PHYSICAL REVIEW A 96, 033821 (2017)

Intensity autocorrelation measurements of frequency combs in the terahertz range
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We report on direct measurements of the emission character of quantum cascade laser based frequency combs,
using intensity autocorrelation. Our implementation is based on fast electro-optic sampling, with a detection
spectral bandwidth matching the emission bandwidth of the comb laser, around 2.5 THz. We find the output
of these frequency combs to be continuous even in the locked regime, but accompanied by a strong intensity
modulation. Moreover, with our record temporal resolution of only few hundreds of femtoseconds, we can resolve
correlated intensity modulation occurring on time scales as short as the gain recovery time, about 4 ps. By direct
comparison with pulsed terahertz light originating from a photoconductive emitter, we demonstrate the peculiar
emission pattern of these lasers. The measurement technique is self-referenced and ultrafast, and requires no
reconstruction. It will be of significant importance in future measurements of ultrashort pulses from quantum

cascade lasers.
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I. INTRODUCTION

Frequency combs [1] are sources of electromagnetic
radiation, which have phase-stable frequency components
equidistantly spaced in frequency domain. This property
qualifies them as highly precise spectral rulers, and has
promoted their use for high-precision metrology [1], for
telecommunication [2], as well as for high-resolution spec-
troscopy [3-5]. The traditional way to realize frequency
combs is from mode-locked lasers [6], which in time domain
represent a Fourier-limited train of pulses [7]. Nowadays,
numerous alternative means have been demonstrated, with
notable results based on high harmonic generation in the
extreme ultraviolet and soft x rays [8,9], phase-locked lasers
in the optical and near-infrared (NIR) domain [10], Kerr
effect in microresonators for the NIR [11], and mid-infrared
(MIR) [12,13].

In the MIR [14] and the terahertz (THz) region of
the electromagnetic spectrum [15,16], the most compact
and efficient frequency combs are from electrically injected
quantum cascade lasers (QCL) [17]. They have been shown
to produce high-power, high-bandwidth frequency combs,
with Shawlow-Townes limited spectral purity [18,19]. The
coherence of the comb components is generated by four-
wave mixing [20], a %@ nonlinear process [21], where, in
the frequency domain, the nonlinear mixing of equidistant
frequency components is parametrically enhanced by energy
conservation. An important alternative to QCL combs in the
THz are from optically pumped photoconductive elements
which can produce high-field-pulsed radiation upon optical
rectification of a femtosecond pulse [22].

Alongside with the frequency precision, the time-domain
emission profile of frequency combs is of major importance in
experiments. For example, oscillating electric fields exceeding
MYV /m from Fourier-limited THz pulses are utilized for impact
ionization [23], high harmonic generation [24], whereas
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continuous-wave emission is preferred for nondestructive
spectroscopic applications.

In the case of QCL frequency combs, the upper state
lifetime of intersubband transitions is short in comparison
to the cavity round-trip time [25]. This affects the temporal
dynamics of QCL combs. Theoretical work suggests that
passive pulse formation is not possible in QCL combs even in
the case of zero dispersion, and that their output resembles the
one of continuous-wave lasers [20,26]. Also, experimentally,
the only successful approaches to generate pulses from
QCLs are indirect, based on injection seeding the active
medium with picosecond short pulses from a photoconductive
antenna [27,28], or on active mode locking [29,30]. In these
particular cases, the emitted terahertz light is phase locked
to a reference femtosecond oscillator, and its output profile
could be measured by coherent electro-optic sampling [31,32].
For the case of free-running QC combs, in the absence of
pulse emission, the method of choice of characterization
has long been beat-note analysis, a purely frequency-domain
technique. The only available technique to retrieve the com-
plete time-domain information of QCL combs is shifted wave
interference, that requires both a tunable local oscillator and
subsequent waveform reconstruction [33], which renders the
technique very evolved.

At frequencies other than the THz range, as for example in
the NIR, the time-domain properties of combs are routinely
assessed by intensity autocorrelation, a simple and fast time-
domain technique based on second harmonic generation of the
light wave with a delayed replica using a x ® medium [34,35].
Recently, we reported on a technique to measure electric field
and intensity correlations at THz frequencies by electro-optic
sampling with a very short temporal resolution of 146 fs [36].
This technique is optimally suited for the investigation of
long- and short-scale correlations of QCL based frequency
combs since the temporal resolution of this technique is
even shorter than one cycle of oscillation. It can therefore
resolve correlations which are intracycle (shorter than 400 fs),
at time scales of the gain recovery time, typically only
a few picoseconds [37], and cavity round-trip times, few
tens of picoseconds. This is the main advantage of this
technique.
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In this work, we exploit this autocorrelation to get insight
into the output dynamics of THz QCL frequency combs.
We provide a short mathematical support to emphasize the
potential of the technique when applied to frequency combs.
Several devices have been tested and show qualitatively
similar behavior, and in this paper we limit the results
section to a representative laser device. The laser is operating
as a low-noise frequency comb at low-input current where
it spans the spectral range from 2.2-2.8 THz, and in the
dispersed regime at high-input current, where the emission
is more broadband, reaching a maximum from 1.6-3.3 THz.
The detailed performance and spectral characteristics of the
investigated device have been reported in Refs. [15,17]. We
compare the results with the emission profile of a pulsed
frequency comb in the terahertz based on optical rectification
in a photoconductive antenna.

II. FAST CORRELATIONS OF FREQUENCY COMBS

A schematics of the autocorrelation measurement method
is shown in Fig. 1(a). The operation principle relies on the
nonlinear interaction between the THz wave and an ultrashort
near-infrared (NIR) probing pulse [36] inside a nonlinear
crystal which exhibits a x® nonlinearity. The terahertz wave
induces a change in the refractive index of the crystal, which
is linearly dependent on the electric field of the THz wave
(Pockels). This changes the polarization of the femtosecond
short probing pulse, which is finally measured using balanced
detectors. Two mutually delayed (t) ultrashort near-infrared
(NIR) probing pulses [36] are employed to measure field and
intensity correlations. They are sampling the electric field
of the THz wave at two distinct points in time (¢), with
the associated measurement results denoted in the following
E(t) and £(t + ). From these two measurements we compute
the normalized autocorrelation functions, denoted g"’(t) and
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2@(7) and defined as follows:

(Er(OETHAE + T))s
VEm O 0)): (Em(t + D + 1)),
(D

gV () =

(E2, (DER, (1 + D),
(5'12'Hz(t))r(5'12“Hz(t + T)>t .

(...) represent averages over time and G'V(7) and G () are
their not-normalized counterparts.

A detailed description of the setup and measurement
algorithm can be found in [36]. We match the emission
bandwidth of the laser with the detection bandwidth of the
nonlinear effect by choosing a 3-mm-long zinc telluride [ZnTe,
(110)] crystal as detection medium. To evidentiate this fact, we
show in Fig. 1(b) in full line the computed coherence length
in this configuration, using /. = 217f+’ where we

THz |7 g,opt—7ph, THzZ |
marked the spectral regions where the laser is emitting in the
comb (2.2-2.8 THz) and dispersed regime (1.6-3.3 THz). In
addition, the absorption inside the detection crystal is moderate
at these frequencies, as shown with the dashed line.

Each of the autocorrelation functions will be utilized to infer
complementary information about the operation mode of the
comb lasers. If we define the emission of our frequency comb
as a discrete Fourier sum of equidistant frequency components
with independent, but fixed, amplitudes E; and phases ¢;,

Erna(t) =Y Ei cos(a;t + ¢i)

g9 = 2)

3)

with no restriction on the amplitudes nor on the phases
of the spectral components, we find that the first-order
autocorrelation function can be simplified to
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FIG. 1. Measurement setup and detector bandwidth. (a) Time-domain correlation setup based on two-probe electro-optic sampling. The
two probes sample the THz radiation of a QCL based frequency comb at two mutually delayed points in time. The probe pulse length is 146 fs.
A fast acquisition module records the two sampled values and a further real-time routine computes from here the instantaneous intensity, and
the two-point electric field and intensity product. When averaged over time and normalized, this gives the autocorrelation functions gV(t)
and g?(7). (b) Calculated coherence length of the THz detection in a (110)-oriented ZnTe, and a probe center wavelength of 775 nm (full
line), together with measured absorption in ZnTe at 300 K (dashed line). The detectivity is matched to the laser comb emission, which is
marked for when the investigated laser is operating in a narrow beat-note regime, 2.2-2.8 THz (light gray), and dispersed regime, 1.6-3.3 THz

(dark gray).
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This result shows clearly that any fixed phase relation that
exists between the modes is irrelevant for g(l)(r). Therefore,
a measurement of g(V(7) is insufficient to determine the type
of modulation present in the laser since both amplitude- and
frequency-modulated lasers require a strict phase distribution
among the modes, which is exhaustively explained here [38].
Also obvious, the first-order autocorrelation function g™V(1)
gives the power spectrum of emission, through the Wiener-
Khinchine theorem [39]. We need higher-order correlation
functions to determine the characteristics of the emission
pattern of THz QCL combs.

The second-order autocorrelation function g'®(t), found in
Eq. (2), can be rewritten in intensity terms, with Z = cepe, & 2,
The quantity g (z) is 1 when the intensities Z(¢) and Z(t + 1)
are fully uncorrelated and can be factorized:

ZOIt+o) _ ZOIZE+0) _
(ZO) I+ (L) (L + 1))

More importantly for our analysis about the output profile
of comb lasers, for classical radiation, the value of g@(r = 0)
gives particular insight into the intensity modulation depth
since it can be rewritten as

(Z(t)?), | Var[Z()]
Zan? (Z)?

where Var[Z(¢)] represents the variance of the intensity.
From here, we define the amplitude modulation depth in the
following way:

Var[Z
POl =1 0

At time delays other than 7 =0, the non-normalized
second-order autocorrelation G (1) is

G(1) = (Ef, (DR, + 7)),

1
=3 Y EEiE;Ej;
1,],i1,]j

g?(m) =

1. (5)

§?(r=0)=

(6)

x {2{cos[(w; + w; — w;; — w;j)t + (w; — wj;)T
+¢i +b; — bii — i)

+ (cos[(w; + wj — w;; — wjj)t + (w; + w)T
+¢i + ¢ — di — Py} (®)

Both terms are nonzero only if w; + w; = w;; + w;; and (¢; +
¢; — ¢ii — ¢;;) = fixed, so precisely in the case of frequency
combs, which fulfill these conditions. g () can be retrieved
from G@(t) by normalization with (€2, (1)) (E3y, (1)) =
72 B2

For a laser, where all modes are mutually free running
lie.,{¢i +&; — ¢ii — Pj;) # fixedunlessi =ii = j = jjor
(i =ii)# (j=jpor(=jj)#(j =ii)] we find

1 1
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x Z 2EFE{1 + cos[(w; — w;)7]
Jri#i
+ cos[(w; + w;)T]}. 9
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In particular, we find that the subcycle value of g?(z = 0)
for fully unlocked sources is

3 3. E}
(2) _ _ - _ 1 1
¢@(x =0) = 2[2 —( S E?)z} <3. (10)

In addition to this, the few-cycle running average, over
time scales that are longer than the characteristic oscillation
frequency of the intensity autocorrelation function {fast
oscillating terms (cos(2w; 7)) = 0, (cos[(w; + w;)7]) = 0 and
slow oscillating terms (cos[(w; — w;)T]) = 1} yields

BN +25 % ETES
Y E; (ZZI 22:)_/2,./751 L J <2and > 1.
iEi

g(r=0) =
(11)

The upper bound is reached in the limit of many unlocked
modes, thus, thermal radiation, and the lower bound is a single-
mode laser (see Ref. [36] for examples).

At the opposite extreme, for the case of fully locked sources,
the subcycle value of g®(z = 0) is

33 i EiEi ESEjj cos(¢i+o;—dii—¢j;)
2 (2 )

gP(r=0)=

12)

where the sum runs over any combination that fulfills the
condition w; + w; = w;; + w;;. From this equation, we find
clearly that g®(r = 0) depends on the phases of the locked
modes present in the laser in a nontrivial way. Moreover,
g®(t =0) reaches the maximum value for given mode
distribution for the case where ¢; + ¢; — ¢pi; — ¢p;; = 0 for
all modes, that is, for the case of Fourier-limited pulses,
where ¢; = ¢; = ¢;; = ¢;;. This evidentiates the generic
initial statement that emission with a high modulation depth
has a high g (r = 0).

In conclusion, the measurement of g®(t) is sensitive to
many effects which determine the comb operation of a device:
It depends on the mutual phase coherence of the lasing modes,
and is maximized for emission of Fourier-limited pulses; it is
also sensitive to incoherent radiation, such as thermal drifts;
and it gives insight into the modulation type present in the
laser.

Moreover, to disentangle the incoherent from the coherent
phase-stable effects, one has to look at time delays other
than T = 0. In particular, incoherent radiation has a stable
output power, but intensity correlations occur only on short
time scales, that is, only around T = 0. Quite on the opposite,
frequency combs are mutually coherent and have an almost
perfectly repetitive emission profile at the round trip and,
therefore, intensity correlations persist around t = 0 as well
as multiple of the repetition rate T = n7p. In the results
section, we exemplify precisely these features by applying
¢® (1) measurements on two types of frequency combs in the
THz region.
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2-mm-long THz laser comb operating in the narrow beat-note regime

[(a), (b)] and the dispersed regime [(c), (d)]. Insets show a zoom-in into the g®(z) around t = 0 to evidentiate the subcycle intensity resolution
of the technique. (a) g’ (t) measurement of laser emission in the narrow beat-note regime, at 906 mA and 7' = 23 K. Inset: beat note at 900 mA.
(b) gP(7) in the narrow beat-note regime. For long time delays, the intensity decays to 1, and therefore uncorrelated but continuous-wave-like.
(c) gV(r) measurement of laser emission in the dispersed regime, at 1010 mA and T = 23 K. Inset: beat note at 1000 mA. (d) g (1)
measurement of laser emission in the dispersed regime. For long time delays, the intensity becomes uncorrelated, and decays again to a value
of 1. Light (blue) lines represent few-cycle average of the g®(t), to filter the subcycle resolution of the intensity autocorrelation (window

averaging 5 ps).

III. CURRENT-DEPENDENT CORRELATIONS OF QCL
COMBS

We investigate now the dynamics of the QCL based laser
comb when operated in the narrow beat-note regime, at
906 mA, and dispersed regime, at 1010 mA. The QCL based
frequency comb was operated in quasi-continuous-wave (cw)
mode with a very slow modulation frequency of 2.5 kHz and
50% duty cycle. The cw output power of the laser at these
two operating points was 1.05 and 2.96 mW, respectively, as
measured with a Thomas-Keiting power meter.

The laser is 2 mm long and 150 um wide, corresponding
to a repetition rate of 20.3 GHz. The cavity of the laser is
constituted of a double-metal cavity for good temperature and
dispersion performance and cryocooled to 23 K [15].

The measured first- and second-order autocorrelation func-
tions are reported in Fig. 2 as a function of time delay t.
The electric field interferogram g‘"(t) is reported at operation
points in the narrow beat note, at 900 mA [Fig. 2(a)] and
the dispersed regime, at 1010 mA [Fig. 2(c)], and exhibits a
repetition period of 49.5 ps, corresponding to the expected
repetition rate of 20.3 GHz. At t =0, gV(r) =0.98 at
both operating points, approximating well the theoretically
expected value of 1. The beat notes of the comb lasers are
reported in the inset when operated in continuous wave, at 900
and 1000 mA, respectively.

The intensity autocorrelation g® (t) is reported in Figs. 2(b)
and 2(d). The intensity autocorrelation is oscillatory due to the
subcycle temporal resolution, with a characteristic frequency
of double the emission frequency, as can be seen in the
insets. Therefore, correlated intensity fluctuations occurring

at subcycle time scales could be measured. To retrieve
long-range behavior, we perform a running average filtering
(window width of 5 ps) to filter out these oscillations, and
establish the few-cycle regime which carries information
about the intensity correlations of the emission. The result
is reported by the cyan colored (light) line. In the comb
regime, the intensity autocorrelation function takes a few-
cycle average value of 1.69. These modes lead therefore to
persistent intensity correlations. Using the above-developed
arguments, this suggests that Vv;‘(rt[)l O — /0.69 = 0.83 and,
consequently, that the intensity modulation depth as defined
previously is roughly 83%. In addition, g®(t) decreases to
a value of 1 after roughly 3.6 ps, showing that correlated
intensity modulations take place on time scales as short as
3.9 ps. This time scale is governed by the gain recovery
time, after which population inversion is reestablished. This
incredibly short time, as compared to the repetition rate, of the
laser is at the origin that passive QCLs do not emit pulses.

At longer time scales, the intensity autocorrelation func-
tion is roughly constant to 1, which suggests the peculiar
continuous-wave-like output. Clearly, in this case, even if the
field is coherent, suggested by the interference fringes, the
intensity itself has no predetermined correlations. In addition,
we clearly find that intensity correlations are reestablished after
a full round-trip time. At T = Trp, g(z)(Trep) = 1.64, lower than
2@(0). This fact might suggest a drift in the laser.

In the dispersed regime, g®(t) decreases to 1 after 3.9 ps,
and decays from a value of 1.6 at T = 0. This value is slightly
lower than the one in the comb regime, and could suggest
that in this case, the emission is less pulsed. Similarly, this
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FIG. 3. Spectral analysis of the QCL based frequency comb when operated in the narrow beat-note and dispersed regime, using electro-optic
correlations. (a) Low-resolution amplitude spectra from the Fourier transformation of gV(z) [gray (full squares) and blue (empty squares)],
shown together with coherence length computations for ZnTe and a center probe wavelength of 775 nm. (b) Transfer function of the detection
based on ZnTe under these conditions, where absorption at room temperature has been taken into account (blue full line) shown together with
the transfer function of electro-optic sampling (blue dotted-dashed line). (c) Emitted THz power spectrum from electro-optic sampling (using
the transfer function of the crystal in (b)] when the laser is operated in comb regime compared to a low-resolution FTIR measurement. (d)
Emitted THz power spectrum from electro-optic sampling (using the transfer function in (b)] when the laser is operated in the dispersed regime

compared to a low-resolution FTIR measurement [15,17].

suggests that —W = +/0.6 = 0.77 and, consequently, that

the intensity modulation depth is roughly 77%. In addition, this
intensity modulation takes place on similar time scales, 3.9 ps.
Also in this case, the intensity correlations are established after
a full repetition rate, and in this case g?(0) = g@(T;p) = 1.6,
even though this regime exhibits a broad beat-note regime.
We give a possible explanation to this effect in the next
section, where the spectral characteristics are investigated.
Additionally, intensity correlations occur also at half the
round-trip time, with a g® (%) = 1.05.

IV. BANDWIDTH OF DETECTION

Our technique is spectrally resolving. The direct measure-
ment of electric field autocorrelation g (t) has been Fourier
transformed to retrieve the low-resolution spectrum of the THz
source. The results are reported in Fig. 3(a), for the comb and
dispersed regime, together with the coherence length of ZnTe,
which is obviously spectrally limiting and not flat. Therefore,
the measured signal Egeected 1S @ convolution of the real laser
emission E¢pieq(f) and the detection sensitivity of the ZnTe
crystal:

Edetected(f) = EemiltedH(f)-

The transfer function of a 3-mm-long ZnTe crystal is
reported in Fig. 3(b), as measured with standard time-domain
spectroscopy from comparison with a very thin crystal (200

um), where a flat response was assumed. It includes both the
effects of coherence and of THz absorption in ZnTe, which
is particularly strong in this region due to phonon resonances.
The transfer function is further used to retrieve the power
spectrum of the THz source:

Sxx,detecled(f) = xx,emiltede(f)-

Finally, we compare the low-resolution spectra as obtained
by electro-optic sampling with low-resolution Fourier trans-
form infrared spectroscopy (FTIR) setup in Figs. 3(c) and 3(d).
We find that, in contrast to the spectrum as measured by the
FTIR, the nonflat sensitivity of electro-optic detection leads to
a shaping of the spectrum especially at high frequencies, which
can not be fully retrieved from noise even if accounted for. This
sensitivity profile has its origin both in the coherence length
of the crystal and in the cutoff at Nyquist limit due to slightly
longer femtosecond pulses (corresponding to a Nyquist limit of
lower than 3.3 THz), both shown in Fig. 3(b). The beat note on
the contrary is composed by all frequency components in the
laser. This might explain why the measurements of g‘® () are
so similar for the two regimes, even though the beat notes are
clearly different. The spectral region probed by electro-optic
correlations might in fact be a locked comb. To probe this
hypothesis, one would have to spectrally shift the detection
window of ZnTe throughout the full emission spectrum of the
QCL. This is in principle possible by tuning the wavelength
of the probe, as shown in Ref. [40], but is not possible in our
setup now.
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FIG. 4. Results of first- and second-order autocorrelation of a pulsed THz comb based on optical rectification in a photoconductive emitter,
using the same correlation technique. (a) g'”(t) of the THz pulse with an electric field profile as shown in the inset. We compare the measurement
to a simulated pulse with Gaussian spectrum and find qualitatively good agreement. (b) g®(t) of the pulsed radiation, normalized to the average
intensity within a time window of 13 ps. Characteristic to pulsed radiation is the decay of the intensity autocorrelation function to a value of 0,
which is a clear indicator for the pulsed emission and the value at zero path delay of 6.59.

V. INTENSITY CORRELATIONS OF PULSED EMISSION
FROM PCAS

We have demonstrated so far that THz quantum cascade
laser based frequency combs have a continuous emission with
strong intensity modulation. These peculiar properties remain
in big contrast to conventional frequency combs, where the
emission is typically pulsed. Such pulsed sources have been
realized in the terahertz domain by optical rectification of
femtosecond pulses in x ® media.

We measure the field and intensity autocorrelation functions
of the pulsed THz radiation emitted by a photoconductive
emitter, by optical rectification of femtosecond laser pulses
at 775 nm. The results are shown in Fig. 4, together with
analytical simulations, which assume a simplified scenario
of a THz pulse with Gaussian spectrum, no dispersion, and
a spectral width roughly coinciding with the one of the
photoconductive emitter. This simplified example is instructive
enough to reproduce the main characteristics.

The electric field of the emission has been measured
by coherent electro-optic sampling and is shown in the
inset in Fig. 4(a). The autocorrelation functions have been
measured by the two-beam technique utilized also for the
laser comb. They are measured for a time delay as long
as the main temporal extent of the pulse, roughly 6 ps.
The first-order autocorrelation function g!"(7) has an almost
perfectly symmetric shape around v = 0, as expected. The
slight asymmetry has its origin in small imperfections in the
optical setup for positive and negative time delays, such as
beam walk. The most instructive characteristic is, however, in
the shape and peak value of the second-order autocorrelation
function g (7). It decays to a value of 0 after roughly 2.5 ps,
which suggests the pulsed character of the emission. This is
in strong contrast to the emission of quantum cascade laser
combs, where the continuous-wave-like output results in a
2@ (7) which decays to 1. Moreover, g®(0) at zero path delay
is 6.59, when normalized to the average intensity in a time

window of 13 ps. Among all our measurements, this value
is maximized for pulsed emission, as we expected from the
brief mathematical derivation. For completeness, these results
can be also compared to measurements of single-mode lasers,
where g (0) is 1, and therefore the intensity modulation depth
is 0%. Such results can be found in [36].

VI. DISCUSSION AND CONCLUSION

We have demonstrated direct measurement of intensity
correlations of a quantum cascade laser based frequency
comb, and compared these results to mode-locked THz combs
generated by optical rectification in a photoconductive emitter.
We found that the laser emission is characterized by a strong
amplitude modulation of 83% in the comb regime and 77%
in the dispersed regime. The continuous-wave-like output of
the laser becomes visible through the intensity autocorrelation
function which decays to 1, in contrast to pulsed sources where
it decays to 0.

For this purpose, we utilized a technique which has a
temporal resolution of 150 fs, only a fraction of one period
of light, and is in addition sensitive to any incoherent
components [36] in the light wave through its self-referenced
character. With such short temporal resolution we could
determine that intensity correlations persist over time scales as
short as the gain recovery time of the laser, a few picoseconds.

Having the possibility to quickly assess the emission profile
of free-running lasers in the terahertz frequency range is
an important technological milestone. In future, quantum
cascade lasers based combs, which are inherently frequency
modulated, could be transformed into amplitude-modulated
combs by use of an external spatial light modulator to
fulfill the zero phase condition for Fourier-limited pulses.
Our technique will be here of big importance to minimize
in real time the temporal extent of the pulse by controlling
¢@(r =0) and provide feedback to the actuating phase
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plate. Also, harmonic states in QCLs might become a source
of pulsed radiation [38] with beat tones up to over 100
GHz, making their analysis with beat-note spectroscopy
very difficult. Here again, autocorrelators will be of high
importance.

More generally, the technique is perfectly suited to measure
fluctuations faster than one oscillation period, thus subcycle.
We are convinced that many more fundamental experiments
can be envisaged.
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