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ABSTRACT

A three-dimensional tranaport ~ode D1F3D, basased on the diffuaion approximation, 1s uaed to model
the spatiasl diatribution of radiation energy ariasing from volumetric iasotropic sourcea. Future work will
be concerned with the determination of irradisnces and modeling of reslistic scenarioa. relevant to the
battlefield conditions.

INTRODUCTION

Light propsgation through an optically thick psrticulate medium ia baaically a multiple-acsttering
problem in which rays or photons traverae s medium of acatterers and undergo many acattering svunta be-
fore eacaping. A natural framevork to deal with this type of problem ia provided by the theory of radi-

stive tranefer The linear Boltzmann equation--in the context of radiative energy slso termed the equa-

tion of trarafrr--governa the radiation field in a medium that absorba, emits, and acattera radiattoa.l

The complexity of the equation of tranafer forces one to implement numerical methoda of aolution.
The moat direct procedure ia the discrete-ordinatea approach, in which the radiance diatribution function
1(:.5.1) i1a replaced by a diacrate set of valuea at s discrete aset of pointa (;1.3J,Ak). Unfortunately.
such a calculation becomea a rather formidable task even on the moat powerful auper computers available
today.2

Becasuse of the numerical complexitiea. an important asapect of tran port theory invclvea the develop-

mant of simpler approximate descriptiona. There are asome apecial cases vhere aimple and uaeful asolutions



are available.3 Por taotropic scattering the irradiance di.:ribution function can be reprecented as a
sum of twvo terms, the reaidue term and the brnnch'cut integration. If the particlea are moarly scatter-
ing (albedo w + 1) tha residue term whose behavior is fdentical tc a diffuaion process dominstea over
the branch cut integration for ortical depth grcaster than unity.“

In this paper, we employ the diffusion approximation to model /the spatial diatribution of rad:ative
energy denaity due to 8 collection of volumetri., isotropic aourcea. After outlining the easence of the
diffusion ap>roximation and discusaing the limite of ita validity, we give numerical resulta i1 the form
of 3-D feosurface plota, representing the asurfaces of constant energy censity. It will be shown that aa
the detector senaitivity decresses, the individual radistion sources cannot be apatiaslly diatinguished,

thua leading to s falae target effect.’

DIFFUSION APPROXIMATION

The diffuaion epproximation, which corresponds to the loweat-order truncation in the apherical
harmonice expansion of the radiance distribution function, was employed by Tam and 2ardecki® to examine
the role of non-small-angle acsttering for off-asxis beam propagation. To gain inaight into the
spproximation in question, we write the radi.nce distriburion function for any given wavelength 1, whoae
index will be dropped, in the form

1.5 - }.—“[o(;) + 33-3(?)] . (1
wvhere 5 ie a unit direction vectcr, and vhere the function o(;). proportional to che energy denaity,
satiafies a diffusion equation

“VD% +(og - 04) = q¢ . (2)
In Eq. (2), o and o, denote the total extinction and scattering coefficients, and q, ia the isotropic
source term. If <u> denotes the maan cosine of the scattering sngle, which can be identified with the

asymmet 'y perameter g, then the diffusion coefficient D ia given in terme of the traneport coefficient

Opy ™ Op = Og<u> (3)
as
1
- 29 {
D ey . (¢)

Bq. (2) should be golved with the boundary condition demanding that the radiant flux be directad inward
and the scattering boundsry be zero.

To delineate the 1enge of validity of the difrfu:.on approximation, wve have compared the reaulta for
1-D geometry obtained with the trsnaport code ONEDANT? with the results obteined with the diffuaion-
based code DIF3D.® Pigureo (1) and (2) contain the results ot computrtions referring to a 100 m wide

slab, dividuu into 200 meshes cf equal efzea. Ths isotropic source of unit atrength, located in the



first mesh with the boundaries 0. and 0.5 m generates the raciziior. field. Aa can be seen f.om Fig. 2,
the diffusion theory leads to a degeneracy with r;lpect to the aingle scattering albedo w * 0,/0,. The
perfect-acattering case, hovever, vhere w * 1.0, is deacribed correctly within the diffusion approxima-
tion. This :mpliea that the diffuaion theury can be appliea to model radiation distribution and multiple

scattering in denae, non-absorbing media, such as inventory spokea in the viaible range of the spectrum.

FALSE TARG®T EFFECTS

In Ref. 5, wve addresaed the resolution problem that arises for s diatant obaerver attempting to
distinguish spatially between two thermal sources radiating into a turbid medium. Since our analyais
waas based on the transport theory, the reaulta--eapecislly for low optical depths--suffered from the ray
effect dis_orting the spatial form of the radiation diatributfon. With the aid of the diffusion theory,
we are in a poaition to entirely bypass the problem of ray effect; in addition the code DIF3D al_ows ua
¢o model 3-D situations, an unrealistic undertakiig within the framework of the tranaporr theory.

Our model acenario involves a zube 100x100x100 m in aize. The lower half of the cube, z < 50.
is filled with haze hzving the optical thickneas 2.0 in the x or y direction. The upper half, z > 5u.
contains water cloud serosol with optical thickneaa B.0. Two isotropic point aources >f equal atrength

located at Sl = (20,20,20,) and §, = (80.80,80) produce the volumetric radistion distribution. By aol-

2
ving the diffusion equatien (2) for o, we can compute the radiation energy denaity inaide our scattering
volume. Por the wavelength of 0.55um we show in Figa. 3 and & che tsoaurface plota repreaenting surfaces
of equal energy density. Chooaing a fixed vslue for the maximum e.aergy -lenaity, set by the aource
strangth of the point sourcee, the resulting plota ‘‘sry draatically with the value of the detectable
energy denaity. Thua for a detector regiatering 4% or more of the maximum ener,v density the sources
appear vell aeparated, Fig. 3. On the other hand, for a detector registering 2% of the maximum energy
distribution function, the individual asourcea sppear to overlap, Fig. &, leading tc a falae target
effect Similsr reaulta have been obtained with a larger number of asourcea both for homogensous and
inhomogeneoua media.
CONCLUSIONS

Contrary to popular belief, the diffuaion spproximstion is wun:eptible to yielding erroneoua re.ults
when the aingle acattering albedo is smsller than 0.95. On the other hand, thia spproximstion becomea
s poverful tool tc model complicated 3-D scenartios, which is today outsid: the acope of conventionsl
approaches hagaed on tranaport theory. B8ince diffuaion theory dosa not dcal with directionsal
quantities, but with angle-integrated ensrgy denaity, 1t doea not auffer ®rom rhe ray rflect distortion.

For these reasons. rhe false target problem finda & natural aetting with:.r .he framework of the

diffuaion theory.



Our future inveatigation will largely focus on twvo sa yet unsolved problems. Firat, uaing the
diffusion approsch, we intend to atudy the apatial detectability of radfating or reflecting objecta
placed in the vicinity of a amoke screen. When the radiation field is deacribed in terms of irradiances,
this becomea a problem of optical imaging. Second, to deacribe multiple scattering of lasser beams
17 the off-axia regime, a novel approach valid for a wide range of aize parametera needs to be formula-
ted. A combination of the small-angle scattering approximatfon with diffusion thecry ahould provide the

deairei computational baae.
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FIGURIT 1.

ENERGY DENSITY DISBRIBUTION PREDICTED RBY TRANSPORT THEORY.
Optical depth = 16, aaymmetry parsmeter = 0.1.
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FIGURE 2. ENERGY DENSITY DISTRIBUTION PREDICTED BY DIFFUSION THEORY.
Paranetera aa in Fig. 1. Note the degeneracy with reapect to
the aingle scattering slbedo.
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FIGURE 4. ISOSURFACE PLOT AT 2% OF MAXIMUM ENERGY DENSITY. Radiation fields from
individual sources overlap, showing a false target effect.



