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Abstract
We present a tunable continuous-wave terahertz radiation source based on photomixing of a
tunable dual-mode semiconductor laser on a log-periodic antenna. The discontinuously
tunable dual-mode emission of the laser is achieved by spectrally filtered feedback in a
double-external-cavity configuration. Two different two-frequency lasing regimes have been
identified: pure dual-mode and dual-mode-comb emission. We spectrally investigate the laser
emission in these two regimes and study the consequences for the generation of terahertz
radiation. Under pure dual-mode emission, we achieve higher power, higher coherence and
good tunability of the THz radiation. We demonstrate by detecting absorption lines of water
vapor and hydrochloric acid gas that our concept for a tunable continuous-wave terahertz
radiation source offers attractive properties for spectroscopic applications.

Keywords: tunable external cavity semiconductor laser, dual-mode operation, photomixing,
tunable cw terahertz radiation, Fourier transform, spectroscopy

(Some figures in this article are in colour only in the electronic version)

1. Introduction

During the past two decades, the terahertz (THz)
frequency region has attracted huge interest in science and
technology. Numerous applications of THz systems have
been demonstrated including imaging [1–4], nondestructive
inspection [5] and security screening [6]. A major potential
application of THz systems is in the spectroscopic analysis of
many fundamental molecules. Various polar molecules exhibit
characteristic absorption lines arising from pure rotational
transitions in the THz frequency region. Chemical substances
such as illegal drugs or explosives show their characteristic
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University, Edinburgh EH14 4AS, UK.

absorption spectra at THz frequencies [6, 7]. Therefore, many
gases, gas mixtures and chemical substances can be monitored
by sensing and identifying their absorption spectra via THz
spectroscopy. Meanwhile, different pulsed and continuous-
wave (CW) THz sources have been developed [8–14] and
spectroscopic studies have been performed using THz time-
domain spectroscopy [15–17] or CW THz systems [18–21].
However, compact and cost-effective CW THz sources that
are coherent, tunable and operate at room temperature are
still lacking. An attractive approach to realize such THz
sources is photomixing of two optical laser modes from a
tunable two-frequency semiconductor laser [22–25]. The
concept of using a tunable two-frequency semiconductor laser
as the optical source for photomixing allows a compact, cost-
efficient configuration and wide frequency-tunability [26].
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Furthermore, the two-frequency laser allows an inherent
spatial overlap of two laser frequencies and stable beat
frequencies due to the common-mode rejection effect which is
attributed to the compensation of the same fluctuations in the
laser frequencies at the beat frequency [22]. Some concepts
for two-frequency semiconductor lasers have been developed
[27–32, 34, 35], very recently also one within a completely
integrated concept [36]. However, achieving stability and
spectral purity of dual-mode emission in long external cavities
is still one of the open questions.

In this paper, we present a compact THz source using
photomixing of two laser modes from a two-frequency
semiconductor laser and demonstrate the generation of tunable
CW THz radiation. To realize a two-frequency semiconductor
laser we apply a concept employing a double-external-cavity
configuration. We demonstrate two different regimes of two-
frequency emission of the semiconductor laser, exhibiting
two external cavity modes (pure dual-mode) or two external
cavity combs (dual-mode-comb), respectively. The THz
radiation performance for these two lasing regimes has
been characterized. Our concept for the two-frequency
semiconductor laser enables pure dual-mode emission, which
allows the generation of coherent THz radiation with a
narrow linewidth. Finally, we employ our THz source for
spectroscopic applications and identify absorption spectra of
water vapor and hydrochloric acid (HCl) gas.

The method of photomixing is based on the difference
frequency mixing (or optical heterodyne downconversion)
of two linearly polarized CW laser beams with angular
frequencies ω1 and ω2 on a photoconductive device. The
photoconductive device consists of a semiconductor material
with a short carrier lifetime (<1 ps), such as low-temperature
grown gallium arsenide (LT-GaAs), and an antenna, which
acts as a THz emitter. When two laser beams are incident on
the photoconductive material, the conductance of the material
is modulated with the difference frequency of the two beams.
The incident power can be described by

P (t) = P1 + P2 + 2
√

mP1P2 cos ωt, (1)

where ω = ω1 − ω2 is the angular frequency difference of
two laser beams with average powers P1 and P2, respectively,
and m is the mixing efficiency depending on the spatial
overlap of the incoming beams. Here, the terms that vary
with higher frequencies than ω are neglected because the
photoconductor cannot respond to such rapid variation with
a timescale much shorter than the photocarrier lifetime of
the photoconductor. When a bias voltage is applied to the
photomixer, the photocurrent is modulated at the difference
frequency ω [18, 37], that is,

I (t) = I0

(
1 +

2
√

mP1P2 sin(ωt + φ)

P0

√
1 + ω2τ 2

)
, (2)

where I0 = ηe(e/hν)P0 is the dc photocurrent, P0 = P1 + P2

is the averaged total incident power, τ is the carrier lifetime of
the photoconductive material, φ denotes a phase shift which
depends on carrier lifetime, e is the electron charge, hν is the
photon energy and ηe indicates the external quantum efficiency
of converting the optical signal incident on the photomixer to

an electrical signal. Driven by the modulated photocurrent,
an electromagnetic wave at frequency ω is radiated from the
antenna into free space.

The generated THz radiation output power PTHz(ω) is
given in the small-signal limit by [37]

PTHz(ω) = 2(I0)
2RA

mP1P2

P 2
0 [1 + (ωτ)2][1 + (ωRAC)2]

, (3)

RA is the radiation resistance of the antenna and C is the
capacitance of the photoconductive gap. The frequency
performance of the THz emitter is limited by τ and the
RAC time constant. In the following sections, we show the
experimental approach and results for the dual-mode emission
of the laser and the generation of tunable CW THz radiation.
Finally, we demonstrate spectroscopic applications of the THz
source for sensing absorption lines of sample gases.

2. Experimental setup

The experimental setup of the tunable CW THz system is
shown in figure 1. As an optical laser source for photomixing
we have developed a tunable two-frequency semiconductor
laser using a double-external-cavity configuration (2λ-ECSL)
[35]. Our 2λ-ECSL is depicted in the dotted box in figure 1.
The laser system consists of a semiconductor laser, an
antireflection-coated aspheric collimation lens, a diffraction
grating (1200 lines mm−1), a 50/50 beam splitter and two
high-reflective mirrors M1 and M2. A commercial index-
guided, multiple-quantum-well (MQW) semiconductor laser
(GaAlAs, Hitachi) with a central wavelength of 785 nm, a
maximum output power of 50 mW and a geometric cavity
length of 670 µm is used as a gain medium. The laser has a
high-reflective rear facet and a low-reflective front facet. The
laser is thermally stabilized at room temperature. The laser
beam from the front facet is collimated by the aspheric lens
and is directed onto the diffraction grating. The first-order
diffraction beam of the grating is coupled into the external
double-cavity. The beam is divided into two beams by a
beam splitter, each of which is directed into each branch of
the cavity. Within each branch of the cavity, the selection
of the desired wavelength is performed by spectrally selected
feedback of the laser beam via tilting the external mirror and
simultaneously moving the mirror along the beam direction.
The total external cavity length amounts to 17 cm. Since
the output facet of the laser has a residual reflectivity, only
external cavity modes which are resonant with the solitary laser
modes will be effectively amplified, defining the compound
cavity modes. Therefore, our THz source can only be tuned
discontinuously in steps of 63 GHz. The zeroth-order grating
beam is coupled out as output beam and is sent through an
optical isolator to a beam splitter. The beam splitter extracts
a small portion of the incident light which is used to monitor
the optical spectrum of the laser light by an optical spectrum
analyzer (OSA) with a resolution of 0.05 nm and a scanning
Fabry–Perot (FP) interferometer with a free spectral range
(FSR) of 10 GHz and a resolution of 50 MHz. The main beam
is chopped by a chopper and is then focused by an aspheric lens
on the pre-biased photomixer on the LT-GaAs chip. We used
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Figure 1. Experimental setup. SL: semiconductor laser; L: lens; BS: beam splitter; G: grating; M1, M2: external mirrors; M3: mirror for
output coupling; ISO: optical isolator; OSA: optical spectrum analyzer; FP: Fabry–Perot interferometer; C: chopper; A: log-periodic
antenna; S: silicon lens; PM: parabolic mirror; B: bolometer. The photograph in the right corner shows the log-periodic antenna.

a log-periodic circular-toothed planar antenna. The antenna is
fabricated on a 600 nm thick LT-GaAs by lithography grown
on 400 nm GaAlAs on a semi-insulating GaAs substrate.
The photomixer in the feedpoint of a log-periodic circular-
toothed planar antenna consists of six 1 µm wide interdigitated
electrode fingers with gaps of 1 µm between each of them.
The fingers are 9 µm long such that the photomixer has
an area of 10 µm by 11 µm. The antenna and the finger
consist of 100 nm thick platinum directly evaporated on the
LT-GaAs. The log-periodic circular-tooth antenna has an outer
radius of 640 µm with a ratio of the edge distance of successive
teeth of 0.5 and the tooth width being square root of 0.5. There
are three teeth either side of the bow-tie shape with an angle
sustained by teeth and bow-tie of 50◦. The innermost portion
has a bow-tie shape with an angle of 100◦. A photograph of
the antenna structure is shown at the right corner of figure 1.
The characteristics of this THz emitter are described in
[38, 39].

The generated THz radiation is coupled out into free
space through a hyperhemispherical high-resistivity silicon
lens which is attached to the backside of the antenna chip. The
THz radiation is then collimated by an off-axis parabolic mirror
and another parabolic mirror is used to focus the collimated
THz radiation directly onto a silicon bolometer cooled to
4 K. The output of the bolometer is measured with a lock-
in amplifier. A Fourier-transform spectrometer (FTS) has
been used for the spectral characterization of the generated
radiation. In addition, a sample cell with a length of 8 cm
made of 1 mm thick polyethylene (PE) can be inserted into the
collimated THz beam for gas sensing.

3. Results and discussion

3.1. Generation of THz radiation exploiting two different
two-frequency lasing regimes

To characterize and optimize the generation of THz radiation,
we have analyzed the optical spectra of the two-frequency

laser beam by the OSA and the scanning FP interferometer in
order to resolve the modes of the solitary semiconductor laser
chip and the external cavity, respectively. Simultaneously,
we have spectroscopically investigated the generated THz
radiation using the FTS. The laser was driven at a constant
injection current of 187 mA. Accordingly, the average power
of the laser light incident on the photomixer was 12 mW. The
antenna was biased at a voltage of 15 V.

Firstly, we have investigated the characteristics of the
two-frequency emission of the semiconductor laser. Figure 2
shows optical spectra for two two-frequency emission regimes
of the semiconductor laser. The first regime displayed in
figure 2(a) shows an optical spectrum of the laser emission
in which the two laser modes and a weak four-wave mixing
(FWM) sideband can be identified. The wavelengths of
the modes are 784.14 nm and 785.98 nm, respectively,
corresponding to a difference frequency of 896 GHz. The
simultaneous spectral scan by the FP interferometer monitors
the spectral purity of the two-frequency operation with a
resolution of about 60 MHz. As shown in figure 2(b), the laser
emits only two external cavity modes which appear as clear
peaks with comparable intensity in the FP scan. The linewidth
of each mode cannot be resolved with the used FP, therefore
being smaller than 60 MHz. Since the external cavity modes
have a mode spacing of about 880 MHz corresponding to the
external cavity length, the FP scan should reveal any possible
modes, if the laser beam contained additional external cavity
modes. In this regime the total intensity exhibits a simple
modulation pattern which corresponds to the interference of
the two modes. The difference frequency should then only
exhibit one frequency component with a narrow linewidth
without any other frequency components. This regime is that
which we define as the pure dual-mode lasing regime.

Another type of two-frequency lasing regime is shown
in figures 2(c) and (d). An optical spectrum recorded by the
OSA shown in figure 2(c) displays two spectrally separated
laser modes and a weak FWM sideband, as for the case of
figure 2(a). The difference wavelength of the modes amounts
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Figure 2. Two regimes of two-frequency emission: (a) and (c) are optical spectra recorded by OSA. (b) and (d) are Fabry–Perot-
interferometer scans corresponding to (a) and (c), respectively.

to 1.2 nm which corresponds to a difference frequency of
584 GHz. From the OSA spectrum one could initially
suppose that the laser oscillates in the pure dual-mode
regime. However, a high-resolution spectrum recorded
simultaneously by the FP interferometer depicted in figure 2(d)
shows that these spectral peaks consist of several external
cavity longitudinal modes (external mode-comb) with a mode
spacing of 880 MHz. The width of each external mode-
comb amounts to about 3.5 GHz. These two external cavity
mode-combs are characteristic of the two-frequency lasing
regime which is usually achieved in a long external cavity
configuration [34]. In this regime the total intensity exhibits a
complex intensity modulation caused by interference among
several external cavity modes, which should exhibit several
different frequency components.

The transition between these two different operation
regimes requires proper, reliable and well-defined control
of the cavity conditions. The total length of the double
Littman configuration amounts to 17 cm which is equivalent
to a frequency mode spacing (in air) of 880 MHz, whereas
the total length of the semiconductor laser amounts to
670 µm resulting in a mode spacing (with a refractive index
of 3.5) of 63 GHz. These two mode frequencies together with
the feedback conditions govern the type of modal emission,
either dual mode or dual mode-comb emission. Due to the
fact that the semiconductor laser chip has a non-zero residual
reflectivity (in the order of some per cent in our case) only
discontinuous tuning behavior is possible. In order to suppress
the solitary modes (i.e. those of the short semiconductor laser
chip) AR-coatings with reflectivities below 10−4 or 10−5 are
requested. Therefore, careful matching of the solitary (short)
cavity modes with those of the (long) external cavity modes,
accompanied by piezo-precise angle tuning of the grating, is
the experimental necessity.

However, looking also to theory [34] we can even deduce
eventually a further strategy to achieve this coherent single
dual operation and relate it to our experimental realization.
Eventually, it is just this non-perfect AR-coating which works
in supporting the pure dual-mode operation. The residual
reflectivity of the semiconductor laser Fabry–Perot cavity
acts on the one hand as a narrow-band filter which allows
the suppression of more external cavity modes, if not being
in perfect resonance, thus enabling the achievement of the
coherent regime [34] where this possible or necessary filter
effect has also been requested or deduced theoretically. This
will be the subject of further investigations. In conclusion,
we have been able to establish pure dual-mode emission of
the laser by a careful matching of the solitary (short) cavity
modes to those of the (long) external cavity modes. This fine
cavity adjustment has been performed with an angle tuning
of the grating accompanied via a coarse micrometer tuning
and a precise piezo tuning. Since the external mode spacing
increases with decreasing external cavity length, the stability
of the pure dual-mode emission can be further improved with
a compact external cavity configuration.

Secondly, we have investigated the characteristics of
the generated THz radiation for both two-frequency lasing
regimes. Figure 3 shows interferograms and spectra of the
generated THz radiation obtained by the FTS measurements,
which correspond to the optical spectra in figure 2. A recorded
FTS interferogram of the generated THz radiation for the
pure dual-mode lasing regime is shown in figure 3(a) as
a function of the optical path difference up to 4.6 cm, the
maximum realized delay in the FTS for this case. The signal
shows a more or less constant modulation of the intensity
with increasing optical path difference. The slow variation
of the maximum intensities in figure 3(a) results from slight
variations of the relative power of the laser modes in time.
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Figure 3. The generated THz radiation corresponding to the two regimes of two-frequency emission of figure 2: (a) and (c) are
interferograms of the generated THz radiation measured with FTS. (b) and (d) are fast Fourier transforms of the interferograms
corresponding to (a) and (c), respectively.

The decrease (increase) in optical intensity modulation due
to the increase (decrease) in the optical power difference
between both laser modes results in a decrease (increase) of the
generated THz power. The variation of the THz power results
in a variation of the maximum intensity of the interferogram.
The fast Fourier transform (FFT) of the recorded interferogram
is shown in figure 3(b). The FFT shows THz radiation at
a single frequency of 896 GHz which is the same as the
difference frequency of the two laser modes recorded with
the OSA. The linewidth of the THz radiation is measured to
be approximately 7 GHz, which is resolution-limited due to
the spectral resolution of the FTS of 6.5 GHz corresponding
to the used maximum path difference of 4.6 cm. However, by
fitting the visibility of the interferogram with an exponentially
decaying function with a coherence length of 800 cm [22],
we are able to estimate the linewidth of the THz radiation
to be about 40 MHz . Due to this high coherence, the pure
dual-mode lasing regime is the desirable case for generation
of highly coherent THz radiation.

For the dual-mode-comb lasing regime, an interferogram
of the generated THz radiation recorded by FTS measurement
is shown in figure 3(c). The intensity modulation of the
interferogram decreases symmetrically around the average
intensity with increasing optical path difference. The
maximum path difference investigated here is up to 11 cm
and corresponds to a spectral resolution of 2.7 GHz. The
decreasing behavior of the intensity modulation originates
from the fact that the spectrally broad THz radiation due
to the multiple external cavity modes results in a reduced
coherence length of the radiation. The FFT spectrum of this
interferogram shows THz radiation at a single frequency of
578 GHz in figure 3(d). The THz radiation frequency is

in good agreement with the beat frequency of 584 GHz of
the two main laser peaks. The slight difference between
the difference frequency recorded by the OSA and the THz
frequency determined by the FTS measurement is due to the
limited wavelength resolution of the used OSA. The measured
linewidth of the THz radiation can be resolved by the FTS
measurement and amounts to approximately 4 GHz which
is smaller than the convolution of the 3.5 GHZ mode-comb
widths due to the ‘common mode rejection’ of the correlated
fluctuations. The linewidth in figure 3(d) is narrower than
that in figure 3(b) because the spectral resolution of FTS
measurement for figure 3(d) is higher than for figure 3(b). It is
expected that the generated THz radiation at 578 GHz should
contain several peaks with a frequency spacing of 880 MHz.
However, they could not be resolved in the FFT spectrum due
to the limited spectral resolution of the FTS.

The photomixing for the case of dual-mode-comb
operation comprising several external cavity modes also allows
the generation of THz radiation, providing a linewidth of the
order of GHz. However, the THz radiation power so generated
is not as high as in the case of the pure dual-mode lasing regime.
In particular, for the same optical power in both cases, the
power of the generated THz radiation for the dual-mode-comb
operation reaches at maximum 20% of that for the pure dual-
mode operation. The reduction of the generated THz radiation
power for the dual-mode-comb operation can be explained
by the combined interference among several external cavity
modes. This is in contrast to the simple harmonic modulation
in the case of the pure dual-mode superposition. Therefore, the
time averaged total intensity modulation for the dual-mode-
comb operation at the THz frequency is lower than in the
pure dual-mode operation, and the power of the generated
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Figure 4. Spectral THz power emitted by the log-periodic antenna.
Full squares represent measured values and the solid line represents
the theoretical curve according to equation (3). The dashed and
dotted lines show the roll-off of −6 dB/octave and −12 dB/octave,
respectively.

THz radiation is reduced. Most of the power is emitted as
radiation in the microwave frequency region corresponding to
difference frequencies between several external cavity modes,
thus lacking in THz power. As a result, a pure dual-mode
laser source is desirable for the efficient generation of THz
radiation. However, the dual-mode-comb laser source could
be employed for less stringent generation of THz radiation
which may well be used for many applications such as THz
imaging. The following investigations have been performed
in the pure dual-mode lasing regime.

3.2. Spectral power of THz radiation

The antenna converts the oscillation of electrical current with
THz frequency in the photomixer into an electromagnetic wave
coupled out to propagate in free space. Therefore, the power
of the generated THz radiation exhibits characteristics of the
antenna. The achievable frequency range of the THz radiation
is determined by the bandwidth of the antenna. We present in
this section the frequency dependence of the THz generation at
a constant bias voltage of 18 V and an average incident optical
power of 11 mW on the photomixer. The difference frequency
of the two laser modes has been varied from 126 GHz to
1.8 THz.

The experimentally obtained THz power and the
theoretical fit according to equation (3) with RA = 65 �

and C = 3 fF are displayed in figure 4 as a function of the
difference frequency of the laser modes. The experimental
data (full squares in figure 4) show a dip at 204 GHz
and increase with increasing frequency up to 457 GHz.
Thereafter, they decrease with increasing frequency at a rate of
−6 dB/octave (dashed line in figure 4) up to about 800 GHz
and at a rate approaching −12 dB/octave (dotted line in
figure 4) at higher frequencies larger than 1 THz. The detected
THz power at the maximum of figure 4 at a frequency of

457 GHz corresponds to 0.160 nW.5 The theoretical values
(solid line in figure 4) show behavior which decreases slowly
with increasing frequency up to about 400 GHz and thereafter
similar decreasing behavior as that of the measured data.
The measured data above 400 GHz agree well with the
theoretical results. The decrease in radiation power with
increasing frequency is attributed to the bandwidth limitation
via the carrier lifetime and the capacitance of the photomixer.
The finite lifetime required for the excited carriers in the
photoconductive material to recombine efficiently limits the
performance of the device as the frequency increases. In
addition, since the region of the interdigitated electrode fingers
possesses a capacitance, the capacitance affects the behavior
of the photomixer in the THz frequency range and causes the
antenna impedance to short-cut at high frequencies. The roll-
off in the frequency performance at the rate of −6 dB/octave in
figure 4 is due to the carrier lifetime. From the theoretical fit to
the measured data, the carrier lifetime in the LT-GaAs material
can be estimated by equation (3), resulting in a value of
350 fs. This value is in good agreement with the value
determined by a pump-and-probe measurement [40]. An
additional RAC time constant of 195 fs which is given by
RA = 65 � and C = 3 fF limits the frequency performance
with a roll-off rate of −6 dB/octave [38]. Thus, the high-
frequency roll-off at the rate of −12 dB/octave in figure 4 is
due to the combination of the carrier lifetime and the RAC

time constant. In further investigations we have ascertained
that the used antenna can be operated up to 2.8 THz.

The difference of the behavior shown at frequencies below
400 GHz can be attributed to the antenna characteristics
not accounted for in equation (3). Since the log-periodic
toothed antenna shows a periodic resonance behavior, there
are alternating low and high generation efficiencies of THz
radiation depending on the THz frequency. Our theoretical
calculation does not take these periodic characteristics into
consideration. The differences in the high-frequency region
indicated by arrows at frequencies 1.08, 1.148, 1.41, 1.606 and
1.674 THz are attributed to the absorption of THz radiation
by water vapor in the atmosphere [41, 42]. In the following
section we study how far our THz source can be utilized for
spectroscopic applications.

3.3. Spectroscopic application

Our tunable THz radiation source finds its potential application
in spectroscopy of gases. To demonstrate the capability
of the source for such an application, we have applied our
THz source to sense absorption lines of sample gases. This
has been realized by measuring the spectral transmission of
THz radiation through a gas-filled cell. The THz system
is driven at the same conditions as in the previous section.
We have used water vapor and HCl gas as sample gases.
These are polar molecules with well studied spectral lines

5 We have to state that this number for the THz power has been directly
obtained via the bolometer response without particular emphasis either on
particularly optimized off-axis paraboloids or special THz lenses or beam
shaping optics in front of the bolometer. This underlines the excellent signal-
to-noise ratio of our set-up which is equally important for the application to
spectroscopy experiments.

6



Meas. Sci. Technol. 19 (2008) 065305 I Park et al

(a)

(b)

Figure 5. Spectral transmission of THz radiation through (a) HCl in
gas phase and (b) water vapor. The solid arrows represent known
absorption lines according to [41] and the dashed arrows indicate
frequencies with relatively low THz transmission in experiment.
The dotted lines are guides to the eye. The error bars in the spectral
transmission amount to approximately 0.05

in the THz frequency range [15, 16, 41–44]. Commercial
polyethylene square bottles with a wall-thickness of about
1 mm are used as sample cells for the gases due to their well-
known transparency for THz radiation [17]. The bottles are
first filled with N2 gas to purge any other molecules from
them and then either with HCl gas or water vapor. Thus, the
sample bottles contain a mixture of N2 and sample gases. As
a reference, we have used an identical bottle filled with N2

gas only. All gases in the bottles are at room temperature and
atmospheric pressure. For the transmission measurements the
bottles containing the samples are placed in the path of the
THz radiation between two parabolic mirrors separated at a
distance of about 14 cm, as shown in figure 1. The transmitted
radiation is detected by the bolometer. The measured power
of the THz radiation transmitted through the sample gases is
normalized with respect to the power transmitted through the
reference gas. Thus, we obtain the transmission through the
sample gas, compensating for the influence of the bottle.

As a first example, we have used our THz source to
identify the absorption line of HCl molecules in the frequency
range between 300 GHz and 900 GHz. Here, the studied
HCl gas contains 1H35Cl whose rotational absorption line lies
at a frequency of 626 GHz (indicated by the solid arrow in
figure 5(a)) [41, 43]. The measured spectral transmission for
HCl gas is shown in figure 5(a). The measured data show a
complete transmission of the THz radiation through the HCl
gas in the frequency range between 300 and 900 GHz, except

one dip at 642 GHz (indicated by the dashed arrow in the
figure). The measured spectral line agrees well with that of
1H35Cl within a discrepancy of +16 GHz, corresponding to
+2.5%. The uncertainty arising from the limited spectral
resolution of the OSA of ±50 pm for determining the
difference frequency of the two laser modes results in a
frequency uncertainty of ±24 GHz for the THz signal. In
addition, our THz source can only be tuned discontinuously
in steps of 63 GHz due to compound cavity effects discussed
previously. This discontinuous tuning step gives an additional
uncertainty of ±31.5 GHz for resolving an absorption line.
Thus, our system provides a total uncertainty of about
±40 GHz, which is our limitation in identifying correctly the
absorption line of the HCl gas [45].

As a second example and to demonstrate the capability
of our THz system for identification of several transition lines
of a given element, we have measured transmission of water
vapor in the frequency range between 600 GHz and 1.5 THz.
Water vapor has many absorption lines in this THz range.
The recorded spectral transmission is displayed in figure 5(b).
The measured data show relatively low transmission at
frequencies of 768 GHz, 962 GHz, 1.157, 1.225 and
1.412 THz (marked with dashed arrows in the figure),
compared to data at other frequencies which show complete
transmission. The frequencies with low transmission agree
well with the rotational transition spectra of water vapor at
752 GHz, 970 GHz, 1.229 and 1.411 THz (marked with solid
arrows in the figure) [15, 41, 42, 46]. The measured spectral
lines in the present investigation agree with the expected lines
within an error of about ±2%. For the measured line at
1.157 THz, we cannot clearly assign it to one particular
frequency, since there are several rotational transitions at
1.153, 1.158 and 1.163 THz within the uncertainty of our
measurement. For a clear identification of such closely lying
absorption lines, it is desirable that the difference frequency
of the two laser modes should be continuously tunable. Our
system has discrete tuning steps of 63 GHz corresponding to
the mode spacing of the solitary laser’s Fabry–Perot cavity.
The problem of the discrete tunability of our system could
be circumvented by better antireflection coating on the laser
facet which would allow a better quasi-continuous tuning of
the laser modes.

4. Conclusion

We have demonstrated a tunable CW THz radiation system
in which we have employed the photomixing method using
a frequency-tunable dual-mode semiconductor laser. To
realize a tunable dual-mode semiconductor laser we have
employed a double-external-cavity configuration. We have
identified two regimes of dual-mode emission of the laser in a
long external cavity configuration—pure dual-mode and dual-
mode-comb emission, respectively. We could achieve tunable
pure dual-mode emission of the laser under a delicate control
of frequency tuning and external cavity length. The stability of
the pure dual-mode emission can be improved with a compact
external cavity configuration. We have been able to generate
THz radiation in both lasing regimes. The generated THz
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radiation for the pure dual-mode emission exhibits narrower
linewidth and higher output power than for the dual-mode-
comb emission. For spectroscopic demonstrations, we have
successfully identified absorption lines of water vapor and
HCl gas. Our results demonstrate that our concept for the
THz radiation system, preferably with better antireflection
coating on the laser facet and more compact external cavity
configuration, provides an attractive source for generating
continuously tunable, stable CW THz radiation.
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