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Quantum-cascade-laser (QCL) frequency combs are compact semiconductor light sources operating
in the mid-IR and terahertz frequencies. Achieving subpicosecond laser pulses with high peak power is
of vital importance for performing nonlinear time-resolved spectroscopy as well for exploring nonlinear
phenomena. Therefore, investigation and characterization of time-resolved free-running laser emission is a
key for further improvement and optimization of these intersubband devices. In this work, we demonstrate
a direct electric field measurement of a free-running terahertz QCL frequency comb using electro-optic
sampling in combination with computational phase correction, where we retrieve the electric field profile
and access the comb parameters. The demonstrated method is of high interest for time-resolved low-
power laser emission characterization, typical for ring terahertz QCL frequency combs and investigation
of phase-compensated emission via waveguide dispersion engineering for broadband comb operation.
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I. INTRODUCTION

Recent progress in the field of quantum cascade lasers
(QCLs) has gained a lot of attraction with regard to
the time-resolved demonstration of subpicosecond QCL
pulses [1] and the formation of solitons in ring QCLs [2] in
the mid-IR. Because of the similarity between mid-IR and
terahertz QCLs, the generation of dissipative Kerr solitons
is also feasible in ring terahertz QCLs [3]. Dispersion engi-
neering in waveguides is also of vital importance, which
requires phase information about individual modes. There-
fore, it is of great technological interest to develop time-
resolved techniques for direct electric field measurement of
free-running low-power terahertz QCL frequency combs
and to access the parameters underlying these combs.

In the last decade, three different approaches have been
developed with the goal either to measure directly or to
reconstruct the electric field profile of QCLs. The first to
be discussed is a dual-comb (DC) spectroscopy technique
[4,5], which utilizes two frequency-comb lasers with over-
lapping spectra and slightly different repetition rates [6–8].
Considering one of the frequency combs as fully charac-
terized, the temporal field profile of the second comb can
be reconstructed from the recorded multiheterodyne signal
(interferogram) [9]. Recently, also a fully phase-stabilized
terahertz QCL frequency comb was demonstrated using
this approach [10]. However, field reconstruction with this
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method relies on active stabilization schemes [7,11] and
hence it is not applicable to a free-running laser.

In the case of two free-running frequency-comb lasers,
the resulting spectrum of the multiheterodyne signal is
broadened due to the temporal fluctuation of repetition
rates and the carrier-envelope offsets of both lasers. In
order to add the acquired interferograms coherently, com-
putational phase-correction algorithms have to be used
[12–14]. In Ref. [12] the dual-comb interferogram was
fitted to the frequency-comb model with the help of the
extended Kalman filter, and later in Ref. [13] a gener-
alized computational method was introduced for phase
corrections employing an augmented Kalman filter. One
of the difficulties of the Kalman-filter approaches is that
they require knowledge of amplitude and phase noise
correlation matrices, which has to be estimated or mea-
sured [15]. The final result of the least-squares fit could
still be one of the local minima of the merit function.
In contrast to these techniques, the computational coher-
ent averaging (CoCoA) algorithm [14] does not require
any additional information, nor any fitting parameters. The
method corrects the temporal fluctuation of the repeti-
tion rate and the carrier-envelope offset frequency of the
recorded interferogram.

A second technique to elucidate the time-domain pro-
file of a terahertz QCL’s emission is shifted-wave inter-
ference Fourier-transform (SWIFT) spectroscopy [16,17].
The main idea of the framework reported in Ref. [16] is a
direct measurement of the phase differences of the neigh-
boring comb modes. With the knowledge of the measured
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phase differences, the electric field profile is reconstructed.
Unfortunately, time-resolved field reconstruction on mil-
lisecond or microsecond time scales is challenging with
this method, as sufficiently fast and simultaneously high-
spectral-resolution FT spectrometers are currently unavail-
able. This makes observation of frequency-comb dynamics
on microsecond and millisecond time scales impossible,
which would be of high interest, since the noise con-
tribution in QCLs is significantly modified at acquisi-
tion speed below milliseconds [18]. However, with the
recently developed frequency-chirped Fourier-transform
spectroscopy [19], which exploits a rotational optical delay
line, SWIFT spectroscopy on submillisecond time scales is
within reach.

The third approach is based on electro-optic (EO)
sampling [20]. Two different techniques employing EO
sampling have emerged independently from each other,
namely the phase-seeding [21] and phase-locking [22]
techniques. In the case of phase seeding, a broadband seed
pulse is injected into the QCL cavity, originating typi-
cally from a photoconductive terahertz antenna [23,24], a
spintronic emitter [25,26] or a nonlinear crystal [27,28].
As soon as the seed enters the laser cavity, the QCL is
biased with synchronized nanosecond radio-frequency (rf)
pulses above the laser threshold. In this way, the phases
of the seed are imprinted on the QCL emission, which
results in an actively mode-locked laser with coherent
terahertz emission [29,30]. This method also supports non-
frequency-comb operation. The phase-seeding technique
has been successfully utilized for terahertz pulse amplifi-
cation [31], laser emission control [32,33], terahertz pump-
probe spectroscopy [34], two-dimensional spectroscopy of
biased and nonbiased quantum-cascade lasers and struc-
tures [35–37], and terahertz pulse compression [38]. On
the other hand, the phase-locking method requires a ter-
ahertz frequency comb. In combination with a stabilized
repetition rate f QCL

rep , via the rf injection [39], and stable
carrier-envelope offset frequency (f QCL

ceo ), ensured by direct
current feedback with a phase-lock loop [40], active mode
locking is achieved [41]. This allows coherent acquisition
of the terahertz electric field.

All the above-described approaches and methods, with
the exception of the SWIFT technique, require an actively
mode-locked terahertz QCL in order to directly measure
the electric field of the laser on submicrosecond time
scales. In contrast, SWIFT can be applied to free-running
lasers, but it reconstructs an averaged signal and does not
directly measure the electric field. Thus, there are currently
no available methods to directly measure the electric field
of a free-running terahertz QCL on submicrosecond time
scales.

In this work we address this question and demon-
strate the time-resolved electric field measurement of a
free-running terahertz QCL frequency comb using an

EO-sampling technique in combination with a computa-
tional phase-correction algorithm. By employing the dig-
ital postprocessing technique, we are able now to extract
the phases of a free-running laser, which is not possible in
the traditional way, by employing the rf stabilization tech-
nique (mode locking), which might perturb the comb state.
Although, a free-running femtosecond laser is employed
for EO sampling, no information about the femtosecond
laser is required for the reconstruction of the terahertz QCL
electric field on microsecond time scales beyond its repeti-
tion rate because EO sampling relies on the periodicity of
the intensity envelope of the femtosecond pulses and not
their individual phases.

II. RESULTS

A. Experimental setup

The experimental setup of the system is shown in
Fig. 1(a). One of the frequency combs utilized in this work
is a commercial Ti:sapphire femtosecond laser with rep-
etition rate (f fs

rep) of 79.64 MHz and a carrier frequency
centered at 800 nm (374 THz). The second frequency comb
is a terahertz QCL with f QCL

rep ∼ 15.377 GHz and lasing
center frequency νQCL = 1.84 THz. The beam of the ter-
ahertz QCL is spatially overlapped with the femtosecond-
laser beam with the help of parabolic mirrors. Both beams
are focused onto a 2-mm-long birefringent ZnTe crystal.
Because of the Pockels effect in the ZnTe crystal and the
combination of λ/4 wave plate, Wollaston prism (WP), as
well as a fast balanced-photodiodes assembly, the polar-
ization state of individual femtosecond-laser pulses can be
analyzed. The signal output from the balanced photodi-
odes is proportional to the incident terahertz electric field
[42]. The acquisition is synchronized with the femtosecond
laser, which is realized by using the electrical clock signal
of the femtosecond laser as the external sampling clock
for the acquisition card. For ensuring a sufficient signal-
to-noise ratio (SNR), it is of vital importance to extract
the entire terahertz radiation emitted into free space from
the laser facet and tightly focus it onto the ZnTe crystal.
The active region is embedded into a metal-metal waveg-
uide, which ensures better comb stability and temperature
performance.

The disadvantages of this waveguide are a low outcou-
pling efficiency and high beam divergence. To overcome
these drawbacks, the radiation extraction is realized with
a hemispherical silicon lens [Figs. 1(b) and 1(c)], which
simultaneously serves the purpose to fit the numerical
aperture of the first 3-inch parabolic mirror. The resulting
far-field profile is shown in Fig. 1(d) and the light-current-
voltage (L-I -V) characteristic in Fig. 2(a). The terahertz
QCL is operated in continuous-wave (CW) mode in a
comb regime with the corresponding spectrum shown in
Fig. 2(b), as recorded with an FT spectrometer (Bruker

064063-2



ELECTRO-OPTIC SAMPLING... PHYS. REV. APPLIED 19, 064063 (2023)

(a)

(b) (c) (d)

FIG. 1. (a) Schematics of the experimental setup for performing the electro-optical sampling of a free-running terahertz QCL. (b),(c)
Back and front views, respectively, of the QCL with the mounted hemispherical lens arrangement for terahertz beam extraction and
collimation. (d) Intensity far-field profile of the terahertz QCL with the silicon lens mounted.

VERTEX 80V). Additionally, the down-mixed intermodal
beat note signal fd(t) is recorded.

B. EO sampling

Since we perform EO sampling on a free-running ter-
ahertz QCL frequency comb, a general description of the
electric field of a frequency comb in the optical domain is
given by the following expression [41]:

E(t) = ei2πνQCLt
m=p∑

m=−q

Amei(2πmf QCL
rep t+φm) + c.c., (1)

where νQCL is the QCL central mode frequency, q and p
are the modes below and above the central mode, Am is the
amplitude of the mode m, f QCL

rep is the repetition rate, and
φm is the phase associated with the mth mode. The signal
E(t) is sampled with the femtosecond-laser pulses at rep-
etition rate f fs

rep; hence the EO-sampled signal is expressed
as

Es(t) = E(t)
k=∞∑

k=−∞
δ

(
t − k

f fs
rep

)
. (2)

Expanding the delta distribution in a Fourier series,

δ

(
t − k

f fs
rep

)
= f fs

rep

n=∞∑

n=−∞
exp (i2πnf fs

rept),

results in the following expression for the sampled electric
field:

Es(t) = ei2πηt
m=p∑

m=−q

Amei(2πm�frept+φm) + c.c. (3)

Here, η = νQCL − rf fs
rep is the frequency position of the

downsampled central mode with r =
⌊
νQCL/f fs

rep

⌋
and

�frep = f QCL
rep − sf fs

rep is the repetition rate in the rf domain

with s =
⌊

f QCL
rep /f fs

rep

⌋
.

By comparing Eqs. (1) and (3) it is seen that the gen-
eral shape of the signal is preserved after the downsam-
pling. The terahertz radiation of the QCL causes amplitude
modulation of the near-infrared (NIR) pulses, and hence
sidebands in the NIR spectrum are generated at frequencies
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(a) (b)

(c)
(d)

(e)

(f)

(g)

FIG. 2. (a) L-I -V characteristics of the utilized terahertz QCL in CW mode. (b) QCL spectrum taken at the operation point, which
is marked with a green dot in (a). (c) Schematic femtosecond-laser spectrum (in red) with sidebands (in green), generated by the
amplitude modulation with the terahertz QCL. The sideband maxima are spaced by ±νQCL from the maximum of the femtosecond-
laser spectrum. (d),(f) Enlarged views of the overlap region of the femtosecond-laser spectrum and the side modes. Depending on
f QCL
rep and f QCL

ceo , these are the two arrangements of the sideband with respect to the femtosecond-laser modes that are of interest. (e),(g)
Down-mixed QCL spectrum for the given mode arrangement in (d),(f).

±νQCL from the NIR spectrum maximum [Fig. 2(c)]. Each
sideband contains all modes of the QCL. In the case
of sufficiently short femtosecond pulses, spectral overlap
between the femtosecond-laser spectrum and the gener-
ated sidebands is possible. It is important to note that
the spectrum of the Es(t) signal has no f fs

ceo dependence.
This is the case because the spectrum is constructed by
the frequency difference between the sideband modes and
the femtosecond-laser spectrum, which cancel out the f fs

ceo
dependence. In the case where high-resolution (below f fs

rep)
spectral measurements of the terahertz QCL are carried
out, the carrier frequency of the laser, and hence f QCL

ceo , can
be computed from the measured η frequency. In our case, r
is afflicted with an uncertainty, due to our spectrometer res-
olution of several gigahertz. However, as has been recently
demonstrated by employing two femtosecond lasers with
slightly different repetition rates, frequency unambiguity
can be achieved [43].

The relative position of the generated sidebands, with
respect to the NIR spectrum, depends on f QCL

rep and f QCL
ceo .

With the comb spectrum in Fig. 2(b), there are two possi-
ble scenarios (I and II). Because of the quadratic detec-
tion nature of the photodiodes, we measure the beating
between the femtosecond-laser modes and the generated
sideband modes. The resulting beating spectrum is shown
in Figs. 2(e) and 2(g). In both cases [Figs. 2(e) and 2(g)]
the entire information of the terahertz QCL spectrum is
given within the f fs

rep/2 bandwidth. The fact that each mode
of the sideband beats with the neighboring modes of the
femtosecond-laser spectrum results in the mirroring of
beating spectra at frequencies that are integer multiples
of f fs

rep/2. This process continues towards higher and lower
frequencies, but is experimentally limited by the detector
bandwidth of around 120 MHz.

In scenario I [Fig. 2(e)] the shape of the original ter-
ahertz QCL spectrum [Fig. 2(b)] is preserved within the
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(a) (b)

(c)

FIG. 3. (a) Spectrum of the electro-optic dual-comb signal for IQCL = 829 mA (red curve) and IQCL = 830 mA (blue curve). The
inset shows the full spectral bandwidth covered by the balanced photodetector. (b) Down-mixed intermodal beat note signal fd(t) for
IQCL = 830 mA. (c) Spectrogram of (b).

f fs
rep/2 bandwidth, whereas in scenario II the modes m1 and

m3 are swapped. In our system f fs
rep of the femtosecond laser

is not adjustable; therefore we perform the experiment by
adjusting the temperature and the current of the terahertz
QCL so that the laser is in a comb regime and the resulting
down-mixed QCL modes experience the same directional
frequency shift for a small current change.

In order to identify which particular scenario [I or II
in Figs. 2(d) and 2(f)] applies to our case, we record two
interferograms at slightly different operation points. The
corresponding spectra of the recorded interferograms are
shown in Fig. 3(a). With increasing current, we expect
the QCL modes in the optical domain to be redshifted,
due to self-heating. This would result in scenario I (II)
in a spectral redshift (blueshift) in the rf domain as well
in the reduced (increased) repetition rate �frep within the
f fs
rep/2 bandwidth. For the sake of completeness, the inset in

Fig. 3(a) shows a full spectrum within the detector band-
width (120 MHz) where mirror frequencies above f fs

rep/2
and f fs

rep are present. They originate from the mixing of
the sidebands with the next-neighboring femtosecond-laser
mode, as has been discussed and visualized in Figs. 2(e)
and 2(f). From the obtained spectra in Fig. 2(a) we clearly
observe a blueshift with increasing QCL current and hence
relate the mode arrangement as indicated in scenario II
[Figs. 2(f) and 2(g)]. With this knowledge and without
loss of generality, we can reconstruct the original temporal

electric field profile by taking the phase correction of
�frep(t) and f QCL

ceo (t) into account.

C. Computational phase correction

Measurements are performed in the time reference of
the femtosecond laser. This is realized via synchroniza-
tion of the femtosecond laser and the acquisition card as
shown in Fig. 1. In order to add the recorded interferogram
coherently and to reconstruct the temporal evolution of the
terahertz electric field, we apply computational phase cor-
rection to the recorded Es(t) signal. We first correct the
temporal fluctuation of �frep(t) around the average value
by resampling the signal Es(t) on the time axis t′ given by

t′(t) =
t∑

i=0

〈�frep〉
〈�frep〉 − f BN

inst (i)
�ts, (4)

where 〈�frep〉 is the average repetition rate of the recorded
Es(t) signal and f BN

inst is the instantaneous frequency of the
down-mixed beat note signal fd(t). The spectrum of the
down-mixed intermodal beat note signal fd(t) is shown in
Fig. 3(b) and the corresponding 4-ms-long spectrogram in
Fig. 3(c), which shows a 40 kHz fluctuation.

The instantaneous frequency is extracted from the phase
of the analytical signal fd(t) obtained via Hilbert trans-
form and is shown in Fig. 4(b). We are using the fd(t)
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(a) (b)

(d)(c)

FIG. 4. (a) Computed intermodal beat note signal from the dual-comb signal for the corrected (red curve) and uncorrected (black
curve) temporal �frep fluctuation. (b) Instantaneous frequency f BN

inst extracted from the down-mixed intermodal beat note signal fd(t). (c)
Spectrum of the dual-comb signal for corrected (red curve) and uncorrected (black curve) phase of �frep. (d) Computed instantaneous
frequency, which is used for the phase correction of the f QCL

ceo .

signal to compute f BN
inst instead of extracting it from Es(t),

because the SNR of the electrical beat note signal is
higher. To verify that the resampling of the signal Es(t)
on the time axis t′ is realized correctly and the result-
ing signal Ec

s (t) has a constant repetition rate, we can
compute the Fourier transforms of (Ec

s (t))
2 and (Es(t))2

which have a signal contribution at the repetition-rate fre-
quency as shown in Fig. 4(b). Since �frep(t) of the original
signal has weak time dependence, this results in a broad-
ened signal around 〈�frep〉 = 6.528 MHz (black curve). In
contrast, the resampled signal Ec

s (t) has a constant repeti-
tion rate, which is clearly visible in a localized signal at
〈�frep〉 in Fig. 4(a) (red curve). Such a localized signal
contribution shows that the temporal dependence of �frep
has been computationally corrected. The resulting spectra
of the repetition-rate corrected signal (Ec

s (t)) and uncor-
rected signal (Es(t)) are shown in Fig. 4(c). The signal
Ec

s (t) describes 〈�frep〉-corrected frequency-comb signal.
The remaining uncorrected time-dependent parameter is

the carrier-envelope offset frequency (fceo(t)) and hence
a phase (φceo(t)). The φceo(t) can be extracted from
one of the filtered modes by computing the analytical
signal. The resulting instantaneous frequency, fceo(t) =
[1/(2π)]dφceo(t)/dt, is shown in Fig. 4(d). Applying the
phase correction to the entire signal,

Ẽs(t) = Ec
s (t)e

iφceo(t), (5)

and taking into account that, for our measurements, we are
in scenario II in Figs. 2(f) and 2(g), we can reconstruct the
time-resolved electric field [Fig. 5(a)].

At this point we would like to mention that the signal
reconstruction is based on the CoCoA algorithm repre-
sented in Ref. [14]. Namely, we have employed a digital
narrow bandpass filter with zero-phase filtering, which pre-
serves the phase of each individual mode. In this work we
focus on the strongest mode in the spectrum and perform
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(a) (b)

(d)(c)

FIG. 5. (a) Phase-corrected time-resolved electric field (Ẽs(t)) signal of the terahertz QCL. (b) QCL spectrum of the uncorrected
(blue curve, Es(t)), corrected (black curve, Ẽs(t)) dual-comb signal, and the FT spectrometer spectrum for reference. (c) Enlarged view
of (a) to show the electric field profile (black curve) and the corresponding fit. From the fit, we extract the following comb parameters:
A1 = 7.7, A2 = 9.7, A3 = 4.9, and �frep = 6.528 MHz, �φ21 = 1.17 rad. (d) Computed intensity of (c) which shows a periodicity at
the repetition rate of 65 ps. The time axis in the QCL reference frame was computed by applying a compression factor (f fs

rep/f QCL
rep ) to

the laboratory time with f QCL
rep = 15.377048 GHz and f fs

rep = 79.640003 MHz.

the fceo correction with it. In general, performing recon-
struction on weaker signals might influence the results due
to the noise around the mode. However, in the case of a flat
spectrum with weak modes, which we do not have here,
one would rather perform the fceo correction on the average
extracted phase, since the noise is uncorrelated.

Figure 5(b) shows a comparison between uncorrected
(blue curve) and corrected (green curve) terahertz QCL
spectra, as well the spectrum obtained with the commer-
cial FT spectrometer (red curve). Since the mode spacing

is 6.528 MHz, we filter the modes with the narrow band-
pass filter and minimize the noise which would contribute
to the signal in the time domain. An enlarged view of
a filtered time trace Ẽs(t) is shown in Fig. 5(c) (black
curve). Since the electric field signal consists of three well-
defined frequencies and amplitudes, we fit the time trace
and extract the amplitudes and phase differences, which are
A1 = 7.7, A2 = 9.7, A3 = 4.9, and �frep = 6.528 MHz,
�φ21 = 1.17 rad, �φ32 = −0.54. The corresponding fit
of the electric field is shown in Fig. 5(c) as a dashed red
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line, which fits well the experimental data. From the recon-
structed electric field we compute the intensity |̃Es(t)|2,
which is shown in Fig. 5(d). We clearly identify the
round-trip time TQCL

rep ≈ 65 ps, in close agreement with the
expected value for the QCL cavity length of 2.7 mm. In
Fig. 5(d) we observe a strong amplitude-modulated comb
emission. However, we relate this to the presence of two
strong and one weak modes and would expect such a strong
amplitude-modulated signal for our signal.

III. CONCLUSION

In conclusion, we have demonstrated EO sampling of
a free-running terahertz QCL frequency comb and recon-
structed the temporal electric field profile of the terahertz
QCL. The reconstruction of the recorded Es(t) signal was
possible, even though the initial SNR was below 10 for
two of the three modes. The SNR of the EO signal is pro-
portional to the terahertz field strength and to the square
root of the NIR laser power on the balanced photode-
tector. Improving the SNR further could be achieved by
an optimization of the data acquisition chain such that
the effective integration time could be increased from the
present 4 ms to minutes or even hours as is done now in
dual-comb spectrometers [44]. Furthermore, implementing
a high-power balanced photodetector would enable further
SNR improvement at a fixed integration time.

In contrast to Ref. [41], where a QCL with single-
plasmon waveguide is employed with several tens of
milliwatts output power, in our case it is on the sub-
milliwatt level due to the metal-metal waveguide. In the
case where a metal-metal waveguide is employed, not
only does a low outcoupling efficiency have to be over-
come, but polarization-preserving and efficient broadband
outcoupling has to be engineered. Several approaches,
such as broadband antipodal Vivaldi [45], patch array
antennas [46], and modified outcoupling QCL section
[47], have been successfully demonstrated. Taking the
above-mentioned considerations into account, we strongly
believe that this technique has a high potential for investi-
gation of weak terahertz signals, typical for ring terahertz
QCL frequency combs [48], with the goal to experimen-
tally validate possible soliton formation in a ring terahertz
QCL as has been predicted by simulations in Ref. [48].
Moreover, this technique can be utilized to provide verifi-
cation of engineered dispersion-compensated waveguides.
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