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A B S T R A C T

We study supercontinuum generation with femtosecond mid-infrared laser pulses in NaCl and KBr crystals when pumped at the vicinity of their zero group velocity
dispersion points. Almost three octave-spanning SC spectra (covering the 0.7–5.4 μm and 0.85–5.4 μm ranges in 5 mm-thick NaCl and KBr samples, respectively) were
produced by ﬁlamentation of 70 fs, 3.6 μm input pulses in continuously translated samples. In the static setup, we show that rapid formation of persistent color
centers (within a few seconds at 500 Hz repetition rate) inside these materials results in a marked decrease (by 40%) of the overall energy transmittance and in
signiﬁcant narrowing of SC spectra. We also demonstrate that the eﬀect of color centers on the SC spectrum could be adequately simulated numerically using a simple
phenomenological model which considers color centers as impurities with a certain energy bandgap.

Introduction
Supercontinuum (SC) generation through ﬁlamentation of femtosecond laser pulses in bulk solid-state media represents a simple, eﬃcient and well-established technique for the production of coherent
broadband radiation at various parts of the optical spectrum [1]. SC
generation in the mid-infrared spectral range currently attracts a great
deal of scientiﬁc and technological interest. This interest is inspired by
the time-resolved spectroscopy in the molecular ﬁngerprint region and
in particular, by the applications in the emerging ﬁeld of ultrafast midinfrared nonlinear optics, oﬀering an easy way for production of few
optical cycle pulses, which could be further shaped and/or parametrically ampliﬁed up to very high peak powers, see e.g. [2,3]. To
date, the ultrabroad, multioctave SC spectra spanning the wavelengths
from the UV to the MIR have been produced with mid-infrared pumping
in a number of popular wide-bandgap dielectric materials: oxides, such
as YAG, sapphire and fused silica, and alkali metal ﬂuorides, such as
CaF2, BaF2 and LiF [4–10].
Proper choice of the nonlinear medium is an important issue concerning the generation of broadband radiation within a desired wavelength range, as the physical factors that deﬁne the width of the SC
spectrum are tightly linked to relevant optical parameters of the material. It is well established that the order of the multiphoton absorption
(that is the ratio of the material bandgap and the incident photon energy) [11] and chromatic dispersion [12] deﬁne the attainable blueshift of the SC spectrum in a given nonlinear material. On the other
hand, an explicit numerical study of SC generation in various nonlinear
materials with mid-infrared laser pulses suggested that the zero GVD
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wavelength may serve as a reasonably good indicator for attainable redshift of the SC spectrum [13].
For what concerns the latter criterion, the zero GVD points of the
above mentioned materials are located in the near infrared, at wavelengths generally shorter that 2 μm. Therefore, the materials whose zero
GVD points are located in the MIR, e.g. soft glasses [14–17], semiconductors [18–23] and narrow bandgap dielectric crystals [24,25]
emerge as very eﬃcient nonlinear media for SC generation in the midinfrared. In further search of other suitable materials, the numerical
simulations of ﬁlamentation and spectral broadening in alkali halide
crystals identiﬁed them as attractive candidates. To this end, the simulations with pump pulses having carrier wavelengths slightly above
their zero GVD points, predict that multioctave SC spectra with very
large red shifts reaching into the far-infrared could be potentially
achieved [13].
In this paper we report on ﬁlamentation and multioctave SC generation in sodium chloride (NaCl) and potassium bromide (KBr) crystals
using 70 fs pulses with a carrier wavelength of 3.6 μm, which falls
slightly above the zero GVD point of NaCl and slightly below that of
KBr. We demonstrate that these alkali metal halide crystals produce
multioctave SC in the infrared, however they are prone to color center
formation, which markedly modiﬁes the shape and the width of the SC
spectra.
Materials and methods
The experimental setup is depicted in Fig. 1. The mid-infrared input
pulses with a central wavelength of 3.6 μm and 70 fs duration at 500 Hz
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Fig. 1. Schematic of the experimental setup. OPA: optical parametric ampliﬁer,
DFG: diﬀerence frequency generation, NaCl, KBr: crystal samples; arrows indicate the direction of translation, DM: dichroic mirror, PM: parabolic mirrors,
VDF: variable density ﬁlter, L: focusing lens, MBC: micro-bolometric camera, A:
iris aperture, P: thin YAG plate, RD: reference detector.

repetition rate were produced by the diﬀerence frequency generation
(DFG) between the signal (1309 nm) and idler (2057 nm) outputs of the
Ti:sapphire laser-pumped optical parametric ampliﬁer OPA (TopasPrime, Light Conversion Ltd.) in a 1 mm-thick KTA crystal. DFG was
performed in a slightly non-collinear geometry (the external beam
crossing angle 0.3°), to easily remove the residual signal and idler
components. The mid-infrared beam was focused with a BaF2 lens L
( f = +100 mm) into the focal spot of 55 μm FWHM diameter located
2 mm inside the nonlinear medium. The input pulse energy was varied
by adjusting the energy of the signal wave by means of a neutral metalcoated variable density ﬁlter VDF (NDL-25C-2, Thorlabs Inc.) and was
set to produce a single ﬁlament at the output of the nonlinear medium.
This was veriﬁed by monitoring the near-ﬁeld intensity proﬁle of the
output beam with a micro-bolometric camera MBC (WinCamD, FIR216-HR). The spectral measurements were performed using a home-built
scanning prism spectrometer with Si and InAsSb detectors, providing an
eﬀective detection range of 0.2–5.8 μm. In these measurements, the
output face of the nonlinear medium was imaged by means of Agcoated parabolic mirrors (PM) onto the input slit of the spectrometer, so
eﬀectively coupling the axial portion of the SC radiation along with a
fraction of conical emission. The energy measurements were performed
with a pyroelectric detector (D).
The nonlinear media used were uncoated NaCl and KBr samples of
5 mm thickness. The relevant optical parameters of these materials are
presented in Table 1. NaCl and KBr are crystals with cubic symmetry
and exhibit remarkable transparency ranges from the UV to the farinfrared and relatively large nonlinear indexes of refraction. The chosen
pump wavelength of 3.6 μm falls close to their zero GVD points: in
NaCl, GVD is slightly anomalous ( g = −34 fs2/mm), while in KBr, GVD
is slightly normal ( g = +5 fs2/mm).

Fig. 2. Supercontinuum spectra in NaCl (black curve) and KBr (red curve)
produced by ﬁlamentation of 70 fs, 3.6 μm pulses and recorded while continuously translating the samples. The input pulse energies were 3.56 and
2.23 μJ, respectively. The input pulse spectrum is shown by a dashed curve.
(For interpretation of the references to colour in this ﬁgure legend, the reader is
referred to the web version of this article.)

respectively, where Pcr = 3.77λ2 /8πn 0 n2 is the critical power for selffocusing calculated from the data provided in Table 1. During spectral
scan, the samples were continuously translated (perpendicular to the
pump beam direction) to avoid the inﬂuence of color center formation.
More speciﬁcally, the measured SC spectrum in NaCl covered the wavelength range from 700 nm to 5.4 μm (at the 10−4 intensity level) that
corresponds to 2.9 optical octaves. A slightly narrower SC spectrum, in
the 0.85–5.4 μm range, corresponding to 2.7 optical octaves was measured in KBr. Note distinct spectral dips around 2.7 and 4.25 μm that are
absorption signatures of atmospheric H2O and CO2, respectively. Signatures of H2O and CO2 absorption could be removed in, e.g., nitrogen
atmosphere, which also would be useful for extending the longevity of
uncoated NaCl and KBr crystals, and especially their surfaces that degrade with time due to interaction with atmospheric humidity. These
spectra further serve as references for monitoring spectral modiﬁcations
due to evolving color centers in these materials when SC was generated
in a static setup.
Indeed, it is well known that most of alkali metal halide crystals are
prone to formation of color centers that aﬀect the SC spectrum to a
certain degree, as experimentally demonstrated in LiF [8,29–32] and to
some extent, in PbF2[25]. In alkali halides, color centers are products of
self-trapped exciton decay, and the mechanism of their formation is
known fairly well. After nonlinear ionization through multiphoton absorption that generates electrons and holes, the process starts from
exciton creation, that is followed by self-trapping of the exciton and
ends up with its decay, resulting in an occurrence of color centers [33].
The color centers are associated with electron trapping at a halide vacancy (F centers) and two F centers on adjacent sites (M centers, or the
so-called F2 centers) [34]. Color centers are responsible for the occurrence of broad absorption bands, whose peak wavelengths are located
in the visible (F centers) and near infrared (M centers). More speciﬁcally, broad absorption bands in NaCl are centered at 460 nm (F centers) and at 725 nm (M centers) [35], while in KBr the respective absorption bands associated with F and M centers are more red-shifted
and peak at 625 nm and 930 nm, respectively [36]. In addition to these,
ultraviolet absorption bands are observed as well, that are due to V
centers associated mostly with hole traps by impurities in these materials. The process of color center formation in NaCl and KBr crystals is
very fast, taking place on a μs time scale, as demonstrated in the conditions of intense femtosecond UV irradiation by pump-probe measurements [35,36]. Rapid accumulation of color centers was justiﬁed by
a drop of transmission at selected probe wavelengths, that eventually
saturates after a few seconds at 1 kHz repetition rate [34].
Fig. 3(a) shows the evolution of SC spectrum in NaCl as a function of
exposure time. Due to color center formation, the SC spectrum experiences a considerable shrinking along with a decrease of the spectral

Results
Ultrabroadband, multi-octave SC spectra were recorded in NaCl and
KBr samples of 5 mm thickness, pumped by 70 fs, 3.6 μm pulses having
energies of 3.56 and 2.23 μJ, respectively, after accounting for a Fresnel
reﬂection from the input faces of the samples, and illustrated in Fig. 2.
These input pulse energies convert to the input powers of 51 MW and
32 MW, which correspond to 1.7 Pcr and 2.0 Pcr in NaCl and KBr,
Table 1
Relevant linear and nonlinear optical parameters of NaCl and KBr. Ug is the
bandgap, n 0 and g are the linear refractive index and the GVD coeﬃcient at
3.6 μm, respectively, λ 0 is the zero GVD wavelength calculated from the dispersion equations given in [26]. n2 is the nonlinear refractive index; data from
[27,28].
Material

NaCl

KBr

Transmittance (μm)
Ug (eV)
n0

0.17–18
9.0

0.2–30.6
7.6

1.523
4.35

1.536
7.95

2.76
− 34

3.83
+5

n2 (× 10−16 cm2/W)
λ 0 (μm)
g (fs2/mm)
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Fig. 4. Measured energy transmittances (full circles) and their two-exponential
ﬁts (solid curves) for (a) NaCl and (b) KBr samples in a static setup. The plots
are normalized to the sample transmittances in the absence of color centers.
Each data point represents an average over 25 laser shots (the time interval of
50 ms) and for better data readability, only every third data point is displayed.

Fig. 3. Evolutions of SC spectra in (a) NaCl, (b) KBr as functions of exposure
time.

intensity on both sides of the carrier wavelength, and spectral shrinking
is particularly pronounced at the short-wavelength side. Note that
dramatic spectral changes emerge very quickly (within a few tens of
seconds at 500 Hz repetition rate). Thereafter color center-induced
spectral dynamics settle down after 80 s of exposure, and the SC
spectrum keeps its new shape with a markedly reduced width
(1.8–5.1 μm, as deﬁned at the 10−4 intensity level) for the rest of the
measurement time. A similar color center-induced narrowing of the SC
spectrum was observed in KBr, as illustrated in Fig. 3(b). However, in
the present case, the spectral dynamics are markedly slower: the
shrinking of the SC spectrum ﬁnally settles just after 15 min of exposure
time.
Changes of the SC spectra correlate very well with decrease of energy transmittances, recorded for both material samples and shown in
Fig. 4. Here the energy transmittances are normalized to the transmittance levels which were measured in the absence of color centers, i.e.
by continuously translating the samples. In other words, the unity
transmittance was set with an account for Fresnel reﬂection from the
output face of the sample and energy losses that occur in the ﬁlamentation process that are contributed by multiphoton absorption and
absorption of free electron plasma via inverse Bremsstrahlung eﬀect.
Therefore the illustrated energy losses are contributed solely by linear
and nonlinear absorption of the color centers. Notice that the energy
transmittance decreases very rapidly and color centers take an immediate eﬀect on the SC spectral width.
NaCl shows a prompt drop of energy transmittance that is well ﬁtted
by two exponents with time constants of 0.53 s and 5.1 s, as shown in
Fig. 4 (a). The energy transmittance after 20 s settles down to 60% of
the initial transmittance value, which thereafter remains constant for
the rest of the measurement. The energy transmittance of KBr sample
settles to an almost identical ﬁnal value, however, the process is more
extended in time (two-exponential decay with time constants of 10.6 s
and 282 s), see Fig. 4(b). An established two-exponential decay in both
materials could be attributed to diﬀerent speeds of formation of F (a
faster exponent) and M (a slower exponent) centers.
Finally, residual color centers are easily seen by a naked eye, as

Fig. 5. Photographs of (a) NaCl and (b) KBr samples with ﬁlament-induced
color centers, which were produced by slightly varying the input pulse energies
(around the speciﬁed values for NaCl and KBr) and exposure times (from a few
tens of seconds to a few tens of minutes). (For interpretation of the references to
colour in this ﬁgure legend, the reader is referred to the web version of this
article.)

illustrated in Fig. 5. Their speciﬁc colors: moss-green in NaCl and inkblue in KBr, are due to F center absorption bands in the visible range.
Note that color centers are formed only at the ﬁlament site, i.e., where
intensity and nonlinear losses due to multiphoton and free electron
absorption are the highest, enabling to trace precisely the ﬁlament path.
The SC spectra in NaCl were simulated numerically using a model
which solves a unidirectional nonparaxial propagation equation for the
pulse envelope, see [37,38] for details, taking relevant material parameters from Table 1 and input pulse parameters from the experiment.
The eﬀect of color centers was accounted for using a phenomenological
approach, which considers them as evenly distributed impurities with
an energy bandgap of 2.7 eV that corresponds to the strongest absorption band centered at 460 nm due to F centers [35]. The numerically
simulated SC spectra using diﬀerent impurity concentrations, which
could be directly associated with accumulation of color centers while
increasing exposure time in the experiment, are presented in Fig. 6.
The numerical results demonstrate a marked narrowing of SC
spectrum as the density of the impurities increases. Of course, inclusion
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Fig. 6. Numerically simulated SC spectra in NaCl with diﬀerent impurity densities ρF that mimic the eﬀect of color center absorption. (For interpretation of
the references to colour in this ﬁgure legend, the reader is referred to the web
version of this article.)

of color centers in the numerical model in that way, is a very simple
approximation, since color center-induced modiﬁcations of relevant
material properties, e.g., linear and nonlinear refractive indexes and
dispersion were not considered. Nevertheless, even this simple numerical approach gives a fair agreement with experimentally recorded
spectral dynamics. Therefore the following qualitative mechanism how
color centers act on the width of SC spectrum could be unveiled. Since
the absorption band of color centers (F-centers, in the present case)
does not overlap with SC spectrum, they do not absorb the SC radiation
directly. This suggests that color centers absorb the input pulse energy
via multiphoton absorption. The observed shrinking of SC spectrum is
then explained by reduction of the eﬀective material bandgap through
formation of color center absorption band, which results in a decrease
of clamping intensity and thus an increase of the limiting ﬁlament
diameter, which in turn yields a narrower SC spectrum [11]. Multiphoton absorption of color centers readily produces a larger number of
free electrons, which are then accelerated via inverse Bremsstrahlung
and avalanche, and thus participate in further production of color
centers. This lasts until the process reaches a certain equilibrium between the production and annihilation of color centers.

Conclusions
In conclusion, we experimentally studied SC generation in NaCl and
KBr samples pumped by femtosecond mid-infrared laser pulses, in the
absence and in the presence of color centers. Almost three octavespanning SC spectra were recorded in these materials in the absence of
color centers, as the samples were continuously translated during the
measurement. In contrast, in the static setup, color centers in both
materials are produced very quickly, resulting in a considerable reduction of the SC spectral widths and energy transmittances. The narrowing of SC spectrum in NaCl was simulated numerically using a
simple phenomenological model of color centers, which considers them
as impurities with an energy bandgap of 2.7 eV that corresponds to the
F-center absorption band centered at 460 nm.
These results suggest that alkali metal halide crystals, such as NaCl
and KBr may serve as potentially attractive nonlinear materials for
multi-octave SC generation in the mid-infrared, however, a special care
has to be taken to reduce the eﬀect of color centers, which evolve on a
very fast time scale (the estimated energy decay rates were few seconds
at 500 Hz repetition rate). In particular, these eﬀects should be taken
into account considering the nonlinear propagation of very high power
laser pulses with carrier wavelengths in the mid-infrared, where e.g.,
NaCl is considered as an attractive material for self-compression due to
suitable nonlinear and dispersive properties [39].
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