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Abstract. We report the results of the first measurements
of the non-linear Kerr refractive index,n2, for LiBaF3 and
LiLuF4 crystal hosts, known as prospective UV-emitting tun-
able laser media when doped with Ce3+ ions. Thesen2
values (2.7×10−16 and 1.5×10−16 cm2/W at 532 nm, re-
spectively), obtained using the well-establishedZ-scan tech-
nique, are important for the characterization of new optical
materials particularly in relation to their potential ultrafast
applications.

PACS: 42.65.-k; 42.70.Hj; 42.65.An

Laser crystals doped with Cerium (Ce3+) for emission in the
ultraviolet (UV) region are receiving increasing attention [1–
3], because they offer an alternative way of developing an
all-solid-state, tunable and efficient source of subnanosecond
laser pulses, in contrast with efficient but rather complicated
and expensive excimer lasers and very complicated sources
based on nonlinear frequency up-conversion of tunable lasers
in the red and near-infrared wavelength domains.

In this paper we report on the first (to the best of our
knowledge) measurements of the nonlinear refractive index at
532 nm of two host crystals suitable for Ce3+ doping: LiBaF3
and LiLuF4. In many respects, knowledge of this parameter is
imperative for the development of new laser devices, since the
intensity-dependent changes of the optical parameters of the
active material can strongly affect the performance of high-
power laser systems. The refractive part of the nonlinearity
gives rise to self-lensing, which can lead to catastrophic opti-
cal damage. Furthermore, self-phase modulation is becoming
increasingly relevant in the design of ultrafast laser systems
(although this possibility has yet to be demonstrated for the
materials tested here).

To measure the nonlinear refractive index of these mate-
rials, we employed the sensitive and relatively simple stan-
dard Z-scan technique [4]. This method is based on the
self-focusing, or defocusing, of an optical beam induced by
a nonlinear sample, which is moved along the propagation di-
rection (Z axis) of a focused beam of known spatial structure.

1 Theoretical framework

In our measurements, we used the so-called trimmed Airy
beam. This beam structure is not only easier to realize than
a Gaussian beam, but it also provides higher sensitivity,
because the transmission variation for a given intensity in
the waist is 1.5 times larger. The theory for the trimmed
Airy beam, as applied to thin samples, has already been re-
ported [5]. To correctly process our measurements, we ex-
tended this theory to the case of thick samples, because some
of our crystals did not fulfil the conditionL � zR, where
L is the sample length andzR is the Rayleigh range of the
beam [4].

This extension considers that, at the lowest order of ap-
proximation, a purely refracting sample of small thickness
dz, placed at a distancez from the focus, determines a vari-
ation in the transmission through the on-axis aperture in the
beam far field that is given by:

d∆Tthin(z) = knI
2I0 dzFΨ (z/zd) (1)

wherek is the vacuum wavenumber,I0 is the beam inten-
sity in the focus,nI

2 is the nonlinear refractive index,zd is
a diffraction length depending on the incident beam struc-
ture, andFΨ is a function of the crystal position. The overall
transmission variation determined by a sample of lengthL
is determined by properly integrating (1) over the sample
length, measured in units of the beam diffraction length in the
sample,n0zd, wheren0 is the linear refractive index:

∆Tthick(x) = knI
2I0zdn0

x+L/(n0zd)∫
x

FΨ (y)dy (2)

where x = z/zd, and z here is the distance of the sample
input face from the focal plane of the unperturbed beam.
This expression is a first-order approximation, because it neg-
lects both the higher-order effects in the phase modulation
originating in the individual “slice” and also the so-called
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self-action, i.e. the perturbation due to the nonlinear beam re-
fraction in the first portion of the sample, which affects the
beam that crosses the remaining parts of the sample.

With a Gaussian beam, from the gaussian beam decom-
position we have [4]FΨ (x) = 4x/

[
(x2 +1)(x2 +9)

]
, where

x = z/zd, andzd = zR, the Rayleigh range. When applied to
a Gaussian beam, (2) provides the same results already found
by Hermann et al. [6] for a thick sample, at the first order in
the beam intensity (see equations 28 and 29 in [6]).

For a trimmed Airy beam, the functionFΨ can be cal-
culated numerically using the method described by Rhee
et al. [5]. In this case,zd = (λ f 2)/(πr2

A), where f is the fo-
cal length of the focusing lens, andrA is the radius of the first
zero of the Airy intensity distribution at the lens plane.

Figure 1 shows the results obtained from (2) in the case
of a trimmed Airy beam and for samples of different nor-
malized lengthsL/(zdn0). At this order of approximation,
the curves are anti-symmetric with respect tox = −L(2zdn0).
The separation of the maximum and the minimum∆xp−v
is about 5.3zd for short crystals, and it increases monoton-
ically with the normalized crystal length, approaching the
asymptotic value∆xp−v = L/(zdn0). For very long crystals,
the peak-to-valley swing∆Tp−v saturates at a value of about

Fig. 1. Z-scan traces for increasing sample lengths, calculated from (2) for
a trimmed Airy beam withknI

2I0zdn0 = 0.1. The peak-to-valley amplitude
∆Tp−v and the peak-to-valley distance∆xp−v are also shown for the curve
with L/(n0zd) = 15

Fig. 2. Peak-to-valley swing amplitude∆Tp−v (left axis) and peak-to-
valley distance∆xp−v (right axis) for increasing normalized crystal length
L/(n0zd). The dashed straight line shows the asymptotic behavior of the
peak-to-valley separation

3.5knI
2I0zdn0. Figure 2 shows the behavior of the peak-to-

valley swing and the spatial separation between the maximum
and the minimum as calculated from (2), for increasing nor-
malized crystal lengthL/(zdn0). We found (2) to be in good
agreement with the measurements which we performed on
thick samples, as described in this paper.

2 Experimental set-up and data analysis

The laser that we employed to test the samples was a 10 Hz
oscillator/amplifier, mode locked and frequency doubled
(532 nm) Nd:YAG (EKSPLA model PL2143A). The max-
imum pulse energy impinging on the samples was 40µJ,
with a fluctuation< 5% (3 times the standard deviation over
100 pulses). The pulse duration was measured with the stan-
dard second-order autocorrelation method, using a 1-mm-
thick BBO crystal and it had 18± 1 ps FWHM (assuming
a sech2 pulse shape). The trimmed Airy beam was obtained
by first selecting the central part of the beam with a 400-µm-
diameter pinhole, then, after 200-cm free propagation, se-
lecting the central lobe of the resulting Airy pattern with
a 6.4-mm-diameter iris, closely followed by a lens which fo-
cused the beam at a distance of 350 mm. We measured the
beam structure by means of the knife-edge technique [7]. The
beam radius in the focus wasw0 = 31µm, with a Rayleigh
range of 4.9 mm, and a beam quality factorM2 = 1.15. The
latter parameter is quite similar to the value resulting from the
numerical simulation of a trimmed Airy beam with the same
radius on the lens front plane (M2 = 1.06). The peak power
density in the focus was up to 145 GW/cm2.

After the focus, the beam propagated for about 2 m
and impinged on an aperture with transmissionT ≈ 5%.
The transmitted energy was measured by a silicon photo-
diode, whereas a beamsplitter placed between the iris and
the lens sent part of the pulse energy to a second, iden-
tical photodiode, that was used as a reference. A 16-bit
ADC board simultaneously acquired the two signals, which
were then stored and processed on a PC. The crystal was
mounted on a motorized stage with 0.1-µm resolution, con-
trolled by the same PC. For each crystal position along the
scan range, we measured and averaged over several laser
pulses (typically 35) the time-averaged aperture transmis-
sion 〈T 〉 = Eaperture/Etotal. For each sample, we acquired
severalZ-scan traces at various input pulse energies, modu-
lated with rotating disk variable attenuators. The fluctuations
in the linear transmission of the sample were compensated
for by complementing each scan with one at a low pulse
energy and by calculating their ratio. The overall sensitiv-
ity in the transmission variation thus achieved ranged from
1% for the samples with better optical quality to 1.8%
for the worst ones. Figure 3 shows two typicalZ-scan
traces, obtained with a LiBaF3 sample and with the sapphire
sample used for calibration, after subtraction of the linear
transmission.

We determined thenI
2 coefficient by means of relative

measurements with respect to a 5-mm-long sapphire (Al2O3)
sample, because thenI

2 of sapphire has been accurately de-
termined by means of several methods, including theZ-scan
at 532 nm [8]. Relative measurements are convenient when
using a laser source, the spatial and, particularly, the tempo-



909

Fig. 3. Z-scan measurement obtained after subtraction of the linear trans-
mission fluctuations with a 9-mm-long LiBaF3 sample, 10.0±0.3 µJ pulse
energy (triangles) and with a 5-mm-long sapphire sample, 9.08±0.7 pulse
energy (squares), used for calibration. Thesolid and dashed lines are the
best fits of (3), withC = 0.272±0.004 andC = 0.202±0.007, respectively

ral parameters of which are difficult to determine accurately,
as happens in the picosecond or femtosecond pulse regimes.

The accurate method for relativeZ-scan measurements
with arbitrary beam structure and pulse shape described by
Bridges et al. [9], which is based on a careful matching be-
tween the lengths of test and reference samples, is not useful
in our situation, because of the reduced number of available
samples. We therefore used the following method, which re-
quires knowledge of the beam structure.

Each series of measurements on an unknown sample was
closely preceded or followed by a calibration scan with the
sapphire sample, to minimize the effects of possible drifts in
the laser emission parameters. After correction for the linear
transmission, we fitted eachZ-scan profile using (2), modi-
fied for the time-averaged transmission, in the form:

〈∆Tthick(x)〉 = C

x+L/(n0zd)∫
x

FΨ (y)dy (3)

whereC corresponds to

C = kn0nI
2zd(2/πw2)

[∫
f(t)2 dt

/∫
f(t)dt

]
E ′

p (4)

where: E ′
p, pulse energy (corrected for the Fresnel losses);

f(t) pulse temporal shape [such thatf(t)E ′
p = P(t), instanta-

neous power]; andw, effective beam radius in the focus [such
that the focal power density isI(t) = P(t)2/πw2]. For each
series of measurements taken on a given sample at different
energy levels, we then calculated the energy slopesb defined

Sample L n0

nI
2

nI
2(Al2O3)

MeasurednI
2 ReportednI

2 Ref.

(mm) (10−16 cm2/W) (10−16 cm2/W)

Al2O3 5.0 1.76 – – 3.3±0.7 8
LiBaF3 9.0 1.544 0.82±0.14 2.7±0.9 –
LiLuF4 1.0 1.47 0.45±0.04 1.5±0.5 –
SiO2 7.6 1.48 0.64±0.07 2.1±0.6 2.2±0.45 8
LiCAF 12.6 1.398 0.16±0.02 0.73±0.25 0.4 (1064 nm) 10

Table 1. Experimental results

using C(E ′
p) = bE ′

p and, lastly, thenI
2 value of the sample

given by

nI
2 Sam= [

bSamn0 Refn
I
2 Ref

] /
[bRefn0 Sam] (5)

The subscripts Sam and Ref indicate the sample and the ref-
erence materials, respectively.

According to our experimental situation, in the evalua-
tion of the integral in (3) for the fittings we used the function
FΨ (x) valid for the trimmed Airy beam. This was necessary
because the dependence of the function〈∆Tthick(x)〉 on the
crystal length is a characteristic of the actual beam struc-
ture. The use of an improper beam structure (i.e. a Gaussian
beam instead of the trimmed Airy beam) would therefore
introduce a systematic error when comparing reference and
sample crystals of different optical lengths. The thick-sample
theory was also used to process the measurements obtained
with the thin LiLuF4 sample, because they were calibrated
with a thick sapphire reference.

3 Results and conclusions

Table 1 reports the values obtained as described above. In
addition to the previously uncharacterized materials, i.e.
LiLuF4 and LiBaF3, we also report the measurements ob-
tained on a LiCAF sample and on a fused-silica sample. The
nI

2 value for LiCAF was measured because, although this host
appears in the literature as a suitable material for Ce3+ doping
for UV laser emission, only the value at 1064 nm is avail-
able [10]. It is reasonable to expect that this value ofn I

2 will
increase at shorter wavelengths. The fused silica is a fairly
well-characterized material, and the good agreement between
the value reported here and the existing references [8] pro-
vides good validation for the measurement set-up and the
data-processing technique that we adopted. The error re-
ported in thenI

2(sample)/nI
2(Al2O3) ratio depends on the

statistical error of the fits and on the determination of the
energy slopes, whereas the errors in the absolute values of
nI

2 also account for the error in the reported value of sap-
phirenI

2. According to Table 1, all the materials exhibit an I
2

value smaller than that of Al2O3. We did not observe any two-
photons absorption effects within our sinsitivity limits of 1%
in the variation of the transmission.

In conclusion, this paper reports the first (to the best of
our knowledge) measurements of then I

2 nonlinearity obtained
by using theZ-scan technique for important UV host crys-
tals such as LiBaF3 and LiLuF4. Our interest in this work
was stimulated by previous LiBaF3 and LiLuF4 investiga-
tions, which were aimed at the characterization of these crys-
tals with Ce3+-doping for an all-solid-state UV laser. Then I

2
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value at 532 nm was also measured for LiCAF: it was larger
than the previously reported one obtained at 1064 nm, evi-
dence of the expected wavelength dispersion of this parame-
ter. The measurement of then I

2 value of the above materials
at shorter wavelengths, closer to the lasing wavelength associ-
ated with Ce3+-activation, will be the subject of future work.
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