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Yield reduction via the Knudsen layer effect in a mixture of fuel and pusher

material

Christopher J. McDevitt, Xian-Zhu Tang, and Zehua Guo
Theoretical Division, Los Alamos National Laboratory, Los Alamos, NM 87545
(Dated: October 19, 2018)

Abstract
Hydrodynamic mix in inertial confinement fusion capsules produces chunk mix between deuterium-
tritium fuel and inert pusher materials. The characteristic size of the intermingled fuel and pusher materials
can be rapidly reduced by fluid mix, especially when the streamlines of the flow field are chaotic. This leads
to an increasing Knudsen number for the fuel segments and a decreasing size of the pusher remnant with
respect to the fuel ion mean-free-path. The former exacerbates Knudsen layer yield degradation due to fast
ion losses, while the latter tends to alleviate Knudsen layer yield reduction due to other kinetic effects such

as diffusive tunneling.



I. INTRODUCTION

Hydrodynamic mix of the deuterium (D) - tritium (T) fusion fuel and the inert pusher material
can be a significant factor in the performance of an inertial confinement fusion (ICF) capsule [1,
2]. A well known example is through enhanced conductive (e.g. Ref. [3, 4]) and radiative (e.g.
Ref. [5]) cooling of the hot spot. The primary drivers are Rayleigh-Taylor instability (RTI) [6]
during the deceleration phase of an ICF implosion [7], Kelvin-Helmholtz instability (KHI) [8] once
implosion symmetry is grossly broken by the imperfections in the laser or target manufacturing [9],
along with the Richtmyer-Meshkov instability (RMI) driven by a strong shock [10]. A common
method of accounting for fuel-pusher mix in fusion burn is to assign a fractional volume for the
DT and the pusher material in a control cell, and then compute the yield rate with the normal
Maxwellian assumption [1] for the D and T at a density and temperature taken from radiation-
hydrodynamic simulations. This would be the case for both direct turbulence simulations [5] and

reduced modeling using a turbulence mix model [11] in the general study of mix and burn.

An outstanding and intriguing question is how the kinetic modification of the fusion yield
rate due to the so-called Knudsen layer effect [12-14] is impacted by hydrodynamic mix, an
issue previously touched upon in Ref. [15]. Since the Knudsen layer reduction of fusion yield is
the result of fast (D and T) ion losses into the inert pusher material, hydrodynamic mix would
seem to provide a robust means of aggravating Knudsen layer losses due to the large increase
in fuel-pusher interfacial area. More specifically, for the case of a fuel segment surrounded by
inert pusher material, one would naturally assume the Knudsen number of the fuel cell to be
the key controlling parameter [14, 16-27]. More careful considerations would suggest the role
of the pusher material type and the thickness of the inert pusher material that partitions the DT
fuel. In particular, in the limit where the inert pusher material separating fuel segments becomes
sufficiently thin, fast ions will be able to diffusively tunnel through the inert layer with little loss

of energy, as discussed in Ref. [28]. In such a limit, Knudsen layer losses can be anticipated to
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be strongly mitigated. Altogether this points to three scale lengths: the mean-free-path A
thermal D/T ion evaluated in the DT fuel cell, the size of the DT fuel cell Rpr, and the width of

the pusher remnant Ay. They give rise to two dimensionless parameters for the problem: Knudsen

)\DT

number K, = Ajp,

/Rpr and mix ratio of the fuel and pusher Mk = Ayz/Rpr. These two

dimensionless parameters can be combined to remove Rpr, which leads to the dimensionless

DT

mip/ Dz, related to (though certainly not identical to) the Knudsen number in the

quantity K = A
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pusher material. This simple picture is complicated somewhat since a precise calculation of fast
ion losses requires accounting for the specific material composition of the pusher, and the width
of the atomically mixed region [29]. With regard to this last quantity, the DT fuel and inert pusher
material do not have a sharp interface because of the inter-species ion diffusion that can be driven
by a number of thermodynamic forces [30-32]. Hence, there is in principle a fourth length scale
that characterizes the gradient length scale of the species density across the interface [33-35],
which we denote as A. The dimensionless parameter Mo, = A/Ay is a measure of the degree

of atomic mix between DT fuel and the pusher material.

Although the nonlinear stage of hydrodynamic mix involves complicated spatial structure and
possibly wide scale separation, there are common microscopic features characteristic of such mix-
ing processes. Examples include filamentations in the form of jets for RMI, spikes and bubbles
for RTI, and stretching and folding in the form of rolled up layered sheets for KHI. It should be
emphasized that such filamentations and stretching and folding do not necessarily require turbu-
lence, even a laminar flow field with chaotic streamlines would suffice [36—40]. This last point is
particularly relevant in the interface region between the central hot spot and the cold ice/pusher,
where both ablative [41] and viscous stablization [42] can prevent small-scale turbulence. A key
finding from both turbulent and chaotic mixing studies is that hydrodynamic mix simultaneously
reduces the characteristic size of the fuel and the pusher material features. For example, in layered
sheets, finer mix induces reduction in the layer width of both the DT fuel and pusher material.
Similarly for embedded DT fuel bubbles, the partitioning walls, which are made of pusher mate-
rials, are also thinned by the hydrodynamic mix process. This turns out to be an important factor
to consider because the DT fusion burn in this fuel-pusher mixture, is not only affected by the
Knudsen number of the fuel cell K, but also the width of the pusher materials that partition the

fuel cells, i.e. as quantified by M puni or K°.

In this paper, we will use idealized but representative microscopic structures that would arise
as the result of hydrodynamic mix to illustrate the DT burn rate dependence on K, and K, and
feature geometry. The idea is that throughout the dynamical process of hydrodynamic mix, both
the feature geometry and its sizes (hence K, and K°), and their spatial distribution would evolve
over time. Once this information on microscopic mix features is found from a hydrodynamic sim-
ulation, the kinetic modification of yield rate can be estimated by using the yield rate dependence

on K, and K, and feature geometry, that is computed in this paper. Specifically, the DT yield

rate will be reported in terms of its deviation from that of the conventional Maxwellian approxima-

3



DT CH DT CH DT

Figure 1. Sketch of simulation setup for planar geometry. A periodic sequence of DT cells of width 2L pr

is separated by a CH layer of width A .

tion employed in radiation-hydrodynamic simulations. The roles of atomic mix (i.e. M 0,) and
different pusher materials will not be a focus here, since they have been addressed elsewhere [29].
We will consider two representative cases for fuel and pusher mixture. The first is a set of layered
sheets of fuel and pusher materials (see Fig. 1), which can be useful to gain insights into mix-
ing due to stretching and folding by chaotic streamlines. In addition to its potential application
to stretching and folding processes, this simple planar geometry will allow for a straightforward
quantification of the efficiency through which fast ions are able to tunnel through inert pusher
material. The second is a spherical DT bubble enclosed by a shell of pusher materials, outside of
which is DT fuel again (see the right panel of Fig. 2). This can be useful to gain insight into fuel
cells that are partitioned by walls of pusher materials in the bubble mix driven by RTI (see the
left panel of Fig. 2). It is interesting to note that dedicated capsules of corrugated fuel and pusher
materials have been designed to study the effect of mix on burn [43]. The results of these stud-
ies provide a practical means of estimating the efficiency through which hydrodynamic mix can
impact fusion yield reduction. Specifically, for cases where hydrodynamic mix is well diagnosed,
the importance of Knudsen layer yield reduction can be estimated by considering the location of

the system in the 2D parameter space spanned by K, and K¢, (or analogously, K, and M unk)-

The rest of the paper is organized as follows. Section II describes the underlying equations
solved along with the specific geometries considered. The computed kinetic modification of the
fusion yield rate is then estimated in section III. Section IV provides simple scaling estimates

of how mix processes impact the controlling parameters K, and M.k, and thus the resulting
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Figure 2. (left) Sketch of DT bubbles surrounded by layers of pusher remnant. (right) Idealized geometry

used in simulation. Only the fusion yield in the DT bubble is included in the yield calculation, the outer

layer models the interaction with neighboring DT bubbles.

fusion yield reduction due to fast ion transport. A brief conclusion and short discussion are given

in section V.

II. BASIC EQUATIONS AND MODEL SETUP

To gauge the importance of the kinetic effect on the DT fusion yield rate we will compute the
difference between the fusion yield rate from the actual kinetic distribution to that arrived at by
assuming a Maxwellian approximation for the DT ions [21]. This can be conveniently expressed

by the ratio
Y=y yMa (1)

between the computed yield taking into account fast ion transport [21], Y = fv d*xnpnr (ov),
and the nominal yield (Y ™#¥) that uses the Maxwellian approximation for the fuel ions when com-
puting (ov) [1]. The scale reduction due to hydrodynamic mix, which produces a higher K, is
expected to exacerbate the Knudsen reactivity reduction. This results in a significant reduction of
Y for sufficiently large K. On the other hand, this work will show that there exists a significant
region in the parameter space spanned by K,, and M, Where Knudsen-layer reactivity reduc-
tion can be strongly mitigated by a new kinetic effect. This new kinetic effect arises due to fast
ions tunneling through narrow layers of inert pusher material. This mechanism can be recognized
to be diffusive rather than free-streaming due to the enhancement of the pitch-angle scattering

frequency in the pusher material allowing for fast ions to scatter several times with little loss of
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energy. In addition to this conceptual advance, we will also present the demarcation of the precise
boundary in (K, K*) parameter space, where the Knudsen layer yield reduction is significant

due to hydrodynamic mix and where the Knudsen layer reduction is significantly mitigated.

For both the planar mix layer and spherical bubble-shell setups, we will assume an isobaric
plasma. Regions of DT fuel are separated by layers of CH pusher material, where diffusive mix
yields an atomically mixed region of a characteristic scale length A. For the cases treated in this
work, we will take A < Lpr for the planar case and A < Rpr for the spherical DT bubbles.
Such a choice implies that we will always be far from the limit of homogeneously mixed DT
and CH such that we are able to clearly isolate the effects of fast ion tunneling. In addition, we
will hold the ratios A/Lpr and A/Rpr constant for both geometries as Ay is scanned. In this
way, the impact of atomic mix on the fusion yield will remain invariant as the width of the CH
layer is varied, such that any changes to the fusion reactivity will be due to fast ion tunneling. A
temperature variation across the interface can also be included, as we have done in the past [21, 23],
but for this paper we will focus on the case of constant temperature throughout the fuel pusher
mixture, typical of a burning plasma. The loss of fast ions from the fuel cell is driven by the

spatial gradient of the fuel ion density between the fuel and pusher regions.

Following Refs. [44, 45], we will use a fluid-kinetic hybrid model that relates the tail ion dis-
tribution to the fluid moments of plasma density and temperature. Specifically, the tail ion dis-
tribution function is solved non-perturbatively throughout configuration space and matched onto
the perturbatively computed distribution function (i.e. via Chapman-Enskog) at the low energy
boundary in momentum space. For simplicity, in this analysis we will approximate the distribu-
tion function to be Maxwellian at the low energy boundary of the simulation domain (taken to
be Ein/T = 2). While this simplification to the low energy solution has very little impact on
the calculation of the fusion reactivity, a more general calculation seeking to account for kinetic
modifications to other closure quantities such as the heat flux, thermal force, etc, would require
a precise matching to the Chapman-Enskog solution at the low energy boundary. For the bubble-
shell setup, the total simulation domain is taken to be 2Ry, with the distribution function taken
to be Maxwellian at the outer simulation boundary. The radius of the DT bubble Rpr is kept
constant, such that the outer DT layer is shrunk as A is increased. As a result, the Maxwellian
boundary condition at the outer simulation boundary will not be well satisfied for the case of a
very thick layer of pusher material (large A ). Note, however, that this will only modestly impact

the fusion reactivity inside the DT bubble (r < Rpr, the quantity we seek to estimate), since once
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the CH layer becomes sufficiently thick fast ions are not able to penetrate this layer. We empha-
size that as the width of the CH layer is varied, the conditions inside the bubble remain invariant.
Specifically, the bubble size, mean-free-path, and the width of the atomically mixed region remain
invariant. Hence, the only means through which the fusion reactivity inside the bubble will change
as Ay is varied is through tunneling of fast ions from the outer DT region. This setup thus provides
a conclusive means of identifying the importance of fast ion tunneling. For the case of a planar
mix layer, the spatial boundary conditions will be taken to be periodic. Thus, DT layers of width
2L pr will be assumed to be separated by CH layers of width A .

A detailed description of the tail ion collision operator employed in this work can be found
in Refs. [29, 44, 45]. Here, we provide a brief summary of some key aspects. For small to
modest Knudsen numbers [23], the Fokker-Planck collision operator to may be approximated by
a simplified test-particle model. The constraint that only small to modest Knudsen numbers can
be accurately treated will limit the range of Knudsen numbers considered in the parameter scans

carried out below. The test-particle collision operator for ion-ion collisions can be written as [46]
O (fon f07) = 0L () + 2 (1287 @)
“ v2 Qv v

where the Lorentz operator and energy (speed) flux are defined by

_ 1 a 2 afa
L) =55 {(1—5)—%] , (3)
ab
T _ Mg ab I 20/
Sy = me + my vi'vfot 2 ov “)

Here { = v, /v = cosf and v, is the component of the velocity in the direction of inhomogeneity.
The first term in Eq. (2) describes pitch-angle scattering whereas the second term describes the

energy flux. The collision frequencies can be written as

a _ ¢ (1) — G (1)

Lygb — QIQabM’ (5b)
Mg + My Ta
G
V" = 2Ug ;fb), (5¢)
2 2
R npese; In A
b= T 5 a 5d
Vab 4redm2u, (>d)
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where x, = v/vr,, ¢ () is the error function, the Chandrasekhar function is defined as G (z) =
(¢ (z) — x¢’ (z)] /222, and we have assumed all species to have the same temperature. It will be

useful to expand the distribution function in Legendre polynomials P, i.e.

fo=S 19 ) R,

l

which allows the test-particle collision operator to be written as

T (fo, fiMo) ZPZ {——l I+ 1) 20 + 12381) [U3 (maﬂiambygbfél) + %‘f’)v%il))] }

(0)

As discussed in detail in Ref. [21] (see Figs. 27 and 28 of that paper), this series converges rapidly
for modest Knudsen number. For the present results we have used sixteen Legendre coefficients.

The collisionality is parameterized by the Knudsen number, which can be expressed as

DT T
K (T) — >\mfp — 47T63mgvfha 1 /\mfp 1 T_2 (7)
" o RDT nee4Zeff IIIA RDT RDT Zeff ﬁe '

where A, rp = Ura/ Zbe (i} Uqp 1s the mean-free-path of a thermal ion, Z.ss is the effective ion
charge, Rpr is the radius of the DT cell, T = T/T?7, fi, = n./nPT, with TPT and nP7T the
temperature and electron density in the DT plasma, respectively. For simplicity we have neglected
the logarithmic dependence of the Coulomb logarithm on density and temperature. Ion-electron
collisions are also incorporated using the collision operator derived in Ref. [45]. In addition, as
discussed in detail in Refs. [29, 44], the separation between the fast collisional timescale and
the slow hydrodynamic timescale will allow for the fusion reactivity reduction to be estimated
in the quasi-static limit. Such an approximation will become somewhat tenuous for very thin
layers where K¢ ~ 1, such that the timescale of atomic mixing of the narrow CH layer becomes
comparable to the fast ion collision time. In this limit a dynamic calculation of the system is
required, which will be the subject of future work.

Using the above formulation, three example solutions of the fast ion tail distribution are shown
in Fig. 3 for the case of the bubble-shell setup described above. Here, the fast ion population inside
the bubble (r/L < 0.5, where L is the size of the simulation domain and Rpr = L/2) can be seen
to be significantly depleted at high energy for all three cases. However, in contrast to simpler
geometries, the energy where the depletion is maximal depends sensitively on the thickness of

the CH layer and the Knudsen number of the DT fuel. Specifically, for a CH layer of width
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Az/L = 0.3 and KPT = 0.1 (see panels (a) and (b) of Fig. 3), the depletion becomes maximal
at £/T =~ 10 and subsequently approaches its nominal Maxwellian value at higher energies.
The origin of this maximum in the fast ion depletion can be understood as follows. Since the
Knudsen number in this example was chosen to be much less than one, relatively low energy
particles at the center of the bubble will be unable to free-stream into the CH layer, such that the
distribution will be nearly Maxwellian at these energies. At higher energies, the mean-free-path of
the ions increases, thus allowing a larger fraction of the ions to be lost to the CH layer. However, at
sufficiently high energy fast ions from outside of the CH layer are able to tunnel into the bubble and
replenish the depleted fast ion tail. Considering now the case of a thinner CH layer A, /L = 0.15,
but the same Knudsen number KP7 = 0.1, fast ions are able to more easily penetrate the CH
layer, thus reducing the depletion of the fast ion tail (see panels (c) and (d) of Fig. 3). Such
a replenishment of the fast ion tail will tend to reduce the severity of the Knudsen layer fusion
reactivity reduction. Examples of the spatial profile of the fusion yield for two different CH layer
widths are shown in Fig. 4. It is evident that the case with a thinner CH layer exhibits less fusion
reactivity reduction. Finally, considering a smaller Knudsen number K7 = (.05, but the same
CH layer width Az /L = 0.3 (see panels (e) and (f) of Fig. 3), it is evident that while the fast ion
depletion is weaker at intermediate energies of £/T ~ 8, the high energy component of the fast
ion tail does not return to its Maxwellian value for the energy range considered. The former trend
is due to the higher collisionality reducing the number of ions that able to free stream into the CH
layer, thus mitigating the depletion of tail ions at small to intermediate energies. In contrast, since
the overall collisionality of the system has been increased by a factor of two, the replenishment
of the distribution function at high energies due to fast ion tunneling is also reduced. Thus, the
energy at which the fast ion tail returns to its Maxwellian value is also increased. It is thus evident
that the impact of this replenishing of the fast ion tail on the fusion reactivity is a sensitive function
of the width of the pusher remnant and the Knudsen number of the plasma. A scan of the fusion

yield as a function of both of these quantities will be considered in Sec. III below.
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Figure 3. The left column shows a normalized measure of the depletion of the distribution function defined
by ( O — M ) / ( fO 4 M ) for tritium for three separate cases. Here f(©) is the isotropic component
of the computed distribution function and f is a Maxwellian. The right column shows the energy profile
of the isotropic component of the tritium distribution at /L =~ 0.1, where L is the size of the simulation
domain (Rpr = L/2). The dashed line is the nominal Maxwellian profile whereas the solid curve is the
computed distribution. Panels (a) and (b) are for a CH layer of width Az /L = 0.3 and K ,? T =0.1, panels
(c) and (d) are for a CH layer of width Az /L = 0.15 and K{?T = (.1, and panels (e) and (f) are for a
CH layer of width Az /L = 0.3 and K7 = 0.05. For all three cases, the temperature was assumed to be

constant throughout, and Maxwellian boundary conditions are enforced at /L = 1.
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Figure 4. Radial profile of fusion yield for two example cases: for a CH layer of width Az /L = 0.1 (black
curves) and Az /L = 0.2 (red curves). Both cases employ the bubble-shell setup. The dashed curves are
the nominal Maxwellian fusion yield whereas the solid curves are the computed yield. The temperature is

T =2%keV, KPT = )\, ,/Rpr = 0.05.
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Figure 5. Computed fusion yield over the nominal Maxwellian yield as a function of the layer width and

Knudsen number of the high-Z material. The pusher is CH, 7' = 2 keV, and A/Lppr = 0.05.

III. KINETIC MODIFICATION OF YIELD RATE IN MICROSCOPIC MIX FEATURES

A. Planar mixed layers

Figure 5 shows the fractional yield ) as a function of K, and Az/Lpr, where Lpr is the
half width of the DT region (see Fig. 1 for the simulation setup). Here, the fractional yield )
can be observed to decrease as the Knudsen number K,, = \,,,/Lpr is increased. In contrast,
the fractional yield increases as the width of the CH layer is reduced (taken to be CH,, where the
carbon is assumed to be fully ionized). The former trend is due to the well known effect that as

the mean-free-path compared to system size is increased, an increasing fraction of fast ions will
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Figure 6. (left) Yield versus the layer width of the CH material. The blue curves are for a DT bubble whereas
the red curves indicate the planar case. The solid curves are for a Knudsen number of K,, = 0.05 whereas
the dashed curves are for K,, = 0.04. (right) Yield reduction versus Knudsen number. The blue curves
are again for a DT bubble whereas the red curves indicate the planar case. The solid curves are for a layer
width of Az /Rpr ~ Ayz/Lpr ~ 0.2 whereas the dashed curves are for Ay /Rpr ~ Az/Lpr ~ 0.1.

The temperature is 7' = 2 keV, and the interface widths were taken to be A/Rpr = A/Lpr = 0.05.

be lost to the surrounding material [12, 13]. This trend has the immediate consequence that as the
cell size decreases the effective Knudsen number in the cell becomes larger, exacerbating yield
reduction. The latter trend (increasing yield with decreasing CH layer width), in contrast, has
not been investigated before. It is apparent that for a sufficiently thick layer of pusher material the
fractional yield is insensitive to the layer width. However, for a sufficiently thin layer the fractional
yield rapidly returns to its nominal fusion reactivity level. The physical origin of this dependence
is due to the fact that for a sufficiently thin CH layer, fast fuel ions are able to penetrate the pusher
material and reemerge in the neighboring DT cell with little loss of energy. In this limit the fusion
reactivity will only be mildly influenced by the presence of a CH layer. Since the mean-free-path
of ions near the Gamow peak is much larger than thermal ions (approximately thirty times for
the case considered here), they are able to penetrate CH layers whose width is much greater than
a thermal ion’s mean-free-path (see Fig. 6). Hence, fairly thick layers of CH material can be

penetrated by the fast ions, via a process that can be described as diffusive tunneling.

B. Spherical bubbles

For the case that the DT cells are mixed into a web of pusher walls, we will use the model

of a spherical DT bubble enclosed by a pusher shell, outside of which is DT fuel again. Such
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Figure 7. Computed fusion yield over the nominal Maxwellian yield as a function of the layer width and
Knudsen number of the high-Z material for a DT bubble surrounded by a layer of high-Z material. The
figure is for CH, T' = 2 keV, and A/Rpp = 0.05.

a setup is illustrated in Fig. 2. Here the Knudsen number K,, = \,,s,/Rpr will be sensitive
to both the mean-free-path and the radius of the bubble, and hence is a sensitive function of the
extent of hydrodynamic mix. Figure 7 shows the dependencies on the Knudsen number and layer
width for the DT cells for this case. Here it is evident that the dependencies on the Knudsen
number and CH layer width are qualitatively similar, however the extent of fusion yield reduction
is significantly greater. This is made clear in Fig. 6 where cross cuts of the two dimensional
parameter scans are illustrated. It is however interesting to note that while the extent of fusion
reactivity reduction varies significantly between the spherical and planar cases, the layer width
above which the fusion reactivity reduction asymptotes to a constant value is comparable for the
two cases. This suggests that the efficiency through which fast ions can penetrate a layer of pusher

material is largely insensitive to the details of the geometry.

IV. CONNECTING MIX DYANMICS TO YIELD RATE MODIFICATION

The analysis in section III provides a means through which Knudsen layer yield reduction
for a given microscopic feature of hydrodynamic mix (taken, for example, from radiation-
hydrodynamic simulations) can be diagnosed. Specifically the kinetic modification of the yield
rate is shown as a function of the feature geometry and its sizes, the latter of which can be con-
veniently captured in two dimensionless parameters K,, = )\,ﬂ?p /Rpr and Mk = Az/Rpr.

Two general conclusions can be drawn from the results shown in Figs. 5-7. As the mix progresses

to finer scale, K, increases and the Knudsen layer reactivity reduction is usually aggravated, more
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prominently in the case of bubbles in comparison to rolled-up layers. The second observation is
that for small enough M .k, @ new kinetic effect, the so-called diffusive tunneling mechanism,
can alleviate the Knudsen layer reactivity reduction even when finer mix produces increasingly
larger K,,.

The actual mix dynamics is driven by a combination of hydrodynamic instabilities, the compo-
sition of which can vary in time during the implosion process. For example, KHI typically comes
in after the RTI has progressed to the stage in which large interfacial velocity shear is present.
RMI in turn is triggered when various shocks propagate through the gas-pusher interface. The
microscopic feature geometry, along with its sizes in terms of K,, and Mk, Will vary in time
and space. If this information on microscopic mix features and their spatial distribution can be
diagnosed from the output of a time-dependent hydrodynamic simulation or experimental mea-
surements, one can estimate the extent of kinetic modification of fusion yield rate, by consulting
the predictions in Figs. 5-7, or from similar calculations tailored for observed microscopic mix
features.

With the anticipation that the dynamical evolution of hydrodynamic mix can vary greatly de-
pending on capsule composition and implosion history, we next an idealized mix scenario to il-
lustrate potential subtleties in how the actual mix dynamics might impact yield rate. Specifically,
considering a uniform mix process in which the densities and masses of both pusher materials and
DT fuel are conserved. By uniform, we mean that the microscopic mix features, for example, the
DT bubbles, simply grow in numbers by becoming proportionally smaller in size, in order to con-
serve the total mass. To isolate the physics, we assume that the material density remains constant
so that the compressional effect is ignored.

To quantify the analysis, let us consider a mix region of volume V,,;,, of which a fraction
Vb1 /Vinie is occupied by DT bubbles with the remainder occupied by CH pusher material. The

radius of the bubbles is constrained by:

V 47 RS
Vo = 3 Vi ®

where N is the number of DT bubbles. Note that for this simple example we will take the mean-
free-path of the fuel ions to be fixed. The Knudsen number of the DT bubbles can then be expressed

in terms of the fractional volume occupied by the DT fuel and the number of DT bubbles as:

1/3 1/3 1/3
Koo (A7) (R ) (Vi) s o (Vo) s ©)
" 3 Vi3 Vbor Vbr ’

mix
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where we note that V,,;, and A, s, are taken to be fixed in this scaling estimate. It is thus apparent
that as the number of DT bubbles is increased, or the fraction of the mix region occupied by the
DT fuel is decreased, the Knudsen number increases. As evident from Fig. 7 this will tend to
reduce the yield inside the bubbles.

The quantity M., can be estimated analogously. In the limit Ay < Rpr, the volume

occupied by CH can be approximated by:

A
Ven ~ 47 R, (TZ) N. (10)

This estimate is arrived at by computing the volume of the spherical shell surrounding each DT
bubble, and while not exact, will be sufficient to yield the relevant scalings. Inverting this expres-
sion for Az, and substituting the result into the definition of M .k, yields after straightforward

algebra

Mchunk =

A 1 ;
Z VCH -~ (szx _ 1) : (11)

Ror ~ 2iNRL, ~ \Vpr

where we have noted V,,;, = Vpr + Vo and used Eq. (8). From Eq. (11) it is evident that
while M scales with the fractional volume occupied by the DT bubbles, it is independent of
the number of bubbles in the system. This follows since as the size of the microscopic features is
decreased (e.g. N is increased), both the separation between, and the radius of, DT bubbles are
reduced leaving M i invariant. The dimensionless quantity M . 1s thus an indicator of the
fraction of the mix region occupied by the DT fuel versus the pusher material. Finally we note
that since we are assuming the density of DT and CH to be constant in their respective regions
within these scaling estimates, the volume occupied by each material is directly proportional to
the amount mass of each material present in the mix region. The quantity M ., thus emerges as
measure of the mass of DT fuel present in the mix region.

The most important quantity in deciding whether the Knudsen layer reactivity reduction is
significant or not, is the ratio of the DT fuel mass and the CH mass that is mixed into the DT fuel,
since it sets the value of M. In the idealized, density and mass preserving uniform scenario,
the mixed CH and fuel mass ratio, and hence Mk, are set by initial conditions and remain
constant throughout the mix process. The trajectory of the microscopic mix feature will follow a
constant M, line in the (K, M k) parameter space. Thus, if the CH mass is small enough,
the mix trajectory can stay below the critical value of ~ 0.2, where finer mix (increasing K,)
does not lead to appreciable Knudsen layer reduction of fusion reactivity. On the other hand, once

the mixed CH mass exceeds an amount so that My, > 0.2, the Knudsen layer reduction of
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fusion reactivity starts to rise significantly with finer mix (larger K,). For M > 0.5, the
reactivity reduction starts to saturate to its maximum amount, which corresponds to the infinitely

thick pusher wall limit.

V. CONCLUSION

Hydrodynamic mix will produce small features for intermixed DT fuel and inert pusher ma-
terials. The geometrical characteristics of the mix feature have a large impact on Knudsen layer
yield reduction. We considered two features. The first with a planar structure, and the other with
fuel cells segmented by inert pusher material, which can be represented by a spherical DT bub-
ble enclosed by a pusher shell. The truly 3D fuel feature, the spherical bubble, has the largest
degree of yield reduction due to fast ions being lost in all directions. The planar fuel structure,
which can be regarded as 1D features, has a modest amount of potential for yield degradation.
While the increasing yield reduction with increasing Knudsen number of the fuel region can be
readily anticipated, we also demonstrated that for sufficiently thin pusher remnants, the fast fuel
ions are able to diffusively tunnel through them with minimal energy loss. Such a process leads
to a significant mitigation of the extent of fast ion losses and a resultant reduction of the fusion
reactivity rate. The impact of this process on ICF capsule yield will depend sensitively on the ex-
tent and character of the hydrodynamic mix. Within the context of the so-called exploding pusher
experiments (see Ref. [25], for example), the low compression ratios present in such experiments
suggest minimal amounts of hydrodynamic mix to be present. Diffusive tunneling is thus unlikely
to play a strong role in these experimental platforms. Experimental platforms exhibiting higher
compression ratios, in contrast, are far more likely to generate fine scale mix structures, such that
diffusive tunneling can be expected to play a more significant role. Ongoing work is directed to-
ward quantifying how a range of mix conditions resulting from two-dimensional hydrodynamic
simulations are impacted by the physical processes outlined in this work.

We must emphasize that in a normal ICF ignition target, the central (gas) hot spot is meant to
be a spark plug and the majority of the yield is supposed to be delivered by the fuel ice when it
is burned through after the spark plug sets off a burn wave [1]. The two distinct kinetic effects,
Knudsen layer and diffusive tunneling, primarily concern the yield from the burn-up of DT ice that
is mixed with CH pusher. In the central hot spot, which must form for ignition to occur, ablation at

the mixing front due to the thermal conduction from the hot spot would turn any pusher material
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arriving there into higher temperature plasma [3, 4] that would diffusively mix [31, 32, 47-49]
with the hot DT gas. The existence of a central hot spot (in approximately spherical shape) is
further aided by ablative [41] and viscous stabilization [42] at its outer edge. The path to ignition
is thus essentially concerned with controlling the thermal loss through the inner ablation surface
between the hot spot and ice/pusher mixture [3], which has the effect of lowering the temperature
of the central hot spot while increasing its mass [3, 4]. Magnetic fields, self-generated [50] or
more interestingly, externally imposed [51], through their dynamic aligment with the interfacial
mixing interface [50, 51], offer a rare control knob that could significantly reduce hot spot thermal
conduction loss via localized electron magnetization (even when ions remain unmagnetized) at the
mixing interface, and hence aid in enabling a hot enough central hot spot under hydrodynamic mix
scenario [42]. Once the target is ignited by the central hot spot, hyrodynamic mix of the CH pusher
and DT ice will then impact the yield through the two identified kinetic mechanisms, Knudsen-
layer effect and diffusive tunneling. The dependence of these kinetic effects on mix morphology
and feature sizes (M i and K,) is how the details of mix, which themselves depend on capsule

design and implosion history, enter in setting the fusion yield of the system.
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