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Photonic terahertz (THz) technology using femtosecond (fs) lasers has a great potential in a wide
range of applications, such as non-destructive testing of objects or spectroscopic identification of
chemical substances. For industrial purposes, a THz system has to be compact and easily imple-
mentable into the particular application. Therefore, fiber-coupled THz systems are the key to a
widespread use of THz technology. In order to have flexible THz emitters and detectors near infrared
fs light pulses have to be sent through optical fibers of considerable length. As a consequence, the
fiber’s dispersion has to be compensated for and nonlinear effects in the fiber have to be minimized.
A fiber-based THz time-domain spectroscopy system of high stability, flexibility, and portability is
presented here. © 2011 American Institute of Physics. [doi:10.1063/1.3587070]

I. INTRODUCTION

In the electro-magnetic spectrum, THz-radiation fills the
gap between the microwave and the infrared regime. It cov-
ers the frequency range from 100 GHz up to 10 THz. Since
the radiation is located in between electronics and optics, it is
possible to obtain THz radiation with both technologies.

The THz radiation combines the advantageous properties
of both regions: on one hand THz waves penetrate through
most dielectric materials like microwaves do, while on the
other hand there are spectral absorption features of most polar
molecules such as in infrared which can be used for chemical
identification and sensing applications. Hence, there are lots
of promising applications in THz spectroscopy including the
inspection of semiconductors,1 polymers,2 bio-molecules,3

pharmaceutical ingredients,4 drugs,5 and explosives.6 It is
even possible to measure spectra of samples which are cov-
ered by dielectric materials (for example, hidden behind
clothes or packed in cardboard).7

II. THE PRINCIPLE OF THZ TDS MEASUREMENTS

The system presented here is based on photonic technolo-
gies using photoconductive switches (PCS) (Ref. 8) as this is
an efficient method for generating and coherently detecting
broadband THz radiation at room temperature with low pump
pulse powers. The generation of charge carriers is realized by
femtosecond laser pulses in the near infrared (NIR) regime to
match the bandgap of the used semiconductor substrate.

The NIR pulses have to be as short as possible to get a low
noise level and a high THz bandwidth. For example, increas-
ing the pulse width by 30 fs at an average power of 3 mW

a)Electronic mail: rene.beigang@ipm.fraunhofer.de.

leads to a decrease in bandwidth of 0.4 THz. In that case,
the signal-to-noise ratio drops by 6 dB. Hence the NIR pulse
width is an important factor for the performance of broadband
THz systems.

The PCS consist of a conducting dipole antenna structure
metalized on top of a low-temperature grown gallium arsenide
(LT-GaAs) substrate (see Fig. 1). A small gap in the center of
the antenna structure prevents a current flow in the unillumi-
nated state. If a laser pulse hits the gap, free charge carriers are
generated. They are accelerated by the applied electric field,
which is proportional to the applied voltage. The resonance
frequency of the antenna structure, the carrier lifetime, and
the laser pulse width determine the center wavelength and the
duration of the emitted THz pulse.

A THz pulse can be detected in a similar way: if a fem-
tosecond laser pulse hits a non-biased PCS while a THz pulse
is present, the charge carriers will be influenced by the elec-
trical field of the THz pulse. This can be detected as a current
flow. By changing the delay between the femtosecond NIR
pulse and the THz pulse, the complete electric field of the
THz pulse can be sampled. By this measurement technique,
it is possible to get the complete information about ampli-
tude and phase of the THz pulse, so the spectrum can easily
be determined by using a Fourier transform algorithm. This
technique is called time-domain spectroscopy.9

A standard free-space THz TDS system consists of a
femtosecond laser source, which emits pulses with a length
τ of ∼ 100 fs at a center wavelength λc of about 800 nm,
corresponding to a spectral bandwidth �λ of ∼ 10 nm. Fur-
thermore, a beam splitter is required to split up the main
beam into pump and probe beam and the photoconduc-
tive switches to generate and detect the THz radiation. To
set the delay between both beams, a mechanical delay line
is used. For detection electronics usually a transimpedance
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FIG. 1. (Color online) Schematic setup of a THz-TDS system based on pho-
toconductive switches.

pre-amplifier is used in combination with a lock-in amplifier,
which is connected to a personal computer for data acquisition
(see Fig. 1).

III. REQUIREMENTS

Most laboratory THz setups are very space consuming
and require bulky peripheral equipment, such as water cool-
ing. They are very sensitive and show a strong dependency of
the signal on thermal drifts of the optical components.10 This
does not suit industrial requirements, where systems should
be able to operate in rough environments.

Since small femtosecond fiber lasers in the NIR regime
are available at reasonable prices, different compact systems
based on free-space optics at a pump wavelength of 800 nm
have been realized so far. But these systems still have a high
shock sensibility and need realignment after transport. To
avoid this, a system is recommended having as short free-
space beam paths as possible. The best way to achieve the re-
quired stability is to use optical fibers to guide the NIR pulses.
In this way, it is possible to reduce the optical free-space beam
path and to enhance the flexibility of the system by using sep-
arate measurement modules to generate and detect THz ra-
diation. With that kind of measurement units, changing from
a transmission setup to a reflection setup can be easily real-
ized just by rearranging the modules without any realignment
of the NIR optics. The fiber coupling also enables a separa-
tion of the opto-electronic main system and the actual place of
measurement. This minimizes the effects of vibrations and the
needed space for performing measurements. Therefore, the
integration of fiber-coupled THz systems into existing pro-
duction lines is quite easy.

IV. FIBER-BASED SHORT PULSE DELIVERY

When using optical fibers in combination with ultrashort
pulses, the linear chromatic dispersion and nonlinear effects
in the fiber have to be considered. Both effects lead to a signif-
icant pump pulse broadening, which makes a broadband THz
TDS measurement impossible without a proper compensation
setup. Sending, for example, a 100 fs short pulse through a

1 m long fiber results in a pulse length of roughly 1 ps. In this
section, these effects and their compensation methods will be
described in more detail.

A. Linear effects

The chromatic dispersion in an optical single-mode glass
fiber leads to a temporal stretching of a Fourier-limited pulse
along the fiber transmission. Since femtosecond pulses have a
high bandwidth, a significant pulse broadening of the initially
100 fs short pulses can be observed already after a propaga-
tion length of only a few centimeters inside the fiber. The dis-
persion length, LD, after which the group velocity dispersion
(GVD) β2 plays a significant role, can be obtained using the
following expression:11

LD = τ 2
0

|β2| , (1)

whereby τ0 corresponds to the full width at half maximum
temporal pulse width of the pulse intensity. With the fiber spe-
cific dispersion β2 of 117 614.1 fs2/m for single-mode fibers
at λ = 800 nm this results in LD = 8.5 cm at a pulse width
τ0 of 100 fs. This means that after a propagation of the pump
pulse through a fiber with a length z of LD the pulse width
is already

√
2 times the original pulse width. To obtain the

initial short femtosecond pulses after several meters of fiber
transmission, it is necessary to compensate for the chromatic
dispersion of the fiber. At a wavelength λ0 of 800 nm, this
is mainly material dispersion. Therefore the occurring disper-
sion is within the normal dispersion regime (β2 > 0). Hence
the compensating dispersion must be in the abnormal range
(β2 < 0).12 This can, for example, be realized by using ap-
propriate prism pairs.13 However, the accumulated chromatic
dispersion of the fiber is so high that an appropriate prism
compensator would be too bulky that compactness and stabil-
ity could be reached.

Here the use of optical diffraction gratings offers a so-
lution which is significantly easier to realize.14 The angular
dispersion of a diffraction grating is always in the abnormal
range. By using two identical gratings, it is possible to ob-
tain a pulse stretcher which is adjustable in the GVD by vary-
ing the gratings distance d (Fig. 2). Hitting the gratings twice
causes a recollimation of the beam after the local splitting
of the spectral components and increases the compactness of
the stretcher. By an adequate adjustment of the stretcher, it is
possible to pre-chirp the femtosecond pulses from the laser
source in a way that they are short again after passing through
some meters of glass fiber.

Figure 3 shows two interferometric autocorrelation sig-
nals. One autocorrelation trace was measured directly at the
output of the laser (a) and one after passing through the
stretcher and a 2 m long fiber (b). The input pulse with a mean
power of 2 mW and a width of 93 fs is transmitted almost dis-
tortion free. Particularly, the pulse width remains nearly un-
changed after transmission. Figure 4 shows the pump pulse
width τ in dependence of the grating distance d. The plot
shows that there is a minimum of the pulse length only for
a certain distance d0. Deviations from this position lead to
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FIG. 2. (Color online) Schematic setup of a transmission grating stretcher. In contrast to a pulse stretcher based on reflection gratings, this stretcher setup is
able to operate in Littrow arrangement. Hence the overall efficiency of the stretcher unit is more than doubled. In the fiber-coupled system gratings with a line
density of 1200 mm−1 were used at an incident angle of θ = 34◦.

under- or over-compensation of the GVD, respectively. Thus,
the pulses at the end of the fiber become longer.

In addition to the GVD, higher dispersion orders have
an influence on the pulse length after propagating through
the glass fiber. They can be observed in particular for long
fibers: the minimum achievable pulse width at a fiber length
L of 15 m, a mean power of 2 mW and an initial pulse length
τ0 of 93 fs is τmin = 145 fs (see Fig. 5). It can be concluded
that even at a low power level the minimum achievable tem-
poral pulse width increases with an increasing fiber length.
This phenomenon is caused by the uncompensated third or-
der dispersion (TOD) β3. Its influence on the chromatic dis-
persion is getting significant only at a well compensated GVD
and a large bandwidth of the light pulses. Here, the TOD of
the stretcher and the quartz glass fiber have the same sign
(β3 > 0). So the chromatic dispersion values of the third order
do not compensate each other but rather accumulate.

FIG. 3. The interferometric autocorrelation signals of the NIR pulses at the
femtosecond laser’s output (a) and after propagation through the stretcher and
a 2 m long single mode fiber (b). They show nearly identical pulse widths:
93 fs and 95 fs, respectively. The ultrashort pulses were transmitted almost
distortion-free at low power levels.

In addition to the chromatic dispersion, the polarization
mode dispersion also shows a significant effect on the trans-
mission of femtosecond pulses. Due to the elliptical deviation
from an ideal circular shape of the fiber core — resulting from
slight deviations in the production process, as well as the in-
fluence of external stress — every fiber shows a more or less
birefringent behavior. The polarization state of the initially
linearly polarized light is not maintained in the glass fiber es-
pecially when the fiber is moved or bent. Different states of
polarization see different values of the refractive index. At
the end of the fiber, the two states of orthogonal polarization
show a slight time shift between each other. Their superposi-
tion results in a widening of the entire pulse width. Although
this widening can be reduced by appropriate alignment of
a fiber polarization controller, an independency of external
dynamic stress can only be achieved by using polarization
maintaining fibers. This is very important, particularly in the
case of movable THz modules. For this reason, polarization

FIG. 4. Pulse width τ after a setup of different grating distances d and 15 m
of single mode fiber: with a grating distance d0 of ∼180 mm the pulse width
reaches its minimum.

Downloaded 23 Aug 2011 to 153.96.204.21. Redistribution subject to AIP license or copyright; see http://rsi.aip.org/about/rights_and_permissions



053102-4 Ellrich et al. Rev. Sci. Instrum. 82, 053102 (2011)

FIG. 5. (Color online) Minimum achievable pulse width τmin for different fiber lengths L: even at low average powers of only 2 mW and a perfectly aligned
stretcher the pulse broadening increases with the fiber length. This originates from the TOD, which is uncompensable when using a grating stretcher.

maintaining components are exclusively used in the presented
fiber-coupled THz TDS system.

Attenuation effects can be neglected since the overall
length of the low loss glass fiber does not exceed a few tens
of meters.

B. Nonlinear effects

Due to the high peak power P0 of the NIR pulses non-
linear effects occur inside the fiber. These effects are appar-
ent particularly at the end of the transmission fiber when the
pulses are nearly re-compressed to the initial pulse width hav-
ing a high peak power. To what extent it is necessary to con-
sider the nonlinear effects of a glass fiber path can be esti-
mated as a rule of thumb in a similar manner to the dispersion
length LD by considering the nonlinear length LNL,11

LNL = 1

γ · P0
(2)

P0 = P

frep · τ
. (3)

Here, LNL is the fiber length which leads to an increase in
pulse length of

√
2 caused by nonlinear effects. With a nonlin-

ear coefficient γ of 2.623 × 10−3 (m W)−1 for polarization
maintaining fibers,11 an average pulse power P of 5 mW, a
repetition rate frep of 80 MHz, and a pulse width τ of 100 fs
a nonlinear length LNL of 61 cm is obtained.

The nonlinear effect occurring with increasing pulse
power is the result of self-phase modulation (SPM) caused
by the optical Kerr effect. In combination with the chromatic
dispersion this leads to a nonlinear phase change for the var-
ious spectral components and a different propagation speed.
Since the fibers are in the normal dispersion regime the low

(red) frequency components, which are generated at the lead-
ing edge of the pulse propagate at higher speeds than the
high (blue) frequency components, which are generated at the
trailing edge of the pulse. This means that the SPM does not
counteract to the chromatic dispersion, but rather increases its
effect, which leads to further pulse broadening.11 The nonlin-
ear pulse broadening can be compensated for a small degree
by readjusting the stretcher. However, due to the nonlinear
phase this is only possible to some extent. Figure 6 shows that
the minimum achievable pulse length τmin as a function of the
average pulse power at a constant fiber length of 15 m in-
creases with the signal power.

The ratio between the dispersion length and the nonlinear
length, which is defined as

N 2 = LD

LNL
(4)

indicates which of the two influences is dominant.11 If
N � 1, the nonlinear effects are dominant, if N � 1, they are
negligible. This means that at low power levels (P = 5 mW),
the influence of dispersion is predominant with N = 0.37. An
increase of the power to P = 20 mW results in N = 0.74.
In this region of N ≈ 1, both lengths are of the same or-
der of magnitude and have to be considered. So this sys-
tem operates in an intermediate state where both – linear and
nonlinear effects – have a significant influence on the pulse
shape: Even small changes of fiber length or optical power
can alter the pulse shape after transmission through an optical
fiber.

Higher order nonlinear effects, such as the Raman effect,
are insignificant at average powers of less than 10 mW, which
are required for operating the PCS.
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FIG. 6. (Color online) Minimum pulse width τmin at the end of the 15 m long single mode fiber for different average powers: the pulse width is rising with the
average pulse power due to nonlinear effects.

V. THE FIBER-COUPLED THZ TDS SYSTEM

The developed fiber-coupled THz system consists of a
19 in. rack and two measurement modules connected to
a rack-panel via optical and electrical umbilical cables
(see Fig. 7). The rack ( ∼560 mm × 600 mm × 700 mm) in-
cludes all optics and electronics except the computer. For the
use in rough environments an uninterruptible power supply is

FIG. 7. (Color online) The complete fiber-coupled THz-system including the
19 in. rack, the umbilical cables and the measurement heads.

integrated into the system to prevent damage to the laser or
other sensitive equipment due to unexpected voltage drops of
the power network.

A. Pulse stretcher and fiber launch

As already shown in Sec. IV A a pulse stretcher is nec-
essary to compensate for the chromatic dispersion of the op-
tical fiber. Here a grating-based pulse stretcher is used be-
fore coupling the pulses into the fiber (see Fig. 8). Since
chromatic dispersion is a linear effect, it does not matter if
the pulse stretcher is placed before or after the fiber. Placing
the stretcher before the transmission fiber has the following
advantages:

� Less power inside the fiber, which leads to less nonlin-
ear effects.

� Less optical components are needed since emitter and
detector use the same stretcher.

� No alignment-critical devices are needed inside the
measurement modules.

� A smaller footprint of the measurement units is
possible.

For the stretcher, a pair of blazed transmission gratings was
used. These lithographically produced gratings have a very
high efficiency of 92% each. Since the setup is designed in
a way that each grating is hit twice by the laser beam (see
Fig. 2), this leads to a total efficiency of about 70% for the
complete pulse stretcher. Standard reflection gratings usually
have an efficiency of about 70% each, so a stretcher based on
those gratings would have an efficiency of only 24%. Hence
transmission gratings enable the use of smaller and cheaper
laser sources in a fiber-coupled THz system since the laser
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FIG. 8. (Color online) Setup of the fiber-coupled THz TDS system. Only the grating stretcher and the fiber launch are realized as free-space optics.

output power can be reduced to about 60 mW instead of more
than 100 mW, which would be needed for a reflection grating
based setup.

For optimizing the fiber launch, a pair of motorized
mirrors was used. These can be controlled via a LABVIEW

program to optimize the fiber launch automatically, which is
the only alignment critical part of the whole system. So laser
safety regulations for a class 1 laser product are fulfilled, since
the system does not need to be opened during operation or re-
alignment. This automatic alignment procedure enables even
untrained operators to use the fiber-coupled THz system.

All optics are mounted on mechanically and thermally
stable opto-mechanical components. This avoids beam shifts
due to mechanical shocks or thermal expansion.

B. Measurement modules

The measurement modules are designed as small units
with a housing size of 145 mm × 56 mm × 56 mm. Each unit
is equipped with a PCS, a silicon lens, and a collimating THz

FIG. 9. (Color online) Two modules — an emitter and a detector unit —
mounted onto a goniometer for angle-dependent measurements. By simply
rotating the THz modules the setup can be easily switched between reflection
and transmission measurement mode (Ref. 15).

optic. By attaching further optics, it is possible to get a fo-
cused beam which is necessary for imaging applications. Both
PCS are made of LT-GaAs and contain dipole antennas with
60 μm dipole length for the emitter and 20 μm for the de-
tector. This is a good combination to get a strong signal and
sufficient bandwidth, simultaneously.

A crucial requirement of the measurement modules is a
stable connection between the fiber and the semiconductor
chip. This is assured by gluing the fiber directly to the PCS
using a special procedure which provides maximum signal
stability. Since the mode field diameter of the used fibers and
the gap of the dipole antenna match with about 5 μm each, no
further optics are needed to focus the beam onto the antenna.

Particular attention was placed on the signal transfer from
the detector to the main system. The measured signal currents
in the antenna are in the nanoampere regime and therefore
very sensitive to electronic noise. For an optimal signal pro-
cessing double shielded cables are used to minimize the noise
at the detection electronics. Also a specially designed low-
noise preamplifier with an amplification factor of 108 V/A is
located close to the antenna inside the detector module to ob-
tain a high signal-to-noise ratio.

This compact design of modules in fiber-coupled systems
opens a variety of very interesting applications: for example,
scanning big samples16 or angle-dependent scattering mea-
surements which can be performed by mounting the measure-
ment units onto a goniometer (see Fig. 9).15

C. System specifications

With the system described above it is possible to perform
high resolution spectroscopy with a dynamic range of 60 dB
and a detection bandwidth of about 3 THz at an integration
time of 30 ms at the lock in amplifier (see Fig. 10). For fast
imaging measurements and for an easier alignment procedure,
a rapid scanning delay line is integrated into the system. It can
scan a range of 100 ps at a frequency of up to 40 Hz. This
enables fast imaging applications since each scan just takes
25 ms.

Alternatively the system can also be equipped with a high
speed delay line which enables repetition rates of more than
200 Hz.17
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FIG. 10. Reference pulse measured with the lock-in technique with an integration time of 30 ms within a humidity of ∼ 35%. This results in further oscillations
after the THz pulse, which lead to specific absorption lines. The spectrum of the pulse shows a dynamic range of more than 60 dB and a bandwidth of about
3 THz.

VI. CONCLUSIONS

We have presented a fiber-coupled THz TDS system
which is suitable for industrial applications. Mobility, com-
pactness, and stability can be achieved using a fiber laser
as femtosecond pulse source, a transmission grating pulse
stretcher, polarization-maintaining fiber-optical, and ther-
mal stable opto-mechanical components. The possibility of
switching between high resolution spectroscopy and fast on-
line measurements as well as the fiber coupling of the THz
modules results in a high flexibility of the system for various
demands.

Although our system meets a certain industrial standard,
there is still potential for improvements concerning the com-
pensation of the third order dispersion in the fiber or the
suppression of nonlinear effects even for pulses with higher
power levels. This would make larger fiber lengths and higher
pump pulse powers possible. Our long-term objective is to
switch the pump wavelength from 800 nm to the telecommu-
nication wavelength of 1.5 μm since fiber-optical components
and lasers are much cheaper in this spectral region.
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