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LiSAF: AN EFFICIENT AND DURABLE NONLINEAR MATERIAL
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We have experimentally studied supercontinuum generation in an undoped LiSAF crystal using ultraviolet,
visible and near infrared pump pulses provided by fundamental and second harmonics of amplified femtosecond
Ti:sapphire and Yb:KGW lasers. We have found that the optical degradation of the crystal, manifested by gradual
narrowing of the supercontinuum spectrum, starts much faster using infrared pump pulses. This is attributed to
the role of impact ionization, which increases with increasing the pump wavelength. The most reliable operation is
achieved with the shortest pump wavelength of 400 nm (the second harmonic of a Ti:sapphire laser), where LiSAF
produces a stable, almost 1.3 octave-spanning supercontinuum spectrum with a short-wavelength cut-off at 252 nm
and shows no apparent optical degradation for one hour of continuous operation at 500 Hz repetition rate without

crystal translation.
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1. Introduction

Ultraviolet (UV) is a highly desired spectral re-
gion for studies of the electronically excited state
dynamics by means of time-resolved spectroscopy
using a supercontinuum (SC) probe (see, e.g. Refs.
[B%). It is especially important in the research of
biological materials, such as proteins [@] and DNA
[E], as well as wide bandgap semiconductors [E].
However, SC generation in this spectral region is
a difficult task because of stringent limiting physi-
cal factors and lack of suitable nonlinear materials
(see, e.g. Refs. [ﬁ, E]). Spectral broadening toward
shorter wavelengths is constrained by low order
nonlinear absorption [E] as well as by large ma-
terial dispersion [], which rapidly increases to-
ward higher frequencies. As a result, filamentation
of UV laser pulses in wide bandgap solid-state
dielectric media produces only a modest spectral

broadening and so relatively narrow SC spectra
[]. Moreover, due to large incident photon en-
ergy all materials are prone to rapid optical degra-
dation and, eventually, to optical damage.
Therefore, a more convenient and widely used
approach is to use pump wavelengths located in
the visible or near IR spectral range. Experiments
show that filamentation in alkali metal fluorides,
such as LiE CaF,, MgF, and BaF,, produces SC
spectra with the largest blue shifts [], ex-
tending below 300 nm. Typical SC spectra in these
materials are considerably broader as compared
to these attainable in YAG and sapphire, that are
widely used nonlinear crystals for SC generation
and show a superior performance in the visible
and near IR [[16-18]. However, the nonlinear ma-
terials that produce the largest spectral blue shifts,
LiF and CaF, exhibit several drawbacks that
are unattractive for practical applications. More
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specifically, LiF is prone to rapid formation of
colour centres, which modify the SC spectrum to
a certain degree [, @]. On the other hand, opti-
cal damage in CaF, due to heat accumulation de-
velops very quickly even at relatively low (1 kHz)
pulse repetition rate, so the crystal should be con-
tinuously translated [@].

The above difficulties motivate further search of
suitable nonlinear materials for SC generation in
the UV. One of potentially attractive candidates is
lithium strontium hexafluoroaluminate (LiSrAlF,,
LiSAF). LiSAF is a well-known laser host crystal
that could be doped with transition metal and rare
earth ions. Chromium doped LiSAF crystal serves
as an excellent laser material that allows tunable
lasing in the near IR [@] and produces femtosec-
ond pulses in that wavelength region[@], while
doped with cerium, LiSAF becomes an attractive
UV solid-state laser material, which affords wave-
length tunability in the 280-320 nm range [@].
The latter application indirectly suggests that
the LiSAF crystal itself is highly resistable to in-
tense UV irradiation. In addition to that, LiSAF ex-
hibits an excellent set of optical properties: a very
large energy bandgap of 11.79 eV [@], a short-
wavelength absorption edge at 116 nm [P§], a low
refractive index and so a low chromatic dispersion
throughout the UV, visible and near IR, that qual-
ify this crystal as a potentially attractive material
for SC generation.

In this paper, we present the experimental re-
sults that fully confirm the above presumption.
We show that the femtosecond filamentation in
undoped LiSAF produces SC with a large spectral
blue shift that extends into the deep UV. Moreo-
ver, our results demonstrate that the LiSAF crystal
shows durable operation without its translation at
500 Hz repetition rate, when being pumped by ul-
traviolet femtosecond laser pulses.

2. Experimental results

We performed a series of experiments using fun-
damental and second harmonics from commer-
cial amplified Ti:sapphire (Spitfire-PRO, Newport-
Spectra Physics, pulse repetition rate 500 Hz) and
Yb:KGW (Pharos, Light Conversion Ltd., pulse rep-
etition rate 1 kHz) lasers.

The second harmonics from both lasers were
generated using a 1 mm-thick BBO crystal cut

for type I phase matching. In each experiment,
the pump beam was focused by means of a BaF,
lens (f= +100 mm) onto the input face of a 5 mm-
thick undoped and uncoated LiSAF crystal (Opto-
gama), which was not translated during the mea-
surement. The energies of pump pulses were set
to produce a single filament and stable SC spec-
trum at the output, which does not broaden an-
ymore with further increase of the energy. Rela-
tively large energy values were required to achieve
such operating condition because of a very small
nonlinear refractive index of LiSAF, n, =1.18-10
'* cm*/W at 532 nm and 7, = 0.52-107'° cm*/W at
1064 nm [@]. The relevant experimental para-
meters of the pump pulses at each wavelength are
summarized in Table 1.

The SC spectra were measured using a fibre
spectrometer (Avantes AvaSpec-3648), which pro-
vides a detection range from 200 to 1100 nm. In or-
der to increase the dynamic range of spectral mea-
surements, the most intense parts of the SC spectra
(those around the respective pump wavelengths)
were attenuated using appropriate combinations of
highly reflective mirrors and colour filters. Thereaf-
ter the measured spectra were corrected for the in-
dividual mirror and filter transmittance functions
and the sensitivity function of the spectrometer
detector.

Figure [l presents the SC spectra produced with
all four pump wavelengths. All the measured SC
spectra show more than octave-spanning band-
widths and quite remarkable blue shifts into
the UV. The largest blue shifts of the SC spectra
were produced using the second harmonic pulses
from both lasers; the SC spectra on the short-
wavelength side extend into the deep UV, down
to 252 and 260 nm as measured with 400 and
515 nm pump pulses, respectively. The measured

Table 1. Summary of the pump pulse parameters
A, 7, E and d,, which stand for the wavelength,
pulsewicfth, energy and FWHM beam diameter at
the input face of the crystal, respectively. A is the de-
tected UV cut-off wavelength of the SC spectrum.

Ay, pm | T, fs | E,uj | d,,, um | Agys ppm
400 120 0.6 45 252
515 220 2.0 35 260
800 120 1.8 45 330
1030 330 10 50 335
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Fig. 1. Supercontinuum spectra generated in LiSAF
using pump pulses with carrier wavelengths of
1030 nm (black curve), 800 nm (red (online) curve),
515 nm (green (online) curve) and 400 nm (blue
(online) curve). The respective spectra of the input
pulses are depicted by dashed curves.

UV cutoff wavelengths (defined at the 10 in-
tensity level) are listed in Table 1. The absolute
blue shifts (estimated as the differences between
the pump and the shortest generated wavelength)
increase with increasing the pump wavelength,
which changes the conditions of nonlinear propa-
gation from four-photon absorption at 400 nm to
ten-photon absorption at 1030 nm. This is very
much in line with general experimental findings
that highlight the role of the order of multiphoton
absorption, suggesting the broadest blue shifts at-
tained in the conditions of high order multipho-
ton absorption [H].

From a practical point of view, the main is-
sue concerning SC generation in the UV is deg-
radation of the nonlinear material due to forma-
tion of colour centres and/or evolving structural
modifications, which cause gradual extinction of
the SC spectrum over time. In order to examine
the reproducibility of the SC spectra, we investi-
gated spectral dynamics of the blue-shifted por-
tions of the SC spectra as functions of exposure
time. Figure Pl compares the UV parts of initial SC
spectra (integrated over 1 ms corresponding to
few tens of laser shots) and those recorded after 1
and 10 min of exposure time, using pump pulses
with wavelengths of 1030, 800, 515 and 400 nm.
After 1 min of exposure, only very slight changes
in the UV parts of the SC spectra (narrowing by
1 nm) are observed with 400, 515 and 800 nm
pumping, while the UV part of the SC spectrum
produced with 1030 nm pump pulses shrinks
more considerably (by 10 nm). After 10 min of
exposure, the changes in the UV spectra (spec-
tral shrinking along with a significant decrease of
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Fig. 2. Changes in the UV parts of supercontinuum
spectra produced with (a) 1030 nm, (b) 800 nm,
(c) 515 nm and (d) 400 nm pump pulses after expo-
sure times of 1 and 10 min.

the spectral intensity) become apparent with 515
and 800 nm pumping as well, while the changes
in the UV part of the SC spectrum produced by
400 nm pump pulses still remain barely notice-
able. It is quite surprising that the most stable and
reproducible UV part of the SC spectrum is gen-
erated with the pump pulses having the shortest
wavelength (400 nm).

This feature is highlighted in more detail by
presenting dynamics of a short wavelength por-
tion of the SC spectrum versus the exposure time
on a longer time scale (1 h) for pump wavelengths
of 1030 and 400 nm in Fig. H A gradual narrow-
ing of the SC spectrum is clearly observed with
1030 nm pumping. A ragged edge of the plot in
Fig. H(a) also indicates a considerable decrease
of the SC stability throughout the visible and UV
spectral ranges. For instance, the standard de-
viation of SC intensity at 360 nm always keeps
around 15%, while at 450 nm, the standard devia-
tion increases from 1% initially to 9.6% measured
after 1 h. In contrast, spectral measurements with
pump pulses at 400 nm confirm a robust perfor-
mance of the crystal during 1 h of operation, as
justified by the data presented in Fig. H(b).

In addition, we experimentally tested lithium
calcium hexafluoroaluminate (LiCaAlF, LiCAF)
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Fig. 3. Spectral dynamics of a short wavelength part of the SC
spectrum over 1 h of operation in an untranslated crystal mea-

sured with: (a) 1030 nm, (b) 400 nm pump pulses.

crystal, which has very similar optical character-
istics as LiSAF, and exhibits a slightly larger ener-
gy bandgap (12.23 eV [@]) and somewhat better
transparency in the UV, with a short-wavelength
absorption edge at 112 nm [@]. Figure H presents
the SC spectra generated in the 5 mm-long LiCAF
sample (Optogama) using the pump beams with
parameters listed in Table 1. The SC spectra and
their UV cut-off wavelengths produced in LiCAF
are very similar to those measured in LiSAF (see
Fig. ), and the same tendency of optical degrada-
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Fig. 4. Supercontinuum spectra generated in LiCAF
using pump pulses with carrier wavelengths of 800 nm
(red (online) curve), 515 nm (green (online) curve)
and 400 nm (blue (online) curve). The respective spec-
tra of the input pulses are depicted by dashed curves.

tion of the crystal versus pump wavelength was
observed. However, the LiCAF crystal does not
possess the durability of LiSAF. The optical degra-
dation of LICAF starts very fast, as justified by grad-
ual narrowing of the SC spectrum. Using 1030 nm
pump pulses, optical degradation of the crystal was
so fast that it was almost impossible to record an
unaffected SC spectrum, therefore it is not present-
ed in Fig. @ The most durable performance was re-
corded with 400 nm pump pulses; however, even in
this case, stable SC generation was observed just for
5 min of continuous operation.

Summarizing the experimental observations,
the longer the pump wavelength is, the faster
and more noticeable narrowing of the SC spec-
trum is observed. This narrowing behaviour is
characteristic, and is related to optical degrada-
tion of the crystal, despite the differences in rel-
evant parameters of the pump pulses produced
by Ti:sapphire and Yb:KGW lasers: pulse repeti-
tion rate, pulsewidth and energy. Since we inves-
tigated just the early stage of optical degradation,
the visual inspection of both crystals did not re-
veal any noticeable changes of their optical quality
in the bulk, e.g. coloration, scattering of light, etc.
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3. Discussion

Although the observed wavelength dependence of
optical degradation may seem quite surprising, we
explain this feature considering two relevant factors.
Firstly, beam filamentation and SC generation with
a longer wavelength requires higher power (energy)
of the pump pulses. This is according to the definition
of the critical power for self-focusing, that is pro-
portional to the square of the incident wavelength
A: P = 3.77)* /8mn n,, where n, and n, are linear
and nonlinear indexes of refraction, respectively.
The catastrophic collapse of a self-focusing pump
beam is stopped by the nonlinear absorption (mul-
tiphoton absorption, impact ionization), which pro-
duces free electron plasma. Free electron plasma has
a defocusing effect that, combined with diffraction,
limits the minimum beam diameter at the nonlinear
focus and so clamps the intensity to a certain level
(see, e.g. Ref. [E]). For a longer pump wavelength,
a larger number of photons for the electron to over-
come the bandgap of the material is needed due to
lower photon energy. The larger the order of mul-
tiphoton absorption (K = <Ug/hw> + 1) is, where
hw is the photon energy, or in other words, the larger
the number of photons is needed to free an electron,
the lower the multiphoton ionization probability,
that was calculated using the model presented in
Ref. [@] and is illustrated in Fig. E In the present
case, assuming the energy bandgap of LiSAF crys-
tal of U = 11.79 eV, 4, 5, 8 and 10 photons are re-

quired to transfer an electron from the valence to
conduction band of the crystal, using pump pulses
with wavelengths of 400, 515, 800 and 1030 nm, re-
spectively.

Secondly, the impact ionization is an impor-
tant effect in the process of free electron gen-
eration. The contribution of impact ionization in
the plasma generation process increases for longer
wavelength pulses and becomes very important.
The free electrons generated by multiphoton ab-
sorption/ionization acquire the necessary energy to
initiate impact ionization via inverse bremsstrahl-
ung effect. Figure E shows the calculated inverse
bremsstrahlung cross section o versus wavelength
for LiSAF taking the electron collision time of 3 fs.
Notably, the inverse bremsstrahlung cross section
is almost 7 times larger for infrared (1030 nm)
than for ultraviolet (400 nm) pump pulses. For
the impact ionization to occur, an electron needs
to acquire energy exceeding the energy bandgap
U, of the material by roughly a factor of 1.5 [@],
where a fraction of acquired energy is used for in-
teraction with phonons and is responsible for local
heating. That means that there is a distribution of
electron energies, and a fraction of them are in-
volved in the impact ionization process. Therefore,
when the impact ionization is responsible for gen-
erating a considerable number of free electrons,
the average electron energy is higher compared to
the process when only multiphoton absorption/
ionization is dominant.
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Fig. 5. Inverse bremsstrahlung cross section o and multipho-
ton ionization coefficient B, of LiSAF as functions of laser
wavelength calculated taking the electron collision time of
3 fs. Bold dots denote the laser wavelengths used in the ex-

periment.
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Considering the above, for the infrared pulses,
the intensity is clamped to a higher value, since
fewer free electrons are produced by multipho-
ton absorption/ionization. Thereafter these elec-
trons are efficiently accelerated by the inverse
bremsstrahlung effect and acquire sufficient energy
to initiate the process of impact ionization and fur-
ther multiplication of free electrons via the ava-
lanche ionization process. When free electron plas-
ma recombines, electrons lose their energy through
the luminescence and material heating, the higher
energy electrons induce larger temperature in-
crease of the material, that potentially leads to lo-
cal structural modification (or optical degradation)
of the material. In contrast, for the UV pulses, free
electrons are mainly produced by multiphoton ab-
sorption/ionization. Their acceleration via inverse
bremsstrahlung effect is less efficient, therefore, as
a result, less local heating of the material is pro-
duced with the same amount of free electrons. This
in turn suggests that the structural modifications
leading to optical degradation of the material
evolve more slowly.

Although the wavelength dependence of free
electron generation via the multiphoton and im-
pact ionization processes and their balance is more
complex [@], the general trend is very similar as
described above. The balance between the num-
bers of free electrons generated via multiphoton
absorption/ionization and avalanche ionization
also depends on the pulse duration. Longer puls-
es produce a larger number of photons by impact
ionization that favours further generation of free
electrons via the avalanche ionization process. As
for the differences of robustness observed between
different materials with near-identical optical prop-
erties, their origin remains unclear. The described
interplay of multiphoton ionization and impact
ionization is a general mechanism, valid for any
material. The reasons of different reaction of LiSAF
and LiCAF would have to lie in the differences in
the formation of impurities and the impact ioniza-
tion cross-sections, as well as the presence of intrin-
sic lattice defects. Further investigation is needed to
shed light on this issue.

4. Conclusions

In conclusion, we demonstrated that the LiSAF
crystal serves as an efficient and durable nonlin-

ear material for SC generation in the UV spectral
range. In particular, using the second harmonic of
a Ti:sapphire laser, we achieved stable SC genera-
tion for 1 h of operation at 500 Hz repetition rate
without crystal translation, producing almost a 1.3
octave-spanning SC spectrum with a short-wave-
length cut-off at 252 nm. The experiments per-
formed with fundamental and second harmonic
pulses from Ti:sapphire and Yb:KGW femtosecond
lasers revealed that narrowing of the SC spectrum,
which is related to optical degradation of the crys-
tal, started much faster when a longer pump wave-
length was used. This feature is explained in part
by quadratic wavelength dependence of the critical
power for self-focusing, and mainly by the contri-
bution of impact ionization, which is most efficient
for laser pulses with a longer wavelength. Very
similar SC spectra and their narrowing tendencies
were recorded in the LiCAF crystal that, however,
showed much faster optical degradation and poor-
er performance on a long term scale.
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LiSAF: EFEKTYVI IR PATVARI MEDZ[AGA SUPERKONTINUUMUI GENERUOTI
ULTRAVIOLETINEJE SPEKTRO SRITYJE

A. Suminiené, V. Jukna, R. Suminas, G. Tamog$auskas, M. Vengris, A. Dubietis

Vilniaus universiteto Lazeriniy tyrimy centras, Vilnius, Lietuva

Santrauka

Eksperimentiskai istirtas superkontinuumo genera-
vimas nelegiruotame LiSAF kristale Zadinant ultraviole-
tiniais, regimaisiais ir infraraudonaisiais femtosekundi-
niais pirmosios ir antrosios Ti:safyro ir Yb:KGW lazeriy
harmoniky impulsais. Parodyta, kad naudojant infra-
raudonuosius zadinimo impulsus kristalo optiné degra-
dacija, pasireiskianti kaip laipsnigkas superkontinuumo
spektro siauréjimas, prasideda daug sparciau. Tai vyksta
dél smuiginés jonizacijos, kuri didéja didéjant Zadinimo

bangos ilgiui. Patikimiausias veikimas stebétas naudo-
jant trumpiausio bangos ilgio (400 nm) Zadinimo im-
pulsus (antroji Ti:safyro lazerio harmonika), kai LiSAF
kristale generuojamas stabilus, beveik 1,3 optinés okta-
vos plocio superkontinuumo spektras su trumpabangiu
nukirtimu ties 252 nm, o netransliuojamas kristalas op-
tiskai nedegraduoja vieng valandg esant 500 Hz impulsy
pasikartojimo dazniui.
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