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Abstract In this article we discuss the influence of temporal stability on the value
obtained for dielectric properties of materials measured by terahertz time-domain
spectroscopy with particular emphasis on attenuated total reflection. The stability of
three different terahertz attenuated total reflection spectroscopy systems is carefully
characterized. The formalism for the complex refractive index extraction is presented
and the effect of delay errors is calculated numerically. We found that good thermal
stability of the terahertz system helps to minimize delay fluctuations and therefore
the uncertainty of the resulting complex refractive index.
Keywords Attenuated total reflection · Delay shift · Uncertainty · Error

The field of terahertz spectroscopy has seen enormous progress over the last three
decades, but very particularly over the last ten years [1]. Among the most important advances is the establishment of the technique known as terahertz time-domain
spectroscopy (THz-TDS) [2]. Owing to its extraordinary signal to noise performance
TDS is probably the most widely used and powerful spectroscopic technique for the
far infrared band [3]. TDS has opened the possibility to study a wealth of systems in
the band between microwaves and infrared (30 GHz to 10 THz or 30 μm and 10 mm)
that include crystalline solids [4, 5], liquids [6], gases [7] and many other systems
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[8–10]. Furthermore, enormous progress has been achieved in the development of
filters [11], modulators [12] and other components for this spectral band.
Time-domain spectroscopy is based on the use of femtosecond near-infrared
pulses to generate single cycle electromagnetic transients of radiation either by ultrafast charge separation [13–15], or by optical rectification in a non-linear crystal
[16]. Unlike in traditional optics where radiation is detected either by bolometric or
photon-counting devices THz-TDS uses a fraction of the same femtosecond pulse
mentioned earlier to gate a detector that is used to map the temporal waveform of
the electric field. This makes TDS immune to thermal background noise. However,
time-domain setups are not noise or uncertainty free, this has been discussed
previously in the literature [17, 18].
A system of study that has attracted particular interest within the terahertz community is water. The strong interaction of water with terahertz radiation is caused by its
collective dynamics [19, 20], which at its time, plays a key role in the way it interacts
with proteins and other biomolecules [21]. Therefore the study of proteins in aqueous
solution using terahertz radiation is of enormous importance to understand their interaction and function [22–28]. Yet, these studies have proven challenging given that
transmission of terahertz through water is relatively low. Therefore schemes to obtain
the dielectric properties of water itself and aqueous solutions in reflection geometries have been proposed [29, 30]. Among those schemes, attenuated total reflection
(ATR) is probably the most widely used [31–34].
In this article we evaluate the effect of delay drift between the THz-generation
and detector-gate pulses. These drift can cause significant errors for transmission
spectroscopy of thin films [35], but very particularly for reflection spectroscopic techniques such as ATR. Therefore we discuss how these errors propagate through the
data processing and their impact on the final refractive index and absorption coefficient measured by ATR. We, additionally, present experimental evidence that this
technique is particularly susceptible to small fluctuations on the relative delay used
in TDS setups. We also evaluate the magnitude of such fluctuations with three different TDS systems and conclude that the fluctuations in the mutual pulse delay are
mostly related to temperature changes and not necessarily related to mechanical stage
imperfections.

1 Fluctuations of ATR for Different Spectroscopy Systems
Three different THz spectrometers were used for this report.
•

System A (Fiber setup): Is a THz-TDS (shown in Fig. 1a) setup based on an
Er:Fiber laser which provides 90 fs pulses with a central wavelength of 1560 nm
at a repetition rate of 100 MHz with an average power of ∼80 mW. These pulses
are divided inside the laser and coupled out using two fiber ports. After propagating through 6 m of fiber, the pulses of one of the arms are coupled out
into free-space and delayed using a computer controlled mechanical stage. This
beam is coupled back into a 1.05 m fiber that guides it to an LT-InGaAs/InAlAs
stripline photoconductive emitter antenna with a gap between contacts of 25 μm
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biased by 20 V. The generated terahertz radiation is collimated and focused
by a pair of polyethylene lenses, it subsequently propagates through a HR-FZ
Silicon prism (as shown on Fig. 1a). Another pair of polyethylene lenses is
used to collect and focus the transmitted THz radiation onto a photoconductive detector. The pulses from the second port of the laser are guided through
7.05 m of fiber onto a 10 μm dipole photoconductive detector fabricated on
LT-InGaAs/InAlAs.
System B (Semi fiber setup): Is a THz-TDS (shown in Fig. 1b) based on the
same laser as described in system A. In this system only one port of the laser was
used supplying ∼50 mW of average power. The laser is guided through 6 m of
optical fiber. This beam is coupled out into the free space and using a polarizing
beam splitter cube (1200–1600 nm) the laser pulses are divided into two parts.
The first part is delayed using a computer controlled mechanical stage. This
beam is coupled back into a 1.05 m fiber that guides it to an LT-InGaAs/InAlAs
stripline photoconductive emitter antenna with a gap between contacts of 25 μm
biased by 20 V. After generation the THz transients are collimated and focused
by a pair of polyethylene lenses, subsequently the THz radiation propagates
through a HR-FZ Silicon prism (as shown on Fig. 1b). Another pair of polyethylene lenses is used to collect and focus the transmitted THz radiation onto a
photoconductive detector. The second part of the femtosecond pulses from the
beam is guided through a 1.05 m of optical fiber onto a LT-InGaAs/InAlAs
detector.
System C (Free space setup): Is a standard THz time-domain system is based
on a Ti:Sapphire femtosecond laser which provides 70 fs pulses with a central
wavelength of 780 nm at a repetition rate of 80 MHz with an average power
of ∼100 mW. The laser pulses are divided using a beam splitter. The first part
is delayed using a computer controlled mechanical stage. This beam is used to
excite a SI-GaAs stripline photoconductive emitter antenna with a gap between
contacts of 10 μm biased by 20 V. The produced terahertz radiation is collimated and focused by a pair of off-axis parabolic mirrors. It subsequently
propagates through a HR-FZ Silicon prism (as shown in Fig. 1c). Another
pair of off-axis parabolic mirrors is used to collect and focus the transmitted THz radiation onto a photoconductive detector antenna. The second part of
the laser is used to gate a 5 μm dipole photoconductive detector fabricated on
LT-GaAs.

All three systems used the same computer controlled delay line (PI: M-521.DG) and
the the same data acquisition parameters via an SR830 lock-in amplifier. All fibers
shown in Fig. 1 are polarizations maintaining fibers.
In Fig. 2a and b we show the refractive index and absorption coefficient of water
extracted from ten consecutive measurements performed with a fully fiber coupled
ATR-TDS system (System A). Note that the curves on both panels show very large
differences, ∼0.3 for refractive index and ∼60 cm−1 at 1 THz. This enormous
statistical dispersion (∼20 %) is unacceptable for reliable spectroscopy in research
labs or for practical application in industry. In Fig. 2c and d ten additional measurements of the refractive index and absorption coefficient are presented. In this case
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Fig. 1 (Color online) a Fiber
coupled THz-TDS setup.
b Semi-fiber coupled THz-TDS
setup. c Free-space THz-TDS
setup
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the measurements were performed in a spectrometer in which most of the optical
paths happen through free-space and only the last meter before reaching the emitter
or detector are fiber guided (System B). In this case the measurements show less statistical disperssion, at 1 THz the measurements vary by ∼0.03 for refractive index
and ∼12 cm−1 for absorption coefficient.
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Fig. 2 (Color online) The refractive indices (a) and absorption coefficients (b) obtained from ten consecutive measurements using a TDS system A (fiber). (c) and (d) are analogous measurements using TDS
system B (semi-fiber)

2 Delay Stability
In order to find out what the difference between these two systems is, we acquired
150 terahertz waveforms with each over the course of several three hours in the
absence of sample. In addition we used system C, which is a fully free-space system. In Fig. 3a, b and c the 150 waveforms are plotted. The difference is more or
less evident. The fully fiber coupled system shows enormous delay drifts between
scans, while the semi-fiber and free-space systems show almost perfect overlap for all
their pulses. In order to quantify this drift, the absolute value of the deviation of the
zero-field crossing point after the main peak for each scan is shown in Fig. 3d.
Notice that this is presented in logarithmic scale. The standard deviation of the fiber
system zero-crossing position is of the order of 140 fs, while the semi-fiber and
free-space systems presents a drift of 6 fs and 2 fs respectively. All of these measurements were carried out in temperature controlled laboratories. Continuous recording
of the temperature on the optical bench area of each laboratory demonstrates that the
temperature was very stable (< 0.08 ◦ C standard deviation).
From the previous measurements it is clear that the delay drift of the fiber
system causes significant errors on the ATR measurements. In order to have a more
quantitative feeling for the effect that the drift has on the measured refractive index
and absorption coefficient we decided to model the effect of rigid shifts on the
sample pulse with respect to de reference pulse. Before presenting such results, we

J Infrared Milli Terahz Waves (2014) 35:468–477

473

Fiber

1

(a)

10

2

(d)

0

−1Semi−fiber
0

1
|Δt | (fs)

(b)
0
−1

−1

1

0

Free−space

1
0.5

10

1

0

ETHz

−1
1

10

0

(c)

0
−1

1
0
Time (ps)

10

−1

100
50
Scan number

150

Fig. 3 (Color online) One hundred and fifty consecutive time-domain scans using a fiber (a), semi-fiber
(b) and free-space (c) system. In (d) the deviation zero-crossing from the average position for the pulses
from the 150 pulses recorded using a fiber (squares), semi-fiber (triangles) and free-space (circles) system

would like to go through the formalism to extract the complex refractive index from
the ATR measurements.

3 ATR Data Processing and Uncertainty
The complex transfer function for the system is the ratio between the Fourier
transforms of the terahertz pulses recorded in the presence and absence of sample
on top of the prism. Given that the trajectory of the terahertz radiation is the same
for the reference and the sample pulses, the transfer function can be written in terms
of the reflection coefficient (for p-polarization) at the prism-sample rSi,sam and the
prism-air rSi,air interface
T (ω) =

Esam (ω)
rSi,sam (ω)
=
.
Eref (ω)
rSi,air (ω)

(1)

The reflection coefficient between any two media (i, j) is given by
ri,j (ω) =

ñi (ω)Ci,j (ω) − ñj (ω) cos θi
,
ñi (ω)Ci,j (ω) + ñj (ω) cos θi

(2)

474

J Infrared Milli Terahz Waves (2014) 35:468–477

α (cm−1)

n

2.6
2.4
2.2
2

150
0.5
1
1.5
Frequency (THz)

(d)
50

Δα (cm−1)

Δn (cm−1)

200

(c)

0

(b)

250

100

0.5
1
1.5
Frequency (THz)

0.2

−0.2

300

(a)

0
−50

−10

0

10

−10

δ (fs)
4

−1

−1

(e)

α

−0.005

−0.01

0.5

10

δ (fs)
m (cm fs )

mn (fs−1)

0

0

1.5

1

(f)

3
2
1
0

Frequency (THz)

0.5

1

1.5

Frequency (THz)

Fig. 4 (Color online) Refractive index (a) and absorption coefficient (b) for water calculated using
Esam (t − δ) with a controlled delay shift −15 fs < δ < 15 fs, the curves show how the introduction of
an rigid delay shift introduces errors on the final dielectric properties. On panels (c) and (d) the deviation
from the correct value is show as function of δ for various frequencies between 0 and 1.5 THz. On panels (e) and (f) the slope of the lines in (c) and (d) is shown as function of frequency, these curves give a
measure of how susceptible the refracive index and absorption coefficient are fluctuations in the delay

where ñi is the complex refractive index of the i-th medium and

Ci,j




ñ2 (ω) 2
= 1 − 2i
sin θi .
ñj (ω)

(3)
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From these equations it is clear that if both, the refractive index of air and silicon
(prism) are known, and the transfer function can be obtained from the experiment,
after algebraic manipulation, it is possible to obtain the refractive index of the sample
ñsam (ω) = X(ω)ñSi (ω),


where
X(ω) =

−A(ω)2 ±


A(ω)4 − 4 sin2 θi
,
2

(4)

(5)

with

1 − rSi,sam (ω)
,
(6)
1 + rSi,sam (ω)
which at its time is obtained from the experimental transfer function using Eq. 1.
In Eq. 5 both solutions are mathematically correct, yet only the positive sign of the
square root is kept owing to the fact that the imaginary part of the dielectric function
has to be positive in order to comply with causality.
In order to quantify the error produced on n and α by a rigid delay shift in the
time domain, such as the fluctuations observed in Fig. 3 we decided to take a numerical approach. In Fig. 4a and b the refractive index calculated for artificial delays
introduced numerically in 1 fs steps. In Fig. 4c and d the deviation from the original
measurement as function of the introduced delay is shown for various frequencies.
Notice that all these curves are linear, therefore, the slope of such lines will give a
measure of how susceptible the refractive index and absorption coefficient to delay
fluctuations is each for frequency. The slope for these lines as function of frequency
is shown in Fig. 4e and f. From the plots it is clear the dielectric properties for higher
frequencies (shorter wavelengths) will be more susceptible to fluctuations, which is
not only reasonable, but also consistent with the observations presented in Fig. 2. The
curves on Fig. 4e and f give a quantitative measure of how susceptible the refractive
index and absorption coefficient are to delay fluctuations as function of frequency.
A(ω) =

4 Final Remarks
The effect of fluctuations in the delay between the sample and reference pulses
induced by delay drift of the system itself can have a very significant effect on
ATR measurements. This is also true for measurements of dielectric properties by
other forms of time-domain reflection spectroscopy and even for transmission spectroscopy in the case of thin samples. We found that the delay fluctuations are more
significant in fiber coupled systems. We also found that the temperature stability of
the laboratory is critical in order minimize these drifts.
The advantages of fiber coupled systems for “real-world” applications are well
known. These systems are far more stable, robust and flexible, therefore the implementation of reflection or transmission (in the case of thin samples) time-domain
spectroscopy based on systems of this kind will require further engineering in order
to obtain accurate results. Users of these technologies are encouraged to perform a
careful characterization of the delay drift of their systems in order to determine if the
accuracy they can achieve is good enough for their particular application.
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