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Abstract: A novel method of investigating the temperature dependent variation of aspects
of the complex refractive index n* in samples in the THz range using continuous, non-
polarised, synchrotron radiation is presented. The method relies on the use of ATR
apparatus, and retains the advantage of minimal sample preparation, which is a feature
of ATR techniques. The method demonstrates the viability of rapidly monitoring
temperature reflectance whilst continuously heating or cooling samples by using a
temperature variable Thermal Sample Stage. The method remains useful when the
refractive index of the sample precludes attenuated total reflection study. This is
demonstrated with the water reflectance experiments. The temperature dependent ATR
reflectance of tissue-representative fats (lard and Lurpak® butter) was investigated with
the novel approach. Both are within the ATR range of the diamond crystal in a “true” ATR
mode. Lard showed no clear temperature variation between -15 °C and 24 °C at 0.7 to 1.15
THz or 1.70 to 2.25 THz. Lard can be regarded as having invariable, constant, dielectric
properties within mixtures when biological substances are being assessed for temperature
dependent dielectric variation within the stated THz ranges. Lurpak® butter (water
content 14.7%) displayed temperature dependent reflectance features with a steady
decline in reflectivity with increasing temperature. This is in line with the temperature-
dependent behaviour of liquid water. There is no rapid change in reflectance, even at -20
C, suggesting that emulsified water retains liquid-water-like THz properties at freezing
temperatures.
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1. Introduction

1.1 Overview

Terahertz radiation (THz) is highly absorbed by liquid water and this presents the
possibility to image biological materials using the difference in water content between
normal and pathological lesions [1]. Efforts have been made in the past to evaluate THz
properties of biological tissues with a view to devising diagnostic imaging techniques [2-
4]. The small-scale variability of biological tissue produces large “normal” ranges for THz
dielectric parameters, which have substantial overlaps with the dielectric parameters of
diseased tissue [5]. THz examination can also be time consuming and involves highly
specialised expertise. These problems have resulted in difficulties in devising a diagnostic
test which is both clinically relevant and practical.
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This paper examines the viability of investigating biological tissues by employing the
temperature dependent variation of THz dielectric parameters using an attenuated total
reflection (ATR) apparatus, in both the “true” attenuated total reflection mode and in a
novel “reflection/transmission” mode. The Australian Synchrotron’s THz-far infrared
beamline provides a high brightness source, which results in rapid evaluation, enhanced
spectral quality and superior spatial resolution when compared to a conventional source.
Useful data can be obtained in spectral scan blocks of 30 seconds or less, with the beam
running 24 hours per day. The Synchrotron’s beam is continuous which makes it
unsuitable for time domain spectroscopy, thus novel approaches are needed to maximise
its utility. The synchrotron ATR apparatus is equipped with a diamond crystal, which has
a refractive index (n) of 2.40, and since n of water at THz frequencies is in the order of 1.95
to 2.15, the setup is ideal to determine the dielectric properties of water-based compounds
by using the novel “reflection/transmission” technique [6].

In terms of THz dielectric parameters, biological tissues can be broadly classified into
two types. The “high bulk water content” tissues (over 70%), are tissues in which the major
part of the THz dielectric properties are dependent on the bulk (non-bound) water
concentration. Examples are heart muscle (78% bulk water) and liver (78% bulk water),
[7]. These tissues have an n in the 1.80 to 2.30 range at THz frequencies. The low water
content tissues, such as adipose (15% to 40% bulk water, [8] and cortical bone (~30% bulk
water, [9]), have the major part of the THz dielectric properties dependent on non-bulk
water constituents. These tissues have an n in the 1.30 to 1.65 range at THz frequencies.
Non-bulk-water constituents with important THz dielectric parameters include lipids,
melanin, collagen, keratin and bound water.

Bound water in biological tissues is either hydrogen bonded to proteins and other
polar molecules or a loose envelope surrounding the central molecule. Bound water has
fewer degrees of freedom, and behaves differently to bulk water, and this is reflected in
THz dielectric parameters. The binding of water has the equivalent effect on dielectric
parameters to reducing the temperature of bulk water, however bound water is also
prevented from freezing at bulk water freezing points.

The hypothesis central to the novel method is that THz dielectric parameters of the
constituents of biological tissues will vary with temperature and with THz frequency, and
that this variation can be clinically useful. Many disease states lead to changes in cellular
components. In particular, cancers will tend to have increased concentrations of bulk
water. For example, the bulk water content of melanoma is in the region of 80-85%,
compared to 70-72% in normal skin [10]. Temperature dependent variation of THz
dielectric parameters in biological tissues has been reported by several authors [11-13].
The reported data are typically limited to frequencies of less than 1.2 to 1.5 THz.

A unique feature of ice in the 0.1-2.0 THz radiation window is that it has an
absorption coefficient (o) that is much less than that of liquid water [14-18]. For example,
a of ice is in the order of 5.0 cm™ compared to 150-200 cm™! for liquid water at ~1.0 THz,
and 50 cm™ compared to 300 cm™ at 2.0 THz. The non-bulk-water elements do not show
the same change in a on freezing as bulk water does. Thus, when biological tissues are
frozen, the bulk water content changes from being the principal absorber, to becoming a
minor contributor to the absorption of THz radiation. It is imperative that accurate,
temperature dependent, THz dielectric properties of frozen and non-frozen biological
tissues be better understood over the 0.1 to 2.0 THz band. The variation in these dielectric
properties may provide insights into the nature of the tissues that is not available with
other investigation modalities. Such new techniques would complement the established
tissue characterisation methods. Current tissue characterisation techniques tend to
depend on the interpretation of the tissue appearance of x-ray, visible light or ultrasound
images. The potential advantage in studying the frequency dependent, temperature
dependent, changes in THz dielectric parameters of biological tissues is that a system of
characterisation of the tissues can be developed which is dependent only on the capacity
of the apparatus at hand, thus reducing the need for subjective operator interpretation.
When an attenuated total reflection (ATR) apparatus is coupled with a temperature


https://doi.org/10.20944/preprints202102.0271.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 11 February 2021 d0i:10.20944/preprints202102.0271.v1

variation apparatus, the tissue characterisation does not depend on interpretation, but
simply a comparison to an established dataset. The ATR/temperature variation apparatus
thus offers the ability for rapid characterisation of the tissues with minimal preparation
and minimal operator training. The Synchrotron’s high brightness source facilitates the
systematic application of this method by offering rapid evaluation, high spectral quality
and excellent spatial resolution.

1.2 Attenuated Total Reflection

The technique of attenuated total reflection (ATR) spectroscopy has become a
popular method to evaluate the dielectric properties of materials. It relies on the reduction
of the reflected signal intensity at an angle of incidence where total reflection occurs at the
crystal/sample interface. The technique relies on some of the incident energy being
absorbed when an evanescent wave is generated in the sample.

The advantage of the method lies in the fact that solid and liquid samples can be
studied with minimal preparation, since the only requirement is that a sample comes into
secure contact with the crystal. The equations governing the reflection of an incident wave
in ATR are outlined in Hansen, [19].

The Hansen equations take account of the angle of incidence and the complex
refractive index of the sample (n2*) and the crystal (n1*). The complex refractive index (n*)
is defined as n*=n+ik , where n and k are the real and imaginary part of the refractive
index respectively. The term k is related to the absorption coefficient () via the equation
k = aA/4m, where A is the wavelength of the radiation. It is apparent from the equations
that there is a set of refractive index/absorption coefficient combinations which can satisfy
a given reflectance; no unique pair of #n and a can be deduced from reflectance alone if a
synchrotron-like continuous, non-polarised beam is used.

The combinations are dependent on frequency and angle of incidence. Examples of
the combinations of sample refractive index (n1) and sample ac at 0.3 THz and 1.0 THz, at
45 angle of incidence and a diamond crystal (12=2.40) are set out in Table 1. The example
of the change from n2=1.1 to n2=1.65 with a change in the absorption coefficient from
o=5cm to a=65cm™ to deliver a constant normalised reflectance of 0.79 at 1.0 THz is
illustrated in fig. 1.

Table 1. A sample of the n and & combinations at 0.3 THz and 1.0 THz which deliver the
same reflectance at 45° incidence.

abs coef. (a) cm™! 10 35 65 10 35 65
frequency THz 0.3 0.3 0.3 1.0 1.0 1.0
sample ref index (n2) 162 128 100 | 1.62 128 1.00
diamond ref index (n1) 240 240 240 | 240 240 240

reflectance(non-pol) 049 050 052|079 079 079
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Figure 1. Illustration of the set of sample a=5cm™ to a=65cm ' and sample n2=1.1 to n2=1.65
which deliver a constant normalised reflectance of 0.79 at 1.0 THz with a diamond crystal
at 45° angle of incidence.

The changes in reflectance can come about with changes in either parameter, nzor a.
Furthermore, changes in n2and a can either act to produce a synergistic reflectance change
(when both n2 and a are simultaneously increasing or decreasing) or negate any
reflectance change when one parameter is increasing and the other decreasing.

Attenuated total reflection produces an evanescent wave in the sample. The
penetration depth (dp) of the evanescent wave is given by [20]:

d=—-=2 (1)

P 2mn, sinze—(%)z

where A is the wavelength of the incident radiation in air, 71 and n: are the real parts of the
refractive index of the ATR crystal and sample respectively, and 0 is the angle of incidence
of the incoming radiation beam. A limit to the refractive index of the sample is evident
from the equation. Since the expression sin? 0 — (n2/n1)? has to be a real number, sin 0
needs to be > (n2/n1). This property sets the limit on the refractive index of the sample that
can be examined with attenuated total reflectance. Since it is dependent on 8 and n1  such
limits are specific for a given ATR crystal at a given incident beam angle. When sin? 0 <
(n2/n1), equation (1) breaks down, and the incoming radiation is partially reflected and
partially admitted to the sample at the crystal/sample interface as a traveling wave, i.e.
there is no longer “total reflection”.

The practical result is a reduction in the signal reaching the ATR detector, and the
reflected signal is now solely dependent on the Fresnel reflection equations. The ATR
apparatus in this instance, ie. where sin?0 < (m2/n1)?, is now acting in a
reflection/transmission mode, where total reflection no longer occurs. This mode is not
useless. Rather than delivering a possible set of sample n and a it now delivers the real
part of the refractive index (n) of the sample.

There are two common choices for an ATR crystal available for the lower end of the
THz spectrum - silicon and diamond. Silicon crystal has an n of 3.42 [21] at THz
frequencies. Using the equation (1), the maximum n2is 2.42. This results in most biological
materials being in the “true” ATR range with an incident angle of 45, since typical
biological tissues at THz frequencies have an n < 2.3. Intuitively, it seems that silicon
crystal is a good choice, however, contrast becomes a problem.

Table 2 notes the reflectance of liquid water and ice (as a proxy for water containing
biological tissues), using the Hansen equations. Silicon crystal delivers only modest
contrast at 0.90 THz and very poor contrast at 2.0 THz.
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Table 2: The estimated reflectance of liquid water and ice with S, P and non-polarised THz

radiation®.
frequency a ni n2 reflectance
THz cm?  silicon  sample S-pol. P-pol. Non-pol.
water 0.9 190 342 2.10 0.60 0.36 0.48
ice 0.9 10 3.42 1.78 0.74 0.55 0.65
water 2.0 300 342 1.95 0.53 0.28 0.41
ice 2.0 50 3.42 1.78 0.55 0.30 0.42

*using the Hansen (1965) equations at 0.95 THz and 2.0 THz with a silicon crystal (n = 3.42).

Diamond crystal has an n of 2.38 to 2.40 at THz frequencies, [22,23]. In the case of a
diamond crystal and an incident angle of 45, sin? O = 0.5. Thus, (12/n1) 2 needs to be < 0.5,
hence #2/n1< 0.707, or n2 < 1.70, for the diamond crystal equipped ATR apparatus to
function in “true” attenuated total reflectance mode. It follows that substrates with n >
1.70 cannot be examined in attenuated total reflectance mode with the described setup.

With n2 > 1.70, the diamond crystal ATR apparatus becomes a partial reflectance-
partial transmission device. In this instance, the reflected portion of the incident radiation
is only dependent on the relative refractive indices on either side of the reflective surface.

The reflectance can be calculated by using the Fresnel equations, and these are silent
about a. According to the Fresnel equations, the reflectance declines rapidly as n:
approaches ni. Given the n of diamond crystal is ~2.40, small changes in #2 in the region
of 1.72 to 1.90 will produce large changes in reflection giving good contrast. The
relationship of contrast and n2 with diamond crystal are presented in fig. 2.
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Figure 2. The normalised reflectance at the diamond/sample interface, diamond, n1 =2.40.
There is significant change in the reflectance in the region of the refractive index of the
sample, n2=1.72 to 1.90 giving good contrast.

When using water and ice THz dielectric properties derived from literature, the
Fresnel equations predict an ice to water reflectivity contrast of ~ 300%, i.e. ice is ~ 3x more
reflective than water when using a diamond crystal. The estimated Fresnel equation based
reflectivity is outlined in Table 2. The refractive index of ice is not well established at 2.0
THz, and two values were used in the calculations, n=1.78 and n = 1.82 at this frequency.
Using the ATR as a reflectance apparatus with a diamond promises better contrast
compared to silicon crystal, particularly at 2.0 THz, thus it becomes a more attractive
option.

Table 2: Reflectance of liquid water and ice using the Fresnel equations at 0.90 THz and
2.0 THz*
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frequency reflectance
THz n S-polarised P-polarised Non-polarised
water 0.9 2.10 0.0092 0.000085 0.0046
ice 0.9 1.78 0.27 0.073 0.17
water 2.0 1.95 0.076 0.0059 0.041
ice 2.0 1.78 0.27 0.073 0.017
ice 2.0 1.82 0.20 0.040 0.012

*With a diamond crystal # = 2.40. Two values forice used , n=1.78 and n=1.82 at 2.0 THz

There is a dichotomy with a diamond crystal ATR. At THz frequencies, biological
fats and oils have an n of 1.4 to 1.6. Using an ATR diamond crystal with n of 2.40 results
in‘true” attenuated total reflection at 45° incident beam with these substances. Reflectance
measurements mainly deliver information regarding changes in a. Water based biological
compounds have typical n in the order of 1.9 to 2.2, thus a diamond equipped ATR is
acting as a partial reflection-partial transmission apparatus, delivering changes in n. The
advantage of minimal sample preparation, and no requirement for thickness
measurement (as would be needed for transmission studies), is retained by using the ATR
apparatus in both modes.

In both cases, only a partial description of the dielectric properties is achieved. If the
aim is to characterise the biological sample for the purpose of diagnosis by monitoring
temperature dependent variation, then there may only be a need to find a characteristic
reflectance change, rather than the full complex refractive index parameters.

2. Materials and Methods

The THz/Far-IR Beamline at the Australian Synchrotron, Melbourne, Australia, was
used for the experiments. The Beamline was equipped with an attenuated total reflection
(ATR) apparatus, a Bruker IFS 125/HR Fourier Transform spectrometer (Bremen, Ger-
many), an Si Bolometer and a diamond prism stage (n = 2.40) , and a 45° incoming beam
angle. OPUS 8.0 software (Bruker Optik GmbH, Ettlingen, Germany) was used for the
initial data analysis. Air humidity was not more than 50%.

The viability of monitoring temperature related changes with the ATR apparatus,
both in “true” ATR mode and in partial reflection-partial transmission mode, was ex-
plored with samples with bio-medical relevance. The materials were chosen for their dif-
ferent hydration levels, to offer varying insights into the possible temperature related
changes. The temperature dependent variation of absorbance of air, water, ice, porcine
rendered lard, and Lurpak® (unsalted) butter was explored. Lurpak® butter is homoge-
neous, and has water, lipid and protein components. It has an additional advantage of
having established dielectric properties in the THz range [24].

The samples were applied through a spacer to define 2 mm thickness (water, lard,
butter). At 2 mm, the path length of any returning signal from samples with absorption
coefficients of > 20 cm! become negligible.

A mirrored cooling bath was placed on top of the sample and fixed by a standard
ATR mounting clip onto the ATR diamond prism window. In partial reflection-partial
transmission mode, with a path length of > 4 mm ( 2 x 2mm sample thickness), any re-
flected signal from the mirror returning through the samples with absorption coefficients
of >10 cm! becomes negligible. Similarly, in “true” ATR mode, lard and Lurpak® butter
have an n ~ 1.5 to 1.6 in the 0.9 to 1.0 THz spectral window [24, 25], which would, under
ideal attenuated total refection circumstances of a negligible a, deliver a dp of <0.01 mm.
Thus, any interference from the mirror reflection back through the sample is similarly
negligible.
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Polarisation of synchrotron radiation is a combination of linear (along the extraction
mirror slit) and circular polarisations [26]. These two components arise due to the bending
magnet caused dipole-emission inside the magnet and the edge-emission at the en-
trance/exit of the magnet edge. The THz and IR microscopy beamlines share the syn-
chrotron radiation extracted from the magnet. The THz/Far-IR beamline receives a larger
portion of the edge-emission compared to the dipole-emission. Polarisation is defined in
the plane of incidence as Es and Ep, which are perpendicular (1) and parallel (k) to the
plane (or TE and TM modes), respectively.

The reflected radiation at the 45° incidence usually does not experience phase change
upon reflection at the sample-prism interface for low refractive index (nz < 1.6) samples,
which is typical for low “bulk water” biological samples. However, the P-polarised (TM;
Ez) radiation, which probes the absorbance in the direction perpendicular to the prism-
sample interface, has a strong dependence of the reflected phase on n2. At 8i = 45° inci-
dence, a phase change of m occurs when 08 < 0i < Oc (08 and Oc are the Brewster and
critical angle, respectively) and the reflected Ez component becomes Ey.

The consequence of the phase dependence of the TM mode makes polarisation anal-
ysis of ATR signals complicated, and most of the published data does not discriminate
polarisation. This approach was adopted in the current study. Future experiments will
include a defined incident polarisation combined with polarisation analysis at the exit af-
ter the sample.

The ATR unit had a Thermal Stage fitted, with a capability to control the temperature
of the sample and the crystal. The diamond ATR prism and the sample compartment were
made suitable for cooling by using a bath from above the sample and also by a cool-
ing/heating apparatus attached to the ATR bowl (fig. 3). The temperature variation was
monitored with a thermocouple probe placed in contact with the sample next to the dia-
mond crystal.

ATR i thermocouple

2

" |Cooling bath

thermocouple

THz P-pol. “detector
Heater/Cooler beam vacuum

Figure 3. (a) Photo and (b) schematics of ATR setup with Thermal Stage used for temper-
ature dependent absorbance spectroscopy at the THz/Far-IR beamline with Thermal Sam-
ple Stage attached.

The temperature variation was monitored with scans in real time, i.e. repeated scans
as the temperature was changing. Data was collected and presented with each datapoint
being an average of 50 scans. Data analysis was carried out with the OPUS 8.0 software.
The experiments were conducted over the frequency range of 0.18 to 3 THz. In practice,
the useful sensitivity of the detector was in the range of wavenumber 23 to 38 (~0.7 to 1.15
THz) and wavenumber 56.5 to 75.0 (~1.70 to 2.25 THz). The best sensitivity of the detector
was in the range of 0.85 to 1.05 THz and 1.85 to 2.10 THz.

3. Results
3.1 Air

The reflectance of air was measured at 20 °C, and also in 10 serial increasing incre-
ment outputs from -24 °C to 5 °C. The outputs showed no particular pattern and were
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within +/-1.5% (0.70 to 1.15 THz) +/- 0.46% (1.70 to 2.25 THz) of the median value for the
entire group. The air reflectivity was used to normalise the other reflectivity data.

3.2 Water and Ice

The reflectance of water was measured at 5 °C to 10 °C in 10 serial outputs, averaging
50 scans per individual output, using the Thermal Stage. Ice was monitored in 10 serial
outputs, also averaging 50 scans per individual output using the Thermal Stage. The tem-
perature of the ice was allowed to rise from -25 °C to -15 °C. The water and ice reflectance
data is presented in fig. 4. Normalised water reflectivity (compared to air) was in the order
0.03 to 0.07 for wavenumber 23 to 38 (~0.70 to 1.15 THz) and ~0.04 for wavenumber 56.5
to 75.0 (~1.70 to 2.25 THz).

Ice reflectivity showed a tighter grouping at 1.7 to 2.25 THz and a reduction in reflec-
tivity with increasing frequency. There was much greater consistency of data in the 1.70
to 2.25 THz range when compared to the 0.70 to 1.15 THz range. The results at the most
reliable point of 0.9 THz in the lower data set and at 2.0 THz are presented in Table 4.
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Figure 4. Raw data, spectral reflected signal for water and ice. (a) Reflectance of water and ice at
different temperatures. Ice samples were made in situ and measured 10 times averaging 50 scans
per measurement. (b) Calculated reflectivity, R, (normalised to that of air, n = 1) at different temper-
atures. The two high sensitivity spectral bands centered around 0.9 and 2 THz are shown.

Table4: Comparison of reflectance of the experimental data from water and ice to theoretical pre-

dictions®.
predicted experiment experiment
0.9 THz with n=1.78 -250C -15°C
0.17 0.15 0.11
2.0THz with n=1.78 with n=1.82
0.17 0.12 0.095 0.11

* using the Fresnel equations at 0.90 THz and 2.0 THz with a diamond crystal (n = 2.40).

The measured contrast between liquid water and ice reflectance at both ranges is
broadly in line with the dielectric properties data from [14-18]. The reflectance of water
and ice show a decline over the 0.70 to 1.15 THz range, but the experimental values are
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erratic. At 2.0 THz, the reflectance of water is flat over the measured range and does not
change with temperature. The reflectance of ice declines with both frequency and temper-
ature over the 1.70 to 2.25 THz range. The measured reflectance of ice at 2.0 THz is con-
sistent with a refractive index of 1.83, which is at the upper boundary of the literature
derived data.

3.3 Rendered porcine lard

Commercially obtained rendered porcine lard was used as a sample. Rendered lard
contains chiefly triacylglycerides and fatty acids, with the water, protein and fibrous tis-
sue components of adipose tissue being removed by the production process [27]. Lard has
ann of 1.48 and a of 8 cm in the 0.9 to 1.0 THz spectral window, [25], making lard within
the “true” ATR range of the diamond crystal. Lard was studied between -15 °C and 24 °C
with 42 individual serial outputs, each an average of 50 individual scans. The temperature
was varied over a total time of 16 minutes with 21 discrete scanning episodes of 2 x 50
scans. The lard reflectance data is presented in fig. 5.

Results show no clear temperature variation of reflectance at the optimal windows
of wavenumber 23 to 38 (~0.70 to 1.15 THz) and wavenumber 56.5 to 75.0 (~1.70 to 2.25
THz), with all values within a +/- 2.2% (0.7 to 1.15 THz) and +/- 0.5% (1.70 to 2.25 THz)
range, similar to the variation of the reflectance of air.
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Figure 5. Raw data, reflectance of lard (in arbitrary units). (a) The entire spectral range -15 °C to 24
°C, showing a tight grouping. (b) Spectral band centered on 0.9 THz at -15 ° to 24 °C. (c) Spectral
band centered on 2.0 THz. The reflectance does not show any temperature variation

3.4 Lurpak® butter

Lurpak® butter has a water content of 14.7% (w/w) and 3% (w/w) non-fatty solids,
with the balance being triglycerides. The dielectric properties are n =1.57 and a = 37 cm!
at 1.0 THz and n =1.55 and a =51 cm at 1.5 THz [24].
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The thermal dependence of the dielectric properties of Lurpak® butter were investi-
gated with a total of 140 individual serial spectral outputs between -20 °C and 24 °C. Each
output was an average of 50 scans. The temperature was varied over a total time frame of
24 minutes with continual scanning during the temperature variation. The raw spectral
data for Lurpak® butter are presented in fig. 6. Spectral bands centered around 0.9 THz
and 2.0 THz are shown in fig. 7.
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Figure 6. Raw data, spectral reflected signal for Lurpak® butter. (a) Reflectance in arbitrary units at
-20 °C to 24 °C. (b) Highlight, reflectance Lurpak® butter in the range of wavenumber 23 to 38 cm
(~0.7 to 1.15 THz). (c) Highlight, of Lurpak butter in the range, wavenumber 57 to 75.0 cm™(~1.70 to

2.25 THz).
031 0.9 THz 22 2.0 THz
03 | 2.18 -
Bo29 || e i 8216
c %84 o c
2 0.28 LT 2514
£ TR 2
8027 Sessdlly  Saw
0.26 ® 21
025 2.08
20 -10 0 10 20 -20 10 0 10 20
Temperature °C Temperature °C

Figure 7. Spectral bands centered around 0.9 and 2.0 THz. There is a decline in reflectivity with
increasing temperature at both frequencies with a temperature dependent plateau over the 00 to 100
Crange at 2.0 THz

There is a temperature dependent reduction in the reflectance of Lurpak® butter in
the frequency range of 0.7 to 1.15 THz. There is a temperature dependent plateau over the
0 °C to 10 °C range at 1.7 to 2.2 THz, which becomes more evident with increasing fre-
quency. Lurpak® butter shows a ~13% decrease in reflectance between -20 °C and 24 °C,
at 0.9 THz, and a 3.5 % decrease in reflectance between -20 °C and 24 °C, at 2.0 THz.

Lurpak® butter displays temperature dependent reflectance which is not the fea-
tureless reflectance of lard. There is a steady decline in reflectivity with increasing tem-
perature suggesting an increase in o in line with the temperature dependent behaviour of
liquid water (the temperature dependent a changes in ice are not well documented). There
is no sudden change in reflectance which would suggest a change of state of the constitu-
ent water, even at -20 °C, but, as noted, there is a plateau in the 0 °C to 10 °C range at ~2.0
THz, suggestive of some phase related transformation.

4.0 Discussion
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Three items of scientific interest emerge from the presented methods and data. The
first is a novel method of investigating the temperature dependent variation of the dielec-
tric parameters in samples in the THz range using continuous, non-polarised, synchrotron
radiation. The method is shown to be useful over a range of sample types, and over a
range of temperatures. The method relies on the use of ATR apparatus, and retains the
advantage of minimal sample preparation, which is a feature of ATR methods. The ability
for rapid measurement with a bright synchrotron source demonstrates the viability of
rapidly monitoring temperature dependent changes in reflectance whilst continuously
heating or cooling the sample by using a temperature variable Thermal Stage.

The second item is the novel method’s ability to retain the ATR advantages with sam-
ples where the refractive index leaves the ATR apparatus to no longer act in a “true” at-
tenuated total reflection mode, but in a reflection/transmission mode. The ability of an
ATR apparatus to usefully act as a reflectance/transmission apparatus in the instances
where the refractive index of the sample precludes attenuated total reflection study is
demonstrated with the water reflectance experiments. The ATR can only return a refrac-
tive index in this mode and further modification of technique, such as a mirror reflector
at a small distance [6] is required to extract the absorption coefficient in these circum-
stances. The reflectance of water suggests that the reflection from the crystal/sample in-
terface in the transmitted mode is non-polarised. Remarkably, reflectance changes of ice
in the 1.70-2.25 THz band were recognisable between -25 °C and -15 °C. The changes of
refractive index in ice are not well known in the THz frequency range and the techniques
described in this paper open the possibility to accurately document these fundamental
properties. The experimental results were in line with the predicted numbers from theo-
retical calculation and literature data.

The third item is the demonstration of the temperature dependent ATR reflectance
of lard and Lurpak® butter. Both are within the ATR range of the diamond crystal in a
“true” ATR mode. Lard was studied between -15 °C and 24 °C with results showing no
clear temperature variation at either the 0.7 to 1.15 THz or the 1.70 to 2.25 THz range. This
suggests that lipids can be regarded as having invariable, constant, dielectric properties
within mixtures when biological substances are being assessed for temperature depend-
ent dielectric variation.

Lurpak® butter has a water content of 14.7% (w/w), approximating adipose tissue
(~15% bulk water). The water in Lurpak® butter is, however in an emulsified form, which
is, arguably similar to bound water, since the individual water molecules are not capable
of forming stable ice crystals. Lurpak® butter displays temperature dependent reflectance
features, with a steady decline in reflectivity with increasing temperature. Given that
Lurpak® butter has a refractive index within the “true” attenuated total reflectance of the
diamond crystal equipped ATR, the result suggests an increase in the absorption coeffi-
cient with increasing temperature. This is in line with the temperature dependent behav-
iour of liquid water. There is no rapid change in reflectance which would suggest a change
of state to ice of the constituent water, even at -20 °C. The contribution of the protein frac-
tion of Lurpak® butter has not yet been determined.

5. Conclusions and outlook

The flexibility and capacity of ATR apparatus, when coupled with a bright THz
source such as the Australian Synchrotron, offers a range of possibilities which are beyond
its strict capacity as an apparatus for measuring attenuated total reflection. This paper has
demonstrated the use of the ATR as a reflectance/transmission apparatus and the capacity
for apparatus to study temperature related changes in samples. Both novel functions can
be performed quickly and reliably. This raises the possibility of finding “signatures” for
clinically relevant biological tissues and disease states. In turn, this can lead to rapid di-
agnostic applications which rely on tissue properties which are not being assessed by
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other means. Since the reflectance of ice and water with the diamond crystal in the reflec-
tion/transmission mode is solely dependent on the refractive index, the outlined method
can be used to accurately map the temperature and frequency variation of the refractive
index of ice to a high degree of precision.

The next challenge is to provide methods to “fill in the gaps”, with the need to evolve
a rapid and reliable way to extract the complex refractive index with the ATR apparatus
whilst using an incoherent bright THz source, and similarly the absorption coefficient in
the instance when the ATR apparatus is performing in reflectance/transmission mode.
There is also the pressing need to produce more background temperature variability data
on biological tissues.
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