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Abstract A widely used approximation in studies relating
to small angle differential scattering cross-section of X-
rays scattered by interstellar dust grains is the well known
Rayleigh-Gans-Debye approximation (RGDA). The valid-
ity of this approximation, however, is limited only to X-ray
energies greater than about 1 keV. At lower energies, this
approximation overestimates the exact results. In this paper
a modification to the RGDA is suggested. It is shown that
a combination of the RGDA with Ramsauer approximation
retains the formal simplicity of the RGDA and also yields
good agreement with Mie computations at all X-ray ener-
gies.

Keywords X-ray scattering · Interstellar grains · Scattering
approximations

1 Introduction

Small angle scattering of X-rays by interstellar dust particles
is known to create halos around the X-ray source (Overbeck
1965; Hayakawa 1970; Martin 1973). The characteristic fea-
tures of the halo, such as its brightness and angular extent,
therefore, contain coded information about the type of dust,
its distribution in the intervening medium and also about the
distance between the X-ray source, the scattering particles
and the observer. This has prompted many investigations
aimed at extracting information about dust parameters from
the analysis of observed halos (Trumper and Schonfelder
1973; Mauche and Gorenstein 1986; Klose 1991; Mathis
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and Lee 1991; Smith and Dwek 1998; Windt et al. 2000;
Draine 2003; Draine and Allaf-Akbari 2006; Xiang et al.
2011). In these studies, most authors assume dust particles
to be homogeneous spheres. Although the sphericity con-
jecture is seldom valid, it has been widely adopted for use
in studies which are not concerned with polarization. In the
same spirit, the present consideration also supposes dust
constituents to be homogeneous spherical particles. We in-
voke Mathis, Rumple and Nordesiek (MRN) model (Mathis
et al. 1977) of interstellar dust for grain sizes. This implies
that dust consists of bare silicate and graphite grains of ra-
dius, a, in the range 0.0025 ≤ a ≤ 0.25 µm.

The differential scattering cross-section as a function of
scattering angle, some times also referred to as the angular
scattering pattern, can be computed exactly for the scattering
of electromagnetic waves by a homogeneous sphere (Bohren
and Huffman 1983; van de Hulst 1981). This is possible for
arbitrary values of particle size and refractive index. The
wavelength can also be arbitrary. However, the weakness of
the exact solution is that the outcome is in the form of a com-
plex infinite series involving Hankel and Bessel functions of
various orders and hence does not provide any physical in-
sight into the scattering process. Also, the exact solutions,
even numerical, may not always be possible for particles
of complex shapes particularly when particle size is very
large in comparison to the wavelength. These reasons have
motivated development and deployment of many approxi-
mate expressions, each reproducing exact results accurately
for a particular range of parameters. At X-ray energies, all
grain materials have an index of refraction whose real part is
very close to unity and the imaginary part is very small. The
two approximations that are known to be suitable in such
a situation are: (i) the Rayleigh-Gans-Debye approximation
(RGDA) and (ii) the anomalous diffraction approximation
(ADA). Not surprisingly, both the approximations have been
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employed in studies relating to X-ray scattering by interstel-
lar dust.

If λ denotes the wavelength of the incident radiation and
m denotes the complex refractive index of the particle, the
validity of the RGDA requires (Bohren and Huffman 1983;
van de Hulst 1981),

|m − 1| � 1, (1a)

and

x|m − 1| � 1, (1b)

where x = ka = 2πa/λ is the size parameter which is es-
sentially a measure of the size of the particle in the units of
wavelength. At X-ray wavelengths, dust grains responsible
for most of the scattering are larger than wavelength of the
radiation i.e., x � 1. But even then the inequality (1b) is
satisfied because usually |m − 1| � 1.

At X-ray energies, it is also possible to express the re-
fractive index in terms of the density of the material. The
condition (1b) can then also be expressed as (Windt et al.
2000),

aµm

EkeV

(
η

3 g cm−3

)
� 0.316, (2)

where aµm is the radius in microns, EkeV is the X-ray en-
ergy in keV and η is the mass density of grains in gm cm−3.
A detailed investigation of the validity of the RGDA has
been performed by Smith and Dwek (1998) for simulation
of small angle X-ray scattering by interstellar dust parti-
cles. It was concluded that in the long wavelength regime
(E ≤ 1 keV) the RGDA predictions systematically and sub-
stantially overestimate the scattered intensity relative to the
Mie results.

The other approximation that could be useful in the con-
text of X-ray scattering is the ADA. The theoretical deriva-
tion of the ADA requires,

|m − 1| � 1, (3a)

and

x � 1, (3b)

for its validity. In practice, however, the ADA turns out to be
a good approximation even when (3b) is not satisfied (see,
for example, Sharma and Somerford 2006). For the prob-
lem at hand, both the requirements are satisfied. Clearly, the
ADA has a larger domain of validity in comparison to the
RGDA. But, unlike the RGDA, it can not be cast in an ana-
lytic form for non-zero scattering angles.

It is clear from the above discussion that there is a need
for an analytic formula which gives accurate predictions of

differential scattering cross-section at small scattering an-
gles over entire X-ray energy domain and interstellar grain
size range. Towards this end, we set forth a new modifica-
tion to the RGDA. The expression that emerges is nearly
as simple as that in the RGDA and works reasonably well
over the entire range of X-ray wavelengths. This has been
achieved by designing a hybrid approximation consisting of
the RGDA and another approach suggested by Ramsauer
(1921) in the context of scattering of electrons by atoms. In
this paper we refer to this approximation as the Ramsauer
approximation (RA). A simplified RA (SRA) in analytic
form has also been given recently by Louedec and Urban
(2012) in the context of light scattering by non-absorbing
spherical particles. In this paper, we show that a judicious
mix of the RGDA and the SRA formulas can result in a use-
ful approximation which is analytic in form and reproduces
exact differential scattering cross-section reasonably well at
small scattering angles for all X-ray energies. This hybrid
approximation of the RGDA and the SRA has been termed
as the modified RGDA (MRGDA).

Organization of the paper is as follows. In Sect. 2, we
recall differential scattering cross-section formulas in the
RGDA and the ADA. These are widely used text book ap-
proximations (see, for example, van de Hulst 1981) and only
the required results have been quoted here. In Sect. 3, the
derivation of the simplified Ramsauer differential scattering
cross-section is outlined with some details. Section 4 exam-
ines numerically the SRA, the RGDA and some variants of
the RGDA and then arrives at a hybrid formula based on em-
pirical considerations. Numerical comparisons of small an-
gle differential scattering cross-sections have been presented
to establish the validity of the MRGDA formula. Finally, we
conclude in Sect. 5 by summarizing results of this paper.

2 Relevant formulas in the Rayleigh-Gans-Debye
and the anomalous diffraction approximation

Consider an incident wave which after being scattered by a
particle deviates by an angle θ . Let I0 denote the intensity of
the incident wave. The intensity of the wave scattered by a
sphere of radius a at an angle θ may be expressed as (Klose
1991; Sharma and Somerford 2006),

I (θ) = I0

r2

∣∣S(θ)
∣∣2

, (4)

where r is the distance between scattering particle and the
observer. The scattering amplitude, S(θ), is a complex quan-
tity and |S(θ)|2 is the differential scattering cross-section
which is also denoted by i(θ),

i(θ) ≡ ∣∣S(θ)
∣∣2

. (5)



The differential and the total scattering cross-sections re-
spectively may be expressed in the RGDA in the following
analytic forms (Mauche and Gorenstein 1986),

i(θ)RGDA = 4a2x4|m − 1|2
(

j1(z)

z

)2
(1 + cos2 θ)

2
, (6)

and

σ tot
RGDA = 2πa2|m − 1|2, (7)

where z = 2x sin(θ/2). The spherical Bessel function j1(z)

is,

j1(z) = sin z

z2
− cos z

z
, (8)

in terms of trigonometric functions. The zeros of the Bessel
function determine the minima in the scattering pattern.

The approximation can be further simplified and can be
cast in the following form (Mauche and Gorenstein 1986),

i(θ)RGDA = 4

9
a2x4|m − 1|2 exp

(
− z2

2σ 2

)
(1 + cos2 θ)

2
, (9)

where

σ = 10.4

EkeVaµm
arcmin, (10)

is a function of energy of the X-ray and size of the dust par-
ticle. This Gaussian approximation to the Bessel function
is adequate only if the X-ray energy is greater than 2 keV
(Smith and Dwek 1998). For the purpose of this paper, the
differential scattering cross-section in the RGDA is as given
in Eq. (6).

It may be noted that in Eq. (6) the refractive index ap-
pears as a constant multiplicative factor. As a consequence,
the shape of the scattering pattern in the RGDA does not
depend on the refractive index of the particle. This is not
what the exact solution yields. Two modifications to the
RGDA have been suggested to correct this. While the mod-
ified version of Shimizu (1983) is obtained by replacing x

in (6) by mx, Gordon (1985) argues for the substitution
x
√

1 + m2 − 2m cos θ in place of z = 2x sin(θ/2). Note that
for m = 1, x

√
1 + m2 − 2m cos θ is nothing but 2x sin(θ/2).

Gordon (1985) has also addressed the problem of zeros in
the scattering pattern. But this correction is not of inter-
est here and will be ignored for the purpose of this paper.
The derivation of the RGDA is based on the assumption
that the field inside the particle is same as the incident field.
The modifications correct this simplification by arguing that
while the field inside the scattering region is still a plane
wave, the wavenumber changes. This alteration introduces
m dependence in the RGDA angular scattering pattern.

The ADA is valid if |m − 1| � 1. When this condition
is met, the incident wave enters the particle with negligible

reflection and the wave travels through the scattering parti-
cle undeviated. The only change caused by the scatterer is
in the phase of the wave. The scattering amplitude in the
ADA may be conveniently expressed as (Draine and Allaf-
Akbari 2006; Bohren and Huffman 1983; van de Hulst 1981;
Sharma and Somerford 2006),

S(θ)ADA = ika2
∫ π

0

(
1 − eiρ cosu

)
J0(z sinu)

× sinu cosudu, (11)

where ρ = 2x(m − 1). The real part of the ρ is the phase
shift suffered by the ray in traveling along the diameter of
the sphere and J0 is the cylindrical Bessel function of or-
der zero. In the notation being followed here Eq. (11) dif-
fers from the corresponding expression in the van de Hulst
(1981) by a factor (i/k). The integration in (11) can be per-
formed analytically only for forward scattering. For other
scattering angles, one needs to take recourse to numerical
integration.

3 Ramsauer approximation

While studying the electron scattering from argon atoms,
Ramsauer (1921) considered the incident particle as a plane
wave and arrived at the following expression for the scatter-
ing amplitude:

S(θ)RA = ik
(1 + cos θ)

2

∫ a

0
bdbJ0(kb sin θ)

× [
1 − e2ik(m−1)

√
a2−b2]

, (12)

where b is an integration variable known in the literature
as the impact parameter. A substitution, b = a sinu, in (12)
allows us to see that

S(θ)RA = 1 + cos θ

2
S(θ)ADA, (13)

if it is assumed that 2 sin(θ/2) ≈ sin θ . Equation (13) tells us
that the RA and the ADA differ only by a scattering angle
dependent multiplicative factor. It may be noted that: (i) As
in the ADA, (12) also does not yield an analytic solution at
non-forward scattering angles. (ii) At small scattering angles
the RA and the ADA would yield almost identical results
and (iii) At backward angles S(θ)RA → 0 as θ → π .

A closed form analytic formula has been obtained from
(12) for a non-absorbing sphere in the following way
(Louedec and Urban 2012). First, consider a non-absorbing
cylinder of radius a and height 2a, and place it with its axis
along the direction of wave propagation. The phase shift suf-
fered by each ray in passing through such a cylinder is same.



Equation (13) can then be written as,

S(θ)
cyl
RA = ik

1 + cos θ

2

∫ a

0
bJ0(kb sin θ)

[
1 − eiρ

]
db. (14)

Since all rays, irrespective of their b value, suffer the same
phase shift ρ = 2x(m − 1), the integration in (13) can be
performed easily to yield,

S(θ)
cyl
RA = 2a

1 + cos θ

2
eiρ sin(ρ/2)

[
J1(x sin θ)

sin θ

]
. (15)

Since m is real, ρ is also a real number. The differential
scattering cross-section of the cylinder (15) can therefore be
written as,

i(θ)
cyl
RA = 4a2

[
x

1 + cos θ

2
sin(ρ/2)

J1(x sin θ)

x sin θ

]2

. (16)

Further, noting that the total cross-section for such a cylinder
in the RA can be written as (Louedec and Urban 2012):

σ
cyl
tot,SRA = 4πa2 sin2

(
(m − 1)

2
kL

)
= 4πa2 sin2(ρ/2),

(17)

(16) may be expressed as,

i(θ)
cyl
RA = 1

4π
σ

cyl
tot,RA

[
x

1 + cos θ

2

2J1(x sin θ)

x sin θ

]2

. (18)

Clearly, the shape of the scattering pattern in the RA is de-
termined by the square of term in the square brackets on the
right hand side of (18) and is independent of particle refrac-
tive index. Recall that this was the case for the RGDA too.

Drawing an analogy with the formula (18), a formally
similar expression for the scattering amplitude by a sphere
may be written as (Louedec and Urban 2012),

i(θ)
sph
SRA = 1

4π
σ

sph
tot,RA

[
x

1 + cos θ

2

2J1(x sin θ)

x sin θ

]2

, (19)

where

σ
sph
tot,RA = 2π

(
a+ λ

4π

)2[
1−2

sinρ

ρ
+

(
sin(ρ/2)

ρ/2

)2]
. (20)

The subscript SRA symbolizes simplified Ramsauer approx-
imation. Theoretically, the validity of the formula (19) is
not obvious and needs to be ascertained by numerical com-
parison with exact results. In the context of light scattering
this has been done by Louedec and Urban (2012). They ex-
amined the validity of the RA and the SRA for nonabsorb-
ing spherical particles of m = 1.05. 1.33, 1.60; a = 10 µm
and λ = 0.6 µm. It was concluded that while the RA gives

good agreement with the Mie curves, the SRA could not re-
produce the exact results for small size parameters in the
Rayleigh regime.

Instead of using (20) in (19), one may also employ (7)
in (19). This gives the following compact expression for the
differential scattering cross-section in the SRA,

i(θ)
sph
SRA = a2x4|m − 1|2

2

[
J1(x sin θ)

x sin θ

]2

(1 + cos θ)2. (21)

We will use this formula for the differential cross-section in
the SRA for our computations.

4 Modified RGDA

We begin in this section by comparing normalized scattering
cross-sections predicted by the RGDA, the SRA and the two
variants of the RGDA given by Shimizu (1983) and Gor-
don (1985) with the exact results. The two variants of the
RGDA are denoted as the RGD1 and the RGD2 respectively.
The normalized cross-section has been defined as i(θ)/i(0).
The exact solutions have been computed using the computer
code BHMIE given by Bohren and Huffman (1983). The
code is freely available on the net. In addition to the wave-
length of the incident radiation and size of the scatterer, the
computations of exact solutions also require knowledge of
refractive index of the particle. This can be obtained using
the relation [2],

m =
(

1 − 1

2π
ρereλ

2
)

+ i
1

4π
μλ, (22)

where ρe is the electron density, μ is the linear attenuation
coefficient of the material and re is the classical electron ra-
dius. More recent computations of refractive index values
have been tabulated by Draine (website) for a = 0.1 µm
for silicate and graphite grains at selected wavelengths. We
have taken the refractive index values from this data for the
present computations.

From Eq. (22) it is clear that the refractive index of the
grains in the X-ray regime is complex. However, the mag-
nitude of the imaginary part is very small. For example,
at λ = 0.0010332 µm (corresponding to E = 1.20 keV)
the imaginary part of the refractive index is 0.0001005.
Thus, for the purpose of this paper we take the grains to
be non-absorbing while computing differential scattering
cross-sections in approximations. Complex refractive index
has been used while computing exact results. Figure 1 shows
a comparison of i(θ)/i(0) obtained using the RGDA, the
RGDA1, the RGDA2 and the SRA with exact Mie results for
a silicate grain. The quantity i(θ)/i(0) is marked as ‘cross-
section’ on the Y axis in all the figures. The grain radius is
a = 0.1 µm and the X-ray wavelength is λ = 0.0010332 µm.



Fig. 1 Comparison of i(θ)/i(0) in the RGDA, the RGDA1, the
RGDA2 and the SRA with exact Mie computations for a = 0.1 µm
and λ = 0.0010332 µm. Solid line: Exact, Large dashed line: RGDA,
Small dashed line: RGDA1, Dotted line: RGDA2, Dash dot line: RA

Fig. 2 Same as in Fig. 1 but for λ = 0.00999871 µm

The RGDA is expected to be a good approximation at this
wavelength. Figure 1 confirms that this is indeed the case.
The RGDA can be seen to be in excellent agreement with
Mie results for small angle scattering. The RGDA1 and the
RGDA2 also give good results. In contrast, the SRA under-
estimates the exact results.

As the X-ray energy decreases, all other approximations
also deviate from the Mie results. A comparison similar to
that in Fig. 1 but for λ = 0.00999871 µm has been exhibited
in Fig. 2. This value of λ corresponds to E = 0.124 keV. An
interesting feature worth noting in this figure is that whereas
the RGDA, overestimates the exact curve, the SRA under-
estimates the exact results. We have noted similar behavior
for intermediate values of λ too. This observation is interest-
ing and suggests that a combination of two approximations,
the RGDA and the SRA, with appropriate weights could be
used to approximate the exact result reasonably well. From
a careful study of numerical results from these approxima-
tions we arrive at the following empirical formula for the

Fig. 3 Comparison of i(θ)/i(0) in the RGDA and the MRGDA with
exact Mie computations for a = 0.1 µm and λ = 0.0010332 µm. Solid
line: Exact, Dashed line: RGDA, Dash dot line: MRGDA

modified RGDA,

i(θ)
sph
MRGDA = a2x4|m − 1|2

[
j2

1 (z)

z2

(
1 + cos2 θ

)
(2 − 150λ)

+ 150λ

(
J1(z)

z

)2
(1 + cos θ)2

4

]
. (23)

Note that the weights have been selected such that as λ in-
creases, the contribution from the RGDA decreases. Thus, at
λ = 0.0010332 µm, 92.5 % of the total contribution comes
from the RGDA. This contribution decreases to 25 % at
λ = 0.00999871 µm.

For small angle scattering, following additional approxi-
mations may also be introduced,
(
1 + cos2 θ

) ≈ (1 + cos θ); (1 + cos θ) ≈ 2. (24)

Equation (23) may then be recast into the following compact
form,

i(θ)
sph
MRGDA = a2x4|m − 1|2(1 + cos θ)2

[
j2

1 (z)

z2
(2 − 150λ)

+ 150λ

2

(
J1(x sin θ)

x sin θ

)2]
. (25)

This may also be rewritten as the i(θ)RGDA and a correction
term showing explicitly the modification to the RGDA:

i(θ)
sph
MRGDA = i(θ)RGDA − 150λa2x4|m − 1|2(1 + cos θ)

×
[(

j1(z)

z

)2

− 1

2

(
J1(x sin θ)

x sin θ

)2]
. (26)

Equations (23), (25) and (26) are the main formulas of this
paper.

Figure 3 shows a comparisons of i(θ)/i(0) versus θ for
the RGDA and the MRGDA with exact results. This compar-
ison if for λ = 0.0010332 µm and a = 0.1 µm. As expected



Fig. 4 Same as in Fig. 3 but for λ = 0.00999871 µm

Fig. 5 Comparison of i(θ)/i(0) in the RGDA and the MRGDA with
exact Mie computations for a = 0.25 µm and λ = 0.0010332 µm. Solid
line: Exact, Dashed line: RGDA, Dash dot line: MRGDA

the RGDA and the MRGDA converge to identical results at
small scattering angles. The minimum is better reproduced
by the MRGDA. This is because the zeros of j1(θ) and
J1(θ) occur at different values of θ . At longer wavelength,
λ = 0.00999871 µm, where the RGDA is in disagreement
with exact result, the MRGDA is seen to constitute signifi-
cant improvement over the RGDA in Fig. 4.

The dust particles can be bigger as well as smaller than
a = 0.1 µm. Numerical comparisons of the RGDA and the
MRGDA with exact results for a particle of size a = 0.25 µm
have been shown in Figs. 5 and 6 for λ = 0.0010332 µm and
λ = 0.00999871 µm respectively. The refractive indices are
taken to be the same as for a = 0.1 µm. At the longer wave-
length, the RGDA again overestimates the exact i(θ)/i(0).
The MRGDA improves over the RGDA and can be seen to
agree reasonably well with exact results in both the figures.
Although, the maximum radius of grains in the MRN type
models is generally taken to be a = 0.25 µm, some models
consider grains of even larger size. We include such grains
in this study. A comparison of approximate i(θ)/i(0) with
exact results has been shown in the Fig. 7 for a compara-

Fig. 6 Same as in Fig. 5 but for λ = 0.00999871 µm

Fig. 7 Comparison of i(θ)/i(0) in the RGDA and the MRGDA with
exact Mie computations for a = 1.0 µm and λ = 0.00999871 µm. Solid
line: Exact, Dashed line: RGDA, Dash dot line: MRGDA

tive large particle of radius a = 1.0 µm. The wavelength is
λ = 0.00999871 µm. The MRGDA can be seen to consti-
tute significant improvement over the RGDA and is in good
agreement with the exact result. The possible existence of
large, micron sized particles in the interstellar space was re-
cently discussed by Wang et al. (2014). They modeled the
flat mid-infrared extinction and concluded that there must
be a population of micron sized dust. Also, the most recent
detection of seven interstellar dust grains by Stardust space-
craft indicates the presence of micron-sized dust in the inter-
stellar medium (Westphal et al. 2014). These micrometer-
sized dust grains apparently scatter X-ray photons at all
wavelengths.

It is well known that scattering by small particles is
weak and hence small grains do not contribute strongly. Yet,
for the sake of completeness we also examine the validity
of the RGDA and the MRGDA for a small particle. Fig-
ure 8 exhibits a comparison of i(θ)/i(0) computed using
the RGDA, the MRGDA and the exact result for a particle of
size a = 0.0025 µm and λ = 0.00999871 µm. The RGDA as
well as the MRGDA are in good agreement with exact curve



Fig. 8 Comparison of i(θ)/i(0) in the RGDA and the MRGDA with
exact Mie computations for a = 0.0025 µm and λ = 0.00999871 µm.
Solid line: Exact, Dashed line: RGDA, Dash dot line: MRGDA

at small angles. The MRGDA deviates from exact curve at
larger angles. This is as expected and is a consequence of
the approximation (24) which is valid only for small scat-
tering angles. This disagreement disappears if (23) is used
in place of (25). The MRGDA results then agree with exact
results over the forward lobe, which incidentally spans the
entire angular domain for such a small particle.

5 Summary and conclusions

To summarize, our primary aim in this work was to obtain an
analytic expression which can be used for predicting small
angle differential scattering cross-section for the scattering
of X-rays by interstellar dust particles over the entire wave-
length and size range. Towards this end, we modeled dust
grains as homogeneous spheres and scrupulously investi-
gated some scattering approximations applicable to grains
satisfying the condition |m − 1| � 1. This condition is well
met by interstellar dust particle at X-ray wavelengths. We
also included in this study a lesser known analytic approxi-
mation, namely, the SRA.

The numerical comparisons of the predicted values of ap-
proximate i(θ)/i(0) with exact results confirmed the previ-
ously known fact that the RGDA overestimates the differ-
ential cross-section in long wavelength regime. It was noted
that at smaller X-ray energies, where the RGDA overesti-
mates the exact results, the SRA underestimates the exact re-
sults. This observation led us to set forth an empirical hybrid
approximation, which while retaining the formal simplicity
of the RGDA, also gives reasonably good results over en-
tire range of X-ray energies. This approximation can also be
looked upon as a corrected form of the RGDA and hence the
name MRGDA. We conclude that the MRGDA should prove
to be a useful approximation in studies relating to X-ray

scattering by interstellar dust particles. Although, the com-
parisons presented here are for silicate particles, the compo-
sition of the grains is not important in this scattering regime
and the conclusions are valid for graphite spheres also.

The formula for computation of halo brightness at a given
scattering angle involves integrals over grain size distribu-
tion, their spatial distribution and also over X-ray energy dis-
tribution (see, for example, Smith and Dwek 1998). Clearly,
the use of the RGDA or the MRGDA should result in sig-
nificant quickening of computations vis a vis use of exact
solutions for spherical grains. As for errors, the approxima-
tions are shown to be good and are not expected to introduce
consequential deviations. For non-spherical grains, the exact
solutions may be available or may not be available. In either
event, the present study is expected to serve as a useful guide
for developing similar approximate formulas for differential
scattering cross-section.

The accuracy of two approximate differential scattering
cross-sections, namely the RGDA and the MRGDA, has
been studied in this paper in the context of scattering by
interstellar dust particles. But, the conclusions of the study
are general and should be applicable whenever the validity
conditions are satisfied. The MRGDA can thus be a useful
approximation in many other applications too.
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