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A B S T R A C T

We present a comprehensive characterization of a Kerr-lens mode-locked ultrafast Cr:ZnSe laser that generates
nearly transform-limited pulse trains with a duration of 42 fs and an optical bandwidth of 8.2 THz, at an
emission wavelength of 2.4 μm and 213 MHz repetition frequency. Our detailed investigation of intensity
noise and pulse repetition-rate phase noise underscores the exceptional spectral purity of the Cr:ZnSe laser,
even when pumped by a multi-longitudinal mode Er-fiber laser. This remarkable performance is attributed to
the efficient random second harmonic generation mechanism within the ZnSe polycrystal, which significantly
mitigates the transfer of pump laser intensity noise to the Cr:ZnSe laser, achieving in the mode-locking regime
more than 13 dB pump noise attenuation in the Fourier bandwidth from 10 Hz to 10 MHz, also resulting
in the complete suppression of the Cr:ZnSe resonance relaxation oscillations. Additionally, we report on the
frequency stabilization of the pulse repetition frequency against an RF rubidium clock, down to a fractional
frequency stability of 2 × 10−11 for an integration time of 10 s, demonstrating a pulse jitter of less than 1.6 ps
over an integration bandwidth from 100 Hz to 100 MHz.
1. Introduction

High-spectral purity ultrafast laser systems operating in the mid-
infrared (MIR) spectral region (2-20 μm) find a variety of applica-
tions in high-precision and broad optical bandwidth sensing and spec-
troscopy [1–3]. In this framework, the reduction of intensity and phase
noises plays a primary role in enhancing performance. In the 2-3 μm
strategic wavelength range, where the main transitions of the funda-
mental vibrational modes of C-H bonds fall, the Cr2+-doped ZnS/ZnSe
lasers exhibit broad emission bandwidths able to sustain the generation
of few optical cycle pulses [4,5]. Following the first demonstration of
femtosecond Cr:ZnSe lasers [6], this polycrystal has aroused interest in
the community. This is partly due to its efficient random quasi-phase
matching second harmonic generation (SHG) and other three-wave
mixing processes, such as third and fourth harmonic conversions as
well as parametric sum and difference frequency process [7,8] that
allows the production of broadband light in a multi-wavelength spec-
tral region. In addition, the efficient intracavity random quasi-phase
matching SHG process, an instantaneous nonlinear loss mechanism, is
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beneficial in strongly suppressing both pump laser noise and laser re-
laxation oscillations [9,10]. While Kerr-lens mode-locked Cr:ZnSe lasers
have demonstrated remarkable performance in terms of pulse duration
and output power [11–15], investigating their noise characteristics,
especially intensity and phase noise, is equally crucial. Understanding
the noise performance of this kind of lasers is essential for ensuring
their reliability in high-sensitivity applications such as broadband spec-
troscopy or imaging for high-precision chemical species identification
and detection. Indeed, although other KLM-mode-locked laser systems,
such as Ti:sapphire, Yb-, and Ho-doped crystals [16–18], have demon-
strated excellent performance in terms of low-intensity noise and pulse
jitter (for example the KLM Ho-doped laser demonstrated integrated
relative intensity noise of 0.02% and a RMS phase noise 0.543 mrad in
the bandwidth from 10 Hz to 10 MHz [18]), the presence of the random
second harmonic effect in Cr:ZnSe (and also Cr:ZnS) lasers enables the
complete suppression of relaxation oscillations [10]. These oscillations,
on the other hand, are present in the aforementioned systems and limit
their ultimate performance as predicted by Ref. [19].
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Here we report on a detailed experimental investigation of the
ntensity and phase noise in a Kerr-lens mode-locked (KLM) Cr:ZnSe
aser source at 2.4 μm wavelength, generating pulse trains at 213 MHz
epetition frequency with a duration of 42 fs and an optical bandwidth

of 8.2 THz. In the KLM regime, the Cr:ZnSe laser strongly suppresses
he intensity noise originating from the multi-longitudinal mode Er-
iber laser pump. The reduction of the intensity noise of the Er pump
aser has been described in the Fourier frequency range from 10 Hz
o 10 MHz showing an average value higher than 13 dB. For Fourier

frequencies at around 1 kHz and larger than 1 MHz, the mode-locked
Cr:ZnSe laser is characterized by relative intensity noise (RIN) levels
of −135 dB/Hz and −145 dB/Hz, respectively. A comparison between
the RIN of the Cr:ZnSe laser in mode-locked and CW regimes is also
performed confirming that the noise suppression of the random SHG
process is even more efficient with respect to the peak of the relaxation
oscillations. In this case, suppression of 27 dB is measured at around
1 MHz, coinciding with the CW relaxation oscillation peak. Finally,
frequency stabilization of the pulse repetition frequency against an RF
rubidium clock is also performed demonstrating a pulse jitter lower
than 1.6 ps in the integration bandwidth from 100 Hz to 100 MHz.

2. Experimental setup

Fig. 1 shows the experimental setup of the KLM Cr:ZnSe laser. The
-mirror linear cavity resonator lies in an airtight chamber, allowing a
itrogen atmosphere. It consists of two plane high-reflectivity chirped
irrors (PM), two plano-concave chirped mirrors with a radius of

urvature of 50 mm (CM), and a plane 3% output coupler (OC). The
hirped mirrors have a specifically designed group-delay dispersion
GDD) of -240±20 fs2 to control the overall intracavity dispersion,
ssential for the soliton-like pulse formation. The pump radiation is
 multi-mode Er-fiber laser (ELM-20-LP IPG Photonics) centered at
.57 μm wavelength, with a maximum output power of 20 W. The
ump laser reaches the laser resonator through a broadband CaF2
indow (transmission > 95% at the pump wavelength) and is focused
n the Cr:ZnSe crystal through the 50-mm curved mirror (transmittance
f 70% at 1.57 μm) by an AR-coated (1.05-1.7 μm) 40-mm plano-convex
ens (L). The active medium (dimensions 2.8 × 4.9 × 5.0 mm, doping

NCr = 9.2 × 1018 cm−3) is inserted at the Brewster angle (67.7◦ at
.4 μm) between the two curved mirrors. The crystal is mounted on

a Peltier-cooled copper holder maintained at a constant temperature
of 20◦C. The resonator is in an asymmetric X-configuration with arm
engths of 40.4 cm and 15.8 cm, respectively. The folding angles of
he curved mirrors are 14◦ and 16◦ to compensate for the astigmatism
ntroduced by the incidence at the Brewster angle on the active crystal.

Soft-aperturing KLM is obtained by operating the laser resonator with
 distance between the curved mirrors within a range of 54.5 mm to
6.1 mm, corresponding to the second stability region of the cavity.
he propagation length through the Cr:ZnSe is 3.19 mm, resulting in

a GDD of 1260 fs2 per round trip along the optical path. Considering
he chirped mirrors’ dispersion, the total calculated net GDD of the

resonator is about −260 fs2, allowing for a solitonic mode-locking
regime.

First, we characterized the Cr:ZnSe laser setup operating in continu-
us wave (CW), moving the cavity at the center of the second stability

zone and aligning the optical elements to maximize the transmitted
fluorescence (broad-spectrum emission from 2.0 μm to 2.4 μm). Then,
we increased the distance between the curved mirrors to bring the
cavity to the edge of the second stability zone, where the geometric
dimensions of the beam allow a soft-aperture KLM. The ‘‘self-starting’’
mode-locking (ML) is achieved by perturbing the ending mirror of
he long arm of the resonator, mounted on a translation stage. By
lightly shifting the position of the Cr:ZnSe polycrystal along the res-
nator propagation axis, the KLM regime is optimized to maximize
he pulse spectrum and reduce the relative intensity noise, striking
 balance between the additional gain due to the Kerr lens and the
 a

2 
increase in nonlinear losses due to random phase-matched SHG in the
r:ZnSe polycrystal. A fast photodetector and an InGaAs spectrometer

(NIRquest) were placed after the OC to confirm the transition to the
L regime. During this process, the photodetector revealed a pulse

rain in the time domain with a repetition frequency of 213 MHz,
hile the spectrometer monitored the broadening of the Cr laser in

the spectral domain. The ML regime starts at an incident pump power
threshold of 2.5 W. The maximum average output power in a single-
pulse soliton regime was 190 mW with an incident pump power of
2.7 W, corresponding to a laser slope efficiency of 11%. We observed
a multi-pulse regime at higher incident pump power levels. Fig. 2
reports the spectrum of the KLM Cr:ZnSe laser at the average output
power of 190 mW as recorded by a Fourier Transform Infrared (FTIR)
spectrometer (JASCO FT/IR 6800) with a resolution of 1 cm−1 (30 GHz)
in a frequency span from 85 to 300 THz (corresponding to a wavelength
ange from 1 to 3.5 μm). Fig. 2 shows both the main peak at the
undamental wavelength of 2410 nm and its second harmonic, with
WHMs of 180 nm (9.3 THz) and 67 nm (13.8 THz), respectively. At
90 mW average output power, the SHG beam at the laser output has
n average power of 8.5 mW, corresponding to a single-pass intracavity
HG power of 59.3 mW (as calculated using the measured OC trans-

mission and chirped mirror reflectivity, 53% and 27%, respectively, at
1.2 μm). It is worth noting that the Cr:ZnSe laser is characterized by an
extremely wide optical emission bandwidth covering the range from 2.0
to 3.2 μm (more than 60 THz) at −35 dB. Besides the random quasi-
phase-matched SHG signal, the nonlinearity of the Cr:ZnSe polycrystal
is also evident by the sidebands around the residual pump signal, at
±12 THz due to the cross-phase modulation between the CW pump
laser and the intracavity ultrashort Cr:ZnSe laser [20]. In the frequency
egion between 109 THz and 120 THz, we observed several absorption
ines, which are attributed to intracavity water vapor.

Fig. 3(a) presents a detailed view of the spectrum at the fundamen-
tal wavelength acquired with the cavity resonator closed in the airtight
chamber and maintained in a nitrogen atmosphere with continuous
flow. The nitrogen atmosphere allows a strong reduction of the water
vapor absorption, leading to a high-purity spectral profile. The ML
pulse spectrum is shifted around 123.9 THz (2419 nm wavelength),
with a spectral bandwidth of 8.2 THz (158 nm). In the same operating
conditions, Fig. 3(b) shows the interferometric autocorrelation trace
(blue line) and the envelop fitting profile (orange line) of the KLM
Cr:ZnSe laser. Assuming a 𝑠𝑒𝑐 ℎ2 pulse shape, the envelope FWHM of
60 fs matches a pulse duration of 42 fs (time constant 𝑡𝑝 = 24 fs),
equivalent to approximately five optical cycles at the peak wavelength
of 2.4 μm. The relative time-bandwidth product is 0.340, close to the
0.315 value of the Fourier limit of the 𝑠𝑒𝑐 ℎ2 pulse, indicating a small
residual chirp in the KLM Cr:ZnSe pulses. The latter was estimated
using the modified-spectrum auto interferometric correlation method
(MOSAIC) [21] introducing the chirp parameter 𝛽, defined by the
hase acquired due to the frequency chirp 𝜙𝑐 ℎ𝑖𝑟𝑝 = 𝛽(𝑡2∕𝑡2𝑝). In brief,
he MOSAIC technique improves the measurability of the chirp from
nterferometric autocorrelation traces by first Fourier transforming the
nterferogram, then filtering out the fundamental frequency compo-
ent of the autocorrelation trace, and finally by antitransforming the
esidual DC and second harmonic components. The resulting filtered
nterferogram easily converges as a function of the chirp parameter 𝛽,

estimated below 0.2 rad.

3. Relative intensity noise measurement

The measurement of the power spectral density of the relative
ntensity noise (RIN) of the KLM Cr:ZnSe is performed using an ex-
ended InGaAs photodetector with a bandwidth of 25 MHz (PDA10D2
horlabs) and an electronic spectrum analyzer (ESA, Agilent E4445A).

Fig. 4(a) shows the RIN power spectral densities in the Fourier fre-
quency range from 10 Hz to 10 MHz of the Er-fiber pump (red line)
nd the Cr:ZnSe laser in CW (blue line) and KLM (green line) regimes,
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Fig. 1. Experimental setup of the KLM Cr:ZnSe laser. PD, photodiode. OSC, oscilloscope. ESA, electronic spectrum analyzer. FC, frequency counter. RF, radio frequency generator.
HF, high-frequency amplifier. FM, frequency mixer. PID, proportional–integral–derivative controller. OC, output coupler. PM, plane mirror. CM, curved mirror. PZT, piezoelectric
transducer. L, pump lens.

Fig. 2. Output spectrum of the KLM Cr:ZnSe laser, in ambient atmospheric conditions, recorded with a FTIR spectrometer at a resolution of 1 cm−1 and averaged over five samples.
The noticeable intensity modulation in the frequency region from 109 to 120 THz is due to intracavity water absorption lines. The red lines are the intensity fits of the acquired
data, considering hyperbolic secant profiles of the fundamental and SHG pulses.

Fig. 3. Pulses characterization in nitrogen purged atmosphere: (a) spectral profile of the KLM Cr:ZnSe laser and (b) interferometric two-photon autocorrelation. The red curves
are the intensity fits of the acquired data (blue lines), considering a secant hyperbolic profile of the pulse.
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Fig. 4. RIN characterization: (a) RIN power spectral densities from 10 Hz to 10 MHz acquired for the pump laser (red) and the Cr:ZnSe laser both in CW (light blue) and KLM
green) regime. The gray line is the reference background. (b) Calculated noise rejection transfers from pump laser and CW regime to KLM. The fits (dashed line) agree with the
heoretical curves computed using equation 2 of Ref. [10].
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together with the measurement background noise floor (photodetector
ark current noise). The spectral profile of the RIN of the pump Er-fiber
aser presents a 1∕𝑓 2 trend for frequencies lower than 1 kHz, a broad

resonance peak of −99 dB/Hz at 203 kHz (corresponding to the reso-
nant relaxation oscillations, RROs), and two pronounced peaks in the
high-frequency limit, at 3.5 MHz (−98 dB/Hz) and 7 MHz (−99 dB/Hz),
respectively (due to the mode-beating of the multi-longitudinal mode
laser regime). The noise of the Er-doped fiber laser mainly consists
of the vacuum noise resulting from the output coupling, the dipole
fluctuation noise, the pump source intensity noise, and the spontaneous
emission from the excited state level to the ground level. Indeed, we
were able to fit with excellent accuracy the measured Er-fiber RIN
power spectral density with the intensity noise transfer function re-
ported in Ref. [22], as shown Fig. 4(a) (fit Er-laser curve). Specifically,
the Er-fiber RRO peak is characterized by a pair of complex conjugate
poles, with an oscillation frequency of 210 kHz and a damping ratio of
.33, and from a zero at the frequency of 22.3 kHz. In contrast, the two
ode-beating peaks are described by a Lorentzian function.

Fig. 4(a) shows the RIN of the Cr:ZnSe laser both in the KLM and
W regimes. Concerning the CW regime, obtained with the same cavity

configuration as for the KLM action, the RIN is higher than that of
he Er-fiber pump for Fourier frequencies lower than 10 kHz, due
o the high sensitivity to acoustic and vibrational noise of the laser
esonator operating close to the edge of the second stability zone,
hich corresponds also to a lower gain in the Cr:ZnSe crystal and
igher intracavity diffraction losses respect to the KLM regime. At
igher frequencies, the RIN is dominated by the Er fiber RRO pump
oise, while the two pump-beating peaks are attenuated by 14 dB and
5 dB, respectively. In addition, a new peak at −114 dB/Hz appears
t approximately 1.18 MHz, corresponding to the RRO peak of the
r:ZnSe laser (a pair of complex conjugate poles, with an oscillation

requency of 1.18 MHz and a damping value of 0.21). When the Cr:ZnSe
aser switches from the CW to the KLM regime a remarkable noise
eduction is observed across the full Fourier frequency range, due to
he combination of different mechanisms such as Kerr-lens induced
ncrease of the optical gain and reduction of resonator diffraction
osses, non-linear losses mainly due to SHG and eventually THG. In
articular, the RIN power spectral density in KLM is reduced compared
o the Er fiber pump noise by more than 10 dB, reaching a noise
4 
rejection value larger than 20 dB for frequencies higher than 3 MHz.
Furthermore, in the KLM regime, the RRO of the Cr:ZnSe laser system
is clamped by 25 dB mainly ascribed to the efficient random SHG
mechanism within the ZnSe polycrystal (the measured SHG efficiency is
.9%, nearly two times higher than the efficiency reported in Ref. [10],

which used a 5-mm thick Cr:ZnS polycrystal). To better highlight the
transfer noise function between the Er-fiber pump and the Cr:ZnSe laser
system, Fig. 4(b) shows the measured intensity noise rejection between
the KLM Cr:ZnSe laser with respect to the Er-fiber pump laser and the

W Cr:ZnSe laser (computed as the difference between the related RIN
ower spectral densities), along with the theoretical curves that best
it the experimental data. The figure reports the data starting from
 Fourier frequency of 1 kHz because the RIN spectrum of the KLM
r:ZnSe is limited by the background dark current noise of the InGaAs
hotodetector. The curves demonstrate pump noise rejection of −13 dB
ver a spectrum from 1 kHz up to 1 MHz, which increases further
or higher frequencies due to the low-pass filtering of the Cr:ZnSe
ystem. From the comparison between the KLM and CW regimes of
he Cr:ZnSe laser, it is worth noting that the combination of Kerr-lens
ffect (optical gain increases and reduction of the intracavity losses)

together with the random SHG process in the Cr:ZnSe laser, which
introduces an instantaneous nonlinear loss perturbing the dynamic
observed in CW, strongly suppresses the RRO of the Cr:ZnSe, following
the recent results reported in [10]. It is important to highlight that,
although the SHG process is instantaneous, i.e., broadband, the effect
of pump noise reduction is instead modulated by the spectral response
of the Cr:ZnSe laser system, as reported in [10]. The experimental
data shown in Fig. 4(b) (light blue curve) agree well with the theory
reported in [10], showing a reduction in noise suppression for Fourier
requencies higher than 4 MHz. Finally, the integrated relative intensity
oise of the measured KLM RIN spectrum, numerically calculated, is
elow 0.16% in the bandwidth from 10 Hz to 10 MHz, which is nearly
en times lower than the 1.2% value for the Er fiber pump laser. This

low-intensity noise value of the KLM Cr:ZnSe laser is still mainly due to
the multimode beating and RRO noise originating from the pump laser,
which accounts for a residual contribution of 0.1%.
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Fig. 5. Allan variance of the pulse repetition frequency in free-running and in locked conditions, respectively. Continuous lines represent the best curve fittings: 𝜎(𝜏)𝛥𝜈 =
(5 × 10−6𝜏−1 + 2 + 3𝜏)1∕2 and 𝜎(𝜏)𝛥𝜈 = 3 × 10−3𝜏−1 in free-running and locked conditions, respectively.
Fig. 6. Power spectral density of the phase noise of the pulse repetition frequency. The blue and red lines refer to the unlocked and locked conditions, respectively, whereas the
gray curve represents the RIN spectrum.
4. Repetition frequency stabilization and phase noise measure-
ment

Following the scheme reported in Fig. 1, the repetition frequency
of the KLM Cr:ZnSe laser can be actively stabilized against an RF
synthesizer. More in detail, the ultrafast pulse train is detected using
a 1-GHz bandwidth extended InGaAs photodiode whose output signal
is sent to a mixer (Mini-Circuits ZAD-1+) and compared to a reference
RF synthesizer (Rohde & Schwarz SMT 06). The mixer output signal
is sent through a low-pass 1-MHz bandwidth filter to a proportional-
integrative-derivative servo that controls a piezo-electric high-voltage
amplifier acting on a laser cavity mirror. To characterize the stability
of the pulse repetition frequency and its phase noise power spectral
density, the photodiode output is also sent to an electronic frequency
counter and an electrical spectrum analyzer equipped with the phase
noise measurement capability (Agilent 53230A).

Fig. 5 shows the Allan deviation, 𝜎(𝜏)𝛥𝜈 in Hz unit, of the pulse rep-
etition frequency as a function of the integration time 𝜏, as computed
by the electronic frequency counter. In free-running conditions (blue
squares), the Allan deviation ranges from 40 to 2 Hz in the explored
integration time from 0.1 ms to 10 s. The data can be well interpolated
by the following polynomial equation: 𝜎(𝜏) = (ℎ 𝜏−1 +ℎ +ℎ 𝜏)1∕2,
𝛥𝜈 0 −1 −2

5 
where ℎ0 = 5 × 10−6 Hz, ℎ−1 = 2 Hz2, and ℎ−2 = 3 Hz3 are the polynomial
coefficient of the white, flicker, and random walk frequency noise
contributions [23]. When the frequency stabilization loop is activated,
the Allan deviation drops and it is characterized by a trend 𝜎(𝜏)𝛥𝜈 =
𝐻∕𝜏, where 𝐻 = 3 × 10−3, due to a white phase noise contribution [23]
reaching a stability level of 0.5 mHz (2 × 10−11 in fractional terms) at
10 s integration time. We achieve a more comprehensive characteri-
zation of the short-term stability of the pulse repetition frequency by
conducting a frequency domain measurement. Fig. 6 reports the power
spectral densities of the phase noise associated with the pulse repetition
frequency in free-running and locked conditions, as measured by the
electrical spectrum analyzer (L-script power spectral density) in the
frequency range from 10 Hz to 100 MHz. For comparison, Fig. 6 also
presents the RIN power spectral density, indicating that for Fourier
frequency higher than 100 kHz the measurement is limited by the
laser RIN. In both the free-running and locked conditions the phase
noise power spectral density is white in the range from 10 to 100 kHz
at a level of −117 dBc/Hz. In the free-running case, the phase noise
increases with a power law 𝑓−2 for frequencies lower than 10 kHz.
Down to 100 Hz, additional contributions appear due to acoustic noise
acting on the Cr:ZnSe resonator. Acoustic noise is, in contrast, strongly
suppressed when the repetition frequency is stabilized against the RF
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synthesizer up to a control loop bandwidth of ∼1 kHz. From the power
spectral densities of the phase noise of the repetition frequency, root-
mean-square (RMS) phase noise of 0.7 rad and 15 mrad are computed
in the integration bandwidth from 10 Hz to 100 MHz for the free-
running and locked conditions respectively. In both cases, more than
95% integrated phase noise originates from the contribution within the
bandwidth of 10 Hz and 100 Hz, thus the 1-kHz control loop adopted
is well suited to reject this major low-frequency noise contribution
by a factor of 50. In particular, the integrated phase noise in the
bandwidth from 100 Hz to 100 MHz is 2.17 mrad in locked conditions,
corresponding to a timing jitter of the repetition frequency of less than
1.6 ps.

5. Conclusion

In conclusion, we report on a detailed characterization of the in-
ensity and phase noise properties of a Kerr-lens mode-locked Cr:ZnSe

laser generating a pulse train at 2.4 μm wavelength with 42 fs temporal
duration and a spectral bandwidth of about 8.2 THz in a nitrogen
atmosphere. The significant suppression of the laser intensity noise
in mode-locked conditions by the random phase-matched SHG in the
Cr:ZnSe crystal is experimentally demonstrated with respect to the
multi-mode Er-fiber pump laser and the CW operational regime of
he Cr:ZnSe laser. Despite the quite large intensity noise of the pump
aser, the Kerr-lens mode-locked Cr:ZnSe is indeed characterized by a
elative intensity noise of more than one order of magnitude lower.
ven the phase noise of the pulse repetition frequency turns out to
e limited by the relative intensity noise only for Fourier frequencies
igher than 100 kHz. Finally, using an RF synthesizer, the repetition
requency of the Cr:ZnSe is also actively stabilized demonstrating a
ime jitter at a level of 1.6 ps for an integration bandwidth from
00 Hz to 100 MHz. The noise performance of the Cr:ZnSe KLM lasers
hows, therefore, its reliability in high-sensitivity applications, such as
roadband spectroscopy and precise chemical detection.
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