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Abstract: Spectrally broad laser radiation from continuous wave (cw) lasers can exhibit
second-order autocorrelation traces virtually indistinguishable from those of mode-locked lasers.
Consequently, based only on autocorrelations, one might erroneously conclude that a cw laser
is mode-locked. This pitfall in interpretation can be avoided by carefully characterizing radio
frequency transients and spectra. However, optoelectronics are often too slow for lasers with
an axial mode spacing in the multi-GHz range. Carefully evaluated autocorrelations then
remain the last resort for validating mode locking. We demonstrate in detail what needs to
be observed. We compare autocorrelation measurements and calculations of a mode-locked
titanium-sapphire (Ti:Sa) laser with 76 MHz repetition rate and a spectrally broad monolithic cw
Ti:Sa laser and devise a new, additional measurement to safeguard against misinterpretation of
their autocorrelations.

© 2024 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Mode-locked lasers with pulse repetition rates in the GHz regime have attracted interest owing
to their application in telecommunications [1], spectroscopy [2—8], in particular calibration of
astronomical spectrographs [9—-14], and quantum communication [15,16]. Confirming mode-
locking of lasers with repetition rates of tens of GHz by resolving the pulse train in frequency or
time requires very fast optoelectronic means. These are not available in some spectral regions.
In such cases, optical autocorrelators are typically used. They can determine the duration of
ultrashort pulses from a mode-locked laser, provided that the autocorrelator is sensitive enough
as pulse energies at these repetition rates are typically in the pJ-range [17].

Many multi-GHz repetition rate lasers, such as mode-locked edge-emitting semiconductor
lasers [18-20], vertical external cavity surface-emitting semiconductor lasers [21-23] and some
mode-locked solid-state lasers [24—26] have standing-wave resonators where the gain medium
extends to at least one of the resonator mirrors. If these lasers emit cw radiation, they can
exhibit a spectral bandwidth of several nanometers due to strong spatial hole burning. Thus, the
inverse of the spectral bandwidth lies within the subpicosecond range. Spatial hole burning is
particularly pronounced in monolithic lasers with a standing-wave resonator because the gain
medium extends across the entire resonator. When these spectrally broad lasers operate in
cw mode, autocorrelators produce a coherence spike that can be easily misinterpreted as the
autocorrelation of a short pulse. Therefore, characterizing a laser as mode-locked based only on
autocorrelation measurements can be deceiving. Specifically, the second-order autocorrelation
that is produced by spectrally broad longitudinal multimode cw radiation can resemble that of
a mode-locked laser, as shown analytically in Section 2.3 and experimentally in Section 3.3.
Both the first- and second-order autocorrelation exhibit a spike at zero time delay, indicating
statistical fluctuations as they are present in cw laser radiation or thermal light [27-29]. This
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spike is traditionally referred to as a "coherence spike" [30]. Its temporal width is proportional to
the inverse of the spectral bandwidth and is often referred to as the coherence time of the laser
because the first-order autocorrelation goes to zero on this time scale. However, the correlation
between the longitudinal modes of a laser periodically reappears on the much longer time scale
of integer multiples of the resonator round-trip time. This periodic correlation finally vanishes on
an even longer timescale, given by the inverse linewidth of the modes. Note that the coherence
spike appears in all autocorrelations, for example, that measured by a Fourier-transform infrared
spectrometer (FTIR). The first-order autocorrelation is insensitive to the spectral phase and
cannot be used to determine pulse durations.

One prominent example of a coherence spike was extensively discussed for a spectrally broad
cw Nd:YLF laser exhibiting a spectral bandwidth of 0.6 nm, which would support pulses of a
few picoseconds duration — if properly mode-locked [31]. Specifically, it was demonstrated that
a bell-shaped autocorrelation alone does not suffice to confirm mode locking. The authors of Ref.
[31] further emphasized the importance of a comprehensive characterization of mode-locked
lasers, including autocorrelation, optical spectrum, and most importantly, an additional radio
frequency (rf) spectrum as the minimum set of necessary experimental evidence. Improper
mode locking would then show up as a more rapid roll-off of the intermode beats than supported
by the bandwidth of the rf equipment under use. Although this method appears to be a rather
surefire way to detect improper mode locking, its use becomes increasingly challenging for lasers
operating at multi-GHz mode spacing, that is, only a very limited number of higher-order beat
notes or even none can be detected by the rf analyzer, as the fastest commercially available
photodetector in the wavelength range of 500 nm to 1200 nm has a 3 db bandwidth of 45 GHz
[32]. Nevertheless, in this situation, autocorrelation measurements can still provide valuable
insight, albeit limited, into whether a laser is properly mode-locked or not, which is the point we
address in this paper.

Autocorrelations often exhibit a narrow cusp-like spike on top of a broad pedestal for the
specific situation of a partially mode-locked laser when the laser emits irregular bursts of
ultrashort pulses at a constant repetition rate [33]. The width of the broad pedestal of the
autocorrelation then indicates the duration of the noise bursts. It determines the temporal
resolution of pump-probe experiments. The width of the spike, however, is related to the average
duration of the individual pulses within that burst. This spike is a coherence spike that is
often referred to as a coherent artifact in more recent literature [34—36], cautioning against its
misinterpretation as an autocorrelation of an ultrashort pulse. In the case of a spectrally broad
cw laser, however, the pedestal-cusp structure does not appear in autocorrelations, as such a
laser effectively emits an infinite noise burst. Consequently, the pedestal also shows an infinite
temporal extent, and the autocorrelation exhibits an unsuspicious bell-shaped structure without
shoulders, pedestals, or other indications of potential mode locking issues.

As an increasing number of multi-GHz repetition rate lasers have emerged in recent years, it is
important to address the potential pitfall in characterizing these lasers with an autocorrelator,
and discuss how to properly use an autocorrelator for confirming or disproving mode locking.
To this end, we present, for the first time, comparative calculations and measurements of
autocorrelations of mode-locked and cw lasers with broad spectral bandwidths. Specifically, we
first discuss calculations of intensity and fringe-resolved autocorrelations for these lasers. We then
compare these calculations with measured autocorrelations of a mode-locked titanium-sapphire
(Ti:Sa) laser and those of a spectrally broad monolithic cw Ti:Sa laser. We show that similar
autocorrelations are observed in both cases.
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2. Second-order autocorrelations of laser light

2.1. Intensity autocorrelation (AC)

An intensity autocorrelation (AC), also called a background-free autocorrelation, is frequently
used to determine the duration of ultrashort pulses and has the following expression [37]:

Anc(t) = / \E(DE(t — 7)|* dt = / IOI(t - 7)dt. (1)
E(?) is the electric field, and 7 is the time delay. For simplicity, throughout this paper, we chose
I(?) to be defined as I(f) = |E(r)|?, and I(¢) therefore represents a quantity that is proportional to
the intensity but has units V2/m?. The AC is a symmetric function and the phase of E(f) cannot
be retrieved from it. Thus, the temporal shape of E(f) cannot be determined either. If and only
if the pulse shape is known or assumed, for example, as a sech? or Gaussian function, the AC
provides information about the pulse duration because, in this case, the width of the intensity
autocorrelation of the pulse is proportional to its temporal width.

A common setup used to produce an AC is a modified Michelson interferometer, in which
the beam and its delayed copy are focused at different angles into a nonlinear crystal for second-
harmonic generation (SHG). This setup is implemented in the autocorrelator pulseCheck 15 from
APE Berlin GmbH, which is used in our experiments. It is schematically illustrated in Fig. 1(a).

(a) Intensity Autocorrelator (b) Fringe-resolved Autocorrelator
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Fig. 1. The two setups of the pulseCheck 15 from APE Berlin GmbH. (a) Set up as an
intensity autocorrelator. (b) Set up as a fringe-resolved autocorrelator. The blue arrow shows
how the beam splitter has been shifted compared to the setup on the left.

2.2. Fringe-resolved autocorrelation (FRAC)

The pulseCheck 15 allows shifting the beam splitter towards the moving retroreflector so that the
beams from both retroreflectors overlap at the beam splitter and propagate collinearly to the LBO
crystal for SHG. In this case, a fringe-resolved autocorrelation (FRAC) is obtained, which is also
called an interferometric autocorrelation. Figure 1(b) shows the setup of the fringe-resolved
autocorrelator.

We need to recap the well-known mathematics of the FRAC in order to understand how the
FRAC can be used to determine whether a laser is mode-locked. The FRAC is expressed as [38]

Arrac(®) = / I1E®) + B~ [ dr )

00

This equation can be expanded to

AfprAC(T) = abg + Gy, + a2, + aac 3)
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Equation (3) shows that the FRAC consists of four parts. The first part (apg) is the background
intensity. The second part (a,,) is the real part of the field autocorrelation of the fundamental
beam if the term [I(¢) + I(t — 7)] is omitted. This is reasonable because for different delays 7,
[1(z) + I(t — T)] can only have values between I(¢) and 21(t), whereas the product of the fields in
Re[E(f)E*(t — T)] changes between —FE(#)? and E(¢)> and is much more sensitive to the temporal
profile of the electric field. As a result, the change in amplitude for [1(¢) + I(¢ — 7)] is smaller
than that for Re[E(f)E*(t — 7)] and therefore has a lower impact on the product of the two terms.
The third part (ay,) is the real part of the field autocorrelation of the second harmonic. The
last part (aac) is equal to four times the intensity autocorrelation. The four parts of the FRAC
given by Egs. (4)—(7), calculated for a transform-limited 200 fs pulse, are shown in Fig. 2. The
interference fringes in Fig. 2(b) and 2(c) appear as blue-filled areas because the fringes have a
period equal to the inverse of the light frequency and are not resolved in the plot.
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Fig. 2. Calculated contributions to the FRAC according to Eq. (4)—(7) for a transform-
limited 200 fs pulse. (a) Background intensity (apg), (b) modified real part of the field
autocorrelation of the fundamental beam (a,, ), (c) real part of the field autocorrelation of
the second harmonic (ay,,) and (d) intensity autocorrelation (aac). When summed, all four
parts yield the FRAC trace shown in blue in Fig. 3(a) and Fig. 4(g). Note that the fringe
period in (b) is determined by the fundamental frequency according to Eq. (5) whereas the
fringe period in (c) is determined by the second harmonic frequency according to Eq. (6)

Similar to the AC, the FRAC cannot provide the temporal phase of the electrical field either.
However, the FRAC can reveal whether a laser is mode-locked or not. The FRAC of a chirped
pulse has wings with a lower contrast of the high-frequency interference fringes compared to an
unchirped pulse [37]. This can be seen by comparing the calculated FRAC of a transform-limited
200 fs pulse in Fig. 3(a) and a chirped 800 fs pulse in Fig. 3(b). Introducing extra-cavity
dispersion to a laser that produces mode-locked pulses changes its chirp and, consequently, the
interference contrast of the wings of the FRAC. Introducing the same extra-cavity dispersion to a
spectrally broad cw laser does not change the FRAC. This is because there is no phase coherence
between the axial modes of a cw laser. Therefore, changing the spectral phases of these modes
by introducing dispersion cannot have any consequences. The FRAC of a cw laser simply shows
the coherence spike.

The mathematical reason for the reduced interference contrast in the wings of the FRAC
of chirped pulses is that only aac in Eq. (7) broadens when the spectral phase of the electric
field is altered. a,, in Eq. (5) and ay,, in Eq. (6) are both field autocorrelations whose width
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Fig. 3. (a) The blue curve is the calculated FRAC of a transform-limited 200 fs Gaussian-
shaped pulse. The orange curve is the calculated low-pass filtered FRAC, which is the
sum of apg and aac from Eq. (4) and (7). Its width is the pulse duration multiplied by the
deconvolution factor for a Gaussian-shaped pulse. Dashed black lines indicate the inverse
spectral bandwidth 1/Av. (b) Calculated FRAC of the same pulse as in (a) but broadened to
800 fs due to group delay dispersion. The FRAC of the chirped pulse in (b) shows wings at
+ (0.5 ps, where the contrast of the interference fringes is reduced. These wings are marked
by dashed green circles.

is proportional to the inverse of the bandwidth. A field autocorrelation is not sensitive to the
spectral phase of the electric field and therefore does not broaden for chirped pulses. This is also
why a second-order autocorrelation using a nonlinear crystal is required. A simple Michelson
interferometer without such a nonlinear crystal produces a first-order field autocorrelation that
only shows a coherence spike.

2.3. Autocorrelations of ultrashort pulses and cw radiation

We now compare the simulated AC and FRAC of a transform-limited ultrashort Gaussian pulse
from a mode-locked laser with the simulated AC and FRAC of radiation from a spectrally broad
cw laser. Both lasers have a spectral bandwidth of 3.4 nm. The results are shown in Fig. 4.

We use blue traces in our graphs for mode-locked radiation and red traces for cw radiation
throughout this paper. The filled region in all FRAC traces shown in this paper represents
unresolved high-frequency interference fringes. Figure 4(a)—(d) show the intensity, power spectral
density, and spectral phase of the two lasers. The AC in Fig. 4(e) shows a background-free
autocorrelation for the mode-locked laser. Figure 4(f) shows this curve for the cw laser. The
shape of this curve resembles that shown in Fig. 4(e), yet with a strong background that is half of
the maximum. At zero delay, the electric fields from both correlator arms add up linearly, which
quadruples the SHG intensity compared to the single beam. If the two beams are delayed by
more than their coherence time then the square root of their fields add up, which only doubles
the SHG intensity and gives rise to the background in Figure 4(f). Ignoring this additional
background has misled observers in the past to conclude that cw lasers produce ultrashort pulses
if the strong background of the curve in Fig. 4(f) is overlooked or disregarded as a noise floor.
Not recognizing this background is the pitfall we mentioned in the introduction of this paper.
Indeed, this strong background of the autocorrelation in Fig. 4(f) is the only indication that the
modes of the laser are not locked in phase. Assuming a complete lack of coherence between the
longitudinal laser modes, a peak-to-background ratio of only 2/1 = 2 results [39]. This is also
confirmed in our simulations, cf. Fig. 4(f). Larger but finite peak-background ratios may arise in
case of partial coherence [33,39].

The FRAC of cw radiation in Fig. 4(h) resembles the FRAC trace of the mode-locked laser
in Fig. 4(g), but has a stronger background intensity. Again, this higher background is the only
indication that the laser is not mode-locked. The peak-to-background ratio of the FRAC of
mode-locked radiation is 8/1 = 8 compared to 8/2 = 4 for cw radiation.
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Fig. 4. Simulated autocorrelations of a mode-locked laser (left column, blue) and a cw
laser (right column, red), both with 3.4 nm wide Gaussian power spectral densities. (a), (b)
Intensity in the time-domain; (c), (d) power spectral density and phase; (e), () intensity
autocorrelation; (g), (h) fringe-resolved autocorrelation.

Similar to Fig. 2, Fig. 5 shows the four contributions to the FRAC trace from Eq. (4)—-(7)
calculated for both the mode-locked laser and cw radiation, the sum of which yields the FRAC
traces in Fig. 4(g) and 4(h), respectively. From Fig. 5(d), it can be seen that the higher background
intensity in the FRAC trace for cw radiation is caused by the part that is due to the intensity
autocorrelation aac in Eq. (7). As shown in Fig. 5(a) and 5(c), there is no difference between
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the mode-locked laser and cw radiation for ape and ap,,. Only the trace for a,, in Fig. 5(b) is
slightly broader for cw radiation than for the mode-locked laser. This is caused by the factor
[Z(t) + I(t — 7)] in Eq. (5). As previously discussed, the temporal shape and temporal width of the
field autocorrelations a,, and ay,, are independent of the phase relationship between the spectral
components of the laser. It is only aac that contains information about the phase relationship,
making it the only indicator of whether a laser is in cw operation or mode-locked.
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Fig. 5. Calculated contributions to the FRAC according to Eq. (4)—(7) for mode-locked
radiation in blue and for cw laser radiation in red. (a) Background intensity (abg), (b) modified
real part of the field autocorrelation of the fundamental beam (a,,), (c) real part of the field
autocorrelation of the second harmonic (ay,,) and (d) intensity autocorrelation (aac). (a)
and (c) are identical for both lasers. Both lasers have a power spectral density and phase as
shown in Fig. 4(c) and 4(d). All four parts sum up to the FRAC traces shown in Fig. 4(g)
and 4(h). As already mentioned in the caption of Fig. 2, the periods of the unresolved
interference fringes of (b) and (c) are different.

3. Experiments
3.1. Introduction

In this section, we compare measured autocorrelations of a commercial mode-locked Ti:Sa laser
and a home-built cw Ti:Sa laser. Both lasers have nearly identical center wavelengths of about
785 nm and similar spectral bandwidths of about 8 nm, as shown in Fig. 6. The mode-locked
laser is a Mira Optima 900-D from Coherent, which is a tunable femtosecond Ti:Sa laser system
with 76 MHz repetition rate.

3.2. Autocorrelation measurements of the mode-locked Mira Optima 900-D

Figure 7 shows the AC and FRAC of the mode-locked Mira laser. The background is barely
visible as the AC has a peak-to-background ratio of 1/0.04 = 25. As shown in Fig. 4(f), this ratio
does not exceed 2 for cw radiation. Therefore, we can conclude that the laser is mode-locked. For
the FRAC, the peak-to-background ratio is 7.3. This ratio also confirms mode locking because the
peak-to-background ratio of the FRAC does not exceed 4 for cw radiation, as shown in Fig. 4(h).
The deviation from the ideal ratio of § can be attributed to alignment errors.

We also measured autocorrelations of the Mira laser in cw operation to see if we could detect
a coherence spike similar to that simulated in Fig. 4(f) and 4(h). Mode locking was suppressed
by opening the slit that is used for hard-aperture Kerr-lens mode locking. Figure 8 shows the
power spectral density, the AC, and the FRAC during cw operation. Both autocorrelations show
only the peak of the coherence spike because the spectral bandwidth drops to below 10 GHz.
The inverse of this spectral bandwidth is more than 100 ps. This is longer than the maximum
scan range of our autocorrelator which is 15 ps. A coherence spike, as seen in the simulated AC
and FRAC in Fig. 4(f) and 4(h), can only be observed for cw lasers that have such a large spectral
bandwidth that its inverse is smaller than the scan range of the autocorrelator. This illustrates that
the problem of misleading autocorrelation traces showcased in our paper becomes increasingly
important for lasers that are designed to produce ultrashort pulses with very high repetition rates.
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Fig. 6. Power spectral density of the mode-locked Mira laser (blue) and our cw Ti:Sa laser
(red), both measured with a spectrometer (Horiba HR-640) with 20 pm spectral resolution.
The spectral bandwidth is about 9 nm for our cw Ti:Sa laser and 7.3 nm for the Mira laser.
The axial modes of our cw Ti:Sa laser are resolved by the spectrometer due to their large
mode spacing of 28 GHz while the modes of the Mira laser with 76 MHz mode spacing are
not resolved.
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Fig. 7. (a) AC of the mode-locked Mira laser. The pulse duration is 116 fs, assuming a
Gaussian-shaped pulse. Assuming a Gaussian-shaped pulse results in a better fit to the
measured AC trace than assuming a sechz—shaped pulse. The peak-to-background ratio is 25,
and the time-bandwidth product is 0.41. (b) FRAC of the mode-locked Mira laser, showing
a peak-to-background ratio of 7.3 and no sign of chirp.
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Fig. 8. (a) Power spectral density, (b) intensity autocorrelation and (c) fringe-resolved
autocorrelation of the Mira laser while in cw operation. Given the limited scan range of
the autocorrelator and the narrow bandwidth of the Mira laser in cw operation, we can
only observe a delay-independent AC and FRAC signals. These flat traces are nothing but
fractions of the central plateau of a very wide coherence spike. We estimate that a scan
range of several nanoseconds would be required to resolve the coherence spike.

We then mode-locked the Mira laser again and intentionally misaligned the autocorrelator and
laser with respect to each other, such that the beam entered the autocorrelator at an angle of a few
milliradians, which reduces the peak-to-background ratio of the autocorrelation trace. Further
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misalignments also included insufficient collimation of the beam and, while measuring the FRAC,
reducing the collinearity of the two pulse copies. With these misalignments, we attempted to
produce AC and FRAC traces similar to those of a spectrally broad cw laser to further illustrate
the ambiguity of autocorrelation measurements once the peak-to-background ratio is less than 2
for AC traces or 4 for FRAC traces. The AC in Fig. 9(a) has a peak-to-background of 1/0.55 = 1.8
compared to 25 in Fig. 7(a). For the FRAC, we reduced the peak-to-background ratio to 3.8 in
Fig. 9(b) compared to 7.3 in Fig. 7(b). Note that the FRAC was more sensitive to misalignments

than the AC.

1.0 4 —
” M N

3 o
L 05 ‘J 2 peak background
Q
< peak é 1

007255 0.0 t o5 065 0.0 f o5

delay T (ps) delay T (ps)

Fig. 9. Autocorrelations of the mode-locked Mira laser while the autocorrelator was
deliberately misaligned as described in the text. (a) Intensity autocorrelation with a peak-
to-background ratio of 1.8 instead of 25 in Fig. 7(a). (b) Fringe-resolved autocorrelation
showing a peak-to-background ratio of 3.8 instead of 7.3 in Fig. 7(b).

Our experiment shows that the peak-to-background ratios obtained from mode-locked lasers
can be even lower than those obtained from cw lasers with a well-aligned autocorrelator, which
are 2 and 4 for the AC and FRAC, respectively (see Fig. 4(f) and 4(h)), compared to 1.8 and 3.8
in Fig. 9. In this case, no conclusion can be drawn regarding whether the laser is mode-locked.

3.3. Autocorrelation measurements of a monolithic cw Ti:Sa laser

In this section, we present experimental evidence of the aforementioned pitfall in autocorrelation
measurements. To this end, we use a home-built monolithic Ti:Sa laser consisting of a disk-shaped
Ti:Sa crystal where both planar optical surfaces carry dispersive resonator mirror coatings. The
laser resonator becomes stable due to thermal lensing generated by the absorbed pump light. The
Ti:Sa disk is 3 mm thick, which results in an axial mode spacing of 28 GHz. This laser was
designed for Kerr-lens mode locking at a repetition rate of 28 GHz, but mode locking could
not be achieved with this particular crystal. The laser design is illustrated in Fig. 10. Our
similar-designed monolithic laser with a 5 mm thick Ti:Sa disk recently showed mode locking at
a repetition rate of 17 GHz [40]. Further details of this mode-locked laser will be presented in a
separate publication.

The spectrum of the 3 mm thick monolithic cw Ti:Sa laser is approximately 9 nm broad, as
shown in Fig. 6. Therefore, the inverse of the spectral bandwidth is about 230 fs. One reason for
the broad spectrum is strong spatial hole burning in the inversion by the axial modes. As in a
microchip laser, the population inversion in our laser extends to the ends of the resonator because
the resonator mirror coatings are attached to the gain medium. Therefore, a significant fraction
of the inversion can be accessed only by axial modes with large wavelength differences from
the central wavelength. This is also known as the gain-at-the-end effect [41]. Other sources of
spectral broadening are possibly four-wave mixing [42] and modulation instabilities [43].

1 W of the output power of our cw Ti:Sa laser was coupled into the autocorrelator. The
autocorrelations are shown in Fig. 11. The AC has a peak-to-background ratio of 1/0.55 = 1.8
and the FRAC trace has a ratio of 3.7. The shapes of both autocorrelation traces in Fig. 11 are
similar to those of the simulated AC and FRAC traces in Fig. 4(f) and 4(h). The deviation from



Research Article

Vol. 32, No. 21/7 Oct 2024 / Optics Express 36820 |

Optics EXPRESS

L=3mm r thermally induced
Ti:Sa\ predominantly index-profile
radial heat flow j n(r)
800 nm pumped
¢ _I region
532 nm cooled Ip(r)
surface |L(r) pump
el Y beam
laser
PR @ 800nm, HR @ 800 hm, beam
chirped chirped
AR @ 532 nm HR @ 532 nm

Fig. 10. Schematic of our monolithic cw Ti:Sa laser. The Ti:Sa crystal with its coatings
creates the shown monolithic plane-plane resonator. The heat deposited by the pump laser
creates the shown thermally induced index-profile that we have calculated with a finite
element analysis using COMSOL. With a suitable pump spot diameter, both the pump beam
and the laser beam become eigenmodes of the thermally-induced gradient index medium.

the ideal ratios of 2 for the AC and 4 for the FRAC is most likely due to alignment errors. The
full-width-at-half-maximum of the coherence spike is 193 fs. Note that the autocorrelations
shown in Fig. 11 are also similar to those of the mode-locked Mira laser measured with a
misaligned autocorrelator, as shown in Fig. 9. Thus, a strong background in autocorrelation
traces alone is not sufficient to prove that a laser is not mode-locked.

background

background

0.5 2
peak 1
0055 0.0 T 0.5 065 0.0 0.5
delay T (ps) delay T (ps)

Fig. 11. (a) Intensity autocorrelation of the spectrally broad cw radiation from our monolithic
cw Ti:Sa laser with a peak-to-background ratio of 1.8. (b) Fringe-resolved autocorrelation
of the same laser, showing a peak-to-background ratio of 3.7.

We found that a reliable method for confirming at least partial mode locking is to introduce
group delay dispersion (GDD) and observe the change in the width of the autocorrelation. For
ultrashort pulses, introducing GDD leads to pulse broadening or pulse compression, both of
which changes the autocorrelation width. Introducing GDD to cw radiation does not change the
width of the autocorrelation because there is no coherent relationship between the phases of
the axial modes of the laser. We introduced up to 10° fs> negative GDD with a Treacy grating
arrangement described in [44] to our monolithic Ti:Sa laser and observed no change in the width
of the autocorrelation. Therefore, the laser is not mode-locked.

The autocorrelator pulseCheck 15 from APE Berlin requires an average power of at least
100 mW in order to produce an autocorrelation of our cw Ti:Sa laser. At this power, the signal
was weak, and even at an average power of 1 W, it remained noisy. This can be seen in Fig. 11.
Both, the power requirement of autocorrelators and the need for a sufficiently broad spectrum in
cw operation may explain why the pitfall we describe has not received much attention in the past;
we found only two publications that mentioned the possibility of misinterpreting the coherence
spike of a cw laser as proof of mode locking. Wilcox et al. [31] showed that a coherence spike is
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present in the autocorrelation of a spectrally broad cw Nd:YLF laser to demonstrate that such a
spike should not be taken as evidence of mode locking. Escoto et al. [45] only mentioned this in
passing. Semiconductor lasers with a mode spacing in the multi-GHz range are spectrally broad,
but typically achieve maximum average powers of only 100 mW to 200 mW [9,18,22]. If these
lasers do not mode-lock, the coherence spike may remain unnoticed or disappear in the noise
floor.

4. Conclusion

We have shown that the second-order autocorrelation can be a powerful tool for confirming mode
locking of lasers with a multi-GHz repetition rate. However, a severe potential pitfall is lurking
unless utmost care is taken in analyzing the autocorrelation trace.

From an engineering point of view, a monolithic architecture is ideal for mode-locked lasers
with repetition rates of more than 10 GHz, as the round-trip optical path length of the resonator
becomes less than 1.5 cm. Such short resonators lead to strong spatial hole burning which
is further enhanced in monolithic architectures where the gain medium is in contact with the
resonator mirrors. Spatial hole burning as well as four-wave mixing cause spectral broadening,
which results in broadband longitudinal cw multimode operation when these lasers are not
mode-locked. In this case, the autocorrelation can show an isolated pedestal-free coherence
spike that can easily be mistaken as a proof of mode locking. However, careful inspection
of the autocorrelation trace according to the following checklist can reveal whether a laser is
mode-locked:

* The laser is mode-locked if the peak-to-background ratio is greater than 2 for the AC and
greater than 4 for the FRAC.

* If the peak-to-background ratio is smaller than 2 for the AC or smaller than 4 for the
FRAC, no definite conclusion can be drawn because these values can appear just as well
for a spectrally broad cw laser and for a mode-locked laser due to misalignment of the
autocorrelator or strong noise.

* The laser is at least partially mode-locked if the width of the autocorrelation changes after
introducing dispersion to the beam. For a cw laser, dispersion neither changes the width of
the AC nor that of the FRAC.

* A FRAC that has wings with reduced contrast of the interference can additionally confirm
mode locking as they can only be observed for chirped mode-locked pulses and not for cw
radiation.

* A narrow cusp-like spike on top of a broad pedestal indicates that the laser is only partially
mode-locked.

As optoelectronic means offer no alternative at repetition rates above tens of GHz, careful
analysis of autocorrelation measurements then remains the last resort for confirming mode
locking of lasers with such repetition rates.
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