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The generation of strong, self-generated electric fields (GV/m) in direct-drive, inertial-confinement-fusion

(ICF) capsules has been reported [Rygg et al., Science 319, 1223 (2008); Li et al., Phys. Rev. Lett.

100, 225001 (2008)]. A candidate explanation for the origin of these fields based on charge separation

across a plasma shock front was recently proposed [Amendt et al., Plasma Phys. Controlled Fusion 51

124048 (2009)]. The question arises whether such electric fields in imploding capsules can have

observable consequences on target performance. Two well-known anomalies come to mind: (1) an

observed �2� greater-than-expected deficit of neutrons in an equimolar D3He fuel mixture compared

with hydrodynamically equivalent D [Rygg et al., Phys. Plasmas 13, 052702 (2006)] and DT

[Herrmann et al., Phys. Plasmas 16, 056312 (2009)] fuels, and (2) a similar shortfall of neutrons when

trace amounts of argon are mixed with D in indirect-drive implosions [Lindl et al., Phys. Plasmas 11,

339 (2004)]. A new mechanism based on barodiffusion (or pressure gradient-driven diffusion) in a

plasma is proposed that incorporates the presence of shock-generated electric fields to explain the

reported anomalies. For implosions performed at the Omega laser facility [Boehly et al., Opt.

Commun. 133, 495 (1997)], the (low Mach number) return shock has an appreciable scale length over

which the lighter D ions can diffuse away from fuel center. The depletion of D fuel is estimated and

found to lead to a corresponding reduction in neutrons, consistent with the anomalies observed in

experiments for both argon-doped D fuels and D3He equimolar mixtures. The reverse diffusional flux

of the heavier ions toward fuel center also increases the pressure from a concomitant increase in

electron number density, resulting in lower stagnation pressures and larger imploded cores in

agreement with gated, self-emission, x-ray imaging data. VC 2011 American Institute of Physics.

[doi:10.1063/1.3577577]

I. INTRODUCTION

The discovery of strong (�GV/m), self-generated elec-

tric fields in inertial-confinement-fusion (ICF) implosions

using proton radiography1 continues to generate interest in

the implications of associated plasma phenomena for capsule

performance.2 The ICF implosion database is replete with

anomalies that have defied explanations based on Euler

fluid-based simulation tools. A notable example is the nearly

2 � deficit in observed-to-simulated neutron yields for an

equal mixture (by ion number) of deuterium (D) and 3He

compared with pure D fuels.3 Understanding this anomaly

has direct implications for the goal of achieving high thermo-

nuclear gain with D and tritium (T) fuels because the constit-

uent ions have the same atomic weights as in D3He fuels. If

an underlying plasma effect is responsible for the anoma-

lously low yields, then the lower charge state of T (þ1) rela-

tive to 3He (þ2) may render an extrapolation to the behavior

of DT fuels unfounded; otherwise, DT fuels could be

expected to exhibit a similar degree of underperformance

which would have adverse consequences for inertial fusion

energy applications. Another example of anomalous yield

behavior in ICF implosions is the standard use of trace

amounts of dopant to facilitate core imaging of x-ray self-

emission near peak compression for an assessment of implo-

sion compression and symmetry. Despite only 0.25 at. %

concentration of argon in D, the observed yields suffer a 2–3

� reduction.4

Another class of anomalous performance in ICF implo-

sions is the tendency toward larger imploded core image

sizes in fuel mixtures compared with predictions. In recent

direct-drive experiments with DT and 3He mixtures, an

image size �25% larger than simulated was measured.5 For

indirect-drive implosions on the Omega laser,6 a similar

trend was seen when argon dopant was used: simulations

predicted significantly smaller core images than what was

observed.4 These observations showed less compression than

expected and are qualitatively consistent with the measured

deficit of neutrons. The question is what physical effect is re-

sponsible for these anomalies and whether it could poten-

tially impact the behavior of IFE-relevant DT fuel mixtures.

Recently, a theory of plasma-based barodiffusion was

advanced as a candidate explanation for the observed yield

anomalies in fuel mixtures.7 Barodiffusion simply is pressure

gradient-driven diffusion in contrast to the more familiar

concentration gradient-driven diffusion. The idea of barodif-

fusion has been known for some time in the context of fluidsb)Invited speaker.

a)Paper TI3 6, Bull. Am. Phys. Soc. 55, 292 (2010).
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or gas dynamics,8 but its application to plasmas is only very

recent.7 The notion of plasma-based barodiffusion arose

from an attempt to understand the proton backlighting data

of direct-drive ICF implosions on the Omega laser and the

inferred strength of self-generated electric fields in the

imploding fuel.1 An interpretation of the data based on long

length-scale electron pressure gradients for inferring the

electric field strength fell short by 1 to 2 orders of magnitude,

necessitating a consideration of other scenarios. An explana-

tion was proposed that was based on the electric field genera-

tion at a shock front where an underlying charge separation

occurs due to the high mobility of plasma electrons advanc-

ing slightly ahead of the ions in the shock front. The pre-

dicted behavior of these shock-driven electric fields matched

well the measured transverse potential change of transiting

(and deflected) 14.7 MeV protons (�105 V) and was consist-

ent with the measured abrupt sign change, arguably caused

when the shock rebounds off the fuel center [in addition to

the slightly later (100–200 ps) onset of deceleration of the

fuel–pusher interface as described in Ref. 1]. The notion that

the largest electric fields in an imploding fuel are localized

to the shock front prompted speculation that other shock-

front based phenomena could possibly play a role in explain-

ing some of the outstanding anomalies in the ICF database.

For example, barodiffusion across a shock front where the

pressure gradients can be quite large, especially at high

Mach numbers, is well known.9 However, the theory of baro-

diffusion with plasma electric fields and applied to an ICF

implosion has not been considered until very recently.7

Depending on the circumstances at hand, an electric field

can significantly affect the strength of barodiffusion. For the

D3He neutron anomaly,3 barodiffusion is increased in the

presence of an electric field, whereas a mild decrease is pre-

dicted in the case of argon-doped D fuels. In the case of

(DT) ignition experiments, the effects of shock-driven baro-

diffusion are predicted to not greatly affect performance

since the cold and dense main fuel is well removed from the

shock-heated region in the DT gas following shock rebound.

The physical picture of why barodiffusion may be large

enough to matter in (subignition) ICF implosions is straight-

forward to describe. During an ICF implosion, strong pressure

gradients (and electric fields) are produced at shock fronts. It

is in these localized regions that barodiffusion can occur, in

particular after shock coalescence at the origin. Indeed, as the

incoming (high Mach number M) shock approaches the center

of the fuel, the shock front is fairly narrow [�O (1 lm) or

less] and species separation is expected to be strong but only

very localized in space. As the shock rebounds from the ori-

gin, the shock is now much weaker ðM ffi 1Þ but the front

thickness is also considerably greater [�O (100 lm)]. In this

latter regime, barodiffusion can be shown to dominate over or-

dinary diffusion from concentration gradients but is reduced

in strength.9 Within one or two shock front widths away from

the origin, the spherically diverging geometry implies that a

large volume for barodiffusion to operate over is now possi-

ble. If this volume is a significant fraction of the fuel volume

(with typical radius �100 to 200 lm in Omega-scale experi-

ments), a significant shortfall of deuterium may result and

lead to a neutron deficit, particularly since the cross section

for thermonuclear reactions is very temperature sensitive and

the highest fuel temperatures occur near the center of the fuel.

This net outward diffusion of the lighter ion species from the

fuel center is possible since the ion mean-free-paths achieve

by far their largest values during this stage of the implosion.

Typically, ion temperatures reach several keV or more near

the center of the fuel just after shock rebound (based on radia-

tion–hydrodynamics simulations), and the ion mass density is

on the order of 0.1 g/cc or less, resulting in ion mean-free-

paths much in excess of a micron. The associated high degree

of diffusion occurring after shock reversal is soon arrested by

the increased fuel density and cooling of the center of the fuel

from thermal conduction (until �P � dV work on the fuel

takes over later on in the implosion). Thus, the episode of ele-

vated ion diffusion following shock rebound may effectively

establish the fuel composition and distribution for the suc-

ceeding phases of the implosion. Any deficit of ion species

near the fuel center can be expected to persist throughout the

implosion since the mean-free-paths quickly drop. For exam-

ple, radiation–hydrodynamics simulations of hot-spot ignition

capsules show ion mean-free-paths that reach several hundred

microns at shock “flash” (or time when the first shock reaches

the origin), only to fall to less than 10 lm within �100 ps. By

conservation of mass diffusional flux,9 the outward migration

of the lighter ion species, e.g., D, must be compensated by a

return flux of heavier ion species. The more massive ion spe-

cies, e.g., 3He, carries more charge and more electrons

because of the requirement of (nearly) strict charge neutrality.

With the increased density of electrons near fuel center, the

total pressure locally increases near deceleration onset. If an

adiabatic implosion is assumed, a close correspondence

between a greater fuel pressure near the onset of deceleration

and a subsequent lower stagnation pressure is found. A lower

stagnation pressure leads directly to a larger stagnation radius,

in agreement with the observed trends for fuel mixtures. Note

that the outward diffusing lighter ion species carries fewer

electrons and effectively lowers the pressure away from the

origin, yielding at first glance a compensating balance to the

effects of the inwardly diffusing heavier species. However,

the outward diffusing light ion species undergoes a strong ge-

ometrical dilution due to the spherical geometry, effectively

reducing the compensating effects from the outwardly diffus-

ing light ion species.

The key ingredient for shock-driven barodiffusion to

play an important role in an ICF implosion is the scale of the

shock-front thickness. The conventional (fluid-based) under-

standing is that a shock-front thickness should be on the

order of an ion–ion mean-free-path kii, which is typically

less than a micron. However, a low Mach number plasma

shock has been found to significantly deviate from this pic-

ture, according to early work by Jaffrin and Probstein10 ana-

lyzing the Navier–Stokes equation (with electric fields) and

later confirmed by Casanova et al. in their Fokker Planck-

based treatment.11 At very small Mach numbers (<1.12),

electron thermal conduction and electron–ion energy

exchange are the dominant dissipative mechanisms, and the

ion-shock feature is coincident with the electron thermal

shock with thickness of order
ffiffiffiffiffiffiffiffiffiffiffiffiffi
mi=me

p
� kii � kii. At

larger Mach numbers (�2) a distinct ion-shock feature arises

056308-2 Amendt et al. Phys. Plasmas 18, 056308 (2011)
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within the electron thermal shock, but the scale length for

the ion feature has been found to still be considerably larger

than kii, i.e., nearly 20�. At still larger Mach numbers, but

well outside the values of interest for a rebounding shock in

an ICF implosion, the ion-shock-front thickness approaches

kii as expected. The main point is that the low Mach number

return shocks (<1.5) of interest in an Omega implosion may

have a characteristic front thickness larger than an ion–ion

mean-free-path by as much as 20� 100�, thereby poten-

tially rendering a considerable volume within the fuel to a

modest depletion of the lighter ion species from the effects

of barodiffusion. Again, the two central ingredients for this

scenario to operate in an ICF implosion are the spherically

converging geometry of a capsule, enabling a shock front to

encompass sufficient fuel volume, and the large shock-front

thicknesses at low Mach number that may be on the order of

a fuel radius following shock rebound.

The techniques of choice for studying the effects of baro-

diffusion on ICF performance beyond analytical arguments

are somewhat limited. Standard Euler-based simulation tech-

niques12 are essentially a single-fluid description and cannot

be expected to capture many or all of the salient multispecies

effects as well as nonlocal kinetic effects. For example,

shock fronts are not typically resolved in radiation–hydrody-

namics simulations, and an artificial viscosity is imple-

mented to legislate shock heating of the ions and to provide

numerical stability against spurious acoustic signals. Molec-

ular dynamics simulations could in principle model the

physics of barodiffusion in detail, but they are limited in spa-

tial scale (<1 lm) from practical considerations, particularly

for low Mach number shocks. Fokker Planck simulations or

techniques could bring to bear more understanding on this

problem, but are computationally expensive, especially con-

sidering the disparate ion and electron time scales involved.

Particle-in-cell (PIC) methods perhaps offer the most con-

venient path for assessing multispecies effects, particularly

barodiffusion. The challenge with arriving at a comprehen-

sive understanding of barodiffusion in ICF implosions is the

need to include the highly transient nature of shock conver-

gence at the origin and the evolution of the weak shock ema-

nating from fuel center. The multispecies tools listed above

have the potential capability to decisively address the true

scope of shock formation and morphology in a transient,

spherical geometry in place of the earlier analytical treat-

ments that focused out of necessity on a planar geometry

under steady-state conditions.10

In this paper we lay the groundwork for potentially

explaining some of the key anomalies of the ICF database

with fuel mixtures. In Sec. II we review the derivation of

barodiffusion modeling with electric fields. Next we summa-

rize in Sec. III the understanding of shock-front structure in

a plasma and briefly look at the use of the hybrid code LSP

(Ref. 13) to assess shock-front formation and structure in

multispecies plasmas. Section IV applies the theory to D3He

and D2Ar fuel mixtures to help to explain the observed neu-

tron anomalies. In Sec. V we apply the model to estimating

the effect of barodiffusion on increased core image size. Sec-

tion VI looks at topics for future work. We summarize and

conclude in Sec. VII.

II. BARODIFFUSION THEORY

Pressure and temperature gradients generally lead to

component separation in an initially homogeneous plasma.

The associated mass diffusional flux of the lighter ion spe-

cies is given by9

i1 ¼ �qD
da
dx
þ kp

d ln P

dx
þ kT

d ln T

dx

� �
¼ �i2; (1)

where q is the total mass density, D is the diffusion coeffi-

cient, a is the light ion species (“1”) density fraction q1=q,

kpD is known as the barodiffusion coefficient, P is the total

pressure, T is the (species ion and electron) temperature, kT

is the thermal diffusion ratio and i2 is the mass diffusional

flux of the heavier ion species (“2”). Equation (1) states that

binary mass diffusion arises from gradients in concentration

(classical diffusion), pressure (barodiffusion), and tempera-

ture (thermal diffusion). The barodiffusion ratio kp can be

determined by the thermodynamic (equilibrium) state of the

mixture, while kT is associated with an intrinsically nonther-

modynamic local equilibrium state due to the heat flow. As

such, kT is a function of the ionic interactions and is directly

amenable to a molecular dynamics simulation assessment.

The assertion has been made that when the gradient scale

lengths for pressure and temperature are comparable, baro-

diffusion is dominant.9 We ignore thermal diffusion in this

work, though this assumption should be challenged through

the use of molecular dynamics simulations or further analy-

sis. We also ignore viscous contributions to Eq. (1), which

should be an appropriate approximation in the case of weak

(return) shocks that are the focus of this work. To obtain an

expression for kp we write for the local thermodynamic equi-

librium ion distributions,

nj / exp �mjgx

kBT
� ZjeU

kBT

� �
; (2)

where mj is the ion mass for species j ¼ 1, 2, g is the under-

lying (uniform) acceleration, x is the one-dimensional posi-

tion coordinate, kB is Boltzmann’s constant, Zj is the ion

charge state of species j, �e is the electron charge, U is the

electrostatic potential, and both species are assumed to have

a common (constant) temperature. Upon setting the diffu-

sional mass flux to zero under steady-state equilibrium con-

ditions da=dx þ kpd ln P=dx ¼ 0, and assuming ideal

equations of state, we obtain

kp ¼
a 1� að Þ m2 � m1ð Þ a 1þZ1ð Þ

m1
þ 1�að Þ 1þZ2ð Þ

m2

h i
� 1� eE

m1g �
Z2�Z1

m2=m1�1

h i
a 1þ Z1ð Þ þ 1� að Þ 1þ Z2ð Þ � eE

m1g aZ1 1þ Z1ð Þ þ 1� að ÞZ2 1þ Z2ð Þ � m1

m2

h i ; (3)

056308-3 The potential role of electric fields and plasma barodiffusion Phys. Plasmas 18, 056308 (2011)
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where E ¼ �rU is the electric field. For unequal electron

and ion temperatures, Eq. (3) is easily modified according to

the prescription: 1þ Zj ! 1þ Zj � Te=Ti, where Te (Ti) is

the electron (ion) temperature. Equation (3) reduces to the

standard fluid result when Z1 ¼ Z2 ¼ 0; E ¼ 0:9

kp ¼ a 1� að Þ m2 � m1ð Þ a
m1

þ 1� að Þ
m2

� �
: (4)

To proceed further for the plasma case, the ratio eE=m1g must

be evaluated. We consider two cases: (i) an isothermal, acceler-

ating atmosphere with a large length-scale self-generated elec-

tric field satisfying eE=m1g ¼ Oð1Þ and (ii) eE=m1g � 1

as in a plasma shock front.

For the case (i) of an isothermal, uniformly accelerating

atmosphere in near steady state, e.g., an imploding capsule,

the self-generated electric field follows from the Boltzmann

relation after neglecting the electron inertia: E ¼ �rPe=ene,

where Pe is the total electron pressure and ne the electron

density. Using Eq. (2) and ideal equations of state for the

electrons, it readily follows that

eE

m1g
¼ aZ1 þ 1� að ÞZ2

aZ1 1þ Z1ð Þ þ 1� að ÞZ2 1þ Z2ð Þm1=m2

; (5)

where gradients in Zj are neglected. For the case of equal iso-

topes Z1 ¼ Z2 	 Zð Þ, Eqs. (3) and (5) reduce to

kp ¼ a 1� að Þ m2 � m1ð Þ a
m1

þ 1� a
m2

� �
1þ Zð Þ: (6)

For the hydrogen isotopes Z ¼ 1ð Þ, plasma electric fields

increase the strength of barodiffusion through kp by 2�. In

the case of D3He, Eqs. (3) and (5) give a value for kp that is

identically zero, independent of light ion mass fraction (a).

For case (ii), we evaluate Eq. (3) in the limit

eE=m1g� 1 as pertaining to a plasma shock front, obtaining

kp ¼ a 1� að Þ

� Z2 � Z1ð Þ a 1þZ1ð Þþ 1� að Þ 1þZ2ð Þm1=m2

aZ1 1þZ1ð Þþ 1� að ÞZ2 1þZ2ð Þm1=m2

� �
:

(7)

This limit is distinguished from the fluid case (Eq. (4)) by a

strong dependence on the difference in species ionization

states instead of component masses. Such a feature has possi-

ble implications for the behavior of DT fuel mixtures com-

pared with D3He: a fluid explanation of the D3He neutron

anomaly based on Eq. (4) would predict a similar degrada-

tion for an equimolar DT mixture, whereas Eq. (7) for a

shocked plasma would claim otherwise. Note also that kp

depends more strongly on the difference in ionization states,

as opposed to the difference in charge-to-mass ratio for each

species. The reason for this dependence is that the pressure

gradients are also important,10 particularly across a shock

front, whereby a simple Zj=mj scaling argument based only

on the dynamics of charged particles does not provide a com-

plete representation.

Figure 1 compares the strength of the barodiffusion ratio

kp between an isothermal atmosphere and a plasma shock for

a deuterium fuel doped with varying amounts of (He-like) ar-

gon. For a not too close to unity, the former case is nearly

30% stronger than the shock-driven case, and the fluid limit

Zj ¼ 0
� �

shows a nearly 2� greater enhancement over the

plasma analog in this particular example. However, the

strength of barodiffusion between these two cases can differ

significantly, depending on the stage of the implosion where

each effect has maximum effect. In the case of an isothermal

atmosphere, the pressure-gradient scale length varies as

C2
s=g, reaching a minimum value (ffi10 lm) after decelera-

tion onset when g is greatest. For a shocked fuel, the maxi-

mum effect is achieved before deceleration onset

immediately following shock rebound from the fuel center.

At this stage of the implosion, the ion mean-free-paths are a

significant fraction of the fuel radius, and barodiffusion

across the shock front can give rise to significant light ion

loss from the center provided the shock-front thickness is

appreciably large.

III. PLASMA SHOCKS

A. Summary of Jaffrin and Probstein analysis

The strength of barodiffusion across a shock front in an

ICF implosion critically depends on the thickness of the

shock front. As the strong, incoming shock rebounds from

the fuel center, the outgoing return shock is necessarily

much weaker with a corresponding increase in width com-

pared with a (postshock) ion–ion mean free path kii. The

notion of a shock having a width on the order of kii is based

on gas-dynamics studies of shocks at high Mach number.

However, the state of the fuel following shock rebound is of-

ten a fully ionized plasma in contrast to a classical fluid. Par-

ticularly at low Mach number, the structure of a plasma

shock can differ markedly from a fluid shock. Jaffrin and

FIG. 1. (Color) Barodiffusion ratio kp vs deuterium mass density fraction a
in He-like argon mixture for isothermal atmosphere (blue) and shock-driven

cases (black) with gas-dynamical limit (Z1¼Z2¼ 0) shown as dotted-dashed

line; vertical dashed line represents Omega data with a¼ 0.95.

056308-4 Amendt et al. Phys. Plasmas 18, 056308 (2011)
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Probstein10 performed a detailed, steady-state, one-dimen-

sional analysis of the Navier–Stokes equations for both ions

and electrons, including Gauss’ law for the self-generated

electric fields, and the energy and mass conservation equa-

tions.10 Several examples were considered, beginning with

the low Mach number case M¼ 1.12. A broad shock solu-

tion was found where both the ion and electron structures

had spatial scales on the order of kie 	 kii

ffiffiffiffiffiffiffiffiffiffiffiffiffi
mi=me

p
� kii,

where me (mi) is the electron (ion) mass. In this case, ion vis-

cosity is small compared to the dissipative mechanisms of

electron thermal conduction and electron–ion energy

exchange, where the latter effects are identified with the

characteristic kie length scales. Next, the M¼ 2 case was

studied where a distinct ion-shock feature was found to

emerge within a broader electron thermal shock layer of

thickness kie. The width of the ion feature was found to be

considerably larger than an ion mean-free-path by nearly a

factor-of-20. A final example for M¼ 10 was also studied

where a distinct electron preshock thermal layer was seen a

distance kie ahead of the ion-shock feature. Figure 2 compares

the predictions of this plasma shock analysis at low Mach

number with a gas-dynamical scaling for the thickness of the

ion-shock feature with ratio of specific heats c ¼ 5/3. A

nearly 100-fold increase in (ion) shock-front thickness over

gas-dynamics predictions is seen for M< 1.5, the representa-

tive range of Mach numbers for the rebounding shock in ICF

implosions. According to this analysis, the return shock front

thickness may well be on the order of a fuel radius, although

time-dependent effects and the spherical geometry of an ICF

implosion could significantly affect this assertion.

B. LSP hybrid PIC simulations

Multispecies, (ion) kinetic simulations with the hybrid,

collisional PIC code LSP (Ref. 13) tend to confirm the origi-

nal analysis of Jaffrin and Probstein. Figure 3(a) shows the

simulated shock structure at M¼ 1.25 with an ion-shock fea-

ture that is virtually indistinguishable from an electron ther-

mal shock feature (not shown). The ions were modeled as

fully kinetic PIC particles in LSP to provide the physical vis-

cosity, while the electrons were modeled as fluid (macro)

particles having a characteristic (local) temperature. The

self-generated electric fields were found using an alternating

direction implicit solver in LSP. In order to confirm the in-

tegrity of a plasma shock with LSP, a classic shock-tube

problem14 (in the laboratory frame) was run with the electric

field switched off in order to verify that the ion viscosity pro-

duces the correct shock behavior in this configuration. This

procedure also eliminates the need for an artificial viscosity,

which is typically required when modeling shocks in stand-

ard, Euler-based radiation–hydrodynamics codes. This

means that the electron fluid (macro) particles are assigned a

position and velocity, but they also have an internal energy.

Thus, the particles are moved according to an ensemble ve-

locity, with a pressure-gradient term added to the equation of

motion. Each particle carries an internal energy that consists

of �P � dV work, thermalization between species, heat con-

duction, Ohmic losses, and inelastic losses between electrons

and ions. For computational efficiency and owing to the

small electron–electron mean-free-paths (
1 lm), kinetic

effects for the electrons are not included in such a model at

present, but further work will aim to relax this constraint.

Care must be taken to set up the system such that a

steady-state shock will be set up shortly after t ¼ 0. This

requires choosing the (equal) electron and ion velocities

behind the shock correctly, given a particular set of (equal)

ion and electron temperatures and densities on both sides of

FIG. 2. (Color) Ion-shock thickness normalized to ion-ion mean free path vs

Mach number according to gas-dynamical treatment with c ¼ 5/3 (blue) and

multicomponent plasma analysis (green).

FIG. 3. (Color online) Ion number den-

sity profile (a) and associated, self-gen-

erated electric field (b) for M¼ 1.25

planar shock in deuterium according to

LSP simulation using kinetic ions and

fluid electrons. Indicated temperatures

are chosen initial electron and ion tem-

peratures ahead of (T0) and behind (T1)

shock front as constrained by Hugoniot

relations for c ¼ 5/3 gas.
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the shock for a chosen Mach number and consistent with the

Hugoniot relations. As mentioned above, the shock front

thickness can be many ion mean-free-paths wide, in contrast

to the usually assumed ion–ion mean-free-path that most

radiation–hydrodynamics codes implicitly assume. In the

case shown in Fig. 3(a), we observe a front thickness of

nearly 100 lm, which is much larger than a Debye length

[�O (1 nm)]. This is close to what is expected from the anal-

ysis of Jaffrin and Probstein and greater than an ion–ion

mean-free-path by almost a factor-of-100. An associated

self-generated electric field with strength of nearly 270 kV/

cm is also indicated from Fig. 3(b), which is close to analyti-

cal estimates as well as the inferred experimental value im-

mediately following shock rebound.1 The physical source of

the simulated electric field is the gradient in electron pres-

sure which leads to a slightly ion rich (lean) region to the left

(right) of the Ex-field maximum. The simulated potential

change across the shock front is about 2 kV, in agreement

with analytical estimates � kBTe=eð Þ. Although this specific

example holds some interest on its own, the important result

here is that we now have demonstrated the capability to

study ion behavior in a shock when realistic shock fronts,

electric fields, and kinetic effects are all taken into account.

C. Barodiffusion strength at low Mach number

In the low Mach number regime, it can be shown that

barodiffusion dominates over classical diffusion. For a weak

shock we write DP ¼ P1 � P0 as a first order quantity,

where P1 (P0) is the postshock (preshock) pressure. The con-

centration-gradient contribution in Eq. (1) can be shown to

be proportional to DPð Þ3, while the pressure-gradient contri-

bution is of order DPð Þ2.9 As DP ¼ 2cP1ðM2 � 1Þ=
Mðc þ 1Þ / M � 1 at low Mach number, the barodiffu-

sion scaling is M � 1ð Þ�1
stronger than the classical diffu-

sion source term.

The mass diffusional flux due to barodiffusion alone

readily follows from Eq. (1): i1 ¼ qCskp DP=Pð Þ2 for a gas-

dynamical shock, or for the case of a plasma shock

i1 ¼ 2qCskp DP=Pð Þ=g, where Cs � D=kii is the sound

speed and g is the ratio of (ion) front thickness in a plasma

shock to a gas-dynamical shock (cf., Fig. 2). The factor-of-2

enhancement for the plasma shock case is ascribed to ambi-

polar diffusion for an equal (ion and electron) temperature,

hydrogen plasma. Operationally, the two descriptions are

similar at small Mach number, but we choose to proceed fur-

ther with the gas-dynamical description of the shock that

conveniently relates DP to the Mach number. The amount of

barodiffused light ion species scales as i1 � 4pD2
shocks,

where s is the (return) shock-transit time over a shock width

Dshock. Consequently, the fraction of diffused deuterium

DM1=M1 over the enclosed fuel mass M1 is estimated as7

DM1

M1

ffi 3kp

aM3

4c2 M2 � 1ð Þ2

cþ 1ð Þ2
: (8)

An important feature of Eq. (8) to note is the leading order

cancellation of a since kp / a (cf., Eq. (3). Thus, the frac-

tion of diffused light ion mass approaches a constant value

as a ! 0 in the absence of mitigating physical effects. Two

physical effects are identified that may offset this trend. First,

the average sound speed increases inversely with a due to

the increasing charge-to-mass ratio

Csðf Þ ¼ Csð1Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
aþ Z2

Z1

m2

m1

1� að Þ
r

¼ Csð1Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f þ Z2

Z1
1� fð Þ

f þ m2

m1
1� fð Þ

vuut ;

(9)

where f 	 n1=ðn1 þ n2Þ is the light ion number density

fraction. Radiation–hydrodynamics simulations suggest

that the speed of the shock in an ICF implosion mildly

increases with a, implying overall that the Mach number

increases with a. A possible physical explanation is that for

a low Mach number shock with its associated large front

thickness, radiative cooling from the more abundant

higher-Z, heavier ion species at small values of f leads to a

reduced ion temperature and Mach number (which, to a

good approximation, equals the ratio of the post- to pre-

shock ion temperature for M< 2). A second, potentially

more important effect is the increased collisionality of the

lighter ion species with the heavier species at small a. At

higher concentrations of the heaver ions, the increased col-

lisionality ½fZ1 þ ð1� f ÞZ2�2=Z2
1 helps to reduce the out-

ward diffusion of the light ion species away from fuel

center, significantly reducing the effects of barodiffusion

for small values of f. The diffusion scale length for the

lighter ion species
ffiffiffiffiffiffi
Ds
p

scales as

ffiffiffiffiffiffi
Ds
p

¼ Dshock

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Csðf Þ

Mðf ÞtT1ðf Þ
� k12ðf Þ

Dshock

s
; (10)

where k12 ¼ tT1=m12 is the mean-free-path of a light ion in a

background of heavy ions (species “2”), tT1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kBT=m1

p
is

the light ion thermal speed, and

v12ðf Þ ¼ v11ðf Þð1� f Þ Z2

Z1

� �2
1þ Z1

f 1þ Z1ð Þ þ 1� fð Þ 1þ Z2ð Þ

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2m2

m1 þ m2

r
(11a)

is the Spitzer collision rate between species “1” and “2” writ-

ten as a function of the self-collision rate for species “1,”

v11ðf Þ ¼
m11ð1Þf 1þ Z1ð Þ

f 1þ Z1ð Þ þ 1� fð Þ 1þ Z2ð Þ : (11b)

According to radiation–hydrodynamic simulations of weak

shocks that are computationally resolvable, the width of the

shock front is not a strong function of the average ionization

state of the plasma. In contrast, the average ion mean-free-

path strongly scales as 1/Z4, giving nearly a factor-of-16 dif-

ference in expected shock width between a pure 3He and D2

plasma. Again, radiative cooling across the shock front could

be responsible for this difference (see Sec. IV A).

An additional physical mechanism that increases the

strength of the diffusion coefficient in the presence of a self-

generated electric field across the plasma shock front can be
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identified. The change in forward velocity of a light ion over

a collision time in the presence of a parallel electric field

obeys

Dv ¼ Z1eE

m1

� s12 ffi
Z1e

m1

kBTe

eDshock

k12

vT1

¼ C2
s1

vT1

k12

Dshock

; (12)

where Cs1 is the sound speed for species “1” (f ¼ 1). On the

other hand, D0 � C2
s ðf Þs12 ! D0 � ð1þ Dt=tT1Þ3

¼ D0ð1þ Z1k12=DshockÞ3, where D0 is the classical diffusion

coefficient in the absence of an electric field and the energy

scaling of collision frequency / E�3=2 is used. If

k12=Dshock ¼ Oð1Þ for example, then for Z ¼ 1 the classical

diffusion coefficient may be enhanced by nearly an order-of-

magnitude.

The strength of shock-driven barodiffusion rests on the

degree to which ions can diffuse across a significant fraction

of a shock-front width during shock transit. The amount of

barodiffused light ions thus scales as follows:

DM1

M1

! DM1

M1

� Dðf Þs12ðf Þ
Dð1Þs12ð1Þ

� �3=2

: (13)

To estimate the fraction of a shock front diffused in an arbi-

trary fuel mixture, we rewrite Eq. (10) as

ffiffiffiffiffiffiffiffiffiffi
Ds12

p
¼ Dshock

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2 � 1

gM2c1=2

s
� ½f þ ð1� f ÞZ2=Z1�3=4

� 1þ
c M2 � 1
� �

f þ ð1� f ÞZ2=Z1½ �2

g

" #3=2

; (14)

where k12=Dshock � ½Z1= �Zðf Þ�2 gM=ðM2 � 1Þ, �Z ¼ fZ1

þ ð1� f ÞZ2 is an average ionization state of the fuel, the last

term in square brackets represents the enhancement in diffusion

from a self-generated electric field, and g is the ratio of plasma

shock width to fluid shock width. If c ¼ 5=3, M¼ 1.5, f ¼ 0,

and g ¼ 20 are chosen as an example for a D3He mixture, the

diffusion length is an appreciable �one-third of a shock-front

width. For the effects of barodiffusion to occur in an ICF im-

plosion, it is not necessary that the diffusion length match a

shock-front thickness, but only that the diffusion length

approximately coincide with the high temperature region re-

sponsible for the majority of thermonuclear reactions—30%–

50% of the fuel radius. With an ion–ion mean-free-path of sev-

eral microns or more following shock flash near fuel center

and g ffi 20� 100, this condition is typically met.

IV. NEUTRON YIELD ANOMALIES

Section III described the formalism for estimating the

influence of shock-induced barodiffusion on depleting the

region near the fuel center of the lighter ion species in a fuel

mixture, e.g., deuterium. Equations (8), (13), and (14) pro-

vide an estimate on the fraction of depleted fuel by mass. As

the thermonuclear cross section is proportional to the product

of the densities, the degree of neutron yield degradation can

be straightforwardly estimated. We consider two outstanding

examples in the Omega database that may be explained by

the barodiffusion effect.

A. D3He implosions

A significant (�2�) neutron deficit in “hydrodynamically

equivalent” D3He fuel mixtures with direct drive on the

Omega laser facility has been reported.3 A sequence of implo-

sions was performed where the various fuel mixtures preserved

mass and number density in order to maintain fixed conditions

for hydrodynamic instability growth and fuel convergence. For

a 50-50 mixture of deuterium and 3He by ion number, an

anomalous factor-of-2 reduction in DD neutrons (2.45 MeV)

compared with predictions and relative to nearly pure D2 and
3He fuels was observed.

Figure 4 shows the hydrodynamically equivalent implo-

sion data3 for two capsule shell thicknesses and overlaid

with the model for two choices of average return-shock

Mach number that are based on radiation–hydrodynamics

simulations. The model trend tracks the data fairly well,

although a modest offset in the model toward higher values

of deuterium concentration is apparent. Much of this shift

may be due to the ion diffusion model used, and the lack of

allowance for radiative cooling (leading to reduced Mach

number) as the concentration of the heavier ion species

increases, i.e., decreasing f. With the broad shock fronts of

interest here, the shock-transit times are on the order of 100

ps, which allows ample time for radiative cooling.

In applying the barodiffusion model, we have assumed

that the temperature of both ion species is unchanged with fuel

mixture. As the thermonuclear cross section is a strong func-

tion of temperature, any possible deviation from the constant

temperature assumption could significantly affect the neutron

yields as a varies. We can check this assumption by using the

constraints imposed by hydrodynamical equivalence: constant

total pressure and mass density for all fuel mixtures, to find

Tðf Þ ¼ f þ 1� fð Þm2

m1

� �
Tð1Þð1þ Z1Þ

f ð1þ Z1Þ þ ð1� f Þð1þ Z2Þ
;

FIG. 4. (Color) Ratio of measured-to-simulated DD neutron yields normal-

ized to 50-50 D3He fuel mixture for initial 20 (blue) and 24 (red) lm thick,

hydrodynamically equivalent, directly driven plastic (CH) capsules with

overlaid barodiffusion model curves for Mach numbers M¼ 1.25 (green)

and M¼ 1.2 (black).
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where T is the ion or electron temperature. As long as

ð1þ Z2Þ=ð1þ Z1Þ ¼ m2=m1 is satisfied, T remains constant

for all fuel mixtures—as is the case for D3He fuel mixtures.

Again, the underlying assumption of isothermal conditions,

i.e., spatially uniform temperature, may have a significant

impact on interpreting the data beyond the barodiffusion hy-

pothesis, which is the subject of ongoing research.

B. D2Ar implosions

The indirect-drive implosion database on the Omega

laser facility has made frequent use of mid-Z dopants in the

deuterium fuel to increase x-ray self-emission near peak

compression. Interestingly, a systematic 2-3� decrease in

DD neutron yields was consistently observed despite only

0.25 at. % argon dopant levels.4 Figure 5(a) shows the ratio

of observed yield to predicted yield with two-dimensional

radiation–hydrodynamics simulations versus root-mean-

squared surface roughness of plastic capsules (doped with

1.0 at. % germanium) and filled with 10 atm of deuterium fuel.

Figure 5(b) shows the barodiffusion modeling applied to

this 10 atm fuel fill dataset as well as a 50 atm DD database

for several argon dopant levels. The model is normalized to

the nondopant case for each DD fill pressure, and the data are

well bracketed by the two choices of Mach number as shown.

A challenge with implementing the model as described herein

is the reliance on radiation–hydrodynamics simulations for

obtaining critical information on the outgoing return (plasma)

shock. How close these simulations succeed in reproducing

the properties of plasma shocks at low Mach number awaits

confirmation by PIC simulation techniques (see Sec. III B). In

addition, the transient nature of the outgoing shock following

rebound from target center presents a challenge in defining a

representative Mach number value for input to the simple bar-

odiffusion model. Despite these operational caveats, the baro-

diffusion model succeeds in tracking the observed trend in

neutron yield degradation with argon dopant levels for these

two fuel pressure fills.

V. IMAGE-SIZE ANOMALIES

The outward diffusion of the deuterium from barodif-

fusion must be balanced by an inward mass flux of heavier

ion species. The heavier ions, e.g., 3He or Ar, carry more

electrons toward the fuel center owing to the requirement

of charge neutrality. The extra electrons contribute to the

total pressure, and result in a local surplus of pressure near

fuel center. The outward flux of lighter ions results in less

pressure away from fuel center, but this potential cooling

effect is geometrically diluted by spherical divergence.

The locally higher pressure near fuel center after shock

rebound is presumed to persist to the instant of deceleration

onset, typically 100–200 ps later, based on causality con-

straints imposed by an acoustic transit time across the fuel.

Assuming that the implosion evolves adiabatically, the

greater fuel pressure at deceleration onset can be directly

related to a lower stagnation pressure, resulting in lower

fuel convergence and larger self-emission core images as

reported for D3He and D2Ar fuel mixtures.

To develop the model, we start with mass flux conserva-

tion in spherical geometry,

t1 q01 � q1

	 

1þ eð Þ2¼ �t2 q02 � q2

	 

1� eð Þ2; (15)

where tj is the speed of the jth ion species, primed

(unprimed) quantities denote the state of the ion species with

(without) barodiffusion, and e represents the fraction of a

shock width that the light (heavy) ions have diffused ahead

of (behind) the shock. Assuming equal temperatures for both

ion species, an expression for the ratio of (total) pressures for

the heavier ion species with and without barodiffusion fol-

lows straightforwardly,

P0

P
¼ Z1 þ 1ð Þn01 þ Z2 þ 1ð Þn02

Z1 þ 1ð Þn1 þ Z2 þ 1ð Þn2

¼ 1þ DM1=M1

Z1 þ 1ð Þf þ Z2 þ 1ð Þ 1� fð Þ

� Z1 þ 1ð Þf þ Z2 þ 1ð Þ ð1� f Þ
1þ DM1=M1

�

� 1� DM1

M1

:
f

1� f
�

ffiffiffiffiffiffi
m1

m2

r
1þ e
1� e

� �2
 !#

> 1: (16)

FIG. 5. (Color) (a) Ratio of meas-

ured-to-simulated DD neutron yields

without an allowance for fuel–pusher

mix (“clean”) vs root-mean-squared

surface roughness; (b) ratio of meas-

ured-to-simulated (clean) DD neutron

yields vs argon fill pressure for 50 atm

DD fill (blue) and 10 atm fill (red) in

plastic capsules. Solid symbols denote

averages over individual shots shown

as open circles; 10 atm data as shown

are limited to nominally smooth sur-

face finishes with root-mean-square

amplitudes �15 nm. Solid curves

denote barodiffusion model for indi-

cated Mach numbers M and average

ionization state of argon Z2¼ 16.
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Next, we relate the stagnation pressure Pstag to the pressure

at deceleration onset Pd for an adiabatic implosion

ðc ¼ 5=3Þ, after invoking energy conservation,

Pstag ¼ Pd
mpt2

d=2

4pr3
dPd=3

� �5=2

; (17)

where mp is the mass of the ablating shell or pusher, td is the

(peak) implosion speed of the pusher at deceleration onset,

rd is the radius of the fuel at deceleration onset, and

ðrstag=rdÞ2 
 1 is assumed. The stagnation radius, in turn, is

related to Pd as follows: rstag ¼ rd � ðPd=PstagÞ1=5
. Thus, a

candidate physical process (such as barodiffusion) that leads

to increased central fuel pressure at deceleration onset could

lead to reduced stagnation pressure and increased stagnation

radius. The potential neutralizing influence of the outward

barodiffusion of lighter ions and their associated lower pres-

sure is much reduced ðffi7�Þ by the spherical divergence of

the return shock after a shock transit over a front thickness.

A. (DT)3He

An example of an oversized x-ray core image compared

with simulations was reported by Herrmann et al., using a fuel

mixture of DT and 3He (f ¼ 0.6) in direct drive.5 A nearly

25% larger image size (in radius) was inferred compared with

predictions. We now apply Eqs. (16) and (17) to assess how

large a barodiffusion-based effect could be. Figure 6 shows the

ratio of stagnation radius with and without barodiffusion ver-

sus light ion mass fraction a for three choices of return-shock

Mach number. The spherical geometry factor e is taken as 1=2
to represent on average the outward (inward) migration of light

(heavy) ions by half a shock width when the center of the

return shock front as moved one entire shock width distance

from the origin. According to Fig. 6, the stagnation radius is

20%–40% larger for this range of Mach numbers due to the

effects of barodiffusion. However, there is the potential that

the x-ray image contours used to infer an imploded fuel con-

vergence could be skewed by the greater abundance of the

heaver ion species near fuel center. For example, the associ-

ated greater emissivity in x-rays near the origin could affect

the measured self-emission contours in the form of an apparent

contraction, thereby possibly negating the barodiffusive effect

on image size. We can estimate this effect as follows. For

the case of a (DT)3He mixture, thermal Bremsstrahlung emis-

sion dominates: WtB �
ffiffiffi
T
p

Z2neni ¼
ffiffiffi
T
p

Z2P2
stag=ðZ þ 1Þ2T2

� Z3=ðZ þ 1Þ2T3=2P3
d . For an adiabatic fuel compression,

T � n
2=3
2 � r�2

stag � 1=Pd )WtB � Z3=ðZ þ 1Þ2P
3=2
d . For a

50% increase in Pd and Z ! 2 as an upper bound if the fuel

center is populated entirely with 3He, WtB increases by only

10%. This modest enhancement in self-emission leads to only

a �5% correction for the 50% (assumed) Gaussian x-ray con-

tour. Thus, a potential redistribution of self-emission from ex-

cessive 3He abundance at fuel center affects little the inferred

change in size of the fuel due to barodiffusion.

B. D2Ar

Another example of enhanced x-ray image size in ICF

implosions is the use of trace amounts of argon to enhance

core self-emission for diagnosing imploded fuel conditions.

The data consistently show an insensitivity of image size to

dopant level, contrary to radiation–hydrodynamics simula-

tion predictions of a nearly 30% reduction in image size. The

hohlraum-driven capsules are 1.0 at. % Ge-doped CH shells

containing 10 atm of deuterium. The argon dopant levels

used were 0.05 atm. Figure 7 shows the ratio of stagnation

radius with and without barodiffusion versus light mass frac-

tion for three neighboring values of return-shock Mach num-

ber. The light ion mass fraction for these experiments was

0.95, and we take the spherical geometry factor e ¼ 1/2 as

before. For these Mach numbers, the range in increased stag-

nation radius from barodiffusion of the argon to fuel center

is ffi 1:25� 1:4�. According to radiation–hydrodynamics

FIG. 6. (Color) Ratio of fuel stagnation radius with and without barodiffu-

sion model vs light ion mass fraction in (DT)3He fuel mixture for three

Mach numbers; Herrmann et al. datum is shown as dotted line (a¼ 0.6).

FIG. 7. (Color) Ratio of fuel stagnation radius with and without barodiffu-

sion model vs light ion mass fraction in D2Ar fuel mixture for three Mach

numbers; data shown as dotted line (a¼ 0.95).
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simulations, the expected ionization state of the argon ions is

He-like Z2 ffi 16ð Þ. Figure 8 shows the data and simulated

x-ray image sizes with and without barodiffusion. Using the

barodiffusion model moves the simulations towards much

closer agreement with the experimentally inferred image sizes.

The migration of the argon ions to fuel center and their associ-

ated high emissivity in free-bound radiation could potentially

skew the self-emission contours as noted above for D3He fuel

mixtures (Sec. V A). For this case the rate of free-bound radia-

tion Wfb � Z3=ðZ þ 1Þ2T5=2P
3=2
d � Z3= Z þ 1ð Þ2P

1=2
d . Taking

an upper bound on the argon concentration at fuel center of

8� from spherical convergence, i.e., all of the argon in an

annulus of fuel between radii Dshock=2 and Dshock migrates to

within a sphere of radius Dshock=2, and a corresponding

increase in hZi ¼ 1:04! 1:31 from the corresponding

higher number fraction of argon 1� fð Þ, we find an increase

in Wfb of 10%–25% from barodiffusion. The associated change

in the 1/e contour of a Gaussian radial self-emission profile is

only 5%–10%, which is still relatively modest.

VI. FUTURE

The implications of the D3He neutron anomaly on the

performance of thermonuclear fuels for IFE such as DT are

potentially far-reaching. If a similar degradation were to

occur for hot-spot ignition using DT fuels, the attractiveness

of this ignition mode for IFE applications would suffer sig-

nificantly. Thus, it is important to understand the nature of

this neutron anomaly. If the origin of this anomaly is purely

fluid-based, then DT and D3He fuels should behave simi-

larly. Alternatively, if a plasma-based explanation is at hand

then the difference in ionization states of the heavier fuel ion

may break the degeneracy of these two fuels and lead to dis-

similar behavior. The barodiffusion hypothesis has been

advanced to include the effects of electric fields and to lend a

plasma physics explanation for the neutron anomaly in D3He

fuels as well as other standard fuel mixtures in the ICF

database.

The barodiffusion explanation for neutron yield and

x-ray self-emission image-size anomalies is consistent with

experimental trends seen in sub-ignition experiments. For

ignition-scale experiments, the main fuel should be largely

immune to shock-driven barodiffusive effects, but the earlier

mentioned large gradient-scale length version [case (i) in

Sec. II] could play some role as in the case of 3He buildup in

the DT fuel, for example. The barodiffusion model is largely

parameter free, with perhaps only the return-shock Mach

number serving as a free parameter operationally, owing to

the large spatial gradients and fast time dependence of the

fuel dynamics just following shock rebound at the center of

the fuel. Further experimental testing of the model is needed.

The use of hydrodynamically equivalent DT fuel mixtures

would serve as a straightforward test of the model and have

key implications for IFE applications. Another experimental

test would be the use of (DH) fuels where the model would

predict an anomalous increase in neutron production in an

equimolar mixture on account of the now heavier deuterium

ions barodiffusing toward fuel center.

An ongoing controversy in the performance of fuel mix-

tures is whether an anomalous (near factor-of-2) deficit of

neutron production from “shock flash” or initial shock con-

vergence at fuel center (in contrast to the neutrons produced

near peak compression as emphasized herein) is real or not.

Experiments reported by Rygg et al. using plastic capsules in

direct drive show such a deficit,3 whereas Herrmann et al.
claim no such anomaly with glass shells.5 Whether barodif-

fusion plays a role in this effect or not depends sensitively

on the properties of the converging shock leading to shock

flash. If the shock front is broadening significantly just

before shock flash, the lighter ions may physically cross the

origin ahead of the shock and significantly deplete the center

of thermonuclear fuel. A resolution of this issue is tailor-

made for LSP in a converging geometry where the “macro-

particles” can be directly tracked to assess the strength of

barodiffusion.

Ultimately, LSP should afford the capability of directly

testing the barodiffusion hypothesis by tracking the diffusion

of several ion species in the vicinity of a rebounding shock

front. A key question to address is whether the ion (spatial)

distributions initialized by barodiffusive effects are well main-

tained up to the time of (compressional) thermonuclear burn.

A growing database on the National Ignition Facility

offers further opportunities for testing the barodiffusion hy-

pothesis. Deuterium fuels significantly diluted with 3He and
4He to reduce the neutron fluence on various (unshielded)

diagnostics were fielded and lend a potential test of the

strength of barodiffusive effects, provided the competing

effects of hydrodynamic mix and shock mistiming can be

mostly separated. An upcoming ignition tuning campaign

using tertiary hydrogen isotopic fuel mixtures may also show

some effects of fractionation from barodiffusion. Previous

work has shown this to be a modest effect at most,7 particu-

larly when the hot-spot fuel mass is dominated by the solid

FIG. 8. (Color) Measured time-integrated 50% contour of x-ray self-emis-

sion from DD fuel vs simulated x-ray emission for 10 atm DD, indirectly

driven implosions of CH capsules doped with 1 at. % Ge with (solid) and

without (open) 0.05 atm argon dopant. Solid square points are simulation

points adjusted for barodiffusion with Mach number M¼ 1.25.
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DT portion of the fuel which is arguably immune to the

shock-driven barodiffusion scenario as laid out in this work.

VII. SUMMARY

The recent experimental evidence for strong, self-gener-

ated electric fields in imploding ICF targets is inspiring

increased interest in understanding the implications of asso-

ciated plasma physics phenomena beyond the standard,

Euler-based fluid descriptions of capsule behavior. At the

same time, the ICF database is replete with an assortment of

anomalous behaviors that have defied an explanation, partic-

ularly for thermonuclear fuel mixtures. These anomalies fall

into two principal classes: unexplained neutron yield degra-

dation and core image-size enhancement. The question that

we address in this article is whether these anomalies can be

explained by multispecies effects such as barodiffusion.

Barodiffusion is a well-known phenomenon in gas dy-

namics, but its role in ICF has not been studied or acknowl-

edged to date. Our first goal in this work was to redress this

omission, and the second to modify the theory of barodiffu-

sion to include various plasma physics phenomena, such as

self-generated electric fields and ion charge states. The anal-

ysis is found to describe two regimes of interest in ICF: a

long scale-length, isothermal, accelerating atmosphere as

germane to an imploding capsule, and a short scale-length

regime appropriate to a shock front. Our emphasis here has

been on the latter case since shock phenomena play a critical

role in ICF target performance.

The physical picture of a potential barodiffusive role in

ICF target performance is a species separation across a return

shock front driven by pressure gradients. The return shock in

an ICF implosion has a necessarily low Mach number and an

associated large front thickness that enables a substantial

volume for diffusion to occur, particularly in a divergent

spherical capsule geometry. The episode following shock re-

versal at fuel center is characterized by large ion mean-free-

paths that may promote a redistribution of each ion species.

Shortly thereafter, the fuel cools and is compressed, effec-

tively and presumptively locking in the spatial distribution

of ions. The lighter ion species barodiffuses towards the front

of the shock front, while mass flux conservation applied to a

shock requires a reverse diffusion of the heavier ion species

and its associated higher electron density from the require-

ment of charge neutrality. The depletion of the lighter ion

species, e.g., deuterium, near fuel center is found to lead to

reduced neutron production, while the surplus of heavier ion

species, e.g., 3He or trace amounts of argon dopant, is corre-

lated with a higher central pressure near deceleration onset

and reduced stagnation pressure and fuel (peak) compres-

sion. The model based on shock-front barodiffusion is found

to largely match the various datasets.

Further experimental testing and maturation of the

multispecies simulation tools are needed to validate the

barodiffusion scenario for ICF fuel fractionation. Several

ideas for advanced fuel mixtures, e.g., DH and DT, were

suggested to more stringently test the theory. The model as

outlined and executed here is analytical in nature, leverag-

ing several key assumptions on shock-front morphology

and capsule behavior. Further work with the hybrid PIC

code LSP is ongoing with the ultimate goal of tracking the

various ion populations versus time in a spherical, converg-

ing geometry.
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