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§ Inertial confinement fusion (ICF) and asteroid simulations 
share some commonalities and challenges
• Both have large length, density, and opacity scales

§ ICF codes discretize in space and time
— Zones have r, T, P, radiation intensity, etc.
— Energy deposition done by a radiation transport method
— Hydrodynamic motion and shocks handled by a hydro method
— Radiation and matter are coupled by thermal emission from material and electron 

and ion conduction

§ Transport dominates the simulation run time
• We face tradeoffs in the radiation methods between speed and accuracy

Photon transport is necessary to accurately 
model deflection scenarios using x-ray deposition

• Both model round 
things suspended in 
vacuum hit by x-rays

• We can use the 
same code for both
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The transport equation describes the motion of 
photons including interactions with moving matter

§ This is the Boltzmann equation written in terms of Intensity 
• I has units of Energy/(Length2-Time-Steradian)

§ Material motion corrections (MMC) need to be included
• Emission isn’t isotropic, absorption is angle dependent
• There are many O(v/c) MMC approximations; also many numerical 

simplifications are employed, some inaccurate

§ Radiation exchanges energy and momentum with matter
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Thermal emission
Doppler-shifted

In-scatteringPhotons 
move in 
straight 
lines at 
speed c

Out-scattering

Stimulated 
scattering

Absorption (Doppler-shifted)

with and arising from material motion and the Planck function describing 
thermal emission in Local 
Thermodynamic Equilibrium 
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The two common numerical methods for 
transport simulations are IMC and SN
§ Implicit Monte Carlo (IMC) simulates radiation by computational particles with 

randomly selected emission positions and directions
• Emit, scatter, track, and absorb “fake” photons
• “implicit” refers to a numerical extrapolation in time of the matter temperature used in emission
• Allows accurate simulation of scattering and Doppler shifts

— Energy-angle correlation in Compton scattering can be simulated
• Use of random numbers causes statistical noise ~ Nparticles

-1/2 in the results
— Reducing the slowly-declining noise leads to long simulation times
— Discretization errors in thermal emission, both temperature and emission location, require small Dx and Dt
— Stimulated Compton is approximated or ignored

§ SN or Discrete Ordinates represents I at fixed angles using finite element basis 
functions in each zone
• The discrete angles are selected to enable Gauss integration of spherical harmonics
• Faster than IMC (>10x in opaque problems)
• Fully implicit in emission temperature; smaller spatial discretization error
• Can simulate stimulated Compton
• The use of discrete angles makes anisotropic scattering approximate and can lead to simulation 

artifacts
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Computational artifacts of IMC and SN

Simulation with an isotropic point source in an 
absorbing non-scattering medium

§ IMC simulation (top) shows statistical noise

§ SN simulation shows ray effects

§ IMC simulation of radiation flux in an 
illuminated asteroid shows statistical noise

§ The electron and ion conduction flux also 
shows noise, seeded by the IMC through its 
effect on the electron temperature 
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Flux-limited Diffusion is a quick but very 
approximate transport simulation technique
§ Averaging the transport equation over angle plus an ansatz for the flux 

results in diffusion equation

Here                             is the radiation energy density (Energy/Length3) and 

§ Diffusion can’t model angular information – no shadows
§ Diffusion is accurate when radiation is isotropic AND gradients in E are 

small
• Ad hoc flux limiter L in [0,1] needed to suppress superluminal energy flow (F > c DE) 

when s is small

§ For heat conduction in electrons and ions, which typically have small flux, a 
similar diffusion approximation is accurate
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Material motion correction terms

is the radiation flux (Energy/Length2-Time) 
• This expression for F is an approximation 
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The Multigroup approximation is used to express 
frequency dependence of s and I (or E)
§ We pick O(10)-(100) fixed values of n; each range is called a “group”

• Group bounds are constant in time and space in a simulation
• We solve one transport or diffusion equation per group
• Scattering and absorption-reemission couple the groups and the per-group 

equations
— This requires iteration in SN and FLD

• Opacities are constant in each 
group during a time step

• Recalculated in each group at 
the beginning of the time step 
to account for changes in r
and T

Lines can be 
represented with 
enough groups

Compton scattering > 
absorption at high n
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We are using IMC in our deflection calculations 
because they contain vacuum and point sources

§ Diffusion has poor accuracy in vacuum
• It also can’t simulate the directionality of a point source

§ SN suffers from ray effects in vacuum
• Can’t accurately model strongly peaked scattering like 

Compton

§ IMC can simulate point and ray sources
• We have to incur and mitigate the drawbacks: 
— Statistical noise
— Long runtimes
— Use lots of zones and time steps

We must use lots of 
particles and processors
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1D simulations simulate surface absorption, 
reemission, and momentum transfer

• 1 sq. cm chunk ~ 60 cm deep
• Source equivalent to 1 kiloton 85 m away

• Spectrum = 1 keV Planckian
• 200 groups in [3 x 10-3, 1000] keV log-spaced
• Run to ~ 1e-4 sec

• Dt in [10-16, 10-9] sec
• 2000 zones with Dx in [10-5,.4] cm 
• 106 computational photons
• Materials = SiO2, Fe, H2O, Fosterite
• Simulations take ~ 1 Day on 144 2.1 MHz procs
• Hydrodynamics is Lagrangian

• Mesh moves with the material
Ingoing shock
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2D simulations provide more realistic exploration 
of deposition as a function of angle

• ½ of 35 m asteroid on an axisymmetric mesh
• Source is 1 kiloton, 85 m from surface

• Spectrum = 1 keV Planckian
• 200 groups in [3 x 10-3, 1000] keV log-spaced
• 20719 zones; sizes in [10-6, 100] cm
• 108 computational photons
• Materials = SiO2, Fe, H2O, Forsterite
• Simulations take ~ 1 Week on 144 2.1 MHz procs
• Hydrodynamics is Lagrangian

• Mesh moves with the material

Tr showing 
reradiated photons 

Te of matter 
in asteroid 
surface 

Reradiated photons
From asteroid

Source photons
- The computational photons have exact positions on a spherical shell
- The jaggedness is an artifact of the coarse vacuum zoning
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Radiation hydrodynamics simulations using IMC 
will contribute to asteroid deflection modeling

§ We are currently running radiation hydrodynamics 
calculations in 1 and 2D 
• These expensive calculations model absorption and 

reemission, shock physics, and asteroid momentum

§ These simulations allow us to characterize energy 
deposition with relevant physics

§ We are investigating whether we can use that 
deposition in hydro-only calculations and still obtain 
accurate results for momentum coupling
• These simulations ignore radiation transport but are much 

faster
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A derivation of FLD with MMC
Energy conservation in lab frame:
with                   ,                                   and

[See [2], Eqs.(6.31)—(6.38)]

raT
a0
rad = g0L

<latexit sha1_base64="N1XWOCPLJNMIInThrFJVcLa3H3E=">AAACBnicbVA9SwNBEN3zM8avU0sRFoNgFe6ioI0QtLGwiJAvSC7H3GaTLNnbO3b3hHCksvGv2FgoYutvsPPfuEmu0MQHA4/3ZpiZF8ScKe0439bS8srq2npuI7+5tb2za+/t11WUSEJrJOKRbAagKGeC1jTTnDZjSSEMOG0Ew5uJ33igUrFIVPUopl4IfcF6jIA2km8ftQUEHHzAVT+V0B13UnDG+Ar3/buO49sFp+hMgReJm5ECylDx7a92NyJJSIUmHJRquU6svRSkZoTTcb6dKBoDGUKftgwVEFLlpdM3xvjEKF3ci6QpofFU/T2RQqjUKAxMZwh6oOa9ifif10p079JLmYgTTQWZLeolHOsITzLBXSYp0XxkCBDJzK2YDEAC0Sa5vAnBnX95kdRLRfesWLo/L5Svszhy6BAdo1PkogtURreogmqIoEf0jF7Rm/VkvVjv1sesdcnKZg7QH1ifP6aPl/E=</latexit>

g0L = g0F + vig
i
F

<latexit sha1_base64="Bj4lOeLyyKiVFd5rUiuOqbWjdn4=">AAACAnicbZBNS8MwGMfT+TbnW9WTeAkOQRBGOwW9CENBPHiY4F5gqyXN0i4sTUuSDkYZXvwqXjwo4tVP4c1vY9b1oJsPhPz4/5+H5Pl7MaNSWda3UVhYXFpeKa6W1tY3NrfM7Z2mjBKBSQNHLBJtD0nCKCcNRRUj7VgQFHqMtLzB1cRvDYmQNOL3ahQTJ0QBpz7FSGnJNfcC9/bBghcwcK/1fQyHLs2YumbZqlhZwXmwcyiDvOqu+dXtRTgJCVeYISk7thUrJ0VCUczIuNRNJIkRHqCAdDRyFBLppNkKY3iolR70I6EPVzBTf0+kKJRyFHq6M0SqL2e9ifif10mUf+6klMeJIhxPH/ITBlUEJ3nAHhUEKzbSgLCg+q8Q95FAWOnUSjoEe3bleWhWK/ZJpXp3Wq5d5nEUwT44AEfABmegBm5AHTQABo/gGbyCN+PJeDHejY9pa8HIZ3bBnzI+fwCRy5T8</latexit>

g0F = c�aaT
4 � c�aEF

<latexit sha1_base64="Zuizy7LZY2PmDim6fuUUSydYDy4=">AAACEnicbVDJSgNBEO2JW4zbqEcvjUHQg2EmBvQiBMXgMUI2SCZDTaeTNOlZ6O4RwpBv8OKvePGgiFdP3vwbO8shJj4oeLxXRVU9L+JMKsv6MVIrq2vrG+nNzNb2zu6euX9Qk2EsCK2SkIei4YGknAW0qpjitBEJCr7Had0b3I79+iMVkoVBRQ0j6vjQC1iXEVBacs2znltqW/gaE9ySrOeDCxhwpV3A5/PSnVtyzayVsybAy8SekSyaoeya361OSGKfBopwkLJpW5FyEhCKEU5HmVYsaQRkAD3a1DQAn0onmbw0wida6eBuKHQFCk/U+YkEfCmHvqc7fVB9ueiNxf+8Zqy6V07CgihWNCDTRd2YYxXicT64wwQlig81ASKYvhWTPgggSqeY0SHYiy8vk1o+Z1/k8g+FbPFmFkcaHaFjdIpsdImK6B6VURUR9IRe0Bt6N56NV+PD+Jy2pozZzCH6A+PrF086mr4=</latexit>

giF = �1

c
�tF

i
F

<latexit sha1_base64="s1EkhaSsf/KggpPoEaNmZ8Wfpcw=">AAACDHicbVDLSsNAFJ3UV62vqks3g0VwY0mqoBuhKBSXFewDmhgm00k6dCYJMxOhhHyAG3/FjQtF3PoB7vwbJ20W2npg4HDOudy5x4sZlco0v43S0vLK6lp5vbKxubW9U93d68ooEZh0cMQi0feQJIyGpKOoYqQfC4K4x0jPG1/nfu+BCEmj8E5NYuJwFITUpxgpLbnVWuC27im8hCe2LxBOrSzFGbQlDThyFWzlrk6ZdXMKuEisgtRAgbZb/bKHEU44CRVmSMqBZcbKSZFQFDOSVexEkhjhMQrIQNMQcSKddHpMBo+0MoR+JPQLFZyqvydSxKWccE8nOVIjOe/l4n/eIFH+hZPSME4UCfFskZ8wqCKYNwOHVBCs2EQThAXVf4V4hHQpSvdX0SVY8ycvkm6jbp3WG7dnteZVUUcZHIBDcAwscA6a4Aa0QQdg8AiewSt4M56MF+Pd+JhFS0Yxsw/+wPj8AdLdmjg=</latexit>

EL = EF + 2
vi
c2

FF,i ⇡ EF
<latexit sha1_base64="d8hnp4LB7oQdjB0ZDJZvG0hJvTo=">AAACGHicbVDLSsNAFJ34rPUVdelmsAiCUpMo6EYoSosLFxXsA9oaJtNJO3TyYGZSLCGf4cZfceNCEbfd+TdO2iy09cDA4ZxzuXOPEzIqpGF8awuLS8srq7m1/PrG5ta2vrNbF0HEManhgAW86SBBGPVJTVLJSDPkBHkOIw1ncJP6jSHhggb+gxyFpOOhnk9dipFUkq2flu07eAXLdgUeQ6vtcoTjoU2TGD9aScWOKyc0gW0Uhjx4SlO2XjCKxgRwnpgZKYAMVVsft7sBjjziS8yQEC3TCGUnRlxSzEiSb0eChAgPUI+0FPWRR0QnnhyWwEOldKEbcPV8CSfq74kYeUKMPEclPST7YtZLxf+8ViTdy05M/TCSxMfTRW7EoAxg2hLsUk6wZCNFEOZU/RXiPlLlSNVlXpVgzp48T+pW0TwrWvfnhdJ1VkcO7IMDcARMcAFK4BZUQQ1g8AxewTv40F60N+1T+5pGF7RsZg/8gTb+AWDFnio=</latexit>

since we will drop 1

c

@FF

@t
<latexit sha1_base64="h/AKc23GZSdbwYN85VWokUlS3SI=">AAACFXicbVDLSgMxFL1TX7W+Rl26CRbBhZSZKuiyKBSXFWwtdIaSSTNtaOZBkhHKMD/hxl9x40IRt4I7/8ZMO4i2HgicnPtIzvFizqSyrC+jtLS8srpWXq9sbG5t75i7ex0ZJYLQNol4JLoelpSzkLYVU5x2Y0Fx4HF6542v8vrdPRWSReGtmsTUDfAwZD4jWGmpb544vsAktbOUZGjGkRNjoRjmqNlvZunPTWV9s2rVrCnQIrELUoUCrb756QwikgQ0VIRjKXu2FSs3zRcSTrOKk0gaYzLGQ9rTNMQBlW46dZWhI60MkB8JfUKFpurviRQHUk4CT3cGWI3kfC0X/6v1EuVfuCkL40TRkMwe8hNtMEJ5RGjABCWKTzTBRDD9V0RGWEejdJAVHYI9b3mRdOo1+7RWvzmrNi6LOMpwAIdwDDacQwOuoQVtIPAAT/ACr8aj8Wy8Ge+z1pJRzOzDHxgf39R+nzw=</latexit> Express lab frame radiation 

quantities in fluid frame to O(v/c) via 
Lorentz transformation [2] Eq.(6.30) 

FL,i = FF,i + viEF + vjPF,ij +O(
v

c
)

<latexit sha1_base64="Xt5JxcXBch3xQ6uvUQJc8uuoLlE="></latexit>

IF =
1

4⇡
(cEF + ⌦F · FF )

<latexit sha1_base64="j548qFBAcuCeJui8YzYo61KW/rs="></latexit>

assuming IF is weakly 
anisotropic

PF ij ⌘
1

c

Z

4⇡
IF⌦i⌦j d⌦ ⇡ 1

3
EF �ij

<latexit sha1_base64="XXZbeFT/VNXeVnBRYz85eHVSIAY="></latexit>

1)

2)

3)

4) FF = �Lc 1

3�t

@EF

@xF,i
⇡ �Lc 1

3�t

@EF

@xi
<latexit sha1_base64="m/vSf89zGstthjC9NDB/rkXw6dk="></latexit>

Flux ansatz in fluid frame and
with               the flux limiter, used in       term   

@

@xF,i
=

@

@xi
+

vi
c2

@

@t
<latexit sha1_base64="qQ5wjCLtRvQCakdq6LxWXE+LA2Y=">AAACXHicfVFbS8MwGE3r1F2cVgVffAkOQVBGOwV9EYaC+DjBXWCtI83SLSy9kKTDUfonfduLf0XTraBu6geBk/Odk+Q7cSNGhTTNuaZvFDa3toulcmWnurtn7B90RBhzTNo4ZCHvuUgQRgPSllQy0os4Qb7LSNed3Gf97pRwQcPgWc4i4vhoFFCPYiQVNTCE7XGEEztCXFLEYPoFXwfJwwVNU3gL/xPRFJ6XYS6Zqm2CXxrp3w6ZDoyaWTcXBdeBlYMayKs1MN7sYYhjnwQSMyRE3zIj6STZgZiRtGzHgkQIT9CI9BUMkE+EkyzCSeGpYobQC7lagYQL9rsjQb4QM99VSh/JsVjtZeRvvX4svRsnoUEUSxLg5UVerAYMYZY0HFJOsGQzBRDmVL0V4jFSsUj1H2UVgrU68jroNOrWZb3xdFVr3uVxFMExOAFnwALXoAkeQQu0AQZz8KEVtZL2rhf0il5dSnUt9xyCH6UffQKW3rbq</latexit>

L 2 [0, 1]
<latexit sha1_base64="rnsyu/BJ4sSzsGRWrkcuF4/1MK8=">AAAB/nicbVDLSsNAFL3xWesrKq7cDBbBhZSkCrosunHhooJ9QBLKZDpph04mYWYilFDwV9y4UMSt3+HOv3HSdqGtBwYO59zLPXPClDOlHefbWlpeWV1bL22UN7e2d3btvf2WSjJJaJMkPJGdECvKmaBNzTSnnVRSHIectsPhTeG3H6lULBEPepTSIMZ9wSJGsDZS1z70Y6wHBPP8box8JpDnnLlB1644VWcCtEjcGanADI2u/eX3EpLFVGjCsVKe66Q6yLHUjHA6LvuZoikmQ9ynnqECx1QF+ST+GJ0YpYeiRJonNJqovzdyHCs1ikMzWYRV814h/ud5mY6ugpyJNNNUkOmhKONIJ6joAvWYpETzkSGYSGayIjLAEhNtGiubEtz5Ly+SVq3qnldr9xeV+vWsjhIcwTGcgguXUIdbaEATCOTwDK/wZj1ZL9a79TEdXbJmOwfwB9bnD8VilLM=</latexit>

Steps 1-5 finally yield the standard form of the diffusion equation with MMC

Eq.(11.9) in [2], 
Eq.(7.18) in [6]
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Flux ansatz in fluid frame without the flux 
limiter, used in             term   �t
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Inconsistent !
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