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Influence of Particle Size on Optical Constants
From Pellets Measured With Terahertz
Pulsed Spectroscopy

Tiphaine Bardon, Robert K. May, Philip F. Taday, and Matija Strli¢

Abstract—Particle size is shown to influence both the overall
value and the measurement precision of the refractive index and
absorption coefficient of a sample diluted with high density poly-
ethylene (HDPE) powder and compressed in a pellet. However,
excessive grinding of a sample before it is mixed with HDPE
powder can result in the formation of large particle clusters. These
aggregates can induce internal scattering of the terahertz pulse
within the pellet as well as lead to different mechanical properties
of the pellet, which may change the distribution of air pores.
These phenomena result in extracted optical constants with low
accuracy and precision. The present work introduces a simple
experimental procedure to improve the precision and accuracy
of optical constants from spectroscopic pellets. This procedure
consists of moderately grinding the sample powder in fine HDPE
powder with a pestle and mortar. The standard deviation of the
refractive index of Prussian blue has been observed to reduce
from 0.14 to 0.02 following this procedure.

Index Terms—Particle size, pellet, Prussian blue, pulsed spec-
troscopy, scattering, sucrose, terahertz.

I. INTRODUCTION

ERAHERTZ metrology is rapidly developing with the in-

creased access to terahertz technologies. Terahertz time-
domain spectroscopy (TDS) is widely used as it represents a
powerful diagnostic tool to identify inter-molecular and some
intra-molecular vibrations in different materials, as well as de-
termine their optical constants. Refractive index and absorption
coefficient are crucial parameters which enable better interpre-
tation of terahertz images of layered structures such as coated
pharmaceutical tablets [1], [2] or painted artefacts [3], [4]. For
some materials absorbing in the terahertz region, extraction of
optical constants from transmission through a solid slab or sheet
may prove to be difficult due to excessive losses in the signal
transmitted through a thick slab, and/or due to the etalon effect
arising from multiple internal reflections of terahertz pulses on
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thin sheet surfaces. To overcome these issues, a granular form
of the material is often diluted into a low absorbing material,
such as polyethylene powder, and the powder mixture then com-
pressed into a thick pellet [5], [6]. Previous studies have inves-
tigated the influence of the particle size of granular materials
on the spectral signature (absorbance, transmittance, absorption
or attenuation coefficient spectra) of the material in the tera-
hertz region, observing changes in the monotonic increase of the
baseline, anomalous spectral features and distortions of vibra-
tional absorption bands [7]-[12]. A study has recently suggested
a curve-fitting equation to distinguish the absorption behavior
of the material from scattering-induced effects in heterogeneous
and scattering specimens [12]. Yet, no study has been made of
the influence of particle size on refractive index values extracted
using terahertz TDS. Additionally, few studies present data from
duplicate or triplicate measurements (or more) and discuss the
precision of the optical constants [13]-[19]. Many substances
commonly studied with terahertz TDS are white, therefore the
distribution of their particles within the white polyethylene ma-
trix is difficult to observe. The study of optical properties of pig-
ments in the terahertz region has enabled us to observe the in-
fluence of particle size as well as of the mixing procedure of the
granular material on the homogeneity of spectroscopic pellets
and on the overall value and precision of the optical constants.
These observations are reported and discussed in the present
letter, together with best practice of pellet preparation.

II. MATERIALS AND METHODS

A. Spectroscopic Pellets

Sucrose is a chemical readily available in large quantities
and has a distinct spectral signature in the terahertz region
0.15-3 THz [20]. Sucrose powder, therefore, is a convenient
material for investigating the influence of particle size on the
measured optical constants, as large amounts can be processed
to obtain sufficient quantities of each size range of interest for
spectroscopic analysis. Prussian blue is regarded as the first
modern synthetic pigment and was widely used in artworks
and documents due to its availability and ease of use [21]. The
strong contrast in color between the white polyethylene matrix
and Prussian blue facilitates the observation of the effects of
sample preparation on the homogeneity of the pellet.

Powders of sucrose with different grain sizes were prepared
as described elsewhere [7] in five categories: 53-75, 75-106,
106-150, 150-250, and > 250 pm. Powders from each size
category were then mixed with a low-absorbing HDPE powder
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(Inducos 13/1, with particle size < 80 pum) with a mass ratio
of sucrose to polyethylene of 10%.

Prussian blue pigment (L. Cornelissen & Son, London, U.K.)
was dispersed on a glass slide and examined under optical mi-
croscope: individual particles could not be resolved with the
optical microscope, as observed by Eastaugh et al. [22], but
the average size of particle aggregates was found to be below
13 pm. Prussian blue was mixed with HDPE powder with a
mass ratio of pigment to polyethylene of 10%, using three dif-
ferent procedures. Procedure a consisted of further grinding the
pigment powder in an agate mortar before mixing it with HDPE
powder. Procedure b consisted of mixing the pigment powder as
received with HDPE (the same procedure as the one used for the
preparation of sucrose pellets). Procedure c¢ consisted of mod-
erately grinding the powder mixture obtained from Procedure
b using a pestle and mortar until a homogeneous blue powder
was obtained. Procedures b and ¢ therefore have the same par-
ticle size of pigment powder before mixing with HDPE powder,
but the mixing procedure is different. Each sample powder mix-
ture was pressed into three 400-mg pellets using a hydraulic
press (Specac, P/N 15011) under 2 tons of pressure for an equal
amount of time, resulting in triplicate pellets with a diameter of
13 mm and a thickness of 3.53-3.87 mm (depending on sample
and mixture preparation).

B. Terahertz Time-Domain Spectroscopy

Prepared pellets were spectroscopically analyzed in transmis-
sion mode using a commercially available time-domain spec-
trometer, TPS Spectra 3000 (TeraView Ltd., Cambridge, U.K.).
The pellets were placed in a nitrogen purged sample compart-
ment, at the focal plane of a focused terahertz beam. The di-
ameter of the terahertz beam at the focal point was measured by
placing a variable diameter circular aperture at the focal plane of
the beam and by reducing the aperture diameter until the beam
path begins to be blocked, i.e., an offset in the baseline of the ab-
sorbance spectrum is observed compared to the baseline when
the beam path is unblocked. The results indicate a beam diam-
eter of 6.5 mm at 1.2 THz and 3.5 mm at 3 THz. 1800 scans
were acquired at a scan rate of 30 Hz, and co-averaged to mini-
mize random noise (i.e., each time point of the resulting wave-
form is the average of the 1800 points acquired at the same time
position). The Fourier transform of the co-averaged waveforms
resulted in a working spectral range of 5-100 cm ! for sucrose,
and 570 cm ! for the highly absorbing Prussian blue, with a
spectral resolution of 1.2 cm 1. The signal transmitted through
a 360-mg pellet of pure polyethylene powder was used as a ref-
erence measurement. Different reference pellets were prepared
and used for different days of acquisition, and their thickness
ranged from 3315.7 to 3361 pm.

C. Refractive Index Calculations

Constant (i.e., frequency-independent) refractive indices
were calculated as follows, and reported in Table I

2A¢
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NConstant = 1 +

409

TABLE I
OPTICAL PROPERTIES AND THICKNESSES OF SPECTROSCOPIC PELLETS

“Constant” Slope of the Time lef(_:rence
. . delay 4t in
Sample refractive absorption .
. . (um) thickness
index coefficient
d (um)
Sucrose > 250 pm 1.77£0.10 6.76 £ 1.14 68+ 11 176 + 15
Sucrose 150 - 250 pm 1.84 +0.08 1.59+0.35 78 +7 186 +22
Sucrose 106 - 150 um 1.79 +0.01 0.72+0.28 81+6 205+ 16
Sucrose 75 - 106 pm 1.71+0.01 0.38 +0.04 74 +3 209 +6
Sucrose 53 —75 pm 1.74+0.06 0.28+£0.12 78 +3 212+9
Prussian blue a 1.87+£0.14 1.39+0.51 148 +£21 342+ 15
Prussian blue b 1.75 £ 0.05 0.78+0.12 137+8 363+5
Prussian blue ¢ 1.48 £0.02 023+£0.03 131+6 550+5

Average “constant” refractive index, slope of the absorption coefficient,
observed time delay and measured difference in thickness between the
sample and reference pellets, and their associated standard deviations for
each set of triplicate pellets. The “constant” refractive index and the slope
of the absorption coefficient were calculated using (1) and the linear fit to
(4) in the range 5-25 cm~! (R = 0.98 £+ 0.01).

where At is the time difference (in units of mm) between the
maxima of the waveforms collected for the sample and the ref-
erence pellets, and d is the difference in thickness (in units of
mm) between the sample and reference pellets. While this value
is a good and easy to compare indicator of the delay of the pulse
due to changes in speed of propagation rather than to changes in
pellet thickness, this value would only truly be a constant if the
speed of propagation were also constant, i.e., did not depend on
frequency, with no broadening of the pulse observed after trans-
mission through the pellet. This is often not the case.
Therefore, frequency-dependent refractive indices were also
calculated and are presented in Figs. 1 and 4(b). These indices
were calculated using the unwrapped phase ¢(v) of the complex
transmittance 7'(v), which is the ratio of the complex-valued
sample and reference spectra, S(v) and R(r), respectively [23]

T(v) = % — Ty W) — Ty eilds () —¢R()) Q)
n(r)=1- ) 3)

2TV —1dem

If the sample and reference time-domain waveforms are not
aligned on the time axis, a phase offset A¢(r) proportional to
the initial time difference is subtracted to ¢(v) for the calcula-
tion of the refractive index.

Attenuation of the amplitude of the terahertz electric field
transmitted through the sample pellet compared to the electric
field transmitted through the reference pellet arises from three
phenomena: 1) absorption by the sample; 2) Fresnel reflection
losses at the surface of the pellet; and 3) internal scattering from
powder particles and air pores. Frequency-dependent absorp-
tion coefficients presented in Figs. 2 and 4(a) were calculated
from (3) using the following formula correcting for the effects
of Fresnel reflection losses [23]:

2 Anpges
a(v) = In { Bw) } Fin | Ammen®) 1)
dem S(v) (n(v) + nget)
with nger set to 1. Equation (4) does not correct for any scat-
tering losses originating from within the pellet. Therefore, (/)
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Fig. 1. Frequency-dependent refractive indices of pellets of sucrose powders
with different grain sizes, calculated using (3). Solid, dashed, and dotted lines
in each graph represent data collected from each triplicate pellet.

is indicative of the total extinction of the terahertz beam, and
encompasses any absorption by the sample powder, as well as
scattering from powder particles and air pores.

D. Thickness Measurements

Using (1), it can be observed that the error in refractive index
Amn caused by an error Ad in the reading of the thickness of the
pellets is a function of d:

Ad  2At

)

In this study, d was found to vary between 164-553 pm. For a
sucrose pellet with a difference in thickness between the sample
and reference pellets of d = 164 pm, a time difference At =
54.8 pm was observed. Uncertainties in readings of d of 1 and
10 pm would correspond to uncertainties in refractive index of

Ang o1 0.0384
_ =23 for Ad = 10
N Constant 1.6683 %7 . -
A 0041
ng.oor _ 0.00 = 0.2%, for Ad = 1 pm.

N Constant B 1.6683
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1 53 -75 um
300 - :

200 +

Absorption coefficient (cm™)

LI
150 - 250 pm &%,

300 )

510 20 30 40 50 60 70 80 90 100
Wavenumber (cm™)

Fig. 2. Frequency-dependent absorption coefficients of pellets of sucrose pow-
ders with different grain sizes, calculated using (4). Solid, dashed, and dotted
lines in each graph represent data collected from each triplicate pellet.

Fig. 3. (a)—(c) Microscope images of the surface of spectroscopic pellets pre-
pared following Procedures a, b, and c, respectively (magnification: x<200); (d)
microscope image (magnification: X 1000); and (¢) SEM image of the powder
mixture of Prussian blue and HDPE produced following Procedure c. On the
SEM image produced with back scattered electrons, Prussian blue appears as
bright, as it contains iron ions and is therefore heavier than HDPE.

For the same thickness difference of d = 164 pm, a mate-
rial with a larger refractive index than sucrose would lead to a
longer optical path length n+*d, and therefore to a larger recorded
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Fig. 4. Frequency-dependent absorption coefficients (a) and refractive indices
(b) of Prussian blue spectroscopic pellets, prepared following Procedures a, b,
and ¢ (black, gray and light gray lines, respectively). The lines represent the
average of data from triplicate pellets, and the error bars represent the standard
deviation.

time delay. For such material, the variation An due to a thick-
ness accuracy Ad would therefore be even larger than the values
reported here. To minimize uncertainties in n due to thickness
measurements, a caliper with an accuracy of £1 pm was se-
lected, and calculations of 7 were made using the average of
triplicate thickness measurements on each pellet.

E. Microscopy

To observe particle sizes and pigment distribution, powder
mixtures of Prussian blue prepared following Procedure c were
dispersed onto a conductive carbon adhesive tape and imaged
with a Hitachi TM 3030 scanning electron microscope (SEM).
Additionally, the surface of the tape as well as the surface of
spectroscopic pellets of Prussian blue were imaged with the 3D
VHX-5000 microscope (Keyence).

III. RESULTS AND DISCUSSION

Walther et al. [20] reported that the refractive index of a solid
spectroscopic pellet obtained from milled sucrose powder di-
luted with polyethylene is 1.8 on average over the frequency
range 0.2—4 THz. While Fig. 1 and Table I report similar values,
they also indicate that the average value and precision of the re-
fractive index measurements from such pellet depends on the
particle size range. While the average value and standard de-
viation of the refractive index is lower for particles with sizes
between 75 and 106 pm, both are seen to increase with larger
particle sizes, until reaching a standard deviation of 0.1 for par-
ticles larger than 250 pym. A similar phenomenon is observed
for the absorption coefficients in Fig. 2: for particles larger than
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75 pm, the increasing baseline is more pronounced and less re-
producible with increasing particle size. This is particularly evi-
dent when approximating the power-law frequency dependence
of the baseline of the absorption coefficient to a linear depen-
dence at low frequencies: the slope of the linear fit of the absorp-
tion coefficient between 5-25 cm ! increases with increasing
particle size, together with its standard deviation, as reported in
Table 1.

Additionally, for both refractive index and absorption coeffi-
cient values, spectral features at 48, 55, 60, 74, 85 and 94 cm !
characteristic of sucrose at 300 K [20] are well observed in all
triplicate spectra for particles with sizes below 150 pzm. How-
ever, for larger particles these spectral features broaden and are
not consistently observed. For particles larger than 250 ym, ad-
ditional features are also detected. When re-analyzing pellets
with a sucrose particle size larger than 150 gm, rotating them
in the plane perpendicular to the direction of propagation of the
beam, these additional bands were observed not to be repeat-
able. Such spectral artifacts and distortions, together with in-
creasing baselines, were also observed by Shen et al. [7] for
sucrose particles with sizes more than 250 pm in a powder cell,
and by Franz et al. [8] for phenyllactic acid particles with sizes
between 400—-600 pm, diluted with PE and compressed into pel-
lets. These studies describe spectral artifacts and distortions as
a result of scattering, induced by the refractive index discrep-
ancy between a sample particle with a size similar to the inci-
dent wavelength (100—2000 pm in dry air) and the surrounding
polyethylene matrix, also known as the Christiansen effect. For
particles smaller than the incident wavelength, the media con-
stituting the pellet can be considered homogeneous, and the
terahertz beam is not scattered. Such scattering can also influ-
ence the time delay At between the terahertz pulses transmitted
through the reference and sample pellets: a terahertz pulse expe-
riencing an internal reflection on a large particle will escape the
spectroscopic pellet at a later time than a pulse experiencing no
internal reflection, and the measured At would be larger. Yet,
if multiple internal scattering occurs on various large particles,
the incident signal would be separated into different scattered
signals escaping the same pellet at different times, and with
different intensities. These signals would overlap and the re-
sulting waveform would have a Full Width at Half Maximum
(FWHM) and a time position of the maximum amplitude (i.e., a
time delay) depending on the number and degree of overlap of
these scattered signals. This is the reason why the average time
delays for sucrose pellets reported in Table I do not display a
systematic decrease with smaller particle size, while their stan-
dard deviation do. The change in the degree of overlap of the
scattered signals would change the shape of the waveform, and
therefore its spectral dependency in the frequency-domain: this
is why additional spectral features may be observed for pellets
containing particles with sizes similar to or larger than the wave-
length of the incident pulse. When re-analyzing pellets with a
sucrose particle size larger than 150 pm, rotating them about the
axis of propagation of the pulse, the orientation of the sucrose
particle-HDPE particle interfaces is changed with respect to the
polarized incident beam. Therefore, the incident pulse may not
undergo the same multiple internal scattering and the number
and degree of overlap of the scattered signals may change: the
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shape of the resulting waveform may differ and as a result, the
spectral features observed once for this same pellet are not ob-
served again. Therefore, while we can consider that pellets con-
stituted of large particles of sucrose are birefringent, that does
not mean that sucrose itself is birefringent.

It should be noted that the standard deviation for both refrac-
tive index and absorption coefficient is larger for particle sizes
comprised between 53—75 pm than for particle sizes between
75-106 pm. This could be explained by the fact that at a crit-
ical particle size, the active surface area of a particle is such that
surface forces (e.g., electrostatic or van der Waals) start to be
significant and sample particles may have a preferred affinity to
bind with other sample particles, rather than with HDPE parti-
cles. This would create clusters of sample particles which can
be assimilated to large sample particles and would lead to scat-
tering effects similar to those mentioned above.

Prussian blue fine particles are known to form aggregates
[22] and unlike white sucrose particles are intensely colored,
which makes it possible to observe clusters of particles in the
white HDPE matrix. Fig. 3(a) shows an example of such a
cluster at the surface of a spectroscopic pellet: the fine Prussian
blue powder was further ground prior to its mixing with HDPE
and this resulted in the formation of aggregates which can be
larger than 500 gm. Mixing the Prussian blue powder without
additional grinding resulted in aggregates smaller than 150 pm,
as observed in Fig. 3(b). The use of mechanical forces through
moderate grinding of the powder mixture with a pestle and
mortar to counterbalance the electrostatic forces at the surface
of small Prussian blue particles resulted in an intricate binding
of Prussian blue particles with HDPE particles, as observed
in Fig. 3(d) and (e). This procedure produced a homogeneous
powder, and the resulting spectroscopic pellet could be consid-
ered as a homogeneous medium with respect to the wavelength
of the incident beam, as observed in Fig. 3(c).

Refractive indices and absorption coefficients from Prussian
blue pellets produced using the different procedures are listed
in Table I and Fig. 4. Standard deviations reported in this figure
clearly indicate that optical constant values extracted from pel-
lets produced with Procedure c are significantly more repro-
ducible than values extracted from pellets produced with Pro-
cedure a. Furthermore, as observed for sucrose with increasing
particle sizes, the increasing baseline due to scattering with the
Christiansen effect is also more pronounced in absorption coef-
ficients extracted from pellets resulting from Procedure a and
b. Finally, Fig. 4(b) and Table I indicate that the average refrac-
tive indices for pellets resulting from Procedure a and b have an
offset of 0.3 to 0.4 compared to refractive indices from homo-
geneous pellets. Table I also indicates that pellets resulting from
Procedure ¢ were found to be significantly thicker than pellets
with a poor pigment distribution. One would expect that this
would increase their associated time delays, yet Table I reports
decreased time delays. Analyzing the time-domain waveforms
(data not shown here), the signals from Procedures a and b are
more attenuated and have a broader full-width at half-maximum
(FWHM) with respect to their reference signals than the signals
from Procedure c. These three signs imply that the optical path
for inhomogeneous pellets prepared with Procedures a and b
is increased by internal scattering, compared to homogeneous

pellets prepared with Procedure c. Multiple internal scattering
within the pellet would induce multiple time delays collected
for the same incident pulse, which increases the FWHM of the
resulting signal. Prussian blue from other suppliers have also
been analyzed (data not shown here). Using Procedure ¢, ho-
mogeneous pellets of similar thickness difference and time de-
lays than those shown for “Prussian blue ¢ in this study were
obtained. As a result, refractive index and absorption coeffi-
cient values were found to be comparable. This strengthens the
argument that internal scattering on clusters of particles with
a size similar to or superior to the wavelength of the incident
pulse together with difference in pellet thickness due to dif-
ferent responses to compression or expansion depending on par-
ticle distribution are at the origin of the large difference in op-
tical properties between the pellets prepared following different
procedures.

This work introduces a simple experimental procedure
to minimize scattering from particles so as to improve the
precision (i.e., reduce random errors) of the optical constants
extracted from diluted spectroscopic pellets. Its efficiency is
particularly noticeable for powders with strong surface forces
and prone to aggregate, such as Prussian blue as reported here.
Yet scattering may also occur due to the presence of air pores of
sizes similar to the incident wavelength and embedded in a ho-
mogeneous matrix. Different powders would present different
mechanical properties once diluted with HDPE and pressed
into a pellet, and the number and size of the pores within a
pellet may differ depending on the mixing procedures (as ob-
served here for Prussian blue) and on the nature of the sample
material (its compressive strength and expansion properties, its
hygroscopicity, the nature of its surface forces). More generally,
optical constants extracted from porous pellets may contain an
offset compared to those extracted from solid materials, the
size of which would depend on the size and number of pores
within the pellet. The use of Kramers—Kronig equations [24]
and effective medium theory [10], [13] to account for scattering
from air pores within the pellet could further help to obtain
accurate and comparable optical constants from spectroscopic
pellets. Finally, it should be noted that this procedure may not
be used for materials prone to phase transformation during
grinding or blending with a pestle and mortar.
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