transport coefficients3738
that have been shown to reduce magnetic field twist-
ing in pre-magnetized implosions?!. Gorgon magnetic
flux compression simulations compare favorably with
experiments!3?, increasing confidence in the bulk and
Nernst advection of magnetic field.

A series of ICF designs are used in this paper in order
to demonstrate the applicability of the proposed temper-
ature and yield scalings.

First, a layered DT implosion N170601 is used, which is
a cryogenic experiment from the HDC campaign®®. This
shot has moderate a-heating and was the first to exceed
106 neutrons. The scaling proposed in this paper is not
applicable in the ignition regime, where small changes in
implosion quality can result in large changes in yield*!.
Therefore, no a-heating is included in these simulations.
For the impact of magnetization on propagating ther-
monuclear burn, see*2.

A room temperature (warm) HDC indirect-drive de-
sign for the National Ignition Facility (NIF) is also em-
ployed, which uses a gaseous deuterium fuel (4kg/m?)
and a 1.1MJ laser pulse. This design is similar to
the symmetry capsules (symcaps) used in the big-foot
campaign®®44.  While this design does not produce a
high yield, it is the starting point for demonstrating the
benefits of magnetization on NIF4%46_ If these proposed
experiments on NIF are successful, it will motivate the
engineering advancements needed to magnetize a high
yield layered DT capsule.

All indirect-drive drive simulations in this paper do
not incorporate the hohlraum. The simulations use a
prescribed frequency-dependent source that has been cal-
culated using hohlraum simulations; it is assumed that
the magnetic field does not change the X-ray drive. For
hohlraum calculations including applied magnetic fields,
seedT-49

A cylindrical design is taken from the magnetized im-
plosions conducted on the OMEGA Laser Facility with-
out any fuel preheat??3°. While this design compares
well with theory for the simplified 1-D simulations with
prescribed effective thermal conductivity, in practice the
magnetic pressure is significant in these implosions??, and
is not accounted for in the theoretical scaling.
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FIG. 1: Temperature amplification by suppression of
fuel electron thermal conductivity for several different
target designs. Here the effective thermal conductivity,
keff is prescribed, and is not based on any MHD
description. All simulations are 1-D, which is not
possible once MHD physics is self-consistently included.
T; is a burn averaged quantity.

The structure of this paper is as follows. Section II
outlines the temperature amplification scaling and shows
that it compares favorably with symmetrically-driven
simulations. Section III discusses the expected impact of
the temperature amplification on neutron yield assuming
that the hot-spot pressure remains unchanged by magne-
tization. As the magnetized hot-spots are found to elon-
gate along the magnetic field lines (reducing the hot-spot
pressure), section IV looks at the performance benefits of
correcting for that inherent asymmetry; once the shape is
corrected the agreement with theoretical yield amplifica-
tion from section III is improved. The final two sections
then focus on the temperature and yield enhancements
for asymmetric implosions. Section V studies the axi-
symmetric P4 asymmetry, while section VI uses higher
mode perturbations; the benefit of a magnetic field is
increased for perturbed implosions in both cases.

Il.  TEMPERATURE AMPLIFICATION

This section explores how the temperature of an ICF
hot-spot changes with varying thermal conductivity. The
magnetic field is assumed to only affect the plasma during
stagnation. A spherical hot-spot is used, although the
resultant scaling is identical in cylindrical geometry.

At the beginning of stagnation, when the first shock
has converged on axis and is expanding out through the
hot-spot, the hot-spot is taken to have mass M,. Abla-
tion of cold fuel into the hot-spot at velocity Vg, over
the stagnation time-scale 7444 gives a hot-spot mass:

[
— k22" [Spitzer]
e NIF Symcap 2D xMHD
e NIF Layered 2D xMHD [no alphas]

1.8 OMEGA Direct-Drive 2D xMHD

1.6

T; Amplification

141

)
1
1
i
124 i
:
1
1
1
1
1

1.0 T T T T T ?
0.0 0.2 0.4 0.6 0.8 1.0
Effective Thermal Conductivity, Kes

FIG. 2: Simulated temperature amplification from an
applied magnetic field for 3 target designs. The effective
thermal conductivity is calculated by using the
burn-averaged Hall Parameter and the hot-spot shape.
The simulations are in two dimensions, allowing for
natural shape asymmetries to develop due to the
anisotropic thermal conduction. T; is a burn averaged
quantity.

Ms = My + 47TR;2LSTstagpshVabl (4)

Where Ry is the hot-spot radius and pgj, is the shell
density. Mass ablation is induced by any process that
heats the colder fuel at the hot-spot edge. Hot-spots are
approximately isobaric, meaning that any transfer of heat
results in the transport of mass in the opposite direction.
A generic hot-spot power source ¥ (in units of J/s) heats
up enough cold fuel such that:

Y

Vil =
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where Ty, and n; g, are the shell temperature and ion
number density. Ty is the hot-spot temperature. An
ideal gas equation of state has been assumed.

Electron thermal conduction is the dominant source of
power transfer between the hot-spot and shell in a typi-
cal ICF implosion*!%°, with the distribution assumed to
be Maxwellian. In this case the thermal power trans-
fer is ¥, = 477R%LsmeffneTeTeVTe/me. Approximating
VT. = (Ths — Tsn)/Rps and using the hot-spot quanti-
ties to evaluate the bulk parameters gives the hot-spot
ablation velocity:

5/2
K:effaThs
RhspshlnA

Where a is a pre-factor that depends on the plasma
composition and [nA is the Coulomb logarithm. For

Vabl = + Vabl,other (6)



a more thorough derivation of this relation, see®®; in

that case the pre-factor a also depends on geometry.
Vabl,other is the ablation velocity originating from other
power sources, e.g. radiation, a-heating or ion thermal
conduction. The impact of radiation will be discussed at
the end of this section, but for now it is assumed that
Vabl,other = 0. Combining equations 4 and 6 gives:

47TR7LsTstag’€effaP}f£2m?/2
InA(1+ Z)/2

(M — Mo)p®/? = (7)

Where the temperature has been factored out by using
the relation for the hot-spot pressure Pps = 1, psThs(1+
7).

Next, a number of key assumptions are made that will
be tested and discussed throughout this paper. First,
the initial hot-spot mass is assumed to be much smaller
than the final hot-spot mass (Mo < Mpys); the validity
of this assumption depends on the specific capsule design
in question and decreases in validity as the mass ablation
is more suppressed.

Secondly, it is assumed that only k.fr on the right
hand side of equation 7 varies with applied field. For the
hot-spot radius (Rjs) and stagnation time-scale (Tgiqq)
this is found from simulations to be a good assumption.
The invariance of the hot-spot pressure with changing
thermal conductivity is found to be approximately true®®,
but requires a more thorough discussion. The hot-spot
pressure is equivalent to the hot-spot energy density;
while thermal conduction is transfer of heat from the
hot-spot to the cold fuel, that energy is then recycled
into the hot-spot by ablation. Therefore, varying the
thermal conductivity does not change the energy density.
A second-order effect is the work done by that ablating
plasma on the hot-spot®®; indeed, an applied magnetic
field is found in simulations to marginally reduce the
hot-spot pressure by reducing the work done by ablating
plasma. More importantly, an applied magnetic field re-
sults in an asymmetric stagnated hot-spot*?; the impact
of this inherent mode 2 asymmetry on hot-spot pressure
will be investigated in section IV. For now, the hot-spot
pressure is assumed to be unchanged by magnetization
of the electrons.

With these assumptions, the scaling of density and
temperature amplification due to changes in thermal con-
ductivity are found:

PB 2/7
=K 8
PB=0 eff ( )
s —2/7
Tp—o = fetf ©)

i.e. when thermal conduction losses are suppressed
(Kesy is decreased), there is less ablation of plasma into
the hot-spot (resulting in a lower density), but the re-
duced heat-flow thermally insulates the hot-spot to in-
crease the temperature. This scaling has previously been

used to assess the sensitivity of hot-spot temperature to
thermal conductivity?%; that scaling used the SESAME
thermal conductivities®® (resulting in different tempera-
ture and density exponents) while here the form given
by Spitzer-Harm is assumed?”. The differences between
thermal conductivity models will be discussed at the end
of this section.

The scaling of temperature with effective thermal con-
ductivity is first done without any consideration of a mag-
netic field. 1-D simulations of cylindrical and spherical
implosions are conducted, modifying the electron ther-
mal conductivity in the fuel after the first shock has con-
verged on axis (marking the beginning of the stagnation
phase). In this way, ks is chosen for each simulation,
and can have a value below 1/3 in spherical implosions,
as there is no consideration of magnetic field geometry.

Figure 1 shows the temperature amplification by re-
ducing the effective thermal conductivity from its nom-
inal value of 1 to a series of values between 0,1. Other
sources of fuel ablation (such as radiation transport and
ion thermal conduction) have been included in these sim-
ulations, but a-heating has been neglected. All designs
and geometries roughly follow the K;f f/ 7
greatest deviations for low values of Kcsy.

As Keyy tends towards zero, the simple model breaks
down. The initial hot-spot mass M, was assumed to
be much less than the final hot-spot mass Mps; with
kesf = 0 there is theoretically no ablation of mass into
the hot-spot, giving no final hot-spot mass. Likewise, the
temperature given by the scaling rises to infinity. In re-
ality the initial hot-spot mass is not negligible and other
sources of energy flux (in particular radiation transport)
also contribute to mass ablation into the hot-spot, even
when kepp = 0.

The hot-spot pressure is found to be relatively un-
affected by the decrease in hot-spot ablation. For the
warm symcap design, the pressure decreases by 0.02%
for kegr = 1/3 and a total of 0.1% for keys = 0. For
the layered design, these changes are even smaller. The
more important impact on the hot-spot pressure is from
the induced shape asymmetry, which will be discussed in
section IV.

Next, full 2-D extended-MHD simulations have been
executed for a variety of applied field strengths and tar-
get designs. No perturbations have been added to these
simulations apart from the natural asymmetry arising
from the application of a magnetic field*®. Now, in-
stead of prescribing a specific kcff, the Kerr must be
calculated from the simulations. As the hot-spot elon-
gates along the magnetic field lines* there is an increased
surface area that is perpendicular to the magnetic field.
This means that a magnetized spherical capsule can reach
Keff < 1/3, and the hot-spot is more insulated than if it
remained round. In the simulations, the following defini-
tion for krr is used:

scaling, with

A,
K =
e Atotal

LY )

+(1-
Agotal/ K|



Where A;otq1 is the total hot-spot surface area at bang-
time, using the T, = 1keV contour. A, = [g|n - 2|dS
is the surface area along the direction of applied mag-
netic field, where S is the hot-spot surface and 7 is
the unit normal. For a completely spherical implosion,
A./Atotar = 1/3. Time-dependent asymmetries, which
can result in round hot-spots at bang-time (A, /Aot =
1/3) but asymmetric hot-spots otherwise, are beyond the
scope of this paper. m_/liu is calculated using the burn-
averaged electron magnetization.

Figure 2 plots ion temperature amplification against
the post-processed effective thermal conductivity (equa-
tion 10) for the spherical implosion designs. Applied
fields of 0T, 5T, 10T, 20T, 30T, 40T and 50T have been
used. Again, the points roughly follow the theoretical
scaling of T; ~ /{e_fzf/ !

Some of the indirect-drive simulations in figure 2
have kepy < 1/3; this is due to the hot-spot elonga-
tion along the magnetic field lines increasing the sur-
face area that is perpendicular to the magnetic field
(A./Atotar < 1/3). For a 50T applied field, the layered
design has A, /Aiotqr = 0.294 and the symcap design has
A, /Aot = 0.292 at bang-time. The symcap is also
more magnetized, with burn-averaged /x| = 0.022 as
opposed to the layered target with s /x| = 0.033. Both
of these contribute to the symcap temperature amplifi-
cation due to a 50T magnetic field being higher than
the layered target, with values of Tg/Tp—¢ = 1.441 and
Tp/Tp=o = 1.407 respectively.

The hot-spot magnetization also reduces radiative
emission. The Bremsstrahlung losses scale as P7, /T}?S/ %,
As the magnetic field increases the temperature but
leaves the pressure approximately the same, the mag-
netized capsules have reduced losses, which enhances the
temperature further. An equivalent set of simulations as
those in figure 2 have been executed without any radia-
tive losses; these simulations consistently sit below those
with the radiation included.

The effective thermal conductivity in equation 10 can
be approximated using experiment observables. The
compressed magnetic field and hot-spot density can be
approximated by using the convergence ratio of the im-
plosion. The emitted neutron spectra can be used to
infer the hot-spot temperature. The combination of den-
sity, temperature and magnetic field strength then give
the hot-spot magnetization. The ratio A./Atotq; can
be inferred using neutron or x-ray emission images®%?3,
although in practice these are also dependent on shell
shape and time-dependent swings (meaning that the im-
age at bang-time may not be representative of the hot-
spot throughout stagnation). A quantitative comparison
of x-ray emission images to the synthetic versions from
magnetized simulations will be included in an upcoming
publication.

No cylindrical simulations have been included in figure
2. This is because the design simulated has a signifi-
cant magnetic pressure in the hot-spot3?, which results
in lowered stagnated thermal pressures. The resultant
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FIG. 3: Theorized increase in hot-spot yield due to the

reduction of electron thermal conductivity in the fuel by

factor kerp. Results for both DD and DT reactions are
shown, using the Bosch-Hale formulation®®.

temperature amplification falls far below the Ii;]? f/ " scal-

ing.

The Magnetized Liner Inertial Fusion (MagLIF)
scheme also uses an applied magnetic field to improve
the fusion yield of cylindrical implosions'”. These ex-
periments employ a preheat laser to reach significant
performance®®. The magnetic field plays an important
role in confining the thermal energy of the fuel during
the implosion, rather than just at stagnation. Magne-
tized fast ignition also uses an applied magnetic field to
enhance the coupling of beamed charged particles to the
hot-spot at late times?°. Both of these cases are not de-
scribed by the scaling presented in this section.

Equations 8 and 9 assumed a Spitzer thermal
conductivity?”. If, instead, a SESAME thermal con-
ductivity is utilized® the temperature scales as & - =

Tp—
ngl/d%. For kcfy = 1/3 this gives a temperature ampli-

fication of 44% rather than 37%.

Currently the theory requires both burn-averaged elec-
tron magnetization and stagnated hot-spot shape to esti-
mate the ion temperature amplification. A useful exten-
sion would be to relate the hot-spot elongation to the
heat-flow magnetization. However, no simple relation
has yet been found, with elongation changing between
designs.

1. YIELD AMPLIFICATION

Using the scaling of temperature amplification by mag-
netization outlined in section II, the theorized amplifica-
tion of fusion reactions can be explored. In this section
the discussion is limited to unperturbed capsules, while
sections IV, V and VI investigate P2 shape, P4 shape
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FIG. 4: Yield amplification by reducing the fuel
electron thermal conductivity by a factor xesr. Both
theory (lines) and 1-D simulations (points) are shown.

and higher mode perturbations.
The number of reactions between species a and b over
the burn time-scale §ty,,, can be approximated as:

47TR:ZL p?
s . L R 11
3 < Ogp¥ > @ 0012 (11)

Yab ~ (%burn
Where < o,v > is the reactivity between species a
and b. d4p is the Kronecker delta, which takes the values
dap = 1 for a = b and §,, = 0 for a # b; this represents
the higher availability of ions for single-species reactions.
Similar to section II, it is assumed that the magnetic
field does not affect the burn time-scale, hot-spot radius
or hot-spot pressure. Section IV explores the dependence
of hot-spot pressure on magnetization in more detail; as
magnetized hot-spots tend to elongate along magnetic
field lines*, a P2 drive asymmetry is needed to regain
much of the hot-spot pressure lost by magnetization.
By combining the scaling of yield (equation 11) with a
simplified form for the fusion reactivity < oqv >% and
the scaling of temperature with effective thermal conduc-
tivity (equation 9), a yield amplification for DT and DD
reactions by electron magnetization can be found:

r . 2/21
Y, 11—k
b = rogexp | 19.94— 2t (12)
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r 7 2/21
Yp 16/21 ( 1- Regr
=K. exp | 18.76— (13)
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While temperature amplification by magnetization is
dependent only on the electron Hall Parameter (through
Keff), the yield amplification is also dependent on the

unmagnetized hot-spot temperature (Tp—g). Equations
12 and 13 can be improved by using the Bosch-Hale
formulation®®, rather than the simplified form; Bosch-
Hale is used for all theory and simulations in this paper,
but the resultant yield amplification equations are un-
wieldy (albeit simple to derive). Equations 12 and 13
demonstrate all the important Physics and give approx-
imately the same answer as Bosch-Hale, albeit under-
predicting the benefits of magnetization by up to 20% in
regimes of interest.

Figure 3 plots the theorized yield amplification as a
function of effective thermal conductivity for a range
of unmagnetized hot-spot temperatures. It is worth re-
iterating that the theory assumes the same hot-spot pres-
sure for both magnetized and unmagnetized cases; as the
temperature increases, the density decreases. For the
yield to go up with magnetization, the decrease in yield
due to lower ion densities must be overcome by the in-
crease in fusion reactivity with temperature. The DT
reactivity increases quicker with temperature than the
DD, making magnetization more beneficial for DT ex-
periments in the regime of interest.

Hot-spots with initially low temperatures benefit most
strongly from magnetization. For k. = 1/3, which
is appropriate for a highly magnetized spherical im-
plosion, a DT hot-spot with unmagnetized tempera-
ture Tp—o = 2keV has an expected yield amplification
Yp/Yp—o = 2.3, while a hot-spot of unmagnetized tem-
perature Tg—g = 6keV would expect a yield amplification
of Yg/Yp—o = 1.4. For a high performing hot-spot with
Tp—o = 10keV the anticipated 37% increase in tempera-
ture by magnetization has very little effect on the yield,
with Y5 /Yg—o = 1.08. Note that none of these results
include any consideration of a-heating, which tends to
amplify a yield enhancement?!.

Figure 3 shows it is possible to decrease the yield by
magnetization. By looking at a simple formula for fusion
reactions it is possible to show that the highest yield is
reached when the hot-spot temperature is increased to
15.5keV for DT reactions (12.9keV for DD)®¢. Above this
temperature the decrease in ion density by magnetization
degrades the yield faster than the increased reactivity.

The yield scaling is tested against 1-D simulations
where the thermal conductivity in the fuel is varied by
a chosen factor k.sy. These calculations do not include
any MHD physics, but allow for a clean comparison with
the scaling without shape effects and magnetic transport
complicating matters.

Figure 4 shows the yield amplification (Y, ,, /Y%, ;=o0)
for NIF indirect-drive designs (layered*® and
a  symcap?®#546)a  layered OMEGA direct-
drive implosion®” and an OMEGA cylindrical
configuration®339; the simulations are the same as
those used in figure 1. For each design a different
theoretical scaling of yield amplification is plotted, as
each design has a different unmagnetized hot-spot tem-
perature. Both indirect-drive and direct-drive layered
designs use DT fuel while the NIF symcap and the



cylindrical implosions use DD.

The cylindrical design is found to improve most from
reduced thermal conductivities, as the initial hot-spot
temperature is only 2.15keV. At this low temperature
the DD reactivity increases rapidly with temperature.

The yield scalings compare favorably to the 1-D simu-
lations. Note that the theory breaks down for k.fr = 0,
predicting that the hot-spot temperature increases to in-
finity.

While the theoretical yield enhancement works effec-
tively for 1-D simulations, 2-D MHD calculations differ
greatly from these simple expectations. Section IV shows
that the hot-spot shape is the primary reason for this dis-
crepancy; hot-spot elongation along magnetic field lines
results in a lower hot-spot pressure. It is shown that an
asymmetric drive can be used to correct for this natural
asymmetry with an applied magnetic field.

IV. P2 SHAPE

This section investigates mode 2 asymmetries that
share the same axis as the applied magnetic field, i.e. a
Legendre P2 mode. As an applied magnetic field does
not suppress heat-flow along the field direction, a P2
naturally forms, even when the capsule is symmetrically
driven*. How the unmagnetized and magnetized perfor-
mance vary with a purposefully applied P2 drive asym-
metry will also be investigated. This section focuses on
the warm NIF symcap design. The drive asymmetry
is a constant percentage in time, which does not repre-
sent the natural changes in drive symmetry throughout
a hohlraum’s history; this is intended as a simple test
problem. For indirect-drive implosions the P2 shape is
routinely controlled through laser cone fraction or cross-
beam energy transfer®®?°. On OMEGA low-mode asym-
metries have also been demonstrated®%-61,

Figure 5a shows the ion temperature as a function of
drive asymmetry for 0T, 10T and 30T applied magnetic
fields. Density plots at bang-time are shown to give a ref-
erence point for the level of asymmetry in the implosions;
it can be seen that the 30T field increases the elongation
of the hot-spot. White dashed circles have been included
to aid the eye in seeing the level of asymmetry.

The magnetized cases increase in temperature when
the P2 drive is increased (making them more sausage).
This is consistent with the findings in section II, where
it was posited that the hot-spot elongation reduces the
effective thermal conductivity by giving a larger propor-
tion of the hot-spot area perpendicular to the magnetic
field lines. For this case the change in temperature with
P2 drive is small, increasing by 2.6% when going from
-6% to +6% drive P2.

Increasing the hot-spot temperature does not univer-
sally increase the yield. Figure 5b shows how the yield
varies with drive asymmetry. The result is opposite to the
temperature dependence, with the capsule yield peaking
when the magnetized implosion is driven with a nega-
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P2 drive asymmetry for 0T, 10T and 30T initial field
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are overlain, with white dashed circles added to assist in
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most symmetric for no drive asymmetry, while the 30T
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tive P2 (to make the implosion more pancake shaped).
For all levels of magnetization the implosion yield peaks
when the hot-spot is the most round at bang-time. Fig-
ure 5¢ shows how the hot-spot pressure (taken as a burn-
averaged value) varies with the applied drive. For a sym-
metric drive the 30T pressure is substantially below the
unmagnetized case. Driving the 30T case to be round
mostly recuperates the losses of having an asymmetric
hot-spot. Note that only the P2 component has been
tuned out in this implosion; the 30T density plot in fig-
ure 5b also contains a P4 component which could be ac-
counted for.

Once the 30T hot-spot is corrected to be round (using
a -4% P2 drive asymmetry in this case), the agreement
with the theoretical yield amplification improves. The
effective thermal conductivity from the simulation is cal-
culated as 0.386, giving a predicted yield amplification
of 1.44. Using the round unmagnetized implosion as the
base case, the yield amplification from the 2-D simula-
tions is 1.38. The 30T simulation without correcting for
shape gives a 1.31 yield amplification.

Therefore, it is asserted that the theoretical yield am-
plification due to magnetization (equations 13 and 12) is
approximately true when both the magnetized and un-
magnetized hot-spots are round (each requiring a differ-
ent drive asymmetry).

V. P4 SHAPE

Axi-symmetric mode 4 asymmetries (P4 Legendre
modes) are commonly observed in indirect-drive implo-
sion on the National Ignition Facility®*%2. The axi-
symmetry of these perturbations allows them to be sim-
ulated in 2-D even when a magnetic field is applied'C.
By varying the P4 drive amplitude, the impact of asym-
metries on the magnetized temperature and yield ampli-
fication can be explored. While section VI also studies
this behavior for higher modes, those modes are not axi-
symmetric in experiments and therefore should be mod-
eled in 3-D1°.

For this section the layered NIF DT design is utilized®°,
as the high convergence results in greater importance of
the magnetic tension for perturbation growth*.

Figure 6 shows the temperature and yield amplification
due to magnetization as a function of P4 drive asymme-
try for 10T, 30T and 50T applied magnetic fields. Exam-
ple density plots at bang-time are also shown for specific
drive asymmetries. A negative P4 drive asymmetry re-
sults in spikes propagating into the hot-spot at the poles
and cold plasma constricting around the hot-spot at the
waist. Positive P4 results in cold plasma constricting at
0 =m/4,37/4.

In all cases a larger asymmetry results in lower temper-
ature and yield. For a symmetric drive the unmagnetized
yield is 6.1x10'?, decreasing by 63% for a -4% P4 drive
and 68% for +4% P4 drive. The magnetized cases also
decrease in temperature and yield as the drive is more

asymmetric.

The benefit of the magnetic field, however, is found
to be greatest for more perturbed capsules. The theo-
rized yield amplification Y5 /Yp—¢ (from figure 4) for the
50T symmetric drive case is 1.84. As discussed in section
IV, the simulated yield amplification falls far below the
theory (Yp/Yp—o =1.56) due to hot-spot elongation low-
ering the pressure. Once the capsule is perturbed with a
P4, the yield enhancement can greatly exceed the sym-
metric theory, with Yg/Yp—g =2.43 for a -4% P4 drive.

Yield and temperature amplification are more greatly
enhanced by magnetization for negative P4 asymmetries.
This is for 2 reasons. Firstly, the cold plasma constrict-
ing around the waist is stabilized by magnetic tension ef-
fects, meaning that the hot-spot core remains more open
when a larger magnetic field is applied*. Secondly, the
enhanced hot-spot temperature by magnetization results
in larger heat-flows along the magnetic field lines to the
capsule poles; this results in greater thermal ablative sta-
bilization of the spikes that propagate down the poles?.
Both of these effects can be seen by comparing the 0T
and 50T density slices in figure 6a.

Increasing the applied field strength from 30T to 50T
is also more beneficial once the capsule is perturbed. For
a symmetric drive the yield amplification goes from 1.41
to 1.54 when 30T is used rather than 10T. Increasing the
field further has little impact, with Yg/Yp—o =1.56 for
50T. This is because the 30T hot-spot is already very
magnetized, with a burn averaged Hall parameter of 17,
corresponding to a perpendicular thermal conductivity
suppression of s /x| = 0.004.

Once the capsule is perturbed, however, the magnetic
tension plays an important role in improving the hot-spot
symmetry. While the electron magnetization effectively
plateaus once 30T is applied, the magnetic tension scales
with |B|2. For a +4% P4 drive asymmetry, the 50T field
has a yield amplification by magnetization of 2.35, as
compared with the 30T case of 1.92.

VI. HIGHER MODE PERTURBATIONS

This section incorporates higher mode perturbations
into the 2-D simulations to investigate how the yield
and temperature amplification depend on perturbation
size. The layered indirect-drive design is chosen, as the
higher convergence means perturbations of this type are
expected to have a significant impact on the yield*C.
The perturbations are initialized as HDC shell thick-
ness asymmetries®®, although the amplitudes and dis-
tributions of modes are not based on real target spec-
ifications; again, this perturbation source is used as a
toy problem to investigate the general behavior of mag-
netized implosions. 400 modes are applied, each with
amplitudes chosen randomly between 0,a and with mode
numbers randomly between k=1,180 with linear distri-
bution. a is varied between 0,60nm in this study. The
same random numbers have been used between all the
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FIG. 6: a: Temperature amplification and b: yield
amplification from an applied magnetic field for layered
NIF simulations with a range of P4 drive asymmetries.
Demonstrative density slices at neutron bang-time are

overlaid. As the capsules are more perturbed, the

benefit of the magnetic field increases.

cases. This approach has also been used to investigate
the self-generation of Biermann battery magnetic fields
during hot-spot stagnation34.

2-D simulations enforcing symmetry around the mag-
netic field axis are used. Real perturbations with these
mode numbers will develop in 3-D%%:%2, It has previously
been shown that 2-D MHD simulations of 3-D asym-
metries will drastically over-predict the importance of
magnetic tension stabilization!?, as the simulations do
not include the dimension where perturbation growth is
not stabilized, but can instead be destabilized. Sections

IV and V looked at specific cases where axi-symmetry is
valid; in this section, only fully 3-D calculations are valid.
3-D MHD simulations of magnetized hot-spots have been
completed?®, but these calculations are too laborious to
scan perturbation amplitude. In order to get a basic idea
of how magnetic tension and electron magnetization scale
with perturbation amplitude, simulations with both the
magnetic tension turned on and off are presented. The
author posits that the 3-D truth is likely bounded by
these answers.

Figure 7 shows density and temperature at neutron
bang-time for 2 perturbation amplitudes and 0T, 10T
and 50T applied fields. The magnetized simulations are
shown with both magnetic tension turned on and off.
For the smaller amplitude perturbations the main impact
of the magnetic field is to thermally insulate the hot-
spot, increasing the temperature and elongating along
the magnetic field lines.

For larger amplitude perturbation cases (with max-
imum amplitude per mode of a=40nm), the impact
of magnetization on perturbation growth can be seen.
From 0T to 10T the perturbations become more unsta-
ble at the waist due to suppression of thermal ablative
stabilization*. For 10T the impact of magnetic tension
stabilization is small. However, the Lorentz force scales
as |B - B|, meaning that the 50T case has a magnetic
tension stabilizing force 25 times larger than the 10T
capsule. For the highly magnetized case the tension sub-
stantially suppresses the Rayleigh-Taylor growth at the
waist, giving a yield amplification Yp_507/Yp=0 = 1.94.

Note that the highly perturbed capsules compress mag-
netic field exactly onto the axis. In reality, a 3-D picture
would reduce the magnetic flux compression in the hot-
spot core and increase the impact of residual kinetic en-

ergy.

Figure 8 shows the temperature and yield amplifica-
tion as a function of the initial perturbation size. The
symmetric theory predicts the fully magnetized yield am-
plification to be Yp/Yp—¢ =1.84. For unperturbed im-
plosions the yield amplification is far below the theory,
with 30T and 50T giving amplifications of 1.53 and 1.55
respectively; for unperturbed capsules there is no obvi-
ous benefit for going from 30T to 50T. However, a highly
perturbed implosion (a=60nm) has a simulated 50T yield
amplification (with magnetic tension included) of 2.19.
For 30T the yield amplification is 1.83.

The impact of magnetic field on perturbation growth is
highly dependent on the distributions of mode numbers
in the implosion®'?, with high modes more affected by
both decreased ablative stabilization and enhanced mag-
netic tension stabilization. The maximum mode number
applied in the presented simulations was k=180; calcu-
lations including higher mode sources (such as surface
roughness) would be beneficial.
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VIl. CONCLUSIONS

A theoretical scaling of temperature amplification with
hot-spot magnetization has been shown to compare fa-
vorably with unperturbed 2-D extended-MHD simula-
tions of multiple magnetized implosion designs, including
both directly and indirectly driven schemes. The theory
assumes that the magnetic field only affects the ablation
of cold fuel into the hot-spot during stagnation, lowering
the hot-spot density while increasing the temperature.
The theory also predicts that the temperature amplifica-
tion increases when the hot-spot is more sausage shaped,
which is borne out in simulations with applied P2 drive
asymmetries; this is due to the smaller area with mag-
netic fields normal to the hot-spot surface.

Using this theory, an effective thermal conductivity of
kess = 0.6 can be inferred for the 8T experiments on the
OMEGA Laser Facility that observed a 15% increase in

10

temperature® (no significant shape change was reported).
kesf = 0.6 is in good agreement with the yield amplifica-
tion. The unmagnetized experiments observed tempera-
tures in the range 2.3-2.9keV; combining with the effec-
tive thermal conductivity estimate, the theorized yield
amplification is between 28-34%, which brackets the re-
ported enhancement of 30%. k.y¢ = 0.6 suggests that in-
creasing the magnetic field strength further on this plat-
form would continue to improve the performance.

The theory can be used to estimate an expected yield
enhancement by magnetization, with low temperature
unmagnetized implosions benefiting most from an ap-
plied field. However, the theory over-predicts yield am-
plification due to lower hot-spot pressures when the hot-
spot elongates along magnetic field lines. It is shown
that a purposeful P2 drive asymmetry should be applied
in order to make the implosion round again, improving
the yield enhancement and bringing the results closer to
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FIG. 8: a: Temperature amplification and b: yield
amplification due to magnetization for capsules with
multi-mode perturbations. Cases with and without
magnetic tension stabilization are presented. The
benefit of a 50T applied field over 30T is most obvious
when the capsules are highly perturbed.

the theoretical predictions.

Magnetic fields have also been shown to improve the
robustness of implosions to perturbations, with greater
yield enhancements when the capsules are perturbed by
P4 and multi-mode asymmetries. This is particularly the
case when the magnetic tension plays a significant role
in suppressing perturbation growth.

So far, all effort has been spent on assessing the impact
of magnetic fields on current designs. Next it will be
important to optimize implosions for magnetization. The
results here find greatest performance enhancements for
cold and highly perturbed implosions; this implies that
magnetized capsules may be able to succeed at a lower
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adiabat than unmagnetized implosions.

The results also suggest that facilities should strive for
higher applied magnetic field strengths. While 30T is
typically sufficient to fully magnetize the hot-spot elec-
trons, higher fields result in the greater influence of mag-
netic tension, which can assist in stabilizing perturbation
growth.

All results in this paper are without a-heating. If the
implosion is at the foot of the ignition cliff then a burn-
off yield amplification between 1.5-2 may be enough to
result in much larger burn-on yield amplifications®. An
applied magnetic field can also confine a-particles to the
hot-spot, resulting in greater yield enhancements than
accounted for in this paper?.

In order to assess the impact of an applied magnetic
field on the recent high yield NIF experiment N210808, a
1-D simulation with thermal conductivity artificially sup-
pressed was completed. This is the same methodology as
used for the simulations in figures 1 and 4, but including
a-heating. A value of ke = 0.3 was used, representing
the most magnetized cases simulated (e.g. in figure 2).
The yield was found to be amplified by a factor of 2 due to
thermal conductivity suppression, which exceeds the ex-
pectations from the no-a theory displayed in figure 3 for
hot-spots with high unmagnetized temperatures. These
results broadly agree with more detailed 2-D simulations
of high yield implosions®®. Tt is expected that once the
perturbations are also accounted for, the benefit of the
magnetic field will increase.

In addition to the performance improvements, an ap-
plied magnetic field is expected to result in greater repro-
ducibility and allow for higher convergence designs with
larger 1-D yields.
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