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We present experimental results as well as modelling concerning terahertz (THz) wave scattering
by powder materials with grain size of the order of the wavelength. The studied material is a
mixture of high density polyethylene and fructose powders, whose grain size is varied from a
sample to another one while the volume concentration is kept constant. Experimental data are
recorded with a THz time-domain spectroscopy set up. The scattering contribution to the total
propagation loss in such powders shows a resonant behaviour for grain size roughly equal to the
THz wavelength, for which it reaches 80%—-90% of the total loss. Modelling using Mie theory
allows us to well describe the absorption and scattering phenomena. © 2074 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4890732]

During the last decade, many studies have been per-
formed in the terahertz (THz) frequency domain in view of
identifying suspect dangerous or prohibited materials like
explosives' or drugs.” The identification of such materials is
based on reliable spectral signature databases serving as
references to compare the measured results with the data of
the materials to be identified. In most of cases, these materials
are absorbent, and thus, in order to be precisely characterized,
they must be diluted in a transparent host medium, like high
density polyethylene (HDPE) or poly-tetra-fluoro-ethylene
(PTEE). Also, in the case of explosives or bacteria, the dilu-
tion makes the samples less dangerous than the pure material.
Moreover, threat materials are often made of powders that
can be either pure or mixed with a concealing substance.
Previous studies have shown that scattering of THz waves by
powder grains is responsible for both an overestimation of
the absorption and a distortion of the spectral resonance peaks
of the powder material. In materials with a low density of
scattering particles, Shen er al.”® reported that the extinction
coefficient of the mixture depends on the square of the THz
frequency, whereas Franz et al.* brought out a Christiansen
effect in such inhomogeneous samples. On the other hand,
multiple scattering process occurs in densely packed mixtures
of dielectric powders, which can be modelled by the quasi-
crystalline approximation.” Apart from this latter case or
from large non-spherical particles, Mie theory is generally
used to well predict the size dependent effect of scattering in
the THz region. Bandyopadhyay et al.° successfully
employed Mie theory to separate intrinsic absorption from
scattering losses in different powder materials.

Here, we study, both experimentally and numerically,
the THz scattering in moderately dense mixtures, namely
mixtures of powders of fructose and HDPE. We mostly
investigate the role of the size of the scattering fructose par-
ticles. We define the dimensionless size-parameter x as

x=ma/l, ey
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where a is the average diameter of the scattering particle and
/ the relative wavelength in the medium (1 = Ay /n, A is the
wavelength in vacuum and n is the refractive index of
the mixture). We observe that the scattering contribution to
the total value of the losses increases continuously with the
particle size as far as x remains smaller than 2z. Over this
value, the scattering contribution decreases. For small values
of x, simple predictive models, like the model of the
Christiansen effect proposed by Raman,* allow one to nicely
describe the scattering process, whereas it is no more the
case for higher values of x, typically larger than 27. Thus, a
more rigorous theory, like the Mie theory, is necessary to fit
the experimental results.

We use a mixture of fructose powder, which is the fin-
gerprint material,” and of HDPE (MIPELON XM-220),
which serves as transparent host medium. The samples are
fabricated by mixing the two components while keeping con-
stant their mass ratio (50%—-50%), corresponding to a volume
concentration of about 30% of fructose and 70% of HDPE.
Different pellets are fabricated using a hydraulic press
(10ton) and varying the fructose grain diameter a from
50 um to 550 um by step of about 50 um. The fructose grains
are sorted by size using a set of sieves. Typically, about 90%
of the grain size is spread between the biggest and smallest
sieve sizes (typically Aa =50 um) used to select the grains,
while the 10% resting grains exhibit a smaller size. A fine
analysis by microscopy reveals that the grains exhibit a
square-like shape whose side length is typically 10% smaller
than the size expected from the sieve selection process. The
thickness of the pellets ranges from 0.5 to 1 mm to optimize
the signal-to-noise ratio of the transmitted THz signal.

The samples are characterized using a classical trans-
mission THz time-domain spectroscopy (THz-TDS) set up.®
The THz beam is collimated and focused onto the sample
using a set of two parabolic mirrors. A similar optical
scheme directs the transmitted THz beam onto the receiver.
The THz detecting optics (numerical aperture 0.29) collects
about 2% of the scattered THz signal in the case of a
Lambertian scattering phenomenon. The optical parameters

© 2014 AIP Publishing LLC
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(refractive index n and absorption coefficient o) of the sam-
ple material are extracted from the measured THz transmis-
sion coefficient using a reliable numerical procedure.” For
scattering samples, the total experimental loss, evaluated
from the straight transmission through the sample, arises
from two contributions: the intrinsic absorption of the mate-
rial and the scattering loss. We focus here our study on this
latter contribution, i.e. on the scattering-induced over-
estimation of absorption. In our samples, there is no multiple
scattering4 because we observe that the measured total loss
coefficient does not depend on the sample thickness. Thus,
the scattering loss can be modelled like absorption and the
equivalent total absorption of the mixture writes:

Ototal = %absorption + Uscartering - (2)

%oral 18 directly obtained from THz-TDS measurements.
Conversely, as most of scattered THz light does not reach
the receiver, the scattering coefficient ocqsering cannot be
measured. Nevertheless, ocqering could be determined by
estimating oupsorprion and then subtracting its value from oy
(2). The estimation of ot,ps0rpion Would require pellets of very
small particles of PEHD and fructose in which scattering is
supposed to be negligible. However, this procedure does not
lead to a precise value of aypsomprion as there is still a weak
remaining scattering even with particles as small as some
tens of micrometers.

The absorption spectra of our fructose-HDPE mixture
samples are very similar to those given in Ref. 4, in which
the effect of scattering is clearly seen, and thus are not repro-
duced here. In Fig. 1, we plot «,,,, versus the fructose grain
diameter a for 4 frequencies in the spectral range of interest
(0.5, 0.8, 1.2, and 1.5 THz). The choice of these frequencies
is done for optimizing the precision of the measurement, tak-
ing into account both absorption and scattering. Indeed, at
the absorption peak frequencies (1.32, 1.73, 2.15, and 2.68
THz)’ or at higher frequencies, the precision of the measure-
ments is poor because of low transmission through the sam-
ple and/or a weak experimental dynamic. Dots in Fig. 1 are
experimental data determined by transmission THz-TDS,
while the continuous lines are their corresponding quadratic
fit. At low grain diameters, o, increases monotonously
with the particles diameter and exhibits a quadratic behav-
iour whatever is the frequency. Because the mass ratio of the

500 GHz |4
800 GHz

1200 GHz
1500 GHz | |

Xooe

0 100 200 300 400 500 600
Fructose grain diameter (jtm)

FIG. 1. o,y obtained from THz-TDS measurement (dots) versus the fruc-
tose grain diameter for 4 frequencies, together with quadratic fits (solid
lines).
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two components in the mixture is kept constant, the limit of
the fit curve, when the fructose grain size tends to zero, per-
mits to evaluate the intrinsic absorption of the mixture, i.e.
without scattering loss.

When the grain diameter reaches higher values, o,
first saturates and then decreases with the grain diameter.
The grain size a,,,,, for which o,,,,, is maximum, depends on
the frequency. Table I gives a,,,, and the corresponding size
parameter value x for different frequencies. The x parameter
is calculated using a refractive index of 1.58 for the mixture,
measured for the sample with the smallest particles size.
Indeed, in such a sample, even if scattering occurs, its influ-
ence on the value of the index of refraction remains very
weak. The maximum of «,,,, is roughly reached for grain
diameters corresponding to twice the wavelength. Therefore,
for grain diameter typically smaller than the wavelength,
simple models, like the one by Raman of the Christiansen
effect, describe well the scattering efficiency while, for big-
ger grains, more sophisticated scattering theories are
compulsory.

Here, we use the Mie theory'® as it is valid even for
large size-parameter value. On the other hand, the calcula-
tion should be performed numerically, as there is no analyti-
cal expression of Mie scattering efficiency.

To evaluate the Mie scattering contribution to the loss,
we employ a code based on the formalism by Bohren and
Huffman.'! This code computes the 4 Mie coefficients a,,
b,, ¢, and d, that are, respectively, the efficiencies of extinc-
tion, scattering, backscattering, and absorption. In our study,
we only focus on the scattering b,, and absorption d,, coeffi-
cients, whose sum corresponds to the experimentally eval-
uated o,,,,;. The input parameters of the code are the fructose
grain diameter a, the fructose volume ratio, its complex
refractive index, the refractive index of the HDPE, which is
supposed to be a transparent host material, and the wave-
length in vacuum. Let us notice that the Mie theory is based
on scattering by perfect spherical objects, whereas the fruc-
tose particles in our samples exhibit roughly a square shape,
as explained previously.

The refractive indices of the materials used in the calcu-
lation have been measured using pure pellets of fructose and
HDPE, with grain size smaller than a few tens of um.
For these samples, scattering is almost negligible. We mea-
sure nyppr=1.41 and k< 10? (x = a/(4nf/c) over the
whole frequency range 0.1-2 THz. Absorption of HDPE is
negligible and, thus, neglected as imposed by the code. For
fructose, both refractive index and absorption depend on the
frequency: Table II shows the measured values for the 4
frequencies of Fig. 1.

Let us notice that the refractive index of HDPE remains
notably smaller than the one obtained for bulk material

TABLE I. Value of the size parameter x calculated at the maximum of o,
and using 7, e = 1.58.

f(THz) o (um) Ay (M) x=mall
0.8 375 430 1.8xm
1.2 250 360 22xm
L5 200 250 2Xm
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TABLE II. Refractive index and absorption values of pure fructose extracted
from THz-TDS data and entered in the Mie scattering computation.

f(THz) 0.5 0.8 12 15
N 1.97 1.98 2.01 2.04
o(cm™ ) 2.5 6 11 19

(pppe = 1.51 ~1.54).">13 This smaller value is due to air
inclusions in the samples. In our case, an estimation based
on the pellet density leads to a volume ratio of about 16% of
air, which is in good agreement with previously published
results,14 if we consider that the diameter distribution of
HDPE grains is centred on 30um. Moreover, using a
Maxwell-Garnett effective medium approximation (EMA),"
the expected value of the effective refractive index of such
air-HDPE mixture is 1.42, considering a bulk HDPE refrac-
tive index nyppg = 1.51. EMA can be then considered as suf-
ficiently reliable to evaluate the effective refractive index of
a mixture in the case of moderate scattering. But, this is not
the case for absorption, which is more significantly affected
by scattering than the refractive index.

Fig. 2 presents, for the 4 same frequencies as in Fig. 1,
the measured o,,,, data versus the fructose grain size, to-
gether with the curves calculated with the Mie model consid-
ering two values for npgyp, namely 1.41 (continuous line)
and 1.51 (dashed line). For f=15THz (Fig. 2(a)), the

100 L ; (a) 1.5 THz |

0 100 200 300 400 500 600
Fructose grain diameter (pm)

FIG. 2. 0,y of the fructose-PEHD mixture versus fructose grains size:
measured (dots) and calculated using Mie theory with nyppr=1.51 (dashed
line) and with nyppr = 1.41 (continuous line).
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measured data distribution is bell-shaped. The maximum of
absorption (~100cm ") occurs when the grain diameter is
equal to twice the wavelength in the grain material (fruc-
tose), which could be attributed to the contribution to the
loss of a resonant scattering effect involving the grains. The
measured absorption is larger than the one (9.3 cm™') calcu-
lated with the EMA model, which does not include any scat-
tering contribution. This means that scattering contribution
to the attenuation of the THz beam is by far more important
than pure absorption in the fructose material. Similar to the
1.5 THz case, data recorded at 1.2 THz (Fig. 2(b)) exhibit a
pronounced maximum around 350 um and are distributed
around the typical bell-shaped curve. For smaller frequen-
cies, namely 0.8 (Fig. 2(c)) and 0.5 THz (Fig. 2(d)), the max-
imum seems to be shifted outside the experimental range,
i.e., over a =500 um. It would have been interesting to reach
the region where the grain size is of the order of millimetre.
Unfortunately, such large grain size does not permit to man-
ufacture flat samples of thickness smaller than 1 mm, which
is compulsory to detect a signal in transmission. Moreover,
the fructose re-crystallisation process leads to grains whose
shape becomes flat, far away from the expected spherical
one entered in the modelling.

Over the whole experimental spectrum, total absorption
is always larger than pure absorption by the fructose grains
as calculated with the EMA model. Total absorption and
absorption in fructose tend to be equal when the fructose
grain size is very small, which is expected as no scattering
befalls with small grains.

The theoretical curves, calculated without any adjusting
parameter, exhibit an overall shape similar to the experimen-
tal data. However, at higher frequencies (1.2 and 1.5 THz),
curves calculated with npgyp = 1.41 (bulk value) are in bet-
ter agreement with the measured values than with
npepp = 1.51. The order of magnitude of the total absorption
is close to the measured one; however, the calculated curves
are slightly shifted towards smaller grain sizes. On the con-
trary, at lower frequencies (0.5 and 0.8 THz), the best fit is
obtained with npgyp=1.51. Using the bulk npgyp=1.41
value leads to an overestimation of the total absorption.

This observation does not agree with the EMA theory.
Indeed, even if made under a high pressure, there are still
some resting air inclusions in the pellets. Instead of solving
the difficult problem of a mixture of 3 components (air,
HDPE and fructose), we suppose here that the mixture
behaves as if the air inclusions are located only in HDPE
and, thus, lead to a decrease of the HDPE refractive index.
This assumption should be especially true for wavelengths
longer (lower frequencies) than the particles size, but this is
not what is observed. Another tentative explanation could be
found in the influence of absorption in fructose.

In Fig. 3 (here plotted for f=0.8 THz), we qualitatively
assess the impact of the fructose absorption value on the Mie
theory prediction. Decreasing the absorption value of fruc-
tose in the calculation leads to a double effect (see Fig. 3): a
reduction of the total absorption o, and a shift of the curve
toward larger grain values. Thus, for a smaller absorption in
fructose, the theory-experiment agreement is better. This
could be explained by an overestimation of the measured
absorption in pure fructose. Indeed, the fructose absorption
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FIG. 3. o, of the fructose-PEHD mixture 0.8 THz: measured (dots) and
calculated using Mie theory taking into account intrinsic fructose absorption
(dashed line) and without (continuous line).

values, used in the previous modelling (see Table II), were
experimentally determined from pure fructose pellets whose
diameter of grains is typically smaller than 50 um. Even in
this case, scattering occurs because of air inclusions and lead
to an overestimation of the absorption.

In order to estimate the relative weights of scattering
and pure absorption on the propagation loss in the fructose-
HDPE mixture, we define the relative scattering contribution
to the loss by the ratio n

Oscattering _ Ototal — Qabsorption 3)

n=
Arotal %total

We calculate n using the Mie theory code. Fig. 4
presents the relative scattering contribution # versus the par-
ticles diameter for the 4 studied frequencies. Continuous and
dashed curves are calculated, whereas dots correspond to ex-
perimental data. As explained above, o, is determined
from direct THz-TDS data, while pure absorption of the mix-
ture is derived from data measured for a mixture of very
small particles (extrapolated at small fructose grain sizes
from Fig. 1).

Like power attenuation (total absorption), scattering
contribution 7 shows a resonant behaviour versus the grain
size, whatever is the THz wavelength. Maximum of power
attenuation in the samples occurs for particle diameter com-
parable to the wavelength. At this maximum, losses induced
by scattering represent 80%—-90% of the total measured
losses.

In summary, we show that scattering effect can not be
well predicted by the simple model when the size of the scat-
tering particles is typically of the order or larger than the
wavelength. In such a case, more sophisticated models like
Mie theory become compulsory to qualitatively and quantita-
tively describe the scattering process and to evaluate its con-
tribution to the THz power attenuation in the powders. For
typical sub-millimetre size particles, the scattering

Appl. Phys. Lett. 105, 031106 (2014)

100 . . T T
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FIG. 4. Relative scattering contribution 1 versus the particle diameter calcu-
lated using npgyp=1.41 (continuous lines) and directly evaluated from
Fig. 1 (dots).

contribution reaches 80% ~ 90% of the total power attenua-
tion, even at frequency for which the particle material shows
a rather strong absorption (here at 1.5 THz). The scattering
contribution to the total losses greatly depends on the par-
ticles characteristics as size, distribution, shape, intrinsic re-
fractive index, and absorption. Let us emphasize that, most
of the time, the value of these parameters is unknown. In
addition, air inclusions are always present in pellets of pow-
ders, even if strongly pressed, and they make the analysis
even more complicated.

K. Yamamoto, M. Yamaguchi, F. Miyamaru, M. Tani, M. Hangyo, T.
Ikeda, A. Matsushita, K. Koide, M. Tatsuno, and Y. Minami, Jpn. J. Appl.
Phys., Part 1 43, L414 (2004).

K. Kawase, Y. Ogawa, Y. Watanabe, and H. Inoue, Opt. Express 11, 2549
(2003).

3Y. C. Shen, P. F. Taday, and M. Pepper, Appl. Phys. Lett. 92, 051103
(2008).

M. Franz, B. M. Fisher, and M. Walther, Appl. Phys. Lett. 92, 021107
(2008).

SL. M. Zurk, B. Orlowski, D. P. Winebrenner, E. I. Thorsos, M. R. Leahy-
Hoppa, and L. M. Hayden, J. Opt. Soc. Am. B 24, 2238 (2007).

A. Bandyopadhyay, A. Sengupta, R. B. Barat, D. E. Gary, J. F. Federic,
M. Chen, and D. B. Tanner, Int. J. Infrared Millimeter Waves 28, 969
(2007).

7J.-L Nishizawa, T. Sasaki, T. Tanabe, and T. Kimura, J. Phys. D: Appl.
Phys. 36, 2958 (2003).

8M. van Exter and D. Grischkowsky, IEEE Trans. Microwave Theory
Tech. 38, 1684 (1990).

L. Duvillaret, F. Garet, and J.-L. Coutaz, IEEE J. Sel. Top. Quantum
Electron. 2, 739 (1996).

1G. Mie, Ann. Phys. (Leipzig, Ger.) 330, 377 (1908).

''C. F. Bohren and D. R. Huffman, Absorption and Scattering of Light by
Small Particles (J. Wiley & Sons, p. 531, New York, 1983); Ch. Matzler,
Research Report No. 2002-08, Institut fiir Angwandte Physik, University
of Bern.

12Y -S. Lee, Principle of Terahertz Science and Technology (Springer, New
York, 2009), p. 163.

13Y -S. Jin, G.-J. Kim, and S.-G. Jeon, J. Korean Phys. Soc. 49, 513 (2006).

4L Kaushik, B. W.-H. Ng, B. M. Fisher, and D. Abbott, Appl. Phys. Lett.
100, 011107 (2012).

15J. C. Maxwell-Garnett, Philos. Trans. R. Soc. A 203, 385 (1904).


http://dx.doi.org/10.1143/JJAP.43.L414
http://dx.doi.org/10.1143/JJAP.43.L414
http://dx.doi.org/10.1364/OE.11.002549
http://dx.doi.org/10.1063/1.2840719
http://dx.doi.org/10.1063/1.2831910
http://dx.doi.org/10.1364/JOSAB.24.002238
http://dx.doi.org/10.1007/s10762-007-9276-y
http://dx.doi.org/10.1088/0022-3727/36/23/015
http://dx.doi.org/10.1088/0022-3727/36/23/015
http://dx.doi.org/10.1109/22.60016
http://dx.doi.org/10.1109/22.60016
http://dx.doi.org/10.1109/2944.571775
http://dx.doi.org/10.1109/2944.571775
http://dx.doi.org/10.1002/andp.19083300302
http://dx.doi.org/10.1063/1.3674289
http://dx.doi.org/10.1098/rsta.1904.0024

	d1
	l
	n1
	d2
	f1
	t1
	t2
	f2
	d3
	c1
	c2
	c3
	c4
	c5
	c6
	c7
	c8
	c9
	c10
	c11
	c12
	c13
	c14
	c15
	f3
	f4

