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Abstract: The penetration depth of an evanescent wave in Attenuated Total Reflection (ATR) is
dependent on the wavelength of the radiation utilised. At THz frequencies, the penetration depth
into biological tissues is in the order of 0.1 to 0.5 mm; rendered pig lard was used as a model sample
in this study. A method for the direct measurement of the evanescent wave penetration depth
is presented which allows for the estimation of the dispersion of the complex refractive index by
using the reflection of the evanescent wave from varying sample depths. The method employs
frustrated total internal reflection, and has been demonstrated by using the THz/Far-IR beamline at
the Australian synchrotron, and modelled using finite difference time domain (FDTD) simulations.
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1. Introduction

There are many established techniques used for clinical assessment of skin pathology of skin
tissues, such as photo-acoustic imaging [1], optical coherence tomography [2], confocal reflectance
microscopy [3], and high frequency ultrasound [4]. However, no imaging modality has been established
for studying skin tissue depths beyond 1.5 mm from the surface. For inherently 3D imaging techniques,
the assessment of skin lesions has proved to be difficult with conventional Magnetic Resonance Imaging
(MRI), computerized tomography (CT) and positron emission tomography (PET) scanning [5].

Melanoma is the 3rd most commonly diagnosed cancer in Australia, with an annual incidence of
64.4 per 100,000 [6]. The current death rate is about 10% if treated and nearly 100% if left untreated [6,7].
Out of an abundance of caution in ensuring compete removal, ∼60% of cases have more tissue
than is necessary excised. Larger excisions, however produce greater morbidity leading to a 20%
increase in non-melanoma post-surgical mortality [8]. The precise depth of lesions is clinically
important to assess the prognosis and also to plan surgical treatment [8]. The current staging of
melanomas includes estimation of thickness, with stage T1 is < 1.0 mm, T2 is 1.0–2.0 mm, and T3

2.0–4.0 mm with melanomas greater than 4.0 mm thickness classified as stage T4 [8–10]. An accurate
thickness measurement would reduce the chances of residual melanoma remaining and would help
to avoid unnecessarily large surgical resection. The more extensive the resection, the greater the
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morbidity [8], thus, the problem is not merely the curing of melanoma, but also minimal post-surgical
morbidity and deformity. Characterisation and imaging of up to several millimeters of skin is of
paramount importance and can be only achieved by combination of different optical techniques over
the UV-vis-IR-THz spectral ranges. The permittivity (complex refractive index) at this wide spectral
range should be known for different materials encountered at the surface (0–4 mm) of skin.

1.1. Penetration Depth of THz: Bio-Medical Applications

Terahertz (THz) radiation is highly absorbed by liquid water, as such, this presents the possibility
to image skin using the difference in water content between normal skin and pathological skin
lesions. However, the potential depth is presently limited to 0.2–0.3 mm. A unique feature of water
is that in the 0.1–2.0 THz radiation window, ice has an absorption coefficient around 1.0–5.0 cm−1

while 150–200 cm−1 in the liquid phase [11–16]. Consequently, 90% of the incident 0.45 THz signal
reaches a 1 mm depth in ice, whereas only < 0.0001% does in liquid. Except for the uppermost
skin layer, the stratum corneum, human skin contains 70–72% free water [17], whilst many cancers,
including melanomas, contain on the order of 82–85% free water [18]. The “dry” skin elements do not
show the same absorption coefficient change on freezing as water does. Thus, when skin is frozen,
the water content changes from being the principal absorber, to becoming a minor contributor of THz
radiation absorption. The resulting greater contrast is potentially useful for local assessment of skin
pathology to a depth of 5.0 mm in frozen skin. The in vivo therapeutic freezing of skin is an established
and common medical procedure for treatment of skin diseases such as solar keratoses, warts, and some
basal cell cancers. THz imaging techniques using frozen skin would be built upon established clinical
cryotherapy methods. In this regard, the high brilliance synchrotron radiation is of especial interest
for the proof of the concept experiments for large penetration depth; the brilliance B is defined as the
number of photons Nλ of energy hν (J) and direction within the solid angle Ω (mrad2) per unit of time
t (s), area A (mm2), and 0.1% of the bandwidth, BW (J), as B = Nλhν/(tAΩ0.1%BW). High brilliance
of synchrotron radiation is essential for a more than one order of magnitude better signal-to-noise ratio
of absorbance quantification as compared with conventional thermal sources used in standard desktop
Fourier transform IR (FTIR) spectrometers at comparable data acquisition conditions. It is foreseeable
that THz-IR diagnostics facilities can be established at the synchrotrons which are operational 24/7.
High intensity THz beams can be generated on-demand using tightly focused ultra-short laser pulses
irradiating micro-jets of water or other liquids [19,20]. Sub-wavelength < 1 mm localisation of THz
emission from the waist of the focal region can be a useful feature for engineering of practical THz
emitters. Interestingly, hard X-rays are simultaneously emitted at the similar focusing conditions and
might be used for a sub-surface characterisation [21].

It is imperative that accurate dielectric properties of frozen and non-frozen skin (and its
appendages such as hair and sweat ducts) be better understood over the 0.1 to 2.0 THz band. While
normal melanocytes export the melanin to surrounding cells, the melanin tends to accumulate in
the cancerous cell with melanin levels reaching up to 80 mg/cm3 [22]. The dielectric properties
of frozen melanin also need to be measured as well as the dielectric properties of frozen skin at
various hydration levels. The likely method for the deployment of the “THz-skin freeze” technique for
measuring melanoma depth would be performed just before the actual surgery. This would require
robust, predictable, and fast THz imaging technology. The current capacity of THz systems to image
surfaces in sufficient detail and with adequate speed is restricted by both expense and technical
limitations. The impetus for the deployment of faster and more sensitive THz systems will only come
if there is a practical application that demands such development. The THz-skin freeze method of
skin imaging and other applications based on the disparity between the THz dielectric properties
of liquid and frozen water can provide the motivation for development of better THz technology.
Noteworthy, a realistic numerical model which takes into account material properties and geometry of
structures and their composition could immensely help in prediction of light (vis-to-THz) penetration
to different depths under the skin for conditions at surgery under freeze conditions. For the THz
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spectral range, such efforts have been started [23]. In this study, we used rendered pork lard as an
analog for the “dry” portion of skin. It was experimentally determined that THz absorption of different
fats and oils is very similar [24]. More complicated and realistic skin models will evolve and will be
useful for definition of numerical phantoms of the actual skin.

1.2. Attenuated Total Reflection

The technique of attenuated total reflection (ATR) spectroscopy has become a popular method to
measure dielectric properties of materials as well as for sensors that use small changes in the refractive
index at the interface as a detection mechanism. It relies on the reduction of the reflected signal
intensity at the the total reflection angle, i.e., there is no transmitted wave into the sample (placed
on top of the ATR prism, see Figure 1). The technique relies on the incident energy being absorbed
via an evanescent wave generated in the interface between sample and prism. The advantage of
the method lies in the fact that solid and liquid samples can be studied with minimal preparation.
This is exceptionally useful for the THz spectral window since free space propagation of THz radiation
under normal conditions is strongly attenuated due to absorption by water vapor. The observed ATR
spectrum is noted to be nearly equivalent to that of the transmission type, which suggests that the
technique is sampling the absorption coefficient of the sample at the given frequency. If the absorption
of the evanescent wave is negligible, the penetration depth, dp, of the evanescent wave is given by [25]:

dp =
n2λ

2πn1

√
sin2 θ − (n2/n1)2

, (1)

where λ is the wavelength, n1 and n2 are the real parts of the refractive index of the ATR crystal and
sample (from medium 1 to 2), respectively, and θ is the angle of incidence of the incoming radiation.

Since
√

sin2 θ − (n2/n1)2 has to be a real number, sin θ > (n2/n1), this sets the limit on the refractive
index of the sample for a given ATR crystal. ATR has found its use at infrared frequencies from 30 to
400 THz, where the dp is in the order of 1 µm for biological tissue with the refractive index n2 ≈ 1.5.
At these distances, the total absorption of the evanescent wave is, indeed, negligible. At low terahertz
frequencies (0.3 to 3 THz) the wavelength λ is on the order of 1.0–0.1 mm, which yields a dp changing
from 308 µm to 31 µm for the n2 = 1.52 and ATR prism n1 = 2.42. The absorption of the evanescent
wave becomes not be negligible at such depths in the biological tissues. A more elaborate equation for
the reflected wave intensity, using the complex refractive index n∗ = n + ik, where k is the imaginary
part of the complex refractive index n∗ is required when polarisation becomes important. The reflection
coefficients for s- and p-polarisations can be expressed following ref. [26], i.e., the Rs (a transverse
electrical TE-mode):

Rs =
ξ − η

ξ + η
(2)

where ξ = α2 +
√

x2 + y2, η =
√

2α
√√

x2 + y2 − x, x = β+ n2k2, y = 2n2k, α = cos θ, β = sin2 θ− n2

and the relative refractive index n = n2/n1; the absorption coefficient for intensity is linked to the
imaginary part of refractive index k as αabs ≡ 4πk/λ and is usually measured in transmission from the
Beer–Lambert law Iout = Iine−αabsd for thickness d; noteworthy, optical losses fitted by the Beer–Lambert
law can also be due to scattering that also takes place in biological materials.

The Rp (a transverse magnetic TM-mode) is given by [26]:

Rp =
u− v
u + v

(3)

where u = α2((sin2 θ − x)2 +
√

x2 + y2), v = 2α[(n2 − n2k2)
√
[
√

x2 + y2 − x]/2] +

y
√
[
√

x2 + y2 − x]/2. For a given λ and n1 (diamond), this formulae delivers the complex
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refractive index of the sample (n + ik) for given angle of incidence θ. Equations (2) and (3) are used
to determine n and k from the reflectivities Rs and Rp. Knowing either n or k independently, it is
possible to calculate the other parameter. It is noteworthy that this formalism is applicable for weakly
absorbing materials [26] and is discussed in the more details below.
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Figure 1. (a) Photo of the THz/Far-IR radiation injection port and distribution chamber between two
beamlines at the Australian synchrotron; the chamber is in vacuum. Trajectory of electrons (and slit
of bending magnet) are in xy-plane (see the inset on top where dipole and edge radiation extraction
from synchrotron is shown schematically). The beam extraction mirror had an intermediate focus
before entering beam-splitting chamber and is shown schematically. This caused the left-right and
top-bottom flip of the impinging radiation (dipole on the right hand side and edge on the left hand
side). (b) The attenuated total reflection (ATR) geometry based on a prism (diamond) with a typical
3 mm cross section of the area of measurements (diameter of the THz beam). Sample is pressed against
the window during measurements. This setup allows THz experiments in out-of-vacuum conditions
normally required to cancel strong water absorbance in air.

Here, we demonstrate the ATR technique for determination of refractive index (n + ik) of
biological sample (rendered pork lard) at the Australian Synchrotron THz beamline. Experimental
results follow qualitative predictions of numerical simulations made by the finite difference time
domain (FDTD) solution of Maxwell’s equations.

2. Experimental: Setups and Samples

2.1. Synchrotron Radiaton and ATR

THz/Far-IR beamline at the Australian Synchrotron was used in this study. Polarisation of
synchroton radiation has a combination of a linear (along the extraction mirror slit; y-orientation in
Figure 1) and circular polarisations [27]. The origin of those two components is due to the bending
magnet caused emission (inside the magnet) and the edge-emission (at the entrance/exit magnet edge).
The THz and IR microscopy beamlines share the synchrotron radiation extracted from the magnet.
Polarisation is defined in the plane of incidence as Es and Ep, which are⊥ and ‖ to the plane (or TE and
TM modes), respectively. For anisotropic samples, those two components will be absorbed differently,
i.e., alignment of the absorbing dipoles. This opens up the possibility for determining anisotropy of
absorbace in the sample. The s-pol. (TE or Ey in Figure 1b) is probing orientation of dipoles in the plane
of ATR crystal. The reflected light at typical 45◦ incidence usually does not experience phase change
upon reflection at the sample–prism interface (see Appendix A for phase change upon reflection) for
low refractive index n1 < 1.6 samples, which is typical for bio-materials. However, the p-pol. (TM;
Ez in Figure 1b), which probes the absorbance in the direction perpendicular to the prism-sample
interface has a strong dependence of the reflected phase on n1. At θi = 45◦ incidence, a phase change of
π occurs when θB < θi < θc (θB and θc are the Brewster and critical angle, respectively. See Appendix A
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for definitions) and the reflected Ez component becomes Ey. The consequence of the phase dependence
of the TM mode makes polarisation analysis of ATR signals complicated, and most of the published
data does not discriminate polarisation. We followed this approach in the current study and will carry
out future experiments with a defined incident polarisation combined with polarisation analysis at
the exit.

A Bruker IFS 125/HR Fourier Transform spectrometer (Bremen, Germany), with a Si bolometer,
75 µm Mylar beamsplitter and a diamond prism stage (refractive index of n1 = 2.42) was used. Data
analysis was carried out with OPUS 8.0 software (Bruker Optik GmbH, Ettlingen, Germany). We used
modified frustrated internal reflection (FTIR) technique. The evanescent wave reflection by a gold
plated mirror with a varied separation from the ATR diamond crystal surface was installed. In this way,
the wave is redirected back to the detector. The experiments were conducted over the frequency range
of 0.91 to 1.01 THz due to high brightness of synchrotron radiation at this frequency window. It is
noteworthy, that Australian Synchotroton has the capability to generate coherent synchrotron radiation
(CSR) at the spectral window of 15–25 cm−1 (0.45–0.75 THz in frequency or 0.667–0.4 mm wavelength)
which is available at the THz beamline. In the case of CSR, the radiated power is proportional to
the P ∝ N2 rather P ∝ N for the incoherent radiation, where N is number of electrons in the bunch.
The presented methodology of measurements of lard sample is directly applicable for the CSR mode.

2.2. Modeling

Simulations were conducted using Finite Difference Time Domain (FDTD) solver, XFdtd Bio-Pro,
(v.7.6.0.5.r48456, Remcom, State College, PA, USA). The simulations were analysed with point sensors
acting as detectors 0.015 mm outside the diamond prism (Figure 2).

The model sample used was rendered pig lard. It has experimentally established dielectric
parameters in the 0.9 to 1.0 THz spectral window with the refractive index of n2 = 1.48 and the
absorption coefficient αabs = 8 cm−1; k2 = αabsλ/4π [24]. The simulations were conducted with the
same parameters. The spacing over the ATR crystal was achieved with prefabricated non-reflective
polypropylene spacers with 0.05 mm thickness. The diamond ATR crystal had a refractive index of
n1 = 2.42 at the THz wavelengths used.

The ATR reflection coefficients were modeled using Equations (2) and (3) in Section 1. The fraction
of reflected radiation at the surface is dependent on the real and imaginary part of the sample and
is plotted for s- and p-polarisations (Figure 3). The reflectance drops with increasing absorption
coefficient (Figure 3a) and increases with frequency (Figure 3b), hence, the portion of light coupled
into evanescent wave is smaller. The evanescent waves are more important at lower frequencies, and
the ATR reflection technique will be more sensitive to changes in the absorption coefficient smaller
than 15 cm−1.
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Planar sensor  
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Protective shield 
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Figure 2. The computational FDTD model. A gold mirror was set up to model varying thickness d of
the sample (a pig lard). The diamond ATR crystal is encased in a metal envelope (protective shield)
to prevent extraneous signals reaching the detector. The evanescent wave generated at the interface
of the ATR crystal and the sample. It can travel through the sample (transmitted), back-reflected by
top Au-mirror as a frustrated traveling wave, or reflected to the detector. Changes in thickness of the
sample alters the intensity of the evanescent wave in reflection (FDTD detector).
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Figure 3. Simulation of ATR reflectance (a) Rs and Rp vs. absorbance coefficient and (b) reflectance vs.
frequency THz according to Equations (2) and (3). The refractive indices are modeled by n1 = 2.38
(diamond) and lard by n2 = 1.48 at the sampling frequency of 0.9 THz (a). The angle of incidence 45◦.

3. Results and Discussion

3.1. Polarisation of Synchrotron Radiation

The polarisation of ∼1 THz beam was not controlled as the beam was delivered to the ATR
prism from the input port (Figure 1a). This is the condition when maximum intensity is obtained
on the sample (lard), which does not have absorption anisotropy in our case. At this particular
frequency of ∼1 THz (33 cm−1 in wavenumbers), the THz/Far-IR beamline receives approximately
90% linear polarisation dominated by the edge radiation (emitted at the entrance and exit of the
bending magnet). This was established by direct measurement in direct transmission without the ATR
compartment [27]. The direct measurement was carried out to analyse polarisation content which is
complex. Numerical modeling of the synchrotron emission predicts the dipole emission with linear
polarisation is aligned along the magnet slit and across the broad Far-IR band of 3–30 THz. This is at a
lower portion as compared to the edge radiation, which is circularly polarised. The experimentally
determined polarisation was 90% linear and 10% circular due to sum of the linear and circular
polarisations at < 100 cm−1. This translates to the prevailing s-pol. on the sample placed on the ATR
window for the measurements.

3.2. THz Spectra of Lard

Figure 4 shows experimental data of the ATR spectra measured from different lard thicknesses d
with a back-reflecting Au-mirror on the top of the rendered lard. Most of the synchrotron radiation
was in the spectral window of 20–40 cm−1 (this window includes CSR, which was not used in this
particular experiment). This region provides possibility to determine lard absorption with the highest
signal-to-noise ratio. This spectral window around 1 THz is shown in Figure 4b; for sake of comparison
normalisation to transmission of ATR in air is shown as well. Our method uses a top back-reflecting
Au mirror to reflect the scattered synchrotron radiation back in the detection direction, and spacers
to set the thickness of lard sample d. It is noteworthy that the spectral window of 0.5–1.5 THz has
many strongly absorbing narrow lines in the vibrational-rotational manifold of molecular water
spectrum [28]. This would require samples to be measured in vacuum and the ATR modality of
transmission measurement is critically important.
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Figure 4. (a) Raw data: THz spectra measured through the ATR setup with lard of different thickness
d on top of the ATR prism (color coded). Each spectral line was plotted from four scans; several
scans show uncertainty range. (b) The same spectra presented in frequency after normalisation of
the transmitted light to the ATR prism transmission in air (dashed lines) and with top Au-mirror
(solid lines). There is a strong water absorption band at ∼ 0.6 THz [19] and reflection normalisation
(to mirror attached to ATR prism) is affected at the vicinity of the absorption band.

3.3. ATR Experimental and Numerical Data

A total of 160 scans at each sample thickness were performed with synchrotron ATR and the
results were averaged. The radiation was not polarised and the beam spot size on the sample was
∼ 1 mm in diameter, positioned at the center of the 3-mm-top window (Figure 1b). The spacer defining
the sample thickness was set at d = 0.05, 0.1, 0.15, 0.2, and 0.3 mm successively. The Au-mirror was
placed over the lard sample at the defined separation d from the surface of ATR prism; the spacers
were located so as not to intercept the THz beam in the measurement area. The thickness of lard was
considered to correspond to the defined thickness d since the ATR was measured under an considerable
applied force using the ATR clipping mechanism. Each measurement was carried with a new identical
lard sample and a fresh region of Au-coated slide glass. The experimental results are plotted in
Figure 5 in logarithmic-linear presentation of the normalised THz intensity vs. thickness of the lard
sample. The linear slope in this presentation corresponds to a single-exponential decay of intensity,
hence the absorption coefficient can be determined. The absorption depth was found corresponding
to labs = 1/αabs ≈ 0.37 mm (intersection of linear slope defined by the first points and the I/e-level).
The spectral region where the normalised transmission is larger that one are not meaningful due to low
reflectivity used for normalisation. It is noteworthy that for the gold-coated mirror, a surface plasmon
polariton (SPP) can be launched at the dielectric–gold interface, however, it was not investigated here
due to the fixed 45◦ angle of incidence.

For comparison, FDTD simulations were conducted using 0.95 THz single frequency radiation,
with the spacer d set at the same values as in the experiment. Separate simulations were conducted for
s- and p-polarisations. The FDTD results of power density were normalised for comparison with the
experimental data. The maximum intensity of unity corresponds to a gold mirror directly placed over
the diamond crystal. The results are shown in Figure 5 and follow qualitatively similar behaviour:
intensity is reduced for larger sample thickness. As expected from the above discussion on polarisation
in the THz beam at ∼1 THz, the closest match between experiment and theory was obtained for s-pol.
The difference between experiment and FDTD simulations can be explained by lard properties used in
the model, which might be slightly different mainly due to water presence in THz beam path. Since the
FDTD detector, which was measuring reflected power (Figure 2) has a fixed location, the local intensity
distribution had an inherent oscillating behaviour due to back-reflected light from the top-mirror.
We verified that the mesh was adequate and did not cause spurious changes of the detected power
with the sample thickness.
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Figure 5. FDTD simulations and experimental results of the reflected signal (polarisation was not
discriminated for incidence nor for the reflected power) from the rendered porcine lard sample.
Normalisation was carried out for FDTD data while the experimental data were normalised to the Au
mirror reflectivity, which is taken as R = 100%. Lines are drawn as eye-guides.

There was an apparent difference in the slope of optical power loss with thickness in FDTD
data (Figure 5). For the θ = 45◦ angle of incidence, the ratio of penetration depth for p-(‖) and
s-pol. (⊥) is equal d‖p/d⊥p = 2 [29], which is valid for an isotropic sample such as rendered pork lard.
This explains a stepped power loss for the p-pol. that penetrates deeper into the sample for shallow
depths d < 0.15 mm.

Interestingly, the calculated reflected power decay as defined by the k2 and correspondingly
αabs = 8 cm−1 is labs = 1/αabs = 1.25 mm, was up to three times smaller. This was judged from the
initial slope of the calculated FDTD data and experimental results (Figure 5) for the thicknesses larger
than d > 0.15 mm. At the position of slope change, the evanescent field (Equation (1)) ceases to be
important. This is consistent with the measurement methodology where top Au-mirror reflected the
otherwise transmitted light back into the detection direction. Hence the FDTD monitor captures the
optical near-field and far-field contributions. An additional factor is that the angle of incidence in ATR
is usually θ ≈ 45◦, however, parabolic focusing mirrors are used and this changes the s-pol. to p-pol.
ratio at the sample–prism interface. Further efforts have to be made to achieve theory-experiment
matching for non-normalised data presentation. To achieve this, the phase of the incident and reflected
signal has to be determined (see Appendix A for phase changes upon reflection) as well as the change
of reflection coefficients Rs,p (Figure 3) which are both dependent on the sample properties (n2 + ik2).
Polarisation sensitive measurements could allow determination of orientation dependent n and k,
and hence the birefringence ∆n and dichroism ∆k as we demonstrated for the transmission [30–32] at
the IR spectral range.

4. Conclusions and Outlook

The THz-ATR technique with a top-reflecting gold mirror was used to measure absorbance
of the bio-material—rendered pork lard sample. At the chosen ∼1 THz synchrotron radiation
band, polarisation is mostly linear and corresponds to the s-pol. at the sample–prism interface.
The experimentally determined absorption coefficient of lard is 25 cm−1 (or absorption depth of
0.4 mm) for the thinnest samples where the evanescent light fields dominates light-matter interaction
at the interface between the lard and the ATR diamond prism.

Future improvement of the THz-ATR technique can benefit from use of band-pass filters [33],
which can also be designed to act as polarisers. Geometrical parameters of a cross opening in a
metallic mask can control polarisation, spectral bandwidth, central wavelength and transmittance
of the filter. We demonstrated bandpass filters based on pinhole-arrays in a gold film layer for
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the mid-IR spectral range [34]. Due to a mass density alignment (real part of the refractive index),
the orientation of absorbers or structural patterns can be recognised even when spatial resolution is
not achieved [31]. Polarisation resolved imaging at THz wavelengths is expected to further improve
diagnostics of malignant skin formations. Uniquely to the ATR geometry, the E-field component Ez

oriented perpendicular to the sample–prism interface can be used to detect orientation of patterns and
structures along that field due to a stronger absorption. Sub-wavelength patterns can also contribute
to the formation of Ez field, which cannot be present in the paraxial beam propagating in a free
space but can have a strong contribution at the near and evanescent modes [35]. Laser-induced
breakdown of liquid targets (e.g., water micro-jet) are a promising THz radiation source which can
be localised with sub-wavelength (at THz) precision with intensity scalable by using multi-foci [19].
THz field enhancement at sub-wavelength formations cause an increased absorption and is a promising
direction to explore for removal of skin lesions. For the visible spectral range, the enhancement
was demonstrated by laser ablation of tens-of-nm wide grooves using λ ≈ 800 nm laser light [36].
The most obvious advantage of ATR THz measurements of biological samples is elimination of a
strong absorption by atmospheric water during beam delivery to the sample.
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Appendix A. Phase Changes in ATR

The amplitude of reflected ATR signal (for intensity) is defined by the Rs,p coefficients
(Equations (2) and (3)). The phase of the reflected E-field from the ATR (diamond) prism–sample
interface is changed and has to be accounted in the analysis of light using the analyser (Figure 1).
The phase is changes depending on the angle according to the Fresnel formulas defined for the relative
refractive index n = n2/n1:

φTE(θi, n) = −2 tan−1


√

sin2 θi − n2

cos θi

 , (A1)

φTM(θi, n) = π − 2 tan−1


√

sin2 θi − n2

n2 cos θi

 , (A2)

for the θi > θc where the critical angle θc = sin−1(n); reflection is internal when n < 1. The evanescent

field depth 1/α is defined by the absorption coefficient α = 2π
k

√
sin2 θi

n − 1 (for n < 1); for plotting
n1 = 2.12 is the refractive index of ATR prism (medium 1) and n2 + ik2 (medium 2) is the sample
(or air n2 = 1) for the THz spectral range.

The Fresnel formulas shown above are plotted in Figure A1. Reflectivity does not change the
amplitude of reflected TE and TM modes at angles of incidence larger than the critical angle θc

(Figure A1a). Absorption of THz beam due water humidity can be modeled by increasing the imaginary
part of the refractive index k2 (see solid vs. dashed lines in (a)). The phase change upon reflection
of TE and TM modes experiences complex changes at the polarising Brewster and critical angles
(Figure A1b). Most importantly, the difference of phases for the TM and TE modes experiences the
largest phase change close to the λ/4 condition for θi = 35− 45◦. Typical ATR setups are designed
for θi ≈ π/4, hence, a strong phase difference is expected due reflection from the sample–diamond
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interface, depending to the refractive index contrast n; see thinner lines in Figure A1b which represent
phase changes for n = n2/n1 = 1.5/2.12. The large phase change between TE and TM modes is used
in Fresnel rhomb polarisers to produce circularly polarised light after two total internal reflections
which introduce λ/4 (or π/2) phase shift between TE and TM modes.
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Figure A1. Visualisation of Equations (A1) and (A2). The phase change upon reflection for the TE
and TM modes governed by the real part of refractive indices n = n2/n1; the angle of incidence θi

and ATR prism has n1 = 2.12 in the THz spectral range. The polarising Brewster angle is given by
θB = tan−1(n) and the critical angle θc = sin−1(n). Thinner lines correspond to the case when the
sample has a refractive index of n2 = 1.5. The right-inset in shows the polarisation ellipse after the
analyser; left-inset shows ATR geometry and conventions.

Upon reflection from the diamond–sample interface, both amplitudes of the Ez (TM) and Ey

(TE) components can be changed because of anisotorpy of absorption. This is affected by the phase
change between TM and TE modes, which is solely defined by the refractive index ratio at the interface.
The reflected light is elliptically polarised and can be expressed in s-/p-components measurable with
an analyser (inset in Figure A1). The ratio of the s- and p-components of the E-field is tan β = Ep/Es

and the phase difference upon reflection δ. The polarisation ellipsis is expressed by two angular
parameters: the orientation angle ψ′ and the ellipticity angle χ′ as tan(2ψ′) = tan(2β)× cos(δ) and
tan(2χ′) = sin(2β) × sin(δ). This polarisation change is mainly defined by the phase change δ

upon reflection.
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