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Abstract: Our Cr:ZnSe laser amplifier, seeded by parametric difference mixing, produces 
72fs long pulses at the central wavelength of ~2.37µm. The stability of the carrier-to-
envelope phase of the amplified seed pulses, attained at the stage of their parametric 
generation, is preserved through 6 orders of magnitude of laser amplification. 

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 

1. Introduction 

Ultrashort mid-infrared (MIR) pulses are highly regarded in research areas such as molecular 
spectroscopy [1,2], coherent control of chemical reactions [3,4], remote sensing [5], and high 
filed physics. In high harmonics generation (HHG), a widely known example of high field 
physics, the electron is first tunnel-ionized out of a target atom in a strong optical field of a 
femtosecond laser pulse. The released electron then gains kinetic energy in the radiation field 
of the pulse. Finally, the field drives the electron back, to recollide with its parent ion. Upon 
recollision, its energy is converted to high frequency radiation [6]. Other possible recollision 
outcomes are the above threshold ionization (ATI) [7], the non-sequential double ionization 
(NSDI) [8] and inner shell electron excitation through inelastic re-collisions [9]. In view of 
the quadratic scaling law for the cut-off energy of the recolliding electron [10,11], it is 
straightforward to discern in what ways these processes benefit from MIR driving pulses. In 
HHG, for example, the additional energy of the electron translates into higher order 
harmonics of the fundamental [12]. For recollision excitation, it provides the opportunity to 
excite tightly-bound, deep-lying inner electron shells. 

The carrier-to-envelope phase (CEP) of the MIR pulse can affect the outcome of the 
recollision to a great extent. This is especially so in the few-optical-cycle regime, where the 
pulse is short enough to carry only a few oscillations of the optical field. The importance of 
the CEP for a few-cycle pulse stems from its role in governing the relative amplitude of the 
field half-cycles, encompassed within its envelope. Few cycle, HHG-driving MIR pulse can 
spark off a single and isolated attosecond soft X-ray burst – a valuable tool for attosecond 
metrology. For consistent single attosecond flash production from one generating laser pulse 
to the next, it is imperative for them to exhibit the same CEP at the point of laser-target 
interaction. Such condition can only be met when the CEP of the laser pulse train is stable 
[13]. 

CEP stable MIR pulses can be derived parametrically, owing to the process of self-phase 
stabilization in intra-pulse difference frequency generation (DFG) [14]. For this reason, but 
also due to a scant coverage of the MIR spectral range by a broadband gain media, suitable 
for ultrafast lasers, few-cycle MIR pulses are currently produced in various optical parametric 
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amplification devices. Optical parametric amplifiers (OPAs) can have both high gain and 
broad gain bandwidths deep in the infrared [15–17]. However, OPAs have their drawbacks. 
They are prone to instabilities due to the requirement of precise spatial and temporal overlap 
between the pump and the signal/idler pulses in the non-linear gain medium, under stringent 
phase matching conditions. In addition, OPAs require expensive and complicated 
femtosecond/picosecond pump lasers. 

The disadvantages of OPA's can be circumvented in a hybrid amplification scheme where 
a parametrically generated, CEP stable, femtosecond MIR pulse is amplified in a simple 
multi-pass laser amplifier, equipped with a suitable gain medium. Such an amplification 
strategy should preserve the valuable attribute of automatic CEP stabilization in parametric 
generation/amplification devices, while benefiting from the robustness, simplicity and energy 
scalability of laser amplifiers. 

The laser amplifier stage of the hybrid system described here incorporates Cr2+ doped 
ZnSe, as the gain element. This material belongs to the family of transition metal doped 
chalcogenides, several members of which exhibit very favorable spectroscopic properties for 
ultrashort pulses production/amplification [18]. The emission cross-section spectrum of 
Cr:ZnSe is more than half a micrometer broad (FWHM), is centered at λ = 2.4µm and 
overlaps with the atmospheric transparency spectral window between 2 and 2.5µm. Various 
optical pump sources such as Tm:fiber and Er:fiber continuous-wave lasers, as well as solid 
state pulsed lasers: Tm:YAG, Ho:YAG/YLF and Tm:YLF (as in this case), can energize 
Cr:ZnSe, owing to its broad absorption band between 1.6 and 1.95µm. 

Since their debut in the past decade, femtosecond MIR lasers based on Cr:ZnSe and 
Cr:ZnS have been evolving rapidly [19–24]. However, the practice of active CEP stabilization 
has not been applied to an ultrafast 2.4µm laser yet, in spite of the recognized demand for 
such a source. In this article, we present a combined system, composed of a passively CEP 
stabilized parametric seed generation followed by amplification in Cr:ZnSe multi-pass laser 
amplifier. It produces ultrashort pulses with carrier wavelength at approximately 2.375µm, 
energy of >30µJ/pulse and 72fsec pulse duration at 1kHz repetition rate. In terms of the pulse 
energy, the pulse duration and the pulse contrast the presented system is a major improvement 
of our older, previously described design [25]. More importantly, a single pulse CEP stability 
measurement capability of the current setup allows for the first ever CEP jitter 
characterization of an output of a Cr:ZnSe laser amplifier. Other implementations of a 
combination of parametric and laser amplification in the MIR, reaching longer carrier 
wavelengths [26], as well as higher energies [27], have been reported. However, in these 
previous reports the CEP stability of the laser-amplified output was not shown. 
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2. Experimental setup 

 

Fig. 1. The laser system architecture. The designations used here are: PPLN – periodically 
poled lithium niobate, PM-1(2) – parabolic mirrors, FL – CaF2 focusing lens, CFM – silver 
coated curved focusing mirror. 

A sketch of our hybrid laser system is shown in Fig. 1. To produce the CEP-stable MIR seed 
pulses via intrapulse DFG, we mix the spectral extremities of an ultrashort pulse from a 
broadband Ti:sapphire oscillator (80MHz, 6nJ/pulse, <8fs, Venteon) in a non-linear material. 
A typical mode-locked output spectrum of the oscillator is shown in Fig. 2(a). In this figure, 
the pump (blue) and the signal (red) spectral regions, that produce the MIR idler through 
DFG, are shown. The non-linear crystal we employ is an uncoated multi-grating periodically 
poled lithium niobate (PPLN), manufactured by Covesion. It has 9 gratings with poling 
periods ranging from 13.83 to 17.10µm. The seed is derived in two of these gratings, 
specifically those with Λ = 15.1µm and Λ = 15.6µm periodicities. To attain high conversion 
efficiency, the oscillator output is tightly focused into the 1mm thick PPLN, by a short focal 
length (15mm) silver coated parabolic mirror (marked PM-1 in Fig. 1). Upon exit, the 
unconverted oscillator light is recollimated back, along with the generated MIR beam, by a 
second parabolic mirror, identical to the first (PM-2 in Fig. 1). Prior to the entrance to the 
PPLN, the oscillator pulses acquire negative Group Delay Dispersion (GDD) of −470fs2 at 
800nm, in a pair of chirp mirrors (Venteon, DCM7). This negative GDD offsets the residual 
positive chirp of the pulse, accumulated before and during its propagation in the non-linear 
crystal. 
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Fig. 2. (a and b). (a) – A typical output spectrum of our Ti:sapphire oscillator plotted on a 
logarithmic scale. The pump and the signal spectral regions are highlighted by blue and red, 
respectively. (b) – The measured seed spectra. The blue-shifted spectrum is obtained in the Λ = 
15.1µm grating of the PPLN crystal, while the redshifted one is derived in the grating with the 
15.6µm periodicity. 

Figure 2(b) shows the spectra of the parametrically generated MIR seed. To measure 
these, we use a 1-meter scanning monochromator and a single element PbSe photodetector 
covered by a MIR band-pass filter (FB2500-500, Thorlabs) which blocks the residual visible 
and near-infrared light from the Ti:Sapphire laser. The spectral range of our measurement is 
limited by the transmission window of the filter (2250nm<λ<2750nm). Of the two measured 
spectra shown in Fig. 2(b), the blue shifted one, peaking at 2323nm is generated in the PPLN 
with the Λ = 15.1µm periodicity. The red shifted spectrum, centered at >2500nm, is produced 
in the Λ = 15.6µm grating. The energy of the blue shifted seed is 50 ± 5pJ/pulse. The red 
shifted seed is less energetic, carrying only 40 ± 5pJ/pulse. As is evident from its spectrum, 
the atmospheric absorption (due to water vapor and CO2) strongly reduces the spectral 
intensity of the generated MIR light at λ>2500nm. The bandwidths of both the red and the 
blue shifted seed beams are broad enough to support pulse durations of several tens of 
femtoseconds. Nonetheless, it is plausible to assume an even broader pre-absorption spectrum 
of the red shifted seed, extending further to the infrared. Its pre-absorption energy is also 
probably higher than 40pJ/pulse. In view of the unpurged environment of our setup, we 
choose the blue shifted seed for the subsequent laser amplification. Its spectrum overlaps with 
the atmospheric absorption region to a much lesser extent than the spectrum of the red shifted 
seed. 

Upon its generation, the seed is steered towards the Cr:ZnSe multi-pass amplifier. To 
prevent feedback from the amplifier to the seed generator, we separate them by a Faraday 
isolator and a pulse picker (see Fig. 1). The pulse picker is based on a pair of rubidium titanyl 
phosphate crystals in a birefringence thermal variations compensation arrangement 
(Fastpulse). It reduces the rate of the seed pulses from 80MHz to 1kHz. A standard digital 
delay generator synchronizes between the seed pulse train and the pump laser. To further 
optimize the divergence angle of the MIR beam on its way to the amplifier, a positive CaF2 
lens (f = 25cm, marked FL in Fig. 1) is inserted in its path, at the exit from the pulse picker. 
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The Cr:ZnSe gain element of the multi-pass laser amplifier is optically pumped by a home 
built actively Q-switched Tm:YLF laser, which is an upgrade of an older, passively Q-
switched design [28]. Here, the saturable absorber is replaced by an, acousto-optic Q-switch 
[29]. The pump laser provides pulses at 1kHz, with energies of 2.3mJ/pulse and central 
wavelength of 1886nm. At the stated energy level, its pulse duration is roughly 50ns. The 
pump beam is focused to a spot of 345µm (intensity FWHM) inside the Cr:ZnSe gain element 
by a silver coated concave mirror (f = 50cm, marked CFM in Fig. 1). To stabilize the output 
of the amplifier against pump variations (energy fluctuation, temporal jitter and pointing 
instability) the pump flux at the gain crystal is deliberately tuned high, to saturate its 
absorption, which is measured to be 75% (the unsaturated absorption is close to 100%). 

The amplifier follows the three-mirror ring scheme originally developed by S. Backus et 
al. for Ti:sapphire multi-pass amplifier [30]. In our case, it is a seven-pass design based on f = 
25cm silver coated concave end-mirrors and a planar gold coated side-mirror. The gain 
element is a single Brewster cut Cr:ZnSe crystal with Cr2+ dopant concentration of 
9.8·1018cm−3. The pump propagation distance in the crystal is 0.7cm. At the moderate 
absorbed pump power of 1.7W it is enough to air cool the gain medium. To mitigate the 
buildup of Amplified Spontaneous Emission (ASE) the amplifier includes a mask, which is an 
opaque aluminum plate with an array of circular holes drilled through it. The diameter of the 
holes is constant in each row but varies between the different rows. Such an arrangement 
allows us to choose the optimal hole size to sufficiently suppresses the ASE on the one hand, 
while inflicting tolerable losses on the amplified seed on the other. Throughout this article we 
present results obtained using the 1.8mm mask holes, unless otherwise stated. 

3. Results 

At the completion of seven passes, the signal beam is extracted from the amplifier and 
evaluated. Its energy is measured to be 40µJ/pulse. To assess the energy distribution between 
the amplified spontaneous emission (ASE) and the signal, we monitor the output intensity as 
a function of time by an extended InGaAs photodiode (Thorlabs PDA10D: 15 MHz 
bandwidth, ~23 ns rise time). The recorded output shows a sharp spike of the amplified seed, 
roughly 20ns wide, sitting atop a few hundred nanoseconds long, low ASE pedestal. 
Decomposing the observed waveform into the signal and the ASE contributions, we find the 
signal to ASE total energy ratio at 6:1. Using this ratio, we obtain a pulse energy of 34µJ (for 
the blue shifted seed). In term of intensity ratio between the main pulse and the ASE, if we 
consider a sub 100 fsec pulse duration (see below), we find a ratio of 107:1. The long term 
energy stability of the output is tested by logging the intensity of the signal, as a function of 
time. We find the signal energy to be stable within 1.12% RMS (see Fig. 3). 

 

Fig. 3. Left – Temporal log of the normalized output intensity. Right – A histogramm of the 
scan on the left. 

In order to measure the spectra of the amplified output we deploy our scanning 
monochromator in conjunction with the extended InGaAs photodiode. The spectral sensitivity 

                                                                                           Vol. 27, No. 13 | 24 Jun 2019 | OPTICS EXPRESS 18526 

 



is thus limited here by the detector's responsivity cutoff at 2.6µm. Figure 4 presents the 
amplified blue shifted seed spectra, after 6 (green curve) and 7 (blue curve) passes in the gain 
medium. Evident is the gain bandwidth augmentation of the output at the seventh pass of the 
MIR pulse in the amplifier. The Fourier Transform Limit (FTL) of the output spectrum at the 
seventh pass is 43fs (FWHM) versus 73fs at the sixth pass. The blue shifted seed FTL is 59fs. 
Evidently, gain narrowing dictates the spectral evolution of the signal during the first 6 
passes, while spectral broadening kicks-in at the final seventh pass. 

 

Fig. 4. The spectra of the amplified blue-shifted seed, after 6 (green curve) and 7 passes (blue 
curve) in the Cr:ZnSe amplifier. The thin faint lines represent the collected raw spectral data, 
while the thick lines are obtained by smoothing these raw graphs. What appears as noise at the 
long wavelengths flank of the spectra presented here, are the atmospheric absorption lines. 

The phenomenon of spectral broadening accompanying laser amplification of ultrashort 
pulses in Cr:ZnSe and Cr:ZnS was recently reported by S. Vasilev et al [31]. They showed 
that considerable broadening can be attained in those cases were the peak power of the pulse 
reaches the critical power of self-focusing (0.4MW for ZnSe). The additional bandwidth 
acquired during such high peak power pulse amplification in Cr:ZnS, was shown to be as 
much as 65% for single pass gain value of 4.5 [32]. 

The observed broad spectra of the amplified pulses are only an indirect evidence of their 
ultrashort duration. To validate it, we use a second harmonic (SH) interferometric 
autocorrelator. We first convey the output through sapphire windows with various thickness, 
inserted at Brewster incidence to the beam. We then acquire the autocorrelation traces, as a 
function of the traversed sapphire length. An InGaAs photodetector sensitive up to 1.7µm is 
applied to measure the SH signal. The nonlinear material used for second harmonic 
generation (SHG) of the output is a 0.1 mm thick lithium niobate. For pulses characterized by 
spectra as broad as the one presented by the blue curve in Fig. 4, the bandwidth of this crystal 
is insufficient. The supported bandwidth is calculated by selectively computing sum-
frequency coherence lengths for all possible summations of the fundamental frequencies 
within the laser spectrum. We consider to be phase-matched only those pairs of wavelengths, 
for which the calculated coherence lengths are longer than three times the physical thickness 
of the crystal. 

To obtain trustworthy pulse duration measurements, the pump energy is lowered to 
1.7mJ/pulse, to reduce the energy of the amplified signal pulse to ~20µJ. Consequently, the 
spectral broadening of the output is also reduced. The results are summarized in Fig. 5(a). The 
light blue line seen in the upper part of this figure is the normalized interferometric 
autocorrelation trace, acquired for traversed sapphire thickness of 18.5mm. In order to assess 
the pulse duration, the trace is low pass filtered, to obtain an intensity autocorrelation, which 
is then fitted with a Gaussian. This fit is plotted by the thick dark blue curve on top of the 
autocorrelation trace. The corresponding Gaussian pulse intensity envelope duration is 67fs 
(FWHM). The inset in Fig. 5(a) shows the output spectrum, measured along with the 
autocorrelation traces, its FTL is 70fs. Varying the traversed sapphire thickness nine times, 
from 0 to 30mm and measuring the pulse duration for each length, we obtain the plot shown 
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in Fig. 5(b). The minimum of 72 ± 16fs was found by fitting the data with a parabola. It 
seems, that at least in the case of limited spectral broadening, the output pulses are 
compressible almost down to their FTL, by a technique as simple as propagating them in a 
negative group velocity dispersion material, of appropriate thickness. The modulation of the 
autocorrelation trace, seen in Fig. 5(a), probably indicates residual higher orders of 
dispersion. 

 

Fig. 5. (a and b). (a) – The interferometric autocorrelation of the output is traced by the light 
blue line. The dark blue line presents the Gaussian fit of the intensity autocorrelation, which is 
retrieved from the presented interferometric autocorrelation by Fourier filtering it. Shown in 
the inset is the output spectrum, measured alongside the autocorrelations. (b) – The Gaussian 
pulse durations, calculated from the interferometric autocorrelations of the output pulses, 
translated through sapphire plates of various thickness, are plotted against it by the dark blue 
asterisks. The minimum of this plot is found by a simple parabolic fit, traced by the dashed 
line. 

To gauge the CEP stability of the amplified output we set up a simple collinear f-2f 
interferometer, consisting of the aforementioned 0.1mm thick lithium niobate crystal adjacent 
to a 5mm thick sapphire plate, with a minimal air gap between them. The beam is focused 
through the SHG crystal and into the sapphire by a 4mm focal length CaF2 positive lens. A 
standard InGaAs (NIRQuest, Ocean Optics) spectrometer is used to measure the SH 
spectrum. Figure 6 summarizes the results. One of the measured spectra can be seen in Fig. 
6(b). In order to validate that the observed interference fringes indeed stem from the CEP, we 
introduce a variable width CaF2 wedge pair, at a Brewster angle to the beam, on its path to the 
f-2f interferometer. A movement of the fringes is observed as one of the wedges is translated 
with respect to the other, changing their combined thickness. This movement is depicted in 
Fig. 6(a). 
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Fig. 6. (a,b,c,d and e). (a) – The shift of the fringes in the SH spectrum of the output, derived in 
our f-2f interferometer. This shift is caused by a change of the combined width of the two CaF2 
wedges, inserted at beams path, at Brewster angle. In order to change the combined width, one 
of the wedges is translated with respect to the other. The vertical axis of this sub-figure spans 
this translation. (b) – A typical SH spectrum. (c,d and e) – Fourier filtered SH spectra, as a 
function of time, stacked for an increasing temporal intervals: (c) – 9 seconds, (d) – 90 seconds 
and (e) – 14 minutes. 

To construct the data set seen here the wedge is stepwise translated, taking 0.25mm steps, 
a total distance of 7.75mm while a spectrum of the SH is accumulated for 2min for every step 
taken. The sensitivity of the fringes position to the thickness of the traversed dispersive 
material is readily rationalized in terms of the dependence of the excess CEP, acquired by the 
pulse in the material, on its length. To quantify the CEP stability, we reduce the accumulation 
time for a single SH spectrum to sub-milliseconds. A single pulse per measurement is 
captured during such a brief period. We then stack 2000 of these single event spectra, for 
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three temporal intervals: 9 seconds, 90 seconds and 14 minutes. These data sets are plotted in 
Figs. 6(c), 6(d) and 6(e). The standard deviation of the CEP as a function of accumulation 
time is then evaluated to be: 250 ± 60mrad, 310 ± 60mrad and 420 ± 50mrad for the 9sec, 
90sec and 14min scans respectively. These values convey a reasonable CEP stability levels of 
the output, on par with the values commonly reported for OPA's and amplified lasers [14,33–
37]. Nevertheless, we believe that our hybrid amplifier has a capacity for a better CEP 
stability. For instance, installing a simple enclosure around the setup can reduce phase 
fluctuations by minimizing air flow. 

To complete the characterization of the output, its far-field beam profile is measured. A 
home built scanning profiler is used for this purpose. The device consists of the PDA10D 
extended InGaAs photodetector capped by a pinhole with a diameter of 50um. The detector 
and the pinhole are translated together in a plane perpendicular to the propagation axis of the 
MIR beam, recording its intensity profile as a function of the spatial coordinates spanning this 
plane. The results are shown in Fig. 7. 

 

Fig. 7. The profile scan of the output beam amplified through the 1.8mm diameter holes of the 
amplifier mask. 

4. Conclusion 

Our hybrid amplification system presently yields few tens of µJ mid-IR CEP stable pulses, 
with central wavelength at 2.35-2.4µm. Their duration is measured to be around 70fs. The 
stability of the CEP, anchored at the stage of the parametric derivation of the MIR seed, is 
faithfully carried through six orders of magnitude of its amplification, in a 7-pass Cr:ZnSe 
laser amplifier. Additional laser amplification of the output pulses should present no 
difficulties, at the attained 6:1 signal to ASE total energy ratio. If we calculate the ratio of 
instantaneous power between the signal and the ASE, while considering the sub 100fs 
duration of the signal pulse, we obtain a much more reassuring figure of ~107:1. This ratio 
could be further improved if we chirped our pulse and further amplify it, thus extracting more 
energy into the pulse and reduce energy that goes to the ASE. Having in mind the current 
state of availability of broadband Ti:sapphire oscillators, the proposed hybrid amplification 
system is a simple and low-cost alternative for both actively CEP stabilized MIR lasers and 
OPA's. 
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