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Massive usage scenarios prompt the prosperity of terahertz refractive index (THz RI) measurement methods.
However, they are very difficult in measuring the full-field dynamical RI distributions of either solid samples
without a priori thickness or liquid samples. In this study, we propose total internal reflection THz digital holog-
raphy and apply it for measuring RI distributions for both solid and liquid samples dynamically. An RI mea-
surement model is established based on an attenuated total reflection prism with a pitching angle. The pitching
angle and the field of view can be numerically calculated from the spectrogram of the off-axis Fresnel hologram,
which solves the adjustment of the visually opaque prism irradiated by the invisible THz beam. Full-field RI
distributions of the droplets of solid-state soy wax and distilled water are obtained and compared with THz
time-domain spectroscopy. The evaporation of an ethanol solution droplet is recorded, and the variation of
the RI distribution at the sample–prism interface is quantitatively visualized with a temporal resolution of
10 Hz. The proposed method greatly expands the sample range for THz RI measurements and provides unprec-
edented insight into investigating spontaneous and dynamic THz phenomena. © 2022 Chinese Laser Press

https://doi.org/10.1364/PRJ.442388

1. INTRODUCTION

Terahertz (THz) radiation, ranging from 0.1 to 10 THz, can
easily penetrate diverse non-polarity, non-metallic materials
without ionization, but can be strongly absorbed by liquids
and other states of water molecules. Various THz spectroscopic
and imaging methods have been developed with different con-
figurations to accommodate the properties of THz waves and
scenarios. In particular, the approaches of THz refractive index
(RI) measurements have been validated in numerous aspects
of applications, e.g., non-destructive defect testing of aircraft
composite materials from mechanical or heat damage [1],
complementary medical diagnosis of melanoma and brain
gliomas [2,3], and pigment identification in cultural relic
restoration [4].

THz time-domain spectroscopy (THz-TDS), as the corner-
stone of THz imaging and a dominant commercial measurement
technique, can measure the sample’s RI curve versus wavelength
by Fourier analysis of a complete THz pulse waveform. Two-
dimensional (2D) RI distributions are mainly obtained by
time-consuming raster scanning. The transmissive configuration
is available to collect the mean axial RI distribution of the

samples [5], which have low absorption and a priori thickness
and require extra preparation, e.g., slicing, dehydration, or par-
affin embedding. In comparison, for samples with high absorp-
tion and reflectivity or in vivo detection, the reflection geometry
is capable of measuring the RI distribution of irradiated surfaces
of samples by the Fresnel law [3,6]. Total internal reflection
(TIR) THz-TDS is a modality for liquid samples and pressed
powder samples; the RI of the sample should be lower than
the RI of the attenuated total reflection prism (ATRP).
Furthermore, the angle of incidence should be larger than the
critical angle of the ATRP [7]. High-resistivity silicon
(HRFZ-Si) is commonly used as THz prism material due to
its relatively low transmission loss and high RI. The RI
distribution at the sample–prism interface can be calculated
by measuring the reflection phase variation (RPV) [8]. As a phe-
nomenon of TIR, RPV is decided by the electromagnetic
boundary conditions. To enhance the spatial resolution and sig-
nal-to-noise ratio (SNR), the sample is commonly illuminated by
a focused probe beam without a fixed angle of incidence, which
leads to an inaccurate RI calculation. Furthermore, continuous-
wave (CW) THz spectrometers based on photomixing can also
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provide RI curves of solid samples ranging from 60 GHz to
1.8 THz with a spectral resolution of the order of MHz [9].
Compact all-fiber THz frequency-domain spectroscopy is vali-
dated to measure the RI curves from 220 to 450 GHz of a semi-
conductor wafer based on the Fabry–Perot effect [10].

In addition, THz tomography is available to retrieve the
three-dimensional RI distribution of the sample with the
assumption of a slow RI change in the sample and its surround-
ing medium. One category of THz tomography, denoted as
THz computed tomography (CT), is based on a geometrical
straight-line model of the radiation propagation that neglects
the diffraction effects and Fresnel losses [11,12]. The other ma-
jor category, known as THz diffraction tomography (DT), is
based on the weak scattering approximation that accounts
for the diffraction effect [13–15]. Therefore, the accuracy
of RI measurements by THz DT is usually higher than by
THz CT, especially for samples with fine structure. The current
approaches are very difficult in measuring full-field RI distribu-
tions dynamically in the THz band, particularly for liquid
samples.

In the visible-light domain, TIR digital holography (TIR-
DH) is proposed to achieve full-field measurements of RI
distributions. In the initial configuration, several on-axis holo-
grams are recorded by the interference between the fixed-step
phase-shifted reference beam and the TIR beam [16]. It
is validated that the changes of the RPV are greater when
the prism is irradiated by the p-polarization beam compared to
the s-polarization illumination beam [16]. The 2D single-
frequency RI distribution is decoupled from the recovered RPV
by a two-step phase subtraction method and the Fresnel
formula [17]. The reconstruction distance, i.e., the optical path
from the bottom plane of the prism to the detector, can be nu-
merically evaluated via autofocusing. However, the phase-
shifting configuration is not convenient for dynamic measure-
ment. To enhance the ability of dynamicmonitoring, an off-axis
Fresnel holographic architecture is proposed based on
the Mach–Zehnder interferometer [18] and validated by meas-
uring the RI distribution in the fusion of water and glycerol
droplets [17,19]. The object beam and the reference beam
propagate along different paths in these configurations, which
are affected differently by environmental disturbances. A
common-path microscope geometry is presented with an extra
slide above the prism [20], which improves the stability of the
TIR-DH system. Because the object is illuminated by an in-
clined parallel beam in TIR-DH, a tilt aberration known as ana-
morphism is numerically corrected by hologram rescaling and
coordinate rotation. Moreover, a hybrid TIR-DH configuration
based on a Dove prism is developed, in which an additional
transmissive path is integrated so that both the RI and vertical
phase distributions can be observed simultaneously [21].

In the THz domain, with the development of array detectors
and CW coherent sources, the variations of visible-light DH,
which are categorized as THz DH (TDH), are proliferating in
THz lensless full-field phase imaging. In-line TDH achieves
sub-wavelength lateral resolution for small-sized objects [22].
However, iterative phase retrieval algorithms are required to
suppress the twin image [23–25]. Both the size restriction and
time-consuming reconstruction in this layout can be relieved by

using the transport of intensity equation [26]. The twin image
can also be minimized by phase-shifting TDH; nevertheless,
the lateral resolution declines because of the extended recording
distance for the beam splitter (BS) [27]. Off-axis Fresnel TDH
has both transmissive and reflective geometries for different us-
age scenarios [28–32]. Spatial Fourier filtering, autofocusing,
angular spectrum integral, and phase unwrapping are adopted
in sequence for the numerical reconstruction. The second
and third reconstruction steps can be replaced by adopting a
single inverse Fourier transform in lensless Fourier-transform
TDH. In this triangular interferometric layout, the reference
beam is brought to focus at the object plane, and is equidistant
from the recording plane. In addition, the environmental
disturbances can be suppressed via the common-path self-
referencing configuration [33].

Nevertheless, TDH has not been used for measuring RI dis-
tributions nor has TIR-DH been realized in the THz band.
The main difficulty for these measurements might be the ver-
tical orientation adjustment of the visually opaque HRFZ-Si
ATRP, which is irradiated by the invisible THz beam. The
pitching angle of the prism as well as the effective field of view
(FOV) is difficult to measure. On the other hand, the current
theoretical models in TIR-DH assume that the bottom of the
ATRP is parallel to the horizontal plane [16–21].

In this study, we propose the total internal reflection tera-
hertz digital holography (TIR-TDH) and apply it for measur-
ing THz dynamic full-field RI distributions for both solid and
liquid samples. A theoretical model is established based on a
vertically tilted ATRP irradiated by a p-polarization parallel
beam with a fixed angle of incidence. The model not only re-
veals the relationship of RPV, RI, pitching angle, and other
parameters of the prism, but also bypasses the orientation issue
of the prism. An experimental setup is built based on a CW
2.52 THz laser, in which off-axis Fresnel holograms are re-
corded by a pyroelectric array detector. Both the full-field
and dynamic abilities of measuring the 2D RI distributions
are validated using different types of solid and liquid samples.

2. REFRACTIVE INDEX MEASUREMENT MODEL

The principle of TIR-TDH based on a vertically tilted ATRP is
illustrated in Fig. 1. To avoid a considerable RI measurement
error, the pitching angle of the ATRP is considered in the fol-
lowing deductions.

It is shown in Fig. 1 that the left side of the ATRP is illu-
minated by a monochromatic p-polarization parallel wave at a
wavelength of λ0. The RI and the base angle of the prism are set
to n1 and β, respectively. Assuming the pitching angle of the
prism is Δθ, the incident angle is calculated as θβ �
90° − β − Δθ. Thereafter, the incident angle at the bottom
plane, which is defined as θ1, can be calculated as

θ1 � arcsin
cos�β� Δθ�

n1
� β: (1)

When the illumination beam has a circular profile with a
diameter of D, the FOV of the imaging system is an elliptical
spot with a long axis D 0 and a short axis D, the ratio of which
varies with the pitching angle:
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We assume that x-y is the Cartesian coordinate at the object
plane, which is above the adjacent prism’s bottom. The 2D RI
distribution at this plane is defined as n2�x, y�. There are two
prerequisites for TIR at the prism–sample interface: θ1 is larger
than the ATRP’s critical angle, θ1 > θc � arcsin�n2�x, y�∕n1�,
and the sample thickness d should be considerably larger
than the penetration depth of the evanescent field, d ≫ λ∕ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2π�n21 sin2θ1 − n22�
p

[34,35]. The beam undergoes TIR at
the interface, including a swift wave propagating through
the sample along the direction of the interface for some dis-
tance, and then goes back to the prism, which is known as
the object beam. The RPV φp�x, y� contains the object’s RI
information within the FOV [17]:

φp�x, y� � −2 arctan

�
n1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n21 sin

2θ1 − n22�x, y�
p
n22�x, y� cos θ1

�
: (3)

The emergent beam propagates through the right side of the
prism, thereafter interferes with the reference beam, and gen-
erates an off-axis Fresnel hologram [36]:

Iobj�ξ, η� � jO�ξ, η� � R�ξ, η�j2

� jOj2 � jRj2 � O�R � OR�, (4)

where � denotes the complex conjugate, and O and R represent
the complex amplitude distributions of the object and reference
beams at the recording plane ξ − η, respectively. R is parallel to
the horizontal plane, while O is unparallel; thus, the off-axis
angle in the η direction is 2Δθ. This angle can be numerically
calculated by measuring the projection length, denoted as qη,
between the center of the “�1” term and the center of the “0”
term in the vertical axis from the spectrogram of the hologram:

Δθ � 1

2
arcsin

λ0qη
N ηΔη

, (5)

where N η and Δη are the number of pixels and the pixel pitch
in the η direction, respectively. It is noted that any pitching
angle between 0° and 90° can be measured in this way. The
detailed derivation of Eq. (5) is presented in Appendix A, which
describes how to get qη and calculate Δθ.

The hologram is spatially filtered to eliminate the twin im-
age and thereafter is tilt-corrected based on transformation and
rescaling of the coordinates to avoid anamorphism [37]. The
complex amplitude at the recording plane thereafter propagates
backward to the object plane using the angular spectrum
integral [36].

In the experiments, the retrieved phase distribution at the
object plane is constituted by the RPV and an additional phase
disturbance induced by the experimental setup and the sur-
rounding environment. The phase disturbance can be sup-
pressed via the two-step phase subtraction method [17],
assuming the disturbance is invariant during data acquisition.
The RPV can be calculated by [17]

φp 0 �x, y� � φp�x, y� − φbg�x, y� � φair, (6)

where φp and φbg denote the RPVs induced by prism–
sample and prism–air, corresponding to states with and
without the sample inside the FOV, respectively; φair � −2 ×
arctan��n41 sin2θ1 − n21�1∕2∕ cos θ1� is the change in phase differ-
ence due to air, which can be calculated from Eq. (3).
Therefore, the 2D RI distribution at the interface can be ex-
pressed as [17]

n2�x, y�
n1

�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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2

: (7)

3. RESULTS

A. Experimental Setup
A schematic diagram of the experimental setup is depicted in
Fig. 2. An infrared-pumped laser (295-FIRL-HP, Edinburgh
Instruments) emitted a CW THz beam at a wavelength
of 118.83 μm (2.52 THz) with a maximum output power of
up to 500 mW. The diameter and the divergence angle of the

Fig. 1. Schematic illustration of TIR-TDH when the ATRP is
vertically tilted.

Fig. 2. Sketch of the actual TIR-TDH system. HWP, half-wave
plate; PMs, parabolic mirrors; BS, beam splitter; M, mirror; ATRP,
attenuated total reflection prism.
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beam were ∼8 mm and 0.63°, respectively. The polarization
state of the beam was turned into p-polarization by an
HRFZ-Si (n � 3.4175 at 2.52 THz [38]) half-wave plate
(HWP). The beam was expanded to 24 mm in diameter using
a pair of gold-plated off-axis parabolic mirrors, PM1 and PM2,
with effective focal lengths of 50.8 and 152.4 mm, respectively.
The beam was partitioned into two portions by an HRFZ-Si BS
with a splitting ratio of T54%:R46%. The direction of the re-
flected beam, i.e., the reference beam, was adjusted by a gold-
plated mirror (M), while the transmitted beam was incident on
an HRFZ-Si ATRP with a base angle of β � 38.4°. Estimated
by Eq. (2), the long axis and short axis of the elliptical sample
cell, i.e., FOV, were approximately 37 and 24 mm, respectively.
The penetration depth of the evanescent field was ∼27.5 μm.
The beam underwent TIR at the sample–prism interface and
was emitted from the other side of the prism. The off-axis angle
was ∼20° in the horizontal direction. The off-axis Fresnel holo-
grams were recorded by a pyroelectric detector (Pyrocam IV,
Ophir-Spiricon), with a pixel pitch of 80 μm × 80 μm featuring
320 × 320 pixels. CW THz beams must be chopped to create a
changing signal. The pyroelectric detector contains an inte-
grated chopper before the sensor. The chopping frequency
was 50 Hz, and the exposure time of every frame was set to
5 ms. To enhance the contrast of the holographic fringes,
multiple frames were accumulated for each hologram. The
room temperature was stabilized at 16°C during data
acquisition.

It is noted that alignment is necessary before inserting the
ATRP in the layout. According to the deduction listed in
Appendix A, when both the illumination beam and the refer-
ence beam are parallel with the optical table, the “�1” order,
“−1” order, and the DC term are at the same horizontal line in
the spectrum of the off-axis Fresnel hologram. Otherwise, it
could also lead to an angular displacement of the hologram
spectrum.

B. Full-Field Refractive Index Measurement
To verify the effectiveness of the full-field 2D RI measure-
ments, a solid droplet of soy wax was adopted. This material
consists of a mixture of several higher order alkanes and has a
lower phase transition curve than paraffin wax. The sample’s RI
was 1.495 at 2.52 THz, measured by a transmissive THz-TDS
system (TeraPulse 4000, Teraview), in which the melted soy
wax was congealed and pressed onto a solid wafer with a thick-
ness of 2.28 mm.

At the beginning, 500 frames of the background hologram
were recorded without the sample, and the accumulated holo-
gram via Gaussian fitting [23] is denoted as Ibg. The soy wax
was heated to ∼50°C and melted, subsequently dropped from a
height of ∼0.5 m above the prism. A top view photo of the
droplet is shown in Fig. 3(a). Figure 3(b) shows the synthesized
off-axis hologram I obj with the accumulation of 500 frames.
The contrast of holographic fringes is the metric to evaluate
the quality of the recorded hologram, which is 0.494
inside the red dotted line box in Fig. 3(b). The Fourier spec-
trum of the hologram is represented in Fig. 3(c), in which the
“�1” order is marked with a white dashed line. It is able to
locate the central coordinates of the spectral components by
searching for their maximum value points. The distance qη

along the vertical axis was −4 pixels. Therefore, the pitching
angle Δθ and the incident angle θ1 were −0.53° and 51.76°,
respectively. The reconstruction distance was 100 mm, as cal-
culated by the autofocusing algorithm based on the squared
gradient. The object wavefront was backward propagated by
the angular spectrum integral, followed by the two-step phase
subtraction and pixel resizing through biquadratic interpola-
tion. The reconstructed RPV distribution is shown in Fig. 3(d).
The 2D RI distribution at the TIR interface was calculated
by Eq. (7), as shown in Fig. 3(e). The mean RI of the
50 × 50 pixels region inside the black dashed line was measured
to be 1.499	 0.029, which was close to the RI value obtained
by the THz-TDS system.

In contrast to transmissive geometries, the TIR-TDH sys-
tem is also available to measure the 2D RI distribution of
liquids. A droplet of distilled water, as shown in Fig. 4(a),
was adopted as another sample. The acquisition time of the
object hologram was ∼10 s, during which the influence of
evaporation can be ignored. The accumulated hologram, the
reconstructed RPV, and RI distributions are shown in
Figs. 4(b)–4(d), respectively. It is obvious in Fig. 4(d) that there
is a bright ring around the edge of the droplet, where the thick-
ness of the droplet reached the level of the evanescent wave
range. Therefore, the RPV distribution indicates a mixture
of water and air, resulting in a decreased RI value [39].
There is also a fluctuation in the RPV and RI distributions,
similar to the results in the visible-light domain [17,21].

Fig. 3. RI measurement results of a soy wax droplet. (a) Photograph
of the sample. (b) Hologram I obj recorded by TIR-TDH. (c) Spectra
of the interpolated hologram. (d) RPV distribution. (e) Corresponding
2D RI distribution.
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This is mainly due to the nonuniform THz illumination beam,
as well as the fluctuation of the irradiation power and the sur-
rounding environment disturbance during data acquisition.
The mean RI inside the black dashed line region in Fig. 4(d)
was 2.00	 0.02, similar to the value of 2.05 at 2.52 THz
obtained by the THz-TDS system mentioned above.

C. Dynamic Refractive Index Measurement
The dynamic RI distribution measurement was also performed
to monitor the evaporation process of a droplet constituted by
25% water and 75% ethanol. The RI distribution of the etha-
nol solution droplet is uniform in the initial state. However, the
volatilization rates of ethanol and water are quite different, and
the volatilization situations at different surface regions between
the droplet and air are not identical, both of which lead to the
dynamic diffusion of ethanol inside the droplet. Therefore, the
RI distribution at the droplet–prism interface should be aniso-
tropic and dynamic. The RI value is close to that of air in the
region where the droplet volatilizes. The remaining droplet is
mostly water and has an RI close to that of water. Therefore, a
volatile ethanol droplet is an appropriate test sample to validate
the feasibility of measuring 2D RI distribution dynamically.

In this experiment, every 10 successive frames were accumu-
lated to form a hologram without Gaussian fitting, since 10
frames are statistically insufficient to extract the expectancy
of the intensity from the Gaussian statistics. The interval of
the temporal adjacent holograms was five frames. Therefore,
the video rate of the RI distribution measurement was
10 Hz (see Visualization 1). The evaporation process was syn-
chronously recorded by a cell phone (P20, HUAWEI). When
dripping down onto the prism, the droplet dispersed rapidly
due to its low surface tension. There were no obvious changes
in either the 2D profile or RI distribution on the interface side

in the first 10 s. Thereafter, the edge of the droplet began to
shrink, while the ethanol portion of the solution evaporated
much faster than the water, resulting in the RI value of the sol-
ution approaching the RI value of water or air in different
regions.

Figures 5(a) and 5(b) illustrate nine photographs with a
fixed time interval of 1.5 s and the corresponding RI distribu-
tions at 2.52 THz. The area of the droplet decreased by 78%
from 10 to 22 s. As the thickness of the droplet became thinner
during evaporation, the boundary ring became more obvious. It
is illustrated in Fig. 5(b) that a 25 × 25 pixels brown square was
selected from the center of the RI distribution, while a green
one with same size close to the edge of the droplet, was chosen.
The average RI values of these two regions during the evapo-
ration process are plotted in Fig. 5(c). The mean value is
adopted to reduce the influence of random error on measure-
ment accuracy and reflect the trend of RI variation more accu-
rately. The initial RI values in both the green and brown curves
are ∼1.80. The RI value in the brown curve eventually reached
2.07, which was close to the RI value of water. Because of the
fast volatilization rate of ethanol in the solution, the brown re-
gion might become mostly water eventually. On the other
hand, the mean RI began to decrease at ∼13 s within the green
region, which had thinner thickness and was close to the edge
of the droplet. It reached ∼1.0 at ∼23 s, which was close to the
RI value of air. Figure 5(d) illustrates time varied RI data ex-
tracted from the white line shown in Fig. 5(b), indicating the
process as the droplet shrunk and eventually disappeared.
Compared with the curves of mean value, the three-dimen-
sional surface plotted in Fig. 5(d) not only more accurately dis-
plays the RI variations of each pixel during the volatilization
process, but also more intuitively reflects the downtrend of
the droplet area.

4. DISCUSSION AND CONCLUSION

In summary, we proposed TIR-TDH, which enables dynamic
full-field measurement of the 2D RI distribution at the THz
band. Previously, it was not possible to measure the dynamic
full-field RI distribution of liquid samples in the THz domain,
with only some transmissive solid samples of fixed thicknesses
that could be measured. The availability of full-field and dy-
namic RI measurements was experimentally validated by the
TIR-TDH system using different solid and liquid samples.
The proposed method greatly expands the range of samples
and provides unprecedented insight into measuring static
and dynamic THz RI distributions. TIR-TDH has diverse po-
tential usage scenarios, e.g., using RI as an indicator to distin-
guish between cancerous and normal tissues [40], observation
of the RI variations of gaseous and liquid turbulence under mi-
croscope conditions, or characterizing different phase change
materials for manufacturing THz modulators and diffraction
optical components.

In the case of a droplet of distilled water as the sample in our
setup, the RI error achieves 0.13%, 0.26%, 1.37%, and 2.85%
when the pitching angle is 0.5°, 1°, 5°, and 10°, respectively. In
addition, the ratio ofD'/D decreases monotonously from 3.4 to
2.0 when the pitching angle changes from −10° to 10°. To
achieve high precision of RI measurement, the pitching angle

Fig. 4. RI measurement results of a distilled water droplet.
(a) Photograph of sample. (b) Hologram Iobj recorded by TIR-
TDH. (c) RPV distribution. (d) Corresponding 2D RI distribution.
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should be considered, either minimized mechanically or com-
pensated for numerically. For the first time, the pitching angle
of the prism was included in the deduction of the relationship
between the 2D RI distribution at the interface and the RPV
irradiated by a p-polarization parallel beam. We constructed a
non-contact estimation method of the pitching angle from the
Fourier spectrum of the off-axis Fresnel hologram. Any angle
from 0° to 90° can be numerically calculated, relieving the re-
striction of the prism’s vertical orientation. It is noted that this
angular offset can also be minimized by aligning the prism pre-
cisely. The main difficulty is that the visually opaque HRFZ-Si
ATRP is irradiated by the invisible THz beam. Therefore, the
alignment still needs assistance by estimating the relative posi-
tions of the spectral components of the hologram as mentioned
in Eq. (5) and Appendix A. Compared with physical alignment,
the numerical estimation method is not only an alternative and
much more convenient way for TIR-TDH, but also boosts the
speed and precision of the alignment process in other CW THz
interferometric geometries. To our knowledge, this concept has
not yet been applied in TDH. Considering the invisible THz
waves, the effective FOV of the system can be also calculated by
Eq. (2) rather than visual observation, which is particularly use-
ful in THz experiments.

In addition, in the reported THz TIR imaging and RI mea-
surement geometries, the sample was mainly illuminated by a
convergent beam. In our configuration, samples are irradiated
by a parallel beam with a fixed angle of incidence, thus improv-
ing the accuracy of RI measurement. The environmental dis-
turbance can be suppressed by applying the two-step phase
subtraction method.

So far, the interval of temporal adjacent RI distributions is
0.1 s, while the data acquisition speed, i.e., the chopping fre-
quency of the pyroelectric detector, is 50 Hz. The bottleneck of
the time resolution is mainly the low SNR of the single frame
hologram. This circumstance can be easily improved by using
microbolometers instead of pyroelectric detectors. The exper-
imental setup is stable during holographic data acquisition.
Nevertheless, its long-term stability is challenged. A bottle of
40 L mixture gas (7% CO2:18% N2:75% He) can last
∼10 h of continuous operation of 295-FIRL-HP. The shape,
position, and output power of the emergent beam usually
change after refilling the gas. In addition, approximately every
40 min, the output power of the THz laser as well as the SNR
of the THz hologram decreases significantly. Some optical el-
ements of the THz cavity need to be adjusted manually to re-
cover the quality of the laser beam. A selection of more stable

Fig. 5. THz RI measurement of an evaporating 75% ethanol droplet. (a) Photographs at different moments. (b) Corresponding 2D RI dis-
tributions at 2.52 THz. (c) Changes in the average RI values over time in different regions illustrated in (b). (d) Varied RI data extracted from
the white line in (b).
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CW THz sources, e.g., quantum cascade lasers, would also im-
prove the accuracy and stability of the proposed system.
Furthermore, one of the main factors affecting the accuracy
is the non-uniform distribution of the THz illumination beam.
A THz spatial filter will be a proper solution to improve mea-
surement accuracy [41]. It is noted that the proposed method
cannot be used to obtain the RI curve versus wavelength unless
a tunable source is adopted. Furthermore, the dynamic changes
of RI distribution at the bottom of the droplets with different
components and thicknesses will be investigated in the near
future. It might be possible to obtain three-dimensional RI
distributions of biomedical samples via the scanning of
multi-depth sections.

APPENDIX A: ESTIMATING THE PITCHING
ANGLE FROM THE OFF-AXIS HOLOGRAM

It is shown in Fig. 1 that the incident angle of the object beam
is 2Δθ at the recording plane, which is twice the pitching angle
of the prism, assuming the incident angle of the reference beam
is φ at this plane. The orientation relationship between these
two beams is plotted in the coordinates of ξ−η−γ. The optical
axis of the object beam is at the η−γ plane, while the optical
axis of the reference beam is at the ξ−γ plane. It is shown
in Fig. 6(a) that the azimuth angles of the object and reference
beams are (90°, 2Δθ − 90°, 2Δθ) and (90° − φ, 90°,φ), respec-
tively. Therefore, the wavefronts of these two beams can be
expressed as

O ∝ expfjk�−η sin�2Δθ� � γ cos�2Δθ��g, (A1)

and

R ∝ exp�jk�ξ sin φ� γ cos φ��, (A2)

where k represents the wavenumber.
According to Eq. (4), the holographic fringes appear peri-

odically in the hologram:
OR� � O�R ∝ expfjk�−ξ sin φ − η sin�2Δθ��g

� expfjk�ξ sin φ� η sin�2Δθ��g
∝ 2 cos�ξk sin φ� ηk sin�2Δθ��, (A3)

in which the fringe period w is

w � 2π

k sin�2Δθ� : (A4)

The spatial frequency in the vertical direction is the recip-
rocal of the fringe period: f η � sin�2Δθ�∕λ, which can also be
expressed as f η � qη∕�N ηΔη�, in which �N ηΔη�−1 is the fre-
quency resolution in the spectral domain [42]. Equation (5)
can therefore be obtained.

It can be deduced from Eq. (5) that the variation of the
pitching angle affects the coordinate of the “�1” term in
the vertical direction rather than the horizontal direction. It
is shown in Figs. 6(b1) and 6(c1) that two simulated off-axis
Fresnel holograms consisting of 320 × 320 pixels with a pitch
of 80 μm × 80 μm are generated, in which φ � 18°, and
Δθ � 	3°, respectively. The corresponding Fourier spectra
of the holograms are represented in Figs. 6(b2) and 6(c2).
When the pitching angle is 3°, the fringes are distributed from
bottom right to top left in Fig. 6(b1). It is shown in Fig. 6(b2)

that the centers of the “�1” term and “−1” term are located in
the first and third quadrants of the spectrum, respectively, with
a vertical interval 2qη � 26 pixels. When the pitching angle is
−3°, it is illustrated in Figs. 6(c1) and 6(c2) that the direction
spectral components are opposite with the case of the positive
pitching angle. The vertical interval 2qη is −26 pixels.
Therefore, it is possible to derive the pitching angle of the prism
from the off-axis angle, which can be calculated from the
spectrogram of the hologram.
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