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We report on the chaotic dynamics in a passively Q-switched 2.3-m Thulium laser operating on the 3H4 → 3H5 transi-
tion. The experiment exploits a Tm:LiYF4 crystal and various laser cavity configurations, involving optional cascade
laser on the 3F4 → 3H6 transition at 1.9 µm. The saturable absorber employed is Cr2+:ZnSe, which is exclusively
saturated by the 2.3 µm laser. An analysis of the Q-switched dynamics shows a pronounced inclination of the laser
operation towards unstable and chaotic behavior. To understand the origins of this chaos, we monitor the population of
the metastable 3F4 level via cascade laser operation at 1.9 µm, underlying this variable as an interesting parameter to
survey chaotic instabilities.

The investigation of lasers operating in the short-wave in-
frared to mid-infrared spectral ranges is a significant and
promising area of research for a variety of specific applica-
tions [1]. Among them, wavelengths around 2.3 µm are ap-
pealing for gas sensing in the atmosphere, non-invasive glu-
cose blood measurements, and pumping of mid-infrared opti-
cal parametric oscillators using non-oxide crystals. The triva-
lent thulium ions (Tm3+) possess an energy-level structure
that allows for emission around 2.3 µm through the 3H4 →
3H5 transition. They are also well-known for lasers operat-
ing at 1.9 µm according to the 3F4 → 3H6 transition. Passive
Q-switching (PQS) is a well-known approach for generating
pulsed output from solid-state lasers. Thulium lasers operat-
ing in the PQS regime have been addressed in the previous
studies [2-5], and it seems that unstable regimes were often
observed, especially when operating at 2.3 µm [7-10]. How-
ever, the sensitivity of PQS Tm-lasers to unstable or chaotic
regimes has never been precisely analyzed. In the present
work, we use classical tools of chaos characterization to clar-
ify the propension of a Tm doped solid state laser to reach de-
terministic disorder. We demonstrate an intermittency route
to chaos observed within a single Q-switched cavity, which
is an atypical behavior for Q-switching [11,12]. Indeed, this
particular chaotic regime with intermittency appears to be
linked to the cascade laser scheme, as indicated by Valcar-
cel et al. in their work [13]. Furthermore, intermittency routes
to chaos have been reported in various laser systems under
the influence of external feedback [14-19] or multiple cavity
Q-switching [20]. On the other hand, chaotic behavior was
observed in a single-cavity Q-switched configuration due to
mode competition [3,21-26]. In the latter case, routes to chaos
occurred mainly with bifurcation [23-26]. And, to the best
of our knowledge, the occurrence of intermittency routes to
chaos in a single isolated passively Q-switched laser has never
been observed. In the context of this study, the fact that Tm-
lasers are prone to intermittent chaotic transitions makes PQS
lasers employing Tm3+-doped crystals an interesting subject
of investigation. Particularly noteworthy is the demonstration
that we can monitor - through cascade laser operation at 1.9

µm - the population variation of the metastable 3F4 level, giv-
ing access to another interesting parameter to study chaotic
establishment. This paper presents a detailed examination of
the dynamic behavior of a PQS Tm-laser operating on the 3H4
→ 3H5 transition around 2.3 µm. It highlights significant jit-
ter issues at low repetition rates and open ways for investigat-
ing the deterministic chaotic dynamics and intermittent routes.
The findings contribute to advancing our understanding of the
complex behavior of Tm-lasers and have implications for the
design and optimization of lasers in the short-wave infrared to
mid-infrared ranges for various applications.

The laser set-up is shown in Fig. 1. Two overlapping cav-
ities allowing for operation both at 1.9 m and 2.3 µm are
designed based on the same gain medium, an a-cut 3 at.%
Tm:LiYF4 crystal. It is pumped by a Ti:Sapphire laser emit-
ting up to 2.2 W at 780 nm. The laser resonator is designed to
allow an optional cascade laser at 1.9 µm. The saturable ab-
sorber (SA) employed is a 1.2-mm-thick, 2.76×1018 at/cm3-
doped Cr2+:ZnSe crystal. It is positioned in the cavity arm
where it can be exclusively saturated by the 2.3 µm laser. The
modulation depth at this wavelength is 4.1%. The cascade
laser can be obtained using a dichroic mirror that separates
the two laser lines: a “continuous-wave” line at 1.9 µm and
a Q-switched line at 2.3 µm. The laser power at 1.9 µm can
be adjusted or even blocked using a diaphragm inserted in the
1.9-µm cavity arm. The simple 1.9-µm V-shaped laser cavity
naturally operates in the continuous-wave (cw) regime when
no laser oscillations at 2.3 µm are imposed. The transmission
of the output coupler for the 2.3 µm laser line TOC is 1% or
3%, while for the 1.9 µm laser line, TOC is fixed to 2%.

For the described laser configuration, with or without cas-
cade laser, the Q-switched operation regime at 2.3 µm is ob-
tained with a pulse repetition rate in the range of 1 to 30 kHz
and a nearly constant pulse duration of ~4.7 µs (Fig. 1b). The
pulse repetition rate increases linearly with the pump power
(Fig. 1d). The error bars indicate the root mean square (r.m.s.)
deviation of the repetition rate over a few seconds of mea-
surement (quantifying the time jitter). Chaotic zones can be
clearly identified when the dispersion of the repetition rate ex-
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FIG. 1. Tm:YLF laser passively Q-switched by a Cr:ZnSe saturable
absorber: (a) laser setup; (b) a typical oscilloscope trace of a single
Q-switched pulse; (c) the energy-level scheme of Tm3+ ions show-
ing the observed laser transitions; (d) pulse repetition rate vs. pump
power, with or without cascade laser for a 1% output coupling at 2.3
µm; the error bars represent the r.m.s. of the pulse repetition rate
measurements.
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FIG. 2. (a-c) Various characteristic regimes: the first line represents
the oscilloscope traces of laser emission at 2.3 µm, the second one
shows the Poincaré maps of the Q-switched peaks In+1 = f(In) and the
third line presents histograms used for calculating the peak entropy
(embedded dimension m = 4 and 5). Three dynamic regimes are
presented: 1st column: a single-pulse stable regime, 2nd column:
intermittency regime, 3rd column: chaotic regime. A cubic fit is
plotted for the laminar phase in the case of intermittencies.
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FIG. 3. Temporal transition regime at 2 W of pump power from
transitory stable regime to chaos. (b,c,d) are temporal zooms of the
oscillogram (a), the second line indicates the corresponding Poincaré
maps of the peak intensities In+1 = f(In).

plodes [26]. On the other hand, stable zones are clearly visible
with a relatively low jitter. The stable zones vary with the dif-
ferent laser configurations. With the 1% output coupler at 2.3
µm, they are within the ranges of 8.9 – 10.9 kHz and 13.2 –
16 kHz in the absence of cascade laser, and within 9.5 – 12.3
kHz and 14.6 – 19.4 kHz with cascade laser. The cascade
laser is useful for visualizing chaos by using the 1.9 µm laser
as an additional output parameter. This raises the question
of whether the chaotic regime remains equivalent without the
cascade laser, specifically by blocking the 1.9 µm laser emis-
sion. The answer is yes: in this scenario, we observe the same
chaotic dynamics with identical intermittency structures. The
cascade laser operation at 2.3 µm and 1.9 µm is not a pre-
requisite for chaos, as similar regimes are observed without
the 1.9 µm laser operation. The chaotic behaviors are equiv-
alent and the route to chaos always involves the same type of
intermittencies.

We are now going to focus our study on the dynamics in-
volved in the route to chaos. For a precise analysis of the
temporal behavior of the PQS Tm-laser, we use a large-buffer
(up to 134 Mpts) oscilloscope allowing for long-time acqui-
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FIG. 4. Simultaneous monitoring of temporal dynamics of 1.9 µm
and 2.3 µm emissions from the cascade Tm:YLF laser at different
repetition rates: 2.3-µm passively Q-switched laser (in blue) and 1.9-
µm “cw” laser (in red). For different repetition rates.

sition without sampling aliasing and an accurate peak-power
detection. We will focus on the transition regime from stable
Q-switching to a chaotic regime which occurs around a repe-
tition rate of 20 kHz (Fig. 1d). For this analysis, we extract
from the oscillograms the pulse peak powers. This allows us
to access in interesting parameters for the study of chaos such
as sample entropy and Poincaré maps. To analyze different
regimes, we plot in Fig. 2 the oscillograms in the first line, and
the corresponding Poincaré maps of peak intensity in the sec-
ond line indicating the entropy of the peak intensity. Increas-
ing the pump power, we start from a stable regime (Fig. 2a)
with null entropy and subsequently observe the transitionary
phase with intermittencies (Fig. 2 b with an intermediate en-
tropy of 0.547) before reaching chaotic instabilities (Fig. 2c,
with an entropy of 1.551). This intermittency regime (in the
Pomeau–Manneville scenario[27-28]) appears as long periods
of almost regular behavior -called laminar phases- interrupted
by short glitches.

On the Poincaré maps plotting the functions In+1 = f (In)
–where In is the intensity of the n-th laser pulse– during the
laminar phase, a characteristic pattern above the bisector line
appears in the intermittency regime, the pattern that even ex-
tends in the chaotic regime. This pattern seems to be very sim-
ilar to the one observed in the type I intermittency scenario as
in reference [28] page 254. It is then possible to fit the peaks
of the laminar phase evolution In+1 = f(In), with a polynomial
(cubic, in our case) function allowing one to estimate that the
Poincaré curve tangentially approaches the bisector line with
a distance ε of 0.0168. To go further, it is also possible to
evaluate the exponential dependence between the length of the
laminar phase L and ε . In our case the measured average lam-
inar phase was about 7 to 8 pulse periods (<L> = 7.75), and
we find L = ε -λ , with λ = 0.501, being close to the theoreti-
cal one of 1/2 which tends to confirm the type I intermittency
hypothesis. A similar route to chaos also appears in transitory

regimes. In Fig. 3, we observe such transition for the cav-
ity employing TOC = 1% at 2.3 µm at 2 W of pump power.
In this experiment, the laser cavity at 2.3 µm is mechanically
unblocked and the pulse train is monitored during a quarter
of second. Before reaching the chaotic regime, a stable pulse
train is observed at a repetition rate of 20 kHz correspond-
ing to the one expected, cf. Fig. 1(d), for this pump power.
However, this stable regime is not accessible in the steady-
state regime. With this pulse train, it is possible to evaluate
the Lyapunov coefficient: during the stable regime (Fig. 3b)
its value is around 0.05 and it reaches 0.15 and 0.18 for the
chaotic and intermittency regimes. When the laser emission
at 2.3 µm appears, the absorption changes in the Cr:ZnSe ab-
sorber. We measured its temperature elevation to be around
26 °C using a thermal camera (and considering an emissiv-
ity of 0.05 [31]). With no surprise, for chaotic systems, this
slight evolution of the temperature –whose characteristic time
is about 1 s– indicates that very small changes on the saturable
absorption parameters can drastically change the final regime
of laser operation transiting from stable to chaotic behavior
trough intermittencies.

To go further, we want to show that 1.9 µm laser can help
to understand the Q-switched operation instability issues[32].
For this, we monitor both the 2.3 µm and 1.9 µm lasers si-
multaneously. Since the metastable 3F4 manifold is the upper
laser level of the 1.9 µm laser transition, Fig. 1(c), we can
access its population variation under cascade laser operation.
This can be done in a kind of perturbative regime giving ac-
cess to an important underlying parameter (namely, the popu-
lation of the intermediate long-living Tm3+ state, 3F4) that will
help us to understand the instability issues linked to the 3H4
→ 3H5 and 3F4 → 3H6 cascade transitions of Tm3+ ions. At
low pulse repetition rates (typically below 5 kHz), the disper-
sion in the repetition rate is small but the Q-switched regime
appears unstable (Fig. 4a). Indeed, at such repetition rates,
the relaxation oscillation of the 1.9 µm (such as the 3F4 popu-
lation) relaxes between two subsequent Q-switched pulses at
2.3 µm and the 1.9 µm laser oscillates several times with a
repetition rate around 20 kHz without synchronization with
the Q-switched pulse train. This irregular relaxation periods
are visible via the 1.9-µm laser (with 7 to 9 oscillations, for
example at 3.8 kHz). Each 2.3 µm pulse then starts with a
different population state leading to the instability. However,
at higher pump powers (and, accordingly, higher pulse repeti-
tion rates for the 2.3 µm laser emission), it is possible to find
stable Q-switching regimes, where both 2.3 µm and 1.9 µm
laser emissions are periodically synchronized (Fig. 4b,c). A
similar effect is also observed in the case of periodic-stable
regime, Fig. 4d,g.

By simultaneously accessing the temporal behavior of the
2.3-µm and 1.9-µm lasers, we are able to explore compara-
tively their sensitivity. Figure 5 represents these concomitant
recordings for a stable Q-switched regime and isolated inter-
mittencies. It is noticeable that the laser intensity at 1.9 µm
(related to the underlying 3F4 level population) appears more
unstable than the Q-switched pulse train at 2.3µm. For ex-
ample, in the stable regime, the variation can be observed on
the 1.9-µm laser power without any impact on the pulse train
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Before intermittencies After intermittencies

FIG. 5. Simultaneous monitoring of temporal dynamics of 1.9 µm
and 2.3 µm emissions from the cascade Tm:YLF laser: 2.3-µm pas-
sively Q-switched laser (in blue) and 1.9-µm “cw” laser (in red). For
different regimes stable and with intermitencies. First line: oscil-
lograms of laser emissions. Second line: corresponding phase dia-
grams obtained by plotting the 2.3 µm laser power versus that at 1.9
µm. Third line: the corresponding normalized intensities of single
Q-switched peaks at 2.3 µm and the peak power at 1.9 µm at the be-
ginning of each 2.3-µm laser pulse (measured at 20% intensity level
on the pulse rise) versus time. This analysis allows for visualizing the
difference of sensitivities between the 2.3 µm and 1. 9 µm lasers.

stability at 2.3 µm. Even more representative, after an iso-
lated intermittency whereas the Q-switched operation regime
comes back instantly to a stable regime, the 1.9-µm laser re-
mains unstable. This is also visible on the phase diagrams
obtained by plotting the laser power at 2.3 µm vs. that at 1.9
µm as shown in the third line of Fig. 4: the obtained curves
are clearly more spread along the abscissa axis (i.e., the 1.9-
µm laser power). Having access to such original phase dia-
grams is practical for studying operation regimes of cascade
lasers, in particular, from the point of view of studying in-
termittences with a clear observation of multiple loops. The
dual-wavelength cascade laser represents an attractive atypi-
cal tool to look at the premises of chaos monitoring. Currently,
theoretical modelling using the basic coupled non-linear rate
equations is not sufficient to explain chaotic behavior and in-
termittencies. Finding relevant additional equations (thermal
or multi-modal) seems to be required to achieve a more re-
liable modelling, however finding the correct additional cou-
pled parameters is quite challenging and need to be confirmed
experimentally.

In conclusion, we investigated the dynamic behavior of a
passively Q-switched Tm-laser at 2.3 µm. For this study we
used a Ti:Sapphire pumping which may appears not optimal
for an industrial system -compared to laser-diode pumping for

example-, however, its high brightness allows a better control
for the spatial single-mode operation, which is crucial to sim-
plify the study of the chaotic behavior. The findings reveal
a tendency to exhibit chaotic operation. The cascade lasers
at 2.3 µm and 1.9 µm are then identified as interesting vari-
ables for monitoring laser instability dynamics. We observed,
in stable regimes, a synchronization process between the two
cascade lasers: the Q-switched laser repetition rate at 2.3 µm
and the relaxation oscillations of the 1.9 µm laser. This is
the first time for our best knowledge that a cascade laser has
been used to study chaotic behavior. This novel utilization
presents an interesting, original and powerful tool for under-
standing complex laser dynamics. The research demonstrates
that Tm3+-based laser systems are prone to intermittency route
to chaos, which is an exceptional characteristic for passively
Q-switched lasers. Moreover, transition regimes show that a
temporary stable regime can occur before reaching the chaotic
one. The proposed setup uses a slow saturable absorber and
no mode-locking operation has been observed. Nevertheless,
beside chaotic regimes in Q-switch, dynamics in mode-locked
regime using a fast saturable absorber could be also interesting
to investigate in Tm-doped lasers operating at 2.3 µm. Over-
all, this research contributes to understanding the dynamic be-
havior of Q-switched Tm lasers and sheds light on the under-
lying factors leading to unstable and chaotic regimes of laser
operation with implications for optimizing MIR lasers that of-
ten involve cascade laser transitions.
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