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1. Introduction

1.1 What is random mixture?

Basic features: the composition of random
v'Two or more different materials media is only known

statistically by the mixing
v'"Mixed materials are immiscible orobability (or volume fraction)
v'Randomly distributed spatially at a specified position at any
v/ Statistical properties Hme

Some examples

: .
terrestrial clouds
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interstellar molecular clouds turbulence




1. Introduction

1.2 Why does the radiation transport matter?

Radiation transport describes substantial photons interaction with the
material, which is closely related to the property of the material.
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The opacity of random mixture strongly depends on the mixing, whose
uncertainty greatly exceeds that of species opacity (~30 %) for (p, T).
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1. Introduction

1.3 Where does it involve with applications?

Implosion’ process In inertial confinement fusion (ICF), the mixture of the
_~ Bath of hohlraum fuel and shell initiated by the hydrodynamic instability
X-ray radiation ; ; .y .

[e.0., Rayleigh-Taylor (RT) instability] was experimentally
observed during the implosion and compression process,
and the energy transported through the stochastic fuel-shell
DT vapour . ; ; .

mixtures is believed to play a role in the performance of

-. M the fusion pellet.
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PoP26, 050601 (2019) Dimonte, LANL
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Schematic of the indirect-drive ICF
Nature 601, 542(2022)




1. Introduction

1.4 How is the progress in the field?

’I T r{"
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Line“ar transport theory in a random medium
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Pioneering work by Levermore and his coauthors
using a projection operator technique derived an
analytical result in the form of two exponentials.
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1. Introduction

Radiation transport in random mixtures is an unfashionable subject,
but its interest is growing in many fields. There are four main concerns:

(1) for simple 1D geometry

JQSRT36, 557(1986); JQSRT40, 479(1988); JQSRT42, 253(1989);
JQSRT50, 211(1993); JQSRT51, 689(1994); JQSRT112, 599(2011);
PRE102, 022111(2020); PRE105, 014131(2022)

(1) going beyond simple 1D geometry
PREG61, 6183(2000); JQSRT104, 86(2007); JQSRT113, 325(2012);
JQSRT89, 133(2017)

(i11) developing deterministic models or more accurate closures
JQSRT42, 253(1989); JQSRT51, 893(1994); JQSRT168, 57(2016)

(iv) developing efficient numerical algorithms
Trans. Am. Nucl. Soc.105, 498(2011); JQSRT 148, 127(2014); JQSRT196, 270(2017)
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1. Introduction

1.5 Experimental verifications
Goal: provide data to help test some of these radiation transport models.

Targets: Au-loaded triacrylate C,:H,,04 foam
Laser: OMEGA facility at the Unlversny of Rochester, USA

/ Target Stalk 220 800
Alignment 200 700 - ' “ T
Fiber . +
_. 180 o
3 & 600 4 P%;
R | S s00 B |
k] 3 §_ I I -
g 10 5 400 i size effect!
P 20 £ a0l
100 | 7 200 ® 5 micron di ameter particles | -
f&: o Atomic Mix
O o5 1 15 2 25 3 bt T R E—
Time (ns) Time (ns)
A picture of experimental platform Temperature drive Temperature front positions

An inhomogeneous transport model must be applied to explain
radiation transport in foams loaded with 5 um diameter gold particles.
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1. Introduction

1.6 What’s old, but important?

Understanding the impact of random media on the radiative transfer

Two questions: How is the impact and Why?

The description of radiation transport is given by

%%w(r, E,Qt)+QVy (T,E,Qt)+ow(T, E,fz,t)=$cGtaT4(r,t)+$asjwdé'

pCng(F,t):—CataT4(F,t)+(at ~0,) [pddy

. specific radiation intensity, T:material temperature

A 7-dimensional (3 spatial + 2 directional variables + 1 energy + 1 time
variable), strong non-linearity problem. Hard to solve!
Need to know the mixture’s detailed configuration.




2. Method and Results

To make it tractable, we began with the simplest physical scenario and
add the complexity step-by-step, and obtained new insights of stochastic
radiative transfer at various levels.

radiation absorption+emission
radiation-material coupling
D planar model

w (x,,6, @, )a5-dimensional problem

|

energy effect

a 7-dimensional problem

W(F,E,QJ) w(z,@,t) a 3-dimensional problem
all physics is included adiation absorption+emission
radiation-material coupling
1D slab model

y/(z) an 1-dimensional problem
radiation absorption

__1D rod model
f”ﬁx?rmmﬁawﬁﬁ;mﬁm
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2. Method and Results

2.1 An 1-dimensional problem
In 1D rod model, radiation transport equation is written as

dl(x)
. +o(x)I(x) = S5(x)
A _L> random value, o,(low Z) or o,(high Z)

X
the analytical solutionis I(x;t) =Te " + f dx'S(x e )
0

For random mixtures, we concentrate on the ensemble-averaged radiation intensity

o0
o= [, O e 2
0 e or random T
Cx) = : <1<
variable 7 at the distance x > C(T:) {o d§ f(&:x). ‘gli ;2; X 02X

With multiple manipulations, we obtain _ _
suitable for any random mixtures,

d2X
(I(x)) =T{e ™ + / dtC(t;x)e”" ¢, but how to make calculations?

deterministic J_ JI 1 stochastic

11
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2. Method and Results

Sampling of random mixtures
We focus on the binary random mixture with homogeneous statistics, i.e., p; (X) = p;.
The length ¢ of a segment of material i is described by the chord length distribution
(CLD) f({), and the mean chord length of material i is denoted as 4.

« At the origin (x=0), select the material statistically according to p, or p,.

e Determine the distance from x=0 to the first material interface.

« Sample from f;({') to determine the length of the first segment of material j.j

~

« Sample from f,() to determine the second segment of material I’s length.

» Repeat steps 3, 4 until the accumulative length exceeding the total length L.

« Numerically calculate the optical depth 7 for generated physical realization.

» Redo the above steps for N times, and evaluate the C(z; X) for random
optical depth. The ensemble-averaged results are thus computed.




2. Method and Results

Verifications
1.0 T i T T T T 1.0 T T Y T Y T T T T T v 1]
09 105 Samples i | O MC results 1
0.8} i 08 L Analytical results |
g, 1A
e ey 1 T 08
g 05 i analytical results: material 1 7] — I
%D 04} — — -analytical results: material 2 - S 0.4 F
Z o3l — E I
= 02l 0.2 F
0.1} i
ool 0.0 L— . - : -
0 s 10 Is 20 23 30 0 510 15 20 25 30
L (um) Mixing zone length (um)
1. The present procedure is robust to yield homogeneous binary
random mixture.
2. Simulated results agree perfectly with the analytical curve in
the considered range.
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2. Method and Results

mixing distribution

10

O The impact of random media on the
radiative transfer is significant,
spanning over several orders of
magnitude.

For the mixing distribution, various
mixing statistics can basically
generate varied C(z). Large L allows ¢
to distribute over a wide interval, the
Intensity is mostly associated with the
probabilities towards smaller z.

For the mixing size, it Is sensitive
when |~l.. The extension of the
transition region of the cumulative
PDF.

For the mixing  probability,
substantial reduction of intensity is
due to negligible small-optical-depth
probabilities  for large  mixing
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2. Method and Results

2.2 A 3-dimensional problem

We assume the binary random mixture with homogeneous statistics. Material i follows
a chord length distribution (CLD) and has the mean chord length A;. Its mixing
probability is defined as 4i/(4;+ 7;).

« Generate a large ensemble of random mixtures

 Solve the radiation-material coupling equations

 Collect all calculated physical quantities and make averaging.

) <-4

10 0 ( )
——w(t,z,u)+ t,z, +aztz— t,z
X| \Z D material 1 |: material 2 C@tl//( H) ”a vtz ro 2t z) #(.2)
_— £ 4(,2) =00, (2190, 2) + 270, 2)[ Qe (. 2,40
1sotropic
source é radiation-material coupling equations
0 L,
Schematic of a physical realization of a binary ~ transmission flux (.J =7 Z/ pp;(t, z, p)d
random medium in the planar geometry.
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2. Method and Results

We have developed a home-made code RAREBIT1D (RadiAtive
tRansfEr in Binary stochastlc mixTures in One Dimension) to simulate
stochastic radiative transfer in random mixtures.

TABLE 1. Model parameters of the binary stochastic mixture and Nonparticipating random mixture

numerical parameters used in simulations.

10" — : .

Label Parameters E 10°

E 10}
Material | b =56x 10" cm, p; =0 S o] o Moy

-l E: 10" --- T?:t t_ 5

5 . = S

Ml R j
10" :
Total length L=0.I5cm 2
Initial temperature T;" = 0.005 keV £ 107
Radiation source Iy =05keV A
Angular direction N=32 < w0
© = t= 20 ps t= 200 ps

Simulation time 7 =500 ps P P
Tlme Step Ar = 1 pS 1%1.00 0.64 O.E)K O.IIZ 0.00 0.64 0.68 O.ll
Cell coefficient f=02 z (cm) z (em)
Convergent value e=10"° terial t t iqnifi f
Realizations M= 10° material temperature signitricantly SUppresses

the effect of the mixing distribution.

16
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2. Method and Results

We concern the transmission at the outgoing edge, i.e., z=L.

1000 ——rr T — 3000 R AL 3000
L () - @) \ ~ 2500l @ ]
<, 800k . 2500 f s " 2500 p,=0.01 ‘/\
*.':— [ = Markov """‘1-8 ‘ :: 2000 = O05cm g "Iz 2000 (= = 'p!=0.05
:E 600 F = = = . 2 === 005cm k] e
-;J, ’ ?0‘\ P oot — 1500 s=e=  .005 cm -.45.6 — 1500 ]-)] 0.1
= [ === Tent = = l—--—p=0 -—-===
o~ . e ().0005 P -
~ 400F Ramp , / . ;_.i 1000 0?_?_ im_- ;]. 1000 F .. ] 2 e
S b - Period L, S -~ \/ > / R
~ 200} L 500 ] 00 /T ae \
o7 S v
’/__-__'. 0 e = +——+ 0 =T S+ - —t—t
e 1 10 100 | 10 100
! 10 100 Time (ps) Time (ps)
_ . Time (ps) i .. . - il
mixing distribution mixing size mixing probability

By considering the feedback of material, 1.e., thermal radiation emission,
It i1s found that the mixing probability still affects the transmission by
about an order of magnitude, then is the mixing size, the least is the
mixing distribution.

One can make a detailed analysis of energy channels, but it does NOT
answer why we observed such a dependence of radiation transport on the
random mixture’s property.

17
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2. Method and Results

Consider 1D, single-group, steady-state, and no scattering radiation transport,

19
U%@D(Zv p) + oa(2)P(z, ) = S(2)
related to
the material

We first weaken the dependence of the photon’s direction

%1’0(2, ) + o (2)(z,m) = 5'(2)

/ . 0a(2) '(2) — S(z) — o' (=
ulz)=—"= ) === =0)B(T)
d /
oy G e =9
dx ) X = /P1pz (1 —12)
— T +Gax =T

The ensemble-averaged intensity can be analytically written as

(P(2)) = (¥(2))homo + (¥(2))nonhomo
”M%x?rmWanEﬁ;m%m
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2. Method and Results

With several mathematical manipulations, the ensemble-averaged specific
radiation intensity for the direction x can be analytically solved as

1+ (0a(2)B(2))/0a10a2A: (B(2))

(6(2) =t [we™* + (1 — w)e™*] + (B(2)) {1 — [we ™+ + (1 — w) =7},

—— ﬁ " . 1‘|‘<Ja(z)>/ga.lga,2)\c .
1 '
| .. 111
radiation transport thermal emissions

through nonparticipating o
. 0 02 04 06 08 1
random mixture
B | [vaosmission (arb. units)

transmission flux 8%% (a) Numeric

0.1
V . 0.08
(J(2)) = / wu(dp O

0.02

U | | | | | | | |
0 100 200 300 400 0 100 200 300 400
Time (ps) Time (ps)

The analytical results agree satisfactorily with simulated data

(cm)

-~
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2.

Method and Results

10° ¢

=200 ps

‘\\

1+ (pro2 + p201)p1 Az

l _
L pion A+ peon + oroapi s _ |
2| Numerical results i fota
10 — = Analytical results: term lé’/ .
- Analytical results: term 2&}—— abSOI’ptIOI’]
Analytical results: term 3 & - .
| ~~emission
10 L 1 L 1 L 1
0.00 0.04 0.08 0.12

z (cm)

theoretical criterion

I_p~1|:>
L

1) if I, <L, the material temperature plays a key role, and a
pronounced dependence of the transmission on the random
mixtures may result from the variation of the value of | .

2) if I, > L, it is dominated by pure absorption of radiation,
which does not depend on the properties of random mixtures.

20
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2. Method and Results

Interpretation of numerical results

Mixing distribution

By varying the
distributions considered,
varied from 0.04 cm (Marlzov)
to 0.02 cm (Period), which are
always much smaller than L
=0.15 cm. In this case, the
transmission is dominated by
material temperatures, which do
not have significant deviations
between Markov and Period
mixing distributions, since |
quite close in both cases. 'Iphls
can explain a weak dependence
on the mixing statistics.

mixing

Mixing size
By decreasing the mixing sizes
used, |, is tuned from 0.13 cm to
0.01 cm, which ranges from the
region comparable to L to that
much lower than L. In this
situation, the transmission of
large mixing sizes (high 1)) is
dominated by pure radiation
absorption, while for small
mixing sizes (low |;) material

temperature effect is remarkable.

These all together result in a
moderate dependence on the
mixing size.

Mixing probability

When increasing the mixing
probability, 1, is changed from
0.09 cm to 0.02 cm, which are
smaller than L. In all cases,
material temperatures are the
essential  factor. As  the
redistribution of thermal
radiations decays exponentially
with increasing the distance, it
IS not surprising that the mixing
probability acquires the most
noticeable 1, on the transmission.

21
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Enhanced factor

2. Method and Results

Corroboratlng the theoretical criterion
" O When |, <0.01 cm, radiation

0L (a)cs | ] f

° ] transmission flux is independent of
20} o otrbution ./ '_ random mixtures. Increasing L,
10 - —#— Probability < . transmission flux depends sensitively
0 o = : on the random mixtures.
30(b) 5, /10 1 0O When the opacity is decreased by an
0l ' order of magnitude, the dependence
ol of radiation transmission flux at
N L=0.15 cm on the random mixture Is

30 [© a /100 ] weakened.

O When the opacity is decreased by
. . two orders of magnitude, for L=0.15
l W cm, the relation is 1,>>L, radiation
TR TS T transmission flux does not depend on

0.001 0.010 ).100 1.000
the random mixture.

Enhanced factor v.s. mixing width
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2. Method and Results

Understanding the disputable problem
AN ' ' N B P e T
- LANL LLNL S )
08 | F (1) &= 4T ' i LA Cae3)y
: 2 T S
T . o : i i i i i ]
T
= 02 _ 10 3- ., , ‘ 4
I B(1) . , D means : -
" 67809 2 3 4 55785 . s 4 s 6789r 1075 65 5 51 e T 553 n.*su 035
) 10 - ’ 100 Sphere Volume Fraction
Time — ¢t
JQSRT104, 86 (2007) ? Tech. Rep. (LLNL, CA (United States), 2011)

Different mixing distributions and sizes do not <E> Different mixing sizes strongly affect
Impact the transmission flux and energy density. the transmission flux and energy density.

Our results seem to support the LLNL, but why not the LANL?
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2. Method and Results

5() ) b L b Ll o ' 4 L bl Ll . Ll 4 Ll i L
—#— Distribution: present

. 40F —@— Size: present 1 | e
o s (@)
5 —&@— Probability: present 5
S 30| ———Olson ef al. 1 &
=] =
O O
3] 3
c c
S 20t 1 8
s o=t
- m

10 F .

g ——a—R—8

1 2 3 4 5 6 'l/' ‘ ;4 . ‘; ‘ 10
L (cm)

We have performed 1D calculations using
identical parameters as the LANL group. We
find that present enhanced factors for L = 1.0
nearly approaches 1.0 by varying the properties
of random media. For the parameters
Investigated, |; iIs restricted to 1.0-2.03, which
invariably fulfills the relation of |, > L.

w

[
S

10°kF < Probability: Brantley e al. B

- —fl— Distribution: present

| —@— Size: present o

f —@— Probability: present % 3

O Distribution: Brantley er al. -
O Size: Brantley er al.

L (cm)

We made 1D calculations based on the
parameters used by the LLNL group. It
Is found that 1D results generally agrees
with previous 3D results. For the
parameters considered, |, is ranged from
0.44 to 3.41, which satisfies the
condition |, <<L=10.0.
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3. Conclusion

We have modeled stochastic radiative transfer in random mixtures
for different physical scenarios:

1. For the 1-dimensional problem, a pure absorption process
* Derived an analytical model for the ensemble-averaged transmission;
* Observed the influence of random mixtures remarkable.

2. For the 3-dimensional problem, an absorption-emission process.
« Analyzed material temperature effect.

« Developed a steady-state stochastic transport model
* Proposed a theoretical criterion
» Resolved the existing disputable issue in previous works.

We have not yet finished the job! Ongoing topic!
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Thanks for your attention!
fire Questions at me?
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